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HDPE
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Lattice constant

Interaction parameter
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Solubility parameter of polymer
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Shear stress

Stress
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Viscosity
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Density of polymer

Volume fraction of filler
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Crosslink density from swelling studies
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- Contact surface
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- Conventional vulcanisation system
- Dicumyl peroxide
- Differential scanning calorimetry
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- Dynamic mechanical Analysis

- Diphenyl guanidine

- Epoxidised natural rubber
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Qt
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SDT
SEM
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XRF
XRD
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International rubber hardness degrees
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Low density polyethylene
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Latex waste
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Molecular weight between crosslinks
Melt flow index
Mid IR :
Acrylonitrile-co-butadiene rubber
Non contact surface
National Recovery Technologies
Natural rubber
Phenolic grafied PP
Polypropylene
Polystyrene
Polyethylene terepthalate
Polyethylene
Parts per hundred plastic
Parts per hundred rubber
Polypropylene
Poly vinyl chioride
Mole % uptake
Equilibrium mole % uptake
Simultaneous difference temperature
Scanning electron microscopy
Styrene butadiene rubber
Sheet moulding compound
Solid state shear extrusion
2, 2, 4 — trimethyl -1,2-dihydroquinoline
Glass transition temperature
Tetra methyl thiuram disulphide
Thermogravimetric analysis
Thermoplastic elastomer
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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 from 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
zmc 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, different aspects of
recycling and various steps for recycling such as sorting, separation, size reduction etc. have
been described. Special emphasis has been given to plastic recycling by various methods,
rubber recycling by reclamation process and tyre recycling. As this thesis is mainly
concerned with the recycling 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 inciuded. Besides, a brief note which describes the work in this thesis has been included

for a quick reference.



CHAPTER 1
INTRODUCTION

Polymers touch us often in our everyday life and activities in the form of several
industrial / handmade products. Generally, the fate 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 factor).
Polymers have the outstanding ability and attraction to fulfil these conditions and therefore
a large number of polymer products are currently in use, ranging from footwear to space
vehicles. Owing to strict regulations in the quality of most of these polymer products, the
formation of rejects from these industries is considerably high. Since these materials are
stable to the common degrading agencies such as heat, light, chemicals and weathering
conditions, their decomposition takes several decades to complete. S_imple dumping of
such wastes in some free lands will debase the quality 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 worldwide’. 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 leading 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 disposal 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 be
recycled. This is because the success of recycling mainly 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 burn any amount of o1l for their enjoyment but they normally refuse 1o accept



that 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 several 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 recycling coﬁlpared to Wyoming
which is less populated. Similarly for a country such as India or China with thick

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

important.

Figure 1.1, Massive stockpiles of scrap tires’

[Reference: J.R.Gunnigle., Proc.Conf. Rubber Div., Amer. Chem. Soc., Pittsburgh,
. PA, paper #68,0ct.11-14, 1994]

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
(UBA)', 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
for the same. The present time is probably the right time to think of polymer recycling due
to the 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. [n practical terms, the recyclability of a material decreases with reducing
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weight of the package. Normally, a thin lightweight plastic pouch is difficult to recycle
compared to a thick and heavy plastic bottle. It is this practical aspect of recycling 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 about 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
materials instead of virgin materials could conserve enormous amounts of energy and
resources. Community based recycling programs sprouted in cities and college campuses.
Recycling and antilitter activities grew and finally people celebrated the first national earth
day in 1970. During 1970’s and early 1980’s, public awareness of garbage disposal
increased. Still people didn't feel the disposal as much expensive. In 1980’s, the tide
turned with several incidents which caused a sharp increase in the disposal costs. These
incidents compelled the media to use the word “Solid Waste Crisis”. According to a
European survey’, 7.6% of the plastic waste was recovered by mechanical recycling, 0.6%
by chemical recycling and 17% was used for energy recovery.

1.2. Aspects of recycling
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 recycling process must have scientific and technological support. Then only it
can attract business people.
(i) The practice of recycling must be 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 diminishing returns.
Therefore, recycling should be performed at an optimun rate considering both economic
and environmental aspects’. There are four cycles for recycling. In the first cycle, the

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
recycling) 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 1% of an incompatible polymer can degrade the properties of the entire
batch of recyclates. Therefore mixed plastics apart from being cheap, produce products
‘withinferior properties. Owing to these reasons, the sorting and separation of polymer
rejects is an unavoidable step in polymer recycling. The sorting process generally exploits
either a unique property of the polymer, for e.g., density, hydrophobicity, and presence of
chlorine or a change in the property with temperature, for e.g., melting point or solubility.
For a sorting process to be successfil commercially, it should be-fast; reliable, economical
and flexible enough to cope with various forms of impurities. The different types of
sorting and separation methods are given below.
1.2.1.1. Manual sorting (PVC-PET separation)

This is done by the sorting with the help of persons with a “trained eye” and with
the help of semi automated low cost lighter systems. For e.g., they can easily distinguish
PVC from PET bottles in having a slight blue tint, a horizontal ‘crescent’ marking on the
bottle base at the parison pinch-off . 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 technique 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. The mixture of plastics is put into a fluid medium to effect separation based on
density. The liquid mediums commonly used are water |to separate polyolefins from non
potyolefins (PET and PVC)]. water / methanol mixture [to separate polymers with specific

gravitics less than unity such as polyolefins], NaCl / ZnCl, solutions — to separate



polymers with specific gravities greater than unity. Modified methods of this sort® are
effective to separate TPE’s from polyolefins. Owing to the similar density with
polyolefins, TPE’s are otherwise difficult to separate. Here the use of heavy liquid medium
(dispersion of CaCOs in water) is practiced.
(b). Dry separation

In this caseg, an air separation process is used to remove coarse materials such as
metal fragments, glass and heavy thick walled plastics. It can be used to separate

polyamide flakes from ground HDPE fuel tanks,nilbseparate paper from ground bottle
flake.

(c). Centrifugal sorting
Since this method is based on the principle of centrifugal 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 recycled
plastics'
[Reference: K.H. Unkelbach., ‘High duty plastics recycling with centrifugal force’
(document available from KHD Humboldt Wedag AG, Koln, Germany)|
A modified equipment of this sort called ‘CENSOR’'® developed by KHD
Humboldt Wedag (Cologne, Germany) can identify plastics differing in densities even by



0.005g/cc. By the proper selection of the separating medium, it can separate most of the
difficult systems such as PE/PP, PS/PVC/Nylon 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 acceleration, settling and floating velocities and

retention times of CENSOR® sorting centrifuge compared to hydrocyclone and

sink-float process'®

Parameter Sorting centrifuge | Hydrocyclone Sink-float

| process

Mean acceleration, m/s’ 1100 <100 1

Retention time, s 25 1 400

Particle size, mm 05 |2 10 05 |2 10 05 |2 10

Mean settling velocity, 860 | 1550|4000 | 140 | 500 (1200 |6 30 {120
mm/s

Settling/floating time, s 0.11 [0.06 |0.025 0.6 |0.18;0.07 (300 |67 [15

Selectivity factor 227 | 416 | 1000 [ 1.7 |56 (14 13 (6 |27

[Reference: K.H. Unkelbach.,, ‘High duty plastics recycling with centrifugal
force’(document available from KHD Humboldt Wedag AG, Koln, Germany)]
{d). Sorting with near critical and super critical fluids
This method uses a near and supercritical fluid such as liquid carbon dioxide as
the separation medium''"'*. This method can distinguish between plastic flakes differing by
densities as small as (.001 g/cc. The advantages are;
(i) easily and precisely contrellable fluid density by changing the pressure.
(i) it can save time for particle rise or settlement due to the very low fluid viscosity.
(iti) CO; medium is inexpensive, readily available, non-toxic and non-flammable.
(e). Preferential solvent absorption
This method'* 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 g/cc)

1s preferentially absorbed by PVC and this decreases its density. This is then separated



from the denser PET flake by floatation or centrifugation.

(f). Froth floatation

This method'® originated from a similar process in metallurgy and is useful to separate PP
from PE and PVC/PET. 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 :
- conditioning process =

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

£ : C(j-nditioned P VCﬂake ;_;_.;' 1 =
-is now hYdfO-Phobic-'r S

Air bubbles reach
referentially in the

conditioned PVC

~ causing it to float

Figure 1.3. Schematic illustration of froth floatation process for the
separation of PVC
[Reference: J.H. Schut, Plastic World, p.33, Nov 1994]



The bubbling of air through a suspension of plastic in water can facilitate the
separation of PVC from PET. This is possible because air bubbles have high affinity for
water repellent surfaces. Finally 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 colourless PET, separation of different types of
HDPE wastes. Since for food contact applications, PET of extremely high purity was
needed, the separation of PVC was most necessary. As PVC discoloursthe whole system
and becomes light brown when heated to 240 °C while PET crystallizesand turnswhite, this
method is successful for their separation. Modern methods include the use of special
filters, colour cameras, IR or CCD cameras'’.
1.2.1.4. Spectroscopic sorting methods

The identification of plastics can be successfully done also by using mid-IR
reflection spectroscopy (MIR) (4000-700 cm’') since this region is directly related to
specific chemical bonds n the polymer. An MIR spectrometer developed by Bruker
Analytische Gmbh, Germany'® can even identify plastics including the fillers or flame-
retardants 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 identifies the material and reports it with a confidence factor.
The most important advantage is that it is very fast that it takes only less than 10 sec for
identification'® and can identify dark plastics also.

Compared to MIR, near infra red (NIR) method (14300-4000 cm™) is rapid and
reliable and can identify the material within milliseconds. It can penetrate deeper into the
polymer than MIR and it therefore suffers less from surface paint/dirt etc. The peaks are
most useful for the identification of C-H, O-H, N-H and C-O. When PET shows three
characteristic peaks in the region 2100-2200 nm, HDPE shows a peak at 1200 nm, which
is absent in PET. Rapid online identification systems by Eisenreich®® Fraunhofer Institute
for Chemical Technology, Pfinztal, Germany (100 spectra and 20 bottles /sec) and Opt

Research Inc, Tokyo, Japan®' 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 polyolefins with comparatively
low molecular weight atoms emit a lower backscattering. Here the fluorescence detector
identifies the presence of chiorine in the bottle and then the computer-timed airburst
separates them. This process™ is developed by National Recovery Technologies (NRT),
Nashville, TN. One of the advantages of NRT-XRF techmque is that it needs no
singulation.
An instrument in this category is VYDAR (Vinyl detection and removal) ** developed by
-Magnetic Separation systems, Nashville, TN, USA. The schematic of the instrument is

shown in Figure 1.4.

plastic flake

|

Figure 1.4. Schematic of XRF-based PVC flake sorting system (Vydar®)
[Reference: D.Vaughan and G.R.Kenny., New Challenges in Plastic Sorting” proc. SPE.
3" Annual Recyceling Conf, Chicago, IL, Nov, p.311 (1996)}

The capacity of the instrument is 1820 Kg flake/h, etficiency 97.5%. 1 he
disadvantage noted is the failure of the system to identify and remove PVC flakes hidden



in the aluminium caps.
1.2.1.6.  Electrostatic methods

The underlying principle here is that when two dissimilar 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 tribocharge to
identify 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 plastics®. The
sensor heads contain specially selected 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 of the pen indicates the plastic.

Figure 1.5a. The hand held Tribopen
[Reference: P.E.Mucci, British Patent PCT/GB94/00101(1994}}
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Figure 1.5b. The structural sketch of tribopen
[Reference: P.E.Mucci, British Patent PCT/GB94/00101(1994)]

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 reference”, the material with higher
dielectric constant will be charged positive. According to their polarity, they can then be
separated.”*?’
1.2.1.7. Differential 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 belt turns upside
down, PET falls from it. PVC is scraped off at another point®®.
1.2.1.8.  Selective dissolution

The principle behind this technique®’ is that the thermodynamic 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 devolatilising extruder. The
solvents used are also recycled.
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Table 1.2. Solvent and temperature conditions for the selective dissojution sorting

process”™

(Polymer Solvent Temperature, 'C | Solution Cone. %
PS Xylene 15 6

LDPE Xylene 75 10

HDPE | Xylene 105 10

PP Xylene 120 10

PVC Xylene/cyclohexane | 120 10

FET | Kylensieyloheranc | 180 10

[Reference: E.B. Nauman, J.C.Lynch and S. Norwalk., ‘Overcoming challenges mn
recycling high value plastics from durable goods’ presented at the University of North
Carolina at Charlotte Symposium on Plastics Recycling, September, 1996]
1.2.2. Size Reduction Methods

The primary aim of size reduction is to reduce the bulk density of the material, to
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, densification, compaction, agglomeration and
pulverization,
(a). Cutting processes
1. Shredding

The process involves tearing and cutting and is meant for the recycling of films,
sheet, hollow products and cable’'. The operating principle is based on two asynchronised
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 from the feed as it is forced into teeth by a ram’”.
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
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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 shafts’' ;
[Reference: C.Spankuch and M. Fass., Kunststoffe, 84,8 (1994)]
4. Slicing '

Slicers or guillotine shears’' are meant for waste fibres, rolled up web and rubber
bales. The difference from a shredder is that the slicer operates in a clockwise manner and
the slicing knife cuts the material from the top and works its way downward.

5. Screw cutting

The cutting is effected by independently rotating screw shafts with tearing teeth
and 1s for over sized plastic products. Compared to earlier described methods for films,
normal plastic wastes, the separation of polymer laminates is difficult as simple grinding
yields only an intirnately mixed product. A method developed by Result Technology AG,
Australia®™ works on the difference in the behaviour of laminate materials when subjected
to acceleration and vortices in a specially designed unit. This causes the delamination
along the interfacial boundaries. The varying morphologies after the treatment on an
accelerator can be shown as in Figure 1.7. When aluminum foil tends to roll into globular

particies, PE changes to flakes, PS to chips and PVC to cubic shape.
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(b). Densification

In order to facilitate transportation, conveying, metering and feeding, the density of the
waste materials such as films, foams and fibres must be increased from the range of 20-40
kg/m’ to 400 kg/m’ range. This is done by an agglomeration or densification process
which softens the material with out melting it. Here the material undergoes a caking

phenomena’'***.

initiad stages of dvianeination
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Figure 1.7. Schematic illustrating principle of laminate separation by high-speed
rotation”
{Reference: C.Muther., ‘Separation of laminates using Result Technology’ Proc. SPE 3 rd
Ann, Recyching Conf, Chicago, IL, Nov 7-8, p 37 (1996}
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(c). Pulverisation

This process is used to convert waste polymer to a powder which can then be used
for sintered powder coatings, molding powders, fillers etc. The process is ideal for
polyolefins, polyamides, polyesters, polyurethanes and PVC (rigid/flexible). 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 fillers. 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 SSSE™ (solid state shear extrusion) or elastic
deformation grinding developed by Berstoffe Maschinenbau GmbH, Hannover, Germany,
(works by creating a larger free surface by the simultaneous action of high pressure and
shéar deformation’’). The advantage is the formation of very fine powder, for e.g., wood
particles of 50 pm could be produced by SSSE while normally it is 20 times higher than
this. This method can convert low performance commingled post consumer recycled
plastics into useful blends with out use of any compatibiliser®®. It is the only technology
that can collectively take the six most common plastics in the waste stream (HDPE,
LDPE, PP, PET, PS and PVC) and convert them to a useful powder product. Despite the
fine particle size of SSSE powder, they give no bridging problems in the feed zone of
injection molding machines™.

1.2.3. Melt Filtration

As most recycled polymers are characterised by the presence of contaminants such
as dirt, cellulose material, aluminium foil, metat fragments, fibre glass and incompatible
high melting polymers, melt filtration 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, homogenising the melt and
minimising pressure spikes and clogs.

The proper selection of melt filtration technique is an important aspect in polymer
recycling. This is made by considering several technological aspects™ 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.
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1.3. Plastic Recycling.

Plastics are a product of the current century. Initially plastics were mimicking and
replacing natural products but now they are considered as substitutes for metals, which are
made from extremely inexpensive but non-renewable resource, crude oil.

Plastic waste management can be divided into three.

1. 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 classified according to the Figure 1.8. The
sclection 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 Feedstock recycling Energetical
Recycling -iron ore reduction in blast furnace Recycling
-Particle recycling -Hydrogenation -incineration in air|
-Remelting -Pyrolysis -incineration in
-Generation of synthetic gases pure oxygen
-hydrolysis, alcoholysis, solvolysis

Figure 1.8. Possibilities of plastic recycling*'
[Reference: W. Michaeli and K. Breyer, Macromol. Symp., 135, 83 (1998)]

1.3.1. Mechanical recycling

Mechanical recycling means a remelting of the polymer, production of new peliets
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 compound)
recycling done by ERCOM, Germany. It is known that the molecular degradation during
the mechanical recycling process affects the properties.*
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Plastic waste containing mixed and foreign substances are much problematic and
the purification /separation process is uneconomical. The reason for such a difficuity can
be made clear from the spectrum of processing temperature*’ 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 temperatures for injection moulding®

Plastic Processing range Melt temperature,
'Cc
Polystyrene Wide 180-280
Polyethylene soft Wide 160-260
Polyethylene hard Wide 200-300
Polypropylene Medium 230-270
Poly (vinylchloride) | Very narrow 180-210
Polyamide, PA6 Narrow 230-280
Polyamide, PA66 Very narrow 260-320
LPol),'carbonate, PC | Narrow 280-320

[Reference: H. Saechtling, Kunststoff Taschenbuch, Hanser, Munchen-Wien, 1986]

The mechanical recovery of plastics consists of general steps such as identification,
sorting, grinding, washing, drying, extrusion and the final pelletizing*', The upgradation of
the recycled material® is done by the addition of fibres, fillers, stabilizers, pigments,
processing aids, compatibilisers etc. A novel approach of upgrading the recyclate by the
addition of additives is developed by Pfaender et al**. This approach of restabilisation and
repair of molecules by the development of appropriate formulation for targeted application
can make recycled plastics good substitutes for virgin materials. The restabilisation is the
most effective approach to improve the quality of any recyclate.*™**

The research group calleld MARECK* (material recycling of non reinforced
thermoplastics), Aachen University of Techmology, RWTH Aachen, covers all the
processes of recycling from beginning to end. They developed, characterized and still

practicing the methods for identification, separation, upgradation and analysis of the
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plastics in recycling field. Their studies™ emphasise the need of an analysis of all the
mechanical properties of recycled materials.

1.3.2. Chemical recycling technologies.
The main options for chemical recycling are the following.

1. Hydrogenation
This is carried out at 300- 500 ° C and at 100-400 atm. pressure to get low molecular
weight oils, gases etc.

300-500° C, 100-400 atm.

Plastics waste »  low molecular weight oils, gases
2. Pyrolysis-absence of O,
500-900 °C, absence of Oz

Plastics waste » gaseous, liquid or waxy hydrocarbons
3. Pyrolysis-presence of O,
450° C, presence of O3
Plastics waste > synthesis gas —————Jpp methanol,

ammonia, energy generation, and other products
4. Hydrolysis, alcoholysis, glycolysis
Plastics waste p original substances

5. Degradative extrusion

Plastic waste » 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
stearn and electricity.

Plastic wastes must be considered as an alternative source of energy and as a
chemical raw material’'. 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 recycling.’ Keeping the energy production from waste as an important
strategy of energy policy™, France could save about 1 million ton of crude oil by the

burning of 8 million ton of municipal waste® (which is 40% of the total waste). But the
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local residents will accept this idea of incineration only if it is combined with recycling and
composting efforts in that area. A good example for such as activity is the integrated
waste management in Hampshire, UK*.

As the recycling of complex mixtures of polymers is practically difficult, the
 copyrolysis of waste polymers with coal was tried by Straka et al’’. The coke can be used
as a smokeless low sulphur fuel®>*". A stepwise pyrolysis of plastic mixtures (PVC, PS and
PE) carried out by Bockhorn et al’® 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 chlorine content, the product gases from the
third reactor contain only negligible amount of chlorine {0.0044%). Polystyrene and
polyamide —6, gave monomers in high yields in second reactor while polyethylene gave
parafins and olefins in the third reactor.

The tertiary recycling of polyethylene by thermolysis and reactive distillation was
carried out by . Caffrey et al.*®. Nitrogen atmosphere at 440° C was employed for the
reaction to get a higher conversion of polyethylene into a condensable liquid compared to
any other conventional pyrolysis.
1.4.Rubber Recycling.

1.4.1. Reclaimed Rubber or Reclaim |

‘Reclaim’ is defined as a type of rubber prepared from waste or wom out
manufactured rubber articles and the process of reclaiming is concerned with imparting the
necessary degree of plasticity to vulcanised rubber and thereby enabling it to be blended
with uncured material or synthetic rubber.® The earliest effort to recycle polymer rubber
rejects was by the process of reclamation®. Several excellent historical records and
descriptions of rubber reclaiming processware available in the literature.*** The most
important processes of reclaim manufacture are digester (Neutral or alkal)*®, pan or
heater’’, acid”,n, reclamator or dipn, thermal™, thermodynamic or hot banbury?5 and
palmer or high pressure steam’®. These processes mainly involve the heat plasticisation,

fabric removal and mechanical treatment. Short description of these methods is given
below.
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1. Digester (alkali or neutral) process.

Here the ground scrap is heated at 180-205° C for 3-15 hours in autoclaves along
with necessary plasticisers and solutions for destroying fabric. The plasticised rubber
without any fabric is discharged into dump 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 fabric 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-shell
autoclaves at pressures of 100-300 Ib./in. for varying periods of time. It is then air-dried.
Reclaiming is completed in the conventiona! manner. The method is usually used for fabric
free scrap.

3. Acid process

Here the fibre containing scrap is treated with hot dil. sulphuric acid in open tanks.
Washing with the use of riffler with baffles removes stones, metal etc. The scrap is then
nutralised with alkali, plasticised in live steam, milled and strained.

4. Reclamator or Dip process

This is considered as the best reclaiming process and was patented by the US
Rubber Reclaiming Company in 1946. Reclamator is a screw extruder with a hopper at
one end into which a premixed crumb/oil 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
cooling jackets around the machine. After five minutes, the reclaim 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 finally extracted through a perforated die, cut into small pieces

by a rotating knife and conveyed to the refining section.
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5. Thermal process

In this method, tire scrap is loaded into steam autociaves 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 Banbury process
In hot banbury process, the raw cracked waste is loaded into the machine with

plasticisers, reclaiming agents, carbon black etc. and subjected to intense shearing action
by means of high pressure (180 Ib./in.? and temperature 500° F for 3-12 minutes. The
“batch is cooled before discharge.

7. Palmer or High Pressure Steam process

Fibre-free waste with reclaiming agents is charged into a specially copstructed
closed container. Then live steam at 800-1000 Ib./in.’ is admitted into the container and
maintained for 10 minutes. Then the pressure is suddenly released. The blown out and
disintegrated reclaim is finally finished in the conventional manner.
1.4.1.1. Processes during reclamation '
There are 6 main processes during reclamation.

1. Reduction in molecular weight to a lower level than that of a new rubber

2. Chain scission brings about reduction in gel content (g) and increase in gel
swelling(s), The degree of devulcanisation is proportional to s/g ratio.

3. The product of reclamation process is a heterogencous 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 fragment will be bound to it.

4. The chemical unsaturation of the rubber hydrocarbon of reclaimed rubber will be
essentially unchanged from that of original vulcanised scrap.

5. In order to minimise the reduction in tensile strength and to impart satisfactory
processability and speed of reclamation to the final product, the recommended
dosage of reclaiming agent is 0.5-20% 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
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initial increase of plasticity, the material will begin {o reharden. 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 be divided into 4 major parts, some of which are
mechanical and others chemical. The different steps are grinding, defibering and
depolymerisation, refining and recovery of reclaiming oils.

1. Grinding

When natural rubber 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
c¢fficiency of SBR for the reclaiming agents and catalysts.

2. Defibering and depolymerisation

The use of caustic soda as a defibering agent for tire scrap was well established in
reclaiming industry. Since caustic soda has adverse effect on the plasticity of vulcanised
SBR, its use was abandoned later. The successive method was the use of a metal chloride
solution (Ca) as defibering 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 rubber reclaiming company 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
vuicanized scrap after the depolymerisation step with various fillers, softeners, and many
other compounding ingredients. Therefore the physical properties of the vulcanised
compounds could be improved considerably.
4, Recovery of reclaiming oils

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

from the reclaims during the release of pressure at the end of the devulcanising period.
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The vapours of these oils can be condensed and reused.
1.4.1.3. Testing of reclaim’ >

The testing of the reclaim is done by examination during the course of manufacture
and that of the finished product. The workability of the batches afier digesting, pan
treatment etc. i1s determined by milling and refining small 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 final effluents can help to remove suspended solids. Examination of finished reclaim is
to be done giving emphasis to three factors namely composition of the reclaim (especially
‘the rubber content, presence of synthetic, copper, manganese etc), physical condition of
unvulcanised reclaim (plasticity, colour, cleanliness, degree of tackiness, “body” and
“nerve”) and rate of cure/ageing characteristics.
1.4.1.4. Advantages and disadvantages of reclaimed rubber

Since,during mamufacture, the reclaimed rubber undergoes thorough plasticisation
and since it contains all the fillers in the original compound, 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 usuaily be 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 processability since it is less nervy than a new
rubber and hence it builds up less interpal heat in the calender bank. 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 time with less tack variations with climatic 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 UUS rubber consumption.
Another disadvantage is the lower scorch safety resulting from the faster curing process.

But altering the recipe of ingredients can properly contro! this.
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1.4.1.5. Selection of reclaim for various applications’*

The most important characteristics to be considered in the selection of reclaim for
various purposes are the following.
i. 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 affect 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 ete.
Peel reclaim (tire tread) in which filler is mainly channel or furnace 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 first quality tire treads.
1.4.2. Problems with reclaimed 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 antiozonants. 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 from 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.
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1.4.3. Reclaiming agents
Some of the active classes of reclairing agents are the following.
1. Phenol and alkyl sulphides and disulphides
These reclaiming agents are the most effective of all the four classes. They catalyse
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
weight polymer fragments even under mild conditions,
2. Aliphatic and aromatic mercaptans
The aromatic mercaptans are more effective 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 effective reclaiming agents with an advantage that their
activity does not depend on oxygen. Their efficiency is higher for non-sulphur cured
vulcanisates than sulphur cured ones.
4. Unsaturated compounds
One example in this class is coal tar or naphtha. Its fractional 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 Link’’. The process can

be represented as in Figure 1.9.

Sx + De Link Mﬁ- Sxx T 8x
<70 ¢C

Cvosslinked Rubber Reclaimed Rubber
Figure 1.9. Reclamation process using De Link

The process is very easy as it consists of the mastication of rubber rejects with De Link and
some other compounding ingredients such as virgin natural rubber and processing aids in a

two roll mull.



26

1.4.4. Ultrasonic devulcanisation

Another advancement in the field of recycling is the ultrasonic devulcanisation®.
Here, an ultrasonic field creates high frequency extension-contraction stresses. In the case
of ultrasonic devulcanisation of polymer solutions”, 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 al'®, Levin et al'” and Isayev et al %% The main
contributions from these works are the optimisation of conditionsof devulcanisation and
the achicvement 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 formed in US alone is 250 million tires per year. It is estimated that presently more
than 2.5 billion scrap tires are stockpiled in US'®. 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 from
the accumulation is that they provide ideal br&ding grounds for rats, insects mainly
mosquitoes. This is much more severe than what happens in natural habitats’. The main
environmental issue in burning and clearing this waste is environmental pollution, both
atmospheric and geological due to the formation of aromatic compounds such as benzene
and toluene. The presence of fillers, textile fibre, steel wire together with the tightly
crosslinked network in tires and its resilient nature, intensifies 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 the waste tires is by their size reduction, because proper recycling is possible by
this route only due to their resilient nature and shape. Due to the presence of a higher
content of textiles in passenger tires, their reprocessing is much more difficult than truck
tires. The methods for the size reduction are shredding, mechanical grinding2crysgrinding.
Most of the processes for the reuse of scrap tire involve its disintegration. Even though

severaj chemical processes for the recycling of scrap rubber was proposed, the main
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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 useful products. This involved the pyrolysis of scrap rubber at
500-900 ° C to get gases oils and a solid residue which mainly containdrecovered carbon
black and compounding ingredients. This resicue was found to be only weakly reinforcing.

Another possibility is the use of recycled tire rubber for the modification of asphalt®™

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

with the costs of conventional pavements may be offset by their much greater durability
and the resultant longer service life and the possibility of using thinner layers. Also, the
break down of tire waste to low molecular weight components'®’ by supercritical and
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 industrialisation and urbanisation have resulted in a
large-scale generation of waste. The solid waste management is becoming increasingly
difficult as traditional landfills are becoming scarce. The ever-increasing volume of
polymer waste is a severe problem deserving serious attention. Of this polymer waste, only
8-12 % is plastic while the rest lion’s share is elastomer waste. Tires whose life span has
ended constitute the major portion of this waste. The recycling 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
raw rubber consumption. This is due to the deterioration in technological properties''*''*.
In comparison with tire and other filled rubber wastes, scrap latex rejects such as gloves
and condom rejects are better potential candidates for recycling. This is because of the
huge rejection in the latex based industries (10-15% 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 India'” and of Malaysia''*'"" have

developed techniques to reclaim latex waste mainly gloves rejects. Reena et al. ''*"'*° also
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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

1. 118

by Reena et al. ", 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 crosslinking precursors and/or unreacted curatives in the latex reclaim.
An increase i 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 latex reclaim. Increase in crosslink density is
found to increase the hardness and modulus of the samples with a corresponding decrease
in elongation at break and compression set. The fractographic analysis also is supporting
the improvement in technological properties. Similar addition of latex reclaim in styrene
butadiene rubber’"® 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 latex
reclaim Joading of 60% and then they decreased. This 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 latex reclaim. An inverse relation
between restlience 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.'”®

. They observed that the viscosity decreased marginally on
the addition of latex reclaim while it is almost unaffected with the variation in shear rate.
The estimate of energy of activation revealed that the temperature sensitivity of the blends
is not affected with the addition of latex reclaim. Addition of upto 50 wt. % latex reclaim

is found to be producing smooth extrudates.
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In addition to the use of latex reclaim in virgin elastomers, efforts to modify the
material also are reported'?’. 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 chiorine 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 FTIR spectrum as well as the
thermogravimetric plots of the chlorinated latex reclaim and commercial chlorinated
natural rubber are found to be similar.

The conversion of latex foam and microcellular solid waste (natural rubber / high
styrene resins & NBR/PVC) to a processable form and their reuse in corresponding
microcellular soles is reported by Stitathakutty et al.'** As observed in earlier studies ''*
' 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 microcellular sheets. The presence’ of crosslinked latex
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 further loading of latex foam waste is found due to its poor
dispersion at higher loadings. Addition of NR/HSR microcrumb in NR/HSR microcellular
sole also produced similar results. Addition of modified NR/HSR microcrumb [using
ZMBT (zinc salt of mercaptobenzothiazole) and parafinic 0il] increased the expansion of
microcellular sheets compared to the addition of unmodified crumb. Compression set is
found to be only marginally affected with the addition of modified and autoclaved
microcrumb. Addition of NBR/PVC microcrumb into NBR/PVC 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.

The development of blends based on modified latex waste (thread and glove
wastes) and polyethylene (LDPE) is carried out by Rajalekshmi et al. '’. The tensile

strength, tear strength, hardness and Young’s modulus of the developed blends are found
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to be comparable to that of LDPE/rubber blends. In these novel blends, the elastomer
phase remained as dispersed and less deformed particles. Lower elongation at break is
observed for LDPE/ thread and glove waste compositions compared to LDPE/virgin
rubber. Impact strength values of more 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 molecular breakdown occurred during the processing of the
waste material caused lower viscosity of the blends. At lower shear rate, the surface of 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 clear that a number of works have been carried
out in the use of latex waste such thread waste, gloves waste and other microcellular
wastes. Even though tire rejects, gloves 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 from
the earlier results reported so far for tire rejects as well as latex reclaim. This means that
there is a gap in the knowledge regarding the performance of powdered latex rejects in
other elastomers and plastics. This study is aimed to fill this gap noted in the field of
polymer recycling. Therefore, it is clear that a systematic study based on the efficient
utilisation of waste condom rejects, as filler in elastomers and plastics deserves much
importance. The results of such a study 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, curing, mechanical and swelling behaviour of increasing loading
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and particle size of prophylactics filler 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 (ENR-25) describing the influence of both particle size
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 and mechanical aspects of the prophylactics filled ENR-
50 vulcanisates and use of dynamic mechanical aspects as a tool for the determination of
distribution of particulate filler arnong the phases. In chapter 7, the influence of
prophylactics filler loading on the curing, mechanical and swelling resistance of ethylene
propylene diene rubber (EPDM) is investigated, giving emphasis to the effect of
temperature. In chapter 8, the effectiveness of the prophylactics filler 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. The tenth chapter

is 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 characteristics/properties of the various raw materials 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 codes 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 ete. are also provided. In tﬁe case of some special experiments which are

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



CHAPTER 2
MATERIALS AND EXPERIMENTAL DETAILS

2.1 Materials
2.1.1. Styrene butadiene rubber (SER)

Styrene butadiene rubber (Synaprene 1502) is a copolymer of styrene and
butadiene produced by emulsion polymerisation using free radical catalysts. It was
obtained from Synthetics and Chemicals Ltd.,Bareilly,U.P., India. The basic characteristics
of SBR are given in Table 2.1.

" Table 2.1.Basic characteristics of SBR used

Ingredients Percentage
Styrene 21.5-25.5
Volatile matter (max) 0.75
Soap {max) 0.7
Ash (max) 0.5
Antioxidant 0.5-1.5
Cis-1,4 18
Trans-1,4 65
1,2(vinyl) _ 17

2.1.2. Natural rubber prophylactics filler

Natural rubber prophylactics filler was prepared from condom rejects which was
obtained from Hindustan Latex Ltd., Thiruvananthapuram, Kerala, India. The basic
characteristics of prophylactics filler are given in Table 2.2.

Table 2.2.Basic characteristics of prophylactics waste material

Property Value

Colour Light pink / yellow
Glass transition -63

temperature, "C ]
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Preparation of NR prophylactics filler

The ground vulcanisate preparation was done in a fast rotating toothed wheel mill.
The advantage of this technique was the ability to obtain a fine elastic rubber powder.
unlike cryoground rubber (CGR) which is stiff . Therefore CGR will not permit easy
diftusion of curatives into it. The powder rubber was found to be polydispersed in particle
size. It was then sieved into four different particle sizes, ranging from 0.3-0.5 mm (size 1
or S1), 0.6 - 0.9 mm (size 2 or S2), 1.7 - 2.5 mm (size 3 or $3) and 9-11 mm (size 4 or
- 54). A mill-sheeted form (M) of the latex rejects also was prepared by the repeated
passing of the rejects through a hot two-roll mill at tight nip.

2.1.3. Natural rubber (NR)

Natural rubber (ISNR 5) was supplied by the Rubber Research Institute of India,
Kottayam, Kerala, India. Approximate composition and basic characteristics of ISNR-5
are given in Table 2.3 and 2.4.

Table 2.3. Approximate composition of ISNR-5 used

ISNR-5 % / mass
Dirt Content (max) 0.04
Volatile Matter (max) 0.3
Nitrogen (max) 0.3
Ash (max) 0.4
Initial Plasticity (Py) (min) 45
Plasticity Retention Index (PRI) | 75
(min)
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Table 2.4. Basic characteristics of ISNR-5

Properties ISNR-5
Specific gravity, gm/ce 0.93
Glass transition temperature, ° C -75
Solubility parameter, 8.25
cal’® / em™?
Resilience, at 20° C 4
at 100" C 4
Tensile strength, gum 3
reinforced 4
Dielectric properties 3
| Bonding to substrates 3
Resistance to gas permeation 2
Tear resistance 3
Resistance to cutting and cut 3

growth

Resistance to flexing and fatigue

Heat resistance

Flame resistance

Ozone resistance

Environmental resistance

Resistance to acids
aqueous

aliphatic

aromatic

animal and vegetable oils
oxygenated organics

M._a.-—._.wmt})--mmw
{ad

-3

I —poor 2- moderate 3- good 4- outstanding

2.1.4. Epoxidised natural rubber (ENR)

The epoxidised natural rubber samples used were ENR-25 and ENR-50, supplied
by Malaysian Rubber Research Bureau, Malaysia. A comparison of their general

properties is given in Table 2.5,



Table 2.5. General properties of ENR used

—Propertym'

| Normalised unit

ENR-25 | ENR-50

Epoxide level, mole % 25+-2 50+-2
Glass transition temperature °C | -47 -24
Density, gm /cc 0.97 1.02
Solubility parameter, 17.4 18.2

)" o
Lovibond colour 4.5 3.5
Protein level, * mg/g rubber 0.0008 | 0.0008
Latex protein activity,’ 244 2-4

a. Lowry method used.
b. RAST method.

2.1.5. Ethylene propylene diene rubber (EPDM)

42

Ethylene propylene diene rubber (Roylene® 521) was manufactured and supplied

| by Urniroyal, USA. The characteristic properties are given in Table 2.6.
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Table 2.6. General characteristics of EPDM rubber used

Properties EPDM
Specific gravity, gm/cc 0.86
Glass transition temperature, ° C -58
Solubility parameter, 8
cal”? / em’™”
Resilience, at 20° C 3
at 100° C 3
Tensile strength, gum 1
veinforced - 3
Dielectric properties 3
| Bonding to substrates 2
Resistance to gas permeation 2
Tear resistance 2
Resistance to cutting and cut 2

growth

Resistance to flexing and fatigue

Heat resistance

Flame resistance

Ozone resistance

Environmental resistance

Resistance to acids
aqueous

aliphatic

aromatic

animal and vegetable oils
oxygenated organics

et e e e | | e | e [l L

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

2.1.6. Polystyrene (PS)

Polystyrene used for the present study was Polystron 678 St-1, (crystal grade) and
was mamufactured and supplied by Polychem Ltd, India. The characteristic propertics are

given in Table 2.7,



Table 2.7. General characteristics of Polystyrene used

Property Value
MFI (g/10 min) 15
Density, g/cm’ 1.05
Softening point, ° C 100

Elongation at break, % | 9

| Tensile strength, MPa 34

Youngs’s modulus, MPa | 390

2.1.7. Polypropylene (PP)

Polypropylene used for the present study was Stamylan P 13 E 10 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

Property Value

MFI (g/10 min) | 6

Density, g/em’ | 0.91

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

2.1.9. Chemicals and fillers

All the chemicals used for the preparation of rubber compounds were of industrial
purity. Cetyl trimethyl ammonium bromide (CTAB), sodium hydroxide, dicumyl peroxide
(40% active) (DCP), zinc oxide, stearic acid, N-cyclohexyl-2-benzothiazyl sulphenamide
(CBS), mercaptobenzthiazyl sulphenamide (MBTS), 2,2,4-trimethyl -1,2-dihydroquinoline
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(TDQ), maleic anhydride, dimethylol phenol, processing aid (aromatic oil), stannous
chioride and sulphur were of commercial grade. De Link used for reclamation was

obtained from STI-K polymers (India) Pvt. L.td, Mumbai, India.

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

and marble powder also were of comunercial grade.

2.2. Methods
2.2.1. Preparation of polymer blends

The mixing of matrix polymer with the compounding ingredients as well as
polymeric inclusions was carried out at room temperature on a laboratory size two roll
mixing mili (15 em x 30 em) at a friction ratio of 1:1.5 as per ASTM D-3182-74 by
carefuily controlling the temperature, nip gap, time of mixing, and uniformity of cutting
operations’. 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 filier

The surface epoxidation’ of prophylactics filler at room temperature was carried
out by using performic acid formed from a mixture of formic 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. The reaction can be represented as given below.

