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LIST OF ABBREVIATIONS

POLYMERS

IIR lsobutylene—isoprene rubber
LDPE Low density polyethylene
NR Natural rubber
PS Polystyrene
SBR Styrene—butadiene rubber

ADDITIVES

CBS N—cyclohexyl—2—benzthiazyl sulphenamide

HAF I High abrasion furnace black
MBTS Dibenzthiazyl disulphide
S Sulphur
TMTD Tetramethyl thiuram disulphide
ZnO Zinc oxide

OTHER ABBREVIATIONS

ASTM American society for testing and materials

BS British standards
cc Cubic centimetre
DSC Differential scanning calorimetry

11



gm

ISNR

mg

min

ML(1+4) at 100°C

Q
dL
Qmax.

111

Eccentricity factor of the screw

Flight width

Gram

Channel depth

Indian standard natural rubber

Shape dependent factor

Effective screw length

Number average molecular weight

Weight of the filler

Milligram

Minute

Mooney viscosity determined using large rotor after a
dwell time of one minute and rotor run of four
minutes at 100°C.

Weight of the polymer

Mega Pascal

Screw speed

Newton meter

Newton per millimetre square

Head pressure

Parts per hundred rubber

Overall pressure drop along the screw

Pressure gradient

Maximum output



Q-.1

Q1

Qp

rpm

RB

SEM

TGA

t90

UTM

VGC

Vr

Vs

ps

1v

Drag flow
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CHAPTER 1

INTRODUCTION



INTRODUCTION

Among the (lifferent typels ofpolymer processing operations such as

extrusion, mixing, melt spinning. film blowing, coating, calendering,

compression moul(ling, injection moulding, blow moulding, thermoforming

etc., extrusion and injection moulding are the most widely used. Also. in

the most modern injection moulding machines, the preparation of melt for

injection is carried out in what is essentially a screw extruder. Similarly

bl_ow moulding and calendering are often post-extrusion operations.

Since extrusion is the basis of most other processing techniques

and with over one half of all polymeric materials being processed in this

manner understanding its operation is extremely important} Many

comprehensive literature?“ and books1'5‘3'-’ have been written on

extrusion. Fundamentally the process of extrusion consists of converting

a suitable raw material into a product of specific cross section by forcing

the softened material through an orifice or die under controlled conditions.

Most of the thermoplastics and elastomers pass through an extruder at

least once during their lives; if not during fabrication of the end product,

then during the homogenization stage. Among the products,

manufactured by extrusion are pipe, rod, film, sheet, fiber, unlimited

number of shapes or profiles and other non-continuous products.



1.1 SCREW EXTRUSION

1.1.1 Basic principles

Fundamentally, the screw extrusion machine consists of a screw of

special form rotating in a heated barrel or cylinder in which a feed

opening is placed radially or tangentially at one end and an orifice or die

axially at the other. A restriction in the form of a breaker plate is

sometimes placed between the end of the screw and the extruding die in

order to assist build up of a pressure gradient along the screw. Recent

techniques have indicated that control of pressure at the die is important

and a valve is sometimes used in addition to a breaker plate and screen.

The screw is usually bored throughout or for some part of its length, so

that it may be fluid cooled or heated. according to the requirements of the

feed material.

The rotating screw takes the material which is usually in the form

of a free flowing cold chips, powders, cubes, sheets or strips from the feed

opening or feed roll through the heated barrel zones, and compacts it

against the breaker plate or other restriction, so that a pressure is built

up. During this period, the material is forced into intimate and

substantially sliding contact with the hot barrel walls and is also sheared

and worked so that frictional effects are produced.‘-’3 The. combined effects

of the hot barrel and the heat due to internal friction in the material

cause the polymer to soften so that it may be forced through ‘the



restriction to the extrusion die where it is given the required form.“

Figure 1.1 shows a simplified sketch of a screw extruder.

Breaker male and
screen DBCRV .

.

5 x‘

Feed sec:-on ; COITIDIQSSIOF: E Melelmgsection socl-an

Fig.1.1 A screw extruder

1.1.2 Extruder sc_rew

The single most important element of a screw extruder is the

screw. Extruder screws as a general rule employ simple-start flights

although two or even more starts are sometimes used. The alteration of

flight depth to obtain a compression on the material as it moves towards

the die is standard practice on most screws and is either carried out

progressively throughout the length of the screw, or in stages, or by a

combination of both methods. The deliberate reduction of the volumetric

capacity of the screw channel or channels is necessary in order to

accommodate the reduction in volume of the material as it becomes fluid

and homogeneous and to apply compression to the material so that the

channel is completely filled. The typical screw of a conventional



thermoplastic extruder and a rubber extruder is shown in the figures 1.2a

and 1.2b.

Fig. 1.2b Screw of a conventional rubber extruder

1.1.3 Diameter and length of the screw

If the screw is considered solely as a means of conveying the

material, then the diameter and length are major factors in determining

its volumetric capacity and hence the -quantity of feed material can

handle. These two functions remains important controls of capacity

irrespective of screw design. The length and diameter have a second

important influence in that they affect the rate at which heat is

transferred from the barrel walls to the material, and this in turn affects

the amount of heat generated by friction and shear, the energy input and

the power to throughput. ratio.



1.1.4 General screw design

The proper (lesign of the geometry of the extruder screw is of

crucial importance to the proper functioning of the extruder. ()ne of the

important requirements for screw design is that the screws have sufficient

mechanical strength to withstand the stresses imposed by the conveying

process in the extruder. The important factors are the following.

a) Pitch of the screw thread and the speed of the screw

The reduction of the volumetric capacity can be obtained by

progressively reducing the pitch of the flights without changing their

depth or by a combination of both methods. The pitch of the flight is, in

conjunction with the peripheral speed, one of the major factors

determining the output of the machine. It also influences to a marked

degree the amount of shear applied to the material and the frictional heat

generated thereby. The depth of the flight also affects the amount of heat

generated by shear and the transfer of heat to the material by direct

contact with the barrel.

The output of an extruder does not necessarily increase in direct

proportion to the increase in screw speed or power input. An economical

speed which gives maximum output per unit of power input therefore is

used as the operating speed. This will of course, vary with different



materials and can be 1l(lJllSl.(‘(l by l.vmpor:il,ur<» regulation and .\'(7rvw

design.

b) Helix angle

()ne of the mysteries surrounding the extruder screw design is the

apparent sanctity of the ‘square’ helix angle. The competing requirements

are a steep angle to resist back pressure How and a shallow angle to

provide the least tortuous path for drag flow. The universally accepted

normal helix angle is 17.660.

c) Residence time

Residence time is the period of time the polymeric materials

actually spend in the extruder.35 It can be used to analyse the the mixing

process. the chance of degradation and process design in an extruder.35

Other factors being constant, the residence time in the screw is

proportional to its effective length and inversely proportional to speed or

output. Thus factors dependent on residence time such as melting, heat

transfer, heating between melting. and final temperatures, distributive

mixing and reduction of solid particles and temperature variations in the

melt pumping section will ‘be similarly influenced, and a longer screw will

tend to offset limitations occurring with increased speed.



d) Other fiictors

Various other factors such as (legree of mixing required, viscosity..

transition temperature. nature and properties of the materials extruding.

all influence the design of the screw. The effects of variations in screw

characteristics may be summarised as follows:

1. Deeper channel: Conveys more material but takes longer to complete

melting.

2. Fast running: Maximizes output but solids persist further along the

screw.

3. Shallower channel: It can help fast running to increase output because

of more efficient melting but the danger is that the resultant high

shear might lead to overheating.

1.2 PBiNCIPLES OF SINGLE SCREW EXTRUSION

1.2.1 General

The earliest attempts to formulate a mathematical theory of screw

pumps are due to Firfialyson and Rowel.97 They published expressions for

the output, the power requirements, and the efficiency of single screw

machines. Their work was based on the general theory of lubrication

_developed by. Reynolds“ and N avier.39



1.2.2 l"unction;il zones in an (‘Xl.l‘ll(lt‘l‘

a) Feed zone

The function of the l'ee(l zone is to preheat the polymer and convoy

it to the subsequent zones. The screw depth is constant and the length of

this zone is such as to ensure a correct rate of feed. Feed materials.

however, differ widely in their physical form and it has been found by

experiment that the helix angle most suitable for one form of material is

not necessarily the best for another. Also the coefficient of friction varies

considerably according to the form of the feed material as well as its

nature.

As it is assumed that the metering zone of the screw controls the

output it is important that the feed zone should be capable of conveying

sufficient material to keep the metering zone full. The performance of the

feed zone of the screw has a marked influence on the output of the

machine but the influence of the helix angle in other zones of the screw

has a smaller effect.3° On the other hand it is equally important to

ensure that the supply of material from the feed zone is not too_ great to

overrun the metering zone. A pronounced departure from this balance

either way will result in surging or pulsation“ so that it is necessary to

exercise reasonable care in the selection of a compression ratio to suit the

bulk factor of the feed material. Compression ratio3‘"33 is the ratio of the

volume of one screw flight in the feed zone to the volume of a flight in the

metering zone.



b) Compression zone

Compression zone or transition zone has decreasing channel depth

for achieving compression ratio. This zone must be designed not only to

compact the material by removing the occluded air but also to improve its

thermal conductivity. Moreover, this zone conforms to the rate of melting

and change of volume as the material passifrom the solid to the viscous

state. Furthermore, during its passage through the compression zone the

material should become sufficiently viscous and deformable to be able to

absorb energy from shear so that it may be heated and mixed uniformly

throughout its mass.34‘35

c) Metering zone

The metering zone is the final part of the screw and acts rather as

a metering pump from which the homogenized polymeric material is

delivered to the die system at constant volume and pressure.36'33 This

zone is associated with constant screw depth. The mechanisms of drag

flow, pressure flow, and leakage flow may be envisaged as operating in

the metering zone and the interaction of the variables of this part of the

screw and die system was extensively studied.39‘“ The desirable depth of

metering zone on a screw is closely related to the mean viscosity of the

material passing through the section.
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1.2.3 Flow mechanism

a) Conveying

Solids conveying may limit the output of an extruder. In solid. . Q5 . _
conveying action at least three process/Kare involved.“ 49

1. Flow in the hopper or feed pipe

2. Filling of the screw channel from the feed throat

3. Conveying by the screw from the open feed section into the

closed barrel and compaction in the latter.

When the material sticks to the screw only and slips on the barrel the

screw and the material would simply rotate as a solid cylinder and there

would be no transport. When the material resists rotation in the barrel

and slips on the screw, it will tend to be transported  like a normal,

deep channelled, solid conveying Archimedian screw.

b) Melting

Analysis of polymer behaviour during melting was based on screw

push-out experiments.5°'53 As the polymer is conveyed along the screw, a

thin film softens and melts at the barrel wall. This is usually by means of

conducted heat from the barrel heaters, but could be frictional. The screw

scrapes oil‘ the melted film as it rotates. The molten polymer moves down

the front face of the flight to the core and then sweeps up again to

establish a rotary motion in front of the leading edge of the flight. Other
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solid granules or parts of the compacted slug of polymer are swept into the

forming ‘melt pool’. The process is progressive until all the polymer is

melted.

1.2.4 Analysis of flow

a) Drag flow

In practice, t.here is friction with both screw and barrel, and this

leads 1.0 the principal transport mechanism, drag flow. This is literally

the dragging along by the screw of the melt as a result of the frictional

forces. The drag flow is equivalent to the viscous drag between stationary

and moving plates separated by a viscous medium. It constitutes the

output component for the extruder.

1 - .'
Drag [low Q., 5 112 DZNH S1n¢ Cos¢-‘° .... ..(1.1)

where D is the screw diameter

N, the screw speed

11, the channel depth, and

d>, the Helix angle.

1)) Pressure flow

Pressure flow is caused by the pressure. gradient along the screw.

There is high gradient along the screw. 'l‘here is high'pressure at the

output end. low. at the feed end and this pressure gradient opposes the
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drag llowfi" It is important to note that there is no actual llow resulting

from the pressure, only an opposition.

T|'DH’sin“¢ dP,= __j_ ——e...(l.2)Pressure flow Q 12” dL
where [) is the screw diamet.er

H. the channel depth

4), the helix angle

11, the fluid viscosity, and

Q , the pressure gradient. .
(11,

c) Leakage flow

The final component in the flow pattern is leak flow or leakage

(low. It is the flow into the finite space between screw and barrel,

through which material can leak backwards. This is also a pressure

driven flow and of course it opposes the drag flow.

112 DIES’ tan ¢APLeakage [low Q‘ = ____(|,3)l2neL '
where

D is the screw diameter

E the factor for eccentricity of the screw

5 the clearance space_

(b the helix angle
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AP the overall pressure drop along the screw

11 the fluid viscosity

e the flight width, an(l

L the effective screw length

The theoretical calculation of leakage. flow for both pressure and

drag flow effects has also been developed by Mohr, Mallouk and Booy,“

who considered the flow across the [light lands in a direction at right

angles to the axis of the screw.

1.2.5 Total flow and output

If the material is incompressible, the total output of the extruder is

given by -the sum of the drag flow Qa, the pressure flow Qp and the

leakage flow Q 152

Total output of the extruder ie., Q = Qd — Qp — Q1 (1.4)

since both Qp and Q1 will have opposite signs to Qd

However leakage flow is very small compared with drag flow and

pressure flow and may be neglected in finding the total flow. So the

output Q is obtained by summing the expressions for drag flow and

pressure flow.
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3
T[DH sin: ti) P

io.,Q = Q,;+Ql,= V3 n1DzNHSln¢COS¢- .-(I5)

For a given extrudor l., l), H and 4: are all fixed. Thus on simplification,

Q = aN — (BP/n) (1.6)

So the practical variables influencing the output of the extruder are:

the screw speed N

the head pressure P

the melt viscosity n.

1.2.6 Heat and power requirement

One of the main functions of an extruder is -to raise the

temperature of the feed material usually from ambient to a temperature

at which it can flow and suitably form to a desired shape. It is therefore,

necessary to supply heat energy to the material at a rate which will

produce the. temperature. required for this operation. In addition to the

energy necessary to heat the material, power must be supplied to the

screw in order to turn it against the frictional and viscous resistance of

the material in the screw flights. It will be readily appreciated that these

two energy mechanisms are closely interrelated since an alteration_ in the

rate of supply of one will produce a change in the other. Conventional

melt flow theories are available for determination of screw power for

normal extrusion operations"3'54 and the total screw power requirements
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rm Nnflmtaa gtvfiv 195‘
can be ,L,.~l----«~'*"J.»J* by /\Mohr et al.65 and lore and McKelvey.*“

Conventional melt flow theories are available for determination of screw

power for normal extrusion o|)erati<)ns.55:66

1.2.7 Mixing

ln addition to temperature, [low rate and pressure, the uniformity

of composition of the polymer being extruded (for knowing the condition

of the polymer leaving the extruder barrel) is an important criterion for

the evaluation of the performance of the screw. A uniform composition

may be obtained by a proper laminar mixing of the polymer. Mixing

consists of two processcsviz., one is the dispersion of the particles of the

material being processed (ie., (lispersive mixing) and the other is their

uniform distribution throughout their entire volume (i.e., distributive

mixing) Non—uniform composition (insufficient mixing) leads inevitably to

poor properties, and poor external appearance of the product as well as to

non—uniform distribution of its properties.

l)ispersive mixing during the extrusion process consists of

overcoming the cohesion of particles of the material and takes place due

to shear stress in the surrounding fluid. On the other hand distributive

mixing consists of changing the difference in composition of the material

in various places and is affected bya relative motion of components.
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1.2.8 The extrusion die

The function of an extrusion die is to size and shape the polymer

melt delivered by the screw into a required cross section!” The die

forming zone is essentially always a pressure consuming z()ne.‘5“"‘9 The

pressure required to force the melt through the die is called die head

pressure.” 'l‘he variables that affect the die head pressure and hence the

key factors in the practical die design are:

1. 'l‘he geometry of the flow channel in the die

2. The rheological properties of the polymer melt7"72

3. 'l‘he temperature distribution in the polymer melt

4. The flow rate through the die

a. Product geometry

In addition to the die land/orifice thickness ratio, the surface finish,

the compound lubrication] the filler loading, the construction of the die

upstream of the land and the system of product sizing to be used are to be

mentioned for the proper die design. Generally, the size (cross sectional

area) of the extrudate is determined by controlling the screw speed

relative to the line speed. Besides limite(l shape control is possible by

adjusting certain operating conditions.73‘74

The simulations of flow in dies are based on the non-slip boundary

condition for velocity at the solid walls.75'77 The breaker plate/screen pack
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bQé0=u:l.he die ensures pressure. in the screw of the extruder, thus enabling the

material to be worked and sheared and to be properly homogenized.

Moreover, the breaker plate requires special attention not only as to its

design an(l construction but also to ensure a proper streamlined

relationship with the other parts of the equipment with which it is in

contact.

There are three systems of extrusion dies known as straight

through, crosshea(l, and offset respectively, depending on the direction of

the resulting extrusion and take-off relative to the direction of melt feed

from the extruder.

Straight—through dies are obviously those dies whose axes are

arranged to be in line with the direction of supplylof melt. This type. of

dies are commonly used for the extrusion of pipe, rod, profiles, sheet and

by means of a curved feed conduit, of tubular and flat film. Crosshead

dies are arranged with their axes at an angle to their feed supply usually

900 but 450 an(l 30° are also used. This type of dies are used for the

production of insulated wires, cables and filaments. Offset dies have been

developed from crossheads to cbmbine the advantages of this form of.side—

feed die assembly with those of the straight—through type. (.)l‘fset dies are

popular for the production of pipe where the lack of a spider and also the

ease of applying temperature control to the mandrel do much to improve

the quality of the product.
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In another way. extrusion (lies can be broadly classilietl as:

1. Large aspect—ratio (wid. th to thickness) (lies7*‘ which give a__/

uniform thin planar or annular extrudate.
l

2. Profile dies7‘J"9" which have aspect-ratio of the order of l to 10).

1.2.9 The extruder or screw characteristics

The product of extrusion is realized by forcing the melt through a

shapiel-ll die to give a profiled, continuous extrudatef”

1. If there were to be no pressure build-up for example, no breaker plate

or die, the output would be at its maximum, Qmax, we can use the drag

flow ideal equation.

Q = Q.....= % '11‘; D2NHsin¢cos¢

2. ll' there is maximum resistance and Q = 0, and we can equate the drag

flow and pressure flow expressions.

'[TDH3 sin’ 4) P...- 1Le... _ ZDZNH ' ___2 TT sind>cos¢ l2nL

i.e.. P 6
These points represent the extremes'in the Fig.l.3 of the extruder or

screw characteristic.“



19

Qmax

Pmax

P

Fig. 1 .3 The extruder or screw characteristic

1.2.10‘ Interaction of screw and die characteristics

A die at the extruder outlet, requires head pressure”-33 to function

i.e., the pressure is needed simply to force the melt through the die. The

die characteristic is thus opposite in form of screw characteristic as in the

Fig. 1.4.

Die characteristic

---Owe-i;;1ing point

Extruder CharaClEfISi|C

Pmav.

P

I"ii.:.l./1: Interaction ol's(:rvw and die charactt-.ris1,i(:s

The maximum outpui, will result from maximum pressure. The. . . . , , ,- ’ ; ' .iiilnrsmztioii point is the operatiiig point, where the it/_.~ ~ 4.. operating
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conditions are obtained. The output. ‘Q’ of individual die depends,
C

obviously on their shapes. In general,

Q = KP (1.8)
where K is the shape dependent factor.

