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ABSTRACT
Cationic surfactants of general structure [RNH2(CH2)JNH3]2+ 2[R'COOr can be
used in rubber processing as multifunctional additives (MFA) which act as processing
aids, accelerators and mould release agents. The effects of MFA on gum rubber,
carbon black and silica filled compounds were investigated and attempts have been
made to explain the mechanism of their action. This was done by studying mixing,
vulcanisation behaviour, rheology, and mould release. The principal MFA used was
Akzo-Nobel EN444.
Peak stress, yield stress, wall slippage, scorch time at 1200C and cure time was
found to decrease with addition of EN444. The viscosity reduction to constant value
(plateau), as observed at 2 phr of MFA, was thought to be due to the formation of a
monolayer coverage of the carbon black N330 particles. Attempts were made to
demonstrate a shift of the plateau to different MFA concentrations by varying surface
areas of different carbon blacks such as Nll5, N330 and N550. The processing
results suffered from scorching effects and were incomplete. However, they did not
contradict the monolayer hypothesis. The results are explained by considering the
morphology of MFA molecules and the formation of a monolayer on the surface of
filler particles. The molecular model of MFA was envisaged as a three legged
molecule. Carbon black-MFA molecule interaction appears as flat and parallellegged on the surface.
In silica-filled NR, the results indicated that MFA was functioning as a coupling agent.
Silica required more MFA to produce a monolayer than carbon black of similar surface
area.
This might be explained by assuming the MFA molecule was standing
perpendicular to the silica surface.
Experimental values of relative viscosity against filler volume fraction were compared
with the theoretical equation of Guth and Gold for carbon black N330 and silica tilled
compounds and shown to fit well, with one exception.
MFA was concluded to be surface active with fillers by accelerating filler incorporation
and release of occluded rubber by disagglomeration. Positive effects were reductions in
black incorporation time, dump power, mixing temperature and total energy
consumption. Cure time by acceleration of vulcanisation, wall slippage, mould
release stress at 1700C, and viscosity were also found to decrease. Increased
extrusion output (by increasing the shear rates at melt instabilities) and improved

dispersion were also observed.

Die swell and stress relaxation were not affected.

The only adverse effect of MFA was increased scorching.
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CHAPTER!
INTRODUCTION AND OBJECTIVES

1.1 INTRODUCTION
Natural Rubber (NR) by the nature of its biosynthesis is an inherently variable raw material
and the rubber industry is always looking to improve the processibility of NR (Kadir,
1994).

Processibility involves mixing, fabricating, and moulding.

Mixing rubber with

fillers using processing additives is a subject of research importance in order to improve
the quality of the rubber products. Fillers are usually incorporated into the rubber matrix
in order to increase its mechanical strength. In addition, processing of some rubbers may
be difficult without processing additives.

Currently, the rubber industry is looking at the

ability of new chemicals to act as effective processing additives so that improved
processibility may offer potential for higher productivity. In dry rubber processing, they
are usually added at the mixing stage and mechanical work is performed in dispersing the
filler particles.

These additives are normally used in rubber compounding for various

purposes such as to improve incorporation and dispersion of the fillers during mixing, and
to promote compound flow properties in extrusion and moulding.

This is because in

processing a high molecular weight material such as natural rubber, one often meets with
some processing difficulties, such as mill-adhesion on either front or back rolls, poor
dispersion of the fillers, excessive die swell, poor extrudate surface finish, a risk of
premature crosslinking,
processing problems,

poor mould release and mould fouling.

Apart from these

high power consumption and excessive heat generated during

mixing are of great concern to rubber technologists.
In the preparation of rubber compounds, difficulties arise in dispersing the fillers in the

rubber matrix due to the basic incompatibility between filler and polymer. Polymers,
mostly being organic in nature, have surface energies that are quite different from those of
inorganic fillers.
compounding.

They have a natural tendency to resist the wetting of the filler during

Chapter 1

Nowadays, problems in rubber processing arise with respect to two objectives: firstly the
development of higher performance compounds, which frequently increases processing
difficulties, and secondly there is a requirement to be increasingly competitive in order to
face the introduction of new materials.
Reduced production costs mean quality
improvements i.e. fewer rejects and increased efficiency in consuming energy. In other
words it means an efficient shaping process, higher outputs and simpler operations.
An ideal processing aid according to Crowther (1984) is a material which, when added to

a rubber compound at relatively low loadings, will improve processibility, without
adversely affecting physical properties. These processing aids should not adversely
influence building tack, scorch, cure rate and properties which are critical for general
rubber processing. In general, they do not affect the finished properties. The processing
aids that are available in the rubber industry for a specific purpose are peptisers, fatty acid
soaps, fatty acid esters, petroleum oils, factice, resins, reclaim, liquid polymers, waxes
and partially vulcanised natural rubber.
In another situation, rubber compounding can involve a large number of additives ( about

thirty possible additives as given by Matthews, 1982) which are the necessary
compounding ingredients in a rubber formulation. These additives such as a crosslinking
agent, accelerators,
inhibitor,

a primary activator,

process aids,

antioxidants,

a secondary activator,
antiozonants,

tackifiers,

a prevulcanisation
reinforcing fillers,

extenders, pigments and odourants are added whenever needed for their various
functions.
To incorporate these numerous additives has resulted in many handlingproblems and proved to be expensive. Combining some of these functions in a single
multifunctional additive would be advantageous.
In recent developments, cationic surfactants which are based on fatty acid diarnines have

been discovered as a class of processing additives (Hepbum and Mahdi, 1983). The term
Surfactant Accelerator Processing Aid (SAPA) has been used to describe this material.
SAPA has been replaced by the term Multi-Functional Additives (MFA) for rubber
chemical applications. It combines the functions of surfactant plasticiser, processing aid,
filler dispersant, accelerator and crosslinking agent.

2
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Mahdi and Hepbum (1986) showed that MFA functions in four successive ways: firstly as
a two-roll mill release agent, secondly as a filler dispersant, thirdiy as an accelerator of
vulcanisation and finally as a mould release agent. Most of the work on processing that
was carried out was based on the Banbury internal mixer and two-roll mill. Mould flow
was assessed visually. Mould release was evaluated by assessing the force required to
open the mould after curing. Using MFA as processing additive, vulcanisate properties
such as tensile strength were increased by 10-25%.
interacts with fillers and polymer was not elucidated.

The mechanism by which MFA

The present thesis examines the rubber processing. Vulcanisate properties such as tensile
strength, tear strength and dynamic modulus was measured by a eo-worker (Ismail,
1994).

Interfacial studies such as bound rubber, spectral analysis, use of oxidised and

graphitised carbon black were done by another research eo-worker (Sheng, 1994). Their
work is discussed in the literature review of the next chapter.

1.2 AIMS AND OBJECTIVES OF THIS RESEARCH

The aim was to determine the modes of action of MFA in unvulcanised rubber compounds
and to quantify its effects on processing behaviour. A rheological approach to rubber
processing will lead to a better understanding of any phenomena which may be involved,
particularly with processing .additive (MFA).
In order to study the properties of this additive , its effect on polymer and the fillers, the
practical objectives are specifically as follows:
(1)

To determine the effects of MFA on rubber processing characteristics,

(2)

To determine the course and modes of action of MFA with and without flllers in
rubber compounds, and

(3)

To investigate the differences between carbon blacks and silica in the presence of
MFA

3
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The studies were mainly focussed on a single cationic surfactant N-tallow 1,3 -dipropane
diamine distearate manufactured by Akzo-Nobel Ltd. with the trade name EN444 as MFA

An attempt to model MFA interactions with
reinforcing fillers such as carbon blacks and silica was carried out to understand how MFA
works by looking at the surface properties. Theoretical equations of Guth and Gold for
modelling the rheological behaviour of filled systems were investigated for both fillers.
The remaining studies concentrated on seeking a further understanding on how MFA
functions during mixing with other materials and conditions.
Some vulcanisation
characteristics were used to study the effects of MFA. Two rheometric techniques used
in this research are capillary and rotational rheometry to study the specific nature of rubber
compounds.
These techniques could possibly give complimentary results on flow
with 50 phr N330 (HAF) carbon blacks.

behaviour.

4

CHAPTER2

LITERATURE REVIEW

The processing of rubber compounds has been studied since the discovery of
mastication and vulcanisation of natural rubber (NR) by Thomas Hancock in 1819 and
Charles Goodyear in 1839 respectively (Craig, 1969). In fact, up to now there are
many processing problems still remaining to be resolved.

One of the problems is

rubber-filler interaction which can be modified by additives and the conditions in which
reinforcement is brought about, particularly mixing.
Generally, the ease of
processing of a rubber is related to polymer type, molecular weight, molecular weight
distribution, degree and type of branching, physical form, trace materials, the nature
of the downstream processes and the temperature of processing (Norman, 1981).
Processibility of a rubber mix is related to the above factors as modified by the mixing
process together with filler type, filler concentration, bound rubber, process aids and
scorch. Discussions here centre on reinforcing fillers such as carbon blacks and silica.
This literature review covers rheology, technological aspects of the processing and
reinforcement of rubber.

2.1 RHEOLOGY OF RUBBER

Rheology (from Greek words 'rheo' which means 'to flow' and 1ogos' which means
'science of) is the science of flow and deformation of a material.

Rubber processing

involves viscous flow and rheology is used to study this flow behaviour of rubber.
Shear stress is one of the most widely used measurements in rheology. The word
'stress' in rheology means the resistance of a body to an applied force. It is defined as
the cohesive force or molecular resistance within a body opposing an external force
(Severs, 1962). This resistance or shear stress (cr) is the ratio of the applied force (F)
to the area sheared (A), i.e.
Shear stress = Force+ Area sheared

F
(2.1)

0"=

A

The force necessary to cause the material to yield is the yield value of the shear stress.
It is seen that the shear stress has the same units as pressure. However, it differs
from pressure in two respects.

Firstly, pressure is a force applied per unit area,

whereas shear stress is a resistance to an applied force. Also, pressure acts normal to
5
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the surface acted upon, whereas shear stress acts in the plane of the surface that is
sheared.
When a material is sheared, the layers of the material move at different rates.
relative rate of motion of the layers is only one factor in the shear rate.

The

The other is

the distance between the shearing planes. The greater the rate of movement (V), the
greater is the shear rate (y). The smaller the distance (D), the greater is the shear
rate. Shear rate is given as in the equation (2.2).

V
"(=

(2.2)
D
One of the principal studies of rheology is to determine the relationship between shear
stress and shear rate. For a Newtonian fluid, the viscosity is a constant regardless of
shear stress or shear rate.

Thus, viscosity is a measure of the resistance of a fluid to

flow and it is defined as the ratio of the shearing stress to shear rate.
The flow behaviour of bulk rubber is known to be non-Newtonian (pseudoplastic).
The departure of polymer from Newtonian behaviour is conveniently expressed in
terms of the well-known power law:

cr= kYn

(2.3)

where k is the consistency index and n is the flow-behaviour index; k and n define the
characteristic for each particular polymer.

For Newtonian fluids, n=1, k becomes

viscosity and the equation reduces to the usual Newtonian form.

As n becomes

smaller, the flow becomes increasingly plug-like. It becomes so markedly at values of
n less than about 0.5. With a knowledge of the value of the flow-behaviour index for
a given polymer, it provides a good indication of the kind of velocity profile and the
amount shear mixing likely to be required in a compounding operation. The value of
the consistency index k is important at a given shear rate.

Apparent viscosity is

proportional to k. It generally falls with increasing shear rate.
Capillary and rotational rheometers represent the most common types of instrument for
the 'flow' measurement.

Capillary rheometers cover a shear rate range of

approximately 1 to 103 s-1 and rotational rheometers range extend from w-3 to 1 s-1.

In the past, capillary rheometry has been the most popular technique for obtaining the
steady-state rheological response of a material,

as it provides information at

deformation rates high enough to be close to those encountered during polymer

6
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processing.

The high shear rates achievable in the capillary rheometer mask the

effects observable at lower shear rates(Shenoy, 1986). Generally, viscosity and yield
stress were dependent on shear rate. Rheological properties cannot be described by
measuring viscosity at one rate alone.
One method to investigate the behavionr of rubber chains under steady-state conditions
would be to study it at low shear rates, by changing from a capillary rheometer to
rotational rheometer. The flow in the rotational rheometer is more uniform than the
flow in the capillary rheometer.
The Negretti TMS (Turner Moore and Smith)
biconical rheometer is designed to ensnre a uniform shear rate throughout the sample.
It has a range of shear rates from 0.1 to lOO s- 1. It has a closed cavity and transfer
Using this
moulding cylinder to enable precise control of hydrostatic pressnre.
rheometer (Turner and Moore, 1980), wall slippage due to the lubricating layer
between the rubber and metal surface can be studied for flow behavionr. For wall
slippage measurements, the slippage is measured from the torque difference at a
specific rotor speed with rotors having grooved or polished surfaces. The grooves on
the surface of the rotor are assumed to inhibit the development of the thin lubricating
film at the rubber metal surface that might occnr in the presence of an external
lubricant A polished rotor surface allows the slippage to occnr. The TMS biconical
rotor rheometer was used by Freakley and Matthews (1987) to enable viscous
behaviour to be measnred over the shear rate range of 1 to 40 s -1 . The viscoelastic
behavionr was assessed by a stress relaxation test. They studied batch to batch
variation of NR compounds by measuring parameters such as time to 75% stress
The viscous flow
relaxation and compared with mixing time and frequency.
measurements were fitted to the power-law model:
(2.4)

'where TJo is the reference viscosity ( apparent viscosity at 1 s-1, .Y is the shear rate, and
n is the power-law index. This was done because the degree of non-Newtonian
behavionr can be characterised by the power law index. The non-Newtonian rubber
can exen a strong influence on relaxation behaviour. Results indicated the longest
relaxation time showed the highest power law index behaviour.
A standard Mooney viscometer was modified at the Institute of Polymer Technology
and Material Engineering, Loughborough University of Technology, to use a twin
cone rotor in the original cavity (popularly known as Modified Mooney viscometer).
It was used to measure the stress growth of rubber compound run at very low shear
rates from 0.02 s-1 to 0. 00 1 s-1 mostly at a temperature of 1000 C. The reason for
7
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this need arose because rubber molecule phenomena could be carefully observed at low
shear rates. Basically, this instrument measures and records the stress growth as a
function of time for a given shear rate. It gives direct measurements of viscosity and it
can be related to fundamental properties of the compound. The biconical rotor applies
a uniform shear rate to the sample.

Properties relating to chain entanglement,

molecular alignment and filamentous structure of rubber to carbon black (Singh,
1992) were studied at low shear rates such as at 0.02 s-1 using low shear twin cone
rheometer. Lim (1992) studied qualitatively the stages of stress growth using the
equipment and reported the starting stress was due to initial delay in the equipment's
response. Stress builds up due to the response in the carbon black-rubber network.
lbis could be a retardation in deformation and resistance to flow caused by the
presence of the network. As rubber molecules were disentangled, breakdown of
illamentous structure in the carbon black-rubber network gradually took place. These
observations referred to unfilled SBR.
Yield stress or yield value is defmed as the shear or tensile stress at which flow begins
(Alger, 1989). It is onset of permanent (plastic) deformation on stressing a material
beyond a certain critical value.
The concept of yield stress can be useful in some
practical situations.

Unvulcanised rubber compounds usually do not flow until the

applied shearing stress exceeds a minimum value. When the material is filled with
particulate filler, it will show a pronounced yield value effect. Below a certain shear
stress value (yield stress), the material is rigid (inelastic) and yielding occurs above this
stress. The material will not flow and it behaves as a solid below the yield stress.
Scott (1931) proposed that above the yield value (Y), the shear stress (cr) and shear
rate (~)relationship for the elastomer compound was governed by the equation:
(2.5)

The equation adequately represents viscosity-shear data for rubber compounds and
that such compounds exhibit yield values in shear flow. Dillon and Johnston (1933)
found that rubber compounds highly filled with carbon black exhibited yield values, Y,
but it appeared that lightly compounded rubber did not yield.
According to Nakajima (1990), when carbon blacks are added to rubber, the steady
state flow behaviour changes at low shear rates. Interaction between individual filler
particles can lead to the yield stress.
This can be observed in natural rubber
compounds (Michaeli,1992). As the volume fraction of carbon blacks is increased
(from 0 to 0.3), the slopes of viscosity curves become steeper at the lower shear

8
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stresses.

At a volume fraction of 0.2 and 0.3, the viscosity appears to approach

infinity, implying the presence of a yield stress.
The occurrence of yield stress (as shown in Fignre 2.1) is a common feature in the flow
properties of many filled systems,

provided the filler level is high enough for

interaction to occur between the particles (Leblanc, 1992). Yield values are observed
at moderate and high loadings of filler.

With carbon black filled rubber, the yield

stress phenomenon may appear at relatively low quantitaties of filler (15-20% weight).
ln the zero flow region below a certain critical stress, the system is essentially an

elastic network to applied strain.

It follows that bulk compounds exhihit non-linear

viscoelastic behaviour. The point where it deviates from linearity is at strains 0.01 to
0.1 (McCrum, Buckley and Bucknall 1988) in a stress-strain curve for rubber.

This

strain value gives some idea of where the rubber compounds are likely to show any
sign of yielding.
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Nakajima and Collin (1974) reponed that as the shear rate increased, the yield stress
of the SBR gum rubber increased.

They explained that the outcome was a result of

two effects that are illustrated in Figure 2.2:(i) molecular effect and (ii) carbon black
network. The molecular effect shows that as the shear rate increases, greater force is
applied to the matrix.

This caused greater disentanglement of macromolecules in the

free mobile rubber region which raised the stresses in the sample.

The carbon black

network effect causes a decrease in the bound rubber concentration as the shear rate
increases.

A f!lamentous structure began to break down or detach from the carbon

black surface. Filamentous structure (Leblanc, 1994) refers to a loosely bound rubber
which eventually forms connective filaments between rubber-filler aggregates.

It is

this ponion of elastomer that can undergo very large deformation during flow whilst
the remaining elastomer is essentially attached to the filler particles through the tightly
bound rubber region.

These remaining chains are insufficient to withstand the

increased stress; failure of one load bearing chain leads to the failure of others and
hence the network linkages are weakened.

As a result, the stress build up in the

compound is decreased. The net result of these two opposing interaction effects was
in a minimum yield stress obtained at a certain critical shear rate. Above or below this
critical shear rate, yield stress would increase.

This work increases the general

understanding of the structure of rubber-filler interactions.

net effect

PEAK
STRESS

carbon black
network
L-~-----------------------------effect
SHEAR RATE

Figure 2.2: Molecular and carbon black network effect
to explain yield stress increased on SBR gum rubber
(Nakajima and Collin, 1974).
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Rheological studies are used for interpreting the processibility of rubber (Pearson,
1968, White, 1969, Norman and Johnson, 1981). The rheological properties of
highly filled polymer compounds are usually dominated by interparticle interactions.
There are two kinds of fillers. Most fillers are inen fillers but reinforcing fillers have
pronounced interactions with the elastomer.
The extent of these interactions is
dependent on the filler type, its shape, surface area and volume fraction of filler. The
development of the dispersion process could be followed by means of rheological
parameters such as viscosity and yield stress. In the early stages of mixing, both the
high shear viscosity and the apparent yield stress will increase. Later it will decrease
at a high quality or degree of dispersion. A high degree of dispersion of the fillers in
the rubber matrix is an essential requirement for a homogeneous compound. Better
dispersion will result in an increase in filler-rubber interaction in compounds. This was
observed by Nakajima and Chu (1990). The polymer-filler interface and degree of
dipersion can be altered by the choice of proper mixing conditions and through the use
of additives which could alter the properties of the polymer matrix or the filler surface.
2.1.1 FLOW PROPERTIES OF RUBBER COMPOUNDS

Fabricating rubber products generally involves the mixing and processing of bulk
unvulcanised compounds through complex equipment. In such equipment, stresses
and deformations are the main variables. The processibility depends on how these
rubber compounds respond to these applied stresses and deformations. The most
important processing parameters are the applied stress, temperature and rate of
deformation.Extrusion is a very important process of fabricating into a semi-finished pipe, tyre
tread or any other profile. The response of the rubber compound to extrusion is very
dependent on the extent of mixing in the mixer. This is because rubber processing is
made up of a series of consecutive operations.

The extrusion of rubber compound

through dies norrnally involves three stages. Firstly, the rubber compound is pushed
out from the reservoir into the die. Secondly, extruding and shaping is performed by
the die. Thirdly, distortion occurs as it emerges from the die and exhibits recovery.
The phenomenon of extrudate swell is associated with elastic recovery of long chain
molecules in the absence of any external stress (Brydson, 1981). This is because
rubber compounds exhibit not ouly viscous but also elastic behaviour. On entering an
extrusion die, the melt is deformed in the transitions between the different crosssections and a pan of this deformation is stored elastically. At the outlet of the die,
these elastic deformations are released and the emerging extrudate swells (die swell).
This reversible deformation is caused by entropy of rubber elasticity. This means that

11
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the initially disordered and entangled macromolecules can be oriented to a large degree
along the direction of the deformation.
lower entropy is developed.

A state of increased order, that is a state of

As soon as this happens the oriented network will strive

to move back towards a state of the most possible disorder, in other words, the
maximum entropy following the second law of thermodynamics.
The extrudate die swell of a filled rubber is strongly influenced by the structure of the
filler (Medalia, 1970). The addition of carbon black improves extrudate character and
decreases swell (Hopper, 1967). Lim and Ong (1990) found that the die swell of NR
was dependent on the type of black and condition of extrusion. Lloyd (1990) showed
the influence of additive on flow properties.

An additive such as bulk viscosity

modifier as shown in Figure 2.3 brought about less die swell and a reduction in
viscosity. If an external lubricant was present, it would not affect the viscosity, but
the extra wall slippage present would increase the elastic strain at the entrance to the
die, therefore increasing die swell.

Bulk
viscosity modifier

~-

additional A -...cc=.·
wall

slwage
flow

Figure 2.3: Bulk viscosity modifier with less die swell
than an external lubricant (Lloyd,1990).

Rubber can adapt to the imposed state of deformation but some rearrangements
(Michaeli, 1992) of the macromolecule occur gradually with time.

