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CHAPTER 1 

INTRODUCTION 

ABSTRACT 

Owing to strict regulations in the quality of most of the polymer products, the 

formation of rejects fiom polymer industries is considerably high. Since, these materials are 

stable to most common degrading agencies, their decomposition is a very slow process. The 

open burning of these rejects creates serious environmental problems due to the release of 

zinc compounds into the atmosphere. This introduction chapter addresses the issue of 

accumulated polymer rejects, the need of their recycling and the methods to recycle them 

successfully. The metamorphosis of the polymer recycling in the world, dserent aspects of 

recycling and various steps for recycling such as sorting, separation, size reduction etc. have 

been descnid. Special emphasis has been given to plastic recycling by various methods, 

rubber recycling by reciamation process and tyre recyding. As this thesis is mady 

concerned with the recychg of natural rubber condom rejects, a review of previous research 

works in the recycling of gloves rejects, micro cellular solid waste / latex form etc. also have 

been included. Besides, a brief note which describes the work in this thesis has been included 

for a quick reference. 



CHAPTER 1 

INTRODUCTION 

Polymers touch us ofieb in our everyday life and activities in the form of several 

industrial 1 handmade products. Generally, the hte of an industrial product is decided by 

its efficiency to satisfy some conditions such as, it must be efficient (fit for the purpose), 

worthy of its price (value for money) and safe with an emotional factor (feel good ktor) .  

Polymers have the outstanding ability and attraction to Mfd these conditions and therefore 

a large number of p o l p e r  products are currently in use, ranging fiom footwear to space 

vehicles. Owing to strict regulations in the quality of most of these polymer products, the 

formation of rejects from these indudes is considerably high. Since these materials are 

stable to the common degradrng agencies such as heat, hght, chemicals and weathering 

conditions, their decomposition takes several decades to complete. Simple dumping of 

such wastes in some &ee lands will d e b  the qualrty of the soil while their open burning 

will create serious ecological problems such as release of zinc compounds to the 

atmosphere'. Therefore it is a necessity of the present time that these polymer rejects must 

be recycled. The huge disposal of waste that pours annually into municipal solid waste 

streams is a major problem in industrial countries worldwide2. This can be visualized in 

Figure 1.1, which shows the massive stockpiles of scrap tires. Such as accumulation of 

waste tires provides ideal breeding grounds for rats and disease carrying mosquitoes. A 

fire hazard leadmg to enormous environmental pollution also is a possibility. Therefore, 

the most important objective of recycling is saving of resources. 

In the present days of raw material shortage, the polymer industries should 

consider the polymer rejects as a raw material rather than as a d i i s z t l  problem. Over the 

past two decades, the polymer community had been uttering and hearing the words 

'recover', 'recycle' and 'reuse' frequently. Even though most polymer industries were in 

favour of recycling polymer rejects, only a minority of the polymer waste could lx 

recycled. This is because the success of recychg mady depends on the willingness of the 

citizens to accept changes in their life styles. Most of the citizens on an individual basis are 

happy to bum any amount of oil for their enjoyment but they normally re fuse accept 



chat 4% of a barrel should be burned after a useful service to the society. The willingness 

of the citizens of a country for recycling is dependent on severaI factors such as the 

physical conditions of the citizens which is certainly related to the population density and 

the geographic / climatic conditions of the country. As an example, the people of New 

Jersey with a heavy population will feel more need for recychg compared to Wyoming 

which is less populated. Similarly for a country such as India or China with thick 

population and Singapore, which reclaims land &om sea, polymer recycling is equally 

important. 

Figure 1.1. Massive stockpiles of scrap tires3 

[Reference: J.R.Gunnigle., Proc.Conf. Rubber Div., h e r .  Chem Soc., Pittsburgh, 

. PA, paper #68,0ct. 1 1-14, 19941 

Even though environmental pollution by accumulated waste is so severe in many 

countries, it is not so severe in some other countries such as Germany. According to the 

Head of the Waste and Water Department of German Federal Environmental Agency 

( ~ J B A ) ~ ,  only 0.5 % of the environmental pollution comes from waste. This is because of 

the effective measures taken on this problem by the government, spending a lot of money 

tbr the same. The present time is probably the right time to think of polymer recycling due 

to thc rapidly changing political and economic realities. One can consider the present 

packaging technology. The modern packaging is of course convenient and efficient but 

less recyclable. Ln practical terms, the recyclability of a material decreases with reducing 



weight of the package. Normally, a thin lightweight plastic pouch is d i i cd t  to recycle 

compared to a thick and heavy plastic bottle. It is this practical aspect of recychg which 

creates the main barrier to recycling than the variety of packing materials. 

1.1. Metamorphosis of polymer recycling 

The present day recycling movement in the world is 25 years old. It is during the 

second world war (1935-1945) that people first thought abut recycling in general. The 

recycling of metal, paper and other materials needed for the war became necessary during 

the war time. By 1960, this situation intensified and the people began to use polymers 

more, mainly plastics. By the end of 1960's, people began to realize that using recycled 

materids instead of virgin materials could conserve enormous amounts of energy and 

resources. Community based recycling programs sprouted in cities and college campuses. 

Recyclmg and antilitter activities grew and W y  people celebrated the &A national earth 

day in 1970. During 1970's and early 1980's, public awareness of garbage d q o s a l  

increased. Still people didn't feel the disposal as much expensive. In 1980's, the tide 

tmed with several incidents which caused a sharp increme in the disposal costs. These 

incidents compelled the media to use the word "Solid Waste Crisis". According to a 

European surve J ,  7.6% of the plastic waste was recovered by mechanical recychg, 0 -6% 

by chemical recycling and 17% was used for energy recovery. 

1.2. Aspecta of recyding 

In addition to the support from social and political forces, the success of recycling 

depends on certain conditions of recycling. They are the following. 

(i) The recyclrng process must have scientific and tschological support. Then only it 

can attract business people. 

(ii) The practice of recychg must k acceptable to the public. 

According to modern concepts, recycling and energy recovery must be parts of the 

same equation Recycling is not necessarily the preferable waste management solution as it 

is limited by the second law of thermodynamics and obeys the law of diminishmg returns. 

Therefbre, recychg should be performed at an optimum rate considering both econonllc 

and environmental aspects6. There are four cycles for recycling. In the first cycle, 111~ 

waste from the production process is directly transformed into reusable material ( in-plant 



recycling). In the second cycle, potential waste is used in a new or another product, e.g., 

use of a worn car tires as a fender at the quay of a harbour. The third cycle (mechanical 

recychg) includes production and product usage as well as preparation of wastes and 

reuse as secondary material. The fourth one, called conversion cycle, involves the chemical 

feedstock recycling of wastes and their new usage as secondary materials. 

1.2.1. Sorting and separation of polymer rejects 

The majority of polymer rejects are blends of two or more polymers. It is already 

known that even I% of an incompatible polymer can degrade the properties of the entire 

batch of recyclates. Therefore mixed plastics apart fiom being cheap, produce products 

withinferior properties. Owing to these reasons, the sorting and separation of p o w  

rejects is an unavoidable step in polymer recycling. The sorting process generally exploits 

either a unique property of the polymer, fbr e.g., density, hydrophobicity, and presence of 

chlorine or a change in the property with temperature, for e.g., m e w  point or solubility. 

For a sorting process to be successful commercially, it should be fast, reliable, economical 

and flexible enough to cope with various forms of impurities. The Werent types of 

sorting md separation methods are given below. 

1.2.1.1. Manual sorting (PVC-PET separation) 

Thls is done by the sorting with the help of persons with a 'Yrakd eye" and with 

the help of semi automated low cost hghter systems. For e.g ., they can easily distinguish 

PVC fiom PET bottles in having a slight blue tint, a horizontal 'crescent' mar- on the 

bottle base at the parison pint h-o ff . Also the .presence of whitish areas in PVC bottles due 

to stress whitening during crushing is helpful. 

1.2.1.2. Density based sorting methods 

(a). Wet separation 

This t~chnique of sink-float separation is mainly used in the case of mixed plastic 

flake. One main application is in the separation of PVC films from other polyethylene 

rejects. 'l'he mixture of plastics is put into a fluid medium to effect separation based on 

density. The liquid mediums commonly used are water [to separate po lyo leh  from non 

po lyolefins ( PEYI' and PV(')l.  water I methanol mixture [to separate polymers with specilk 

gravities less than unity such as polyolehj, NaCf ! %nC12 solutions - to separate 



polymers with specific gravities greater than unity. Modsed methods of this sortg are 

effective to separate, TPE's £rom polyolefins. Owing to the similar density with 

polyolefins, TPE's are otherwise dficult to separate. Here the use of heavy liquid medium 

(dispersion o fCaC03 in water) is practiced. 

(b). Dry separation 

In this case9, an air separation process is used to remove coarse materials such as 

metal fiagments, glass and heavy thick walled plastics. It can be used to separate 

polyamide flakes fiom ground HDPE he1  tanks,anhtoseparate paper from ground bottle 

flake. 

(c). Centrifugal sorting 

Since this method is based on the principle of centrihgal acceleration, it can 

process even the most contaminated polymers to get a high purity stream The 

hydrocyclone used for this is given in Figure 1.2. 

Figure 1.2. Cut-away view of a hydrocyclone for the separation of recg-cled 

[Reference: K.H. Unkelbach., 'High duty plastics recycling with centrfigal Sorce' 

(document available from KI-IL) Humboldt Wedag AGI Koln, Germany) I 

A modiiied equipment of -this sort called 'CENSOR"' developed by KHII 

Hurnboldt Wedag (Cologne, Germany) can identlfjl plastics dLffering in densities ever1 by 



O.OOSg/cc. By the proper selection of the separating medium, it can separate most of the 

difficult systems such as PEPP, PSIPVCNylon etc. The advantages are the ability of the 

process to remove adhering air bubbles and fast and high selectivity of the separation 

process. A comparative assessment of the three methods discussed so far is given in Table 

1.1. 

Table 1.1. Data concerning accelerstioa, settling and floating velocities and 

reten tion times of CENSOR@ wrtiug centrifuge compared to hydrocyclone and 

sin k-float process'0 

[Reference: KH. Unkelbach., 'High duty plastics recyclixlg with centrifugal 

force'(document available fiom KHD Humboldt Wedag AG, Koln, Germany) J 

Id). Sorting with nestr critical and super critical fluids 

This method uses a near and supercritical fluid such as liquid c a r b n  dioxide as  

the separation medium' '-I4. ThiS method can distmgulsh between plastic £lakes differing by 

densities as smaJ1. as 00.01 g/cc. The advantages are; 

(i) easily and precisely controllable fluid density by changing the pressure. 

(ii) it can save time for particle rise or settlement due to the very low fluid viscosity. 

(iii) COz medium is inexpensive, readily available, non-toxic and non- flammable. 

(e). Y referential sohen t absorption 

This also is used for the separation of PVC and PET. The added solvent 

(alcohol, ketone, ester) or alcohol mixed with NaOH solution to get a density < 0.95 dcc )  

is preferentially absorbed by PVC and this decreases its density. This is then separated 

Pantmeter 

Mean acceleration, mls2 

Retention time, 's 

Particle size, nrm 

Mean setthg velocity, 

mrnls 

Setthg/floating time, s 

Selectivity factor 

Sorting centrifuge 

1 100 

25 

0.5 

860 

0.1 1 

227 

Hyd rocyclone 

2 

1550 

0.06 

416 

<1 00 

1 

0.5 

140 

0.6 

1.7 

Sin k-float 

process 

10 

4000 

0.025 

1000 

1 

400 

0.5 

' 6  

300 

1.3 

2 

500 

0.18 

5.6 

10 

1200 

0.07 

14 

2 

30 

67 

6 

10 

120 

15 

27 



horn the denser PET flake by floatation or centrifugation. 

(f).  Froth floatation 

This method'' originated horn a similar process in metallurgy and is useful to separate PP 

kom PE and PVCPET. Since PVC readily absorbs plasticising chemicals, it is possible to 

change hydrophilic / hydrophobic properties of PVC. The process is shown in Figure 1.3- 

Cleaned PVC flake (( ready.forthe 

PVC flakes are conditioned by using a 
modified hydrophobic compound whic 
can plasticise PVC 

Air bubbles reach 
referentially in the 

conditioned PVC I , p  causing it to float 

Figure 1.3. Schematic illustration of froth floatation process for the 

separatioo of PVC 

[Reference: J.H. Schut, Plastic World, p.33, Nov 19941 



The bubbhng of air through a suspension of plastic in water can hilitate the 

separation of PVC from PET. This is possible because air bubbles have h@ a£Enity for 

water repellent surfaces. F a y  PVC floats while PET sinks. 

1.2.1.3. Optical sorting 

The method of optical sorting is based on the colour of the polymer waste. For 

e.g., separation of coloured PET from coburless PET, separation of different types of 

HDPE wastes. Since for food contact applications, PET of extremely l q h  purity was 

needed, the separation of PVC was most necessuy. As PVC discobus the whole system 

and becomes light brown when heated to 240 OC while PET crystdlkand -white, this 

method is successful for their separation. Modern methods include the use of special 

flters, colour cameras, IR or CCD cameras17. 

1.2.1.4. Spectroscopic sorting methods 

The identihtion of phstics can be successfully done also by using mid-IR 

reflection spectroscopy (MR) (4000-700 c ~ ' )  since this region is dmctly related to 

specfic chemical bonds in the polymer. An MIR spectrometer developed by Bruker 

Analytische Gmbh, ~erman~"  can even identtfy plastics incllding the fillers or tlame- 

retadants within 5 seconds with a rate of upto 10 items per minute. The operator has to 

simply place the plastic sample in the sampling head and press the foot pedal. The MIR 

light reflected off the sample identiiies the material and reports it with a codkhce &tor. 

The most important advantage is that it is very fast that it takes only less tban 10 ssc for 

identih~ation'~ and can identify dark plastics also. 

Compared to MlR, near infra red (NIX) method (1 4300-4000 cm") is rapid and 

reliable and can i d e n t ~  the material within milliseconds. It can penetrate deeper into the 

polymer than MIR and it therefore suffers less h m  surface paintldirt etc. The peaks are 

most useful for the identscation of C.-H, 0-H, N-H and C-0. When PET shows three 

characteristic peaks in the region 21 00-2200 nm, HDPE shows a peak at 1200 nm, which 

is absent in PET. Rapid o n h e  identscation systems by ~isenreich'~ Fraunhofer Institute 

for Chemical Technology, Pfinztal, Germany (100 spectra and 20 bttles Isec) and Opt 

Kesearch Inc, 'Tokyo, ~a~an'' are also very useful. 



1.2.1.5. X-ray fluorescence (XRF) method 

Atoms with a high molecular weight such as those in PVC emit a characteristic X-  

ray signature which is detected by the XRF analyzer while polyoleh with comparative1 y 

low molecular weight atoms emit a lower backscattering. Here the fluorescence detector 

identifies the presence of chlorine in the bottle and then the computer-timed airburst 

separates them. This proces$2 is developed by National Recovery Technologies (NRT), 

Nashville, TN. One of the advantages of NRT-XRF technique is that it needs no 

singulat ion. 

An instrument in this category is VYI)AR (Vinyl detection and removal) '' developed by 

Magnetic Separation systems, Nashville, TN, USA. The schematic of the instrument is 

shown in Figure 1.4. 

Figure 1.4. Schematic of XRF-based PVC flake sorting system (Vydrmfi) 

[Reference: D.Vaughan and G.R.Kenny., New Challenges in Plastic Sorting' proc. SPF. 

rd 3 Annual Recyding Conf, Chicago, IL, Nov, p. 3 1 1 ( 1 996)j 

The capacity of the instrument is 1820 Kg flakem, etficiency 97.54:r. I h c  

disadvantage noted is the M u r e  of the system to identify and remove P V ( '  flakes hid~lcbn 



in the aluminium caps. 

1.2.1.6. Electrostatic methods 

The underlying principle here is that when two disshdar materials are brought into 

contact, there is an exchange of charge across the interface and owing to this, one body 

becomes positive and the other negative. When they separate, one polarity predominates 

leading to tribocharging. The device called triboelectric pen measures this tribochmge to 

ident~fy the plastic. 

Triboelectric pen 

Tribopen resembles a fountain pen and is a compact hand-held device with sensor 

heads capable to distinguish the triboelectric charge produced by different plastics24. The 

sensor heads contain specially sekcted materials which generate either positive or negative 

electrostatic charge when it is rubbed against the plastic. The combination of positive and 

negative charges thus produced is characteristic of the electrostatic property of the plastic. 

Figure 1.5a is the photo of a triboelectric pen developed by Faculty of Engineering and 

Applied Sciences, University of Southampton, Southampton, UK. Figure 1.5b is its 

structural sketch. A tribopen with three sensor heads can identify four different types of 

plastics. The LED at the top ofthe pen indicates the plastic. 

Figure 1.5a. The hand held Tribopen 

[Reference: P.E.Mucci, British Patent PCT/GB94/0010 1(1994)] 
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Figure 1.5b. The structural sketch of tribopen 

[Reference: P .E .Mucci, British Patent PCTlGB94100 1 0 1 ( 1 994) ] 

In addition to this portable device, continuous electrostatic based sorting process is 

also available. The principle here is that if two different non-conductive materials are 

brought into frictional contact, charges are produced on the surface which will remain 

there for sometime. According to Cohen in the reference2', the material with higher 

dielectric constant will be charged positive. Accordmg to their polarity, they can then be 

1.2.1.7. Diffemntial meiting method 

As PVC and PET differ in their melting point by 60°c, they can be separated using 

a hot belt separator where PVC softens and adhere to the belt. When the k l t  turns upside 

down, PET falls from it. PVC is scraped off at another point28. 

1.2.1.8. Selective dissolution 

The principle bebehi t thi is that the therrnodynarmc differences 

between the six major polymers (LDPE, HDPE, PP, PET, PVC and PS) cause each one to 

dissolve in a given solvent only at different temperatures (Table 1. 2). 

The respective polymer solutions are pumped to a devo latilising extruder. 'The 

solvents used are also recycled. 



Table 1.2. Solvent and temperature conditions for the selective dissolution sorting 

Polymer I Solvent / Temperature, OC I Solution Cone. % 

1 L ~ P E  1 Xylene I E5 1 :: I 
HDPE Xylene 

/ PVC / Xylene/cyclohexane ( 120 I l o  I 

1 I 1 

u I I I 

[Reference: E.B. Nauman, J.C.Lynch and S. Norwalk., 'Overcoming challenges in 

PP I Xylene ( 120 

~ecycling high value plastics from durable goods' presented at the University of North 

C a r o b  at Charlotte Symposium on plastics Recycling, September, 1 9963 

1.2.2. Size Reduction Methods 

10 

The primary aim of size reduction is to reduce the bulk density of the material, to 

1 

ease transportation. This step converts the waste material into a regular and consistent 

form which can be easily metered and fed into recycling process. The main size reduction 

techniques are shredding, granulation, densificatio~ compaction, agglomeration and 

pulverization. 

(a). Cutting processes 

I .  Shredding 

?'he process involves tearing and cutting and is meant for the recycling of films, 

sheet, hollow products and cable3'. The operating principle is based on two asyncbronised 

or four synchronized contra rotating shafts equipped with cutting discs and distance 

collars. The schematic diagram of a plastic shredder is given in Figure 1.6. 

2. Rotary grinding. 

The process involves the working with steel blocks (of 2.5-5 cm in size) mounted 

on a rotor which can chip fragments &om the feed as it is forced into teeth by a ram32. 

3. Granulation 

This process is effected by the rotation of rotating knifes (fly knives) with 3 or 4 

stationary knives (bed knives). In order to ensure a constant cutting nip across the knife 



width, the fly knives are kept at a slight angle with respect to the rotor shaft. The bed 

knives also are at the same angle but in opposite direction. 

Figure 1.6. Schematic illustrating principle of operation of a plastic shredder with 

four cutting shafts3' 

[Reference: C.Spankuch and M-Fass., Kunststoffe, 84,8 (1994)] 

4. Slicing 

Slicers or guillotine shears3' are meant For waste fibres, rolled up web and rubber 

bales. The difference &om a shredder is that the slicer operates in a ciockwise manner and 

the slicing knife cuts the material fiom the top and works its way downward. 

5. Screw cutting 

The cutting is effected by independently rotating screw shafts with tearing teeth 

and is for over sized products. Compared to earlier described methods for fins, 

normal plastic wastes, the separation of polymer laminates is dficult as simple grinding 

yields only an intimately mixed product. A method developed by Result Technology AG, 

~ u s t r a l i a ~ ~  works on the dBerence in the bebaviour of lamhate materials when subjected 

to acceleration and vortices in a specially designed unit. This causes the delaminatiorl 

along the interfacial boundaries. The varying morphologies after the treatment on an 

accelerator can be shown as in Figure 1.7. M e n  aluminum foil tends to roll into globular 

particles, PE changes to flakes, PS to chips and PVC to cubic shape. 



(b). Densif cation 

In order to facilitate transportation, conveying, metering and feeding, the density of the 

waste mate* such as films, foams and fibres must be increased horn the range of 20-40 
Y 

kg/m3 to 400 kg/m3 range. This is done by an agglomeration or densification process 

which softens the material with out rnelting it. Here the material undergoes a cakmg 
3 1.34.35 phenomena . 

be* d d t  f ~ m l  for - 

Figure 1.7. Schematic iflustrating principle of laminate separation by high-speed 

[Reference: C.Muther., 'Separation of lammates using Result 'I'echnology' PI-oc. SPtl 1 rd 

Ann, Recycling Conf, Chicago, IL, Nov 7-8, p 37 (199611 



(c). Puherisation 

This process is used to convert waste polymer to a powder which can then be used 

for sintered powder coatings, molding powders, Uers etc. The process is ideal for 

polyolefins, polyamides, polyesters, polyurethanes and PVC (rigidtflexible) . An advantage 

of this process is that in the case of painted plastics, the foreign impurities also will be 

ground to finer particles which simply act as fdlers. The main disadvantage is the 

development of temperature, and sticking of polymer on the cutting blades. This reduces 

the efficiency of cutting. Another method is S S S E ~ ~  (solid state shear extrusion) or elastic 

deformation grhcimg developed by Bersto ffe Maschinenbau GmbH, Hannover, Germany, 

(works by creating a larger free surface by the simultaneous action of high pressure and 

shear deformation37) The advantage is the formation of very fim powder, for eg., wood 

particles of 50 pm could be produced by SSSE while no* it is 20 times higher than 

this. This method can convert low performance commqled post consumer recycled 

plastics into useful blends with out use of any compatibiliser3'. It is the only technology 

that can collectively take #c six most common plastics in the waste stream W P E ,  

LDPE, PP, PET, PS and PVC) and convert them to a useful powder product. Despite the 

h e  particle size of SSSE powder, they give no bridging problems in the feed zone of 

injection m o m  

1.2.3. Melt Filtration 

As most recycled polymers are characterised by the presence of contaminants such 

as dirt, cellulose material, aluminium foil, metal fragments, fibre glass and incompatible 

hgh melting polymers, melt atration is an important step in polymer recycling and 

reprocessing. The process improves the quality of the product by trapping adventitious 

contamination, removing infused material, eliminating gels, homog enising the melt and 

minimising pressure spikes and clogs. 

The proper selection of melt filtration techmque is an important aspect in polymer 

recycling. This is made by considering several technological aspects4' such as type. size, 

hardness and level of contaminants (vol %), material factors such as polymer type, 

additive package, melt viscosity at the processing temperature and throughputs and degree 

of wall adhesion. 



1.3. Plastic Recycling. 

Plastics are a product of the current century. Initially plastics were mimicking and 

rephciog natural products but now they are considered as substitutes for metals, which are 

made from extremely inexpensive but non-renewable resource, crude oiI. 

Plastic waste management can be divided into three. 

I .  Mechanical or material recycling which preserves their molecular structure. 

2. Chemical recycling, which converts plastics to monomers, oil refinery or 

petrochemical, feed stock. 

3. Energy recycling where plastics are subjected to incineration. 

Recycling methods for used plastics can be ciassified accordmg to the Figure 1.8. The 

selection of the process is done based on the degree of sorting, degree of contamination 

and the amount of material to be recovered. 

PLASTIC WASTE 

Mechanical 

Rwycllng 

Feedstock mycling 

-imn ore re&cBon in b h t  furnace 

-Hydrogendon 

-0- 
-Genemtfon of synthetic gapes 

-hydmIysk, alcoho~sIs, sohoijsis 

Energetical 

Recyd i ng 

-incineration in air 

-incineration in  

pure owgen 

Figure 1.8. Possibilities of plastic recycling4' 

pference: W. Micbeli and K. Breyer, Macromol.Symp., 135,83 (199811 

1.3.1. Mechanical recycling 

Mechanical recycling means a remelting of the polymer, production of new peUet s 

and conversion into a new product. This is meant for well-sorted material in huge 

quantities. One of the best examples for this is the SMC (sheet molding cornpound) 

recychg done by ERCOM, Germany. It is known that the molecular degradation during 

the mechanical recychg process affects the properties.42 



Plastic waste containing mixed 2md foreign substances are much problematic and 

the purification /separation process is uneconomical. The reason for such a difficulty can 

be made clear from the spectrum of processing temperature43 given in Table 1.3. This 

necessitates the need of good sorting. 'The poor compatibility of the individual polymers 

can also be another reason. 

Table 1.3. Selected processing tempemtuns for injection mouldingu 

( Polystyrene 1 Wide 1 180-280 I 

Plastic 

I 

Polyethylene soft / Wide I 160-260 

Procesing 

I -- I 

Polyethylene hard ( Wide 1 200-300 
I 1 

Polypropylene ( Medium 1 230-270 

I Poly (vinylchloride) I Very narrow 1 180-210 I 
I '  I Polyamide, PA6 1 Narrow 1 230-280 

1 I 

Polyamide, PA66 / Very narmw / 260-320 
I I 

Polycarbonate, PC / Narrow / 280-320 

we  ference: H. Saechtljng , Kunst st off '~aschenkh, H w r ,  Munchen- W i g  1 9861 

The mechanical recovery of phstics consists of general steps such as identification, 

sorting, grinding, washing, drymg, extrusion and the fmal The upgradation of 

the recycled material4' is done by the addition of fibres, Wers, stabilizers, pigments, 

processing aids, compat ib~rs  etc. A novel approach of upgrading the recyclate by the 

addit ion of additives is developed by Pknder  et ald6. This approach of restabilkation and 

repair of molecules by the development of appropriate formulation for targeted application 

can make recycled p k i c s  good substitutes for virgin materials. The restabilisation is the 

most effective approach to improve the quality of any r e ~ ~ c h t e . ~ ' . ~ ~  

l'he research group called MAIIECK~~ (material recydmg of non reinforced 

thermoplastics), Aachen University of Technology, RWTH Aachen, covers ali the 

processes of recycling from beginning to end. They developed, characterized and still 

practicing the methods lhr identific;ition, separation, upgradation and analysis of the 



plastics in recycling field. Their studies5' emphasife the need of an analysis of all the 

mechanical properties of recycled materials. 

1.3.2. Chemical recycling technologies, 

'The main options for chemical recyclrng are the following. 

1. Hydrogenation 

This is carried out at 300- 500 O C and at 100-400 atm. pressure to get low molecular 

weight oils, gases etc. 

300-500' C, 100-400 atm. 

Plasticswaste - lowmolecularweightoils,gases 

2. Pyrolysis-absence of Oz 

500-900 OC, absence of 0 2  

Plastics waste -b gaseous, liquid or waxy hydrocarbons 

3. PyroIyds-presence of Oz 

450' C, presence of Oz 

Plastics waste -L synthesis gas -b methanol, 

ammonia, energy generation, and other products 

4. HydroIysis, alcoholysis, glycolysis 

Plastics waste -b origmal substances 

5. Degradrmtive extrusion 

Pla t  ic waste -b low molecular weight gases, liquids 

1.3.3. Incineration of Plastic Waste 

The case of energy recovery comes when the plastic waste is highly crosslinked or 

contaminated with problematic substances. The plastic wastes are then burnt to produce 

steam and electricity. 

Plastic wastes must be considered as an alternative source of energy and as a 

chemical raw material5'. According to the present concepts of recycling in France, the 

recycling of a material can be considered only if it has a very small combustion value and it 

is feasible for recyclmg. ' Keeping the energy production from waste as an important 

strategy of energy polic32, France could save about 1 million ton of crude oil by the 

burning of 8 million ton of municipal w a d 3  (which is 40% of the total waste). Rut the 



local residents will accept ths idea of incineration only if it is combined with recycling and 

cornposting efforts in tbat area. A good example for such as activity is the integrated 

waste management in Hampshire, CTKS4. 
As the recycling of complex mixtures of polymers is practically difficult, the 

copyrolysis of waste polymers with coal was tried by Straka et ds'. The coke can be used 

as a smokeless low sulphur A stepwise pyrolysis of plastic mixtures (PVC, PS and 

PE) carried out by Bockhorn et a15' indicates that the dehydrochlorination takes place 

quantitatively in the first reactor. The chlorine balance indicates a rate of conversion of 

99.6%. Even though the feed was of high cblorine content, the product gases fmm the 

third reactor contain only negligible amount of chlorine (0.0044%). Polystyrene and 

polyarnide -6, gave monomers in high yields in second reactor while p1yethylene gave 

p a r a h  and olefins in the third reactor 

The tertiary recycling of polyethylene by thermolsis and reactive distillation WEIS 

carried out by OifE-ey et d. 59. Nitragen atmosphere at 440' C w* employed for the 

reaction to get a higher conversion of polyethylene into a condensable liquid cornpafed to 

any other conventional pyrolysis. 

1,4.Rubber Recycling. 

1.4.1. Reclaimed Rubber or keelaid 

'Reclaim' is dehed as a type of rubber prepared from waste or worn out 

manufactursd rubber articles and the process of reclaiming is concerned with imparting the 

necessary degree of plasticity to vulcanised rubber and thereby enabhg it to be blended 

with uncured material or synthetic The earliest effort to recycle polymer rubkr 

rejects was by the process of reclamation6'. Several excellent historical records and 

descriptions of rubber reclaiming processme available in the literature. 6245 The most 

important processes of reclaim manuhcture are digester (Neutral or alkali)wY, pan or 

heater7', a~id~','~, reclamator or dip7>, thermodynamic or hot bar~bt.u-y~~ and 

palmer or high pressure steam7'. These processes mamly involve the heat plasticisation, 

fabric removal and mechanical treatment. Short description of these methods is given 

bebw. 



1. Digester (alkali or neutral) process. 

Here the ground scrap is heated at 1 80-205' C for 3- 1 5 hours in autoclaves along 

with necessary plasticisers and solutions for destroying fabric. The plasticised rubber 

without any fabric is discharged into clump tanks, washed, dewatered and dried in hot air 

currents. In the alkali process, the scrap rubber is heated under pressure in caustic alkali 

solution to destroy hbric and to plasticise the rubber. This method is not in active use now 

due to scorch problems with certain type of accelerators. In the neutral process, zinc 

chloride solution is used instead of caustic alkali solution. The advantages here are the 

cheap fibre destruction, suitability for SBR scrap and less scorchy reclaim 

2. Pan or Heater process. 

In this method, the ground scrap rubber is heated in large horizontal single-sheil 

autoclaves at pressures of 100-300 lb.:h2 for varying periods of time. It is then air-dned. 

Reclam& is completed in the conventional manner. The method is usually used for fabric 

h e  scrap. 

3. Acid process 

Here the fibre containing scrap is treated with hot dil. sulphuric acid in open tanks. 

Wasbjng with the use of &r with M e s  removes stones, metal etc. The scrap is then 

nutrdised with a h h ,  plasticised in live steam, milled and shamed. 

4. Reclamator or Dip process 

This is considered as the ksl. reclauning process and was patented by the US 

Rubber Reclrurmng Company in 1-946. Reclamator is a screw extruder with a hopper at 

one end into which a premixed crurnbIoil blend is automatically fed at a predetermined 

rate. The machine generates its own heat for devulcanisation by the mechanical working of 

the blend under pressure. The temperature of the rubber is controlled by heating and 

c o o k  jackets around the machine. Arter five minutes, the rechim is discharged from the 

machine. It is cooled by water sprays and passed to a screw conveyor where it is mixed 

with required fillers. It is hal ly  extrac:ted though a perforated die, cut into small pieces 

by a rotating knife and conveyed to the refmug section. 



5. Thermal process 

In this method, tire scrap is loailed into steam autoclaves with electric heaters. The 

conjoint destruction of fibres and softening of vulcanised rubber is done in a medium of 

superheated steam. One disadvantage is the nonsuitability of the method to SBR and 

certain other synthetic scrap. 

6.  Thermodynamic or Hot Baabury process 

In hot banbury process, the raw cracked waste is loaded into the machine with 

plasticisas, reclaiming agents, carbon black etc. and subjected to intense shearing action 

by means of high pressure (1 80 1b./h2) and temperature 500' F fox 3- 12 minutes. The 

batch is cooled before discharge. 

7. Palmer or High Pressure Steam process 

Fibre-free waste with reclairmng agents is charged into a specially constructed 

closed container. Then live steam at 800-1000 1b./h2 is admitted into the container and 

maintained for 10 minutes. Then the pressure is suddenly released. The blown out and 

disintegrated reclaim is M y  iinjshd in the convention4 manner. 

1.4.1.1. Pracwes during reclamation 

There are 6 main processes during reclamation 

1. Reduction in m1.ecular weight to a lower kvef than that of a new r u b k  

2. Ckain scission h u g s  about reduction in gel content (g) and increase in gel 

swebgf s). The degree of devulcanisation is proportional to dg ratio. 

3. The product of reclamation process is a heterogeneous system of crosslinked 

fragments dispersed in a plastic component. If a reinforcing filler such as carbon 

black is present in the system some portion of the m n t  will be bund to it. 

4. The chemicai unsaturation of the rubber hydrowbn  of reclaimed rubber wiU be 

essentially unchanged h m  that of original vulcanised scrap. 

5 .  In order to rninimise the reduction in tensile strength and to impart satisfactory 

processability arid speed of reclamation to the f'mal product, the recommended 

dosage of reclaiming agent is 0.5-209'0 of the scrap weight. 

6 .  Since natural rubber is more susceptible to depolymerisation than SBR and NR. 

the plasticity increases as reclamation progresses. But in the case of SBR, after an 



initial increase of plasticity, the material will begin toreharden. Therefore the 

behaviour of a blend of SBR and NR cannot be predicted unless the composition is 

known. 

1.4.1.2. Steps in a reclaiming process 

The reclaiming process can b: divided into 4 major parts. some of which are 

mechanical and others chemical. The d a r e n t  steps are gmdmg, defibering and 

depolymerisation, re- and recovery of reclaiming oils. 

1 .  Grinding 

When natural rubbr is the only component in the scrap, this step can be avoided. 

But if SBR also is present, grinding step is necessary because of the lower absorption 

efficiency of SBR for the rechkmg agents and catalysts. 

2. Defibering and depolymerisation 

The use of caustic soda as a d e f k h g  agent for tire scrap was well established in 

rechiming industry. Since caustic soda has adverse effect on the plasticity of vulcanisd 

SBR, its use was abandoned later. The successive method was the use of a metal chloride 

solution (Ca) as defibermg agent. The reclamation process using metal chlorides as 

defibering agents is called digester process, the steam heating of mechanically defibered 

ground scrap is called heater process and the most important is the reclamator process 

patented by the US rubkr reclauxllng ampany in 1953. It is a development of the banbury 

process. 

3. Refining 

This step in reclamation has not undergone much major development. One 

interesting development noted was the extensive use of the refines to get 'premixes'. 

Premixes are complete compounds (but without curatives) produced by co-refining the 

vulcanized scrap after the depolymerisation step with various Wers, softeners, and many 

other compounding ingredients. Therefore the physical properties of the vulcanised 

compounds could k unproved considerably. 

4. R e c o v e r y o f r e c ~ o d s  

Since some of the reclaiming oils are steam distillable, they will be easily removed 

h m  the reclaims during the release of pressure at the end of the devulcanising period. 



The vapours o f  these oils can be condensed and reused. 

1.4.1.3. Testing of ke~hird''-~~ 

The testing of the reclaim is done by examination during the course of manufacture 

and that of the hished product. The workability of the batches after digesting, pan 

treatment etc. is determined by m b g  and re- d lots. Frequent tests for specific 

gravity, Mooney viscosity etc. are needed during mill room operations to control the 

quality of the reclaim Frequent testing of various agents used in the processing, testing of 

the fd effluents can help to remove suspended solids. Examination of hished reclaim is 

to be done giving emphasis to three fixtors namely mmpsition of the r e c h  (especially 

the rubber content, presence of synthetic, copper, manganese etcS, physical condition of 

unvul- reclaim (plasticity, colour, cleanliness, degree of tackiness, "body" and 

"nerve") and rate of cudageing characteristics. 

1.4.1.4. Advantages and disadvantages of reclaimed rubber 

Since,during man-, the reclaimed rubber undergoes thorough plasticisat ion 

and since it contains all the fillers in the original comund, it breaks down easily and 

mixes quickly than a new rubber. Another advantage is the comparatively lower power 

consumption during mixing and breakdown. Also it is important to note that stokes 

containing reclaimed rubber can usually lx processed at a lower temperature. This is an 

advantageous fact when heat history and processing safety are concerned. The compound 

containing reclaimed rubber has greater processabdtty since it is less nervy than a new 

rubkr and hence it builds up less internal heat in the calender W. Hence such a stock 

will be safer on calender even though it has shorter Mooney scorch time than a compound 

without reclaim Stokes containing reclaim permits high speed calendering, resulting in 

uniform and smooth coating. Compound containing reclaim tend to hold their tack for 

prolonged t k  with less tack variations with c h t i c  changes. 

But during the reclamation process, the scrap rubber may undergo some 

degradation which will make their mechanical properties inferior to those stokes with a 

new rubber. Therefore use of reclaim remains at only 4% of US rubber consurnptio~~. 

Another disadvantage is the lower scorch safety resulting fiom the faster curing process. 

But altering the recipe of ingredients can properly control ths. 



1.4.1.5. Selection of reclaim for various applications9'96 

The most important characteristics to Ix considered in the selection of reclaim for 

various purposes are the f o l l o w .  

1 .  Composition (rubber, carbon content and amount of extractable organic matter) 

2. Price 

3. Reclaiming process employed. 

4. Degree of smoothness 

5. Plasticity, nerve, body, tackiness and other characteristics (which &cct milling, 

calendaring and extrusion) and the behaviour of uncured stock on maturing. 

6 .  Tendencies for migratory staining. 

7. Resistance to water absorption 

8. influence of the reclaim on rate of cure, tensile strength, elongation, modulus, flex 

cracking etc. 

Peel reclaim (tire tread) in which filler i s  mainly channel or fiullace black is preferred for 

compounds requiring high abrasion resistance. Reclaim has a high value when used for 

hard rubber battery containers but due to its inferior abrasion resistance, it cannot be used 

in frst quality tire treads. 

1.4.2. Problems with redaimed rubber 

1.4.2.1. Staining of reclaim 

Stain is due to the presence of certain staining compounding oils in the vulcanised 

scrap, certain staining reclaiming oils, certain antioxidants and rtntiomnants. The effect 

will be intensive for nitrogen containing compounds such as amines. If the vulcanised 

scrap itself is staining, the use of adsorptive carbons prepared from the waste liquor 

(obtained fiom an alkaline pulping process) is recommendable. 

1.4.2.2. Mooney growth 

The phenomenon of increase in reclaim viscosity with age and storage temperature is 

commonly called Mooney growth. It was reported that Mooney growth could be 

controlled to a great exterit by adding reducing sugars, polyalcohols and sodium nitrite. 



1.4.3. Reclaiming agents 

Some of the active classes of reclaiming agents are the following. 

1. Phenol and alkyl sulphides and disulphides 

These rechiming agents are the most effective of all the four classes. They catdyse 

the oxidative breakdown of polymer chain and disrupt the sulphur crosslinks. They work 

better in sulphur-cured vulcanisates than in non-sulphur cured ones. The effect is found to 

be intense in the presence of oxygen which promotes the production of low molecular 

weght polymer fragments even under ndd conditions. 

2. Aliphatic and aromatic mercaptans 

The aromatic mercaptans are more efkdve than their aliphatic counterparts. More 

over it was found that when naphthalene group replaced the phenyl group, reactivity 

increased. 

3. Amino compounds 

These compounds are very e&,tive reclauning agents with an advantage that their 

activity does not depend on oxygen. Their efficiency is higher for mn-sulphur curd  

vulcanisates than sulphur curd ones. 

4. Unsaturatedcompounds 

One example in this c b s  is cod tar or naphtha. Its M o n a 1  distillation releases 

some materials such as indene, dicyclopentadiene, coumarone and others which are 

effective in the depolymerisation technique. 

5. Reclamation using De Link 

A novel technique for the reclamation is by the use of De   ink^^. The process can 

be represented as in Figure 1.9. 

~rosylinkr4 Rubbcr Redajwed kwbbor 

Figure 1.9. Reclamation process using De Link 

'l'he process is very easy as it consists of the mastication of rubber rejects with Le Llnk and 

some other compounding ingredients such as virgin natural rubber and processmg aids in a 

two roll mill. 



1.4.4. Ultrasonic devulcanisation 

Another advancement in the field of recycling is the ultrasonic devulcanisationq8. 

Here, an ultrasonic field creates high frequency extension-contraction stresses. In the case 

of ultrasonic devulanktion of polymer solutions99, the acoustic cavitation of solvent 

accompanied by fast movement of tiny resonating bubbles effects breakage of 

macromolecules. A number of studies in this field of crosslinked elastomers are reported 

by Tukachinsky et d.'OO, Levin et a1''' and Isayev et d. '02.103 The main 

contributions from these works are the opthisation of conditions of devulcanisation and 

the achievement in improving the selectivity of the process to network breakage than 

degradation. 

1.4.5. Tire Recycling 

The formation of waste tire is a great problem, which needs much attention, The 

waste f o d  in US alone is 250 million tires per year. It is estimated that presently more 

than 2.5 billion scrap tires are stockpiled in Even though their percentage is less 

(2%) in municipal waste stream, they produce a lot of disposal and environmental 

problems due to their durability and shape. The main environmental issue resulting f?om 

the accumulation is that they provide ideal breeding grounds for rats, insects mainly 

mosquitoes. This is much m e  severe thao what happens in natural habitats3. The main 

environmental issue in burning and clearing this waste is environmental pohtion, both 

atmospheric and geological due to the formation of aromatic compounds such as benzene 

and toluene. The presence of mers, textile fibre, steel wire together with the tightly 

crosslinked network in tires and its resilient nature, intensses this problem especially 

when attempting size reduction for recycling. 

In Germany, around 6,00,000 tons of tires are recycled each year'''. One method 

to reuse tile waste tires is by their size reduction, kcause proper rscychg is possible by 

this route only due to their resilient nature and shape. Due to the presence of a higher 

content u f  textiles in passenger tires, their reprocessing is much more dficult than truck 

tires. ?'he met hods for the size reduction are shredding, nlechanical grinding~crygrinding. 

Mosr of the processes for the reuse of scrap tire involve its disintegration. Even though 

several chernical processes h r  the recychg of scrap rubber was proposed, the main 



difficulty noted was the difference in the response of polymer blend components to 

devulcanisation process. The process of destructive distillation was proposed for 

converting scrap tires to u s e l l  products. This involved the pyrolysis of scrap rubber at 

500-900 O C to get gases oils and a solid residue which mainly containrlremvered carbon 

black and compounding ingredients. This residue was found to be only weakly reinforcing. 

Another poss ib' i  is the use of recycled tire rubber for the mod5cation of asphaldod 

The higher initial costs of pavements made with asphalt rubber binder, in comparison 

with the costs of conventional pavements m y  be o&t by their much greater durability 

and the resultant longer service life and the possriility of using thinner layers. Also, the 

break down of tire waste to low molecular welght components107 by supercritical and 
108,109 subcritical oxidation is reported in the literature. A destruction efficiency of greater 

than 0.9 could be obtained in these studies which claims this method as an alternative 

solution to waste tire crisis. 

1.5, Previous research works on the reuse of latex waste 

It is an acceptable fact that ir~dustdisation a d  urbanidon have resulted in a 

large-scale generation of waste. The solid waste management is bcoming increasingly 

difficult as  traditional Iandfdls are hcoming scarce. The ever-increasing volume of 

polymer waste is a severe problem d e s m i q  serious attention. Of this polymer waste, only 

8-12 % is plastic while the rest lion's share is elastomer waste. Tires whose Mk span has 

ended constitute the major portion of this waste. The recyclmg of tires and other rubber 

waste by the process of reclamation is suggested as a solution to the problem of rubber 

waste accumulation. But the use of reclaimed rubber constitutes only a few percentage of 
110-1 14 raw rubber consumption. This is due to the deterioration in techno~ogical properties . 

In comparison with tire and other med rubkr wastes, scrap Iatex rejects such as gloves 

and condom rejects are better potential candidates for recyclmg. This is because of the 

huge rejection in the latex based industries (10-1 5% of the rubber consumed) and the 

lightly crosslinked and high quality nature of the rubber hydrocarbon. 

Many efforts are made to recycle natural rubber latex waste by the way of 

reclamation. The Rubber Research Institute of 1ndiaH5 and of ~ a l a ~ s i a " ~ ~ ~ "  have 

developed techniques to reclaim latex waste mainly gloves rejects. Reena et al. I I 8 . IZO also 



have independently developed a novel and economic procedure to convert latex waste into 

a processsable form. The use of reclaimed latex waste in virgin natural rubber is reported 

by Reena et al. 18. A gradual reduction in the optimum cure time and scorch time is noted 

with the addition of latex reclaim to natural rubber. It is found that such a reduction is due 

to the presence of  cross^ precursors and/or unreacted curatives in the latex reclaim. 

An increase in the maximum torque also is noted due to the increased crosslink density of 

the sample with the addition of latex reclaim. The good bonding between natural rubber 

and latex reclaim is reflected in the increased tensile strength, tear strength and ageing 

resistance of NR vulcanisates containing htex reclaim. Increase in crosslink, density is 

found to increase the hardness and modulus of the samples with a correspondmg decrease 

in elongation at break and compression set. The hctographic analysis also is supporting 

the improvement in technological properties. Similar addition of latex reclaim in styrene 

butadiene rubber' l9 also is found to be reducing the optimum cure time and scorch time of 

the rubber compounds. Tensile and tear strength values also are increased upto a htex 

reclaim bading of 60% and then they decreased. Tbis is examined to be. due to the 

formation of a continuous phase by latex reclaim Increase in crosslink density is found to 

be increasing the modulus and hardness while decreasing elongation at break and 

compression set. Only a marginal initial increase is reflected in the results of abrasion 

resistance which dropped with further loading of Iatex reclaim An inverse relation 

between resilience and heat build up of the samples are noted in the study. Processability 

studies revealed the high pseudoplasticity of the samples. It is also important to note that 

no change in the viscosity is noted with the addition of latex reclaim upto 20%. Increase in 

temperature is found to be making the blends more Newtonian The activation energy of 

the blends is observed to be intermediate between that of the components. 

'The detailed rheological analysis of natural rubber containing latex reclaim is 

carried out by Reena et al.Izo. They observed that the viscosity decreased rnargsrdly on 

t l~e  addition of latex reclaim while it is almost unaffected with the variation in shear rate. 

'l'he estimate of energy of activation revealed that the temperature sensitivity of the blends 

is not afected with the addition of la1.e~ reclaim. Addition of upto 50 wt. % latex reclaim 

15 found to k producing smooth extnldates. 



In addition to the use of latex reclaim in virgin elastomers, efforts to modify the 

material also are reported1". The chlorination of latex reclaim to produce chlorinated 

natural rubber with similar properties to that of commercial chlorinated rubber is carried 

out by Mary et al!='. They carried out the reaction by passing chlorine through a solution 

of latex reclaim in carbon tetrachloride. A reduction in the particle size of latex reclaim is 

observed after the chlorination process. The FTTR spectrum as well as the 

thermogravimetric plots of the chlcrinat ed latex reclaim and commercial chlorinated 

natural rubber are found to be similar. 

The conversion of latex foam and microceUdar solid waste (natural rubber I lugh 

styrene resins & NBRPVC) to a processable form and their reuse in corresponding 

microcellular soles is reported by Sththakutty et a1. 122 As observed in earlier studies "" 
120 , the addition of latex foam waste reduced the optimum cure time and scorch time. A 

marginal increase in relative density is also noted with the addition of latex foam waste. 

This increased the hardness of the rnicrocellular sheets. The presence' of crosslinked htex 

foam is found to be effective in reducing the expansion of microcellular sheets which 

caused reduction in compression set, heat shrinkage, water absorption and abrasion loss. 

Upto the addition of 15 phr of latex foam waste, split tear strength increased. The 

reduction observed with fhtfier loatling of latex foam waste is found due to its poor 

dispersion at higher loadmgs. Addition of NWHSR microcrumb in m S R  microcellular 

sole also produced similar results. ,4ddition of modified NRMSR microcrumb [using 

ZMBT (~inc salt of mercaptobenzothiamle) and parafmic oil] increased the expansion of 

rnicrocellular sheets compared to the addition of unmodified crumb. Compression set is 

found to k only marginally affected with the addition of m o u e d  and autoclaved 

microcrumb. Addition of NBR/PV(I microcrumb into NBlUPVC microcellular soles 

increased the relative density and hardness while it decreased the expansion ratio, heat 

shrinkage. compression set and water absorption of the microcellular soles. Split tear 

strength showed an increasing trend even upto the addition of 100% crumb. 

'I'hr: development of blends based on modified latex waste (thread and glove 
123 

wastes) and polyethylene (L.I)I'E) 1s carried out by Rajalekshmi et al. . The tensile 

strengt ti, Icar strength, hardness and 'Young's modulus of the developed blends are found 



to be comparable to that of LDPE/rub&r blends. In these novel blends, the elastomer 

phase remained as dispersed and less deformed particles. Lower elongation at break is 

observed for LDPEI thread and glove waste compositions compared to LDPE/virgin 

rubber, Impact strength values of morr: than 1 kJ/m are obtained for these recycled blends 

because of the effective absorption of energy by the soft and flexible rubber particles. 

Partial devulcanisation and mokcuiar breakdown occurred during the processing of the 

waste material caused lower viscosity of the blends. At lower shear rate, the surface o f  the 

extrudates appeared smooth but at high shear rate, the difference in the rate of flow of 

rubber and plastic phases produced a rough surface. 

1.6. Present work 

From the forgoing discussions it is dear that a number of works have been carried 

out in the use of latex waste such thread waste, gloves waste and other rnicroceUular 

wastes. Even though tire rejects, glcrves waste, thread waste, microcellular sheet waste 

etc. and condom rejects are basically elastomers, condom rejects contains very high quality 

rubber hydrocarbon which is only lightly crosslinked. Therefore, its performance, when 

added as filler, on the properties of other elastomers and plastics cannot be predicted fiom 

the earlier results reported so far for tire rejects as weU as h e x  reclaim. This means that 

there is a gap in the knowiedge regarding the performance of powdered latex rejects in 

other elastomers and plastics. This study is aimed to i l l  this gap noted in the field of 

polymer recycling. Therefore, it is clear that a systematic study based on the efficient 

utrlisation of waste condom rejects,, as Uer in elastomers and plastics deserves much 

importance. The results of such a s$udy can open up new areas of research in polymer 

science and potential markets for waste condom rejects. 

This thesis work of ten chapters, works on the main aspects of using mechanically 

ground prophylactics rejects as filler. in synthetic elastomers and plastics. The first chapter 

is the introduction chapter discussing the concepts and metamorphosis of recycling in a 

very detailed manner providing the necessary information to a follower in this field. The 

second chapter gives the details of the materials used for the present study and the 

methodology as well as the theoretical backgrounds. The third chapter describes the 

rheometric processing, cu ing ,  mechanical and swelling behaviour o f  increasing loading 



and particle size of prophylactics fiHer in an amorphous elastomer, styrene butadiene 

rubber (SBR). The fourth chapter discusses the rheological aspects of prophylactics filled 

styrene butadiene rubber compounds in the presence and absence of particulate fillers. In 

the fifth chapter, the works focuses on a strain crystallising elastomer of relatively recent 

origin, epoxidised natural rubber (EPJR-25) describing the influence of both particle s k  

and loading on the various properties of ENR. An emphasis to theoretical prediction of 

modulus of the samples with varying, loading of the prophylactics filler is discussed. The 

work in chapter 6 moves to epoxidised natural rubber of higher epoxy content (ENR-50) 

giving emphasis to the processing andl mechanical aspects of the prophylactics filled ENR- 

50 vulcanisates and use of dynamic trnecbar~ical aspects as a tool for the determination of 

distribution of particulate filler arnong the phases. In chapter 7, the influence of 

prophylactics mer loading on the curing, mechanical and s w e h g  resistance of ethylene 

propylene diene rubber (EPDM) is investigated, giving emphasis to the effect of 

temprature. In chapter 8, the effectiveness of the prophylactics mer in the impact 

modification and dynamic mechanical properties of an amorphous plastic, polystyrene is 

analysed. In the chapter 9, the use of reclaimed and chemically modified prophylactics 

filler for the development of polypropylene composites is investigated. 'he tenth chapter 

i s  a conclusion of the results in the thesis for a quick reference. 
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CHAPTER 2 

MATERIALS AND EXPERIMENTAL DETAILS 

ABSTRACT 

This chapter gives information regarding the basic materials and methodology used in 

the thesis. The source and basic characteristicslproperties of the various raw materids used 

for the experiments are discussed. Discussions give emphasis to the basic formulations, 

conditions and procedure used for the preparation of the samples, giving their wdes also. 

The details of various instruments used for the characterisation of the samples, the 

relevant ASTM test methods and the mathematical equations used for the determination of 

different parameters etc. are also provided, In the case of some special experiments which are 

not very common, sketches or tigures to clarify the experiments have been included. 



C3HAPTER 2 

MATERIALS AND EXPERIMENTAL DETAILS 

2.1 Materials 

2.1.1. Styrene butadiene rubber (SBR) 

Styrene butadiene rubber (Synaprene 1502) is a copolymer of styrene and 

butadiene produced by emulsion polymerisation using free radical catalysts. It was 

obtained horn Synthetics and Chemicals Ltd.,BareilIy,U.P., India. The basic characteristics 

of SBR are given in Table 2.1. 

Table 2.1.Basir: characteristics of SBR used 

1 Ingredients 1 Percentage 1 
2 1.5-25.5 

Volatile matter (max) 

Cis- 1,4 L--J 

2.1.2. Natural rubber prophylactics filler 

N a t d  rubber prophylactics filler was prepared fiom condom rejects which was 

obtained fiom Hindustan Latex Ltti., Thiruvananthapurarn, Kerala, India. The basic 

characteristics of prophylactics mer are given in Table 2.2. 

Table 2.2.Basic characteristics of prophylactics waste material 

-- 
I Prom& I Value 7 

I temperature, 'C -. J 
Colour 
Glass transition 

L&t pink / yellow 
-63 --+ 



Preparation of NR prophylactics filler 

The ground vulcanisatc preparation was done in a fast rotating toothed wheel mill. 

'I'he advantage of this technique was the ability to obtain a fine elastic ruhber powder, 

unlike cryoground rubber (CGR) wllich is stif??. Therefore CGR will not permit easy 

difision of-curatives into it. The powder rubber was Sound to be polydisper-sed it1 particle 

s ix .  It  was then sieved into four dB:rent particle sizes, ranging from 0.3-0.5 l-n~n (size 1 

or S 1), 0.6 - 0.9 rnm (size 2 or S2), 1.7 - 2.5 mm (size 3 or S3) and 9-1 1 mm (size 4 or 

54). A mill-sheeted form (M) of the htex rejects also was prepared by the repeated 

passing of the rejects through a hot two-roll mill at tight nip. 

2.1.3. Natuml rubber (NR) 

Natural rubber (ISNR 5 )  was supplied by the Rubber Research Institute of Tndia, 

Kottayam, Kerala, India. Approxima1.e composition and basic characteristics o f 1 SNK-5 

are given in Table 2.3 and 2.4. 

Table 2.3. Approximate corn positio~~ of ISNR-5 used 

Ash (max) 
Initial Plasticity (Po) (min) 45 
Plasticity Retention Index (PRI) 



Table 2.4. Basic characteristics of ISNRJ 

I - poor 2- moderate 3- good 4- o ~ l t s h d h g  

2.1.4. Epoxidised natural rubber (EfNR) 

The epoxidised natural rubber samples used were ENR-25 and ENR-50, supplied 

by Malaysian Rubber Research Bureau, Malaysia. A c o m p ~ s o n  of their general 

properties is given in Table 2.5. 



Table 2.5. Genera1 properties of ENR used 

a. Lowry method used. 
h. RAST method. 

-- . -- ---- 
Epoxide level, mole % 

d Glass transition temperature C 
Density, gm /cc 

-- 

Solubility parameter, 
(J 11i3)' ' -- - - 
Lovibond colour 
Protein level, a mg/g rubbe; 
Latex protein activity,b 
Norrnalised .. unit 

2.1.5. Et b ylene propylene diene ru trber (EPDM) 

Ethylene propylene diene rubber (RoyleneO 52 1) was manuhctured and supplied 

by UnjroyaL USA. The characteristic properties are given in Table 2.6. 

25-t-2 
-47 
0.9'7 
17.4 

4.5 
0.0008 
2-4 

50+-2 
-24 
1.02 
18.2 

--a 

3.5 
0.0008 
2-4 



Table 2.6. General characteristics of EPDM rubber used 

1 - poor 2- moderate 3- good 4- outstanding 

2.1.6. Polystyrene (PS) 

Polystyrene used for the present study was Polystron 678 SF- I , (crystal grade 1 and 

was manufactured and supplied by Polychem Ltd, India. The characteristic propertics ~trc 

given in Table 2.7. 



Table 2.7. General characteristics of Polystyrene used 

' 2.1.7. Polypropylene (PP) 

Property 

MFI (g110 min) 

Density, g/cm3 

SoRening point, O C 

Elongation at break, % 

Tensile strength, MPa 

Youngs'smodulus, ma 

Polypropylene used for the present study was St amylan P 1 3 E 1 0 and was 

manufactured and supplied by DSM, USA. The characteristic properties are given in 

Table 2.8. 

Table 2.8. General characteristics of Polypropylene used 

Value 

15 

1.05 

1 00 

9 

34 

390 

2.1.8. Salven ts 

Toluene, chloroform etc were of reagent grade and supplied by Merck India Ltd., 

Murnbai, India. 

Property 

MFI (g/10 min) 

Density, &rn3 

2.1.9. Chemicals and fillers 

Value 

6 

0.91 

All the chemicals used for the preparation of rubber compounds were of industrial 

purity. Cetyl trimethyl ainmonium bromide (CTAB), sodium hydroxide, dicumyl peroxide 

(40% active) (DCP), zinc oxide, stearic acid, N-cyclo hexyl-2- b e n m t ~ l  sulphenarnide 

(CBS), mercaptobenzthlazyl sulphenaxide (MBTS), 2,2,4-trimethyl-1,2-dihydroquinoline 



('I'DQ), rnaleic anhydride, dimethylo I phenol, processing aid (aromatic oil), stannous 

chloride and sulphur were of commercial grade. De Link used for reclamation was 

obtained kom STT-K polymers (india) Pvt. I,td, Mumbai, India. 

The fillers such as carbon black [high abrasion furnace (HAF)], precipitated silica 

and marble powder also were of cormnercial grade. 

2.2. Methods 

2.2.1. Preparation of polymer blends 

'The mixing of matrix polymer with the compounding ingredients as well as 

polynleric inclusions was carried out at room temperature on a laboratory size two roll 

mixing mill (1  5 crn x 30 cm) at a :kiction ratio of 1: 1.5 as per ASTM 1)-3182-74 by 

carefuliy controlling the temperature, nip gap, time of mixing, and uniformity of cutting 

operations2. Basic formulation used for each work is given in the respective chapters. The 

temperature of the mill was maintained at room temperature by the circulation of cold 

water through the rolls. 

2.2.2. Preparation of surface epoxidised NR prophylactics filler 

The surface epoxidation3 of prophylactics filler at room temperature was carried 

out by using performic acid formed fiwm a mixture of fonnic acid and hydrogen peroxide 

of varying concentrations (Table 2.9). The reaction mixture was stirred, washed with 

distilled water and finally dried in vacuum oven. The progress of the reaction was 

monitored by determining the epoxy value of the samples withdrawn from the reaction 

mixture at different intervals of time. 'me reaction can be represented as given below. 