1.2.1] Variation in extruder and die characteristics

The position of the lines in the above figure will be changed by

changes in operating conditions. If ‘N’, the extruder speed, is increased,

the oxtruder characteristic moves up. If the die (limensions are changed

e.g., the radius ‘R’ of the cylinder is increased, the slope of the die

characteristic is increased. A family of parallel screw or extruder

characteristics can be drawn for various screw speeds, N as shown in the

Fig. _1.5.

Fig. I  I-'umily ol'scr(-w itlizirziclorisluzs with various (ll(' inlt-rse(-lions
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1.3 THE MULTI-SCREW EXTRUDER

a) The twin screw extru(ler

A twin screw extruder is a machine with two Archmedian screws.

It acts as positive displacement pumps with little dependence on friction,

and this is the main reason for their choice for heat sensitive materials.“

There is a variety of twin screw extruders with vast differences in design,

principle of operation and field of application.35‘37 Counter rotating

machines, if conjugated may have no ‘passage at all for material to move

around the screws, it must move axially towards the die end. Likewise

co—rotating machines will have no passage around _each screw and only a

small and tortuous one round both, also leading to positive axial flow.

Thus L/D ratio is unimportant for propulsion and so there is no long

metering zone.

The length must of course, be sufficient for proper melting of the

polymer. Also because of the positive pumping action, the rate of feed is

not critical in maintaining output pressure. The conveying is not by drag

flow, and this allows good control of shear rate and hence temperature. A

comparative study between single screw and twin screw extruders is

given in the Table 1.1.33
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Table 1.1: Points of comparison ofextruders

Single screw Twin screw

1. Flow type Drag Near positive

2. Residence time and Medium/wide Low/narrow (useful for(listribution reaction)
3. Effect of back Reduces output Slight effect on output

pressure on output

4. Shear in channel High (useful for stable Low (useful for PVC)
polymers)

5. Overall mixing Poor/medium Good (useful for
compounding)

6. Power absorption and High (may be Low (mainly conductiveheat generation adiabatic) heating)

7. Maximum screw High (output limited Medium (limits output)
speed by melting, stability

etc.)

8. Thrust capacity High Low (limits pressure)

9. Mechanical
construction

Robust, simple Complicatetl

10. First cost Moderate High
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1.4 RUBBER EXTRUSION

Eventhough the process of rubber extrusion has been known for

more than a century, only limited number oflitorature is available on this

subject compared to the literature on the thermoplastic extrusion. Some

of the handbooks39'93 and literature9394 on rubber discuss rubber

extrusion. The first rubber extruders were built for hot feed extrusion.

These machines are fed with warm material from a mill or other mixing

device. Around 1950, machines were developed for cold feed extrusion.

The advantages of cold feed extruders are found to be

p... Less capital equipment cost

2. Better control of stock temperature

3. Reduced labour cost

/1. Capable of handling a wider variety of compounds.

For rubber processing in a single screw extruder, the screw rotates

in a tightly litted barrel, thereby transmitting mechanical energy into the

rubber compound. As the temperature of the rubber increases, the

plasticity is lowered to such a level that the rubber can be shaped by

passing through a die located at the end of the barrel. To achieve

turbulence in the rubber, it is necessary for the rubber to grip the metal

surfaces, enabling shear to take place.95 If the rubber slides on the steel

surface, more frictional heat is generated for heat transfer.
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The extrusion process affects the output rate, extrudate

temperature, Mooney viscosity and scorch time of the compound.96

Maximum output is limited by the maximum permissible heat history of

the compound (Scorch time)‘-*7. At low screw speeds, output rate is nearly

directly proportional to screw speed (rpm) for most c0mp0un(ls. As the

screw speed increases toward the high end, the output rate decreases.

1.4.1 Features of rubber extrusion

1. A feed opening, placed tangentially to the screw and equipped with a

driven feed roll to facilitate the feeding of strips.

A screw an(l barrel just long enough to compact the material and force

it through the breaker plate (if any) and the die.

The barrel to be heated to a relatively low temperature——usually by

steam in order to conserve heat in the material.

A water—cooled feed section and screw, to prevent sticking and pre

curing of the stock respectively

The feed screw to be deeply cut in order to accept a large volume of

material, and designed with often constant depth and decreasing pitch

to give a compression ratio without unduly increasing the amount of

shear.

'l‘he screw is to be driven at a relatively low rotational speed in order

to avoid excessive frictional heat.
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As a result of the above points, the machine need not be particularly

robust in its construction and thrust. bearing arrangements, and the

drive motor can be relatively small.

1.5 THERMOPLASTIC EXTRUSION AND ITS FEATURES

In this process of extrusion, the thermoplastic material is propelled

continuously along a screw through regions of high temperature and

pressure, where it is melted, compacted an(l finally forced through a die,

shaped to give the final profile.

Features

1. A feed opening suitable for handling of cold material in granulated,

chip, cube, or powder form, surmounted by a feed hopper.

A longer screw (usually having a constant pitch an(l decreasing depth)

and barrel in proportion to their diameter i.e., a greater L/D ratio.

The barrel to be lined with or ma(le from a corrosion—resistant alloy.

Depending on the particular screw design, it will also give a

considerable heat due to frictional work and develop a pressure

gradient along its length.

A breaker plate an(l screen pack an(l/or other restrictive system to be

fitted.

. A screw designed to provide compression, mixing, and shear of the feed

material.
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The barrel to be heated to a high temperature in a number of zones, to

give a heat gradient and t.he temperature to be accurately controlled.

Provision for -controlled cooling of the barrel, to remove excess

frictional heat, must also be considered.

A water-cooled feed opening.

Provision for water cooling or heatin'g of the screw.

The feed screw to be easily interchangeable so that screws of the

different designs, both deeply and shallow cut and with different

compression ratios, can be used as required by the various polymers.

Provision for driving the feed screw at a wide range of speeds and for

varying this speed without stopping the machine.

In order to stand up to the very high pressures which are often

encountered in thermoplastics extrusion, machines for this purpose

must be robust, capable of withstanding very high thrust loadings,

and equipped with drive motors of ample power.

1.6 MODES OF FEEDING IN EXTRUSION

Fee(ling of a polymer to a single screw extruder can be done by

adopting any of the following methods.

1. Starve feeding through the use of metering device.“

2. Flood feeding (normal feeding) through a hopper.‘-’9

3. Force feeding or power feeding by using hopper compactor.“’°
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Among the above three approaches, starve feeding is commonly

employed for improving the operating versatility of single screw

extruders.1°1 For example, the same screw can handle a wide range of

materials and performance requirements often better utilizing horse

power availability.“

1.6.1 Flood feeding, force feeding and starve feeding

The vast majority of single screw extruders are gravity fed directly

from hoppers or fed on a driven feed roll, mounted above the feed section.

With this arrangement, known as flood feeding, the channels in the feed

section run full and the output of the machine is determined by the

capacity of the extruder to process and pump the polymer.”-103 That is

flood feeding is a mode of feeding in extrusion in which the screw will be

given the polymer material as much as it can normally take.

In some cases, the feed stock is forced into the extruder using a

crammer, this has a particular application in some powder processes

wherenpressure generation capacity is poor. So force feeding is a type of

feeding in which the screw will be force(l.to take more material than it can

normally take by an external power or force. Occasionally extruders are

trickle fed t.o overcome feed problems at the entrance to the ext.ruder and

to avoid hopper bridging. A similar scheme, but with rather different

objectives, is the metered starve feeding of extruders. In this

arrangement, the extru(ler is fed at a controlled rate below the flood fed
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rate in order to improve certain performance characteristics.9‘*~1°3 1°‘. The

principle of starve feeding is effectively utilized in the vented screw

extruders. To permit vapour release, the screw channel at the vent

should be partially filled.

1.6.2 Pumping and starvation phenomena of thermoplastics

When exit pressure of an extruder is lowered, the output of an

extruder immediately increases. If, however, the material fed to the

extruder is metered and kept below the level corresponding to the specific

output pressure, the extruder is starve—fed.1°7 In this case, the output

cannot increase to satisfy the lower end-pressure requirement and must

remain at the level at which the melt is being supplied to the extruder.

At first this seems to violate the relationship between output an(l

extruder head pressure, which is defined by screw'geometry, operating

conditions, and physical properties of the melt. The extruder therefore,

takes internal evasive action, by filling the first portion of the screw

channel only partially, causing the pressure to rise only further down

channel. The semifilled channel of the polymer results in a decrease in

the drag flow term, which is normally computed under the assumption of

a completely filled channel.

The first reported work on metered starve feeding was by Russel

J.Nichols and George A.Kru(ler in 1974.103 These workers ran an 89 mm
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diameter extru(ler at rates of 50% and 75% of their flood fed capacity and

found that improvements in die pressure variation (and hence

dimensional consistency and a re(luction in the specific power

consumption i.e. the energy required to process unit mass of polymer)

could be expected. They also suggested that starve feeding may be a

suitable technique for running extruders under conditions for which the

screw was not specifically designed. In this way, starving can be seen as a

tuning device to improve the performance of non—optimum screws.

In 1978, McKelvey and Steingiser” reported much more significant

advantages resulting from their trials on a 230 mm diameter extruder

when run under starved conditions. Substantial reductions in pressure

fluctuations were found and specific power consumption savings of 50%

were measured. These authors limited the degree of starvation of the

machine so that minimum throughput was about 80% of flood fe.d

capacity. The large drop in screw torque requirements offered attractive

advantage and there was some response by extrudor manufactures

particularly in the United States where a few machines are now equipped

with starve feeders.

'l‘he melting mechanism associated with starve feeding was studied

by lsherwood et al.‘°3~1°3 who carried out trials on a 38 mm diameter

laboratory extruder fitted with screw extraction facilities. Three polymers

were processed. One of which was in both granular an(l powdered form.
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It was found that melt initiat.ion was later, but once initiated, melting

took place more rapidly in starve fed ‘situations compared with the floo(l

fed case. lsherwood and his co-workers related the observed melting

patterns to the measured pressure flucl.uations and specific power

consumptions, explaining the behaviour in terms of greater solid mobility

due to the closer packing associated with starving. The improvements in

performance were modest, however, and were only apparent at starving

levels of up to 10% (i.e, throughput is 90% of flood fed rate). For lower

throughputs performance deteriorated. Moreover, for larger machines

the effects of starve feeding are more attractive with a view to commercial

application. Under starved conditions a compromise between the saving ‘in

power per unit output and the loss due to reduced production rate leads to

the minimum economic extrusion rate.‘°9”“3 The loss in production rate

can be substantially compensated by running the starve fed machine at a

higher speed.‘°3

The pumping efficiency“‘‘, the fluctuation of pl'(3.SSll[‘0m3, screw

.torque'°2, of a starve fed extruder had been reported. Since starve feeding

is operating at constant pressure, the pressure flow and leakage flow can

be minimised. So the output is only due to significantly by drag flow.

Since shear stress is less but uniform in starve feeding, comparing to

flood feeding and force feeding, the die flow instabilities such as melt

fracture, shark skin etc. will be reduced.”
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1.6.3 Pumping an_d starvation characteristics of rubber compounds

Experimental studies of screw pumping characteristics of rubber

compounds were formulated by (}.R.Vila.“5 He found that throughput (Q)

"increased linearly with screw speed, independent of the. viscosity of the

compound. The power consumption of the extruder was found to increase

linearly with both screw speed and viscosity of the compound. He found

that the temperature of the extruded material similarly increased with

screw speed and viscosity.

W.Mesl(at and Pigott“‘°' in 1951 reported measurements on a 25

mm Bench extruder with a 3.17 mm screw channel depth an(l a pitch of

25.4 cm. 'l‘he screw length from the part to the end of the screw was 190

mm. At open discharge, Pigott examined the screw and found it to be

starved. 'l‘he screw became filled with increasing die resistance. The

extruder was fully filled an(l pressurised at Zero discharge. Under these

conditions, l’igott reported the increase in pressure developed with screw

speed. When the clearance between the outer diameter of the screw and

the inner diameter of the barrel increased, the ability of the screw to

develop pressure rapidly reduced. Pigott and E.S.Echen"7 published the

screw characteristic curve.

In 1986-87, Brozoskowski, White, and their co—workers“3 130 at

the Institute of Polymer Engineering, at the University of Akron



32

published a series of papers on the pumping and starvation characteristics

ofcold feed rubber compounds in screw extruders.' 'l‘hese authors used a

37.5 mm 20 L/D NRM screw extruder, a 44.8 mm 10 L/I) Monsanto screw

extruder an(l a 32 mm 12 L/D Boiy screw injection moulding machine

operating as a screw extruder. The experiments were carried out with

two rubber compounds, PT’I‘, a typical passenger tyre tread compound,

and TTT, a typical truck tyre compound Brzoskowski et al. found

starvation to occur under most conditions in their investigations of screw

extrusion. The screws were fully filled in the region near the feed section.

In some cases, the starved region consisted of a continuous strip of rubber

moving along the leading flight of the screw. In other cases, it consisted of

chunks of rubber compound moving along the leading llight.

The character of the starved regions observed by Brozoskowski et

al. was strongly dependent upon the feed section of the screw extruder.

Intro(luction of power feed or force feed was found in one extruder to

eliminate starvation. Increase of the width of the feed strip was found to

reduce starvation. The break up of rubber compound into chunks as

described in the previous paragraph, -appeared to be due to the design of

the feed section. Brozoskowski et al. found that synthetic rubber (SBl{~

BR) compounds move readily tore into chunks than natural rubber

compounds. This was attributed stress-induced crystallization which

prevented the growth of tears in the natural rubber compound.‘5" Such

tearing occurs in the feed section.
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The starvation levels of cold feed rubber extruders were treated

quantitatively by Brozoskowski, White and their co—workers.“‘-“Q0-133 ’l‘he

length of the filled region of the extruder screw was found to depend

primarily, and perhaps only on the head pressure. The length of fill of two

of the screws studied as a function of head pressure. The filled length

may be seen in each case to be a strong monotonic increasing function of

pressure.

The screw characteristic curves for fully filled and starved

machines have also been investigated by Brozoskowski, White an(l their

co—workers.“"’1‘-’°v‘22 The comparison of the screw pumping characteristics

of the starved and fully filled 44.8 mm screw was discussed. For both

starved and fully filled screw extruders, the output increases with screw

spee(l N. lt can be seen for the fully filled extruder ‘(with operating power

feed i.e. force feed) that the output decreases with increasing pressure

development. For the starved extru(ler, the output appears independent

of die pressure.

The outputs are independent of head pressure but increase with

both screw speed and width of feed strip. Moreover, starvation in single

screw extruders has been studied by Shin and White'33 who found that

the length of fill for the different rubber compounds not only increases

with pressure. but with the ratio of pressure to shear viscosity.
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1.6.4 Extent of partial filling

Various situations of partial filling are shown diagramatically in

Fig. 1.6. If the channel is filled to a very small extent as in the Fig.a.

ca:nAcT AREAor man
I

////_ //, . ‘ll
0

Fig. 1.6 Melt cross-section of partially filled channels

the melt will form a thin film over the screw surface and rotate without

touching the barrel and thus without any forces tending to move it along
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the screw. Any material which adheres to the barrel or is trapped in the

flight clearance will tend to be collected on the leading face. of the. screw

flight (l<‘ig.b) by the transverse movement. The material represented by

the shaded area will be subjected to a shear force at the barrel, opposed

by an equilibrium force on the much larger surface in contact with the

screw, the shear stress and hence shear rate at the barrel will thus be

much higher than at the screw, resulting in a velocity gradient as in Fig.f.

As the degree of filling increases through the situation represented by

Fig.c, the area in contact with the barrel will increase faster than both the

volume of the melt, represented by the shaded area and the area in

contact with screw, so that shear stress and shear rates tend to become

nearly equal an(l hence the pumping efficiency increases.-“*3” When the

channel is partially filled as in Fig.d, (i.e. about 90% filled) the shear

conditions and pumping efficiency will be more uniform than that in a

completely filled, or thickly populated screw channel1°3 as in Fig.e.

Since the shear is more uniform in the partially filled channel

thisresults in more uniform heat transfer an(l temperature distribution

among the thin layers of polymers. So thermal homogeneity is easily

achieved. In a completely filled channel (as a result of flood feeding and

force feeding) since non-uniform shear operate and hence non-uniform

heat transfer and temperature distributions occur along with thick

insulating layers of polymer and so the thermal homogeneity may not

effectively attained.
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1.7 SCOPE AND OBJECTIVES QF THE PRESENT
INVESTIGATION

Starve feeding of single screw extruder was described as an

important means of improving the performance characteristics of the

extruder. In addition to such improvement with versatility, the starve

feeding technique also may affect the mechanical properties of the

extrudate since the heat transfer an(l mixing characteristics in the starve

fed and Hood fed extruders are not the same. Since the material is more

loosely packed in the channels of the starve fed extruder, there may be

greater bed mobility and uniformity. Further, the. thermal an(l shear

induced degradation are also less since possibilities of developing local

high temperatures are less compared to a densely compacted extruder

bed. This study has been undertaken mainly to explore the effect of

feeding rate on the mechanical properties of rubber and plastic extrudates

since the effect of feeding rate has not been analysed from this angle so

far.

In the present study, it isproposed to investigate in detail, effect of

feeding rate on the mechanical properties of the following polymers:

1. A fairly heat sensitive and regionally important rubber: Natural

rubber (NR).
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. A very widely used general purpose synthetic rubber: Styrene

butadiene rubber (SBR).

. A thermally stable synthetic rubber: lsobutylene—isoprene rubber

(IIR).

. A semi crystalline standard plastic: Low density polyethylene (LDPE)

An amorphous standard plastic: polystyrene (PS)

The objectives of the proposed study are:

. To determinethe effect of feeding rate on the mechanical properties of

Ll)PE & PS, and gum and filled compounds of NR, SBR, & lllt.

. To find out the optimum feeding rate at which maximum mechanical

properties are obtained in the case,0f these polymers.

To evaluate the effect of temperature and revolutions per minute

(rpm) on the mechanical properties of NR, SBR, IIR, LDPE and PS

with feeding rate.

. To make a systematic study on the structural changes in the polymers

resulting from the changes in the feeding rate.

This thesis is divided into the following chapters:



Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

38

Intro(luction

Experimental techniques

Effect of feeding rate on the technical properties of gum, NR,
SBR and IIR vulcanizates

Starved extrusion for the improvement of mechanical
properties of filled NR, SBR and [IR vulcanizates

Effect of feeding rate on the mechanical properties of LDPE
and PS

Summary and conclusions
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EXPERIMENTAL TECHNIQUES



EXPERIMENTAL TECHNIQUES

'l‘he materials used and the experimental procedures adopted in

the present investigations are given in this chapter.

MATERIALS

2.1 POLYMERS

2.1.1 Natural rubber (NR)

lSNR—5 was supplied by the" Rubber Research Institute of India,

Kottay-am, Kerala. The Indian standard specifications for this grade of

rubber are given below.

Parameters Qm_it
Dirt content, % by mass, max. 0.05
Volatile matter, % by mass, max. 1.00
Nitrogen, %by mass max. 0.70
Ash, % by mass, max. 0.60
lnitial plasticity, (Po), min. 30.00
Plasticity retention index, (PRI),'min. 60.00
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2.1.2 Styrone—butadiene rubber (SBR)

Styrene—butadiene rubber was synaprene 1502 grade supplied by

Synthetics and Chemicals Ltd., Bareilly, U.P. It had a styrene content of

23.50 % by mass and Mooney viscosity [(ML (H4) at 100°C)] of 52.