CH3,
_ s 30°¢C CH, —(l_‘.\——:/CH—CH,_—
CH, —C =CH -CH, 1 H,0,+HCOOH ’ 0

Scheme 2.1 Epoxidation reaction
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Table 2.9. Details of epoxidation

Concentration of epoxidation Time of reaction
reagent (H,0; + HCOOH)

Variable | Variable

10-30 % 0-144 h

ic., L.,

10 % solution, 20 % solutionand | 0, 0.5, 1, 2,

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 Wawrzyniewics’ and later developed by Joshi et.al.’ A slurry of prophylactics filler in
toluene was stirred in the presence of chloroform and alkali (50%) in the presence of a
phase transfer catalyst CTAB at room temperature. Finally, the mixture was washed with
slightly warm distilled water until it is free of chlorine. Then the prophyiactics filler was
dried in vacuum oven. The modification was monitored (Table 2.10} by withdrawing a
certain amount of reaction mixture at different intervals of time and analysing it for
chlorine content.

The reaction can be represented as given below,

o
30°¢ ~CH,-C-— CH-CH
!CH3 CHCB/NQOH/CW? ’ \/Cx/ 2
CH,-C=CH-CH, o c

Scheme 2.2. Dichlorocarbene modification
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Table 2.10. Sample codes of dichlorecarbene modification

TTime of i-eaction, Code
h

o " Tco

> o
. _r |

4 C2
2 &
e vt
48 cs |
JRP P I

72 Cé
]

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 of highly active chemicals which can sever sulphur
crosslinks at ambient temperature, without the assistance of pressure. The process can be
carried out using simple standard rubber mixing machines which provide the necessary
mechanical shearing action. The final reclaimed material obtained from De Link
reclamation is called De Vulk which can be revulcanised easily without even adding any
sulphur. The recommended recipe for De Link reclamation is given in Table 2.11 and the

reaction can be represented as shown in Scheme 2.3,
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Table. 2.11. Reclamation recipe

Material Control, phr

NR Prophylactics | 100

De Link 6

Processing Aid 2

Premasticated NR | 6

Total (De Vulk) | 114

Sx + De Link Shear - % SxN T Sn
<709C  }

crosslinked delinked
prophylactics prophylactics
rejects 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 [70° 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.
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Table 2.12. Recipe for maleic anhydride modification

L

Material Control, php
Polypropylene 100
Maleic anhydride | 5
Antioxidant (TDQ) [ 1

L.Dicumyl peroxide |3

(php-parts per hundred plastic]

+CH, CH-} [[ o

PP

- fon 8,
| CH3 (

PP-g-MA

Scheme 2.4. Maleic anhydride modification of polypropylene

2.2.6. Preparation 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

|_l)| methylol phenol

\tannous chloride

Material Control, php
| Polypropylene 100
4

i [php-p?rts per hundred plastic]
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OH ,H,C_~_CH,OH
HOCH,_@,CH;OH |

SnClo

R

DIMETHYLOL PHENOL QUINONE METHIDE

H3C\ /C_

C H,C R OH
~. + ———PP-CH CH,—OH

CH,OH iy

PP QUINONE METHIDE 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 maximum
torquc in rheographs at 150°C. The minimum torque (M,) in rheograph was taken as the
minimum viscosity or torque. The maximum torque (Ms) in rheographs was presented as
the maximum viscosity or torque and is a direct measure of the crosslink density in the
cured sample. These were measured using a Monsanto Rheometer model R-100 at 150° C.

The cure characteristics also were determined using a Monsanto Rheometer model
R-100. Optimum cure time (tey) is the time corresponding to the development of 90% of

maximum torque. It was calculated using the equation,



51

(My-M,) 90
tog = +M, 2.1
100

where M, and M, are the maximum and minimum rheometric torque respectively.
Rheometric scorch time (t;) is the time required for the torque value to increase by
two units above the minimum torque at 150°C. It is a measure of the scorch safety of the
rubber compound. Rheometric induction time (t;) is the time required for the torque value
to increase by one unit above the minimum torque at 150°C.
Cure reaction kinetics
The fastness of the curing reaction was analysed by measuring two parameters,
cure rate index (CRI) and cure reaction rate constant.

100
CRI = ——— (2.2)
tog - 12 '

The kinetics of vulcanisation was studied from these rheographs by the method® given
below.

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

In (a-x) = kt + Ina (2.3)
where a = mitial 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

(ax) = M.-M, (2.4)
a = My,-M, (2.5)
M, = Maximum rheometric toque
M, = Minimum rheometric torque

M, = Rheometric torque at time t



So the equation is
In (M-M) = -kt+In (Ma-My) (2.6)
This equation is of the general form of a straight line. Therefore, if a plot of In (My-M,)
verses time t is a straight-line graph, it means that the cure reaction follows first order
kinetics. The cure reaction rate constant (k) can be directly obtained from the slope ot the
respective straight lines.
The energy of activation E, of curing can be determined using the Arrhenius

equation given below.

k = A Cxp (“' E act J” RT) (2.7]
E act
logk = logA - ——— (2.8)
2.303 RT

where A is the Arrhenius constant, E ., the activation energy, R, universal gas constant
and T, the absolute temperature.
2.3.2. Vulcanisation

Vulcanization to optimum cure was carried out in a hydraulic press at 150"C and
at a pressure of 45 Kg / em’ on the mold.
2.3.3. Mechanical property characterisation

Stress-strain data of the vulcanisates were determined using an Instron Unjversal
Testing Machine, with dumb-bell shaped test pieces’. 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 mm/min and the results
were averaged. The stress-strain data thus obtained was also used to calculate vy, the
physical crosslinks.
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 modulus was taken as the force for a particular elongation.
Tensile strength and elongation at break were determined according to ASTM [D412-92.
Young’s moduius, secant moduius and tensile strength were reported in MPa und

elongation at break, in percentage.
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Tear resistance

Tear resistance® of the samples was tested as per ASTM-I)-624-81, using unnicked
90° angle test specimens punched out from molded sheets, along the mill grain direction.
This test also was carried out on an Instron Universal Testing Machine, at a crosshead

speed of 500 mm per minute. The tear strength is reported in kN/m.

Hardness

Hardness’ of the samples was measured according to ASTM [)-2240-81 using an

IRHD hardness tester.

" Impact strength determination

Impact strength of the samples were determined on a Ceast Impact Tester (Model

6545/000) using rectangular pieces of diamension 5 x 0.5 x 0.5 cm’.

Dynamic mechanical properties

The dynamic mechanical properties of the blends were measuréd using a dynamic
mechanical analyzer, DMTA, MK I (Polymer Laboratoriecs, Laboratory of
Macromolecular Structural Chemistry, Heveriee, Belgium) consisting of a temperature
programmer and a controller. Samples of dimension 5 x 0.5 x 0.5 em’ 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 dynamic moduli (both storage and loss) and damping of
the specimen under oscillatory load as a function of temperature. The experiment was
conducted at a dynamic strain of 4 % at frequencies 0.1 to 100 Hz. Liquid nitrogen was
used to achieve sub ambient temperature and a programmed temperature range of — 80 to
+ 30 °C starting from the lower temperature to the higher one on a given sample.
Mechanical loss factor tan & and the dynamic moduli (E’ and E") were calculated with a
microcomputer. Glass transition temperature of the samples aiso were obtained m this

work from E’’-temperature plots.

The activation energy E.. for the glass transition of the samples can be calculated
using the Arrhenius equation given below.

f =1 exp (-Eae / RT) (2.9)
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where fis the experimental frequency, f, is the frequency at T tends to infinity, and T 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 content 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 ml 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

ViNx0.1
Epoxy value = (2.10)
2xW
Estimation of chlorine content

This analysis was carried out in the elemental analysis lab of Department of
Chemistry, National Umiversity of Singapore, Singapore.
2.3.5. Spectroscopic studies
Fourier Transform Infrared Analysis

IR spectra of samples were recorded with a Shimadzu—8101 M Fourier transform
infrared 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 diffraction 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 differential scanning calorimeter (DSC)

and a thermogravimetric analyser with simultaneous difference temperature (TGA-SDT).
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Differential scanning calorimeter

Direct calorimetric measurements, characterisation and analysis of thermal
properties of the sample were made using a DSC instrument DSC 2920 series differential
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/em’ to

attain a flow rate of about 25 ml/min. Scanning rate was 20°C/min.

Thermogravimetry

A thermogravimetric analyser with facility 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 difference in
temperature between sample and reference pans (SDT) as a function of temperature or
time. It was programmed from an initial to final temperature and measured the weight
change resulting from chemical reaction, decomposition, solvent and watér 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 1000°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% oxygen) or
nitrogen so as to study the oxidation, buming 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 all 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.
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o Water drop

-

Sample

Figure 2.1. Determination of contact angle by sessile drop method
2.3.8. Ageing studies
In order to analyze the éging resistance of the samples, dumbbells were kept in an
air oven at 100°C 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 fracture
surfaces were carcfully cut from the failed test specimens without toucﬁing 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 fracture pattern when the SEM observations were made one month after

gold coating'®.

2.3.10. Swelling studies

Equilibrium swelling'' studies were carried out in toluene to analyze the swelling
resistance of the gum and filled samples. Circular samples of 2 cm diameter were allowed
to swell in toluene at 28°C until equilibrium was reached. In order to analyze the extent of
swelling, of gum and filled elastomer vu]canisﬁtes, swelling index and swelling coefficient’”
{a) values were caiculated, using equations given below.

(Wa-wi)
Swelling index (%) = ——— x 100 (2.11)
W

where w, = [nitial weight of the sample
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Wy = Final or swollen weight of the sample.
A 1
Swelling coefficient & = — x — (2.12)
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 fraction of rubber in the solvent swollen sample was calculated by the method

reported by Ellis and Welding'” as;

d-fw)p.
Vg = A (2.13)
(d-fw) p '+ As !
A = Solvent uptake of the sample
pr = Density of rubber
ps = Density of solvent (toluene)
w = Initial weight of the sample
d = Deswollen weight of the sample
f = Volume fraction of filler in rubber.

Diffusion, sorption and permeation coefficients
The mol % uptake was calculated using the equation;
M, (m)/M; (m) x 100

Q= ' (2.14)
M (s)

where M, (m) is the mass of solvent at a given time.
M, (m) is the molecular weight of the solvent
M; (s) is the initial weight of the specimen.
At equilibrium swelling, Q, was taken as Q, the mol % uptake at infinite time.
The mechanism of penetrant transport into the elastomer network was anatysed n

terms of the empirical relation’*
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Q .
log — = logk + nlogt (2.15)
Qo
where Q. is the mol % uptake at time t, and 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 chains. 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 between 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 linear regression considering only the data upto 50%.
sorption.

The effective diffusivity'®, D of the elastomer-solvent system was calculated from
the initial linear portion of the sorption curves using the equation given below.

hg?

D = g (2.16)

4 Qa

where 6 is the slope of the initial linear portion of the sorption curve
h, the thickness of the polymer sample |
Q. the equilibrium mol % uptake.
If there is extensive swelling for the samples, correction to diffusion coefficients are

necessary by calculating the intrinsic diffusion coefficients'®, D* which is given by:

D
D* = (2.17)
Another parameter called sorption coefficient'” which was calculated from the equilibrium
swelling using the relation
M,
g = —— (2.18)
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‘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 infinite 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=DS (2.19)

The molar equilibrium sorption constant Ks, which is defined by Hung'® as

No. of moles of solvent sorbed at equilibrium
Ks = (2.20)
Mass of polymer sample

also can be calculated.
Sorption kinetics

In the case of a polymeric network, extensively being swollen by a penetrant, the
diffusion process is characterized by linear kinetics. According to Thomas and Windle'"?, a
thermodynamic swelling stress is exerted by the penetrant on the polyiner network which
therefore undergoes time dependant mechanical deformation. But in the early stages of
swelling this deformation is prevented® to some extent by the undeformed and unswollen
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 equilibrium
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 outside the
polymeric materials.”’ Consequentiy, since this can be related to the concentration of the

penetrant in the polymer, the first order kinetic equations given below can be used.

dc
— = k(Ce- G (2.21)
dt

Ce
kit = 2.303 log

(2.22)
Ca- G
First order rate constant values (k) obtained from a plot of log (C - C;) verses time t will

be a measure of the speed with which the polymer chain segments and penetrant molecules

exchange their positions.
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2.3.11. Assessment of filler-matrix adhesion

Filler/matrix adhesion was analyséd by usiﬁg three previously established equations
called Kraus®™, Cunneen- Russell®® and Lorenz-park®®.
Kraus equation is given by;

A f

= l_m.__

o« Vg 1-f (2.23)

where V= volume of rubber in solvent swollen unfilled sample
Vi

Volume fraction of rubber in solvent swollen filled sample
f = volume fraction of filler.
This equation is of the general form of a straight line.
So a plot of Vio/Vs as a function of f/1-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 filler also was determined from the slope using the relation;

C =m- Ve, + 173(1 - V'™ (2.24)
Filler/matrix adhesion was also analysed by Cunneen — Russell”’ equation. The equation is
given by;

Vol Vi= ae “+b (2.25)

where V,,, V,rare same as explained earlier, z is the weight fraction of the filler, ‘a’ and ‘b’
are constants which depends on filler activity. High values of ‘a’ and ‘b’ indicate strong
polymer/filler adhesion.

The Lorenz-Park equation® is

Q/Q, = acZ+hb (2.26)
where Q is defined as the amount of solvent absorbed / gm of rubber and is given by

Swollen weight - dried weight
Q = (2.27)
Original weight x 100 / formula weight

The subscript f and g refer to filled and gum vulcanisates respectively; z is the weight

fraction of the filler. As described earlier, a plot of Q¢/ Q, versus e"Z must give a straight

line with slope ‘a’ and y intercept ‘b’, which can indicate the polymer-filler interaction.
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2.3.12. Crosslink density determination

(a). From mechanical property measurements

The extent of physical crosslinks in an elastomer vulcanisate was detrmined by the

use of Mooney-Rivlin equation®.
F=2A AN +22C) (2.28)

where F 1s the extension force required to stretch a piece of rubber vulcanisate of cross-
section area Ay, to an extension ratio A. A plot of F/2Ag (A-3"') versus A" gives a straight
line whose A intercept C,, was directly related to the physically effective crosslink density

(Oonys) by the equation,
Cl = erT aphys (2.29)
(b). From swelling measurement

The crosslink density of the samples was determined by the swelling methed. The
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.

- Vs (V) ?

M. = | (2.30)
In (1-Vi) + Vi + x Vi

where M. = molecular weight of polymer between two crosslinks
pr = density of polymer, V, = molar volume of solvent

V, = volume fraction of polymer in swollen mass was calculated by the method of

Ellis and Welding'® given earlier.

From molecular weight between crosslinks M., the crosslink density & was calculated
using the following equation.

0 =1/2M; (2.31)
(c). From dynamic mechanical analysis

Since the storage modulus in dynamic mechanical analysis (DMA) measurements is
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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 rubber elasticity’®, the crosslink density nk’, for a
tetrafunctional network can be calculated according to the equation.

ng: = Br'/ 6 RT (2.32)

where Er’ is the dynamic storage modulus of the rubber measured from the rubbery

plateau region, R is the universal gas constant and T, the temperature in Kelvin.

2.3.13. Sulfur migration studies

THREE LAYRR MODEL.
1.GUM MATRIX
2 NR LATEX WASTE
3. AULIMINTUM FOfL
DIMENSIONS OF THE SAMPLE
' LENGTH (o) [SEEADTHAm {o)
(. GUM Mt W g 02
R LKTEX WASTE 11 ] oL
ALUMINEUM FOSL. ] 1 0,004
1

Figdre 2.2. Three layer model specimen

The sulfur migration phenomena ‘which occured between the matrix and the filler
phase was studied using a thrée layer model’” (Figure 2.2) system. It consisted of three
layers, one layer of NR latex waste (all sizesl, 2, 3, 4 and M were tried) was sandwiched
between two layers of gum elastomer matrix compounds. In one half of the specimen. the
outer gum matrix layers were separated from the inner latex waste layer by using

aluminum foils (non contact surface, NCS) and in the other half, aluminum toil was
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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 swelling the samples taken from the
contact and non-contact regions. If sulfur migration occurs from outer gum elastomer
layers to middle NR prophylactics waste layer, the crosslink density at the contact surface
will be increased at the expense of the outer layers.

2.3.1.4. Melt Rheological Analysis

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 hardencd 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 L / 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 % 1 ° C. The barrel was elcctrically
heated and the crosshead speed could be varied in the range of 0.06 — 20 ¢ min™'. About
8-10 gms of the test sample was put in to the barrel of the capillary rheometer and forced
down to the capillary by the plunger. After a warming up period of 5 min, the sample was
extruded through the capillary at different speeds given above. Forces corresponding to
each plunger speed was measured by the pressure transducer attached to the plunger and
were recorded using a strip chart recorder assembly.

The force and crosshead speed were coaverted to apparent shear stress (3.) and
shear rate (y,) at the wall respectively using the equations given below, which involves

geometry of the capillary and plunger.

F
3, = (2.33)
48, (L/d)
3+ 1 12Q
Yw = (2.34)

4n’ nd
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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 capillary, 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 = (2.35)
d (log Ywa)

where .. iS the apparent shear rate at the wall calculated from the equation

32Q
fwa = (2.36)
nd.’

The shear viscosity was calculated as

n= T (2.37)
¥ w
30’ +1 /4’ 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 diffraction studies of the samples were carried out using a Siemens D 5005 X-ray

diffractometer 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 rubber prophylactics waste as filler in
styrene butadiene rubber compounds. Natural rubber prophylactics waste has been ground in
a toothed wheel mill to get a rubber powder polydispersed in size. This has been sieved and
separated into four different fractions. A mill-sheeted form of natural rubber prophylactics
has also been prepared using a two-roll mill. All the fractions from size i to 4 have been
characterised by scanning 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 been carried out
using a conventional vulcanisation system. Curing characteristics of the styrene butadiene
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 unreacted accelerator
in natural rubber prophylactics rejects causing such an observation has been identified. Good
improvement in tﬁe tensile as well as tear strengths of the vulcanisates has been noted with
increasing concentration of prophylactics filler, the effect being greater in the case of large
sized fillers for tensile strength and smaller fillers for tear strength. The comparatively better
performance of large sized fillers and mill-sheeted form of the prophylactics filler has been
supported by swelling index, cross-link density values, Kraus, Cunneem-Russell equations as
well as scanning electron fractography. As in the case of particulate filled elastomers, natural

rubber prophylactics filler particles have been observed as phase separated entities.



CHAPTER 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'?. Even though the use of reclaimed rubber 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 NR prophylactics rejects have
recently become a focus of attention because of the lightly crosslinked and high quality
nature of the rubber hydrocarbon.
Scientists have conducted several experiments on

(1) various recycling techniques '
(2) characterisation of rubber crumbs **

The interface of rubber crumbs/polymer matrix has been extensively studied by Fujinoto
et al’® In addition to these, Acetta and Vergnaud *'° tried to upgrade scrap rubber
powder by vulcanisation without new rubber. Phadke et al '12 studied the mechanical
properties and rheological behaviour of cryoground rubber-natural rubber blends.
Similarly, the recycling of cheap packaging waste has been done by Karlsson and
Albertsson.” The chemical recycling of waste saturated polyesters and urethane polymers
to gel raw materials for the product.ion of polyurethanes has been carried out by Kacperski
and Spvchaj."*The conversion of tire waste using subecritical and supercritical water
oxidation has been performed by Park et al.'’ Slightly differing from this approach,
Kawser and Farid'® conducted the thermochemical processing of rubber waste to liquid
fuel. Catalytic degradation of different polymers'’ and copyrolysis of waste polymers with

coal'® also has been reported in the literature. Even though a large number of studies have
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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 NR prophylactics
rejects into a processable form and to reuse them as filler in styrene butadiene rubber
(SBR). Emphasis was given to understand the influence of both particle size and loading
of NR prophylactics filler on the cure characteristics and 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—matrix interface adhesion were analysed using scanning electron microscopy (SEM).
3.1 Results and discussions
The compounding recipe used for the study is given in Table 3.1.

Table 3.1.Basic formulation

Material Control, phr

SBR 100

Zinc oxide 5

Stearic acid 2

CBS 1

TDQ 1

Sulphur 2.2

Prophylactics filler J Variable (0, 10,20,30 and 40)

3.1.1. Physical Characteristics of Ground NR Prophylactics Waste
(a) Particle Morphology
Figure 3.1 represents the SEM photograph of the NR prophylactics filler particles

(sizel) used in the present work. The particles are with rough surface.
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Figure 3.1. SEM photograph of NR prophylactics waste particles (size 1;
Magnification X 60)

(b) Particle size distribution _
The photograph of the NR prophylactics waste filler of different particle sizes and

the mill-sheeted form used in this study is presented in Figure 3.2.

Jioure 3. 2. Photograph of various particles sizes and the mill sheeted form of
prophylactics filler
[ from left top to right - size 1, size 2, and size 3]

[from left bottom to right "~ size 4 and mill sheeted form]
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It is clear from the photograph that as we move from size 1 to size 4, particle size
increased. Since it is possible for particles of somewhat larger diameter also 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 from size | 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
vulcanisates'®. According to the theoretical treatment by Wu®®, 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 moduli.”' It can be
seen that generally ‘p’ decreases from size 1 to 4 eventhough the value for size 3 is shightly
higher than that of size 2. The specific gravity of the NR prophylactics waste filler is
1.1529.
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Figure 3.3. Particle size distribution curves



Table 3.2. Particle size data
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3.1.2 Processing Characteristics

Particle Average Most Number Weight | Sh-ap"em o
size size frequent average average factor
mm size range, | diameter diameter P
- mm Ln Lw - - - — e
Size 1 0.5 0.3-0.5 0.401 0.489 2.2951
Sizc 2 1.05 0.6-0.9 0.961 1.083 2.0067 |
Size 3 1.9 T M2s 211 234 121667 |
Size 4 10 9-11 1710.09 1072 |1es13 |

The processing characteristics of the compounds are shown in FiZzres 3.4 (0 3.8. The

variation of optimum cure time (time for attaining 90% of maximum torque), scorch time

(premature vulcanisation time) and induction time (time for the start of vulcanisation

process) are presented in Figures 3.4, 3.5 and 3.6 respectively.

Optimum cure time, min

28-]
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G- 62
T T T T
10 20 30 40

Prophylactics loading, phr

Figures 3.4. Variation of optimum cure time of NBR compounds with particle size

and loading of filier.
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Figures 3.5. Variation of scorch time of SBR compounds with particle size and
loading of filler

A considerable 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 normally is ZDEC, 1.e., zinc
diethyldithiocarbamate having the structure given below.

Et

Et
\ N S Zn S C N /
1 [

S Et

[ p el g

Some of this accelerator will remain unreacted after 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 (- CH2-CH3) and that at
700- 600 cm™' is due to C-$ stretch. The C= § stretch is clearly visible at 1250-1020 cm’
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range and the peak at 2820-2760 cm™' confirms the presence of N-CH2 group in the

compoungd.

[nduction time. min
L

T r T A ' T
0 1o 20 30 40
Prophylactics loadiag, phr
Figures 3.6, Variation of induction time of SBR compounds with particle size and

loading of filler
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Figure 3.7.1R spectrum of unreacted accelerator
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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 time and induction time. The decrease in optimum cure time is
minimum for SBR filled with size 2 filler and maximum for SBR filled with size mill
sheeted form. The 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 (My-M;) 1s plotted against t,
to get a straight line graph as shown in Figure 3.8, which proves that the cure reaction
tollows first 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 filier 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 mill-

sheeted form of the filler. Some unexpectedly low values of k also are noted in Table 3.3.

3.6 [_._ Gum —-e- 10 phr - &— 20 phr ‘
] w—- 30 ph * 40 phr !
3240 phr P ~
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Figure 3.8. Plots of In (M-M,) Vs. time (min) of gum and filled (size 1) SBR

compounds



Table 3.3. Rate constant and modulus values

___.._‘

‘\
7
«
'

SBR compound Cure reaction m; Modulus at 300 %
| rate constant, K modulus | elongation
min’' MPa MPa
Gum SBR 018° oo 003" s 002 ;
Size | filler
\ 10 phr 0.21 1 0.91
% 20 phr 0.22 1 % 0.88
| 30 phr 0.24 1 090 sb o-o!
40 phr 0.28 0.77 59 | 0.97
Size 2 filler |
10 phr 0.23 1 0.92
20 phr 029 5s5b o-02 1 0.79
30 phr 0.24 | 0.79
40 phr 0.25 1 086 b 0-0L
Size 3 filler i B
10 phr 0.24 i 0.91
20 phr 0.25 sb 0.0t 1 .88
| 30 phr 0.24 1 0.86
40 phr 0.34 0.85 0.95 50 ©6:05
Size 4 filler T -
10 phr 0.20 1 l| 0.79
20} phr 0.26 sp 0-0l 0.80 0.78
30 phr 0.23 s 6.0 0.80 (0.86 sb ©-05
40 phr 0.30 0.70 0.70
Mill sheeted form | T I
10 phr 0.36 1 | 0.94
20 phr 0.37 0.85 | 0.92
}30 phr 033 b o0.02 |0.80 |lo.37
| 40 phr 0.42 0.80 | 0.95
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3.1.3. Mechanical properties

Figure 3.9 represents the stress-strain curves of the gum and filled (size 1 filler}
SBR compounds. The stress-strain behaviour of filled SBR vulcanisate is controlled by the
characteristics of the filler and the matrix. The deformation behaviour seen from 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. This behaviour is

typical of vulcanised low strength materials.

§ e I o e .
—&— Gum —e— 10 phr —a&— 20 phr
—w— 30 phr —a— 40 phr

Stress, MPa

0 v

T v 1 v ] T 1 T hl Al s
0 200 400 600 800 1000 1200

Strain, %

Figure 3.9. Stress — strain curves of the gum and filled (size 1) SBR vulcanisates

The Young’s modulus values are shown in Table 3.3, They are found to be
unaifected at lower loadings of the filler, while a slight decrease is observed at higher
Joadings for most of the cases. The modulus at 300 % elongation presented in Table 3.3,
decreases upto 30 phr and then increases slightly for 40 phr filler loading. Some
unexpectedly low values of secant modulus also are noted in Table 3.3.

A remarkable increase in tensile strength is observed with increasing filler loading

as shown in Figure 3.10. This points out the fact that NR prophylactics waste filler has
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some reinforcing effect in SBR matrix. This reinforcing effect observed with increasing
loadings of NR prophylactics is due to the strain crystallisation behaviour of crosslinked
NR prophylactics filler. In a weak matrix like SBR, NR prophylactics filler is found to

retain its strain crystallising nature even if it is in the form of a fine filler.
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Figure 3.10. Effect of the size and loading of filler on the tensile strength of SBR
| vulcanisates
But contrary to the usual behaviour of fine filler being more reinforcing, here the largest
size (size 4) and mill sheeted form show relatively good tensile properties. This is due to
the sulphur diffusion phenomena noted here and reported earlier in similar systems””. For
the fine filler (sizel), the contact surface area with SBR matrix is more. This can lead to
an increase in sulphur migration from matrix to filler phase. Enhanced sulphur migration
weakens crosslinks in the matrix and therefore the tensile properties which were expected
to be superior for size 1 filler actually becomes inferior. The extent of sulphur migration is
controlled not only by the particie size of the filler but also by the degree of polysulphidic

linkages in the filler. T'he degree of polysulphidic linkages in the filler has a direct relation
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with the extent of sulphur migration *, Mill sheeted form of the NR prophylactics waste
filler is prepared by the repeated passing of the waste through a two-roll mill. This leads to
substantial breakdown of polysulphidic linkages 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.

The tear strength of SBR vulcanisates (Figure 3.11) also shows an increase with
increasing loading of filler. Among the filler sizes used, smaller sizes sizel, 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

smaller size of prophylactics filler (size 1, 2 etc.) compared with larger sizes.
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Figure 3.11. Effect of the size and loading of filler on the tear strength of SBR

vulcanisates
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The effect of filler loading on IRHD hardness is shown in Figure 3.12. The
observed decrease in IRHD hardness with increasing filler loading is due to the decrease in
crosslink density. 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.
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Figure 3.12. Effect of the size and loading of filler on the hardness (IRHD) of SBR
vulcanisates

3.1.4. Swelling index and crosslink density determination

Swelling index values represent the swelling resistance of the rubber vulcanisafe.
The swelling index values are shown in Table 3.4, The value obtained for gum SBR
compound is lower than that of any other filled system. This indicates that the gum
compound has more resistance to swelling than the filled SBR compounds. This
observation points to the decrease in crosslink density in filled compounds. With
increasing filler loading, swelling index values are found to be increasing, but the increase

1s not always uniform. For a fixed filler loading, the value is minimum for SBR compound

filled with mill-sheeted form of the filler.
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Table 3.4. Effect of the size and loading of prophylactics filler on the swelling index

values of SBR compounds

Sampie Swelling index values, %

Filler loading, phr

0 phr | 10 phr | 20 phr | 30 phr | 40 phr
Gum SBR | 427
o 5D 2.45
Size 1 439 469 503 463
i S 3.2715D 4.1 |sh 2-45[5D 1163
Size 2 447 489 520 526
e 5D 2:4516D 2-4515D .63 [SD 163
Size 3 461 497 485 497
sD 163 (50 3-27(6D 326 |5p 2.45
Size 4 462 1476 _ 1477 | 468
— 5D 1-6% iSp 163 5D 4-1 |5D 2-16
M 431 428 449 449
] &p 3-27|sp 245 15D 3.27 |5D 3-27

This indicates comparatively better reinforcement in SBR vulcanisates loaded with mill-
sheeted form of the filler. The crosslink density (1/2Mc) is determined using the Flory-
Rehner equation given in chapter 2 (equations 2.30, 2.31).

The variation in crosslink density as a function of increasing filler loading is given
in Figure 3.13. It can be seen that the crosslink density of the samples decreasesas the
loading of prophylactics filler increases. This means a decrease in swelling resistance of
filled systems. This crosslink density decrease is minimum for SBR vulcanisates containing:
mill-sheeted form of the filler. The above observation on the swelling shows that as the
content of NR prophylactics filler increases, swelling inéreases 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 effect may be the

reason for the present observations.
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Figure 3.13. Variation of crosslink density SBR vulcanisates with particle size and
loading of filler.

3.1.5. Extent of reinforcement

The extent of reinforcement is assessed by using Krause™ and Cunneen—Russell**
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 Vo / Vyr 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 filler, the more will be the
swelling resistance caused by that filler. T)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 Kraus®™ , for highly reinforcing carbon black,
negative-higher slope val;les indicate a better reinforcing effect. In the present study, we
observed that as the filler loading increases, the amount of solvent absorbed 'Ay also

increases considerably. This increase will cause a reduction in the V. values. Since Vg
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remains unaffected with filler loading, the ratio Vi, / V¢ increases considerably with

increasing loading of filler which gives rise to a positive slope.
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Figure 3.14. Kraus plots

It is clear from Figure 3.14 that the slopes are positive and are higher for SBR loaded
with smaller sized fillers. The slope is found to be the lowest for SBR filled with mill
sheeted form. So it is clear that SBR vulcanisate containing mill-sheeted form of the filler
absorbs a minimum amount of solvent. Therefore the decrease in Vg is comparatively less;
hence the ratio Vo / Ve is least at a particular loading. This compound therefore presents a
lower positive sIOpé 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 equation™ is given in chapter 2 (equation 2.25). A plot of
Vo / Vi versus e” should give a straight line whose slope, ‘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.
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Figure 3.15. Cunneen - Russell plots
Table 3.5. Values of slope ‘m’ and ‘C’

| Particle size | Cunneen-Russell equation Kraus
equation

a m C
Size ] 2.8 1.46 1.67
Size 2 3.3 1.6 1.77
Size 3 1.9 1.43 1.64
Size 4 1.3 1.43 1.64
M 1 1.1 1.41

In this case Vo/ Vs also increases with increasing filler loading, and this increase 1s 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 filler shows the lowest Vo / Vi value at a particular loading and
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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
beads® and elastomeric fillers™ were reported.
3.1.6. Three layer model for sulphur diffusion experiment

The diffusion of sulphur from the SBR matrix to the filler 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 surface 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 from three layer model support the sulphur
migration from the matrix to the filler phase. This is because of the sulphur diffusion from
the outer gum SBR layers to the middle latex waste layer. In 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 prophylactics waste layer. In the case of contact region, the
crosslink density of the outer layer is found to be lower than that from noncontact region.
This stands as a strong proof for the facts that the sulphur migration occurs from 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 /cc X 107

Middle prophylactics layer

Contact area 2.43

Non contact area 1.8¢

Outer gum SBR layer

Contact area 2.90

LNon contact area 3.65
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3.1.7. Morphology and fractography

The tensie as well as tear strengths of the polymers are related to the morphological
features of the fractured surface. Figures 3.16 to 3.20 represent the SEM pictures of
tensile and tear fractured surfaces. The SEM of the faded tensde gum wvulcanisate is

presented in Figure 3.16a.

Figure 3.16(b)

Figure 3.16. SEM photographs of the tensile fractured surface of gum SBR
vulcanisate (a) and the tear fractured surface of gum SBR vulcanisate (b)
Here, the fracture is smooth with out any deviation. This abservation is in agreement witli
the low tensile strength of the gum SBR vulcanisates. The SEM of the failed tear gum

vulcanisate shown i Figure 3.16 b also presents smooth torn areas. This indicates low
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tear properties.
The tensile fractured surface of filled (40 phr of size 1) SBR vulcanisate are
presented in Figure 3.17a. Here the fracture is not smooth as in the case of gum. As a

result of enhanced sulphur migration, de-wetting is observed in this case as shown in

Figure 3.17b.

15K Honn

Figure 3.17(b})
Figure 3.17. SEM photographs (a) and (b) of the tensile fractured surface of filled
(size 1) SBR vulecanisate
Figure 3.18a represents the torn surface of the SBR wulcanisate filled with 40 phr
of size 1 fAller. This figure shows crack deviation due to the restriction to crack

propagation by filler particles. In this case also, de-wetting is observed, as can be seen
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from Figure 3.18b. The observation of de-wetting is in agreement with the non-

compatible behaviour of these filler systems discussed earlier.

Figure 3.18(b)
Figure 3.18. SEM photographs (a) and (b} of the tear fractured surface of filled (size
1) SBR vulcanisate

The tensile and tear fractured surface of SBR vulcanisate loaded with 40 phr (size 4) filler
is shown in Figures 3.19 a and b, respectively. In both cases, extensive crack deviation

can be seen.
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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 filler. Since sulphur diffusion is minimurn 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 torn
surface of the SBR compound loaded with 40 phr of the nﬂll;sheetcd form is presented in

Figure 3.20 b. Wavy pattern of fracture surface indicates a high tear resistant material.
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Figure 3.20 (b)
Figure 3.20. SEM photographs of the tensile fractured su rface of (mill-sheeted form)
SBR vulcanisate (a) and the torn surface of filled SBR vulcagnisate (b).

In the case of all the filed vulcanisates, the torn surfaces show much crack
deviation. These deviated tear lines result from the interaction of main fracture 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 particies could be seen as

phase separated entities.
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CHAPTER 4

MELT RHEOLOGICAL BEHAVIOUR OF SBR COMPOSITES
FILLED WITH NR PROPHYLACTICS WASTE AND
PARTICULATE FILLERS

ABSTRACT

. Rheological 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 filled with natural rubber prophylactics rejects and
selected particulate fillers such as carbon black, silica, and marble powder. All the rubber
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 filler. 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 general inverse relation
between particle size of the filler and viscosity in the case of particulate alone filled
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 fillers, the influence of
temperature has been found to have a notable effect on viscosity, only in the case of gum
styrene butadiene rubber compounds. In these cases an inverse relation between temperature
and viscosity has heen observed with some abnormalities in the results at 160 and 170°C.

Such abnormalities have not been observed in the case of particulate filled samples at higher



shear rates. Flow behaviour index values have been found to be irregularly decreasing with
the loading of prophylactics filler at 150 and 160°C while at 170°C a regular decrease has
been observed. Except at 160°C, alf the samples filled with particulate fillers have been found
to be less pseudoplastic than gum SBR and other prophylactics filled samples. Among the
theoretical models studied, Eier van Dyck equation has been found to be giving closely
agreeing values of viscosity to that of experimental values. The varation of ‘m’ and *C’
which are characteristic rheological properties have been checked with the composition,
particle stze 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 BEHAVIOUR OF SBR COMPOSITES
FILLED WITH NR PROPHYLACTICS WASTE AND
PARTICULATE FILLERS

Results of this chapter have been communicated to

Plast. Rubb. Compos. and Int. Polym. Process.

One of the objectives of polymer blending is the production of a better processing
material. Processing of a rubber or elastomer blend involves ail operations starting from
the initial mastication to the formation of finished material The knowledge of the
rheological behavior of rubber compounds is important than any other properties' . In
addition to these, careful control of manufacturing processes stronély depends on the
appropriate classification of raw materials and their processability characteristics’®. The
complex rheological behaviour of polymer blends has been analysed by various
researchers.”® A number of publications focusing the rheology of various polymer blends
are available in the literature. These include the rheological investigations on interaéting
blend solutions of poly (acrylic acid) with poly (vinyl pyrrolidone) or poly (vinyl alcohol)’,
polyphenylene sulphide/polyamide-66 blends'®, polypropylene/liquid crystal copolyester' ',
ternary blends based on polypropylene/ethylene propylene rubber/polyethylene'” and
binary blends of LDPE/LLDPE"’ & HDPE/LLDPE. "

According to a review by Utracki et al.” three types of rheological behavinr are
shown by polymer blends. These are the positive deviation behaviwr where the blend
viscosities are synergistic, the negative deviation behavioe where the blend viscosities are
antagomistic, and finally the positive-negative deviation behaviour The actual behaviowr
shown by a polymer melt is in fact decided by the composition, morphology and
processing conditions.

Rheological characteristics of single polymeric materials as well as polymer blends
and especially that of rubber-rubber blends are greatly affected by the presence of fillers.
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The filler 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 al'® 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 Aranguran et al'’ and also by Li et al."®, taking zinc oxide and
calcium carbonate in addition to black and silica. The greatest yield value and viscosity
were observed with calcium carbonate and zinc oxide filled compounds. Recently, the
influence of fillers on the compatibility of polymer blends also is reported in the
literature”®. Studies revealed that the compatibilising effect of the filler depends on the
* change in free energy of mixing between the two polymers.

In the field of recycling, the rheological behaviour of cryoground rubber-natural
rubber blends has been observed by Phadke et al.*® and that of polystyrene-SBR blends by
Ciesielska et al.”' Publication of Reena et al.”? regarding the rheological 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 fillers 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
Temperature
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 rubber prophylactics waste (S1) 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



Table 4.1. Basic formulation

shear stress (x-axis) are in Pa).
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Ingredients Control (phr)

*Gum | "1 2 "3 *4 ‘5 "o b7 ‘8 9 *10 11
SBR 100 100 100 100 100 100 100 100 100 100 100 100
Zinc oxide 3 5 5 5 5 5 3 5 S 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2 2 2
CBS i 1 | 1 1 1 1 1 I 1 1 1
TDG 1 1 1 I 1 1 1 1 1 1 i 1
Sulphur 2.2 2.2 2.2 2,2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Prophylactics | 0 10(S1) 1 20(S1) | 40(S1) | 20(S2) | 20(S4) | 20(M) | 20(M) | 20(M) | 20(S2) | 20{S52) | 20(S2)
Filler
Carbon 10
Bilack, HAF _
Silica 10
Marble 10
powder

* - mixing time 10 min, * — mixing time 5 min, ° ~ mixing time 20 min

5'5 —_ e R A .
®  Gum SBR e |0 phr Sl
4 20 phr St v 40 phr 81
5.0 A a
- 1.24% 5
. AT
4.5 1 . 4645
[ -
g 4.0 - — 1249 s
- .
=]
=2 JRENEIR 5!
3.5 .
N
12495
3.0 A
4164s ]
2.1 T T L T | T 7 LI 1 1
6 i 0.2 6.3 6.4 6.5 6.6 6.7

log shear stress

Figure 4.1. Variation of melt viscosity with shear stress for SBR samples with

increasing prophylactics loading
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The melt viscosity is found to be decreasing with shear stress and shear rate for alf
the mixes under study. This observation confirms the pseudoplastic behaviour of the
mixes. At zero shear, the polymer chamns are extensively entangled and randomly oricntéd.
Under the application of shear, the chains get disentangled and become oriented.
Pseudoplasticity results from this behaviour of the polymer chains. In the case of
prophylactics filled cases also, pseudoplastic nature 1s 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 1s facilitated. Therefore the viscosity drops considerably with increase in shear stress
and shear rate. It is reported” that even in a molecular level, such orientation can help the
smooth sliding of molecules over ecach 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.