Scheme 2.1 Epoxidation reaction 



Table 2.9. Details of epoxidation 

reagent (Hz02 + HCOOH) 

10 O/o solution, 20 % solution and 

30 % solution 6,24 and 144 hrs 
... . 

2.2.3. Preparation of surface dichlorocarbene modified prophylactics filler 

The dichlorocarbene modification was done according to the method by Makosza 

and ~awrz~n iewic s~  and later developed by Joshi et.aL5 A slurry of pr?phyfactics filler in 

toluene was stirred in the presence of chloroform and alkah (50%) in the presence of a 

phase transfer catalyst C.TAB at roorrl temperature. Finally, the mixture was washed with 

slightly warm distilled water until it i:s free of chlorine. Then the prophyiactics filler was 

dried in vacuum oven. The mod~cation was monitored (Table 2.10) by withdrawing a 

certain amount of reaction mixture at diEerent intervals of time and analysing it for 

chlorine content. 

The reaction can be represented as given below. 

f 

Scheme 2.2. Dic hIorocarbene modification 



Table 2.10. Sample codes of dichlorocarbene modification 

2.2.4. Reclamation 

The reclamation was done by the De Link process. De Link is a specially made 

reclaiming agent whose composition is a trade secret and subject of a number of 

worldwide patents. It is a mixture 0:' highly active chemicals which can sever sulphur 

crosslinks at ambient temperature. witl~out the assistance of pressure. The process can be 

carried out using sunple standard rubber mixing machines which provide the necessary 

mechanical shearing action. 'The fun1 reclaimed material obtained fiom De Link 

reclamation is called De Vulk which c a n  be revulcanised easily without even adding any 

sulphur. The recommended recipe for Ile Idink reclamation is given in Table 2.11 and the 

reaction c>in ht. represented as show1 in Scheme 2.3. 



Table. 2.11. Reclamation recipe 

Shear k S x 4  +DeLink -* 
<70 OC 

Material 

NR Prophylactics 

De Link 

Processing Aid 

Premasticated NR 

Total(DeVu1lc) 

crosslinked 
prophylactics 
rejects 

Control, phr 

100 

6 

2 

6 

114 

delinked 
prophylactics 
rejects 

[If X is the total number of sulphur crosslinks, N specifies the number of crosslinks broken 

due to reclamation] 

Scheme 2.3. Reclamation Process 

2.2.5. Preparation of maleic anhydride modified polypropylene (MA-PP) 

This was carried out using a two roll mixing mill (tight nip) according to the recipe 

given in Table 2.12. The temperature used was around 170' C in order to ensure the 

softening / melting of polypropylene. 'This was done in special two' roll mixing mill with 

the facility for oil heating. This is presented in Scheme 2.4. 



'Table 2.12. Recipe for maleic anhydride modification 

p i c  anhydride -? - 1  
. 1 Dicumyl peroxide 

I 7' 1 
[php-parts per hundred plastic 

Scheme 2.4. MaIeic anhydride modification of polypropylene 

2.2.6. Pnpnm tion of dimethylol phenol modified polypropylene (Ph-PP) 

This also was carried out as in the earlier case according to the recipe given in 

Table 2.13. This is presented in Scheme 2.5. 

Table 2.13. Recipe for dimethylol phenol modification 

Control, php (--I 
1 Polypropylene \ loo -1 

. . -  1.. I 

[php-parts per hundred plastic] 



HOCH, 

DIMETHYLOL PHENOL QUINONE METHIDE 

PI' QU l NON E METH lOE Ph-PP 

Scheme 2.5. Phenolic modification of polypropylene 

2.3. Characterisations 

2.3.1. Processing and curing characteristics 

'The rheometric processing characteristics include the minimum and tmxknum 

tvrquc ill rheographs at 150°C. The minimum torque (M,,) in rheograph was taken as the 

minimum viscosity or torque. The ntaximum torque (Mh) in rheographs was presented as 

the maximum viscosity or torque and is a direct measure of the crosslink density in the 

cured szmple. These were measured using a Monsanto Rheometer model R-100 at 150' C. 

I'he cure characterist~cs also were determined using a Monsanto Rheometer model 

K - l ( I (  i. ( Iptimum cure time ( 19,)) is the time corresponding to the development of 90% of 

nlaxj111un1 torque. I t  was calculated using the equation. 



where Mh and M, are the maximum and minimum rheometric torque respectively. 

Rheometric scorch time (tZ) is the time required for the torque value tu increase by 

two units above the minimum torque at 150'~. It is a measure of the scorch safety of the 

r u b k r  compound. Rheometric induction time (t,) is the time required for the torque value 

to increase by one unit abve  the minimurn torque at 150 '~ .  

Cure reaction kinetics 

The fastness of the curmg reaction was andysed by measuring two parameters, 

cure rate index (CRI) and cure reaction rate constant. 

The kinetics of vulcanisation WE; studied from these rheographs by the method"iven 

klow.  

The general equation for the kinetics of a fist order chemical reaction is 

In (a-x) - - -kt + h a  

where a = initial reactant concentration 

x = reacted quantity of reactant at time t 

k = first order rate constant 

For the vulcanisation of rubber, the rate of crosslink formation is monitored by measuring 

the torque developed during vulcanisation. The torque so obtained is proportional to the 

modulus of rubber. So following substitutions can be made 

(a-x) = Mh - Mi, (2.4) 

a = Mh-fVln ( 2 . 5 )  

= Maximum rheometric toque 

M, = Minimum rheornetric tory ue 

Mt = Rheometric torque at time t 



So the equation is 

1n (M-MJ = -kt +, In (W-M,) (2.6) 

This equation is of the general form of a straight h e .  Therefore, if st plot of In (Mh-Mt) 

verses time t is a straight-line graph, it means that the cure reaction follows first order 

kinetics. 'I'he cure reaction rate constant (k) can be directly obtained horn the slopc of the 

respective straight Iines. 

Thc energy of activation E,,, of curing can be determined using the Arrhenius 

equation given Mow. 

k = A exp (- E ,,, / RT) 

E 8 ,  

log k = log A - (2 .8)  
2.303 RT 

where A is the Arrhenius constant, F the activation energy, K, universal gas constant 

and T, the absolute temperature. 

2.3.2. Vulcan isation 

Vulcanization to optimum cure was carried out in a hydrauiic press at l50"(.: and 

at a pressure of 45 Kg / cm2 on the mold. 

2,3.3. Mechanical property characterisation 

Stress-strain data of the vulcanisates were determined using an lnstron llniversal 

Testing Machine, with dumb-bell shaped test pieces7. Test pieces were punched out from 

the compression molded sheets using a die, along the mill grain direction. Five specimens 

were tested for each composition at a crosshead speed of 500 d m i n  and the results 

were averaged. The stress-strain data thus obtained was also used to calculate v,!,,,, the 

physical crosshks. 

Young's modulus, secant modulus, tensile strength and elongation at break 

The slope of the initial linear portion of the stress-strain curve was taken as the 

Young's modulus. Secant moduius was taken as the force for a particular elongaticln. 

Tensile s~rength and elongation at break were determined according to ASTM I14 1 2.-02. 

Young's moduius, secant modulus and tensile strength werc reported in MT'u :tnd 

elongation at break, in percentage. 



Tear resistance 

Tear resistance%f the samples was tested as per ASTM-11-624-8 1, using umicked 

YO0 angle test specimens punched out from molded sheets, along the mil1 grain direction. 

This test also was carried out on an Instron UniversaI Testing Machme, at a crosshead 

speed of 500 rnm per minute. The tear strength is reported in kNlm. 

Hardness 

~ardness'  of the samples was measured according to AS'L'M 11-2240-8 1 using an 

IRHD hardness tester. 

Impact strength determination 

Impact strength of the samples were determined on a Cea..t irnpact Tester (Model 

65451000) using rectangular pieces of diamension 5 x 0.5 x 0.5 crn'. 

Dynamic mechanical properties 

The dynamic mechanical properties of the blends were measured using a dywmic 

mechanical analyzer, DMTA, MK I1 (Polymer Laboratories. Labratory of 

Macromolecular Structural Chemistry, Heverlee, Belgium) consisting o f  a temperature 

programmer and a controller. Samples of dimension 5 x 0.5 x 0.5 cm7 were prepared for 

testing. At least two molded bars of the same sample were measured to get the average of' 

one data point. It measured the dynarnic moduli (both storage and loss) and damping of 

the specimen under oscillatory load as a function of temperature. 'l'l~e experimenl was 

conducted at a dynamic strain of 4 % at hequencies 0.1 to 1 00 TIz. Liquid nitrogen was 

used to achieve sub ambient temperature and a programmed temperature range of -- 80 to 

+ 30 OC starting fiom the lower temperature to the higher one on a given sample. 

Mechanical loss factor tan 6 and the dynamic moduli (E' and Err) were calculated with a 

microcomputer. Glass transition temperatwe of the samples also were obtained m this 

work &om E"-temperature plots. 

The activation energy EaCt for l.he glass transition of thc saniples can be ciilculatc=d 

using the Arrhenius equation given below . 

f = 6 exp (-E,,$ / RT) (2 .9)  



where f is the experimental frequency, G, is the frequency at T tends to infinity, and 'I' is the 

temperature corresponding to the maximum of the E"-temperature curve (since glass 

transition values were taken from these plots in this work) 

2.3.4. Chemical analysis 

Epoxy cooten t determination 

Accurately 0.7 - 1 .5  gms (W) of the epoxidised material was weighed into a 250 

ml iodine flask, which was followed by the addition of 80 rnl of acetic acid. This was 

titrated against HBr solution in a 50 ml burette (Normality N) with crystal violet indicator 

until the end point of green colour appears. From the volume of HBr used (V), the epoxy 

value was calculated as 

VxN x 0.1 
Epoxy value = 

2 x W  
Estimation of chlorine content 

This analysis was carried out in the elemental analysis lab of Department of 

Chemistry, National University of Singapore, Singapore. 

2.3.5. Spectroscopic studies 

Fourier Transform Infrared Analysis 

IR spectra of samples were recorded with a Shhdzu-8lOl M Fourier transform 

irhared spectrophotometer, using KBr pellet method. The light source (an electrically 

heated solid, e.g., a nichrome wire) produced a beam of infrared radiation which was 

divided (by a system of mirrors) into two parallel beams of equal intensity radiation. The 

sample was in the path of one beam. A slowly rotating &action grating or prism varied 

the wavelength of radiation reaching the sample and then the detector, The detector 

recorded the difference in intensity between the two beams on a recorder chart as 

percentage transmittance. Maximum transmittance was at the top of the vertical scale, so 

absorbance was observed as a minimum on the chart even though it was called a peak. 

2.3.6, Thermal analysis 

Thermal analysis was carried out u! ing a dEerentia1 scanning calorimeter (DSC) 

and a themogravimetric analyser with simultaneous difference temperature (TGA- SDT) . 



Differential scanning calorimeter 

Direct calorimetric measurements, characterisat ion and analysis of thermal 

properties of the sample were made using a DSC instrument DSC 2920 series diierent ial 

scanning calorimeter manufactured by TA instruments. Sub-ambient operation was carried 

out by cooling the specimen and the specimen holder with liquid nitrogen. Exactly 

weighed (about 5 mg) sample was used for the studies. Samples were encapsulated in 

standard aluminium pans with holes and covers and sealed by crimping. For purging the 

sample holders pure air was used. The inlet gas pressure was adjusted at 2 kg/cm2 to 

attain a flow rate ofabout 25 mltrnin. Scanning rate was 20°C/min. 

Thermogravimetry 

A thermogravimetric analyser with &cility for simultaneous difference temperature 

(SDT) measurement SDT 2960 was used for the studies. It was a computer controlled 

instrument that permitted the measurement of weight changes as well as difkence in 

temperature between sample and reference pans (SDT) as a function of temperature or 

time. It was programmed from an initial to W temperature and measured the weight 

change resulting fiom chemical reaction, decomposition, solvent and wattr evolution, 

curie point transitions and oxidation of the sample. The temperature was scanned at a 

linear rate. The instrument supplied by TA instrument had two components, an ultra 

sensitive microbalance and a fUrnace element with a special device for SDT measurement. 

The balance was sensitive to 0.1 microgram and the furnace could be heated from ambient 

to 1 OOO°C at rates of 0.1 to 200°C per min. For purging the sample holder, gases 

commonly used were oxygen, air (a mixture of 80% nitrogen and 20% oqgen) or 

nitrogen so as to study the oxidation, burning and thermal stability of the materials. The 

purge gas flowed directly over the sample. The recommended flow rate of the sample 

purge was kept less than the flow rate of the balance purge at al l  times. 

2.3.7. Contact angle analysis 

Contact angles of the materials were determined using a goniometer SCV 3568 

(Chiu Technical Corporation, Singapore) with water as the liquid (sessile drop method- 

Figure 2.1). The measurements were made after conditioning the samples in a humidity 

chamber for 24 hrs. 



Figure 2.1. Determination of contact angle by sessile drop method 

2.3.8. Ageing studies 

In order to analyze the aging resistance of the samples, dumbbells were kept in an 

air oven at 1 0 0 ' ~  for 72 h. The stress-strain behavior and tensile strength of these aged 

samples were tested under similar conditions given earlier. 

2.3.9. Scanning electron microscopy 

The scanning electron microscopy (SEM) photomicrographs given in this work 

were obtained using JEOL JSM 35C model scanning electron microscope. The fixture 

surfaces were carefully cut from the failed test specimens without touching the surface and 

are sputter-coated with gold within 24 h. of testing. The SEM observations were made 

within 24 h of gold coating. The fractured specimens and the gold coated samples were 

stored in desiccators till the SEM observations were made. There should not be any 

change in the fiacture pattern when I he SEM observations were made one month after 

gold coating'0. 

2.3+10. Swelling studies 

Equilibrium swelling1' studies were carried out in toluene to analyze the swelling 

resistance of the gum and f&ed samples. Circular samples of 2 cm diameter were allowed 

to swell in toluene at 28OC until equilibrium was reached. In order to analyze the extent of 

swehng, of gum and filled elastomer vulcanisates, s w e h g  index and s w e w  coefficient12 

(a) values were caiculated, using equations given below. 

(w2-w,)  
Swelling index (9'0) = x 100 

WI 

wherew!  = Initial weight of the sample 



wl = Final or swollen weight of the sample. 

As 1 
Swelling coefficient a = - x - 

m S 

where A, - - Amount of solvent absorbed 

M - - Initial weight of the sample 

s - - Density of the solvent used. 

The more these values, the more will be the extent of swelling and less will be the filler- 

matrix adhesion. 

The volume hct ion of rubber in the solvent swolien sample was calcuIated by the method 

reported by Ellis and as; 

(d - fw) p r- 
1 

(d- fw) p ,-' + A, pi' 

A, - - Solvent uptake of the sample 

pr = 13ensity of rubber 

ps = 13ensity of solvent (toluene) 

w = Initial weight of the sample 

d - - Deswollen weight of the sample 

f - - Volume fixtion of fdler in rubber. 

Diffusion, sorption and permeation coeff~cients 

The mol % uptake was calculated using the equation; 

M, ( m ) M  (m) x 100 
' Qf = 

M, (4 

where M, (m) is the mass of solvent at a given time. 

M, (m) is the molecular weight of the solvent 

Mi (s) is the initial weight of the specimea 

At equilibrium swelling, Q, was taken as Q, the mol% uptake at infinite tir-r~c. 

The mechanism of penetrant transport into the elastomer network was analyscd i n  

terms of the empirical relation14 



Q1 

log - = log k + n log t (2.15) 

Qa 
where Qt is the mol % uptake at t h e  t, arid Q, is the equilibrium mol % uptake. The 

factor k is a constant depending on the structural characteristics of the filler and polymer/ 

solvent interaction. The parameter n determines the mode of sorption mechanism. If the 

value of n is 0.5, it means that the rate of diffusion of penetrant molecules is much less 

than the rate of relaxation of polymer cham. This mode of transport is termed as Fickian. 

On the other hand, if the value of n is unity, the mode of diffusion is termed as non Fickian 

when the rate of diffUsion of penetrant molecules is much faster than polymer relaxation. 

When the rates of both processes are similar, value of n will fall ktween 0.5 and 1,  

presenting an anomalous behavior. The computation of n and k was done by constructing 

the plots of log Q, vs. log t and hear regression considering only the data upto 50%. 

The effective d i f fus iv i~ '~ ,  D of the elastomer-solvent system Was calculated tiom 

the initial linear portion of the sorptiorl curves using the equation given below. 

where 0 is the slope of the initial linear portion of the sorption curve 

h, the thickness of the polymer sample 

Q,, the equilibrium mol YJ uptake. 

If there is extensive swelling for the samples, correction to difTusion coefficients arc 

necessary by calcuhtting the intrinsic diffusion ~oefficients'~, D* which is given by; 

D 
D* = - (2.17) 

4 
Another parameter called sorption coeffi~ient'~ which was calculated from the equilibrium 

swelling using the relation 



'S' can better describe both the initial penetration and dispersal of penetrant molecules 

into the elastomer network. Here M, is the mass of the penetrant sorbed at S i t e  time 

and Mo, the initial weight of the polymer sample. 

The permeation coefficient which is a characteristic parameter reflecting the collective 

processes of diffusion and sorption was calculated using the equation; 

P =  D S  (2.19) 

The molar equilibrium sorption constant Ks, which is defined by ~ u n g ' '  as 

No. of moles of solvent sorbed at equilibrium 
Ks = 

Mass of po lymer sample 

also can Ix calculated. 

Sorption kinetics 

In the case of a polymeric network, extensively being swollen by a penetrant, the 

difFusion process is charactmized by linear kinetics. According to Thomas and windlei9, a 

thermodynamic swellmg stress is exerted by the penetrant on the polymer network which 

therefore undergoes time dependant mechanical deformation. But in the early stages of 

swelling this deformation is prevented20 to some extent by the undeformed and unswoilen 

polymer layers below. This factor extends the stress to two dimensions. But with the 

progress of swelling process, the magnitude of the stress is reduced and the equibbrium 

swelling of the surface layer occurs. Since the rate determining step of the process is the 

above said time dependent mechanical deformation, it can be confirmed that rate of 

sorption will be proportional to the difference in osmotic pressure inside and outsidc the 

polymeric materials.'l Consequently, since this can be related to the concentration of the 

penetrant in the polymer, the fist order kinetic equations given klow can be used. 

dc 
- = k,(C,- Ct) (2.2 1) 
dt 

C ,  
ktt = 2.303 log (2.22 j 

c,- c, 
First order rate constant values (kl) obtained from a plot of log (C,- C,) verses timc t will 

be a measure of the speed with which the polymer chain segments and penetrant molecules 

exchange their positions. 



2.3.1 1. Assessment of filler-matrix adhesion 

Fillerhatrix adhesion was analysed by using three previously established equations 

called Cunneen- ~ u s s e l ? ~  and ~ o r e n z - ~ a r k ~ ~ ,  

Kraus equation is given by; 

where Vfl = volume of rubber in solvent swollen unfilled sample 

VK = Volume fiaction of rubber in solvent swollen f l e d  sample 

f = volume fiaction of filler. 

This equation is of the general form of'a straight line. 

So a plot of VrofVd as a function of 81-f will be a straight line, whose slope, m will be 

directly proportional to the filler-matrix adhesion. A constant 'C' which wais characteristic 

of the a e r  also was determined fiom the slope using the relation; * 

T = rn - V,, + 1/3(1 - v,") (2.24) 

l;iller/matrix adhesion was also analysed by Cunneen -  uss sell'^ equation. The equation is 

given by; 

V J V d =  ae '"+b  (2.25) 

where V,, Vfi are same as explained earlier, z is the weight fraction of the filler, 'a' and ' b' 

are constants which depends on Mer activity. High values of 'a' and 'b' indicate strong 

po 1 ymerlfiller adhesion. 

The Lorenz-Park equation24 is 

where Q is defined as the amount of solvent absorbed I gm of rubber and is given by 

Swollen weight - dried weight 
Q = 

Original weight x 100 1 formula weight 

The subscript f and g refer to filled and gum vulcanisates respectively; z is the weight 

fraction of the liller. As described earlier, a plot of Qf / Q, versus eeZ must give a straight 

linc with slope 'a' and y intercept 'b', which can indicate the polymer-filler interaction. 



2.3.12. CrossIin k density determination 

a From mechanical property measurements 

The extent of physical crosslinks in an elastomer vulcanisate was detmined by the 

use of Mooney-Rvlin equationz5. 

F = 2 & (A-h") (C1 + C2) (2.28) 

where F is the extension force required to stretch a piece of rubber vulcanisate of cross- 

section area &, to an extension ratio A. A plot of FI2& (A-h-') versus h-' gives a straight 

h e  whose h intercept C 1, was directly related to the physicany eEective crosslink density 

(dphys) by the equation, 

C I = pRT aphy, (2.29) 

(b). From swelling measurement 

The crosslink density of the samples was determined by the swelling method. Thc 

samples were allowed to swell in toluene and the equilibrium uptake was noted. The 

molecular weight between the crosslink M, was calculated using the following equation, 

where M, = molecular weight of polymer between two crosslinks 

pr = density of polymer, V, = molar volume of solvent 

V, = volume &action of polymer in swollen mass was calculated by the method of 

Ellis and weldingi3 given earlier. 

From molecular weight between crosslinks Mi, the crosslink density d was calculated 

using the following equation. 

a = 1 / 2 ~ ,  (2.3 1) 

(c). From dynamic mechanical analysis 

Since the storage modulus in dynamic mechanical analysis (DMA) measurements is 



a direct measure of the crosslink density, enhanced modulus can be attributed to the higher 

crosslink density of the matrix in the presence of inclusions. 

According to the statistical theory of rubkr elasticity6, the crossliink density 111'' , fbr a 

tetrafunctional network can be calculated according to the equation. 

m., = Er' 1 6 RT (2.32) 

where Er' i s  the dynamic storage modulus of the rubber measured fiom the rubbery 

plateau region, R is the universal gas constant and T, the temperature in Kelvin. 

2.3.13. Sulfur migration studies 

Figure 2.2. 'rh ree layer model specimen 

The sulfur migration phenomena which occured ktween the matrix anti the filler 

phase was studied using a three laycr model2' (Figure 2.2) system. It consisted oi'three 

layers, one layer of NR latex waste (all sizes I ,  2, 3, 4 and M were tried) was sandwiched 

between two layers of gum elastomer matrix compounds. In one half of the specirneii. thc 

outer gum matrix layers were separated fiom the inner latex waste layer hy u \ m g  

aluminum foils (non contact surface, NCS) and in the other half, alurninum ti111 



omitted (contact surface, CS). The system was then subjected to vulcanisation at low 

pressure. 'Then the middle latex waste layer was separated. The crosslink densities of this 

layer as well as outer layers were determined by sweUlng the samples taken from the 

contact and non-contact regions. If  s u h  migration occurs 6orn outer gum elastomer 

layers to middle NR prophylactics waste layer, the crosslink density at the contact surface 

will be increased at the expense af the outer layers. 

2.3.1.4. Melt Rhealogical Anatysis 

Rheological studies were carried out using a capillary rheometer attached to a 

Zwick Universal testing Machine, model 1474. The extrusion assembly consists of a 

hardened steel barrel underneath the moving crosshead of the machine, A hardened steel 

plunger was held to the load cell by a latch assembly. The barrel was thermally insulated 

from the other parts of the machine. The capillary used was made of tungsten carbide and 

has an 1, / d, ratio of 40 with an angle of entry 180'. The measurements were carried out 

at 120, 150, 160 and 170' C with an accuracy of k I @ C. The b k e l  was elcc1rically 

heated and the crosshead speed could be varied in the range of 0.06 - 20 cm min-' . About 

8-10 gms of the test sample was put in to the barrel of the c a p h y  rheometer and forced 

down to the cap- by the plunger. After a warming up period of 5 min, thc sample was 

extruded through the capillary at difkent speeds given above. Forces corresponding to 

each plunger speed was measured by the pressure transducer attached to the pIunger and 

were recorded using a strip chart recorder assembly. 

The force and crosshead speed were comr ted  to apparent shear stress (3,) and 

shear rate (y,) at the wall respectively using the equations given below, which involves 

geometry of the capikq and plunger. 



where F is the force applied at a particular shear rate, A, is the cross-sectional area of the 

plunger, L is the length of the capillary, d, is the diameter of the cap-, Q is the 

volumetric flow rate (calculated from the velocity of the crosshead and the diameter of the 

plunger) and n', the flow behavior index defined as, 

d (log 3,) 
n' = 

d (log ywa) 

where y, is the apparent shear rate at the wall calculated from the equation 

The shear viscosity was calculated as 

3n' + I  / 4n' is the Rabinowitch correction applied to calculate the true shear rate at the 

wall from apparent Newtonian shear rate at the wall. 

2.3.1.5. X-ray Diffraction Studies 

X-ray dfiaction studies of the samples were carried out using a Siemens D 5005 X-ray 

difiactometer with Cu-Ka radiation (40 kV, 40 mA). 
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CHAPTER 3 

USE OF NATURAL RUBBER PROPHYLATICS WASTE AS A 

FILLER IN STYRENE BUTADIENE RUBBER COMPOUNDS 

ABSTRACT 

This chapter deals with the use of natural rubkr prophylactics waste as filler in 

styrene butadiene rubkr compounds. Natural rubber prophylactics waste has been ground in 

a toothed wheel mill to get a rubber powder polydispersed in size. This has k e n  sieved and 

separated into four different fractions. A mill-sheeted form of natural rubber prophylactics 

has also been prepared using a two-roll d l .  All the hctions from size 1 to 4 have been 

c haracterised by scam& electron microscopy, average particle size, most frequent size 

range, number and weight average diameters and by particle size distribution curves. Each 

fraction has been added to styrene butadiene rubber (SBR) at different loadings of 0,10,20,30 

and 40 phr. The vulcanisation of styrene butadiene rubber compounds has k e n  carried out 

using a conventional vulcanisation system Curing characteristics of the styrene bu tadiene 

rubber compounds such as optimum cure time, scorch time and induction time have been 

found to be decreasing with the addition of natural rubber prophylactics filler, with a 

corresponding decrease in cure reaction rate constant. The presence of unreac ted accelerate r 

in natural rubkr prophylactics rejects causing such an observation has k e n  identified. Good 

improvement in the tensile as well as tear strengths of the vulcanisates has k e n  noted with 

increasing concentration of prophylactics fdler, the effect being greater in the case oi' large 

sized fillers for tensile strength and smaller fillers for tear strength. The comparatively better 

performance of large sized fliers and mill-sheeted form of the prophylactics filler has been 

supported by swelling index, cross-link density values, Kraw, Cunneern-Russell equations as 

well as scanning electron hctography. As in the case of particulate filled elastomers. natural 

rubber prophylactics mer particles have been observed as phase separated entities. 



CKAPTER 3 

USE OF NATURAL RUBBER PROPHYLACTICS WASTE AS A 

FILLER IN STYRENE BUTADIENE RUBBER COMPOUNDS 

Results of this chapter have been published in 

J. Appl.Polym.Sci., 61, 2035, 1996 

In recent years, there has been a great deal of interest in polymer industry about 

the development of cost effective techniques to convert waste and used rubber into a 

processable form"3. Even though the use of reclaimed mbkr claims economic advantages, 

it constitutes only a small percentage of the raw rubber consumption because of its inferior 

physical properties. Compared to reclaimed rubber, scrap NK prophylactics rejects have 

recently become a focus of attention because of the lightly crosslinked and high quality 

nature of the rubber hydrocarhn. 

Scientists have conducted several experiments on 

( 1) various recycling techniques ' '4 

(2) characterisation of rubber crumbs '" 
The inter facc of rubber crurnbslpolymer matrix has been extensively studied by Fuj imo to 

et a 1 . ~ , 9 n  addition to these, Acetta and Vergnaud 9"0 tried to upgrade scrap rubkr 

powder by vulcanisation without new rubber. Phadke et a1 ".12 studied the mechanical 

pro pert ics and rheo logical behaviour of cryoground rubber-natural rubber blends. 

Similarly, the recycling of cheap packaging waste has been done by Karlsson and 

Albertsson. I '  The chemical recycling of waste saturated polyesters and urethane polymers 

to gel raw materials for the productiori of polyurethanes has been carried out by Kacperski 

and ~ ~ v c h ~ i . ' ~ ~ h e  conversion of tire waste using subcritical and supercritical water 

oxidation has been performed by Park et al.I5 Slightly ddiffering from this approach, 

Kawser and ~arid'\onducted the thermochemical processing of rubber waste to liquid 

fuel. Catalytic degradation of different polymers17 and copyrolysis of waste polymers with 

coalL8 alsu has k e n  reported in the literature. Even though a large numkr of studies have 



been done in the field of polymer recycling, studies on the use crosslinked prophylactics 

rejects, as filler has not been addressed so far. 

In this chapter we report on an economic method to convert prophylactics 

rejects into a processable form and to reuse them as tiller in styrene butadiene rubber 

(SBR). Emphasis was given to understand the influence of h t h  particle size and loading 

of NR prophylactics filier on the cure characteristics a d  mechanical performance of the 

vulcanisates. Swelling studies were carried out to understand the interaction of NR 

prophylactics waste filler with the SBR matrix. Sulphur diffusion in these compounds was 

analysed by the help of a three layer model. Particle morphology, filler distribution and 

filler-mtrix interface adhesion were analysed using scanning electron microscopy (SEM). 

3.1 Resu I ts and discussioos 

The compounding recipe used for the study is given in Table 3.1. 

Table 3.1.Basic formulation 
- - 

3.1.1. Physical Characteristics of Ground NR Prophylactics Waste 

(a) Particle Morphology 

Figure 3.1 represents the SEM photograph of the NR prophylactics mer particles 

(sixel} used in the present work. The particles are with rough surface. 

.- 
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- - - -. . . - -. 
Zinc oxide 

Stearic acid 

CBS 

TDQ 
---- --- - 

Sulphur 

Prophylactics filler 
- - - 

Control, pbr 

100 

5 

2 

1 
- 
1 

2.2 
- 

Variable (0, 10,20,30 and 40) 
- - 



Figure 3.1. 

.- 

SEM (size I; 

(b) Particle size distribution 

The photograph of the NK prophylactics waste filler of different particle sizes and 

the mill-sheeted form used in this study is presented in Figure 3.2. 

ripurc 3. 2. Photograph of various particles sizes and the mill sheeted form of 

prophylactics filler 

[kern Lcfr top to right - size 1, size 2, and size 31 

[fiom left bottom to right - -  size 4 and mill sheeted form] 



It is clear fiom the photograph that as we move fiom size 1 to size 4, particle size 

increased. Since it is possible for particles of somewhat larger diameter a h  to penetrate 

the meshes due to their elasticity, it is better to represent them by size distribution curves, 

as given in Figure 3.3. Size 4 shows the broadest distribution, Sizes 1 and 2 have narrow 

distribution, while size 3 takes the intermediate position. The average particle sizes, most 

frequent size range, number and weight average diameters of prophylactics filler are 

presented in Table 3.2. All these values exhibit an increase as we move fiom size 1 to size 

4. The shape factor (p) is the quotient of the length and breadth of the particles. Its role 

comes when the shape of the inclusion influences the mechanical properties of the 

vulcar~kates'~. According to the theoretical treatment by wu20, disc shaped particles can 

reinforce better than spherical or needle shaped particles. Such a treatment brings 

anisotropy in properties, which leads to the transverse and longitudinal rn~du l i .~ '  It can be 

seen that generally 'p' decreases fiom size 1 to 4 eventhough the value for size 3 is slightly 

higher than that of size 2. The specik gravity of the NR prophylactics waste mIer is 

1.1529. 

I - A- Size 3 --r- ---  Size 4 I 
I 

I 

0 2 4 6 8 10 12 14 I 6  

Particle size, mm 

Figure 3.3. Particle size distribution curves 



3.1.2 f rocessing Characteristics 

Table 3.2. Particle size data 

The processing characteristics of the compounds are shown in Fig-lres 3.4 to 3 3 .  ?'he 

variation of optimum cure time (time for attaining 90% of nlaximum torque'). scorch time 

Weight Shape 
average fncio r 
diameter 
CC 

I 
Lw 
0.489 

1.083 
-- -----:I! . .- -- 

2.34 , 2.1667 

10.72 
-- - 

Particle 
size 

Si te  1 
- 

S ~ L C  2 

Size 3 

(premature wlcanisation time) and induction time (time for the start of' vulcanisstion 

process) are presented in Figures 3.4,3.5 and 3.6 respectively 
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size 
rnrn 
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-- 
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-. - - - 

I .9 

10 
- 

10 2 0  30 40 

Prophy,lact ics loading, phr 

Figures 3.4. Variation of optimum cure time o f  SHK compounds with particle size 
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2.1 I 
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9-1 l 1 10.09 
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Prophylactics loading, phr 

Figures 3.5. Variation of scorch time of SBR compounds with particle size and 

loading of filler 

A considerabIe decrease in all these parameters is noted with increasing loading of filler in 

SBR. 'This is due to the presence of unreacted curatives in the NR prophylactics rejects. 

The latex products such as condoms and gloves are manufactured by a dipping process 

which involves a very fast accelerator. The accelerator used n o d y  is ZDEC, i.e., zinc 

diet hyldithiocarbamate having the structure given below. 

N- C - S -  Zn- S-  C -N 

E t / I I 
S / I  \ 

s Et 

Some of this accelerator will remain unreacted aRer the curing process. This was extracted 

using spectroscopic grade acetone and the spectrum of the sample is given in Figure 3.7. 

The peak at 790 - 770 cm-' indicates the presence of ethyl chain (- CK2-CH3) and that at 

700- 600 crn" is due to C-S stretch. The C= S stretch is clearly visible at 1250-1 020 c m '  



range and the peak at 2820-2760 cm"' confirms the presencc u f  N-(?II? gmup in ihc 

compol~nd . 

t'rophy lac,rics loading, phr  

Figures 3.6. Variation of inductiot~ time of S H K  compounds with particle size and 

loading of  filler 

Figure 3.7,IH spectrum oi' unrcdrted accrferatair 



These observations indicate the presence of unreacted accelerator in NR prophylactics. As 

the loading of NR prophylactics increases, the availability of the unreacted accelerator also 

increases, which results in further reduction in these curing characteristics such as 

optimum cure time, scorch timc and induction time. The decrease in optimum cure time is 

minimum for SDR filled with size 2 filler and maximunl for SRR filled with size mill 

sheeted form. 'i'he reduction in scorch time as well as induction time (Figures 3.5 and 

3.6) is maximum for SBR filled with size 1 filler and minimum for that with size 4 filler 

In order to study the kinetics of the curing reaction, In (W-Mt) is plotted against t, 

to get a straight line graph as sl~own in Figure 3.8, which proves that the cure reaction 

follows tlrst order kinetics. The cure reaction rate constant (k) values are obtained from 

the slope of the respective straight lines. These values are presented in Table 3.3. The rate 

constant values generally increase with increasing filler loading. The higher the amount of 

filler loading, greater the amount of curatives available. This indicates an increase in the 

rate of crosslinking. This increase of rate constant is most noted for SBR loaded with mu- 

sheeted form of the filler. Some unexpectedly low values of k also are noted in Table 3.3. 

r-- 30 phr 40 phr 
*, 

t . ,.- -- . I 
1 I I t 

7 4 6 S 10 

T ime .  min 

Figure 3.8. Plots of  In (Mh-M,) VS. time (min) of gum and filled (size 1)  SBR 

compounds 
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3.1.3. Mechanical properties 

Figure 3.9 represents the stress-strain curves of the gum and filled (size I tiller) 

SRK compounds. The stress-strain khaviour of filled SBR vulcanisate is controlled by the 

characteristics of the filler and the matrix. The deformation behaviour seer1 f iom the 

curves is almost similar for gum and filled samples. At higher strains, the stress value is 

found to be increasing slowly, rather than exhibiting yielding behaviour. Thls behaviour is 

typical of vulcani sed low strength materials. 

- -- - .- -.- Gum -a- 10 phr LT- 30 plu 

- 

I 

0 200 400 600 800 1000 1200 

Strain, % 

Figure 3.9. Stress -strain curves of the gum and filled (size 1) SBR vulcanisatcs 

The Young's modulus values are shown in Table 3.3. They are found to be 

unai'f'ccted at lower loadings of the filler, while a slight decrease is observed at higher 

loadings for most of the cases. The modulus at 300 % elongation presented in Ta hie 3.3, 

decreases upto 30 phr and then increases slightIy for 40 phr filler loading. Some 

unexpectedly low values of secant moduius also are noted in Table 3.3. 

A remarkable increase in tensiie strength is observed with increasing tiller loading 

as shown in Figure 3.10. Thls points out the fact that NR prophylactics waste filler has 



some reinforcing efikct ul SBR matrix. This reinforcing effect observed with increasing 

loadings of NR prophylactics is due to the strain crystallisation khaviour of crosslinked 

NR prophylactics filler. In a weak matrix like SBR, NR prophylactics filler is found to 

retain its strain crystailising nature even if it i s  in the form of a fine filler. 

Prophylactics loading, phr 

Figure 3.10. Effect of the size and loading of filler on the tensile strength of SBR 

vu lca n isa tes 

Hut contrary to the usual behaviour of h e  filler being more reinforcing, here the largest 

s ~ z c  (size 4) and mill sheeted form show relatively good tensile properties. This is due to 

the suiphur diffusion phenomena noted here and reported earlier in similar systems22. For 

the fine Gtler (size1 ), the co~ltact surface area with SBR matrix is more. This can lead to 

a11 ~tlcrease in sulphur migration from matrix to filler phase. Enhanced sulphur migration 

ixcaken5 crosslinks in thc matrix and therefore the tensile properties which were expected 

t o  1~ superior for size 1 filler actually becomes inferior. The extent of sulphur migration is 

con~rolled not only by the particle size of the filler but also by the degree of polysulphidic 

htlhages in the filler. '1'11~ degree of polysulphidjc linkages in the filler has a direct relation 



with the extent of sulphur migration '. Mill sheeted form of the NR prophylactics waste 

tiller is prepared by the repeated passing of the waste through a two-roll milI. This leads to 

substantial breakdown of polysulphidic W g e s  in the filler resulting in a low degree of 

polysulphidity for mill-sheeted form '. It is obvious that mill sheeted form also undergoes 

size reduction during the mixing procedure. Still the extent of sulphur diffusion is least in 

SBR compounds filled with mill-sheeted form. Owing to this, they show better values of 

tensile strength over others. 

'I'he tear strength of SBR vulcanisates (Figure 3.11) also shows an increase with 

increasing loading of filler. Among the filler sizes used, smaller sizes size 1, size 2, and size 

3 show the maximum tear strength at 40 phr loading. Size. 4 filler is inferior to these, both 

at low and high filler loading. This is due to the more uniform particle size distribution of 

smauer s k e  of prophylactics filler (size 1,2 etc.) compared with larger sizes. 

Prophylactics loading, phr 

Figure 3.1 1. Effect of the size and loading of filler on the tear strength of SBR 

vulcanisates 



The effect of filler loading on IKHD hardness is shown in Figure 3.12. The 

observed decrease in IRHD hardness with increasing mer loading is due to the decrease in 

crosslink demity. 'The most intense reduction in IRHD is observed for the SBR 

vulcanisates filled with size 3 prophylactics filler. In the case of SBR vulcanisate with size 

1 filler, there is a leveling off in IRHD after 10 phr prophylactics loading. 

Prophylactics loading, phr 

Figure 3.12. Effect of the size and loading of filier on the hardness (ERHD) of SI3 R 

vulcanisates 

3.1.4. Swelling index and crosslink density determination 

Swelhg index values represent the swelling resistance of the rubber vulcani~ate . 

The swelling index values are shown in Table 3.4. The value obtained for gum SBR 

compound is lower than that of any other Bled system. This indicates that the gum 

compound has more resistance to s w e h g  than the fdled SBR compounds. This 

observation points to the decrease in crosslink density in fdled compounds. With 

increasing filler loading, s w e h g  index values are found to be increasing, but the increase 

is not always uniform. For a fxed filler loading, the value is minimum for SBR compound 

filled with mill-sheeted form of the filer. 



Table 3.4. Effect of  the size and loading of prophylactics filler on the swelling index 

values of SBK compounds 

I Sample I Swelling index values, O h  I 
Filler loading, phr I 7  

'I'his indicates comparatively better reinforcement in SBR vulcanisates loaded with mill- 

shceted form of the filler. The crosslink density (1/2Mc) is determined using the Flory- 

Rehner equation given in chapter 2 (equations 2.30, 2.3 1). 

The variation in crosslink density as a function of increasing filler loading is given 

hi Figure 3.13. It can be seen that the crosslink density of the samples decreaselas the 

loading of prophylactics filler increases. This means a decrease in swelling resistance of 

f Ued systems. This crosslink density decrease is minimum for SBR vulcanisater, containing 

mill-sheeted form of the filler. The above observation on the swelling shows that as the 

content of NR prophjrlactics filler increases, swelhg increases and reaches a maximum. 

When sulphur migrates to the NR prophylactics phase, the crosslink density of this phase 

should increase which intern should reduce swelling. Hence a combined eEect may be the 

reason for the present observations. 

Size I 
- -.. - 

Size 2 
. - . . - . . -. 

439 
SD 3 27 

447 
SD 2 45 

469 
SD 9.1 
489 
SD 2-45 

503 
SD 2.45 
520 
SD 1.63 

463 
S O  1.63 
526 
SD I 63 



Prophylactics loading, phr 

Figure 3,13, Variation of crosslink density SBR vulcanisates with particle size and 

loading of filIer. 

3.1.5. Extent of reinforcement 

The extent of reinforcement is assessed by using I S ~ a u s e ~ ~  and ~ u n n e e w ~ u s s e l l ~ ~  

equations given in chapter 2 (equations 2.23 and 2.25). Since Kraus equation has the 

general form of an equation for a straight line, a plot of V* / V,f as a function of f / 1 - f 

should give a straight line, whose slope 'm' will be a direct measure of the reinforcing 

ability of the filler used. The more the reinforcing ability of the liller, the more will be the 

swelling resistance caused by that fdler. Tl;e plots of Kraus equation for various particle 

sizes of fillers are shown on Figure 3.14. and the values of slopes and 'C' are presented in 

Table 3.5. 

According to the theory developed by KrausZ3, for highly reinforcing carbon black, 

negative-hgher slope values indicate a better reinforcing effect. In the present study, we 

observed that as the filler loading increases, the amount of solvent absorbed 'A,' also 

increases considerably. This increase wiU cause a reduction in the V,I values. Since Vfl 



remains unaffected with filler loading, the ratio Vfi I V,f increases considerably with 

increasing loading of filler which gives rise to a positive slope. 

Figure 3.14. Kmus plots 

It is clear from Figure 3.14 that the slopes are positive and are higher for SBR loaded 

with smaller sized mers. The slope is found to k the lowest for SBR filled with miU 

sheeted form. So it is clear that SBR vulcanisate containing mill-sheeted foml of the filler 

absorbs a minimum amount of solvent. Therefore the decrease in Vd is comparatively less; 

hence the ratio V* / Vrf is least at a pmicular loading. This compound therefore presents a 

lower positive slope compared to others. This suggests that as far as the extent of 

reinforcement is concerned, the mill-sheeted form is superior to other fillers. 

The Cunneen - Russell is given in chapter 2 (equation 2.25). A plot of 

Vd / Vd versus em' should give a straight line whose sbpe, 'a' will be directly proportional 

to the reinforcing ability of the filler. The plots of the Cunneen and Russell equation are 

shown in Figure 3.15. and slope 'a' values are presented in Table 3.5. 



a.. 

Figure 3.15. Cunneen - Russeil plots 

Table 3.5. Values of slope 'm' and 'C' 

In this case V d  V~ also increases with increasing liller loading, and this increase is most 

noted for fillers of small particle sizes. Comparatively higher reinforcing mill-sheeted form 

of the filler absorbs minimum amount of solvent. Therefore SBR vulcanisate loaded with 

mill-sheeted form of the lller shows the lowest Vfl / V~ value at a particular loading and 

- - - . . - - 
Particle size 

Size 1 

Size 2 

Size 3 

Size 4 

M 
. . . . . . - - 

. - - - - - 
Cunneen-Russell equation 

a 

2.8 

3.3 

1.9 

1.3 

1 
-. - - 

Kmus 

equation 

m 

1.46 

1.6 

1.43 

1.43 

1.1 

C 

1.67 

1.77 

1.64 

1.64  

1.41 



presents a smaller positive slope. Both Kraus and Cunneen-Russell equations point out 

the comparatively higher reinforcing nature of the SBR vulcanisates containing the mill 

sheeted form of the filler. Even though the theories of Kraus as well as Cunneen-Russell 

equations were developed originally for polymer systems containing particulate fillers, 

results on the use of these equations for SBR containing nonadhering fillers such as glass 

beadsz5 and elastomeric fillersz6 were reported. 

3.1.6. Three layer model for sulphur diffusion experiment 

'She diffusion of sulphur from the SBR matrix to the mer phase is analysed by 

using a three layer model? as shown in chapter 2 (Figure 2.2). The crosslink density of 

the sample obtained from the contact surfhce area of the middle NR prophylactics waste 

layer is found to be higher than that of the sample obtained from the non-contact surface 

area. This is clear from Table 3.6. The results fiom three layer model support the sulphur 

migration from the matrix to the f ler  phase. This is because of the sulphur difision from 

the outer gum SBR layers to the middle latex waste layer. Tn addition to this, we have also 

determined the crosslink density of the outer gum SBR layers in contact and out of 

contact with the middle prophyiactics waste layer. In the case of contact region, the 

crosslink density of the outer layer is found to Ix lower than that from noncontact region. 

This stands as a strong proof for the facts that the sulphur migration occurs fronl the outer 

gum SBR layers to the prophylactics layer and that the increase in crosslink density of the 

middle prophylactics layer is certainly at the expense of the crosslink density of outer gum 

SBR layer. 

Table 3.6. Crosslink density values from sulphur diffusion experiment 

Sample Crosslink density, 

gm mols Icc X 10" 

MiddIe prophylactics layer 

Contact area 

Noncoiiactarea 

2.43 

1.81 

Outer gum SBR layer 

Contact area 

Non contact area 
- -- 

- 
2.90 

3.65 



3.1.7. Morphology and fractography 

The tensile as well as tear strengths of the polymers are related to the morphological 

fcatures of the fractured surface. Figures 3.16 to 3.20 represent the SEM pictures of 

tensile and tear ti-actured surfaces. The SEM of the failed tensile gum vulcanisate is 

presented in Figure 3.16a. 

Figure 3.16(a) 

Figu re 3.16(b) 

Figure 3.16. SEM photographs of the tensile fractured surface of gum SBK 

vulcanisate (a) and the tcar fractured surface of gum SBR vutcanisate (b) 

Here, the kacture is smooth with out any deviation. TIlis observalion is in agreemen1 b i t ] ,  

the Iow tensile strength of the gum SRR vulcanisates. The SEh,? of the failed tear ~ L I I I I  

vulcanisate shown in Figure 3.16 b also prescnts smooth torn areas. This indicates low 



tear properties., 

The tensile fractured surface of filled (40 plr of size 1) SBR vulcanisate are 

presented in Figure 3.17a. Here the fiacture is not smooth as in the case of gum. As a 

resuIt of enhanced sulphur migration, de-wetting is observed in this case as shown in 

Figure 3.1 71s. 

Figure 3.17(a) 

Figure 3.17(b) 

Figure 3.17. SEM photographs (a) and (b) of the tensile fractured surface of filled 

(size 1) SBR vulcanisate 

Figure 3.18a represents the torn surface of the SBR Mrlcanisate filled with 40 phr 

of size 1 fi1le1-. This figure shows crack deviation due to the restriction to crack 

propagation by filler particles. 1.n this case also, de-wetting is observed, as can be seen 



fiom Figur,e 3.18b. The observation of de-wetting is in agreement with the non- 

compatible behaviour of these fUer systems discussed earfier. 

Figure 3.18(a) 

Figure 3.18(b) 

Figure 3.18. SEM photographs (a) and (b) of the tear fractured surface of filled (size 

1) SBR vulcanisate 

I'he tensile and tear fractured surface of SBR vulcanisate loaded with 40 phr (size 4) filler 

is shoun in Figures 3.19 a and b, respectively. In both cases, extensive crack deviation 

can be seen. 



Figure 3.19 (a) 

Figure 3.19 (b) 

Figure 3-19. SEM photographs of the tensile fractured surface of filled (size 4) SBR 

vulcanisate (a) and the tear fractured surface of filled (size 4) SBR vulcanisate (b). 

Figure 3.20 is the tensile fractured surface of the SBR vulcanisate filled with the 

40 phr mill sheeted form of the fier. Since sulphur diffusion is ninimum in this case, filler- 

matrix adhesion is fairly good, and hence de-wetting is less predominant. In this case 

also. filler particles obstruct the crack propagation and cause crack deviation. The tom 

surface of the SBR cornpound loaded with 40 phr of the mill-sheeted form is presented in 

Figure 3.20 b. Wavy pattern of fi-acture surface indicates a high tear resistant material. 



Figure 3.20 (a) 

Figure 3.20 (b) 

Figure 3.20. SEM photographs of the tensile fractured surface oT(milCsheeted form) 

SBR vulcanisate (a) and the torn surface of filled SBR vutcanisate (b). 

In the case of all the Wed vulcanisates, the torn surfidces show much crack 

deviation. These deviated tear lines result £?om the interaction of main Gacture fronts with 

subsidiary fracture fronts and from the obstruction to tear propagation by filler particles. 

The SEM pictures also indicate that the NR prophylactics waste particles are not 

completely compatible with the SBR matrix. In all cases, the particles could be seen as 

phase separated entities. 
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CHAPTER 4 

MELT RIHEOLOGICAL BEHAVIOUR OF SBR COMPOSITES 

FILLED WITH NR PROPHYLACTICS WASTE AND 

PARTICULATE FILLERS 

ABSTRACT 

Rheo lo gical properties of polymeric materials have paramount importance during 

their conversion to useful products. This chapter discusses the melt rheological behaviour of 

styrene butadiene rubber compounds f l ed  with natural rubber prophylactics rejects and 

selected particulate fillers such as carbon black, silica, and marble powder. All the rubkr 

compounds, irrespective of the composition, prophylactics particle size, mixing conditions 

and temperature, have showed pseudoplastic behaviour. An increase in the melt viscosity of 

styrene butadiene rubber compounds has been noted with the increasing loading of 

prophylactics iiller. But this trend has been found to be dependent on the shear rate. The 

presence of particulate filler has been found to be increasing the viscosity of the rubber 

compounds only at the highest shear rate while at lower shear rates, a reverse trend has been 

observed. At the highest shear rate, among the particulate fillers used, the order of increasing 

the viscosity has been found to be marble powder<silica=black. The generd inverse relation 

&tween particle size of the filler and viscosity in the case of particulate alone Wed 

elastomer composites has not been observed for the present cases. The influence of particle 

size of prophylactics filler also has been found to be dependent on the shear rate. At low and 

intermediate shear rates and at a temperature of 150°c, the compound mixed for 5 minute 

showed least viscosity but at highest shear rate the curves converge to a point due to 'spurt' 

or  sudden combined flow. In the case of samples without particulate men, the influence of 

temperature has k e n  found to have a notable eEect on viscosity, only in the case of gum 

slyrunc butadiene rubber compounds. In these cases an inverse relation between temperature 

arld viscosity has h c n  observed with some abnormalities in the results at 160 and 170 '~ .  

Such abnormahtics havc not been observed in the case of particulate med samples at higher 



shear rates. Flow behaviour index values have been found to be irregularly decreasing with 

the loading of propl~ylactics filler at 1 50 and 1 6 0 ' ~  while at 1 7 0 ' ~  a regular decrease has 

been observed. Except at 1 6 0 ' ~ ,  all the samples tilled with particulalc fillers have k e n  to und 

to k less pseudoplastic than gum SBR and other prophylactics filled samples. Among the 

theoretical models studied, EiIer van Dyck equation has been found to be giving closely 

agreeing values of viscosity to that of experimental values. The variation of 'm' and 'C' 

which are characteristic rheological properties have been checked with the composition. 

particle size of prophylactics, mixing time and temperature of samples. A decrease in the 

extrudate distortion also has been observed with the addition of prophylactics and particulate 

fillers to styrene butadiene rubber compounds. 



CHAPTER 4 

MELT RHEOLOGICAL BEHAWOUR OF SBR COMPOSITES 

FILLED WITH NR PROPHYLACTICS WASTE AND 

PARTICULATE FILLERS 

Results of this chapter have been communicated to 

Plast. Rubb. Compos. and Int. Polyrn. Process, 

One of the objectives of polymer blending is the production of a better processing 

material. Processing of a rubber or elastomer blend involves all operations starting h m  

the initial mastication to the formation of finished material. The knowledge of the 

rheological behavior of rubber compounds is bnportant tthan any other properties1~3. In 

addition to these, careful control of manuikturing processes strongly depends on the 

appropriate classiJication of raw materials and their processability characteristics4". The 

complex rheological khaviour of polymer blends has been d y s e d  by various 

 researcher^.'.^ A n d r  of publications focusing the rheology of various polymer blends 

are available in the literature. These iaclude the rheologicd investigations on interacting 

blend solutions of poly (acrylic acid) with poly (vinyl pyrrolidone) or p l y  (vinyl alcoho~)~, 

po lyphenylene sulphide/plyamide-66 blends", polypropylenefiquid crystal cop lyesterl ' , 
ternary blends based on polypro pylene/ethylene pro pylene rubbedpolyethylene ' and 

binary blends of LDPEILLDPE" & HDPEILLDPE.'~ 

According to a review by Utracki et d." three types of rheological khaviour are 

shown by polymer blends. These are the positive deviation behaviour where the blend 

viscosities are synergistic, the negative deviation behavim where the blend viscosities are 

antagonistic, and W y  the positive -negative deviation behaviour The actual hehaviw 

shown by a polymer melt is in fact decided by the composition, morphology and 

processing conditions. 

Kheological chacteristics of single polymeric materials as well as polymer blends 

and espec idly that of rubber-rubber blends are greatly affected by the presence of fillers. 



The Mer loading used in most of these studies is in the range of 40 to 60%. The influence 

of fillers on the rheological behavior of 1,2 polybutadiene rubber has been studied by 

Bhagawan et a1.I6 They observed that the highest viscosity is shown by silica filled 

samples, while the lowest by clay at all shear rates. Similar studies on silica filled silicone 

rubber has been studied by Armguran et all7 and also by Li et al. I s ,  taking zinc oxide and 

calcium carbonate in addition to black and silica. The greatest yield value and viscosity 

were observed with calcium carbnate and zinc oxide filled compounds. Recently, the 

influence of a r s  on the compatibility of polymer blends also is reported in the 

literature19. Studies revealed that the compatibilising effect of the filIer depends on the 

change in free energy of mixing ktween t k  two polymers. 

In the field of recychg, the rheological khaviour of cryoground rubber-natural 

rubber blends hrts been observed by Phadke et aL20 and that of polystyrene-SBR blends by 

Ciesiekka et aL2' Publication of Reena et al.22 regarding the rhmlogical and extrudate 

behaviour of natural rubber~latex reclaim blends also is noteworthy. . 

This chapter in two parts examines the rheological behavior of SBR/prophylactics 

systems by using a capillary rheometer. In the first part, the main parameters focused are 

the variation in viscosity and elastic effects, with respect to shear rate, shear stress, 

temperature & loading, particle size and mixing time of natural rubber prophylactics waste 

with SBR. In the second part, the influence of selected particulate mers such as carbon 

black, silica and marble powder in SBR mixes with natural rubber prophylactics (size 2 )  is 

discussed. 

4.1. Results and discussion 

PART 1. influence of Prophylactics Loading, Particle Size, Mixing Time and 

Tern perature 

The basic formulation used for the study is given in Table 4.1 

4.1.1. Viscosity variation 

(a). Influence of prophylactics loading 

The variation of log melt viscosity with log shear stress of SBR compound with 

natural rubkr  prophylactics waste (Sl) loading at different shear rates and at 150' C is 

presented in Figure 4.1. (The antilog values of viscosity (y-axis) are in Pa-s and that of 



shear stress (x-axis) are in Pa). 

Table 4.1. Basic formulation 
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Zinc oxide 
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T w 
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log shear stress 
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qowder 

Figure 4.1. Variation melt viscosity with shear stress for SBR samples with 
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The melt viscosity is found to be decreasing with shear stress and shear rate for alJ 

the mixes under study. This observation codinns the pseudoplastic behaviour of the 

mixes. At zero shear, the polymer chains are extensively entangled and randomly oriented. 

Under the application of shear, the chains get disentangled and become oriented. 

Pseudoplasticity results fiom this behaviourof the polymer chains. In the case of 

prophylactics filled cases also, pseudoplastic nature is observed. This is because of the 

orientation of the randomly oriented prophylactics particles under the action of shear with 

their major axis in the direction of shear. With increasing shearing force, this orientation 

also is facilitated. Therefore the viscosity drops considerably with increase in shear stress 

and shear rate. It is reportedz3 that even in a molecular level, such orientation can help the 

smooth, sliding of molecules over each other dissipating less energy than the randomly 

oriented and entangled molecules. Such a flow of gum SBR in layers is clearly visible from 

the scanning electron micrograph given in Figure 4.2. 

Figure 4. 2, SEM photo of gum SBR extrudate 

Another observation is that the gum mix exhibits a lower viscosity at lower shear 

stress and a higher viscosity at higher shear stress. At lowest shear rate of 1.249 dl, as the 

concentration of waste prophylactics increases, the melt viscosity increases slightly, which 

becomes rmuimum for the mix with 40 phr prophylactics. When the shear rate increases 

the value of gum becomes comparable to that of prophylactics f l e d  mixes and at higher 

shear rates, gum remains as one among those with higher viscosities. At the highest shear 



rate, instead of gum SBR., the mix with 10 phr prophylactics exhbits the minimurn melt 

viscosity. The slightly increasing trend in the melt viscosity with the addition of 

prophylactics is expected &om the presence of crosslinked particles in an elastomer 

The increase in viscosity with the addition of prophylactics at low shear rate 

indicates the restriction to the flow of the material induced by prophylactics particles. Tlis 

results fiom the inability of prophylactics particles to get oriented at low shear rate. The 

structural build up, as reported earlier by ~unstedt*', is a possible reason for this. At high 

shear rates this wdl be less predominant and therefore such an increasing viscosity 

behaviourwith the addition of prophylactics particles is absent. Figure 4.3 clearly indicates 

the presence of a structural build up in the composite sample. 

Figure 413. SEM photo of SBR extrudate with 10 phr prophylactics 

The low melt viscosity of SBR compound with 10 phr prophylactics filler at higher 

shear rates indicates the better mould flow for these samples in a molding process. In such 

cases, the additional energy consumption for molding will be much less26. Such a behavior 

is due to the difference in the size of the flow units initially suggested by Mooney and 

~olstenholme*' and later developed by the theory of Nakajima and ~ o l l i n s ~ ~ .  At low shear 

rate, the size of the flow unit must be smaller than the size of the prophylactics partictes. 

In such a case, the prophylactics particles act as flaws and therefore viscosity increases 

with prophylactics loading at low shear rates. But at high shear rates, the combined flow 

occurs in which the size of the flow units increases over the size of prophylactics particles. 

Therefore, no sigr&cant effect on  the viscosity can be observed with the presence of 



prophylactics particles. 

It is interesting to note in Figure 4.1, that the melt viscosity verses shear stress 

curves present a change in the slope at an earlier shear rate of 4.1 64 s-I and later at 1 24.9 

s-'. The slope is higher at both low and high shear rates while it is less at intermediate 

shear rates. tt is interesting to see that most of the curves converge at the higher shear 

rate. Similar slope changes as noted in Figure 4.1 are reported in the case of natural 

rubber *ryoground rubber systems also29 at 30s". The convergence of the curves at 
730.31 higher shear rates is due to a phenomenon called 'spurt which is a sudden combined 

flow. 

(b). influence of prophylactics particle size 

The effect of particle size of waste prophylactics mer (20 phr loading) on the log 

viscosity-log shear stress plots at 150' C is presented in Figure 4.4. 

L 20 phr 54 r 20 phr M 1 
5.0 1 

log shear stress 

Figure 4.4. Variation of melt viscosity witb shear stress for SBR samples witb 

increasing prophylactics particle size 

For all the particle sizes under study, pseudopladicity is  observsd. At the lower 

shear ratc. conlparatively higher viscosity is shown by size 2 prophylactics filed samples 



while at interrngdiate shear rates, values become comparable. At the lughest shear rate, 

large size fillers such as size 4, M and gum compound exhiiit highest viscosity while size 

2 shows the lowest. Normally, in the case of elastomers med with particulate fillers, the 

viscosity is reported to be increasing for smaller particles with larger surface area than 

larger particies with smaller surhce area32. But here, such a trend cannot be observed. 