2.1.3 Isobul.ylene—isoprene rubber (Butyl rubber) (IIR)

lsobutylene—isoprene rubber was Exxon 065 with a Mooney

viscosity, |ML(l+8) at 100°C] of 50;‘

2.1.4 Low density polyethylene (LDPE)

lndothene FS 300 was supplied by IPCL, Baroda,‘ density (gm/cc)

0.922,‘ melt flow index (gm/10 min), 6.

2.1.5 Polystyrene (PS)

(leneral purpose grade (polystron—678, SFI); supplied by

M/s.Polychem Ltd., Bombay.

2.2 OTHER INGREDIENTS

2.2.1 Zinc oxide (ZnO) (activator)

Zinc oxide was supplied by M/s.Meta Zinc Ltd., Bombay having the

following specifications given below:
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Specific gravity 5.570i0.()8
Zinc oxide content 98%
Acidity 0.4% max.
Heat loss (2 hrs at 100°C) 0.5% max.

2.2.2 Stearic acid (co—activator)

Stearic acid was supplied by Godrej Soaps (P) Ltd., Bombay, and

had the following specifications:

Melting point 50—69°C
Acid number 185-210
Iodine number 9.5 max.
Specific gravity 0.851-0.01
Ash content (). 1% max.

2.2.3 Dibenzthiazyl disulphide (MBTS) (accelerator)

Dibenzthiazyl disulphide was supplied by M/s.Bayer Chemicals,

Bombay, having the following specifications:

Specific gravity 1.34
Melting point 165°C
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2.2.4 Tetramethyl thiuram disulphide ('I‘MTD) (accelerator)

Tetramethyl thiuram disulphide used in the study was supplied by

M/s.Polyolefins Industries, Bombay, having the following specifications.

Melting point 136°C
Specific gravity ' 1.40l')i0.025
Ash content 0.5% max.
Moisture 1% max.

2.2.5 N—cyclohexyl—2—benzthiazyl sulphenamide (CBS) (accelerator)

N—cyclohexyl—2—benzthiazyl sulphenamide used in the study was

Pu-Kzure. CBS was supplied by polyolefins Industries, Bombay, having

the following specifications.

Ash content 0.5% max.
Moisture 0.5% max.
Specific gravity 1.25

2.2.6 Sulphur (crosslinking agent)

Sulphur was supplied by M/s.Standard Chemical Company Pvt.

Ltd., Madras and had the following specifications:
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Specific gravity 2.05
Acidity 0.01% max.
Ash content 0.01 %_ max.
Solubility in CS2 98% max.

2.2.7 High abrasion furnace black (I-IAF N—330) (filler)

High abrasion furnace black was supplied by M/s.Carbon and

Chemicals (India) Ltd., Kochi having the following specifications:

Idoine adsorption 80 mg/gm
DBP absorption 105 cc/ 100 gm
Mean particle dimension 32 nm

2.2.8 Aromatic oil (process oil)

Aromatic oil was supplied by M/s.Hindustan Petroleum

Corporation Ltd. It had the following specifications:

Colour Black coloured oil
Viscosity gravity constant (VGC) 0.98-1.0

2.2.9 N aphthenic oil (process oil)

It was supplied by M/s.Hindustan Petroleum Ltd., having the

following specifications:



54

Iolour Light coloured oil
Viscosity gravity constant 0.85—0.9

2.2.10 Pilflex—13 (Antioxidant)

Commercial grade antioxidant pilflex—13[N—(1,3—Dimethyl butyl)—

N'—phenyl-p-phenylene diamine] was obtained from Polyolefm Industries

Ltd., Bombay.

2.2.11 Solvents

Benzene, toluene and p—xyle_ne were of analytical grade.

' 2.3 EXPERIMENTAL PROCEDURE

2.3.1 Extrusion on a laboratory extruder

The basic extruder on which the feeding rate studies were done

was a laboratory extruder attached to a Brabender plasticorder model PL

2000. Brabender plasticorder is a computerised torque rheometer system

used for testing thermoplastics, thermos‘.¢t-5 and elastomersfivz The

measuring instruments are built according to the modular system and the

measuring heads such as mixers, extruder etc. can be interchanged within

a short time. Production processes like mixing, mastication, extrusion etc.

can thus be simulated in a laboratory scale and followed by measurement.

The Plasticorder PL 2000 consists of a dynamometer unit, a_ data

transfer interface and a computer. The dynamometer unit consists of the
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Brabender torque dynamometer with electronic speed control with tacho

generator feed back, stepless speed adjustment and digital speed display.

The designed speed can be adjusted either manually at the dynamometer

unit or can be fed’ via the computer. The dynamometer is combined

with a high precision electronic strain gauge torque measuring unit

moulded on a solid, tension—free base plate.

The data transfer interface with the standard serial

communication port RS 232C and various microprocessors is an active

link between the dynamometer unit and the computer. The data transfer
‘ 521 ue) as

interface series}; 2 an active support of the connected computer by a built

in signal conditioning and control system with the following functions.

(1) Calibration of the torque and stock pressure measurements.

(2) Sequential scanning of the measuring values.

(3) Setting of speed control and all other functions of the system.

(4) Safety control and emergency switch—off.

(5) Enhancing the optimum temperature conditioning of the

extruders by means of an additional standard serial

communication port RS 422.

After installing the software, all further operations such as test

runs, evaluation of measurements, or correlation analyses will be

controlled by the computer. It is also possible to do the operation

manually.
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Brabender however uses measuring extruders and die heads,

which are optimised for the individual experiments. Swell behaviour,

surface quality, melt fracture, feeding characteristics, feeding rate

measurements and many other criteria can be evaluated. This

instrument serves the dual purpose of providing a constant torque drive

for the extruder screw and simultaneously recording the torque on the

screen. The pressure at the end of the screw and at the die has been

monitored using I-)ynisco pressure transducers and suitable amplifier

indicator set up. Iron constantan thermocouples were used to sense the

melt temperature at the different regions of the screw and at the die. A

“Servocar" strip chart was used to record these temperatures.

(a) Elastomers

In the case of elastomers, studies were done on a laboratory

extruder attached to the above Brabender plasticorder model PL 2000

with an L/D ratio 10 and a compression ratio 1 and provided with a

feeding roll. The sheets of thickness 1 mm of the compounds, prepared on

the two roll mill, were cut into 10 mm wide strips, for feeding into the

extruder. The feeding rates were adjusted by passing different number of

layers of the strips on the feeding roll3 and measured by the rate of

output of the extrudate in milligrams per minute. The compounds were

extruded at varying feeding rates at 20, 40, 60 and 80 rpms and at

different temperatures. A round capillary die with L/D ratio of 15 with a
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separate heater controller set up was used for the rubber extrusion

studies.

(b) Thermoplastics

Experimental work was done on 'a laboratory extruder attached to

a Brabender plasticorder model PL 2000 with an L/D ratio of 25 and a

compression ratio of 2 and provided with a hopper for feeding. A vibratory

feeder in conjunction with a voltage stabilizer was used for metering the

solid pellets. A photograph of the plastic extruder attached to the

Brabender plasticorder is shown in the Fig.2.1.

In the extrusion of elastomers and thermoplastics, the percentage

of starvation at different feeding rates can be calculated by using the

following equation:

Percentag of starvation = (Flood feeding rate — Starve feeding rate) x100
Flood feeding rate

Zero percentage starvation corresponds to the flood feeding rate in the

extrusion of both elastomers and plastics.

The feeding rates were adjusted by changing the dimensions of the

feed gap at the bottom of the hopper and measured by the rate of output

of the extrudate4 in milligrams per minute. The thermoplastics were

‘extruded at varying feeding rates at 20, 40, 60 and 80 rpms and at

different temperatures. A ribbon capillary die with L/D ratio 30 with a



Ef'*““'“"=‘=““'
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2000 with plastic extruder
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separate heater controller set up was used for the extrusion of

thermoplastics.

2.3.2 Mixing and homogenisation

Using the mixing mill

Mixing and homogenisation of elastomers and compounding

ingredients were done on a laboratory size (15x33 cm) two roll mill at a

friction ratio of 1:1.2. The elastomer was given one pass through the nip

(0.002xl00)”. Then it was given 2 passes through the nip of (0.002x10)'

and allowed to band at the nip of (0.002x55)”. The temperature of the

rolls was maintained at 70i5°C during the mastication. After the nerve

had disappeared, the compounding ingredients were added as per ASTM

D 3184 (1980) and D 3182 (1982) in the order activators, fillers,

accelerators and curing agents. Before the addition of accelerators and

sulphur, the batch was thoroughly cooled.

After the completion of the mixing, the compound was

homogenised by passing six times endwise through _a tight nip and

formally sheeted out at a nip of 3 mm. For the preparation of compounds

to extrude, the elastomer was masticated to the suitable Mooney viscosity

level and then the other additives were added as described above unless

otherwise specified. Then it was sheeted out by passing through a 1 mm

nip of the mixing mill.
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2.3.3 Cure characteristics

The cure characteristics of the elastomers were determined using a

Goettfert Elastograph model 67.85. It is a microprocessor controlled

rotorless curemeter with a quick temperature control mechanism and well

defined homogenous temperature distribution in the die or test chamber.

In this instrument, a specimen of defined size is kept in the lower half of

the cavity which is‘ oscillated through a small deformation angle (+0.20).

' The frequency is 50 oscillation per minute. The torque is measured on the

lower oscillating die half. A typical elastograph cure curve is shown in

Fig.2.2 and the following data can be taken from the torque-time cure.

i) Minimum torque: Torque obtained by the mix after

homogenising at the test temperature before the onset of cure.

ii) Maximum torque: This is the torque recorded after the curing

of the mix is completed.

iii) Scorch time: This is the time taken for attaining 10% of the

maximum torque.

iv) Optimum cure time: This is the time taken for attaining 90% of

the maximum torque.

The elastograph microprocessor evaluates the vulcanization curve

and prints out these data after each measurement.
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Fig.2 2:_A typical cure curve of a rubber compound from
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2_.3.4 Moulding of test specimens

The test specimens for determining the physical properties were

prepared in standard moulds by compression moulding in an electrically

heated press having (18x18 inch) platens at a pressure of 120 kg/cmz on

the mould. The extruded rubber compounds were vulcanized upto their

respective optimum cure times at 150°C unless otherwise specified.

Mouldings were cooled quickly in water at the end of the curing cycle and

stored in a cold and dark place for 24 hrs and were used for subsequent

physical tests. For samples having thickness more than 5 mm

(compression set, abrasion resistance etc.) additional curing time based on

the sample thickness was given to obtain satisfactory mouldings.

In the case of thermoplastics the test specimens were punched out

directly from the ribbon type extrudate both in the extrusion and

transverse directions.

2.4 PHYSICAL TEST METHODS

At least five specimens per sample were tested for each property

and the mean values are reported.

2.4.1 Tensile stress—strain behaviour

Tensile properties of the elastomers were determined accordingly

to ASTM I) 412 (1980) using dumb—bell specimens on a Zwick universal
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testing machine (UTM) model 1445. All the tests were carried out at

28°C. Samples were punched out from compression moulded sheets using

a dumb-bell (lie (C—type) both in the mill grain and transverse directions.

"The thickness of the narrow portion was measured by bench thickness

gauge. The sample was held tight by the two grips, the upper grip of

which was fixed. The rate of separation of the power activated lower grip

was fixed at 500 mm/min for elastomeric specimens. The tensile

properties of the thermoplastics were determined according to ASTM D

638 on the Zwick UTM model 1445. The rate of separation of the power

activated lower grip was fixed at 50 mm/min. in this case. The tensile

strength in N/mm? (MPa) and percentage elongation at break were

evaluated and printed out after each measurement by the microprocessor.

2.4.2 Tear resistance

This test was carried out as per ASTM D 624 (1981) using

unnicked, 90° angle test pieces. The samples of rubber were cut from the

compression moulded sheet parallel to the mill grain direction. The test

was carried out on a Zwick UTM model 1445. The speed of extension was

500 mmlmin and the test temperature was 28°C. Tear resistance was

measured in Newton per millimeter (N/mm).
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2.4.3 Hardness

The hardness (Shore A) of the moulded samples was tested using

Zwick 3114 hardness tester in accordance with ASTM D 2240 (1981) for

rubber vulcanizates. The tests were performed on mechanically

unstressed samples of 300 mm diameter and minimum 6 mm thickness.

A load of 12.5 N was applied and the readings were taken after 10 seconds

of indentation after firm contact had been established with the specimens.

Hardness was expressed in ‘Shore A’ units.

2.4.4 Compression set

The rubber samples (6.25 mm thick and 18 mm diameter) in

duplicate, compressed to constant deflection (25%) were kept for 22 hours

in an air oven at 70°C according to ASTM D 395 (1982) method B. The

samples were taken out from the compression set apparatus and cooled at

' room temperature for half an hour and the final thickness was measured.

The compression set was calculated as follows:

Compression set (%) f to—ti  1 00
(to—ts)

where to and t1 are the initial and final thickness of the specimen

respectively and ts the thickness of the spacer bar used.

2.4.5 Ageing studies

The ageing studies were carried out according to ASTM D 573.

Dumb-bell samples for the evaluation of physical properties were
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prepared and kept in an air oven at predetermined temperatures for

specified periods. Physical properties like tensile strength and elongation

at break were measured before and after ageing and the percentage

retention of these properties was evaluated for assessing the effect of

ageing.

2.4.6 Density

The densities of the polymer samples were measured by _the

method of displacement of liquid (ASTM D 792). In this method the

weight of the specimen in air was first noted an(l then the specimen was

immersed in water and its loss of weight, in water was determined. For

specimens which were less denser than water, a sinker was used. The

weight of the sinker in water was also measured. The density is given by,

Density = Weight of specimen in air x Densitv of water
Loss of weight in water

Density of water is taken as 1 gm/cc.

2.5 RHEOLOGICAL EVALUATION

Rheological studies of the polymeric solutions were done using a

Brookfield viscometer (RVT model) according to ASTM D 1084._ It consists

of a rotating member which is usually a cylinder, driven by a synchronous

motor through a beryllium copper torque spring. The viscous drag on the

cylinder causes an angular deflection of the torque spring which is

proportional to the viscosity of the fluid in which the disc is rotating. The
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torque and therefore the viscosity is indicated by means of the pointer and

scale. Viscosity was measured in centipoise. A range of speed of the discs

and cylinders are available so that a wide range of viscosity may be

covered.

Most of the polymeric solutions are non-Newtonian in nature and

their viscosities decrease with increasing shear rate. In the present study

the viscosity was measured at ambient temperature at 20 rpm for the
r

thermoplastics and‘ 10 rpm for elastomers.

2.6 THERMAL ANALYSIS

2.6.1 Thermogravimetric analysis (TGA)

The thermogravimetric analysis of the samples was done using a

Du Pont-2000 Thermogravimetric analyser. About 10 mg of the sample

was taken in a platinum crucible and the experiment was done in

nitrogen atmosphere at a heating rate of 10°C/min. The weight loss of the

sample was taken and then plotted against temperature.

2.6.2 Differential scanning calorimetry (DSC)

DSC thermograms were taken on a Mettler TA 3000 model at a

heating/cooling rate 10°C/minute under nitrogen atmosphere as. per

ASTM D 3417 (1988). DSC yields peaks relating to endothermic and

exothermic transitions, and show changes in heat capacity. The DSC



67

method also yields quantitative information relating to enthalpy changes

in the polymer.

The DSC output plots energy supplied against average

temperature. By this method, the area under the peak can be directly

related to the enthalpy changes quantitatively and hence the degree of

crystallinity-5

2.7 MORPHOLOGY STUDIES

2.7.1 Using optical microscope

The morphology of plastics was investigated using an optical

microscope (Versanet—2 Union 7596). For optical microscopy samples

were extruded and dissolved in solvents like p—xylene, toluene and thin

films of the polymers were cast from these solutions. They were then cut

into a convenient size and mounted on a microscopic slide. Photographs

were taken at a magnification of 330.

2.7.2 Using polaroid land camera

Dispersion of ingredients in the compounded rubber stock was

studied using photomicrographic technique. The technique employed an

MP4 polaroid land camera with a magnification of 30.

Cured rubber sample was carefully microtomed on a razor blade

guillotine and it was sandwiched between two rectangular sample holder.
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The sample was then positioned under the microscope. Light grid was

adjusted to shine across the sample parallel to the razor cut. The sample

was viewed through a reflux viewer to scan its surface. After assuring

maximum sample illumination, black and white polaroid photographs

were taken.

2.7.3 Using scanning electron microscope (SEM)

Scanning electron microscope was first introduced in 1965 and it

has since become a very useful tool in polymer research for studying

morphology.“ SEM Stereo scan 250 MK3 Cambridge instrument was

used to investigate the morphology of fractured surfaces. In this

technique an electron beam is scanned across the specimen resulting in

back scattering of electrons of high energy,_ secondary electrons of low

energy and )(-rays. These signals are monitored by detectors and

magnified. An image of the investigated microscopic region of the

specimen is thus photographed.

If the specimen under investigation is not a good conductor, it

should be coated with a thin layer of conducting material like platinum or

gold. This is done by placing the specimen in a high vacuum evaporator

and vapourising the conducting material held in a tungsten basket

(vacuum dispersion).
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The SEM observations reported in the present study as per ASTM

D 3417 (1988) were made on the fracture surfaces of tensile test

specimens. The fracture surfaces of the samples were carefully cut

without disturbing the surface. These surfaces were then sputter coated

with gold within 24 hours of testing. The SEM observations were made

within 24 hours of coating. The gold coated samples were kept in a

desiccator before the SEM observations were made. The shapes of the

tensile test specimens, direction of the applied force and the portions from

where the surfaces have been cut out for SEM observations are shown in

Fig.2.3.

2.8 CHEMICAL TEST METHODS

2.8.1 Determination of chemical crosslink density

The concentration of chemical crosslinks was estimated from the

equilibrium swelling data as follows. Samples of approximately 1 cm

diameter, 0.20 cm thickness and 0.20 gm weight were punched out from

the central portion of the compression moulded sheet and allowed to swell

in solvent (toluene or benzene depending on the nature of the rubber).

The swollen samples were taken out from the solvent after equilibrium

swelling and weighed.

The deswollen weight of the samples were taken after drying the

samples in an oven for 1 hour. The volume fraction of rubber (Vr) in the
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Fig.2.3: SEH scan area of the tensile fracture surface.
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swollen network was then calculated by the method reportcil by Ellis and

Welding’ from the following equation

Vr = (l)—F'l') Pr’l
(D—P‘I‘) pr-‘ + A» or‘

where

T = weight of the test specimen

D = deswollen weight of the test specimen

F = weight fraction of insoluble components

An = weight of the absorbed solvent corrected for the swelling

increment

or = density. of rubber and p. = density of solvent

The value of pr and ps taken were:

pr(NR) = 0.921 gm/cm3 ps('I‘oluene) = 0.886 gm/cm3

pr(SBR) = 0.940 gm/cm3 p.(Benzene)' = 0.875 gm/cm-'5

pr(IIR) = 0.93 gm/cm“

The total crosslink density (V2M) expressed_in gram mol per cubic

centimeter (gm mol/cc) was then determined from V, using the Flory

Rehner equation.”-“
pv.(v.)V>

-[ln(l — v.) + v. +xv.2 1 = M



7-2

where

V. = molar volume of solvent

For toluene V. = 106.2 cc/mole

For benzene V. = 90 cclmole

1 = parameter characteristic of interaction between rubber and

solvent

Values of parameter 1 taken for calculationsll” were the

following.