El e ot i et L o e oy e i At
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 s, as the

concentration of waste prophylactics increases, the melt viscosity increases slightly, which

becomes maximum for the mix with 40 phr prophylactics. When the shear rate increases

the value of gum becomes comparable to that of prophylactics filled mixes and at higher

shear rates, gum remains as one among those with higher viscosities. At the highest shear
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rate, instead of gum SBR, the mix with 10 phr prophylactics exhibits the minimum melt
viscosity. The slightly increasing trend in the melt viscosity with the addition of
prophylactics is expected from the presence of crosslinked particles in an elastomer
matrix™. 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. This
results from the inability of prophylactics particles to get oriented at low shear rate. The
structural build up, as reported earlier by Munstedt®, is a possible reason for this. At high
shear rates this will be less predominant and therefore such an increasing viscosity
behaviow with the addition of prophylactics particles is absent. Figure 4.3 clearly indicates

the presence of a structural build up in the composite sample.

Figure 4.3. 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 less™®. Such a behavior
is due to the difference in the size of the flow units initially suggested by Mooney and
Wolstenholme®” and later developed by the theory of Nakajima and Collins®. At low shear
rate, the size of the flow unit must be smaller than the size of the prophylactics particles.
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 10 which the size of the flow units increases over the size of prophylactics particles.

Therefore, no significant effect on the viscosity can be observed with the presence of
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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 4.164 s™' and later at 124.9
s'. The slope is higher at both low and high shear rates while it is less at intermediate
shear rates. It 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 —cryoground rubber systems also®” at 30s”. The convergence of the curves at

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 filler (20 phr loading) on the log

viscosity-log shear stress plots at 150° C is presented in Figure 4.4,

55 - mgmemmme i n e o oo
m 20phrS1 e 20 phrS2
a4 20phrS4 v 20phrM
5.0 4
v om e — 124957
39 "~ 41645
- Ay *- M §
S 404 ~ 12495
=
(=11 N
& . . 41645
3.5 4 '
2495 - #
3.0
1 sl6as’ e J
2.5 — —r : E——

6.1 6.2 6.3 6.4 6.5 6.6 6.7

log shear stress

Figure 4.4. Variation of melt viscosity with shear stress for SBR samples with
increasing prophylactics particle size
For all the particle sizes under study, pseudoplasticity is observed. At the lower

shear rate, comparatively higher viscosity is shown by size 2 prophylactics filled samples
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while at intermediate shear rates, values become comparable. At the highest shear rate,
large size fillers such as size 4, M and gum compound exhibit highest viscosity while size
2 shows the lowest. Normally, in the case of elastomers filled with particulate fillers, the
viscosity is reported to be increasing for smaller particles with larger surface area than
larger particles with smaller surface area™. 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 containing 20 phr of mill

sheeted is varied as 5, 10 and 20 minutes (Figure 4.5).

5.5
Mixing time
! ® Smin & 10min 4 20 min
5.0
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] _.___‘__,_.-— 1.2469 3
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- 41645
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_%D _ 41645

3.5 '

o .
12455
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e
61 62 63 64 65 66 67

log shear stress

Figure 4.5. Variation of melt viscosity with shear stress for SBR samples with
increasing mixing time

At low and intermediate shear rates, the compound mixed for 5 min shows the

lowest viscosity (at 150" (') while the maximum viscosity is exhibited by the sample when

the mixing time is 10 minutes. An intermediate viscosity is shown by the sample mixed for

20 minutes. At the highest shear rate, it is found that the curves converge at a point
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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 filled 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 temperature 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 observation that as the temperature increases, the
'melt viscosity decreases at all shear rates. However, some abnormality exists between the

mixes at 160 and 170 ° C.

5.5 . R
SBR GUM
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& 41645
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Figure 4.6. Variation of melt viscosity with shear stress for gum SBR samples

at different temperatures
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The influence of temperature in SBR compound containing 20 phr size 1
prophylactics filler is shown in Figure 4.7.

5_5_.. —— ——— e+ ——
20 phr S1
a 150°C e 160°C & (70°C
5.0_' —
12495
_
4.5+ 4
41645
=
3 12495
3 401 -~
-
& . 41645’
3.5 4 -
12495 6%
3.0
-
41645 &
25+
6.1 6.2 6.3 6.4 6.5 6.6 6.7
log shear stress

Figure 4.7, Variation of melt viscosity with shear stress for SBR with 20 phr

size 1 prophylactics at different temperatures

The melt viscosity s found to be almost unaffected with temperature at most of the
shear rates. But at the highest shear rate of 416.4 5™, similar values are shown by the
sample at 160 and 170 °C while higher value is observed at 150° C. In the case of SBR
sample filled with 40 phr size 1 prophylactics filler (Figure 4.8), comparable values are

observed at various temperatures given.
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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 behaviow 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 behaviouwr{or higher the Newtonian betaviows the lower the pseudoplasticity.
(a). Influence of prophylactics loading
At 150 ° C and for a mixing time of 10 min, it can be seen that the presence of
prophylactics filler decreases the n’ values in an irregular manner, i.e., as the loading of
prophylactics filler in SBR increases, the value first decreasesat 10 phr and then increases
for further loading. So SBR mix with 10 phr prophylactics loading shows the maximum
pseudoplasticity (Table 4.2). At 160°C also, the same trend is observable while at 170°C.

a regular drop in n’ value can be observed with the temperatures studied.



101

Table 4.2. Flow behaviour index (n’) values

Mix Temperature ("C)

120 150 160 170
Gum 0.2373 0.2300 0.3009 0.2203
10 phr S1° ND 0.1543 ND ND
20 phr S1° ND 0.2031 0.2033 0.2191
40 phr S1° ND 0.2111 0.2260 0.1999
20 phr 82° ND 0.1928 0.2047 0.2206
20 phr S4° ND 02219 ND ND
20 phr M" ND 0.2169 0.1958 0.2094
20 phr M° ND 0.2397 ND ND
20 phr M° ND 0.2234 ND ND
20 phr S2+10 ND 0.2607 0.2569 0.2375
black®
20 phr S2+10 0.2833 0.2568 0.2106 0.2457
silica®
20 phr S2+10 0.1724 0.2425 ND ND
marble powder*®

* . mixing time 10 min, ® — mixing time 5 min, ¢ — mixing time 20 min
ND- Not determined
(b). Influence of prophylactics particle size

In the case of n’ values of SBR mixes at 150 ® C with different 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 highest shear rate 416.4 s (Figure
4.6). The highest 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 from Table 4.2. The n’
value for the SBR compound with 20 phr M prophylactics filler is lower for samples with
mixing time 10 and 20 min compared to that with a mixing time of 5 min.
(d). Influence of temperature

In the case of gum SBR compound, n’ values decrease with increase of
temperature from 120 to 170° C, except at 160° C. Similar reduction in n’ value with
temperature is reported in the literature”. Different mixes show highest n' value at
different temperatures. In the case of gum SBR and the mix with 40 phr S1, the highest n’
value is obtained at 160° C, in the case of the mix with 20 phr s1, at 170°C, and in the case




102

of the mix with 20 phr M, the highest value is at 150°C. 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° C. 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. log vy 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 from changes in shear rates during the extrusion
.proccss, and so the slope ‘m’ and ‘y’ intercept ‘C’ of the plots are critical rheological
properties. The proposed relation is
logI=logy™+C (4.1)
A typical plot is given in Figure 4.9

6 9 e L. e
] m Gum O 10phrS1 & 20 phrS]
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Figure 4.9. Variation of log J verses 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']



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
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Mix m C ]
Gum 0.2285 6.0119
10 phr S1° 0.1927 6.0989
20 phr S1° 0.2038 6.0911
40 phr S1° 0.2082 6.0926 '
20 phr §2° 0.1912 6.1299
20 phr $4° 0.2211 6.0604 |
20 phr M° 0.2166 6.0612 )
| 20 phr M° 0.2405 5.9932
20 phr M* 0.2231 6.0358
| 20 phr S2+10 black 0.2604 5.9664 |
20 phr S2+10 silica 0.2611 6.0317 |
20 phr $2+10 marble 0.2447 6.0027
wder
* - mixing time 10 min, ° - mixing time 5 min, © — mixing time 20 min
Table 4.4, Effect of temperature on ‘m’ and ‘C’ values
Mix Temperature (C) ]
120 150 160 170
m C m C m C m C
[ Gum 0.2384 |6.0279 [0.2285 [6.0119 [0.3007 [5.7367 | 0.2191 [5.9878
20 phr S1 | ND ND 0.2038 [6.0911 |0.2041 |6.0658 |0.2207 |6.0269
40 phr S1 | ND ND 0.2082 |6.0926 [0.2236 |6.0461 |0.1958 |6.1109
20phr M [ ND ND 0.2166 ]6.0612 [0.2002 |6.1073 |0.2066 | 6.0701
20phrS2 [ND ND 0.1912 [6.1299 [0.2041 [6.0658 | 0.2207 | 6.0269
20 phr ND ND 0.2604 |5.9664 |0.2557 [5.9600 |0.2422 | 59929
$2+ 10
black L
[20phrS2 | 02799 | 6.0072 | 0.3611 | 6.0317 | 0.2140 | 6.1296 | 0.2109 | 6.1434
+10 silica
20 phr S2 | 0.1723 [ 6.2333 [ 0.2447 {6.0027 [ ND ND ND ND |
+ 10
marble
powder | il A S

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 from size 1 to 4 and M (at

same loading of 20 phr), ‘m’ values increase (only one exception is the value of S2 which
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1s 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 first increases for
10 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’ while it
is more related to particle size of the prophylactics filler.

Table 4.4 gives the effect of temperature on ‘m’ and ‘C’ values. In the case of
gum SBR, as the temperature increases, ‘m’ value first showra decrease at 150°C,  an
increase at 160°C and finally a drop at 170°C while ‘C* values show a regular drop upto
160°C and finally a slight increase at 170°C. 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 filler to SBR, the highest ‘m’ value is
obtained at 160°C while ‘C’ value is lowest at that temperature. For SBR filled with 20
phr M case also, lowest ‘m’ value is at 160°C while lowest ‘C’ value at 150°C.

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. 1. viscosity,
Vi volume fraction of filler, S- crowding factor, v- Poisons ratio, suffixes ¢ and m denote
composite and gum matrix. The equations are given below.

1. Einstein equation

Einstein™ has proposed an equation for the viscosity of the composite assuming
perfect bonding between the phases.

Ne =m(1+2.5Vp (4.2)

2. Mooney equation

This equation® considers the interaction of strain fields around particles while it

agrees with Einstein’s equation at low volume fraction of the filler, it can represent the

data at higher volume fractions as well.



105

2.5 Vs

Me = MNm €Xp (4.3)

1-8S V¢

3. Guth equation
Guth*® modified Einstein equation by considering the particle interactions also.

Ne = Nu(l+2.5 Vo+ 141 V5 (4.4

4. Kerner equation

The equation detived by Kerner’’ assumes spherical particles.

Vi 15 (1-va)
(4.5)

A 8- 10vy

5. Sato-Furukawa equation

The weak adhesion between matrix and filler is best represented in the literature’®

by Sato-Furukawa equation

y YT (7 14y l+y-y?
= N 1+ ] -
1 { 2(1_}0}{ 3 1-y+y? } {3 (1}{ 1-y+y*

(4.6}

where v is a filler concentration variable equal to V; ' and T is a constant characterising
the filler-matrix adhesion. If the adhesion is perfect T=0, and if it is weak, T=1.
6. Eiler van Dyck equation®

k V¢
e = MNm 1+ (4?)
1 -8 V¢
where k = 1.25 and §’= 1.20
7. Bills equatiOn40
AV,
(4.8)

Ne = Nm €XP
| BV
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where A=2.5and B=- 6.4 X 10° T +2.51 where T is the test temperature.

8. Brinkman equation®’

Ne = Nm(l - V) ** (4.9)
9. Narkis*
|
Ne =N - (4.10)
K{-V:™)

where K is the stress concentration factor whose value ranges from 1.4 to 1.7.
Figure 4.10 represents the comparison of experimental viscosity values with the
theoretical values at a shear rate 1.249 s™'. It can be seen from the figure that at 10 phr

prophylactics loading, the best agreement is shown by Eiler van Dyck equation and this
agreement exits at all the loadings.

16 e = — e e
- W— Expt —#— Einstein
1 —-&— Mooney —w— Guth I
14+ —-- Kerner =+~ - Sato-Furukewa \
- X-- Eiler van Dyck —%— Bills
12 -—- Brinkman 1 - Narkis l
w _’,;-';’y, '

| '-':::,’.-,'.':;:,

log viscosity

24+ ——— e p ; .

0 10 20 30 40

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
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When Brinkman 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 equation 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 capillary 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-¢. Also as the temperature
increases, the extrudate distortion is fourd to be increasing (Figure 4.11 a, d-f). The
extrudate distortion is visible in the prophylactics filled sample (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 less 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, I). In the case of SBR mix with 20phr M also, extrudate distortion is
observable to some extent at 160 and 170° C (Figure 4.11 1, n, o). A low extrudate
distortion was noted at the lowest shear rate and at lowest temperature of 150°C (Figure
4.11 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 from 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
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prophylactics filler means that there is reasonably good bonding between prophylactics
filler particles and SBR.

@ ® f( @€ @ O @ M & O W 6O m o © @

(a) SBRgum—4.164 s —120°C  (g) SBR + 10 phr S1 - 4.164 s — 150°C

(b) SBR gum —41.64 s* —120°C  (h) SBR + 20 phr S1 — 4.164 s — 150°C

(¢) SBR gum —416.4 5" —120°C (i) SBR + 40 phr S1 - 4.164 s — 150°C

(d) SBR gum — 4.164 s — 150°C (j) SBR + 26 phr S2 - 4.164 s — 150°C

(¢) SBR gum —4.164 s — 160°C (k) SBR + 20 phr S4- 4.164 s - 150°C

() SBR gum —4.164 s* —170°C (1) SBR + 20 phr M (10 min) —4.164 5™ — 150°C
(m) SBR + 20 phr M (20 min) —4.164 5™ - 150°C
(n) SBR + 20 phr M—4.164 5™ —160°C
(0) SBR + 20 phr M- 4.164 s —170°C

(p) SBR + 20 phr M (5 min) —4.164 s —150°C

Figure 4.11. Extrudates of gum and prophylactics filled SBR compounds
Tumner and Bickley” suggested that the low viscous phase (SBR) in the
mix migrates to the surface through a roll mechanism, i.e., a radical flow 1n addition to
longitudinal flow, which gives th_e extrudates a screw thread appearance. The reduced

extrudate distortion also points out the decrease in the melt elasticity with the addition of
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prophylactics filler. 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 literature”. The less sensitivity of extrudate
distortion to temperature shown by the prophylactics filled mix (40 phr S1) is important in
the dimensional stability of extruded profiles because during extrusion neither shear rate
/stress nor temperature is constant across the profile.

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 fillers on the rheological properties of molten polymers
is both of great scientific and industrial importance. Such fillers are added primarily to
strengthen the product and to reduce the cost. Normally, particulate fillers increase the
level of viscosity**** but the extent seems to vary from system to system and decrease with
increasing shear rate**. 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
fillers at 150° 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 forxa.ll the mixes.

At lower shear rate, an increase in the viscosity can be noted with the addition of
prophylactics filler to SBR. The black and marble powder filled mixes exhibit the lower
viscosity compared to other samples, and among them, marble powder filled mix presents
slightly higher viscosity compared to carbon black. Silica filled 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 SBR/prophylactics mix without particulate filler
shows the lowest viscosity, the next higher value by marble powder, which is followed by

comparable viscosity values by silica and black.
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5.5 | Gum ® 20 phr52
) A& 20 phr S2+10 phr silica
1 ¥ 20 phr 82416 phr black
5.0 @ 20 phr 52+10 phr marble powder
A 1.249 ¢
2 4.5 41645
= M
§ 1249 5"
2 4.0 e S,
[=11]
L

1 ame
3.5 - $1.645" hd
1 12495 "/‘/

3.0 4

416.45" *
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60 61 62 63 64 65 66 6.7 6.8
log shear stress

Figure 4.12. Variation of melt viscosity with shear stress for SBR samples
filled with prophylactics and particulate fillers
Figure 4.12 reveals that at the highest shear rate, the silica filled samples show

‘the highest viscosity values and that the drop in viscosity is fast at low and high shear

rates. The slope of the plots is higher at both low and high shear rates while it is less at
intermediate shear rates. It can be seen that the values tend to converge at a point at
higher shear rate. The low viscosity of particulate filled samples compared to
prophylactics alone filled samples at lcw shear rate is in agreement with the observation by
Clarke®. It is also noticed by Shaheen*” that addition of a little amount of small 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 flow of different layers is checked to
a great extent by the filler particles through the formation of adsorbed layers and so the
viscosity rises for the particulate filled samples compared to prophylactics alone filled
sample.

The observation of lowest viscosity shown by the SBR mix without particulate
filler 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 are aligned in the
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flow direction subject to the restriction for this imposed by the particulate fillers.
Therefore, it is clear from these results that the ability of a filler 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 matrix*®

and the comparable
behavior shown by black and silica m the case of ENR / NR blends*’ are important to
mention here. The highest viscosity values shown by the silica filled 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 filled polybutadiene
samples®®.

Influence of temperature on melt viscosity

The influence of temperature on the viscosity of SBR filled with prophylactics filler
in the presence of particulate fillers is presented in Figure 4.13-4.15.

5.5 .
J 20 phr 82+ 10 phr black
m 150°C e i60°C & 170°C
3.0+ e 12495
_ma
4.5 1 4164
N B -
K 1249 57
3 4.04 - D
> 1
o . 4164 s
2 .-
3.5
1249 5
3.0
]
4164 ' -
2.5 ——— ) —

6.0 6.1 6.2 63 64 65 66 067

log shear stress

Figure 4.13. Variation of melf viscosity with shear stress for SBR samples

filled with carbon black at different temperatures
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5.5 20 phr $2+10 phr silica
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2 ae 1249 5"
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2 £
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3.5
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Figure 4.14. Variation of melt viscosity with shear stress for SBR samples filled with

silica at different temperatures

In the case of black filled 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 filled 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
simiar to that expected from the influence of temperature. Similar inverse relation
between viscosity and temperature is shown by marble powder filled samples also (Figure
4.15),
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Figure 4.15. Variation of melt viscosity with shear stress for SBR samples filled with
marble powder at different temperatures

4.1.7. Flow behavior 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 higher than that of gum SBR mix and that with prophylactics
filler alone. At 150° C, black filled sample presents highest n* values among the set. But it
fails to give a direct relation with the viscosity data at lower 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'and 416.4 5. At 160 ° 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 filled polymer samples was reported
compared to other particulate fillers”. 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 difficulty for chains to orient
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and show pseudoplasticity. This results from the less freedom available to the chains.
4.1.8. log 3 Vs. log ¥ plots and ‘m’ & ‘C’ values

Plots log 3 verses log y ™ of then samples (at 150° C) are given in Figure 4.16
[Antilog values of shear stress (y axis) are in Pa and that of shear rate (x axis) are in s']
and the values of *‘m’ and “C’ are given in Table 4.4.

m Gum e 20phrS2
4 20 phr S2+10 phr silica
¥ 20 phr $2+10 phr black
6.8 ¢ 20 phr S2+10 phr marble powder

log shear stress

6.0 - T 1T T 1 T T '
0.0 05 1.0 1.5 20 25 30

log shear rate

Figure 4.16. Variation of log 33 verses log y for gum and filled SBR
compounds

A decrease in ‘m’ and an increase in ‘C’ are observed with the addition of
prophylactics filler in gum SBR. Also, with the addition of particulate fillers, an increase in
‘m’ 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 160 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
fails to give low ‘m’ value but it succeed to present a slightly higher "( value among the
set proving its reinforcing nature.
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Table 4.4 gives the effect of temperature on ‘m’ and “C’ values. Normally, as the
temperature increases, the interface will become 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 fails to present its reinforcing behaviour in SBR /
prophylactics mix at 150°C, it gives a low ‘m’ and a high ‘C’ value compared to black at
160 and 170° C. Among the particulate fillers, silica which gives maximum 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 filler containing samples, ‘m’ values show a
regular drop with temperature while ‘C’ values 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 fillers and especially, titanium dioxide™ is reported to
smoothen the surface of the extrudate and delay the extrudate distortion to higher
extrusion rates. The influence of particulate fillers on the extrudate distortion can be seen
from the Figures 4.17. As the discussions on samples without particulate fillers were
already completed in section 4.1.5, discussions here are limited to particulate filled
samples only. It is reported’ that addition of l::lack can reduce the severity of distortion but
cannot eliminate it. It can be seen from Figure 4.17 |-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 behaviour in a single elastomer system,
here, black presents an entirely different behaviour. Slightly less extrudate distortion is
shown by black filled 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 marginal upto 160° C. At 170" C, extrudate distortion is again visible (Figure 4.17 q-
v).
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(a). SBR gum-4.164 s'- 120° C (b). 41.64 s (c). 416.4 s (d). 4.1645'-150°C. (e)
160°C  (H). 170°C

(g)- SBR+20 phr $2-4.164 s'- 150° C (h). 41.64 s (). 416.45"  (j). 4.164 5'-160°C
(k). 170°C

(). SBR+20 phr S2+10 phr black-4.164 s'- 150° C  (m). 41.64 s (n). 416.4 5" (0).
4.164 57-160°C (p). 170°C

(q). SBR+20 phr S2+10 phr silica-4.164 s'- 120° C  (r). 41.64 5™ (s). 416.4 s™* (1).
4,164 s7-150°C (u). 160°C (v). 170°C

(w). SBR+20 phr $S2+10 phr marble powder - 4.164 s'- 120° C (x). 41.64 s (y).
416.4 s (). 4.164 5-150° 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 from Figure 4.17 l-o. 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. Han’® and others’ > 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
crystallising elastomer of relatively recent origin, ENR25. Discussions focus on the
processing, mechanical and soivent swelling behaviour of gum and prophyiactics filled
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
been observed that the rheometric processing characteristics such as minimum and maximum
torque values geperally 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 been found to be giving ciose values to that of
experimentally observed values, mainly at higher loadings of 30 and 40 phr of prophylactics
filler. Swelling studies, Kraus, Cunneem-Russell and Lorenz-Park equations and the
scanning electron fractography of the samples have supported the comparatively better
performance of size 1 prophylactics filler in epoxidised natural rubber vulcanisates. The
appearance of prophylactics filler particles as phase separated entities classifies these filled
systems as elastomer composites containing cross-linked rubber powder.



CHAPTER 5
RECYCLING OF NATURAL RUBBER LATEX WASTE AND ITS
INTERACTION IN EPOXIDISED NATURAL RUBBER

Results of this chapter have been published in Polymer, 42, 2137, 2001.

The potential properties of an elastomer can be improved by the addition of certain

fillers like silica, carbon black, mica'” etc. As a result of severe energy crisis, and the need

“to reduce compound cost, the rubber product manufacturers are forced to increase the

proportion of filler in the rubber compound. But this approach always resulted in a rubber

compound with very high specific gravity’. In order to overcome this problem and also to

make the rubber compound cheaper, new materials have been thought of to be used as
fillers. |

Just like waste plastic, waste rubber also is becoming a worldwide problem. The
disposal/utilisation of tires, whose life span has ended, is a great economic and ecological
problem. The earlier approach to this problem was to reclaim’ (remove the crosslinks) the
rubber rejects and then use it as a new rubber. But the use of reclaimed rubber was limited
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 specifications in the quality of latex products. So these scrap latex rejects
are now considered as the best potential candidate for recycling. Many reviews regarding
the disposal problem of rubber rejects and possible solutions are available from the
literature®®. The recycling of microcellular polyurethane elastomer waste,’ the

01 and  the

development of blends from recycled rubber and thermoplastics
thermochemical processing of rubber waste to liquid fuel'> are some of the interesting

works in connection with polymer recycling.
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In this chapter, we evaluated the use of powdered NR prophylactics rejects as filler
in ENR-25. The influence of filler loading 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 behaviour are compared and presented. The dependence of filler-ENR
mairix adhesion on the particle size of the filler also is examined. Theoretical models were
used to fit the experimental tensile modulus values. The filler particle morphology and and
filler-matrix adhesion were analysed using scanning electron microscopy.

5.1. Results and discussions
The basic formulation used is given in Table 5.1.
Table 5.1. Basic formulation

Material Control (phr)

ENR-25 . 100

Zinc oxide 5

Stearic acid 2

CBS 0.6

Sulfur 2.5

Calcium stearate 1

NR prophylactics filler | Variable
(0,10,20,30,40)

5.1.1. Processing characteristics and cure kinetics

The rheometric processing and cure characteristics of the compounds (Table 5.2)
can be studied from the rheographs (Figure 5.1). The finest size filler (size 1) was selected
for the determination of processing/curing characteristics. The minimum torque values
denoted by M, first register an increase with increasing filler 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 mcreases the maximum torque

{My). But in our case, where the inclusion itself is a rubber, the variation may be due to
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combined effects of crosslink density variation and presence of crosslinked particles. At

10 phr loading, presence of crossiinked particles increases My, but at later stages of

loading, it decreases.

Table 5.2.Processing and curing characteristics

Figure 5.1. Rheographs of the ENR compounds

' Loading | Minimum torque | Maximum torque | Cure rate Cure rate
(phr) (M,) (M,) index (CRI) constant (k)
(dN-m) (dN-m) (min ") (min’)
0 3 35 12.5 D 0.8 0.266 D 0-003
10 4 44 333 0.631
20 4.5 44 333 0.675
30 6 43 364 ¢, 5. 45 0.810 D 0.01.
40 4 42 32.1 sp 3.27 0.800 S .01
§0 ~
70 -
60 -
| IR | — T
-] [ 8
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As the filler content increases, the optimum cure time, tgg (time needed for the
formation of 90% crosslinks), scorch time t7 (premature vulcanisation time) and induction
time t{ (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 was confirmed by the studies given in chapter 3. The

rubber compound contains the accelerator CBS (N-cyclohexyl benzthiazyl 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 loading of prophylactics filler.

—m— QOptimum cure time
10 -—&— Scorch time

\ —a&— Induction time

e

Curing property, min

o
[

n
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o

v
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!
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| -“-'-f-"—ii-‘-%::t:;:;:i_' i 2

T v F ' Ll A T

0 10 20 30 40
Prophylactics loading, phr

Figure 5.2, Effect of filler loading on curing characteristics

The increase in speed of the curing reaction with filler loading can be 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).
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The plots of In (My-M,) versus time ‘t” are presented in Figure 5.3.

— _ e
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Figure 5.3. Plots of In (M;,-Mt) vs. time t

Even though linearity is claimed for the plots theoretically, deviations from linearity are
experimentally observed for certain points. The slope of the respective straight lines 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 loading
and later they decrease at 40 phr loading. The initial increase is again, due to the presence
of unreacted accelerator 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. However this cure activation is found to be leveling off at higher
loadings of prophylactics waste. Since the filled ENR compound in more stiff and non-
tacky, the compound is easy to be handled for further processing. On the other hand, the
unfilled ENR is very tacky which is difficult to handle.
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5.1.2. Mechanical properties

The mechanical properties of elastomers filled with powdered rubber depend on
many factors.

i) Strain crystallising nature of the filler

if) Adhesion" of the filler with matrix

iii) Particle size of the filler

iv)  Extent of sulfur migration" from matrix to filler phase which is controlled

by many factors.

As the prophylactics filler content increases, the tensile strength (Figure 5.4)

.increases dramatically and reaches a maximum value at 30 phr loading.

14
—a—Size ] —e—Size 2
—&—8ize 3 —v— Size 4
124 —&— Mill sheeted form

=
1

v ]
1 -

Tensile strength, MPa

Prophylactics loading, phr

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 crystallising nature of NR prophylactics filler particles. The threshold value of
strain required for strain crystallisation of natural rubber (NR) is 250-300 percent. Since
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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 confirms the fact that NR retains its strain
crystallising nature, even if it is in the form of fine filler. Lewis and Nielsen'’ 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 filled ENR samples are presented in Figure 3.5.
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 front. This restriction is caused by the elongation of filler particies in
the tear path. The performance of size 1 filler is superior here. However at 40 phr
loading, the value either drops or levels off for large filler sizes.

295 J —a&— Sjze |- —e-— Size 2
] —a&—Sjze 3—v—Size 4
29.0 —&— Mill sheeted form

28.5 1

28.0 ~

Tear strength, kN/m

Prophylactics loading, phr

Figure 5.5. Effect of filler loading and size on the tear strength of ENR vulcanisates.
5.1.3. Theoretical modeling of Young’s modulus

The Young’s modulus of particulate filled 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.
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Einstein equation and its modifications are usually applied to predict the modulus of the
composites containing rigid fillers such as black and silica. Here these theories are applied
to systems with nonrigid fillers such as prophylactics particles, which undergo strain
crystallisation on stretching
_ The simplest theoretical equation for the reinforcement of a material due to a
particulate filler is given by Einstein'®. The equation is
M. =My, (1+2.5 Vy) : (5.1)

where

M; = Young’s modulus of the composite,

Ms = Young’s modulus of the matrix and

V¢ = Volume fraction of the filler.
The Young’s modulus values of all the four particle sizcé and mill sheeted form of the
prophylactics waste filler are correlated with Einstein model in Figures 5.6.

5'5 —_ — e — -
-—m—8jze] —e—Sjze2
5.0 1 A—8ize3 —v-—Size4
——&— Mil{ sheeted form
4.5 —+— Einstein plot
g 4.0
3 ]
=
'é 3.54
% 30-
5
> . 254
2.04
1.54/-
I ] T L T
0 10 20 30 40

Prophylactics loading, phr

Figure 5.6. Comparison of the experimental data with Einstein’s model
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Figure 5.6 represents a system, where finest filler (size 1) is most reinforcing.

Therefore it presents a plot which is far above that given by Einstein equation. It is a
general observation from the figure that, only large size fillers such as size 3 and 4 are

found to be giving close values to that of Einstein. With increasing loading of fillers, the

deviation shown by finer size fillers such as size 1 and 2 goes on increasing, while that of
large size fillers (size 3 and 4) decreases. The behaviow shown by mill sheeted form (M) is
mn between finer and large sized fillers.

The observed deviations from the model are due to the following reasons.

(1

(2)

3

@

Einstein model assumes that the stiffening action of a filler is independent of its
size while it is already established by many workers'’ and also by our studies in

_ chapter 3 that reinforcement of matrix by filler, changes with its particle size. Since

this effect is not accounted by the model, the experimental values for different size
grades deviate differently from the model.

The mode! assumes that the filler particles are spherical in-shape and there is
perfect adhesion between the filler and matrix. It is clear from the SEM photos of
filler particles given in chapter 3 that the filler par;iclcs have non-uniform size
distributions and shape. Also we .have noted from the scanning electron
micrographs (see later) that the filler particles are not firmly bonded to the matrix.
The presence of an air pocket over the filler particles has already been confirmed
by the work of Phadke'® et al, Therefore the imperfect adhesion between filler and
matrix also contributes to the observed deviations from the modei.

It is stated by Mooney'” that Einstein equation is valid only for low concentrations
of filler. This is because at higher filler loading, the strain fields around filler
particles can interact causing deviations from the model.

The final and most important reason for the deviation may be the less rigidity of
the filler compared to the normal particulate fillers such as carbon black or silica.
Since it is assumed in Einstein model that the filler 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 literature® that

Einstein equation is more useful for predicting the elastic behaviour of rubbers
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containing non or less reinforcing fillers. The correlation, even though less, between

experimental and theoretical values observed in our case again proves this fact.

The Mooney equation’” is given as;

M. = My exp {2.5V¢/1-SV; } (5.2)
where M, M, & V;are the same, explained earlier

The term, '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 the
" true volume.
'S'is defined as the ratio of apparent volume occupied by the filler to true volume of the
filler.

According to Mooney"”, the minimum possible value that'S can have is unity while
its experimental value ranges from 1.2 to 2. However it has been reported”’ that upto Vi
=0.5, a value of 1.4 (orl.35) can fit the best experimental values. For our system we have
made our calculations using two values of' S, 1.35 and 1.

Figure 5.7 is the Mooney model fitting curves of different size grades of
prophylactics waste filler. 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 size 4 filler is
below 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 filler loading increases to 40 phr, the model plot
shoots up and therefore closer values are shown by finer filler sizesl, 2 and 3. Size 4 and
mill-sheeted forms 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 3, 4 and mill-sheeted form are below that of Mooney
model while finer sizes 1 and 2 are above. The general nature of Mooney equation. t.e.. a
modulus value which tends to infinity at higher filler loadings, which is previously
reportedlg'“, is observable here also. The above observed fitting of theoretical values,
even though partial, may be due to the fulfilment of some of the assumptions connected
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with Mooney model, such as Poisson’s ratio of matrix must be 0.5 etc. This model also
assumes that filler particles are uniformly distributed spheres with good adhesion to matrix
and modulus of the filler is greater than that of matrix.

6 [
—m—Sijze]l - -e—Sizel2
~&—8ijze3 —w—S8ized
5] —&— Mill sheeted form
—+— Mooney 8= 1.35 —x - 58=1

Young's modulus, MPa
I
o

Prophylactics loading, phr

Figure 5.7. Comparison of the experimental data with Mooney model

Guth and Smallwood® equation can be written as;
M, = Mp (1 +25 Vs +14.1V, ) (5.3)

where M., M,, & V;are the same explained earlier

Guth model gives similar values as given by large size fillers (size 4) and mill
sheeted form at 10 and 20 phr. This is clear from 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 slightly bend towards ‘x* axis and lie equidistant from the
model. Such a bending is observed for size 4 and mill sheeted form also. Since the model
does not account for the agglomeration effects at higher loadings, the theoretical curve

tends to infinite position, as in the case of Mooney equation.
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Figure 5.8. Comparison of the experimental data with Guth model

The model assumes that the change in elastic constant of the rubber by embedded
spheres is entirely analogous to the theory of viscosity. For example, when a particulate
filled suspension undergoes stretching, the suspended particles perturb the stresses and
strains are set up in the body, which 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 from the model.

5.1.4. Solvent 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

2324 that in the case of various polymer solvent systems, differences in the

literature
solubility parameter (and hence interaction parameter) values can be used to characterise

the sorption behaviour of the solvent. But our analysis proves that such a correlation ts
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ineffective since the diffusion behaviour of elastomer filled elastomer systems is more
dependent on the compact nature of the sample. This fact is strongly supported by the
literature™. 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 literature® that the diffusion mechanism in rubbery polymers is essentially
connected with the ability of the polymer to continually provide opportunities for the
solvent to progress in the form of randomly generated voids. Since ease for void
generation in the sample increases with the addition of prophylactics, the uptake of the
solvent also increases. Therefore as the filler content increases, the swelling index value
" increases for all size grades (Table 5.3). This is due to the poor solvent resistance of
prophylactics compared to ENR. The solvent absorption by the latex filler particles is
found to be minimmn for size | filler. This again confirms that in ENR matrix, size 1 filler
shows good adhesion.

Table 5.3. Percentage swelling index values

Prophylactics | Gum | Size 1 | Size 2 | Size 3 | Sized | M
Loading, phr '
0 408

D 1.43
10 411 416 422 428 430
20 417 421 427 430 436
30 420 425 429 435 441
40 1424 429 436 439 454

This behaviour is supported by the crosslinked density values (Figure 5.9). As the filler
content increases, the crosslink density values are found to decrease. It is to be noted
that, the crosslink density decrease is minimum for finer 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.
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Figure 5.9, Effect of filler loading afnd size on the crosslink density of ENR

vulcanisates

5.1.5. Extent of reinforcement

The extent of filler reinforcement can be analyzed by using Kraus®’, Cunneen and
Russell®® and Lorenz-Park® 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 theory by Kraus, reinforcing filler 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

V,f values, which will increase the ratio V,of V,f., since V,O is constant. This behaviour

leads to a positive slope in every case. Since size 1 filler exhibits minimum positive value
of Kraus slope, it is clear that its solvent absorption is minimum thereby supporting its
better adhesion with ENR matrix.
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Figure 5.10. Variation of V,/ Vr as a function of filler loading (Kraus plots)

The Cunneen - Russell plots are given in Figure 5.11.
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Figure 5.11. Variation of V/V ¢ as a function of filler loading (Cunneen-Russell
plots)
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Vi,/Vir is found to be increasing withincreasing filler loading. This increase is extensive in

the case of large size fillers (size 4 & M). For finer fillers, size 1 and 2, which are
comparatively highly reinforcing, the absorption of solvent is minimum, which resuits in a
lower V. / Vi ratio and a smaller negative slope. The Lorenz-Park plots are given in

Figure 5.12. As explained earlier, here also finer fillers (size 1 & 2) exhibit lower slope,
proving their better adhesion with ENR.

1.62 M Sizel ® Size2
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Figure 5.12. Variation of Q;/ Q; as a function of filler loading (L.orenz - Park plots)

Above equations support the superior performance of size 1 filler.
Table 5.4. Values of slope

Particle | Kraus Cunneen-Russell | Lorenz-Park

Size Equation | Equation equation
Slope, ‘m’ | slope “a’ slope ‘a’

St 0.4961 -0.6790 -1.3979

S2 0.7789 -1.0532 -1.5344

S3 1.0979 -1.5003 -2.1026

54 1.0833 -1.5067 -2.1725

M 1.0956 -1.5107 -2.2144
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5.1.6. Fractographic analysis

The improvement in tensile and tear performance with loading of filler is supported
by the morphology of the fractured surfaces. These fractographs 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. All the
composite samples exhibit a two-phase morphology.

In the case of ENR filled with 10 phr of size 1 filler, the tensile fractography
reveals the presence of fine filler particles (Figure 5.13a).

Figure 5.13a. SEM fractograph of tensile specimen filled with 10phr of size 1 filler,
Mag X 2000

The presence of cigar shéped particles aligned in a particular direction also is observable.
Moreover the fracture is found to be 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 fractured surface of ENR sample filled with 30 phr of size 1 filler. Here the cracks

are extensive and much deviated.
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Figure 5.13b. SEM fractograph of tensile specimen filled with 10phr of size 1 filler,
- Mag X 600

Such parabolic fractured surfaces support the high strength of the material. The role of
filler particles in blocking the advancing crack also is observable.

Figure 5.14. SEM fractograph of tensile specimen filled with 30 phr of size 1 filler,
Mag X 600

The torn surface of ENR filled with 40 phr size 1 filler is presented in Figure 5.15a and b.
Here also crack deviation is extensive. The portions from which the filler particles are

debonded are visible as holes in the figure. The filler particles elongate to high stramns and
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obstruct the tear (Figure 5.15b). Thus, as explained above, the material filled with size 1

filler shows superior tear performance.