(c). Influence of mixing time 

SBR mix containing mill-sheeted form of the prophylactics is selected to study the 

effect of mixing time. The mixing time of the SBR compound contairring 20 phr of d 

sheeted is varied as 5 ,  10 arid 20 minutes (Figure 4.5). 

Mixing time I 

log shear stress 

5.0 - 

Figure 4.5. Variation of melt viscosity with sbear stress for SBR samples with 

rn 5 min 10 min A 20 min 
I 

increasing mixing time 

At low and intermediate shear rates, the compound mixed for 5 min shows the 

lowest viscosity (at 1 SO" ( ') whde the maximum viscosity is exhibited by the sample when 

r hc mixing time is I O nlir>ures. An intermediate viscosity is shown by the sample mixed for 

20 minutes. At the highest shear rate, i t  is found that the curves converge at a point 



proving the non-dependence of mixing time on the viscosity of the mixes. In these cases 

also, the variation in viscosity is marginal. Here it should be noted that the viscosity of a 

rubber matrix with crosslinked rubber particles depends on many phenomena such as 

size distribution of particles and their agglomeration effects in the matrix. The 

convergence of viscosity values at the highest shear rate to a point can be due to ' spurt' or 

combined flow observed in flowing polymer melts. 

(d). Influence of tempemture on melt viscosity 

The effect of  temperature on the melt viscosity of SBR gum compound is 

presented in Figure 4.6. It is a general o b a t i o n  that as the temperature increases, the 

melt viscosity decreases at all shear rates. However, some abnormality exists ktween the 

mixes at 160 and 170 O C .  

- - -  

SBR GUM 
I 

log shear stress 

Figure 4.6. Variation of melt viscosity with sbear stress for gum SBR samples 

at different temperatures 



The influence of temperature in SBR compound containing 20 phr size I 

prophyktics fdler is shown in Figure 4.7. 

20 phr S1 

5.0 - 

6.1 6.2 6.3 6.4 6.5 6.6 6.7 

log shear *ss 

Figure 4.7. Variation of melt viscosity with shear stress for SBR with 20 phr 

size I prophykactics at different temperatures 

The melt viscosity is found to be almost unaffected with temperature at most of the 

shear rates. But at the highest shear rate of 416.4 s-I, similar values are shown by the 

sample at 160 and 170 OC while higher value is observed at 150' C. In the case of SHK 

sample fded with 40 phr size I prophylactics mer (Figure 4.81, comparable values are 

observed at various temperatures given. 



log shear stress 

5.5 - 

5.0 - 

4.5 - 
z? . - m 
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Figure 4.8. Variation of melt viscosity with shear stress for SBR with 40 phr 

size 1 prophylactics at different temperatures 

4.1.2. Flow behaviour index 

The flow behaviwr index (n'), which is a measure of the pseudoplasticity, is 

presented in Table 4.2. As per the theory, the more the value of n', lesser is the non- 

Newtonian behaviw (or higher the Newtonian hbavi@P the bwer the pseudo plastic it y . 

(a). influence of prophylactics loading 

At 150 O C and for a mixing time of 10 min, it can be seen that the presence of 

prophylactics fdler decreases the n' values in an irregular manner, i t . ,  as the loadlry! of 

prophylactics filler h SBR increases, the value fist decreaser at 10 phr and then increases 

for further loading. So SBR mix with 10 phr prophylactics loading shows the rnaxinnum 

pseudoplasticity (Table 4.2). At 1 6 0 ' ~  also, the same trend is observable while at 170°C. 

a regular drop in n' value can be observed with the temperatures studied. 

.. . -. -. . -. .- . .. 

40 phr S1 1 
1 5 0 ' ~  1 6 0 ' ~  A 1 7 0 ' ~  

* 1.249 S- 1 

-.... 4.164 s" 
..*+-- -- 

12.49 <' 
. # m e z -  



Table 4.2. Flow behaviour index (n') vaiues 

'-tnixingtime 10rni~~-tnixingtime5min,~-mixjn~time20min 

ND- Not determined 

(b). Influence of prophylactics particle size 

In the case of n' values of SBR &es at 150 O C with Merent particle sizes 

(Table 4.2), the lowest value is obtained for 20 phr size 2 prophylactics filled system 

which agrees with the its low viscosity value only at w e s t  shear rate 4 16.4 s-' (Figure 

4.6). The w e s t  n' value is observed for SBR mix with size 4 prophylactics system. 

(c). Influence of mixing time 

The effect of mixing time on n' value can also be seen &om Table 4.2. The n' 

value for the SBR compound with 20 phr M prophyiactics filler is lower for samples with 

m i x q  time 10 and 20 min compared to that with a mixing time of 5 rnin. 

(d). Influence of temperature 

In the case of gum SBR compound, n' values decrease with increase of 

temperature fjrom 120 to 170' C, except at 160' C. Similar reduction in n' value with 

temperature is reported in the Different mixes show highest n' value at 

dif'ferent temperatures. In the case of gum SBR and the mix with 40 phr S 1, the highest n' 

value is obtained at 1 60' C, in the case of the mix with 20 phr s 1, at 1 70°c, and in the case 

Mix 

- ... 
Gum 
10 pbr Sla  
20 phr SIa 
40 phr Sla 
20 phr S2" 
20 phr S4" 
20 phr M" 
20 phr M~ 
20 phr M" 
-20 phr S2+10 
blacka 
20 phr S2+10 
silica a 

20 phr S2+10 
marble powder a 

Tempernture ( O C )  

120 
0.2373 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.2833 

0.1 724 

150 
0.2300 
0.1943 
0.203 1 
0.21 1 1 
0.1928 
0.2219 
0.2 169 
0.2397 
0.2234 
0.2607 

0,2568 

0.2425 

160 
0.3009 
ND 
0.2033 
0.2260 
0.2047 
ND 
0.1958 
ND 
ND 
0.2569 

0.2 106 

ND 

170 
0.2203 
Nn 
0.2191 
0.1999 
0.2206 
ND 
0.2094 
ND 
ND 
0.2375 

0.2457 

ND 



of the mix with 20 phr M, the highest value is at 150'~.  Similarly SBR gum and the mix 

show the minimum value with 40 phr sl at 170' C, 20 phr sl at 150°C, and for the mix 

with 20 phr M, at 160". Generally it can be understood that the n' value showed a 

decreasing trend with temperature except a few cases. 

4.1.3. log 3 Vs. logy plots and 'm' & 'C' values 

It is interesting to check the application of certain mathematical relations in the 

present cases. The flow rate depends on the nature of the compound being processed and 

its viscosity, which is shear rate -shear stress dependent. The extrusion rate depends upon 

changes in viscosity, which may result &om changes in shear rates during the extrusion 

process, and so the slope 'm' and ' y' intercept 'C' of the plots are critical rheological 

pro pert ies. The proposed relation is 

A typical plot is given in Figure 4.9 

40 phr S l  20 phr $2 
20 phr $4 20 phr M 

log shear rate 

Figure 4.9. Variation of log 3 vemes log y for SBR compounds with increasing 

prophylactics loading 

[Antilog values of shear stress (y axis) are in Pa and that of shear rate (x axis) are in s-'1 



Values of 'm' and 'C' are given in Tables 4.3 and 4.4. 

Table 4.3. Effect of composition of 'm' and 'C' values 

( powder I 1 1 
'-mixing time 10- b-mixing time 5 min,'-mixing time20min 

Table 4.4, Effect of temperature on 'm' and 'C' values 

20 phr 52 0.1723 6.2333 0.2447 6.0027 ND 
+ 10 
marble 
powder 

It can be seen that except in the case of the sample with 5 min mixing time. the presence of 

prophylactics in gum SBR mix decreases the 'm' values while 'C' values increase slightly. 

Similarly, as the particle size of the prophylactics increases f?om size 1 to 4 and M (at 

same loading of 20 phr), 'm' values increase (only one exception is the value n S S 2 whc h 



is less) while the 'C' values decrease slightly. In the case of SBR with 20 phr mill sheeted 

form, as the mixing time increases from 5 to 10 min, 'm' value decreases considerably and 

for the sample with mixing time 20 min, it slightly increases compared to 10 min sample, 

but still it is much less than that of the sample mixed for 5 min. 'C' value fist increases for 

1 0 min sample and then decreases for 20 min sample. It can be suggested here that the 

interactive effect of SBR with the inclusion can be characterised by changes in 'C' wMe it 

is more related to particle size of the prophylactics &r. 

Table 4.4 gives the effect of temperature on 'm' and 'C' values. In the case of 

gurn SBR, as the temperature increases, 'm' value first show a decrease at 1 S@C, an 

increase at 1 6 0 ' ~  and finally a drop at 1 7 0 ' ~  while 'C' values show a regular drop upto 

1 6 0 ' ~  and ha l ly  a sjight increase at 170'~.  For SBR mix containing 20 phr SI 

prophylactics, value of 'm' goes on increasing and that of 'C', decreasing with 

temperature. At a loading of 40 phr S1 prophylactics mer to SBR, the highest 'm' value is 

obtained at 1 6 0 ' ~  while 'C' value is lowest at that temperature. For SBR f led  with 20 

phr M case also, lowest 'm' value is at 160" while lowest 'C' value at 150'~. 

4.1.4. Theoretical modeling of viscosity 

The variation in the melt viscosity of SBR with NR prophylactics loading at 

different shear rates is compared with different previously established mathematical 

models. These are Einstein, Mooney, Guth, Kerner, Sato-Furukawa, Eiler van Dyck, Bills, 

Brinkman and Narkis models. The terms used in this section are the following. q. viscosity, 

Vr volume fraction of filler, S- crowding factor, v- Poisons ratio, suffixes c and m denote 

composite and gurn matrix. The equations are given below. 

I. Einstein equation 

  in stein^^ has proposed an equation for the viscosity of the composite assuming 

perfect bonding between the phases. 

yc = qrn(lf 2.5 Vf) 14.2) 

2.  Mooney equation 

This equation3' considers the interaction of strain fields around particles while it 

agrees with Einstein's equation at low volume fiaction of the mer, it can represent the 

data at higher volume fractions as well. 



3. Guth equation 

~ u t h ~ ~  modified Einstein equation by considering the particle interactions also. 

4. Kerner equation 

The equation derived by ~ e r n e r ~ ~  assumes spherical particles. 

5. Sato-Furukawa equation 

The weak adhesion between matrix and filler is best represented in the literature3' 

by Sato-Furukawa equation 

where y is a filler concentration variable equal to Vf ' I 3  and T is a constant characterising 

the filler-matrix adhesion. I f  the adbesion is perfect T=O, and if it is weak, T= 1 . 

6.  Eiler van Dyck equation39 

where k = 1.25 and S'= 1.20 

7.  Bills equation40 



where A = 2.5 gnd B = - 6.4 X 10" T + 2.5 1 where T is the test temperature. 

8. Brinkman equationd' 

q c  = q m ( l  -vf) 5n (4.9) 

where K is the stress concentration h t o r  whose value ranges from 1.4 to 1.7. 

Figure 4.10 represents the comparhmn of experimental viscosity values with the 

theoretical values at a shear rate 1.249 s". It can be seen h m  the figure that at 10 p h  

prophylactics loading, the best agreement is shown by Eiler van Dyck equation and this 

agreement exits at al l  the loadmgs. 

- -- -- - 

m-- Expt - a- Einstein 
- A- Mmney -r- 1311th 
+- - Kerner --+- ~ F u m k ~ m  
- x -- Eiler van Dyck -%- Bills 
. -- ~ r i n h a n  I Narkis 

Prophylactics loading, phr 

Figure 4.10. Experimental and theoretical plots for the melt viscosity of SBR 

compounds at a shear rate of 1.249 s-' 



When B r h h a n  equation shows negatively deviated values, all other equations 

give positively deviated values. Among the equations showing positive deviation, better 

agreement is shown by Sato-Furukawa and then by Einstein equation. The least agreement 

is shown by Guth equation while all other equations show intermediate values. The same 

trend is repeated at 20 phr loading of prophylactics also. At 40 phr loading, the only 

difference noted is that the values given by Guth and Mooney equntion are very close. At 

higher shear rates also, the best agreement between experimental and theoretical values is 

obtained in the case of Eiler van Dyck model. 

4.1.5. Extrudate distortion 

Most of the extrudates from capiUary rheometer showed visual evidence of surface 

imperfections. The extrudate appearance can be used to assess the quality of the flow 

behavior, rupture behavior and to find the shear rate at which flow instability commences. 

The extrudate distortion shown by gum SBR is the highest (Figure 4.11). In this case, the 

extrudates appeared like a twisted rope. The extrudate distortion at 120' C becomes high 

as the shear rate increases. This is clear from Figure 4.11 a-c. Also as the temperature 

increases, the extrudate distortion is fourld to IE increasing (Figure 4.11 a, d-f). The 

extrudate distortion is visible in the prophylactics fdled sarnpk (10 phr S1) also but to a 

lesser extent (Figure 4.11 g). This means that the prophylactics particles suppress the 

distortion and thus they give more uniform extrudates and that the extrudate dimension is 

less sensitive to shear rate. As the loading of prophylactics increases (Figure 4.11 g-i), 

still, extrudate distortion is present but it is Iess predominant. With the increase in the size 

of prophylactics, no notable change in the extrudate distortion can be observed (Figure 

4.11 h, j, k, 1). In the case of SBR mix with 20phr M also, extrudate distortion is 

observable to some extent at 160 and 1 70' C (Figure 4.1 1 1, n ,  0).  A low extrudate 

distortion was noted at the lowest shear rate and at lowest temperature of 150'~ (Figure 

4.1 1 1). It is also found that as the mixing time increases in the case of the SBR mix with 

20 phr M, extrudate distortion decreases as  can be seen fiom Figure 4.11 p, I, m. The 

highest extrudate distortion shown by gum SBR is because of its low viscosity compared 

to the prophylactics particles. The low extrudate distortion in the presence of 



prophylactics filler means that there is reasonably good bonding between prophylactics 

filler particles and SBR. 

I 

(a) SBR gum - 4.164 s' - 120 '~  (g) SBR + 10 phr S1- 4.164 i1 - 1 5 0 ' ~  

(b) SBR gum - 41.64 d - 1 2 0 ' ~  (b) SBR + 20 phr S l  - 4.164 s-' - 1 5 0 ~ ~  

(c) SBR gum - 416.4 6' - 120% (i) SBR + 40 phr S1- 4.164 s" - 1 5 0 ' ~  

(61)  SBR gum - 4.164 i1 - 1 5 0 ' ~  (j) SBR + 20 phr S2 - 4.164 s-' - 1 5 0 ~ ~  

(e) SBR gum - 4.164 d' - 1 6 0 ' ~  (k) SBR + 20 phr S4- 4.164 s-' - 1 5 0 ' ~  

(9 SBR gum - 4.164 i" (1) SBR + 20 phr M (1 0 min) - 4.164 s-' - 1 5 0 ' ~  

(m) SBR + 20 phr M (20 min) - 4.164 s-' - 1 5 0 ' ~  

(n) SBR + 20 phr M- 4.164 s-' - 1 6 0 ' ~  

(o) SBR + 20 phr M- 4.164 s-' - 1 7 0 ' ~  

(p) SBR + 20 pbr M (5 min) - 4.164 i1 - 1 5 0 ' ~  

Figure 4.11. Extrudates of gum and prophylactics filled SBR compounds 

Turner and ~ i c k l e ~ ~ ~  suggested that the low viscous phase (SBR) in the 

mix migrates to the surface through a roll mechanism, i.e., a radical flow in addition to 

longitudinal flow, which gives the extrudates a screw thread appearance. The reduced 

exttzldate distortion also points out the decrease in the melt elasticity with the addition of 



prophylactics mer. The presence of crosslinked particles decreases the deformation 

tendency of the SBR mix and fastens the recovery. The superior efficiency of sulphur 

crosslinked networks for this is reported in the literature33. The less sensitivity of extrudate 

distortion to temperature shown by the prophylactics aed mix (40 phr S 1) is important in 

the dimensional stability of extruded profles because during extrusion neither shear rate 

/stress nor temperature is constant across the profle. 

PART 2. INFLUENCE OF PARTICULATE FILLERS 

The recipe used is the same as Table 4.1. 

4.1.6. Viscosity variation 

The influence of particulate Wers on the rheologid properties of molten polymers 

is both of great scientific and industrial importance. Such aers are added primarily to 

strengthen the product and to reduce the cost. Normally, particulate fillers increase the 

level of but the extent seems to vary fiom system to system and decrease with 

increasing shear rate44. The variation of melt viscosity with shear stress and shear rate for 

gum SBR and SBR mix with 20 phr size 2 prophylactics filler with and without particulate 

mers at I 50' C is presented in Figure 4.12 (The antilog values of viscosity (y axis) are in 

Pa-s and that of shear stress (x axis) are in Pa). The melt viscosity is found to be 

decreasing with shear stress and shear rate for all the mixes. 

At lower shear rate, an increase in the viscosity can be noted with the addition of 

prophylactics Wer to SBR. The black and marble powder Wed mixes exhibit the lower 

viscosity compared to other samples, and among them, marble powder f l ed  mix presents 

slightly higher viscosity compared to carbn black. Silica Wed samples give higher 

viscosities at most of the shear rates but at lower shear rates the values are comparable to 

that of other mixes without particulate fillers. However at the highest shear stress, the 

behavior becomes more normal, i.e., the SBWprophylactics mix without particulate filler 

shows the lowest viscosity, the next lugher value by marble powder, which is followed by 

comparable viscosity values by silica and black. 



20 phr S2+ 10 phr silica 
20 phr S2+10 phr black 

20 phr S2+10 pbr marble powder -- 1.249 sA1 

log shear stress 

Figure 4.12. Variation of melt viscosity with shear stress for SBR samples 

filled with pmpbylactics and particulate fillers 

Figure 4.12 reveals that at the lughest shear rate, the silica Wed samples show 

the highest viscosity values and that the drop in viscosity is fast at low and hgh shear 

rates. The slope of the plots is higher at both low and hrgb shear rates while it is less at 

intermediate shear rates. It can be seen that the values tend to converge at a point at 

&her shear rate. The low viscosity of particulate Bled samples compared to 

prophylactics alone W d  samples at lcw shear rate is in agreement with the observation by 

clarked6. it  is also noticed by shaheen4' that addition of a little amount of s d  particles 

act as a lubricant to facilitate the rotation of larger particles, leading to a reduction in 

viscosity. However, at higher shear rates, the relative £low of different layers is checked to 

a great extent by the Wer particles through the formation of adsorbed layers and so the 

viscosity rises for the particulate l2ld samples compared to prophylactics alone filled 

sample. 

The observation of lowest viscosity shown by the SBR mix without particulate 

fdler and the increase in viscosity with the addition of particulate fillers at the highcst shear 

rate indicates that at highest shear rates, the particles in the SBR matrix art. aligned in thc 



flow direction subject to the restriction for this imposed by the particulate fillers. 

Therefore, it is clear fiom these results that the ability of a Wer to contribute to the 

viscosity depends very much also on the nature and components of the main matrix. The 

superior reinforcing nature of black in a single elastomer matrix4' and the comparable 

behavior shown by black and silica in the case of ENR / NR are important to 

mention here. The highest viscosity values shown by the silica Wed mixes can be due to 

its equal distribution among the SBR and prophylactics phases. This can increase the 

interfacial thickness, reduce the interlayer slip, which in turn causes an increase in 

viscosity. This phenomenon shown by silica may also be due to its low density and high 

absorptive capacity, which causes similar effects of viscosity in N e d  polybutadiene 

samplesG. 

Influence of temperature on melt viscosity 

The influence of temperature on the viscosity of SBR md with prophylactics a e r  

in the presence of particulate filiers is presented in Figure 4.13-4.15. , 

-. . 

5 - 5  1 220 pbr S l +  10 phr black 1 I 

log shear stress 

Figure 4.13. Variatioa of melt viscosity with shear stress for SBR samples 

filled with carbon black at different temperatures 



20 phr S2+ 10 phr silica 

120°c . 150°c 

160°c v 1 70°c 

log shear stress 

Figure 4.14. Variation of melt viscosity with shear st- for SBR samples filled with 

silica at different tempemtures 

In the case of black W samples (Figure 4.13) at lower shear rate, the trend is a 

bit abnormal while at higher shear rate, the trend is as expected according to the already 

established viscosity-temperature relations. Figure 4.14 represents the silica Wed systems. 

Upto a shear rate of 4.16 s-', it is found that the viscosity increases with increase in 

temperature. But from a shear rate of 12.49 s-1 onwards the trend becomes somewhat 

similar to that expected fiom the influence of temperature. Similar inverse relation 

ktween viscosity and temperature is shown by marble powder fded samples a h  (Figure 

4.15). 



6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 

log shear stress 

Figure 4.15. Variation of melt viscosity with shear stress for SBR samples filled with 

marble powder at different temperatures 

4.1.7. Flow bebavior index 

The flow behavior index or n' values of the SBR compounds are presented in 

Table 4.2. It can be seen that except at 160' C, the n' values of mixes filled with 

particulate fillers are slightly h@er than that of gum SBR mix and that with prophylactics 

filler done. At 1 SO' C, black filled sample presents highest n' values among the set. But it 

fails to give a direct relation with the viscosity data at Iower shear rates given in Figure 

4.12. It can be seen that a direct correlation between n' and viscosity exists at higher shear 

rates 124.9 s"ad 4 16.4 s-' . At 160 O C, the n' of gum SBR mix is found to be decreasing 

with the addition of prophylactics as well as particulate fillers black and silica. In earlier 

publications the higher pseudoplasticity of black filIed polymer samples was reported 

compared to other particulate fillers3'. But here in the presence of prophylactics, a reverse 

trend is observed. The black filled samples show the least pseudoplasticity among the 

fillers at 150' C. The higher n' values is due to the enhanced dficulty for chains to orient 



and show pseud~plststicity. This results from the less fieedom available to the chains. 

4.1.8, log 3 Vs. log y plots and 'm' & 'C' values 

Plots log 3 verses log y " of then samples (at 150' C) are given in Figure 4.16 

[Antdog values of shear stress (y axis) are in Pa and that of shear rate (x axis) are in il] 

and the values of 'm' and 'C' are given in Table 4.4. 

I 

20 phr S2+ 10 p h  black 
20 phr S2+10 phr marble powder 

log shear rate 

Figure 4.16, Variation of log 3 v e w s  log y for gum and filled SBR 

compounds 

A decrease in 'm' and an increase in 'C' are observed with the addition of 

prophylactics mer in gum SBR. Also, with the addition of particulate fillers, an increase in 

'rn' and a decrease in 'C' are again observed. But the variations observed are only 

marginal. The low 'm' and high 'C' values shown by silica compared to black at 1 60 and 

170' C, may be due to its uniform distribution among the components of the system. It can 

be seen that the presence of silica which gives maximum reinforcement in viscosity data 

Eails to give low 'rn' value but it succeed to present a slightly hgher 'C" value among the 

set proving its reinforcing nature. 



Table 4.4 gives the effect of temperature on 'm' and 'C' values. N o d y ,  as the 

temperature increases, the interface wiB b m e  strong and so 'm' must show a decrease 

while 'C' must show an increase. But for the present case, abnormalities exist. As 

discussed earlier, even though silica fkds to present its reinforcing behaviour in SBR 1 

prophylactics mix at 1 SO'C, it gives a low 'm' and a high 'C' value compared to black at 

160 and 170' C .  Among the particulate jllers, silica which gives maximurn reinforcement 

in viscosity data fails to give low 'm' value but it presents a slightly higher 'C' value 

among the set. In the case of particulate Uer containing samples, 'm' values show a 

regular drop with temperature while 'C' vahes show a regular increase and this is in 

agreement with the theory. Similar agreement can be seen for black also, but marble 

powder fails to give such an agreement. 

4.1.9. Extrudate distortion 

Generally particulate fdlers and especially, titanium dioxideS0 is reported to 

smoothen the surface of the extrudate and delay the extrudate distortion to higher 

extrusion rates. The influence of particulate mers on the extrudate distortion can be seen 

from the Figurn 4.17. As the discussions on samples without particulate Mers were 

already completed in section 4.1.5, discussions here are Limited to particulate fded 

samples only. It is reported2 that addition of black can reduce the severity of distortion but 

cannot eliminate it. It can be seen from Figure 4.17 I-v that black is not effective to a 

satisfactory extent in reducing the extrudate distortion even at low shear rate and low 

temperature compared to silica. Compared to the khaviour in a single elastomer system, 

here, black presents an entirely different khaviour. Slightly less extrudate distortion is 

shown by black fdled samples at higher temperatures (Figure 4.17 1, o, p). Silica reduces 

the extrudate distortion considerably (Figure 4.17 I-v). Even though the increase in elastic 

distortion with shear rate is still present, the same effect with increasing temperature was 

only naargid upto 1 60' C'. At 1 70' C, extrudate distortion is again visible (Figure 4.17 q- 

v). 



(a). SBR gum-4.164 il- 120' C (b). 41.64 s-' (c). 416.4 s" (d). 4 .164~~'-150~~.  (e) 

1 6 0 ' ~  (f). 1 7 0 ' ~  

(g). SBR+ZO phr S2-4.164 s-'- 150' C (h). 41.64 ii (i). 416.4 s" (j). 4.164 s-'-160'~ 

(k). 1 7 0 ' ~  

(1). SBR+20 phr S2+10 phr black-4.164 6'- 150' C (m). 41.64 a' (0). 416.4 s-' (0). 

4.164 s-'-160°c (p). 1 7 0 ' ~  

(q). SBR+20 phr S2+10 phr silica-4.264 il- 120' C (r). 41.64 s-' (s). 416.4 s-' (t). 

4.164 S-'-ISQ'C (u). r60°c (v). 170°c 

(w). SBR+20 phr S2+10 phr marble powder - 4.164 s-l- 120' C (x). 41.64 s-I (y). 

416.4 s" (2). 4.164 s-'-150' C 

Figure 4.17. Extrudates of S2 prophylactics and particulates filled SBR compounds 

The presence of marble powder at lower temperature and lower shear rate 

presents a lower extrudate distortion, as can be seen fiom Figure 4.17 1-0. The less 

sensitivity of dependence of elastic distortion on temperature is because of the 

interpenetration effect of silica in SBR/prophylactics system owing to its uniform 

distribution among the components.  an^' and found that the black surface 

area and structure are responsible for the considerable extrudate distortion in polymer 

matrices. Since such a considerable reduction in the extrudate distortion could not be 

observed here (compared to silica), it means that in SBR/prophylactics system, black is 

unable to show its identity. Still, some reduction in extrudate distortion noted is due to 

the decrease in melt elasticity with the addition of black. 
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CHAPTER 5 

RECYCLING OF NATURAL RUBBER LATEX WASTE AND 

ITS INTERACTION IN EPOXIDISED NATURAL RUBBER 

ABSTRACT 

In this chapter, natural rubber prophylactics have been used as filler in a strain 

c r y ~ h g  elastomer of relatively recent origin, ENR25. Discussions focus on the 

processing, mechanical and solvent swelling bzhaviour of gum and prophylactics Ned 

epoxidised natural rubber compounds. Emphasis has been given to the loading of 

prophylactics filler of varying particle sizes, size 1, 2, 3, 4 and its mill-sheeted form. It has 

k e n  o W e d  that the rheornetric processing characteristics such as minimum and maximum 

torque values generally increase with prophylactics loading in an irregular manner. The 

increase in the fastness of cure reaction with the loading of prophylactics has been found to 

be due to the presence of unreacted accelerator in the prophylactics rejects. Better tensile and 

tear properties have been exhibited by smaller size prophylactics fillers, especially size 1 at 

most of the loadings. Among the theoretical models used for the prediction of Young's 

modulus, Mooney and Guth equations have ken  found to be giving close v h e s  to that of 

experhmtally observed values, m a d y  at lugher loadings of 30 and 40 phr of prophylactics 

W. Swelling studies, Kraus, Cunneem-Russell and Lorem-Park equations and the 

scanning electron ktography of the samples have supported the comparatively better 

performance of size 1 prophylactics filler in epoxidised natural rubber vulcanisates. The 

appearance of prophylactics mer particles as phase separated entities classifies these filled 

systems as elastomer composites containing cross-linked rubber powder. 



CHAPTER 5 

RECYCLING OF NATURGL RUBBER LATEX WASTE AND ITS 

INTERACTION IN EPOXIDISED NATURAL RUBBER 

Results of this chapter have been published in Polymer, 42,2 137,2001. 

The potential properties of an elastomer can be improved by the addition of certain 

mers like silica, cmbn black, mica1J etc. As a result of severe energy crisis, and the need 

to reduce compound cost, the rubber product manufacturers are farced to increase the 

proportion of filer in the rubber compound. But this approach always resulted in a rubber 

compound with very high specific In order to overcome this problem and dso to 

make the rubber compound cheaper, new materials have been thought of to be used as 

Just like waste plastic, waste rubber also is becoming a worldwide problem The 

~ s d u t i l j s a t i o n  of tires, whose life span has ended, is a great economic and ecological 

problem. The earlier approach to this problem was to reclaim4 (remove the crosslinks) the 

rubber rejects and then use it as a new rubber. But the use of reclaimed rubber was M t e d  

due to its inferior properties. 

Now-a-days researchers pay more attention to scrap latex rejects compared to 

reclaimed rubber. This is because of the lightly crosslinked and high quality nature of the 

rubber obtainable from latex rejects. Moreover these rejects are available in huge 

quantities. The two main reasons for this surplus nature are the unstable nature of the latex 

and the strict specilications in the quality of latex products. So these scrap latex rejects 

are now considered as the kst potential candidate for recycling. Many reviews regarding 

the disposal problem of rubber rejects and possible solutions are available from the 

literature5-'. The recycling of microcellular polyurethane elastomer wasre,' the 

development of blends fiom recycled rubber and therm~~lastics'~~~ and the 

thermochernicd processing of rubber waste to liquid fuel'* are some of the interesting 

works in connection with polymer recycling. 



In this cbpter, we evaluated the use of powdered NR prophylactics rejects as filler 

in ENR-25. The influence of a e r  bading on the curing characteristics is discussed. Also 

the effect of both particle size and loading of the filler on the mechanical properties, 

swelling and failure khaviour are compared and presented. The dependence of filler-ENR 

matrix adhesion on the particle size of the iUer also is examined. Theoret i d  models were 

used to fit the experimental tensile modulus values. The mer particle morphology and and 

filler-matrix adhesion were analysed using scanning electron microscopy. 

51. Results and discussions 

The basic formulation used is given in Table 5.1. 

Table 5.1. Basic formulation 

5.1.1. Processing characteristics and cure kinetics 

The rheometric processing and cure characteristics of the compounds (Table 5.2) 

can be studied fiom the rheographs (Figure 5.1). The h e s t  size filler (size I )  was selected 

for the determination of processlnglcuring characteristics. The minimum torque values 

denoted by M, h t  register an increase with increasing filer content but later they 

decrease at 40 phr prophylactics loading (Table 5.2). The initial increase is due to the 

presence of crosslinked prophylactics particles in epoxidised natural rubber and the 

decrease at 40 phr loading may be due to the higher extent of mastication during mixing. It 

is already found that the presence of particulate inclusions increases the maximum iorque 

(m). But in our case, where the inclusion itself is a rubkr,  the variation may k due to 

i 

Material 

ENR-25 . 

Zinc oxide 

Stearic acid 

CBS 

Sulfur 

Calcium stearate 

NR prophylactics mer 

Control (phr) 

I 0 0  

5 

2 

0.6 

2.5 

1 

Variable 

(0,10,20,30,40) 



combined effects of crosslink density variation and presence of crosslinked particles. At 

10 phr loading, presence of crosslinked particles increases M, but at later stages of 

loading, it decreases. 

Table 5.2.Pwewing and curing characteristics 

Figure 5.1. Rheographs of the ENR compounds 

Loading 

(phr) 

0 

10 

20 

30 

40 

Minimum torque 

(Ma) 

(dN-m) 

3 

4 

4.5 

6 

4 

Maximum torque 

(Mn) 

(dN-m) 

35 

44 

44 

43 

42 

Cure rate 

index (CRI) 

(min -1 ) 

12.5 Sp 0.61 
33.3 

33.3 

36'4 SD 2-45 

32'1 SD 3.27 

Cure mte 

constant (k) 

(min ) 
-1 

0'266 SD 0.003 
0.63 1 

0.675 

0'810 SD 0.02 

0.800 SD 0.01 



As the mer content increases, the optimum cure time, tgg (time needed for the 

formation of 90% crosslinks), scorch time t2 (premature vulcanisation time) and induction 

time t I (time to start vulcanisation process) are found to be decreasing. These results are 

presented in Figure 5.2. This is due to the presence of unreacted accelerator in the 

prophylactics rejects. Its presence u a  wnfimed by the studies given in chapter 3. The 

nrbkr compound contains the accelerator CBS IN-c yclohexyl knzthiazyl sulfenamide) 

added in the formulation (Table 5.1) and prophylactics rejects contain the unreacted 

accelerator, mainly ZDEC. As a result of the combined accelerating effect, the three 

parameters namely t,, t, and t , decrease with badmg of prophylactics filler. 

-m-- Optimum cure time 1 
10 h - 7 1  --+-- scorch time r I 

I ' 1 -A- Induction time I 

0 10 20 30 40 

Prophylactics loading, phr 

Figure 5.2. Effect of filler loading on c?rring cbaracteristics 

The increase in speed of the curing reaction with filler loading can Ix analysed 

systematically, by calculating two parameters namely , the cure rate index ( CRI) and 

reaction rate constant (k). Their details are given in chapter 2 (equations 2.2 .and 2.6). 



The plots of ln (a-Mt) versus t h e  't' are presented in Figure 5.3. 

- - .- -- -- .- 

-I- Gum -0-- 10 phr 
- A- 20 phr r-- 30 phr 

4.0 -+-- 40 phr 
i 
i 

Time, min 

Figure 5.3. Plots of In (Mh-Mt) vs. time t 

Even though linearity is claimed for the plots theoretically, deviations from line* are 

experimentally observed for certain points. The slope of the respective straight Iines gives 

the cure reaction rate constant (k) and is presented in Table 5 2 .  It is clear from the Table 

5.2 that, both CRI and k values show an increase upto 30 phr prophylactics waste loadmg 

and later they decrease at 40 phr loading. The initml increase is again, due to the presence 

of unreacted a,ccebrator in the prophylactics waste. This cure activating nature of 

prophylactics filler is an advantage, since a faster curing sample will have a high 

production rate. IIowever this cure activation is found to be levehg off at higher 

loadings of prophylactics waste. Since the £Ued ENR compound in more stiff and non- 

tacky, the compound is easy tco be handled for further processing. On the other hand, the 

unfilled ENR is  very tacky wh~ch is difficult to handle. 



5.1.2. Mechanical properties 

The mechanical properties of elastomers med with powdered rubber depend on 

many factors. 

i) Strain crystallisixlg nature of the jiller 

ii) ~dhes ion~~of the~erwithmatr ix  

iii) Particle size of the mer 

iv) Extent of sulfur migration14 fiom matrix to filler phase which is controlled 

by many factors. 

As the prophylactics Mer content increases, the tensile strength (Figure 5.4) 

increases dramatically and reaches a h u m  value at 30 pbr loadmg. 

4 

0 10 20 30 40 

Prophylactics loding phr 

-A- Size 3 -7- Size 4 

I I 1 I 1 

Figure 5.4. Effect of filler loading and size on the tensile strength of ENR 

Beyond 30 phr loading, the tensile strength values show a decrease or leveling off 

behaviour. For size 1, the increase is about 300%. The increase in tensile strength is due to 

the strain crystahsing nature of NR prophylactics filler particles. The threshold value of 

strain required for strain crystahation of natural rubber (NR) is 250-300 percent. Since 



the filler particle is very small, it will cover this value even at the initial stages of extension. 

The increase in tensile strength with loading conftrms the fact that NR retains its strain 

crystahsing nature, even if it is in the form of h e  filler. Lewis and ~ i e l s e n ' ~  postulated 

that as the particle size of a particulate filler decreases, the contact surface area increases 

which provides a more efficient interfacial bond leading to better properties. 

The tear strength of gum and med ENR samples are presented in Figure 5.5. 

With increase in loading of the filler, there is slight improvement in the tear strength of the 

samples upto 30 phr loading. This increase is because of the restriction in the 

advancement of tear fiont. This restriction is caused by the elongation of filer particles in 

the tear path. The performance of size 1 f ler is superior here. However at 40 phr 

loading, the value either drops or levels off for large mer sizes. 

. - . . . -. -. -. . -. , . 

-A- Size 3-r- Size 4 

29.0 
/' 

Prophylactics loading, phr 

Figure 5.5. Effect of filler loading and size on the tear strength of ENR vulcanktes. 

5.1.3. 'Theoretical modeling of Young's modulus 

'The Young's modulus of particulate fded composites can be predicted by using 

several theoretical models. Even though a large number of theoretical equations are 

generally available for composite materials, only few of them are specially formulated for 

composites with non-rigid matrices. These include Einstein, Mooney and Guth models. 



Einstein equation and its modZcations are usually applied to predict the modulus of the 

composites containing rigid fiuers such as black and silica. Here these theories are applied 

to systems with mnrigid men such as prophylactics particles, which undergo strain 

cry stalli sat ion on stretching 

The simplest theoretical equation for the reinforcement of a material due to a 

particulate filler is given by   in stein'^. The equation is 

M, = M, (1+2.5 Vf) (5.1) 

where 

M, = Young's modulus of the composite, 

& = Young's modulus of the matrix and 

Vr = V o h m e ~ i o n o f t h e ~ e r .  

The Young's modulus vahres of all the four particle sizes and mill sheeted form of the 

prophylactics waste aer  are correlated with Ejnstem model in Figures 5.6. 

-A- Size 3 -7--- Size 4 

-+- Mili sheeted form 

0 10 20 30 40 

Prophylactics loading, phr 

Figum 5.6. Comparison of the experimental data with Einstein's model 



Figure 5.6 represents a system, where 6nest 6ller (size 1) is most reinforcing. 

Therefore it presents a plot which is far above that given by Einstein equation. It is a 

generaI observation fiom the figure that, only large size fdlers such as size 3 and 4 are 

found to be giving cbse values to that of Einstein. With increasing loading of mers, the 

deviation shown by finer size fillers such as size 1 and 2 goes on increasing, while that of 

large size men (size 3 and 4) decreases. The behaviwshown by mill sheeted form (M) is 

in between h e r  and large sized fillers. 

The observed deviations from the model are due to the following reasons. 

( 1  ) Eiustein model assumes that the stiEening action of a mer is independent of its 

s k  while it is already established by m y  workers17 and also by our studies in 

chapter 3 that reidorcement of matrix by h, changes with its particle size. Since 

this effect is not accounted by the model, the experimental values for d h n t  size 

grades deviate difkently from the model. 

(2) The model assumes that the filler particles are spherical in. shape aad .there is 

perfect adhesion between the mer and matrix. It is clear fiom the SEM pbtos of 

filler particles given in chapter 3 that the mer particles have wn-uniform size 

distri'butions and shape. Also we have noted from the scanning electron 

micrographs (see later) that the jller particles me not hrmty bonded to the matrix. 

The presence of an air pocket over the filler particles has already been conhmd 

by the work of ~hadke' * et al. Therefore the bperfect adhesion between W r  and 

matrix also contributes to the observed deviations from the model. 

(3) It is stated by ~ o o n e ~ ' ~  that Einstein equation is valid only for low comtrations 

of mer. This is because at hgher a e r  loading, the strain fields around mer 

particles can interact causing deviations fiom tke model. 

(4) The l k l  and most important reason for the deviation may be the less rigidity of 

the filler compared to the normal particulate Uers such as carbon black or silica. 

Since it is assumed in Einstein model that the f ler  is much more rigid than the 

matrix, this factor may be causing a number of secondary reasons for deviations 

from the model. But it is already proved by Smallwood in the literaturez0 t-hat 

Einstein equation is more useful for predicting the elastic behaviour of rubbers 



c o n t w  non or less reinforcing jillers. The correlation, even though less, between 

experimental and theoretical values observed in our case again proves this fact. 

The Mooney equation1' is given as; 

M,= M, exp ( 2 . 5 V f / 1 - S V f  ) (5.2) 

where W, M, & V f are the same, explained earlier 

The term, 's' is the crowdmg k t o r  or relative &entation volume of the filler, 

which accounts for the agglomeration of £ilk particles. Agglomerates of filler particles 

tend to contain voids or air spaces so that their apparent volume will be hqher than the 

true volume. 
I I 

S is dehed as the ratio of apparent volume occupied by the filler to true volume of the 

mer. 

According to  MOO^'^, the minimum possible value thatts'can have is unity while 

its e>rperimental value ranges from 1.2 to 2. However it has been reprted2' that upto Vr 

=0.5, a value of 1.4 (or 1.35) can fit the &st experimental values. For our system we have 

made our calculations using two values of S: 1.3 5 and 1. 

Figure 5.7 is the Mooney model fitting curves of Merent size grades of 

prophylactics waste ~. When the value of S is 1.35, size 4 filler gives comparatively 

closer values with that given by equation at 10 & 20 phr loading. But as the loading 

increases to 30 phr, better value is shown by the mill-sheeted form while s k  4 mer is 

blow that of the model. All other filler sizes such as 1.2 and 3, deviate much from the 

model mainly at lower loadings. As the Mer loading increases to 40 phr, the model plot 

shoots up a d  therefore closer values are shown by h e r  i ikr s k s l  , 2  and 3. Size 4 and 

mill-sheeted forms lie much below that of the model at hqghest loading. When the value of 

'stis 1 ,the size 4 jiller gives better agreement mainly at 30 phr loading and sizes 2 and 3, at 

40 phr loading. Large size Biers size 3 , 4  and mill-sheeted form are below that of Mooney 

model while h e r  sizes 1 and 2 are above. The general nature of Mooney equation, i.e., a 

modulus d u e  which tends to inhity at higher mer loadings, which is previously 

reported19'21, is obsemble here also. The above observed fitting of theoretical values, 

even though partial, may be due to the fuEhmt of some of the assumptions connected 



with Mooney model, such as Poisson's ratio of matrix must be 0.5 etc. This model also 

assumes that mer particles are un i fody  d i s t n i e d  spheres with good adhesion to matrix 

and modulus of the mer is greater than that of matrix. 

A- Size 3 -r- Size 4 

-+ Mill sheeted form 

0 10 20 30 40 

Prophylactics loading, phr 

Figure 5.7, Comparison of the experimental data with Mooney model 

Guth and  mallw wood^^ equation can be written as; 
2 

M, = M , ( 1  +2 .5Vf+14 .1  Vf ) (5-3) 

where M, , M, & Vi are the same explained earlier 

Guth model gives similar values as given by large size lYlers (size 4) and mill 

sheeted form at 10 and 20 phr. This is clear &om Figure 5.8. Size 1 and 2 plots, owing to 

their superior reinforcing behaviour, lie above the model at 30 phr loading. But at 40 phr 

filler content, modulus values shghtly bend towards 'x' axis and lie equidistant fiom the 

model. Such a knding is observed for size 4 and mill sheeted form also. Since the model 

does not account for the agglomeration effects at hlgher loadings, the tkoretical curve 

tends to infinite position, as in the case of Mooney equation. 



5.5 -.- - Size 1 --*- Size 2 

5.0 -1 - size 3 -r- Size 4 

-*- Mill sheeted form -+-- Guth dot  

Prophylactics loading, phr 

Figure 5.8. Comparison of the experimental data with Guth model 

The model assumes that the change in elastic constant of the rubber by emkdded 

spheres is entirely analogous to the theory of viscosity, For example, when a particukte 

filled suspension undergoes stretching, the suspended particles perturb the stresses and 

strains are set up in the body, wbich lead to an increase elastic energy and elastic 

constants. But for this to happen, filler particles must be spherical and rigid. Here, even 

though size 3 & 4 assumes somewhat spherical shape, their non-rigid nature violates the 

assumption. Therefore they deviate fkom the model. 

5.1.4. Sdven t transport studies and crosslink density determination 

Swelling index value, which is a measure of the swelling resistance of the rubber 

vulcanisate is calculated as described in chapter 2. It is already reported in the 

that m the case of various polymer solvent systems, differences in the 

solubility pararne ter (and hence interaction parameter) values can be used to characterise 

the sorption behaviour o f  the solvent. But our analysis proves that such a correlation is 



ineffective since the diffusion behaviour of elastomer Wed elastomer systems is more 

dependent on the compact nature of the sample. This fact is strongly supported by the 

literature2'. Since the compact nature of the ENR sample decreases with the addition of 

prophylactics, the diffusion of the solvent through the sample also increases. It is also 

reported in the literature26 that the diffusion mechanism in rubbery polymers is essentially 

connectsd with the ability of the polymer to continually provide opportunities for the 

solvent to progress in the form of m d o d y  generatsd voids. Since ease for void 

generation in the sample increases with the addition of prophylactics, the uptake of the 

solvent also incmws. Therefore as the tiller content increases, the swelling index value 

i n c m s  for all SiZR grades (Table 5.3). This is due to the poor solvent resistance of 

prophylactics compat.sd to ENR The solvent h r p t i o n  by the latex filler particles is 

found to be minimum for size 1 aer .  This again confirms that in ENR matrix, size 1 filler 

shows good adhion. 

Tabk 5.3. Percentage swelling index valum 

This behaviour is supported by the crosslinked density values (Figure 5.9). As the filIer 

content increases, the crosslink density values are f o d  to decrease. It is to be noted 

that, the crosslink density decrease is minimum for h e r  filler size 1 and 2 which have 

comparatively more reinforcing action in ENR. So the crosslink density values presented 

here has good correlation with filler-matrix adhesion. 



-- -. -. . . - - - - -.- Size 1 --*-- Size 2 1 
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Figun 5.9. Effect of filler loading and size on the c m s s h k  density of ENR 

5.1.5. Extent of reinfortemeot 

The extent of filler reinforcement can be analyzed by using ~raus", Curmeen and 

~ u s s e p ~  and brenz-~ark?~ equations (chapter 2, equations 2.23, 2.25 and 2.26) The 

Kraus plots obtained are given in Figure 5.10 and the slope values are presented in Table 

5.4. According to the thmry by Kraus, reinforcing Wer such as carbon black will have a 

negative higher slope. For the present case, we observed that as the filler loading 

increases, the solvent uptake of the sample also increases. This will cause a reduction in 

Vrf values, which will. increase the ratio V,, / Vrf since Vro is constant. This behaviour 

leads to a positive slope in every case. Since size 1 fdler exhibits minimum positive value 

of Kraus slope, it is clear that its solvent absorption is minimum thereby supporting its 

ktter adhesion with ENR matrix. 
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Figure 5.10. Vaintion of V,/ V~ as a function of fikr loading (Kraus plots) 

The Cunrzeen - Russell plots are given m Figu m 5.11. 

Figure 5.11. Variation of Vfl,+ as a function of filler loading (Cunneen-Russell 

plots) 
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V,, N f i  is found to be increasing withincreasing mer loading. This increase is extensive in 

the case of large size fillers (size 4 & M). For her men, size 1 and 2, which are 

comparatively hqhly reinforcing, the absorption of solvent is minimum, which results in a 

lower Vro / Vd ratio and a smaller negative slope. The Lorenz-Park plots are given in 

Figure 5.12. As explained earlier, here also h e r  &rs (size 1 & 2) exhibit Iower slope, 

proving their ktter adhesion with 

1.56 Size 3 r Size 4 
Mill sheeted form 

Figure 5.12. Variation of Q, I Q, as a function of filler loading (Lorenz - Park plots) 

Above squations support the superior performance of size 1 mer. 

Table 5.4. VaIues of slope 

Slope, 'my 

Cuuneen-Russell b-I 



5.1.6. Fractographic analysis 

The improvement in tensile and tear performance with loading of Mer is supported 

by the morphology of the fiactured surfBces. These fi-actographs are presented in Figures 

5.13-5.17. Since the presence of filler particles is clearly visible in all the filled cases, this 

latex filled ENR systems can be considered only as a composite material. AU the 

composite samples exhibit a two-phase morphology. 

In the case of ENR filled with 10 phr of size 1 filler, the tensile fkactopphy 

rev& the presence of h e  filler particles (Figure 5.13a). 

Figure 5.13a. SEM fractograph of tensile specimen filled with lOphr of size I filler, 

Mag X 2000 

The presence of cigar shaped particles aligned in a particular direction also is observable. 

Moreover the fracture is found to lx deviating only slightly (Figure 5.13b) presenting 

incomplete parabolic patterns. This confirms the comparatively low strength of the 

material. The presence of de-wetting also is visible in Figure 5.13a. Figure 5.14 is the 

tensile fiactured surface of ENR sample filled with 30 phr of size 1 filler. Here the cracks 

are extensive and much deviated. 



Figure 5.13b. SEM fractograph of tensile specimen filled with lOphr of size 1 filler, 

Mag X 600 

Such parabolic fkactured swfkces support the hgh strength of the material. The role of 

f~Uer particles in blocking the advancing crack also is observable. 

Figure 5.14. SEM fractograph of tensile specimen filled with 30 pbr of size 1 filler, 

Mag X 600 

The torn swface of ENR filled with 40 phr size 1 filler is presented in Figure 5.1 5a and b. 

Here also crack deviation is extensive. The portions fiorn which the fdler particles are 

debonded are visible as holes in the figure. The filler particles elongate to high strains and 



obstruct the tear (Figure 5.15b). Thus, as explained above, the material fded with size 1 

filler shows superior tear performance. 

Figure 5.15a. SEM fractog'mph of tear specimen filled with 40phr size 1 filler, Mag 

Figure 5.15b SEM fractograph of tear specimen filled with 40phr size 1 filler, Mag X 

200 

For fillers of lugher sizes (size 4) at a loading of 10 phr, debonding is extensive. Also the 



cracks are again becoming smooth, De-wetting is clear fiom the Figures 5.16 a and b 

and smooth fractures are visible in Figures 5.16 b and c. It can be seen 6om Figure 

5.16~ that the particle size of fillers is not uniform This is because large size fillers 

undergo more size reduction during mixing. 

Figure 5.16a SEM fractograph of tensile specimen filled with lOphr size 4 filler, Mag 

X 600 

Figure 5.16b SEM fractograph of tensile specimen filled with IOphr size 4 filler, 

Mag X 600 



Figure 5.17 is the tom sudace of ENR filled with 30 phr size 4 filler. The material 

shows cracks with slight deviations, which proves its good tear strength. The 

accumulation of Wer particles on the crack path in an effort to prevent the advancing 

crack is visible in the figure. It is a general observation in Figures 5 . 1 6 ~  and Figure 5.17 

that the larger size grade (size 4) filler particles are polydispersed in size due to their 

breakage during mixing. 

Figure 5 .16~  SEM fractograph oftensile specimen filed with 1Ophr size4 filler, Mag 

Figure 5.17 SEM fractograph of tear specimen filled with 30phr size 4 filler. , Mag 

X 600 



For most of the fdled cases, the fractured surfaces are much crack deviated and present a 

series of parabolic lines distributed all over the surfaces. Such a behaviour is due to the 

interaction of main fracture fronts with subsidiary M u r e  fronts and fiom the resistance in 

tear propagation by mer particles. Thus the superior mechanical performance of size 1 

mer is strongly supported by the SEM hctographic studies. 
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CHAPTER 6 

INTERACTION OF SELECTED PARTICULATE FILLERS 

WITH ENR-50 1 NATURAL RUBBER PROPHYLACTICS 

WASTE SYSTEMS 

ABSTRACT 

The chapter discusses the processing aspects, mechanical and dynamic mhanicd 

andpis of epol6dised natural rubber, ENR 50 containing prophylactics and m u l a t e  

Wen. Size 2 W o n  of prophylactics has been used for this study. Particulate fillers 

used are carbon black 0, s h  a d  marble powder. It has been obsemd that the 

variation of minirmun rheometric torque with the loading of prophylactics and particulate 

fillers is dependent on the composition of the system. Among the particulate fillers, only 

black has been fourad to be increasing the minimum torque in E M 4 0  p h  prophylactics 

system. Wkm the presence of carbon black and silica increase the maximum rheomtric 

torque dues,  marble powder shows a reduction Reduction in the optimum cure time has 

ken noted with the loadmg of prophylactics while the presence of particulate fillers further 

decrease the v&m. The speed of the vulcanbtion reaction also has been increased with 

prophylactics and particulate fillers in most of the cases. improvement in mechanical 

properties with the loading of prophylactics and particulate mers has k e n  evidenced by the 

increase m tensile and tear strengths. Addition of prophylactics filler to epoxidised natural 

rubber has been found to h increasing the gletss transition temperature of epoxidised natural 

rubber while the presence of carbon black and silica increases it further. At hqghest fiquency 

of 100 Hz,  a reduction in the damping maximum of epoxidised natural rubber and natural 

rubber prophylactics with prophylactics and particulate W loading has k e n  noted. This 

indicates an improvement in the hysterkis of the system Comparatively hgh concentration 

of particulate fitter in the prophylactics phase has been noted fiom the analysis of filler 

distribution by damping &urn values. The crosslink densities obtained From dynarruc 

mechanical data as well as sweUlng studies at room temperature are in agreement with 



observed tensile strength values. The energy of activation for glass transition of the samples 

has been decreased with the addition of particulate fillers but the values show an increase 

with the lo- of prophylactics mer in the presence of particulate a e r .  



CHAPTER 6 

INTERACTION OF SELECTED PARTICULATE FILLERS WITH 

ENR-50 / NATURAL RUBBER PROPHYLACTICS WASTE 

SYSTEMS 

Results of this chapter have been communicated to 

1. J. Mater. Sci, 2. J. Polym. Recycl. and 3. Rubber Chern. Technol. 

The solid waste management is becoming increasingly dficuft as traditional 

hdilh are becoming scarce. The ever-increasing volume of polymer waste is a severe 

problem d c s m q  serious attention l4 Of this polymer waste, only 8- 12 % is plastic while 

the rest lion share is elastom 

In addressing this issue, several scientists have carried out extensive investigation 

h a d  on ground tire. Rajalingam et al,', focusing the effect of particle size, studied ground 

tirelthemplastic composites and chemical modification9 of the powdered tire rejects. 

G i U  d Harned'' investigated the influence of ground vulcanisates in styrene butadiene 

rubber (SBR) ' crosslinked with sulphur and dicurnyl peroxide (DCP). They reported that 

for sulphur crosslinked system, the scorch time of SBR was affected while for peroxide 

crosslinked samples, scorch time remained unaEected. Gawel and ~ luwski"  analysed the 

use of recycled tire rubber for the modiiication of asphalt. They identifted that the hgh 

initial costs of pavement made with asphait-rubber binder can be compensated by their 

greater durability and the possibility of using thinner layers. Investigation on the 

development of n a t d  rubberlcryoground polyurethane foam particles focusing the 

rheolo&'and the environmental effects in light-fill applications also deserve much 

importance. 

The present chapter deals with the interaction of selected particulate fillers such as 

carbon black, silica and marble powder in ENR-5O/prophylactics waste systems. The 

in£luence of these fillers on the rheometric processing, curing, m e c h c a l  and dynamic 

mechanical analysis of the samples has been described. 



6.1. Results and discussions 

The basic formulation used for the study is given in Table 6.1. 

Table 6.1. Basic formulation 

In every case, the particulate filla uasfirst mixed with prophylactics filler whichlrds then 

added to compounded ENR. For convenience, the discussion is carried out focusing the 

following; 

I .  Effect of increasing loading of prophylactics Ner to gum ENR (samples G 1, G2 

and (33). 

2. E&t of the presence of particulate a e r  (10 phr) in G2 and G3 (samples G462G5 

(black), G6&G7 (silica) and G8&G9 (marble powder). 

3. Effect of increasing loading of prophylactics jiller in the presence of particulate 

mers (samples G4&G5 (black), M&G7 (silica) and G8&G9 (marble powder). 

6.1.1. Pmcessing Aspects 

The crosslinking process of the rubber compounds is characterised by the 

rhwgraphs presented in Figure 6.1 (GI-G9). It can be seen that all these are typical 'S' 

shaped14 curves. The minimum (m) and rnaxjm- rheometric torque (w) values are 

presented m Table 6.2. Here, as the prophylactics mer also is a rubber with similar 

modulus values as the matrix, a notable increase in minimum torque is not observed. 



Figure 6.1. Rheogmpbs of the ENR compounds 

Table 6.2. Processing, vulc inht ion and mechanical data 

I t  can be seen from 'Table 6.2 that as the amount of natural rubber prophylactics in ENR- 

50 increases to 1 0 phr, the minimum torque increases, while at a loading of 40 phr, it 



decreases. The increase in M, at 10 phr loading of prophylactics is due to the lightly 

crosslinked nature of the prophylactics filler. Such an increase is already reported in the 

literatureI5. But the decrease observed at 40 phr may be due to the excessive mastication, 

which occurs to the elastomer compounds during the mixing process. The presence of I O- 

ph carbon black (G4) in the sample with 10 p h  prophylactics ((32) decreases the 

minimum torque from 9 to 3, while in the case of the sample with 40 phr prophylactics 

((33) a slight increase is o k e d  ((35). The increase in the prophylactics loading horn 10 

to 40 phr in the presence of arbon black (G4 and G5) increases &. This is contrary to 

that noted earlier with the addition of prophylactics (G3) to ENR sample (G2). The 

presence of silica in both 10 and 40 phr prophylactics containing samples also is found to 

be d e c ~ h g  the minimum torque of the samples. 

The increase in the prophylactics lo* h m  10 to 40 phr in the presence of 

silica (G6 and G7) decmms the m. This is similar to that noted earlier with' G3 

compared to G2. The pre- of 10-phr marble powder (G8) to tk sample with 10 phr 

prophylactics (G2) decreases the minimum torque h m  9 to 1.5, while in the case of the 

sample with 40 phr prophylactics (G3), the decrease is from 6 to 2.5 ((39). In this case, 

marble powder behaves similar to silica. The h a a s e  in the prophylactics loading fiom 10 

to 40 phr in the presence of marble powder (G8 and G9) slightly increases Mi. This is 

contrary to that noted earlier with the addition of prophylactics (G3) to ENR sample ((32) 

but similar to the case of carbon black, in samples G4 and G5. 

The observation of difkences in the variation of with the addition of d8erent 

fillers to systems G2 and G3 and the addition of prophylactics in fded samples reveals that 

the W is very sensitive to many parameters such as mixing time, nature and number of 

components in the mix etc. Among the jillers tried, only black is found to Ix incfeasing M, 

to a shght extent and that itself, in E M 4 0  phr prophyhctics systems ((35). 

The maximum torque (&) is found to be regularly increasing with prophylactics 

loading (G1 -G2-G3). The increase in & with the addition of prophylactics is due to the 

presence of crosslinksd particles in ENR matrix The presence of 10 phr carbon black in 

ENR 1 10 phr (G2) and 40 phr ((33) prophylactics systems increases to a considerable 

extent (G4 and G5). Similarly, with the increasing loading of prophylactics in the presence 



of carbon black (G4 and G5), & increases. The presence of 10 phr silica in G2 to get G6 

increases M considerably. But such an increase is not observed in the case of ENR/ 40 

phr prophylactics system ((37) compared to G3. Similarly, when the content of 

prophylactics in silica containing ENR samples (G6 and G7) increases from I 0 to 40 phr 

Mh decreases. Marble powder concentration of 10 phr in E W l  0 phr ((32) and 40 phr 

((33) prophylactics systems decreases &. Similarly, as the concentration of prophylactics 

in G8 and G9 increases &om 1 0 to 40 phr, increases. The decreased values of Mt, in 

the presence of marble powder indicate that marble powder is acting only as inert &r as 

fiu as maximum rheometric torque is concerned. 