For

INR—Toluene, x = 0.42

SBR—Toluene, x = 0.32

IIR—Benzene, x = 0.314

In the case of carbon black filled vulcanizates, the value of Vr was

converted into Vro (the value V: would have had in the absence of black)

according to Cunneen and Russel.“

Vfo _
V=ae z+b

Here ‘a' and 'b' are constants characteristic of the system and ‘z’ is the

weight fraction of the filler in the vulcaniiate. The values for a and b for

HAF black filled system are a = 0.56 and b = 0.44. The values of Vro were

then substituted in the l-‘lory—Rehner equation in the place of Vr to obtain

the crosslink density ‘/2Mc.
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2.8.2 Swelling index determination

Rubber samples of about 0.5 gm weight were cut from the

compounds and kept in a suitable solvent (toluene or benzene depending

on the nature of the rubber) at laboratory temperatures for 36 hours. The

solvent used for NR and SBR was toluene and that used for IIR was

benzene. The samples were taken out, quickly dried with a filter paper

and the swollen weight was found. Then the swollen samples were dried

in a vacuum oven at 60°C for 12 hours, and the deswollen weight was

noted. The ratio of change in weight was calculated and expressed as

swelling index.

Swelling index = (Swollen weight - Deswollen weight)
Initial weight

2.8.3 Bound rubber content determination

. About 0.2 gm of the compound was cut into small pieces and placed

into a stainless steel wire mesh cage of known weight. The cage was then

immersed in 25 ml of solvent for seven days at room temperature and the

solvent was renewed after three days. The solvents used for the bound

rubber determiiahtion was toluene for NR & SBR and benzene for IIR.

After extraction, the rubber and the cage were dried for one day in air at

room temperature and then for 24 hours in an oven at 105°C. The percent

bound rubber of the polymer (R3) was then calculated as described by

Wolff ‘et al.15 according to the following equation:
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R3 = Wrg — W [mt/(mr+ mp)Lx 100
wlmp/(mi + 11113)]

where,

Wrg is the weight of the carbon black and gel, mr, the weight of the filler in

the compound, mp, the weight of the polymer in the compound and W the

weight of the specimen.
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EFFECT OF FEEDING RATE ON THE TECHNICAL PROPERTIES

OF GUM NR, SBR AND IIR VULCANIZATES

3.1 INTRODUCTION

In a conventional extruder, the extrusion rate is a function of the

screw geometry for a given set of operating conditions.‘ However, if the

rate of feeding and hence the output rate can be made an independent

operating variable, there are many advantages.2'5 Russel J. Nichols and

George A.Kruder6 have listed the potential advantages of starve feed

metering. Their results reveal that the screw torque requirement under

starved conditions is considerably less compared to normal operations. This

imparts greater versatility in eiitruder operations.7'9 For example, tough

materials requiring a high screw torque capacity can be successfully

handled with the same screw under starved conditions. Isherwood et al.10

have reported various other beneficial effects of starve feeding.

Because of the high viscosity (greater than 100 Ns/m2) that is

characteristic of polymer melts, a significant amount of viscous heat can be

generated in flows that are subjected to high shear rates in extrusion.”

Moreover, polymers have low thermal conductivities ensuring that high

shear operations result in an increase in temperature of the polymer.

77
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Because polymers have limited thermal stabilities, extrusion is limited to

low shear operations or regions of limited high shear as in starved

extrusion. Such limited high shear regions usually involve the flow of a

thin polymer melt over a large surface area for maximum heat transfer and

thereby resulting in maximum uniform mixing as shown by Spencer et

al.,l2 G.Pinto et al.‘3 and then by D.M.Bigg et a1.”

Since there can be large viscous heat generation in flood feeding and

force feeding followed by low internal heat transfer significantly large

temperature differences may occur within the flowing material, large

enough to affect its rheological behavior and induce degradations. Thus

starve feeding is likely to result in improved mechanical properties due to

lower andlor uniform shear resulting in lower heat generation, better

thermal homogeneity, and preferential orientation of the molecules. Hence

properly controlling the feeding rate in the extrusion of polymers may be an

important way of controlling their mechanical properties. In the case of

elastomer compounds varying the feeding rates may lead to changes in the

curing behavior and hence may result in different vulcanizate structures.

This study has been undertaken to determine the effect of feeding

rate on the mechanical properties of gum NR, SBR and IIR vulcanizates.
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3.2 EXPERIMENTAL

Studies were done on a laboratory extruder attached to a Brabender

Plasticorder model PL 2000 with an UD ratio of 10 and a compression ratio

of 1 and provided with a feeding roll. The formulations of the gum

compounds of NR, SBR and IIR selected for the study are shown in Table

3.1.

Compounds were prepared on a laboratory two-roll mill according to

ASTM Standards. The compounds were sheeted out by passing through a 1

mm nip of the mixing mill. The sheets were cut into 10 mm strips for

feeding into the extruder. The feeding rates were adjusted by placing

different number of layers of the strips on the feeding roll” and measured

by the rate of output of the extrudate.l6 The compounds were extruded at

varying feeding rates mainly in the starve fed regions at 20, 40, 60 and 80

rpm and at different temperatures. The feeding rates were then increased

to flood fed level and force fed level, at the above rpms and temperatures.

The torque values corresponding to various feeding rates at above rpms and

temperatures were noted.

The cure curves of the NR, SBR and IIR gum compounds after

extrusion were taken on a Goettfert Elastograph model 67.85 according to

ASTM standards at 150°C in the case of NR & SBR compounds and at

170°C in the case of HR compounds. The extruded samples were vulcanized



80

Table 3.1: Formulations of the compounds

NR gum SBR gum IIR gum
compound compound compoundNR 100

SBR 100 -IIR - 100
Zinc oxide 5.0 4.0 4.0
Stearic acid 2.0 1.5 2.0
Antioxidant (Pilflex- 13) 1.0 1.0 1.0

Dibenzthiazyl disulphide (MBTS) 0.6 — 0.5
Tetramethyl thiuram disulphide
(TMTD) 0.25 1.0
N—cyclohexyl—2—benzthiazyl 0.8 
sulphenamide (CBS)Sulphur -2.5 2.0 1.5
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up to their optimum cure times (the time required for attaining 90% of the

maximum torque) in an electrically heated laboratory hydraulic press. The

moulded samples were then cooled by immersing in water and dumb-bell

specimens were cut out of the sheets in the milling/extrusion and transverse

directions for tensile testing. The tensile properties of the vulcanizates were

measured using a Zwick universal testing machine model 1445 at an

extension rate of 500 mm/min as per ASTM standards. Angular test

specimens were punched out of the compression moulded sheets and tear

strength of selected vulcanizates was measured on the Zwick UTM.

Samples for compression set and hardness were moulded and tested as per

relevant ASTM standards.

The ageing resistance of selected vulcanizates was studied after

ageing the samples at 100°C for 48 hrs in a laboratory air oven and then

measuring the retention in relevant properties.

The percentage of starvation“) at different levels was calculated by

noting the corresponding starve feeding rate and the flood feeding rate as

described in the chapter 2.

Temperature and flow rate fluctuations at certain starvation levels,

flood feeding and force feeding levels during extrusion were noted. The
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densities of a few sets of starve fed, flood fed and force fed samples of NR,

SBR and IIR extruded gum vulcanizates were measured.

The swelling index of the NR and SBR vulcanizates was measured

by equilibrium swelling in toluene and in the case of IIR vulcanizates , by

equilibrium swelling in benzene according to the following equation

_Swe_lling index = Swollen weight — Deswollen weight
Initial weight

The average chemical crosslink density of a few sets of starve fed,

flood fed and force fed samples of NR, SBR and IIR vulcanizates was

estimated from equilibrium swelling data.” The __crosslink density 1/2Mc

was determined from Vr using the Flory-Rehner18’19 equation. The

viscosity values of extruded NR, SBR and IIR compounds were measured by

using a Brookfield viscometer. The TGA curves of starve fe(l, flood fedand

force fed compounds of NR, SBR and [IR were taken on a

thermogravimetric analyser, model Du-Pont-2000.

3.3 RESULTS AND DISCUSSION

3.3.1 Torque

Figure 3.1 shows the variation of torque with feeding rate for NR,

SBR and IIR at 80°C for different rpms of 20, 40, 60 and 80. It is found that



83

40_ HR TQM SBRFQFT1 NR rgm0 20 o 20 o 20
O

22% Email 3:38 tgmoeofs 3%?) mmpnm:eo ; so A eo
32

NR

2z._

Torque (Nm)

‘Ll

ix”

1 1 1 18000 16000 5.000 3 2000 1.0000 '
Fécding rate (mg /min)

Fig.3.1: Variation of torque in the extrusion of gum NR,SBR and IIR compounds with feeding rate at
different rpm.
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the extrusion torque gets progressively reduced with increase in the

starvation level. The percentage reduction in torque between the flood

feeding point and the lowest feeding point is upto 33%.

Figure 3.2 shows the variation of torque with feeding rate for NR,

SBR and IIR at different temperatures and at a fixed rpm of 40. Here also

the extrusion torque gets progressively reduced with increase in starvation

level. The percentage reduction in torque between the flood feeding point

and the starve feeding point is upto 37% in the extrusion of NR, SBR and

IIR gum vulcanizates.

In the above cases, beyond the flood feeding point, torque again

increases at the force feeding level. From the figures 3.1 and 3.2, it can be

concluded that the torque required for extrusion can be substantially

brought down by operating in the starved region or employing higher

temperatures. The variation of reduction in torque with percentage of

starvation at two different rpms and two different temperatures is shown in

the Table 3.2.

3.3.2 Mechanical properties

3.3.2.1 Tensile properties

Figure 3.3 shows the variation of tensile strength with feeding rate

for NR, SBR and IIR gum vulcanizates in the milling/extrusion direction at
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Fig.3.2: Varietion of torque in the extrusion of gum NR,SBR and IIR compounds with feeding rate at
different temperatures.



Table 3.2: Variation of the percentage reduction in torque with percentage of starvation of gum NR, SBR, IIR compounds

% Reduction in Torque % Reduction in Torque % Reduction in Torque % Reduction in Torque
% Starvation at 20 rpm at 80°C at 80 rpm and 80°C at 40 rpm at 60°C at 40 rpm at 100°C

NR SBR IIR NR SBR IIR NR SBR IIR NR SBR IIR
80 27.8 29.5 33.0 28.0 30.1 31.5 25.0 27.4 30.2 31.0 32.2 37.1

50 18.8 22.2 ' 25.8 23.9 25.0 27.3 18.2 ~ 19.3 23.5 24.5 26.3 28.7

30 14.5 15.9 18.8 14.2 15.5 16.6 14 1 15.0 16 9 17.1 18.5 20.1

10 12.0 12.8 14.2 11.0 11.5 12.0 11.0 12.0 12.8 12.0 13.1 15.20 ..
(Flood feeding)

98
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Fig.3.3: Variation of tensile strength of gum NR, SBR and
IIR-vulcanizates with feeding rate at different
rpm in the milling/extrusion direction
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different rpms at 80°C. The maximum feeding rate in each curve in the

figure corresponds to the force fed point. The feeding rate just below force

fed point in the curve represents flood feeding point and the other feeding

rates are in the starve fed region.

It is found that irrespective of rpm the tensile strength initially

increases with feeding rate, reaches a maximum value and thereafter

decreases in the case of NR, SBR and IIR gum vulcanizates. This shows

that there is a particular feeding rate in the starved region, which results in

maximum tensile strength. Isherwood et al.l0 suggests that the starve

feeding results in looser packing of the material in the channel which allow

greater bed mobility. Hence local high temperatures are not built up at the

bed-to-barrel interface as found when the bed is densely compacted. In

addition, the bed is more flexible and so does not snap under the influences

of forces on it giving a smoother profile as shown by Fenner et al.20 So the

improvement at a low starvation "level is possibly due to improved

uniformity in temperature of the compounds. Moreover, additional’bed

1. . . . . . ' . 22
mobility may result in more uniform m1x1ng.2 Erwin has shown that

elongational flow can be more effective than shear flow for maximizing

mixedness in a given time frame as occurred in starved extrusion at a

particular level of starvation. Further, lower shear breakdown and

preferential orientation of the molecules may be the other reasons for the



89

higher tensile strength at this feeding rate.23 The preferential orientation

effect is clearly seen from the higher difference between the tensile strength

measured in the milling/extrusion and transverse directions in this case

(Figs.3.3 and 3.4). The preferential orientation effect is more pronounced

in NR vulcanizates than that of SBR and IIR. It may be due to the

crystalline nature of NR compared to SBR and IIR. After the starve

feeding point at which maximum tensile strength is observed, the tensile

strength decreases with feeding rate at the flood feeding point and force

feeding point.

In flood feeding and mainly in force feeding comparatively non

uniform higher shear is operating and hence may result in non-uniform

heat transfer and hence non-uniform temperature distribution within the

material. Generally the heat transferring efficiency of conventional screws

is decreased by phenomena associated with the existence of relatively thick

melt layers in flood feeding and force feeding, that are in contact with the

solid bed namely, the melt pool aml the melt film at the screw surface.

Their presence introduces an appreciable heat transfer resistance and, even

more importantly, may cause the solid bed to break up frequently and hence

it results in non-uniform temperature distribution.24 So thermal

homogeneity is not easily attained as in the case of starve feeding. As a

result of this non-uniform temperature and shear history, the extrudate

properties are progressively affected in flood feeding and in force feeding.
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Fig.3.4: Variation of tensile strength of gum NR, SBR and
IIR vulcanizates with feeding rate at different
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Figures 3.5 and 3.6 show the variation in elongation at break of NR,

SBR and HR vulcanizates with feeding rate in milling/extrusion and

transverse directions at different rpms. As in the case of tensile strength

unimodel curves are obtained for each rpm. This further shows the

efficiency of starved extrusion in getting maximum physical properties. The

simultaneous increase in the tensile strength and elongation at break of the

extrudates at a particular level of starvation indicate the uniform shear

and lower mechanical break-down at this feeding rate..25

Figures 3.7 and 3.8 show the variation in tensile strength of NR,

SBR and HR gum vulcanizates with feeding rate in the milling/extrusion

and transverse directions at different temperatures at a fixed rpm. In the

case of NR, the tensile strength improves with the temperature, when the

temperature is raised from 30°C to 90°C, in the case of SBR, the strength

improves with the temperature from 60°C to 100°C and in the case of IIR,

the strength improves with the temperature from 60°C to 120°C, showing

that deterioration due to thermal degradation is not serious in these ranges

respectively. But the strength at 100°C is less than at 90°C in the case of

the strength at 120°C is less than at 100°C in the case of  and the

strength at 140°C is less than at 120°C in the case of IIR vulcanizates

showing the onset of degradation. In the case of IIR, thermal degradation

takes place comparatively at a higher temperature than that takes place in
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the case of NR and SBR showing the superior thermal resistance of IIR

vulcanizates.26 In the case of SBR thermal degradation takes place at a

higher temperature than that takes place in the case of NR since SBR is

more thermally stable than NR.

It is found that the effect of starve feeding at lower temperatures is

more pronounced in the case of NR gum extruded vulcanizates than that of

SBR and IIR gum vulcanizates. It may be due to the more heat sensitive

nature of natural rubber compared to SBR and IIR. It may also be noted

that in the case of NR, the strength at 90°C in higher feeding rate/shear

rate region is less than that at 80°C. This shows that even at 90°C, thermal

degradation occursparticularly at the higher shear rates used in the study.

At every temperature, the strength increases with feeding rate reaches a

maximum and decreases thereafter. As before the maximum occurs just

below the flood feeding (normal feeding) rate, in the range 30—90°C and

further down at 100°C in the case of NR. In the case of SBR the

maximum strength is observed just below the normal feeding rate in the

range 60—100°C and further down at 120°C and in the case of IIR

maximum strength occurs just below the normal feeding rate in the range

60—l20°C and further down at 140°C.

Figures 3.9 and 3.10 show the variation of elongation at break of

NR, SBR and IIR vulcanizates with feeding rate at different temperatures
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at a fixed rpm in the milling/extrusion and transverse directions

respectively. The behavior is more or less similar to those of the variations

of the tensile strength.

3.3.2.2 Tear strength

Figure 3.11 shows the effect of feeding rate on the tear strength of

the NR, SBR and IIR gum vulcanizates. It is found that the tear strength

gradually increases with feeding rate and reaches a maximum value in the

starve fed region (just below the flood feeding point) and thereafter

decreases. This further confirms that there is a particular feeding rate in

the starve fed region which result in maximum technical properties. The

feeding rate is found to influence the tear strength of NR and IIR

vulcanizates more pronouncely than that of SBR.

3.3.2.3 Hardness and compression set

Figure 3.12 shows the variation of hardness of NR, SBR and IIR

gum vulcanizates with feeding rate. It is found that hardness increases with

feeding rate and reaches a maximum value at the starve fed region and

thereafter decreases at the flood fed and force fed regions as in the case of

other properties. The maximum in hardness is observed at the starve fed

"level, just below the flood feeding point.
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Figure 3.13 shows the variation of compression set with feeding rate

of NR, SBR and IIR gum vulcanizates. The compression set decreases with

feeding rate reaches a minimum value at the starve fed region and

thereafter increases from the flood feeding point up to the force feeding

point. This is probably due to the higher degree of crosslinking at the

particular starve fed level which gave maximum physicals than at the flood

fed, force fed levels and at higher levels of starving. This higher (legree of

crosslinking probably results from the uniform temperature distribution

and shear history of the compounds in starved extrusion.”

3.3.3 Percentage of starvation and mechanical properties

Figure 3.14 shows the variation of tensile strength and elongation at

break of NR extruded vulcanizates of compounds with the starvation level

given as a percentage of the flood feeding at different rpms at a constant

temperature of 80°C. Zero percentage starvation represents the flood

feeding point. It is found that when the rpm increases the percentage of

starvation at which maximum properties are observed decreases. In the

case of NR, maximum properties are observed at percentage starvations of

14, 10, 9 and 8 respectively at rpms of 20, 40, 60 and 80 at a constant

temperature 80°C.

Figure 3.15 shows the variation of tensile strength and elongation at

break of NR vulcanizates of extruded compounds with percentage of
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starvation at different temperatures and at a fixed rpm of 40. It is found

that the percentage of starvation at which maximum tensile properties are

observed decreases with increase of temperature. Maximum properties are

observed at percentage starvations of 15, 12, 10 and 9 respectively at

temperatures of 30°C, 60°C, 80°C and 90°C at a fixed rpm of 40.

Figure 3.16 shows the variation of tensile properties of vulcanizates

of SBR extruded compounds with percentage of starvation at different rpms

and at a fixed temperature of 80°C. The percentage of starvation at which

maximum properties are observed are 13, 11, 10 and 8 respectively at rpms

of 20, 40, 60 and 80 at a constant temperature of 80°C.

Figure 3.17. shows the variation of tensile properties of SBR

vulcanizates of extruded compounds with percentage of starvation at

different temperatures and at a fixed rpm of 40. Maximum properties are

obtained at percentage starvations of 12, 11 -and 10 respectively at

temperatures of 60°C, 80°C and 100°C.