This reduction in

orientation is relatively slow and it does not finish when the material leaves the die.
The corresponding decrease in the length of the extrudate is called extrusion shrinkage.
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2.1.2 NON·UNIFORM FLOW IN RHEOMETRY

Assumptions such as isothermal flow, steady-state flow, laminar flow, incompressible
fluid, disregarding the inlet and outlet effects and no-slip boundary condition were
made for the derivation of the capillary equations for shear stress, output and
viscosity. This means that the melt flowing through the die adheres to its surface and
hence has a velocity equal, to zero at that point. This assumption is not correct for a
rubber compound after a critical shear stress is reached. Beyond that point the melt
can slip along the wall and have a futite velocity. There is a formation of a low
viscosity slip film which happens when an external lubricant is used in extruding a
compound. The existence of a thin lubricating film on the rubber compounds and on
grooves of the metal surface can be visualised as in Figures 2.4 and 2.5 (Nuwayri,
1988). Such a layer is likely to be formed by one or more additives. Wall slip in the
capillary die can be neglected; however, this is only allowable when there are no
instabilities in the viscosity.
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Figure 2.4: Schematic representation of lubricant
exuding to rubber I metal interface (Nuwayri, 1988).
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wall slippage by grooves (Nuwayri, 1988).
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When a shear rate or shear stress exceeds a critical value, there will be a discontinuous
change in the volume throughput. An unstable region is formed, in which adhesion as
well as slipping are possible.

This results in a stick-slip effect,

periodically rough surfaces on the extrudate.
(fordella,

which leads to

This distortion is melt fracture

1956) as in Figure 2.6 which manifests itself by rough surfaces and

periodically deformed surfaces.
exceeded near die entry.

This melt fracture occurs if a critical shear stress is

This could well be due to some infinitesimal disturbance

yielding and growth of a perturbation.

This eventually sets up local stresses that can

cause failure such as melt tearing and wall slip. In a recorder the pulsing flow appears
to be associated with a slip effect and with melt compressibility.

cl

a!

Figure 2.6: Flow instabilities (a) Stable flow (b) Unstable
inlet region (c) Melt fracture (Michaeli, 1992).
High molecular weight polymers generally cannot be extruded without the occurrence

of melt fracture.

Mills, Moore and Pugh (1982) studying melt fracture, found it

dependent on die geometry, molecular weight, molecular weight distribution, and
branching.

Severs (1962) studied this effect and concluded that at low shear stress,

the extruding rod could be snipped cleanly at the mouth of the orifice, indicating good
adhesion to the capillary wall.

However, at high shear stress, above this critical

point, the entire contents of the capillary tube could be withdrawn, indicating poor
adhesion.
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2.1.3 MASTICATION

One of the basic problems in the rubber industry is the detennination of the
processibility of the raw rubber which is to be compounded with filler in an internal
mixer or mill.

This is because rubber has a high elastic memory and may resist the

rotor in an internal mixer or the entrance into the nip between the rolls of a mill.
such a case, the filler will not incorporate into the rubber.

In

In another situation,

stresses in the region between the rotor and the wall in the internal mixer or in the nip
between the mill rolls may tear the rubber into crumbs. Under the action of shear,
natural rubber molecules tend to undergo scission into shorter chain molecules.

The

more intense the shear, the greater the extent of chain scission is likely to be.

The

chain scission is due to both the mechanical scission and oxidative scission. This is
called mastication which softens the raw rubber as a result of viscosity reduction. As
a result of mastication, there is a reduction in viscosity due to reduction in molecular
weight. This may or may not be desirable.

In rubber, it may be a prime aim to the

compounding process.
Mastication is known to involve free radical reactions and it is temperature dependent.
Below HXJOC it is known as thermal softening but above 1300C it is known as
oxidative degradation (Blow and Hepburn,

1982).

produced by chain scission may be highly reactive.

The molecular fragments

They may reunite in more or less

random fashion, with a resultant change in molecular weight distribution.

This may

account for the improvements by homogenisation that some polymers are said to
undergo during compounding.
2.2 FILLER IN RUBBER COMPOUNDS

Reinforcement, a consequence of filler addition, is a subject of technical importance
which has inspired considerable scientific interest. Generally, reinforcement refers to
enhancement of properties such as tensile strength, tear and abrasion resistance. This
is predominant at the optimum mechanical properties.
rubber simply becomes diluted.

Beyond the optimum, the

Parkinson (1957) notes that properties of a rubber

compound are largely determined by the average particle size and by the specific
surface of filler.

Kraus (1965) has documented this subject in greater detail.

It was

reported that degree of reinforcement by filler is dependent on a number of variables.
The contributing aspects of reinforcement are dispersion, aggregate breakdown and
interactions, and distribution between the separate phases of the materials, the most
important of which is the development of a large polymer-filler interface.

The

polymer matrix will detach from the filler particles if the adhesion of the rubber
molecules to the filler is poor (Reichart and Goritz, 1993). Spherical particles, 1Jlm
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in diameter have a specific surface area of 6m2 I cm3 (Hepburn, 1984). This figure
constitutes the lower limit of significant reinforcement. At the upper limit of the
reinforcement, the particles have the specific surface area of the order of 300-400 m2 I
cm3.
Physical reinforcement is dominated by the total interfacial surface area
between the filler and the' elastomer (Freakley, 1989). More research is needed to
show the effect of filler's surface area on rubber properties.
According to Ahagon (1993) the agglomerates are known to act as flaws and degrade
the failure properties. When comparison was made for the failure properties of rubber
mixed with shon and long mixing times, dispersion was shown to vary from poor to
excellent (Boonstra and Medalia, 1963). Properties such as modulus, viscosity and
die swell will be affected because they are known to be agglomerate dependent, (Herd
et al, 1993). The reinforcement has been considered to be affected by relaxing
localised strains around the particles so that highly strained stress can survive through
funher deformation. Generally, the reinforcement shall be brought about by the
majority of the particles forming smaller scale agglomerates (micro-dispersion) than
those assessed under an optical microscope (macro-dispersion).
Compounding into gum elastomer has two main effects on steady state flow behaviour.
Viscosity level is increased over the entire shear rate range of observation (White,
1974) and elastic behaviour such as melt fracture and die swell, is suppressed. The
surface area and structure (Donnet et al, 1967) of carbon black, as well as loading
level, enhance these effects (White, 1974 ). When a significant amount of carbon
black is present, shear stress becomes constant, independent of shear rate, at low
shear rates.
This is interpreted to be yield stress (Montes and White, 1982).
Whether this is truly a yielding behaviour or is a result of very long relaxation time is
an open question. The flow behaviour of a compound depends on the degree of
dispersion of carbon blacks. With an increase in the degree of dispersion, viscosity
decreases and die swell increases; the latter eventually goes over a maximum and then
decreases (Tokita and Pliskin, 1973)
2.2.1 REINFORCING AND NON-REINFORCING CRITERIA

Reinforcement factor is equal to the total area multiplied by the specific surface activity
(Hepbum, 1984).
The general relationship between particle size and rubber
reinforcement properties is given as follows:
(1) Particles> 5000 nm degrade rubber. (2) Particles between 1000-5000 nm have
little effect on strength, hence large volumes can be used with little degradation of
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rubber. (3) Particles< 1000 run reinforce. (4) Particles< 100 run are 'real reinforcing
agents'.
Generally, the surface activity is depended the chemical groups and active sites on the
filler surface.
Cheresmisnoff (1993) reported that fully reinforcing fillers are solid additives having
mean particle size below 50 run.

Materials that are greater than 50 millimicrons in

particle size or less than 50 m2g-l in specific area are not regarded as reinforcing
(Parfitt and Sing, 1976).

A summary of the effect of particle size and structure of

filler on rubber properties is given by Blow and Hepburn (1982).
scorch time,

Dispersability,

extrusion shrinkage and rate decrease with decreasing particle size.

Incorporation,

viscosity and mill-bagging increase with decreasing particle size.

Incorporation,

dispersability,

structure,

mill-bagging and viscosity increase with increasing

whilst scorch time and extrusion shrinkage decrease with increasing

structure.
2.2.2 NATURE OF REINFORCING FILLER

The most active reinforcing fillers known are carbon blacks and silica.
carbon black and silica have very fine ultimate particle size,

For example

generally of several

hundred angstrom units and hence have a large surface area. Due to, or in addition
to, this large surface area, these fillers have various chemically reactive groups which
may be capable of forming chemical bonds with the polymer. Evidence of bonding is
in the phenomenon of 'bound rubber' (Studebaker, 1957 and Kraus, 1959) for carbon
blacks and silica.

It was shown that the amount of 'bound rubber' on a filler indicates

its reinforcing effect. Tills bound rubber is an important correlation during mixing and
dispersion of fillers which indicates the degree of interaction between rubber and filler.
It is also likely that filler surface and rubber interact by physical adsorption.

Kraus

and Collins (1959) reported that unpaired electrons help to provide additional
interaction mechanisms for the union of carbon black and rubber.

Carbon black at

first acts as a free radical ,acceptor, then it reacts with shear-generated rubber free
radicals (Watson, 1956). In order to get efficient reinforcement, the filler must be
incorporated into the rubber by subjecting the mix to high shearing forces.

These

forces both disperse the fillers and cause chemical interactions between the shearruptured chains and the filler surface. These findings showed that free radical reaction
between rubber and carbon black is involved in reinforcement and this reaction of free
rubber radicals with reactive carbon black surface groups is promoted by high shearing
energy.

The chemical activity of the filler surface with respect to its affinity for

elastomer molecules is an additional factor in reinforcement.
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According to British Standard (BS) 2955:1958 terminology, an agglomerate is an
assemblage of particles which are loose!y coherent while aggregate is an assemblage of
particles rigidly joined together. On ageing, the aggregates may be converted to
agglomerates. A void is defined as a space or interstice between particles. The void
volume is controlled by the degree of packing of particles (and also the particle size
and shape). The size of an "equivalent" spherical particle is a useful measure of the
size of an irregular particle. The properties of carbon blacks that are related to their
microstructure are also discussed. In highly structured carbon black aggregates, there
are grape-like clusters with branches that form voids from which polymer and oil can
be occluded. The void sizes reported by Ehrburger and Misino (1990) ranged from 25
nm to 130 nm. Figure 2. 7 shows some sizes of carbon blacks as compared with
rubber as a random coil.

CARBON BLACK

Graphite~- ;;;3~

_ ?,_..-..
..

Colloidal
black
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10 -10 nm

MACROMOLECULE

Figure 2.7: Relevant dimensions in rubber-filler
interactions (Leblanc, 1994).
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For a well-mixed compound, the basic unit of filler is the aggregate. The aggregate
size is 100 to 200 nm in diameter. These sizes show how the occluded rubber fits
within the agglomerates. Surface area and structure of carbon blacks are the main
factors that determine the amount of bound and occluded rubber. Higher surface area
gives a greater amount of bound rubber whereas higher structure is associated with a
greater amount of occluded rubber (Scobbo, 1990). The concept of occluded rubber
is essentially geometrical while the concept of bound rubber is affected by surface area,
surface treatment and nature of polymer (Gessler, Hess and Medalia, 1978). These
agglomerates are known to act as flaws and cause failure (Boonstra and Medalia,
1963). When a comparison is made for the failure properties of rubber mixed with
filler for shon and long mixing times, dispersion can be shown to be vary between
being poor and excellent
The diameter of solid particles is of the order of 100 nm and the diffusivity of polymer
into solid particles depends on the interfacial area between the polymer and solid. In
low structured carbon blacks, there is a more ordered graphite layer structure leading
to lower surface activity (Ban, Hess and Papazian, 1974) (Hess, 1968). In a paper
(Hepburn, 1984), the experimental evidence shows that chemical bonding at the fillerrubber interface is not a necessary condition for reinforcement. However, chemical
bonding leads to the unique combination of mechanical properties which gives the best
overall reinforcement effect
The role of preferential adsorption phenomena and wetting of carbon blacks with
uncured rubber was reponed by Goodwin and Park (1928) but complete data was not
available at that time. Smith and Beebe (1949) and associates established conclusively
the energically heterogeneous nature of the surface of carbon blacks. In addition,
they detected that the heat of adsorption fell by about 2 kcal./mole as the first
monolayer was completed.
Leblanc (1994) gave a three dimensional morphology of carbon black filled rubber
compounds as in Figure 2.8. Three regions were distinguished as (a) thin tightly
bound rubber very close to filler particles, (b) loosely bound rubber forming
connective filaments between rubber-filler aggregates and (c) unbound rubber. The
key aspect of this model for uncured rubber is that there is a soft three dimensional
element with bound rubber-filler particulate units.

The condition to observe this

morphology is that reinforcing filler has to be above a cenain critical level (15-20%
weight)
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MORPHOLOGY OF
RUBBER COMPOUNDS

00-90% Rubber

Figure 2.8: 1bree-dimensional representation of
morphology of rubber-carbon black network (Leblanc,
1994).
Interest in dispersible silicas came about in the mid-twentieth century from two
apparent needs:(a) a non-black reinforcing rubber-filler for white sidewall tyres; and
(b) an efficient reinforcing filler for silicone rubber then under development. Silica for
reinforcing the rubber has a very open reticulated structure that is easily dispersed by
milling. This makes it possible to make durable rubber products in colours other than
black. The high surface area and rate of dispersion of silica permits reactions at much
lower temperatures. Hydrophobic silica gives better dispersion (Parfitt and Sing,
1976). When polar or hydrophilic areas are present on the filler particles, they tend
to chain together through association of these areas which are not wetted by the
hydrocarbon elastomer matrix. As a result of this, the compound stiffens, that is,
the modulus and hardness are increased. All silica powders have strong polar surface
characteristics. The centres of this polarity are mostly hydroxyl groups bound to
silicon. The reactivity of the surface causes additives to be adsorbed to the filler
surfaces until they are saturated (Hofmann, 1989). They represent very active fillers.
Silica powder usually consists of separate, discrete silica particles, but when the
particle diameter is less than 100 nrn, the particles spontaneously adhere together in
loose aggregates. It is only when the discrete particles are much larger, that is,
20
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5000 to 50,000 nm, that the cohesive forces become so low that the particles do not
attract each other and they are very 'dusty' when shaken in air.

The chemical groups

present in silica are siloxane (Si-0-Si), silanol (SiOH) and reaction products of the
latter with various hydrous oxides (Hepbum, I 984 ).

Their propensity for hydrogen

bonding is considered to aid the interaction of the filler with elastomer and with
curatives.
For a reinforcing filler such as silica to be of maximum benefit and not to be
detrimental to mechanical properties, stress must be efficiently transferred from the
rubber to the reinforcing filler.

Unfortunately, most inorganics have hydrophilic

surfaces, while the rubbers are hydrophobic, so interfacial adhesion is often poor.
This problem is increased by the tendency of the surface of inorganic silica to adsorb
water, which further reduces adhesion.

By coating fine silica particles with organic

materials, the silica may be endowed with some of the surface characteristics of
carbon blacks.

Coupling agents are normally used to improve the surface

characteristics of silica filler. The best results are obtained if a coupling agent is added
to the filler before it is compounded into rubber. It should be done before the addition
of zinc oxide (Brydson, 1988).

Currently, the most common coupling agents are

silanes, with the general formula:
YR Si (OR')3
The (OR') group reacts with the inorganic substrate, and theY group reacts or at least
forms strong secondary bonds with the rubber, thereby enhancing interfacial adhesion.
The reaction sequence by which vinyltriethoxysilane is believed to couple to a substrate
containing hydroxyl surface functionality is shown below:
Step !.Hydrolysis (most likely with water adsorbed on the substrate):
HzC=CH-Si-(0CzH5)3 + 3Hz0

-7

HzC=CH-Si-(OH) 3 + 3CzH50H

Step 2.Reaction with substrate:
HzC=CH-Si(OH) 3 +HO-c

HzC=CH-Si(OH)z-0-c + HzO

-7

The symbol HO-c shows the hydroxyl group which is attached to the silica surface.
The 'dangling double bonds' so introduced can participate in the cure.
supplied pretreated with a coupling agent,

Fillers are

or the agent may be added during

compounding (in which case, presumably most of it migrates to the surface).
case of such fillers, coupling agents have an added benefit.
otherwise hydrophilic surface to a hydrophobic surface,

In the

By converting an

compatibility with the

polymer is improved. This results in easier and more uniform dispersion of the filler.
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Cochcrane and Lin (1993) related the nine possible interactions of silicone rubber-silica
interactions by models on molecular and microscopic scales given as follows;
Type (a) Weak polymer-polymer interactions as found in the unfilled polymer,
Type (b) Mechanical entanglement of polymer chain,
Type (c) Strong silica-silica interaction via the hydrogen bonding of silanol groups on
adjacent aggregates similar to filler-filler interactions,
Type (d) Mechanical entangled silica aggregates,
Type (e) Strong silica-polymer-silica bond in which a single polymer chain is attached
to two or more adjacent aggregates to form a bridge bond in silicone and
organic polymers,
Type (f) Strong polymer-silica bond in which a single polymer chain is attached to a
single silica aggregate with a portion of the polymer chain projecting into the
bulk polymer,
Type (g) Weak polymer-polymer interactions between the chains of the two polymers
molecules physically adsorbed on two adjacent aggregates,
Type (h) Weak polymer-polymer interactions between a polymer molecule attached to
a single aggregate and a polymer chain in the bulk polymer matrix, and
Type (i) Silicone polymer completely attached to a single silica aggregate.
Figure (2.9) shows a mode of action of a processing aid interacting with silica and
rubber.

This interaction shows that the processing aid goes to the filler first and then

to the polymer. Essentially, this processing additive strengthens the bonding between
the filler and the polymer.

Microscopic scale

Figure 2.9: Mode of action of a processing aid with
silica and silicone rubber (Cochrane and Lin, 1993).
Various researchers (Gent and Hsu, 1974, Ishida and Koenig, 1978, Wang and
Wolff, 1992, Wolff and Donnet, 1990) have investigated and observed the fillerelastomer interactions of silane-modified silica and reported the grafting of silica by
silane.

Figure (2.10) shows coupling agent interaction with silica and followed by

MFA modifying the silica surface properties (Hepbum and Mahdi, 1986).
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The above figure shows how the coupling agent interacts with silica to modify its
surface and how the product then interacts with MFA to modify the silica surface.
There are four steps for MFA to achieve this surface modification by a two stage
internal mixing cycle.

Step 1:

Hydroxy active silica and triethoxy silyl propyl

tetrasulphide (TESPT) or Si69 are mixed together at 130-1600C in an internal mixer.
Step 2: MFA is added at a lower temperature not exceeding 120oc, to enable MFA
to function at this stage only as a surfactant. On heating the compounded rubber to
over 135°C for the purpose of vulcanisation, MFA dissociates into amine and fatty
acid. Step 3: During vulcanisation, interaction between the amine and the unreacted
hydroxyl groups of silica filler give Complex B. Step 4: Crosslinking occurs between
the 1ESPT-silica Complex B and the unsaturated diene backbone of the rubber, thus
giving 'silica-rubber-chemically-coupled-complex'.
Wolff and Wang (1992) also studied carbon black NllO and a precipitated silica
These fillers have comparable surface area and structure. They were selected as
model fillers to study the effect of filler surface energies on rubber reinforcement
They concluded that there were several surface properties of fillers that would affect
the surface energy and therefore its reinforcement. Tan et a! (1993) studied a series of
nitrile rubber (NBR) and NR filled with silica and carbon blacks having equivalent
surface and structure to determine the effects of surface energetics on reinforcement
Silica was characterised by its low dispersive component and high specific component
of surface energy. This led to a low polymer-filler and a high filler-filler interaction in
nonpolar elastomers. As the polymer-filler interaction is not only determined by the
filler surface characteristic but also by the polymer, changing polarity of the polymer
will affect the specific interaction between the polymer and the filler.

This strong

specific interaction of acrylonitrile group with the silica surface results in increased
polymer-filler interaction and less filler networking as compared to silica in NR.
Rubber properties of carbon black and silica - filled NR were greatly reduced when NR
was replaced by NBR.
Compared with carbon blacks,
(Brydson,l988).

the following features of silicas should be noted

(a) The surface of the silica particle is hydrophilic.
This causes difficulties in
achieving rapid wetting and dispersion. The longer mixing times may cause excessive
heat generation particularly since the compound viscosity is higher.
(b) Silica particles are acidic and the active -OH groups on the surface tend to bond to
and deactivate accelerator molecules. As a result of these effects cure is retarded,
and in order to maintain a given cure rate it is necessary to use a higher level of
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accelerator than mcorresponding black formulations. At one time it was common
practice to add a substance which was preferentially adsorbed onto the surface of the
filler particle at an early stage in the mixing process and before the addition of the
accelerator.

Diethylene glycol and polyethylene glycols were widely used for this

pwpose. These materials have now been largely replaced by silane coupling agents.
(c) Silicas generally have a greater surface area than a carbon black of the same
particle size, thus indicating a greater porosity. This can lead to a greater stiffness for
uncured stocks at a given filler loading. Additional plasticizer is therefore required to
achieve parity of stock viscosity with the corresponding black compound.
A comparison of carbon black and silica surfaces is given in Figure 2.11.
black surface are mostly aromatic rings and graphitic in structure.

Carbon

The surface

chemical groups are made up of a number of different oxygen-functional groups.

Carbon Black

Silica

o Graphitic basal planes
o Functional groups:

* Phenol * Ketene
* Carboxyl * Lactol

OSiloxane
o Silanols:
*Isolated

* Geminal
* Vicinal

* Quinone * Pyrone

* Lactone

Figure 2.11: Surface chemistry of carbon black and silica
(Wolff et al, 1994).

2.2.3 MATHEMATICAL MODELLING OF PROPERT!FS

There is a lack of quantitative studies on the effect of flow of the unvulcanised rubber.
Early scientific investigations carried out to explain the reinforcing effect of fillers in
elastomers were based on Einstein's viscosity equation (2.6) which is given as follows:
= Tlo (1+ C<j>)
where T] = apparent viscosity of a dispersion

(2.6)

T]

Tlo = viscosity of the liquid phase
<1>

=the volume fraction of the dispersed solid;

or

volume of suspended particles divided by volume of suspension
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C = a constant found to be 2.5.
The equation is valid for uniform spheres in a liquid, where the spheres should be
wettable by liquid, be incompressible, of uniform size, and should not interact. The
equation explains how incorporation of spherical particles in a liquid could lead to an
increase in viscosity.

The Einstein viscosity equation was used to explain the

reinforcing effect of colloidal fillers in elastomers (Wolff and Donnet,1990).

The

hydrodynamic interactions depend on the iuitial ruicrostructure (relative position of
particles) and the detailed shear history. This becomes unstable at a critical shear rate
and breaks up at less ordered structure.
The basic equation (Severs, 1962) which is most useful to represent the viscosity of a
dilute suspension in terms of a series involving a volume fraction is
11

=11 0

(1 +A$+ B$2 + .... )

(2.7)

where the coefficient depends on the particle shape and orientation. This equation is
merely an extension of the Einstein equation using higher-ordered terms.

The

coefficient A is sruilar to C which is 2.5 and B has been estimated to be in the range of
10-14.

The reason for the enhanced contribution to the viscosity by very small

particle size carbon blacks was given by Medalia (1967 and1970).