The variation of the rheometric curing properties such as optimum cure time (h), 

scorch time (t2) and induction time (t,) at 1500 C are given in Table 6.3, 

Table 6.3. Curing data 

These values are calculated &om the rheographs as given in chapter 2. It can be seen that, 

as the amount of prophylactics increases, optimum cure time, scorch time and induction 

time values decrease. The reduction in the curing properties with prophylactics loading is 

due to presence of unreacted accelerator in the prophylactics mer . With the addition of 10 

phr carbon black (G4 and G5), the t and t l  values slightly increases in the case of E M 1 0  

phr prophylactics system while it levels off for E W 4 0  phr prophylactics system The 

addition of 10 phr sihca to the samples G2 and G3 decreases the optimum cure time 

firther (G6 and G7). Usually, a decrease in optimum cure time causes similar effects in 

scorch time and induction time values. But here, an increase in these parameters is noted 

with the addition of silica. With the addition of marble powder, the optimum cure tinme 

Sample 
Code 
GI 
G2 
G3 
G4 
G5 
G6 
G7 
G8 
G9 

& 
min 
15 
13 
7.5 
8.5 
7 
10.5 
7 
8.25 
7.25 

tz 
min 
2.25 
1.5 
1.75 
1.75 
1.75 
3.5 
1.75 
3 
2 

tl 
min 
1.5 
1 
1.5 
1.5 
1.5 
2.5 
1.5 
2.5 
1.5 



decreases further in the case of E M 1 0  phr prophylactics (G2 and G8) while it levels off 

in the case of E m 4 0  phr prophylactics (G3 and G9). Scorch time and induction time 

increase with the addition of marble powder. As the amount of prophylactics mer 

increases in samples with particulate Nm, optimum cure time decreases. Except in the 

case of black, scorch time and induction time also show a decrease with the addition of 

prophylactics in samples with particulate fdlers. . 

Normally, particulate fillers like clay, silica etc with hydroxyl groups on the s& 

adsorb the accelerator and thus increase the h v e  curing parameters. Here, it should be 

thought that this is less predominant for the system of ENR / prophylactics due to the 

overcoming effect of cure activation by the prophylactics filler. The imtbility of particulate 

filers to adsorb the unreacted accelerator hgments in prophylactics is clear from these 

results. 

6.1.2. Vulcanisation Kinetics 

The cure rate index (CRT) and the cure reaction rate wnstaats are determined by 

the method given in chapter 2 (:equations 2.2 and 2.6). The plot of ln w - M )  verses time t 

of the ekastomer compounds at 150' C is shown in Figure 6.2. 

, . I - , . ,  

1 2 3 4 5 6 

Time,  m i n  

Figure 6.2. Kinetic plots 



The plots are foundbe dm& linear which proves that the cure reactions proceed 

according to first order kinetics. The cure reaction rate constants (k) are obtained from the 

slope of the respective linear equations. The cure rate index and cure rate constant values 

are presented in Table 6.2. Both CRI, and k values show an increase with increasing 

prophylactics loading. This reveals the cure activation by the presence of unreacted 

accelerator fkgrnents in the prophylactics filler. The presence of particulate fillers 

genedy increases (except in the carbon black system, k of E m 4 0  phr prophylactics 

wbich shows a slight decrease) these parameters. In sampks filled with particulate fillers, 

the addition of prophylactics increases the CRI and k values. 

The increased speed of cure reaction in particulate W cases results fiom the 

combined effects of cure activation by the umacted accelerator h g n m t s  in the 

prophylactics and inability of particulate mrs to adsorb these ~cce1erator m n t s .  This 

ability of prophylactics as well as particdate £illem in the present system to activate the 

curing process is a great advantage since it can increase the production rate of the 

elastomer articles filled with it. 

6.1.3. Technologitxi properties 

The stress-strain behaviour of a rubber network is m;unly influenced by the 

presence of crosslinks and by constraints caused by the uncrossability of the network 

chains. The stress-strain curves of the gum and prophylactics med ENR vulcanisates are 

presented in Figure 6.3. The curves are different fiom typical vul&ed low strength 

materials. This can be seen in the steeply rising stress value at higher strains while in the 

case of a low strength material such as SBR (chapter 3), the stress-strain plot will be bent 

a bit to the strain axis at higher strains. The observation of steeply rising stress value is due 

to the tendency of ENR for strain crystallisation. The addition of prophylactics is found to 

k increasing the stress value at a particular strain value. The presence of particulate Mers 

causes notable variation in the nature of the mess-strain curves, mainly in the maximum 

value of strain. Silica increases the initial stress values, while the intermediate stress values 

are found to be slightly lower for this case. Other particulate fillers present values above 

these. 



strain, % 

Figure 6.3. Stress-strain curves of the ENR m m p k  

The slope of the initial linear region of the stress- strain curve, presented as the 

Young's modulus is given in I'able 6.2, This value shows an initial slight increase with 10 

phr loading of prophylactics, which is followed by a decrease. But, generally it can be 

understood that with the addition of prophylactics Hler, the Young's modulus shows a 

slight increase. The addition of carbon black, silica and marble powder increases the 

Young's modulus of these systems. The greatest increase is shown by black for the 

E m 4 0  phr prophylactics system while silica gets the credit for the E m 1 0  phr 

prophylactics system The addition of prophylactics in particulate containing systems 

increases the Young's modulus except in the case of silica. The slight increase in Young's 

modulus results h m  the strain induced crystallisation of ENR as well as prophylactics 

during the stretchmg of the specimen. Since, particulate mer reinforces the system, 

Young ' s modulus increases further for the a e d  samples. 



The variation of tensile strength with the loading of prophylactics Uer is given in 

Table 6.2. Tensile strength also shows an increase at 1 0 and 40 phr prophylactics loading. 

This clearly indicates the reinforcing phenomenon and strain induced crystallisation of 

prophylactics mer in ENR-50 matrix. The presence of carbon black, silica as well as 

marble powder in ENRlprophylactics system and also the increasing concentration of 

prophylactics ia. particulate iUed samples increase the tensile strength of the samples. The 

highest increase is observed for the silica filled samples while the lowest for marble 

powder in the case of both E W l O  and 40 phr prophylactics systems. These results 

clearly indicate the better interaction of silica in these present systems. 

The behaviour noted for tear strength (Table 6.2) aIso is the same. The enhanced 

tear strength with the addition of prophylactics mer is due to the ability of prophylactics 

particles for higher elongation and thus obstruct the advancing tear. The particulate mer 

particles increase the tear strength further. 

6.1.4. Viscoetastic behaviour 

The storage modulus E' of most of tbe rubber materials depends very strongly on 

the external applied strain. The variation of storage modulus (E') of ENR (GI) and ENR 

with 10 and 40 phr prophylactics (G2 and G3) as a function of temperature at a frequency 

of 0.1 Hz is presented in Figure 6.4. Here the temperatwe region from -70 to -lo0 C can 

be taken as the glassy region, that from -10 to +10 OC as the transition region and the last 

region beyond +10 OC as the rubkry region. It is also obsewable i h m  ~ i g u r e  '6.4 that the 

storage modulus of the samples decreases with increase in temperature. This is due to the 

loss in stiffness of the material. with temperature. 

In the case of other ENR samples G2 and G3 containing 10 and 40 phr 

prophylactics liller, two transitions are visible even though the first one fiom -58 to -50 

'C range is not very prominent for G2. It is more clearly visible for the G3 sample with 40 

phr prophylactics. The observation of two transitions for the sample G2 and G3 can be 

taken as a primary evidence fix the heterogeneous nature of ENR prophylactics system 

At the low and high temperature region, shghtly lower modulus values are shown by the 

gum ENR vulcanisate ( C i  1 ). As the concentration of prophylactics increases modulus 

value ako increases. This behaviour can be expected fiom the presence of crosslinked 



particles in elastomer rr~atrices'~ 

4 7  4 6  a 4 -33 - 2 ~  -11 o 1 1  21 

-'c 
Figure 6.4. Variation of stomge modulus of ENWprophylactics samples with 

tern pera t u re 

The samples with 10 and 40 phr prophylactics and similar compositions with 

particulate mers are presented in Figure 6.5. For all these cases, only the main transition 

around -3' C is prominent and this transition does not undergo any shift to low or high 

temperatures with the addition of particuke Wers. 

The loss in stf iess  has been found to be less in the case of samples with carbon 

black Uer. The presence of 10 phr particulate mer, cmbn black, silica and marble 

powder increases the modulus value above that of ENR I prophylactics systems. In the 

case of carbon black and marble powder, this increase is found to be hlgher for the 

E W 1 0  phr prophylactics sample while in the case of silica, the extent of increase in the 

modulus values in both ENR 1 10 prophylactics and ENR 1 40 phr prophylactics are the 

same. Increase in the concentration of prophylactics in black Wed samples (G4 and G5) 

decreases the storage modulus values bebw the main transition while a slight increase is 



observed above the transition. In the case of silica (G6 and G7), a shght increase is 

observed both below and above the main transition, while in the case of marble powder, a 

slight decrease is observed below the transition while a leveling off is observd above the 

transition. 

Figure 645. Variation of storage modulus of ENR I prophylactics I particulate 

filled samples with temperature 

A typical lplot showing the effect of fiequency on the variation of storage modulus 

with temperatwo of gum ENR sample is presented in Figure 6.6. The storage modulus 

increases slightly' with increasing hquency be10 w the tramition temperatures. But above 

this, there is a sl-@rp increase with increasing fiequency. It is also observable from Figu re 

6.6 that the teqrature corresponding to the beginning of transition is not changing with 

increase in fiequ~ncy for the gum ENR. 



Figure 6.6. Variation of storage modulus of the gum ENR sample with 

tempemture at different frequeocies. 

Prophylactics fdler as well as particulate fi (sample G3, G5-Carbbon black, 

G7-silica, GPmarble powder) also are found to be causing such a forward shift in the 

onset temperature for the main transition with increased frequency. They show slightly 

higher modulus v h e s  at all the frequencies below and a h v e  the main transition. The 

decrease in the storage modulus with temperature is due to the loss in stiffness of the 

material with temperature. The minimum loss in the stiffness and increase in the storage 

modulus of the particdate iilled materials is due to the reinforcing action of the respective 

mer in the samples. 

It can be seen that in the transition region, the effect of frequency will be intense. 

Therefore the plot of E' verses frequency at three different temperatures is plotted in 

Figure 6.7. The slope values of (trend lines not shown) all the samples at -30 and + 30 'C 

are found to be similar (Table 6.4). The slope values arc tound to be maximum at 0 "C 



which is nearer to the transition region than any other temperatures. 

Figurr 6.7. Variation of storage modulus with frequency at selected temperatures 

Table 6.4. Slope values of log E' vs. frequency pIots 

The transitions in molecular m o b ' i  requiring higher energy are attributed to the 

peaks in the plots. For pure gum ENR, only one peak at -5 to -10 OC range is observed 

while for other samples, two peaks can be seen The observation of two peaks in the E" 

verses temperature plots indicates the heterogeneous nature of the samples. 

Typical plots showing the variation of loss modulus (E'3 Vs. temperature for ENR 

and ENR med with prophylactics filler (GI-G3) are presented in Figure 6.8. 



Figure 6.8. Variation of loss modulus of ENWpropbylactics samples with 

temperature 

As the concentration of prophylactics in ENR increases from 10 to 40 phr (G2 

and G3), the maximum in the prophylactics peak increases slightly while that of ENR peak 

decreases. For the samples G2 and G3, the loss modulus variation before and after the 

transition deserves much attention. For the ENR vulcanisate with 10 phr prophylactics 

(G2), the loss modulus values before the first peak are almost similar to that of gum ENR 

but after that the values become higher. As the temperature increases, the values are again 

corning close to that of ENR. But after the ENR transition, the E" values again rise above 

that of gum ENR. Similar observations can be seen for the ENR vulcanisate with 40 phr 

prophylactics (G3) as well. The peak at -9 OC corresponds to the 'I'g o f  gum FNR. This 

damping peak is associated with the partial loosening of polymer structures leading to the 

movement of small c b  near 'Tg at low frequencies (0.1 H7 here) 



Tg is usually determined by the experiments that correspond to a time scale. If the 

experiments are carried out rapidly, time scale is shortened and frequency is increased. 

Then Tg value will be raised. On the contrary, if the reverse is done, Tg will be lowered. 

So Tg is not a true constant but is just an operatiomi reference temperature for the onset 

of segmental rearrangements. For the present discussions, Tg values are taken from E' ' Vs 

temperature plots because as per the recent literatureI6 the temperature for maximurn 

damping is not Tg but it is erroneously taken to be so. The temperature at the maximum in 

loss modulus is more close16 to Tg. 

The Tg values noted h m  the plots are presented in Tables 6.5a and 6.5b. The 

increase in the Tg (at 10 Hz) of ENR ( h m  -5 to -2 O C )  with the addition of prophylact~cs 

is due to the increased st-s of the system (Tabk 6.5a). For the G2 sample at 10 Hz, 

the t v t u r e  corresponding to the maximum of prophylactics peak increases from -5 3 

to 4 5 '  C with the furthe,r addition of prophylactics (G3) (Table 6.5b). 

Table 6.5a. Glam transition values of ENR 

Table 6.5b. Glass tmnsitioa vabes of Prophylactics 

Frequency 
Hz 
10 
100 

TR f' C) fmm Prophylactics peak - 1 
- G I  
- 
- 

G2 
-53 
-53.5 

6 7  
-46 
-42 

G3 
-45 
-42 

C8 
-48 
-46 

~ 9 -  
-49 
-47 

G4- 
-46 
-43 

G5 
-47 
-45 

G6 
-50 
-47 



The plots for samples with particulate mers are presented in Figure 6.9. 

Figure 6.9. Variation of loss modulus of ENWpmphylacticdparticulate filled 

f Fz +G4 oG5 nGd G7 xGS *99 Frequency 0 1 I* S t m . 4 %  

samples with temperature 

The presence of black causes different shifts in different system at different 

kquencies. In the case of ENR/lO and 40 phr prophylactics systems at 10 Hz, black 

(G462G5) as well as silica (G6&G7) increases the Tg of ENR. The increase in the 

concentration of prophyiactics in ENR samples with particulate a e r  decreases Tg values 

In the case of ENlUl 0 phr prophylactics system at 10 Hz, presence of marble 

powder ((34) increases the Tg of ENR &om -5 to -lo C. But in the case of E W 4 0  phr 

prophylactics sample, it decreases fbrther. The increase in the concentration of 

prophylactics in marble powder containing samples (G8 and G9) decreases Tg values to 

-1 d 4' C. Tg of prophylactics phase at 10 Hz a h  shows increase with increasing 

concentration of prophylactics. With the presence of particulate filler, an increase in Tg of 

prophylactics is noted or& in the case of ENR/10 phr prophylactics system. 

I o9 

td 

I o7 

Q 
lbl W 

loC 

a x 

~r 1 
1 1 1 I I '  1 .  I i I '  1 

-n 66 -55 44 -33 -22 -I I o 1 1  22 



The variation of loss modulus with temperature for the gum ENR sample (GI ) for 

different frequencies is presented in Figure 6.10. 

Figure 6.10. Variation of loss modulus of the gum ENR sample with 

temperature at differeat frequencies. 

It is a general observation that, below tbe main hamition, the loss modulus 

deceases with increase in kquency while above it, a reverse trend is observed. Moreover 

the influence of hequency is reflected m the E" values, ma& abve the transition. This 

phenomenon gives a twisted staircase or wave like apparance to the plots. On increasing 

the 6equency (Figure 6.10), the glass transition temperature of ENR slightly increases 

from -5 to -3 OC (Table 6%). Increase in the hquency increases the Tg of ENR from 

2 to +3 OC in the case of G3 sample. The Tg of prophylactics also increases from 4 5  to 

4 2  ". Moreover, the glass transition temperatures of ENR obtained from our 

experiments agree very well with the values previously reported from the works of 

(iel~in;'"~ 

In the case of black N e d  sample, increase m the frequency increases the Tg of 



ENR peak (Table 6.5a) of ENW40 phr prophylacticdl 0 phr black fiom -1 to +3 O C and 

that of prophylactics peak fiom 4 7  to -45' C .  The observation of two peaks in the E" 

verses temperature plots indicates the heterogeneous nature of the samples. 

Shifts in Tg observed are due to the effective utilisation of carbon black surface by 

the polymer molecules (Figure 6.11). 

INEFFECTIVE UTILISATION OF 
FiLLER SURFACE 
BY POLYMER CHAINS 

hi EFFEcrrvEu'I?LI ONOF 
FILLER SURFACE 
BY POLYMERCHAINS 

Figure 6.11. Utibation of filler surface by polymer chains 

In the case of silica fled samples, increase in the frequency increases the Tg of 

ENR peak from +1 to +5 O C (for ENR 1 40 phr prophylactics / 10 phr silica) and that of 

prophylactics peak fiom 4 6  to 4 2 '  C (for ENR / 40 phr prophylactics / 1 0 phr silica) are 

observed. Increase in the Tg of ENR is due to the chemical interaction of silano 1 groups in 

silica with epoxy groups in ENR. Shifts in Tg observed are again, due to the effective 

utihtion of silica s u r h e  by the polymer molecules. This is possible due to the ring 

opening of epoxy groups in ENR by the silanol groups of silica wed9 given in Figure 

6.12. Such an eBxtive utihtion reduces the mobility of ENR phase considerably and this 

causes the Tg vdues to increase above that of the gum ENR. 

In the case of marble powder Wed samples, on increasing the hquency, the glass 

transition temperature of ENR peak increases slightly fiom 4 to - 1 C (for ENR 1 40 phr 

prophylactics 1 10 phr marble powder) and that of prophylactics peak fiom 4 9  to 4 7 '  C 

(for ENR 140 phr prophylactics / 10 phr marble powder) 



ENR S I LlCA 
\ 

Figure 6.12. Interaction of ailica with epoxy groups 

Studies by Ahsan et alZ0, identsed the particles of W O 3  forming marble powder to have 

a heterogeneous surhce  with exposed polar cationic sites, which are capable of interaction 

with unsaturated hydrocarbons. Such interactions, e m  though very weak, can lead to 

effective utilisation of marble powder Uer surface by the polymer molecules, which intern 

can result in the shifts in Tg values. Since such interactions are weaker compared to those 

of silica, shifts in Tg are not very considerable, for e.g., in the case of E W 4 0  phr 

p~ophylactics system, even a decrease in Tg is o h e d  which would not have occurred 

otherwise. Since marble powder reduces the relaxation of the prophylactics phase also, 

slrght increase in prophyhctics Tg values (-53 C) me also observed. It is clear h r n  these 

discussions that the interaction between the filler and one of the components of a mix is a 

major factor in deciding the damping properties similar to other effects such as the 

selective accumulation of the filler in one of the phases. 



Figure 6.13 represents the variation of tan 6 with temperature a1 100 Hz 

frequencies for ENR samples of different compositions. Although power composition is 

the key parameter determining the damping properties, other factors such as morphology, 

crosslink density, interaction &tween different polymer components and the phase 

continuity etc. will affect damping2'. Since the Tg values of the samples were discussed 

earlier using the loss modulus-temperature pbts, the discussions here are limited to the 

damping behaviour (tan 6-) alone. It is a general observation from Figure 6.13 that as 

the temperature increases beyond ENR transition, tan 6 values decrease. 

Figure 6.13. Variation of tan 6 of ENRlprophyhctics samples with 

temperature 

It can dw be observed fkom the Figure 6.13 that the addition of prophylactics to 

ENR (GI for gum ENR, G2 and G3 for ENR with 10 and 40 phr prophylactics), the tan 

8- of E M  slightly decreases while that of prophylactics increases. In these systems the 

prophylactics forms the dispersed and discontinuous phase in a continuous ENR phase. 

The dispersed phase, immobilises the continuous phase (ENR), in the relaxation process2'. 



This intern causes a reduction in the tan 6 ,  of ENR with the increasing loading of 

prophylactics. 

It is very interesting to see fiom Table 6.6 that the tan 6m, for both ENR and 

prophylactics peaks in the filled ENR samples at a particular frequency is less than the 

comspondmg single systems for most of the cases. This is found to be Inore pronounced 

for prophylactics peak. This fact reveals that ENR also repays the immobilisation to 

prophylactics more intensely than it received the same from prophylactics. 

Table 6.6. tan 6, values 



Figure 6.14 represents the variation of tan 6 with temperature at 100 Hz 

frequency for dEerent ENR samples with particulate fdlers. It can be observed from the 

Table 6.6 that the presence of carbon black, silica and marble powder mer in both ENR / 

10 phr and 40 phr prophylactics causes a reduction in the tan L, of ENR and 

prophylactics peaks at 10 and 100 Hz. But at 0.1 Hz, a shght increase in tan 6,, is 

observed . 

~tmmrq~~ 

Figure 6.14. Variation of tan 6 of ENR I prophylstctics / particulate filled samples 

with temperature 

~ i e l s e n ~ ~  reported that the reduction in tan 6- in most of the cases is due to the 

additional restrictions caused by the filler to the respective phases in their relaxation in the 

sample. It can be seen that this depends on the frequency of the measurement also. 

Moreover the addition of Hler needs more p lymer  for the wetting of filler surfaces. This 

causes a reductxon in the effective volume of polymer available for relaxation, which finally 

results in a low value for tan h,. The reduction in tan 6- denotes an improvement in the 

hysteresis of tht: system. 



The influence of frequency on the tan 6 - temperature plots is presented in Pigu re 

6.15. 

Figure 6,15. Variation of tan 6 of the gum ENR sample with temperatn* at 

different frequencies 

In Figure 6.15, it can be seen that the tan 6- of ENR (GI) increases from 1 to 

1.75, as the frequency increases fiom 0.1 to 100 Hz (Table 6.6). But in the case of 

prophylactics peak, there is no notable change in tan 6- with frequency. In the case of 

ENR vulcanisate containing 40 phr prophylactics (G3) also, tan i3- of ENR and 

prophylactics increases with frequency (Table 6.6). But in the case. of prophylactics peak, 

the values level off after a frequency of 10 Hz. In the case of mixes with particulate mer 

also, such an increase in tan 8,- is observed b u ~  the magnitude of increase is less. It is 

very interesting to note fiom Table 6.6 that the tan 6- of both ENR and prophylactics 

peaks in the mixes is less than the corresponding single systems at most of the frequencies. 

'I'his is found to tx more pronounced for prophylactics peak. In addition, it is reported that 



the addition of a solid elastic filler can either increase or decrease the mchanical damping 

of a p01yme3'. Here it is found to be true because d h t  trends are observed at 

different frequencies. At most of the hquencies, either a leveling off or a decrease in tan 

6, is observed with the addition of particulate i?ller. 

The variation in the tan 8- of a component with fdler loading can be used to fmd 

the relative distribution of filler among the blend components. The rnethod involves the 

calculation of a parameter 'R' using tan 6- variation. 

tan6g- -tan Sf, v- 
R =  

tan 6g mu 

where 

g-gumsy-m 

f - med system 

R is also related to the weight fraction of B r  in the polymm (w) as, 

where a is polymer -i3ler interaction pameter. 

On extendmg this equation to ENR, prophylactics individual component systems and their 

mixes, we get; 

R1 = a w  

R2 = a w  

R 1' = al' wl' 

R 2' = a2' w2' 

where the subscripts represent the ENR and prophylactics systems and prime indicates the 

blend systems. wl and w2 are the weight fraction of filler to total polymer in the blend 

distributed in ENR a d  prophylactics respectively. The total weight fraction 'w' of filler in 

the blend is given by; 

w = w l ' + w 2 '  (6.4) 

Assuming a1 /a2 = al' / a2'; we get 



From above equations 

R1' IG! w (6.6) 
wl '= 

R1' R2 + R2' R1 
The analysis reveals that a major portion of the particulate fdler (carbon black (94.8%), 

silica (94.3%) and marble powder (95 -6%)) remains in prophylactics phase. 

The addition of prophylactics increases the storage modulus E' of the samples. 

Since the modulus is a direct rneasure of the crosslink density, enhanced modulus can be 

attributed to the higher crosslink density of the matrix in the presence of mers. According 

to the statistical theory of rubbr elastic+, the crosslink density&' r for a 

tetrafunctitional network can be calculated according to the equationz6. 

nE'r = E r ' 1 6 R T  (6.7) 

where E'r is the dynamic storage modulus h m  the rubkry plateau region. 

Similarly, the crosslink density from swelling studies can be determined using the method 

discussed in chapter 2 (equations 2.30 and 2.3 1). 

Tfre c m s ~  density h r n  dynamic mechanical measurements and from swehg 

studies (at 28 and 40' C )  are presented in Table 6.7. 

Table 6.7. Cmmlink density values 

In tbe case of the crosslink density values h m  dynamic mechanical results, it is o bserved 

that with the addition of prophylactics to ENR, the crosslink density increases. The 

presence of carbon black, silica and marble powder is found to be increasing the crosslink 



density from mixes of similar compositions without particulate filler. As the prophylactics 

content increases in samples with particulate fillers, an increase in crosslink density is 

observed . 

The crosslink density values h m  s w e b  studies also are presented in Tabie 6.7. 

A slight increase in crosslink density is observed at 28 and 40 * c with the addition of 

prophylactics filler to ENR This is due to the very high solvent resistance of ENR-50. The 

crosslink density values h m  s w e h g  studies stre found to be increasing with the addition 

of carbn black and silica while a drop is observed fbr marble powder Wed sample. 

The presence of strain-induced crystallisation in the samples can be c o w  

using Martin-Roth-St i e.hId7 plots (Figure 6.16) drawn according to the equation given 

below. 

In oh2 I A-' = h & 4" A (A-h-') 

where o is the stress value, and h is the extension ratio, & and A are constants. 

Figure 6.16. Martin-Roth- Stiehler plots 



The plots of all the samples present changes in the slope. This is due to the strain-induced 

crystallisation of !small prophylactics particks as well as ENR. 

The actiwttion energy E,, for the glass transition of the samples can be calculated 

using the Arrhenius equation given in chapter 2 (equation 2.9). Em values are given in 

Table 6.8. The value is found to be decreasing with addition of prophylactics after an 

initial increase. The addition of particulate Uers decreases the EaCt dues .  The most 

intense reduction is observed in the case of carbn black and least in the case of marble 

powder. The addtion of prophylactics in the presence of particulate Uer increases the 

Table 6.8. Energy of activation values 
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CHAPTER 7 

DEVELOPMENT AND CHARACTERISATION OF NOVEL 

EPDM I NR PROPHYLACTICS WASTE COMPOSITES 

ABSTRACT 

The development and charactmisations of novet ethylene propyleae diem rubber 

PPDM) compounds have been discussed in this chapter. The cure curves of EPDM 

.compounds have been found to be the resultant of slow curing or marching cure curve of 

EPDM and that of fast curing 'S' shaped curing curve of naturaI rubber. The curing 

properties such as optimum cure time, scorch time and induction time have k n  found to k 

decreasing with the 10- of prophylactics iller. But fbr most of the cases the vaIues 

obtained for compositions with virgin natural rubber (ISNR-5) have been found to be lower 

than that with prophylactics filler. This behaviour is due to the m n c e  in the curing 

behaviour of EPDM and ISNR-5. The increase in temperature has activated the cure process 

as can be seen h m  the increased cure rate index and cure rate constant values. These 

observations have boen supported by the h@er value of energy of activation for the gum 

EPDM compound. Thermal ageing produces mixed results regarding the 

improvement/deterio rat ion in pro pert ies. Unaged tensile strength has been increased with the 

loading of prophylactics up to 30 phr. Samples with virgin natural rubber give better tensile 

strength compared lo those with prophylactics, Crosslink density values determined fiom 

Mooney-Rivlin equation agree with the tensile strength values for most of the cases. An 

increase in the crosslinks density has been noted with the thermal ageing of the samples. The 

d i f i i o n  process in EPDM vulcanisate is found to k anomalous. The observed variation in 

the equilibrium swelhng has been supported by the intrinsic diffusion coefficient and molar 

equilibrium sorption constant while at 4 0 ' ~  sorption and permeation coeficients also has 

k e n  found to be in agreement. The perfect linearity of the sorption kinetic plots at room 

temperature indicates a first order kinetic process of diffusion But at high temperature of 

4 0 ' ~ .  deviations fiorn linearity have been observed. 



C U T E R  7 

DEVELOPMENT AND CHARACTERISATION OF NOVIZL 

EPDM 1 NR PROPHYLACTICS WASTE COMPOSITES 

Results of this chapter have been communicated to J. Mater. Sci 

Rubber products based on EPDM form a very interesting class of materials. 

EPDM dEers from the general purpose elastomers like natural rubber in having a 

saturated ~~~~~bn backbne, therefore, it offers UI~IISW& good, oxidation, ozone, 

them& electrical and chemical (weathermg) and cut growth resistanceiJ. These 

properties result mbdy from its low content of unsaturatioa Several research publications 

are available on EPDM focusing its chemical nod%cation3, detailed vulcanhtion 

khaviour4, and heat transfer model5 calculations to predict mechanical properties. On the 

other hand, natural mbkr W s  use as a component in tire tread because of its excellent 

mechanical properties. It aiso differs from other elastomers in showing strain crystahsing 

nature. It therefore offers good physical properties, but suffers h m  poor weathering and 

thermaI resistance. All these properties result from its h@ content of unsammtion and 

ability for strain mystahsation. 

A Mend of EPDM and NR exhibits a usell combination of several properties such 

as good ozone and chemical resistance, ktter mechanical properties, reduced compression 

set and improved building tack etc. They can give aoxptable compromise 

between the prop~rties of the components, e.g., NR phase can provide good physid 

properties without the use of highly reinforcing mers and expensive couplmg agents while 

EPDM phase can provide good heat aging and ozone resistance with out the use of 

antidegradants. Several studies in this area are available in the literature with special 

reference to the 60:40 ratio of NR:EPDM which can provide exceuent ozone resistance 

without the addition o f  any antiozonant7. Apart from property benefits, the blends of 

EPDM and NR arc also attractive in an economic point of view. The recyclrng of NR and 

EPDM giving emphasis to the process mechanism also is described in the literature8. 



This chapter reports some of the results on the development and characterisation 

of composite materials based on EPDM. The matrix EPDM was fled with two other 

elastomer inclusions such as natural rubber prophylactics waste and ISNR-5. The curing 

behaviwrof the rubber compounds, physical properties and swelling behaviourof the 

vulcanisates were a d y s d  with special reference to the iduence of changes in 

temperature. 

7.1. Results and discussions 

The compound formulations used for the present work are given in Table 7.1. 

Table 7.1. Basic formulation 

7.1.1. Curing pr0pertie.s 

The rheographs which character& the crosshdmg processq of the rubber 

compounds at dBaent temperatures (150, 160 and 170' C) are presented in Figure 7.1 to 

7.3, M a r c h  cure obsewable in the rheographs is characteristic of EPDM compounds. 



Figure 7.1. Rbeograpba of the EPDWpmphylactics filler 

compounds at 150' C 

The initial (M,), minimum @I,) and maximum torque (&) values are presented in Table 

Table 7.2. Rheornetric data 



0 1 2 3 4 5 6 7 8 
Timepin 

Figure 7.2. Rheogmpbs of the EPDMIpmphylactics f ikr 

It can be seen fjrom Table 7.2 that as the amount of n a W  rubber prophylactics in 

EPDM increases, the initial torque increases. This can be made clear ifa comparison of the 

values of AO. Ala, A2, A3 and A4a is made. The initial torque values shown by EPDM 

samples containing prophylactics are found to be lugher than the rarresponding ISNR-5 

loaded samples (A1 b and A4b). This is because of the hghtly crosslinked nature of the 

prophylactics Uer. Here, as the filler also is a rubber, only a slight increase in initial torque 

can be noted here. 

It is clear from the Table 7.2 that the substitution of natural rubkr in the place of 

prophylactics filler results in a low value of minimum torque. This is true at both 10 and 

40 phr loadings of the inclusions in EPDM, This is again due to the lightly crosshked 

nature of the prophylactics. The maximum torque of the samples is found to be decreasing 

with prophylactics loading. In this case a h  lower values are obtained for the 

compositions with natural rubkr such as A1 b and A4b compared to prophylactics filled 



samples (A 1 a and A4a). 

Figure 7.3. Rbeographs of the EPDMlpmphytactics filler 

compounds at 170' C 

The influence of temperature on these properties also deserves much attention. As 

the tempratwe increases, the initial torque d u e s  of EPDM sample (AO) are found to be 

slightly increasing. But this trend is found to t>e &coming less predominant with 

increasing loading of prophylactics filler or ISNR-5. The values show an initial slight 

increase followed by a decrease at higher temperatures used in the study. In the case of 

minimum torque vahes also, the same behaviouris observed. A regular drop in the case of 

mahum torque is obtained with increasing temperature. The decreasing trend is due to 

the softening effect of temperature on the systems. 

The variation of the curing properties such as optimum cure time (tstj), scorch time 

( t ~ )  and induction time ( 1 1 )  at 150": are given in Table 7.3. These properties are 

calculated fiom the rheographs as reported earlier. I t  can be seen that, as the prophylactics 



loading increases, tw values show a decrease at 10 phr loading of prophylactics (Ala) and 

ISNR-5 (A1 b). For further loadings of prophylactics, the value increases and then levels 

off at 40 phr prophylactics l o w .  In the case of t z  and tt values also, an initial slight drop 

in the magnitude of the values are obtained, which is followed by a slight increase. 

Table 7.3. Curing properties of EPDM compounds 

It can be seen that both at 10 and 40 p h  loading of ESNR-5 (Alb and A4b), the 

optimum cure time values are below that of similar compositions with prophylactics (A1 a 

and A4a). The initial reduction in optimum cure time with prophylactics bading is due to 

preseflce of unreacted accelerators or crosslink precursors in the prophylactics phase. 

However, the reduction in bo values with the addition of 1 0 and 40 phr of natural rubber 

Q S N R - 5 )  (Alb and A4b) is found to be more than that caused by prophylactics. T h  can 

be explained as follows. NR is very fast curing than both EPDM and prophylactics due to 

the higher concentration of unsaturation in it. This can be made clear by comparing the 

general nature of rheographs of EPDM and NR (Figure 7.4). 

Curing Property 

Optimum cure t h e  b, min 

1 5 0 ' ~  

1 60°c 

1 7 0 ' ~  

Scorch tirae tz, min 

1 5 0 ~ ~  

1 60°c 

1 7 0 ' ~  

Induction time tl, min 

2.75 2.25 2.25 2.25 2.25 3 

1.5 1.25 1.75 1.5 1.75 1.5 

1:.7511.2511 1 1 . 5 1 1 . 2 5 ~ 1  10.751 

Value 

A0 

29 

19 

13 

3.3 

2.3 

2 

Ala 

20 

11.5 

6 

3 

1.8 

1.5 

Alb 

12.3 

11.2 

5.8 

2.5 

1.9 

1.65 

A2 

18 

10 

5.8 

2.75 

2 

1.75 

A3 

18 

9.5 

5.3 

2.75 

1.75 

1.5 

A4a 

18 

9.5 

5.5 

2.75 

2.25 

1.25 

A4b 

9.5 

8.5 

4.8 

3.5 

2 

I 



Figure 7.4. General nature of rheographs 

(a). EPDM, (b). ISNR-5, (c). resultant rheograpb 

The rheagraphs obtained for a blend of EPDM and ISNR or NR prophylactics will 

be a resultant plot EPDM and NR. In a blend of EPDM and ISNR or prophylactics, the 

preference of curative will be in the order ZSNR > NR Prophylactics > EPDM. So it is 

clear that when the curing of NR progresses f'astly, the curing of EPDM and NR 

prophylactics lags behind. These factors are responsible for the lower t90, tz and tl of 

ISNR-5 conhung samples of EPDM than those with NR prophylactics. 

The Muence of temperature on the optimum cure time of the rubber compounds 

is presented in Table 7.3. The cure activating nature of temperature can be seen from 

here. There are two main observations connected with the influence o f  temperature on the 

crosshkmg process of these systems. The primary one is that, at low temperature, an 

irregular drop in tw is noted with the addition of prophylactics and ISNR 5 .  But at higher 

temperatures, the drop is almost in a regular manner. The second point to k noted is that, 

at low temperature, the difference in 190 values of EPDM - prophylactics system and 

EPDM - ISNR-5 system is higher than the corresponding difference at high temperature. 

This can be made clearer on comparing the tsO values of' A1 a & A1 b and A4a & A4b. 

In Table 7.3, observations on the influence of temperature on scorch time are 

presented. As already seen in the case o f  t ~ ,  abnormalities in t: arise for the plots at 





proceed according to h t  order kinetics. The cure reaction rate constants (k) are obtained 

fiom the slope of the respective linear equations. The cure rate index and cure rate 

constant values are presented in Table 7.4. At 150 d 160 C, both CRI and k ~ 4 J l y  
increases with increasing prophylactics loading. The CRI values obtained for natural 

rubber containing systems are much higher than the corresponding cornpositions with 

prophylactics filler. This is true for all the temperatures studied. The cure rate constants 

also show a slight increase with prophylactics hading. The intensity of this increase is 

found to be increasing with temperature. Also, comparatively high rate constant values are 

observed for compositions with ISNR-5. 

Time, min 

Figure 7.5. Plots of In (Mh-MS Vs Time 

The energy of activation values are calculated using Arrhenius equations given in 

chapter 2 (equation 2.7 and 2.8). The E,, vdues (Table 7.4) are calculated fiom the slope 

of a plot of log k verses 1 / T given in Figure 7.6. Normally fast reactions (lugher k) yield 

lower values of E ,,. In the case of EPDM gum sample, a hgh E,,, value is observed. Also, 

as the loading of prophylactics filler increases, irregularly decreasing EM, values are 



observed. The change in k values with the substitution of ISNR-5 (Alb and A4b) is well 

supported by the lower E ,, values. 

Figare 7.6. Variation of log k with absolute tempemture 

7.1.2. Technological pmpertim 

The stress-strain behaviato f a rubkr  network is mainly influenced by the presence 

of crosslinks and by constraints caused by the uncrossability of the network chains. The 

stress-strain curves of the unaged gum EPDM and prophylactics / ISNR-5 filled EPDM 

vulcamates are presented in Figure 7.7. The curves are slightly different from typical 

vulcanised low strength materials. This can Ix seen in the slightly risrng stress value at 

higher strains while in the case of a low strength material such as SBR, the stress-strain 

plot will be parallel to the 'x' axis at higher strains. 

It can be seen that at 10 phr loading of prophylactics ( A l  a), the initial linear 

portion of the curve is closer to 'y' axis. With the substitution of 10 phr ISNR-5 (Alb),  

the curve again knds towards 'y' axis. But as the prophy laclics cuntent increases turther, 

- 

the curve leans towards 'x' axis thus showing a drop in the r~gidity of the vulcanisate. 
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Figure 7,7. Stress-strain curves of unaged EPDM vulcankatw 

The stress-strain curves after thermal aging is presented in Figure 7.8. 

0 200 400 600 800 1000 

Strain, % 

Figure 7.8. Stress-strain curves of aged EPDM vulcanisa tes 



Here also similar behaviour can be seen. But some samples such as EPDM with 30 phr 

natural rubber prophylactics (A31 presents a nature typical of vulcanised amorphous 

elastomers such as SBR. 

The slope of the initial linear region of the sbess- strain curve, presented as the 

Young's modulus is given in Table 7.5. 

Table 7.5. Mechanical properties of EPDM vulcanhates 

I1 is clear from table that for the unaged sample, the Young's modulus increases with the 

addition of 10 and 20 phr natural rubber prophylactics Ner (AO, Ala and A2). This is due 

to the highly strain crystallising nature of the n a t d  rubber prophylactics filler in the 

relatively weaker EPDM matrix. Further addition of prophylactics 6Uer causes a decrease 

in Young's modulus. The values shown by ISNR-5 at 10 and 40 phr loadtngs (Alb and 

A4b) are higher t im that by prophylactics filler. A similar observation is visible in the case 

of wlcanisates after thermal aging also. The Young's modulus is found to be affected to a 

great extent with thermal aging, except for certain samples such as AO, Ala, A4a and 

tl A4h, where a siight increase is observed. Even though generalisations cannot be made 

kern these data. 11 is reasonable to think that addition of natural rubber prophylactics filler1 

ISNR-5 can afiect the thermal agmg khaviourof'EPDM. 

Mechanical Property 

Young's Modulus (unaged), MPa 

Young'sModh(aged),MPa 

Elongationatbreak(unaged),% 

Elongation at break (aged), % 

Tear Strength, kN 

Sampk code 

A0 

0.92 

1.25 

556 

Ala 

1.09 

1.45 

610 

A4b 

1.72 

1.88 

1006 

Alb 

7.29 

2.29 

1396 

A2 

4.52 

2.01 

1215 

A3 

4.3 1 

2.13 

1056 

A4a 

1 -44 

1.65 

936 



The variation in elongation at break (6) is presented in Table 7.5. Elongation at 

break also is found to be increasing with the addition of 10 phr prophylactics. This is due 

to the ability of natural rubber prophylactics particles or ISM-5 phases in EPDM matrix 

to elongate to high strains. Among the prophylactics loaded samples, the maximum value 

is obtained at a loading of 20 pbr. Here also, the values are higher for the ISM-5 filled 

samples at I 0 as we1 as 40 phr loadmg. Even though thermal aging results in a decrease in 

the magnitude of the elongation at break values, the trend observed is the same. 

The variation of unaged and aged tensile strength with the loading of inclusions is 

depicted in Table 7.5. As in the case of Young's modulus and elongation at break, here 

also the tensile strength initidly increases at 10 and 20 phr prophylactics loading and then 

decreases. As id earlier cases, comparatively higher tensile strength values are shown by 

EPDM / ISMX-5 vulcanisates. The aged tensile strength also behaves in the same way. 

The superior aging resistance of the EPDM MlIcanisates can be understood fiom the 

higher or comparable tensile strength values after thermal aging. This is noted for the 

samples AO, A1 b and 142. This is due to the increase in crosslink density resulting fiom the 

influence of temperature during aging. Such results are reported in the l i t e r a d ' "  

The ktter aging resistance of gum EPDM sample is clear &om the increased 

properties after thermal aging (Table 7.6). 

Table 7.6. Thermal aging data 

I Sample code Percentage change in Percentage change in 
Young's modulus Tensile strength 

35 (+) 19 (+) 

1 A4b 9 (+) 77 (-) - 
(positive sign - increase in property, negative sigo- decrease in property 

The property variation observed after thermal aging varies from sample to sample. 

I t  is also important to note that the trend shown by Young's modulus and tensile strength 

are not s h i h .  Better aging resistance shown by the EPDM samples, AO, A 1 a A4a and 

A4b in the case of Young's modulus while in the case of tensle strength 40, A1 b and A2 



take that position. This can be analysed more clearly using Table 7.6, where percentage 

change in tensile strength after thermal aging of all the samples is presented. It is a general 

observation that as the content of natural rubber (as prophylactics or ISNR-5) in EPDM 

increases, the aging worsens the tensile strength while the trend is irregular in the case of 

Young's modulus. Sample A2 is an exception in the case of tensile strength variation. 

These observations reveal that in the case of present systems, there is no correlation 

ktween the stress-strain relation at low strain region (Young's modulus) and that at 

higher strain region (tensile stxength). This is contrary to the behaviwshown by elastomer 

vulcanisates with particulate filers where the common relation is "bigher the Young's 

modulus, hlgher the tensile strength". This di£bace arises due to the difference in the 

mode of fdler - elastomer interactions in these cases. In the case of an elastomer 

vulcanisate med with some particulates, the property improvement is due to the adhesion 

between rubber layers and Uer surfaces. Tbis &sts in a numbs of phenomena such 

as b u d  rubber. (h the other hand, in the present case, the property enhancement if m y  

is due to the strain crystaltising nature of the natural rubber prophylactics or ISNR-5 

inclusion in a relatively low strength EPDM matrix. Therefore, any necessary correlation 

between Young's modulus and tensile strength need not be expected. 

On increasing the lo- of natural rubber prophylactics aer,  tear strength 

increases sharply (Table 7.5) and levels off at h&er loadings. Also better values are 

shown by the substitution of prophylactics filler with ISNR-5 only at 1Ophr. At 40 phr, the 

tear strength for EPDM 1 ISNR-5 system is lower than EPDM / prophylactics. The bugher 

tear strength results &om tbe ability of n a t d  rubber prophylactics and ISNR-5 phases in 

EPDM to elongate to high strains and obstruct the advancing tear fiont . 

The idea that one can obtain from these results is that the mechanical properties 

will be better if the inclusion also is allowed to vulcanise at the same cure cycle as the 

matrix. The difference between the properties of prophylactics and ISNR-5 med EPDM 

systems occurs because vulcanisation of ISNR-5 takes place together with the 

vulcanisation of EPDM matrix while natural rubber prophylactics was already in a lightly 

crosslinked state during the mixing. ISNR-5 might have undergone an efficient mixing 

procedure with EPDM due to its low viscosity resulting born uncrosslinked state. 



However, the lightly crosslinked nature of prophylactics and the resulting viscosity 

dserence might k causing a number of secondary reasons for its inferior performance. 

Still, considering the economics aspects of the systems, better performing combinations of 

EPDM / Prophylactics ASNR-5 reinforced with particulate fillers can be expected to 

produce better results. 

7.1.3, Diffusion studies 

The sorption curves of EPDM gum and prophylactics /ISNR-5 filled vulcanisates 

at room temperature and 40' C are presented in Figures 7.9 and 7.10, respectively. The 

molt% uptake, Qt of the solvent toluene is plotted vs. square root of time, t. The molt% 

uptake is cdculated using equations given in chapter 2 (equation 2.14). 

SQRT Time 

Figure 7.9. Sorption curves of EPDM vulcanisates at room temperature. 

At equilibrium swehg,  Qt was taken as Q, the mole% uptake at infinite time. Tt is clear 

*( from the figure that all tkie pbts are sigmoidd. The sigmoidal shape is associated with the 

time taken by the polymer chains to respond to the swelling stress and rearrange 

themselves to accommodate the penetrant rn~lecules'~. It can be seen &om the sorption 



curves of the samples that the initial swelling rate is very high owing to the large 

concentration gradient. This keeps the polymer sample under intense solvent stress. But as 

the concentration gradient decreases with advancing swelling, the swelling rate decreases 

and the concentration difference becomes negligible at equilibrium swelling. 

SQRT Time 

Figure 7.10. Sorption curves of EPDM vulcansoltm at 40' C. 

The equilibrium mole % uptake value Q, (Table 7.7a) of the samples at room 

temperature increase with increasing the content of second elastomer component, with 

very hqgh values for EPDM vulcanisate filled with 10 and 40 phr ISNR-5. From this result 

we may be able to understand the inability of the prophylactics Wer and ISNR-5 to restrict 

the solvent uptake just as other inorganic mers do. But the analysis of other diffusion 

parameters such as k, K, D and D* shows uncomparable and abnormal trends. 

The mechanism of penetrant transport into the elastomer network can be analy , ed 

l. using the methodi3 given in chapter 2 (equation 2.15). The factor k is a constant 

depending on the structural characteristics of the Bier and polymer-so lvent interaction. 

The parameter 'n' determines the mode of sorption mechanism. If the value of n is 0.5, it 



means that the rate of d&ion of penetrant molecules is much less than the rate of 

relaxation of polymer chains. This mode of transport is termed as Fickian. On the other 

hand, if the value o f'd is unity, the mode of diffusion is termed as non-Fickian where the 

rate of diffusion of penetrant molecules is much faster than polymer rehation. When the 

rates of both processes are similar, value ofld will fall between 0.5 and 1, presenting an 

momalous behavior. The computation of'd and' is done by constructing the plots of log 

Qt vs. log t followed by linear regression considering only the data upto 50% sorption. 

The values ofn'and'k'also are presented in Table 7.7a. 

Table 7.7 a. Sorption data at 28' C 

Since the value of'n obtained here falls in the range 0.5 to 1 ,  the process can be 

considered to be anomalous. From the lower value of 'ri for EPDM gum vulcanisate, it is 

reasonable to think that in this sample, the diffusion of the permeant might have slowed 

down compared to that in med wlcanisates. The parameter 'k which characterises the 

polymer - solvent interaction is  found to be reducing with the amount of prophyIactics 

(Table 7.7a) which also is not in agreement with the observed trend in solvent uptake Qm 

Since the value of'n obtained here faHs in rhe range 0.5 to 1. the process can he considered 

to be anomalous. From the lower value of4ri for EPDM gum vulcanisate. it is reasonable to 

S*mple 

code 

A0 

Ala 

Alb 

A2 

A3 

A4a 

A4b 

Qa 

mol% 

3.4597 

3.9895 

7.4491 

4.5421 

5.8616 

5.9587 

9.6554 

N 

0.6616 

0.6690 

0.7001 

0.6717 

0.6887 

0.6825 

0.6860 

k 

gg" 

miu" 

x lo-* 

0.0378 

0.0335 

0.0214 

0.0285 

0.0229 

0.0262 

Ks 

min-' 

x 

0.0346 

0.0399 

0.0745 

0.0421 

0.0586 

0.0596 

kl 

min" 

x 20' 

0.0056 

0.0047 

0.0028 

0.0037 

0.0029 

0.0035 

0.0178 0.0019 0.0966 

D 

x104 

~ r n ' 9 ' ~  

5.70 

4.82 

2.17 

4.15 

3.10 

3.22 

1.78 

P 

lo4 
cm26' 

9.37 

1.78 

1.49 

1.73 

1.68 

1.77 

D" 

=lo4 
cm2s-I 

16.7 

18.0 

27.0 

21.6 

24.1 

25.8 

1.58 8.89 

+ 

0.2369 

0.2121 

0.1260 

0.1824 

0.1549 

0.1527 

38.2 

S 

gg-' 

16.44 

3.68 

6.86 

5.24 

5.40 

5.49 

0.1001 



t M  that in this sample, the dimion of the permeant might have slowed down compared 

to that in filled vulcanisates. 

The effective difisivity14, D of the elastomer solvent system was calculated as 

described in chapter 2 (equation 2. I 6) Since extensive s w e m  was observed for most of 

the samples, correction to diffusion coefficients is necessary by calculating the intrinsic 

d i fh ion   coefficient^'^, D* given in chapter 2 (equation 2.17) The value of D and D* are 

given in Table 7.7a. It can be seen that D values of the prophylactics or ISNR-5 filled 

vulcankates show a decreasing trend even though it is not in a regular manner. This trend 

shown by D values doesn't correlate with the sweUing phenomena observed here from Qa 

results. Meanwhile the corrected D values @*) are in agreement with the increased 

solvent uptake. When the bigher Qf value of ISNR-5 Wed samples with respect to 

prophylactics ad samples is unsupported by D values, this also is supported by D* 

values. The importance of correction to diffusion coefficient can be understood from these 

results on diffusion of extensively s w e m  elastomer vulcanisates. 

Another parameter called sorption coeeient, a h  is calculated from the 

equilibrium swellmg using the relationL6 given in chapter 2. It can also describe both the 

initial penetration and dispersai of penetrant molecules into the elastomer network. Here 

Mw is the mass of the penetrant sorbed at inbite time a d  Mo, the initial welght of the 

polymr sample. The values of sorption weficient of the samples at room temperature 

also are presented in Tabb 7.7a and are found to be not in good agreement with the mole 

% uptake values in the same table. The permeation coefficient (P), which is a 

characteristic parameter reflecting the collective processes of diffusion and sorption is 

calculated as given in chapter 2. The permeation coefficient values given in the same table, 

also depicts similar abnormality as earlier denoted for D. Similar behaviour as D* is 

shown by the molar equilibrium sorption constant K, (Table 7.7rt), which is defined by 

H ~ "  as 

No. of moles of solvent sorbed at equilibrium 

Mass of polymer sample 



Therefore in the present work, only D* and Ks are in agreement with observed increasing 

solvent uptake khaviouv of the EPDM vulcanisates with increasing loading of 

prophylactics filler. 

Sorption data at 40' C is given in Table 7.7b. 

Table 7.7 b. Sorption data at 40' C 

The Qct: values also register an increase with prophylactics loading. It is also seen 

that at lower loadings of natural rubber prophylactics, i n c w  in swelling temperature 

causes an increase in Qcc, while at higher badings, a decrease is obtained. But in the case 

of D, an increase is observed at al l  the systems except gum EPDM sample. The same is the 

case of D*, but all the samples behave in the same way without any exception. Another 

difference which observed for the diffusion behaviouat 40' C is the s d a r  value of S for 

the EPDM gum sample to that of Wed EPDM samples. On the other hand, for the 

experiment at 28' C, an abnormally high value of S was obtained for the gum EPDM 

sample. A bit different fiom what stated earlier for the diffusion at 28' C, here D* , K, and 

in addition S and P also are found to be in agreement with the trend in QCE with increasing 

prophyhctics loading. Earlier in the case of curing parameters also, sindar influence of 

higher temperature in clearing the abnormalities of the results was discussed. The 

observations here also supports this fact. 

code 

A0 

Ala 

A1 b 

A2 

A3 

A4a 

A4b 

II 

0.5907 

0.6209 

0.6926 

0.6299 

0.M56 

0.6241 

0.7223 

Qm 

mol% 

4.0109 

4.5608 

7.2187 

4.9543 

5.6197 

6.4822 

9.1388 

k 

gg-' 

min" 

x lom2 

0.0438 

0.0354 

0.0222 

0.0356 

0,0323 

0.0346 

0.0190 

P 

n lo-' 

em's-' 

1.88 

2.06 

2.23 

2.34 

2.59 

2.31 

2.43 

KS 

min-' 

x 1wZ 

0.0401 

0.0456 

0.0722 

0.0459 

0.0562 

0.0648 

0.0914 

4 

0.21 12 

0.1906 

0.1295 

0.1875 

0.1605 

0.1421 

0.1052 

kt 

min-' 

x l o J  

0.0024 

0.0024 

0.0034 

0.0031 

0,0046 

0.0033 

0.0026 

S 

gg-' 

3.69 

4.20 

6.65 

4.82 

5.18 

5.97 

8.42 

D 

loAs 

cm2s-' 

5.08 

4.89 

3.35 

5.1 1 

5.01 

3.86 

2.89 

D* 

104 

cm2i'  

19.1 

23.4 

39.5 

29.1 

35.7 

36.7 

55.4 



7.1.4. Sorption kinetics 

In the case of a polymeric network, which is extensively being swollen by a 

penetrant, the diffusion process is characterised by linear kinetics. According to Thomas 

and wind1eI8 a thermodynamic s w e m  stress is exerted by the penetrant on the polymer 

network, which therefore undergoes time dependant mechanical deformation. But in the 

early stages of swelling, this deformation is prevented19 to some extent by the undeformed 

and unswollen polymer layers below. This factor extends the stress into two dimensions. 

But with the progress of swelling process, the magnitude of the stress is reduced and the 

equilibrium swelling of the surface layer occurs. Since the rate determining step of the 

process is the above said t h  dependent mechanicd deformation, it can be confirmed that 

rate of sorption wiU ix proportional to the difference in osmotic pressure inside and 

outside the polymeric materials2'. Consequently, since this can be related to the 

concentration of the penetrant in the polymer, the ht order kinetic equations given in 

chapter 2 (equation 2.22) can be used. The first order rate constant values (k~) are 

obtained from a plot of log (C, - C )  Vs. time t for the experiment at room temperature 

(Figure 7.11) and 40' C (Figure 7.12). It can be clearly understood fiom the linearity of 

the plots in F i y n  7.11 that the kinetics of diffusion of gum EPDM and natural rubber 

prophylacticdSNR-5 ad samples follow first order kinetics at room temperature while 

at 40°c, some deviation from linearity is obsemed (Figure 7.12). The values of kl are a 

measure of the speed with which the polymer chain segments and penetrant molecules 

exchange their positions. The kl  values are presented in Tables 7.7 a and b. The first 

order rate constant kl values decrease until 30 phr (Table 7.7a) loading of prophylactics 

waste while a hgher value is obtained at 40 phr loading. 

The initial decreasing trend in the k~ values points out that the addition of natural 

rubber prophylacrics slows down the initial rate of uptake of the solvent by the 

vulcanisate. Again, it is interesting to note how the present system behaves differently 

from other particulate filled vulcatisates. In the case of elastomer vulcanisates filled with 

particulate fillers. both the initial rate and equilibrium solvent uptake values vary in the 

same manner with increasing loading o f  the filler. But for the present case, such a 

correlation cannot be seen as equilibrium uptake value increases while rate of initial uptake 



decreases with prophylactics loading. The drop in the initial rate of uptake reflected in first 

order the rate constant values is due to the heterogeneous nature of the composite 

samples. But as these prophylactics mer particles also start absorbing solvent at kit er 

stages of the diffusion process, the find uptake vahe increases with prophylactics ioading. 

Time, min 

Figure 7.1 1 .  Plots of log (Coc - Ct) Vs. time at 2 8 ' ~  

The low rate of JSNR-5 filled samples compared to prophylactics fdled samples can also 

k seen fforn Table 7.7a. The rate constant values of the df i s ion  at 40' C can be seen 

fiom Table 7.7 b. A similar behaviour can be observed here also. As the temperature 

increases, the magnitude of the rate constant values decreases for the EPDM samples with 

10 and 20 plu prophylactics loading. But after thi loading, for the samples A3 and A4b, 

the values are tbund to be hgher at higher temperature. Slightly lower values of kl at both 

temperatures are shown by the sample A4a. 



Time, min 

Figure 7.12. Plots of log (Cm- Ct) vs. time at 4 0 ' ~  

7.1.5. Calculation of crosslink density 

The crosslink density values were calculated from stress- strajn data using Mooney 

- k v h  equation2'. The method is described in chapter 2 (equations 2.28 and 2.29). The 

plots obtained for both unaged and aged samples are given in Figure 7.13 and 7.14 and 

the values of vphyS are given in Table 7.5. The v p ~ y s  values increase at 10 phr loadmg of 

prophylactics fdler and then decrease for further l o w s .  Therefore, the maximum extent 

of physically effective crosslinks v phys can be seen for EPDM sample filled with 10 and 15 

phr prophylactics filler. It can be seen from a comparison of values in Table 7.5 that v ,I,,, 

gives ktter agreement with the observed tensile strength data. The higher v ,I,,, values of 

ISNR-5 tilled samples compared to prophylactics filled samples at 1 0 and 40 phr loading 

('I'a ble 7.5) are in agreement with the observed tensile strength values presented in the 

same table. 



Figure 7.13. Plots of F i 2Ao(h - h-') Vs. k-' for unaged vukanisates 

Figure 7.14. Plots of F/ 2Ao(h - A-') Vs. h" for aged vulcanisates 
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CHAPTER 8 

IMPACT MODIFICATION AND DYNAMIC MECHANICAL 

ANALYSIS OF POLYSTYRENE / NR PROPHYLACTICS 

WASTE COMPOSFTES 

ABSTRACT 

This chapter discusses the use of natural rubber prophylactics filler of varying particle 

sizes ir! a brittle plastic, polystyrene. It has been obsemed that pure pobstyrene exhibits 

linear or n w  linear stress-strain behaviour while that of its composites deviates from 

linearity. The Young's modulus and tensile strength values have been decreased with the 

loading of prophylactics. Comparatively higher values of Young's modulus have been 

observed for samples with size 1 prophylactics Uer at all the loadings. But such an 

observation is not obtained for tensile strem The strain induced crystahation of filled 

polystyrene composites has been proved by Martin-Roth-Stiehler plots. Good improvement 

in impact strength of polystyrene has k e n  obtained with the 10- of size 1 prophylactics. 

This observation has been supported by the scanning electron microscopic observations 

revealrng the impact toughening mhankms. Increase m the storage modulus value of pure 

polystyrene bas been noted with increasing frequency of measurement. Loading of 

prophylactics (size 3) has been found to be decreasing the storage modulus values at 

temperatures below the polystyrene transition, while above this transition p lystyrene 

presents a lower modulus. Among the diflkrent particle sizes of prophylactics Wer used, 30 

phr loading of size 3 presents a hlgher storage modulus at temperatures below the main 

transition while the minimum value has been shown by size 1. In loss modulus-temperature 

plots, pure polystyrene exhibits only one transition around 8 5 ' ~  while all composite samples 

exhibit two transitions, one around -58 to -36' C range due to prophylactics and the other 

around 1 0 0 ' ~  which is due to polystyrene. The phase-separated nature of the composite 

samples has been supported by both loss modulus-temperature and tan6 - temperature plots 

presenting two well-defined transitions. The glass transition values of polystyrene 



determined from the loss modulus-temperature plots have been found to be increasing with 

the frequency of measurement except in the case of pure polystyrene. An increase in the Tg 

value of polystyrene has k e n  observed with the loading of prophylactics even though it is in 

an irregular manner. Similar observation is noted with the addition of prophylactics of size 2 

particle size also. Particle size of the prophylactics fdler is not found to exhibit any dear 

trend in the variation of Tg values. 



CHAPTER 8 

IMPACT MODIFICATION AND DYNAMIC MECHANICAL 

ANALYSIS OF POLYSTYENE I NR PROPHYLACTICS WASTE 

COMPOSITES 

Results of this chapter have been communicated to J. Polyrn. Recycl 

The early part of this century considered polymeric materials as substitutes for 

traditional natural products. Later, with the development of advanced products with 

excellent physio-chemical properties, they kgan to perform important roles in other fields 

also. The use of polyoleh plastics leads to considerable savings in energy and time and 

among polyolefins, the position of polystyrene is noteworthy. Polystyrene is an 

e w e r i n g  m a t e d  but it suffers h m  a serious disadvantage which is its brittleness. 