Figure 3.18 represents the effect of percentage of starvation on the

tensile properties of vulcanizates of IIR extruded compounds at different

rpms and at a constant temperature of 80°C. The maximum properties are

observed at percentage starvations of 13, 12.5, 12 and 11 respectively

at rpms of 20, 40, 60 and 80. Figure 3.19 shows the effect of percentage of
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starvation on the tensile properties of IIR vulcanizates at different

temperatures and at an rpm of 40. It is noticed that the percentage

starvation which results in maximum properties are 14, 12.5, 11 and 10

respectively at temperatures of 60°C, 80°C, 100°C and 120°C.

The variation of other physical properties like tear strength,

hardness and compression set with the percentage starvation are shown

in Table 3.3a and 3.3b. Generally it may be concluded that the maximum

properties of extrudates are observed at a low percentage of starvation.

3.3.4 Extrusion variables

Tables 3.4, 3.5 and 3.6 show the fluctuations of main extrusion

variables viz., die temperature and flow rate in the extrusion of NR, SBR

and IIR gum compounds respectively. At flood feeding (zero starvation),

force feeding and at the higher levels of starvation the fluctuations in

temperature and flow rate are appreciable. But at lower levels of starvation

(mainly at 10% starvation) the fluctuations are relatively low. The quality

of the extrudates depends substantially on the fluctuations of these
27-29extrusion variables. The variation in the extrusion variables is in

conformation with the observation that the die pressure fluctuations get

reduced at low levels of starvation.l0



Table 3.3a: Variation of physical properties of NR. SBR and IIR gum vulcanizates with percentage of starvation

NR Extruded at rpm 40 SBR Extruded at rpm 40; IIR Extruded at rpm 40;Temp. 90°C Tenm. 100°C Temp. 120°C
% Starvation Tear Hardness Compress- Tear Hardness Compress- Tear Hardness Compress

strength (Shore A) ion set (%) strength (Shore A) ion set (%) strength (Shore A) ion set (%)(N/mm) (N/mm) (N/mm)
80 61.24 32 38.71 1.51 30 46.81 40.95 25 49.81
50 65.02 36 36.23 1. 70 32 44. 11 45.88 27 47.72
30 70.34 39 34.01 2.51 35 42.15 52.30 29 45.51
10 76.31 43 32.22 3.22 38 40.08 57.99 32 44.02
0 71.02 40 35.78 2.60 34 43.51 53.24 28 46.95

(Flood feeding )

Force feeding 63.15 37 37.19 2.01_ 32 45.86 43.68 26 48.75

ZII



Table 3.3b: Variation of physical properties of NR, SBR and IIR gum vulcanizates with percentage of starvation

NR Extruded at rpm 80 SBR Extruded at rpm 80; IIR Extruded at rpm 80;Temp. 80°C Temp. 80°C Temp. 80°C
% Starvation Tear Hardness Compress- Tear Hardness Compress- Tear Hardness Compress

strength (Shore A) ion set (%) strength (Shore A) ion set (%) strength (Shore A) ion set (%)(N/mm) (N/mm) (N/mm)
80 62.34 36 35.88 1.58 33 43.89 44.81 27 47.41
50 68.81 39 33.94 1.89 35 41.64 48.15 29 45.80
30 73.45 43 30.25 3.06 38 39.06 52.90 31 43.51
10 81.89 46 28.01 4.12 41 37.15 58.98 35 41.89
0 75.08 43 32.75 3.28 37 40.95 53.46 32 43.94

(Flood feeding)

Force feeding 66.46 40 36.81 2.51 34 42.81 45.78 30 44.88

ETT
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Table 3.4: Fluctuations of temperature and flow rate in the extrusion of
NR gum compounds at 1 min. intervals

Temperature (°C) Flow rate
Rpm % Starvation Set Actual (mg/ml“)40 80 90 87 299089 389592 50019 1 4 10090 401 1
40 50 90 88 800290 86459 1 93 1592 1071 19 1 993140 30 90 88 1299090 1380191 1440390 1400089 1304040 10 90 89 1650089 1694590 1 740089 1700190 1794540 0 90 88 18400

(Flood feeding) 89 1981088 1951590 2002088 187 12
40 Force feeding 90 87 2034590 22 167.88 2 1 19092 2300590 22850
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Tabie 3.5: Fluctuations of temperature and.flow rate in the extrusion of SBR
gum compounds at 1 min. intervals

Temperature (°C) Flow rate
Rpm % starvation Set Actual (mg/mi")80 80 80 83 800180 684079 671282 752079 5995
80 50 80 82 1790580 1680081 1754579 1634078 15451
80 30 80 82 2495080 2385581 2422580 2380079 23000
80 10 80 79 2980079 3025079 3065080 3078980 3090080 0 80 80 34040

(Fdood
feeding) 82 3584080 3400882 3510279 33525

80 Force feeding 80 84 4000083 3880078 3674084 3954580 .37625
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Table 3.6: Fluctuations of temperature and flow rate in the extrusion of gum
IIR compounds at 1 min. intervals

Temperature QC) Flow rate
Rpm % starvation Set Actual (mg/mi“)
40 80 120 123 5110122 4310118 3014121 4012121 3750
40 50 120 122 10512120 9054122 9584118 7800120 9211
40 30 120 122 13200120 12814119 12400120 13300118 11812
40 10 120 12 1 17301121 16800120 16405120 16101119 16005
_40 0 120 122 19750

(Flood
feeding)

119 _ 17200120 17500121 18840118 16895
40 Force feeding 120 123 21014120 18800118 18518121 19714122 20014
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3.3.5 Ageing studies

The variation of tensile strength and elongation at break before and

after ageing for the NR, SBR and IIR vulcanizates is shown in Figs. 3.20

3.21. It is found that maximum retention in properties is observed at a low

level of starvation at which maximum properties are observed for NR, SBR

and IIR vulcanizates. This further shows the thermal and shear uniformity

of the compounds at a particular low level of starvation.

Tables 3.7, 3.8 and 3.9 represent tensile properties before and after

ageing at various levels of feeding with percentage retention. Figures 3.22

3.24 represent the bar charts of the tensile properties of the extruded

vulcanizates at an rpm of 80 and at a temperature of 80°C. In the case of

NR vulcanizates there is a large decrease in properties after ageing

compared to SBR and IIR vulcanizates obviously due to the conversion of

higher percentage of polysulphidic linkages to di and monosulphidic

linkages and the main chain breakdown.3°v31. But in the case of SBR and

IIR vulcanizates, since there is more resistance to the main chain

breakdown, there is only a marginal decrease in properties after ageing.-3‘-’

3.3.6 Thermogravimetric analysis

Figures 3.25-3.27 represent the TGA traces of starve fed, flood fed

and force fed samples of NR vulcanizates respectively, while Figs. 3.28

3.30 the TGA traces of corresponding samples of SBR vulcanizates
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Table 3.7: Tensile properties of gum NR vulcanizates at different. rpms and temperatures

NR cofiounds extruded at rpm 40; Temperature 90°C NR compounds extruded at rpm 80; Temperature 80°C
Elongation at break (%)Tensile strength (MPa) Elongation at break (%) Tensile strength (MPa)

% Starvation Before After Reten- Before _ After Reten- Before After Reten- Before After Reten
ageing ageing tion % ageing ageing tion % ageing ageing tion % ageing ageing tion %

80 17.0 6.5 38.2 750 405 54.0 17.5 8.0 45.7 760 415 54.6
50 18.2 7.5 41.2 820 455 55.5 19.5 9.0 46.2 845 470 55.6
30 19.5 8.2 42.1 875 490 56.0 21.0 9.9 47.1 910 520 57.1
10 20.0 9.0 45.0 900 515 57.2 22.2 10.9 49.1 928 540 58.2
0 18.7 7.7 41.2 865 462 53.4 20.0 8.3 41.5 901 470 52.2

(Flood feeding ) ‘
Force feeding 17.2 7.0 40.6 810 430 53.1 18.8 6.5 34.6 852 435 51.1

OZI



Table 3.8: Tensile properties of gum SBR vulcanizates at different rpms and temperatures

SBR compounds extruded at rpm 40; Temperature 120°C SBR compounds extruded at rpm 80; Temperature 80°C
Elon ation at break (%)Tensile strength (MPa)Tensile strength (MPa) Elon 'ation at break (%)

% Starvation Before After Reten- Before After Retention Before After Reten- Before After Retenbbau
ageing ageing tion % ageing ageing % ageing ageing tion % ageing ageing %

80 1.81 1.38 76.2 180 107 59.4 1.50 1.18 78.7 195 118 60.5
50 2.14 1.75 81.8 240 150 62.5 2.51 1.99 79.3 250 175 70.0
30 2.40 2.01 83. 7 285 180 63.2 3. 36 2. 72 81.0 305 254 73. 7
10 2.89 2. 58 89. 3 300 198 66.0 3. 51 3.19 90.9 338 254 75. 1
0 2.48 2.00 80.6 270 174 64.4 3.01 2.35 78.1 295 210 71.2

(Flood feeding

Force feeding 2.01 1.55 77.1 245 155 63. 3 2.68 2.05 76. 5 263 180 68. 4

IZI



Table 3.9: Tensile properties of gum IIR vulcanizates at different rpms and temperatures

IIR compounds extruded at rpm 40; Temperature 120°C IIR compounds extruded at rpm 80; Temperature 80°C
Tensile strength (1VIPa) Elongation at break (%) Tensile strength (MP§L Elongation at break (%)

% Starvation Before After Reten- Before After Reten- Before After Reten- Before After Reten
ageing ageing tion % ageing ageing tion % ageing ageing tion % ageing ageing tion %

80 12.30 10.25 83.3 910 695 76.4 12.60 11.12 88.3 924 712 77.1
50 13.75 12.12 88.1 960 H 756 78.8 14.70_ 13.21 89.7 993 778 78.3
30 15.27 14.01 9 91.7 1012 825 81.5 16.25 15.19 93.5 1060 854 80.6
10 16.25 15.43 95.00 1030 857 83.2 17.40 16.51 94.9 1081 905 83.7
0 15.00 13.81 A 92.10 1001 764 76.3 16.10 13.59 84.4 1023 837 I 81.8

(Flood feeding)

Force feeding 13.71 12.45 90.8 962 729 75.8 14.75 12.28 83.3 980 777 79.3

ZZT
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respectively and Figs. 3.31-3.33 the TGA traces of the corresponding

samples of IIR vulcanizates respectively. It may be observed that the

starve fed sample has higher transition temperature than the flood fed

sample which in turn has higher transition temperature than the force fed

sample. This shows that the starve fed compound (at a level of low

starvation) is more thermally stable than the normally fed sample which in

turn is more stable than the force fed sample. This behavior obviously

results from the more uniform temperature and shear history to which the

compound was subjected to under starved extrusion than the normallforced

extrusion.

3.3.7 Density and viscosity

Table 3.10 shows the variation in the density of a few sets of

samples of gum vulcanizates of extruded NR, SBR and HR. The densities of

the vulcanizates decrease marginally with the degree of starving as

expected. In the case of NR vulcanizates the density of the sample at the

low level of starvation is more or less the same as that of the flood fed

sample. But in the case of SBR and IIR vulcanizates the density of the

sample at the low levels of starvation is only slightly less than that of the

corresponding flood fed samples.

Table 3.10 also shows the variation in Brookfleld viscosity of the

solutions of a certain samples of extruded NR, SBR and IIR compounds. The



Table 3.10: Variation of density, Brookfield viscosity, swelling index, total crosslink density of gum NR, SBR and IIR
vulcanizates with percentage of starvation

Total
Feeding rate Percentage Density (g/oc) Viscosity Swelling index crosslink(mg/min) starvation (centipoise) density x 105

g mol/cm3

NR extruded at 3600 80 0.9175 201200 3.68 4.5540 rpm and 80°C 9000 50 0.9182 202000 3.55 4.9212600 30 0.9188 202800 3.44 5. 1216200 10 0.9192 203700 3.30 5.9918000 0 0.9194 202500 3.62 4.65
(Flood feeding)20000 Force feeding 0.9193 202300 3.74 4.42

SBR extruded at 7200 80 0.9380 43600 3.51 5.0880 rpm and 80°C 18000 50 0.9383 44400 3.32 5.4625200 30 0.9387 45200 2.96 5.6832400 10 0.9390 46400 2.41 ~ 6.2136000 0 0.9394 44500 2.63 5.50
(Flood feeding)40000 Force feeding 0.9391 44800 2.75 5.25

IIR extruded at 3600 80 0.9263 18200 2.27 6.8540 rpm and 120°C 9000 50 0.9266 18520 1.97 7.2312600 30 0.9271 18940 1.89 7.5116200 10 0.9276 19320 1.71 8.0118000 0 0.9280 18600 1.94 7. 12
(Flood feeding)20000 Force feeding 0-9273 18350 2.02 6.99

OEI
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viscosity increases with feeding rate, in the starved region reaches a

maximum value and then decreases as in the case of the variation of

physical properties. So it may be observed that the samples which give

maximum physical properties show the highest value of viscosity. The

viscosity values of the samples at flood fed and force fed levels are lower

than those at the low level of starvation at which maximum properties were

observed. This points towards the lower mechanical breakdown in the case

of starve fed sample.33'35

3..3.8 Swelling index and crosslink density

Table 3.10 shows the variation in swelling index and crosslink

density (1/2M2) of the samples of NR, SBR and IIR gum vulcanizates. It may

be noticed that the samples, which give maximum physical properties, show

the least swelling index and maximum crosslink density.36’37

3.4 CONCLUSIONS

The study shows that the feeding rate in a single screw extrusion

has a profound effect on the network structure of the rubber extrudates and

the following conclusions can be drawn.

1. Starve feeding of NR, SBR and IIR compounds results in better

mechanical properties of the vulcanizates at a particular low level of
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starvation i.e. for a given screw there is an optimum feeding. rate in the

starved region which results in maximum physical properties.

. This improvement in mechanical properties of NR, SBR and HR is

observed at different rpms of the screw.

. The properties generally improve with temperature till the onset of

thermal degradation.

. The effect of feeding rate on the mechanical properties is more

pronounced in NR vulcanizates rather than SBR and IIR vulcanizates.

. The fluctuations of extrusion variables, like temperature and flow rate

are minimum at the starvation levels at which maximum properties

are observed.
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STARVED EXTRUSION FOR THE

IMPROVEMENT OF MECHANICAL

PROPERTIES OF FILLED NR, SBR AND
IIR VULCANIZATES

Parts of work presented in this chapter have been published in

Journal of Elastomers and Plastics, 29(2), 148-162 (1997) and

Iranian Polymer Journal, 6(1), 19-26 (1997).



STARVED EXTRUSION FOR THE IMPROVEMENT OF

MECI-LANICAL PROPERTIES OF FILLED NR, SBR

AND IIR VULCANIZATES

4.1 INTRODUCTION

In view of the fact that the feeding rate in single screw extrusion of

natural and synthetic gum rubber compounds influences the mechanical

properties of their vulcanizates, in this part of the study, we propose to

investigate the effect of feeding rate in the extrusion of the corresponding

filled rubber compounds. Filled rubber vulcanizates are commercially

more important since fillers are generally incorporated in almost all

rubber products for improved processability, reinforcement, or cost

reduction. Carbon black was chosen as the filler since it is the most

widely used filler for commercial rubber products.

4.2 EXPERIMENTAL

Extrusion studies were performed on a laboratory extruder

attached to a Brabender plasticorder model PL2000 with an L/D ratio 10

and compression ratio of 1 and provided with a feeding roll. The

formulations of the filled compounds of NR, SBR and IIR selected for the

study are shown in Table 4.1.

A laboratory two-roll mill was used to prepare the compounds

according to ASTM standards. The compounds were sheeted out by

136
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Table 4:] Form ulntions of the compounds

NR filled SBR filled IIR filled
compound compound compoundNR 100 -- -SBR -- 100 -IIR -- -- 100Zinc oxide 5 4.0 4.0Stearic acid 2.0 1.5 2.0

Antioxidant (Pilfiex—13) 1 1 1
HAF Black (N—330) 50 45 45Aromatic oil 7.0 6.0Paraffinic oil -- -- 7.5
Dibenz thiazyl disulphide 0.6 —v 0.5
(MBTS)

Tetramethyl thiuram '-- 0.25 1.0
disulphide ('I‘MTD)

N—cyclohexyl—2-benzthiazyl -- 0.8
sulphenamide (CBS)Sulphur 2.5 2.0 1.5
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passing through a 1 mm nip of the mixing mill. For feeding into the

extruder, the sheets were cut into 10 mm strips. By placing different

number of layers of the strips on the feeding roll, the feeding rates were

adjusted.‘ The feeding rates were measured by the rate of output of the

extrudate? The compounds were extruded at varying feeding rates

mainly in the starve fed regions at 20, 40, 60 and 80 rpm and at different

temperatures. The torque values corresponding to various feeding rates

at above rpms and temperatures were noted.

After extrusion of NR, SBR and IIR filled compounds, the cure

curves of the compounds were taken on a Goettfert elastograph model

67.85 according to relevant ASTM standards at 150°C for NR and SBR

and at 170°C for IIR. The extruded samples were vulcanized upto their

optimum cure times (the time required for attaining 90% of the maximum

torque) in an electrically heated laboratory hydraulic press. The moulded

samples were then cooled by immersing in water. Dumbbell specimens

were cut out of the sheets in the millinglextrusion and transverse

directions for tensile testing. A Zwick universal testing machine model

1445 was used to measure the tensile properties of the vulcanizates at an

extension rate 500 mm/min. as per ASTM standards. Tear strength of

selected vulcanizates were measured on the Zwick UTM by using angular

test specimens prepared from the compression moulded sheets. Samples

for compression set and hardness were moulded and tested as per relevant

ASTM standards. The ageing resistance of selected vulcanizates was
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studied after ageing the samples at 100°C for 48 hours in a laboratory air

oven. The retention in the tensile properties of the aged samples was

then measured.

From noting feeding rates at the flood fed level and at different

starve fed levels the percentage of starvation was calculated.3 The

fluctuations in temperature and flow rate at certain starvation levels,

flood feeding and force feeding levels during extrusion were noted. The

densities of selected starve fed, flood fed and force fed samples of filled

NR, SBR and IIR extruded vulcanizates were measured.

In the case of filled NR and SBR vulcanizates the swelling index

was measured by equilibrium swelling in toluene, and in the case of filled

IIR vulcanizates by equilibrium swelling in benzene according to the

following equation

Swelling index = Swollen wei2ht—Deswollen weight
lnitial weight

From the equilibrium swelling data the average chemical crosslink

density of a few sets of starve fed, flood fed and force fed samples of NR,

SBR and HR vulcanizates was estimated.4 The crosslink density 1/2Mc was

determined from V, using the Flory—Rehner equationsfi-6 By using a Brookfield

viscometer the viscosity values of solutions of extruded NR, SBR and HR

compounds were measured. By using a thermogravimetric analyser,
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Du—Pont 2000, the TGA traces of starve fed, flood fed and force fed

compounds of NR, SBR and HR were taken.

'l‘he percentage bound rubber content (filler gel) of a few sets of

samples were determined by immersing the samples in 25 ml of a suitable

solvent (toluene for NR and SBR and benzene for IIR) for seven days at

room temperature (solvent was renewed after three days). Then the

sample was dried for one day in air at room temperature and then for 24

hours in an oven at 105°C. The percentage bound rubber of the

corresponding rubber vulcanizates was calculated as described in

chapter 2.

For investigating the carbon black dispersion, the vulcanizate

specimens were sandwitched between two rectangular glass sample

holders and observed under the microscope with a magnification of 30 and

photographs were taken using a polaroid MP4 land camera.