Carbon black

consists of complex aggregates of fused small particles and the effective volume of the
black includes not only the black volume but also that of the polymer occluded onto
the internal void volume associated with the primary aggregate. There may also be an
immobilised region of thickness, !:J. around the black particles and the volume fraction
of black of radius (R) is given by
R= 41t(R+!:i )3 I 3

(2.8)

For a given volume fraction of black, the effective volume fraction would decrease
with decreasing particle size.
Guth and Gold (1938) proposed the following relationship for low particle
concentrations. To correct for the interactions between pairs of particles, a quadratic
term involving the square of concentration of filler was added such that
11 = Tlo (1 + 2.5$+ 14.1$2)

(2.9)

where 11 and Tlo are the dispersion and vehicle viscosities,
concentration of the dispersed phase.

and $ the volume

For this equation, it is assumed that the

medium wets the fiiler particles but does not cheruically react with the filler surface. It
is applicable for high molecular weight substances such as rubber and changing of
lubricating oils by the addition of small quantities of high molecular compounds. The
equation is valid for coarse particles in rubber above 0.5 f.1m at a volume fraction
below 0.3. It predicts the following mechauism:
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(a) occlusion of rubber within and between the carbon aggregates
(b) immobilisation of a layer of elastomer at the filler surface.
This adsorbed rubber was a part of the filler.
Occluded rubber refers to rubber retained within and between the structure of carbon
black aggregates.
Medalia (1972) replaced the volume fraction
fraction

~eff

~

in equation (2.9) by effective volume

in equation (2.10):

'11 =1lo (1+ 2.5~eff+ 14.1.Pe~)

(2.10)

assuming that the rubber is trapped in the internal void volume of the filler aggregates
and agglomerates,
extension.

that is immobilised whether totally or partially shielded from

This is the occluded rubber.

For evaluation, Medalia used dibutyl

phthalate (DBP) adsorption of carbon blacks and introduced an effective volume
fraction.

A modified Guth-Gold equation takes into account the interaction between

black particles and their asymmetry (Sullivan and Wise, 1967).
11 = 1+0.67 f.P + 1.62 f2q,2

(2.11)

The equation, where f is the shape factor, is a reasonable fit at low loadings but has a
departure at high loadings.
2.2.4 FILLER DISPERSION MECHANISM

Filler dispersion is a phenomenon by which there is a change in the physical
characteristics of the components by intrusion of solid fillers into an elastomer matrix
(Cheremisinoff, 1986).
degree of reinforcement,

The consequences of inadequate filler dispersion are a low
poor processing,

poor product appearance,

product life or performance and lack of manufacturing uniformity.

reduced

The requirements

for successful filler dispersion in rubber are firstly, there must be disagglomeration of
filler particles and secondly, there must be a complete wetting of filler by the rubber
and strong adhesion of the particle to the matrix.

As mixing proceeds,

agglomerates become smaller and fewer in number as the dispersion is improved.

the

Li

et a! (1994) studied filler dispersion morphology and found that there is a dynamic
equilibrium between filler aggregation and breakdown in filled compounds during
mixing as shown in Figure 2.12.
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particles

aggregates

agglo'I'IU;ra.t es

Figure 2.12: Filler aggregation equilibrium model (Li et
al, 1994).
The rate constants for black aggregation are far greater than for particle separation.
The mechansim for silica differs from that of carbon blacks.

The rate constants for

silica differ only slightly. Silica aggregates and agglomerates are about 30-50% as
large as those of carbon blacks. The bound rubber molecules on the silica surface
have more freedom of movement and as a result, hysteresis and heat build up of silica
filled vulcanisate are lower than the corresponding values for carbon black.
Mixing is accompanied by dispersion. In mixing and dispersion, high surface area
provides for rapid oil absorption and for pre-distribution of ingredients e.g. reinforcing
fillers such as carbon blacks or minera!' fillers (Paeglis and Collins, 1994).
Microscopic evaluation at various stages of mixing showed that mixing of carbon black
and rubber involves the penetration of the voids between the aggregates by the rubber
(Boonstra and Medalia,l963). Figure 2.13 shows the penetration of rubber into filler
by mixing.
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REAL
Penetration of rubber

52,~

Rubber

No penetration

Figure 2.13: Penetration of rubber into filler by mixing
(Hepburn, 1984).
Recent work by Clarke (1994) has developed a practical technique for relating the
state of mix to rheological and mechanical properties. Clarke's work showed that
relative viscosity (the viscosity of a carbon black filled compound divided by the
viscosity of the gum elastomer when subjected to a similar mixing treatment with an
allowance made for strain and strain rate amplification) was used to account for the
effect of reduction in viscosity due to mastication. The relative viscosity was found
to be a function of the effective filler volume fraction whilst the effective filler volume
fraction is directly related to the filler dispersion via occluded rubber. The differences
in rheological behaviour of carbon blacks are due to the amount of occluded rubber

associated with primary aggregates which is the smallest entity of carbon black. This
occluded rubber was found to be about 50% for a carbon black of 40 phr.
The reduction of relative viscosity was due to disagglomeration by causing a decrease
in effective volume fraction of filler in the compound. Clarke and Freakley (1994)
proposed that the agglomerates contained immobilised rubber in the spaces within and
between primary aggregates of carbon blacks in the agglomerates. The immobilised
rubber was considered as a part of the filler particle. The reason that there was no
occluded rubber associated with primary aggregates for the condition of good mix
compound and at low shear was because the rubber flowed freely and closely around
aggregates. As mixing proceeded the agglomerates were broken down and thus the
immobilised rubber was released thereby causing a decrease in effective volume
fraction of filler.
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2.3 MIXING OF RUBBER COMPOUNDS

Natural rubber is a high molecular weight polymer ( from 30,000 to about 10 million)
of isoprene, in which essentially all (97 %) the isoprenes have cis-1 ,4 configuration as
shown in Figure 2.14.

1

2 3

4

Figure 2.14: Cis-1,4 polyisoprene, each
isoprenic(C5H8) unit M.W.=68.
It is the linear, long chain in cis-form that gives the material highly elastic property.
The natural polymer has a number -average degree of polymerization of about 5000
and a broad distribution of molecular weights. The length of mer is 6.02 X lQ-10 m as
shown in Figure 2.15.

The total extended length is equal to the length of mer times

the degree of polymerisation.

Rubbers of high molecular weight generally have high

viscosity.

Figure 2.15: Unit cell structure of natural rubber
molecule (Bunn, 1942).
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Rubber is seldom used as it is, it is usually compounded with filler and other additives
(Bateman, 1963, Stem, 1967, and Morton, 1973). Being non-polar, NR can
readily be mixed with non-polar materials. NR compounds usually contain peptisers,
carbon black or non-black filler or both, zinc oxide, fatty acids, processing aids,
antioxidant, antiozonant, protective waxes and vulcanizing ingredients. With highly
active fillers, one generally uses up to about 50 phr (Hofmann, 1989), and somewhat
higher concentrations with non-active fillers. Process aids are important in facilitating
and improving the dispersion of fillers and other ingredients in the rubber compounds,
and they ensure smooth processing.

Its melt processing temperature ranges from

900C to 110oc (Krevelan, 1990).
Mixing is a part of rubber processing which influences the rubber processing
properties. Irrespective of individual ingredients comprising a rubber, the objective of
mixing is to obtain a high quality product. The mixing methods and the design of
mixing machines depend on the physical properties of the components to be mixed.
The mixing of rubber is basically carried out by different mechanical devices which
combine the ingredients and provide intensive agitation.

The two-roll mill and the

internal mixer are devices which are commonly used in the process.
The most
common technique for incorporating fillers in polymer has been to make use of the
internal mixer. An internal mixer proved to be an effective processing machine for
producing rubber mixtures in rubber processing as well as for preparing and
compounding with filler (Meissner and Poltersdorf, 1992). The advantages of the
internal mixer are: a high dispersive effect, relative indifference to varying stock
properties, ease of material feeding compared to two-roll mill, high deformative and
convective mixing effect. The internal mixer has been a useful tool for this research
because it can precisely control the mixing process, and the mixing data can be
continuously recorded by means of a computer. The mixing process can follow the
mastication immediately and the mixing cycle is shortened usually between 2 to 3
minutes. Whitaker (1970) assessed the average power consumption of the Francis
Shaw Intermix increases with rotor speed, and so to reduce the power consumption,
mixing should be carried out at low and optimum speed. It is a common practice in all
low and high filler loadings that a set procedure in terms of the order of addition of
filler and polymer, the speed of mixing and temperature of mixing should be followed.
This certainly may have some effect on results where the effect of processing aids or
surface treating agents is of interest.
There are three basic procedures of mixing a rubber compound in an internal mixer.
These are the conventional method, the rapid oil addition method and the upside-
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down mix.
These three methods are used to suit the special characteristics of
individual formulations and equipment. In general it is necessary to add particulate
fillers early in the mixing cycle, so that good dispersion is achieved as a result of high
shear stress and high viscosity at the lower temperatures prevailing. Similarly, the
oils that reduce viscosity should be added later. The upside down mixing procedure is
an attempt to implement these ideas in practice. Generally, the conventional mixing
method consists of adding the rubber first, then the dry ingredients, followed by the
liquid ingredients after the dry materials are dispersed in the rubber. It can achieve a
homogeneous dispersion of all ingredients, including fillers of very small particle size.
However, it is important to avoid overmixing as it wastes machine time and energy
and can turn a profitable operation into an unprofitable one. In addition, exposure to
shearing and high temperature can result in excessive carbon black interaction,
viscosity increases and in some cases, rubber may be scorched.
2.3.1 MIXER TYPFS AND OPERATION

Essentially, internal mixers are manufactured with two basic designs: tangential and
intermeshing (interlocking) as shown in Figures 2.16 and 2.17 respectively. Both
techuiques are well-documented in many rubber technology books (Blow and Hepburn
{1982}, Freakley {1985} and Stern {1967}). The majority of the mixing studies
were based on the tangential internal mixer but there is a lack of rubber mixing studies
An example of the intermeshing rotors is

based on the intermeshing internal mixer.

the Francis Shaw Intermix and an example of the tangential rotor is the Farrel Banbury
internal mixer. Both rotor designs take a complex form to give good distributive
mixing and have helical set projections to give axial transfer of material in the mixing
chamber. The main difference appears in the method of achieving the high forces in
the rubber necessary for effective dispersive mixing. In the tangential design this is
cartied out in the clearances (high shear area) between the chamber wall and the rotor,
in the areas approaching the rotor tip. The efficiency of dispersive mixing of this type
of design depends on both the angle of lead-in to the rotor tip and tip clearance. The
service life of the mixer is determined by the wear in these areas. With interlocking
rotors, dispersive mixing is also achieved in the region between the rotors. Increasing
dispersive mixing, increases heat generation.

The rate of heat extraction from the

rubber mix is a limiting factor on mixing speed due to the very poor thermal
conductivity of rubber. The way to achieve effective cooling in an internal mixer is by
designing the mixer geometry and operating conditions so that the flow paths
effectively and continuously expose new rubber surfaces at or close to the chamber and
rotor surfaces. Rubber mixing is usually carried out at the starting temperature of 60800C.

The intermeshing system is usually used for problems of distribution and
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temperature, and for increased output with longer mixing cycles. It is suitable for
mixes which require high energy. Most primary mixing machinery must not only
incorporate the mix ingredients into the rubber matrix but must also control the
reactions. It should therefore, be intensive enough to disperse the most complex
aggregate.

Figure 2.17: Intermeshing rotors.

Figure 2.16: Tangential rotors
(Wiedman and Schmid, 1982).
2.3.2 MIXING PARAMETERS

The main processing parameters that affect the mixing are normally the temperature of
the mixing, the speed of the rotor, the fill-factor (i.e. the proportion of mixing
chamber occupied by mix, based on the density of the finished mix), the mixing cycle
and the mixing time. On mixing and rheology, Freakley in 1981 showed that the
mixing time (or the mixing energy), fill-factor, and rotor speed are the dominant
variables, with ram pressure and circulating water temperature exerting a significant
but smaller effect on the mixing performance. The stress levels depend more strongly
on the batch temperature than on the rotor speed. High rotor speed tends to lead to
reduced levels of stress as a result of the associated rapid rise in batch temperature,
although choosing an appropriate fill-factor can minimise temperature rise by
promoting efficient heat transfer to the cooling water. Mixing at high rotor speeds
and low fill factors can result in the material being retained in the regions of the side
frames of the mixer (Freakley and Patel, 1985). It may give batch inhomogeneity
through poor distribution mixing. Wiedmann and Schmid (1982) optimised the fillfactor for rubber mixing at 0 to 0.66 for mastication of NR and 0.40 to 0.6 for
incorporation of carbon black. Thus, it is known that the fill-factor and rotor speed
will exert a strong influence on both the stress and deformation histories of elements of
the batch being mixed. The principle parameter affecting mixing efficiency is the
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minimum mixing time necessary for providing the desired homogeneity of the mixture
(Cherernisinoff, 1986). The capacity of the mixing device depends on the mixing
time, the times of loading ingredients, starting, stopping and unloading. It was
stated that mixing time is established not only by the available volume of the mixing
device, the design of the working elements, rotational velocity and the properties of
components to be mixed, but also, to a large degree by the initial orientation of
components and the order in which they are introduced.
2.3.3 MODELLING STAGES IN MIXING

Mixing has never been simple to understand but perhaps the mixing of rubber can be
visualised in a number of distinct stages by changes in power consumption in a typical
rubber mix.

Severs (1962) shows that the power at any point in a mixer is given as

follows:
Power = rate of shear x shear stress
This relationship will hold for one spot and one time in the equipment.

When the

temperature rises the viscosity will fall, and so will the shear stress. Cotten (1964)
suggested that the time required for full carbon black incmporation can be determined
by measuring the time required to reach the second power peak during a mixing cycle.
The time for the lninor components such as additives when added to the major
component to the point of the incorporation peak is called 'incorporation time'. Early
stages of mixing revealed that as the carbon blacks become incorporated,
agglomerates of order 10 to 100 J.Lm are formed. The main objective of adding filler
to rubber was to increase the strength properties of the rubber. In order to obtain
maximum benefit from this filler, processing aids could be used to facilitate the
inc01poration and dispersion during mixing.
Monitoring the power usage at constant speed is, in effect, only a more sophisticated
way of measuring the carbon black incorporation time. These stages are defmed by
researchers.
Incorporation refers to the wetting of carbon blacks with rubber.
During this operation, entrapped air is squeezed out between the voids of the rubber
and the carbon black particles. In this section, five models are considered and each
model with its essential features are summarised. The ideas behind each differ slightly.
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Model!

Viscosity reduction, ingestion and incorporation, distributive mixing, and dispersive
mixing.
Four basic stages were identified (Freakley,l989).

These stages can occur

simultaneously and proceed at different rates.
(1)

Viscosity reduction

begins as soon as the elastomer enters a mixer.

The

elastomer is converted rapidly to a state in which it will accept particulate additives.
The viscosity reduction is achieved by three mechanisms: temperature rise, chain
extension and (particularly for NR) molecular weight reduction by mastication.
(2) The ingestion and incorporation stage, refers to the process of folding masses of
particulate fillers and other additives into the elastomeric matrix.

Incorporation also

includes the smaller scale process of 'wetting out' during which the elastomer flows
around filler agglomerates and penetrates into their interstices.
(3) Distributive mixing is proceeded by two main processes:larninar shear mixing and
exponential mixing (or subdivision mixing).

Incorporation and distributive mixing

generally proceed simultaneously, the latter starts when the incorporated additives are
available for distribution.
(4)

Dispersive mixing is the process of fracturing particulate filler agglomerates.

It

occurs when the forces transmitted from the elastomer to the agglomerate exceed its
cohesive strength. Thus, dispersive mixing is controlled by agglomerate size and the
stress which can be imparted to the elastomer by the mixer.

Tiris is the most recent

model relevant to current studies.
Model2

Incorporation, dispersion, plasticisation and distribution
The complex process of mixing polymer with filler involves four physical operations
according to Lloyd in 1990 (and also in a paper by Hess in 1982).
(1) Incorporation of ingredients, solid or liquid, at the beginning of the mixing cycle

by wetting the filler particles and breaking up smaller fragments
(2) Dispersion of these fragments progressively throughout the mix
(3) Plasticisation of the mix, introducing a viscosity decrease by mechano-chemical
degradation of the polymer and a change in its viscoelastic properties
(4) Distribution to increase the random spatial distribution of the particles without
changing their shape (this can take place during the whole cycle).
These steps have not taken account of the thermal softening and mastication of rubber
under the shear forces of internal mixer or two-roll mill. Presumably this mixing uses
premasticated rubber. These ingredients are added at a predetermined time.
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A practical parameter characterizing mixing is the time between carbon black addition
and the second peak of the mixing power curve (Lloyd,1990).
incorporation time or BIT.

This is called black

This term is frequently used as indicative of mixing

behaviour. The shorter the BIT the better the mixing efficiency.
incorporation and dispersive stages.

It includes both the

BIT increases with decreasing particle size and

increases with structure of carbon blacks (Blow and Hepbum,1982).
Model3:

Incorporation, distribution, dispersion and plasticisation.
Johnson (1987) has described the mixing process for rubber in terms of phases.
(1) In the incorporation phase, the filler is encapsulated and wetted by the polymer.

(2) During distribution and dispersion, the filler aggregates are pulled apart and
spread out by random flow.
(3) In the plasticisation phase, the polymer may be extended further by addition of a
lubricant

If processing aids influence the wetting of the filler particles the incorporation stage is
of importance; however in the case of carbon black, most recent developments in
understanding rubber mixing deal with the dispersive stage.

An important problem

during the preparation of compounds is a study of how the additives are incorporated
and evenly distributed.
Model4

Incorporation, dispersion, distribution and plasticisation.
According to Cheremisnoff (1986), the model gives further additional knowledge.
(1) Incorporation is also known as wetting stage and has two mechanisms. In the first
mechanism, the elastomer undergoes a large deformation, increasing the surface area
for accepting filler agglomerates,

and then sealing them inside.

In the second

mechanism, the elastomer breaks down into smaller pieces and mixes with the fJller
and once again seals the fJller inside.

The former mechanism is easily observed in an

open mill. The latter is not necessarily observable, because the breaking and sealing
steps occur on a microscale.
(2) The dispersion stage is especially important because in the case of carbon blacks it
is here the intimate contact between the surface of carbon black and the rubber
develops, resulting in bound rubber.
(3) Distribution is a process of increasing homogenisation· which takes place
throughout the mixing cycle.
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(4) The plasticisation stage of mixing is where the rheological properties are modified
to suit subsequent operations.
ModelS
Subdivision, incorporation, dispersion and simple mixing.
According to Nakajima (1982) mixing of elastomers with carbon black involves four
unit processes.
Subdivision was described as the breaking up of large lumps or aggregates into smaller
ones which are suitable for the incorporation step as illustrated in Figure 2.18.

He

proposed that incorporation by mechanism (a) as shown in Figure 2.19 involves a large
deformation and subsequent relaxation of rubber domains, sandwiching the carbon
black aggregates. Mechauism (b) as shown also in Figure 2.19 involves comminution
of rubber domains and subsequent mixing with the carbon black.

In reality both

mechauisms are taking place simultaneously.
Shiga and Furuta (1985) found a 'onion' model of on carbon black progessively
breaking up from pellets to aggregates and into final particles.

It is more concerned

with dispersion of carbon blacks rather than morphological changes of the rubber
matrix.
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(b)

( a)

Figure 2.19: Schematic illustration of comminution and
lamination models (Nakajima,l982)
Attempts to obtain high shear will produce heat with consequent rise in temperature
and fall in apparent viscosity, unless the heat can be removed as rapidly as it is
produced.
necessary.

To avoid scorch of the rubber compounds, efficient cooling is therefore
As a result of intensive shearing,

additives can occur due to localised hot spots.

degradation of polymer and I or
Thus the chemical stability of the

compounds of the polymer system is generally of importance in compounding
operations. Even where there is a good control of temperature, polymer or additive
instability may place a practical limitation of residence time that is an important factor
in achieving good mixing. Sufficient stability may be required to withstand subsequent
shaping and service conditions.

The situation is even more severe where the

compound is one based on a reactive crosslinking intermediate,
crosslinking agent.

or containing a

In such cases the 'cure' should not be allowed to advance

sufficiently far as to interfere with flow of the compound during subsequent shaping
operations.
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2.3.4. DISTRIDUTIVE AND DISPERSIVE MIXING

The distributive and dispersive stage of mixing is essential to rubber dispersion during
the compounding and therefore it needs further insight. Basically, distributive mixing
occurs when the forces transmitted from the elastomer to the agglomerate exceed its
cohesive strength. Hence, distributive mixing is controlled by agglomerate size and
the stress which can be imparted to the elastomer by the mixer. Both filler particle
agglomerates and minor additives are fractured by the applied forces. However,
these forces are progressively reduced, by the release of occluded rubber due to
agglomerate fracture and by the reduction in agglomerate size.
Distributive mixing occurs concurrently with dispersive mixing, which serves the
purpose of separating the fragments of agglomerates once they have been fractured.
Good dispersion and distribution is vital if the introduction of fillers is not to result in
deterioration in properties, and even more vital if worthwhile reinforcement is to be
attained. With particulate solid and rubber reinforcements, the achievement of good
dispersion and distribution throughout the rubber matrix is a matter of good mixing
equipment and technique (Matthews, 1982). The final dispersion of carbon black
depends not only on the specific characteristics of carbon black (e.g. morphology,
surface activity) but also on the mixing conditions (e.g. time, temperature, severity)
and characteristics of the rubber (e.g. molecular weight distribution and chemical
structure) (Cotten, 1984). The particle size of fillers has practical effects on mixing.
As far as the unvulcanised inix is concerned, the fmer the particle size the greater the
heat build-up developed during mixing, the longer the time needed for proper
dispersion, the harder the mixture, and the less the die swell.
During incorporation, subdivision, and distributive mixing, the rubber flows around
the filler-particle agglomerates (Boonstra and Medalia, 1963). This action has two
effects: (a) reduction of voids due to 'wetting out' of the filler by the rubber, and (b)
immobilisation of the rubber which has penetrated the interstices and is therefore no
longer available for flow. Medalia (1972) referred to this as occluded rubber and
pointed out that immobilisation reduces the effective rubber content of the mixture.
This reduction has the effect of increasing viscosity and the incompressibility of the
mixture now allows high force to be applied.
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2.4 ADDITIVES IN RUBBER

Additives are needed to improve for example, processibility, lifetime, modulus and
mechanical strength.
All of the additives used in the formulation have to be
incorporated into the major component which is the rubber. Process aids are one class
of additives which influences processing.