Therefore, a considerable amount of impact resistance has to be introduced. This is usually 

achieved by w m b i i  the material with elastomers. Several works in this area are 

available h m  the lieraturel-". Research work also focused on the recycling of phstics'8, 

development of blends based on recycled plastics19. Similar studies on polystyrene also are 

available in the literat~re~O-~~. 

This chapter deals with the impact modification of polystyrene with increasing 

loading of natural rubber prophylactics waste of varying particle sizes such as size 1, 2 and 

3. The particle size and size distribution were given earlier in chapter 3 (Figure 3.3 and 

Table 3.2). Emphasis has h e n  given to stress-strain bebviour, mechanical and dynamic 

mechmcal properties and fiactography of the composites. 

8.1. Results and discussions 

Solution mixing using toluene is used f i r  the preparation of the composites. The 

recipe used for the study is given in Table 8.1. 



Table 8.1. Basic recipe 

8.1.1. Technological properties 

Material 

Polystyrene 

NR Prophylactics liller 

(Size 1,2 & 3) 

Figure 8.1 represents the stress-strain curves of polystyrene and its composites 

Control 

(parts per huudred parts of plastic-php) 

100 

Variable 

(0.5,10,15,20,25,30) 

with NR prophylactics rejects (size 1). 

0 4 8 12 16 20 24 28 

Strain, % 

Figure 8.1. Stress-strain cumes of polystyrene and corn posites 

It can be seen that polystyrene presents its linear or near-linear stress-strain behaviour. As 

the content of NR prophylactics increases, the curves show a bending nature downward 

indicating a reduction in the modulus and an increase in the capacity of the material tor 



elongation. More over, the linearity of the curves also is affected in the composites. 

Similar behaviour is noted with the stress-strain curves of polystyrene composites 

containing NFL prophylactics Wer of higher particle sizes 2 (S2) and 3 (S3). The Young's 

modulus values calculated h r n  the stress-strain curves are given in Figure 8.2. The value 

for polystyrene and composites fall in 120-440 MPa range. The values obtained for 

composites are below that of polystyrene. Also as the loading of NR prophylactics 

increases, there is a reduction in the modulus values. This is normal to be expected from 

the addition of an elastomex to a glassy plastic such as polystyrene. It can also be seen that 

comparatively higher Young's modulus values are obtained for polystyrene composite 

containing size 1 NR prophylactics filler. This proves the comparatively better 

performance of composite contaming small size mer (S 1). 

NR Prophylactics lclading, php 

Figure 8.2. Variation of Young's modulus with NR prophylactics loading 

The values of bulk modulus (K) are calculated from Young's n~odulus using the Equation 

8.1. 



K - E [3(1-Zv)] (8.1) 

where, E is the Young's modulus and v,  the Poisson's ratio of the matrix. 

Plots obtained are given in Figure 8.3. It can be seen that the bulk modulus values falls in 

the range of 140-520 MPa. The equation predicts the constantly decreasing trend in the 

bulk modulus of the sample as the loading of NR prophylactics increases. 

-- . - . .- . ---- 

--W- Size 1 m-- Size 2 -A- S i x  3 1 

550 

NR Prophylactics loading, php 

Figure 8.3. Variation of bulk modulus with NR prophylactics loading 

The addition of NR prophylactics Wer to polystyrene is found to increase the 

elongation at break values (Figure 8.4). This is because the lightly crosslinked 

prophylactics filler particles elongate to high strains due to its strain crystalhtion 

tendency. Here also it cm be seen that size 1 liller gives higher elongation at break. It is 

suggested1 that the hgh elongation observed in the case of some commercial polystyrene 

samples is not at due to  the rubkr  but due to the deformation ~f the continuous 

polystyrene matrix. 'Phs is because the rubber content in these samples is  usually low ( 5 -  



10%). But this doesn't apply for the present cases because the rubkr here is a lightly 

crosslinked one whose content is comparatively high. It can be seen in Figure 8-4 that at 

higher loadings, increase in elongation at break is not very prominent (or even a l e v e k  

off can be noted (size 3). This is because of the coalescence of crazes to cracks in samples 

of lugher loadings. 

35 1 1  
--- . -.- Size 1 -*- Size 2 -A- Size 3 

- - - -11 
- .  ,+. . . - Theoretical I 

I 

0 5 10 15 20 25 30 

NR Prophylactics filler load'mg, php 

Figure 8.4. Variation of elongation at break with NR prophylactics loading 

The behaviour of elongation at break obsewed here is entirely different fiom that 

of a system containing particulate mers also. Elongation at break in the case of 

composites containing inelastic rigid mer follows an equation of the sort given below 

(dotted lines in Figure 8.4). This is because they do not deform under stress. 

E = €0 (1- 41'9 (8.2) 

where, E is the elongation at break of the composite, EO, that of the matrix and +, the filler 

volume fraction. The deviation of :he present system h m  the dotted lines clearly indicates 

that in the case of polystyrene containing NR prophylactics fdler, all the deformation is not 



taking place in the polystyrene matrix alone. 

The variation of tensile strength of the composites as a fixnction of NR 

prophylactics loading is presented in Figure 8.5. 

'"- I- 
,-- -.- SLo I-.- Size 2 -A- Sire 3 ] I 

I 

Prophylactics loading, php 

Figure 8.5. Variation of tensile strength with NR prophylactics loading 

It  can be seen that tensile strength vdues decrease with the loading of prophylactics mer. 

Better values are shown by size 1 at lowest loading. At 10 phr, size 3 and at 15 phr size 2 

filler present better d u e s  of tensile strength It can k generally seen that particle size is 

not presenting a clear trend in the results of tensile strength. 

The strain induced crystallization in the composite samples can be conjkned by 

using  arti in-~0th- tieh hie?^ plots given below (Figu re 8.6). These are drawn according 

to the Equation 8,3. 

ln oh2 / h-' = In EO + A (A-h-') (8.3) 

where o is the stress value, and h is the extension ratio, & and A are constants. 



Figure 8.6. Martin-Roth-Stiehler plots 

The plots of the composite samples present comparatively considerable changes in 

the slope. Even though polystyrene sample also presents very slight changes in the slope, 

this is no-way comparable to that of the composite samples. The changes in the slope of 

the plots clearly indicate the presence of strain induced crystallisation in the composite 

samples. 

The impact strength values of polystyrene and its composites are shown in Figure 

8.7. As the loading of NR prophylactics fder increases, only size 1 filler shows 

considerable increase. Other samples containing higher size fillers such as size 2 and 3 

presents only either a very shght increase or levehg off behaviour . This is because size 2 

and 3 are too large tn show any effect on the impact strength of a brittle plastic such as 

polystyrene . 



. . -- 

---Size 1 + Size 2 - Size3 -p 

Prophylactics loading, php 

Figure 8.7. Variation of impact strength with NR prophylactics bading 

The improvement in impact strength even if less (size 2 and 3) is due to the increase in the 

volume of rubkr phase which reduces the interparticle distance. The rubkr particles act 

as stress concentrators and cataiyse the formation of h e  craze structures in the 

surrounding matrix. These crazes prevent failure. 'I'he higher impact strength observed for 

composite sample with smalkr (size 1 ) particle size can be attributed to the formation of 

more crazed matter during the farlure. This arises fiom the increase in interfacial surface 

between NR prophylactics filler particle and polystyrene in the case of h e  particle size 

liller. 

8.1.2. Scanning Electron Microscopic Observations 

The usefulness ot' a polymer in many applications is m d y  determined by its 

predominant fdure mechanism. Figures 8.8a-i represent the SEM photos of impact 

fiact ured samples. Figu res 8.8a-c are that of  pure polystyrene sample. 

Rubber toughenulg can k successtill only if the matrix is capable of yielding 



andfor crazing. The massive crazes within the crack tip zone in the figure indicate that the 

matrix can be easily toughened by the addition of rubber. Crazing in polystyrene can be 

seen as clearly dehed lines on the surface of the sample perpendicular to the direction of 

applied stress. Stress whitened regions also are visible in the figures. They are formed 

fiom the scattering of light by the many microscopic sized void regions of the crazes. 

Figure 8.8 a. Fractured surface of pure polystyrene-Crazes in crack tip zone 

& stress whitening, Mag. X 600 

Long crazes that nucleate within a crack tip zone are visible in Figure 8.8b. 

Figure 8.8 b. Fractured surface of pure polystyrene-long crazes in crack tip 

zone Mag. X 600 



Cracks elongated in the direction of stress and the procedure of advancing crack 

by steps such as formation of localized plastic zone with stress build up, nucleation of 

voids, coaIescence of individual voids etc also are visible in Figure 8 . 8 ~ .  

Figure 8 . 8 ~ .  Fractured surface of pure polystyrene-crack propagation 

mechanism. Mag. X 400 

In the case of composite samples (Figure 8.8d), stretching of rubber particles 

stabi.lize crack fiont and absorb energy. Here the Tg of NR prophylactics is in -40 to -60 
0 C range and this is ,lower enough to allow rapid s t r e t c h  as  the crack advances. The 

cavitations of rubber particles also relieve triaxial stresses. According to ~ucknall~' .~" 

impact resistance depends on the rate at which matrix polymer can respond to stress by 

forming oriented fibrils. This happens because fibrillation is the most rapid mechanism 

available for ex-tension of damage zone at crack tip. 

Figures 8.8 d-i represent the polystyrene sample with 30 php size 1 prophylactics. 

In Figure 8.8d, fibrillation can be seen. For high impact polystyrene (HIPS), the critical 

size needed for t h s  fibrillation is 1 p.m. In the present cases of polystyrene/prophylactics 

composites, size 1 filler is found to be producing better results. 11 can be suggested here 

that for composites with size 1 prophylactics filler, combined effects of crazing, rubber 

particle cavitaticlns and fibrillation are responsible for the impact toughening. 



Figure 8.8d. Fractured surface of potystyrene composite-fibrillation. 

Mag. X 200 

Two approaching microcracks can link each other by the origin and growth of 

secondary craze in the ligament (called bridge) which separates them (Figure 8.8e). 

Finally the fadure of this ligament also occurs in a brittle manner (Figure 8.8f). 

Figure 8.8e. Fractured surface of polystyrene composite-Crazing ligament 

between approaching cracks. Mag. X 400 



Figure 8.8f. Fractured surface of polystyrene composite-Brittle failure of 

crazed ligament. Mag. X 400 

But when such as brittle fiacture occurs, formation of 'cleavage stops' (chips) also 

occurs (Figure 8.8g). These chips will sometimes spinter off also in the process. 

Figure 8.8g. Fractured surface of polystyrene composite-Brittle failure of crazed 

ligament-chip formation. Mag. X 400 



The formation of stretched regions with a ductile failure mode is clearly visible in Figure 

8.8h. 

Figure 8.8h. Fractured surface of polystyrene composite-Ductile failure with 

stretched regions. Mag. X 200 

Rubber particles in the matrix which are debonded in an effort to arrest sudden failure also 

can be seen. It can be seen that these particles also are pointing in the direction of cracks 

/stress (Figure 8.89. 

Figure 8.8i. Fractured surface of porystyrene composite-Particles arresting sudden 

failure of matrix. Mag. X 200 



8.1.3. Dynamic mechanical analysis 

m c  mechanical analysis is mainly used to check the variations in storage 

modulus, loss modulus and damping of the material and also the variation in Tg of the 

matrix. The plots are given in Figures 8.9 -8.16. Figure 8.9 is the variation of storage 

modulus of polystyrene under different frequencies. It is a main observation that storage 

modulus of the samples decreases with rise in temperature. This is due to the loss in 

stiEness of the material at high temperature. Also as the frequency increases fiom 0.1 to 

100 Hz, storage modulus increases and this is most noted for temperature a b v e  the 

transition. Similar effects could be observed with other samples also. 

* - 0.1 Hz 0-10 Hz +-I00 Hz Sample : PS, Strain: 4 

Figure 8.9. Variation of storage modulus with temperature: Influence of frequency 

The variation of storage modulus with temperature (at 100 Hz) for different samples of 

increasing NR prophylactics loading (size 3) is presented in Figure 8.10. Below the 

transition point, highest modulus is shown by polystyrene sample while the least by 

polystyrene sample containing 25 php prophylactics filler. But at temperature above 



transition, polystyrene softens considerably and therefore prophylactics containing 

composite samples give higher modulus values. 

+ - PS, 4- 15G3S3, o-20G4S3, x-25GSS3, 11 - 30G6S3, 100 Hz, Stmin: 4 

Figure 8.10. Variation of storage modulus with temperature: Influence of NR 

Prophylactics loading 

Figure 8.11 depicts the influence of particle size of NR Prophylactics filler o n  the 

storage modulus. At a constant loading of 30 php, size 3 prophylactics containing samples 

presents a high modulus while size 1 , the lowest. 

The effect of frequency on the loss modulus-temperature plots of pure polystyrene 

is presented in Figure 8.12. Plots present one main transition around 85' c wwhh is due 

to polystyrene. Bebw the main transition, the maximum value i s  observed at 0.1 H7 and 

the least at 100 Hz while above the transition, this order is reversed. rhis p h e r ~ o m ~ n o n  

gives a twisted staircase like appearance to the plots. 



-1- - PS, a-30G6S 1 ,  0-30G6S2, x -30G6S3, 100 H q  Strain: 4 
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Figure 8.1 1. Variatiou of storage modulus with tern pem ture: Influence of 
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Figure 8.12. Variation of loss modulus with temperature: influence of  frequency 
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When pure polystyrene exhibits only one transition around 85' C, all composite 

samples exhibit two transitions, one around -58 to -36' C range and the other around 

100' C (Figure 8.13). The former is due to NR Prophylactics rejects and the latter is due 

to pure polystyrene. As the loading of prophylactics mer increases, the loss modulus 

decreases in the central region between the two transitions. But below the NR transition 

and above the PS transition, polystyrene presents a lower value. So as in the earlier case, 

the plots appear like a twisted staircase. Composite samples with size 2 NR prophylactics 

filler gives the lowest loss modulus (Figure 8.14) while the highest loss modulus is shown 

by samples with size 1 fiuer. Size 3 presents an intermediate behaviour. 

+ - PS, a-1 5G3S3, 6- 20G4S3, -2SGSS3, n-30G6S3, lOO Hz Smdn : 4 

Figure 8.13. Variation of loss modulus with temperature: Influence of NR 

Prophylactics loading 



+ - PS, A- 300651, 0-30G6S2, n-30G6S3, I00 Hz, Strain : 4 
.-- -- -. -.- . - -  - - 

- 1  

Figure 8.14. Variation of loss modulus with temperature: Influence of particle 

size of NR Prophylactics filler 

It can be seen fiom Figure 8.15 that tan 6 value increases f i r  all composites 

compared to that of polystyrene. The highest increase is shown at a loading of 25 php and 

the lowest at 15 php. Composites containing size 1 filler shows the highest tan 6 value at 

most of the temperature regions (Figure 8.16) while the lowest is shown by size 2.  Rut 

tan S,- is lughest for composites with size 3 prophylactics and minimum for composite 

with size 2 filler. The presence of two well-defined transitions clearly indicates that two 

separate phases exists in tfie system. 



+ - P S .  A-15G3S3, 0-20G4S3, x-25G5S3, 0-30G6S3, 100 Hz Swain : 4 
- .  . 

0.50 F ' 1 

Figure 8.15. Variation of tan F with temperature: Influence of NR Prophylactics 

loading 

Figure 8.16. Variation of tan 6 with temperature: Influence of particle size of NH 

Prophylactics filler 



Tg is determined by experiments which correspond to a time sale. In the case of an 

experiment performed rapidly, time scale gets shortened, frequency is increased and then 

Tg will be raised. Here Tg values are taken not &om tan &temperature plots but from E -  
a9 

temperature plots. Tbis is because it is reported- that temperature corresponding to the 

maximum damping is not Tg, but temperature corresponding to the maximurn loss 
2q modulus is moreclose to Tg. Tgvaluesare giveninTable 8.2. 

Table 8*2. Glass transition values of samples 

In the case of p o w ,  an expected mcrease in Tg with frequency cannot be seen. 

Composites have higher Tg values which indicate a tightening of the system. Also, as the 

frequency increases in each case, Tg increases. Generally it can be stated that the loading 

of prophylactics upto 25 php increases Tg (irregularly), which falls to a lower value at 30 

php loading of size 3 filler. Also, as the particle size of filler increases, the variation in I'g 

doesn't follow any generalizations. 
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CHAPTER 9 

RECLAMATION VERSUS CHEMICAL MODIFICATION OF 

NATURAL RUBBER PROPHYLACTICS REJECTS FOR 

RECYCLING IN POLYPROPYLENE 

ABSTRACT 

The use of reclaimed and chemically modilied prophylactics rejects in unmodikd 

and chemically modified polypropylene has been investigated. The room temperature 

epoxidation of prophylactics rejects bas been carried out by in-situ formed performic acid 

using a mixture of formic acid and hydrogen peroxide. The dichlorocarbene m a c a t i o n  of 

prophylactics at room temperature has been done using a mixture of chloroform and alkali in 

the presence of a phase transfer catalyst. The reclamation of prophylactics rejects has been 

carried out by the De Link process. The preparation of maleic anhydride modifd and 

phenolic mod*ed polypropylene in a hot two-roll mill is done using maleic 

anhydridddicumyl peroxide mixture and dimethy lo1 pheno Ustanno us chloride mixture 

respectively. The chemically modified prophylactics rejects as well as  plypropylenes have 

been characterised by infrared spectroscopy, chemical analysis, glass transition and contact 

angle determinations. Epoxy group in the epoxidised sample is conhned by the FTIR peaks 

around 870 cm-I and 1300 cm-' while dichlorocarbene modSation is c o n h x d  by the 

peaks at 1070 cm' (cyclopropane ring) and 746 cm-' (C-Cl stretch). Improvement in epoxy 

values has been observed with increasing duration of the reaction up to 144 h. The highest 

epoxy value has been observed for the sample treated with 20 % epoxidation reagent. The 

chlorine content in the case of dichlorocarbene m o m 4  samples has been found to be 

rncreasing initially and levels off after 4 h of the reaction. Increase in the glass transition 

valuc has been observed with both chemical modifications due to the stiffening of polymer 

chains. Increased polarity resulting from the chemical modiiications has been found to be 

reducing the contact angle of a sessile drop of water on the surface of chemically modified 



materials. 'The thermal stability reduces with epoxidation due to the formation of acidic 

compounds during thermal degradation. Similar results have been noted with 

dichlorocarkne modified samples also. Tensile strength has been decreased with the addition 

of reclaimed prophylactics rejects while an increasing trend has k e n  observed with the use 

of epoxidised prophylactics in both maleic anhydride and phenolic mod5ed polypropylene 

and dichlorocarbene mod5ed prophylactics in phenolic modsed polypropylene. In the case 

of impact strength, reclaimed prophylactics has been found to be better than chemically 

modified forms. X-ray dfiaction results reveal the a-monochic structure for 

polypropylene . 



CHAPTER 9 

RECLAMATION VERSUS CBMICAL MODIFICATION 

OF NATURAL RUBBER PROPHYLACTICS REJECTS 

FOR RECYCLING IN POLYPROPYLENE 

Results in this chapter have been communicated to J.  Mater. Sci. 

Polypropylene is a semicrystalline plastic,' which h d s  extensive use in many 

household articles, automobile parts, steriiisable equipments, film production etc. Now, it 

is the -st growing usage tbermoplastic2 with a production of 1.5 mio tons in 1 9703s, 1 3 

mio tons in 199OYs, 19 mio tons in 1995 and 25 mio tons in 2000. The reason for such an 

uncontrollable and explosive growth in the usage of polypropylene is due to its various 

merit$ such as bw density, high vicat softening point, exceptional flex life, steam 

s t e d k a b ' i ,  good surface hardness, scratch resistance, very good abrasion resistance, 

exceknt electrical properties, low cost, ~hemi~a l  inocuity4, resistance to biological 

organisms and availability in a wide range of MFI ranging from 0.25 to 800 g IXO mjn 

which reminds a roman saying 'Variety Delectat' (variety is delightfid) which is true for 

polypropylene. Meanwhile it has some demerits also. These include its low impact 

strength, tendency to creep even at low stress and inert nature which makes its bonding, 

surhce printing etc. a Herculean task. Such damrits can k overcome by its proper 

chemical modscations, which extensively appeared earlier in the literature "I4. Similarly 

natural rubber also can be subjected to several chemical mod5cations to attain better 

properties. Some of these are chlorinationi7~", epoxidation19-22, and 
23.24. dichlorocarkne rnodfication Development of chlorinated rubber &om crosslinked 

gloves waste also is reported in the literature2'. 

The present chapter investigates the room temperature chemical modification 

(epoxidation and dichlorocarkne modscation) of natural rubkr prophylactics rejects and 

also its reclamation for recycling in unmodifkd and chemically moddied polypropylene 

(MA-PP and Ph-PP). Powdered prophylactics rejects (size 2)  having average size of 1 .05  



rnm, most fiequent size range of 0.6-0.9 mm, number average diameter Ln of 0.96 1 mm 

and weight average diameter Lw- 1.0 83 rnm was selected for the study. 

9.1. Raults and discussions 

9.1.1. Characterisat ion of chemically modified prophylactics filler 

9.1.1.1. Spectmscopic characterisation of epoxidised prophylactics 

Epxidation of natural rubber prophylactics rejects (LW) can be confirmed by 

comparing the FTIR spectrum of unmodified and chemically modified materials. The FT1R 

spectra of unmodified and epoxidised prophylactics are shown in Figure 9.1. 

WAVE NUMBER, cm-' 

Figure 9.1. FTTR spectra of unmodified and epoxidised NR prophylactics 

rejects 

[A-LW (0 h), B-ELW (0. Sb), C:-ELW ( I  h). U-E1.W (2 hr). E-E1.W (6 h). F-E1.W (21 h)] 



It can k seen from Figure 9.1 that the epoxidised materials (B-F) present two 

characteristic peaks, one around 870 cm" and the other around 1300 cm-' while these are 

absent in the spectra of unmodified prophylactics material (A) given in the same figure. 

Slight variation in the intensity of the peak at 835 cm'l also can be observed due to the 

involvement of unsaturation in the epxidation reaction. 

9.1.1.2. Spectroscopic characterisation of dichlorocarbene modified prophylactics 

The FTIR spectra of unmodified and dichlorocarbene modified prophylactics is 

shown in Figure 9.2. 

I t 

WAVE NUMBER,cm-' 

Figure 9.2. FTIR spectra of unmodified and dichlorocarbene modified 5 H 

prophylactics rejects 

[A-LW (0 h), B-CILW (2 h), C- ClLW (4 b), DCILW (8 h), E- ClLW ( 2 1  h 1 1  



Dichlorocarbene modiflcation of NR prophylactics rejects can be codmned by 

FTIR peaks around 1070 m' and 746 c m s  which corresponds to cyclopropane ring and 

carhn-chlorine stretchg vibration respectively. As in the case of epoxidation, slight 

variations in the intensity of the peak at 835 cnil are observed due to the reaction of the 

unsaturation. 

The general informat ion regarding FTIR characterisat ions discussed above is 

presented in Table 9.1 below. 

Table 9.1. Important FTTR peaks 

9.1.1.3. Epoxy values and percentage chlorine analysis 

Peak position 

3600-3400 cm-' 
3040 cm-' 
29 1 8 cm" 
2854 c ~ '  
1664 cm-' 
1455 cm-' 
1382 cm-' 
1305-1320 cm-' 
1070 cm" 
1032 cm-I 
870 cm" 
838 cm" 

746 cm-' 

The reactions can be characterised also by using the chemical analysis methods 

Comments 

broad transit ion - 0-H str 
medium- C-H str 
strong- C-W str (asym)[CH2] 
strong- C-H str (sym)[CH3] 
medium- C -- C 
strong- C-H def (asyrn) [CH3] 
strong- C-H def (sym)[CH3] 
epoxy P O U P  
cyclopropane ring 
medium- 1 alcohol (ati) 

xy group 
stmw- C-H def(*fp) CHR -CCR1 
C-Cl str 

using HBr and acetic acid which determines epoxy values26 for epoxidised samples and 

chlarine conted7 [titration of the gas (fiorn sample burned in Pd basket) absorbed 

solution] for dichlorocarbene modified samples. These results are presented in Tables 9.2 

and 9.3 respectively. 

It can be seen from the epoxy values given in Table 9.2 that there is a gradual 

increase in these values with the progress of the reaction and best results are obtained 

when the concentration of the reagent is 20%. It can be understood here that at the lowest 

concentration of reagent (lo%), the extent of epoxidation is low and therefore the epoxy 

values are lower. At highest concentration of reagent (30%), sufficient epoxidation may be 



occurring but the formed epoxy groups may be undergoing some side reactions, which 

leads to a low epoxy value. One important point to be kept in mind is that only the free 

msaturation in these lightly crosslinked natural rubber prophylactics rejects are susceptible 

to these reactions. 

Tables 9.2. Epoxy values 

Similarly, as the t h e  of reaction increases, the chlorine content in the sample also 

increases and &ally levels off. This can be attributed to the reduced number of 

unsaturation sites for the reaction with its progress. 

Tables 9.3. Chlorine content 

9.1.1.4. Glass transition values 

Evidences for the reaction can be also given by the variation in glass transition 

values (Tables 9.4 and 9.5). In the case of epuxidised samples, an increase in the glass 

transition temperature is observed with the advancing reaction. 'The increase is higher 

when the concentration of the reagent is 20%. The increase in the glass  rans sit ion values 

indicates the stiffening of the chin due to the presence of epoxy groups. Similar increase 

in the g h s  transition values are observed for dichlorocarkne modified samples also. But 

Chlorine content, % 
- 

2.84 
4.70 - 

4.70 A 

4.72 

4.66 - -- 
4.7 1 

Sample code 
CO 
C1 
C2 
C3 
C4 
C5 
C6 

Time of reaction, h 
0 
2 
4 - 
8 
24 
48 
72 



here the extent of the increase is higher (Table 9.5). 

Table 9.4. Glass transition values of epoxidised samples 

Table 9.5. Glass transition values of dichbmcarbene modified samples 

9.1.1.5. Contact Angles 

The surface modification of a polymer will change the wetting of a liquid on its surface. 

The extent of this wetting can be characterised by determining the contact angle of the 

liquid on the surface of the material. A liquid which wets intensively, spreads fist and 

finally flows on the surface, making the contact angle zero. Therefore, the more tbe 

interaction between material surface and liquid molecules, the more will be the wetting of 

the liquid and then the less will be the contact angle. Contact angle values of a sessile drop 

of water o n  the surface of epoxidised sample are presented in Table 9.6. I t  can be seen 

fiom Table 9.6 that the Iowest contact angle is obtained for the sample epoxidised for 24 

h using 20% reagent, indicating a higher extent of modification for this case. Similar 

determination of contact angle for the dichlorocarlxne modified samples cou!d not be 

carried out, as the sample surface was rough with several cracks after the reaction. 



Table 9.6. Contact angles 

9.1.1,6. Thermal stability of the prophylactics rejects 

Concentration of 
epoxidation reagent, % 

0 
10 
20 

The thermogravimetric plots of unmodifisd and chemically m o d 3 4  (epoxidised 

using 20 % reagent) prophylactics rejects are given in Figure 9.3a-c and the results are 

Con tact angles, O 

73 -0 
66.0 
56.5 

summarissd in Table 9.7. Figure 9.3a is the TGA plot, Figure 9.3b is the DTA plot and 

Figure 9 . 3 ~  is the simultaneous difference temperature (SDT) plot. 

It can be seen from a comparison of Figure 9.3a & b and Tabie 9.6 that the 

unmomed NR prophylactics rejects undergo t h e d  degradation in mainly one stage. 

This is codmed by the presence of one main peak in DTA (Figure 9.3 b) and SDT 

(Figure 9.3~). Figure 9 . 3 ~  represents the simultaneous difference temperature ktween 

the sample pan and empty reference pan. Therefore, the appearance of one peak in the 

SDT plots indicates that considerable energy is used up for the degradation of NR sample 

in that stage. It can also be seen from Figure 9.3b that the degradation process of 

unmoaed NR prophylactics rejects starts at a temperature of 33 l o  C and ends at 474' C 

and that the temperature at which the degradation rate kcomes maximum is  395" C 

(temperature of the DTA peak referred to as peak temperature). The percentage residue 

W s i s  at four selected temperatures (300, 400, 500 and 1000 O C (char) indicates the 

regular degradation of the sample in the furnace. The net weight change in the degradation 

process of unmodified NR prophylactics rejects is 94.47 %. 

In the case of samples epoxidised using 20% reagent for 2 hrs (code: G18), the 

degradation follows a two stage process (Figure 9.3a) with 2 peaks in DTA and SDT 

plots (Figure 9.3b and c). The h s t  degradation starts at an early temperature than the 

unmod~ed sample, i.e., at 279' t' and ends at 479' C. The temperature at which the 

degradation rate lxcornes maximum is 389", whch is lower than that of unmodified 

sample. The second minor degradation step starts at 492 ' I < '  and ends at 591 ['c with the 

30 58.3 



maximum rate of degradation observable at 544 OC. Even though the percentage residue 

analysis at various temperature gives confusing results, the net weight change is found to 

be higher (96.96 %) than the unmodified sample. All the a b v e  data confirm the reduced 

thermal stability of the epoxidised sample and the increased span of the degradation 

process for the epoxidised sample. 

.20 L . . - - - 1 - 7  u I -- 
[I 200 400 6W BOO 1000 

T w m  I"C) Lhbh-sa W.W TA I k m  #me t$  

Figure 9.3a. Therrnogmvimetric (TGA) plots of unmodified and epolridised NR 

prophylactics rejects 

In the case of sample with epoxidation tkne of 6 h also, the degradation is a two 

step process ranging from 216- 486 'c: with peak temperature 372 OC: ( k s t  step) and from 

486-629 'C with peak temperature 557 OC (second step). This sample also presents its 

increaqed thermal degradation compared to the unmodified sample as far as net weight 

change and rhermal data are concerned. The net weight change observed is 96.64%. 
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Figure 9.3b. Thermogravimetrie (DTA) plots of unmodified nod epoxidised NR 

prophylactics rejects 

[G@O b, G1&2 4 G19-6 h, G21A-24 h, G21B-I44 b] 

It is now clear that in the case of epoxidised samples, the degradation follows a 

two step process presenting two peaks in the DTA peak. But the degradation o f  sample 

with an epoxidation time of 24 h presents only a single step. This is actually due to the 

forward shift of fist degradation peak and backward shift of second peak which therefore 

appear similar to a single peak ranging fiom 292-500 OC with a peak value at 396 OC. Such 

merging or overlapping of DTA peaks is a common phenomenon in thermal analysis which 

causes several troubles to an analyst. In this case, the net weight changc observed is 

99.45%. 



Figure 9 . 3 ~ .  Thermogmvimetric (SDT) plots of unrnodifred and epoxidised NR 

prophylactics rejects 

[GO-0 h, C1&2 h, (219-6 h, C21A-24 h, G21B-144 b) 

But such a merging or overlapping of peaks is not observed in the sample 

epoxidised for 144 h. Here multistep degradation is observed with well resolved and 

separated peaks. The first one is in the range 230-352 OC, second one ir~ 352-479 OC range 

and the last one in 479-620 k range. The net weight change also is similar to other 

modified samples (95.39%) but only slightly higher than the unmodified sample. The 

~rregular trend in the amount of residue at various temperatures reveals the possibility of 

ii~rmat ion of thermally stable crosslinked structures in the material during the degradation 

process. In the case of this sample, the rate constant values o f  different steps also are 

L-omparable. 



Table 9.7. Tbermogravimetric data of Epoxidised NR propbylactics r e j d  

I Con: o f  1 Time L Thermal data 
% Residue analysis 

at selated temperatures, C 
' reagent of I Peak information 

YO reaction, 
b 

I 

Temperature information, C 

I 

I 

loo0 

4.9 

2.6 

3.1 

1.1 

4.5 

500 

8.6 

10 

25 

2.3 

31 

300 

97 

97.6 

92 

83 

85 

Net 
wt 
change 
94.47 

96.96 

96.64 

99.45 

95.39 

400 

53 

43 

50 

47 

52 

Degrad, 
ends 
at 
474 
578 

479 
591 
486 
629 
124 
5 0 0  
352 
479 
620 

Peak- 
temperature 
data 
395 
518 

3 89 
544 
372 
557 
82 
396 
334 
378 
560 

No. of peaks- 
DTA 

Degrad. 
starts 
at 
33 1 
474 

279 
492 
2 16 
486 
33 
292 
230 
352 
479 

No. of peaks- 
SDT 

0 l o  I * i 2  -l 

I + , I 

I 
I 

I 
2 

2 

2 

3 

T f  1 I I 1 

1 6  

I 1 i 1 24 

1 44 3 

I 
- L -- 



I t  can be seen here that the peak temperature decreases first with samples with increased 

reaction time upto 6 h and for the sample with reaction time of 24 hr, it increases. The 

value observed for the sample with reaction time of 144 h is the least. The reduction in 

peak temperahue is due to the presence or formation of acidic components during thermal 

aging of the sample. The net weight change also presents an increasing trend with the 

reaction time even though slight abnormalities exist for the sample with 24 h reaction time. 

Similarly, the therrnogravimetric plots of unmodified and chemically modified 

(dichlorocarbene modified) prophylactics rejects are given in Figure 9.4a (TGA), b 

(DT A) and c (SDT) and the results are summarised in Table 9.8. 

Figure 9.4a. Thermogmvimetric (TGA) plots of unmodified and dichlorocarbene 

modified NR prophylactics rejects 

!GO-Ob, C1- 2h, C2-4 h, C3-8 h, C4-24 b, C5.48 b] 
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Figure 9.4b. Themogravimetric (DTA) plots of unmadified and dichlomarbene 

modified NR prophylactics rejects 

[COh, C1- 2h, C2-4 b, C3-8 h, C4-24 b, C M 8  b] 

'The degradations mainly consist of three stages. The fist one is in 200-300 OC 

range, the second one in 300-470 OC and the last one in 470-550 'C range. It is a general 

o bsurvat ion that at e temperature of 300' C ,  the percentage residue goes on decreasing 

with the time of chemical mod*cation. But the observation is different at higher 

temperatures. This leads to the possibility of the formation of some thermally stable 

structures in the dichlorocarbene modified NR prophyIactics at higher temperatures 

studied. 'The reduced magnitude in the net weight change also points out this fact. It is 

interesting to see that the net weight change in the case of unmodsed sample and the 

sample c hemicdy modi5ed f o r  72 h are similar. Therefore it is reasonable to think that 

my effects in thermal degradation pattern of dichlorocarhne modified NR prophylactics 

re,jects are tor the samples with intermediate reaction times such as 2-8 h at 5011' C:. 
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Figure 9 .4~ .  Thermogravimetric (SDT) plots of unmodified and dichlorocarbene 
modified NR prophylactics rejects 

!GO-Ob, Cl- 2h, C24  h, C3-8 h, C4-24 b, C5-48 h] 

Table 9.8. Thermogravimetric data of dichIorocorbene modified NR prophylactics 

Sample Code 

-- 
CO 

C1 

C2 

- - 
C3 

C4 

C5 

C6 

Time of reaction, h 

- --  
0 

2 

4 

8 

24 - - 

48 

72 

-- 

% Residue analysis at seiected temperatures 
300' C 

97 

89 

85 

80 

- 
65 

67 

I I 
I 

1 I - I - - -  1 '".' - -7 - 1  

400' C - - - - . 
53 

62 

60 

- 5 56 2 - -  Hf:[-q - 

49 95.9 
.- - - - 

- 1 I i q  

500' C 
- . . 

8 

12 

19 

1000' C - - -- - 
4 

- . -- 

7.16 

7.22 

Net wt change 
- -- - - 

94 

92.61 

92.22 



9.1.2. Development and characterisation of polypropylene composites 

Polypropylene composites are prepared using the chemically modified and 

unmodikd polypropylene and chemically modifiedeclairned M pro phyhct ics rejects. 

The details are given in chapter 2 (sections 2.2.2 to 2.2.6). Epoxidkd prophylactics 

sample used for the study is that obtained after reaction for 29 h using 20% epoxidation 

reagent, dichlorocarbene modified prophylactics sample used for the study is that obtained 

after reaction for 24 h (code C4). Reclaimed NR prophylactics rejects prepared as 

described in chapter 2 (section 2.2.4) a h  is used in the study. Mixes are selected wisely 

to study the influence of several, parameters as given in Table 9.9 and the recipe is given in 

Table 9.10. 

Table 9.9, Mix numbers and aims 

Mixes 
numbers 

1 

1-4 

5-8 

9-12 

13 

14- 17 

18-2 t 

Aim 

Control mix 

To study the effect of badxng of reclaimed prophylactics rejects in 

unmodijied PP 

To study the effect of loading of epoxidised prophylactics rejects in MA- 

PP 

To study the effect of laadmg of epoxidised prophylactics rejects in Ph-PP 

To study the e&ct of l o w  of epoxidised prophylactics rejects in 

unmaditied PP to compare it with mixes 9- 12 
I 

To study the effect of loading of dichlorocarbene mod5ed prophylactics I 
rejects in MA-PP 

To study the effect of loading of dichlorocarbene modsed prophylactics I 

rejects in Ph-PP 
I 

'To study the effect of loading of dicldorocarbene rnodsed prophylactics 

rejects unmodified PP 
-- - _I 



9.1.2.1. Spectroscopic characterization of chemically modified polypropylene 

The FTIR spectra of  unrnodSed and chemically modified (MA-PP and Ph-PP) are 

given in Figure 9.5. MA-PP can be identified by the peaks at 1704 cm" (carbonyl group 

in MA), 1783 cm-' (nonsym. stretch of carbony1 in MA) and 1860 cm" ( 5  membered 

cyciic anhydride carbonyl in MA-PP), SidarIy, Ph-PP can be identifled by the peaks at 

1025 cm-' (primary alcohol group C&-OH), 1205 cm-' (C-0 group), 3200-3600 cm" 

(phenolic OH) and 1500-1,600 cm' (aromatic C---C). Other peaks of importance are 841 

cm-' (backbone vibration of C-CH3 in polypropylene) and 1166 cm-' (CH3 group), 

C .1 
3500 3000 2500 20bb 1000 sob 

Figure 9.5. FTIR spectrum of PP, MA-PP and Ph-PP 

[A -Pure PP, B M A  -PP, C - Ph-PP] 

9.1.2.2. Characterisation of technological properties 

'I'he variation of tensile strength with the composition of the composites is 

interesting. I t  can be seen from Table 9.10 that when the pure polypropylene presents a 

tcnsilc strength of 30 MPa. the increasing conce,ntration of reclaimed NR prophylactics 



Table 9.ID.Basic recipe and properties of the composite 
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rejects (RLW) regularly decreases the value to 22 MPa. In the case of composites 

comprising of chemically modified PP (MA-PP) and epoxidised NR prophylactics (EL W), 

the tensile strength shows a slight increase at d loadings compared to the virgin P P m W  

composites. The improved tensile strength may be due to the weak chemical interaction 

between MA-PP and epoxy groups in the chemically modified NR prophylactics (EL W). 

Also as the bading of epoxidised NR prophylactics (ELW) in MA-PP increases h m  10 

to 40 phr, the tensile strength decreases slightly. As the main matrix changes fiom MA-PP 

to phenolic modified PP (Ph-PP), addition of EL W presents higher values at 3 0 and 40 phr 

loadings. This may be due to the interaction btween Ph-PP and epoxy groups in 

chemically modsed NR prophylactics (ELW). But at lower loadings the e k t  is not 

observed and the vdws are lower than both PPlRLW and MA-PPKLW composites of 

similar composition. A composite containing unmodSed PP and ELW also gives a very 

low tensile strength. As the loading of ELW in Ph-PP increases, the tensile strength 

decreases swtly at 20 and 40 phr loadings while at 30 phr loading, it increases. 

It is interesting to see that the composites made of MA-PP and dichlorocarbene 

modxed NR prophylactics (ClLW) present lower tensile strength values compared to all 

above-mentioned samples of similar compositions. This inferior performance is most 

notable at 40 phr loading. This indicates the absence of any chemical interaction between 

the MA-PP and CLW. Moreover, the increasing content of ClLW in MA-PP decreases 

the tensile strength values. On the other hand, composites of Ph-PPICILW show 

satisfactory tensile performance which is b h e r  than most other compositions mainly at 10 

and 20 phr loading and is comparable to MA-PP I EL W composites. Such a performance 

may be due to the slight interaction &tween Ph-PP and Cl groups in CLW. But as 

observed earlier, the increasing loading of C L W  in Ph-PP decreases the tensile strength 

value. The reduced tencile st~ength value of unmodified PP/ClLW composite (40 phr) 

reveals that the better performance in the case of Ph-PPIClLW is ordy due to the weak 

chemical interactions suggested earlier. 

Another parameter of importance is the percentage elongation at break (eb%). It 

can be seen fiom Table 9.10 thar the addition of KLW increases the value of eb% even 

though it is in an irregular manner. This I S  because of the presence of crosslinked 



reclaimed rubber in PP. It is to be noted here that the reclaimed NR prophylactics can 

undergo crosslrnking in the temperature range used for the melt preparation of the 

composites. In the case of MA-PP / ELW composites, the eb% values are lower at all 

loadings compared to the virgin PPAUW composites. As the loading of ELW in MA-PP 

increases from 10 to 40 phr, the eb% increases slightly and regularly. When the main 

matrix is Ph-PP, addition of ELW gives eb% values which are comparable to that of MA- 

PPELW composites. It is also important to note that the values are much lower than 

PPRLW composites. As the composite containing unmodi6d PP and ELW gives a better 

or comparable value of eb% to that of other samples such as PPIRLW, MA-PPIEI,W and 

Ph-PPIELW, it can be understand that the chemical modfiation of PP or prophylactics 

has no notable effect on eb%. The eb % can be considered to remain constant with the 

increasing loading of EL W in Ph-PP. 

Composites of MA-PP and CLW show higher vdues of eb% compared to all 

other samples at s i n k  c o ~ s i t i o n s ,  Still, the values are either comparable or slightly 

lower than PPlRLW systems. The increasing content of ClLW in MA-PP regularly 

increases the eb % values. H@er values compared to MA-PPICIL W are shown by Pb- 

PP/CLW composites. These d u e s  are found to be similar to that of PPIRLW system. 

The increasing loading of ClL W in Ph-PP increases the eb % values regularly. When the 

matrix is unmodied PP, a lower value is observed at 40 phr loading. 

The variation of impact strength also deserves much importance. It is a general 

observation in Table 9.10 that the impact strength values of all composite samples are 

higher than that of the pure PP sample. This is due to the reduction in tbe average 

crystalhe size in polypropylene by the dispersed rubkr. As the concentration of RL W in 

PP increases, impact strength increases considerably in a regular manner. Compared to the 

virgin PPRI  . W composites, the impact strength values are lower at al l  lodings in MA- 

PPELW systems. This points out the fact that the chemical interaction between MA-PP 

and EL,W is not influencing the impact strength. With increase in the loading of ELW in 

MA-PP, the impact strength increases until 20 phr and then decreases slightly. After 

substituting the main matrix MA-PP with Ph-PP, addition of ELW presents higher values 

of impact strength at 30 and 40 phr loadings. This is similar to the observation in the case 



o f  tensile strength. The values are lower than b t h  P P K W  and MA-PPIELW composites 

of similar composition- Lower value of impact strength is observed in the sample of 

~ r ~ m o d i k d  PP and ELW. The impact strength increases regularly as the loading of ELW 

in Ph-PP increases. 

MA-PPICILW composites show higher impact strength values compared to most 

other samples of similar compositions. This clearly indicates that weak chemical 

interactions between the MA-PP and ClLW influence the impact performance of the 

samples. Better values are observed in Ph-PPIClLW composites. The increasing loading 

of ClLW  TI Ph-PP regularly increases the impact strength value while unmodified PP 

sample presents lower impact strength with 40 phr CIL W. 

9.1.2.3. Crystalline melting point 

The crystalhe melting point (T,) of PP (Table 9.10) undergoes variation with the 

composition of the composites. In most of the cases, Tm falls around 1 60' C .  

9.1.2.4. Percentage crystallinity of polypropylene composites 

The variation in percentage crystallinity determined from DSC of the composites 

also is interesting (Table 9.10). The percentage crystalhity is found to be reduced with 

the addition of unmodi6ed and chemicaUy modified NR prophylactics waste into PP. A 

regular decrease in the value is observed with the increasing content of RL W in PP. Even 

though higher values are observed in the case of MA-PP/ELW samples, here also a 

reduction in percentage crystallinity can be observed with the increasing loading of ELW 

in MA-PP. Again, lower values are obtained in the case of Ph-PPIEL W composites with a 

reducing trend with increasing loading of EL W. Similar value is presented by the PPlELW 

sample also. ?'he percentage crystallinity values shown by MA-PP/CLW composites are 

again lower compared to most other systems of s h h r  composition. Here, the value fist 

decreases and then increases with increasing loading of ClLW in MA-PP. Ph-PPICLW 

samples give higher percentage crystallinity values compared to MA-PPICILW as well as 

Ph-PPff3.W systems but the values are lower (at most loadings) compared to MA- 

PPEF,W and W"RL W samples. Also. it can be seen that the addition of ClLW to Ph-PP 

reduces the percentage crystall~nity values. Addition of 40 phr ClLW to PP gives a 

composite u ilh very low percentage crystallinity. 



9.1.2.5. Crystalline structure of the composites 

The XRD plots obtained for the composites are used to analyse the crystal structure of the 

polypropylene composites. Some typical pbts are given in Figure 9.6 and the data 

obtained for different composite compositions are given in Table 9.11. 

Figure 9.6. Typical XRD plots of polypropylene composites (PYI RLW) 

IA-PP,B-PP+lOpbrRLW,C-PP+20pbrRtW,D-fP+40pbrRLW) 

The obtained dfiactogram of polypropylene have 4 plane reflexes, 1 1 0, 040,13 0 and 1 1 1 

which are characteristic of a monoclinic structure at 20 of 14.4, 17.2,18.9, and 21.2 

respectively. It can also be seen that the addition of prophylactics in reclaimed or in 

chemically modified forms is not changing the crystalline structure of po lypro pylene. In 

the case of polypropylene and the composite with 1 0 and 40 phr RL W, the highest intense 

peak is that at 2 1.2' while in the case of composite with 20 phr RLW, the intense peak is 

that at 17.2. It can be generally seen that the interplanar distance (d value) is generally 

decreasing as the loading of RLW in polypropylene increases. This reveals that the rubber 



Table 9.1 1. XRD data 



particles are not present in the interspherulitic region of PP and there is slight occlusion of 

rubber particles to interspherulitic regions. In the case of increasing loading of ELW in 

PULA-PP also the observations are similar. But compared to PPlRLW samples of similar 

composition, here a general increase in 'd' value can be seen for most of the cases. In the 

case of Ph-PP 1 EL W samples, increased loading does not make any notable effect on 'd' 

value and the values are similar compared to PPlRLW and MA-PPELW cases. A 

composite sample containing PPEL W also makes no difference. Composites containing 

MA-PP/ClLW compositions show a reducing trend in d value with increasing loading of 

inclusion in PP and with respect to similar compositions of PP/RLW and MA-PPIELW 

and Ph-PPIELW systems. Ph-PP/ClLW composite samples show mixed trends which 

depend on the composition. 
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CHAPTER 10 

CONCLUSIONS 

T l u  chapter discusses the main points of all the results contained in ths thesis. Also the 

scope for further studies in the field of polymer recyclmg has been indicated, focusing the 

topics still to lx explored in this field. 



CHAPTER 10 

CONCLUSIONS 

Owing to strict regulations in the quality of most of the polymer products, the 
% 

formation of rejects &om polymer industries is considerably high. Since, these materials are 

stable to most common degrading agencies, their decomposition is a very slow process. The 

open burning of these rejects creates serious environmental problems due to the release of 

zinc compounds into the atmosphere. The present work is a study on the recychng of 

mechanically ground prophylactics rejects as Wer in synthetic elastomers and plastics. NR 

prophyIactics mer is prepared by the powdering of waste condom material. Synthetic 

elastomers involved in the study are an amorphous elastomer, 'styrene butadiene rubber' 

(SBR), a relatively novel srrain crystallising elastomer, ' e p o M  natural mbber' (EM-25 

and 50) and ethylene propylene rubber (EPDM). Synthetic plastics involved are an 

amorphous brittle plastic, 'polystyrene' (PS) and a semi-crystalline plastic 'polypropylene' 

(PP). The main results in the whole thesis can be concluded as given below. 

Prior to the use of natural rubkr prophylactics waste as f l e r  in styrene butadiene 

rubber, it has been ground in a toothed wheel mill to get a rubber powder plydispersed in 

size. This kas been sieved and separated into four different size fractions such as  size 1 to 4. 

A mill-sheeted form of natural rubber prophylactics has also been prepared using a two-roll 

d. Different size fktions of prophylactics fiuer have been characterised by obsewhg 

their surhce morphology using scanning electron microscopy and by adyimg tbe average 

particle size, most frequent size range, number and weight average diameters and particle 

size distribution curves. Scanning electron microscopic photograph of the prophylactics filler 

reveal that the particles are irregularly shaped with rough surfetce. From size 1 to 4, the 

particle size increases and the size distribution widens. Assessment of processing, curing, 

mechanical, solvent swelling and tensileltear fractography etc. of styrene butadiene rubber 

have been done by adding varying loadings (0,10,20,30 and 40 phr) of each fiaction to it. In a 

conventional vulcanisation system, curing characterkt ics of the styrene but adiene rubber 

compounds such a- optimum cure time, scorch time and induction time have been found to 

k decreasing with the addition of natural rubber prophylactics filler. This fias k e n  identified 

to k due to the presence of  unreacted accelerator in natural rubber prophylactics rejects. 



Analysis of rheometric cure curves also shows that the cure reactions follow first order 

kinetics. The Stress- strain khaviour observed is typical of vulcanised low strength materials, 

i.e., the stress value is found to k increasing slowly at higher strains. Young's modulus 

values are found to be unaffected at lower loadings of the prophylactics filler while a slight 

decrease is observed at higher loadings for most of the cases. The secant modulus M-300 

(300 % elongation) decreases up to 30 phr and then increases slightly for 40 phr filler 

loading. Compared to finer filler particles, better tensile performance has been shown by 

large prophylactics particles. But tear strength shows superior performance in the case of 

SBR vulcanisate with smaller a e r  particles. The comparatively better tensile performance of 

large sized fillers and mill-sheeted form of the prophylactics lUer has been supported by 

swelling index, cross-link der3i.Q d u e s ,  b u s ,  Cunneem-Russell equations as well as 

scanning electron fiactography. M these vulcanisates, prophylactics ljller particles have been 

observed as phase separated entities. 

The melt rheological behaviour of styrene butadiene rubkr compounds IUed with 

natural rubber prophylactics rejects and selected particulate fillers such as carbon black, 

silica and marble powder also have been investigated. Lrrespective of the composition, 

prophylactics particle size, mixing conditions and temperature, all the rubbr compounds 

exhibit pseudoplastic khaviour. The increase in the melt viscosity of styrene butadiene 

rubber compounds with the increasing loadmg and varying particle s i x  &prophylactics as 

well as loading of particulate 6Uer has been found to be shear rate dependent, At the highest 

shear rate, among tht. particulate fillers used. the order of increasing the viscosity has k e n  

found to be marble powder<silica=black. At low and intermediate shear rates and at a 

temperature of 150'~: the compound mixed for 5 minute showed least viscosity but at 

highest shear rate the curves converge to a point due to 'spurt' or sudden combined flow. In 

the case of samples without particulate fillers, the influence of temperature has been found to 

have a notable ewect on viscosity only in the case of gum styrene butadiene rubber 

compounds. Except at 1 6 0 ' ~  all the samples filled with particulate fillers have been found to 

k less pseudoplastic rhan gum and other prophylactics med samples. Compared to other 

equations tried, Eiler van Dyck equation has k e n  found to be giving closely agreeing values 

of viscosity to that of experimental values while the least agreement is shown by Guth 



equation. A decrease in the extrudate distortio~ aiso has been observed with the addition of 

prophylactics and particulate fillers to styrene bmdiene rubber compounds. 

Use of varying concentrations (0,10,21 30 and 40 phr) of prophylactics filler of 

varying particle sizes, size 1, 2, 3 and 4 and mill-sheeted form in epoxidised naturak rubkr 
' 

(ENR25) has been discussed. Discussions foca on the processing, mechanical and solvent 

swelling behaviour of gum and prophylactics filled epuxidised natural rubber compounds. 

The increase in the hstness of cure reaction wLh the loading of prophylactics has k e n  found 

to be due to the presence of unreacted aceeleraor in the prophylactics rejects. In the case of 

ENR-25, better tensile and tear properties haw hen exhibited by smaller size prophylactics 

mers, especially size I at most of the lo-, Among the theoretical models used for the 

prediction of Young's modulus, Mooney and Guth equations have been found to be giving 

close vaiues to that of experimentally o w  values, mainly at higher loadings of 30 and 

40 phr of prophylactics fdler. Swelling studk, Kraus, Cunneem-Russell. and Lorenz-Park 

equations and the scanning electron h c t o p p h y  of the samples have supported the 

comparatively better performance of size 1 pphylactics filler in epoxidised natural rubber 

vulcanktes. As prophylactics f ler particles m d n  as phase separated entities in ENR-25, 

these are considered as fled composite system than as blend systems. 

The processing aspects, mechanical ard dynarmc mechanical d y s i s  of epoxidised 

natural rubber, ENR 50 containing prophyktics (size 2 fraction) and particulate fillers 

(carbon black 0, silica and marble pow&) also have been studied. All the rheographs 

obtained are typical 'S' shaped curves. The +ion of minimurn rheometric torque with the 

loading of prophylactics and particulate Mers dependznt on the cornposition of the system. 

Among the particulate jillers, ody black bar ken found to Ix increasing the minimum 

torque in EW40  phr prophylactics system Qdy carbon bhck and silica have been found to 

k increasing the maximum rheometric torqre. The decrease in optimum cure time and 

increase in the speed of the vulcankation reacion also has been observed with prophylactics 

and particulate fillers in most of the The stress-strain curves of the gum and 

prophylactics med ENR vulcanisates are &rent from typical vulcanised low strength 

L mtenals due to the strain crystallising naturt of ENR, With the addition of prophylactics 

Wer, the young's modulus values show a sbgh increase. The addition of carbjn black. silica 

and marble powder also increases the young's modulus. The addition of prophylactics in 



~micuhte cant-g systems increases the young's modulus except in the case of silica. 

Improvement in the overall mechanical properties of EM-50 composites with the loading of 

prophylactics and particulate fillers has been evidenced by the increase in tensile and tear 

strength- As the concentration of prophylactics increases, storage modulus values also 
_I increase. This is normal to be expected fiom the presence of crosslinked particles in 

elastomer matrices. The storage modulus increases with increasing frequency also. Addition 

of prophylactics filler to epoxidised natural rubber has been found to be increasing the g h s  

transition temperature of epoxidised natural rubber while the presence of carbon black and 

silica increases it further. An improvement in the hysterisis of the filled ENR-50 samples has 

been indicated by the reduced damping maximum values of ENR-50 at 100 Hz. Increased 

concentration of particulate 6ller in the prophylactics phase has been noted h r n  the analysis 

o f  Wer distribution by damping maxjmum values. Good agreement between the tensile 

strength values and crosslink densities obtained fiom dynamic mechanical data and swelling 

studies at room temperature have been eked. Addition of particulate Mers decrease the 

energy of activation for glass transition of the ENR-50 samples while the loading of 

prophylactics &r in the presence of particulate mer increase the values. 

The development and characterisation of novel ethYiene propy lene diem rubber 

(EPDM) compounds have been discussed. Studies in this section makes a comparison 

between EPDM samples containing NR prophylactics as well as ISNR-5.The cure curves of 

EPDM compounds have been found to be the resultant of slow curing or rnarchmg cure curve 

of EPDM and that of Fast curing 'S' shaped curing curve of natural rubber. Minimum torque 

in rheographs shows a slight increase with prophylactics loadiig. Substitution of natural 

rubber in the place of prophylactics Wer results in a low value of minimum torque. This is 

true at both 10 and 40 phr loadings of the inclusions in EPDM. This is due to the lightly 

crosslinked nature of the prophylactics. The maxhnum torque @&) of the samples is found to 

be decreasing with prophylactics hading. The curing properties such as optimum cure time, 

scorch time and induction time have been found to be decreasing with the loading of 

prophylactics Wer. But for most of the cases the value obtained for compositions with virgin 

natural rubber (ISNR-5) has h e n  found to k lower t h m  that with prophylactics tiller, This 

behviour is due to the difference in the curing behaviour of EPDM and ISNR-5. Increased 

cure rate index and cure rate constant values with the addition of prophylactics and increased 



temperature clearly indicates the presence of unreacted accelerator in the prophylactics 

rejects and the cure activation at high temperature. These observations have been supported 

by the higher value of energy of activation for the gum EPDM compound. The cure kinetic 

plots are found to be almost linear which proves that the cure reactions proceed according to 

+ fist order kinetics. Thermal ageing produces mixed results showing the 

improvementldeteriorat ion in properties. Unaged tensile strength has been increased with the 

loading of prophylactics up to 30 phr. Samples with virgin natural rubber give better tensile 

strength compared to those with prophylactics. Physical cross-links determined from 

Mooney-Rivh equation agree with the tensile strength values for most of the cases. Tear 

strength increases sharply with the loading of prophylactics and leveis off at higher loadings. 

Better value? y e  shown by the substitution of prophylactics mer with ISNR-5 only at 1 Ophr. 

At 40 phr, the tear strength for EPDM / ISNR-5 system is lower than EPDM / prophylactics. 

The difbion process in EPDM vulcanisate is found to be anomalous. The observed variation 

in the equilibrium s w e h g  has been supported by the intrinsic diffusion coefficient and 

molar equilibrium sorption constant while at 4 0 ' ~  sorption and permeation coefficients also 

has been found to be in agreement. The perfect linearity of the sorption kinetic plots at room 

temperature reveals the first order kinetic process. 

It has been observed that pure polystyrene exhibits linear or near linear stress-& 

khaviour while that of its composites with prophylactics show deviations from linearity. A 

drop in the Young's modulus and tensile strength v h e s  has been observed with the loading 

of proph)kdctics. The better performance of size 1 prophylactics fler in the case of Young's 

modulus and impact strength has not keen obsewed in the case of tensile strength. The strain 

induced cry stallisation of prophylactics particles in fled polystyrene composites has been 

proved by Martin-Roth-Stiehler plots. Scanning electron microscopic observations has been 

proved to be useful to understand the operating mechanism of impact toughening in 

po lystyrene composites. In loss modulus- temperature plots pure polystyrene exhibits ody 

one transition around 8 5 ' ~  while all composite samples exhliit two transitions, one around - 

5 8  to -36" C range due to prophylactics and the other around 100 '~  which is due to 

- polystyrene. The phase-separated nature of the composite samples has been supported by 

both loss modulus-temperature and tan6 - temperature plots presenting two well-defined 

transitions. The glass transition values of polystyrene determined from the loss modulus- 



temperature piots have k e n  found to be increasing with the frequency of' measurement 

except in the case of pure polystyrene. An irregular increase in the Tg value of polystyrene 

has been observed with the loading of prophylactics. Particle size of the prophylactics filler is 

not found to exhibit any clear trend in the variation of Tg values. 

The use of reclaimed and chemically modsed prophylactics rejects in unmodified 

and chemically modified prophylactics rejects also has been investigated. Epoxidat io n of 

prophylactics rejects at room temperature has been carried out by in-situ formed performic 

acid using a mixture of formic acid and hydrogen peroxide. A mixture of chloroform and 

alkali in the presence of a phase transfer catalyst has been used for the dichlorocarbene 

m o ~ c a t i o n  of prophylactics at room temperature. De Link process has ken employed for 

the reclamation of .prophylactics rejects in a two roll mixing mill. The preparation of maldc 

anhydride modified and phenolic modzed polypropylene in hot two-roll miU is done using 

maleic anhydridddicumyl peroxide mixture and dimethy bl phenol/stannous chloride mixture 

respectively. The characterisation of chemically modified prophylactics and po iypro pykne 

has been chacterised by infixired spectroscopy, chemical analysis, variation of glass 

tramition temperatures and contact angle determinations. Epoxy group in the epoxidised 

sample is conhrmed by the presence of FTIR peaks around 870 cm' and 1 300 cm-' while 

dichlorocarbene nodikation is c o M  by peaks at 1070 cm-' (cycbpropane ring) and 

746 cM1 (C-Cl stretch). Up to a reaction time of 144 h, increase in epoxy values has been 

obsemed. The magnitude of epoxy value has been found to k west for the sample treated 

with 20 % epoxidation reagent. Similarty, up to 4 h an increase in the chlorine coatent of 

dichlorocarkne modified samples has been found with a leveling off behaviour afterwards. 