The tensile fracture surfaces of a few typical samples were

examined using a scanning electron microscope to study the mode of

failure.
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4.3 RESULTS AND DISCUSSION

4.3.1 Torque

The variation of torque with feeding rate for filled NR, SBR and

[IR for different rpms of 20, 40, 60 an(l 80 and at a constant temperature

of 80°C «£6 shown in the Fig.4.l. It is noticed that extrusion torque

substantially reduces with increase in the starvation level. The

percentage reduction in torque between the flood feeding point and the

lowest starve feeding point was upto 31%.

The variation of torque with feeding rate for filled NR, SBR and

IIR at different temperatures and at a fixed rpm of 40 is shown in

Fig.4.2. It may be found that torque gets progressively reduced with

increase in starvation level. The percentage reduction in torque between

' the flood feeding point and the lowest starve feeding point is upto 34%.

In the case of filled compounds, the torque required at any stage of the

extrusion is found to be higher than that of the corresponding gum

rubber compounds as expected. It can be concluded from the Figs. 4.1

and 4.2 that the extrusion torque can be progressively decreased by

operating in the starved region or employing higher temperatures. The

variation of reduction in torque with percentage of starvation at different

rpms and different temperatures is shown in Table 4.2.
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Table 4.2: Variation of the percentage reduction in torque with percentage of starvation of filled NR, SBR and HR compounds

% Starvation % Reduction in Torque
at 20 rpm at 80°C

% Reduction in Torque
at 80 rpm and 80°C

% Reduction in Torque
at 40 rpm at 60°C

% Reduction in Torque
at 40 rpm at 100°C

NR SBR IIR NR SBR IIR NR SBR IIR NR SBR IIR

80 27.4 28.2 31.3 26.4 28.7 30.9 24.4 25.7 29.8 29.3 30.4 34.2
50 18.6 20.9 23.4 19.4 20.9 22.1 . 17.0 19.3 21.4 21.1 23.0 25.6
30 13.5— 14.8 16.7 13.4 14.2 15.1 12 1 13.0 14 5 15.3 15.5 17
10 10.9 11.5 12.8 9.8 10.2 10.6 10.5 10.8 11.9 11.6 13.0 14.10 . 

(Flood feeding)

VVI
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4.3.2 Mechanical properties.

4.3.2.1 'l‘ensile properties

- The variation of tensile strength with feeding rate for NR, SBR

and llli filled vulcanizates in the milling/extrusion direction at different

rpms at 80°C is shown in the Fig.4.3. The maximum feeding rate in each

curve in the figure corresponds to the force fed point. The ‘feeding rate

just below the force fed point represents the flood feeding point and the

other feeding rates are in the starve fed region.

It is noticed that the tensile strength increases initially with

feeding rate, reaches a maximum value and decreases thereafter in the

case of NR, SBR and IIR filled vulcanizates, irrespective of rpm. This

leads to the conclusion: that there is a particular feeding rate in the

starved region, which results in maximum tensile strength. This is in

accordance with the result obtained for gum vulcanizates of NR, SBR and

IIR.

Figure 4.4 shows the variation of tensile strength of filled NR, SBR

6?.’YLGL 1lR vulcanizates with feeding rate in transverse direction at

different rpm at 80°C. The higher difference between the tensile strength

measured in the milling/extrusion. and transverse directions (Figs. 4.3 and

4.4) especially "at the low levels of starvation clearly shows the

preferential orientation effect at this feeding rate. As in the case of gum

vulcanizates, the preferential orientation effect is more pronounced in
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Fig.4.3: Varietion of tensile strength of filled NR, SBRand IIR vulcanizates with feeding rate at
different rpms in milling/extrusion direction.
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filled NR vulcanizates compared to filled SBR and IIR vulcanizates.

This may be due to the crystalline nature of NR. After the starve feeding

point at which maximum tensile strength is observed, the tensile strength

decreases with feeding rate at flood feeding point and force feeding point

(in Figs. 4.3 and 4.4).

The variation in elongation at break of filled NR, SBR and HR

vulcanizates with feeding rate in milling/extrusion and transverse

directions at different rpms is shown in Figs.4.5 and 4.6. Here also the

elongation at break initially increases with feeding rate, reaches a

maximum value in the starved region for each rpm and thereafter

decreases as in the case of gum vulcanizates. This shows that there is a

particular feeding rate in the starved region, which results in maximum

elongation at break. The simultaneous increase in the tensile strength

and elongation at break of the extrudates at a particular level of

starvation expressfthe uniform shear and lower mechanical break—down

at this feeding rate.”

Figures 4.7 and 4.8 represent the variation in tensile strength of

NR, SBR and IIR filled vulcanizates with feeding rate in the

millinglextrusion and transverse directions at different temperatures at a

fixed rpm. In the case of NR, the tensile strength increases with the

temperature in the range of 30°C to 90°C. From 100°C onwards thermal

degradations seems to control the situation and this leads to ‘the
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deterioration in the tensile strength. In the case of SBR which is more

thermally stable than NR, the tensile strength improves with the

temperature when it is raised from 60°C to 100°C showing that

deterioration due to thermal degradation is not controlling in this range.

But the tensile strength at 120°C is less than that at 100°C showing the

onset of degradation in the filled SBR vulcanizates. In the case of HR,

the tensile strength increases with temperature when it is raised from

60°C to 120°C. But the strength at 140°C is less than that at 120°C due

to the onset of degradation.

The variation of elongation at break of filled NR, SBR and IIR

vulcanizates with feeding rate at different temperatures at a fixed rpm in

the milling/extrusion and transverse directions is shown in the Figs.4.9

and 4.10 respectively. The behaviour is almost similar to the variations

of the tensile strength.

4.3.2.2 Tear strength, hardness and compression set

Figures 4.11 and 4.12 show the effect of feeding rate on the tear

strength and hardness respectively of the filled NR, SBR and IIR

vulcanizates at different rpms and temperatures. Both tear strength and

hardness gradually increase with feeding rate and reach maximum values

in the starve fed regions (just below the flood feeding point) and thereafter

decrease at the flood feeding and force feeding points as in the case of

tensile properties.
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The variation of compression set with feeding rate of filled NR,

SBR and HR vulcanizates at two different rpms and temperatures is

shown in the F ig.4.13. It is found that the compression set decreases

with feeding rate, reaches a minimum value at the starve fed region and

therafter increases from the flood feeding point upto the force feeding

point. This may be due to higher degree of crosslinking‘-94° at the

particular starve fed level than that at the flood fed, force fed levels and

at higher levels of starving. The uniform temperature distribution and

shear history of the compounds in starve feeding may be resulting in the

higher degree of crosslinkingllvlz

4.3.3 Percentage of starvation and mechanical properties

The variation of tensile strength and elongation at break of filled

vulcanizates of NR extruded compounds with percentage of starvation at

different rpms and at a constant temperature of 80°C is shown in the

Fig.4.14. lt is noticed that when the ‘rpm increases the percentage of

starvation at which maximum properties are observed decreases. As in

the case of vulcanizates of gum NR extruded compounds, maximum

properties are obtained at percentage starvations of 14, 10, 9 and 8

respectively at rpms of 20, 40, 60, and 80 at a constant temperature of

80°C in the case of vulcanizates of filled NR extruded compounds too.
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Figure 4.15 represents the variation of tensile strength and

elongation at break of vulcanizates of filled NR extruded compounds, with

percentage of starvation at different temperatures at a fixed rpm of 40. It

is observed that the percentage of starvation at which maximum tensile

properties are observed decreases with increase of temperature.

Maximum properties are observed at percentage starvations of 15, 12, 10

and 9 respectively at temperatures of 30°C, 60°C, 80°C and 90°C at a

fixed rpm of 40.

The variation of tensile properties of vulcanizates of SBR extruded

compounds with percentage of starvation. at different rpms an(l at a fixed

temperature of 80°C is shown in the Fig.4.l6. The percentage of

starvation at which maximum properties are observed are 13, ll, 10 and

8 respectively at rpms of 20, 40, 60 and 80 ‘ at a constant temperature

of 80°C.

’l‘he variation of tensile properties of vulcanizates of SBR extruded

compounds with percentage of starvation at different temperatures and at

a fixed rpm of 40 is shown in the F ig.4.l7. At temperatures of 60°C, 80°C

and 100°C, the maximum properties are obtained at percentage

starvations of 12, 11 and 10 respectively.

Figure 4.18 shows the effect of percentage of starvation on the

tensile properties of vulcanizates of IIR extruded compounds at different
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rpms and at a constant temperature of 80°C. It is found that maximum

properties are obtained at percentage starvations of 13, 12.5, 12 and 11

respectively at rpm of 20, 40, 60 and 80. The effect of percentage of

starvation on the tensile properties of vulczinizates of filled lllt extruded

compounds at different temperatures and at rpm of 40 is represented in

the Fig.4. 19. The percentages of starvation at which maximum properties

are observed are 14, 12.5, 11 and 10 respectively at temperatures of 60°C,

80°C, 100°C and 120°C.

‘Tables 4.3a and 4.3b represent the variation of other physical

properties like tear strength, hardness, and compression set with

percentage of starvation. Generally it can be concluded that the

maximum properties of the extrudates are observed at low percentages of

starvation. Moreover, percentage of starvation at which maximum

properties are observed decreases either with increase in rpm or increase

in temperature of extrusion.

4.3.4 Extrusion variables

Quality of the extrudates depends on the fluctuations of main

extrusion variables, that is, temperature, pressure and flow rate.“‘'‘5

Their fluctuations are not independent of one another. But the most

independent factor is temperature fluctuation and so its amplitude has

been considered as one of the important criteria of screw performance
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Table 4.3a: Variation of physical properties of NR, SBR and IIR filled vulcanizates with percentage of starvation

NR Extruded at rpm 40; SBR Extruded at rpm 40; IIR Extruded at rpm 40;Temp. 90°C Temp. 100°C Temp. 120°C
% Starvation Tear strength Hardness Compress- Tear Hardness Compress- Tear Hardness Compress

(N /mm) (Shore A) ion set (%) strength (Shore A) ion set (%) strength (Shore A) ion set (%)(N/mm) (N/mm)
80 82.41 41 38.81 48.91 51 45.20 43.14 47 49.24
50 85.58 46 36.94 51.88 55 43.81 47.81 51 47.58
30 89.87 50 34.41 55.45 59 41.44 49.96 54 45.36
10 95.99 52 33.28 61.13 62 40.22 54.77 57 44.09
0 88.74 49 36.30 57.25 60 42.35 47.51 54 46.87

(Flood feeding )

Force feeding 84.31 46 39.45 52.81 56 44.94. 44.46 52 48.90

89I



Table 4.3b: Variation of physical properties of NR. SBR and IIR filled vulcanizates with percentage of starvation

NR Extruded at rpm 80 SBR Extruded at rpm 80; IIR Extruded at rpm 80;Temp. 80°C Temp. 80°C Temp. 80°C
% Starvation Tear Hardness Compress- Tear Hardness Compress- Tear Hardness Compress

strength (Shore A) ion set (%) strength (Shore A) ion set (%) strength (Shore A) ion set (%)(N/mm) (N/mm) (N/mm)
80 85.62 46 35.81 50.35 55 41.34 45.71 51 46.24
50 88.38 50 33.94 54.84 60 39.23 50.38 56 44.81
30 95.84 53 30. 10 62.97 63 37.80 54.56 59 42.38
‘ 10 99.01 56 29.05 68.99 66 35.71 59.94 62 41.13
0 94. 1'1 52 33. 41 62.40 62 38.45 52.24 58 43.22

(Flood feeding )

Force feeding 90.07 ' 50 35.62 57.28 60 40.21 47.80 55 47.70

69I
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evaluation and hence the extrudate quality.” Properties of polymers

depend less on pressure than on temperature.”

Tables 4.4, 4.5 and 4.6 represent the fluctuations of die

temperature and flow rate in the extrusion of NR, SBR and IIR filled

compounds. The fluctuations in temperature and flow rate which are

prominent at the flood feeding (zero starvation), force feeding and at the

higher levels of starvation. The fluctuations are comparatively low at the

lower levels of starvation (mainly at 10% starvation). The variation in

temperature and flow rate is in conformation with the observation that

the die pressure fluctuations get reduced at low levels of starvation of 10

to 25%? ms

‘A high quality in the operation of a screw signifies an extrusion

with minimum temperature, pressure and flow rate fluctuations at a

temperature that does not exceed polymer resistance to thermal

degradation'5 at low levels of starvation.

4.3.5 Ageing studies

Figures 4.20 and 4.21 show the variation of tensile strength an(l

elongation at break before and after ageing for the filled vulcanizates of

extruded NR, SBR and HR compounds. It is observed that maximum

retention in properties is observed at the low level of starvation at which

maximum properties are observed for NR, SBR and [IR vulcanizates.
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Table 4.4: Fluctuations of temperature and flow rate in the extrusion of NR
filled compounds at 1 min. intervals

Temperature (°C) Flow rate
Rpm % Starvation Set Actual (mg/ml")80 80 80 79 650081 765080 680082 810980 7205
80 50 80 79 1725080 185 1082 192558 1 1867580 17900
80 30- 80 80 2520081 264 1080 2522581 259 1079 248 1 180 10 80 80 3280180 3275279 3 14 1279 3160080 3220080 0 80 80 36201

(Flood feeding) 79 3590078 3482079 3570181 36650
80 Force feeding 80 78 3850180 395408 1 4000079 3900178 38293
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Table 4.5 Fluctuations of temperature and flow rate in the extrusion of SBR
filled compounds at 1 min. intervals

Temperature (°C) Flow rate
Rpm % starvation Set Actual (mg/mi“)60 80 80 79 5890' 78 499580 621579 550078 45 10
60 50 80 7 9 ' 1359078 1284080 1435579 1300180 1381560 30 80 80 2001079 1964079 1901580 2024979 19 189
60 10 80 80 2590080 2558579 2468079 2430580 2529560 0 80 80 28001

(Flood feeding) 79 2739578 2684580 2839079 27500
60 Force feeding 80 78 2840079 295 1578 2891080 3081581 3 1200
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Table 4.6 Fluctuations of temperature and flow rate in tlxe extrusion of IIR
filled compounds at 1 min. intervals

Temperature (°C) Flow rate
Rpm % starvation Set Actual (mg/ml")40 80 100 100 420099 349598 299599 3700100 4520

40 50 100 101 1010099 8545100 950099 9002100 9399
40 30 100 100 12650101 13535100 1301099 12100100 12805
40 10 100 100 16800100 1645099 15803100 16515100 16020
40 0 100 101 19050

(Flood feeding) 100 18545998 17840100 18100101 'l8800
40 Force feeding 1.00 101 2085099 . 1970098 1841099 19499100 20385
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This again shows the thermal and shear uniformity of the compounds at

this particular low level of starvation.

'l‘he values of tensile properties of filled vulcanizates of NR, SBR

and IIR extruded compounds, before and after ageing at various levels of

feeding with percentage retention are shown in Tables 4.7, 4.8 and 4.9

respectively. Figures 4.22-4.24 show the bar charts of the tensile

properties of the extruded vulcanizates at an rpm of 80 and at a

temperature of 80°C at the starve feeding, flood feeding and force feeding

levels. During ageing the tensile strength and elongation at break are

found to deteriorate more in the case of NR vulcanizates than those of

SBR and IIR vulcanizates. This might be due to the significant

conversion of polysulphidic crosslinks to di- and mono-sulphidic crosslinks

and due to the main chain scission during ageing of NR.”-2° But in the

case of SBR and IIR extruded vulcanizates the main chain is more

resistant to thermal breakdown and the small decrease in properties may

be only due to the corresponding significant conversion of polysulphidic

linkages to di- and mono-sulphidic linkages.“

4.3.6 'l‘hermogravimetric analysis

TGA traces of starve fed, flood fed, and force fed samples of

extruded NR vulcanizates are shown in the Figs.4.25—4.27 respectively.

TGA traces of starve fed, flood fed and force fed samples of extruded SBR

vulcanizates are shown in the Figs. 4.28-4.30 respectively and TGA



Table 4.7: Tensile properties of filled NR vulcanizates at different rpms and temperatures

NR oorgpounds extruded at rpm 40; Temperature 90°C NR compounds extruded at rpm 80; Temperature 80°C
Tensile strength QPQ Elongation at break (%) Tensile strength (1VIPa) Elongation at break (%)

% Starvation Before After Reten- Before After Reten- Before After Reten- Before After Reten
ageing ageing tion % ageing ageing tion % ageing ageing tion % ageing ageing tion %

80 27.45 9.01 32. 8 503 171 34.0 28. 53 9. 51 33. 3 528 182 34.4
50 30. 48 11.01 36.1 557 225 40.4 30.62 11.89 38.8 592 254 42.9
30 32.20 12.81 39.8 616 274 44.5 32.68 13.54 41.4 ‘ 642 327 50.9
10 33.19 13.50 40. 7 642 302 47.0 34.1 14. 59 42.8 671 348 51.9
0 32.50 12.18 37.5 612 255 41.7 32.80 13.12 40.0 638 282 44.2

(Flood feeding )

Force feeding 30.16 9.28 30.8 575 198 34.4 30.01 9.54 31.8 594 162 27.3

LLI



Table 4.8: Tensile properties of filled SBR vulcanizates at difierent rpms and temperatures

SBR compounds extruded at rpm 40: Temperature 100°C SBR comjgunds extruded at m 80; Temperature 80°C
Tensile strength (MPa) Elongation at break ("/3) Tensile strength Pa) Elongation at break (%)

% Starvation Before After Reten- Before After Reten- _ Before After Reten- Before After Reten
ageing ageing tion % ageing ageing tion % ageing ageing tion % ageing ageing tion %

80 23.02 11.41 49.5 372 248 66.7 23. 40 12.35 52.8 401 235 58.6
50 25. 44 14.42 56. 7 438 289 66 25.61 15.56 60.8 470 287 61.1
30 26. 77 16.02 59.8 501 340 67.9 28. 58 18.23 63.8 519 331 63.8
10 29.01 17. 82 61.4 536 371 69.0 30.20 19.66 65.1 543 348 64.1
0 27.82 16.11 57.9 520 318 61.2 28.84 16.40 56.9 515 282 54.8

(Flood feeding )

Force feeding 26.42 13. 34 50. 5 490 265 54. 1 25.92 12.61 48.6 468 212 45. 3

BLT



Table 4.9: Tensile properties of filled IIR vulcanizates at djflerent rpms and temperatures

IIR compounds extruded at rpm 40; Temperature 120°C IIR compounds extruded at 1pm 80: Temperature 80°C
Elongation at break Q’/o)Tensile strength Q\1Pa) Elongation at break C/0) Tensile strength (MPa)

% Starvation Before After Reten- Before After Reten- Before After Reten- Before After Reten
ageing ageing tion % ageing ageing tion % ageing ageing tion % ageing ageing tion %

80 19.60 12.10 61.7 607 422 69.5 20.14 11.95 59.3 622 418 67.2
50 21.77 15.20 69.8 677 481 - 71.0 22.34 14.81 66.3 670 488 72.8
30 23. 54 17.12 72. 7 7 38 550 74.5 24. 57 17.42 70.09 72 1 551 76. 4
10 24.58 18.02 73. 5 762 581 76.2 25.20 18.93 75.1 738 579 78. 5
0 23.49 16.41 69.9 728 488 67.0 23.94 16.30 68.1 707 517 7 3. 1

(Flood feeding )

Force feeding 22.61 14.31 64.2 682 440 64.5 22.24 12.20 54.9 672 410 61.0

6LT
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traces of the corresponding samples of extruded IIR vulcanizates are

shown in the Figs. 4.31-4.33 respectively. It is found that the starve fed

sample (at low level of starvation) has higher transition temperature

than the Hood fed and force fed samples. This further shows that starve

fed compound is more thermally stable than the flood fed or the force fed

sample, which clearly results from the more uniform temperature and

shear history to which the compound was subjected to in starved

extrusion than the normal/forced extrusion. It is noticed that the flood fed

sample has higher transition temperature than the force fed sample. This

indicates the higher thermal stability of the flood fed sample than that of

the force fed sample.