Fatty-acid based materials as process aids

have the. ability to act in a beneficial way in situations which involve high shear rates
e.g. in extrusion or injection moulding. Low temperature melting solids were found to
act as internal lubricants by reducing viscosity of the compounds, easing filler
incorporation and reducing the heat and power consumption during processing
operations (Mahdi, 1984).
The factors involved in selecting processing aids are mainly compatibility, efficiency,
staining, low temperature properties and cost. Petroleum-based oils are commonly
used as extenders and processing aids. Compatibility between rubber and the oils is a
prime consideration. It is defined as a measure of the intermolecular attraction forces
within a material: if oil is incompatible with the polymer, it will bleed out and cause
poor physical properties, a sticky surface and poor adhesion in uses where it should
adhere.
Compatibility is dependent on the molecular characteristics which is
manifested in the solubility parameter of polymer and oil. The compatibility is greatest
when the solubility parameters of rubber and oil are similar. The interaction between
plasticiser and the polymer containing polar groups will be strongly influenced by the
polarity of the plasticiser. In these cases, hydrogen bonding can also have significant
effects.
A monolayer concept in rubber technology was applied (Blake,
interaction of stearic acid with carbon black as shown in Figure 2.20.
Carl,lon black particle
St~aric

acid

Figure 2.20: Concept of monolayer on carbon black
particle (Blake, 1928).
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The presence of a monolayer of stearic acid on carbon black was interpreted for the
condition for the improvement in strength properties.

There are many studies which

have advanced theories of monomolecular layer to explain the strength behaviour of
materials (Gent and Hsu, 1974).

The presence of a monolayer was identified by a

plateau present in a graph of a measured physical property plotted over a concentration
range (Scott and Kucera,

1978).

When critical thermodynamic conditions are

satisfied, monolayer formation on a silica gel surface is complete (Zimina, 1992).
Takehara (1993) reported a self-assembled monolayer film formed by the spontaneous
adsorption of long-chain alkanethiols where molecules like arnines were found to
permeate more easily into the monolayer assembly.
If the surface tension of the resin is lower than that of the reinforcement wetting will
occur (Pate! et al, 1993).

The driving force of the resin impregnation process is a

capillary force, which will depend on surface tension and contact angle.

A good

wetting of filler by resin or polymer matrix is a prerequisite for a strong composite
(Richardson, 1972).

A filled rubber compound may be considered as a composite.

Requirement for a coupling agent is that it can give improved surface wettability.

No

more than the equivalent of a monolayer of the coupling agent on the appropriate
surface is needed to promote good bonding.
2.4.1 PROCESSING ADDITIVES

The majority of rubber articles are manufactured from raw rubber which is mixed with
inorganic and organic substances before being vulcanised.
selected according. to technical and economic considerations.

These additives are
The best approach

(Lloyd, 1990) to the problem of the testing process is to consider their mode of action
in terms of compatibility with rubbers given as follows:
(a) Limited compatibility
The additive blooms to the surface of the rubber to act as an external lubricant at the
rubber-metal interface (as in Figure 2.21) to produce slippage in the equipment.
(b) Medium to low compatibility
The additive below a certain concentration acts as an internal lubricant
slippage between the flow units of the compound (as in Figure 2.22).

causing

It only acts as

an external lubricant if the compatibility is exceeded.
Most processing aids fall into these two categories.
(c) High compatibility
There is no blooming but the additive acts as a bulk viscosity modifier by one of the
following mechanisms:
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(1) Intermolecular action, reducing the entanglements between polymer molecules (as
shown in Figure 2.23)
(2) Intramolecular action, swelling the polymer molecules and softening them (as in
Figure 2.24).
An external lubricant increases output but the die swell may not be reduced greatly.
These are the effects of additives in processing which were considered useful in the
laboratory evaluation.

External lubrication

Simple internal lubrication

y

Rubber
compound

Rheochemical
Elastomer ~~~:S,\

A

M eta!~ 1/)0~
WALL SLIPPAGE

Flow unit

·blooming
due to low
compatibility

Fifler

Figure 2.22: Simple internal lubrication

Figure 2.21: External lubrication
(Lioyd, 1990)

lntermacromolecular

Lower
level of
polymer
entanglements
Figure 2.23: Intennacromolecular modification (Lloyd,
1990)

lntramacromolecufar

Polymer
molecule
swollen
by rheochemical
Figure 2.24: Intramacromolecular modification (Lloyd,
1990)
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Other kinds of additives are known as surface active agents.

Surface active agents

generally change the interfacial tension but it can be found that some of these agents
hardly change the surface tension of the material.

Their supposed purpose is better

dispersion, more rapid and intimate liquid contact with the solid particle, better
wetting and stabilising action. The expression dispersion is used in the context of the
disagglomeration mechanism which is the mechanical or chemical separation of single
particles contained in an aggregate. The agglomerate consisting of these unit particles
glued together in such a fashion as to prevent the polymer from penetrating into the
aggregated mass and thus surrounding each unit particle.
2.4.2. MOULD RELEASE

Charnpaneria et al (1987) used the TMS biconical rheometer for mould release
assessment.

The mould sticking index is the peak stress at its surface as the rubber

breaks free at 1 rpm.

A biconical rotor with a smooth surface of 46.04 mm in

diameter, of 60 slant angle from horizontal tip-top and 1.6 mm of edge thickness was
used to represent the surface of the injection or transfer mould.

Martin and Hillman

(1993) expressed the view that mould release agents act as an interface between the
mould surface and the material being moulded and it allows the part to separate cleanly
and easily from the mould.

The most important factors are penetration, chemical

reaction, surface tension, surface configuration and polarity between two materials.

In any moulding process, the moulded material will leave behind a residue,· and this
build up on the mould surface will eventually cause parts to stick or lose dimension.
A mould release agent, properly used, will reduce or eliminate this problem, and
thereby decrease downtime for mould maintenance and preparation.

2.4.3 SCORCH

Scorching is undesired premature vulcanisation of a rubber compound (Craig, 1969).
The scorchiness of a given sulphur containing base stock is determined by the oxygen
content (proportional to quinone-type oxygen) and the surface area of carbon black
(Studebaker, 1956). The higher the oxygen content, the longer the scorch period or
the slower the cure.

Conversely, the greater the surface area of carbon black in a

stock, the shorter the scorch period. The higher the oxygen content, the slower the
cure and the lower the modulus at optimum cure.

The oxygen content .of a carbon

black always interferes with crosslinking by normal curing systems.
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Accelerators are nonnally used to reduce the time and I or temperature and amount of
sulphur needed for vulcanisation, and often improve the mechanical properties and
resistance to ageing (oxidation ) of the vulcanisate.

The metal oxides (MgO, PbO )

formerly used are now largely superseded by organic accelerators, broadly classified
as basic and acidic.

Basic types, which include thiocarbanilide, diphenyl- and di-o-

tolyl guanidines, and aldehyde-amine condensation product,

have been largely

replaced by the more active acidic types. Bases such as amine also have an effect on
vulcanization.

Usually the amines are powerful activators which are shown to have

the shortest time to scorch and low cure rate (Mark et al ,1989). The use offatty acid
amine salt or an amine with a fatty acid has been an important way of activating the
accelerator.
Hoffman (1979) classified organic accelerators according to their technical effects such
as ultra, semi-ultra, medium fast and slow accelerators, but now they are classified
according to the groups of chemical substances to which they belong such as
dithiocarbarnates (ultra accelerator), xanthates (medium-fast accelerator), thiurams
(ultra accelerator),

thiazoles (semi-ultra accelerator),

accelerator) and guanidines (slow accelerator).

aldehyde amine (semi-ultra

With the acid organic accelerator it

has been possible to control the following aspects of vulcanisation reaction:(a)
induction period or scorch time, (b) rate of vulcanisation, (c) number of crosslinks
introduced, (d) type of crosslinks and (e) thermal stability of the vulcanisate (reversion
characteristics).

Thus, in cure tests the time to scorch (or onset of crosslinking),

crosslinking rate, cure time and cure conversion (maximum torque-minimum torque)
can be determined.

2.5 MULTI-FUNCTIONAL ADDITIVES (MFA)
A surfactant is defmed as any substance which will reduce the surface tension of a
solvent at a very low concentration.

The ability of a surfactant to reduce surface

tension results from the combined hydrophilic as well as hydrophobic part of its
structure which tends to migrate to the liquid-air interface when added to a liquid.
This substance tends to congregate at the boundary surfaces to reduce interfacial
tension.

As a single molecule tends to seek the surface, when more molecules are

present, more will seek the surface until it is fulL

Surfactants are classified (Cullwn,

1994) according to the nature of their hydrophilic parts. Thus, a cationic surfactant is
a surfactant in which the hydrophilic part carries a positive charge.
additiyes are based on cationic surfactants.

Multi-functional

It is known that MFA compounds are

weak bases due to the presence of nitrogen groups in their structure, and they are
protonated in acidic media. This assists in making the surface active towards the usual
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fillers used in rubber whereas conventional plasticizers are inactive as surfactants.
Cationic surfactants (Mahdi, 1984) are known as excellent wetting and dispersing
agents and could enhance filler dispersion. As a filler-rubber surfactant, MFA enables
wetting to take place between the rubber (hydrophobic) I filler (hydrophilic) interfaces.
The precise MFA-filler-rubber interactions are not yet known.

Factors such as

wetting, penetration of liquid medium into the agglomerates rather than the fracture of
the bonds might govern the dispersion process (Sappok and Honingman, 1976).

2.5.1 ORIGIN OF MFA

Among the wide applications (Karsa, 1989) of surfactants in industry, the use of
cationic surfactant in rubber compounding (European Patent 0146579Bl, Hepburn,
1991)) has been reported in papers by Hepbum and Mahdi (1986). Initially, these
compounds were called Surface Active Processing Aids (SAPA) but the name has been
replaced by multifunctional additives (MFA) as it is a more appropriate for use with
rubber chemicals. These surfactants were synthesised in the laboratory using fatty
acids (e.g. oleic acid) and alkyl diamine (e.g. propane diamine) to give the general
chemical structure of a cationic surfactant as follows,
[ RNH2 (CH2)JNH3] ++ 2[R'COOJwhere R= tallow i.e. carbon chains containing 16-18 carbons.
R'=ether long chain alkyl groups derived from fatty acids.
The surfactant structure consists of a hydrocarbon chain (hydrophobic, non-polar)
with a cationic nitrogen group (hydrophilic, polar) at one end and a carboxylic acid
group (hydrophilic, polar) at the other end. The hydrocarbon chain is usually derived
from fatty acids or petroleum sources. Fatty acids are derived from natural sources
such as coconut oil, palm oil or tallow.
Fatty amines of general structure
RNHCH2CH2CH2NH2 are usually derived from animal fats and vegetable oils.
Adding a surfactant to a system has the effect of lowering the surface energy of the
system, by penetrating the solid particles via their surface giving complete wetting.
This should improve dispersion of organic or inorganic ingredients within a compound.
The general synthetic route (Mahdi and Hepburn, 1986) for a typical cationic
surfactant is as shown in tl)e following schematic Figure 2.25.
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oleic acid

1,2-diaminopropane

CH3CH(N+H3)-CH}-N+H3 . 2C 17H3 3cool,2 -propanediamine dioleate

Figure 2.25: Schematic figure showing synthesis of 1,2propanediamine dioleate
A commercially produced surfactant similar to the above was tried at the beginning of
this research project but was found to be unsuccessful (see alternative MFA's in
Section 5.11). The surface active properties of surfactant MFA are essential for the
functioning of a particular process. At temperatures between 30-JOOOC, MFA act
both as internal and external lubricant, facilitating easy processing (Cole, 1992). The
reactive MFA will chemically or thermally decompose to offer different residual
surface active groups.
The most important general features of MFA and its
functionalities are highlighted as shown below.
Propanediantine

Stearic acid

Accelerator

Activator
Mould release

'

Cationic surfactant
Processing aid, mill release agent and filler dispersant

Figure 2.26: Schematic diagram showing multifunctional
properties of MFA
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The cationic surfactant functions as a processing aid to enhance flow, mill release and
as a filler dispersant at temperatures below uooc.

It dissociates at higher

temperatures (greater than l300C) to give a fatty. acid and an amine. The amine acts
as a curing promoter or, more specifically, as an accelerator while the fatty acid acts
as an activator.

It is known that these nitrogen bases can accelerate scorching and

cure (Mark et al, 1989). Vulcanisation with sulphur does not give good mechanical
properties unless a fatty acid is used in addition to zinc oxide. Stearic acid is used to
aid processing by exerting a plasticising action and reducing the tendency for the mix
to stick to rolls. It is the dispersing action of fatty acid that helps filler and other
additives to incorporate. MFA was found to accelerate vulcanisation because it has a
shorter induction period (which can be controlled to some extent by the amount of
sulphur used) than the conventional accelerator (Mahdi, 1984).
The multi functionality of MFA as shown in Figure 2.26 is to act in four successive
ways: firstly as a two-roll mill release agent, secondly as a filler dispersant, thirdly as
an accelerator of vulcanisation and finally as a mould release agent. The cure rate was
also enhanced by inclusion of this surfactant in a mix leading to cost savings on
accelerators. The mould flow was assessed visually. Mould release was evaluated by
assessing the force required to open the mould after curing. Demoulding difficulties
have been mentioned as a problem in the rubber industry (Wortberg, 1983). A
problem closely associated with the release was mould fouling which costs the British
rubber industry something in the order of £500,000 per year in 1971 as reported by
Champaneria (1987).

Hepbum and Mahdi stated that these MFA's were useful as

processing aids and improved vulcanisate properties (1 0 to 25 % increase in tensile
strength). Most of the work on processing was based on a Banbury internal mixer and
two-roll mill mixing. Further research was required in the processing area of MFA,
particularly in rheological properties, mould release, mixing behaviour in an internal
mixer with intermeshing rotors,

mechanism of dispersion,

modes of action with

rubber and reinforcing fillers.
2.5.2 VULCANISATESTUDIES

Vulcanisate containing MFA have been investigated by Ismail (1994).

Tests on

compounds containing Duomeen TDO material as MFA showed no detectable change
in tear, tensile, abrasion and dynamic tests with increasing MFA concentration.
When EN444 was used as MFA, it was found that 2 phr of EN444 was the critical
amount required to coat the carbon black surface with a monolayer.

The most

'optimum' rubber compound properties were found at this level of loading. The
addition of EN 444 to a NR compound with 50 phr of N330 carbon black is shown to
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increase tensile strength, tear strength, modulus (M 300) and abrasion resistance up
to a level of 2 phr, after which there is a gradual deterioration of properties (Abidin et
a!, 1994). The in-phase component of dynamic modulus (G') shows a maximum at 2
phr, at double strain amplitudes of 0.01 and 1.0.

The improvement in physical

properties may be attributed to improved dispersion of carbon black in the rubber
matrix by accelerating both the incorporation and disagglomeration phases of mixing.
Scanning electron rnicroscopy of rubber mixes with different levels of MFA indicated
that the control mix (without MFA) contains a larger number of undispersed carbon
black agglomerates. The dispersion improves with addition of MFA up to 2 phr. No
further improvement in carbon black dispersion was observed after 2 phr.
When gum compounds containing the MFA were tested, the change of tensile and tear
strength and M 300 with concentration is minimal, indicating that the MFA exerts its
greatest effect at the elastomer-carbon black interface. Gum rubber mix was found to
have low modulus values (4-6%) but increased modulus (15-20%) was found with
carbon black filled vulcanisates.

MFA at monolayer concentration gave no bulk

polymer modification and had no effect with gum vulcanisates.
The modes of action of the MFA were examined and the influence of MFA on
crosslink density was small.

In contrast, carbon black dispersion, measured by

computer-aided image analysis of a cut surface, showed a substantial improvement
with increasing MFA concentration. It shows that the inclusion ofMFA has improved
the carbon black dispersion, especially in reducing large agglomerates. This is shown
in Figure 2.27 by the decrease in maximum intensity value at control (without MFA) as
the level of MFA is increased. A similar trend is observed with silica dispersion.
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Figure 2.27: Effect of MFA on carbon black dispersion.
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The reduction of bound rubber with MFA is due to the release of the immobilised
rubber within the carbon black agglomerates as a result of improved carbon black
dispersion. MFA acts as a wetting agent for carbon black and weakens the interfacial
interaction between carbon black and rubber thereby aiding the breakdown of carbon
black agglomerates at the mixing stage. MFA reduces the mixing time to achieve a
specified carbon black or silica dispersion. MFA is believed to coat the internal
surfaces of the filler agglomerates and lubricate the entry of rubber molecules into the
internal void volume, hence accelerating filler incorporation. A check was performed
on mixer warm-up effects by adding MFA in a random order such as 1.0 phr, control,
3.0 phr, 2.0 phr, 5.0 phr and 0.3 phr. When compared to a sequential order, results
on curing and mechanical properties confmned earlier findings that the optimum
concentration of MFA was at 2 phr. In SBR I dicumyl peroxide (1.8 phr) system,
inclusion of 2 phr of EN444 enhanced the rate and state of cure.
Mechanical
properties and dispersion of carbon black N330 improved at 2 phr of MFA also
confmned the optimum concentration previously reported.
Reinforcement of carbon blacks in rubber was determined to a large extent by its high
surface area and high structure. The addition of EN444 to SMR 20 at 50 phr loading
of N330 showed optimum properties were achieved at 2 phr of EN444. When studies
were conducted on carbon blacks with different surface area, the critical level to coat
the monolayer of Nl15 and N550 was found to be 3 phr and 1 phr respectively for the
optimum vulcanisate properties. It follows that the MFA required for a monolayer
coverage on carbon blacks increases with increasing surface area.
A different filler type i.e. silica at equivalent surface area loading was investigated.
MFA was found to be effective in offsetting cure retardation of accelerator CBS in
silica-filled compounds. The scorchiness of MFA was reduced with addition of Si69
since this coupling agent has no effect on scorch property. MFA with Si69 showed
slightly better mechanical properties (modulus 300, tensile strength, tear strength,
abrasion resistance) than either MFA or Si69 used individually in the formulation.
The improvement in mechanical properties of silica vulcanisates was attributed to the
improvement in silica dispersion and a higher crosslinking density.
In both carbon black and silica compounds after an addition of MFA,

improved

dispersion could be shown as the filler was disagglomerated with increasing mixing
time.
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Figure 2.28: Acceleration of disagglomeration of carbon
blacks and silica.
Acceleration of disagglomeration of silica compounds is 50% slower than those of
carbon blacks. Disagglomeration had reduced the effective volume fraction of filler by
releasing occluded rubber. Thus, MFA was speeding the disagglomeration of carbon
blacks and silica. In a recent study of MFA with polar elastomer, it was found that
MFA showed no improved vulcanisate properties and dispersion with polar elastomers
(Pongdhorn, 1994).
2.5.3 UNVULCANISED RUBBER COMPOUNDS

During the course of the present studies, work by Asore (1994) was seen to suggest a
yield stress effect in capillary rheometry which was influenced by MFA.

It appears

that there might be a 'yield stress' phenomenon present and that MFA is modifying that
behaviour. Raised 'yield stress' values are observed with MFA.

There is a region of

no flow at low shear stress and at infinite viscosity.

2.5.4 INTERFACIAL STUDIES

Interfacial studies of MFA in rubber compound are reported in this section (Sheng,
1994). The MFA (trade name EN 444) used in this work, was a typical diarnine salt
of carboxylic acid.
It melted at 600C but decomposed at 12ooc and the
decomposition is complete at 1700C. The approximate monolayer coverage of MFA
appeared at a Fourier trarisfortn infra-red spectrum of 1550 cm·l.

The MFA strong

absorption peaks were found at 2 phr for N 330 and after 2 phr for N 550 but for silica
a strong peak was shown when the level was in excess of 7.5 phr.
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peaks represent the critical concentration at which a monolayer is complete. Below a
critical level, all the MFA was used to form the monolayer.

It was thought that the

differences of N330 and silica filler type could be explained by a different mode of the
MFA.

With silica, the MFA molecule stood on end rather than spread over the

surface as with carbon black. From acetone extraction studies, carbon black particles
show no chemical bonding or crosslinking but silica appears to increase crosslinking.
The MFA molecule was found to remain intact until the amine part started to detach in
the temperature range 120-1350C.

At the vulcanisation temperature of 150-1700C,

the stearic ion started to detach itself.

In a measurement of bound rubber at 144°C there was no indication that MFA could
improve the chemical bonding of rubber molecules to the filler surface but at JOOOC
bound rubber was reduced with MFA addition. The possible reasons for this could be
due to the reduction in physical interaction between rubber and filler, or the release of
the associated rubber within the carbon black agglomerates or both by addition of
MFA.

Based on the bound rubber values such as 0.008 g I m2 for silica and 0.1 g I

m2 for N330, it was concluded that the interaction between carbon black and rubber
was stronger than that between silica and rubber.
addition of MFA.

Bound rubber decreased with the

It implies that addition of MFA weakens interfacial interaction

between the carbon black and the rubber.

The decrease of bound rubber was due to

the release of the occluded rubber situated within the carbon black agglomerates.
Limiting bound rubber is obtained when no further improvement in carbon black
dispersion is observed at the monolayer. Figure 2.29 shows the tightly bound rubber
or occluded rubber is the shell of the carbon black agglomerates and the immobilised
rubber is within the carbon black agglomerates.

The agglomerates are composed of

loosely bound aggregates of fused carbon black primary particles.

...

...

. ·.·

'·~·'.'·'·'·'.'<<"·'·~·'-~:Y~-- tightly bound or

occluded rubber

...
...
carbon black agglomerate

immobilised rubber

Figure 2.29: Schematic representation to show the
occluded and immobilised rubber in the carbon black
agglomerates (Sheng, 1994)
51

Chapter2

When dried carbon blacks were used, an increase in the adsorption of MFA to the
filler surface was found. The adsorption isotherms showed that the amount of MFA
adsorbed is directly proportional to the surface area of carbon blacks. Increased
MFA adsorption was found on oxidised carbon blacks (mainly carboxylic acid groups)
suggesting that the conformation of MFA was changed from flat to perpendicular on
the carbon black surface.
These oxidised carbon blacks preferentially adsorbed
diamines of MFA rather than the carboxylic acids of MFA at equilibrium in
dichloromethane.
Ozone oxidation increased the surface oxygen concentration
(detected by X -ray photoelectron spectroscopy) of the carbon blacks.
Tills was
proportional to the amount of ozone consumed by the carbon black. By oxidation of
the carbon black surface, the adsorption of MFA to the filler had doubled.