Stiffened of polymer chains after chemical modifications show increase in the glass transition 

values. Increased polarrty resulting &om the chemical mod&cations has k e n  found to lx 

reducing the contact angle of a sessile drop of water on the surface of chemically modified 

materials. The t h e d  stability has been found to be reduced with epoxidation due to the 

formation of acidic compounds during thermal degradation. Similar results have been noted 

with dichlorocarbene modified samples also. A reduction in tensile strength has been 

observed with the addition of reclaimed prophylactics rejects while an increasing trend has 

been obsrved in the case of epoxidised prophylactics with both rnaleic anhydrtde and 

phenolic modifled polypropylene and dichlorocarbene modified prophylacticc WIT h pheno tic 



modified polypropyletle. Impact modification of polypropylene has been found to be more 

effective with reclaimed prophylactics than c hernically modified forms. a-Monoclinic 

structure of polypropylene has been proved by the results of X-ray difiction. 

Scope for further studies 

Further studies in this area may focus on the following aspects. 

1 . Development of compatibilised blends based on ENR/PVC, NWPVC and 

NylonlEPDM blends involving NR prophylactics rejects. 

2. Development of NR prophylactics vulcanisates med with particulate fillers and 

reinforced with natural fibres for non-critical applications. 

3. Development of toughened polystyrene materials by soaking NR prophylactics rejects 

in styrene (compounded with poiymerising and  cross^ 3gents) and thermal 

treatment. 
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Use of Natural Rubber Prophylactics Waste as a Potential 
Filler in Styrene-Butadiene Rubber Compounds 

GEORGE MATHEW,' H. P. SINGH,' R .  LAKSHMINARAYANAN,3 and SABU THOMAS'." 

SYNOPSIS 

Owing t,o the unstable nature of the latex cumpound and the strict specifications in  t he  
quality of  latex products such as condoms and examination gloves, the rejection in the 
latex industry rolnes tc about 10 to 15% of the rubber consumed. These latex rejects contain 
about 95% ruhher hydrocarbon of very high quality. A cost-effective technique has been 
developed for t h e  reuse of natural rubber (NR)  prophylactics waste in styrene-butadiene 
rubber (SBH). 'l'he influence of powdered latex rejects on the curing characteristics, me- 
chanical properties, and failure behavior of SBR has been investigated. More emphasis is 
placed on the effect of both particle size and the loading of latex waste filler. Swelling 
studies were cnrrled out to establish the  degree of crosslinking of  SBR and to assess the 
extent, of- inreract~ot~ between the matrix and latex waste filler of vary in^ particle sizes. A 
three layer model has been set u p  to study the diffusion of sulfur from the matrix phase to 
t h e  filler phase.  Scanning electron microscopy has been used to analyze the particle mor- 
phulugy, filler dispersion, and filler-matrix interface adhesion. T h e  results of the study 
revealed that NH ~~rophylact ics  rejects can be used effectively as a potential filler in SBH 
up to about 4 0  phr loading. O 1996 John Urileg & Sons. Inc. 

INTRODUCTION 

111 rtlctxnt years, t her<. l ~ n s  been n great den1 of interest. 
in polymer industry about t.he development of cost 
effective techniques t o  convert waste and used rub- 
1)r.r it1 to a processat)l~ form ' " Many efforts have 
heen made to lower rubber compound cost and tu 
consen7e raw materials a n d  energy by the use of re- 
claimed rubber. Researi:hers have used various 
t cctltiiques, such as chenlical.' ' thermomechanical,"." 
a11d c,ryunlechanical' ' "-! processes. Even though the 
use ot' reclaimed ruhher clainls economic advantages, 
I I  c.onstitutes only n smal l  percentage of' the raw 
rr~hI>er con sump ti or^ t ) c r i~ r~s r  of  it.s inferior ph-vsical 
11r~)p'rtics. 

('otrlparetl to revliiinictl ru l~her .  scrap latex rej.jet:t,s 
11;1\e rc.r:ently h e { ' o r n ~  i~ t'oc,rls o f  attention because 
1 ) !  r l i t .  Ilght I?. r~rosslinkr=rI : ~n rJ  the high quality naturc  

of the rubber hydrocarbon. As a result of the unsta-  
ble nature of the latex compound and the  strict 
specifications in t.he qual i ty nf lat,ex products such  
as condoms a n d  gloves, the rejection in the latex 
industty comes to about  10% to 15% of the rubber 
consumed. The reuse of natural rubber latex waste 

is not only a mat ter  of economy but a matter of  
ecology also because natural rubber takes several 
decades to decompose. Discarded prophylac:tics, 
which are rich In ru t~ber  hydrocarbon, should be 
re turned t o  the pruduction cycle as long as la tex 
industries are faced w i t h  the problem of dispusal. 
The papers published in th i s  broad f i e l d  o f  rery-  
cling may be generally divided in to  t h e  L'oIlowir~g 
areas. 

Studies on t h c  var1ou.s recycling t~c:hnir~ues . l  , 

Methods of rharar.t~rizatic>n of-ruhbercru~nh:: I "  ' ' 
Studies rjn t hc ~nte r fa re  oi' rut,\wr r.r111111)si 
polymer m a t r ~ x . ' '  I '  

Influence of 'shape,  size, and loading of' C I - u n ~ t ~  
particles on  the  I~roperties. '"  l Y  



rn I<lf+cl oi' chcmicnl rnotllfir>;itiurl 01 rubber 
crunll)s.' '; "' 

J n   iditi it ion to these,  Acett,u and Vergnaud'""' 
t.ried t.o uI)grade scrap rubber l~owder by vulcani- 
zaticln wit haut new ruhher. Phadkc et al.'"'.':' studied 
the  mcuhntlical properties and rhcological twhavior 
of'cryogro(ind rubber-natural ruhtler hlends. Shar- 
apov;l ct 211.'~ investigated the role o f  sulfur diffusion 
in the vulcanization of rubbers containing commi- 
nuted scrap  i~sirlg A three layer mudel. Onouchi et  
al."' reulaitned crushed tire scrai) wi th  dirnet,hyl 
sulfhxide. ?'he Huhber Research Institute of India"' 
and the I tubl~er Research Institute o f  Malaysia".'" 
have independently developed a technique for re- 
claiming latex rejects. However, more in-depth 
studies or1 the influence of particle size and loading 
of latex waste filler in rubber compounds are lacking. 
In this  paper, we report on an economic method to 
convert latex rejects to a processable form and to  
reuse t,hetn as a fitler in styrene butadiene rubber. 
Emphasis has been given to understand the influ- 
ence of both particle size and  loading of filler on the 
curing characteristics and mechanical performance 
of the vulcanizates. Swelling studies were carried 
out  t.o understand the interaction of the latex waste 
filler with t.he SBR matrix. Sulfur diffusion in these 
compounds has been analyzed by the help of a three 
layer model. Particle morphology, filler dispersion, 
and filler-matrix interface adhesion were analyzed 
using scanning elect.ron microscopy (SEM). 

EXPERIMENTAL 

Materials 

Styrene--butadiene rubber (SBR; Synaprerle 1502) 
was su~,plictl t)y Synthet ics  and  Chemicals Ltd, Bhr- 
taura, Rareiliy, 1 IP, India. Styrene Cont,ent was 
25.5%). NH latex waste filler was prepared from waste 
latex condom rejects supplied by  Hindustan Latex 
Ltd., Thituvananthapuiam, Kerala, India. Rubber 
addhives urprp as  follows: zinc oxide, stearic arid, 
N-cyr. lnhexylh~t~zthiazyl sulphenamide (CHS). tri-  
methvl  dihvdmquinolin (TDQ), and sulfur (all a re  
c.omrn~rr:i;iI grade.;) A reagent grade of toluene was 
: ~ l s t >  used 

Preparation and Characterizatirln of Powder 
Rubber 

Our  size rcd~i~ . t . io l l  systern for powdering NR latex 
wtlst.c doesn'l it~volve any expensive machinery. The 

size reduuriorl was uarriurl 011t I , \  i l  tnur:hat~ic::~I 
grinding Ijrocess in A fast rr>t. i i t  i r ~ g  t.uothe<i ruliccl 
rnill rr, get a polydispersed rubber ~>r)wder. The  IInw 

dcr was separated into three difl'erent particle sizes, 
with size increases i n  t he  following order: size 1 (S1) 
.: size 2 (S2) < size 3 (S3). 

We have prepared size 4 tiller k~y  passing t,he latex 
waste through w t ~ n t  two-roll tnixing mill for a fixed 
t ime (5 I ~ ~ I I ) .  'l'he particle size reduction in #.his 
t.echniclue is very much lower than  t h e  tirst t rch-  
i~ ique;  hence, we got cotnparatively larger parti8:les 
of' sizes ranging from 5-15 tnni Each set of these 
s izes  werP characterized for particle size distribution, 
most frequent size range, average size, and specific 
gravity. I'article size distribution analysis was done 
using an optical microscope. A mill sheeted form 
(M)  of the latex rejects also were prepared by passing 
t,he rejects through a two-roll rnixing mill for 10 min. 

Compounding 

compounding of SBR and NR prophylact,ics filler 
was done on a two-roll mixing mill (friction rat,o I 
: 1.4), according t.o ASI'M 15-627. The  basic for- 
mulation used is given in Tnble 1. We have analyzed 
the e f f ec t  of adding up to 40 phr of rubber powder 
of varying sizes, as we11 as t h e  mill sheeted form, 
into SHK. 

Sample Preparation and Testing 

Uncured ruhber compound was characterized by de- 
termining t,he optimum cure time, scorch time, and 
induct,ion time using a Mo11sant.o Rheometer, hllo0. 
T h e  cure reaction rate const,ant was  ralculated f ~ o m  
the cure curves, and. thus, t he  kinetics of' vulcani- 
zation alsu was studird. 'l'he Wallace plasticity of 
the rubher compounds was determined using a M'al- 
lace rapid plastimeter. 

Curing of the rubber cornpo~lnds was carried out  
in an electrically heated hydrarliiu press at 150°C. 
Dumbhell shaped tensile and angular t e a r  specimens 

Table I Basic Formulation 
-- .. .. . . - . . . - 

, - 
Material l , q > i u l i ~ ~ ~  ( p t ~ r )  

. . - - - - , . . . - - - . - - 
S H H  IIIII 

% ~ n r .  nxirltb 

Sl tb;lrlr Nl(i  ) 
T' 

7.1 )() t 
Sult'1rr ' I  - .- I 

~~' l l l? l  L ;irl:ll>lt. 
. . . . - -. - . - - - . . - - .. . . . . . - - 



hIODEL TO STUDY SULFUR 
MIGRATION 

THREE - LAYER MODEL SPECI%1E5 

1. GUM SER MIX 

2.  NR LATEX W A S E  

3. ALUMINIUM FOIL 

LENGTH BRE.hDTH TIILCKNESS 
(em) (cnl ( c m l  

GUM SRR NIX  16 8 0 . 2  
NR LATEX WhT.+F. 16 8 0 . 2  
ALIIHIHI'.?I FOIL 1 R r] 0 0 4  

Figure I Model to study sulfur migratior~ 

were punched out  from the compression molded 
sheets along the mill grain direction. T h e  tensile 
properties and the tear resistance of t h e  compounds 
were measured on an Instron Universal Tensile 
tester, f t  a crosshead speed of 500 m r n [ ~ i n ,  as  per 
ASTMr) 412-80 and ASTM D 624-81, rdspectively. 
Hardness (IKHI)) o f  the cured sheets was also 
tested. 

Figure 3 Photograph of varying particle sizes and mill 
sheeted form of' latex waste filler. 

Swelling Studies 

T o  assess the  swelling resistance of gum and filled 
SBR vulcanizates, swelling index values were de- 
termined. Circular samples of 2 cm diameter were 
allowed to swell in toluene a t  room temperature 
(28°C) for 72 h. T h e  variation o f  crosslink density 
with increasing filler loading also was analyzed using 
swelling experiments. 'r11e equation of Kraus,'' as 
well as the Cunneen and Russell equations" were 
used t o  assess the reinforcement of SBR matrix by 
latex waste filler of varying particle sizes. 

Figure 2 SEIM photograph ol'1;lt.e~ waste tiller j,articles 
( s i x  I ;  ~ ~ ~ n y r ~ i l i r . i ~ l  ion  XtiO). 

PARTICLE SIZE ( rnm ) 

Figure 4 Particle size distril)l~rion curves. 



'I'ahlc I1  Particle Size Data 
- 

Most Frequent 
Size Range Average S t z e  

t'article Sizc (m2) (mZ) 

Size 1 (S1 1 0.3-0.5 
Size 2 (SZ) 0.6-0.9 
Size :I ( S 3 )  i .7-2.5 
Size 4 ($4) 9-11 

Sulfur Diffusion Studies 

A t h ree - l aye r  inode12' as shown in Figure 1 was 
se t  up to st.udy t h e  diffusion of ~ u l f u r  from t he  

mat r ix  phase t.o t.he filler phase. A layer of NR 
latex waste  (containing 80 phr  of size 1 filler) was 
sandwiched between t w o  layers  of gum SBR com- 
pounds. Size 1 filler was selected because of higher 
sulfur diff'usion rate due to increased contact s u r -  
face  a r e a  wi th  S R R  matrix. In one half' of' t he  
specimen, t h e  layers  of the gum S R R  and  latex 
waste were scpara ted  by an aluminium [nil; i n  the 
o ther  half', t.he foil was not piaced. The region of 
the la tex  was te  layer  with the  aluminium foil that 
will be out u f  contact with the  t w o  outer gum SBR 
layers is narneri 2 s  t h e  "area not  i n  contact"; the 
reglon o f ' the  latex waste layer without,  a luminium 
foil t ha t  will I I P  in contact w i th  the two outer  gum 
SRR layers i s  named as t,he "area i n  con t ac t " .  The 
sys t em M ' H ~   the^^ suhjected to vulcanization a t  low 
I ) I - ~ " ; S L I I ~ : ,  ' I 'h.,  ~ii ir lcl lc 1;lytr was scpara tcd .  a n d  t h r  
swell ing 1nt1r.x. ;I..; well as t h e  crosslink density 
val11t:s rvrlrr. ritltt3rintned, by c u t t i n g  c i rcular  s am-  
p i t s  t'rrmill ( 1 I t I h r ,  area i n  contact  w i t h  orltpr g u m  

S H K  layer.: rtlctlotcd bv CS) a n d  ( 2 )  the  area not 
in c . o n t ~ r . r  wit11 r ) \ j t e r  gum S R H  1:lvr.r~ (denoted 
h v  NI'S t 

Mnrphc~lo~,  and Frat-tography 

RESULTS A N D  DISCUSSION 

Physical Characteristics of Grrlund Latex Wastr 

Part ide  Morphology 

Figure :! represents t,he SEM of' t h e  NR prophylac- 
tics filler particles (size 1 )  used in the present work.  
'I'he part.icles are irregularly shaped with rough Fur- 
facr .  

Particle Size Distribution 

'I'he photograph of the latex wast,e filler of different 
particle sizes and t,he mill sheeted forin used it) I his 
studv is presented in Figure 3. It is clear from the 
photograph that as we move from size 1 to  sizl? 4, 
particle size increases. Since it is possible for pa r -  
ticles with somewhat large diameters to also pene- 
trat,e the meshes due to their elasticity, it is bei:ter 
to represent them by size  distribution curves, as 
given in Figure 4. Size 4 shows the most broad 4 s -  
tributiun. Size 1 and size 2 have narrow distribut~on, 
while size 3 takes the intermediate position. 'rhe 
most frequent  size range and average particle s.zes 
are presented in Table 11. Both these values exhibit 
ari i~lcreave 8s we move from size 1 t,o size 4 .  'The 
specific gravity of the latex waste filler is determined 
to  be 1.1529. 

10 I 
o 10 20 30 r o 

FILLER CONTENT ( phr ) 

F i g u r c  5 I ;Irl;itlr)n of' opt inlum (>ure r ]me ot S H H  r onl- 
I ~ C ~ I L I : ~ ~ ~  11 1 1  ~ ~ i r t ~ i  l e  SIT-e and  l (~adir~g < I (  fillclr. 



Figurt: 6 Voriuliot~ rjt  srorch t in~e o f  St311 compou~~ds 

\\.lt 1) p i ~ r t  1c:le size and  lotldlng 01' ti1lr.r. 

Prtlcessing Characteristics 

'I'hc i)rocessi~lg c1laracterist.ir.s of' t he  blends are  
shown  in Figures 5-9. 'I'hp v:iriatiun of' optimum 
cure tirrle (time for at taining 90%; of the maximum 
t ,or t l~~e) ,  scorch time (premature vulcanization time). 
and inrluction time (time needed to start vulcani- 
zation) are presented in Figures 5, 6, and 7, respec- 
t ively. A considerable decrease in all these three pa -  
ranleters is noted wi th  increasing loading of' filler in 
SHR. 'l'his is due to the  pruselice 01' unreacted cu- 
r a t ~ v e s  In t.he latex rejects. I'r(lphylactic9, as well as 
gloves, are  manufactured l ~ v  a la tex dipping process. 
which needs H very Lnst act:elrrnt or .  'l'tle acc~lera tor .  
riser1 the company is ZL>EI'. i.e.. zinc dicthvl car-  
I,anj.ate having the st rucrurcA. 

( 'H , r H ,  

\ 
N - C  S % n  

~ ~ t l ~ ( ~ I l ,  
/ I I  

S 

S o ~ j ~ e  of  Lhis ; I ( , ~ P I V I ; L I  0 1  \ \ - ~ l l  ~ ~ I I I : I ~ I I  ~ I I I I , ( J O C , ~ ~ * ( ~  ;tI!i1r 

t [IC r ~ ~ ~ , i l ~ g  pj,o~,vss '].hi> i <  ( ~ x t r ; i i . i ( ~ < l  11sitig : 7 / p t l ( . ~  

sc.t)pic. graclr o l l r , .  ; l l , c l  t > l ) r A c , !  1 u r r r  01  1 ]I( ,  r l r \  

s;3111pIi~ is  ~ I \ , I : I >  i n  ~ F I ; ; I I I , ~ J  6, ' 1 ' 1 1 ~  j ) t~>ih 211 700 ';TO 

(:In ' i!~di!;+tes I 11~: ~ ) ~ , ~ S C I I ~ . C  of P I  I I \  I ~ I I ~ ~ I I I  
( -- ('I12(:k4:,l> : I I I < I  1 \ I ; ~ I  :IT Tt ) i l - l iOO ~ ; I I I  1 5  <ILIV 
(7 -- Shjr. 'l'he (: - -  >., , IS  <,ic>;irly v ~ s i \ ~ l ~  L ~ I  I I I V  1 

1020 VITI ri>llgp. a ~ i d  1 1 ) ~  pv;ik : j t  2h20 27JiO ( , I I I  

confirms thc prehcrlr*c> \ ) t '  N ( ' I { , ,  Kroulj 1 1 1  t h f 5  
co i i~poun~i .  'I'his ol i - t~ t -~-~i t  I C ) I I  i ~ i r i ~ [ ~ t ~ ~ t ~ s  t h e  ~ ) I , ~ > S C I ~ L Y *  

ot utlrcacted ;~ r . r l e l t~ r -~ r t~~ .  i t 1  I tie h \jl l)rol~hyliic~~ it,>. 
A s  the Icli~dii~g (-11 S I <  ~)~-r>l)l~yl;lc't l~'. I ric.r.c.;{~t~s. 1 \I<. 
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creases, wflit.ti Ival i?  r c b  iorrl1t.r reduc.t~rrr~ 111 r ,~ r r i r~g  
chariict.erist~r>s, such ;i-, riy)t~lnur~i cure titnr, sc.ol.ch 
time, a11d i11~11ict ~ O I I  i11it~ ' 1 ' 1 ~  dec*reaw i n  opt 1mii111 

cure ti1~1e is m ~ n i r ~ l ~ ~ ~ t i  I r ~ l .  St113 filled wi th  s izp  'l 

filler and rnaxim~im jar SUI t  loatled w l t t ~  mill 
sheered form. 'J'ile r e d t ~ c \ i i r ~ ~  in scorch time a s  wcil 
as it~duction t;nlu 1s Lil;i?;itnllrn for SBK hllrd wi th  
size 1 filler a n d  I T I ~ I I I I I I ~ ~ ~ I I  t'or f hat wi th  S ~ Z P  4 filler. 

'The general equ;ltlrirI t o r  tht: kinet.~c:s of' a f i r h t -  

order chemical reaction (.an l)e written ns  

where u = initlnl r ~ i l c ' ! ; i ~ ~ l  ~.o~li .cnt  ration. .t rrnr'twi 
quanti ty o f  r e a c i a ~ ~ t  ;+ I  ~ ~ t t l t ,  r .  ilntl k firsl-ordrr 
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W A V E  NUMBER rcm-'1 
Figure 8 I K  spectrum n t ' t he  unreacted at~t ' t~lerator (ZDEC). 

reaction rate constant. For the vulcanization reac- 
t ion nt r u t l l ) ~ r ,  the rat,e nf crosslink l 'ormat~on is 
usually mollltored hy measuring t he  torque devel- 
oped durirlr: vulcanization. The  torque values so ob- 
tained arc proportional to t.he modulus of'the rubber. 
So i f  t hr> ch:l11;:ch il-. a ph!~sicsl prnI)ert,,v s~!c:h as mod- 
ulus is r n ~ a s u r e d ,  rather than  the ct~angp in reactant 
co r~cc~~t s ; i r  10x1 ,  the following subst . i tut i r~ns can he 
nl;idrl. 

( ( 1  I I - 1.11;. M,I ; t r ~ d  r i  1 M,, ( 4 )  

pound f'ollvws first-order kinetics. The cure reaction 
rate constant ( k )  values are obtained from the slope 
of'the straight lines. These values are present@in 
Table 111. The rate constant values generally in- 
crease with increasing filler loading. The  higher the 
loading, the greater the amount of curatives avail- 
able. Ttl~s indicates an increase in the rate of cross- 
I ~ n k ~ n g .  'l'his increase of  rate constant is rnost noted 
for SHIt loaded wi th  mill sheeted form of the filler. 

E'lgurc 10 represents the variation cf Wallace 
p las t~ r i ty  ( 1 OO°C) wi th  increasing loading of filler. 
S1nt.c LVallaue plasticity is a direct meaxure of the 
elastir ret.overv of the  rubber compound, its increase 
w ~ t h  l n r r r n s l n g  filler loading- is extremr?ly advan- 
tageotls ar L'ar 3s  ruhher compound is concerned. The 
Watlnce plasticity at 40 phr  filler loading is found 
t o  t)r ~ n l ~ - r ~ r n u r n  for SBH loaded with milt sheeted 
f o r l r ~  t ) f  I I W  i ~ l l e r .  

w l l t ~ r t '  . I f : ,  1 %  i t ~ t ~  ~ t l i ~ x i ~ ~ l u ~ ~ ~  to~-q l~( - .  :I!., 1 %  t l i v  1111111 Mec hdnical Propertitrs 7- 
rrlllrli r m r . r l l j r  ; 1 : 1 r l ,  31, 1 3  rht. trirrjlic,  ; i r  r ~ 1 1 1 1 ~  1 .  L't'ht:~~ 
I ,  t t , : i ~ l i r h  ~ ' i ~ : ~ ~ ~ t ~ ~ l ~ ~ ~ ~ ~ ~ ~ s ~ ~ ~ t ~ f h ~ s t r t ~ s ~ s t r ~ i n ~ u r v e ~ ~ f ' t h ~  

i s  o b ) t ~ ~ ~ j t d  .+, < t ~ ( ~ u  11 1 1 )  ~ ' I ~ I I ~ V  ! I .  V. t 3 1 <  17 l ) r t > <  t ls  tI3:it q l t 1 1  a~ i r l  i i  tlccl (size 1 iillcrl S H K  con~lxlunds. 'l'hr 
1 1 1 ~  [ . o l u L  l - t . , ~ t  i 1 c b 1 1  oi- t t i e  ;ti111 a11d I i I lvO St41< L , [ I I I I -  kt r t . 5 ~  > I  r>i111 behavior of' filled S U K  vulcanizate is 
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Figure 9 IJlots or' In(Mh - M t )  versus time (min) ui' 
glrm and f~lled (size 1 ) SBK cunq)t)urids 

controlled by the  c:harat:t.eristic,s of (he  filler and the 
matris .  'l'he deformation behavior seen from the 
curves is alrnost similar for guru and filled samples. 
At higher strains, the stress value i s  found to be 
increasing slowly, rather than exhibiting yielding 
l ~ e h a v i o r .  'I'his behavior is typical of vulcanized low 
strength materials. 'I'he e longa l io~~  a t  break exhibits 
a guud increase with increasing filler loading (Fig. 
12) .  A t  higher loadings of'the lilkr. th is  increase is 

cdrrln~ 1-1:ln: for S R R  vu1r.a r ~ i / . i ~ t t . h  fillell wi(.h size 
2, 3, and ? t i l l~ r s ,  while size 1 shows lower values. 
Mill shuu tyd  fbrm s tands  midwas  I~rtween these two 
tlxr rtLi~ithh. '!'he o1)scrvcd incrcsst. in elongation at. 
I~rrbilk w i t h  Increasing tiller loading may be due to  
t hp  aIlili~\: of' N H  latex wastrt filler particles to  elon- 
gate 10 high strains.  The decrease in crosslink den- 
sity wit t~ increasing tiller loading ;ilso contributes 
1 0  thr i~wrease  In elungation ~t t~reak values. The 
c.rosslir~k cle~lsity values arc  g ~ l c r ~  In  the f'ollnwing 
5r.r I i o r l .  ' - I ' ~ P  Young's  rnr,drllus v i ~ l r l ~ s  are shown in 
' I ' ; ~ l ) l t ,  I I I ' I ' h ~ v  are  fuutld t t r  IN: 1111~iIkcted at lowcr 
I r l o r l l ~ l y : \  t b f  t i l t h  f l i e r ,  whiltb :I q l ~ g t ~ ~  deur~ase  is ob- 
k r , ~ - ~ ~ , d  . l t  I l ~ ~ h c r  loadings for  nirl.sl of the cases. The  
1 1 1 t 1 1 1 1 1 1 ~ 1 >  iht - I 0 O C ;  elilngation 15.1 : I t ) O )  presented in 
' l ' ; ~ l ) l a ,  I 1 1  ~ l t ~ a ~ r t ~ ; ~ s t ~ s  (11) t o  p l ) r  .311(i 4 her1 Increases 
~l iz l i t  I! 1~1r 40  l ~ l ~ r  iiller lo;3(ii1ic ' l ' l l t l  i~htwe said xtl -  
! ~ t ) r a ~ i a l  I I < ~ I \ I ~ ~ =  of' rt1o(luli ~ i i l u t . >  I ~ ) ; I >  1~ due to two 
t b [ > \ u ) - 1 1 1 ~  1 , i ~ ~ l o r s .  I I : I I I~~!~> .  ( , r ~ i + l ~ i ~ L  tl(ln+ity recii~c- 

tion ;lnd reinibrucmt:nI. wirh increasing lr):itli11~ ,.I!' 

t he  tillrr. When r.educ.tio11 i l l  crosslink delxsity M - i t 1 1  
tiller loading tcntls t o  det,rt!;lse thr t n o d ~ ~ l ~ ~ s ,  t l ~ c  r c -  

inforr:ement hy t h e  tillrl. tptlrl!: 10 increase it. ' l ' h ~ s t l  
f'act,ors compete with each other.  Therefore,  t l ~ r  ( . ) I ) -  
served behavior is the  net  effect of' these two fac:tors. 

A remarkable increilse i n  tensile strcn~*,.th i s  01,- 
served w i t h  i n c r ~ a s i n g  filler loadi t~p as shown in 
Figure 13. This points out t he  t'art t,llai, latux wa>te 
filler has some reiriibrcitig t.ff'ect in SHR matrix. 'I'his 
reinforcing effect c)t)ser\-ed with increasing 1oadil-i:: 
ol- N R  prophylactics is due tu  the strain cryst.alli- 
zatioxl t~ehavior  of crosslinketl N K  latex tiller. I n  a. 

weak mat.rix like SKR, N R  ~ H I ~ X  filler is fbund to  
retain its strain crystallizing nature, even if it  is i n  
the form of a fine filler. Hut contrary t,o the usual 
behavior of fine filler (size 1) being more reinfnrcing, 
here, the  largest size (size 4 )  and mill sheeted form 
show relatively good tensile properties. This is due 
to t h e  sulfur diffusion phenomena noted here and 
reported earlier in similar For  t h e  fine 
filler (size I) ,  t h e  contact  surface area with the SBR 
matrix is more. This can lead to  an increase in sulfur 
migration from the  mat.rix to  the filler phase. En- 
hanced sulfur migration weakens t:rosslinks in thc  
matrix, so the tensile propert,ies which were expecteil 
to be superior for size 1 filler actually become infe-  
rior. The extent ofsuli'ur migration is controlled no t  
only t)y the particle size of the filler but also by thc 
degree of polysulfidic linkages in the  filler. The de- 
gree of polysulfidic linkages in the  filler has a direct 
relation wi th  t h e  extent of sul f i~r  migration.'" Mill 
sheeted form of the latex waste filler is prepared by  
passing t h e  waste through n two-roll tnill for 10 min .  
T h i s  leads to substantial breakdown uf t he  polysul- 
ficliu linlttrges resulting in a low drgret: of' pnl?$sulfid- 
ity fur  mill sheeted form.':' I t  is obvioi~s  t h a t  mill 
sheeted form also undergoes size reduction during 
the  mixing procedure. Still Ihe extent  of sulfur dii'- 
fusion is least in SRR con~poundv filled with rrlill 
sheeted form. Owing to  th is ,  t.he,v show better  values 
of tensile strength over others. 

The  tear strength of' S U H  compounds (k'ig. 1 . 1 )  
also show a n  increase wi th  ~ncreas ing loading of' 
filler. ?'he particles of' NR lat.rx waste filler present 
in t he  tear path  elongat,@ to high strains and ol~stru(.l 
tear front. Among the filler s i 7 . e ~  ~ l s e d ,  smaller sizcs 
S , ,  S,, and s3 show t h e  maxlrnunl tear strengtli i i t  

40 phr loading. Size 4 filler is inferior to these t)ot h 
low a n d  high filler loading. For S H I i  curnporinds 

ront.airii11g fillers of s ~ r ~ a l l c r  sizvs.  the re  will i > r h  ;I 

large number of filler ~~ar t i i , l es  prese~lt per unit aI.r.;i 
t o  elongate to  high st rains and to rlt~st rur:t ttlc tlcl 

vancing tear.  As far as  tear strt3ngth i s  r.ot~c:ernc.d. 
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(;11111 Sk111 

Slzc, 1 J " l l t ~ ' ~ .  

10 p h r  
211 p l 3 1  

:<ti 1)hr 
4 1 1  ~ ) t l r  

5 1 a v  2 Filler- 
1 0  p h r  
811 p l l r  
3 t1phr  
40 phr  

Size :i Filler 
10 ]>tll. 

20 phr 
30 phr  
40  ( ~ l ~ r  

Size 4 Filler 
10 p l ~ r  
2 0  pi1r 

pl1r 

4 0  l ~ h r  
Mill Sheeted Filler 

1 0  p h r  
20  l)ll! 
30 p h r  
40 ~ l h r  

t he  performance of comy>ounds ro~l ta lning fillers c)t 
srnaller part~cle sizes is superior t L) others. The ct 
iecth of filler loading on  IRHT) h.irrincy- are showri 
in  Figure 15. The observed decr~ase in IRHL) hard  
ness wlth increasing filler loading 1s due to the de 
creahe In crosslink dens~tl, 

Swelling Studies and Crosslink Density 
Determinatic~n 

Swelling index values reprcrerIt r h e  swelling r t s i s -  
lance oL' ruhl~er compound ~ l t c i  A ~ P  r?alr.ulated 11sin:: 
t hr e q u a ~  ion 

w- - Mi ,  
Swelling index "; - ~ 1 0 0  (:?I 

LZ ' 1 

where Wl is  rhe ini t ial  w ~ i g t l t  01 t t l v  rir(.ulilr. s11r< 

imer~ cut from the  cured r i 1 h l ~ r  3liik)s. and kt'., is I I I ~ J  
final weight of t,he s l ~ e c i t ~ ~ c ~ ~  (af ' lvr e q u i l i h r i ~ l ~ ~ ~  
s \ v v l l i ~ ~ g  in toluetlc). T h e  .;well ~n:: intirx \:alucbi # ) r c -  

T 
si i r ,wt~  i l l  ' r ~ h l e  IV.  'l'htb \.:1111e ot~tained for t ht. gc1111 

S H K  c:ulnpound i s  I ( > w c ~  t ban t 11ilt o l  a n y  ot,ht?r tilled 
s>rtr1ll1. 'I'his indir.:~lt>. t l 1 : 1 1  t ht. ~ I I Y I  c . o ~ n p r > ~ ~ n d  f~as  
Irlorc: resistance t o  s\vt~11111:: r t ~ i i n  tlltl i i l lv(l  . C ; J ( t i  

L ~ O I ~ I I > O I ~ I I ~ S .  'i'l~is o l > * f ~ r \  , i t  I ( I I I  ~ ~ ~ ~ 1 1 1 1 5  to  , he ~ P C ~ P > I > ~ >  

111 cr i is<l jnk c i e r ~ h i t >  I ; )  I I I I < J ~ I  ~ , O I I I ~ O I I ~ ~ S .  ivk l~rj )  

again. i +  a ronxt?cjrlchr1t,t j i l  > r l l f ~ t r ,  tnigrijticin M'itli 

i ~ ~ c * r ~ ; i . ; i n g  filler I o ; j c ) ~ r , - .  -wr:I1~11g iinden values ;irr 

ii)u11d 7 0  he i n t : r p t ~ ~ i t ~ c  i 1 \11  I lie I I IC,~P;I .W '5 n[) l  a l ~ v , j >  - 
~)t~lUc)r~>n F o r  A l i x t b ~ i  i ) I ! t b l  I ( > . ~ [ ~ L I ) C .  t t16: \,;111iv i <  I I ~ L I I  

I r n L l r r l  I'or t h e  SIiI< c , t * t ~ ~ \ l l > \ ~ r \ c l  t i l l r r i  \I i t  h t hrh 111111 

t 1 o r  I t 1 -  i t  ~ ' J I I c :  111<lit'ii11'> ~ I . I I I ~ ~ ~ I I . . I  - 

1 i\cl! t ) r t t t l i  ~ . r ~ l ~ ~ l c > t ~ c ~ t ~ ~ ~ ~ ~ , t i !  111 SI jK  i , l l i ( . ; i ~ l ~ ~ , ~ t t ' -  

It~;~rlcbd r v i t h  111ill \ ! l t v r ~ ~ < ~ r I  ! < I I . I I I  0 1  I t i 2  til1t.r I ' l ~ t ,  

I I I ? . ' L I ~  : :\ I -  8 1 1  ( ( ( I  I I I I I I + J O  + I . - I I I S  1 1 4 ,  

!r~llo\\,itlg I-'lor! R t  I : I [ , , I  ~ ~ ~ ; ~ ~ , ~ : t t ) r ~  
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Figure 1 I Str~ss-strain curves of' gum anrl lilleri (size 
1 I SHt i  v~rlrani/.;tles. 
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FILLER CONTENT ( phr ) 

Figure 13 Ktlect o i  t h e  ~ 1 x 1 :  ; I I I ( I  ICI;I(~I[I; :  I ) ] '  j i l l t l r  ( 1 1 1  I ! I~* 

tensile st rerlgth 01- SHI< v u I ( . : ~ r ~ ~ - ~ ; ~ t r x .  
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I ~ i ~ t ~ r v  1 ,I l ~ ~ l l k ~ * t  uf. t I )(* h i ~ . ~ ,  i ~ ~ i c l  lo:lili~~g U S  filler o n  t h e  

le:>r h t  retigt h r) t 'SI<K v~ll( :~niz; i l .es .  

whcrc ,I' 1s t he  densi ty nf't he polymer; V', the molar 
volume of' t he  solvent; Irf, the volume fraction of' 
el:istomer In solvent s w o l l e ~  filled samples; and X ,  

t h e  intcrnrt,lon paralrleter, which i s  given hy th t l  
c t l~~; i t  i nn  

where [ j  is the  lattice constant; R, the universal gas 
cuns t an t ;  7: the absolute temperature; F is the sol- 
uhility parameLer of'the solvent; and dP, the solubility 
prar r ie ter  of  t,he pulymer. 

T h e  variation of' crosslink density a s  a functinn 
of' ~nc:rt!asir~g f ller loading is given in Figure 16. As 
;i I-csul t 01 '  suli'ur migration from the SBR matrix tu 
t lie filler phase, t he  crosslink density of the matrix 
1 ) h ~ s e  decreases. 'I 'his can  lead to a decrease in the 
swelling resist,ance nf' tilled systems. This crosslink 
density decrease is minimum for SBR vulcanizates 
cont.aining mill sheeted'form of the filler. This is 
duu to the lower degree of polysulfidic linkages in 
the rnill sheeted form, which always retards sulfur 
tniKration.I5 For SRR vulcanizates loaded with fillers 
of' smaller p;lrt.icle sizes, enhanced sulfur diHusion 
causes nll1r.h reduct,ion i n  crosslink density. 

FILLER CONTENT ( phf 1 

Fi#urt. 15 IaIffbct 01  1 he size n n d  10:1(11[1g 1 1 1  I l l l e r  0 1 )  1 ht, 
I ~ J I I . ~ I I U X >  1 IHUH I 01 SF411 v u l c a n i z ~ t (  . r .  

Extent of Reinforcement 

T h e  extent nf reinforcement, i s  :~ssessed by us ing  
K r a u s  and  Cunneen and  Russel ecluat.ic~ns 

According tn Kraus equat,ion," 
T 

where Vrl i s  the vnlume fraction of' ruht)c:r in the 
solvent swollen filled sample and is given by the 
equation 

Table IV Effect of the Size and 1,oading of  Filler 
on the  Swelling Index Value of SBR Compounds 

-,-. 

Swelling Irldex Values ( 5 , )  
Filler Loading (phi-) -- 

Sample 0 10 20 30 40 

Gum 4 2 7  9 

Size 1 430 469 503 46:l 
Size 2 447 489 520 526 
Size 3 461 497 485 497 
Size 4 462 476 477 468 
M 43 1 4 28 449 449 



F l U R  CONTENT ( phr ) f/  1 . f  

Figure 16 Variation of crosslink density of SBR vul-  
canizates with particle siae and loading of filler. 

where d is the deswollen weight of the sample; f ,  the 
volume fraction of the filler; w ,  the initial weight of 
the sample; p,, the density of the polymer; p,, the 
density of the solvent; and A" the amount of solvent. 
absorbed. For an unfilled systern, f = 0. If we sub- 
stitute f = 0 in eq. (9), we get the uxpression fur tllc 
volume fraction of rubber in the solvent swollen un- 
filled sample ( V"). 

Since eq. (8) has the general form of an equation 
for a straight line, a plot of V"/ V" as a function at' 
f/l - f should give a straight line, whose slope ( m )  
will be a direct measure of the reinfbrcing ability ol 
the filler used. The more the ruinuorcing ability of 
the filler, the more will be the swelling resistance 
caused by that filler. A consr.ant (1, which is char- 

-- . 
acteristic of the filler, is also cal(:ulatsd using t,he 
equation 

vn' { 
Figure 17 I'lots of - r.5. - -  of SBR vulcanizatcs 

V' ,  I - f  

where nz is simply the slope of the line plotted, ac- 
cording to eq. (8). The plats of Kraus equation for 
various particle sizes of fillers are shown in Figure 
17, and the values of slopes end C are presented in 
Table V. According to the theory developed by 
KrauszY for highly reinforcirlg carbon blacks, nega- 
tive higher slope values i~dicate a better reinforcing 
effect. In the present. study, we observed that as the 
filler loading incrt:nseq. the :irnount, of solvent ab-  
sorbed (A") also inrrcas~x considerably. This in- 
crease will cause a r r d u c t ~ o n  i t ,  the Vr' value cal- 
culntetl using eq. ('3). S1nc.e I/" remains unaffect.ed 
with ii!le~ loading, t h e  ratlo V"'/Vr'increases con- 
sideral~ly with the inr.rrasing loading o f  filler, which 
gives rise to a positi~me slept:. I r  1s clear from Figure 

Table \: Val.ues of Slopcis and (' 
. - - - . - - - -. . - - , - - -. 

( ' ~ . ~ n n r e n  anti K u s s ~ l l  
Krau- E t l t ~ , ~ t  l r s i l  Equat i o 7 1  

- - . . - - - - . - . -. . - 

1':lrt I ~ J P  S I Z ( ~  SIOOC I .rlj I ( ' S l n p ~  ( 0 )  
. . -. - - - - - -. . . . - . . . - - .- 

> I  i 1 1 1  I I I ,  2.3 

Y 2 I t~ I I :i.'i 

5' i  1 1 . .  , 1.1 1 ! I  

,h 1 1 4 :  1 1 . )  I :1 

.'I I 1.1 I : !  1 
- - -  . . - - .  
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Figure 18  Plots of V"'/ v " \ J ~  I. ' uf'SBR vulcanixn~rlh 

17 t h a t  the slopes are po.;~tivc and arc higher f o r  
SBR loaded with smaller sized f~llers. 'I'he slope IS 

found to be the lowest for S R K  filled with lllill 
sheeted form. SO i t  is clear that SBR vu1canizat.e 
containing the mill sheeted form of the filler absort) 
a minimum amount of solvent. 'I'herefore, the d c h -  
crease in vrf is comparatively less; hence, the  ratio 
V"'/Vrf is the least a t  a particular loading. Thls 
compound therefore presents a lower positive  slop^ 
compared to others. This suggests that as far a s  t h r  
extenI ijf reinforceniel~t 1s c*c,~iLer~ied, Itie I ~ I I I !  
sheeted form is superior to other fillers 

The Curmeen and Russell uquilt iot~."' IS g~vel l  1 ) )  

I/"' 2nd I/'/ has the same  tiicl ;+nictg H S  cx\)I~tnr~ct 
alwve,  and z is the weight f rac t ion  r ~ f '  t he  filler t ~ r t - ( 1 .  

A plot of Vr"/V" versus r> -' shorll(l give H st r n i g l ~ t  
litle whose slope, n,  will tw di~-er.11)- prny>nrtion;il 1 0  

the reinforcing akility of t h e  iillrr. ' l ' h ~  pli)ts 0 1  t ! r t b  

C'rinneen and Russell vyrlar iorl iirr . ; l~own in I. 'ig~~t,t, 
18, and the slope a valurx arc prrsthnt ~ r i  in 'I'al)l(h \ -  

I ~ I  t.his case, V"/ V" : > I S ~ )  i ~ ~ ( . r t ~ : j h ~ %  wit11 ~ t ~ ( . r t ~ i ~ < ~ ~ i : ,  
filler loadil~g, and t . h i ~  Inr,rc>;lst. I. I I I O ~ I  I I ~ I  eil t~ ) I ,  

fillers ui'smailer part.ic,l(b \iLi9-. I ' ~ ~ ~ ~ I ~ ) ~ I I . ~ I I I ~ c ' ~ ? -  h i ~ t ~ l t  
reinforcing mill sheetcil I ~ I ~ I I I  ( 1 1 '  rhth li1lr.r : t l r - - , r r l r  

trlinirnurn a m o u n t  of' s o l v c ~ ~ l .  ' I ' t ~ c . i r t r ) r c ~ ,  t l l t ,  Sl3I: 
vulcanizate loaded witfi I t ~ v  t ~ l 1 I 1  -.tirw~rri ~ ; I ~ . I I I  o i  I 

tiller sho-xs tile 1 1 j ~ t . b t  L""/ LrJ i  value i l t  ;i 11art c u l i ~ r  
l o ~ t i i ~ ~ g  itrld presents :I smaller positive slol)t~. not h 
Kraus  a ~ i d  (:unneen n t ~ d  fillssell equations r~o in t  out  
tt-it' cotnparat.ivei> h i g t ~ c r  reinf'orcing nature of the 
S R R  vulcanizatcs rontiiining the  mill sheeted form 
of t,lie filler. 

Three Layer Model for Sulfur Diffusion 
Experiment 

'I'hr dift'l~sion of s u l l - i ~ r  from the SBR matrix to t ho  
( I  I I P ~  phase is anslvzecl hy using n three layer 111ude1,'~ 
;is sIlow11 il l  Figure 1 .  'I'ht. dimensions of the r~iodel 
are also given. T h e  crosslink density of tlie sample 
obtained from t h e  contact area of the middle latex 
waste layer is found LO he higher than that, of the 
sample ol~tained from the noncontact area. This is 
clear f'rorn Tahle. V l .  'l'hc same trend is reflected in 
the swelling index values presented in the same ta- 
ble. This is becausc of the sulfur diffusion from the 
outer gum SBR layers t.o the middle latex waste 
layer. This sulfur diffusion causes an increase i--i the  
r:rnsslink density nf ' the  middle layer a t  the arca i n  
c-ontact wi th  out.er S B K  layers. A t  the area o f  the 
~niddle latex waste layer ,  which is separated from 
tlie outer  gum SHE< I s y r s  hy the aluminium foil, 
sulfur diffusion cant-lot occur, so the crosslink den- 
sity values here are  found to be comparatively lower. 

Morphology and Fractography 

The tensile as well a s  tear strengths of the poly~ners  
are related to the ~nnrphological features of the 'rac- 
turc surface. Figures 19--23 represent the SEM pic- 
t u r r s  of tensile and rear f'ractured surfaces. In  all 
I tie ligures, ~t is poxx~k)lr I see the filler pa r t~c lcs  as 
1ihac;c separated entr t  ieq, and this observation con- 
13 rms  tho tionco1np:it ~ h l ~  nature of these filled ..am- 
~>lcs:  so r.hcse systt lms call l)e considered only as a 
tiat ural rubher propl~yl;ic.tic:s filled SBR composite, 
I I < I !  a r ruc compat i l ~ l v  t,Irnd of NR and SRIZ. I t  can 
a ls t i  11t seen i'rc~m t hrir figt~res that. latex wast.e par- 
t lc'les have under~ont. size reduction during mi~.irlg. 
'l'ht, SEM of t h ~  tailer! tcrlsile gum vu1canizai.e is  

\ > r ~ s c ~ ~ t e d  it1 Fig~lrt. \ ! ) (a ) .  Here, the f ' r ~ ~ t u r e  is 

'I'nhlr \?I  S w e I I i n ~  I t ~ d v x  and Crosslink I l e n s ~ t y  
\';tlutas Frnm Sul fur  1)itTusion Experiment 

. - . -- 

5 n t ~ l I 1 t 1 : :  [ ~ ~ s i c , \  ( 'rtxslink I ) r l l h i l \ ,  "- 

- - , ! l l , l > l , ~  I '  > i g  l l > < > l / ~ ( ,  I 10 
- .  - . - . . .- 

\ ' \  4 .! ,- ,> - -  - . I . - >  

L( . 1  . I 1  I ,i<5 
-- - . -- -... 



Figure 19 SEhl phot.ographs of t.he tensile lr;?clurecl 
surL'ace o f ' p ~ m  SUII vulcanizate (a) and i t ~ e  leer I 'r;~c~t~red 
surface of gun1 S B K  vulcanizate (b). 

srnootb without. any deviation. This  observation i s  
in agreement with the  low tensile strength of' I he 
gum SBR vulcanizate. The  SEM o f t h e  k~i lcd  tear 
gum vulcanizate, shown in Figure 19(b). a l s o  pre- 
sen t s  smooth torn oreas. This indicates its low tea r  

properties. 
T h e  tensile fractured surface of filled (.-I0 pllr of 

size 1) SBR vulcanizate are  presented ,n F~::IIIC 
20(a). Here, the fracture is not  smooth  as In r 11c ( . ; I S ( %  

of gum. As a result. of enhanced sulfur  rn igr . ; j t~o~~.  
dewetting is observed in th is  case. as s h t ) ~ i i  in 
Figure 20(b). 

Figure ' r l ( a )  represents the torn su rhce  of' the 
SBlZ vulcanizat,e filled wilh 40 phr of size 1 filler. 
T h e  figure shows crack deviation due to the restric- 
tion to crack propagation by filler particlr:~. 117 this 
case also, de~vet t ing  is obscrv<td, as c a n  be seen from 
Figure 2l(h) .  'l'he observation of tlewctli~ig is in 
a g r e e l ~ ~ e ~ l ( ,  wit.h thc nonsom~):ilil)ilit?; trcl~avior of 
these filled sys tems discussed trarlier. 

The  ~ensile.-ancl tear fractured surfnc.ct of S R H  
v\~lcanizat.c loaded with 40 phr (size 4)  filler is shown 
in Figures 2 3 a )  and (b) ,  respectively. Jn both cases, 
extensive crack deviation can be seen. 

Figure 23(a) is the  tensile [ractured surface of the  
SBR vulcnnizate filled with the  40 phr mill sheeted 

I -  2 SI.:\I l)l~ort,praplls ( n l  anrl  (11) r ~ f  the tensile 
11.;1t rrrrrrl  - ~ ~ l . ! ; ~ r . c - ,  ( 1 1  Lillr(i (sizr 1 ) SI-(li \..ult.arliz;~tc. 
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and from the obslruction to tear propagation by filler 
particles. R.educed sulfur migration causes increase 
i n  filler-matrix adhesion in S13R vulcanizatcs filled 
with sizr 4 filler and mill sheet.ed form. T h e  SEM 
pictures also indicate that the latex waste particles 
are nut. completely compatible with the SBR matrix. 
In all cases, t!?e particles could be seen as phase 
separated entities. 

CONCLUSION 

The use of NR prophylactics waste as a potential 
filler in SBR is very attractive because of the  sin- 

Figure 21 SEM photographs (a) and (b) of the rear 
fractured surface of filled (size 1) SBH vulcanizare. 

form of the filler.. Since sulfur diffusion is minimum 
in this case, filler-matrix adhesion is fairly good, 
and, hence, dewetting is less predominant. In t.his 
case also, filler particles obstruct the crack prop;]- 
gation and cause crack deviation. T h e  torn surl'ac:e 
of t h e  SBR conlpound loaded with 40 phr of the rn11I 
sheeted form is presented in Figure 23(b). A s inu -  
soidal wavy pattern a t  the fracture surface is a char- 
acteristic feature of high tear-resistant material 

In the case of all the filled compounds, torn ~ 1 . -  

faces show much crack deviation and present a seric? 
of' parabolic tear lines distributed rando~nly. 'l'hcse 
parabolic tear lines result from the interaction o t  
main fracture fronts wi th  subsidiary fracture frol~r-: 

- 
( 5 )  

Figure 22 SEhI ~,l~c,~ci!:raplis ut' tensile fractured sur- 
1irc:r ol' filled (s ize 4 1  SBK vulcanizate (a) arid ttre (.ear 
t~.acrurecl s u r l a c ~  t ~ t  t~llcd (size 41 SBR vulcanixate Ib). 



cerned Up to  4 0  phr  filler loading, the  tensile and  
teal properties show good improvement. T h e  size 4 
and  m ~ l l  sheeted torrn of Lhe filler a l e  found to-ex 
h l l ~ i t  superior ler~srle propertics over others. T h e  
IRHD hardness values are  lound to be decreasing 
w ~ t h  increasing I~l ler  content.  The swelling index 
values show a cons~derable  increase, while the 
crosslink d e n s ~ t v  shows a gradual reduction w ~ t h  In- 
creasing filler l oad~ng .  T h e  Kraus and  Cunneen and  
Russell e q u n t ~ o n s  have been used to  analyze lhe ex- 
t en t  of re~ncorcemenl  These theories s i~ppor t  the  
superior filler-111atr1x interaction In SBR vulcani- 
zates loaded with the  mill sheeted form of the  filler 
A three iayer model has been developed to study the 
sulfur diffusion In filled SBR compounds. The re- 

(a) sults emanat ing from the  sulfur diffus~on exprriment 
explain t h e  reduction in r ~ ~ o s s l i n k  density in  filled 
SBR compounds  Compared to the  pLvJuction of 
fine rubber powder, t he  production of mlll sheeted 
form of t h e  filler is easy and  economic. By w~sely  

ib) , 

Figure 23 SEM ~ > h o l o g r a l ~ l ~ s  01' the tensile fractured 
surt'ace of filled ( m ~ l l  sheeted filler) SBR vu1canizat.e (a)  
and the tear f'ractured sur face  ol' filled (mill sheeted fillel) 
SBR vulcanizate (b).  

plicity of the latex waste grinding technique a n d  t h e  
surplus nature of the  NR prophylactics. NR 1 a t . e ~  
waste has been ground into particles of various sizes. 
T h e  particle size morphology and  size distribution 
are analyzed. I t  has been noticed that  with increasing 
filler loading, there is a reduct,ion in optimum sure  
time, scorch time, a n d  induction t ime and a n  in-  
crease i n  cure reaction rate constant .  T h e  Wallace 
plasticity, which is a measure of' elastic recovery of 
rubber compound, increases with increasing filler 
loading. The above observations are  advantageous 
a s  far  as productivit)~ a n d  processability are  con- 

selecting t h e  mill sheeted form of the filler, sulfur 
diffusion can be minimized, and  the  filier-matrix 
adhesion can be improved. T h e  SEM examination 
of the  tensiie a n d  tear fractured surfaces strongly 
supports the  irriproved ~nechanical  performance of 
the  SBR vulcanizates filled with the  mill sheeted 
form of the  filler. T h e  SEM studies also indicate 
t h a t  t he  c rumb rubber paiticles a re  not  completely 
compatible with t h e  SBR matrix. Further s t ~ ~ d i c s  
are in progress t.o improve the  adhesion of the rubber 
particles wi th  t,he SHR matrix. 
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Thermal conductivity of styrene butadiene rubber 
compounds with natural rubber prophylactics waste as 

filler 

N.S. Saxcna ", I]. pradeep ''? *, G. Mathew', S; Thomas', M. ~ u s t a f s s o n  ", 
S .E. ~us ta f sson  

" C ' O I I ~ ~ ~ I I . Y I ~ ~ ~  M ( ~ l r ( , f -  /'/fi:111.> I . l l / ) t ~ ~ . ( d t l i ~ - i ~ ,  U ~ J I I U T I I ~ T ~ I ! ~  14' P / I ) I S ~ C S ,  Univt*l..~il)~ o f  R q j < t ~ l h ~ l t t .  h i p l l ~ .  Indiu 
h / ~ ( ' / ~ ( l l ~ / l l l l ' l l ~  01 1'11 jm,iic'.v, Srrp N o r ( ~ y ~ i n u  C n l l i ~ g ~ ,  Quilon, Kcrrria. 69 1001 Indiu 

''Sr.hclr~/ o j  C'lic*~~~rr-rr/ Sr,rr.rrrc.s. Mrrltalhnro Gu~ri i l~ i  Ut~ivcrsiry . KO{ 1u.vo111. Krrula, India 
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I:,tYbi~rs OII ;I 1al.g~ sc;ile ha rc  bccn mitde by the polymer industry to develop cost effective techniques to convert 
wiisie itnd uscd rubber into processable forms. Some of the authors have developed a cost effective technique for the 
rcuse of n i i~ura l  rubber ( N R )  li~tcx condon1 waste as a potential filler in styrene butadine rubber (SBR). It has been 
pr~,vud ~ h i ~ t  wasre N R  p;~~.ticles rlr, reinforce SBR matrix. For optimizing cryosystem performance or  the blends, 
ch:ir ;~cteriz;~~ion of tllc ~uu~pc>s i l c s  it1 ici-ms of thermal behaviour is important. Thermal conductivity o f  SBR filled 
wi th  Iig\~tly cross-linked N R  l a l e ~  wnstc i s  111casure.d using the transient plane source (TPS) method i l l  the 
t u~~ ipc i - ;~ lu~-e  ranyc or 100-.-I00 K .  I t  !>,IS bccn found that the thcrmal conductivity o f  SBR composites inc~eases  
lii~cal-ly will1 ~cmpcr-n1ur.c ta a pcak vuIut at a temperature which lies well within the glass transition region of SBR. - 
WI I I~  SLII-IIICI 11lCtC;lbC: I C I I I P C ~ ; I ~ L I I - C  the t h r ~ . ~ n t ~ l  conductivity decreases asymptot~cdlly to a constant value near 
300 K .  T t ~ c  vai-i;l I ion 111 the thermal conduclivity is empirically correlated with the presenl experimental data by the 
I I .  ( 7 )  rr I h7 '  4- r.7'', whcrc r,, h and r. arc parameters which a re  polymer dependent and have different 
r ; ~ l ~ t c s  bclow and ahovc ille gl;tss triinsilion. Thc observed variation in  thermal conductivity is explained on the 
I>:~sis 01' \.;li-ir>us I ? ~ ~ U ~ I O I >  ~ C ; I ~ ~ C I . I I I ~  [ ~ C C ~ ; I I I I S I ~ S ,  llanlely structure scaltering and cooperative r n o t i o ~ ~  of repeat units, 
,I.< ; ~ l ~ o  hy cotisirlc~-irig LI r~lc(ur.al le ;~lut .cs  aiid thc clYcct of temperature o n  structural urlils in a phcnonlenological 
mnnncr. Ii1!)9 Elscvirr- Scic~icc Ltcl. 411 r~gh t s  reserved. 

witlliil tlic 1,cgioil ol' I00 .300 K. ;I slurly clK ~ l i c . ~ - ~ r i ; ~ l  

conductivity or' tlicsc ~niiterials would yrcld valuablc 111- 

form;ilion wh~ch would be o r  consider;~ble help in opli- 
mi7,ing cryosyste~n performance, heat transfer and 
cooling load calcular~ons and detertnina~ion of difrer- 
ent slate points. The study of low temperature therinnl 
properties and lhc gcneration or  pri~cticiil dcsign datii 
hctwccn 100 ; I I I ~  3 0 0 K  will c o i ~ t r i h u ~ c  much lo  t l ~ c  
undcrst;lndi~lg u f  I I I C  1hcrtn:ll c c l u ~ l ~ h r i ~ ~ : n  131-\>c,c\sc~ 
;I  11rl I I C [ ) L C  to r ) p l  I I I I ~ / C  CI  ~ O - C O I I I ~ O I I ~ I I ~ S  

( 'on.;~dcr:~t~lz wot k I I ; I S  hcc11 rclxlr-lcrl t>n :In. 
v i ~ r ~ ; ~ t i o ~ ~  of purc poIy111crs [?, 31 hi11 ~ ; I I ; I  0 1 1  IX)IVII IL ' I  
cotnposire.. ;IIT limitctl EKicienl itpptic;tL~c>n : ~ t  2ryr). 