Figure 5.15a. SEM fractograph of tear specimen filled with 40phr size 1 filler, Mag
X 200

Figure 5.15b SEM fractograph of tear specimen filled with 40phr size 1 filler, Mag X
200

For fillers of higher sizes (size 4) at a loading of 10 phr, debonding is extensive. Also the
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cracks are again becoming smooth. De-wetting is clear from the Figures 5.16 a and b
and smooth fractures are visible in Figures 5.16 b and ¢. It can be seen from Figure
S.16c 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 10phr size 4 filler, Mag
X 600

Figure 5.16b SEM fractograph of tensile specimen filled with 10phr size 4 filler,
Mag X 600
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Figure 5.17 is the torn surface 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 filler 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 5.16¢ and Figure 5.17
that the larger size gr;ctde (size 4) filler particles are polydispersed in size due to their

breakage during mixing.

Figure 5.16¢c SEM fractograph of tensile specimen filled with 10phr sized filler, Mag

X 600

Figure 5.17 SEM fractograph of tear specimen filled with 30phr size 4 filler. , Mag
X 600
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For most of the filled 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 fracture fronts and from the resistance in
tear propagation by filler particles. Thus the superior mechanical performance of size 1
filler is strongly supported by the SEM fractographic studies.
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CHAPTER 6

INTERACTION OF SELECTED PARTICULATE FILLERS
WITH ENR-50 / NATURAL RUBBER PROPHYLACTICS
WASTE SYSTEMS

ABSTRACT

The chapter discusses the processing aspects, mechanical and dynamic mechanical
analysis of epoxidised natural rubber, ENR 50 containing prophylactics and particulate
fillers. Size 2 fraction of prophylactics filler has been used for this study. Particulate fillers
used are carbon black (HAF), silica and marble powder. It has been observed that the
variation of minimum 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 found to be increasing the minimum torque in ENR/40 phr prophylactics
system. When the presence of carbon black and silica increase the maximum rheometric
torque values, marble powder shows a reduction. Reduction in the optimum cure time has
been noted with the loading of prophylactics while the presence of particulate fillers further
decrease the values. The speed of the vulcanisation 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 fillers has been evidenced by the
increase in tensile and tear strengths. Addition of prophylactics filler to epoxidised natural
rubber has been found to be increasing the glass transition temperature of epoxidised natural
rubber while the presence of carbon black and silica increases it further. At highest frequency
of 100 Hz, a reduction in the damping maximum of epoxidised natural rubber and natural
rubber prophylactics with prophylactics and particulate filler loading has been noted. This
indicates an improvement in the hysterisis of the system. Comparatively high concentration
of particulate filler in the prophylactics phase has been noted from the analysis of filler
distribution by damping maximum values. The crosslink densities obtained from dynamic
mechanical data as well as swelling 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 loading of prophylactics filler in the presence of particulate filler.



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 Chem. Technol.

The solid waste management is becoming increasingly difficult as traditional
landfills are becoming scarce. The ever-increasing volume of polymer waste is a severe
problem deserving serious attention.'® Of this polymer waste, only 8-12 % is plastic while
the rest lion share is elastomer wastes.””

In addressing this issue, several scientists have carried out extensive investigation
based on ground tire. Rajalingam et al , focusing the effect of particle size, studied ground
tire/thermoplastic composites and chemical modification’ of the powdered tire fejects.
Gibala and Hamed'® investigated the influence of ground vulcanisates in styrene butadiene
rubber (SBR) crosslinked with sulphur and dicumyl peroxide (DCP). They reported that
for sulphur crosslinked system, the scorch time of SBR was affected while for peroxide
crosslinked samples, scorch time remained unaffected. Gawel and Slusarski'' analysed the
use of recycled tire rubber for the modification of asphalt. They identified that the high
initial costs of pavement made with asphalt-rubber binder can be compensated by their
greater durability and the possibility of using thinner layers. Investigation on the
development of natural rubber/cryoground polyurethane foam particles focusing the
rheolog);zand 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-50/prophylactics waste systems. The
influence of these fillers on the rheometric processing, curing, mechanical and dynamic

mechanical analysis of the samples has been described.
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6.1. Results and discussions
The basic formulation used for the study is given in Table 6.1.

Table 6.1, Basic formulation

Materials Control (phr)

Gl (G2 [G3 |G4 |GS5 [G6 {GT7 | G8 | GY
ENR-50 100 [ 100 | 160 [ 100 | 100 [ 100 | 100 | 100 | 100
Zn0 5 5 5 5 5 3 5 5 3
Stearic Acid 2 2 2 2 2 2 2 2 2
MBTS 24 |24 124 124 |24 (24 (24 {24 |24
TMTD 1.6 [16 |16 (1.6 |16 [1.6 |1.6 [1.6 [1.6
Sulphur 03 (0303 (03 [03]03]03 /03 ]03

'| Sod.Carbonate 0310303 ]03]103(03[03103 03

Aromatic oil 5 15 [5 [5 |5 |5 |5 15 |5
Prophylactics filler] 0 | 10 |40 | 10 |40 |10 |40 |10 | 40
Carbon black 0 10 |10

Silica 0 10 |10

Marble powder | 0 10 |10

in every case, the particulate filler was first mixed with prophylactics filler whichwas then
added to compounded ENR. For convenience, the discussion is carried out focusing the
following;
1. Effect of increasing loading of prophylactics filler to gum ENR (samples G1, G2
and G3).
2. Effect of the presence of particulate filler (10 phr) in G2 and G3 (samples G4&G5
(black), G6&G7 (silica) and G8&GY (marble powder).
3. Effect of increasing loading of prophylactics filler in the presence of particulate
fillers (samples G4&GS (black), G6&G7 (silica) and G8&G9 (marble powder).
6.1.1. Processing Aspects
The crosslinking process of the rubber compounds is characterised by the
rheographs presented in Figure 6.1 (G1-G9). It can be seen that all these are typical *S’
shaped'® curves. The minimum (M,) and maximum rheometric torque (M) values are
presented in Table 6.2. Here, as the prophylactics filler also is a rubber with similar

modulus values as the matrix, a notable increase in minimurn torque is not observed.
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Figure 6.1. Rheographs of the ENR compounds

Table 6.2. Processing, vulcanization and mechanical data

Sample | M, M, CRI |k, Youung’s | Tensile | Tear
Code |dN-m |dN-m | min” | min ' | Modulus | Strength | Strength
MPa MPa KN/ m
Gl 6.5 13400 |7.84 |0.1670]0.85 1.44 $%3 (83 §%q
G2 9 38.75 [8.69 |0.1990 ] 1.05 1.73 $%019.7 £%a
G3 6 44.50 | 17.39 1 0.4407 { 1 2.19 $8%,110.5 &%
G4 3 43 14.81 [ 0.3800 | 1.5 6.6 %3 11.553%
G5 7 51.75 1 19.05]0.4320 [ 1.7 746 552| 12.38 s
| G6 4 48 14.29 | 0.3440 [ 1.56 6.8 SB[ 12.8 3%
| G7 3 42 19.05 | 0.4840 | 1.28 8.5 JBa14.5 S5
G8 1.5 325 [19.00]03728]1.3 549 3%, 10.8 %
1G9 [25 415 119.04]04593]1.45 6.12 gaq] 11.5 §%s

[t can be seen from Table 6.2 that as the amount of natural rubber prophylactics in ENR-

50 ncreases to 10 phr, the minimum torque increases, while at a loading of 40 phr, it
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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
literature'’. 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 10-
phr carbon black (G4) in the sample with 10 phr prophylactics (G2) decreases the
minimum torque from 9 to 3, while in the case of the sample with 40 phr prophylactics
(G3) a slight increase is observed (G5). The increase in the prophylactics loading from 10
to 40 phr in the presence of carbon black (G4 and G5) increases M,. This is conirary 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 decreasing the minimum torque of the samples.

The increase in the prophylactics loading from 10 to 40 phr in the presence of
silica (G6 and G7) decreases the M,. This is similar to that noted earlier with G3
compared to G2. The presence of 10-phr marble powder (G8) to the sample with 10 phr
prophylat_:tics {G2) decreases the minimum torque from 9 to 1.5, while in the case of the
sampie with 40 phr prophylactics (G3), the decrease is from 6 to 2.5 (G9). In this case,
marble powder behaves similar to silica. The increase in the prophylactics loading from 10
to 40 phr in the presence of marble powder (G8 and G9) slighily increases M,. This is
contrary to that noted earlier with the addition of prophylactics (G3) to ENR sample (G2)
but similar to the case of carbon black, in samples G4 and G5.

The observation of differences in the variation of M,, with the addition of different
fillers to systems G2 and G3 and the addition of prophylactics in filled samples reveals that
the M, is very sensitive to many parameters such as mixing time, nature and number of
components in the mix etc. Among the fillers tried, only black is found to be increasing M,
to a slight extent and that itself, in ENR/40 phr prophylactics systems (GS$).

The maximum torque (My) is found to be regularly increasing with prophylactics
loading (G1-G2-G3). The increase in M, with the addition of prophylactics is due to the
presence of crosslinked particles in ENR matrix. The presence of 10 phr carbon black m
ENR / 10 phr (G2) and 40 phr (G3) prophylactics systems increases My, to a considerable
extent (G4 and G5). Similarly, with the increasing loading of prophylactics in the presence
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of carbon black (G4 and G5), M, increases. The presence of 10 phr silica in G2 to get G6
increases My, considerably. But such an increase is not observed in the case of ENR/ 40
phr prophylactics system (G7) compared to G3. Similarly, when the content of
prophylactics in silica containing ENR samples (G6 and G7) increases from 10 to 40 phr
Mh decreases. Marble powder concentration of 10 phr in ENR/10 phr (G2) and 40 phr
(G3) prophylactics systems decreases My. Similarly, as the concentration of prophylactics
in G8 and G9 increases from 10 to 40 phr, M, increases. The decreased values of My, in
the presence of marble powder indicate that marble powder is acting only as inert filier as
far as maximum rheometric torque is concerned.

| The variation of the rheometric curing properties such as optimum cure time (tso),
scorch time (t2) and induction time (t;) at 150° C are given in Table 6.3.

Table 6.3. Curing data

Sample [tyy | t; t .
Code min | min | min
Gl 15 [225]|1.5
G2 13 15 |1
G3 7.5 [1.751 1.5
G4 85 [1.75]15
G5 7 1.75] 1.5
G6 105135 |25
G7 7 1.751 1.5
G8 8253 2.5
G9 7.25(2 1.5

These values are calculated from 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 filler. With the addition of 1
phr carbon black (G4 and G5), the t; and t; values slightly increases in the case of ENR/10
phr prophylactics system while it levels off for ENR/40 phr prophylactics system. The
addition of 10 phr silica to the samples G2 and G3 decreases the optimum cure time
further (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 time
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decreases further in the case of ENR/10 phr prophylactics (G2 and G8) while it levels off
in the case of ENR/40 phr prophylactics (G3 and G9). Scorch time and induction time
increase with the addition of marble powder. As the amount of prophylactics filler
increases in samples with particulate fillers, 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 fillers.

Normally, particulate fillers like clay, silica etc with hydroxyl groups on the surface
adsorb the accelerator and thus increase the above curing parameters. Here, it should be
thought that this is less predominant for the system of ENR / prophylactics due to thé
-overcoming effect of cure activation by the prophylactics filler. The inability of particulate
fillers to adsorb the unreacted accelerator fragments in prophylactics is clear from these
resuits.

6.1.2. Yulcanisation Kinetics

The cure rate index (CRI) and the cure reaction rate constants are determined by
the method given in chapter 2 (equations 2.2 and 2.6). The plot of In (M,-M,) verses time t
of the elastomer compounds at 150° C is shown in Figure 6.2.
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Figure 6.2. Kinetic plots
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The plots are foundbe dmog 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 fragments in the prophylactics filler. The presence of particulate fillers
generally increases (except in the carbon black system, k of ENR/40 phr prophylactics
which shows a slight decrease) these parameters. In samples filled with particulate fillers,
the addition of prophylactics increases the CRI and k values.

The increased speed of cure reaction in particulate filled cases results from the
combined cffects of cure activation by the unreacted accelerator fragments in the
prophylactics and inability of particulate fillers to adsorb these accelerator fragments. This
ability of prophylactics as. well as particulate fillers 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. Technological properties

The stress-strain behaviour of a rubber 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 gum and prophylactics filled ENR vulcanisates are
presented in Figure 6.3. The curves are different from typical vulcanised 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
be increasing the stress value at a particular strain value. The presence of particulate fillers
causes notable variation in the nature of the stress-strain curves, mainly in the maximum
value of strain. Silica increases the initia! stress values, while the intermediate stress values

are found to be slightly lower for this case. Other particulate fillers present values above

these.
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Figure 6.3, Stress-strain curves of the ENR samples

The slope of the initial linear region of the stress- strain curve, presented as the
Young’s modulus is given in Table 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 filler, 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
ENR/40 phr prophylactics system while silica gets the credit for the ENR/10 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 from the strain induced crystallisation of ENR as well as prophylactics
during the stretching of the specimen. Since, particulate filler reinforces the system,

Young’s modulus increases further for the filled samples.
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The variation of tensile strength with the loading of prophylactics filler is given in
Table 6.2. Tensile strength also shows an increase at 10 and 40 phr prophylactics loading.
This clearly indicates the reinforcing phenomenon and strain induced crystallisation of
prophylactics filler in ENR-50 matrix. The presence of carbon biack, silica as well as
marble powder in ENR/prophylactics system and also the increasing concentration of
prophylactics in particulate filled 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 ENR/10 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) also is the same. The enhanced
tear strength with the addition of prophylactics filler is due to the ability of prophylactics
particles for higher elongation and thus obstruct the advancing tear. The particulate filler
particles increase the tear strength further.

6.1.4. Viscoelastic behaviour

The storage modulus E’ of most of the rubber materials depends very strongly on
the external applied strain. The variation of storage modulus (E’) of ENR (G1) 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 temperature region from 70 to —10° C can
be taken as the glassy region, that from —10 to +10 °C as the transition region and the last
region beyond +10 °C as the rubbery region. It is also observable from Figure 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 filler, two transitions are visible even though the first one from —58 to —50
°C range is pot 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 for the heterogenecous nature of ENR prophylactics system.
At the low and high temperature region, slightly lower modulus values are shown by the
gum ENR vulcanisate (G1). As the concentration of prophylactics increases modulus

valie also increases. This behaviour can be expected from the presence of crosslinked



153

particles in elastomer matrices’.
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Figure 6.4. Variation of storage modulus of ENR/prophylactics samples with

temperature

The samples with 10 and 40 phr prophylactics and similar compositions with
particulate fillers 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 particulate fillers.

The loss in stiffness has been found to be less in the case of samples with carbon
black filler. The presence of 10 phr particulate filler, carbon black, silica and marble
powder increases the modulus value above that of ENR / prophylactics systems. In the
case of carbon black and marble powder, this increase is found to be higher for the
ENR/10 phr prophylactics sample while in the case of silica, the extent of increase in the
modulus values in both ENR / 10 prophylactics and ENR / 40 phr prophylactics are the
same. Increase in the concentration of prophylactics n black filled samples (G4 and G5)

decreases the storage modulus values below the main transition while a slight increase is
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observed above the transition. In the case of silica (G6 and G7), a slight increase 1s
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 observed above the

transition.
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Figure 6)5. Variation of storage modulus of ENR / prophylactics / particulate

filled samples with temperature

A typical jplot showing the effect of frequency on the variation of storage modulus
with temperature of gum ENR sample is presented in Figure 6.6. The storage modulus
increases shghtly: with increasing frequency below the transition temperatures. But above
this, there is a sharp increase with increasing frequency. It is also observable from Figure

6.6 that the temperature corresponding to the beginning of transition is not changing with
increase in frequency for the gum ENR.



155

A0.1 Hz o10Hz +100H2 Sample:G Straind%

w0 [

o8 +oa %08t ba Yot Toubaton b toa 8a ok 3 &

Tal

E' (P9

‘o? 4] +

)

wh}
[ ] 1 1] ¥ L] T 1 ¥ ¥ ¥ 1 b T r 1] h [ N T
117 46 55 -44 -33 22 ~11 0 i1 2

Temperature, * C

Figure 6.6. Variation of storage modulus of the gum ENR sampie with

temperature at different frequencies.

Prophylactics filler as well as particulate fillers (sample G3, G5-Carbbon black,
G7-silica, G9-marble 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 values at all the frequencies below and above 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 particulate filled materials is due to the reinforcing action of the respective
filler in the samples.

It can be seen that in the transition region, the effect of frequency will be intense.
Therefore the piot 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 valucs arc tound to be maximum at ¢ "C
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which is nearer to the transition region than any other temperatures.
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Figure 6.7. Variation of storage modulus with frequency at selected temperatures

Table 6.4. Slope values of log E’ vs. frequency plots

Temperature { C) SLOPEVALUESX 10~ B
Gl (G2 [G3 [G4 [G5 [{G6 [G7 [G8 [ G9

-30 0971134081 [047[0.76/0.17]0.75] 0.45] 0.43

0 | 833/4.08]100 11 [10 [9.75]94 [12.7]8.61
(530 " {44 24745 |442]404 61 | 4114754

The transitions in molecular mobility requiring higher energy are attributed to the
peaks in the plots. For pure gum ENR, only one peak at -5 to —10 °C 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™) Vs. temperature for ENR
and ENR filled with prophylactics filler (G1-G3) are presented in Figure 6.8.
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Figure 6.8. Variation of loss modulus of ENR/prophylactics 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
coming 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 °C corresponds to the Tg of gum ENR. This
damping peak is associated with the partial loosening of polymer structures leading to the

movement of small chains near Tg at low frequencies (0.1 Hz here).
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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 operational 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 literature'® the temperature for maximum
damping is not Tg but it is erroneously taken to be s0. The temperature at the maximum in
loss modulus is more close' to Tg.
| The Tg values noted from the plots are presented in Tables 6.5a and 6.5b. The
increase in the Tg (at 10 Hz) of ENR (ffom -5 to ~2 °C) with the addition of prophylactics
is due to the increased stiffness of the system (Table 6.5a). For the G2 sample at 10 Hz,
the temperature corresponding to the maximum of prophylactics peak increases from —53
to —45° C with the further addition of prophylactics (G3) (Table 6.5b).

Table 6.5a. Glass transition values of ENR

Freguency Tg (’ C) from ENR peak

Hz Gl | G2|G3|[G4!1G8 {G6|GT7|G8|GY
10 -5 -5 1213 -1 |3 1 -1 | -4
100 3 [-3013 (6 (3 [5 |5 (2 (-1

Table 6.5b. Glass transition values of Prophylactics

Frequency ‘Tg (" C) from Prophylactics peak

Hz Gl | G2 G3 G4 |G5]G6{GT7|G8 | GY
10 ~ [-53 | 45 | -46 | -47 | -50 | -46 | -48 | -49
100 ~ 535 |42 |43 | 45| -47 | 42 | -46 | -47




The plots for samples with particulate fillers are presented in Figure 6.9.
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Figure 6.9. Variation of loss modulus of ENR/prophylactics/particulate filled

samples with temperature

The presence of black causes different shifts in different systems at different

frequencies. In the case of ENR/10 and 40 phr prophylactics systems at 10 Hz, black
(G4&GS5) as well as silica (G6&G7) increases the Tg of ENR. The increase in the

concentration of prophylactics in ENR samples with particulate filler decreases Tg values

In the case of ENR/10 phr prophylactics system at 10 Hz, presence of marble
powder (G4) increases the Tg of ENR from —5 to —1° C. But in the case of ENR/40 phr

prophylactics sample, it decreases further. The increase in the concentration of

prophylactics in marble powder containing samples (G8 and G9) decreases Tg values to
~1 and 4° C. Tg of prophylactics phase at 10 Hz also shows increase with increasing

concentration of prophylactics. With the presence of particulate filler, an increase in Tg of

prophylactics is noted only in the case of ENR/10 phr prophylactics system.
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The variation of loss modulus with temperature for the gum ENR sample (G1) for

different frequencies is presented in Figure 6.10.
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Figure 6.10. Variation of loss modulus of the gum ENR sample with
temperature at different frequencies.

It is a general observation that, below the main transition, the loss modulus
deceases with increase in frequency while above it, a reverse trend is observed. Moreover
the influence of frequency is reflected in the E* values, mainly above the transition. This
phenomenon gives a twisted staircase or wave like appearance to the plots. On increasing
the frequency (Figure 6.10), the glass transition temperature of ENR slightly increases
from —5 to -3 °C (Table 6.5a). Increase in the frequency increases the Tg of ENR from
-2 to +3 °C in the case of G3 sample. The Tg of prophylactics also increases from —45 to
—42 °C. Moreover, the glass transition temperatures of ENR obtained from our

experiments agree very well with the values previously reported from the works of
Wy 108
Gelling

In the case of black filled sample, increase in the frequency increases the Tg of



161

ENR peak (Table 6.5a) of ENR/40 phr prophylactics/10 phr black from —! to +3 ° C and
that of prophylactics peak from —47 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 EFFECTIVE UTILI ON OF
FILLER SURFACE FILLER SURFACE
BY POLYMER CHAINS BY POLYMER CHAINS

Figure 6.11. Utilisation of filler surface by polymer chains

In the case of silica filled samples, increase in the frequency increases the Tg of
ENR peak from +1 to +5 ° C (for ENR / 40 phr prophylactics / 10 phr silica) and that of
prophylactics peak from —46 to —42° C (for ENR / 40 phr prophylactics / 10 phr silica) are
observed. Increase in the Tg of ENR is due to the chemical interaction of silanol groups in
silica with epoxy groups in ENR. Shifts in Tg observed are again, due to the effective
utilisation of silica surface by the polymer molecules. This is possible due to the ring
opening of epoxy groups in ENR by the silano! groups of silica filler'” given in Figure
6.12. Such an effective utilisation reduces the mobility of ENR phase considerably and this
causes the Tg values to increase above that of the gum ENR.

In the case of marble powder filled samples, on increasing the frequency, the glass
transition temperature of ENR peak increases slightly from —4 to -1° C (for ENR / 40 phr
prophylactics / 1O phr marble powder) and that of prophylactics peak from —49 to —47° C
{for ENR / 40 phr prophylactics / 10 phr marble powder).
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Figure 6.12. Interaction of silica with epoxy groups

Studies by Ahsan et al”’, identified the particles of CaCO5 forming marble powder to have
a heterogeneous surface with exposed polar cationic sites, which are capable of interaction
with unsaturated hydrocarbons. Such interactions, even though very weak, can lead to
effective utilisation of marble powder filler 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 ENR/40 phr
prophylactics system, even a decrease in Tg is observed which would not have occurred
otherwise. Since marble powder reduces the relaxation of the prophylactics phase also,
slight increase in prophylactics Tg values (=53 ° C) are also observed. It is clear from 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.
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Figure 6.13 represents the variation of tan & with temperature at 100 Hz
frequencies for ENR samples of different compositions. Although polymer composition is
the key parameter determining the damping properties, other factors such as morphology,
crosslink density, interaction between different polymer components and the phase
continuity etc. will affect damping®'. Since the Tg values of the samples were discussed
earlier using the loss modulus-temperature plots, the discussions here are limited to the
damping behaviour (Tan 8.) alone. It is a general observation from Figure 6.13 that as

the temperature increases beyond ENR transition, tan § values decrease.
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Figure 6.13. Variation of tan § of ENR/prophylactics samples with
temperature
It can also be observed from the Figure 6.13 that the addition of prophylactics to
ENR (G1 for gum ENR, G2 and G3 for ENR with 10 and 40 phr prophyiactics), the tan
Smax of ENR slightly decreases while that of prophylactics increases. [n these systems the
prophylactics forms the dispersed and discontinuous phase in a continuous ENR phase.
The dispersed phase, immobilises the continuous phase (ENRY), in the relaxation process’ .
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This intern causes a reduction in the tan Sme of ENR with the increasing loading of
prophylactics.

It is very interesting to see from Table 6.6 that the tan Sue, for both ENR and
prophylactics peaks in the filled ENR samples at a particular frequency is less than the
corresponding single systems for most of the cases. This is found to be more 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 & nu values

Sample Frequency tan S
Hz ENR peak | Prophylactics
. peak
0.1 1
Gl 10 1.25
100 1 1.75
0.1 1.1 0.2
G2 10 1.6 0.2
100 1.7 0.2
0.1 0.93 0.3 #
G3 10 1.5 0.35
100 1.65 0.35
0.1 1.1 0.15
G4 10 1.45 0.13
100 1.6 0.1
0.1 0.8 0.3
G5 10 1.2 0.25
100 1.3 0.3
0.1 1.3 0.2
Go6 10 1.4 0.15
100 1.4 0.13
0.1 1 0.38
G7 10 1.1 0.33
100 1.25 0.33
0.1 1.53 0.2
G8 10 1.6 0.19
100 1.65 0.15 |
0.1 1.25 0.37
Go 10 1.3 0.3
100 1.35 0.3
Prophylactics | 100 1.45 —J
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Figure 6.14 represents the variation of tan & with temperature at 100 Hz
frequency for different ENR samples with particulate fillers. It can be observed from the
Table 6.6 that the presence of carbon black, silica and marble powder filler in both ENR /
10 phr and 40 phr prophylactics causes a reduction in the tan &m«of ENR and
prophylactics peaks at 10 and 100 Hz. But at 0.1 Hz, a slight increase in tan Sp., is

observed.
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Figure 6.14. Variation of tan 3 of ENR / prophylactics / particulate filled samples
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Nielsen® reported that the reduction in tan Sp,y 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 filler needs more polymer for the wetting of filler surfaces. This
causes a reduction in the effective volume of polymer available for relaxation, which finally

results in a low value for tan 8max. The reduction in tan &, denotes an improvement in the

hysteresis of the system.
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The influence of frequency on the tan § - temperature plots is presented in Figure

6.15.
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Figure 6.15. Variation of tan  of the gum ENR sample with temperature at

different frequencies

In Figure 6.15, it can be seen that the tan Sy of ENR (G1) increases from 1 to
1.75, as the frequency increases from 0.1 to 100 Hz (Table 6.6). But in the case of

prophylactics peak, there is no notable change in tan Smax with frequency. In the case of
ENR vulcanisate containing 40 phr prophylactics (G3) also, tan &m. of ENR and
prophylactics increases with frequency (Table 6.6). But in the case of prophylactics peak,

the values level off afier a frequency of 10 Hz. In the case of mixes with particulate filler

also, such an increase in tan dma.. is observed but the magnitude of increase is less. It is

very interesting to note from Table 6.6 that the tan Sy, of both ENR and prophylactics

peaks in the mixes is less than the corresponding single systems at most of the frequencies.

This 1s found to be more pronounced for prophylactics peak. In addition, it is reported that
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the addition of a solid elastic filler can either increase or decrease the mechanical damping
of a polymer®. Here it is found to be true because different trends are observed a
different frequencies. At most of the frequencies, either a leveling off or a decrease in tan
Smax is Observed with the addition of particulate filler.

The variation in the tan S 0f a component with filler loading can be used to find
the relative distribution of filler among the blend components. The method involves the
calculation of a parameter ‘R’ using tan 8,,, variation.

msgm‘tanafm o
R= (6.1)

where
£ — gumn sysiem
f - filled system
R is also related to the weight fraction of filler in the polymer (W) as,
R =aw - (6.2)
where « is polymer —filler interaction parameter.
On extending this equation to ENR, prophylactics individual component systems and their

mixes, we get;

N
Rl =aw

R2 =aw ?

Rt =al’wl’ (6.3)
R2 =a2’ w2 y

where the subscripts represent the ENR and prophylactics systems and prime indicates the
blend systems. wl and w2 are the wmght fraction of filler to total polymer in the blend
distributed in ENR and prophylactics respectively. The total weight fraction ‘w’ of filler in
the blend is given by;

w=wl"+ w2’ (6.4)

Assuming ol /a2 =al’/a2’; we get

w [’ R1I’R2
- — (6.5)
w2’ R2°R1
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From above equations

RI’R2Z w (6.6)

wl’=
R1’R2+R2’ Rl
The analysis reveals that a major portion of the particulate filler (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 measure of the crosslink density, enhanced modulus can be
attributed to the higher crosslink density of the matrix in the presence of fillers. According
to the statistical theory of rubber elasticity”, the crosslink densitynE’ r for a
 tetrafunctional network can be calculated according to the equation™.
nE’'r =Er’/6RT . 6.7
where E’r is the dynamic storage modulus measured from the rubbery plateau region.
Similarly, the crosslink density from swelling studies can be determined using the method
discussed in chapter 2 (equations 2.30 and 2.31).
The crosslink density from dynamic mechanical measurements and from swelling
studies (at 28 and 40° C) are presented in Table 6.7.
Table 6.7. Crosslink density values

Sample Crosslink density values
From dynamic | From swelling studies
mechanical data mols /cc X 107
X 107 28°C 40" C

Gl 0.96 5.66 6.24

G2 1.08 5.85 6.44

G3 1.28 6.05 6.49

G4 1.6 7 7.13

G5 1.66 7.35 8.03

Gb6 1.6 6.44 7.28

G7 1.92 6.74 7.52

G8 1.33 5.48 5.85

G9 1.66 4.95 5.62

In the case of the crosslink density values from dynamic mechanical results, it is observed
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
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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 from swelling studies also are presented in Table 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 from swelling studies are found to be increasing with the addition
of carbon black and silica while a drop is observed for marble powder filled sample.
_ The presence of strain-induced crystallisation in the samples can be confirmed
using Martin-Roth-Sti ehler”’ plots (Figure 6.16) drawn according to the equation given
below.
Inor?/ X' =nEq+ A (&A1) (6.8)
where o is the stress value, and A is the extension ratio, Eg and A are constants.
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Figure 6.16. Martin-Roth- Stiehler plots
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The plots of all the samples present changes in the slope. This is due to the strain-induced
crystallisation of small prophylactics particles as well as ENR.

The activation energy E,. for the glass transition of the samples can be calculated
using the Arrhenius equation given in chapter 2 (equation 2.9). E, 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 fillers decreases the E,.. values. The most
intense reduction is observed in the case of carbon black and least in the case of marble
powder. The addition of prophylactics in the presence of particulate filler increases the
E 4 values.

Table 6.8. Energy of activation values

Sample | E , (kJ)
G1 313
G2 543
G3 235
G4 163
G5 166
Gb6 247
G7 296
G8 279
G9 386
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CHAPTER 7

DEVELOPMENT AND CHARACTERISATION OF NOVEL
EPDM / NR PROPHYLACTICS WASTE COMPOSITES

ABSTRACT

The development and characterisations of novel ethylene propylenc diene rubber
(EPDM) 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 natural rubber. The curing
properties such as optimum cure time, scorch time and induction time have been found to be
decreasing with the loading of prophylactics filler. But for most of the cases the values
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 difference in the curing
behaviour of EPDM and ISNR-5. The increase in temperature has activated the cure process
as can be seen from the increased cure rate index and cure rate constant values. These
observations have been supported by the higher value of energy of activation for the gum
EPDM  compound. Thermal ageing produces mixed results regarding the
improvement/deterioration 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. Crosslink density values determined from
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
diffusion process in EPDM vulcanisate is found to be anomalous. The observed variation in
the equilibrium swelling has been supported by the intrinsic diffusion coefficient and molar
equilibrium sorption constant while at 40°C sorption and permeation coefficients also has
been 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
40°C. deviations from linearity have been observed.



CHAPTER 7
DEVELOPMENT AND CHARACTERISATION OF NOVEL
EPDM / 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 differs from the gcncré.l purpose elastomers like natural rubber in having a
' séturated hydrocarbon backbone, therefore, it offers unusually good, oxidation, ozone,
thermal, electrical and chemical (weathering) and cut growth resistance'’. These
properties result mainly from its low content of unsaturation. Several research publications
arc available on EPDM focusing its chemical modification®, detailed vulcanisation
behaviour®, and heat transfer model’ calculations to predict mechanical properties. On the
other hand, natural rubber finds use as a component in tire tread because of its excellent
mechanical properties. It also differs from other elastomers in showing strain crystallising
nature. It therefore offers good physical properties, but suffers from poor weathering and
thermal resistance. All these properties result from its high content of unsaturation and
ability for strain crystallisation. |

A blend of EPDM and NR exhibits a useful combination of several properties such
as good ozone and chemical resistance, better mechanical properties, reduced compression
set and improved building tack properties® etc. They can give acceptable compromise
between the properties of the components, e.g., NR phase can provide good physical
properties without the use of highly reinforcing fillers and expensive coupling 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 excellent ozone resistance
without the addition of any antiozonant’. Apart from property benefits, the blends of
EPDM and NR are also attractive in an economic point of view. The recycling of NR and
EPDM giving emphasis to the process mechanism also is described in the literature®.
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This chapter reports some of the results on the development and characterisation
of composite materials based on EPDM. The matrix EPDM was filled with two other
elastomer inclusions such as natural rubber prophylactics waste and ISNR-5. The curing
behaviour of the rubber compounds, physical properties and swelling behaviourof the

vulcanisates were analysed with special reference to the influence 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

Material Loading (phr)

A0 |Ala | Alb|A2 | A3 |Ada | Adb
EPDM 100 {100 | 100 | 100 | 100 | 100 [ 100
NR 0 10 |0 20 {30 |40
Prophylactics
ISNR-5 0 . 10 40
Zn0O 5 5 5 5 5 5 5
Stearic acid | 2 2 2 2 2 2 2
MBTS 05 {05 (05 |05 [05 [05 |05
DPG 04 |04 (04 |04 (04 104 (04
DCP 225(225(2.25(225(225(225(2.25
Sulphur 1.5 {15 {15 115 {15 [1.5 |15

7.1.1. Curing propertics _

The rheographs which characterise the crosslinking proccssq of the rubber
compounds at different temperatures (150, 160 and 170° C) are presented in Figure 7.1 to
7.3. Marching cure observable in the rheographs is characteristic of EPDM compounds.
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The initial (M;), minimum (M,) and maximum torque (M) values are presented in Table

7.2.

Table 7.2. Rheometric data

Minimum Torque (

Sample | Initial Toque (M) M,) Maximum Torque (M,)
150°C 1160°C J170°C [150°C T166°C [170°C [150°Cc [160°C [170°¢C
A0 7 10 12 4.5 6.5 5.5 445 [425 41.5
Ala 11 10 13 6 8 6.5 40 38 32.5
Alb 9 7 6 45 3 3 25 21 19
A2 15 16 13 9.5 10 8 36.5 |33 32
A3 17 17 15 10 12 10.5 35 33 31
Ada 17 17 15 11 12.5 11.5 35 33 32
Adb 8 i 7 4.5 6 16 23 22.5 21.5
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Figure 7.2. Rheographs of the EPDM/prophylactics filler
compounds at 160° C

It can be seen from Table 7.2 that as the amount of natural rubber prophylactics in
EPDM increases, the initial torque increases. This can be made clear if a comparison of the
values of A0, Ala, A2, A3 and Ada is made. The initial torque values shown by EPDM
samples containing prophylactics are found to be higher than the corresponding ISNR-5
loaded samples (Alb and A4b). This is because of the lightly crosslinked nature of the
prophylactics filler. 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 rubber 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 crosslinked
nature of the prophylactics. The maximum torque of the samples is found to be decreasing
with prophylactics loading. In this case also lower values are obtained for the
compositions with natural rubber such as Alb and A4b compared to prophylactics filled
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samples (Ala and A4a).
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Figure 7.3. Rheographs of the EPDM/prophylactics filler
compounds at 170° C

The influence of temperature on these properties also deserves much attention. As
the tenmcratﬁre increases, the initial torque values of EPDM sample (A0) are found to be
shightly increasing. But this trend is found to be becoming 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 values also, the same behaviouris observed. A regular drop in the case of
maximum 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 optunum cure time (to), scorch time
(t)) and induction time (t,) at 150° C are given in Table 7.3. These properties are

calculated from the rheographs as reported earlier. It can be seen that, as the prophylactics
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loading increases, tsq values show a decrease at 10 phr loading of prophylactics (Ala) and
ISNR-5 (Alb). For further loadings of prophylactics, the value increases and then levels
off at 40 phr prophylactics loading. In the case of t; and t; 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

Curing Property Value

A0 [Ala|Alb]A2 A3 | Ada ] Adb
Optimum cure time too, min
150°C 29 |20 (12318 (18 |18 |95
160°C 19 | 1157112110 |95 |95 |85
170°C 13 16 |58 (58 [53 |55 |48
Scorch time t;, min
150°C 33 (3 125 [(275|275{275}3.5
160°C 23 118 |19 |2 1.75 (225 | 2
170°C 2 1.5 |1.65|17571.5 [1.25(1
Induction time t;, min
150°C 3 1275|225(225(225|225]|3
160°C 2 |15 {125f1u7stis (17515
170°C 175125 1 1.5 (12511 0.75

It can be seen that both at 10 and 40 phr loading of ISNR-5 (Alb and Adb), the
optimum cure time values are below that of similar compositions with prophylactics (Ala
and Ada). The initial reduction in optimum cure time with prophylactics loading is due to
presence of unreacted accelerators or crosslink precursors in the prophylactics phase.
However, the reduction in ty values with the addition of 10 and 40 phr of natural rubber
(ISNR-5) (Alb and A4b} is found to be more than that caused by prophylactics. This 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).
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Figure 7.4. General nature of rheographs
(a). EPDM, (b). ISNR-5, (¢). resultant rheograph

The rheographs 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 ISNR > NR Prophylactics > EPDM. So it is
clear that when the curing of NR progresses fastly, the curing of EPDM and NR
prophylactics lags behind. These factors are responsible for the lower to, t; and t; of
ISNR-5 containing samples of EPDM than those with NR prophylactics.

The influence of temperature on the optimum cure time of the rubber compounds
is prescntéd in Table 7.3. The cure activating nature of temperature can be seen from
here. There are two main observations connected with the influence of temperature on the
crosslinking process of these systems. The primary one is that, at low temperature, an
irregular drop in te 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 be noted is that,
at low temperature, the difference in ty; 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 to, values of Ala & Alb and Ada & Adb.

In Table 7.3, observations on the influence of temperature on scorch time are

presented. As already seen in the case of tg. abnormalities in t; arise for the plots at
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temperatures 150 and 160 ° C. The addition of prophylactics filler initially reduces the
scorch time values at 150° C while at higher loadings, a leveling off is observed. At 160°
C, a slight increase in scorch time can be seen at higher loadings, while at the highest
temperature a more regular drop is visible as the prophylactics loading increases. This is
- because of the complete decomposition of DCP at higher temperature. The vulcanigation
system used here is a semi EV plus peroxide. The effect of peroxide will be shown
predominantly at temperature 160° C or above which is the decomposition temperature of
DCP. So as the temperature increases, both sulphur and peroxide crosslinking occurs
progressively and so the curing results present more regular trends than at low
' temperatures. The addition of 10 phr ISNR-S (Alb) instead of natural rubber
prophylactics (Ala), decreased the scorch time value at 150° C while the addition of 40
phr ISNR-5 (A4b) increased it from a similar composition with prophylactics filler (Ada).
On the contrary, a reverse trend could be seen at 160 and 170 ° C. In the case of
induction time (Table 7.3) also, an exactly similar observation is obtained.

The cure rate index (Table 7.4) and kinetics of cure reaction are analysed by the
method explained earlier in chapter 2 (equations 2.2 and 2.6).
Table 7.4.Cure reaction kinetics data

Sample Cure rate index Cure reaction Energy of
CRI rate constant (k) activation (E,.)
150°C [160°C [170°C | 156°C [ 160°C [ i70°C | K/ mol
A0 3.88 3.97 9.09 0.09 0.17 0.19 105.81

Ala 5.8 10.3 22.2 0.12 [0.17 0.41 93.84

Alb 10.2 13 25 0.19 |[0.21 0.62 91.39

A2 6.5 12.5 25 0.10 0.18 0.34 92.36
A3 6.5 12.9 26 0.14 0.19 0.38 76.16
Ada 6.56 13.8 23.5 0.13 0.19 0.42 89.35

Adb 16.6 15.4 26.6 0.24 0.25 0.54 62.80

The plot of In (My-M,) verses time t of the elastomer compounds at 150 ° C is

shown in Figure 7.5. The plots are found to be linear which proves that the cure reactions
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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 7.4. At 150 and 160 ° C, both CRI and k quenlly
increases with increasing prophylactics loading. The CRI values obtained for natural
rubber containing systems are much higher than the corresponding compositions with
prophylactics filler. This is true for all the temperatures studied. The cure rate constants
also show a slight increase with prophylactics loading. 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.