It was

believed to be caused by a greater polar interaction between the polar sections of the
MFA and the increased polar sites on the carbon black surface.
Tills work was supportive to MFA studies by showing that the heating effect of MFA
showing the appearance and disappearance of absorption peaks, the monolayer
coverage for N330 was 2 phr and for silica it was more than 7.5 phr, and the modes of
behaviour of MFA with N330 was likely to be flat to the surface but perpendicular
when interacting with silica. Oxidised carbon blacks were reported to have more
active sites as there was an increase of carboxylic groups. Monolayer coverage was
calculated to be 2 phr with N330, 1 phr with Nll5 and 3 phr with N550.
2.6 CONCLUSIONS

The foregoing literature review reveals various shortcomings in knowledge about the
way MFA functions in rubber processing. Specifically it is desirable to know more
about the fate of MFA at various stages of rubber processing. For instance:
What are the effects of MFA on unvulcanised compound flow in capillary extrusion
and rotational rheometry?
What are the mechanism of interaction of MFA with fillers?
How best to model the action of MFA on filler dispersion?
There is a need to quantify of the effect of MFA on processing properties such as black
incorporation time, cure behaviour, mould release peak stress, wall slippage,
compound viscosity, compound stress levels, melt fracture, stress relaxation and die
swell. The present investigation, as presented in the following chapters, addresses
these needs.
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CHAPTER3

EXPERIMENTAL

3.1 MATERIALS
The compound used in most of the tests was based on a NR tyre tread compound (see
formulation in Table 3.1 ) and MFA at various levels were investigated.

The rubber

formulation is based on conventional sulphur vulcanisation i.e. a ratio of 2.5:0.5 for
sulphur to CBS.

The types of crosslinks in this system are mainly polysulphidic with a

lower proportion of di- and mono-sulphidic structures.

A compound without MFA was

used as a control to assess the effects of MFA. The formulation used for silica-filled NR
compounds is given in Table 3.2.

The solution polymerised styrene-butadiene rubber

(SBR) and gum mixes were used for verifying the effect of MFA. For gum compounds,
carbon black is excluded from the formulation.

The formulation for SBR mix is given in

Table 3.3. The basic ingredients available commercially are listed below.

Ingredients
*SMR20
Zinc oxide
Stearic acid
F1ectol H
tCarbon black
CBS
Sulphur
§MFA (EN444)

(phr)
100

5
3
1
50
0.5
2.5
0, 0.3,1, 2, 3 and 5

Table 3.1: Rubber formulation used with MFA levels
investigated.

The formulation in Table 3.1 was used by excluding curatives for the Guth-Gold
modelling studies. Curatives were excluded because long mixing times were involved and
therefore premature crosslinking was prevented.
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Ingredients
SMRlO
Zinc oxide
Stearic acid
Flectol H
CBS
Sulphur
Silica
Si69
EN444

A (phr)
100

B (phr)
lOO

5

5

3
1
0.5
2.5
30

3
1
0.5
2.5
30
3
0,0.3,1,2,3,5,7.5
and 10

0, 0.3, I, 2, 3, 5,
7.5 and 10

Table 3.2: Formulation for silica without and with coupling
agent.
phr
100.0
50.0
2.0
Oand2.0

Ingredients
Solution SBR
N330(HAF)
Dicumyl peroxide
EN444

Table 3.3: Formulation of SBR and peroxide system.
• Natural rubber such as SMR 20 and SMR 10 denotes Standard Malaysian Rubber of 0.2
and 0.1 maximum dirt content(%) respectively.
Styrene-butadiene rubber (SBR).
SBR(Europrene 1205, Polysar Co. Ltd.) has a styrene content of 25%.
§ Multi-functional additives:

(I) N-tallow-1,3-propanediamine dioleate under the trade name Duomeen TDO has

chemical structure as follows:
[R'NHz(CH2 )3 NH3]2+ 2[C 17H33COO] This chemical was used initially and abandoned owing to problem of scorched rubber
compounds.
(2) N-tallow-1,3-propanediamine distearate under the trade name EN 444 in paste form
and EN 457 as solid form, has the following chemical structure
[R'NHz (CHz) 3 NH3J2+ 2[C 17H35cOO]Ail multi-functional additives were supplied by Akzo·Nobel Ltd., U.K.
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:j:Carbon blacks:
The majority of the work used carbon blacks N330 (HAF). Nll5 (SAF) and N550 (FEF)
were also used to lesser extent.
The carbon blacks (Cabot Carbon Co. Ltd.) and silica (Degussa AG) surface areas and
structures are shown in the Table 3.4.
Surface area (m2/g)

Structure (ml/ lOOg)

CTAB

DBPA

Nl15

128

113

N330

82

102

N550

43

121

Silica

170

165

Carbon blacks

Table 3.4: Surface area, structure and density ofN115,
N330 N550 and silica.

Silica
Precipitated silica, commercially available as trade name Ultrasil VN3 (Degussa) is used
in the present research. It has an average particle size of 18 nm. As shown in Table 3.4,
silica has a larger surface area than the carbon blacks.
The essential functions of the chemicals in the formulation are as follows:
(a) Zinc oxide
Metal oxide is used to activate the accelerator. It can increase crosslinking efficiency by
more than 60%.
(b) Stearic acid
Stearic acid used was of rubber grade with 15% oleic acid. It is a fatty acid used as a
secondary activator for the accelerator.
(c) Antidegradant
Flectol H (Monsanto Chemicals) has a chemical name poly-1,2-dihydro-2,2,4trimethylquinoline. It is non-staining antidegradant and usually available in flake form.
Flectol His used as antioxidant against oxidative degradation and heat.
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(d) Accelerator
N-Cyclohexyl2-benzothiozole sulphenamide, in short CBS (Monsanto Chemicals) is a fast
accelerator with a delayed action.
(e) Sulphur
Sulphur (Anchor Chemicals Co. Ltd.) was used as a curing agent for the natural rubber.
(f) Dicumyl peroxide (Di Cup R)

Di Cup R (Hercules Co. Ltd., U.K) is 98-100% active and it has molecular weight of 270.
It melts at 40-500C.
(g) Coupling agent
The coupling agent Si69 (Degussa AG, Germany) is a bifunctional polysulphidic organo
silane defmed chemically as ·bis(3-triethoxy silyl propyl) tetrasulphide. The bifunctional
organosilane Si69 possesses two reactive groups i.e. tetrasulphide and ethoxy groups. It
is chemically active at room temperature. It interacts with silanol groups on silica surface
during compounding.

3.2 EQUIPMENT AND METHOD

The equipment used is mostly available within rubber processing laboratory.

Several

instruments were used to study the processibility.
A Davenport capillary extrusion
rheometer was used to study at high shear rates. A Negretti TMS biconical rheometer
was used to study at medium shear rates. A special twin-cone viscometer was used to
study at very low shear rates. These instruments are described in the relevant sections.
BS 903 describes test methods mainly for vulcanised rubber, however there is little test
method prescribed for unvulcanised compound such as in this study.
used here were not prescibed in any standard specifications.

Most of the tests

3.2.1 AUTOMATED, COMPUTER-CONTROLLED FIIANCIS SHAW KllNTERNAL MIXER

An internal mixer Kl(Interrnix Mk 4) with variable speed was used throughout mixing

(Figure 3.1).

It is versatile, rapid, and has a capacity of 5.5 litres.

It consists of an

intermeshing rotor with nogs encased by a chamber. The rotor was run at constant speed,
and the nogs are designed to produce high shear rates between the rotors. It can run at
rotor speeds of up to 66 rpm. A rotor speed of 35 rpm was used mostly in these studies
since high speeds may produce scorching with some compounds.

Fill-factors ranging
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from 0.6 to 0.85 were possible for efficient mixing but 0.6 was appropriate for 'tyre tread'
compound. The mixer is fitted with a pneumatically operated ram. It can be operated
either with a computer controlled programme automatically or manually. The effects that
surfactants have on mixing characteristics were monitored by instrumentation on the
Francis Shaw K1 Intermix.

1

Oil
injector

Figure 3.1: Schematic diagram of Francis Shaw internal
mixer (Blow and Hepburn, 1982)
The temperature of the rotors was set at 35°C, controlled by circulating water.

The

conditions used for mixing are shown in Table 3.5. Rubber was cut into a uniform size of
2 in. x 2 in. weighed ready for feeding and the required amount of carbon black was added
automatically from the hopper. Prior to mixing with MFA, the mixer was cleaned with
gum rubber to prevent any contamination from the previous mixes. Rubber chemicals
such as stearic acid, zinc oxide and antioxidant, and rubber were added at an early stage
of mixing because zinc oxide was difficult to disperse. MFA was added at 119 seconds
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so that surface modification of carbon blacks could take place during the rest of the
mixing cycle. Carbon black was added two minutes after a mastication in order to get the
maximum effect of MFA (Hepbum and Mabdi, 1983). Accelerator CBS was added at
180 seconds and it was followed by addition of sulphur at 240 seconds. The compound
mix was discharged at 320 seconds automatically.

This mixer may be operated either

'linearly' which works according to the time in the function programme or 'batchwise'
which works according to the time as soon as it started. Mixing may be carried out by a
time controlled or an energy controlled programme. Most of the mixes done were based
on linear programme and time control for 320 s.
Mixing Conditions
Rotor speed
Temperature of rotor
Fill-factor
Water temperature
Ram pressure ·

Parameters
35r.p.m
35°C
0.6
35°C
<3 bars

Table 3.5: Mixing conditions in Kl mixer

The material input sequence to the mixer is as in Table 3.6. The raising and lowering of
the ram in a mixing cycle was minimised as far as possible.
Label

B

c

Sequence
Rubber, ZnO, St.acid, Flectol H
MFA
Carbon black N 330
CBS

D
E

Ram-down
. times
0
119
120
180
240
320

Total
times
20
150
240
305
400

Table 3.6: Mixing cycle of the ingredients.

The mixer was warmed up to 50-600C before experimentation started. Mixing was
carried out according to the mixing cycle as given in Table 3.6. Addition of carbon
blacks was done by automatic feeding.

A ram-down time was the time from closing the
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door after the input of materials into the mixer.
Mixing details such as power,
temperature, energy consuniption, and torque values were recorded with the progress of
mixing. The total time is the actual time taken by the mixer as shown in the power trace
(Figure 4.1). The temperature of the discharged compound was determined by using a
hand-held temperature probe and the batch weight of each mix was checked after the
compound was dumped. The mixes were subsequently sheeted to a thickness of 2 to 3
mm by a single pass through a Farrel Bridge two-roll mill40 cm x 25 cm. The compound
was cut into two rolls, one roll was stored in a refrigerator as a precaution against room
temperature curing and the other roll was used for testing. Six samples of the compound
were taken from different parts of the sheet to be representative of the stock.
3.2.2 MIXING MFA WITHOUT FILLER (GUM MIX)

The same formulation was used for this mixing except no filler was incorporated. This
study was to investigate the interactive effect of MFA and rubber alone when other
ingredients were kept with the same mixing conditions.
3.2.3

CLEAN SYSTEM WITH SBR IN 330 I PEROXIDE

The optimum concentration of MFA (EN444) required to give a monolayer coating of
carbon black particles was 2 phr in SMR20 I N330 compounds (Ismail, 1994). The
rationale of the purer system such as the use of non-proteinous base polymer was to see
the effect of MFA more clearly. Solution styrene-butadiene rubber (SBR) was selected
because of its low impurities using dicumyl peroxide as a curing agent to replace the
sulphur curing system in the presence of 2 phr of EN444 and the other ingredients.
Measurement of viscosity was selected to study the effect of MFA in this system.

Two

SBR I N330 I Dicup compounds were prepared i.e. a control (at zero level of EN444) and
2 phr of EN444 and the formulations are given as in Table 3.3.
Mixing was carried out in the same time and the procedure is shown in the Table 3.6.
Sheering the compound was carried out on a two-roll mill (with conditions as before),
however, the sheet could be torn more easily indicating its poor hot tear strength.
3.2.4 MIXING SILICA WITH MFA

I

I

I

The formulation of the natural rubber with silica mix is given in the following Table 3.2
(Mix A). Silica level was 30 phr in order to give the same filler surface area per unit mass
in comparison toN 330 carbon blacks. The mixer was cleaned with gum rubber as before
and the required amount of silica was put into the white hopper. Mixing was carried out
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in Francis Shaw K1 Intermix using a fill-factor of 0.6, a rotor speed of 35 rpm and with a
starting temperature of 350C (similar mixing conditions as used for the carbon blacks).
The same mixing cycle was adopted as in Table 3.6.

In order to maintain equivalent

In the
dispersion, zinc oxide was also added at an early stage of the mixing.
recommendation zinc oxide is to be added at a later stage after the dispersion of silica and
silane-silane interaction (Hepbum et al, 1990). This is because silica tends to adsorb the
curatives and reacts with activators especially zinc oxide and stearic acid resulting in low
state of cure and may affect viscosity, extrudate swell and modulus.
Similar mixing conditions for mixing silica with MFA without coupling agent was used for
mixing silica with coupling agent Si69 and MFA and this formulation is given in Table 3.2
(Mix B). Si 69 was added immediately following EN444 at 119 s. Si69 and MFA were
added to study the surface modification of silica through silanisation in situ with MFA
during mixing. Silica was added at 120 s. CBS and sulphur were added at 180 and 240
s respectively.
3.2.5 MIXING WITH VARYING MIXING TIMES AND VARYING MFA CONCENTRATION

Initial mixing studies were carried out at first with curatives for Guth-Gold modelling,
however inclusion of curatives affected the measurement of viscosity.

A repeat mixing

without curatives was carried out to the total mixing times of 320, 390, 480, 570, 660
and 840 s. The real mixing time was taken by excluding mastication time of 120 s.

At

constant mixing time of 320 s, the amounts of MFA were varied as follows 0, 0.3, 1, 2,
3 up to 5 phr for the carbon black mixes and 0, 0.3, 1, 2, 3, 5, 7.5 up to 10 phr for
silica mixes. Viscosity was determined by TMS rheometer at 1.0 s-1.
3.2.6 SAMPLE CONDITIONING

Rubber samples were conditioned for 24 hours at room temperature of 20±2°C and
relative humidity of 50±5% to allow the compound to mature to stability. Samples were
prepared according to British Standard BS 1673 Part 10:1977.

Tests were carried out

on the same batch for curing characteristics (scorch time), extrusion die swell, shear rate
at melt fracture, viscosity, stress levels, wall slippage, stress relaxation and mould
release.
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3.2.7 WALLACE PRECISON CURE ANALYSER

A Wallace Precision Cure Analyser (as shown in Figure 3.2) was used for assessing the
effects of MFA on vulcanisation of the rubber compound. This instrument was developed
jointly by The Rubber and Plastics Research Association and H.W. Wallace and Company
Limited. It produces rapid heating to the cure temperature and presents a torque-time
plot from which a cure time could be obtained. It is essentially a rotorless curemeter
using the oscillatory motion of the lower platen of the die cavity to deform sample at
frequency of 1.7 Hz (Wallace test equipment manual). A torque transducer in the upper
die monitors the force transmitted through the rubber sample. The general form of cure
trace is similar to Monsanto oscillating rheometer, with the torque directly proportional to
shear modulus, plotted against time. Both instruments are based on the constant strain
However, the rotorless instruments have
cycle principle in mode of operation.
substantial advantages over the biconical rotor design with respect to sample heating
times.

The unheated rotor acts as a heat sink, giving a heating time which is long in

comparison to the normal range of cure times obtained at characteristic test temperatures.
In isothermal methods the sample heating time is negligible in comparison with cure time.
Cure and scorch time (t5% i.e. time for 5% crosslinking) can be determined from the cure
curve. It has a built-in Z80A based microprocessor system which continuously monitors:torque, displacement amplitude, displacement frequency, temperature, test time, press
force, test number and date; any of which may be examined on the front panel display by
pressing the relevant button. Data is constantly fed to a printer during testing.

On

completion of the test, torque readings are scaled and the times to a predefined cure
percentages are calculated. The results are computerised to give various times for 5%,
90%, 95% and 100% crosslinking. Thus, the scorch time can be measured at 12ooc.
Only a few grammes of compound are required for the test because the volume of test
cavity is I cm3 and the maximum usable temperature is 3oooc.
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Figure 3.2:The Wallace Precision Cure Analyser
The effect of MFA on scorch and cure behaviour was investigated by the Wallace
Precision Cure Analyser.

The instrument was set to a desired temperature which only

varied by ±O.osoc. The condition s for cure testing are give n in Table 3.7.
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Parameter

Conditions

Temperature (OC)

120, 150, 160 and 170

Pressure (kPa)

600

Frequency (Hz)

1.7

Strain

0.14

Table 3.7:Testing conditions for cure characteristics.
A cleaning compound was used to clean the cavity and the top platen to avoid
contamination.

Following the requirement of IS0/6502, a test sample of volume 1.5

cm3 and a thickness of 1 mm was required for the test.

So a sample weighing

approximately 2.0 g and 2.5 cm in diameter was used for the test

Vulcanisation data

were given as minimum torque, maximum torque and time for 5%, 90%, 95% and 100%
of crosslinking. The 95% cure is taken 'a best technical cure' for a compromise of curerelated properties.

The standard deviation measured for optimum cure time at 95%

crosslinking is 0.5.
3.2.8 DAVENPORT CAPILLARY EXTRUSION RHEOMETER

A Davenport capillary extrusion rheometer was used to measure the effect of MFA on the
flow properties of the mixes at high shear rates.

This standard instrument is capable of
1
measuring viscosity over the shear rate range of 1 to 1000 s - . It has similar high shear
rates that were found in processing machinery such as extruders, calendars and injection
moulding machine. For this analysis of rubber compounds, a range of 10 to 200 s-1 was
used to measure uniform steady flow.

Factors that determine the flow of melts besides

shear rate and shear stress for a specific polymer melt are temperature,

hydrostatic

pressure, molecular weight and molecular weight distribution as well as additives such as
fillers and lubricants.

In the test for a given rubber formulation all such parameters are

assumed to be similar and so the only effective variable is the level of MFA. Any effect in
vulcanisation was also due to MFA.
Essentially, the rheometer as shown in Figure 3.3 consists of a temperature controlled
vertical cylinder which can be loaded with rubber compounds, and a plunger which is
driven mechanically at a controlled speed.

The plunger can move through the barrel at

predetermined speeds to give a range of different shear rates within the same experiment.
The stress developed in the rubber is measured by a pressure transducer which is
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connected to a chart recorder.

Full scale load on the chart can be varied whenever

circumstances dictate.

An extrusion die with dimensions lmm x lmm (450 taper) was

used for this study.

The die is held in the lower end of the cylinder and gives a

convergence of compound flow. The material under a constant rate is induced to flow in
the conditions of telescopic flow. This flow is similar to the flow in an extruder die. The
study is to relate the extrusion shear stress and the extrusion shear rate.

A set of

assumptions are made in deriving the expressions for shear stress and shear rate (Brydson,
1981).

One of the assumptions relevant to this study is that there was no slip at the

capillary wall.

The assumptions were valid for rubbers under normal processing

conditions provided before the critical melt fracture and no premature crosslink:ing occurs
during the flow test.

Tr.m::;. iuc:::r

l9

-J!E -
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I

~

0

Figure 3.3: Schematic diagram of Davenport capillary
extrusion rheometer
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For a circular cross section capillary die of length L and radius R, the expression is may
be obtained by:

crw = RM I 2L

(3.1)

where crw is wall shear stress and M is the pressure drop along the capillary.
For a Newtonian fluid, the wall shear rate is given by:
'Yw

(3.2)

= 4Q I nR3

where Q is volumetric output rate.
The apparent viscosity (ll)

= crw I 'Yw

(3.3)

To investigate the extrusion flow properties of the prepared compound, the extrusion
tests were carried out at 100°C. The conditions for testing are given in Table 3.8.
Parameter

Conditions
0

Temperature ( C)

100

Preheating time (rnins)

5

Shear rate c-1s)

10-200

Die (LID)

1:1

Table 3.8:Testing conditions for Davenport capillary
extrusion.
To check the correct temperature as shown by the digital thermometer, measurements
were carried out using a thermocouple.

When the temperature remained steady, small

pieces of rubber compounds approximately of 1 cm x 1 cm x 0.3 cm dimension were used
to fill the barrel of 20 mm diameter by using a plunger of 19 mm diameter to thrust the
rubber compound down.
extruder.

A die of L I D of 1:1 was used to simulate the flow of an

Using the driven ram, it was allowed to reach a pressure (15% of full scale)

and the ram was switched off.

The rubber compound was preheated for 5 mins

(Haworth, 1991). When the preheat was completed, six readings were taken. For each
change made, a steady pressure reading was taken and samples of extrudate length of
approximately 3 cm was taken. Extrudate swell diameter was measured by means of a
travelling microscope.

The extrudate swell, pressure drop and the melt fracture were

recorded at varying shear rates.

Pressure drop was calculated on a stable part of graph.
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Samples of extrudate were taken at various shear rates 15, 30, 45, 61, 76, 91, 106,
121, 136, 152 and 200 s-1 until the onset of melt fracture.

The three rh eological

parameters related to processibility were apparent viscosity, extrudate swell and extrudate
surface roughness or melt fracture.

Apparent viscosity measurements at varying speeds

of extrusion were carried out with the compounds. The apparent viscosity was calculated
from shear stress which was obtained from the pressure drop and divided by shear rates
obtained from the speed of extrusion.

The point at which melt fracture occurred was

determined over a range of speeds and repeated several times.

The melt fracture was

determined visually as it came out of the die and checked with a travelling microscope.
Six readings were taken in order to gauge the onset of melt fracture.
3.2.9 NEGRETTI TMS BICONICAL RHEOMETER

The programmable Negretti TMS biconical rheometer as shown in Figure 3.4 was used to
assess how MFA affected processing behaviour of rubber mixes at medium shear rates.
The equipment was connected by an interface to an IBM Personal Computer and data
were collected and stored in a file on a floppy disk.

The biconical rotor is designed to

ensure a uniform shear rate throughout the sample and has a range of shear rate from 0.1
to 100 s- 1. It has a closed cavity and transfer moulding cylinder to enable precise control
of hydrostatic pressure.

This rheometer was used to study wall slippage due to the

lubricating layer between the rubber and metal surface (Turner and Moore, 1980). The
slippage is due to the torque difference at a specific rotor speed with the rotors having
grooved and polished surfaces.

The grooves on the surface of rotor were assumed to

inhibit the development of the thin lubricating film at the rubber metal surface.
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Figure 3.4: Schematic diagram of a Negretti TMS biconical
rotor rheometer.

The angular velocity w resulting from a given torque is the sum of the viscous shear
component (wv) and the angular slip component (ws)
I.e. ws = w-wv

Wall slippage velocities and shear rates on the grooved and polished rotors at a given
shear stress level are given by the formulae:
Wall slip velocity, w5

=2m (Sp-Sg)

(3.4)

(3.5)

Shear rate"'= 2m Sg Id

where Sp and Sg are the rotor speeds for the polished and grooved rotors, r is the radius
to the rotor edge and d is the clearance between the rotor edge and cavity wall.
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The grooved (or rough surface) rotor which is a heavily serrated rotor is used to eliminate
wall slippage effects.