4.3.7 Density and viscosity.

Table 4.10 shows the variation of density of a selected number of

samples of filled vulcanizates of NR, SBR and IIR. When the percentage

of starvation increases, it is observed that there is a marginal decrease in

the densities of the vulcanizates. Density of the NR sample at the low

level of starvation is more or less the same as that of the flood fed sample,

while the density of the samples of SBR and IIR vulcanizates at the low

levels of starvation is marginally less than that of the corresponding flood

fed samples.

The variation of Brookfield viscosity values of solutions of a few

samples of NR, SBR and IIR extruded compounds is also shown in the



Table 4.10: Variation of density. Brookfield viscosity. swelling index. total crosslink density and bound rubber content of filled
NR, SBR and IIR compounds with percentage of starvation

Feeding rate Percentage Density (g/cc) Viscosity Swelling Total crosslink Bound
(mg/min) starvation (centipoise) index density x 105 g rubber

mo]/cm-‘3 content %NR extruded at 7200 80 1.1175 203400 2.52 3.92 2880 rpm and 80°C 18000 50 1.1182 205200 2.38 4.85 3325200 30 1.1214 207000 2. 16 5.36 3932400 10 1. 1246 208000 2.09 7. 13 4836000 0 1.1248 207200 2.25 4.91 36
(Flood feeding)40000 ‘ Force feeding 1.1244 204800 2.33 4.58 30

SBR extruded at 7200 80 1.1471 42100 2.56 4.31 3180 rpm and 80°C 18000 50 1.1495 43200 2.03 5.28 3625200 30 1. 1538 44700 1.74 7.41 45.32400 10 1. 1582 45900 1.24 9.93 5436000 0 1.1616 44500 1.80 6.01 41
(Flood feeding)40000 Force feeding 1. 1587 42700 1.91 4.92 33

IIR extruded at 3600 80 1.1268 19420 1.62 7.16 3640 rpm and 120°C 9000 50 1.1285 19900 1.50 8.50 3912600 30 1. 1322 20540 1.36 9.01 4616200 10 1.1375 21420 1.20 10.16 5718000 0 1.1392 20100 1.39 8.23 45
(Flood feeding)20000 Force feeding 1. 1376 19640 1.43 6.52 41

L81
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table 4.10. It is found that the viscosity of the solutions of NR, SBR and

IIR extruded compounds increase with feeding rate, reach a maximum

value in the starved region, as in the case of the variation of physical

properties. 'l‘he maximum value of viscosity is observed at the low level of

starvation at which maximum properties were observed. Since viscosity

is a measure of average molecular weight“-23, it can be concluded that

starved extrusion leads to lower mechanical breakdown.

4.3.8 Swelling index and crosslink density

The most important characteristic of an elastomeric network is

unquestionably its degree of crosslinking.1°-24 This aspect of network

structure affects most of the elastomeric properties.9~“

The variation in swelling index and crosslink density (1/2Mc) of the

samples of filled vulcanizates of extruded NR, SBR and IIR compounds is

shown in the table 4.10. It is found that samples which give maximum

physical properties exhibit the least swelling index and maximum

crosslink density.9'12

4.3.9 Percentage bound rubber content

Table 4.10 also shows the variation of percentage bound rubber‘-'5

content of the vulcanizates of filled extruded NR, SBR and [IR

compounds. It is found that the maximum percentage bound rubber

content is observed in the extruded vulcanizates at the low levels of
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starvation, at which maximum physical properties are observed. This

behaviour is expected since bound rubber has long been recognised as an

important factor in the proper rubber—filler interaction and hence in

rubber pr()|)erties."-""2"’

4.3.10 Dispersion studies

Figures 4.34-4.36 represent the photomicrographs of starve fed,

flood fed and force fed samples of filled vulcanizates of NR extruded

compounds respectively. It is observed that there is a marginal

improvement in the filler dispersion in the starve fed (at low level of

starvation) sample than that in the flood fed and force fed samples.

Figure.s4. 37—4.39 represent the photomicrographs of starve fed, flood fed,

and force fed samples of filled vulcanizates of SBR extruded compounds

respectively and figures 4.40-4.42 represent the corresponding samples of

filled vulcanizates of IIR extruded compounds respectively. In both cases

of SBR and IIR it is noticed that carbon black dispersion is marginally

better in the starve fed (at low level of starvation) sample than that in the

flood fed and force fed samples.

4.3.11 SEM studies

SEM is widely employed to observe the microstructure of fracture

surfaces and hence to study the fracture mechanisms of rubl)ers.33'3° The

tensile fracture surfaces of the starve fed, flood fed and force fed

vulcanizates of filled NR extruded vulcanizates are shown in the



Fig.4.34 Starve fed

Fig.4.36 Force fed

Photomicrographs of NR filled vulcanizates.
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Fig.4.39 Force fed

Photomicrographs of SBR filled vulcanizates
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Fig.4.40 Starve fed Fig.4.41 Flood fed

Fig.4.42 Force fed

Photomicrographs of IIR filled vulcanizates.
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Figs.4.43—4.45 respectively. It is observed that the failure mechanism of

the starve fed sample is different from that of the flood fed sample and

force fed sample showing its superiority) obviously due to more uniform

temperature distribution. The increase in crosslink density of the matrix

of the starve fed sample, which results in enhanced strength“ can be

observed from the SEM photographs by the progressive increase in the

roughness33 of the fracture surfaces between Figs.4.43, 4.44 and 4.45.

Moreover)there is a more regular.pattern in the fracture surface of the

starve fed sample which further indicates more uniform temperature

distribution and shear history.

Figures 4. 46—4.48 show the tensile fracture surfaces of the starve

fed, flood fed and force fed vulcanizates of filled SBR extruded compounds

respectively. In the starve fed sample, the tear lines become uniformly

broader with many branches” than that in the flood fed and force fed

samples due to the higher crosslink density. Straight uniform broader

tear lines in the starve fed sample also show the uniform temperature

distribution and shear history of the compounds.

Figure 4.49-4.51 represent the tensile fracture surfaces of the

starve fed, flood fed and force fed vulcanizates of filled IIR extruded

vulcanizates respectively. The higher values of strength observed in the

starve fed sample is reflected in the nature of the fracture surface also. In

the starved sample, the surface is rough and the number of tear lines is
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Fig.4.43 Starve fed

Fig.4.44 Flood fed

SEM photographs of the tensile fracture surfaces of the
filled NR vulcanizates.
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Fig.4.45 Force fed

SEM photograph of the tensile fracture surface of
filled NR vulcanizate.
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Fig.4.47 Flood fed

SEM photographs of the tensile fracture surfaces of
SBR vulcanizates.
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Fig.4.48 Force fed

SEM photograph of the tensile fracture surface of SBRvulcanizate.
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Fig.4.49 Starve fed

Fig.4.5O Flood fed

SEM photographs of the tensile fracture surfaces ofIIR vulcanizates.
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Fig.4.5l Force fed

SEM photograph of the tensile fracture surface of IIRvulcanizate.
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less, but they are broader-“~34 compared to those in the flood fed and force

fed samples. Generally, the starved sample shows a continuous

orientation pattern arranged in a regular order, while such regularity is

not observed in the case of flood fed and force fed samples.“

4.4 CONCLUSIONS

1. Feeding rate in the single screw extrusion of NR, SBR and HR filled

compounds affect the physical properties of their vulcanizates.

For a given screw there is an optimum feeding rate in the starved

region which results in maximum physical properties.

Maximum physical properties are observed at aparticular low level of

starvation at each rpm and temperature.

. The percentage of starvation at which maximum properties are

observed decreases with either increase in rpm or increase in

temperature.

The improvement in properties generally increases with increase in

rpm and temperatures till thermaUshear degradation dominate the

behaviour.
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CHAPTER 5

EFFECT OF FEEDING RATE CN THE

MECHANICAL PROPERTIES OF LDPE

AND PS

Part of the work presented in this chapter has been accepted for

publication in International Journal of Polymeric Materials.



EFFECT OF FEEDING RATE ON THE MECHANICAL

PROPERTIES OF LDPE & PS

5.1 INTRODUCTION

Single screw extrusion is among the fastest developing methods for

processing polymers. In the process of extrusion, the molten polymer is

subjected to relatively high shear rates and temperatures.‘ During

deformation, viscous heat is dissipated due to the friction between the

highly viscous polymer melt andthe various parts of the processing

equipment that it comes in contact with. The viscous heat dissipated

leads to a temperature rise, resulting in an offset of the setting the

extruder temperature profile with respect to throughput rate? All high

output rate operations such as flood fed and force fed extrusions, since

large viscous heat is generated, result in non-uniform heat generation.

The problem is accentuated due to the very low thermal conductivity of

the polymer melts. This may lead to polymer degradation“, which in turn

reduce the polymer properties.

It was observed that the feeding rate has a profound effect on the

mechanical properties of the vulcanizates of extruded rubber compounds

and that maximum properties are observed at a particular feeding rate in

204
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the starve fed region. This was found to be mainly due to the uniformity

in temperature and shear at that low level of starve feeding.5 Feeding

‘rate may influence the mechanical properties of thermoplastics also and

this study has been undertaken for investigating this possibility.

Two widely used plastics one which is semicrystalline, low density

polyethylene (LDPE) and another one which is amorphous, polystyrene

(PS) were selected for the study.

5.2 EXPERIMENTAL

Extrusion studies were done on a laboratory general purpose

plastic extruder attached to a Brabender plasticorder model PL 2000 with

an L/D ratio of 25, a compression ratio of 2 and provided with a hopper

for feeding. Two widely used standard thermoplastics viz., LDPE and PS

were selected for the study.

A vibratory feeder in conjunction with a voltage stabilizer was used

for metering the solid pellets of LDPE and PS, so that the polymer from

the hopper fell directly into the throat of the extruder feed section port.

The feeding rates were adjustedby changing the dimension of the fee(l

gap at the bottom of the hopper and measured by the rate of output of the

extriidatefi
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The compounds were extruded at varying feeding rates mainly in

the starve fed region and then in the flood fed and force fed regions at 20,

40, 60 and 80 rpms and at different temperatures. The force feeding was

done by applying controlled pressures on the material in the hopper. The

dumb bell specimens were cut out of the extruded sheet for tensile testing.

The tensile properties of the extrudates were measured using a Zwick

universal testing machine model 1445, both in extrusion and in its

transverse directions at an extension rate 50 mm/min. as per ASTM

standards. From the feeding rates at the flood fed level and starve fed

levels, the percentage of starvation was calculated.7 Temperature and

flow rate fluctuations during extrusion were noted.

The thermogravimetric analysis (TGA) of the starve fed, flood fed

and force fed extrudate samples of LDPE and PS0 were carried out in a

Du—Pont—2000 thermal analyzer in nitrogen atmosphere at a heating rate

of 10°C/min. The density of the starve fed, flood fed and force fed sheets

was measured according to relevant ASTM standard. The differential

scanning calorimetry (DSC) curves of the above samples of LDPE and PS

were carried out on a Mettler TA-3000 model at a heating/cooling rate of

10°C/min. under nitrogen atmosphere as per ASTM standards. The

viscosity of the solutions of the starve fed, flood fed and force fed samples

of LDPE and PS were measured using a Brookfield viscometer according

to ASTM standards.
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The morphology of LDPE and PS samples were investigated by

using an optical microscope (Versanet—2 Union 7596) at a magnification of

330. The tensile fracture surfams of a few typical samples of LDPE and

PS were examined using a scanning electron microscope of model

Stereoscan 250 MK3 Cambridge instrument to study the mode of failure.

6.3 RESULTS AND DISCUSSION

5.3.1 Torque

Figure 5.1 shows the variation of torque with feeding rate for

LDPE at 180°C at different rpms of 20, 40, 60 and 80. It is found» that

the extrusion torque gets progressively reduced with increase in the

starvation level. The percentage reduction of torque between the flood

feeding point and the lowest feeding point is up to 43% in the case of

LDPE at the various rotational speeds of the screw.

Figure 5.1 also shows the variation of torque with feeding rate for

PS at 220°C at different rpms of 20, 40, 60 and 80._ As in the case of

LDPE, the reduction of torque between the flood feeding point and the

lowest feeding point is up to 314% at (lifferent screw speeds.

Figure 5.2 shows the variation of torque with feeding rate for

LDPE and PS at different temperatures and at a fixed rpm of 40. In the

case of LDPE when the temperature increases from 160°C to 220°C, the
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reduction of torque between the flood feeding rate andfthe lowest feeding

rate is up to 42%. But in the case of PS when the temperature ranges

from_ 200°C to 270°C, the reduction of torque between the flood feeding

rate and the lowest feeding rate is only up to 31%.

The figures show that the torque required for extrusion can be

substantially brought down by operating in the starved region or

employing higher temperatures. Table 5.1 shows the variation of

reduction of torque with percentage of starvation.

5.3.2 Tensile properties

Figure 5.3 shows the variation of tensile strength with feeding rate

at different rpms for LDPE at a temperature of 180°C and PS at a

temperature of 220°C. The point of maximum feeding rate in each curve

of the figure represents the force feeding point. The feeding rate just

below the force feeding point represents the flood feeding point. Other

points are in the starve fed region. It is found that irrespective of rpm

the tensile strength initially increases with feeding rate, reaches a

maximum and thereafter decreases. This shows that for a given shear

rate and temperature, there is a particular feeding rate in the starved

region just below the flood feeding point which results in maximum

tensile strength.- This obviously results from the improved uniformity in

temperature and better homogeneity‘? of the compounds than that in flood

feeding (normal feeding) and in force feeding (power feeding). Further,



Table 5.1 Variation of the percentage reduction in torque with percentage of starvation

% Reduction in torque of LDPE % Reduction in torque of PS
% Starvation At 20 rpm and At 60 rpm and At 40 rpm and At 20 rpm and At 40 rpm and At 40 rpm andat 180°C at 180°C at 220°C at 220°C at 220°C at 270°C

75 43.2 37.4 42.0 34.1 29.3 31.1
50 32.4 30.3 35.2 27.6 24.5 25.6
25 23.1 23.7 26.8 22.4 19.0 20.5
10 15.5 14.2 18.0 16.7 12.5 15.00 .. .

(Flood feeding)

IIZ
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lower shear breakdown and preferential orientation9 of the molecules may

be other reasons for the higher tensile strength at this feeding rate. 'l‘he

preferential orientation effect is clearly seen from the large differences

between the tensile strength measured in the extrusion and transverse

directions in this case (Figs. 5.3 and 5.4).

Figures 5.5 and 5.6 show _the variation in elongation at break of

LDPE and PS with feeding rate in the extrusion and transverse directions

at different rpms§ As in the case of tensile strength unimodel curves are

obtained for each rpm. This further shows the efficiency of starved

extrusion in getting maximum physical properties.

Isherwood et al.7»1° suggest that looser packing of the material in

the channels in the starve feeding region results in greater bed mobility.

Hence, high bed temperatures are not built up at the bed-to-barrel

interface as in the case when the bed is densely compacted. In addition,

since the bed is more flexible it does not snap under the influences of

forces on it giving a smoother profile.

Figures 5.7 and 5.8 show the variation in tensile strength of

LDPE and PS with feeding rate in the extrusion and transverse

directions at different temperatures, at fixed rpm. The tensile

strength improves with temperature when the temperature is raised

from 160°C to 200°C in the case of LDPE and from 200°C to 240°C



214

L_D_F°‘5_-REM PS—RPM

[O 20 o 20
LA 60 temp.18OC A 60 .£’£Pj_A B0 A 80

Tensile strength ( N/mnzu ) (transverse)

LDPE

0 L I l7200 14400 21600 291800 36000
Feeding rate ( mg /min)

Fig.5.4: Variation of tensile strength of LDPE: and P5 with
feeding rate at different rpm in the transverse
direction.



ELONGATION AT 'BREAK( 'loV) ( Longitudinal )

215

LDPE rpm PSr.prn
o 20 . o 20

tem'Q180°C "'0 '40 t 220°C. ‘ A 60 A 60 EL‘A 00 A 30

400

300
LDPE

200

100"

II_

155' _ PS0 I l 1 1 1 I7200 11.1.00 21600 23300 36000
FEEDING RATE (mg / mln)

Fig.5.5: Variation of elongation at break of LDPI-3 and PS
with feeding rate at different rpm in the extrusion
direction.



ELONGATION AT BREAK('/o) (Transverse)

216

LDPErgm
O 20‘ '  0

t¢mQ13o°c 3 60 tom 220C
A 80

400’

300’200- a\
1.oo— /K2.5-‘: —/{W PS

0 A)’{”€F1?“1 1 ' I I7200 14400 21600 23300 36000
FEEDING RATE (mg /min)

Fig.5.6: Variation of elongation at break of LDPE and PS
with feeding rate at different rpm in thetransverse direction.



217

1.5

La) U'|

25

15

TENSILE STRENGTH( N /mrfi ) (Longitudinal)

LDPE t¢mp'C PStemp'CO 160 O 200
O 180 ~ 0220rpm 40 ‘ 200 ‘240 rpm 40- A 220 A27 0

PS_ A
‘LDPE

J I . 1 I I3600 7200 10800 14400 18000
FEEDING RATE(mg / min)

Fig.5.7: Variation of tensile strength of LDPE and PS with
feeding rate at different temperaturesextrusion'direction.

in the



218

Pstemg°c
o 200
9 220 .-U91‘-"-9 £240 “"59
A 270

45

3
1‘~35>
9
E
CA PS

NE
ERZ
I 25
I
(D2
U]
K
I-'
(D

LU2
‘Quj 15"
" LDPE

5.

I3600 7200 L J, '1o3oo 11.400 18000
FEEDING RATE (mg/min)

Fig.5.8: Variation of tensile strength of LDPE and PS withfeeding
transverse direction.rate at different temperatures in the



219

in the case of PS in the starved region, showing that deterioration due to

thermal degradation is not serious in this range. This result is expected

since PS is more thermally stable than LDPE.“ But the strength at

220°C is less than at 200°C in the case of LDPE and the strength at 270°C

is less than at 240°C in the case of PS showing the onset of degradation.

At every temperature, the strength increases with feeding rate, reaches a

maximum and decreases thereafter. As before, the maximum occurs just

below the flood feeding point in the range 160—200°C and further down at

220°C in the case of LDPE. In the case of PS, maximum tensile strength

occurs just below the flood feeding point in the temperature’ range 200

240°C and further down at 270°C. Figures 5.9 and 5.10 show the

variation in elongation at break with feeding rate at different

temperatures at a fixed rpm in the extrusion and transverse directions of

LDPE and PS. The behavior is more or less similar to that of the

variations of the tensile strength.