444 m A0 ® Als & Alb 1]
v A2 & A3 + Ads X Adb |
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Figure 7.5, Plots of In (M,-M,) Vs Time

The energy of activation values are calculated using Arrhenius equations given in
chapter 2 (equation 2.7 and 2.8). The E, values (Table 7.4) are calculated from the slope
of a plot of log k verses 1/ T given in Figure 7.6. Normally fast reactions (higher k) yield
lower values of E ... In the case of EP[DM gum sample, a high E,, value is observed. Also,

as the loading of prophylactics filler increases, irregularly decreasing E.. values are
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observed. The change in k values with the substitution of ISNR-5 (Alb and A4b) is well
supported by the lower E . values.

0.0 —=—- .
® A0 ® Ala & Alb w A2
¢ A3 + Ada x Adb

024 a . Alb

T YT T T T T
224 226 228 230 232 234 236

/T X10°, K'

Figure 7.6. Variation of log k with absolute temperature

7.1.2. Technological properties

The stress-strain behaviourof a rubber 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
vulcansates are presented in Figure 7.7. The curves are slightly different from typical
vulcanised low strength materials. This can be seen in the slightly rising 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 prophyvlactics {Ala), the witial linear
portion of the curve is closer to "y’ axis. With the substitution of 10 phr ISNR-5 {(Alb},
the curve again bends towards 'y’ axis. But as the prophylactics content increases turther,

the curve leans towards ‘X’ axis thus showing a drop in the rigidity of the vulcanisate.
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Figure 7.7. Stress-strain curves of unaged EPDM vulcanisates

The stress-strain curves after thermal aging is presented in Figure 7.8.
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Figure 7.8. Stress-strain curves of aged EPDM vulcanisates
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Here also similar behaviourcan be seen. But some samples such as EPDM with 30 phr
natural rubber prophylactics (A3) presents a nature typical of vulcanised amorphous
elastomers such as SBR.

The slope of the initial linear region of the stress- strain curve, presented as the
Young’s modulus is given in Table 7.5,

Table 7.5. Mechanical properties of EPDM vulcanisates

Mechanical Property Sample code

A0 | Ala |Alb A2 |[(A3 | Ada | AdD

Young’s Modulus (unaged), MPa | 0.92 ; 1.09 [ 7.29 | 4.52 | 431 | 144} 1.72

Young’s Modulus (aged), MPa 1.25 (145229 |2.01 72.13 | 1.65]1.88

Elongation at break (unaged), % | 556 | 610 [ 1396 | 1215 | 1056 | 936 | 1006

Elongation at break (aged), % | 416 | 506 | 883 | 710 | 583 | 626 | 630

Tensile Strength (unaged), MPa | 1.56 | 2.24 [ 3.94 [ 2.50 | 2.81 | 1.91 | 3.98

sSD 0-08
Tensil ; ) . . . 1. .55]2.25
ensile Strength (aged), MPa 1.87 5& tzgi 59 135 % f& s% 0525
Tear Strength, kN/m 8.19 (106135 |13.2 [13.4 | 13.9 5%314
Vonys, unaged, X 107 47 [13.1{21.5 1196 |13.1 |4.77]107
50 5. 72
Vonys, aged, X 107 262128 |31 [29.8 [21.5 [17.9]20.9

It 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 filler (A0, Ala and A2). This is due
to the highly strain crystallising nature of the natural rubber prophylactics filler in the
relatively weaker EPDM matrix. Further addition of prophylactics filler causes a decrease
in Young's modulus. The values shown by ISNR-5 at 10 and 40 phr loadings (Alb and
A4b) are higher than that by prophylactics filler. A similar observation is visible in the case
of vulcanisates 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 A0, Ala, A4a and
Adb, where a slight increase is observed. Even though generalisations cannot be made
from these data. it is reasonable to think that addition of natural rubber prophylactics filler/

ISNR-5 can atfect the thermal aging behaviowrot EPDM.
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The variation in elongation at break (ey) 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 ISNR-S phases in EPDM matrix
to elongate to high strains. Among the prophylactics loaded samples, the maximum value
is obtained at a loading of 20 phr. Here also, the values are higher for the ISNR-5 filled
samples at 10 as well as 40 phr loading. 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 initially increases at 10 and 20 phr prophylactics loading and then
decreases. As in earlier cases, comparatively higher tensile strength values are shown by
EPDM / ISNR-5 vuicanisates. The aged tensile strength also behaves in the same way.
The superior aging resistance of the EPDM wvulcanisates can be understood from the
higher or comparable tensile strength values after thermal aging. This is noted for the
samples AQ, Alb and A2. This is due to the increase in crosslink density resulting from the
influence of temperature during aging. Such results are reported in the literature”""

The better aging resistance of gum EPDM sample is clear from the increased
properties after thermal aging (Table 7.6).
Table 7.6. Thermal aging data

' Sample code Percentage change in Percentage change in
Young’s modulus Tensile strength

A0 35(H) 19 (1)

Ala 33(#) 28 (-)

Alb 68 (-) 49 (+)

A2 55 (-) 40 (+)

A3 30 (<) 66 (-)

Ada 14 (+) 23 (-) N
I A4b 9 () 77 ()

-'(positive sign - increase in property, negative sign- decrease in property

The property variation observed after thermal aging varies from sample to sample.
It is also important to note that the trend shown by Young’s modulus and tensile strength
are not similar. Better aging resistance shown by the EPDM samples, A0, Ala, Ada and

Adb in the case of Young’s modulus while in the case of tensile strength A0, Alb and A2
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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
between the stress-strain relation at low strain region (Young’s modulus) and that at
higher strain region (tensile strength). This is contrary to the behaviowshown by elastomer
vulcanisates with particulate fillers where the common relation is *higher the Young’s
modulus, higher the tensile strength”. This difference arises due to the difference in the
mode of filler — elastomer interactions in these cases. In the case of an elastomer
vulcanisate filled with some particulates, the property improvement is due to the adhesion
between rubber layers and filler surfaces. This manifests in a number of phenomena such
as bound rubber. On the other hand, in the present case, the property enhancement if any
is due to the strain crystallising 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 loading of natural rubber prophylactics filler, tear strength
increases sharply (Table 7.5) and leveis off at higher loadings. Also better values are
shown by the substitution of prophylactics filler with ISNR-5 only at 10phr. At 40 phr, the
tear strength for EPDM / ISNR-5 system is lower than EPDM / prophylactics. The higher
tear strength results from the ability of natural rubber prophylactics and ISNR-5 phases in
EPDM to elongate to high strains and obstruct the advancing tear front.

The idea that one can obtain from these results is that the mechanical properties
will be better if the inclusion also is aliowed to vuicanise at the same cure cycle as the
matrix. The difference between the properties of prophylactics and ISNR-5 filled 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 from uncrosslinked state.
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However, the lightly crosslinked nature of prophylactics and the resulting viscosity
difference might be causing a number of secondary reasons for its inferior performance.
Still, considering the economics aspects of the systems, better performing combinations of
EPDM / Prophylactics /ISNR-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 vuicanisates
at room temperature and 40° C are presented in Figures 7.9 and 7.10, respectively. The
mole% uptake, Qt of the solvent toluene is plotted vs. square root of time, t. The molt%

uptake is calculated using equations given in chapter 2 (equation 2.14).

~—R— AQ—e— Alg—a— Alb—w— A2
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Figure 7.9. Sorption curves of EPDM vulcanisates at room temperature.
At equilibrium swelling, Q. was taken as Q. the mole% uptake at infinite time. It is clear
from the figure that all thie plots are sigmoidal, 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 molecules'>. It can be seen from the sorption
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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.
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Figure 7.10. Sorption curves of EPDM vulcansates at 40° C.

The equilibrinm mole% uptake value Q. (Table 7.7a) of the samples at room
temperature increase with increasing the content of second elastomer component, with
very high 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 filler and ISNR-5 to restrict
the solvent uptake just as other inorganic fillers 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
using the method" given in chapter 2 (equation 2.15). 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
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means that the rate of diffusion 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 of'r is unity, the mode of diffusion is termed as non-Fickian where the
rate of diffusion of penetrant molecules is much faster than polymer relaxation. When the
rates of both processes are similar, value of ' will fall between 0.5 and 1, presenting an
anomalous behavior. The computation of n and 'K is done by constructing the plots of log
Q; vs. log t followed by linear regression considering only the data upto 50% sorption.
The values of n'and K also are presented in Table 7.7a.

Table 7.7 a. Sorption data at 28° C

' Sample | Q. N k K, ks D D+ ¢ S P
Code | mol% gg' mio® | min? | X10° | x16 gg" | *10°
min® | x10? |x10® | Y [ew em's”
x 107
A0 3.4597 | 0.6616 | 0.0378 | 0.0346 | 0.0056 { 5.70 16.7 | 0.2369 | 16.44 | 9.37
Ala 3.9895 { 0.6690 | 0.0335 [ 0.0399 | 0.0047 | 4.82 18.0 0.2121 | 3.68 [ 1.78
Alb 7.4491 | 0.7001 | 0.0214 | 0.0745 § 0.0028 | 2.17 27.0 0.1260 1 6.86 {1.49
A2 454211 0.6711 | 0.0285 | 0.0421 | 6.0037 | 4.15 21.6 0.1824 1524 | 1.73
A3 5.8616 | 0.6887 | 0.0229 | 0.0586 | 0.0029 { 3.10 24.1 0.154915.40 | 1.68
Ada 5.9587 | 0.6825 { 0.0262 { 0.0596 | 0.0035 | 3.22 25.8 0.1527(5.49 | 1.77
Adb 9.6554 | 0.6860 | 0.0178 | 0.0966 | 0.0019 | 1.78 38.2 0.1001 | 8.89 | 1.58

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 nl 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 filled vulcanisates. The parameter k, which characterises the
polymer - solvent interaction is found to be reducing with the amount of prophylactics
(Table 7.7a) which also is not in agreement with the observed trend in solvent uptake Qo
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'n for EPDM gum vulcanisate, it is reasonable to
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think that in this sample, the diffusion of the permeant might have slowed down compared
to that in filled vulcanisates.

The effective diffusivity’, D of the elastomer solvent system was calculated as
described in chapter 2 (equation 2.16) Since extensive swelling was observed for most of
the samples, correction to diffusion coefficients is necessary by calculating the intrinsic
diffusion coefficients'>, 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
vulcanisates show a decreasing trend even though it is not in a regular manner. This trend
shown by D values doesn’t correlate with the swelling phenomena observed here from Qo
results. Meanwhile the corrected D values (D*) are in agreement with the increased
solvent uptake. When the higher Q¢ value of ISNR-S filled samples with respect to
prophylactics filled 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 swelling elastomer vulcanisates.

Another parameter called sorption coefficient, also is calculated from the
equilibrium swelling using the relation'® given in chapter 2. It can also describe both the
initial penetration and dispersal of penetrant molecules into the elastomer network. Here
Mor is the mass of the penetrant sorbed at infinite time and My, the initial weight of the
polymer sample. The values of sorption coefficient of the samples at room temperature
also are presented in Table 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 7.7a), which is defined by
Hung' as

No. of moles of solvent sorbed at equilibrium
Ks = (7.1)
Mass of polymer sample
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Therefore in the present work, only D* and Ks are in agreement with observed increasing
solvent uptake behaviour of the EPDM wulcanisates with imcreasing loading of
prophylactics filler.

Sorption data at 40° C is given in Table 7.7b.

Table 7.7 b. Sorption data at 40° C

. Qu; o k K, k-l D D* ¢ S P
code mol% gg-l min! min” x10% x 107 gg-l x10”
min® | x10% |x10° | = | car’s”
x 107

A0 4.0109 1 0.5907 [ 0.0438 | 0.0401 | 0.0024 | 5.08 19.1 0.211213.69| 1.88

Ala | 4.5608 | 0.6200 | 0.0354 | 0.0456{ 0.0024 | 489 234 }0.1906}4.20]2.06

Alb 72187 0.6926 1 0.0222 | 0.0722 { 0.0034 13.35 |39.5 |0.1295|6.65]2.23

A2 4.9543 | 0.6299 | 0.0356 | 0.0459 [ 0.0031 | 5.11 |2S9.1 |0.1875]|4.82}2.34

A3 5.6197 1 0.6456 | 0.0323 | 0.0562 | 0.0046 | 5.01 357 10.1605|5.1812.59

Ada | 64822 0.6241 [ 0.0346 | 0.0648 | 0.0033 1 3.86 |36.7 |0.1421|5.97{2.3]

Ad4b | 9.1388 ] 0.7223 ; 0.0190 | 0.0914 | 0.0026 | 2.89 554 |0.1052)8.42|2.43

The Qox values also register an increase with prophylactics loading. It is also seen
that at lower loadings of natural rubber prophylactics, increase in swelling temperature
causes an increase in Qog, while at higher loadings, a decrease is obtained. But in the case
of D, an increase is observed at all 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 behaviowat 40° C is the similar value of S for
the EPDM gum sample to that of filled 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 from 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 Qoc with increasing
prophylactics loading. Earlier in the case of curing parameters also, similar influence of
higher temperature in clearing the abnormalities of the results was discussed. The
observations here also supports this fact.
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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 Windle'® a thermodynamic swelling 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 prevented'” 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 time dependent mechanical deformation, it can be confirmed that
rate of sorption will be proportional to the difference in osmotic pressure mside and
outside the polymeric materials®. Consequently, since this can be related to the
concentration of the penetrant in the polymer, the first 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 (Cy - C;) Vs. time t for the experiment at room temperature
(Figure 7.11) and 40° C (Figure 7.12). It can be clearly understood from the linearity of
the plots in Figure 7.1) that the kinetics of diffusion of gum EPDM and natural rubber
prophylactics/ISNR-5 filled samples follow first order kinetics at room temperature while
at 40°C, some deviation from linearity is observed (Figure 7.12). The values of k; are a
measure of the speed with which the polymer chain segments and penetrant molecules
exchange their positions. The k, values are presented in Tables 7.7 a and b. The first
order rate constant k; values decrease until 30 phr (Table 7.7a) loading of prophylactics
waste while a higher value is obtained at 40 phr loading.

The initial decreasing trend in the k; values points out that the addition of natural
rubber prophylactics 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 vulcanisates. 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 of the filler. But for the present case, such a

correlation cannot be seen as equilibrium uptake value increases while rate of initial uptake
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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 filler particles also start absorbing solvent at later
stages of the diffusion process, the final uptake value increases with prophylactics loading.
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Figure 7.11. Plots of log (Cec - Ct) Vs. time at 28°C

The low rate of ISNR-5 filled samples compared to prophylactics filled samples can also
be seen from Table 7.7a. The rate constant values of the diffusion at 40° C can be seen
from Table 7.7b. A similar behaviouwr 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 pir prophylactics loading. But after this loading, for the samples A3 and Adb,
the values are tound to be higher at higher temperature. Slightly lower values of k, at both

temperatures are shown by the sample Ada.
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Figure 7.12. Plots of log (Coo- Ct) vs. time at 40°C

7.1.5. Calculation of crosslink density

The crosslink density values were calculated from stress- strain data using Mooney
-Riviin equation®'. 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 vy are given in Table 7.5. The v s values increase at 10 phr loading of
prophylactics filler and then decrease for further loadings. Therefore, the maximum extent
of physically effective crosslinks v s can be seen for EPDM sample filled with 10 and 15
phr prophylactics filler. 1t can be seen from a comparison of values in Table 7.5 that v juy
gives better agreement with the observed tensile strength data. The higher v ;s values of
ISNR-5 filled samples compared to prophylactics filled samples at 10 and 40 phr loading
(Table 7.5) are in agreement with the observed tensile strength values presented in the

same table.
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CHAPTER 8

IMPACT MODIFICATION AND DYNAMIC MECHANICAL
ANALYSIS OF POLYSTYRENE / NR PROPHYLACTICS
WASTE COMPOSITES

ABSTRACT

~ This chapter discusses the use of natural rubber prophylactics filler of varying particle
sizes in a brittle plastic, polystyrene. It has been observed that pure polystyrene exhibits
linear or near 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 filler at all the loadings. But such an
observation is not obtained for tensile strength. The strain induced crystallisation of filled
polystyrene composites has been proved by Martin-Roth-Stiehler plots. Good improvement
in impact strength of polystyrene has been obtained with the loading of size 1 prophylactics.
This observation has been supported by the scanning electron microscopic observations
revealing the impact toughening mechanisms. Increase in the storage modulus value of pure
polystvrene has 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 polystyrene
presents a lower modulus. Among the different particle sizes of prophylactics filler used, 30
phr loading of size 3 presents a higher 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 85°C while all composite samples
exhibit two transitions, one around —58 to -36° C range due to prophylactics and the other
around 100°C which is due to polystyrene. The phase-separated nature of the composite
samples has been supported by both loss modulus-temperature and tand - 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 been 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 filler is not found to exhibit any clear

trend in the variation of Tg values.



CHAPTER 8
IMPACT MODIFICATION AND DYNAMIC MECHANICAL
ANALYSIS OF POLYSTYENE / NR PROPHYLACTICS WASTE
COMPOSITES

Results of this chapter have been communicated to J. Polym. 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 began to perform important roles in other fields
also. The use of polyolefin plastics leads to considerable savings in energy and time and
among polyolefins, the position of polystyrene is noteworthy. Polystyrene is an
engineering material but it suffers from a serious disadvantage which is its brittleness.
Therefore, a considerable amount of impact resistance has to be introduced. This is usually
achieved by combining the material with clastomers. Several works in this area are
available from the lierature''”. Research work also focused on the recycling of plastics'®,
development of blends based on recycled plastics'’. Similar studies on polystyrene also are
available in the literature™*?,

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 been given to stress-strain behaviour, mechanical and dynamic
mechanical properties and fractography of the composites.

8.1. Resuits and discussions
Solution mixing using toluene is used for the preparation of the composites. The

recipe used for the study is given in Table 8.1.
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Table 8.1. Basic recipe

Material Control

(parts per hundred parts of plastic-php)
Polystyrene 100

NR Prophylactics filler | Variable
(Size 1,2 & 3) (0,5,10,15,20,25,30)

8.1.1. Technological properties

Figure 8.1 represents the stress-strain curves of polystyrene and its composites
with NR prophylactics rejects (size 1).
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Figure 8.1. Stress-strain curves of polystyrene and composites

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 for
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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 NR prophylactics filler of higher particle sizes 2 (S2) and 3 (S3). The Young’s
modulus values calculated from 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 elastomer to a glassy plastic such as polystyrene. It can also be seen that
comparatively higher Young’s modulus values are obtained for polystyrene composite
.contairﬁng siz¢ 1 NR prophylactics filler. This proves the comparatively better
performance of composite containing small size filler (S1).
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Figure 8.2. Variation of Young’s modulus with NR prophylactics loading

The valies of bulk modulus (K) are calculated from Young's modulus using the Equation

8.1.
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K =E [3(1-2v)] (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.

600 .. S
{l__—=—Size1 e—Size2 —A—Size3 |

Bulk modulus, MPa

NR Prophylactics loading, php

Figure 8.3. Variation of bulk modulus with NR prophylactics loading

The addition of NR prophylactics filler 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 crystallization
tendency. Here also it can be seen that size 1 filler gives higher elongation at break. It is
suggested’ that the high elongation observed in the case of some commercial polystyrene
samples is not at due to the rubber but due to the deformation of the continuocus

polystyrene matrix. This is because the rubber content in these samples is usually low (5-
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10%). But this doesn’t apply for the present cases because the rubber 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 leveling

off can be noted (size 3). This is because of the coalescence of crazes to cracks in samples
of higher loadings.
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Figure 8.4. Variation of elongation at break with NR prophylactics loading

The behaviour of elongation at break observed here is entirely different from that
of a system containing particulate fillers also. Elongation at break in the case of
composites containing inelastic rigid filler 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- ') (8.2)
where, € is the elongation at break of the composite, €0, that of the matrix and ¢, the filler
volume fraction. The deviation of the present system from the dotted lines clearly indicates

that in the case of polystyrene containing NR prophylactics filler, all the deformation is not
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taking place in the polystyrene matrix alone.
The variation of tensile strength of the composites as a function of NR
prophylactics loading is presented in Figure 8.5.
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Figure 8.5. Variation of tensile strength with NR prophylactics loading

It can be seen that tensile strength values decrease with the loading of prophylactics filler.
Better values are shown by size 1 at lowest loading. At 10 phr, size 3 and at 15 phr size 2
filler present better values of tensile strength. It can be 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 confirmed by
using Martin-Roth-Stichler*® plots given below (Figure 8.6). These are drawn according
to the Equation 8.3,
lnoA?/ A '=InEs+ A (A1) (8.3)

where @ is the stress value, and A is the extension ratio, E; and A are constants.
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Figure 8.6. Martin-Roth-Stichler 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 filler 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 slight increase or leveling off behaviour. This is because size 2
and 3 are too large to show any effect on the impact strength of a brittle plastic such as

polystyrene.
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Figure 8.7. Variation of impact strength with NR prophylactics loading

The improvement in impact strength even if less (size 2 and 3) is due to the increase in the
volume of rubber phase which reduces the interparticle distance. The rubber particles act
as stress concentrators and catalyse the formation of fine craze structures in the
surrounding matrix. These crazes prevent failure. The higher impact strength observed for
composite sample with smaller (size 1) particle size can be attributed to the formation of
more crazed matter during the failure. This arises from the increase in interfacial surface

between NR prophylactics filler particle and polystyrene in the case of fine particle size
filler.

8.1.2. Scanning Electron Microscopic Observations

The usefulness ot a polymer in many applications is mainly determined by its
predominant failure mechanism. Figures 8.8a-i represent the SEM photos of impact
fractured samples. Figures 8.8a-c are that of pure polystyrene sample.

Rubber toughening can be successful only if the matrix is capable of yielding



205

and/or 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 defined 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

from 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
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Cracks elongated in the direction of stress and the procedure of advancing crack
by steps such as formation of locahized plastic zone with stress build up, nucleation of

voids, coalescence of individual voids etc also are visible in Figure 8.8¢.

Figure 8.8¢c. Fractured surface of pure polystyrene-crack propagation
mechanism. Mag. X 400

In the case of composite samples (Figure 8.8d), stretching of rubber particles
stabilize crack front and absorb energy. Here the Tg of NR prophylactics is in --40 to —60
°C range and this is lower enough to allow rapid stretching as the crack advances. The
cavitations of rubber particles also relieve triaxial stresses. According to Bucknali*”**
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
avalilable for extension 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 this fibrillation is 1 pm. In the present cases of polystyrene/prophylactics
composites, size | filler is found to be producing better results. It can be suggested here
that for composites with size 1 prophylactics ﬁl]e.r, combined effects of crazing, rubber

particle cavitations and fibrillation are responsible for the impact toughening.
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Figure 8.8d. Fractured surface of polystyrene composite-fibrillation.
Mag. X 200
Twao approaching microcracks can link each other by the origin and growth of
secondary craze in the ligament (called bridge) which separates them (Figure 8.8¢).

Finally the failure of this ligament also occurs in a brittle manner (Figure 8.8f).

Figure 8.8e. Fractured surface of polystyrene composite-Crazing ligament

between apbroaching cracks. Mag. X 400
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Figure 8.8f. Fractured surface of polystyrene composite-Brittle failure of

crazed ligament. Mag. X 400

But when such as bnittle fracture 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
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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 particies 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 8.8i).

Figure 8.8i. Fractured surface of polystyrene composite-Particles arresting sudden

failure of matrix. Mag. X 200
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8.1.3. Dynamic mechanical analysis

Dynamic 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
stiffness of the material at high temperature. Also as the frequency increases from 0.1 to
100 Hz, storage modulus increases and this is most noted for temperature above the

transition. Similar effects could be observed with other samples also.
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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
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transition, polystyrene softens considerably and therefore prophylactics containing

composite samples give higher modulus values.
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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 on 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 which is due
to polystyrene. Below the main transition, the maximum value is observed at 0.1 Hz and
the least at 100 Hz while above the transition, this order is reversed. This phenomenon

gives a twisted staircase like appearance to the plots.
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particle size of NR Prophylactics filler
a-0.1 Hz o-10Hz +-100 Hz, Sample : P8, Strain : 4
" e e o
10™
0%
1012
ah J"::;ﬂ 4
]0,6 AAABLAMLGA ALAA Aﬁﬂﬁ‘“‘“fgff‘*
= 2 F b&o%kﬂ?:o +°‘-°q9f £ o+°+° +°+°+of +°i)1-°"‘°~f £ - ° :bo +
E‘; 10 + ++++ 5 4o+t
: b o e ]
w [ 4
10°* a
10°2 &
i
‘046
10*
-80 -60 -40 -20 0 20 40 60 80 100 120
Temperature., Y

Figure 8.12. Variation of loss modulus with temperature: Influcnce of frequency



213

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 filler 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 filler. Size 3 presents an intermediate behaviour.

+- PS, &-15G383, 0-20G4S3, *-25GS5S3, ©-30G6S3, 100 Hz, Strain: 4
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Figure 8.13. Variation of loss modulus with temperature: Influence of NR

Prophylactics loading
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Figure 8.14. Variation of loss modulus with temperature: Influence of particle

size of NR Prophylactics filler

It can be seen from Figure 8.15 that tan & value increases for 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 3 value at

most of the temperature regions (Figure 8.16) while the lowest is shown by size 2. But

tan Omax is highest 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 the system,
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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 from tan 8-temperature plots but from E”-
temperature plots. This is because it is reported?'qthat temperature corresponding to the
maximum damping is not Tg, but temperature corresponding to the maximum loss
modulus is more closé” o Tg. Tg vaiues are given in Table 8.2.

Table 8.2. Glass transition values of samples

No | Sample Glass transition values,° C
Frequency, Hz
0.1 10 100
1 [PS 80 82 80
2 | PS+15phpS3 | 90 93 |98
3 | PS+20phpS3 (89 |91 |9
4 | PS+25phpS3 | 91 99 | 109
5 | PS+30phpS3 | 89 94 |10
6 | PS+30phpS2 | 89 5a |97
7 | PS+30phpS! | 88 95 110
§ | PS+10phpS2 | 84 88 |94
9 | PS+20phpS2 | 92 94 |98

In the case of polystyrene, an expected increase 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 particie size of filler increases, the variation in Tg

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 modified prophylactics rejects in unmodified
and chemically modified polypropylene has been investigated. The room temperature
epoxidation of prophylactics rejects has been carried out by in-situ formed performic acid
using a mixture of formic acid and hydrogen peroxide. The dichlorocarbene modification 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 modified and
phenolic modified polypropylene in a hot two-rol mill is done wusing maleic
anhydride/dicumyl peroxide mixture and dimethylol phenol/stannous chloride mixture
respectively. The chemically modified prophylactics rejects as well as polypropylenes have
been characterised by infrared spectroscopy, chemical analysis, glass transition and contact
angle determinations. Epoxy group in the epoxidised sample is confirmed by the FTIR peaks
around 870 em’ and 1300 cm’ while dichlorocarbene modification is confirmed by the
peaks at 1070 cm’ (cyclopropane ring) and 746 cm™ (C-C1 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 modified samples has been found to be
increasing initially and levels off after 4 h of the reaction. Increase in the glass transition
value has been observed with both chemical modifications due to the stiffening of polymer
chains. Increased polarity resulting from the chemical modifications 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
dichlorocarbene modified samples also. Tensile strength has been decreased with the addition
of reclaimed prophylactics rejects while an increasing trend has been observed with the use
of epoxidised prophylactics in both maleic anhydride and phenolic modified polypropylene
and dichlorocarbene modified prophylactics in phenolic modified polypropylene. In the case
of impact strength, reclaimed prophylactics has been found to be better than chemically

modified forms. X-ray diffraction results reveal the a-monoclinic structure for

polypropylene.



CHAPTER 9
RECLAMATION VERSUS CHEMICAL 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 finds extensive use in many
household articles, automobile parts, sterilisable equipments, film production etc. Now, it
is the fastest growing usage thermoplastic’ with a production of 1.5 mio tons in 1970’s, 13
mio tons in 1990’s, 19 mio tons in 1995 and 25 mio tons in 2000. The reason for such an
uncomntrollable and explosive growth in the usage of polypropylene is due to its various
merits’ such as low density, high vicat softening point, exceptional flex life, steam
sterilisability, good surface hardness, scratch resistance, very good abrasion resistance,
excellent electrical properties, low cost, chemical inocuity’, resistance to biological
organisms and availability in a wide range of MFI ranging from 0.25 to 800 g /10 min
which reminds a roman saying ‘Variety Delectat” (variety is delightful) 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,
surface printing etc. a Herculean task. Such demerits can be overcome by its proper
chemical modifications, which extensively appeared earlier in the literature 14 Similarly

natural rubber also can be subjected to several chemical modifications to attain better

15,16 17,18 19-22

properties. Some of these are hydrogenation ™", chlorination' "', epoxidation =, and
dichlorocarbene modification®?* Development of chlorinated rubber from crosslinked
gloves waste also is reported in the literature”™.

The present chapter investigates the room temperature chemical modification
(epoxidation and dichlorocarbene modification) of natural rubber prophylactics rejects and
also its reclamation for recycling in unmodified and chemically modified polypropylene

{MA-PP and Ph-PP). Powdered prophylactics rejects (size 2) having average size of 1.05
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mm, most frequent size range of 0.6-0.9 mm, number average diameter Ln of 0.96]1 mm
and weight average diameter Lw-1.083 mm was selected for the study.
9.1. Results and discussions
9.1.1. Characterisation of chemically modified prophylactics filler
9.1.1.1. Spectroscopic characterisation of epoxidised prophylactics

Epoxidation of natural rubber prophylactics rejects (LW) can be confirmed by
comparing the FTIR spectrum of unmodified and chemically modified materials. The FTIR

spectra of unmodified and epoxidised prophylactics are shown in Figure 9.1.
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Figure 9.1. FTIR spectra of unmodified and epoxidised NR prophylactics
rejects

[A-LW (0 h), B-ELW (0. 5h), C-ELW (1h), D-ELW (2 hr), E-ELW (6 h), F-ELW {24 h)]
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It can be seen from Figure 9.1 that the epoxidised materials (B-F) present two
characteristic peaks, one around 870 cm’' and the other around 1300 em™ while these are
absent mn the spectra of unmodified prophylactics material {A) given in the same figure.
Slight variation in the intensity of the peak at 835 cm’ also can be observed due to the
involvement of unsaturation in the epoxidation 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.
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Figure 9.2. FTIR spectra of unmodified and dichlorocarbene modified NR
prophylactics rejects

[A-LW (0 h), B-CILW (2 h), C- CILW (4 h}, D-CILW (8 h), E- CILW {24 h)|
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Dichlorocarbene modification of NR prophylactics rejects can be confirmed by
FTIR peaks around 1070 m" and 746 cm™” which corresponds to cyclopropane ring and
carbon-chlorine stretching vibration respectively., As in the case of epoxidation, slight
variations in the intensity of the peak at 835 cm’' arc observed due to the reaction of the
unsaturation,

The general information regarding FTIR characterisations discussed above is
presented in Table 9.1 below.
‘Table 9.1. Important FTIR peaks

Peak position Comments

3600-3400 cm” broad transition - O-H str
3040 cm’’ medium- C-H str

2918 em’' strong- C-H str (asym)[CH2]
2854 cm’’ strong- C-H str (sym)[CH3]
1664 cm’ medium-C = C

1455 cm’ strong- C-H def (asym)[CH3]
1382 cm’ strong- C-H def (sym)[CH3]
1305-1320 ¢cm’’ €poxy group

1070 cm”’ cyclopropane ring

1032 cm’ medium- 1°alcohol (ali)

870 cm‘: EpoXy group

838 com’ strong- C-H def (ofp) CHR -CCR1
746 cm” C-Cl str

9.1.1.3. Epoxy values and percentage chlorine analysis

The reactions can be characterised also by using the chemical analysis methods
using HBr and acetic acid which determines epoxy values”® for epoxidised samples and
chlorine content’’ [titration of the gas (from 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 (10%), the extent of epoxidation is low and therefore the epoxy

values are lower. At highest concentration of reagent (30%), sufficient epoxidation may be
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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
unsaturation in these lightly crosslinked natural rubber prophylactics rejects are susceptible
to these reactions.

Tables 9.2. Epoxy values

Time of | Concentration of reagent, %
Reaction 10 20 30
h
0 R - .
0.5 0.01 0.07 0.08
1 0.11 0.15 0.16
2 0.24 0.23 0.21
6 0.29 0.35 0.25
24 0.33 0.57 0.44
144 Q.31 0.68 0.43

Similarly, as the time of reaction increases, the chlorine content in the sample also
increases and finally levels off. This can be attributed to the reduced number of
unsaturation sites for the reaction with its progress.

Tables 9.3. Chlorine content

Sample code | Time of reaction, h | Chlorine content, %
CO 0 -
Cl 2 2.84
C2 4 4.70 o
C3 8 4.70
C4 24 4.72
Cs 48 4.66
Cé6 72 4,71 i

9 1.1.4. Glass transition values

Evidences for the reaction can be also given by the variation in glass transttion
values (Tables 9.4 and 9.5). In the case of epoxidised samples, an increase n 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 transition values
indicates the stiffening of the chain due to the presence of epoxy groups. Similar increase

in the glass transition values are observed for dichiorocarbene modified samples also. But
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here the extent of the increase is higher (Table 9.5).

Table 9.4. Glass transition values of epoxidised samples

Time of Tg values, 'c
reaction, h

Concentration of reagent, %

10 20 30
0 -62.2 -62.2 -62.2
1 -61.5 -61.2 -61.2
2 -61.6 -61.6 -61.1
6 -61.3 -60.8 -61.3
24 -61.4 -60.0 -60.9
144 -60.6 -53.0 -61.0

Table 9.5. Glass transition values of diciiorocarbene modified samples

Sample code | Time of reaction, h | Tg values, °C
Co 0 -62.2
Cl 2 -60.8
C2 4 -58.0
c3 8 -58.0
C4 24 -47.0
Cs 48 -39.0
C6 72 -39.5 |

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 first and
finally flows on the surface, making the contact angle zero. Therefore, the more the
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 on the surface of epoxidised sample are presented in Table 9.6. it can be seen
from Table 9.6 that the lowest 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 dichlorocarbene modified samples cou'd not be

carried out, as the sample surtace was rough with several cracks after the reaction.
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Table 9.6. Contact angles

Concentration of Contact angles, °
epoxidation reagent, %

0 73.0

10 66.0

20 56.5

30 58.3

9.1.1.6. Thermal stability of the prophylactics rejects

The thermogravimetric plots of unmodified and chemically modified (epoxidised
using 20 % reagent) prophylactics rejects are given in Figure 9.3a-c¢ and the results are
summarised in Table 9.7, Figure 9.3a is the TGA plot, Figul;e 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
unmodified NR prophylactics rejects undergo thermal degradation in mainly one stage.
This is confirmed by the presence of one main peak in DTA (Figure 9.3 b} and SDT
(Figure 9.3c). Figure 9.3¢ represents the simultaneous difference temperature between
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
unmodified NR prophylactics rejects starts at a temperature of 331° C and ends at 474° C
and that the temperature at which the degradation rate becomes maximum is 395° C
(temperature of the DTA peak referred to as peak temperature). The percentage residue
analysis at four selected temperatures (300, 400, 500 and 1000 ° 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 ¢). The first degradation starts at an early temperature than the
unmodified sample, i.e., at 279° C and ends at 479° C. The temperature at which the
degradation rate becomes maximum is 389° C, which is lower than that of unmodified

sample. The second minor degradation step starts at 492 "C and ends at 591 “C with the
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maximum rate of degradation observable at 544 °C. Even though the percentage residuc
analysis at various temperature gives confusing results, the net weight change is found to
be higher (96.96 %) than the unmodified sample. All the above data confirm the reduced
thermal stability of the epoxidised sample and the increased span of the degradation

process for the epoxidised sample.
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Figure 9.3a. Thermogravimetric (TGA) plots of unmodified and epoxidised NR
prophylactics rejects
JGO-0 b, G18-2 h, G19-6 h, G21A-24 h, G21B-144 h]

In the case of sample with epoxidation time of 6 h also, the degradation is a two
step process ranging from 216- 486 °C with peak temperature 372 °C (first step) and from
486-629 °C with peak temperature 557 °C (second step). This sample also presents its
increased thermal degradation compared to the unmodified sample as far as net weight

change and thermal data are concerned. The net weight change observed is 96.64%.
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Figure 9.3b. Thermogravimetric (DTA) plots of unmodified and epoxidised NR
prophylactics rejects
[GO-0 b, G18-2 h, G19-6 h, G21A-24 h, G21B-144 h}

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 of sample
with an epoxidation time of 24 h presents only a single step. This is actually due to the
forward shift of first degradation peak and backward shift of second peak which therefore
appear similar to a singie peak ranging from 292-500 °C with a peak value at 396 °C. Such
merging or overlapping of DTA peaks is a common phenomenon in thermal analysis which
causcs several troubles to an analyst. In this case, the net weight change observed ts

99.45%.
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Figure 9.3c. Thermogravimetric (SDT) plots of unmodified and epoxidised NR
prophylactics rejects
[GO-0 b, G18-2 h, G19-6 h, G21A-24 h, G21B-144 b}

But such a merging or overlapping of peaks i3 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 0C, second one in 352-479 °C range
and the last one in 479-620 °C range. The net weight change élso is similar to other
modified samples (95.39%) but only slightly higher than the unmodified sample. The
irregular trend in the amount of residue at various temperatures reveals the possibility of
formation of thermally stable crosslinked structures in the material during the degradation
process. In the case of this sample, the rate constant values of different steps also are

comparable.



Table 9.7. Thermogravimetric data of Epoxidised NR prophylactics rejects

Con: of Time Thermal data
' reagent  of ] Peak information Temperature information, ° C % Residue analysis
% " reaction, at selected temperatares,° C
h No. of peaks- | No. of peaks- | Peak- Degrad. | Degrad. | 300 | 400 | 506 | 1600 | Net
: DTA SDT temperature starts ends wt
' ; data at at change |
0 0 2 ) 395 331 474 97 |53 [86 |49 |9447
- o 518 474 578
i 12 2 2 389 279 479 976143 |10 ;2.6 9696
544 492 591
6 i 2 2 372 216 486 92 |50 25 131 96.64
557 486 629
24 2 2 82 33 124 83 47 (23 |11 99.45
396 292 500
144 3 3 334 230 352 8 |52 |31 |45 (9539
378 352 479
560 479 620 |
i
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it can be seen here that the peak temperature decreases first with samples with increased
reaction time upto & 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 temperature 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 abndrmalities exist for the sample with 24 h reaction time.