The sample has a geometry set by the cavity and rotor and was

conditioned by shear, prior to measurements, to eliminate thixotropic effects.

In most

processing situations the interaction between rubber and smooth surfaces is more relevant
to be studied.

It has a transfer system on top of the cavity which has the following

advantages:
(i) The pressure in the cavity is controlled by the force applied to the
injection ram.
(ii) Fresh rubber surfaces make contact with the rotor and cavity.
(iii) The cavity is always closed during filling and maintains precise
dimensions.
(iv) A single cylinder blank is required.
(v) Prewarming in the transfer chamber followed by injection enables a
unifonn temperature to be established.
The transfer cavity technique produces a high level of test to test reproducibility. The test
cavity dies are closed prior to filling.
close on to a sample.

This avoids the possibility of 'flash' when the dies

Flash is caused by material spreading and being trapped between

preventing them from closing fully and thus increasing one of the cavity's

the faces,

dimensions. The uniform shear rate through test sample allows the test results from other
rheometers to be compared.
The apparent viscosity (11) at a given rotor speed can be obtained from the following
relationship:
torque reading

x constant

11 =
rotor speed (rpm)

The constant contains known dimensions, including the rotor diameter, the cone angle
and the depth of the rotor arthe periphery.
Most polymers have flow properties which may be modelled by a power law equation.
Shear stress is proportional to measured torque while shear rate is proportional to rotor
speed.

By suitable selection of the rotor cone angle, the shear rate can be made

numerically equal to the rotary speed or r.p.m. of the rotor. Thus, the shear rate (s-1) is
found to equal to the rotor speed (revolutions per minute).
available for the testings:
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(a) With 48 radial grooves on each face 4.6 cm in diameter,
(b) Polished surface 4.6 cm in diameter, and
(c) Polished surface 3cm in diameter.
It has the capability of measuring recovery , stress relaxation and stress development
during start up.

The effect of viscous heat dissipation is much greater than with the

capillary rheometer since the sample is contained within the cavity.

Its disadvantages

It becomes significant
arise mainly from temperature rise with rubber compounds.
between s- 1 and 10 s- l (Freakley, 1989). Most of the tests by Negretti TMS biconical
rheometer are given as follows:
(a) Wall slip characteristics
Many rubber compounds contain additives which form a low viscosity layer between the
metal surfaces of items of processing equipment and the bulk rubber compound.

The

term boundary lubrication is used to differentiate the action of process aids from that of
wall slip due to dry friction.

The latter occurs when the shear stresses at the rubber/

metal interface exceed the adhesive strength. It is undesirable because it produces surface
roughness on extrudates.
Measurement of wall slip characteristics using the rheometer relies on the fact that
boundary lubrication is dependent on the nature of metal contact surface.

Wall slip will

occur over smooth surfaces at a rate that varies with the metal surface used. Comparison
of results using smooth and grooved rotors for selected torque values allows the wall
slippage to be determined. Wall slippage shows as a separation of the two rotors's traces
(Negretti automation).

Wall slippage or boundary lubrication can exert substantial

influence on the processing behaviour of rubber compounds.

In doing this test,

lubricating properties can be determined. The procedure for the test is to use a biconical
grooved rotor and subsequently a smooth rotor.

A sample which was punched out of

rubber sheet by 2 ins. in diameter cutter and weighing 20±0.5 g was put in the transfer
moulding pot of TMS.
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The programme for the test is given as follows:
Temperature of the upper die °C = 100
Temperature of the lower die °C = 100
Temperature of the ram °C = 100
Preheat time, s ==240
Filling time, s= 120
Precuring delay, s=10
Shear rates= varying
No.of readings I s == 10
No.of steps=?
Steps
l
2

3
4
5
6
7

Duration time
(s)
40
30
20
20
20
10
10

Shear rate (s-1)

Mode of test

0.1
0.4
1
4
10
40
100

continuous
continuous
continuous
continuous
continuous
continuous
continuous

Table 3.9:Test programme for wall slippage measurement.
The test was repeated with a smooth rotor.

The test was done in duplicate, and the

values of steady-state shear stress at the end of each of the steps were plotted against the
shear rates. From the graph at arbitrary value of 2.2 (log shear stress), a horizontal gap
which is defined as the difference between the grooved and smooth rotors' curves was

plotted with increasing level of MFA.
(b) Stress relaxation measurements
Stress relaxation of the filled compounds was measured in TMS biconical rotor rheometer
at 1QOOC.

The sample was cut and placed in the preheat cavity and the computer

program was then activated. The test samples were conditioned at a constant shear rate
-1
of 1 s for 60 s to obtain a steady state stress, the flow was then stopped to allow the
decay of the stress with time.
natural rubber compounds. ·

The test was done for both carbon black and silica filled
For these tests on TMS,

standard times of 240 s for

preheating and 170 s for filling were used in the test program.
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were taken for the measurement.

Results were presented in percentage drop in stress

relaxation.
(c) Mould release characteristics
The ease with which a moulded rubber article can be released from a mould after injection
and vulcanisation can be assessed by Negretti TMS biconical rheometer using a small
smooth surface biconical rotor of 3 cm in diameter. The mould release characteristics are
a function of the degree of adhesion between the moulded object and the walls of the
mould.

Ideally, rotors used for these tests should be made from the same metal as the

mould surfaces.

Pinsticking test consists of curing the rubber around a smooth rotor

under moulding conditions.

A similar work on pinsticking mould release using TMS

biconical rheometer are carried out by researchers at Bath University (Champaneria, 1987
and Reeves, 1992).
From the Wallace results of rubber compounds,

optimum cure time at a particular

temperature was used for the TMS test at that temperature.

Optimisation of the

conditions for the tests was carried out for a set of compounds taking account of the
scorch time of the compound to prevent short moulding.
was to take place on the rotor.

This was done because curing

For N330 compounds, the pre-heat time was 60 sec.

The filling time was 170 sec and the pre-run curing delay was equal to the optimum cure
time substracting the pre-heat and the filling time.

A small, smooth rotor of 30 rrnn

diameter and 4.5 mm of edge thickness was used for the experiment on mould release
properties.

The injection pressure maintained at 0.35 MPa.

The lowest shear rate

available i.e. 0.1 s-1 was selected to simulate the stripping of vulcanisate from the mould.
The rotor was turned at this low shear rate to break the bonds between the rotor and the
rubber.

The torque or the measured shear stress required to do this was a measure of

the strength of these bonds and thus the mould release ability of the compound.
pinsticking index is the maximum (peak stress) achieved.
The shear rate is 0.1 s-1
Test mode: Continuous
Temperature of upper die, °C = 170
Temperature of lower die, °C= 170
Temperature of ram, °C= 170
Preheat time,s = 60
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Fi lling time,s = 170
The precuring de lay time is given as follows:
Precuring delay, s =(Optimum cure time)-(Preheat time)-(Fi lling time)
No.of reading = I
No .of steps = I

Step duration (s)
60
120

Step
I
2

Mode of test
continuous
continuous

Table 3.10: Programme for mould release test.
The rotor was c leaned with rubber solvent and fine stee l wool after each test.
Mou ld re lease tests could be more conclusive if a new replaceable rotor is used each time.
Thi s will avoid the contamination o n the metal surface.
Vi scosity of the gum and filled compo unds was measured at steady-state at shear rate of I
s- I using Negretti TMS biconical rheometer at I 00°C.

The programme used is given as

fo llows:
Preheat time (s):

240

Filling time (s):

60

Sample weight ( g): 17.5
No.of steps:4
Step
1
2
3
4

Duration time (s)
60
45
30
20

Shear rate (s-1 )
0.1
I
5
10

Mode of test
steady-state
steady-state
steady-state
steady-state

Table 3. 11: Programme for vi scosity measurements by
Negretti TMS rheometer.
Samples were taken for viscosity measurements.
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3.2.10 LOW SHEAR RATE TWIN CONE RHEOMETER

A srandard Mooney viscometer was modified ro a special-construction twin cone
rheometer and the equipment which is popularly known as Modified Mooney viscometer
(Figure 3.5) was used to measure the stress growth of a sample of rubber compound run
1
ar very low shear rates of 0 .02 s- , 0.01 s-1, 0.005 s-1, 0.002 s-1 and 0.001 s- 1 at a
temperature of 100°C. This instrument measured the stress growth as a function of time
at a given shear rate. It gave absolute measurements of viscosity and it can be related to
fundamental properties of the compound.

The cone angle is 9°.

The twin cone rotor

gives a uniform shear rate to sample. A variable speed stepper motor is attached so that a
very low shear rates can be achieved. The torque is measured by means of the thrust on a
shaft carrying a worm. The shaft is forced by the reaction of the sample to press against a
steel cantilever spring.

The deflection of the spring is measured by a linear displacement

transducer which is calibrated to read the corresponding torque exerted by the sample. It
is controlled by a computer programme to operate the test.

All the tests were carried out at a shear rate of 0.02 s- 1 and at a steady temperature of
100°C.

This is an experiment to determine stress growth (equilibrium stress or plateau

stress and yield point) characteristics.

From the menu,

'Interface' programme was

selected for the test. To determine the correc t torque value, a test was carried out using
the rotor alone.

Care was taken to check the torque value should not exceed a value of

200 Nm for every test.

A sample was placed on both sides of the rotor surfaces and the

platens were closed.

Preheating time used was 4 mins.

The test programme was

activated for testing. The strain was calculated by multiplying the shear rate by the time
taken.

73

Chapter 3

Figure 3.5: Low shear rate twin cone rheometer
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3.2.11 MEASUREMENT OF AGGREGATE SIZE

The dark field image analysis method of carbon black dispersion measurement is based on
the principle of dark field reflected light microscopy. That is, if an incident beam of light
falls on a flat, even suzface, no diffraction of light beam occurs and the reflected light
falls outside the aperture of the objective lens as in Figure 3.6.

If the viewed surface is

full of irregularities which acts as diffracting centres, the incident beam will be reflected
and received by the objectives lens. The diffracting centres will appear as light boundaries
on a dark background. There will be a change in reflectivity in the rigid region when the
surface of a carbon black-filled vulcanisate is illuminated by light
field illumination, it is possible to reverse the effect and enhance it.

By changing to dark
With the dark field

illumination, the smooth surface remains dark while the rough surface regions scatter light

in microscope. The scattered light may be sensed by an array of photocells or equivalent
technique.

The signals are used to construct an image of the carbon black distribution in

the region. The scanned image is effectively divided into 100 zones per field and the light
reflected from each of them is measured.
The presence of improperly dispersed ingredients is shown by larger surface fraction of
aggregates in the texture of dispersion.
dispersion.

Their presence indicates a less-than perfect

The size and frequency of these aggregates may be used to judge the extent

of dispersion. This then provides a means of evaluating a sample under investigation and
quantitatively be given for a degree of dispersion.

This technique depends on the

measurement of the phase difference between the rubber matrix and the filler particles.
The specimen is placed under the objective lens of the magnifier.
directed onto the surface of the

thin-sections.

A light source is

When a particle is under light

transmission, it gives a dark image of the reflected shape of the filler.

A field of the

distribution of the dark images in a light brown rubber matrix can be seen by this the dark
field image analysis method.

The sample thickness is assumed zero and the surface area

of the dark image is assumed to be the volume of the carbon black particle.
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Camera

Microscope
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Objective

Dala processing
ILuimum
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llean
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l:l:lr<m< Value Slope

Figure 3.6: A schematic layout of the microscope, camera
and dark-field image analysis method (Southwart, Murray
and Freakley, 1992).
For measurement of aggregate size, vulcanised samples (Ismail, 1994)) are thin-sectioned
to 1-2 11m thickness by a sledge microtome with a carbon dioxide cold stage.

The thin

sections were swollen in xylene, spread out on a microscope slide and allowed to dry.
The thin-sectioned samples were viewed by using a video camera and monitor attached to

An image analysis package

a light optical microscope in the transmission mode.

(YIDS V) was used to determine area fractions of agglomerates by drawing round the

images using a graphics tablet.
included in the analysis.

Only agglomerates greater than 4 11m in diameter were

Twenty fields of same thin section were analysed for each

sample, with a maximum of 50 images for each field. This depends on the state of
dispersion of mix. For a good dispersion, the maximum may be less. The instrument
was calibrated before testing.

This was done by taking a set of reading with zero

illumination. This gave the access to zero current of each the camera tube. Then a set of
reading were taken from a piece of photographic film as a standard to determine the
relative sensitivities of 100 zones of the camera tube.

The data were processed on a

spreadsheet. For each zone the correction are in the form:
(signal-zero)
X

100

(standard-zero)
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3.2.12 DETERMINATION OF RELATJVE VJSCOSITY

Viscosity is measured at shear rate 1 s-1 by Negretti TMS rheometer and the relative
viscosity is worked out as follows:
Relative viscosity of compound =
Viscosity of compound+ Viscosity of gum
In a filled rubber, since fillers are so much more rigid than rubber, they essentially remain
undeformed.

Thus, all the strain must be suffered by the rubbery phase of the sample.

Measurement of gum viscosity was done at strain amplification.
Shear rate of gum ;y
=Shear rate of compound,"/
d + (1-EVF)
gum
compoun

3.2.13 DETERMINATION OF EFFECTCVE VOLUME FRActiON (EVF) OF FILLER

In an agglomerate, the effective filler volume is the volume of carbon black plus the
occluded rubber. The calculation is given as shown below.
Effective volume fraction (EVF) of filler =Volume fraction of filler+ Volume fraction of
occluded rubber
The calculation for the effective volume fraction of carbon black N 330 is given as
follows:
The DBPA measurement for the N330 shows only a third is carbon black while twothirds is empty space which becomes filled with rubber.
Amount of occluded rubber in an agglomerate found from DBPA value:
l/3 carbon black and 2/3 occluded rubber
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EVF of filler =
Volume fraction of filler

+

Volume Fraction of
occluded rubber

as calculated from density
and weight loading.

as 2/3 x volume
fraction agglomerates (from
thin sections measurement)

The effective volume fraction of carbon black filler at each mixing time can be calculated
using equation below.
Effective
volume

Volume fraction
=

of carbon black

Volume fraction
+

of occluded rubber

fraction of

(from weight

(from structure as

carbon black

loading and density)

determined by DBPA
which is 2/3 and multiplied
by volume fraction
agglomerates as
determined by thin section
surface area.

The calculation for the volume fraction of silica is as follows:
DBPA of silica= 165 cm3 /100 g
100 g of silica@ s.g. of2 g/cm3 occupies 50 cm3.
165

cm3 occluded rubber+ 50 cm3 silica
=215 cm

Volume fraction of occluded rubber in silica agglomerate
= 165/215
=0.767 =0.77
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EFFECT OF MFA ON THE BEHAVIOUR OF
NR/CARBON BLACK COMPOUNDS

In this chapter, the tests were carried out initially to simulate the stages of processing

rubber.

Various experimental results are discussed relating to the effects of MFA in

rubber processing.

MFA was assessed according to its performance in mixing, flow

and mould release.

The main mixing effect is given in terms of black incorporation

time(BIT).

Results which characterise vulcanisation, such as scorch and optimum

cure time are discussed as well as flow properties such as viscosity, critical shear rate
at melt fracture and extrudate swell.

The effect of MFA on wall slippage, stress

relaxation and plateau shear stress as measured by rotational rheometers is also
presented.

In the later part of the analysis, investigation were carried out to see

whether MFA was acting on elastomer itself or via carbon black.

If 'MFA is acting

with the elastomer, then 'MFA is plasticising the elastomer. If MFA acts on the filler,
then the interaction

}v1FA

with filler is one of dispersion of fillers.

Possibility of

monolayer formation is also discussed

4.1 MIXING BEHAVIOUR
Some insight on mixing rubber and carbon blacks using MFA in the internal mixer Kl
was gained using the power trace. Compounds of varying MFA concentrations were
mixed to see the effect on incorporation time and power usage was monitor.

Figure

4.1 shows a series of power traces for compo unds in the range 0 to 5 phr based on a
random order of adding MFA to avoid the warm up effect.

Measurable variables are

peak loading, second peak and point of maximum flow (minimum viscosity).

The

time required for reinforcing filler to be incorporated into the elastomer is a
compounding parameter called black incorporation time (BIT). The major changes of
power are due to ram-up and ram-down at the corresponding period of mixing cycle as
in Table 3.6. At A, which is the first ram-down, the mixing power was used mainly
to masticate the rubber but also to incorporate zinc oxide, stearic acid and antioxidant.
At B, which is the next ram-down period, MFA and carbon black were added.
power increased as the carbon black is incorporated.
down period, the accelerator CBS were added.
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At C which is the third ram-

It can be seen that the power is still
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increasing until it reaches a peak, which provides an indication of the carlxm black
incorporation time. At D, which is the fourth ram-down, sulphur was added.
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Circulating waler temp. 35 C
All-fa<:tor 0.6
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(See Table3.6)

Figure 4.1: Power trace of SMR 20 with 50 phr N330
showing the effect of MFA.
The power trace illustrates the effect of adding increasing levels of MFA to the rubber.
It can be noticed that the control shows lower levels at B-C and C-D, due to slower

rate of carbon black incorporation and also it shows a high power consumption at the
stable end of the mixing cycle as compared to the other mixes in presence of MFA.
The MFA addition speeded up the incorporation stage and reduced the power needed
for dispersion.

The breakdown of aggregates occurred during the incorporation and

dispersion of caroon black into the rubber, and it is evident (Boonstra, Dannenberg
and Heckman, 1974) that carbon blacks must be subjected to extensive mechanical
compression and shear before the voids are filled with rubber.

When all voids are

filled with rubber, the black is considered 'incorporated' but not yet dispersed.

From

these observations, the main effect of EN444 during constant mixing time is to speed
up the incorporation stage and consequently improve filler dispersion.

The dump

temperature was found to decrease from control to 5 phr of EN444 ranging from
1200C

to

nsoc.

At these temperatures, MFA is supposed to remain intact and it

will decompose at vulcanisation temperature.
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The results presented in Figures 4.2 show the effects of EN444 as MFA on black
incorporation time for mixing carbon black N 330 (HAF) with NR and EN444 in the
range 0 to 5 phr.

The decrease at 2 and 5 phr are 30% and 50% respectively.

The

decrease in BIT is caused by the adsorption of MFA onto the surface of the carbon
black.

It is possible that larger the surface area, the shorter the BIT when MFA is

added during mixing (see section 6.1).
200. - -- -- - - r - - - - - - - - - - - - - - - - - ,
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Figure 4.2: Black incorporation time (BIT) decreases
with MFA addition.
The presence of MFA improved the wettability by coating the filler particles during
mixing and as the ftller particles were fully wetted, so the process of incorporation
was speeded up.
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4.2 RHEOLOGY
The effect of MFA on viscosity, extrudate swell and melt fracture were studied by
capillary extrusion.

One of the significant effects of MFA is to reduce the viscosity of

compounds, as shown in Figure 4.3.

The most significant feature is that the plots of

apparent viscosity tend to a constant value at 2 phr of MF A.

This is an important

point since approximate calcu lations (see section 5.6.2) show this would coincide with
the presence of enough MFA to give a complete monolayer over the surface of the
carbon black.

In section 4.2.1, results have verified that the effect of MFA is one of

improved carbon black dispersion and not just plasticisation.
has no significant effect on gum rubber.

This is because MFA

This suggests that MFA has modified the

surface of the filler by adsorption process to give a monolayer coverage.

At first the

viscosity of the compound is very high but then as dispersion is improved and
breakdown of filler agglomerates into smaller agglomerates and aggregates proceeds,
the viscosity drops rapidly to a plateau at 2 phr to 40%.

Surfactants tend to

concentrate and orient at an interface as illustrated later in section 6.5.

MFA

chemicals are probably oriented with the polar portion preferentially in the more polar
A monolayer of MFA are adsorbed onto solids from low concentratio n of

phase.

surfactants at 2 phr, but multil ayers may be formed at higher concentration more than

2 phr.

The work done by Clarke and FreakJey ( 1994) on mixing carbon blacks in

rubber supported this observation of a drop viscosity as mixing time increases.

The

extrusion flow is improved probably due to the release of occluded rubber.

This

lowering of viscosity at high shear rates suggests that the compound should have a
good flow and mixing without excessive heat build-up.

The viscosity curve is

assymptotic suggesting that MFA is also redistributing carbon black particles which are
fractured during the process.
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F igure 4.3: Compound viscosity decreases to 2 phr and
levels off at monolayer concentration.
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Studies from capillary rheometery were carried out at low shear rate (1 0 s-1 to 200 sI).

Figure 4.4 shows that the critical shear rate at which melt fracture of rubber

compounds occurs increased with the addition of MFA, with a steep rise over 1 phr to
2 phr addition, followed by a more gradual rise.

This melt fracture can then be

related to the adhesive failure at the wall (Michaeli, 1992).

It may be possible that

MFA is attracted to polar groups such as metal oxides and sulphides at the wall.
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Figure 4.4: Shear rate at melt fracture occurs increases
with a plateau at 1 to 3 phr of MFA.
Critical shear stress in Figure 4.5 decreases with MFA concentration and levels off at 1
phr. This observation is consistent with the decrease of viscosity with increasing MFA
concentration.

MFA is thought to be functioning as the release agent of occluded

rubber thereby facilitating the flow.

It can be seen from the graph as MFA is added,

the critical shear rate incceased without distortion to extrudate.

MFA also increases

the flow rate before melt fracture occurs and this is confirmed by Mahdi's findings
( 1984). These effects will help to increase extrusion flow rate. Production at higher
shear rates means a higher output of extrudate. Thus, it brings about a saving in time
and processing costs.
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Figure 4.5: Shear stress at melt fracture occurs
decreases to l phr and levels off to 5 phr of MFA.
The die swell of extrudates (Figure 4.6) at various shear rates ( 15 s- 1 to 121 s-1 ) show
no sign ificant effect from increasing EN444.
shear rate is very small.

Any increase in extrudate swell with

This is mainly d ue to the increased elastic recovery.

Suppression of this elastic property is essential to practical forming and shaping
operations.
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Figure 4.6: Die swell of compounds showing little effect
with MFA addition
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Negretti TMS biconical rheometer was studied of medium shear rate rheometry. The
grooved rotor was based on assumption the slipping does not occur during the test.
The smooth rotor is assumed to give slipping. In using both rotors, wall slippage can
be measured.