In the above cases (shown in the Figs. 5.3—5.l0) it is found that at

the flood feeding point, the tensile properties begin to decrease. At the

force- -fed point the tensile properties decrease further. This may be due to

the non-uniform shear and temperature distributions that occur in the

flood fed and force fed levels. The non-uniform shear and temperature

distribution affects the uniform melting. Generally the melting efficiency

of screws is decreased by phenomena associated with the existence of

relatively thick melt layers that are in contact with the solid bed namely
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‘the meltpool' and the melt film at the screw surfaces.” Their presence

introduces an appreciable heat transfer resistance and even more

importantly)may cause the solid bed to break up. Non-uniform melting

may ui'l'ect uniform mixiiig‘°v‘”~“ which may also lead to mechanical

degradation mainly in the flood fed and force fed regions.

For most screws the output rate increases linearly with screw

speed, while melting capacity increases non—linearly.”*” It is possible to

change the position of the level of feeding by changing the screw speeds.

But at low screw speeds, melting rate rises sharply, generally exceeding

the pumping rate, but at greater screw speeds this exceeds melting

capacity, the screw pumps more than it can melt delivering a non

homogeneous extrudate, but of course contribute to "degradation of the

material.‘3~19 But. there may be a region at which the pumping rate and

melting capacity may get even resulting in a homogeneous extrudate.

_ That homogenization point is at a feeding rate which results in maximum

physical properties.

5.3.3 Percentage of starvation and tensile properties

Figure 5.11 shows the variation of tensile strength and elongation

at break of LDPE with percentage of starvation at rpms 20, 40, 60 and 80

at a fixed temperature of 180°C. At 20 rpm the maximum tensile

properties are obtained at a percentage starvation of 17%. At 40, 60 and

80 rpms the maximum tensile properties are obtained at 15%, 14% and
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12% of starvation respectively. This shows that the percentage of

starvation level at which maximum tensile properties obtained is

gradually decreased with increase in rpm.

Figure 5.12 shows the effect of percentage starvation on the tensile

strength and elongation at break of PS at different rpms at a fixed

temperature of 220°C. As in the case of LDPE, the tensile properties

gradually increase with increase in the feeding rate reach a maximum

value and then decreases. It is found that at 20, 40, 60 and 80 rpms, the

maximum tensile properties are observed at 12%, 11%, 10% and 9% of

starvation respectively. This further shows that the percentage of

starvation at which maximum tensile properties are obtained decreases

with increase in rpm.

The variation of tensile properties of LDPE with percentage of

starvation at different temperatures of 160°C, 180°C and 200°C at a

fixed rpm of 40 is shown in the F‘ig.5.13. Here also it is found that the

tensile properties increase with feeding rate and reach a maximum value

and then decreases with further increase in feeding rate. It is found that

‘at starvation levels of 16%, 15% and 12% y the maximum tensile

properties are obtained at temperatures, 160°C, 180°C and 200°C

respectively. This shows that the percentage of starvation at which

maximum properties are obtained decreases with increase in

temperature.
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Figure 5.14 shows the variation of tensile properties of PS with

percentage of starvation at different temperatures 200°C, 220°C and

240°C at a fixed rpm of -10. As in the case of l.I)l’E unimotlel curves are

obtained and it is observed that the maximum tensile properties are

obtained at starvation levels of 13%, 11% and 9.5% respectively at

temperatures of 200°C, 220°C and 240°C. This further shows that the

percentage of starvation at which maximum tensile properties are

obtained decreases with increase in temperature.

5.3.4 Effect of extrusion variables 

As pointed out earlier the quality of the extrudates depends

substantially on the fluctuation of main variables of the extrusion process

(variability of these parameters in time at a definite space point). If the

fluctuations of temperature, flow rate and pressure are greater than

permissible the properties of the extrudates will not be uniform and hence

the properties may be inferior.'~’° Fluctuations of temperature, pressure

and flow rate are not phenomena independent of one another. For

example, pressure fluctuations lead to flow rate fluctuations and can

themselves be produced by temperature fluctuations, as a result of

viscosity variations.” In the light of the results of investigations, the

most independent phenomenon is temperature fluctuation and it is

mainly for this reason that this property has been taken as the most

important criterion of screw performance evaluation and hence quality of
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the extrudates.23'24 Moreover, properties of polymers depend less on

pressure than on temperature.23

Table 5.2 shows the temperature and flow rate fluctuations of

LDPE at different starvation levels (i.e., 0%, 10%, 25%, 50% and 75%) at

an rpm of 40 and at temperature of 180°C. The temperature

fluctuations are pronounced in the flood feeding (i.e., starvation of zero) ,

force feeding levels and at higher starvation levels due to varying viscous

heat generation. In the case of flow rate also, fluctuations are greater in

the flood feeding, force feeding levels and again at higher levels of

starvation. These greater fluctuations affect the quality of the extrudate

because they affect the melting and mixing process taking place in the

extruder screw channel.“ D.P.Isherwood et al.7 showed that die pressure

fluctuations also get reduced at low levels of starvation of up to 10%. So

minimization of the amplitudes fluctuations of extrusion variables

depends on the ability of the screw to melt the polymer efficiently and

then to mix it thoroughly.

Table 5.3 shows the temperature and flow rate fluctuations of PS

at different starvation levels at an rpm of 80 and a temperature of 220°C.

As in the case of LDPE, the temperature and flow rate fluctuations are

more in the flood feeding, force feeding levels. and at higher starvation

levels.



Table 5.2: Fluctuations of temperature and flow rate in the extrusions of
LDPE at 1 minute intervals

230

’l‘emperature °CRpm % Starvation Set Actual Flow ratg
Die Zone 1 Zone 11 (mg/min

40 75 180 179 183 182 2846
180 178 183 3051
182 177 179 5115
182 179 182 4200181 182 181 3615

.. 50 180 180 184 182 7235179 182 179 5416181 181 180 8930180 183 182 6195182 180 181 9210.. 25 180 180 182 181 10800180 180 181 10295179 181 182 10110
181 180 180 12413
180 181 179 11364

,, 10 180 180 181 180 12915180 180 181 12610
179 179 180 12400
180 182 179 13315
180 180 180 13801

0
,, (Flood feeding) -180 179 182 181 13625180 179 182 13994

182 177 179 15840
180 181 180 14320
181 182 182 14845

Force feeding 180 178 185 183 15110179 180 177 18325
178 184 182 17436
180 182 i 181 19220181 183 180 21365
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Table 5.3 Fluctuationiof temperature and flow rate in the extrusion of PS at
1 minute intervals

FlowRpm % starvation Temperature°C rate
(mg/min).Set Actual '

Die Zone I Zone [I80 75 220 222 225 222 8800222 222 223 8240220 2 18 221 6415221 220 219 7242_ 219 221 220 5950.. 50 220 221 223 221 15325220 2 18 223 14290222 220 220 16384220 2 19 222 12605221 220 221 14470.. 25 220 220 222 221 22945220 ' 219 222 22481219 218 220 20850219 219 220 20515219 220 218 20340., 10 220 220 222 220 26850220 220 2 18 25912220 221 219 26720219 218 218 25614219 220 219 25295,, 0 220 220 223 221 29985
(Flood feeding) 218 218 219 27890219 219 221 28925220 223 218 29457219 220 220 28400,, Force feeding 220 223 226 224 38010221 219 220 36370220 2 16 221 35414

222 220 222 37215220 222 218 34001
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5.3.5 Thermogravimetric analysis

TGA traces of the starve fed (low level of starvation), flood fed and

force fed, samples of LDPE are shown in the Figs.5.15—5.l7 and

Figs.5.l8-5.20 show the TGA traces of the starve fed, flood fed and force

fed samples of PS. The traces show that the starved sample has higher

transition temperature than the flood fed and force fed samples. This

shows that the starve fed compound is more thermally stable than the

flood fed and the force fed compounds. This behavior results from the

more uniform temperature and shear history to which the compound was

subjected to in starve feeding than in normal feeding. The higher

difference in the transition temperature of starve fed and flood fed

samples of LDPE shows the higher thermal stability acquired by the

starve fed compound of LDPE than that of PS. This further shows that

the effect of starve feeding is more pronounced in crystalline polymers like

LDPE than that in amorphous polymers like PS.

5.3.6 Density and crystallinity

Table 5.4 shows the variation in density of selected samples of

LDPE and PS. It may be observed that the samples, which give the

maximum properties, show the maximum density indicating that there

can be minor variations in the percentage crystallinity?“ with the feeding

rate. LDPE, being a crystalline plastic, shows appreciable variations,

while PS, being an amorphous plastic, shows only minor variations. In
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Table 5.4: Variation of density and Brookfield viscosity of extruded LDPE and PS with percentatge of starvation

Feeding rate (mg/min) % Starvation Density (g/cc) Viscosity
(centipoise)

LDPE extruded at 3600 75 0.905 20240 rpm and 180°C 7200 60 0.908 22510800 25 0.916 25412960 10 0.927 28514400 ' 0 0.905 231
(Flood feeding)18000 Force feeding 0.903 206

PS extruded at 7200 75 1.071 52080 rpm and 220°C 14400 50 1.078 5422 1600 25 1.086 55525920 10 1.088 57828800 0 1.070 514
(Flood feeding) _36000 Force feeding . 1.067 503

SE?
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the case of PS, the variation in density may be solely due to uniform

melting and shearing resulting in uniform compaction.

6.3.7 llrookfield viscosity

In many of the polymer processing operations such as extrusion

and injection moulding, the molten polymer experiences relatively high

shear rate and hence a non-uniform heat generation. This may result in

polymer degradation. Melt./solution viscosity may be used to monitor the

degradation in polymers.26'23

Table 5.4 shows the viscosity of the solutions of extrudates of

LDPE and PS at different feeding rates. The maximum viscosity is

observed at the feeding rate at which the maximum extrudate properties

are obtained at a low level of starvation. At the flood feeding and force

feeding points mechanical breakdown is found to be higher due to non

uniform shear induced heating. The simultaneous increase in tensile

strength and elongation at break of the samples of PS and LDPE at this

particular lower level of starvation may be due to comparatively less

mechanical breakdown which results in higher viscosity values.5-29

5.3.3 DSC curves

Figures 5.21-5.23 show the DSC curves of the starve fed (low level

of starvation at which maximum properties are observed), _flood fed and

force fed samples of LDPE and Figs. 5.24-5.26, the respective DSC curves



237

LDPE (starve fed)
12mg

Rafe 10°C/ min

20mW

3 .E Integration3 delta H 2023mJ
1686 J g

peak 136—2°C
-20mWL 1 L l 1 '

so 100 150 zoq 250 300
TEMPERATURE(C)

-LDPE(1lood fed)
12 mg Rate 10'C/min
\

lnlczgralion
delta H 1237mJ

103-1 J/g
peak 13B.l.°C

-13.9 mW

so 160 1550 ‘ 200 2:50
TEMPERATURE ("c)

20mW

LDPE(forc¢ fed) R"TE‘°°C /"““
12mg

INTEGRATION

DELTA H945mJ
78_-BJ/g

PEAK 139.3 C
-12.5 mWI 1 I 150 100 150 200 250

TEMPERATURE( °C )

DSC curves of LDPE

Fig.5.21
Starve fed

Fig.5.22
Flood fed

Fig.5.23
Force fed



' 238

lmW

Pstslarve ted) Ratc10°C/min
7mg

Integration
delta H 7.1mJ .

1-2J/"g"
peak 86°C '

'0.2mW

50 150 150 200
TEMPERATURE ( C )

PS(tlood ted)
7mg

Rate 10'C/min

\ Integration
delta H 6-34mJ

' 0.9J/g '
peak 66-8°C

'0-2 mW

I 1 I I50 100 . 150 200
TEMPERATURE ( C )

P5(torc¢ ted) RATE 1o'c/mm
7m9

INTEGRATDN

AH 5.7: mJ
0.31 J g

PEAK 5a.2°c
tmw

-02 mW

so 160 150 200
TEMPERATURE('C )

DSC curves of PS

Fig.5.24
Starve fed

Fig.5.25
Flood fed

Fig.5.26
Force fed



239

of the corresponding samples of PS. It is observed that degree of

crystullinity in the starve fed sample of LDPE is higher than that of the

flood fed and force fed samples as seen from the AH value which is

higher"‘*33 for the starve fed sample. In the case of PS, there is only

marginal change in AH values of the starve fed, flood fed and force fed

samples.

5.3.9 Optical microscopic studies

Optical microscopy was used for the study of internal flaws such as

cracks, crazes, and shear bands which can be seen in transparent

materials and so cause stress whitening which occurs in the plastic zone

of the polymers.” Moreover it can be used to study the crystal structure

and inter-particle bonding in polymers.“-35

The extrudate surface characteristics of starve fed, flood fed and

force fed samples of LDPE are shown in Figs.5.27—5.29 respectively and

that of PS are shown in F‘igs.5.30—5.32 respectively. In the case of LDPE,

the starve fed surface of the sample shows more uniform arrangement of

lamellar crystals, than those in the flood fed and force fed surfaces of the

LDPE samples and these lamellar crystals are normal to the stress

direction arranged in fibrillar units parallel to the stress as observed in an

extruded LDPE sheet. ln the case of PS it is observed that in the starve

fed compounds, there is more uniform relative arrangement of particles

and this may be due to higher amount of inter-particle bonding. So, the
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Fig.5.27 Starve fed

Fig.5.28 Flood fed

Optical micrographs of the surfaces of LDPEextrudates.
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Fig.5.29 Force fed

Optical micrograph of the surface of the LDPEextrudate.
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Fig.5.3O Starve fed

Fig.5.3l Flood fed

Optical micrographs of the surfaces of the PSextrudate.
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Fig.5.32 Force fed

Optical micrograph of the surface of PS extrudate
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more uniform crystalline nature in the starve fed compound of LDPE and

the higher amount of inter-particle bonding in the starve fed compound of

PS may be possibly due to more uniform temperature distribution.

5.3.10 SEM studies and mechanical properties

Figures 5.33-5.35 show the SEM photographs of the tensile

fracture surfaces of the respective starve fed, flood fed and force fed

samples of LDPE. A more uniform fibrillar crystalline morphology“-37

and more increase in inter-crystalline connections” are observed in the

starve fed sample which shows maximum technical properties than that

the flood fed and force fed samples.

Figures 5.36-5.38 show the SEM photographs of the tensile

fracture surfaces of the starve fed, flood fed, and force fed samples of PS

respectively. The figures express a plastic deformation due to crazing and

shear banding in an amorphous polymer like PS.-*9 Shear banding is a

local deformation to the stress direction, which results in a high degree of

chain orientation and is more pronounced in the starve fed sample leading

to less mechanical breakdown.33'4° So starved compound may get more

orientation and less degradation which results in more tensile properties.

5.4 CONCLUSIONS

The study shows that the feeding rate in respect of the single screw

extrusion of a semicrystalline plastic material like LDPE and an
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Fig.5.33 Starve fed

Fig.5.34 Flood fed

SEM photographs of the tensile fracture surfaces of
LDPE



246

Fig.5.35 Force fed

SEM photograph of the tensile fracture surface of
LDPE
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Fig.5.36 Starve fed

Fig.5.37 Flood fed

SEM photographs of the tensile fracture surfaces of PS.
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Fig.5.38 Force fed

SEM photograph of the tensile fracture surface of PS.
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amorphous plastic material like PS affects their mechanical properties.

The following conclusions can be drawn from the study.

1. For a given screw, there is an optimum feeding rate in the starved

region which results in maximum physical and technical properties of

the extrudates.

Running the extruder at a slightly starved condition is a promising

technique of obtaining maximum technical and physical properties in

addition to running the extruder at a lower torque.

In"the case of LDPE, better homogeneity in melting and shearing

gives a more favourable microstructure while in the case of PS

homogeneity in temperature and shearing gives a favourable

compaction.
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SUMMARY AND CONCLUSIONS



SUMMARY AND CONCLUSIONS

The primary aim of this study has lwon L0 investigatt-. tho eflbct of

feeding rate on the mechanical properties of extrudates in the case of

plastics and rubbers. The study was undertaken in the case of different

elastomers (both gum and filled) such as (1) Natural rubber, (2) Styrene

butadiene rubber and (3) Butyl rubber and plastics such as (1) Low

density polyethylene and (2) Polystyrene.

It was observed that the extrusion rate or feeding rate in a single

screw extruder affects the mixing, melting and homogenizing actions and

hence affects the properties of the extrudates. The extent of variation of

properties with feeding rate depends on the nature of the

elastomers/plastics. In the case of rubbers, the effect of the extrusion rate

of the compounds. persists even after their curing.

The effect of feeding rate on the technical properties of unfilled

natural rubber, styrene butadiene rubber and butyl rubber vulcanizates is

described in chapter 3. The studies were done on a rubber extruder

attached to a Brabender plasticorder model PL 2000 with an L/D ratio of

10 and a compression ratio of 1 and provided with a feeding roll. The

study shows that best technical properties of the rubber vulcanizates are

obtained when the corresponding compound is extruded at a low level of

253
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starvation. This means that depending on the elastomer an(l the rpm of

the screw there is a particular feeding rate in the starve fed region which

is the optimum feeding rate as far as technical properties of the

vulcanizates are concerned. The reason for this effect is attributed to the

better mixing and homogeneity in the starved region than in flood fed

region. Natural rubber vulcanizates show the maximum change in

properties with feeding rate compared to SBR and IIR vulcanizates. The

properties of the vulcanizates of all the three elastomers are found to

increase with the extrusion temperature till a particular temperature,

depending upon the elastomers, at which thermal degradation seems to

make a serious deterioration in properties. The fluctuations in extrusion

variables like temperature, flow rate etc. are also found to be minimum at

the particular feeding rate at which best technical properties are obtained

supporting the earlier proposition that better homogeneity is obtained at

that feeding rate.

Studies conducted in the case of unfilled elastomers in chapter 3

were repeated for filled elastomers due to their commercial importance.

As in the case of the gum elastomers, it was found that there is a

particular feeding rate in the starve fed region which results in the best

mechanical properties. The starve fed sample was also found to be more

thermally stable from TGA studies. This fact further suggests that this

compound was subjected to a more uniform temperature and shear.

Brookfield viscosity of the solutions of starve fed extruded rubber
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compounds were found to be higher than those of the flood fed or force fed

samples indicating that mechanical degradations are less in the starve fed

compounds due to lower shear and better thermal homogeneity. Further

starve fed compounds also give rise to vulcanizates having a higher

crosslink density. The carbon black dispersion in starve fed compounds is

also found to be superior to that of flood fed compounds.

The effect of feeding rate on plastic extrudates form the contents

of chapter 5. Extrusion studies were conducted on a laboratory extruder

attached to a Brabender plasticorder model PL2000 with an L/D ratio of

25 and a compression ratio of 2 provided with a hopper for feeding. In the

case of both a semicrystalline plastic LDPE and an amorphous plastic PS

extrusion rate was found to affect the mechanical properties. As in the

case of rubber extrusion, there is an optimum feeding rate in the starve

fed region. The better temperature and shear homogeniety in the starve

feeding give rise to increased crystallinity and density as shown by the

DSC. As in the case of elastomers, shear break down during starved

extrusion is also found to be only of a lesser degree than flood or force

feeding. The SEM photographs of the tensile fracture surface of the

samples indicate better homogeneity in the respective starve fed samples.

Lower production rate is usually pointed out as one of the serious

shortcomings of starve feeding. But the results of the present

investigations indicate that in most cases the increase in mechanical

properties can compensate the lower thicknesses or dimensions resulting
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from starve feeding. Further the rpm of the screw may be increased still

maintaining a low starving condition to onhanco the production rate.
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