Similarly, the thermogravimetric plots of unmodified and chemically modified
(dichlorocarbene modified) prophylactics rejects are given in Figure 9.4a (TGA), b
(DTA) and ¢ (SDT) and the results are summarised in Table 9.8.
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Figure 9.4a. Thermogravimetric (TGA) plots of unmodified and dichlorocarbene
modified NR prophylactics rejects
1G0-0b, C1- 2h, C2-4 h, C3-8 b, C4-24 h, C5-48 h]
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Figure 9.4b. Thermogravimetric (DTA) plots of unmodified and dichlorocarbene
modified NR prophylactics rejects
[€0-0h, C1- 2h, C2-4 b, C3-8 h, C4-24 h, C5-48 h]

The degradations mainly consist of three stages. The first one is in 200-300 °C
range, the second one in 300-470 °C and the last one in 470-550 °C range. It is a general
observation that at a temperature of 300° C, the percentage residue goes on decreasing
with the time of chemical medification. 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 prophylactics 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 unmodified sample and the
sample chemically modified for 72 h are similar. Therefore it is reasonable to think that
any effects in thermal degradation pattern of dichlorocarbene modified NR prophylactics

rejects are for the samples with intermediate reaction times such as 2-8 h at 500" C.
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Figure 9.4c. Thermogravimetric (SDT) plots of unmodified and dichiorocarbene
modified NR prophylactics rejects
|G 8-0h, Cl- 2h, C2-4 h, C3-8 h, C4-24 h, C5-48 h)

. Table 9.8. Thermogravimetric data of dichlorocarbene modified NR prophylactics

Sample Code | Time of reaction, h % Residue analysis at selected temperatures
300°C | 400°C | 500°C | 1000°C [ Netwtchange
Co 0 97 53 8 4 94
Cl1 2 89 62 12 7.16 92.61
C2 4 85 60 19 7.22 92.22
C3 3 80 56 17 | g2 916
Ca 24 65 52 1 43 |77 956
= — = e 5 e
o = s S TR T
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9.1.2. Development and characterisation of polypropylene composites

Polypropylene composites are prepared using the chemically modified and
unmodified polypropylene and chemically modified/reclaimed NR prophyiactics rejects.
The details are given in chapter 2 (sections 2.2.2 to 2.2.6). Epoxidised prophylactics

sample used for the study is that obtained after reaction for 2% 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) alse 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 Aim
numbers
1 Control mix
1-4 To study the effect of loading of reclaimed prophylactics rejects in
unmodified PP
?—S | To study the effect of loading of epoxidised prophylactics rejects in MA-
PP
9-12 To study the effect of loading of epoxidised prophylactics rejects in Ph-PP
13 To study the effect of loading of epoxidised prophylactics rejects in
unmeoedified PP to compare it with mixes 9-12
14-17 To study the effect of loading of dichlorocarbene modified prophylactics
rejects in MA-PP
18-21 " To study the effect of loading of dichlorocarbene modified prophylactics
- 1 ﬁccts in Ph-PP . . . | jJ
22 To study the effect of loading of dichlorocarbene modified prophylactics

rejects unmodified PP

S T

|
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9.1.2.1. Spectroscopic characterization of chemically modified polypropylene

The FTIR spectra of unmodified 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 carbonyl in MA) and 1860 cm’ (5 membered
cyclic anhydride carbonyl in MA-PP). Similarly, Ph-PP can be identified by the peaks at
1025 ¢m” (primary alcohol group CHp-OH), 1205 em” (C-O group), 3200-3600 cm’’
(phenolic OH) and 1500-1600 cm”’ (aromatic C---C). Other peaks of importance are 841
em'' (backbone vibration of C-CHs in polypropylene) and 1166 cm™ (CH; group),
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Figure 9.5. FTIR spectrum of PP, MA-PF and Ph-PP
{A —Pure PP, B-MA -PP, C - Ph-PP|

9.1.2.2. Characterisation of technological properties
The variation of tensile strength with the composition of the composites is
interesting. It can be seen from Table 9.10 that when the pure polypropylene presents a

tensile strength of 30 MPa. the increasing concentration of reclaimed NR prophylactics



Table 9.10.Basic recipe and properties of the composite

Material 17 12 13 14 15 |6 |7 |8 |9 |10 |71 [12 i3 [14 (IS [T6 i7 18 |19 20 21 22
PP 700 | 700 100| 100 100 100
" MA PP 700 100 100 | 100 700 7001 100 100
" Ph-PP 100 | 700 | 100 100 700 100 100 100 i
[RLW 10 | 20 ;40 j
ELW 70 120 130 |40 |10 |20 | 30 |40 | 40
L CILW 70 120 130 |40 |i0 |20 | 30 |40 |40
| AC e e e A R R
i j
3 COMPOSITE PROPERTIES
[
[— .
" TENSILE 30 )327_25 20 (34 27 130 1306 26 |23 |35 |33 |26 (24 |22 [23 [18 |36 |31 |28 |23 |20]
STRENGTH |SD [$D 50 i $p $p s
MPa 25 1163 2-4 ] 2.07 2 4 7-4
"£8, % i&-’-!i? j-lfo g 14214915 |67 464945 |471.48|50(62|81|84[64(78[919.2]6.2
HIMPACT  T56 571 T98 1133567 |75 159 |55 |58 |67 |78 |97 |50 |75 (82 |98 [103|79 |91 |99 |11575
STRENGTH ) !
mm . 41
Tm T€2 1627 763 160 164 174|160 1621 160|159 | 159 | 160 | 160 | 159 | 159 158 | 158 159 | 161 | 162|160 160
20°C/min : | :. , :
: | | i
rystatiinty T T J J % —
psc. % 59 53 49 |45 |57 /58 52 |50 48 |47 |44 |42 | a4 |44 |41 |38 |44 |51 |47 |46 |46 ;40
P ! L i 4 L J
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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 (ELW),
the tensile strength shows a slight increase at all loadings compared to the virgin PP/RLW
composttes. The improved tensile strength may be due to the weak chemical interaction
between MA-PP and epoxy groups in the chemically modified NR prophylactics (ELW).
Also as the loading of epoxidised NR prophylactics (ELW) in MA-PP increases from 10
to 40 phr, the ténsile strength decreases slightly. As the main matrix changes from MA-PP
to phenolic modified PP (Ph-PP), addition of ELW presents higher values at 30 and 40 phr
lpadings. This may be due to the interaction between Ph-PP and epoxy groups in
chemically modified NR prophylactics (ELW). But at lower loadings the effect is not
observed and the values are lower than both PP/RLW and MA-PP/ELW composites of
similar composition. A composite containing unmodified PP and ELW also gives a very
low tensile strength. As the loading of ELW in Ph-PP increases, the tensile strength
decreases slightly 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
modified NR prophylactics (CILW) 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 CILW. Moreover, the increasing content of CILW in MA-PP decreases
the tensile strength values. On the other hand, composites of Ph-PP/CILW show
satisfactory tensile performance which is higher than most other compositions mainly at 10
and 20 phr loading and is comparable to MA-PP / ELW composites. Such a performance
may be due to the slight interaction between Ph-PP and Cl groups in CILW. But as
observed earhbier, the increasing loading of CILW in Ph-PP decreases the tensile strength
value. The reduced tensile strength value of unmodified PP/CILW composite (40 phr)
reveals that the better performance in the case of Ph-PP/CILW is only due to the weak
chemical interactions suggested earlier.

Another parameter of importance is the percentage elongation at break (eb%). It
can be seen from Table 940 that the addition of RLW increases the value of eb% even

though it is I an irregular manner. This is because of the presence of crosslinked
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reclaimed rubber m PP. It is to be noted here that the reclaimed NR prophylactics can
undergo crosslinking 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 PP/RLW 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-
PP/ELW composttes. It is also important to note that the values are much lower than
PP/RLW composites. As the composite containing unmodified PP and ELW gives a better
or comparable value of eb% to that of other samples such as PP/RLW, MA-PP/EL.W and
Ph-PP;’ELW, it can be understand that the chemical modification of PP or prophylactics
has no notable effect on eb%. The eb % can be considered to remain constant with the
increasing loading of ELW in Ph-PP.

Composites of MA-PP and CILW show higher values of eb% compared to all
other samples at similar compositions. Still, the values are either comparable or slightly
lower than PP/RLW systems. The increasing content of CILW in MA-PP regularly
increases the eb % values. Higher values compared to MA-PP/CILW are shown by Ph-
PP/CILW composites. These values are found to be similar to that of PP/RLW systems.
The increasing loading of CILW in Ph-PP increases the eb % values regularly. When the
matrix is unmodified PP, a lower value is observed at 40 phr loading.

The variation of impact strength also deserves much importance. It is a2 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 the average
crystalline size in polypropylene by the dispersed rubber. As the concentration of RLW in
PP increases, impact strength increases considerably in a regular manner. Compared to the
virgin PP/RL.W composites, the impact strength values are lower at all loadings in MA-
PP/ELW systems. This points out the fact that the chemical interaction between MA-PP
and ELW 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
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of tensile strength. The values are lower than both PP/RLW and MA-PP/ELW composites
of similar composition. Lower value of impact strength is observed in the sample of
unmodified PP and ELW. The impact strength increases regularly as the loading of ELW
in Ph-PP increases.

MA-PP/CILW 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 CILW influence the impact performance of the
samples. Better values are observed in Ph-PP/CILW composites. The increasing loading
of CILW in Ph-PP regularly increases the impact strength value while unmodified PP
sample presents lower impact strength with 40 phr CILW.
9.1.2.3. Crystalline melting point |

The crystalline melting point (Tr) of PP (Table 9.10) undergoes variation with the
composition of the composites. In most of the cases, Tm falls around 160° C.
9.1.2.4. Percentage crystallinity of polypropylene composites

The vanation in percentage crystallinity determined from DSC of the composites
also is interesting (Table 9.10). The percentage crystallinity is found to be reduced with
the addition of unmodified and chemically modified NR prophylactics waste into PP. A
regular decrease in the value is observed with the increasing content of RLW 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-PP/ELW composites with a
reducing trend with increasing loading of ELW, Similar value is presented by the PP/ELW
sample also. The percentage crystallinity values shown by MA-PP/CILW composites are
again lower compared to most other systems of similar composition. Here, the value first
decreases and then increases with increasing loading of CILW in MA-PP. Ph-PP/CILW
samples give higher percentage crystallinity values compared to MA-PP/CILW as well as
Ph-PP/ELW systems but the values are lower (at most loadings) compared to MA-
PP/ELW and PP/RLW samples. Also, it can be seen that the addition of CILW to Ph-PP
reduces the percentage crystallinity values. Addition of 40 phr CILW to PP gives a

composite with very low percentage crystallinity.
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9.1.2.5. Crystalline structure of the composites

The XRD piots obtained for the composites are used to analyse the crystal structure of the
polypropylene composites. Some typical plots are given in Figure 9.6 and the data

obtained for different composite compositions are given in Table 9.11.
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Figure 9.6. Typical XRD plots of polypropylene compeosites (PP/ RLW)
[A - PP, B ~ PP + 10 par RLW, C = PP + 20 phr RL'W, D — PP + 40 phr RLW)

The obtained diffractogram of polypropylene have 4 plane reflexes, 110, 040,130 and 111
which are characteristic of o monoclinic structure at 20 of 14.4, 17.2,18.9, and 21.2
respectively. It can alsc be seen that the addition of prophylactics in reclaimed or in
chemically modified forms is not changing the crystalline structure of polypropylene. In
the case of polypropylene and the composite with 10 and 40 phr RLW, the highest intense
peak is that at 21.2° 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 9.11. XRD data

[ Material | 1 2 3 4 5 6 7 8 9 0 |11 12 |13 14 |15

PP 100 | 100 [7100 | 100 100

MA-PP 100 | 100 [ 100 | 100 100 | 100

Ph-PP 100 | 100 100|100

RLW 0 120 |40

ELW 70 |20 |30 (40 |10 140 |40

CiLw 10|40 |10 |40

AO ] ] ] ] ] ] ! ] ] ] ] ] ! ] ]

110

29 1447 14.45| 14.53 | 14.47 | 14.36 | 14.38 | 14.47 | 14.51 | 14.51 | 14.58 | 14.62| 14.54 | 14.59 | 14.39 14.46

d 611 | 6.12 | 608 | 6.11 |6.16 | 615 | 611 |6.09 |61 |61 |605 608|606 615|612

040

20 725172901742 1741|1734 1731|1734 17.35| 1737 1742|1743 17.42| 17431 17.39) 17.39

d 513 512 | 503 | 508 | 511 | 512 {511 | 511 |51 {508 508|509 )|508 509509

130

|2 18.94| 18.96| 16.13| 19.18| 19.06 | 19.06 | 19.01 | 19.08 19.08 | 19.11| 19.17| 19.06 19.17 | 19.09 1914

d 468 | 467 | 463 |4.62 | 465 |4.65 |4.66 | 4.65 | 4.65 | 464 | 462 |4.65 |4.63 |4.65 |4.63
!

111 f ]

20 5117 21600 21.79| 21.79| 21.80 | 21.74 | 21.63 | 21.69 | 21.84 | 21.76| 21.77 | 21.69 | 21.55| 21.82 | 21 82

h 419 411 ,4.07 |4.07 {407 408 | 470 | 409 \4.07 |4.08 | 408 409412 4.07 . 4.07
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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
MA-PP also the observations are similar. But compared to PP/RLW 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 / ELW samples, increased loading does not make any notable effect on ‘d’
value and the values are similar compared to PP/RLW and MA-PP/ELW cases. A
composite sample containing PP/ELW also makes no difference. Composites containing
MA-PP/CILW compositions show a reducing trend in d value with increasing ioading of
inclusion in PP and with respect to similar compositions of PP/RLW and MA-PP/ELW
and Ph-PP/ELW systems. Ph-PP/CILW composite samples show mixed trends which
depend on the composition.
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CHAPTER 10
CONCLUSIONS

This chapter discusses the main points of all the results contained in this thesis. Also the
scope for further studies in the field of polymer recycling has been indicated, focusing the
topics still to be explored in this field.



CHAPTER 10
CONCLUSIONS

Owing to strict regulations in the quality of most of the polymer products, the
formation of rejects from 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 recycling of
mechanically ground prophylactics rejects as filler in synthetic elastomers and plastics. NR
prophylactics filler 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 strain crystallising elastomer, ‘epoxidised natural rubber’ (ENR-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 rubber prophylactics waste as filler in styrene butadiene
rubber, it has been ground in a toothed wheel mill to get a rubber powder polydispersed in
size. This has 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
mill. Different size fractions of prophylactics filler have been characterised by observing
their surface morphology using scanning electron microscopy and by analyzing the 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 surface. From size 1 to 4, the
particle size increases and the size distribution widens. Assessment of processing, curing,
mechanical, solvent swelling and tensile/tear fractography etc. of styrene butadiene rubber
have been done by adding varying loadings (0,10,20,30 and 40 phr) of each fraction to it. In a
conventional vulcanisation system, curing characteristics of the styrene butadiene 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. This has been identified

to be due to the presence of unreacted accelerator in natural rubber prophylactics rejects.
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Analysis of rheometric cure curves also shows that the cure reactions follow first order
kinetics. The Stress-strain behaviour observed is typical of vulcanised low strength materials,
Le., the stress value is found to be 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 filler particles. The comparatively better tensile performance of
large sized fillers and mill-sheeted form of the prophylactics filler has been supported by
swelling index, cross-link depsity values, Kraus, Cunneem-Russell equations as well as
scanning electron fractography. IN these vulcanisates, prophylactics filler particles have been
observed as phase separated entities.

The melt rheological behaviour of styrene butadiene rubber compounds filled with
natural rubber prophylactics rejects and selected particulate fillers such as carbon black,
silica, and marble powder also have been investigated. Irrespective of the composition,
prophylactics particle size, mixing conditions and temperature, all the rubber compounds
exhibit pseudoplastic behaviour. The increase in the melt viscosity of styrene butadiene
rubber compounds with the increasing loading and varying particle size of prophylacties as
well as loading of particulate filler has been found to be shear rate dependent. 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. 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 fillers, the influence of temperature has been found to
have a notable effect on viscosity only in the case of gum styrene butadiene rubber
compounds. Except at 160°C all the samples filled with particulate fillers have been found to
be less pseudoplastic than gum and other prophylactics filled samples. Compared to other
equations tried, Eiler van Dyck equation has been found to be giving closely agreeing values

of viscosity to that of experumental values while the least agreement is shown by Guth
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equation. A decrease in the extrudate distortioa also has been observed with the addition of
prophylactics and particulate fillers to styrene buadiene rubber compounds.

Use of varying concentrations (0,10,2) 30 and 40 phr) of prophylactics filler of
varying particle sizes, size 1, 2, 3 and 4 and mill-sheeted form in epoxidised natural rubber
(ENR25) has been discussed. Discussions focis on the processing, mechanical and solvent
swelling behaviour of gum and prophylactics filled epoxidised natural rubber compounds.
The increase in the fastness of cure reaction wrth the loading of prophylactics has been found
to be due to the presence of unreacted accelerstor in the prophylactics rejects. In the case of
ENR-25, 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 been found to be giving
close values to that of experimentally observed values, mainly at higher loadings of 30 and
40 phr of prophylactics filler. Swelling studim, Kraus, Cunneem-Russell and Lorenz-Park
equations and the scanning electron fractography of the samples have supported the
comparatively better performance of size 1 pmphylactics filler in epoxidised natural rubber
vulcanisates. As prophylactics filler particles remain as phase separated entities in ENR-25,
these are considered as filled composite systems than as blend systems.

The processing aspects, mechanical ard dynamic mechanical analysis of epoxidised
natural rubber, ENR 50 containing prophylstics (size 2 fraction) and particulate fillers
(carbon black (HAF), silica and marble powder) also have been studied. All the rheographs
obtained are typical ‘S’ shaped curves. The variation of minimum rheometric torque with the
loading of prophylactics and particulate fillers ®# dependent on the composition of the system.
Among the particulate fillers, only black hat been found to be increasing the minimum
torque in ENR/40Q phr prophylactics system. Oaly carbon black and silica have been found to
be increasing the maximum rheometric torgre. The decrease in optimum cure time and
increase in the speed of the vulcanisation reacion also has been observed with prophylactics
and particulate fillers in most of the cases The stress-strain curves of the gum and
prophylactics filled ENR vulcanisates are diferent from typical vulcanised low strength
materials due to the strain crystallising nature of ENR, With the addition of prophylactics
filler, the young’s modulus values show a sligit increase. The addition of carbon black. silica

and marble powder also increases the young's modulus. The addition of prophylactics
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particulate containing systems increases the young’s modulus except in the case of silica.
Improvement in the overall mechanical properties of ENR-50 composites with the loading of
prophylactics and particulate fillers has been evidenced by the increase in tensile and tear
strengths. As the concentration of prophylactics increases, storage modulus values also
increase. This is mormal to be expected from 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 glass
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 filler in the prophylactics phase has been noted from the analysis
of filler distribution by damping maximum valies. Good agreement between the tensile
strength values and crosslink densities obtained from dynamic mechanical data and swelling
studies at room temperature have been observed. Addition of particulate fillers decrease the
energy of activation for glass transition of the ENR-50 samples while the loading of
prophylactics filler in the presence of particulate filler increase the values.

The development and characterisation of novel cthyienc propylene diene 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 resuitant of slow curing or marching 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 loading. Substitution of natural
rubber 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 due to the lightly
crosslinked nature of the prophylactics. The maximum torque (My) of the samples is found to
be decreasing with prophylactics loading. The curing properties such as optimum cure time,
scorch time and induction time have been found to be decreasing with the loading of
prophylactics filler. But for most of the cases the value obtained for compositions with virgin
natural rubber (ISNR-5) has been found to be lower than that with prophylactics filler. This
behaviour 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 mcreased



248

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
first order kinetics. Thermal ageing produces mixed results showing the
improvement/deterioration 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-Rivlin equation agree with the tensile strength values for most of the cases. Tear
strength increases sharply with the loading of prophylactics and levels off at higher loadings.
Better values 2re shown by the substitution of prophylactics filler with ISNR-5 only at 10phr.
At 40 phr, the tear strength for EPDM / ISNR-5 system is lower than EPDM / prophylactics.
The diffusion process in EPDM vulcanisate is found to be anomalous. The observed variation
in the equilibrium swelling has been supported by the intrinsic diffusion coefficient and
molar equilibrium sorption constant while at 40°C 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-strain
behaviour while that of its composites with prophylactics show deviations from linearity. A
drop in the Young’s modulus and tensile strength values has been observed with the loading
of prophylactics. The better performance of size 1 prophylactics filler in the case of Young'’s
modulus and impact strength has not been observed in the case of tensile strength. The strain
induced crystallisation of prophylactics particles in filled polystyrene composites has been
proved by Martin-Roth-Stiehier plots. Scanning electron microscopic observations has been
proved to be useful to understand the operating mechanism of impact toughening in
polystyrene compdsitcs. In ioss modulus-temperature plots pure polystyrene exhibits only
one transition around 85°C while all composite samples exhibit two transitions, one around -
58 to -36" C range due to prophylactics and the other around 100°C which is due to
polystyrene. The phase-separated nature of the composite samples has been supported by
both loss modulus-temperature and tand - temperature plots presenting two well-defined

transitions. The glass transition values of polystyrene determined from the loss modulus-
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temperature piots have been 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 modified prophylactics rejects im unmodified
and chemically modified prophylactics rejects also has been investigated. Epoxidation 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
modification of prophylactics at room temperature. De Link process has been employed for
the reclamation of prophylactics rejects in a two roll mixing mill. The preparation of malgic
anhydride modified and phenolic modified polypropylene in hot two-roll mill is done using
maleic anhydride/dicumyl peroxide mixture and dimethylol phenol/stannous chloride mixture
respectively. The characterisation of chemically modified prophylactics and polypropylene
has been characterised by infrared spectroscopy, chemical analysis, variation of glass
transition temperatures and contact angle determinations. Epoxy group in the epoxidised
sample is confirmed by the presence of FTIR peaks around 870 cm™”’ and 1300 cm™ while
dichlorocarbene modification is confirmed by peaks at 1070 cm” (cyclopropane ring) and
746 cm’' (C-Cl stretch). Up to a reaction time of 144 h, increase in epoxy values has been
observed. The magnitude of epoxy value has been found to be highest for the sample treated
with 20 % epoxidation reagent. Similarly, up to 4 h an increase in the chlorine conteat of
dichlorocarbene 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 polarity resulting from the chemical modifications 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 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 observed in the case of epoxidised prophylactics with both maleic anhydride and
phenolic modified polypropylene and dichlorocarbene modified prophylactics with phenotic
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modified polypropylene. Impact modification of polypropylene has been found to be more
effective with reclaimed prophylactics than chemically modified forms. o-Monoclinic
structure of polypropylene has been proved by the results of X-ray diffraction.
Scope for further studies
Further studies in this area may focus on the following aspects.
1. Development of compatibilised blends based on ENR/PVC, NR/PVC and
Nylon/EPDM blends involving NR prophylactics rejects.
2. Development of NR prophylactics vulcanisates filled 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 polymerising and crosslinking 2gents) and thermal
treatment.
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SYNOPSIS

Owing to the unstable nature of the latex compound and the strict specifications in the
quality of latex products such as condoms and examination gloves, the rejection in the
latex industry comes to about 10 to 15% of the rubber consumed. These latex rejects contain
about 95% rubber hydrocarbon of very high quality. A cost-effective technique has been
developed for the reuse of natural rubber (NR) prophylactics waste in styrene-butadiene
rubber (SBR). The 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 etfect of both particle size and the loading of latex waste filler. Swelling
studies were carried out to establish the degree of crosslinking of SBR and to assess the
extenl of interaction between the matrix and latex waste filler of varying particle sizes. A
three layer model has been set up to study the diffusion of sulfur from the matrix phase to
the filler phase. Scanning electron microscopy has been used to analyze the particle mor-
phology, filler dispersion, and filler-matrix interface adhesion. The resuits of the study
revealed that NR prophylactics rejects can be used effectively as a potential filler in SBR
up to about 40 phr loading. @ 1996 John Wiley & Sons, Inc.

INTRODUCTION

I recent yvears, there ha= been a great deal of interest
in polymer industry about the development of cost
effective techniques to convert waste and used rub-

ber in to a processable form ! ¥ Many efforts have.

been made to lower rubber compound cost and to
conserve raw materials and energy by the use of re-
claimed rubber. Researchers have used various
technigues, such as chemical.!” thermomechanical **
and ¢ryomechanical*** processes. Even though the
use of reclaimed rubber claims economic advantages,
1t constitutes only a small percentage of the raw
rubber consumption because of its inferior physical
properties.

Compared to reclaimed rubber, scrap latex rejects
hivve recently hecome a focus of attention because
ol the lightly crosslinked and the high quality nature

|<: \thcsn] (UrT(-'\-J}UI]({( el shoanhg be addressed.
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of the rubber hydrocarbon. As a result of the unsta-
ble nature of the latex compound and the strict
specifications in the quality of latex products such
as condoms and 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 matter of economy but a matter of
ecclogy also because natural rubber takes several
decades to decompose. Discarded prophylactics,
which are rich in rubber hydrocarbon, should he
returned to the production cycle as long as latex
industries are faced with the problem of disposal.
The papers published in this broad field of recy-
cling may be generally divided into the following
areas.

* Studies on the various recyeling techniques.'
» Methods of characterization of rubbercrumbs " '

s Studies on the interface of rubber crinmbs/
polymer matrix.'' "

* Influence of shape, size, and loading of crumb
particles on the properties.'® %

2035
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e Mifeel of chemical modification of rubber
crumbs, 7

In addition to these, Acetta and Vergnaud®-?!
tried to upgrade scrap rubber powder by vulcani-
zation without new rubber. Phadke et al.?*** studjed
the mechanical properties and rheological hehavior
of eryvoground rubber—natural rubber blends. Shar-
apova et al.” invesligated the tole of sulfur diffusion
in the vulcanizalion of rubbers containing commi-
nuted scrap using a three layer model. Onouchi et
al.® reclaimed crushed tire scrap with dimethyl
sulfoxide. T'he Rubber Research Institute of India®®
and the Rubber Research Institute of Malaysia®
have independently developed a technique for re-
claiming latex rejects. However, more in-depth
studies on 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 them as a filler 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 to understand the interaction of the latex waste
filter with the 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 electron microscopy (SEM}.

EXPERIMENTAL

Materials

Styrene-butadiene rubber (SBR; Synaprene 1502)
was supplied by Synthetics and Chemicals Ltd, Bhi-
taura, Bareilly, UP, India. Styrene Content was
25.5%. NR latex waste filler was prepared from waste
latex condom rejects supplied by Hindustan Latex
Ltd., Thiruvananthaputam, Kerala, India. Rubber
additives were as follows: zinc oxide, stearic acid,
N-cyclohexylbenzthiazyl sulphenamide (CBS), tri-
methy] dihvdroquinolin (TDQ), and sulfur (all are
commercial grades). A reagent grade of toluene was
also used.

Preparation and Characterizatinn of Powder
Rubber

Our size reduction system for powdering NR latex
waste doesn’t involve any expensive machinery. The

size reduction was carricd out by a mechanical
erinding process in a fast rotating toothed wheel
mill to get a polydispersed rubber powder. The pow
der was separated into three different particle sizes,
with size increases in the following order: size 1 (51}
< size 2 (82) < size 3 (83).

We have prepared size 4 filier by passing the latex
waste through a hot two-roll mixing mill for a fixed
time {5 min}. The particle size reduction in vhis
technigue 1s very much lower than the first tech-
nique; hence, we got comparatively targer particles
of sizes ranging from 5-15 mm. Each set of these
sizes were characterized for particle size distribution,
most frequent size range, average size, and specific
gravity. Particle size distribution analysis was done
using an optical microscope. A mill sheeted form
(M) of the latex rejects also were prepared by passing
the rejects through a two-roll mixing mill for 10 min.

Compounding

Compounding of SBR and NR prophylactics filler
was done on a two-roll mixing mill {friction rat.o 1
: 1.4}, secording to ASTM D 15-627. The basic ‘or-
mulation used is given in Table I. We have analyzed
the effect of adding up to 40 phr of rubber powder
of varving sizes, as well as the mill sheeted form,
into SBR.

Sample Preparation and Testing

Uncured rubber compound was characterized by de-
termining the optimum cure time, scorch time, and
induction time using & Monsanto Rheometer, .
The cure reaction rate constant was calculated from
the cure curves, and. thus, the kinetics of vulcani-
zation alsu was studied. The Wallace piasticity of
the rubber compounds was determined using a Wal-
lace rapid plastimeter.

Curing of the rubber compounds was carried out
in an electrically heated hydraulic press at 150°C.
Dumbbell shaped tensile and angular tear specimens

Table I Basic Formulation

Material Loading iphr}

SRR HTO
Zine oxide BN
Stearic acid 2
CB=

TT¥
Sulfur
Filler

Il — =

i

Variahle

As



MODEL TO $TUDY SULFUR
MIGRATION

THREFE - LAYER MODEL SPECIMEN

R T RN

LEXR X Celr O X

1. GUM SER MIX

2. NR LATEX WASTE

3. ALUMINIUM FOIL

DIMENSIONS OF THE SAMPLE

LENGTH BREMDTH THICKNESS
(cm) {cm) (cm)
L. GUX SRR MIX 16 8 n.2
2. WR LATEX WANTE 15 8 0.2
2. ALIMINTILUH FOIL R R 0.004

Figure 1 Model to study sulfur migration.

were punched out from the compression molded
sheets along the mill grain direction. The tensile
properties and the tear resistance of the compounds
were measured on an Instron Universal Tensile
tester, at & crosshead speed of 500 mm[min, as per
ASTM D 412-80 and ASTM D 624-81, respectively,
Hardness (IRHD) of the cured sheets was also
tested.

Figure 2 SEM photograph of latex waste filler particles
{size 1. magnification %60,
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Figure 3 Photograph of varying particle sizes and mill
sheeted form of latex waste filler.

Swelling Studies

To assess the swelling resistance of gum and filled
SBR vuicanizates, swelling index values were de-
termined. Circular samples of 2 cm diameter were
allowed to swell in toluene at room temperature
(28°C) for 72 h. The variation of crosslink density
with increasing filler loading also was analyzed using
swelling experiments. The equation of Kraus,® as
well as the Cunneen and Russell equations™ were
used to assess the reinforcement of SBR matrix by
latex waste filler of varying particle sizes.

60 —
G ¥§2 OS3 © 84

e

50

PERCENTAGE OF PARTICLES

10 1é 14 16
PARTICLE SIZE (mm )

Figure 4 Particle size distribution curves.
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Table Il  Particle Size Data

Most Frequent

Size Range Average Size
Particle Size (m?) (m?)
Hize 1 (81} 0.3-0.5 0.5
Size 2 (S2) .6-0.9 1.05
Size 3 (83) 1.7-2.5 1.9
Size 4 (54) 9-11 10

Sulfur Diffusion Studies

A three-layer model® as shown in Figure 1| was
set up to study the diffusion of sulfur from the
matrix phase to the filler phase. A layer of NR
latex waste {(containing 80 phr of size 1 filler) was
sandwiched between two layers of gum SBR com-
pounds. Size 1 filler was selected because of higher
sulfur ditfusion rate due to increased contact sur-
face area with SBR matrix. In one half of the
specimen, the lavers of the gum SBR and latex
waste were separated by an aluminium foeil; in the
other half, the foil was not placed. The region of
the latex waste layer with the aluminium foil that
will be out of contact with the two outer gum SBR
layers is named as the “area not in contact’’; the
region of the latex waste layer without aluminium
foil that will be in contact with the two outer gum
SBR layers is named as the “area in contact”. The
system was then subjected to vulcanization at low
pressure, The middle layver was separated. and the
swelling index, as well as the crosslink density
values were determined, by cutting circular sam-
ples froon 11 the area in contact with outer gum
SBR lavers tdenoted by CS) and {2) the area not
in contact with outer gum SBR lavers {denoted
hy NSy

Maorphology and Fractography

Morphologs, filler distribution. and fractography
were done vaing & JEOLISM 35 O model scanning
electron nucroseope. Alter tensite and tear testing,
the fractured <urfasce was carefully cut out trom the
tailed specomen. The samples were stored an a de
sicator To o] cuntamination and Then sputter
coated with uolibwithin 24 h prior to the examination

through =N

RESULTS AND DISCUSSION

Physical Characteristics of Ground Latex Waste
Particle Morphology

Figure 2 represents the SEM of the NR prophvlac-
ties filler particles {size 1) used in the present work.
The particles are irregularly shaped with rough sur-
face.

Particle Size Distribution

The photograph of the latex waste filler of different
particle sizes and the mill sheeted form used in this
study is presented in Figure 3. It is clear from the
photograph that as we move from size 1 to size 4,
particle size increases. Since it is possible for par-
ticles with somewhat large diameters to also pene-
trate the meshes due to their elasticity, it is berter
to represent them by size distribution curves, as
given in Figure 4. Size 4 shows the most broad dis-
tribution. Size 1 and size 2 have narrow distribution,
while size 3 takes the intermediate position. The
most frequent size range and average particle sizes
are presented in Table II. Both these values exhibit
an increase as we move from size 1 to size 4. The
specific gravity of the latex waste filler is determined
to be 1.1529.

20 . e e— . ..
. w51 ¥52 453 =54 OLLI

ha
h

{ min 3

20

OPTIMUM CURE TIME

a 1b ) . 20 a0 0
FILLER CONTENT { phr )

Figure 5  Varmaton of optimum cure nime of SBR com-
powtds with particle size and loading of tiller.
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Figure 8 Variation of scorch time of SBR compounds
with particle size and loading of filler.

Processing Characteristics

The processing characteristics of the blends are
shown in Figures 5-3. The vanation of optimum
cure time {time for attaining 90% of the maximum
torque), scorch time {premature vulcanization time}.
and induction time (time needed to start vulcani-
zation) are presented in Figures 5, 6, and 7, respec-
tively. A considerable decrease in all these three pa-
rameters is noted with increasing loading of filler in
SHBR. This is due 1o the presence of unreacted cu-
ratives in the latex rejects. Prophylactics, as well as
gloves, are manufactured by a latex dipping process,

which needs a very (ast accelerator. The accelerator

used by the company is ZDEC . i.e., zinc diethyl car-
bamate having the structure:

CH,CH,

CHLOTLL S
CHLCIIL,
V4
S0 - N
J N
3 CHLACH,
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Some of Lhis accelerator will retnain winreact s alter
the curing process. This is extracled nsing spectro
scopice grade acetone. wnd the spectrum of the dry
sample is given in Fraore 30 The peak at 7900770
em ' oindicates  the presence  of  ethyvl chamn
(— CHLCH), and that at 700-600 cn ' s due io
C—-5,,,. The 0 =, = clearly visible at the 1250
1020 em ' range. and the peak at 2820 2760 cm
confirms the presence of N CH. group i the
compound. This obzervation indicates the presence
of unreacted accelerator in the NR prophyviactics.
As the loading of NR prophviactics mcereases, the
availability of the unreacted accelerator also in-
creases, which leads ro further reduction in curing
characteristics, such as optimum cure time, scorch
time, and induction time. The decrease in optimum
cure time is minimun for SBR filled with size 2
filler and maximum for SBR loaded with mill
sheeted form. The reduction in scorch time as well
as induction time 1= maximum {or SBR filled with
size 1 filler and minimwn for that with size 4 filler,

The general eguation for the kinetics of o first-
order chemical reaction can be written as

In{ag — 1 = kit Ina {1

where g = initial reactant concentration, x - reacted
quantity of reactant at time ¢, and k& = first-order

| kST Sy %S *S4 M

{ min}

INDUCTION TIME

a 10 S i 1.
FIlUpr b 03T NT b

Figure 7 Varnceoo 0 caboa s e o =

prowancds wathe parrtic e o e e
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Figure 8 IR spectrum of the unreacted aceelerator (ZDEC).

reaction rate constant. For the vulcanization reac-
tion of rubber, the rate of crosslink {ormation is
usually momtored by measuring the torgue devel-
oped during vulcanization. The torque values so ob-
tained are proportional to the modulus of the rubber.
Soif the change in a physical property such as mod-
ulus is measured, rather than the change in reactant
concentration, the following substitutions can be
muade.

fa x) = (M, - M {2)
a - M AL (4

where A s the maximum modulus, M s the min-
tmum moduios, A s the modulus @ time £ Substi-
tuting torque values for modulus, we get

(e v -4 M) and o M, M, (4

where M, 1~ the maximum torgue, AL s the mom
munt torgque and, AT is the torgue at tooe 3 When
In{A,
is obtaimed g~ shown in Figure 3 which proves that
the cure reaction of the gum and Glled SBR cony-

Mos plotted against ¢ a =trnght line graph

pound follows first-order kinetics. The cure reaction
rate constant (k) values are obtained from the slope
of the straight lines. These values are presentqﬁ,in
Table II1. The rate constant values generally in-
crease with increasing filler loading. The higher the
loading, the greater the amount of curatives avail-
ahle. This indicates an increase in the rate of cross-
linking. This increase of rate constant is mnost noted
for B R loaded with mill sheeted form of the filler.

Figure 10 represents the variation ¢f Wallace
plasticity (100°C) with increasing loading of filler.
Since Wallace plasticity 15 a direct measure of the
elastic recavery of the rubber compound, its increase
with increasing filler loading is extremely advan-
tagenus as far as rubber compound is concarned. The
Wallace plasticity at 40 phr filler loading 1s found
1o be minimum for SBR loaded with mili sheeted
form of the iiller.

Mechanical Properties v

Figure 11 represents the stress strain curves of the
srut and {itled (size 1 filler] SBR compounds. The
stress strain behavior of filled SBR vulcanizate is
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Figure ® Piots of In(Mh — M) versus time {(min) of
gum and filled (size 1) SBR compounds.

controlled by the characteristics of the filler and the
matrix, The deformation behavior seen from the
curves 1s almost similar for gum and filled samples.
At higher strains, the stress value is found to be
increasing slowly, rather than exhibiting vielding
hehavior. This behavior is typical of vulcanized low
strenglh materials. The elongation at break exhibits
a good increase with increasing filler loading (Fig.
12}. At higher loadings of the filler, this increase is
predominami for SBR vuleanizates filled wilh size
2, 3, and 1 fllers, while size 1 shows lower values.
Mill sheeted form stands midway between these two
extremes. The observed increase in elongation at
hreak with increasing filler loading may be due to
the ability of NR latex waste filler particles to elon-
gate 1o high strains. The decrease in crosslink den-
sity with increasing filler loading also contributes
tu the increase in elongation at break values. The
crosslink density values are given in the following
section, The Young's modulus vialues are shown in
Table 1 They are found to be unatlected at lower
loadings of the fller, while a shight decrease is ob-
served at higher lnadings tor mosi of the cases. The
modulus at 3009 elongation (M 300h presented in
Talde H decreases up to 30 phr and 1hen increases
shivhtly for 40 phr {iller loading. 'P'he above said ab-
norimal nature of modali values way be due to two

upposing factors, namely, crossliok density reduce-
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tion and reinlorcement, with increasing loading of
the filler. When reduction in crasslink density with
filler loading tends (o decrease the modulus, the re-
inforcement by the filler tends 10 increase 1t. These
factors compete with each other. Therefore, the ob-
served behavior is the net effect of these two factors,

A remarkable increase in tensile strength is ob-
served with increasing filler loading as shown in
Figure 13. This points out the fact thal latex waste
filler has some reinforcing etfect in SBR matrix. This
reinforcing effect observed with increasing loading
of NR prophylactics is due to the strain crystalli-
zation behavior of crosslinked NR latex liller. Tn a
weak matrix like SBR, NR latex (iller is found 1o
retain its strain crystallizing nature, even if it is in
the form of a fine filler. But contrary to the usual
behavior of fine filler (size 1} being more reinforcing,
here, the largesi size (size 4) and mill sheeted form
show relatively good tensile properties. This is due
to the sulfur diffusion phenomena noted here and
reported earlier in similar systems.? For the fine
filler (size 1), the contact surface area with the SBR
matrix is more. This can lead to an increase in sulfur
migration from the matrix to the filler phase. ¥n-
hanced sulfur migration weakens crosslinks in the
matrix, 50 the tensile properties which were expected
to be superior for size ) filler actually become infe-
rior. The extent of sulfur migration is controlled not
only by the particle size of the filler but also by the
degree of polysulfidic linkages in the filler. The de-
gree of polysulfidic linkages in the filler has a direct
relation with the extent of sulfur migration.'® Mill
sheeted form of the latex waste filler is prepared by
passing the waste through a two-roll mill for 10 min.
This leads to substantial breakdown of the polysul-
fidic linkages resulting in a low degree of polysulfid-
ity for mill sheeted form.' 1t is obvious that rill
sheeted form also undergoes size reduction during
the mixing procedure. Still Lhe extent of sulfur dif-
fusion is least in SBR compounds filled with mill
sheeted form. Owing to this, they show better values
of tensile strength over others.