The wall slippage effect of EN444 is indicated by a measure of

horizontal gap (difference in log shear rates) which is based on the curves between the
grooved and smooth rotors at l()QOC. The result is shown in Figure 4.7. The log-log
graphs plotted for the grooved and smooth rotors are shown in Appendix I.

It can be

seen that the gap decreases with the increasing level of EN 444 with a slight inflection
at 2 phr.

This indicates that the presence of EN 444 has decreased the wall slippage

possibly due to the lowered viscosity of the compounds.
10
Negrettl TMS rheometer @ 100 C
Rotor type: Grooved and smooth
At varying shear rates
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Figure 4.7: Wall slippage of compounds decreases with
a small peak at 2 phr on addition of MFA.
The decreasing value of the intercepts at the y-axis in log-log graphs support the
evidence of the decreasing viscosity observed.

The surfactant remaining in the

compound is concentrated at the carbon black-rubber interface.

It could possibly act

as an adhesion agent (James and Stewart, 1989). If we consider the compound-metal
interface, a similar interaction is visualised between the polar groups present in the
compound to be attracted to metal surface, hence the decreasing wall slippage result
was as observed.

This is possible that the metal surface is largely metal oxides and

sulphides which have polar groups.
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The effect of EN 444 on stress relaxation after shearing at 1 s-1 and 1oooc is shown in
Figure 4.7.

The percentage stress relaxation from the initial stress to final stress

increases from 64% to 68%. The slopes of stress relaxation when measured did not
give any significant change at all. The slight increase in stress relaxation is similar to
that of die swell behaviour.

Thls viscoelastic property of stress relaxation and die

swell probably shows that MFA do not affect molecular mobility.
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Figure 4.8: Stress relaxation of compounds showing
slight effect with MFA addition.
Yield stress values from medium and low shear rate rheometers at 100oc are
compared in Figure 4.9. The yield stresses of the compounds as obtained by Negretti
TMS

biconical rheometer and the low shear rate rheometer decreased as EN444

concentration is increased from 0 phr to 5.0 phr.

On comparing these yield values,

the two results are markedly different This suggests that yield stress is dependent on
shear rates and probably a different mechanism of yielding may occur.
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Figure 4.9: Bar chart of yield stress between two
experimental techniques.
Literature values of yield stresses (S ingh, 1992) were given as 0.01 MPa by low shear
rate rheometer (modified Mooney vi scometer) at 0.02 s- 1 and 0.1 7 MPa by Negretti
TMS rheometer at I s-1 .
values.

These values are quite close to the above experimental

The sli ght differences are due to the different materials used.

The effect of EN444 on 'plateau shear stress' (which is defined as shear stress at strain
I 0 or at equilibrium after yielding) at low shear rate 0 .02 s-1 at 100°C can be seen in

Figure 4.10 .

It can be seen that there is also a marked decrease of stress with

increasing level of EN 444 due to the decrease of viscosity. This is consistent with the
effect of MFA is improving the state of mix as shown by dispersion results (Ismail,
1994).
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Figure 4.10: Plateau stress of compounds decreases with
addition.
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4.2.1 EFFECT OF MFA ON RUDD ER WITHOUT ANY FILLER

The properties of a gum mix were investigated in order to determine if MFA was
working as a plasticiser for the elastomer or if MFA was adsorbed to the filler surface
to release occluded rubber.

The effect of increasing EN444 concentration from 0

(control) to 5 phr in a pure NR was also studied and compared with previously mixed
N330 carbon black filled NR so as to identify the modes of action of .MFA.

The

power trace in Figure 4.11 shows little effect of MFA at the time corresponding to the
dispersion stage in the batch mix.

It also shows that adding MFA to rubber brings

about somewhat a slippage since there is a shift of power cUIVe at the input of MFA.
The dump temperature were found to 110±5°C for these gum mixes.
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Figure 4.11 : Power trace of SMR 20 gum mix showin g
MFA addition has little effect at dump power.
Addition of EN444 has little effect on the shear rate at which melt fracture occurs with
gum compounds but a significant effect was observed with carbon black-filled
compounds (Figure 4.12).
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Figure 4.12: A comparison of shear rate at which melt
fracture occurs showing gum mix has little effect with
MFA addition.
Figure 4. 13 shows small effect that the addition of MFA has to the viscosity of gum
compounds.
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A significant effect on scorch occurred at 1 phr of EN 444.
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Below 1 phr, t5% becomes shorter.

The effect of MFA at 1600C and 1700C shows

that t5% above 1 phr level was small.
from 1 phr to 5 phr of EN444.

At 160°C, the t5% curve begin to stabilise

At 1500C a steady decline of t5% was seen with

increased dosage up to the limit of 5 phr.
This reduction in the time means higher risk of scorch. The reason for the decrease of
t5% could be d ue to decomposition of EN 444 whereby a diamine component was
released as accelerator for vulcanisation. Thus, on the one hand MFA is observed to
enhance the curing of the compound, allowing scope for a considerable saving in the
amount of accelerators needed.

On the other hand, this shorter onset of crosslinking

and cure time means the compounds are likely to suffer from premature crosslinking.
Scorch time at 120oc decreases with MFA addition (Figure 4.17) by a factor of two.
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Figure 4.17: Scorch time at 120oc decreases with MFA
addition
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4.4 MOULD RELEASE
A typical mould release graph of stress against strain at 17QOC is as shown in Figure
4.18. When a shear rate of 0.1 s-1 is imposed upon the cured rubber compound, the
stress does not immediately assume a constant value.

The peak stress fell by 40 to

70% with the addition of MFA at 2 phr and 5 phr respectively.

20
0+-------.-~--~~-----.------~------~

0

0.5

1.5

2.5
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Time(s)
- - OphrMFA

- - 0.3phr MFA-- 1.0phr M FA

-a- 2.0 phr MFA -M- 3.0 phr MFA __..__ 5.0 phr MFA

Figure 4.18: Adhesion test at 17QOC showing peak
stress decreases with addition of MFA.

At first there is a considerable build up of stress, reaching a peak value and then
subsiding to a plateau.

This may be explained in terms of a build-up of elastic stress

while the cured rubber adheres to the rotor, followed by a drop to a constant value
after total debonding of the rubber.

At 17QOC the formation of boundary layer has

been reached so that effectively mould release behaviour becomes more marked. This
layer is possibly due to the stearic acid which acts as external lubricant by reducing the
tendency of vulcanised rubber to stick

to

hot-metal surfaces.

MFA is promoting the

stearic acid lubrication. This is a useful outcome of MFA especially if one is thinking
of using injection moulding for curing at high temperature above 1700C whereby
mould release is easier.
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Figure 4.19 shows a plot of peak stress (derived from Figure 4.18) against MFA
It can be observed that rv!FA acts as a mould release,

addition.

improvements becoming marked for additions of 2 phr and more.

with the

Whether this is

coincidence or is linked to the other 'monolayer' effects, is not clear,

but is an

interesting matter for speculation. Thus, increasing MFA concentration substantially
reduces the breakdown torque in the TMS adhesion test.
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Figure 4.19: Peak stress at 17QOC decreases to 3 phr
showing mould release improves with addition ofMFA.

The basic effects of MFA addition as observed in carbon black filled NR are shown to
be reducing black incorporation time, viscosity, mould release peak stress and yield

stress.

The shear rate at which melt fracture occurs is increased with addition of

rv!FA.

Scorch time is reduced with rv!FA addition and there is a risk that the

compounds may become scorchier.

There is no significant effect on die swell and

stress relaxation. It has been identified in this section that viscosity plateau at >2 phr
of MFA suggests a monolayer coverage on carbon black N330 surface (chapter 6).
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4.5 ALTERNATIVE MFA'S
Some chemicals such as Duomeen TDO and EN457 were also investigated as
alternative MFA.
An experiment was carried out with Duomeen TDO as MFA, however the compounds
were affected by scorch.

The scorch time Duomeen TDO is halved than EN444, so

the trials were continued with EN444.
Another useful MFA was EN457 which was based on distearate.

Unlike EN444, it

was solid and easy for handling. Figure 4.20 shows a bar chart viscosity reduction as
the effect of EN457 at 2 phr. The results are compared with EN444 and control.
This is the viscosity of the final compound. The percentage reduction in viscosity at 2
phr are 9% and 11% for EN444 and EN457 respectively.
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Figure 4.20: Bar chart of EN 457 compared to EN444.

96

Chapter 4

T he decrease in to tal energy consumption is 6.4% by using EN 457 fo r MFA in
mixing.

Both dump power and total energy of EN457 and EN444 are decreased in

the same degree and direction.

This is possibly because solid MFA required more

energy and power to mix it in rubber.

The dump temperature does not move in the

same directio n but it decreases with EN457.
explanation.

It is not yet possible to give an

Pe rhaps this is due to the heat transfer of the mix, to the chambers of

the mixer o r the recording of temperature being defective.
The reduction of scorch time of EN457 is similar to EN444 as shown in Table 4 . 1.
The t5% values are not sig nificantly different except at 12ooc.

t5% (s)

Control

EN444

EN 457 (2 ph r)

120C

1408

608

640

150C

140

60

56

160C

52

28

26

170C

16

6

6

Table 4. 1: T ime at 5 % cross!inking at various
temperatures for compounds containing EN444 and
EN457.
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CHAPTERS
EFFECT OF MFA ON SILICA-FILLED NR AND OTHER
ELASTOMER

The main effect of EN444 addition is to accelerate disagglomeratio n of the carbon
blacks and thus speed up the dispersion. It is the current understanding that the MFA
migrates to the carbon black surface and lies with its aliphatic groups flat on the carbon
black surface (details in chapter 6).

Studies of MFA interaction were continued with

silica, which is a white reinforcing filler with stronger attraction for polar groups.
Silica is used at 30 phr to give an equivalent surface area to N330 carbon black. This
is because silica has a larger surface area per unit mass than the N330 carbon black.
Carbon blacks such as N330 have a surface area of 78 m2/g whereas the s ilica used has
surface area of 180m2/g. The effects of MFA are dependent on filler surface area and
type. The nature of carbon black surface is basically no n-polar while silica is strongly
polar.

On modelling the adsorption to filler surface, it is likely the polar group will

be attached to the surface silica.

The difference in their sUiface chemistry and also

surface area available can contribute to the amount of MFA required to achieve the
monolaye r at the optimum properties.
Silica is used normally with Si 69 as a coupling agent.

This coupling reaction occurs

during compounding to form a stable silica I Si69 (Si-0-Si bond).

This bond is

fom1ed by ethoxy group of Si69 reacting with the silanol groups on the silica surface
(Degussa). Two silica compounds were prepared, one containing MFA and the other
containing MFA and Si69. Zinc oxide was added early in the mixing cycle to give an
equi valent mix as carbon black.

Adding zinc oxide should normally be done at later

stage after silica has been dispersed and the silica-silane interaction has occurred.
However, after consultation with Degussa, it was reported that the effect was small.
In view of this, the procedure for mixing silica and adding zinc oxide was carried out
at early m ixing cycle (see Section 3.2.4).

5.1 NR REINFORCED WITH SILICA
5.1.1

M IX I NG BEHAV10UR

The effect that EN444 has upon the mixing power traces of silica without Si69 and
with Si69 is shown in Figures 5. 1 and 5.2.
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Figure 5.1: Power trace of silica without Si69 showing
the effect of MFA addition.
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Figure 5.2: Power trace of silica with Si69 showing the
effect of MFA addition.
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It can be seen that the power at the end of the mixing cycle were reduced with the
addition of EN444. Both compounds appear to have the same effect with addition of
MFA without Si69 and addition of MFA with Si69.

Their power traces are not

significantly different.
The dump power Figure 5.3 was reduced by 20% as the MFA concentration was
increased. The total energy consumption decreases by 7.3%. This is observed with
additions up to !0.0 phr of EN444 in a silica mixing in absence of Si69.
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Figure 5.3: Dump power of silica compounds decreases
with MFA addition.
The decrease of dump power of silica with Si69 is 20% from control to I 0 phr. It can
be seen from the Figure 5.4 above the dump temperatures drop significantly as the
level of EN444 is increased. The dump temperature of Si69 mix seems to fall directly
with the increased addition of MFA by 7°C from contro l to 10 phr of EN444.
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Figure 5.4: Dump temperature of silica compounds
decreases with MFA addition.

The total energy consumption as in Figure 5.5 is found to decrease with 10 phr of
EN444 by 7%.
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Figure 5.5: Total energy consumption of silica
compounds decreases with MFA addition.
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The trend is similar for silica with Si69.

The energy required for mixing silica with

MFA is the same for silica with and without Si69. The addition of MFA to silica mix
brings about a fall in dump power, dump temperature and total energy consumption.
it can be seen that there is no significant difference with Si69 addition.

Thus,

Generally, the mixing behaviour of silica at 30 phr was found to be similar to carbon
blacks at 50 phr.
5.1.2

CURE BEHAVIOUR

The effect of EN444 on cure characteristics of silica without compounds Si69 can be
seen in Figure 5.6.

Vulcanisation characteristics such as at t90% and t95% shows a

clear decrease with the addition of EN444.

It was noted that the minimum torque

value was very low (in the range of 0.99 to 1.89 Nm). The control compound did not
release very easily from the curemeter cavity.

However,

vulcanised compound

containing 5.0 phr of EN444 was no longer sticky and released easily from the cavity.
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Figure 5.6:0ptimum cure time at 1600C decreases with
MFA addition.
Figure 5.7 shows the scorch time tends to decrease with the addition of EN444. The
abnormal behaviour of t5% at 1200C for silica compounds without Si69 was not clear,
although the tests were repeated.

For Si69 mix, the scorch time decreases sharply

from control to 7.5 phr of EN 444 by 72% and to 10 phr of EN444 by 80%.

The

compounds without Si69 fall from control to 7 .5 phr ofEN444 by 75% and to 10 phr
of EN 444 by 87%. The curves of both silica compounds appear to meet at 7.5 phr of
EN444.
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Figure 5.7: Scorch time at 120oc of silica compounds as
a function ofMFA concentration.
The curing of silica filled compounds is slower than those filled with carbon blacks.
This is generally known to be due to the absorption of accelerators by the surface of
silica. Scorch time at 1200C was reduced by 57% and 82% at 2 and 5 phr of EN444
in carbon black-filled compounds while this was only 14%, 34.2% for 2 and 5 phr of
EN444 in silica-fliled compounds.
5.1.3 FLOW BEHAVIOUR

The effect of MFA on silica compounds using rotational and capillary rheometer was
assessed.

The plateau stress at 0.02 s-1 of silica compounds decreases with the

increasing level of EN444.

A statistical analysis of plateau stress is made using ±

three times the standard deviation as shown in Appendix Il.

'This is done for silica

compounds. The variability seems small as the result is close to the mean. Generally,
the pattern of stress reduction is similar for both silica compounds as shown in Figure
5.8.

There are stress values starting to level off at 5.0 phr to 10.0 phr of EN444 for

silica compounds without Si69.

Silica compounds with Si69 start to level off at 7.5

phr to 10 phr. These are the regions of interest where a monolayer may exist but it is
not clearly shown with the MFA concentration.
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Figure 5.8: Plateau stress of silica compounds decreases
with MFA addition.

The magnitude of plateau stress for carbon black compounds is higher in value than for
silica compounds.
This stress reduces up to 5 phr of EN444 for carbon blacks
compound.

However, generally the stress for silica compounds continue to reduce

after 5 phr of MFA.
Reduction of stress is 10% at 2 and 28% at 5 phr of EN444 for carbon blacks. Higher
stress reduction (by 25 % and 58%) are observed for silica compounds at 2, and 5 phr
of EN444.

It can be seen from Figure 5.9 that MFA has little effect on die swell of

silica compounds.
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Figure 5.9: Die swell of silica compounds showing little
effect with MFA addition.
At low shear rates, there was a marked drop in viscosity between the control and the
compound containing 5.0 phr of EN444. As the shear rate is increased, the viscosity
difference was smaller but quite significant. From the graph of viscosity against level
of EN 444, (Figures 5.10 and 5.11), the viscosity of the compound can be seen to
decrease with addition of MFA.

The compound without Si69 shows viscosity

reduction up to 5 phr of MFA. The viscosity tends to plateau at 7.5 phr for silica with
Si69.

This is an important observation that silica compounds show a higher

concentration of MFA to form a monolayer coverage on silica particle surface than the
carbon black N330 (details in chapter 6).
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Viscosity reduction at 30 s-1 was found to decrease by 44% and 50% for carbon black
and 33% and 63% for silica. These values differ only slightly.
Extrusion of SMR 10 I silica I EN444 was carried out at 100°C at shear rate only up
to 60 s-1 because the compounds were soft and melt fracture occurred at these low
shear rates.

The extrusion output increased with addition of MFA similar to the

carbon black resulrs.

Generally,

the shear rate at which melt fracture occurs

increased with the addition of EN444 (Figure 5.12) and the increase in shear rate was
steep. Melt fracture of the silica-filled compounds indicates the control sample has a
low critical shear rate value compared with those containing MFA.

Without MFA,

the compounds showed unstable flow above the critical value, when the compounds
start to wriggle from the die.

The addition of MFA increased the shear rate melt

fracture value.
The presence of Si69 appears to inhibit the crosslinking of silica-filled compounds
particularly at 10 phr of MFA. This is possibly because the coupling reaction resulted
in the stable Si-0-Si bond. Unlike silica-filled compounds incorporated without Si69,

there is a crosslinking at 10 phr of MFA.
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Figure 5.12: Shear rate at which melt fracture of silica
compounds increases with MFA addition.
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Shear stress at melt fracture for both carbon blacks and silica compounds decreases

with MFA. In carbon black-filled NR the critical shear rate increased by 44% and
91% for 2 and 5 phr of EN444 respectively. In silica-filled NR the critical shear rate
to melt fracture increased by 80% and 320% at 2 and 5 phr of EN444.
Figure 5.13 shows the critical shear stress at which melt fracture occurs decreases with
the addition of EN444. This is observed for both types of silica compounds.
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Figure 5.13:Shear stress at which melt fracture occurs
for silica compounds decreases with MFA addition.
Figure 5.14 shows that wall slippage of silica compounds with Si69 initially increases
at low levels of EN444 but tends to drop to 10 phr of EN444.

Silica compounds

without Si69 decrease in wall slippage with addition of EN444 until 5 phr of EN444
i.e. up to the approximate monolayer concentration.

However,

in excess

concentration "MFA migrates to the surface to the form a boundary layer, hence the
wall slippage increases at 7.5 and 10 phr of EN444 suggesting two different
mechanisms are acting.

It can be seen that this does not happen if Si69 is present,

possibly because Si69 solubilises the excess MFA
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Figure 5.14: Wall slippage behaviour of silica
compounds varies with MFA addition.
Wall slippage of both carbon black and silica compounds decreases with addition of
MFA, the silica compounds showing steeper initial drop.

The reduction of wall

slippage by MFA addition is much greater in silica-containing compounds (see Figure
4.7 and Figure 5. 14).

This might indicate so me combined action of the polar groups

on the silica and the MFA where they interact with the metal surface.
Figure 5.15 shows percentage relaxation as the EN444 is increased in both compounds
with and without Si69.

I
I

I
I

Silica with Si69 compounds have greater percentage

relaxation than the silica compounds without Si69.
slight.
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Figure 5.15: Stress relaxation of silica compounds
increases with MFA addition.

5.1.4 MOULD RELEASE BEHAV JOUR

In the mould release tests, Figure 5.16 shows the peak stress at 1700C increases
initially at low concentration (0.3 phr) of EN444 and then gradually decreases with
further addition of EN444 for compounds with and without Si69.

The fall is more

marked for compounds without Si69 present.
Adding a little lvfFA increases the adhesion, however, when sufficient lvfFA is present

in the compound the formation of boundary layer of stearic acid which comes from the
decomposition of lvfFA at the vulcanisation temperature, is likely to occur.
boundary layer that improves the release of rubber vulcanisates from the rotor.
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Figure 5.16: Peak stress of silica compounds showing
mould release behaviour with MFA addition.
Adding MFA reduces adhesion for carbon black, but not for silica, with an odd effect
of increased adhesions when small amounts of MFA are added to silica compounds.
As a conclusion, generally the effects of the MFA level in a silica-filled NR were
found to be similar to the carbon black-filled compound except for viscosity result.
The calculated change in surface areas between carbon black and silica gives a
significant result in viscosity. Viscosity was still falling at 7.5 and 10 phr of MFA for
silica compounds,

in comparison with with a constant value for 50 phr N330

compound containing more than 2 phr of MFA.
presumably higher than 10 phr.

Any monolayer formation is

Tills result indicates more silica than the calculated

amount is needed to achieve the plateau results. The difference could be due to silica
absorbing in 'grass-like' geometry, that is more molecules are needed to cover the
silica surface. The effects of the MFA on the silica filled compound are shown to be
similar to that of the silane coupling agent Si69.
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5.2 STYRENE-BUTADIENE RUBBER AND CROSSLINKING SYSTEM

Solution SBR was then tried as a 'clean system' because of the non-rubber constituents
in NR which could react with MFA.

A second alteration is that dicumyl peroxide

crosslinking system was selected for this SBR formulation in order to avoid another
possible effect of MFA interacting with one or more of additives in the sulphur
(..Tosslinking system.

Despite the differences, SBR behaved much as NR had done.

The use of 2 phr of EN 444 with SBR with 50 phr of N 330 black and dicumyl
peroxide supported the reduction of BIT by 21 % (see Figure 5.17).

MFA reduces

BIT with SBR as well.

BR I peroxide sys tern SBR con tr

arbon black N330
tor temp. 35 C
tor speed 35 rpm

ill-factor 0.6

....

Q)

3:

0

ll.

0
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100
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200

250

300
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400

Time (s)
Figure 5.17: Power trace of SBR I dicumyl peroxide
mixing.

A similar viscosity reduction was found when MFA concentration was increased from
0 to 2 phr using SBR/peroxide system when compared with the sulphur system in the
earlier work.

The apparent viscosity of the compounds was measured using a low

shear rate rheometer. The reduction in viscosity from control (1.33 MPa.s) to 2 phr
(1.07 MPa.s) of MFA is 20%.

The cure behaviour indicated MFA accelerates both

the peroxide and sulphur vulcanisation system in natural rubber formulation i.e. MFA
works with NR as well as SBR.
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MODELLING THE ACTION OF MFA
The rationale of investigating the effect of varying surface areas of carbon blacks is to
determine whether the optimal concentration of MFA is dependent on the surface area
of the carbon black. Effectively, the surface areas of the carbon blacks N550 (42 rfll;
g), N330 (78m2; g) and N115 (128m2; g) can be expressed in the proportion 1:2:3.
A hypothesis is proposed in which the processing and final vulcanisate properties can
be related to a critical concentration of MFA in order to form a monolayer.
compounds containing N:550,

In

N330 and N115 the optimum processing and

vulcanisate properties may occur at concentrations of 1,

2

and 3 phr of MFA,

respectively. There is evidence that MFA moves to the carbon black/rubber interface
(Section 4.2.1) and the interaction will change when more than a monolayer of MFA is
added. The study was to yary the surface area of carbon blacks to seek a comparable
change in the MFA

conc~ntration

in order to achieve monolayer coverage at the

surface.