VC,\$< \ ~ l l l [ ~ c l ; l l ~ l l - c ~  i~c[>cild< I I O I  ~) l l I !  Lk l i  1 1 1 ~ ~ 1 1 ~  t ~ l ~ c l ~ ~ l l l -  
I L ' ; \ ~  ~i1-~~]7Cl-!jcs 17111 A150 i l l 1  l / l t h l l -  i ~ l ~ l ~ l l l ~ l ~  ~ ~ ~ 0 ~ 7 C l ' ~ l ~ S  

~LIL . I I  ,I:; (11ci~ti1;iI L ~ n ~ ~ ~ i ~ ~ c ! ~ \ : ~ t y .  t l i l l ' ~ ~ s b v ~ ~ >  C ~ L  Also 
: l I I r l l l ( l t ~  I ~ , I I , c  hcCll 11!;1(11. !!) li1;ih.i' l Y 1 1 1 1 ~ ~ ~ ' l  ir>lllpr)lllldh 
6 ! ~ c , I ~ ~ > I -  ; I I I I )  L O I I S ~ I - T C  I.;!\\ tn;lt<t 1 : i I ~  ;I I I L \  C I I C I , ~ )  hy 
111c use t ) l '  I-ccl:ir~ncrl ~ u h l > c ~  14 71. Somc ()I' Ille 
.lulI~nl-\ I F )  h a ~ c  rlcvclopcd ;I co\l  cll'cct~vc Icc1111icl11c 
1 ~ 1 1 -  tllc rcLlsc ( > t '  N I< Ii~tcx wastt  :IS litlcr 111 SBR.  In 
<nnlr:l;! I inccric~r t c ~ h l ~ o l ~ p l ~ i i l  prupertles of  
I-ccl;~irnerl I-uhhcl-. scr.ip I ; l rc~ rcjccrs crrnl;litl h i g h  quill- 
I I ~  I V L I ~ I I ) C I ,  ~ ~ ~ , ~ I I O C ; \ I . ! ~ O I I  ; I I N I  ;I[-c I I ~ I I L I ~  c ~ o s s  li~jkcct. 
I~'l-oll1 L ~ c O I ! > , C ~ ~ , I ~  poill! ( 1 1  V I C n  ;llso  ill^* l-c~lsc !)I' 
N I <  I ; I ( C X  \ \ ) : I \ I ~  ; I \  :L ~ O \ L I I ! I : I !  lillc~ t11 Sill< i h  i!i[crcst- 
In: <~~ icc .  h\;Ii ~ ~ k t . 5  scvtriil dcc,Irics I L )  dccornpc~cc. 
L',irih)~~s Iyl,cs 01'  slurlich L > I I  t t ~ r  KK 1;ttcx rvnstc lillcct 
SIt12 c ~ ) ~ ~ ~ p o u ~ i r l ~  Ii,l\:c ; ~ l ~ - c : ~ d y  hccrl colitl~lcrcrl [ K ]  ;illd 
111 11ilh l p ; 1 1 ~ 1 -  n \ . c  ~ ~ p o i . t  I I I C  t11~1-111;11 C O I I ~ I I C ~ I V I I ~  sti~ilies 
(111 livc ~ ; I I I I ~ I ! C ~  13t' SIJR/NR I I I C I U C I I I I ~  SIjI< gull1 ;llld 
Sill< litlcrl 1virl1 10. 20. 30 ;111d 40 phr  or N R  prophy- 
1. C I L ~ I C ~  . - .  \ V ; I < [ C  I I ; L \ : ~ I I ~  ;IVC'I-;IEL' I ~ ; I I - ~ I U I C  'iizc' ot' 5 111ni. 

I-'i~icty ~>o\\ctc~-c.d U l i  I , t ~ ' u  !+,~btc. i ,  hit-n~iutl with 
Sl<l< !>y 111r f't)lItl~v111~ ~ C C I I ~ I L ~ L I L * ,  I > ~ S ( I C I  i11p 01' N I< 
1:ilc.r ir ,~htc I, O ( J I ~ C  l7y i l l ]  I I I C X ~ C . I I S ~ V C  s i x  L . C ~ U C L I ~ I I  
~ i ~ c c . l ~ . r n ~ s ~ l ~ .  '1.11~ vizc rcrl~rclioll w;l\ c;~rj-iccl OLIL tly a 
!ncclr;l111c;1l p ~ ~ r ~ r l i n g  pl.oc~'ss in ;i 1';lst ~-ot:iling toothed 
!t,liccl 1111ll ro gut ,r puly~lispcl-sctl ruhhcl- powtler. 
C'otnl~ouildir>p nl' SBR and  Ii~tcx waslc fillcr was done 
011 i l  lw(b r - ~ ) l l  t i~ixing 111ill i l cu~rd ing  lo ASTMD 15- 
637. ('ur-rilg (01' t l jc  ruhl7e1- c n t i l p o u ~ ~ d s  %;is c;irricd out  
1 1 )  ; i r i  clcit ~-ic:~lly I i c ; ~ ~ c d  l~ydr ;~u t l c  pl-cqs at 1 50-C. 
S,i1i11>1ca 4 1 f  ~ ' I ; I  [ I ~ C I C I -  1 X I I I I ~  ; I I I ~  ~ I ~ I c L I ~ c ~ ~  I0 111111 ;I[.c 
1 7 1  q ' . i ~ - l ' r l  t)! ~i lo t~ l~ l i r>g  Ilct ;ill : ,  oI- ~ I I C  s:~llil>tc S P L ' C ~ ~ ~ G I -  

t l o~ i .  Ix~hic t ' o ~ ~ ~ ~ u l ; i t i r ) n  ,~rld c t i l ~ i l x ~ s ~ ~ i c ~ ~ l  ill-c givcn in 
I :LI \ IC:>  I 7 I lit.r:ni~l C ~ I > L ~ \ I L * I ~ \ ~ ~ ! ,  I I ~ C ; I S I I I  c1iw111 01' thc 

'I-;bhk 2 
l l ; ~ s ~ c  lot!nul;~l loll 
- 
M;btcri.~l I . ~ > ; I L ~ I I I ~  (pllr) 

S H H  I00 
Zillc r>xliic 5 

Slcilrrlc ;~cirl 2 
CBS I 
.r UQ I 
Sulphur 2.2 
1:iIlcr V;II,I,I!~~C 

sanlples ha5 t~ccu tn ; t~ i t  using Ir.ii11ricll1 pl;lc,t: so11 ;-cc 

(TPS) mcrhncl in r l ~ c  I ' I I I ~ C I . ; I I I I I - c  rI1~1y! 01' I00 ,100 K .  
T h e  rcchniyue is based on Ihrre-d~rnt.tisjonll1 h c ; ~ ~  Hn\v 
inside I l ~ e  siimplc, which can hc regarded ;is ;in 1nfil:ilc. 
medium by limiting the t o ~ l  time of  transient record- 
Ing, A disc-shi~pcd TPS eleinent with d i a~nc tc r  7 ~ n ~ n  
and ihickness 0.07 mm i s  placed between twcl cylincli-i- 
c;il picccs O K  I hc S U I I I P I C  nl:~tc~-i;ll 01' rliiimetcr I X mtn 
2:1ch. 

'1-hc s;~lupll: I~ol(ler c o r ~ t a i n ~ ~ l g  rl\csc silrnp1t.s I \  

pl;~ct.d 111 a ~h~r~-w;lIlc.tl hitel ruhc I~aviilg sligh(ly h ~ p g c ~ '  
di:in~ercr than (hc s;iliiple t~o lde i  ,illti I S  Icl'( i l l  thc CI-yo- 
s i : ~ ~  co l~ ra in i~ lp  1lclt11d ~ l i ~ r o g c n  until a l l  Icrnpcralu1,c 
gradients in [he s a ~ n p i e  have disappeared. Alicr t iuh~cv-  
ing the isothermal conditions in the sample a constant 
current pulse i s  passeti through the heating clement 
and  resistance or temperature of the element is 
recordccl sirnultitneously by recording its voltage 
Increase. 

111 [he Tl'S Icchoiquc h e  sour.cc OI licill IS ;i hot disc 
~liiide L>LII of' r i  hilillirr spiral (shown in thc Fig. I ) .  
whicll illso serves ;is ;I sensor uT rhc telnpcrature 
incrci~sc in lhe samples. Assuming that thc conducting 
pattern is in the ): z plane of a coordinate system 
placed inside an infinite solid with i t  thermal conduc- 
tivity i ,  ;I 1hcrlna1 dbtfusivity r, rind i i  specific h e i t  per 
 nit I . 'L>~I~!~Ic  / I ( ' ,  llic rise 111 Icti~pe~-;~lurrr ; i t  a poinl I:, I 

; k I  1i111c I ,  rille to ; I I ~  ~)11111ut ~ O W C I .  PL'I, unil 31-t!;! (1 i x  
given hy  19, 101: 

Cablc 3 
Coinpositinn of the samples 

Samplc I SBR (gum) 
Snmplc 11 SBR 4- 10 phr N R  
S~unplc t l l SHR - 20 phr NR 
S:~~nplc IV SIlR + 311 phr  N R  
Sirrnpli. V S O K  1 40 phr  Nli 



~v l le rc  ,I-(/ - 1 ' )  - $cii, (1 = (ii2/.i-), r = (!/(I)'!~, ~i is a 
co11sl:lnr (r;ldius of tlic disc) which gives ;I me;isul.e- 
I l lcnt ol' ~ h c  ovcr;~ll sizc o f  resistive p ;~ l t c l - r~  a l ~ d  is 
kno~v11 ;IS - the c l t n ~ ~ ; ~ c t e ~ ~ i s r ~ c  1in.1~. The  t e ~ l l l ? c r i ~ t l ~ ~ ~ c  
incl.c;~sc A'&), b c c i ~ i ~ s c  ol' I lo~ t ,  oS currcnt  t l i ~ ~ o u p h  (l ie 
sensor. gives rise l o  a chaogc i n  (lie elcctl.ical resisti~nce 
A/:(/) wli ic l i  is given ;IS [ IO] 

- 
A X ( ! )  - aR,,AT(r) (2)  

\vIicl~c I?,, is ~resisrance or TPS clcmcnt hefnre t l ie t u n -  
.- sicl i l  ~ . ~ c o r d i n g  has bccn initiated, 3 is the temperii[ure - 

coell ic ien~ o r  rcsistunce (TCR) and  AT(r )  is the 1ne:In 
\l;~luc ol. ~ l i c  tinic-dependent - tenlprr ;~t  ure incrcasc ol' 
rhc TI'S c!cnic.nl. d ' l ' ( r )  is c;llculalccl by avcr.;~gillg I l ic  
incre;l>c ill Iernpcrature o f  Ti'S r l e ~ n e ~ i l  il\,el. tlie 
sa l~ lp l ing  l imc hccause I.11~: r.l.1r1c.cllll.i~ r i ng  sources i n  
~ h c  TI'S clcnlent h i ~ v e  cli l lcrcnl radi i  and are placcd ar 
tlill;cl.c~l~ :c~npcratures dur ing  I he I I-;~nsi~=nt recording. 
170110\ving C;ust;~fsson [IU]. 

P,, is t l ~ c  to[al  ou (p i l i  ol' payer. Lo is thc ~ n o d i f e d  
Besscl l'uliction. T o  reca1.d the potential diffcrcnce vari- 
ations. wl i ic l i  no l .~n i \ l l y  a1.e o f  the o~.der 01' ;I few mi l l i -  
volts dul- ing t l ic ~r i lns icn t  ~.ccording, a simple bridge 
arrangclnclir, as s l iown i n  Fig. 2, has beeri used. l I '~!c :  
ilssurnc th;ll l l ie resist>~~lcc iucl-cxse wi l l  cilusc ;I porcn- 

Fig. 2 .  13ridgc circuit Ibr  TI'S ~ncll!~r~l 

4, 17, I<(, AU!) = --- /,A/?(!) = -- 
It5 .I. I(, R, -I- R,, n3 /?a i  

D,(r)  (5) 

The def ic l i t io~l  o f  various resistances i s  Toul~d in  Fig. 2, 
H, is a standard resistance wi th  a current rating'that is 
much higher t h i n  I,, whicli is thc init ial I ~ca l i ng  cu~ ' -  
rent through t l ~ e  arn i  01' the bridge con ta i l ~ i ng  thc I ' I 'S  
element. y is a conslanl  ~ \ ~ l i i c l i  is c l iose l~  l o  bc 100 111 

the present ~ l~easuremcnl .  C;~lculaling D,(i.) using a 
cornpulcl. l-rro31.alnrllc ; I I ~  ~ rccu rd i~ l y  ~ l i c  CII;II~SC in po- 
1c11tiiiI LI~I I 'c I~~IIcc,  A U ( f ) ,  o r ~ ~  C~III &AL,I,III~II~ ;,. 

'I'he va~~i i l t icr l l  o f  tllr1-111a1 co~lc luct iv i ty will1 tempera- 
lu re  ful- SBR/NR co~npos i ics  w i ~ h  varying Nli  contc111 
is show13 i n  Fig. 3. I t  is seen that the t f i c ~ ~ ~ i ~ a l  condnc- 
t iv i ty o f  a l l  l l le c o ~ i i ~ ~ o s i t c s  shows il s i~ l l i l i l ~ .  t r c ~ l d  nf 
il~cl.easing alrnosl l inearly with Lcml~eralurc to a pe:~lc 
v;~luc. T h c  pcak \falucs are observctl at around 2 15 I< 
for al l  co~nposi l ions,  which is well wi th in thc gl;lss 
ir:lllsitiorl range o f  SUR and NR.  The  virluc ol' (11cr111i~l 
conduct iv i ty thcn dcsrcilscs and bcpirls ro fill1 to  a tcm- 
peralure-independent value a1 290 li. 

111 these types o f  polymers i t  is il senerill char;~ctcr- 
istic that they shnw a l i l i lrketl co r r t l uc~ i v i~ j '  rn:~ximr~rrl 
i n  t l ie glass t ] . i~nsi t ion region. I t  i s  known that SRR 
21nd NR are i l~con ipat ib le  rubbers. Al! l iougli the rub- 
bcrs arc n o t  miscible, n o  separate peaks are found i n  
~ h c  tI icrni:~l co l~duc t i v i t )~  values 01' the c o l i i p o ~ i ~ e s  



TEMPERATURE IKl 

s~tltlictl hc~-e.  This c:111 hc cxpl:~incd C I ~ I  Ihc basis of tlie 
Ltc~ thitt 111t iippearanct: o f  si t~gle gli~ss Irat~silion can- 
~ l o l  he t:lkcn ;is un;linhiguous cvirlcllcc of' 
misci b i l i~y [I I]. 11' I I I C  i.espcc\ivc 7,s a\-t: close (ca. 
10' ( ' ) .  I hey 111:1y apy1e;li- :I< ii ainglc h ~ - o : ~ d  t1,ansition. 
I-lcrc illis lx~iiit ; I ~ I > C ; I ~ , <  ( L )  lx 1 1  L I C  <II IL.C lllc 7;s or 
Shl< (2119 2 1 4 x 1  ;!I I ( I  Kf< 4 1 b H >  210 K )  ; I I X  L > ~ U S C  

c'~nt>~tgh r l r , ~  lo show ~c1li11,alu 11c;lk.s. 4notllc1- :~sl)cct 1 0  

hc consldr.1-cJ 1:: 111;11 illc cl;~stonic.~- [>; l i t -  i?: 1101 t i~~scthlc.  
hul vigc)~,c>us 1 ~ l c ~ 1 ~ ; ~ 1 1 1 c a l  ~uisirlp over-uon~cs thc stn;~ll 
{x)~cnrl;il ~ , I I . I . ~ c I -  l o  i111likc s e g i ~ ~ c i ~ t a l  i ~ l ~ c r ; ~ c l i c > t ~  and so 
gives rise to ;\ l l l o r ~ ~ ~ l ~ ~ l o g y  I l l i l  I IS l l i> l l~o~e l l co~ l s ,  ;i I 
I c ~ I ~ I  down to the lcvcl ;~cccssihlc ti) s~i~r~il ; ir-r l  i ~ ~ ~ a l y t i c a l  
rccllniq LICS. 

Hy weans nf lcasl zcll~:~rc lit ro t l ~ c  c \pc~- imcnt ;~l  dala 
Llh ~i f l l l l ~ i ~ ( ~ l 1  0s le l l l [>~l ; l l l l r~  ( A S  l>lNr<<l 111 Fig. 3 )*  
cll l~~il~lc;l l  l - c i ~ l ~ i ~ ~ l l ~ i l l p ? :  I l i l ! ~ ~  I\rc11 C S ~ I I  t > l l \ t l ~ ( l  I ' t > t -  1Itc 
I I I ~ [ > [ - L - ~ I C : I I  lpt-cil ic[~o~~ 01' ~ I I L , I I I I ; I I  C ~ I I L I L I < > I I L , ~ I ~  '1.5 givc11 
i l l  ~ l ~ c  Voi in 

i i c > f .  ~ c I ~ I [ > c ~ ; ~ ~ L I I - c  I.c;~(>II ; I I > O V C  I ; ! )  \\:II<'I'L. (1. /I. ( /  : L I I ~  
t, i1rc p;lrillllcl~[-h ~ \ , t l i ~ l l  i11,c ~~ l~ ly l l l c l -  <lc]7ctlilr[>l ; l l l ~ l  'I' 
1.i  llic ; ~ b s t > l t ~ \ c  Lcmpcj';rrulc. Tlir ~bl>>cr~,ctl \:irl;~tioii 1 1 1  

I I ) C I - I ~ I : I I  L O I I ( I ~ I C [  I V I I ?  C ; I [ I  l>c c ~ t ~ l : ~ ~ t ~ c ~ l  I)! t . o t ~ < i c l ~ * ~ - i ~ i ~ ,  
slr,trc.l~lr.:~l ~ ~ . : I I I I [ - L . s  ,111(1 1 1 1 ~ '  L.(~;.L,I  111' I C I I I ~ ~ L ' I , : I I I ~ I . L '  r > r l  ~ I I L '  
< I [ . I I C I L I I , ; I ~  I I I ~ I ( \  :I  ~ ~ I I c I I ~ ) [ I ~ c ~ I o I o ~ I ~ : ; I I  I I I : ) I \ I I ~ ~ -  1121. 

~ L C I I  1 1 )  ; L I I ~ o I ~ ~ ~ I ~ > ~ I ~  ~ ~ O I Y I \ I L * I - S  I j l i ~  Sl3l< 1 1 1 ~ 1 ' ~  C X I ~ I  

\nmc t c ~ r . ~ l l  ir~ctcr M:IILCII IS tel-mcrl a.s ~ n ~ c r n l c t t ~ ; ~ t t .  1-;111yc 
c11-dcr ( I 1 < 0 )  I]?]. 11; ~ l r c  lc>w (~ 'mpcr . :~ t r i~c  1,cgio11 hclou 
I , ,  tllc tc l~lpcr i~  1111 c dcpunrlcllcc ol' i is con[ l ~ l l z t l  hv  
V;I riiitio~> 01. ~ I I O I I O I I  I I I ~ ; L I I  f'l-cc ]>ill 11. I > L I I - ~ I I ~  cool I I I ~  

C ~ I . ~ ; I  I n rlclkcrs ; I  I-c ;11ho ui,c;~tcct I 1 1  I lic \y<rcnl. suc.11 ; I >  

hcntiq in cl1;~ins. ~ L I ~ A  I I ~ ~ W C C I I  l l v t )  ~'~1:1111< it1 I ~ I I C ,  

ch;~ins OF S I I I ~ I I I C I .  Ir11glhs ihi111 tlie others clc. 1,lcnce 
below 7; slruclurc scl i  t tcring and chain-defect sca1lct.- 
ing ;I re the main  pholion sc;~tlei-ing nleclianis~ns. 111 [hc 
fol'mcr case I:itticc u.iive propi~gntc i~niforlnly insidz 
each sm:lll rlonlilin with dimensioiis ~ t l t ~ i ~ l  l o  the s i ~ c  of 
Ilic II<O rcginn :rnd ilicrl ;I{-c ;161-~1pIly ~ U L I I I C I . C ~  1))' :I 
s ~ ~ ~ l ~ l c l l  ~ I l i l l I g ~  <>I. lrt~~'l-:lclivc i[I(lcx Lll tltc L3<)ll[til~lt-y. 
Tllc: climcn<ir!~lh ol' 1110 ; 1 1  7:, <l?l71:1lcl 111;iinly on t l ~ c  
proccs<i rig c ~ > ~ i c l i l i o ~ ~ , \  ;111il ilcgi~cc 01' ] ~ ~ I ~ ~ I I I C I - ~ / . ; I ~ I O ~ ~ ~  
hct~cc  i~ dots 1101 \.;ti-). wit11 k ~ n p c r ; t ~ u r c .  Thctehr-e  lhc 
~ . O I ~ ~ I . I ~ I I ~ I O I ~  I t>  I ~ I ~ I - I I I ~ !  rcs~stnncc corrzspontliiig 1,) 

i11c.s~ p~-ocussch i.c t c i n ~ ~ e r . i ~ t t ~ ~ - c - i ~ ~ ~ i c p c t ~ d c ~ ~ t .  T h t  first 
Icr111 ( I  i n  I)otl~ clnpirici~t eq i~ :~ t io [ I s  rcprescnls Ihc con- 
(rihutic>n l o  l l ~ c r ~ u ; ~ l  ~rcsisk~ncc or' slructurc scaltcvitIc. 

!\s Lll- t llc ~,llairj dd'cct SC: I I ICI . I I I~  1141, r1elccr.c I t l l i , c ~ -  

rluci.rl by hrnclh ;111tl I .c~:I[IvcI,v h[i1;111~'1.  I C I I ~ I I I S  1>1- C ~ ~ ; I I I I  

<cy.~iicn\~: :ILL\ L , ~ ; ~ ! t c ~ -  l>l~(,jt.~t)tj\. :.r, llic ~?I;ls[i~,  L V ; I \ , C  

(71 O ~ ~ ) ~ ; I I I I I C  ; I I ~ ) I I ;  I ILL, clliti~t i i l ~ t i b  ~t!.cli' k t \  . I  1 ~ > 1 1 i i  

l7c.yOrHl \vI1ict1 ; I  rill1 I10 lO[Igcl, lll-o<c~Yl I l l  lilt :>;Lll1Lm 

~ l i ~  c~.iiort W I I I I  [ I I L *  Y ; I I I I ~  v c l n ~  I I ~  TIICI-CKOI,~ 1 1  !\ 

I ~ c I ~ c c I ~ ~ ~  ; I I~)I I$  ~ I I C  s ; t i i i~  c I ~ ; ~ i n  01, i ,  r~~t'i~:icIc(l ;1l1)11g 
:s~>11i~ I-![IIL.I- I - I C I I I I ~ L I C L ~  (Ii[-cc~loii, 111 t l i ~  I c~ i ipc [ . ; t i~~~-c  
I-egio~l h c l r ~ i ~  7 ' , , .  wit t~  ,I rihc 111 tcn>pcr;1turc 1l1v pol!.- 
I I I C I - ~ L ,  L , I I ; I ~ I I , >  \ I I ; L ~ ~ I I I L [ ~  0111 [ ~ I O I - C  . I I I L I  [ I I O I , ~ .  ~ t~c~ ,c ; tq i t~g  
llic io l  I csl>ollrll t ~ g  I I IC:I I I - I ' ICC 1 > , 1 1 1 1  :1[1,1 11111h t C.L)II!I ,I-  
I ~ O I I O I ~ <  11:   it^, L { ) I , I , C ~ ! > O I ) L I I I I ~  ! I I c ~ - I I ~ , I [  
( I C L : L ~ , I ~ L , ~  llrlc,l!-l\~ \\,11:> l ! l ~  : ;,L. , \ I  1 ~ ~ 1 1 ; : ~ ~ ~ :  : l l L l l  c ' t  I l L ,  

L , I \ ; L I I ~  ~IL,!<L\, \  , I I C  ~ , I I ~ . ~ . \ I \ < . I ?  ILILII I ,L . , I ;  I ( ,  \1,1:,1,itn; 
I ' ; i ~ t l i k  ( 1 ' 1  : I I I L ~  I IL ' :~~,L '  . l i b :  ~ : \ I I L ~ ~ ~ L ~ : L ~  1 1 '  k . i l t $ \ r  : . I : I ) I~ , I I  l , i : \ \ -  

I I C I  l ~ ~ t ~ ~  c I I C ~ ) L ~ I I ( ~ C ~ I ~ ~ L ~  1 0 1  I I ) L ~ I - I I I , ~ I  I C . \ I ~ I ; I  IIL.C ' I  I I C  , , O I I -  
sia1)1 /I I [ I  ELI. (&;I  1 r r l~rcsc i l~a  I I I C  I I ~ C I , I I I : I ~  I -~ - . I \ I : I I ILL ,  I)!, 
c l l ~ l l l l - ~ l ~ ~ c ~ ~  h~.~i[Icl~llIg 'I 'IlL! ~ ~ ~ ~ I ~ l ; l l l l  t ,  c:lll ;ll.s~) t>L 

;~lt t , iRulc~l Lo ~ c p ~ , c s c n l  tllc c t ~ ~ ~ [ r i l > u t ~ c > n  1 0  Illernla[ I-u- 
sis!itt~oc. hy nthcr ]x)wihlc s i l ~ y  sc ;~ r i c~ . i~>g  mcch;~nlsm< 
TIIC L I ) ~ I ~ I : I I I  1s (1 .  1 3 .  r ?  i/ : I I I < I  c ; i~-c  p t > l y ~ ~ i c ~ ,  t lcpct~dc~l i  
~ ; I I - . I I I ) C ~ C ~ - . ~ .  Il~i:. I ~ > ~ ; L I I ~  i l l a ~  t hcy s111>~1ld c11;11igc syh- 
[CI I I : I~ IC : I~ I> ,  ~ \ , i t l ~  N I <  L ~ O I ~ [ C I ~ ~  in I l ~ t ?  C O I I > ~ ~ S I I C  ,111~1  ~ I I C  



ol> t ;u~ ic~ i  v;rlucs r ) t  ~ t i t \ ~  cr~r is l ;~nls <llly>nr'ls this rlepcn- 

dcncy ('I';lhle 4). !\ 1st) ~ l i csz  val uca r lcpcr~d or) the 
C A l C I l l  01 l l < O  Ill I l l< ] > l ) I V t > l ~ ~ l  Ill ' I ; ,  t ~ * l l g [ l l <  01' thc 

Ihck  t701 l t .  ~.ll;li~l (IIILI I)I l l~l~bi CII~ILI)'I. IIIL, ~ I I - C I ~ E I ~ I  01' IIIC 
~ ~ 1 - l l l l ~ l l - ~  lht>l)(i< : l l l ~ l  l \ l C  ~ l 1 r ~ l c ~ ~ l l t ~ l l  ~ V L ~ ~ ~ I I I  ill? < l ( k  

<l-OLl[7>. 
4 cIOL~. luoL 111 111c \:1111t'h +>I ~IIc>c. C , I I 1 \ 1 : l l l l Y  ~~+111IrI 

pi-o\,idc I I I I C ' I ~ S I I I ~ ~  t ~ l l ' o r ~ n ~ ~ ~ ~ o ~ ~  c~ ~ ( I L I C  1 1 1 ~  L O I I L I - ~ ~ ~ I I ~ O I ~ S  

or r:~rioils scilttcl.lllp rncch;ln~sms .II pl:ly ill deiei-inin- 

iog tile t l~c t -w i l l  rcsls\;illcc of ~ l i c  cclmpositcs. I t  l ~ i s  

kilrcady bctn menl ioncd th :~  t the terrn i r  in Ecl. (8) rep- 
resen1.s slructutc s c ; i ~ t ~ ~ , i [ l g  i l l id  ~IIC c o ~ i t r i l > ~ ~ ( ~ o t i  01' this 
lo I l ~c r tu ;~ l  i'esist:lncc IL  tcml>cr:ttul,e indepct~rlent LIII~ 

1 1 ~ 1 1  r l ~ u  l';~ctoi-\ c r ) t i l i - i h ~ l ~ ~ n g  10 [IIC hlt'tlclurc sc;~l tcr ing 
( ICI~CII~~ 11i;1~1ily OII p~ , t )~-chh~~~; :  ~ . o t i < l i ~ i v ~ ~ \  ;11lr1 (lcg~,cc 
~ > L > l ~ l l l ~ l ~ i ~ : l l l o t h .  'I,ll~ v;llllch [>I, ~~L~11st.1111 (1 1 0 1 ,  ~ ~ l l - i l ~ l l s  
LOI I I~OM~CX SIIOW ;I ti1(>1 c f ) r  lt.sh I I I C I ~ ; L \ ~ I I ~  II-~II~I wil11 
LIIC ; l t i l r ) ~ l t ~ (  I~IUIIII;~~ I - C S ~ S I A I ~ C C  r>IKc~-cd by t h ~  ~ o t l l -  
Î IOMICL, 1 Iowcvcr- tlic uo t~~ l : l i l t s  11 ; I I I ~ ~  11 which rc l~rcscni  
lilt c l l : ~ ~ t ~ - d c F c c ~  s c ; ~ ~ ~ c r i n y  iund v ; l c i~ t~ t -a~ tc  sc;tttering 
I i> l low ;I rlilI'~i.cnt p;lllcrn. ' I 'hc~c \.;tlucs ;ire invel-sely - I ~ I - O ~ O I - I ~ ~ J I I ~ I ~  L ~ I  CXIICI ~ I ~ ~ C I I I ; L ] ~ ~  o [ J ~ L . ~ - v c ~  L~IC~III~I~ I.CS~SI- 
;IIICC of l l lc  ci>tnpr).;llcs. I~OWCYCI- [ t ~ c  COIIS~;II~~S c i ~ n d  
P ,  \\ l.Ilic11 I-C~~C'ICIII ct1111 [ r i hu~~(> l l  to  I 11t21~131;1 I I.L'L~S~~II~CC 
~ L I C  t o  SII ;jy sc;~ I~c t . i~ jp  II~CC~I;IIII~IIIS 0 1  IICI- I II~LII SI~LIC- 
1~11-c ;III(I LIILII ti-ilctkct ( i  :~cit l~L-hi[c) sclt1 Lct-ins. *L~;ILII rol- 
l o w  ;III ~ [ ~ c ~ - c ; l . s i ~ ~ g  ~ r c i l r l  w ~ i l l  I l lc  ;ti11o11111 ol' Lticj-in;~l 
I chisi;~nw OIICI-cd 114. t11c C ( H I I P ( > ~ I ~ C Y  ~I'I~IIs [I i is 111;1y hc 
i~~ [e rp rc t c ( i  ;i< ill) i IICIICLI tit111 tl~ikt I t ~ c  ~c ; ! t l c i ~ i~ ig  111ecIii~i1- 
isllls i-cp~-c.sclllctl by tllcsc consl;lnls ((. ;inrt r )  are i ir ls- 
i ~ i g  out or the i r i ~ e ~ - ; ~ c r i u ~ ~  of thc SBR matr ix phase 
wi th  thc N l i  l i l lcr and al though 1101 cxilctly tcmpera- 
rure ~nr iepc~ ldcn l .  tllcy I1;lrc . s r > i ~ ~ c I l l ~ t ~ g  r m r c  l o  do 
wit11 ~~rucc'hail>g ~ o [ i d i l i i > ~ ~ a  i ~ n r l  C ~ C ~ I . C C  (>I' ~ > o l y n ~ e r i ~ -  
i l l ion  

c l lcc l  011  tllc sll-u~.trirc 01' IIIL K~S!CI~I: I[~III,III~ 1 1 1 ~ '  

d n l ~ i i t ~ a i l t  cI1:)itl mr3lucllts CI,C;I(~. soluc I.OL;II~I <lIt ' i  OI. 

I I I ~ Y I - ( > V ~ I ~ <  ~VI I IL I )  ~ L X ~ I C I -  l p l ~ r i ~ l i ) ~ ~ ~  11) IIIL, \ I I I I ~~ : I~ -  \$,;I! 

I0 l l lc  ]><jIIll dcl-cr!\ :51. W l l l l  i IIL I lht> & > I  l ~ ~ l l l ~ 7 ~ ~ I - : ! l  L l : - t ? ,  

I l lc  1111tnlh~'r : ~ n r l  s i ~ c  01' I I IL~~C I ~ ~ I L , I O \ . O ~ , ~ , >  I I : L I ~ , ~ ~ L , ~  

i1111I C O I ~ \ C L I I I C I I ~ ~ ~  ~ I I C  C O I I I ~ ~ ~ > I I I I O I ~  0 1  L.IC,:III~ ~ I : L ,  

hi';tl ~ C . I - I I I ~  10 IIICI'I~I~II I C ~ ~ ~ L ; I I ~ ~ C  WOIII~I I ~ ~ C I ' C ~ I ~ C .  IIILL,- 
ill'ly w l t t l  ICl1lpCt~;l~ll~C. '1'11115 ~ 1 l ~ I l C t l l l ~ C  b C ; I I I C I ' l I I ~  ;llld 
v u c ; ~ t ~ l - s ~ t c  scattering hcco~nc t t ~ c  p r c c l ~ i ~ ~ ~ n i ~ n t  LC:II- 
~ e r i n g  prnccxics over cerlain 1-angu of \cmpcr.;tlur~c 

above 7;  resulting i n  a dccrcasc. in  the thcrni:~l con- 
duct iv i ty w ~ t l i  ;I rise of t e ~ n p e ~ - ; ~ l u ~ - c  Tl ic const~l l l t  1 1  
in Eq. (8b) 1-epl-cscnls l11c contr ibui ic>[ l  to  thcr~r i i l l  I-c- 

.cisli~ncc by v;iu;~nl-sire sc;~lle[-irlg ; ~ n r l  r ,  111licl' \lr'ay 
XI I tci-i I I ~  IIICC]I;IIII<I~A. 

Fig. 4 S~IL)WS 1 IIC I IICI,III~II ~ I > I I L ~ I I L . I ~ V ~ [ ~  \ \ I I - I ; I I~O~~ 0 1  
the COIII~L>S~~CS w i i l i  f i l lci WII k t l l  II~~;ISIII-CLI ;! 1 I-OOIII 

tcnil>cr;llilrc ( 3 0 0  K ) .  I t  is inlz[.eali l~g ro I1ole Ih i t l  l l lc  
thcrlnkil c u ~ l d ~ l ~ l i v i t y  shows a sharp ~ C C ~ C ~ I S C  to  il lui~ii- 
mum value a1 I 0  phi- oi' NR content and i l len a 1inea1- 

incre;~scs cv~t l i  l i l lcr  content. NIi hcing lcss l l l c r m ~ ~ l l y  
conr luc~ ivc  t IMII SBI<, thc rlccrc;lsc i 11 I hc rm;~ l  c n n d ~ ~ c -  
t lvity o f  S111< wit t i  111c ; ~ d ( l i ~ i o n  r>t' h ' I <  1s n;lIul;lt duc 
to l l lc  s l~ l>c~ 'pr )s i l i c~~ l  cfycul. h u l  Ihc I t l~ l .c~ ls l l lg  ll'clld I l l  

~IIC !IICI.I)I;I~ C ~ I I L ~ L ~ C I ~ ~ I I ~  I,:IILLC.~ tlic ~ O ~ I I I ~ > L I ~ C S  (>{)I)- 
t;~Lnlllg XI< <Otl~CIl[ gl-c;l~Cl~ L1l;ilI I t )  \llll, l h  I :1t11ct lltLcl-- 

csli t~g. 'Tliis coulrl l,c cxplall lcrl w11l1 I-dkt-cncc 11) ihc 
t i ~od i i i c ;~ l i r> i~  i n  crr,sslink~ng dclisity or t l lc 11ia11i~ p[-(I- 
duced hy 111c iillct. cr)nlcl l t .  

Fig. 5 shows the calculated c russ l i r l k i ~~g  de l ls i~y  
(112 M,) of' thc composites ~ l s i n g  the fol lowing [=lory-- 
Rehner e q ~ ~ ; ~ i i o n  

{>, P( V,()I,'< M - 
L! - -- I"') ..- X I f l : ?  

1111c[lhivc I l l c t - ~ ~ ~ i l l  r i l o ~ i o l ~  and I t~rgc  torsional I-n- = /< Tip, j<,j4j(cjh - (51)) (1 0) 
1;11itllls. :lllrl tllc a l l ( l ~ i ~ !  01- f l l : ~ i n  ~C~[IIZIII.C st : l r t~ 10 
pl21y :I ~ ~ I ~ I ~ I ~ ; I I I I  I-olc 111 ~ L ) \ ~ C I - I I I I ~ ~  tllc \ ~ : ~ r ~ : i ~ i n i i  01' wherc /I i~ tllc I ; ~ t~ i ce  c r ~ ~ l . s ~ : ~ n ~ .  R is t11c Llr~i~,c.~,sal  

[)l~r~l7Zl~tlCb i v i l l l  ~ ~ l l ~ ~ ~ C l ' i l l l l [ ' U .  -1'tllh I1:lh : I  !wo-~ 'o~c[  g:IS ~ ~ l t l S l i l l l 1 ;  7'. l l l ~  ;I~SU]LIIC lr:tllpCl~,l~Llrc.. 0 " ih  l [ l c  
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~ O l ~ l t 7 1 l l ~ ~ ~  [> ; I1  ,llllclcl 1 1 1  \ \ ) l i ~ ~ l l l .  , l l l< l  I lilt <,>Ill- 

I I I I  I I I I  1)c1,11lcd c l u s c ~ - ~ p ~ ~ c l n  
irf t l ic c;~[ctrl;ttic>r~ r ) l -  ~ l l c  c t - i j ss l l~ tk i~ lg  t l c n ~ i ~ y  w;ls 

g ~ v r ~ l  clsewl~cr~: 181. I t  C'II) hc Ycrn t'rilm Fig 5 [h;lt 
c ~ - i ~ < l ~ [ ~ k i ~ i g  < i c [ ) ~ ~ \ y  01. \IIC 111;1i1,ix ~ i c ~ r c ~ ~ s c ~  will1 

i t~crc;~sil lg tillcr ~~>IIICIII. 1.111.; r lc~,~-c;~hc ~ u n  bc 
;1111,1hulctt 15. 171 111c ~ ~ ~ l l , l i u r  r l ~ l l ua io r~  tl-orll ~ l l e  
Sl3lt IILIII i i  10 ~IIC I~IILI- ~>IIJ>C. 11.; IIIC  ill^.[, LOIIICIII 

i l l~rc i iscs.  [ I ~ c  ~111pl1111 1111~[;111011 .11<0 IIICI-CL~SI-S, I-CSLI[[- 
1 1 ) ~  i 11 ,I ~ I - O ~ I  C S S I ~ C  I.;III 1 1 1  t , l ,ob\I i l lki i~g LI~II.~I! (>I' 
~IIC COIIIIIOSIICI I'lw ~ I ~ L ~ I - ~ , I ~ U  111 c ~ - o h ~ l l [ i k i l i g  (ICII~II~ 
1 ~ ~ ~ 1 l l l . c  1 171 111 ,111 II1CI~C:lsL 111 l l l ~  t 1lcl~lI1111 C~II IC~~IC- 

l i v i ty  'Tl~c 1n11i31 1';iIl 111 ~hcr111'11 c(111ductivlty (1C the 
cumpusitc t11;ly hc i11rrih11tc.d 10 t t ~ c  blending of the 
ruhhcl-L II;IVIIIF diIl'Crc11~ IIIC~UI;II ~ o i ~ ~ i u ~ t i v i t y  ~ ; ~ I u z s  
(NR ~s Icss t l~cr rna l ly  cc>nduct~vz than SBR) ;~nd the 

r csu l i ~ i i g  supe rpos i l i o~~  cn'ccl. It III;I~ hc tl1;1t this re- 
L ~ L I L I ~ ~ I I  i i ~  IIIC I-CSIIII~IIII IIICI-III~II C(I[MI LILIIL,I ty 01' 111c 
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Abstract 

Thc waslc tuhhcl- fo~med in  latex-bascd it~dustries is around 10-15% of the rubber consurned. The forr~raliun of a higher percentage of 
waste h e x  rubber (WLK) in latex factories is due tc) the unstable nature of the latex compound and the strict specifications in the quality of 
latex products. Ttiese latex rejects contain about 95% tubber hydrocarbon uf very high quality, which is only lightly cross-linked. These 
rejects, if not PI-operly used, can create wrlnus ecological and environmental problems. The authors have developed a cost-effective 
technique for i11u reuse of WLR in epoxid~sed ~latural rubber (ENR). The effect oT powdered rejects on the curlng behaviour, ~nechanical 
performance :~nrl <\veiling nature has hccn itlvc<tigated. The cure characteristics such as optimum cure time, rheornetric scorch time and 
induction tiine. are found to decrease w ~ ~ h  mcie;kslrlg concentration of latex waste tiller. When the vulcanisalion sysktn is conventional, the 
tinest size tiller shows superior mechanical pertormance while the order of performance is reversed when the vulcanisation mode changes to 
efficient. The applicatiuns and limitations oC sevel.al theoretical nlodels in describing the tensile tnodulus of the samples have been 
demonstratcd. A thrce-layer model has been used tu study the migration of sulphur from ENR to the latex tiller phase. The extent of sulphur 
migration In the case of difi'erent particle sizes of latex waste filler in two different vulcanisation systems has been andysed. The failure 
behaviour of the saliiples was analyscd usmg scanning electron microscopy. The study shows that waste latex rubher can be used as filler in 
ENR ecnnomlcally Q 2000 Elsevier Science Ltd. All rights reserved. 

Keyu,ord.r: l i~ lhher  recycling; Epoxidised natural ~uhl>cr: Processing characterist~cs 

1. Introduction 

el as ton^^^-< ;II-c ;i ~ n a i o r  c l ~ i s s  ol m:trcri,tls having a wide 
range of appllciitions. rangrng from toolwear  to space vehi- 
cles. Th i s  i s  hcuituse of their unique tnechat~ical properties 
such as elastic h e t ~ a v ~ o u r  even at very 1a1-grl dtformation and 
cncrgy ;ib.;orh~t~g capaclly.  By proper.ly contrt~llrng the 
conipoundir~g tngrerliet~ts ITI ruhbcr. iiItiniirrc properties 
can hc madc to match the requi rement< .  l'hr ~>otent~a l  prop- 
erties of AII 2luhtotl l~1- he ~ ~ I ~ P I - ~ I L C ~  Ihh t l ~ c  cldditiot~ ot' 
certiiirl fi t lc~-\  l ~ h ~  kil~c,i. ciirbnn hl;lcA. r11iL;i [ 1.21, etc. As ik 

result of I ktL \  c . 1  c' r l i r rgy  ; r 1 \ 1 5 .  ;~r lc l  ~hc. ~icuci to reduuc 
compound L.O>I,  I ubhc.1- PI-oduct 1tiat1ul;t~ tur c~ \ were forced 
10 lncreahc 111c ~ ) ~ t r ~ ) o i r ~ o r ~  0 1 -  f i l l c~  1 1 :  [ t ~ c  i-ul~t>r'r co~npoiintl 
withuur ;id\ <:I u h l !  ; ~ t - I u v t ~ r ~ g  rtlc ~ I L . ~ ~ ! , ~ I I : L . . I ~  IJI-opcrt~c'h This 
a p p n > ~ I l ,  ~ I L I N  L.\ (.I-. . ~ l ~ ~ i i y \  [.I~\HII~.J I I I  . I  I 1 1 t ~ l 7 t . 1 -  C I I I I I P O L I ~ L ~  

with v r ~ y  high >p~.c , t t i~ .  ?1- ;1~1ty  [ { I .  i \ l ~ ~ ~ - t i  I , >  1 1 ~ 1 1  LIII . .  a$ f m n \  

elaslorners art: concerned. I n  urder ro overcome this 
p r o b l e ~ n  and also to make the ruhher compound cheaper. 
ncw materials have been considered for use as fillers. Just 
like waste plastic, waste rubber also is becoming a world- 
wrde problem. T h e  disposal/utilisation of tyres, whose life 
span  has ended, is a great economic and ecologica1 problem. 
The ear l ier  approach to this prohlem was to reclaim [4] or  
rcmnvc t hc  cross-links in the rubber I-ejects and then use the 
lattrl- ac new rubber. However, the use of reclaimed rubber 
was 1111lited owing to three 1nai11 reasons: 

I i )  t ; isy  reclamation was rwt pushible in the case of waste 
tyrc\ due to [he presence of 51cel belts or plies [5]. 
( i l l  The properties of reclaimed rubber were inferior due 
ro 11, degradation during I-ecliim  tion on. 
I I I I I  'I'hc various components of :I tyre or blend lnap not 
r-c...prlr~cl in  thu same way to r e u l a m a t i o ~ ~  [6]. 

-. - 

* ( ' ~ ~ I I c ~ ~ ) ~ I I I L I I I ~ : ~  L ~ G I ~ [ I < ~ I  I,.I , 0 1  -4s  I i'c~ > ( I :  ! , I 1 s  I - i h l  140 h l ~ ~ ~ ~ ~ ~ w l - i i l u  thc aulhoritics pro hi hi^ thc open burning of  
- r l l r r ~ /  , ~ c i r ! ) r  > .  \ . , l r ~~ l  1.1 111~14 ~ \ I I I  IL.I 111 I \ I I ,I, I ~ I ,  t i  ;l\!e hecause o f  the rele:i.;e nf / ~ n r :  ct,mpounds into thc 



; ~ ~ ~ i ~ r ~ s l > l ~ c i v  (71. r l ' l i c~ -~ l '~~~v .  I I O W ; I ~ : I ~ >  I C S C ~ I I C ~ C ~ S  pay Inorc 
nttcntinn to scrap latex rejects con-tp;ircd to reclaimed 
r u h l w ~ , .  'rtliu is bcca~~sc  of thC lightly cross-linked and 
high-quality 11;itui-e of thc: I-ubher ubtainable from latex 
rc,jccts. Morcovcr, thcst. ~ ~ j c c t s  ;lrc available i n  huge quan- 
titics. The two 1nai1-i rcasons for this surplus nature are the 
i~nstablc nati11-e of latex and the strict specifications regard- 
ing thc quality of latex prnducts. Therefore, these Scrap latex 
I-cjects i~rc  nnw consiilcred ;IS the best potential candidate for 
~.ccycl ins. 

Many ~ ~ v i c w s  regal-ding the dispohal problem of rubber 
~.c,jcct.; ;und l~ossihlt. solt~tions ;II-c available from the litera- 
tut-c 18- l I l .  Anothe~ mcihod to ~-eust: large volumes of scrap 
I:~lcs ~ , c j cc~s  10 u h c  it ;15 A I I  i1111~i1ct ~notliiicr in brittlc plastics 
likc polystyt.cnc [ 5 , 1 2 ] .  This can be done simply, either by 
solution or mclt blending techniques. or by polymerising the 
111ol\omc1 in tl-lc presence of swollen crumb, as done by 
Frcegi~arci [ 13 1. Researchers 1 141 have analysed the reactive 
hlcnding of plastics and scrap rubber also. The use of cryo- 
gl-n~~nrl rcieclc, :IS tillcr i n  ruhhcrs 18,91 i111d polyolefins [I51 
is wcl l  tillowr~. Kccently, mil~>y new melhods for the devul- 
c:u)is;~~ion of w;~sle 1.11hber I~livc hcco~lie ~~vailable, The most 
irl1lx)r[:1111 :unr)llg thcsc i s  111c dcvulcarlis;ition process using 
ultl-asonic i1-I-i~diation. A number of studies in this field have 
hccn rcpol-ted by Tukachinsky [ 161, Levin [,I71 and Isayev et 
o l .  I I X , l ! l ] .  Thcy fr~und that in the presence of heat and 
I C I I I ~ ) C ~ : ~ ~ L I ~ C ,  tllc 11 l t r i ~ ~ ( l n t ~  waves werc able to break up 
tl)2 three-di~nensionnl network in cross-linked rubbers. 
Thc rcst~lti~lr dcvulcaniscd rullbes coulcl be reprocessed, 
sh;lpcrl :HI(! i~cvulcaniscd J I I S ~  like vil-gill rubber. In addition 
to this t ~ l t r i ~ > t ) ~ ~ i ~  ~ C V U I C ~ I I ~ ~ S ~ I I ~ O I I  tcchniqiic, there are 
scvcr.al suskic.c modifici~ticrns. n~hich ;Ire possible on the 
I;lrcx ivostc. Cliernicn\ 120.2 1 1 ,  nlechanic;ll 122,231, plasl-la 
124.25 1, col-unii [7,6,27 1 and elcctrtsi~ heam radiation [28,29] 
;112 rcpo~-tc~I 10 he useful to improve the matrix filler adhe- 
sion. Epoxirtised natural rubber or ENK is a relatively new 
I-uhhes, having propc~.tics similar to those of synthetic 
~ ~ ~ h h e i . s  rathcr rhiin ni~ti~r;il luhhcr. I t  has low air p b e a b i l -  
i ~ y  1301 ( c . o n ~ [ ~ ; r ~ h l c  111 111;11 ol' h ~ ~ i y l  rubber), gootl oil resis- 
lance [ 3  I ] (cr>nil>;i~.;~hlc to ttliit or ~~i l r i l z  ruM~es) and good 
r l y ~ ~ ; ~ n i c  propcrrics. I t  cxh~hit:, ctruin-intiuced crystallisation 
I.;? 1 si~tli la], to  1i;ili1ri11 I I I ~ I X I - ,  

In this :i~ticlc. wc cvnluate the cffccts of using 
/>r>wdcrccl Iiitcx 1-cjccth il< fillcr in ENR. The influence 
of lillcl- Ioacling O I I  thc curing characteristics is 
tliscrissc<l. :I [ s o .  llic c1f~~c.r 0 1 '  hotlt past icIe slzc and loa'd- ' 
ing ol' ttlc lillcl- ( r l l  11113 n~ccli~nicnl pr.operties, swelling 
; I I I I I  i':~ilurc hch:ivirli~i- ;IT-c cnn~pared and presented. A 
c.o~nlx~rxr~vc' srurly hi~actl ort Ihc  node (uor~ventional 
ailcl cfficic~lti of the v~~lc:~nisatir)ir systetn arid iis et'fcct 
O I I  Il~c lctjs~lc 511-cr~gt 11 r l f  the vulc:tnisiites alho ir; carricd 
out. T t ~ c  ( I C P C I I ~ ~ C I ~ C C  o f  lillei---ENli matrix adhesion on 
~ h c  P ~ I T ~ I L ' I C  S I Z C  o f  the filler also is examined on the 
hasis ol' sulpliur tnigration phcnornerix. Several theoreti- 
cal ~nodcls 1i;ive becn used lo lit thc experimental tensile 
modulus values. 'The filler particle morphology, filler 

dispel-siort it11d filler-rnitlrix intcrl>l~;~w ndhesion are 
analysed using scanning electron microscopy. 

2, Experimental 

The basic material used in this work is ENR-25, epoxi-, 
dised natural rubber having 25% cpoxidation, manuf;~cturcd 
and supplied by the Rubber Research lnstitute of India, 
Kottaynm, India. Its composition is given in Table 1. NR 
latex filler was prepared from WLR, supplied by Hi ridustan 
Latex Ltd, Thiruvananthapurarn, Kerala, India. Other 
compounding ingredients such as zinc oxide, stearic acid 
and CBS (N-cyclohexyl benzthiazyl sulphenamide) were - 
of reagent grade and obtained from Iocal rubber chemical 
suppliers. Toluene (reagent grade) was used for carrying out 
swelling studies. 

2.2.1. Preparcrrion of powder ruhber I 
The ground vulcanisate preparation wa.\ done in a fasr- 

rotating toothed-wheel mill. The advantage of this techni- 
que is that one can obtain a fine elastic rubber powder, 
unlike cryoground rubber (CGR), which is stiff [33]. There- 
fore,,CGR will not permit easy diffusion of curatives into it. 
The powder rubber was found to be polydispersed in particle 
size. I t  was ihcn sieved into four different particlc sizes. 
ranging from 0.3 to 0.5 m m  (size 1 o r  S I j. 0.6 to 0.9 mm 
(size 2 o r  S2) ,  1.7 lo 2.5 mm (size 3 or S3) ;~nd Y to I 1 nirii 
(size 4 or S4).  A mill-sheeted form (M) of the letcx rejecrs 
also was prepared by passing the rejects thl-ough n hot two- 'r 
roll mill for 10 min. Various particle sizes and mill-:;heetcd 
form of the filler are pl.csenteJ in Fig. 1. 

2.2.2. Mi.ring, r1~cornrtt:y unii p r e p ~ ~ r c ~ l i o t ~  ( ! f '  rest sur~tples 
Mixing of  ENR and lillel- .were carried o~i l  using u I:~bor;i- 

tory two-1~011 1nix111g 11ii11 I I ~ I V ~ I I ~  a ~ ' ~ I C L ~ O I I  ~-; i~io 1 : I ,4 .  
:IS per AS'I'M 1) 15-627, The rccipc uscd is i:iven i n  1';ihlc 7 
The effect ot addition ot' up lo 40 ptir 01'1atu.i tillcl- i l l  E N K  I \  

investigated, with eniphasis nn thc sizc of' ~ h c  fillcr :~nd iis 
~nfluence o n  sulphur migration. 

The cul-e characteristics of  he mixes were dctcrmined 
using ;i Monsantn Rhet~~netcr model R- 100 at 151°C by 

'I'ilI)l~ I 
rc>mpr)sllio~~ o f  ENR-25 
----- " 

Const iluent/pruy~cr~~'& 'X/V;lluc 
. - T 

I+pr>xy colllclll ( ( A , )  25 
Dellsiiy ( g l ~ ~ l c c )  0.97 
Mooney vlscos~ty 80-90 
Protein content (5) 0.001 -0.0004 
Molecular weigh1 1 0 '  
Culour Yellow 



Fig. 1 .  Dill'crenr p:~rlicle sizes (sizcs 4 -4) anil nrill-sheeted form ol' the filler. 

measuring the optimum cure time, scol-cli time and induc- 
-tion time. The kinctics of vulcanisution 1221 was alsu 

slt~died from the rheographs and correlated with cure rate 
index values. 

The compounds were then compression-moulded at 
150°C using an elecrricalty heated hydraulic press for 
their respective CLIIX times Dumbbell-shaped tensile 
;~nd  :~~igul;~r. te;lr specime~ls were punched out from the 
co~np~'csion-mo~~lcled sli~bs :\long the mill g~.:~in direction. 

2.2.3, fJ/7ysico-17leclrmzicnl /e .~!i~lg o J ' / l i ~  S C I I I Z ~ ~ C S  

Stress-strain was derertliiried on an Instron Universal 
Testing Machinc, usin'g a C-type dumbbell specimen, 

Tablc 2 
llilsc formulation 

h4;rtcri:ll Control {phr) 
- 

JNR-2s 100 
ZIIIL: U X I ~ C  5 
Skc:u,ic ;~cid 2 
CBS 0.6 
Sulphur 2.5 
Cn1ci1111l stca~lrc I 
WLK V;~ri;~blc (0.10,20.30,40) 

according to ASTM D 412-80. The tear strength was deter- 
mined as per ASTM D 624-81 using angular tear specirncns. 
Both the tests were done at 28OC and at a cross-hcad speed 
of 500 m d m j n .  

2.2.4. Swelling studies 
Equilibrium swelling [34] measurements of Lhe vulcani- 

sates was performed i n  toluene at room temperature. Tlie 
snrnples were i~llowed to equilibrate for 7 days and again !lie 
solvent was rencwcd after 3 days, to remove sottt!,lc rna~cri- 
als from the vulcanisates. The variation of cross-link densily 
with filler loading was analysed. In order to assess the ENR 
matrix-filter interaction previously established, Kraus 13.51, 
Cunneen and Russell [36] and Lorenz-Park [37] models 
were applied. 

2.2.5. Sulphur rliff~,i.rion .rtl,idies 
The sulphur ~nigra~ion phcnornenn that (itkes piacc 

between ENK arlcl the filler ph;lses was stuclictl using ;I 

three-layer nlodel 1381 (Fig. 2) system. It consisrs of Ih~,ee 
layers, one layer of NU latex wasre (all sizes 1-4 2nd M 
were tried) was sandwiched between two layers of gun? 
ENR compounds. In one half of the specimen, the outer 
ENR layers were separated from the inner latex waste 
layer by using aluminium foils (non-contacr surface) and 
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THREE LAYER MODEL 

I .  GUM ENll M M R I X  
2.  NR LATEX WASTE 
3. ALUMINIUM FOIL 

I l l  MENSIONS OF'fHE SAMPLE 

LENGTH (cm) B m k l ( c m )  HICKNESS (cm) 

I .  GILM Il'NR MIX 
2. NI< LAI'ILX WAS'I'E 
3. A1,IJMINIIIM FOIL 0 . W  

Fig. 2. Model to analyse sulphur migration. 

In lhc othcr h i ~ f f ,  [hc ;ilu~niniunl foil was omitted (contact 
.;III-face). The system was the11 sub,jected lo vulcanisation at 
low prcssurc. Thcn thc middle laycr was separated. The 
crnss-link dcnsity and swelling index values of this layer 
were determined by cwclling the samples taken from the 
co~lt i~ct  an11 [i~rti-co~~t:ict r~g1111is. I f  sulphur migration occurs 
I ~ . I > I I I  I I ~ C  O I I I L ' I -  I I I ~ I ~ I - ~ X  t o   it^ ~niil<llc I:I~CX WilStC l i l ~ ~ r ,  
tllc cross-link density o f  ihc I;lfcx waste layer at the contact 
~ ~ l - f ; l c c  wil l  hc inc~.cascd. Thc extent of increase will be a 
~ 1 i i . c ~ ' ~  IIICLLSLII.C or cxte111 of sulphur ~nigration. 

2.2. h. Scutrr~itrg t . lac~rot~ nricro,rcopic srudies 
Thc SEM ohscrvations of filler ~norphology and 

disl~.ibiirion wcrc ~liadc in  ;I dircction transverse to the 
yi-ain dircction. using a JEOL JSM-3SC modcl scanning 
c lcutron 111 iuroscopc. Fr;icl urc surfi~ccs of the tcst samples 
ivc1.c carefully c i~ t  l'~nrn tlrc i';iiIcd test pieces without touch- 
i tig thc s t~rf:~ucs. These specimens were sputter coated with 
:~c)ld,  willii~i 72 11 of obsel-vation. 

3. Results ;~ntl discussion 

l'hc ~lnwdet.ed fllev pilrticles ;Ire found to be almost 
sphrr ical  i I) slliipc wit ti iissured surfriccs (Fig. 3). Since 

particles of larger diameter also can penetrate through thc 
meshes because of their elasticity, the particle size data can 
be presented as distribution curves (Fig. 4). The distribution 
broadens as we go from sizes 1 to 4. The average size and 
most frequent size range are given in Table 3. The rumber 
avcragc (D,,} and weight average (D,) dianieters are calcu- 
lated using thc equations given below and are also prcsentcd 
in Table 3. 

Dn = NiDi/ 1 N,  ( 1 )  

D, - ~ N ~ D ~ / ~  N,D~  ( 2 )  

where N, is the  number of rubber particles having a zestain 
diameter D,. 

I t  is clear from the table that all these parameters show an 
increase from size 1 to size 4. The shape factor p . ~ n d  its 
significance will be discussed later. 

The processability characteristics of the coml~ounds 
(Table 4) can be studied from the rheographs. The finest 
size filler {size I)  is selected for the determination of* 
processinglcuring characteristics. The minimum torque in 
the rheograph is a measure of f i l ler content in the rubber 
and is presented as the minimum viscosity value M,. These 
values first register an increase with increase ir, filler 
content, but later they decrease (Table 4). The initial 
increase is due to the presence of cross-linked rubber 



Fig. 3. Scanning electron i~~icrograph of powdered rubbcr rcjccls. 

particles i n  EN13 and the decrease at  40-phr loading may be 
because of the higlicr extent of maslication during mixing. 
The maximum torque in  the r11eogi.aph is a measure of 
cross-link density in the rubber and is presented as the 
maximum viscosity value MI,. Ii is found that the presence 
of par'ticulatc inclusions increases the maximum torque. 
However, in  our case, where the inclusion itself is a 
rubber, 111c variation may be a result of the combined 
cfrcct of cross-link density variation and the presence of 
cross-linked particlcs. At 10-plir loading, the presence . 

of cross-linkecl particles incrcascs MI,, but at later stages 
01-'loading, the sulphur ~nigration (which will be discussed 

< 

latex) becomes predominant, which leads to reduced 
cross-link densities. This causes the reduction i n  Mh 
values. 

As the filler content increases, the optimum cure time. 
tgO (time necdcd for the formation of 90% cross-links), 
scorch time i2 (premature vulcanisation time) and induc- 
tion time. f ,  (time to start the vulcanisation process) are 
found to decrease. These results are presented in Fig. 5. 
This is due to the presence of unreacted accelerator zinc 
diethyldithiocarbamate (ZDEC) in the latex waste. ZDEC 
is one of the important accelerators currently used in the 
manufacture of condoms. Its structure is shown i n  Fig. 6a. 
In order to confirm its presence we have extracted the 
u~~rcactctl ZDEC i'ron) ihe latex waste, and i l  has been 
evaluated by IR. The spectrum is prese~~ted in Fig. 6b. 
The peaks at 700-600 cm-' are due to C-S stretching 
and that at 790-770 cm-' indicates the presence of 
ethyl chain (-CH2-CH3). The C=S stretching peak is 
visible at 1250-1-020 crn-' ' and the pcnk at 2820- 
2760 cm-' indicates the presence of N-CH2 group in 
the compound. All rhese confirm the prcscnce of 
unreactecl ;~cccler.ato~. it1 the latex rejects. TI-icr.cfore, i t  
is clear that the rubber compouncl contains t l ~ c  accclcl'a- 
tor CBS (N-cyclohexyl benztliiazyl sulphen:lmide) ;~rldl>d 
in the formulation (Table 2) and the unreacted accelera- 
tor ZDEC, already present in the latex rcjccts. As a 
result of the combined accelerating effect, the Ihree 
parameters, namely 190, t2 and r , ,  decrease with loading 
of filler. 