The tear strength of SBR compounds (Fig. 14)
also show an increase with ncreasing loading of
filler. The particles of NR latex waste filler present
in the tear path elongate to high strains and obstruct
tear front. Among the filler sizes used, smaller sizes
81, 8, and §; show the maximum tear strength at
40 phr loading. Size 4 filler is inferior to these both
al low and high filler loading. For SBR compounds
containing fillers of smaller sizes. there will he a
large number of filler particles present per unit arca
to elongate to high strains and to obstruct the ad-
vancing tear. As far as tear strength is concerned,
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Table 111

Rate Constant and Modulus Values

Cure Heaction

Ivate Constam

(k)
SHR Compound (aee™ )
Gum SBR (14
Size 1 Filler
10 phyr (.21
20t phr {22
30 phr (24
40 phe ()28
Size 2 Filler
10 phr (.43
20 phr (.29
34 phr 0.24
40 phr .25
Size 3 Filler
10 phr 0.24
20 phr 0.25
30 phr 0.24
40 phr 0.34
Size 4 Filler
10 phr .20
20 phr 0.26
30 phr (123
440 phr .30
Mill Sheeted Filler
10} phr 0.36
20 phy 0.37
30 phr 033
40 phr 0.42

the performance of compounds containing fillers of
smaller particle sizes is superior 1o others. The ef
fects of filler loading on IRHD hardness are shown
in Figure 15. The observed decrease in [RHD hard-
ness with increasing filler loading is due to the de-
crease in crosslink density.

Swelling Studies and Crosslink Density
Determination

Swelling index values represent the swelling resis-
tance ol rubber compound and are caleulated using
the equation

W, - W
Swelling index "¢ - --—“—H-_; — % 100 thl
3

where W, is the initial weight of the circular spec
imen cut from the cured rubber slabs, and W s the
final weight of the specimen (after equilibrinmm
swelling in toluene). The swelling index values are

Youne s Modolos M R
{MPn {6
[ {6t

»
L 1.4
1 (Bt
] [IRYIN]
.7 {1497
| [
1 {174
1 0.7y
1 RN
1 .91
1 (1. K5
1 (186
085 .55
1 .79
0.4 0.78
.80 TOAG
(170 1374
i (RS
(LS - AN
[ER1Y] OR7

095

shown in Tabhle IV. The value oblained for the ;:llt]
SBR compound is lower than that of any other filled
syatent, This indicates tleg the sum compound has
maore resistance to =welling than the (iled sKK
compounds, This ohservation points to the decrease
in croaslink densityv 1o tilled compounds, which
again, s & consequence of solfur migration. With
increasing filler loading, ~welling index values are
found to be inereasing. Hhut the increase = nol always
uniform, For a fixed filler loading, the value 1= tun
imum lor the SBR conynand nlled with the mill
sheeted torm of the nlier, Thrs indicates compari -
tivelv hetter readareement n SHER o valeanizote-

foanded with mtll <hected tormu of ths tiller. The

crosalink densite o 2000w detertnmed asing e

following Flory Relsuer evpniron

Tryi ! Voo [
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Figure 10 Variation of Wallace plasticity of SBR com-
pounds with particle size and loading of filler.
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Figure 11  Stress—strain curves of gum and filled (size
13 SBR vulcanmizutes.
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Figure 14 Kileet uf the sive and loading of filler on the
tear strength of SBR vulcanizaies.

where o is the density of the polymer; V¥, the malar

volume of the solvent: V7, the volume fraction of

elastomer in solvent swollen filled samples; and X,
the interaction parameter, which is given by the
cyuation

X = B F(V/RTHE — &7 {7

where 4 is the lattice constant; &, the universal gas
constant; T, the absolute temperature; §° is the sol-
uhility parameter of the solvent; and 47, the solubility
parameter of the polymer.

The variation of crosslink density as a function
of increasing filler loading is given in Figure 16, As
a result. of sullur migralion from the SBR matrix to
the filler phase, the crosslink density of the matrix
phase decreases. This can lead to a decrease in the
swelling resistance of filled systems. This crosslink
density decrease is minimum for SBR vulcanizates
containing mill sheeted’ form of the filler. This is
due to the lower degree of polysuifidic linkages in
the mill sheeted form, which always retards sulfur
migration.'” For SBR vulcanizates loaded with fillers
of smaller particle sizes, enhanced sulfur diffusion
causes much reduction in crosslink density.

42 T
! gl %52 #53 *#54OM
e
40
2
i 38
%)
i
b
a
T 35
<
T
a4
32 e i e . . AU . P
o] 10 20 an 40
FILLEA CONTENT ( phr )
Figure 15  ffect of the size and loading of hller on the

hardness {IRDH) of SRR voelcanizate ..

Extent of Reinforcement

The extent of reinforcement is assessed hy using
Kraus and Cunneen and Russel equations

Accarding to Kraus equation,®
’Y"

[Pl l,{;“r.l’ =1 - _.,,‘r :8}
/ Y
where V7 is the volume fraction of rubber in the

solvent swollen filled sample and is given by the
equation

Table IV Effect of the Size and I,oading of Filler
on the Swelling Index Value of SBR Compounds

Swelling Index Values (%)
Filler Loading (phr}

Sample 0 10 20 30 40
(Gum 427 -
Size 1 439 469 503 463
Size 2 447 489 520 526
Size 3 481 497 485 497
Size 4 462 476 am 468
M 431 498 448 449
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Figure 16 Variation of crosslink density of SBR vul-
canizates with particle size and loading of filler.

RN C et .0) %
(d - fwip,' + A

(9)

where d is the deswollen weight of the sample; £, 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 system, f = 0. If we sub-
stitute f = 0 in eq. {9), we get the expression for the
volurne fraction of rubber in the solvent swollen un-

filled sample (V™).

dp,’

vrrl = - —
dp,' + A'p,

(10)

Since eq. (8) has the general form of an equation
for a straight line, a plot of V™/ V"7 as a function of
f/1 — f should give a straight line, whose slope ()
will be a direct measure of the reinforcing ability of
the filler used. The more the reinforcing ability of
the filler, the more will be the swelling resistance
caused by that filler. A constant (, which is char-
" acteristic of the filler, is also calculated using the
equation

m_vru+1
=

= 1l
3(] _ vrr;];.i) ( }
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Figure 17 Plots ot‘w VS, 1—{ f of SBR vulcanizaies.

where m is simply the slope of the line plotted, ac-
cording to eq. (8). The plots of Kraus equation for
various particle sizes of fillers are shown in Figure
17, and the values of slopes and C are presented in
Table V. According to the theory developed by
Kraus® for highly reinforcing carbon blacks, nega-
tive higher slope values indicate a better reinforcing
effect. In the present study, we observed that as the
filler lnading increases, the amount of solvent ah-
sorhed (A%} also increases considerably. This in-
crease will cause a reduction in the V¥ value cal-
culated using eq. (9}, Since V' remains unaffected
with filler loading, the ratio V™/V7 increases con-
siderably with the increasing loading of filler, which
gives rise 1o a positive slope, [t is clear from Figure

Table ¥V Values of Slopes and C

Cunneen and Russell
Fquation

Barticte Size  Slope 1m0 0 Slope (a)
=4 ioan 1A 2N
=7 [y [ Rt
=0 I 1 il 1.4
=i b4l 14 [

1

Al 1.1 [
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Figure 18 Plots of V™/ V7 vs ¢ 2 of SBR vulcanizates.

17 that the slopes are positive and are higher for
SBR loaded with smaller sized filiers. The slope is
found to be the lowest for SBR filled with mill
sheeted form. Se it is clear that SBR vulcanizate
containing the mill sheeted form of the filler absorh
a minimum amount of solvent. P'herefore, the de-
crease in V7 is comparatively less; hence, the ratio
V™iV7 is the least at a particular loading. This
compound therefore presenis a lower positive slope
compared to others. This suggests that as far as the
extent of reinforcement i1s councerned, the il
sheeted form is superior 10 other fillers.

The Cunneen and Russell equation™ ix given b

VYV = a0+ b (12}

V™ and V7 has the same meaniog as explained
above, and z is the weight traction of the filler used.
A plot of V™/ V" versus e ° should give a straight
line whose slope, a, will be directly proportinnnl 1o
the reinforcing ahility of the (iller. The plots of the
Cunneen and Russel! equation are shown in Figure
18, and the slope g values are presented in Table V.
In this case, V*/ V7 also increases with increasing
filler loading, and this increase = most noted tor
fillers of smaller particie sizes. Coparatively highls
reinforcing mill sheeted forny ol the liller abmorh
minimum amount of =olvent. Theretore, the =K1
vulcanizate loaded with the mill shaeeted fornoi T be

filler shows the lowest V°/ V7 value at a part. cular
loading and presents a smaller positive slope. Both
Kraus and Cunneen and Russell equations point out
the comparatively higher reinforcing nature of the
SBR vulcanizates containing the mill sheeted form
ot the filler.

Three Layer Model for Sulfur Diffusion
Experiment

The diffusion of sulfur from the SBR matrix to the
filler phase is analyzed by using a three layer model,*
as shown in Figure 1. The dimensions of the model
are also given. The crosslink density of the sample
obtained from the contact area of the middle latex
waste layer is found to be higher than that of the
sample obtained from the noncontact area. This is
clear from Table VI. The same trend is reflected in
the swelling index values presented in the same ta-
ble. This is because of the sulfur diffusion from the
outer gum SBR layers to the middle latex waste
layer. This sulfur diffusion causes an increase i1 the
crosslink density of the middle layer at the arca in
conlact with outer SBR layers. At the area of the
middle latex waste laver, which is separated from
the outer gum SBR lavers by the aluminium foil,
sulfur diffusion cannot occur, so the crosslink den-
sity values here are found to be comparatively lower.

Morphology and Fractography

The tensile as well as tear strengths of the polyiners
are related to the morphelogical features of the rac-
turc surface. Figures 19-23 represent the SEM pic-
tures of tensile and tear fractured surfaces. In all
the ligures, 1t is possible 10 see the filler particles as
phase separated entities, and this observation con-
firms the noncompatible nature of these tilled sam-
ples: so these systems can be considered only a5 a
natural rubber prophylactics filled SBR composite,
nol a true compatible blend of NR and SBR. It can
alzo be seen from these figures that latex waste par-
ticles have undergone size reduction during mixing.
The SEM of the tailed tensile gum vulcanizave is
presented in Figure 192}, Here, the fracture is

Table VI Swelling Index and Crosslink Density
Vialues From Sulfur Ditfusion Experiment

Swelline Lides
(g molfeer = 1007

S [

[ KEE
NS A

ha

ki)
35

Crosslink Density
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Figure 19 SEM photographs of the tensile fractured
surface of gum SBR vulcanizate (a) and Lhe tear [ractured
surface of gum SBR vulcanizate (b).

smooth without any deviation. This observation is
in agreement with the low tensile strength of the
gum SBR vulcanizate. The SEM of the failed (ear
gum vulcanizate, shown in Figure 18(b). also pre-
sents smooth torn areas. This indicates its low tear
properties.

The tensile fractured surface of filled (410 phr of

size 1) SBR vulcanizate are presented in Figuie
20(a). Here, the [racture is not smooth asim the case
of gum. As a result of enhanced sultur migration.
dewetting is observed in this case. as shown in
Figure 20(b).

LISE OF PROPHYLACTICS WASTE AS A FILLER 2047

Figure 21{a) represents the torn surface of the
SBR vulcanizate filled with 40 phe of size 1 filler.
The Agure shows crack deviation due to the restric-
tion to crack propagation by filler particles. In this
case also, dewetiing is obscrved, as can be seen from
Figure 21(b}. The vhservation of dewetting s n
agreement with the noncompatibility behavior of
these filled systems discussed earlier.

The tensile~and tear fractured surface of SBR
vulcanizate loaded with 40 phr (size 4) filler is shown
in Figures 22(a) and (b), respectively. In hoth cases,
extensive crack deviation can be seen.

Figure 23(a) is the tensile fractured surface ¢f the
SBR vulcanizate filled with the 40 phr mill sheeted

e L T L N s

16,60 RRLSM

(=}

Figure 200 =M photographs (a) and (b ot the tensile
fraw tured ~urtace of Glled tsize 1) SBR vuleamzate.
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and from the obsLruction to tear propagation by [iller
particles. Reduced sulfur migration causes increase
in filler-matrix adhesion in SBR vulcanizates filled
with size 4 filler and mill sheeted form. The SEM
pictures also indicate that the latex waste particles
are not completely compatible with the SBR matrix.
In all cases, the particles could be seen as phase
separated entities.

CONCLUSION

The use of NR prophvlactics waste as a potential
filler in SBR is very atiractive because of the sim-

{b}
Figure 21 SEM photographs {a) and (b) ot the tcar
fractured surface of filled (size 1) SBR vulcanizate.

form of the filler. Since sulfur diffusion is minimum
in this case, filler-matrix adhesion is fairly sood,
and, hence, dewetting is less predominant. In this
case also, filler particles obstruct the crack propa-
gation and cause crack deviation. The torn surface
of the SBR compound loaded with 40 phr of the mull
sheeted form is presented in Figure 23(b). A sinu-
soidal wavy pattern at the fracture surface 15 a char-
actenstic feature of high tear-resistant material

In the case of all the filled compounds, tarn sur-
faces show much crack deviation and present a series
of parabolic tear lines distributed randomly. These

parabolic tear lines result from the interaction of

main fracture fronts with subsidiary fracture fronts

- Tk

s

196U RRLSH

(o)

Figure 22 SEMN photosraphs of tensile fractured sur-
face of (Gled (size 1) SBR vulcamzate {a) and the tear
tractured surface ot tilled (size 4) SBR vulcanizate (b).
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(b}
Figure 23 SEM photographs of the tensile fractured
surface of Alled (mill sheeted filler) SBR vulcanizate {a)
and the tear fractured surface of filled (mill sheeted filler}
SBR vulcanizate (b).

plicity of the latex waste grinding technique and the
surplus nature of the NR prophylactics. NR latex
waste has been ground into particles of various sizes.
The particle size morphology and size distribution
are anatyzed. It has been noticed that with increasing
filler loading, there is a reduction in optimum cure
time, scorch time, and induction time and an in-
crease in cure reaction rate constant. The Wallace

plasticity, which is a measure of elastic recovery of

rubber compound, increases with increasing filler
loading. The above observations are advantageous
as far as productivity and processability are con-

USE OF PROPHYLACTICS WASTE AS A FILLER 2049

cerned. Up to 40 phr [iller loading, the tensile and
tear properties show good improvement. The size 4
and mill sheeted form of the (iller are found to-ex-
hibit superior tensile properties over others. The
IRHD hardness values are found to be decreasing
with increasing filler content. The swelling index
values show a considerable increase, while the
crosslink density shows a gradual reduction with in-
creasing filler loading. The Kraus and Cunneen and
Russell equations have been used to analyze the ex-
tent of reinforcement. These theories support the
superior filler—-matrix interaction in SBR vulcani-
zates loaded with the mill sheeted form of the filler.
A three layer model has been developed to study the
sulfur diffusicn in filled SBR compounds. The re-
sults emanating from the sulfur diffusion experiment
explain the reductlion in crosslink density in filled
SBR compounds. Compared to the p.cduction of
fine rubber powder, the preduction of mill sheeted
form of the filler is easy and economic. By wisely
selecting the mill sheeted form of the filler, sulfur
diffusion can be minimized, and the filler-matrix
adhesion can be improved. The SEM examination
of the tensiie and tear fractured surfaces strongly
supports the improved mechanical performance of
the SBR vulcanizates filled with the mill sheeted
form of the filler. The SEM studies also indicate
that the crumb rubher particles are not completely
compatible with the SBR matrix. Further studies
are in progress tc improve the adhesion of the rubber
particles with the SBR matrix. '
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Abstract

[forts on a large scale have been made by the polymer industry to develop cost effective techniques to convert
waste and used rubber into processable forms. Some of the authors have developed a cost effective technique for the
reuse of natural rubber (NR) latex condom waste as a potential filler in styrene butadine rubber (SBR). It has been
proved thal waste NR particles do reinforce SBR matrix. For optimizing cryosystem performance of the blends,
characterization of the composis in terms of thermal behaviour is impertant. Thermal conductivity of SBR filled
with lightly cross-linked NR latex wusle is measured using the transient plane source (TPS) method in the
temperature range of 100-300 K. [t has been found that the thermal conductivity of SBR composites increases
linearly with temperatuee o a peak value at 4 temperature which lies well within the glass transition region of SBR.
With further increase of (emperature the thermal conductivity decreases asymptotically to a constant value near
300 K. The variation in the thermal conductivity is empirically correlated with the presenl experimental data by the
equation. A7)« | AT+ T where «, b and ¢ are parameters which are polymer dependent and have different
values below and above (he glass transition. The observed variation in thermal conductivity is explained on the
basis of various phonon scatlering mechanisms, namely structure scaltering and cooperative motion of repeat units,
as ubse by vonsidering structural leatures and the effect of temperature on structural units in a phenomenclogical
manner. it 1999 Elsevier Science Lud. All rights reserved.

I, introduction

I has been well estabhished thil polymer composites
and blends are elfective answers o the challenge of
developing new  polymers Tor g specibic set of
propertigs |11, These materials give cast elfective and
vasily avalible compounds and are widely used in the
cryogenie temperatures, especially around  their glass
trapsition, 7. Since the 7, of hoth SRR and NR e

FCorresponding author Fav 09D $RR77930 comal:

arviiestdioe nud 2 vsal et

within the region ol 100--300 K, a study of thermal
conductivity of these materials would yield valuable in-
formation which would be of considerable help in opu-
mizing cryosystem performance, heat transfer and
cooling load calculations and determination of differ-
ent state points. The study of low temperature thermal
properties and the generation of practical design data
between 100 and 300 K will contribule much 1o the
understanding of the thermal equilibrinm  processes
and hence to oplimive cryo-contponents.

Considerable  work bas  been reported  on the
variation of pure polymers {2, 3] bat data on polvmer
composites are hmited. Efficient applicalion ot cryoe-

DATA-3ORTARE N e Teoml matter - D99 Flsevier Scicoce Lid. Al rights reserved,
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sewie wimperatures depends nol only on thenr mechan-
il propertes bat slsa on thelr thermal  properties
such us thermal  condocuvity,  diflusivily cle. Also
avempts Bave been nade 1o moke rubber compounds
chaaper am! 1o conserve raw miterials and energy by
the wse of recliimed  cabber |4 7 Some ol the
authors [8] have developed o cost ellective technique
tur the reuse of NR Jatex waste as filler in SBR. In
contrast  to inferior  echnological  properties  of
reclaimed rubber, serap latex rejects conlain high qual-
ity rubber bydrocarbon and are lightly cross linked.

From the ceological point of view wlso the reuse of

NR Tatex waste as o potential [lker in SBROIs mlerest-
ing since NR lakes several decades to decompose,
Various types of studies on the NR Tatex waste filled
SBR vompounds Tave already been conduceed [8] and
in Lthis paper we report the thermal conductivity studies
on dive sumples of SBRYNR including SBR gum and
SBI GHed with 10, 20, 30 and 40 phr of NR prophy-

lacoies waste having average particle size of § mm,

2. Experimental

Fincly powdered NR hex waste s blended  with
SBR by dhie following techoigue, Powdering of NR
Talex waste v done by an expensive size reduclion
mechanism, The size reduction was carried outl by @
mechunical grinding process in a fast rotting toothed
wheel mill o get @ polydispersed  rubber powder,
Compounding of 8BR and latex wastc filler was done
wil o two roll mixing mill according to ASTMD 15-
627, Curmg of the rubber compounds was carried out
oue clectricnlly heated hydeaubic press ot 150°C.
Samples of ameter T8 mm and thickuess 10 mm are
preparcd by moulding. Details of the sample speetfica-
v, basic formulation and composition are given in
Tables 134 Thermal conductivity measurement of the

Table ]
Specilication ol SERINR compuosites

specloption

Seuerces Synthetivs and Chenneal Lid,
Bhitura, Biveibly, India, Strene
content 25.5%,

M Latex wasie Bler Prepared from wasle latex condom
rejects. Sorree: Hindostan Latex Lid,
Thiruvanundapuram, India

Zinc oxide, Siearie acid, M-cyelo
lexy] benz-thiazyl sulphenamide,
trimethyldibydroguinolin sulphur (all
are commerical prades]

Rengent gracde is used

Stvrene hutudienee

ribler (SHRD

Rubher additives

Taluene

Table 2
Basic formulion

Material Laading (ph
SKER (Rl

Zing oxide 5

Stearric acid 2

CBS |

TDQ !

Sulphur 2.2

Filter Variahle

samples has been mude vsing {ransient place source
(TPS) method in the temperature range of L) 300 K.
The technigue is bused on three-dimensional heat How
inside the sample, which can be regarded as an nficite
medium by limiting the total time ol transient record-
ing, A dise-shaped TPS element with diameler 7 mim
and thickness 0.07 mm is pluced belween two cylindri-
cal picces ab the sample material of diameter 18 mum
gach.

The swple holder comtaimng  these samples s
placed i a thin-walled steel tube having slightly biggec
diameter than the sample holder and is et in the eryo-
stat conwining hgwid nitrogen until adl temperatare
gradients i the sample have disuppeared. Alter uchiev-
ing the isothermai conditions in the sample a constant
current pulse is passed through the heating clement
and resistance or temperature of the element is
recorded  simultaneously by recording its vollage
increase, '

24 Theary of the TPS methad

In the TPS technigue the source of it is a hot dise
made oul of a bifillar spiral (shown in the Fig. 1)
which also serves as a sensor of the temperafure
increase in Lhe samples. Assuming that the conducting
pattern s in the -z plane of a coordinate system
placed inside an infinite solid with a thermal conduc-
tivity 2, i thermal ditfusivity x, and a specific heat per
unit volume pC, the rise in temperature at a point v, z
dl time ¢, due to an outpul power por unil ared (@ is
given by [9, 10]:

Tuble 3
Composition of the samples

Sample |

Sampic 1]
Sample 1N
Sumple TV
Sumple V

SBR (gum)

SBR + 10 phr NR
SBR + 26 phr NR
SBR + 30 phr NR
SBR 1 40 phr NR
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Fag. 1 TPS sensor,

d«‘ 1dQ ar u
T a4 0 A L

(¥ — _.1-")' —(z- )’
X exp { A ] (n

where (1 =) = a2ad, 0 ={a*/x), o= (1/H'3, ais a
constant {radius of the disc) which gives a measure-
ment ol the averall size ol resistive pattern and s
known as the characteristic time. The temperature
increase f\/ T) because of flow of current through the
sensor, gives rise 1o a change in the electrical resistance
AR() which is given ag [10]

AR() = aR,ATT(T) ‘ (2)

where R, s resistance of TPS clement before the tran-
sient recording has béen initiated, « is the temperature
coellicient of resistance (TCR) and A7(z) is the mean

value ol the time-dependent temperature increase of

the TPS clement. ATTt) is caleulated by averaging the
increase in lemperature of TIPS element over the
sampling time because the concentric ring sgurees in
the TPS element have different radii and are placed at
different femperatures during the transient recording.
Foltowing Gustafsson [10],

P,

AT =
() = 7 2q),

D.(0) (3
where

DAy = [mlm I]]2

I " ta? .
<[ By /‘L w[J_J @
. dag-m=

i=1 k=

P, is the total output of power, L, is the modifed
Bessel function. To record the potential difference vari-
ations, which normally are of the order ol a few milli-
volts during the (ransient recording, a simple bridge
arrangement, 4s shown in Fig. 2, has been used, 11" we
assume that the resistance increase will cause a poten-

—L 1} c
Rp
Ry
Power
supply a

{Conslanl vollage ¥)

RG TPS sensor

Fig. 2. Bridge circuit for TPS method.,

tal difference varwbion ALU() measured by the volt-
meter i the bridee, the analysis of the bridge indicates
Hhut:

, R, Ry loaRo Py
AR =P R R Ry O

Ry + Ry R T Ry wian D0 )
where
AE() = AU ~ C- AU ©)
and
C = b . o

“ fo{' + wEER +;\I)TAI]

The definition of various resistances is [ound in Fig. 2,
K, is a standard resistance with a current rating that is
much higher than /,, which is the initial heating cur-
rent Lhrough the arm ol the bridge containing the TPS
elementl. y is a constanl which is chosen to be 100 n
the present measurement. Calculaling D(v) using 4
compuler programme and recording the change i po-
tential dillerence, AU, one can delermine 2.

3. Results and discussion

The variation of thermal conductivity with temperu-
ture for SBR/NR composites with varying NR content
is shown in Fig. 3. 1t s seen that the thermal conduc-
tivity of all the composites shows a similar trend of
increasing almost linearly with temperature (o a peak
value, The peak values are observed at around 215 K
for all compositions, which is well within the glass
transstion range of SBR and NR, The value of thernal
conductlivity then decreases and begins to fall 1o a tem-
perature-independent value at 290 K. i

In these types of polymers it is a general character-
tstic that they show a marked conductivity maximum
in the glass transition region. It is known that SBR
and NR are incompatible rubbers. Although the rub-
bers are not miscible, no separate peaks are found in
the thermal conductivity values ol the composites
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Fig. 3, Temperature viriation ol thermal conductivity of different SBR/NR composittons {x sample 1, o siple 1, O sample L

A sample [V ound A sample V).

sticlied here, This can be explained on the basis of the
Liel thatt the appearance of single plass Lrunsition can-
not  be  taken  us  unambiguous  evidence  of
miscibility [L1L 17 the respective 1,8 are close (ca.
107, they may appear as a single broad (ransiton,
Flere this point appears (o by true since the 7 of
SHIRO 209 214 K} oand NR {198 210Ky are close
cnough not to show separute peaks. Another aspect W
be considered is that the elastomer pair is not mmscible,
bul vigorous mechanical mixing overcomes the small
potential barrier to unlike segmentel intcraction and so
gives rise to a morphology thal s homogencous, at
least down 1o the level accessible o standard analytical
teehnigues.

By meuns of least square bt to the experimental data
as a function of temperature (as plotted 10 Fig, 33,
emprrical relationships have been established Tor Lhe
theoretivil prediction of thermal conductivily as given
i the form

ATy =a+ bt + et (K
{Hur wempenre region below 7,0 and
MY =a+ i+ et (3h)

ilor wmperiture region above I,} where v b, oo, o and
e are parameters which are pobviner dependent and 7
15 the absolule temperature, The observed variation in
vhernel conductivity can be explained by considering
structur] features and the cilect ol lenperatare on the
stroctural units in o phenomenolagical manaer |12
Even in amorphous polyers like SBIR there exist
some locil arder whach is termed as incemediate rnge
arder {IRO) [13]. In the low temperature region below
Ter the temperature dependence of 4'is controlled by
variation of phonon mean free puth. During cooling
certain delects are also created 1 the system, such as
bends in chadns, gaps betweon two Chains in line,

chaing of smaller lengths than the others etc. Mence
below 7, structure scattering and chain-defect scaller-
ing are the main phonon scattering mechanisms. In the
former case lattice wave propagate uniformly inside
each small domain with dimensions cqual to the size of
the TROY region and then are abrupty scattercd by o
sudden change of relroctive index at the bouandary,
The dimensions of IRG at ¥, depend mainly on the
processing conditions and degree of polymerization,
henee it does nol vary with lemperatore. Therefore the
contnbution w thermal resistance corresponding to
these processes 18 wmperature-independent, The first
termt « i Both empirtcal equations represents the con-
tribution to thermal resisiance of structure scaltering.
As far the chain defeet scattering [14], defects intro-
duced by bends and relalively smaller lengths of chain
sepments olse seatier phonons, Lo, the clastic wive
propagitting along the clutin finds kel sl o poimt
beyond which o can no Jonger proceed i the s
dircchion with the same veloaty, Therelore 1o
reflected wlong the same chain or iy refracted along
some other permitted  divection, I the lemperature
region below ¥ with o nse in temporature the poly-
meriv chains straighten out more and mare, inereasing
the corresponding mean-free uith and thas the contn-
butions e e corresponding  thermal resistionee
decraises hincarly with the sise o emperature. The
chiadn detects e cilevnvehy idemicat e stacking
Faults [T3] and henee e eapected o sfiow semiloy fem-
porature dependence Tar thermal resistanee. ' he con-
stant & o By (8a) represents the thermal resistinee by
clutin-detect scattering. The constant ¢ can alse be
attributed to orepresent the contribution 1o thermal re-
sistunce by othee possible stray scattering mechanisms.
The constunls a. A, ¢, o and ¢ are polymer dependent
parameters. This means that they should change sys-
tematically with NR content in the composite and the
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Table 4

Witlues of constunts for empivical Lys, (8a) and (8b) ceveloped Tor thennul conducuivity

Connpiostle it h e[ 1075y i crxln Ny
SHBR 1510 10003 .06 PRERITUR Jmn
SHIRRT NI iy [FIEROR - .07 41487 RIS [IRCRYI
SHIL TN (20 phr 01737 BRI 21240 (hs2 R
SR NI 1A phr) [Eh % 3,005 1403 (100K EY 20Fn
01,1306 066 S 20 naores — F0A3E

SRR - NR {4ty phri

obluined values of these constants supports this depen-
dency (Table 43, Also these values depend on the
extent of TRO o the polvmwer at 4, kenaths ol the
Backhone chain and branch chains, the strenath ol the
primary honds and the molecular weight of she’ side
HIOUPS.

A close ook al the vitues ol these constants walld
provide interestimg inlarmation about the contributions
of various scattering mechanisms at play in deternin-
fng the thermad resistunce of the composites, It has
alveady been mentioned that the term « in Eq. (8) rep-
resents structure scattering and the contribution of this
to thermal resistance is temperature independent and
that the fwctors contributing o the stracture scatlering
depend mainly on processing conditions and degree of
polymerization. The values o constanl o for vanous
composites show 0 more or [ess inereasing trend with
the amount of thermead resistance olfered by the com-
pasites. However the constants b and « which represent
the chain-defect scallering and  vacant-sile scattering
follow o different pattern. These values are inversely
propartional Lo experimentadly observed thermal resist-
ance ol the composites. However Lhe constants ¢ and
e, which represent contribution te thermal reststunee
due to stray scitiering mechamsims olher than siroe-
ture and chain-deteet (vocant-sited seadtlecing, agan fol-
low an nereasing trend with the wwount of theymal
resistunce ollered by the composites. Thus this may be
interpreted as an indication that the scatlering mechan-
wsms represented by these constants (¢ and e) are aris-
ing out of the interaction of the SBR matrix phase
with the NR filler and although notl exactly tempera-
ture independent. they have something more o do
with processing condilions and degree of polymeriz-
ation.

AU temperatures above glass tranaition region, scal-
termp by microveids (vacani-site scullering) becomes
predominune besides struclure sceatlering, As lemperit-
ture inercises and  The polvmer pusses 1o rubbery
through leathery, state,  gradoally  individoal  units,
atimmic groups and small cham ‘segments undergo
rtensive  thermal motion and large torsional  ro-
tulions, and the slidmp of chain segments starts Lo
play i donunant role i poverning the variation ol
properties with  temperature. This has o two-fold

effect an the structure of the systent tally 1he
dominant chain moments create some vacant sites or
microvaids which scaller phonons o the similar wiy
to 1he poinl delects 1510 Wil the rise ol temperiiure,
the number and <z of Lhese microvoiis noreiases
aneconsequently. the contribution ol wvacinl site
scaltering Lo thermal resislance would nercase line-
arly with lemperature. Thus structure scattering und
vacant-site scaltering become the predominant seat-
lering processes over certain range of temperature
above T, resulting in a decrease i the thermal con-
ductivity with a rise of temperulure. The constant ¢f
in Eq. (Bb) represents the contribution to thermal re-
sisliinge by vacont-site scattering and ¢ olher stray
sealtering mweehanisns.

Fig. 4 shows Lhe thermal comductivity variation of
the compaosites with filer contlent measured at room
temperature (300 K)o 1 s inferesting 1o nole thit the
thermal conductivity shows a sharp decrease (04 UG-
mum value at 10 phr of NR content and then a linear
increases with filler content. NR being less thermally
conductive than SBR, the decrease in thermal condue-
tivity of SBR with the addition of NR is natural duc
to the superposition effect, but the inereasing (rend
the {hermal conductivity values ol the composites con-
taining NR content greater than 10 phy s vather e
esling. This could be explained with reference (0 (he
modilicationt in crosslinking density of the wutris pro-
duced by the filler content,

Fig. 5 shows the calculated crosslinking density
(1/2 M.} of the composites using the following Flory--
Rehner equation

e

(9

where ¢, s the density of the pabymer, F7 o the
molir volume ol the salvent, I""r, the volume k-
tion ol clastomer i solvent swollen hilled  samples,
and y the interaction pirameter, which is given by
the equution,

r=Hr RIS — 80 (1)

where f1 s the lattice constant. R 5 the Uneversul
gas constant; £ the absolute wemperature; d° iy the
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salubility parmmcter of the solvents and 87 e solu-
bility purameter ol the pobymer. Detailed deseription
of the caleultion of the crosslioking density  was
piven elsewhere [8]. 11 van be seen from Fig. 5 that
the crosslinking density of the matrix decreases with
increasing  filler  content. This  decrease  can be
attinbuted [8017] o the sulphur dilfusion trom the
SBROmatrix 1o the Tiller phase. As the fillee content

increases. the sulphur migration also jncreases, result-
g it progressive Dl in crosslinking deosity of

the composites. The decrease noerosslinking deasity
results [17] 1 an nwrease o the thermal conduc-
tivity. The imtial Tall i1 thermal conductivity of the
compuosile may be attributed 1o the blending of the
rubbers having diflerent thermal conductivity  values
(NR s less thermially conductive than SBR)Y and the
resulting superposition ¢ffect, It may be that this re-
duction in the resultant thermal conductivity ol the
composite  gradually  pets compensated by the
acrease i thenmad conductivity due 1o the decrease
of crosshinking at lugher Niller contents.

4. Conclusions

Thermal conductivity vanation of SBR filled with
various amounts of NRfiller shows  broad peak
vitlugs of thermal conduclivity in the glass transition
region. U has been found that the thermal condue-
tiveness of the SBR composites fulls 1o o minimum
ut 10 phr of NR particle content and  further ad-
dition of NR particles results o compensating this
tall in thermal conductivity doe o the decrease in
crosslinking densily of the composites with inereasing
filler content.
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Abstract

The waste rubber formed in latex-based industries is around 10-15% of the rubber consumed. The formation of a higher percentage of
waste latex rubber (WLR) in latex factories is due to the unstabie nature of the Tatex compound and the strict specifications in the quality of
latex products. These {atex rejects contain about 95% rubber hydrocarbon of very high quality, which is only hghtly cross-linked. These
rejects, if not properly used, can create serious ecological and environmentai problems. The authors have developed a cost-effective
technique for the reuse of WLR in epoxidised natural rubber (ENR). The effect ol powdered rejects on the curing behaviout, mechanical
performance and swelling nature has been investigated. The cure characteristics such as optimum cure time, rheometric scorch time and
induction timne, are tound to decrease will increusing concentration of latex waste filler. When the vulcanisation system is conventional, the
finest size filler shows superior mechanical performance while the order of performance is reversed when the vulcanisation mode changes to
efficient. The applications and limitations ol several theoretical models in describing the tensile modulus of the samples have been
demonstrated. A three-layer model has been used to study the migration of sulphur from ENR to the latex filler phase. The extent of sulphur
migration in the case of different particle sizes of latex waste filler in two different vulcanisation systems has been anatysed. The failure
behaviour ot the samples was analysed using scanning electron microscopy. The study shows that waste latex rubber can be used as filler in
ENR economically. © 2000 Elsevier Science Ltd. All rights reserved.

Keywords: Rubber recycling; Epoxidised natural rebber: Processing characterisiics

1. Introduction

elastomers are concerned. In order to overcome this
prablem and also to make the rubber compound cheaper.

Elastomers wre a major class ol materials having a wide new materials have been considered for use as fillers. Just
range of applications. ranging from fooiwear to space vehi- like waste plastic, waste rubber also is becoming a world-
cles. This is because of their unique mechanical properties wide problem, The disposal/utilisation of tyres, whose life
such as elastic behaviour even at very large deformation and span has ended, is 4 great economic and ecological problem.
energy absorhing capacity. By properly controlling the The earlier approach to this problem was to reclaim [4] or
compounding mgredients m rubber, 115 uitimate properties- remove the cross-links in the rubber rejects and then use the
can be made to match the requirements. The potential prop- tatter as new rubber. However, the use of reclaimed rubber
erties of an clustomer can be improved by the addition of wis fimited owing to three main reasons:
certain fitlers like silica. carbon black. miva [1.2], etc. As a
result of the severe energy orisis, and the need to reduce (1) Easy reclamation was not possible in the case of waste
compound cost, rubber product manulacturers were forced tyres due to the presence of sieel belts or plies [5].
to increase the proportion of tiller i the rubber compound (i) The properties of reclaimed rubber were inferior due
without adversely atfecting the mechanical properties. This to 1ty degradation during reclamation.
approach. howoever, alwavs resulied i rubber compound (iti) The various components of a tyre or blend may not
with very high specitic gravity [ 3 whaeh vonot s as tar as respund tn the same way to reclamation [6].
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avmasphesre [ 7). Theretore, nowadays researchers pay more
attention to scrap Jatex rejects compared to reclaimed
rubber, Thix is because of the lightly cross-linked and
high-gquality nature of the rubber obtainable from latex
rejects. Moreover, these rejects are available in huge quan-
titics. The two main reasons tor this surplus nature are the
unstable nature of latex and the strict specifications regard-
ing the quality of latex products. Therefore, these scrap latex
rejects are now considered as the best potential candidaie for
recyeling.

Many reviews regarding the disposal problem of rubber
rejects and possible solutions are available from the litera-
ture |8-11}. Another meihod to reuse large volumes of scrap
lalex rejects o ase il as an impact modiiier in brittle plastics
like polystyrene |5,12]. This can be done simply, either by
solution or melt blending techniques, or by polymerising the
monomer in the presence of swollen crumb, as done by
Freeguard [13]. Researchers | 14] have analysed the reactive
blending of plastics and scrap rubber also. The use of cryo-
ground rejects, as filler in rubbers [8,9] and polyolefing [15]
is well known. Recently, many new methods for the devul-
camigation of waste rubber have become available. The most
important among these is the devulcanisation process using
ultrasonic irradiation. A number of studies in this field have
been reported by Tukachinsky [ 6], Levin (17] and Isayev et
al. [18,19]. They found that in the presence of heat and
temperature, the uitrasonie waves were able to break up
the three-dimensional network in cross-linked rubbers.
The resutting devuleunised rubber could be reprocessed,
shaped and revaleanised just like virgin rubber. In addition
to this ultrasonic devulecanisation technique, there are
several surtice modifications, which are possible on the
latex waste, Chemical [20.21], mechanical [22,23], plasria
[24.23], corona [26,27] and clectron beam radiation [28,29]
are reported to be useful to improve the matrix Gller adhe-
sion, Epoxidised natural rubber or ENR is a relatively new
rubber, having properties similar 1o those of synthetic
rubbers rather than natural rubber. It has low air permeabil-
ity | 30] {comparable (o thut of butyl rubber), good oil resis-
tnee [31] (camparable w that of nitrile rubber) and good
dvnumic propertics. [t exhibits strain-induced crystallisation
| 32] stmitlar to natural rubber,

In this article. we evaluate the effects of using
powdered latex rejects as filler in ENR. The influence
of Afiller loading on the curing characteristics 18

discussed, Also, the etfect of both particle stze and load-"

mg af the filler on the mechanical properties, swelling
aped failure behaviour are compared and presented. A
comparative study  based on the mode {conventional
and efficienty of the vulcanisation system and its elfect
on e tensile strength of the vuleanisates also is carried
out. The dependence of hller—-ENR matrix adhesion on
the particle size of the filler also is examined on the
basis of sulphur migration phenomena. Several theoreti-
cal models have been used to fit the experimental tensile
modulos values, The filler particle morphology, filler

dispersion and  fAller—malrix  interphase  adhesion  are
analysed using scanning electron microscopy.