The increase i n  speed of the curing reaction with filler 
loading can be analysed systematically, by c;ilcul:~ting two 
parameters, ~iarnely the cure rate index (CRI) and reaction 
rate constarit ( k ) .  The cure rate indcu values (CRI) are 
calculated using thc equation: 

Fig. 4. P;trticlc sizc clislr~bulion curves. CRI = 1 00/190 - 1; (3) 
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P.~~-r~clc  I\vcr,ngc s i x  [Ili~ll) Most frequent size rangc (mm) No, average diameter (mm)/U, Wt. average diarnetcr (~n~n)lD.,  Shape I':a~lr)r ( J  

. . - .-a- 

S I J.L. I 11 5 0,3-(1.5 n.401 0.489 2 2Y5 1 
Swc '! 1-05 0.6-0.9 0.961 1.083 2.0067 
Si/r, 7 1 9  1.7-2.5 2.11 2.34 2.1667 
S17c 4 10 9-1 1 10.W 10.72 1.6513 

whcl-c iu,, i s  optimum cure time and t2 is rheometric scorch 
tlnic. 

C:KI values are given i n  Table 4 and its variation with 
fillcr loatling will he discussed later. The kinetics of cure 
rc;~c~ion i s  iinalyscd by the method [22] explained below. 

Thc gcnernl equation for the kinetics of a first-order 
chcmicill reaction can he written as: 

wilcr.c a I S  thc initial reactant concentration, x is the reacted 
quantity of rzactiant at time t and k i s  the first-order reaction 
rate c o n s t a n t .  

The rate of cross-link formation during the vulcanisation 
o f  rubber- is usual1 y monitored hy measuring the developed 
lortluc. Since these torque values are a direct measure of the 
~norlulus of the rubber, the following substitutions can be 
m;~dc. 

whel-e M, i s  the maximum ~nodulus, M o  is the minimum 
t ~ ~ u d u l u ~  ; ~ r ~ d  M i s  the n~odulus at t ime 1 .  

S~ihsritl~tint~s ol' lorqi~c vlillres for modulus give the 
cqiii~tions: 

wlicr-c 1MIl i s  rni~ximurn torque, IW,, is niinimurn torque and M, 
i s  the torque at t i~nc  t. 

'I'he plots of In (Ad,, - M,) versus lime, I ,  are presented in 
I:jg. 7 .  Gvcn lhough linearity i s  claimed for the plots 
Illcorctically, tleviations from linearity are experimentally 
obscrvcd for certain points. The observed linearity in th: 
plots confirrn that the cure reaction of the samples follow 

first-order kinetics. The slope of the respective straight lines 
gives the cure reaction rate constant (k)  and are 1,resertted in 
Table 4. 

It is clear from Table 4 that both CRI and k values show 
an increase up to 30-phr latex waste loading and later they 
decrease at 40-phr loading. The initiaI increase is again due 
to the presence of unreacted accelerator in the latex waste. 
This cure-activating nature of latex filler is an advantage, 
since a faster curing sample will have a high production rate. 
However, this cure activation is found to level off at higher 
loadings of latex waste. Since the filled ENR compound is 
more stiff and non-tacky, the compound is easy to handle for 
further processing. On the other hand, the unfilled F.NR is 
very tacky, making it difficult to handle. 

3.2. Mechanical properties 

The mechanical properties of elastomers filled with 
powder rubber depend on many factors, such ;is the 
following. 

(i) Strain crystallising nature of the filler 
(ii) Adhesion [39] of the filler with matrix. 
(iii) Particle size of the filler. 

v 
( i v )  Extent of sulphur migration from matrix trl filler 
phase, which is controlied by many factors such a<: 

(a) The concentration of polysulphidic linkages in the 
matrix and filler. If the concentration of polysulphidic 
linkages in the matrix is higher than that of filler, 
sulphur migration will be less, but it will be extensive 
if the reverse is true [22]. 
(b) The particlc size of  the fillcr. As thc particle <ize of 
thc  iiller decreases, the contilct surfacc area w th the 
ENR matrix increases, leading to Inore sr~lphur dif 'usion. 

As the filler content increases, the tensile strength (Fig. 8) 
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4- Scorch time 

Filler loading (phr) 

'rlsbcs Fig. 5 ElTecl of filler Iouding on curing char act^ 

increases dramatically and rcachcs a maximum value at 
30-phr loatling. Bcyond 30-phr loading, the tensile strength 
v a l ~ ~ c s  s l~ow il tlccl-cmc r ~ r  levelling-off behaviour. Fur size 1 ,  
thc increase 1s about 3W%, The increase i n  tensile strength is 
tlt~c to the strain crystallising nalurc r)F NR tatex filler parti- 
clca. Tlic ~hrcshol(l viilue of  s h i n ,  required for strain crystal- 
II.~;L~IOII o f  ~ l i l t l ~ r i ~ l  rubher (NR), i s  500%, Since the filler > 

p;lrticlc i c  very small, i t  will cover this value even at the initial 
stages of extension. The it~crsase in tensile strength with load- 
ing confirms the fact that NR retains i t s  strain crystallising 

-,nature, even if i t  i s  in  the form of fine filler, Lewis and Nielsen 
1401 postulated thar as the particlc s i x  Jccreases, the contact 
surfilcc ilsea irlcr-c;iscs, provtdlng a more efticient interfacial 
borld. Icitdir~p to hcl tcr  pro~r l i e s .  At high filler loading, there 
~ i . i I 1  I>c i l l ]  i~icl-cascd icndency till- agglomerat~on, which may 
wcitkcn thc ~nlcrl'ilcial hrlnds. I t  IS also i~npo~tant to mention 
(hiit thc tcndency for agglomeration incl-eascs with the 

decrease of particle size. At 40-phr loading of size 1 filler, 
the latter effect exceeds the former and, therefore, tensile 
strength drops suddcnly. Such a sharp drop is noted only for 
size I .  Agglomerates as described above. tend to contdin 
voids, so that their apparent volume will be considerably 
greater than their true volume. If the agglomerates are hard 
with appreciable strength, then the filled material will have a 
higher strength than expected. Soft disintegrated agglomer- 
ates, however, as in the present case, produce a reverse effect, 
which manifests as a sharp drop in tensile strength at higher 
filler loading. Since such an agglomeration is less probable for 
higher particle sizes, a sharp drop i n  tensile strength is not 
observed. 

We have noted many interesting behaviours associated 
with the particle size-performance relationship. In the 
case of fine filler, the contact surface area with the matrix 
is more. This can liad to enhanced sulphur migration from 
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1:lg. fi (:I) Structure 01- utl[cacted accelerator (ZDEC), (b) IR spectntm of unreactcd acceleri~to!- (ZDEC). 

FIE. 7. Ptvts of 111 (M, - M,j vs. Ilmc, I .  
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Filler loading {phr) 

I:lg. K .  1l l lcr.r  cd 11111.1 11)ild11lg :IIIL[  s i ~ e  on the tensile strength uC ENK cross-linked by 3 CV sysleln 

Efficient system (EV) 

s x 

A 
Conventional system (CV) 

matrix to filler and worsening of tensile properties. So one 
expects inferior properties for ENR filled with size 1 filler. 
According to our studies, however, size 1 filler is found to 
be superior (Fig. 8). This is mainly because fine particles of 
size 1 will have a uniform distribution, which makes an 
efficient stress transfer possible. The second reason is the 
competition between polysulphidic linkages in the ENR 
matrix and filler. The basic formulation used here is a 
conventional vulcanisation (CV) system with high 
sulphur-to-accelerator ratio (Table 2). This provides a 

higher concentration of polysulphidic linkages in ENR, 
than that of the filler. A schematic sketch of the CV system 
is given in Fig. 9. When the concentration of pniysulphidic 
linkages in the matrix is higher than that of the filler, sulphur 
migration from the matrix to the filler is less predominant 
[22]. Therefore, the tensile properties for fine fillers (sizes 1 
and 2) become superior to those of large-size fillers (sizes 3, 
4 and M). 

I'i? o S C I ~ C ' ~ J > : ~ I I C  C ~ C T C ~  of S L I ~ ~ ~ L I I  link:lgec f o ~  diKcrct~t vulcan~sotiun In order to analyse this effect in  detail, we have 
h y ~ ~ ~ ~ ~ ~  tried a recipe with a low sulphur-to-accelerator ratio 
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Fig. 10. Et'fcct of  hllcr 1o:lding :~nd siie on the tensile s~rzngth u l  ENK crtlsh-linked by an EV hystcln 

'1';9l>I~* 5 
Cross-link density values from sulphur migration studies - 
Vulcanisation Filler Cross-link density values x (grn molastcc) 
\ystz~n size of middle layer 

.- 

Contact surface Nnn-contact surface 
('3) (NCS) 

- A. A. - -- 
( 'V S I 1.14 1.18 

S2 1.16 1.15 
S3 1.15 1.14 
S4 1.15 1-16 &,. 

M 1.13 1.14 

S 1 1.45 1.21 
S2 1 30 1.22 
S? 1 .31  I .23 
S J  1.20 1.23 
M 1 .?5 1 21 

-. . . - -. .. --- _ ._ - -. -. 
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F I ~  I t .  Effect ut' t i l ler loading and size on the tear strength of ENK vulcanrsatcs 

( s u l l ~ h ~ ~ r  0.5 p l~ r ,  CRS -- 1.5 phr). This efficient 
vt~Ic;lrli~~tiori ( E V )  s y h ~ c l t ~  provide.; mainly mono .and 
tlisr~liirlic lil~k:lgcs i 11 rhc.  ENR rn;~~~, ix  ph;~se (Fig. 9). 
CICI-L*, bir~cc thc conccrltr;ition or' polysulphidic: linkages 
ir l  ( t i c  filler is rnorr than that of the matrix, sulphur 
migrntlon is extensive and is maximum in  the case of 
s i ~ c  1 (owing to the largc contact area). Therefore. the 
tcnsile ctrengtli values for large-size fillers (sizes 4 and 
M )  hecrm~e hiphcr than that of size 1 .  This is clear from 
Fig. 10. Tllcl4c i s  onc lnorc irnportltn~ rcilson for the 
.cupc'riol. ~)~'upzrtics o f  largc-sizc tillers, mainly size 4. 
I1 1s clcal fl-or11 Fig. 4 that  thc s i x  4 liller has the 
widcst particle-size Jislrihulion. Such nlixiures of parti- 

-+clcs with dif'fcrir~g s i ~ e s  can pack more densely than 
munodlsper,scd pi~rticles because smaller ones can fill 
thc interstitial spilccs hclween the closely packed large 
~>i l~ . t i~Ics  to Trlrrn an agglomerate. Such an agglomerate 
1411, which is formed from a polydispersed or ungraded 
sysletn r r~ay be able to carry a large proportion of load 
atld is, therefore, superior to the agglomerate discussed 

earlier, Such cases describing the superior performance 
of large particles were already rcporte,d by many  
researchers 1421. 

The absence of sulphur migration in the CV syslem as 
well as its presence and extent in the EV system is 
confirmed by using a three-layer model as shown in Fig. 
2. The dimensions of the model are also shown in Fig. 2. 
For the CV system (Table 51, the crossdink density of the 
sample obtained from the contact surface of the rniddle latex 
waste layer is found to be almost the same as that from the 
non-contact surface. Moreover, the values are found to he 
similar for all the particle sizes of the filler. This data 
contirms the absence of sulphur migration in the CV system. 
Whenever sulphur migration is present in the system, the 
cross-link density of the sample from the contact surface 
must be higher than that of the non-contact surface. 
Owing to the higher concentration of polysulphidic linkages 
in the ENR matrix for the CV system, sulphur migration 
must be less and consequently, the cross-link density from 
the contact and ndn-contact surfaces must be comparable. 
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Fi: t2. Comparisr)n of the expenmental dat:i with Einsleln's model for a CV system 

Th15 IS l'ou~id to I>c true tor thc prescnt uasc. However, for 
thc EV sysrcln with lower cnncelitrntion of  polysulphidic 
l i ~ t k ; l g c c  i l l  I ~ I L .  F N I I  ~n:tll.ix, !hi: sulphur migr:~tion must be 
predominant arid consequently, (he cross-link density from 
the contact sul-hce t i ~ r ~ s t  be higher than that from the non- 
c t )~ i l ;~c~  surl';~cc. I-Iowcvcr, various additional factors, such 
as the differcnti:~l swelling of prophylactic particles and the 
ENK malrix. the cornpctition bctwee11 the interaction para- 
~nctcl-s or 11lc two polylncrs nnrl l l~c  overall compact 
srl.uclul-c ol- I ~ C , S Y S ~ L ' I I I  dcci~lji~g the, diffusion characteris- 
r ivs, milkc ~ h c  hwclling 1-cx1111s ;I hi1 itrcg~iler. Thc superior 
infl~tci~ce (11- thc c t~n~p :~c t  II;IIUI.C nt' the pnlytncr ~niitrix over  
rhc in~crnclion parameter v:tlues on the swelling process will 
hc rljscusscrl in I\ later scc(inn. Even in  the case of the EV 
syhtcrn, the cross-link density of the sample from the contact 
hllr'lilc~ is f'o~~ncl to hc o111y slightly highcr than  that from the 

non-cun~iict surtace. Even though Illis provcs the pr'<' 1 - ~ L I I C C  

of sulphur migration, this factor alone is unahlt: to ~ , ~ l > p o ~ - (  
[he observed changes i n  rncchan~cal properlies. 

The [ear strength of gum and filled ENR samples are 
presented in Fig. 1 1 .  With inc,rease in Inading of thr filler. 
there is sligt~l improvetnent i n  the tear strength of the 
samples up to 30-phr loading. This increase i s  dtlc to the 
restriclion in  thc ;idvancement o f  thc tear front. ' r h~c  1c:itric- 
lion is caused by thc elong;~tion or ' f i l l c~ .  parricles i n  tllc tci~r 
path. Thc pcrl'ol-inancc of size I fillcr 1s supcl-ir)~. t~crc.  In [he ; * 
case of finer iillcr (sizrl 1 )  t11t.1.t: w11l hc [.~rgc: I I ~ I I  Iwr- ~ 1 '  
tillel particles jlrcseni per u n i l  ar'tl;i t o  c1ong;tlc 1 4 )  11igl1 
strairis and to resist tear propagation. As the parl~cle sizc 
increases to sizes 2 and 3, the tear strength decreases :~nd the 
values are minimum for size 4. However, at 40-phr loading, 
the value either'drops or levels ofi for large filler sizes. 
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F I ~ .  13. Co~rlparison of  the experimental data with Einstein's model for an EV system. 

I ' o ~ r ~ ~ g ' s  I I I I I C ~ L I ~ I I ~  nf pa~ticulnte-tilled composites can be 
1x.rctic~ctl using scverut th to~t t ica l  models. Even though a 
large number of theoretical equations are generally avail- 
i~hlc Kot.  composite materials, only 3 few are specially 
furmulated for composites with non-rigid matrices. These 
includc the Einstein, Monney, Guth, Cohan, and Brodnyan 
lnodcl>. Thc T<i~istciti equ~~tion and its ~nodifications are 

+ I ~ I I ; I I I Y  i~pplicd to preiict tile modulus o f  the composites 
cr)nt;l~ni~~g rig~rl fillers .;ilch oc bl'ijck and silica. 
'l 'lic~c ~ J I ' O ~ I C : ,  :II.C :ippliecl 10 systenIq wi t t ~  non-rigid tillers 
such :IS ~~rc~~, l~yl : ic t~c  particles. which undergo strain 
cry<tallisation on slretching. 

The silnpiest theorelicsll equation for the reinforcement of 
3 material with a filler is given by Einslein 1431. The 

equation is 

where Mc is Young's modulus of the composite, M,, is 
Young's modulus of the matrix and Vr is the volume fraction 
of the filler. The Young's moduIus values of all the four 
particle sizes and mill-sheeted form of the latex waste filler 
are correlated with the Einstein model in Figs. 12 and 13. 
Fig. 12 represents the conventional vulcanisation system, 
where the finest tiller ( s i z e  I) is most reinforcing. Therefore. 
it presents n plot that is far above that given by the Eir~stein 
equation. I t  i s  a gzl~er;il observalioll f'ro~ll the ligurt: thnr only 
large-size fillers such as sizeh 3 and 4 are found to givc close 
values to that of Einstein. With increasing loading of fillers, 
the deviation show? by the finer-size fillers such as sizes I 
and 2 goes on increasing, while that of  large-size fillers 
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I'ig. 14 Cr)rrrp;rrison ol' ~ l i c  cxpcrimcnt:~I data with Mooncy's model for a CV sy.uteril 

{sizcs 3 and 4) dccrcases. The bebaviour shown by the mill- 
sheeted fomm (M) i s  i n  hctwecn finer- and large-size fillers. 

Fig. I3 reprewnts the Young's modulus correlation of all 
iillc~.grarles with the Einstein model, in an EV system. Here, 
tht. fincsl Iillcl- (size 1 )  i s  weakly reinforcing and, therefore, 
its plot i s  closer to that of Einstein, mainly a t  10-phr loading. 
I t  i s  found that a s  the particle size increases to sizes 2-4, the 
deviation of the modulus values from those of the model 
increases. Also, as the loading increases, the magnitude of 
deviation also increases even though some irregularities are 
ohscrvcd t'r~ the size 3 tiller at 30-phr loading. It is a general 
ohscvv;~iio~~ 11la1 I ) r  CV and EV syslems, none of the filler 
yi-ilrics sflowu :III cxac l  corrcliltio~~ with the Einstein model. 

'I'hc obsci-vcd cleviatioti.; fro~n thr; model are due to the 
following reasons: 

( I  ) Thc Einstcin model assumes that the stieening action of 
:I filler i s  indepcnrlcnt of i t s  size, while it has already 
been cst;thlished by many researchers [44] and also by 
our studies 1451 that the reinforcement of  the matrix by a 

filler changes with its particle size. Since this eff'ec~ is not 
accounted for by the model, the experimental va l~~es  for 
different size grades deviate differently from the model. 

(2) The model assumes that the filler particles are sphe~ical in 
shape and there is perfect adhesion between the filler and 
matrix. It is clear from the SEM photos of filler particles 
(Fig. 3) that the filler particles have non-unifonn size 
distributions and shape. Also, we have noted frem the 
scanning electron micrographs (Fig. 28a and b) that 
the filler particles are not f i d y  bonded to the matrix. 
The presence of an air pocket over the filler particles has 
already been c o n h e d  by the work of Phadke et a . 1461. 
Therefore, the imperfect adhesion between fillrr and 
matrix also contributes to the observed deviation,, from 
the model. 

(3) It is stated by Mooney 1471 that the Einstein equation 
is valid only for low concentrations of filler. 7'hs is 
because at higher filler loading, the strain fields itround 
filler particles can interact, causing deviations from the 
model 
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l,ig 15 Cr>~tip,l[nsori of the cxperilnentnl data wirh Mooney '~  ~iludal fur ;ln EV system. 

( 3 )  'l'hc final and most important reason for the deviation may 
hc the lower rigidity of  thc fillcr compared to normal fillers 
SLICII as carbon black or silica. Sincc i t  i s  assumed in the 

Einstcin   nod el that the hller i s  much more rigid than the 
tnatrix. this Licior may cause a number of secondary 
rcasunh IOI. tlevialions from thc model. However, it has 

I. 

alrcady hccn pn)veJ by Srnallwmd in the literature 1481 
- t l i i ~ t  the E~nstcin.equation is more useful for predicting the 

clastic behiivirjur of rubbers containing non- or less-rein- 
forcing fi1le1.s. The cnrrelation, even though less, between 
experi~nental and theoretical values observed in our case 
ngain proves this fact. 

agglomerations. Therefore the equation has been modified 
by Mooney [47] by intsoducing a crowding factor S. The 
Mooney equation is given as; 

M, = M ,  exp 12.5 Vf / l  - SV, ) (10) 

where M,, MI,, and V, are the same as explained earlier. S is the 
crowding factor or relative sedimentation volume of the filler, 
which accounts for the agglomeration of filler particles. 
Agglomerates of filler particles tend to contain voids or air 
spaces so that their apparent volume will be higher than their 
me volume. S is defined as the ratio of apparent volume 
occupied by the filler to its true volume. 

According to Mooney [47], the minimum possible value 
that S can have is unity while its experimental value ranges 
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Fig 16. Comparison of the experime qtal data with Guth's model for a CV system. 

Fru~n 1.2 to  2.  However, i t  has been reported [49] that up to 
V, = 0.5, a value of  1.4 (or 1.35) can fit the best 
expermental values. For our system, we have made our 
cnlculations using two values of S, 1.35 and 1. Fig. 14 is 
(tic Mooney inodcl fitting curves of different size grades of 
l i ~ t c x  wostc liller, 111 the conventional vulcanisation system. 
Whcn the value of S is 1.35, the size 4 filler gives 
co~nparatively closer values than that given by the equation 
at 10- and 20-phr loading. However, as the loading increases 
to 30 phr, a better value is shown by the mill-sheeted form, 
while the size 4 filler gives a value below that of the model. 
All other filler sizes such as 1, 2 and 3, deviate greatly from 
the model mainly at lower loadings. As the filler loading 
increases to 40 phr, the model plot shpots up and, therefore, 
clrlser values arc' shown by finer filler sizes 1-3. Size 4 and 
mill-sheeted form values lie much below that of the model 
at highest loading. When the value of S is 1, the size 4 filler 
gives better agreement mainly at 30-phr loading and sizes 2 
and 3, at 40-phr loading. Large-size fillers, size 4 and the 
mill-sheeted form, are below that of the Einstein model 

while finer sizes 1 and 2 are above. As far as the efficient 
vulcanisation system (Fig. 15) is concerned, for S = 1.35, 
the size 1 filler is closer to the values predicted by the 
Mooney equation. This is due to its weakIy reinforcing 
nature in the EV system. Most other size grarlcs and 111 i inly 
sizes 4 and the mill-sheeted form deviate from the rnotlel at 
all the loadings. It is clear from the naturt: of the Moaney 
plots (S = 1.35) up to 411-phr filler loading, that it will I 

steeply increase for further filler loadings. The general 
nature of the Mooney equation, i.e. a modulus value 

( (  

which tends to infinity at higher filler loadings, which has I 

been reported previously [47,49] is observable here also. It I 

has already been experimentally established by Nielsen 1491 
that S increases with decreasing particle srre. This means 

I 

that the tendency of finer filler to agglomerate is gn:ater 
compared to large fillers. Therefore, it is clear that m 

I 

order to have a reasonable fitting of tensile strengths of i 
the size 1 filler with the Mwney model, different 'and f 

variable values of S for different loadings, size, etc., ]nust 
still be suggeste'd. The above obsbived fitting of theoretical i 
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I ' I ~ .  I : C'ct111(>:1n>on ul the e x ~ ~ . ~ r n c ~ > t a l  datn with C;urhbs model I'rw an EV system 

1 

val~lcs, c.vcrl thougtj partial, 111ay be due to the fulfilment of and, therefore, their modulus values slightly bend towards 
romc of lhu asslimptions connected with thc Moaney model, the x-axis and lie equidistant from the model. Such a blend- 
t~lch ;IS Poisson's riil io of the matrix tnust he 0.5, etc. This ing is observed for size 4 and the mill-sheeted form also. At 
nlodcl ; ~ l h r >  as>ulucs that tillel. piirticies are uniformly higher filler loading, size 3 filler prefers an intermediate 
rllsr~-ihu~c.rl ~;ld~c.rch wllh yood :!clhcsion to the rnat1.i~ and position. Since the model does not account for the agglom- 
tllc 11lotlul11h ol' thc fillc~. i s  inlinitcly grcntet. than that  of eration effccts at higher loadings, the theoretical curve tends 
tllu rluntl.~x. I < S C I I  when thc value of  S is 1, the deviations to infinite position, as in the cast of the Mooney equation. 
li-r)l~> 1l1c n~or lc l  $ I I ( I W I I  by bm;~rious pat-ticlc sizes of fillers is When the vulcanisation system changes to eficient mode 
~ ~ ~ I I I ~ I S I  IIIC ~;IIIIL'. (Fig. 171, most of the finest filler size (size I), falls below the 

( i u ~ h  ;~rltl SIII:II I ivood [ S O ]  generill ised Einstein's concept value predicted by the model. Agreement between theore- 
:irlcl ~ntt.ocluccrl ;I particle interaction term. This modified tical and experimental values is observable at all the filler 
cr111:ition cilil be wri~tcn ar;: loadings. All the filler sizes except sizes 3 and 4, exhibit a 

constantly increasing deviation from the Guth model with 

M, 1 - 1  ?,5Lrl -7 14, 1 L J ~ )  ( I  I )  loading. It is a general observation that when the vulcanisa- 
tion system is  con\lentional, gout1 correlation ai lh the model 

\vt1ci,r :I.!< ;%I,, ,  ; t ~ i c I  \Il arc 11tc \ ; l n i ~ *  :lh c x p I ; ~ i ~ ~ e ~ i  earlier. is shown by large particle-size grades of the lillcr; and when 
- I  I I h i i ~ l  I I ,  y e  t h  i t  the vulcanisation system is efficient, the place is taken by the 

r~iotlcl gives silnil~il. v;rl~lcs ;IS pivcn hy large-size fillers finer tillers. 
1 \.I/,L* 41 : I I I ( I  tllc 111iIl-st~cctc~l 101-111 ;I! 10 a11d 20 phr. This The model assumes that the change in elastic constant of 
i clciit. 11.0111 Fi?. I h.  5171: I and 1 plrjth, owitlg to their the rubber by embedded spheres is entirely analogous to the 
>u~wt'io~, ~ - c i t ~ h ) l ~ ~ ~ ~ g  bchavirlur. lie abovc the inodel at theory of v~scosity. For example, when a carbon black 
?O-~)hj- Io:iclin;,. Hi>wevc~-, ~ I I  40-phr tiller- content, tiner suspension undergoes stretching, the suspended particles 
lillcr..; aixcs I i11lil 2 silt-t'cl. I - I - ~ I I I  p ;~~.t~clc agglo~nerations pcr-1u1.b the stresits and strains iu'e set up i n  the hoJy, 
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PI: I Y. 'I hcorctisal plats of tensile strength from Cohnn's model (CV system) 

which Icild t o  ;In inci-c;~sed elastlc energy and elastic 
constants. For this to happen, however, filler particles 
tniisl he spl-lerical and rigid. Even though sizes 3 and 4 
iusumt. a sorncwllat sphericiil shape, their non-rigid nature 
vinlntes thc ;issumption. Therefore, they deviate from the 
n~odel lnair~ly ni I l t g h ~ ~ .  loadi~lgs. 

Most of  thc equations discussed above assume that the 
particulate inuIusion is spherical in shape. Even though we 
have assurned that filler particles are spherical in the present 
case, they are not exactly so. Only large particle-size fillers 
car) be corrsidered as spherical, while smaller fillers possess 
different shapea   his can be understood from a comparison 
bclwccn Figs. 26a (size I ) ,  2% or 29c'(size 4). Many studies 
have been reported in which the effect of particle shape 011 

reinforcement is discussed. This effect must he treated 
xcparaicly from usual elfects such as agglomeration and 
interphase adllesion. 

Properties of composites are affected by changes it1 the 
shape of incIusion also. Bueche observes [51] that dif'crent 
filler shapes lead to different mechanical properties. A theo- 
retical treatment was suggested hy Wu [57,], which r:ould 
prove that disc-shaped particles can reinforce better than 
spherical or needle-shaped ones. The anisotropy associated 
with this, which Wu neglected, was taken into account by 
Chow 1531. Chow 1531 modified the equation by introducing 
longitudinal and transverse moduli and proved that hllers 
with a high aspect ratio show a better reinforcement, than 
those with high particle symmetry. This aspect ratio also is 
included in the Guth equation modified by Cohan. % 

The Cohan inodel [54] is given by the equation: 

where Mc and M, are the same as explained earlier and p is 
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th:, 10 T l iuo~,c t~c:~ l  plurs ut tensile slrerlgth from Brodnyan'.; rnrdcl (CV qyslun~). 

1 1 1 ~ :  ;l.;pcc~ I ; l l i o  o! $li;~pe filctrlr. u h ~ c t j  is the  Icngth-to-width 
I- :I~ i l l  I I I I C I -  1~11-ti~Ics.  

'1 '11~.  \ , ; ~ L ! C A  0 1  1 1  LIL :LCI - I I I I I ICLI  ~ O I  L ~ I I I ~ I - ~ I I ~  p~irticlt sizes Llrc 
givct~ i n  'T';~l,ic .{ 1 t is cleat frtjnl ELI. ( 12) thi~t the modulus of 
ttlc ~c)lllp<>sitc predictecI by thc cqi~ation will be the highest 
~ O I -  111~: C;ISC with the maximun~ viiluc of  p. Among the 
tl~corc~ical plots obtained for thc diflerent size grades in, 
Fig. 18, si/.c 1 shows thc most superior performance. The 
111011cI I S  :hlc 10 predict thc order nf modulus variation as the 
pal-~iclc S I X  rlccrtases. I t  is assumed by the model that 

,'A 11 ;Y 1. ivhiuh 1 5 ,  ndt co~rt'ct ;IS far as our system i s  
cn~~ccrnerl. ' l 'his I.; clci~r f r t ~ n ~  ihe shape factor value given 
I I I  ' I  ahlc 3 ' I ' t~crclo~.~.  clcvi;~lio~ih 11.r11n the cxperimentstl 
i , : l lr~c> can bc nol'rnal ti ex-l~ected. 

'rhcrc i s  ;~rloll~cr' approiich to expl:iin the superior perfor- 
m:lncc of thc lincsl fillcr i n  thc conventional vulcanisation 
sys tc~~t .  This can more clearly illustrate the expected 

behaviour whcn spherical particles are sh-ctchcd to torm 
I-od-,shaped pr~rt~clcs. Kuhri and Kuhn In thc li~cr;~tttrc 1.191 
derived ;in expression f o r  thc viscosity 01 >uspension of 
random1 y oriented rod-like or cigar-shaped particles i n  the 
form of ellipsoids. This equation was modified by Brodnyan 
[ 5 5 ]  for elongated ellipsoids as: 

M, = M, e x p  {2.5Vf + f.407@ - I ) ' - ~ ~ ~ V ~ ) / I  - S(Vf) 

(13) 

where M,, M,,,, V, and S are the same as given earlier and p is 
the aspect ratiu ( I  < p < 15). 

The theoretical plots for Young's rnodrllus for the 
conventional vulcanisation system from the Brodnyan 
model are presented in Fig. 19. The steeply rising trend'of 
the plots shown by the model compared to the Cohan model 
(Fig. 18) is observable here. The values of p are the same as 
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10 11 1 . I10 322 418 430 
2 0  1 1 7  -111 J?i  430 436 
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itlr-c.;\rl\: I-cpoi.tcd (Ti~htc 3) irnrl this t'clui~tion ;tlst> i s  found to 
hc \ u u c . ~ ~ v , l ~ l  i r ~  pr.crIic.[iily the co~npiuniivelp better reinfor- 
( . . c ~ ~ i ~ ~ ~ ~  111 111~' CLISC \)I' finer (illcl-a. Stil l, deviations from 
~ l l ~ . c , ~ - c ~ ~ r : ~ ~ l  \:alrlCx c.,rn hc cx lxx tc r i .  ' I ' l ~ i h  is bccauhc the 
rr~r>~lcl ;laaurlIc.; ~-;lndo~n o1,icnlatian ol' 1-rid-shi~peti fillers, 
wl~crcas 1 1 1  ~ h c  l?rc?;ci\t unsc they arc Cilund ((1 hc oriented. 
'l'liis O I ~ I L ' I I I ; I I I ~ I I  I . Z S L I ~ ~ S  ( 1 - 0 1 ~  rhc .;hcat.my in thy two-roll 
nlixirlg iur t I .  This ix  c l c ; ~ ~ ,  I'ro171 Fig. Iha .  This model predicts 
[ I I ; ~ I  I t tr .  111ghcr tllc c r )~ tce~~t r , ;~~ io~ t  01' rod-li kc particles, >l\c 
11iylic.t- 111c modultl:, \.;~luc. Hr>u.cvcr, i t  ~-lc_~lccts thc :~niho- 
trol>y ~ I I  I V O I ~ ~ I - I ~  ; I S M I C ~ ~ I I ~ ( ~  will1 thc'ir ;~lignme~lt in the 
I ~ L I T I - i s .  Fr-0111 tliesc di\uussions it  is c'1c;lr th;~l the rnodeIs, 
1 t i 1 1 t l ~ 1 ~  t h ~  I:ohiirl ; I I I ( ~  L31,odny:ln ~noilels, can cxpliiin the 

relative ordcr of pcrfort~~unce o f  differen1 size grades i n  thc 
conventional vulcanisation system only. The trend in Ihe EV 
system, where larger fillers are more reinrorcing, cannot be 
explained unless these two models are modified appropri- 
ately. Moreover, from the theory of all the models deszrihed 
above, the rubber matrix must have the s ~ m e  proper ' IPS  ' as 
thc un6IIed vulcanisate (I/, = 0) if a direct cxperilncnri~l test 
i s  t i )  be possihlc. Tliis condition will Il~>ver hc [ I N :  ilntl. 

~ I ~ C I - C ~ O S C .  d r \ , t : ~ t i o ~ ~  1'1-0111 ~ l i  fTclAcnt I I I O ~ I C I ~  L I I I  t>c l~~.qiiir(l' 
For the presclit c:txs, these equations call only hc consid- 
ered as semiclui~ntitative guides for predic-ring lhe ii~c~dulus 
of composites containing less-rigid sl-)fl fillers In ;I 5oC1 
111at1-ix 

'The swelliilg r n t l ~ b x  villt~t'. n'hich is :1 I I ~ C ; I S ~ I ~ . C  o l ' t h~ '  >wcl 
lrng rcsistnncc r!f thc tuhhcr cornpoul~d. 1.6 u ; ~ l c ~ i l : ~ r ~ ~ i  .1si11; 

the cq\~ii\ion: 

0 10 20 30 40 

Filler loadlng (phr) 

Fig. 30. Effect r~l'tillcr loading and sim un the crnss-link density elf ENR vulco11ir;ates. 



I:IF. ? 1. V:lri;~linn 01- IrJC1,, as a fullction of filler loading (Kraus plots). 

\t.licl.c /\, is thc a~lrount r ~ l '  srllvcnr ahsr,rhetl l ~ y  the si~rnplc 
a u l  IY, 1,s 111c iiii11i11 W C I ~ ~ I I  or'rhe aari~plc hcrr~re sulclling. 

lr 11:ls ;ill.c;~~ly Iwcn rcpo~,lcrl in tlle Iitts;tlur.~* [50,57] that 
I I I  ~ h c  ~';tsc 01- I i ~ r i c l t l ~  ~>c!lyn~c~ \c~lvc~l\ sysrt:ms, dillelenccs 
1 1 )  I I I C  ~ ) t i ~ t ) i l i ~ y  ~ X I I . ~ I I I ~ C , ~ C I -  [ ~ I I I ~ I  I W I I C C  i~itcriiction p;~r : i -  

i 1 l c ~ ~ r 1  v:llucs C;I I I  kc ~ ~ h t ' d  (0 ~:h:i~.:~cler~sc the .;orptirln hehn- 
I . IOLII-  ol'lllc 5oI t  L~HI .  ~IL)WCVCI.. 0111- ; \ I I ; ~ ~ ~ S I S  pi-OVCL! that such 
:I c~~~-r.cl;~tior> i s  incl'liv~ii,~ \incc the cliffusion behaviour of 

c l ; ~ h [ o ~ l ~ c ~  -fillctl c'l:15lolncr syhtcn1s al-c IIIOI-c dcpcndent on 
~ l l r :  ~ o ~ u l ~ i c f  1I;tllrrc of lllc .s:lrrlple. This fiict is  strongly 
s\~]ll>r~'lcrl h; !Ilu I~le~-;tturc ].SXI. Sirlcc tf\c i'otq)aui naturc 
01 tllc [(NU > ~ I I I I I > I G  L ICL 'TC: I~C~ wiih I[IC :tcld~licl~j ol prophy- 
I:~ctich. 111c tl~tl\l\~r>n 01 thc >tllvcrir tlirough thc camplt: also 
iiit.rcb:t,xs. I I  I);i\ iilbrl hern r-cpc>r-tecl I I I  thc litclarrire 159) that 
[Ill: rl~flrsiori ~ \~cuh :~r~ ia~ i i  111 ~-irt~hcry prhy~l~cl,\ is csscr\tia!ly 
t.clr~ricc~cti wirfl thc ability 01' thc polyrner to coniinually 
p~~r~viifr: ~ ~ ) I ~ C I L - I L L I ~ ~ ~ ~ ~ ~ . I ' O I .  tllc srl1ve111 to progrcss in the 
I I - 1 1 1 1  ellesaIcd voids. since the ease of void 
y c n ~ r i o l ~  in lhc s a l ~ ~ p l z  inc~.cases with thc addition of 
p~-c~l!l~ylacl~cs. [he uplakc nt' thc solvent also increases. 
' I ' I I~ I -~ I~~I -c .  :IS lhe li1lc.1- r:olltcn! illcreasts, t l~e  swelling 
~rl~lcx valrie ~l~usc;~scs l i j j -  :ill ~ i z c  graiics (Tahlc 0 ) .  The 
~olr:crit ;thwrllIion by the Iittex iiller ~)ar.riclcs is found to 

he minimum for the size 1 filler. This ;isain ct>~ilir~nc 111;lr in 
an ENR metrix cmss-linkcd by :I CV 5ysltr11, the s i x  1 Iillet. 
shows good iidhcs~on. This hel~tivicrur- i h  suppa)~.tcrl t q  111c 
cross-linked rlcnsity values (Fig. 2 U j .  As thc lillcr r . r ) l l l ~ ~ r l l  

incrcascs, the crilss-link denairy valuc:, ; I I -  loutltl 115 

decrease. 'This cff'cct can bc explained using tht. biis~c etllril- 
tivns used f'or swelling: 

where Mc is the ~nolccular wcig,ht of the poty~lier hclwccn 
two cruss-links p ,  i s  thc density uf  the polyrnc~,. V, I >  tllu 
rnoliu volume of solvent and x 15 the ii1ter;tctlon paramcicr. 
which is given by the Hildebrand equation\ [ G i l , l i  11. 

where /3 is the lattice constant, V, is the moIar volume, R is 
the universal gas constant, T is the absolute tenlperature, 6, 
is the solubilily parameter of the solvent. 6,, is thc solubility 
parameter of the polymer and I/,{ i\ the volurne fractio~i o f  
elastomer in the shlvent swollcn fiIled si~rnple and i s  givcn 
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I';II-IIC~L> L I Y L >  KI;IH~S C<]LI~~~I~ I I I  I '  C'unneen and Lorenz-Park 

t>y thc L:<I~I;I(IOII I?? I<Ilis :III~ Micldi~ig [67j 

\vl ic~-c (1 la 1 l 1 t  c lcxwol lc~~ wcighl ol' r l ~ c  s a n ~ p l c .  1 IS [he 
\ .O~III I IL* I 'I:I~'I~OI~ o f  1 1 1 ~  I i l l c ~ ~ .  H, i~ tllc I I I ~ I ~ ~ I [  wcigl l l  or t h ~  
~;iiiiplc. i \  111c rlct~sity o f  !Ilc polyllier. p, i s  the dknsity of 
rlic hulvcrtt and A, is the   m mount of solvcnt absorbed by the 
~ l l l l l ] l I ~ .  

i\b 1l1c. f11lr.1- uonlcnl incl.c:lscs, thc illnount of solvent 
;~hsorhcd by Ihc ~ ; ~ m p l c  (A,) Increases, which leads to 

lowering of V,,  and t h i s  in turn reduces the crash-link density 
values as cvidcnt from Fig. 20, I t  is to he notcrl (h i l t  the 
cross-link density decrease i s  minimum for lit~rr fillel. 
xizes I ;ind 7,. which have cumpuratively nlore r.er ~ ~ t ~ > i ~ c r i l p  
actiun in  EN!? for the  CV sysrcln and, t hc~~e f~> rc ,  rhcy :!bsorh 

;I rriinimum r l i~ar~t i tp of ~o l ven t  So the cross-l~rtk tl:ristiy 
v;llucs (l'rrlln swclling studics) prcscnred IICI-L' Il;l\:c' good 
correlation with filler-matrix interface adhesion. 

The extent of tiller reinforcement can he analy<.:d hy 

FIX 2? Vari:jtion of  V,,)V,, 3q a function of filler loading (Cunneen-RusseH plo~s) 



1'1;. 23 V;~ri:uion ot Q,f& as a function of  filler loading (Lorcnz-Pork plots) 

u5i11; Kii~us [.i5 1 ,  Cutlnccu i1[1t1 Iiussell [ . < ( > I  ;1nd Lorerlz- minirrlunl positive value of the Kraus slope. i t  i~ cle;ii- th;rr 11s 
T'iltl; 1371 equ;itioi~s. T h e  K w u s  cquatlotl is: solvent absorptirln i s  minimum, thereby suppor,~ing i t s  better 

adhesion with the ENR matrix i n  the CV system. Morzover. 
' P ~ ' , , ~ / ~ ' , !  - -  I -!!/(/'/I -1,) (''1 constant C i s  inversely related to filler agglornerat~uu 

~ ~ t ~ ~ 1 . c  I/,, is t l l ~  same as cxplainctl abovc dnd V,,j is the 
volumc l ' l i ~ ~ ~ i o r ~  c)f'cl;~ston~er i n  the solvcul swollen utitilled 
,sn~~~plc. .  Sincc thc itbtlvc cclilation i s  in the form of a straight 
I I I I C .  :I plot \ ' , , / I J 1  versus,f'/l --,j should give a straight 
111ic'. I C ~ ~ I O S T  S I O I ) C  ( 1 1 1 )  wi l l  he a direct measure of the 
r c i l ~ I ' o ~ - c . c ~ n ~ ~ ~ t  0 1  thr [~ l l r r .  'l'hc consta~it C given by the 
~ ~ C [ l l i l I ~ l ~ [ t '  

I t ,  L,,, I 1 
( '  

' ' 4  < ( I  - v,;: 1 
( 1  ')I 

wlilch 1s zlt;rr.;tutut-l~~ic nt thc liller, is caiculated also. The 
Kt-:huh ploi.; ohliri~~ccl are given in Fig. 21 and the slope 
\.nlnes ;ire prc~ct~tcd i l l  Tahle 7 .  According to the theory 

4 h y  KI-;IIIS. rcinlc)rc~rip fi1lcj.s such ns carbon black will 
I I ; I L C  LI I ~ C ~ ; I I I \ , C  h~g t l c r  .;lope. In thc present case, we 
~>h>rr-v,crl that ;IS th t .  lil1c.1. lclading i~lcreases, the solvent 
~rpl;rkc 01' l l ~ e  s:~rlil~lc also it~creases. As already explained, 
I I I I ~  wi l l  cikuac ;I i,crli~ctioi~ i l l  V, ,  values, which will increase 
thc ~.;~!io LJ,/I/.,, since V,,,  i s  uonstallt, This behaviour leads to 
;1 pos~tive slope in cvcrqm case. Since size I filler exhibits a 

tendency. It is also clear from Table 7 that thc tinest liller 
size I has maxi~num tendency for agglomeration, The trend 
given by the C value in h e  Kraus equation i s  In agreemcnt 
with S, the crowding factor given by Monncq [37] .  I( has 
also been experimentally proved [47 j  that thc S v;~lue 
increases with reduction in parlicle s i ~ t s .  ?'])IS rrlcilnh 
increase in  the ratio of apparcnl v r ~ l u ~ ~ ~ ~ ~  occiil~~ctl h y  ~ h c  
filler to true volumc, which point.; 10 thc c,15c r l l '  fillcr 
agg1orncr;ltions. 'I'hus, the higher tcndcrlt,y 0 1  t l l c  s1f.c 1 f~ ! l~%r  
for agglomeration can be justitietl. 

The Cunneen-Russell equation is 

Vrll /Vrl = 0 e-' + h (20 )  

where V, and V,, are the same as explairled ear-lier, : is the 
weight fraction of the filler, a and h are consldnu. Hcl-c a 
plot of Vl,/Vr1 versus e-' should givc ;I straight line with 
negative slope (a). V,/V,, is found t o  increase wlth incrc:ts- 
ing filler loading as clear from Fig. 32. Thia increase i s  
extensive in the case of large-size f l i e r s  ( s i ~ v  4 and MI. 
For finer fillers, sizes 1 and 2, which are comparatively 
highly reinforcing,'the absorption of the solvent 1s minimum, 



I:uge-size tillers whcn a CV system IS i~scd for the crnss- 

( 2  1 )  
l lnking oF ENR. 

Q i s  i lc f i l~ed ;is the ;Imounr of solvcnl absorbedlgm of 3.6, F ~ ~ , ~ ~ , . ~ ~ ~ ~ ; ~  a,lnjJ,sj,y 
~ . t~ t ) l ~c r  :111d is s i \~cn  hy 

The improvcmcnt in  tensile and [e;~r pcr-So~.~nancc wirh Swollcn \vciglit - dried wcight 
= - -- (22) Ioa(li ng o f  l i l l e ~  is supported b!' the 11101~phology of 11-IC /'JJ< 

01-iginnl \ ~ ~ e i g h ~  x IOO/l,l-n~ula weight . ti11.etl surl';~ces. These fractographs are p l ~ c s c ~ ~ t c ~ l  ill 

T l ~ c  x~ l l~sc~- ip ls  i ' i~ncl  vcl'cr to fillctl ancl gum v~~lcanisates, Figs. 24-30. S i r~cr  thc prcscnce of filler p:~~.tic.lcs i s  clci~rl!. 
I-cspcctivcly. : is Ihc wc.igl11 I'r;~ction of rhc lillcl.. A plot of visihlc i n  all tlie filled cnscs, I l l i s  I;~tes-tilled ENK xgstcni 
,,I,lV, L.CI.XIIS e . gives a sl~.;~igh~ .lille w~t l ,  ~ leg i~ l i ve  slope car1 he considered only as a cornposirc material. A i l  tllc - 
(Fig. 23) .  11s explained c;~slie~-. hel-c a lso  finel. fillers (sizes 1 colnposite samples exhibit a two-phase morphology. 
:~nd 7 )  c s h i b i ~  lowc~.  s l o ~ c .  pl'oving thcil. herrei :idliesion The fractogl-aph of' Lhe gun1 viilcanisate i s  prcscntcc! in 
with I',NR. Fig. 24. Tlie smooth fractured surface obscrvcd hcrc is 

Erg. 25.  SEM frac~ugn~ph of lcar gum s~~ecirnen: 



Fir. 16 (;~.h) SEM fi-:ic~ogl.;rpl~ of tensilc spccimc~l filled with I0 plw o f  size I filler. 

Fig. 27. SEM fiacto:r;~pli nf tc~lsi lc spcci~llcn hlled wit11 30 phr ot 's i~c 1 filler. 



I . ' I ~ .  ?S (:~.h) S1:h.l I'i.;~ilOgii~pl~ nl' I c ~ I ~  11ccirllc11 lillctl  will^ 10 p111' (11 S I X  I 1 1 l I ~ r .  

cli;~r;~c:cristic ol' low-strength vulcanisecl m;~ierials. In thc 
CilSc of' I O Y I I  st~rf';~ces 01' ~ I I I I I  v t~ l~:~nis ;~ics  ;~lso, $1 si~niltlr 
niorphology ccn~ld bc obscrved. Thc weak ~ncchanical 
sil.c11p111 ol'llic yu111 is clc;~r I'~.om rllc ur~dcvia~ccl cr:~cks in 
l,.iy, 25. 

111 (Ilc c;~sc of I'Nl< lillcd \vi1I1 10 phr of s i x  I liller. the 
~ I . ; I ~ . ~ o ~ I . ; I I I I I ~  ~.cvc;~l.; 111c prcscnce ol'!i~~c lillcr p;~~,ticlcs (Fig. 
?();I). r l l ~ e  ~ I . C S C I I C C  01' ~ i g : t ~ . - ~ l l i ~ p ~ d  I ! ; I I - I ~ C I ~ S  aligned in a 
p;11'lict11;11. tlrrcctio~~ : ~ i w  is r~l~scr\~i~l,lc. blor.cover, h e  fsac- 
111l.c is I'ound lo tlc\li;~rc only sliglitly (Fig. 26b) presenting ' 

inconil~letc p;~r-;~holic I>:lctel,ns. Tl~is  confirms thc compnra- 
bivcly hip!] s11.cngth of ~ h c  rnatcrial. Still, clewetting is 
prczcnr i l l  F I ~ .  36:). F i y .  27 is thc Lcnsile f~.ncttrred surface 
ol'11ic ENR s;lmplc lillctl \ \ . I L ~  30 pliroI'size 1 fillcr. Here the 
cracks ire extensive nncl ~nt~c l i  deviated. Such p;imbolic 
t'r.;~cturctl st~rf:lccs sLlppa1.1 ~ l l r  I~igh streng(h of the ~n~tterial. 
The rcllc of lillcr- pi~riiclcs ill hlocking ihe ilclvnncing crdck 
~11so ih ohscrv;~hlc. l'he tor11 s ~ ~ r l a c e  of EKR filled with 40- 
plir sizc I fllcr is p~xscntcd in  Fig. ?Xa uncl b. Here ~11so 
cr;lc!i clevi;iriorl is cxte~isivr. The portions fr-orn which the 

tiller. particles c1r.e clchonded are visible 21s holes in thc li!:ur.c. 
The f l l e~ '  particles clongare to high s~rains and obstruct rlic 
rear (Fig. 28b). Thus, as explained above. Lhe 11iatcri;ll lil!ctl 
with size 1 fillcr shows superior teilr perf'i)r~n;~~~cc.. 

For fillers of liighcr sizcs (size 4) iiI a Inadi~lp 01 '  l i )  phi-. 
dcbo~iding i s  cslz~lslve. ,4150 tlic cracks ;Ire npaln heco~li~ng, 
s~nootli. Dewct~ing i.4 clcar I'rorn I:ig. ' ) ; I  and h ;rncl .;r~~ocrrli 
fractures are visible in Fig. 291) and c. 11 can bc secli firm 
Fig. 29c that tllc parlicle size of fillcrs is not aniforin. Thix is 
because large-size fillcrs ilntlergo more size reduclion 
during mixing. 

Fig. 30 is thc torn surfacc of ENR filled with 30-phr sizc 4 
filler. The material shows cracks with slight dcvintions. 
which proves its good tcat. strength. The accurl~ulation of' 
filler particles on thc crack path in an eKort to prevent rile 
advancing crack is visjblc in  thc figi~re. It is a ge~~era l  obser- 
vation in Figs. 29c and 30 char thc larger-size grade (size 4)  
filler particles are polydisperscd in size owing to their break- 
age during n~ixing.~  

For most of the filled cases, the fractured surfaces are 



Fif 29. (a-c) SEM fri~clograph of tensile spccimcn filled with I0 phr of' size 4 filler. 



I.'I;: .i{l S I 3 l  I'rac~oyr:~pl~ ol' 1c;lr. s l ) c c i ~ ~ ~ c n  l i l l c t i  with 30 plrr ol' s i x  3 l i l lcr  

yr~..ill)- ~.I.;IL.~ t lcvia~cd :mtl present a serics o f  parabolic lines 
t l i .s t i i~x i ic~l  all ovcl- the surl';~ces. Such bckaviour is due to 
[lie i ~ i ~ c r : l c i i o ~ ~  ol' main rr;~ciurc fronts with suhsidiary f i x -  
rurc IIOI.IIS ;111cl I 'ror~,~ ~ h c  r.e.sistar~cc in teiir propagation by 
f i l l c ~  p;lr,licles. .l'hus  he s~~per io r  mechanical performance o f  
si7.c 1 l i l lcr is .c~r-cl~lyly sirl,llol.led by thc SEM l'~,aclog~.:~phic 
SI i l~ l ics.  

Tl ic utilis:~tion of cross-linkcd waste natural rubber as a , 

~pcilcnli;~l l i l l c~ .  il l ENIZ tlcscr\~es much ;lttcntion. The cross- 
linkccl l\,ilsIc ruhhr~r ha< hccn ~x>\vdcrccI and sicvcd into 
tlilS'c~.c~~r pa1.tic.1~ s i~cs .  The rnorl>l~ology ;ind sizc distribu- 
lion 01. tlics(' ~x~l.iicfcs lias bcscn :~n;~lyhccl. II h;ls been 
cil~scr\,ctl i l i ;~i.  :IS llic li l lcl- conlcnt il-1c.1-cases, thc curing 
CI~;II.;ICIL.I.I~~~C like ~ ~ J I ~ I I I I I I ~  CL~ I .C  L~IIIC. scorch lime arlcl 
111d11~1iori I~ I I I~  ~I~CI.C;ISC. Tl ic cure-ac l iv~~~ ing liature OF the 
lillcr. is c l c : ~ ~  SI-0111 ~hc: i11c1,casc in  cure ra~c  index and rate 
cor1sr:ilit val[lcs. The l i ! l c~  helps thc compounder by redu- 
c i ~ i g  il ic s~ icky  n;~tul,c of  clruxicliscrl nat111.ul rubber 
cci~ l i l )or~~i t l  c l t ~ ~ , i ~ ~ g  ~ l i i x ing .  ~l'licsc ohscr\,;~riuns are t~clvnnra- 
yco~.ls as far ;IS proccssahility ilnd productivity are 
c'oriccr~ictl. In 1111: c i ~s~ :  of i11c c n ~ l v c ~ i l i ~ ~ r ~ a l  vulc:anisalion 
s>,sicrn. \YI~CI-C st11pIi11r 1111gr;1tion is ;1l>se111, liner. filler 
SIIOLI.?; sulxl-ior ~ i :~ is i lc  pc~-I'orm;lrlcc til:ln sizc a 1  and the 
nl i l l -sl iccirt l  I'trs~li o l ' i l ic  tiller. Ho\\Jc\,cI-. in cf f ic ic~i l  vulc i~-  
11is:llion s!fstc~iis. wherc su l l~ l~us  migrntion plays :I role, thc 
(11.t1c.1. 01 '  1ic1.1 I ~ I - I I ~ ~ I I ~ C C  IS i l l \.crted. The theorclical lnodels 
x i~ ( : l i  ; ~ x  tliost3 oi' Eins~cin, Mooney, Ciuth. Cohan, and Brod- 
Il)/iIrI arc' l'ouiitl lo t lcv ia~c I'ro~n thc cxpcl.imcnLl-11 ohser- 
vntio~ls. Stil l I'hc experimcnrnlly . v . v o ~ ~ ~ c r ~ e d  order o f  
I>~>I-~'OIIII;IIIL.C !'or. di l ' l 'crc~i~ six,c sri~tl~,> I)!' [lie JiI1c1- co i~ ld  be 
coi~.cctly clcpic1cil Il\i ihc Co l i i~n  and Rl.c>clny;~rl rllotlels. The 
th~c.c-I:~ycr niotlcl IITCCI 11cl.c I~;Is ~ C C ! I  rot~n(l I r i  l ~ c  col~iple- 
IL'I! SIICLL'.S\~'II~ III I I I ~ ( ~ ~ ' I ' \ I ~ I I I C ~ ~ I : ~  IIIC ~~I~CII~)~IIL.II:I 01' s t~ lp l~u r  

in the case o f  different particle sizes o f  the fillers. As h r  as 
tear strength is concerned, siz,e 1 filler has proved to be the 
best, but in  every case, the property drops at 40-phr loiiding. 
Thc swelling index valucs register a constant increase with 
loading o f f i l l c r  and this increase is minimum for fine fillers 
such ns sizc 1 .  I n  :~cIilition to this, the reductin~i in  cross !ink 
d e n s i ~  with fillcr loading also is lninimum for size I Filler-. 
The comparatively better adhcsion between epoxidiscd 
natural nrbber and size 1 fil ler is proved by previously estab- 
lished equations l ike the Kraus, Cunneen and Russell and 
Lorenz-Park equations. The scanning electron micrographs 
o f  fractured surfaces clearly support the good parliclc- 
matrix adhesion in  the case o f  fine fillers. The non-compa- 
tible ancl phrisc-scpnrated nature o f  the filler particles in the 
epoxidiscd nnturr~l r l~hber matrix cause lliese ~n;llerial+ I(.> be 

4 
classiiicd onlk :IS 3 ti l lcd cpoxidised ~iniitl.al rr~hhcr 
coml~ns ik .  1,;11he,1' t l~nn 21s a hleli(l sysieln. 

Acltnnwlcdgements 

One o f  the authors (G.M.) is thankful to [he Co~~r i c i l  ol 
Scientific and Inductrial Research, Ncw Dclhi. for- the t1ni111- 
cinl support 

[ I  I Dchn;~~h S. I3c SK,  KIi:~s~gir D. 1 Appl t'oI\.111 Sci  l!J?.11,.37: I-IJI), 

171 Dcbriolli S. I)? SK. Khehlgir TI. .I blalcr SCI I'lS7.12:J457, 
131 Swor RA. ICIIFC~I LW. OLI(!/.I~ M. I<III?I?cI Clic111 '~c ' I I I I~~ 

1980:53: 12 15. 
14) Phzltlku A A .  Ill~:rrlnch;~r-y:~ A K .  Cli;~k~.:rhorlIiy SK,  I l c  SI< I<r~I~l)sr 

Cliem 'rccl~nol t9S3:S(i:7?(i. . -- 
1.51 R:~l:~lin~:im I', Slr;~r.jn. J. Bi~litr WF. Ruht>c; C'JIL'II~ 1 ~ c ~ l i 1 1 t ~ l  

I Yl3 :00:56.1 
161 Act'll;~ A. Vc r f n ;~~ l t l  Ji \4 .  Ruhhr.r ('hcm I'cchrlol IOS I  3-1 ?(I: 

171 D~-o/.do\.skil VI: 1111 Polyn SL,I Icch~it>l I1J'P.!')~ I I ; TI57 
IS] PIi:1(1kc AA.  C'Ii:~L~~horth? SK. 13c S K .  K u h h t . ~  I 'hcl i i  'I 'I.L~I>I~~II 

IOAJ:S7: 19 
t1~igl.:llloll ill lilc cl'licicnl V~I~L~IIIS;III~)II ~ys l cn l  :lncl it?, exlcnt 191 Ph;idke AA. KI~~.i;~kose B. K;~u~scli Gummi K I J ~ . ; I ~  I985:3X:h9.1. 




	TITLE
	DEDICATION
	CERTIFICATE 1
	CERTIFICATE 2
	DECLARATION
	ACKNOWLEDGEMENTS
	GLOSSARY OF TERMS
	CONTENTS
	1.   INTRODUCTION
	1.1. Metamorphosis of polymer recycling
	1.2. Aspects of recycling
	1.3. Plastic Recycling
	1.4.Rubber Recycling
	1.5 Previous research works on the reuse of latex waste
	1.6. Present work
	1.7. References

	2.   MATERIALS AND EXPERIMENTAL DETAILS
	2.1 Materials
	2.2. Methods
	2.3. Characterisations
	2.4. References

	3.   USE OF NATURAL RUBBER PROPHYLATICS WASTE AS A FILLER IN STYRENE BUTADIENE RUBBER COMPOUNDS
	3.1 ResuIts and discussioos
	3.2.References

	4.   MELT RHEOLOGICAL BEHAVIOUR OF SBR COMPOSITES FILLED WITH NR PROPHYLACTICS WASTE AND PARTICULATE FILLERS
	4.1. Results and discussion
	4.2. References

	5.   RECYCLING OF NATURAL RUBBER LATEX WASTE AND ITS INTERACTION IN EPOXIDISED NATURAL RUBBER
	51. Results and discussions
	5.2 References

	6.   INTERACTION OF SELECTED PARTICULATE FILLERS WITH ENR-50 / NATURAL RUBBER PROPHYLACTICS WASTE SYSTEMS
	6.1. Results and discussions
	6.2. References

	7.  DEVELOPMENT AND CHARACTERISATION OF NOVEL EPDM / NR PROPHYLACTICS WASTE COMPOSITES
	7.1. Results and discussions
	7.2. References

	8.   IMPACT MODIFICATION AND DYNAMIC MECHANICAL ANALYSIS OF POLYSTYRENE / NR PROPHYLACTICS WASTE COMPOSFTES
	8.1. Results and discussions
	8.2. References

	9.   RECLAMATION VERSUS CHEMICAL MODIFICATION OFNATURAL RUBBER PROPHYLACTICS REJECTS FOR RECYCLING IN POLYPROPYLENE
	9.1. Results and discussions
	9.2. References

	10.   CONCLUSIONS
	Scope for further studies

	ABOUT THESIS
	PERSONNEL DETAILS