2. Experimental
2.1, Materials

The basic material used in this work is ENR-25, epoxis
dised natural rubber having 25% epoxidation, manufactured
and supplied by the Rubber Research Institute of India,
Kattayam, India, Its composition is given in Table 1. NR
latex filler was prepared from WLR, supplied by Hindustan
Latex Ltd, Thiruvananthapuram, Kerala, India. Other
compounding ingredients such as zinc oxide, stearic acid
and CBS (N-cyclohexyl benzthiazyl sulphenamide) were
of reagent grade and obtained from local rubber chemical
suppliers. Toluene (reagent grade) was used for carrying out
swelling studies.

2.2, Methods

2.2.1. Preparation of powder rubber 4

The ground vulcanisate preparation was done in a fast-
rotating toothed-wheel mill. The advantage of this techni-
gue 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 ditfusion of curatives into it.
The powder rubber was found to be polydispersed in particle
size. It was then sieved into four different particle sizes.
ranging from 0.3 to (.5 mm {size 1 or §1), 0.6 to 0.9 mm
(size 20r 82), 1.7 1o 2.5 mm (size 3or 83 and 9 to 11 mm
(size 4 or 84). A mill-sheeted form (M) of the latex rejects
also was prepared by passing the rejects through a hot two-
roll mill for 10 min. Various particle sizes and mill-sheeted
torm of the filler are presented in Fig, 1.

2.2.2. Mixing, rheometry and preparation of test samples

Mixing of ENR and liller were carried out using u« labora-
rory size (wo-roll mixing mill having a friction ratio [ 1.4,
as per ASTM I 15-627. The recipe used is given in Table 2.
The effect of addition of up to 40 phr of latex filler in ENR 15
investigated, with emphasis on the size of the filler and its
influence on sulphur migration,

The cure characteristics of the mixes were determined
using a Monsanto Rheometer model R-100 at 130°C by

Tuble |
Composition of ENR-25

Constituent/propertics e Nalue
Epoxy conlent (4] 15

Densily (gmicct 0.97

Mooney viscosity 8040
Protein content (%) 0.001-0.0004
Molecular weight 1

Culour ' Yellow




. Mathew et al, / Polymer 42 (2001) 2137-2165 2139

Fig. 1. Dilferent particle sizes (sizes 1 -4) and mill-sheeled f'orm of the hller.

measuring the optimum cure time, scorch time and induc-
ion time. The kinctics of vulcanisation [22] was also
studied from the rheographs and correlated with cure rate
index values.

The compounds were then compression-moulded at
150°C using an electrically heared hydraulic press for
their respective cure times (fyg). Dumbbell-shaped tensile
and angular tear specimens were punched out from the
compression-moulded slabs along the mill grain direction.

2.2.3. Physico-mechanical testing of the samples
Stress—strain was determined on an Instron Universal
Testing Machine, using a C-type dumbbell specimen,

Table 2
Base formulation

Material Control (phr)

INR-25 T o100 '
Zine oxide 5

Stearic acid 2

CBS 0.6

Suiphur 23

Calcium stearate |

WLR Variable (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 specimens.
Both the tests were done at 28°C and at a cross-head speed
of 500 mm/min.

2.2.4, Swelling studies

Equilibriurmn swelling [34] measurements of the vulcani-
sates was performed in toluene at room lemperature. The
samples were allowed to equilibrate for 7 days and again the
solvenl was rencwed after 3 days, to remove soluble materi-
als from the vulcanisates. The variation of cross-link density
with filler loading was analysed. In order to assess the ENR
matrix—filier interaction previously established, Kraus [33],
Cunrieen and Russell [36] and Lorenz—-Park [371 models
were applied.

2.2.5 Sulphur diffusion studies

The sulphur mgration phenomena that takes place
between ENR and the filler phases was studied using o
three-layer model [38} (Fig. 2) system. 1t consists of three
layers, one layer of NR latex waste (all sizes 1-4 and M
were tried} was sandwiched between two layers of gum
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-contact surface} and
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THREE LAYER MODEL

i GUM ENR MATRIX
2.NR LATEX WASTE
3 ALUMINIUM FOIL

DIMENSIONS OF THE SAMPLE

LENGTH (cm)

BREADTH(crm) [ FHCKNESS (cm)

I GUM ENRMIX
2. NR LATEX WASTE
3. ALUMINIUM FQIL

%

8 0.2
8 0.2
8 0.004

Fig. 2. Model to analyse sulphur migration.

in the other half, the aluminium foil was omitted (contact
surfiice). The system was then subjected 1o vulcanisation at
low pressure, Then the middle layer was separated. The
cross-link density and swelling index values of this layer
werg determined by swelling the samples taken from the
contact and non-contact regions. [f sulphur migration occurs
from the oster ENR matrix to the middle latex waste layer,
the cross-link density of the latex waste layer at the contact
surface will be increased, The extent of increase will be a
direct meusure of extent of sulphur migration.

2.2.6. Scamniing electron microscopic studies

The SEM  observations of filler morphology and
distribution were made in a direction transverse to the
erain direction. using a JEOL JSM-35C model scanning
clectran microscope. Fracture surfaces of the test samples
were carcfully cut fram the failed test pieces without touch-
ing the surfuces. These specimens were sputter coated with
zald, within 72 h of observation.

3. Results andd discussion

3.1 Processing characteristics

The powdered filler particles are found to be almost
spherical 1 shape with fissured surfaces (Fig. 3). Since

particles of larger diameter alsc can penetrate through the
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
average (D) and weight average (D) diameters are calcu-
lated using the equations given below and are also presented
in Table 3.

Dy =3 NDJ D N (1)

Dy = > NDI Y ND; (2)

where N; is the number of rubber particles having a certain
diameter ;.

It is clear from the table that all these parameters show an
increase from size 1 to size 4. The shape factor p and its
significance will be discussed later,

The processability characteristics of the compounds
(Tabie 4) can be studied from the rheographs. The finest

-

size filler {size 1) is selected for the determination bf,;.

processing/curing characteristics. The minimum torgue in
the rheograph is a measure of filler 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
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Fig. 3. Scanning electron micrograph of powdered rubber rejects.

particles in ENR and the decrease at 40-phr loading may be
because of the higher extent of mastication during mixing.
The maximum torque in the rheograph is a measure of
cross-link density in the rubber and is presented as the
maximum viscosity value M, It is found that the presence
of particulate inclusions increases the maximum torque.
However, in our case, where the inclusion itself is a
tubber, the variation may be a result of the combined
cffect of cross-link density variation and the presence of

cross-tinked particles. At 10-phr loading, the presence -

of cross-linked particles increases Ay, but at later stages
of loading, the sulphur migration {which will be discussed
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Fig. 4. Particle size distribution curves,

later) becoemes predominant, which leads to reduced
cross-link densities. This causes the reduction in AL,

values.

As the filler content increases, the optimum cure time,
fyy {time necded for the formation of 90% cross-links),
scorch time f; (premature vulcanisation time) and indue-
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 in Fig. 6a.
In order to confirm its presence we have extracted the
unreacted ZDEC from the latex waste, and il has been
evaluated by IR. The spectrum is presented in Fig. 6b.
The peaks at 700-600 cm™' are due to C-S$ stretching
and that at 790-770cm ' indicates the presence of
ethyl chain {(—-CH,—CHj). The C=S$ stretching peak is
visible at 1250-1020cm™' and the peak at 2820—
2760 cm™ ' indicates the presence of N—CH, group in
the compound. All these confirm the presence of
unreacted aceelerator in the latex rejects. Therefore, it
is clear that the rubber compound contains the accelera-
tor CBS (N-cyclohexyl benzthiazyl sulphenamide) added
in the formulation {Table 2) and the unreacted accelera-
tor ZDEC, already present in the latex rejects. As a
result of the combined accelerating effect, the three
parameters, namely tfo, 2 and f, decrease with loading
of filler.

The increase in speed of the curing reaction with filler
loading can be analysed systematically, by calculating two
parameters, namely the cure rate index {(CRT) and reaction
rate constant (k). The cure rate index values (CRI} we
calculated using the equation;

CRI = 100/1gg — ¢ (3)
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Tahle 3
Particle sive datn

Farticle size  Average size (nm)  Most frequent size range (mm)  No. average diameter (mm)yD, Wt average diameter (mm)/ft,  Shape laclor p

i | (B0 0,305 (L4001
Siae 2 |05 0.6-0.9 0.961
Sive 3 19 1.7-2.5 2.11
Sive 4 L} 9-11 10.09

0.489 22951
1.083 2.0067
2.34 3.1667
10,72 1.6513

where ty is optimum cure time and £, is rheometric scorch
time.

CRI values are given in Table 4 and its variation with
filler loading will be discussed later. The kinetics of cure
reaction is analysed by the method [22] explained below.

The general equation for the kinetics of a first-order
chentical reaction can be written as:

Infa~x)y=—kt+1Ina (4}

where a is the initial reactant concentration, x is the reacted
quantity of reactant at time ¢ and £ is the first-order reaction
rate constant.

The rate of cross-link formation during the vulcanisation
of rubber is usually monitored by measuring the developed
torque. Since these torque values are a direct measure of the
modulus of the rubber, the following substitutions can be
muade.

a-~x=M, - M (5}

o= Moo - M{) (6)

where My, is the maximum modulus, My is the minimum
modulus and M is the modulus at time ¢,

Substitutions of torgue values for modulus give the
cquations:

=y =M~ M, 0

”:MIJ_MU (8)

where My, Is maximum torque, My is minimum torque and M,
is the torgue at time ¢,

The plots of In (M, — M,) versus time, ¢, are presented in
Fig. 7. Even though linearity is claimed for the plots
thearetically, deviations from linearity are experimentally
observed for certain points. The observed linearity in th:
plots confirm that the cure reaction of the samples follow

Tuhle 4
Cure characteristics

first-order kinetics. The slope of the respective straight lines
gives the cure reaction rate constant (k) and are |resented in

‘Table 4.

It is clear from Table 4 that both CRI and & values show
an increase up to 30-phr latex waste loading and later they
decrease at 40-phr loading. The initial 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 ENR 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 as the
following.

(1) Strain crystallising nature of the filler.

(i) Adhesion [39] of the filler with matrix.

(111) Particle size of the filter.

(1v) Extent of sulphur migration from matrix to filler

phase, which is controlied by many factors such as:
(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
it the reverse is true [22].
(b) The particle size of the filler. As the particle size of
the fller decreases, the contact surface area w th the
ENR matrix increases, leading to more sulphur dif usion.

As the filler content increases, the tensile strength (Fig. 8)

Luading Minimum Mauximum Cure rate Rite
[jphr) o viseosity (M) viscosity (M) mdex (CR1) comstant (ki
(N — ) (dN — m) imin”* {min "
{) 3 35 12,5 11,2060
1¥] ) 44 333 .63l
20 43 44 33.3 (L675
A ) 43 36.4 LR10
321 0.800

44) 4 42
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Fig. 5. Effect of filler loading on curing characteristics.

increases dramatically and reaches a maximum value at
30-phr loading. Beyond 30-phr loading, the tensile strength
values show a decrease or levelling-off behaviour. For size 1,
the increase is about 30(%. The increase in tensile strength is
due o the strain crystallising nature of NR fatex filler parti-
cles. The threshold value of strain, required for strain crystal-
lisiion of natural rubber (NR), i1s 300%. 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 load-
ing confirms the fact that NR retains its strain crystallising
natare, even if 1t is in the form of fine filler, Lewis and Nielsen
[40] postulated that as the particle size decreases, the contact
surface area increases, providing a more efticient interfacial
bond. leading o better properties. At high filler loading, there
will be an increased tendency for agglomeration, which may
weatken the interfacial bonds. [t s also important to mention
ihat the tendency for agglomeration increascs 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 suddenly, Such a sharp drop is noted only for
size 1. Agglomerates as described above, tend to contain
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 in 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 léad to enhanced sulphur migration from
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Fig. & Schematic sketch of sulphur linkages for different vulcanisation
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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 polysulphidic
linkages in the matrix is higher than that of the fiiler, sulphur
migration from the matrix to the filler is less predominant
[22]. Therefore, the tensile propecties for fine fillers (sizes 1
and 2) become superior to those of large-size fillers (sizes 3,
4 and M),

In order to analyse this effect in detail, we have
tried a recipe with a low sulphur-to-accelerator ratio
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Fig. 10. Effect of fller loading and sie on the tensile strength of ENR cross-linked by an EV system.

Cross-link density values from sulphur migration studies

Vulcanisation Filler Cross-link density values X 107° (gm moles/cc)
system RIze of middle layer
Contact surface Non-contact surface
{CS) : (NCS)
O 51 114 1.18%
82 1.16 115
83 1.15 L.14
54 1.13 1.16
M 1.13 1.14
BV 51 1.45 1.21
52 1.30 1.22
53 1.31 1.23
S4 1.20 123
M 1.25 1.24
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Fig. |1, Effect of filler loading and size on the tear strength of ENR vulcanisates.
{sulphur -—— .5 phr, CBS — 1.3 phr). This cfficient earlier., Such cases describing the superior performance

vulcanisation (EV) system provides mainly mono and
disulfidic finkages in the ENR matrix phase (Fig. 9).
Flere, sinee the concentration of polysulphidic linkages
in the filler is more than that of the matrix, sulphur
migration i1s extensive and is maximum in the case of
size | (owing to the large contact area). Therefore, the
tenstle strength values for large-size fillers (sizes 4 and
M) become higher than that of size 1. This is clear from
Fig. 10. There is one more important rcason for the
superior propertics of large-size fillers, mainly size 4,
It is clear from Fig. 4 that the size 4 fller has the
widest particle-size distribution. Such mixtures of parti-
acles with differing sizes can pack more densely than
monaodispersed particles because smaller ones can fill
the interstitial spuces belween the closely packed large
particles 1o form an agglomerate. Such an agglomerate
[41], which 1s formed from a polydispersed or ungraded
system may be able to carry a large proportion of lpad
and is, therefore, superior to the agglomerate discussed

of large particles were already reported by muny
researchers |42].

The absence of sulphur migration in the CV system as
well as its presence and extent in the EV system is
coafirmed 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 5), the cross-link density of the
sample obtained from the contact surface of the middle latex
waste layer is found to be almost the same as that from the
nen-contact surface. Moreover, the values are found to be
similar for all the particle sizes of the filler. This data
confirms 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 non-contact surfaces must be comparable.
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Fig. t2. Comparison of the experimental data with Binstein's model for a CV system.

This is found o be true for the present case. However, for
the EV system with tower concentration of polysulphidic
linkages in the ENR matnx, the sulphur migration must be
predominant and consequently, the cross-link density from
the contact surfuce mwust be higher than that from the non-
conlact surface. However, various additional factors, such
as the differential swelling of prophylactic particles and the
ENR muatrix, the competition between the interaction para-
meters of the two polymers and the overall compact
structure of the systemy deciding the, diffusion characteris-
tics, make the swelling results o bititregular. The superior
influence of the compact nature of the polymer matrix over
the interaction parameter values on the swelling process will
he discussed in o later section. Even in the case of the EV
system, the cross-link density of the sample from the contact
surlace is found to be anty slightly higher than that from the

non-conlact surface. Even though this proves the presence
of sulphur migration, this factor alone 1s unable to sapport
the observed changes in mechanical properties.

The lear strength of gum and filled ENR samples are
presented in Fig. 1]1. With increase in loading of the filler,
there is slighl improvement in the tear strength of the
samples up to 30-phr foading. This increase is duc to the
restriclion in the advancement of the tear front. This restric-
tion is caused by the elongation of filler particles in the tear
pith. The performance of size 1 filler s superior here. In the
case of finer filler {size 1) there will be a large nun ber of
Hller particles present per unit area to clongate o high
strains and to resist tear propagation. As the parucle sizc
increases to sizes 2 and 3, the tear strength decreases and the
values are minimum for size 4. However, at 40-phr lcading,
the value either drops or levels off for large filler sizes.



Young's modulus of particulate-filled composites can be
predicled using several theoretical models. Even though a
large number of theoretical equations are generally avail-
able for composite materials, only a few are specially
formulated for composites with non-rigid matrices. These
include the Einstein, Mooney, Guth, Cohan, and Brodnyan
madels. The Linstein equation and its modifications are

“ysually applicd to predict the modulus «of the composites
contaming  rigidd  fillers  such as  black  and  silica.
These theories ure applied o systems with non-rigid fillers
such as prophylactic particles, which  undergo  strain
crystallisation on stretching.

The simplest theoretical equation for the reinforcement of
a material with a filler is given by Einstein [43]. The
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Fig. 13, Comparizon of the cxperirﬁcntal data with Einstein's model for an EV system.
3.3 thearetical madelfing of Young's modulus eguation is
M, =M,(1+ 25V (9

where M. is Young’s modulus of the composite, M, is
Young’'s modulus of the matrix and Vris the volume fraction
of the filler. The Young’s modulus 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 filler (size 1) is most reinforcing. Therefore,
it presents a plot that is far above thar given by the Einstein
equation, It is a general observation from the ligure (hat only
large-size fillers such as sizes 3 and 4 ure found to give close
values to that of Einstein, With increasing loading of fillers,
the deviation shown by the finer-size fillers such as sizes |
and 2 goes on increasing, while that of large-size fillers
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{sizes 3 and 4} decreases. The behaviour shown by the mill-
sheeted form (M) is in between fner- and large-size fillers.

Fig. 13 represents the Young’s modulus correlation of all
(iller grades with the Einstein model, in an EV system. Here,
the finest filler (size 1) 1s weakly reinforcing and, therefore,
its plot is closer to that of Einstein, mainly at 10-phr loading.
1t is found that as the particle size increases 0 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
observed for the size 3 filler at 20-phr loading. 1t is a general
ohservation that for CV and EV syslems, none of the filler
grades shows an exact correlation with the Einstein model.

The observed deviations from the model are due to the
following reasons: :

{1) The Einstein model assumes that the stiffening action of
a filler is independent of its size, while it has already
been established by many researchers [44] and also by
our studies [43] that the reinforcement of the matrix by a

filler changes with its particle size. Since this effect is not
accounted for by the model, the experimental values for
different size grades deviate differently from the model.
(2) The model assumes that the filler particles are spherical 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-uniforn size
distributions and shape. Also, we have noted from the
scanning electron micrographs (Fig. 28a and b) that
the filler particles are not firrnly bonded to the matrix.
The presence of an air pocket over the filler particles has
already been confirmed by the work of Phadke et a.. [46].
Therefore, the imperfect adhesion between filler and

matrix also contribuies to the observed deviation: from

the model.

(3) It is stated by Mooney [47] that the Einstein equation
is valid only for low concentrations of filler. This is
because at higher filler loading, the strain fields around
filler particles can interact, causing deviations from the
model.
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Fig. 15 Comparisen of the experimental data with Mooney's model for an EV system.

{4} The final and most important reason for the deviation may
be the lower rigidity of the filler compared to normal fillers
such as carbon black or silica. Since it is assumed in the
Einstein model that the filler is much more rigid than the
matrix. this laclor may cause a number of secondary
reasons for deviations {rom the model. However, it has
already been proved by Smallwood in the literature [48]
that the Etnstein-equation is more useful for predicting the
elastic behaviour of rubbers containing non- or less-rein-
forcing fillers. The correlation, cven though less, between
experimental and theoretical values observed in our case
again proves this fact,

The Linstein equation does not account for the particle

agglomerations. Therefore the equation has been modified
by Moocney [47] by introducing a crowding factor §. The
Mooney equation is given as;

M. = M, exp {2.5V/1 — 5V;} (10)

where M., M, 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
true volume. § is defined as the ratio of apparent volume
occupied by the filler to its true velume.

According to Mooney [47], the minimum possible value
that § can have is unity while its experimental value ranges
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Fig. 16. Comparison of the experime atal data with Guth's model for a CV system.

from 1.2 to 2. However, it has been reported [49] that up to
Vi=10.5, a value of 1.4 (or 1.35) can fit the best
experimental values. For our system, we have made our
calculations using two values of S, 1.35 and 1. Fig. 14 is
ithe Mooney model fifting curves of different size grades of
latex waste filler, in the conventional vulcanisation system.
When the value of § is 1.35, the size 4 filler gives
comparatively 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.
Al 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 medel plot shoots up and, therefore,
closer values are shown by finer filler sizes 1-3. Size 4 and
mill-sheeted torm values lie much below that of the model
at highest loading. When the value of § 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 § = 1.35,

the size 1 filler is closer to the values predicted by the
Mooney equation. This is due to its weakly reinforcing
nature in the EV system. Most other size grades and mainly
sizes 4 and the mill-sheeted form deviate from the model at
all the loadings. It is clear from the nature of the Mooney
plots (5§ = 1.35) up to 40-phr filler loading, that it will
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
been reported previously [47,49] is observable here also. It
has already been experimentally established by Nielsen {49]

that § increases with decreasing particle size. This means

that the tendency of finer filler to agglomerate is greater
compared to large fillers, Therefore, it is clear that in
order to have a reasonable fitting of tensile strengths of
the size 1 filler with the Mooney model; different and
variable values of § for different loadings, size, ete., must
still be suggested. The above observed fitting of theoretical

—

e v— —i
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Fig, 17, Comnparison of the experimental data with Guth’s model Tor an EV system.
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values, even though partial, may be due to the fulfilment of
some ol the assumptions connecled with the Moaney model,
such as Poisson’s ratio of the matrix must be 0.5, etc. This
model also wssumes that fller particles are uniformly
distributed spheres with good adhesion to the matrix and
the modulus of the fller is infinitely greater than that of
the mutix, Fyen when the value of S is 1, the deviations
from the mode! shawn by various particle sizes of fillers is
almost the same,

Guth aned Smallwood [30] generalised Einstein’s concept
and imtroduced o particle interaction term. This modified
cyliation can be written ay:

M. MR LAY S 14V
where M, M and Veoare the same as expliined earlier.

For the conventional vulcinisution system, the Guth
model wives simifar values as given by large-size fillers
tiize ) and the mill-sheeted form af 10 and 20 phr. This
is clear from Fig, 16, Swze | and 2 plots, owing to their
superior reinforeing behaviour, lie above the model at
A0-phr loading, However, wt 40-phr tiller content, finer
fillers sizes | oand 2 sutfer from particle agglomerations

(.

and, therefore, their modulus values slightly bend towards
the x-axis and lie equidistant from the model. Such a blend-
ing is observed for size 4 and the mill-sheeted form also. At
higher filler loading, size 3 filler prefers an intermediate
position. Since the model does not account for the agglom-
eration effects at higher loadings, the theoretical curve tends
to infinite position, as in the case of the Mooney equation.

When the vulcanisation system changes to efficient mode
(Fig. 17), most of the finest filler size (size 1), falls below the
value predicted by the model. Agreement between theore-
tical and experimental values is observable at all the filler
loadings. All the filler sizes except sizes 3 and 4, exhibit a
constantly increasing deviation from the Guth model with
loading. Tt is a general observation that when the vulcanisa-
tion system is conventional, good correlation with the model
is shown by large particle-size grades of the filler; and when
the vulcanisation system is efficient, the place is taken by the
finer fillers.

The mode! assumes that the change in elastic constant of
the rubber by embedded spheres is entirely analogous to the
theory of viscosity. For example, when a carbon black
suspension undergoes stretching, the suspended particles
perturb the siresses and strains are set up 1n the body,
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Fig. [8. Theoretical plots of tenstle strength from Cohan's model (CV system).

which lead to an increased clastic energy and elastic
constants. For this to happen. however, filler particles
must he spherical and rigid. Even though sizes 3 and 4
assume a somewhat spherical shape, their non-rigid nature
violates the assumption. Therefore, they deviate from the
model mainty at higher loadings.

Most of the equations discussed above assume that the
particulate inclusion is spherical in shape. Even though we
have assumed that filler particles are spherical in the present
case, they are not exactly so. Only large particle-size fillers
can be considered as spherical, while smaller fillers possess
different shapes. This can be understood from a comparison
bewween Figs. 26a (size 1), 29a or 29¢ (size 4). Many studies
have been reported in which the effect of particle shape on
reinforcentent is discussed. This effect must be treated
separately from usual effects such as agglomeration and
interphase adhesion.

Properties of composites are affected by changes in the
shape of inclusion also. Bueche observes [51] that different
filler shapes lead to different mechanical properties. A theo-
retical treatment was suggested by Wu [52], which could
prove that disc-shaped particlies can reinforce better than
spherical or needle-shaped ones. The anisotropy associated
with this, which Wu neglected, was taken into account by
Chow [33]. Chow [53] modified the equation by introducing
longitudinal and transverse moduli and proved that fillers
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 model [541 is given by the equation:

M, = M (1 + 0.675pV; + 1.62° Vi) (12)

where M. and M, are the same as explained earlier and p is

"

"o
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1he aspeet ratie o shape factor, which is the length-to-width
ruio of Hller particles.

The values of prdeternnoed for dilterent particle sizes are
wiven in Tabie 3 His ¢lear from Eq. (12} that the modulus of
the composite predicted by the equation will be the highest
for the case with the maximum value ol p. Among the
theoretical plots obtained for the dillerent size grades in-
Fig. 18, size | shows the most superior performance, The
madel is able to predict the order of modulus variation as the
particle size decrcases. 1t is assumed by the model that
which s not correct as far as our systemn 1s
concerncd. This 1s ¢lear from the shapé factor value given
i Tuble 3. 'Therelore, deviadons [rom the experimental
values can be normally expected.

There is another approuch to explain the superior perfor-
munce of the linest filler in the conventional vulcanisation
system, This can meore clearly illustrate the expected

ol

behaviour when spherical particles are stretched W lorm
rod-shaped particles. Kuhn and Kuhin in the literature [49]
derived an expression for the viscosity ol saspension of
randomly oriented rod-like or cigar-shaped particles in the
form of ellipsoids. This equation was modified by Brodnyan
{55} for elongated ellipsoids as:

M, = M, exp {2.5V; + 0.407(p — 1)'°%V )11 — S(Vp)
(13)

where M, M., Vyand § are the same as given earlier and p 1s
the aspect ratio (1 << p << 15).

The theoretical plots for Young's modulus 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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alrendy reported (Tabte 3) and this equation also is found to
be successtul in predicting the comparatively better reinfor-
cement i the case of finer Allers. Sull, deviations from
theorctical vadues can he expected. This s beeause the
model assumes random ocientation of rod-shaped fillers,
witereds 1 the present case they are tound w be oriented.
This orientation results {rom the shearing in the two-roll
mixing miitl. This is clear fronm Fig, 2640 This model predicts
that the higher the concentration of rod-like particles, “he
lugher the modulus value, However, i negleets the aniso-
tropy in property associated with their alignment in the
matrix. From these discussions it is clear that the models,
nmamely the Cohan and Brodinyun models, can explain the

relative order of performance of different size grades in the
convenfional vulcanisation system only. The trend in the EV
system, where larger fillers are more reinforcing, cannot be
explained unless these two models are modified appropri-
ately. Moreover, from the theory of all the models desoribed
above, the rubber matrix must have the same properies as
the unfilled vulcanisate (Ve = 0} if a direct experimental test
is to be possible. This condition will never be mwe! and.
therefore, devration from differenl models can be justilied?
For the present cases, these equations can only be consid-
ered as senliquantitative guides for predicting the medulus
of composites containing less-rigid seft fillers in o soft
matrix.

3.4 Solvent transport studies and cross-tink densiy
determination

The swelling index value, which ts g measure of the swel
ling resistance of the rubber compound., is caleulated istng
the equation:

Swelling wndex% = A /W, x 100 (14}

55

Crosslink denstty (gm molesicel x10°

35 - \
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& SiZEJ
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o | \:

- T . T T T T )
0 10 20 a0 40
Filler loading (phir)

Fig. 20, Effect of Hller loading and size on the cross-link density of ENR vulcanisates.
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Fig, 21, Variation of Vi /V, 45 a function of filler loading (Kraus plots).

where A, is the wmount of solvent absorbed by rhe sample
aual W the intiad weight of the sumple before swelling.

It s already been ceported in the Hierature [56,57] that
in the case of various polymer solvent sysiems, differences
in the solubily parameter (and hence interaction para-
metery values can be used to characterise the sorption beha-
viour of the solvent, However, our analysis proved that such
a correlation s incffective since the diffusion behaviour of
clastomer-filled elastomer systems are more dependent on
the compaet nature of the sample. This fuct is strongly
supported by the hterature |38]. Since the compact nature
ol the ENR sample decreases wiih the addivon of prophy-
tuctics, the diffusion of the solvenn dirough the sample also
mureases. {Chas also heen reported in the literature [391 that
the diftuston mecharism i1 rubbery polyimers Is essentially
connected with the ability of the polymer to continually
provide apportaities - for the solvent 1o progress in the
form of rundomly generated voids. Since the ease of void
sengggtion 1 the sample increases with the addition of
prophylactics, the uptake of the solvent also increases.
Therefore, as the 1iller content tncreases, the swelling
index value increases for all sive grades (Table 6). The
salvent absorption by the hitex {tller particles is found o

be minimum for the size 1 filler, This again continms that in
an ENR matrix cross-linked by o CV systeny, the stve | filler
shows good adhesion. This beliaviour is suppuoricd by the
cross-linked denstty values (Fig. 20, Ax the filler conteny
increases, the cross-link density  values are found 10
decrease. This effect can be explained using the basic equa-
tions used for sweiling:

J’WC - __prv\lvrlrﬂ“n (l — Vl’f) ~+ V‘_f -+ Xl/r_: (IS)

where Mg is the molecular welght of the polymer between
two cross-links p, is the density of the polymer, V, s the
melar volume of solvent and x 1s the interaction purameter,
which is given by the Hildebrand equations [601,61]:

v,
x=p+ ﬁ-‘f(ss—ap)z (16)

where 8 is the lattice constant, V, is the molar volume, R is
the universal gas constant, T is the absolute temperature, 8,
is the solubility parameter of the solvent, 8, is the solubility
parameter of the polymer and V, is the volume fraction of
elastomer in the sodvent swollen filled sample and is given
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| (17
where o 15 the deswollen weight ol the sample, s the
volimne fraction of the Gller, wis the mital weight of the
sample, p is the density of the polymer. p, is the density of
the solvent and A 15 the amount of solvent absorbed by the
sample,

As the filler content inereases, the amount of solvent
absorbed by the sample (A increases, which leads to

lowering of ¥, and this in turn reduces the cross-link density
values as evident from Fig. 20, It is to be noted that the
cross-link density decrease is minimam for finer filler
sizes 1 and 2, which have comparatively more reinforcing
action in ENR for the CV system and, therefore, they shsorh
a minimum guantity of solvent. So the cross-link density
vajues (Itom swelling studies) presented hiere have goad
correlation with filler—matrix interface adhesion.

3.5. Extent of reinforcement

The extent of filler reinforcement can be analysad by

1.4
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T
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Fig. 22 Variation of ¥,/V, as a function of fller loading {Cunnesn—Russell plots).
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using Kraus [35], Cunncen and Russell [36] and Lorenz~
Park [37] equations. The Kraus cquation is:

ViV, = 1 = m(fi =1 8
where V) is the same as cxplaincd above and V, is the
volume Traction of elastomer in the solvent swollen unfilled
saanple. Since the ubove cquation is in the form of a straight
line, a plot of ¥, /V, versus f/1 - f should give a straight
line. whose slope {m) will be a direct measure of the
reinforcement of the filler, The constant C given by the
cojuEttion:

mo Vo]

ST G
ML=y e
which is cliargcteristic of the hller, is calculated also. The
Kraus plots obtained are given in Fig. 21 and the slope
vidues are presented in Table 7. According to the theory
hy Kraus. reinforeing fillers such as carbon black will
have a negative higher slope. In the. present case, we
vhserved that as the filler loading increases, the solvent
upkake of the sample also increases. As already explained,
this will cause a reduction in V., values, which will increase
the ratio Vo /¥, since V, 15 constant. This behaviour leads to
a positive slope in every case. Since size 1 filler exhibits a

minimum positive value of the Kraus slope, it is clear that 115
solvent absorption is minimum, thereby supporting its better
adhesion with the ENR matrix in the CV system. Moreover,
constant C is inversely related to fller agglomeration
tendency. 1t is also clear from Table 7 that the finest filler
size 1 has maximum tendency for agglomeration, The trend
given by the € value in the Kraus equation is in agreement
with §, the crowding factor given by Mooney [47]. It has
also been experimentally proved [47] that the § value
increases with reduction in parlicle sizes. This means an
increase in the rutio of apparent volume occupied hy the
filler to true volume, which points o the case of filler
agglomerations. Thus, the bigher tendency ol the size 1 hlter
for agglomeration can be justifie.
The Cunneen—Russell equation is

V[V, =ae " +b (20)

where ¥, and V; are the same as explained earlier, : is the
weight fraction of the filler, ¢ and & are constants, Here a
plot of V,./V, versus e™° should give u straight line with
negative slope (a). V;/V, is found to increase with increas-
ing filler loading as clear from Fig. 22. This increase is
extensive in the case of large-size fillers (size 4 and M),
For finer fillers, sizes 1 and 2, which are comparatively
highly reinforcing,'the absorption of the solvent is minirum,
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i 21 SEM fractograph of fensile g specimen,

which rexadis e Tower VoV catio and o simalier negative
slope.

The Loreny—-Park equation is
(_')[/Q‘ﬁ,;rtci'ﬁ-f'h 21
whare (218 defined as the amount of solvent absorbed/gm of
rubber ind 1s given by

Swollen weight — dried weight

e= Original weii_vﬁr % 100/formula weight
The subscripts and g vefer to Alled and gum volcamsates,
respectively. 2 s the weight Iraction of the hiler, A plot of
(W0, versus ¢ gives a stratght line with negative slope
(Fig. 23y, As explained earher, here also finer fillers (sizes |
and 2) exhibit lower slope, proving thelr better adhesion
with ENR.

AN the above previously estublished cquations supporl
the superior perfornmance of the size | fAller compared ©
large-size fillers when a CV system is used for the cross-
linking of ENR.

3.6. Fractographic analysis

The improvement in tensile and tear performance with
Toading of fitler is supported by the morphology of the frac
tred surfaces. These fractographs are presented 1n
Figs. 24-30. Since the presence of filler particies is clearly
visible in all the Alled cases, this latex-flled ENR system
can he considered only as a composite material. All the
composile samples exhibit a two-phase morphology.

The fractograph of the gum vulcanisate is presented in
Fig. 24, The smooth fractured surface observed here is

f1g. 25. SEM fractograph of fear gum specimen. «
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Fig. 26 (a,b) SEM fractograph of tensile specimen filled with 10 phr of size | fller.

Fig. 27. SEM fraciograph of tensile specimen filled with 30 phr of'size | filler,

21
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Fres 280 () SEM fractograph of sear specimen filled with 40 phr of stz | Diller,

characteristic of low-strength volcanised materials. {n the
case of torn surfaces of gum vuleanisates also, a similar
morphofogy could be observed. The weak mechanical
strength of the gunn s clear rom the undeviated cracks in
Fig: 25.

In the case of ENR filled with 10 phr af size ) filler, the
fractography reveals the presence of fine filler particles {Fig.
200y The presence of cigar-shaped particles aligned in a
particular direction also is observable, Moreover, the frac-
e is found 1o deviate only slightly (Fig. 20b) presenting
incomplete parabolic patterns, This confirms the compara-
tvely high strength of the material. Stil, dewetting is
present tn Fig, 26a. Fig. 27 is the tensile fractured surface
of the ENR sample Gilled with 30 phr of size 1 fAller. Here the
cracks are extensive and much deviated. Such parabolic
fractured surfaces support the high strength of the material.
The role of filler particles in hiocking the advancing crdck
also is observable. The torn surface of ENR filled with 40-
phr size | filler is presented in Fig. 28a and b, Here also
crack deviation is extensive. The portions from which the

fitler particles are debonded are visible as holes in the fgure.
The filler pasticles clongate to high strains and obstruct the
tear (Fig. 28b). Thus. as explained ahove, the material filled
with size 1 filler shows superior tear performance.

For fillers of higher sizes (size 4) al a loading of 10 phr.
debonding 1s extensive. Also the cracks are again becoming
smocth. Dewetting is clear from Fig, 29a and b and smiooth
fractures are visible 1 Fig. 29b and ¢. It can be seer from
Fig. 29¢ that the particle size of fillers is not uniform. This is
because large-size fillers underge more size reduction
during mixing.

Fig. 30 is the torn surface of ENR filled with 30-phr size 4
filler. The material shows cracks with shght deviations,
which proves its good tear strength. The accumulation of
fAller particles on the crack path in an effort o prevent the
advancing crack is visible in the figure. It is a general obser-
vation in Figs. 29¢ and 30 that the larger-size grade (size 4)
filler particles are polydispersed in size owing to their break-
age during mixing..

For most of the filled cases, the fractured surfaces are
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()

Fig. 29. ta—c) SEM [ractograph of tensile specimen filled with 10 phr of size 4 filler.
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Fra 300 5EM Tractograph ol tear specimen filled with 30 phr of size 4 liller.

creatly crack deviated and present a series of parabolic lines
distriputed all over the surfaces. Such behaviour is due to
the interaction ol main fracture fronts with subsidiary frac-
ture tronts and from the resistance in tear propagation by
Afier particles. Thus the superior mechanical perfermance of
size 1ller is stranely supported by the SEM fractographic
studivs,

4, Conclusions

The utilisation of cross-linked waste natural rubber as a
potential filler in ENR deserves much attention, The cross-
finked waste rubber has been powdered and sieved into
different particle sizes. The morphology and size distribu-
tion ol these particles has been anulysed. [t has been
observed that, as the filler content increases, the curing
charicteristics like optimuny cure time. scorch lime and
mduction time decrease. The cure-activating nature of the
lilter is clear Iroan the increase in cure rate index and rate
constant valugs, The filler helps the compounder by redu-
cing the sticky nature  of  epoxidised natural rubber
compound during mixing, These observations are advanta
seous  as lar as processabilty  and  productivity  are
concerned. In the case of the conventional vulcanisation
system, where wulphur nugration is absent, finer filler
shows superior tensile performance than size 4 and the
mill-sheeted Torm of the filler. However, in efficient vulea-
nisation systems, where sulphur migration plays a role, the
order of performance is inverted. The theorctical models
such as those of Einstein, Mooney, Guth, Cohan, and Brod-
ayan are found 1o deviale from the experimental obses-
vations.  Sull the experimentally observed order of
performance for different size grades of the filler could be
correetly depicted by the Cohan and Brodnyun models. The
three-faver model used here has heen found 1o be comple-
iely suecesstul i understanding the phenomena ol sulphur
migration in the eflicient volcamsation system and its exten?

in the case of different particle sizes of the fillers. As far as
tear strength is concerned, size | filler has proved to be the
best, but in every case, the property drops at 40-phr loading.
The swelling index values register a constant increase with
loading of filler and this increase 1s minimum for fine fillers
such as size 1. In addition to this, the reduction in cross-ink
density with filler loading also is minimum for size | filler.
The comparatively better adhesion between epoxidised
natural rubber and size 1 filler is proved by previously estab-
lished equations like the Kraus, Cunneen and Russell and
Lorenz—Park equations. The scanning electron micrographs
of fractured surfaces clearly support the good particle-
matrix adhesion in the case of fine fillers. The non-compa-
tible and phase-separated nature of the filler particles in the
epoxidised natural rubber matrix cause these materials 10 be
classified only as o filled cpoxichsed nawral  rubber
composite. rather than as a blend system.
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