6.1 EVIDENCE FOR SEGREGATION OF MFA AT THE CARBON BLACK/RUBBER
INTERFACE

Figure 6.1 shows that there is a clear reduction in BIT with different surface areas of
carbon blacks.

With MFA, N115 is seen to incorporate faster than N330 which in

turn is faster than N550 at concentrations from 0.3 phr to 2 phr of MFA.

This is the

effect of surface area i.e. the larger the surface area, the faster the BIT.
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Figure 6.1 : Black incorporation time decreases with
MFA addition for carbon blacks of different surface
areas.
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The reason why carbon black N550 (FEF) of high structure exhibit longer BIT (at zero
to 2 phr of EN444) is that it requires more breakdown than the reinforcing black N115
(SAF). This may be due to the coarse particle black aggregates being so much longer
than the fine particle ones (Medalia,1970) and therefore subject to higher forces.
Scorch times at 1200C of the carbon black filled compounds in Figure 6.2 are found to
decrease with the addition of EN444 indicating the MFA is acting as vulcanisation
activator and accelerator in enhancing curing of rubber compounds.

N115

compounds show a rapid decrease in scorch time to 1 phr and then a slight decrease to
5 phr.

Scorch time of N330 compounds lies between Nl15 and N550 compounds in

terms of surface area.
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Figure 6.2: Scorch time at 120°C decreases with MFA
addition for compounds of carbon blacks of different
surface areas.
Some of these effects could be related to chemistry.
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Plateau stresses at low shear rate for various carbon black compounds decrease with
addition of EN444 as in Figure 6.3.

Generally, Nll5 compounds showed higher

srresses than N330 compounds which were higher than N550 compounds.
compounds show no affect with addition of EN444.

N550

These plateau stresses of the

carbon black-filled compound are related to the viscosity of the compounds.

100
Low shear rate rheometer
@ 0.02 S·l and 100 C

90

N 15

80
'@'
Cl.

2S
0

c

70
60

·:u
'-

50

@;

40

V5
en

UJ

~

05

30
20
10

0

0

0.5

2

1.5

2.5

3

3.5

4

4.5

5

Level of EN444 (phr)

Figure 6.3: Plateau srress of carbon blacks of different
surface areas varies with MFA addition.
Shear rate at melt fracture is found to increase with addition of EN444 as shown in
Figure 6.4. Only 1 phr of EN444 was required to give improved flow after that there
is no effect with EN444 addition.

The effect of EN444 gives an extended

processibility to the compound before instabilities occur during the extrusion.
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Figure 6.4: Shear rate at which melt fracture occurs
varies with MFA addition for carbon blacks of different
surface areas.
Plateaux are observed from 1 to 5 phr of EN444 for N550 and 1 to 3 phr of EN444
for N330.

Compounds containing Nl15 were difficult to extrude without extrudates

being scorched. This was possibly due to the crosslinking reaction of MFA going on
in the extrusion. Thus, there is no yjscosity result for N115 compounds due to badly
scorched compounds. The N550 compounds show signs of crosslinking at 2, 3 and 5
phr as the plateau stresses appear to increase when the strain was increased (Figure
6.5).

1 000001 ~------------------------~-----------.
low shear rare rh eome!er @ 100 C
Shear rate 0.02 S· l

9000

8000

eo

7000

~ 6000
(/)

~

5000

~

4000

Vi

.r:

(f)

2000
1000
0+------r------r-----~----~------,-----_,

0

5

15

10

20

25

Strain

Figure 6.5: Plateau stress of N550 compounds showing
onset of crosslinking for 2, 3 and 5 phr of MFA beyond
strain 10 at 0.02s-1.
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To understand the rheology, it is suggested that compounds containing Nl15 and
N550 should be extruded in the absence of curatives.
Figure 6.6 shows results of TMS rheometer wall slippage for compounds containing
carbon blacks such as N115, N330 and N550. Wall slippage varies significantly with
carbon black type and the differences are most marked at 1 phr of MFA. The peaks in
the graphs suggest that free MFA would be available above 3 phr for N550, 2 phr for

N330 and 1 phr for N115. These results are found to scatter and they do not provide
any clear support this monolayer coverage.
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Figure 6.6: Wall slippage behaviour of carbon blacks of
different surface areas varies with MFA addition.

The percentage stress relaxation shows a slight decrease with N550 compound as
shown in Figure 6.7. The change is not significant for N115 and N330 compounds.
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Figure 6.7: Stress relaxation behaviour of carbon blacks
of different surlace areas varies with MFA addition.
As shown in Figure 6.8 mould release at 170°C, the peak stress tends to a maximum
at 0.3 phr of MFA for N550 compounds.

The peak stress tends to a maximum at 1

phr of .MFA for N330 and N115 compounds.
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Figure 6.8: Peak stress showing mould release behaviour
of carbon blacks of different surface areas with MFA
addition.
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In previous studies, carbon blacks of different surface area at a concentration of 50

phr in NR compounds were shown to give optimum vulcanisate properties which
correspond to a complete monolayer coverage of the carbon black surface by EN444
(Ismail, 1994).

Optimum physical properties, corresponding to monolayer coverage

were 1 and 3 phr of MFA for N550 and Nl15 respectively. The overall behaviour of
the carbon black-MFA interaction may be understood by the difference in surface area
of carbon blacks and the subsequent mechanism of adsorption of MFA on the carbon
black surface.
However, in this work, the processing results of N115 and N550 do not show any
such relation with respect to monolayer formation with different surface areas.
Results on N330 compounds which affect the viscosity are valid to relate with
vulcanisate properties.

Although none of the results showed the peaks and the

displacement of peaks as shown by contemporary work (Ismail,

1994) on the

vulcanisates, the results do not contradict the hypothesis.
6.2 MOLECULAR INTERACTION OF MFA WITH RUBBER AND FILLERS
An MFA molecule has the following structure

and Figure 6.9 shows the ball and stick three dimensional representation.
aliphatic chains were not represented in full in this model.

The

The molecular model has

been built up to visualise a MFA molecule in the most stable position and in closedpacking conformations. R is tallow which has a number of carbon atoms in the range
from 16 to 18 and two stearic acid chains of 17 carbon atoms.
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Figure 6.9: Stick and ball three dimensional
representation of MFA (EN444) molecule.
The acid group is shown with a red oxygen atom and the amine group is indicated by a
blue nitrogen atom. By this model, it is easier to speculate a stable configuration on
the carbon surface. The possible conformations are as follows:
(1) as a three-legged molecule standing on its polymeric ends while
the top of the pyramid is an ammonium ion.
(2) as a three-legged molecule lying flat.
(3) as stearic chains lying loosely parallel on the surface.
(4) the ammonium ion is located on the surface with all three legs
pointing away (grass tuft model)
The MFA molecular model shows N (blue), 0 (red), C (Black) and H (white).
Photographs are shown as follows:
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Model (1) 'Complete' molecule on surface of flller which is bonded via polar
groups to the surface of the carbon black as in Figure 6.10. It can be visualised that it
is lying flat and parallel to surface of carbon black (blue paper).
There are various possibHities of looking at a dissociated MFA molecules and they are
given as follows :
Model (2) General view of dissociated MFA (Figure 6.11)
Model (3) Dissociation with all the polar groups remaining attached to the
surface of silica (Figure 6.12)
Model (4) Dissociation with only the amine group attached to surface(Figure
6.13)

Model (5) Dissociation with only carboxyl groups attached to the surface
(Figure 6.14)

Figure 6.10: Photograph of a complete MFA molecule
lying flat and parallel to the carbon black surface (blue
paper)

12 1
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Figure 6.11 : Photograph of a complete! y dissociated
MFA molecule.

Figure 6.12: Photograph of dissociated MFA with all the
polar groups remaining attached to the surface of silica
(yellow surface).
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Figure 6.13: Photograph of dissociated amine group
attached to silica surface (yellow paper).

Figure 6.14: Phorograph of dissociated carboxyl groups
attached to the silica surface (yellow surface).
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Three assumptions are made for calculation of the monolayer amount on carbon black.
They are given as follows:
(a) MFA is assumed to be model (2) where the MFA molecule is lying flat to
the carbon black surface.
(b) The second assumption is that the whole surface of carbon black is coated
with the MFA molecule.
(c) The third assumption for a simplistic approach to the calculation is that the
MFA molecule is assumed to be non-dissociated.
The calculation estimates that 2 phr is enough to coat carbon black N330.

This

amount can be related to the concentration above which there is no significant
reduction in viscosity. It has been shown that (Section 5.1.3) silica needs more MFA,

in order to give a complete monolayer and it may also be adopting a different
morphology of adsorption as shown later.

6.2.1 MOLECULAR MODELLING TO APPROXIMATE THE MONOLAYER COVERAGE OF CARBON BLACK

As carbon black is essentially non-polar, the specific interaction between carbon black
and MFA is likely be that the MFA molecule will adsorb and lie flat on the carbon
black surface.

From the structure shown below (Figure 6.15),

the perpendicular

distance (X) between the carbon atoms in structure of MFA is calculated from the
following:
__....:

X

~
I
I

1

1:

c~o9.5°

Figure 6.15: Measurement of X in the hydrocarbon
chains
Perpendicular length =X= 1.54 x sin 54.750= 1.257 A
Width= 2 x radius C-H sin 54.75 + 1.2 x 2
(Van der waal's radius H=l.2 A and length C-H=l.09 A)
=2.019 + 2.4=4.419A
Therefore the surface area of the MFA molecule, lying flat on the carbon black
surface, can be simply calculated as:
Area of MFA =length x width= 1.26 x 62 (C atoms) x 4.419 = (326 A)2
This is the surface area of MFA molecule.
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Molecular weight of MFA having formula C6o H 124 04 N2 is 936 g.
1 mole = 6.02

x J023 Avogadro's number

In 100 g rubber, 50 g of N330 (surface area is 78m2 I g or 78 x I o20 A2 I g)

x J020A2

( I ) For 50 g N330 at 78

Let the weight of MFA be y g required for monolayer coverage of N330.
(y I 936)

X

y = (50

78

X

6.02
X

X

1Q23

X

326 (A) = 50 X 78 x ro20

1Q20 I 326 X 6.02

X

J023 ) X 936

= 1.86 g =2phr
Thus, the level of MFA is approximately at 2 phr for carbon bl ack N330.
(2) For 50 g N l 15,

Wt. of EN444 =
50 X 128 X 1020/ (326

X

6.02

X

]023)

X

936

=3.05 g ::: 3phr EN444
(3) For 50 g N550,
Wt. of EN444 =
50 X 38

X

1o20 I (326

X

6.02 X I o23)

X

936

= 0.906 g::: I phr EN444
Thus, 2 phr, 3 phr and I phr of EN444 are required for the monol ayer coverage of
N330, N 11 5 and N550 carbon blacks respectively.
6.2.2

MOLECULAR MODELLING TO APPROXIMATE THE MONOLAYER COVERAGE OF SILICA

The monolayer structure of MFA for carbon black is different from silica. With silica,
the adsorption (Bradley et a1, 1994) of MFA is greater than carbon black, therefore a
different orientation of MFA molecules is expected.

It was thought that the MFA

molecule may stand on the filler surface with the ir polar sites attached to its surface,
requiring a higher level of MFA for monolayer coverage. The orientation of the MFA
molecule in monolayer conditions is influenced by the amount of MFA, by the surface
area of silica and by the nature of the polar component on the SUJface of the silica.
For silica-MFA interaction with a perpendicular morphology, an approximation of the
monolayer is given as follows:

f {
r --- - - -Hydrophobic
0=CO·N+(CH2)3N+-o6=0-A~~III---Hydrophilic

~'07
~~~i1l~///W

Figure 6.16: Schematic diagram of EN444 interacting
with silica
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For a perpendicular MFA molecule, the surface area available for interaction can be
calculated as follows:
Approximate length of MFA molecule= 11

1.26 A

X

Width of MFA molecule = 4.419 A
Areao: 11

X

1.26 X 4.419=61.25 A2

As 30g Si02 with a surface area of 169.4 m2/ g is used
Weight of MFA at monolayer value= 30 x 169.4 x w20t 61.25 x 6.02 x 1023 x 936
= 12.9 g:= 13 g
:= 13 phr EN444

Thus, the requirement of MFA at monolayer is approximately 13 phr which is higher
than that of carbon blacks.

This is not supported experimentally by the viscosity

values which tends to level off at 7.5 phr of MFA which indicate less than perfect
perpendicular morphology. Perhaps due to steric hindrance which causes a less dense
packing of MFA molecules on the silica surface.
In this section the experimental evidence and calculations show that the conformation
of the monolayer of MFA depends on the surface area of the filler and filler type.

6.3 MFA

ACTION IN UNVULCANISED COMPOUND AND VULCANISATE

With uncrosslinked elastomers,
neighbouring chains.

network junctions exists as an entanglement of

If deformation is imposed with very slow rate and if sufficient

time is allowed, the junction can disentangle and flow takes place.

As seen earlier,

MFA has improved the dispersion (Ismail, 1994) and in an unvulcanised compound,
the release of occluded rubber has reduced the viscosity (Section 6.4).

A bilayer

causes sliding, hence there is a levelling off of viscosity at concentrations above that
needed for monolayer coverage.
As the first a monolayer of surfactant is built on the filler surface i.e. the MFA
molecules are aligned in preferred conformation according to the surface properties of
the filler particles, increasing addition of the MFA, bilayer and multilayers are formed
on the filler surface. The higher concentration of MFA is to weaken the carbon blackrubber interface and allow rubber to detach under high shear magnitudes.

During

shearing, the mobility of MFA molecule beyond the first monolayer is affected.

This

dispersed multilayer is sliding along the direction of flow units, therefore it is expected
· there is no peak in viscosity but a plateau at monolayer. It is this sliding movement of
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these multilayers give rise to the formation of a plateau as shown by viscosity
reduction.
The monolayer that exists in the unvulcanised compound is assumed to continue into
the vulcanisates even when MFA has been decomposed at the vulcanisation
temperature.
This is only possible if the decomposed amines and stearic acids
recombine. Interfacial studies (Sheng, 1994) reported that recombination took place
after the decomposition of MFA. So, in the case vulcanisates the physical properties
are at a maximum at monolayer concentration of MFA. Below this concentration,
these properties tend to this maximum as the monolayer is formed, but above this
concentration, the properties decline. Up to monolayer concentration, the improved
dispersion of carbon black increases the mechanical strength properties. When the
amount of MFA exceeds that needed for a monolayer on the filler surface, a reduction
of properties is attributed to weak interface between adjacent MFA layers which
results in a weakening the interfacial adhesion of filler and rubber.
This is the
explanation given for the observed maxima in vulcanisate properties (Ismail, 1994).
6.4 MODELLING OF VISCOSITY CHANGES DUE TO MFA

The Guth-Gold equation was modified by Medalia to give the equation
= llo{ I+ 2.5 cl>eff + 14.1 cl>e~}
where T] is the viscosity of rubber compound, TJo is the viscosity of gum rubber and
T]

cj>eff is the effective volume fraction of filler.

It was used to model the release of

occluded rubber given at an equivalent degree of dispersion. The equation assumes
that the rubber is trapped (or occluded) in the internal void volume of filler aggregates
and agglomerates, and so is immobilised.

Clarke and Freakley (1994) showed that

disagglomeration is mainly a function of total rotor revolutions and that occluded
rubber is released with extended mixing time. In their work the reduction in viscosity
was due to the effect of mastication and the disagglomeration of carbon blacks. The
rationale is to determine whether the equivalent time of mixing can give the same
dispersion when MFA is used. Only the filler mixing time needs to be increased, not
the mastication time.

By measuring the relative viscosity of the compounds, the

effect of mastication is eliminated from this investigation.
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6.4.1 INFLUENCE OF MFA HAS UPON MIXING BEHAVIOUR

Their relative viscosity is defined as the viscosity of the compound at a given strain
rate divided by the viscosity of the gum compound at the same strain rate,
correcting for strain amplification.

thus

Changes in relative viscosity can be used to

monitor the mixing of reinforcing fillers. The results of the measurement of effective
volume fraction of filler are given in Appendix Ill. Figure 6.17 shows how the relative
viscosity of a N330 compound, mixed to increasing times, decreases with decreasing
effective volume fraction. This implies that the dispersion improves with increased in
mixing times.

A similar trend is observed with compounds containing different

amounts of MFA. The results of the carbon black and silica-filled compounds appear
to show similar behaviour.
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Figure 6; 17: Relative viscosity of N330 compounds
decreases with effective volume fraction as obtained by
varying mixing time at zero MFA concentration.

Figure 6.18 shows that by increasing the MFA concentration the effective volume
fraction is reduced, which also results in a reduction of the relative viscosity.

.i
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Figure 6.18: Relative viscosity of N330 compounds
decreases with effective volume fraction as obtained by
different MFA concentration at constant mixing time.
Figures 6.19 and 6.20 show similar trends for silica filled compounds.
s~------r---------------------------~

2.8

Mixing time varying
MFA fixed at zero
Nocuratives
Silica (Uitrasil VN3)

2.6f-----l
~2.4
·c;;

§ 2.2

'5

-~'"

200s

270s

2

_....

450s

1.8

c'E 1.6

540s
720s

1.4
1.2
1~---.--.----.----.----.---~--~

0.12

0.14

0.16
0.18
0.2
0.22
Effective volume fraction

0.24

Figure 6.19: Relative viscosity of silica compounds
decreases with effective volume fraction as obtained by
varying mixing time at zero MFA concentration.
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Figure 6.20: Relative viscosity of silica compounds
decreases with effective volume fraction as obtained by
different MFA concentration at constant mixing time.
These plots are used to model the theoretical Guth-Gold equation in the following
section.
6.4.2 GUTH·GOLD FIT FOR RELATIVE VISCOSITY OF CARBON BLACK N330 COMPOUND

Figure 6.21 shows a relative viscosity of N330 compounds with curatives against
mixing time indicates a retested value (on abnormal point as found earlier on the
plotting) is somewhat higher than expected. It appears that the result is affected by
curatives possibly some crosslinking were taking place in the rheometer.
The effective volume fraction is the sum of the volume fraction of filler plus the
volume fraction of occluded rubber. Graphs of relative viscosity against effective
volume fraction derived from varying mixing time at zero MFA concentration and
different MFA concentration at constant mixing time are shown in Figures 6.22 and
6.23 for compounds without curatives. This set of experiments was repeated but this
time the curatives were absent. The behaviour is totally different and it gives a clear
result.
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Figure 6.21: Relative viscosity of N330 compounds with
curatives versus mixing time showing retested point is
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Figure 6.22: Plot of relative viscosity of N330
compounds without curatives against effective volume
fraction of filler, as obtained by varying mixing time at
zero MFA concentration, fits the Guth-Gold equation up
to real volume fraction of filler.
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This above graph which is based on mixing time can be explained by carbon black
being broken down from agglomerates into smaller agglomerates during initial mixing.
Since the carbon black agglomerate~ has two-thirds of empty space, which is based on
DBP absorption values, and these spaces are then filled with rubber i.e. so called
occluded rubber. Further mixing causes attrition of the agglomerates and the release
of occluded rubber. Thus, flow is improved, resulting in a drop in viscosity.
The results show a good fit with the Guth-Gold equation above an effective volume
fraction of 0.21.

Below .that level the curves depart strongly from the Guth-Gold

equation. The explanation of this is not clear but the volume fractions are now very
close to the real volume fraction of carbon black which is calculated from mass and
density (0.204).
Figure 6.23 shows the effect of MFA in relation to to Guth-Gold plot. MFA appears
to fit the equation up to the real volume fraction.
The role of MFA here is to
lubricate the release of tht; occluded rubber more quickly from the space within the
carbon black agglomerates~ MFA is also accelerating the release the occluded rubber
by disagglomeration (lsmail, 1994).
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This study shows that the MFA accelerates the release of occluded rubber with
improved dispersion toward a limiting value.

6.4.3 GUTH·GOLD FIT FOR RELATIVE VISCOSITY OF SILICA COMPOUNDS

The relation between relative viscosity and effective volume fraction fits the Guth-Gold
plot for silica compounds mixed to varying time (Figure 6.24). This is because the
real volume fraction is 0.1 l which is lower than the experimental values. This
indicates that further mixing releases the occluded rubber. This finding is similar to
that mechanism of the carbon black.
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The relative viscosity of silica-filled compounds with MFA does not follow the GuthGold equation (Figure 6.25). This deviation of relative viscosity from the theoretical
equation suggests that something other than enhanced disagglomeration is happening
when MFA is added to NR I silica systems. The relative viscosity is higher than
expected from the Guth-Gold equation could be due to filler networking (Wang,
Wolff and Tan, 1993). Thus, silica in NR exhibits a tendency for networking which
could have a significant effect on the properties of the filled rubber.
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Figure 6.25: Plot of relative viscosity of silica
compounds without curatives against effective volume
fraction of filler, as obtained by different MFA
concentration at constant mixing time, is higher than the
Guth-Gold equation showing some interactions of MFA
with silica surface.
It is also possible that MFA reacts with silica and NR via interchange reactions with
silanol groups on the silica', surface and this may be related to a silane reaction.
cationic·· surfactant effect

Such

at the silica surface was observed by Hepburn and Mahdi

(1990).
In another school of thought, if the molecular MFA has no chemical reaction with the
surface silanol groups,

then physical adsorption may be possible and the silica

becomes coated with adsorbed cationic organic molecules. Such a physical interaction
was shown by Sheng (1994) where MFA was preferentially adsorbed onto silica.
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Recognising the number ~f possibilities, the exact nature of the reaction is not clear.
This study

sho~s

the fact that adding MFA and extending time of mixing can lead to

the same effect

6.5 SCENARIO OF MIXING/VISCOSITY/CURING/MOULD RELEASE
The scenario of the overall processing behaviour is given to summarise the research
fmdings. When rubber is put in a mixer, it is initially masticated and molecular weight
drops so the viscosity is reduced with the ready incorporation of filler.

The long

rubber molecules are effectively chopped into smaller strands. In the filler type, there
are two possible differences between carbon blacks and silica.

One is due to only a

proportion of the filler surface being active with respect to the MFA. The other is due
to the MFA adsorbing with different configurations on different fillers.

A

generalisation about the monolayer characteristics of surfactant with the filler surface is
made in following section.
On the whole the evidence suggests that MFA acts on the surface of fillers.

This is

observed by gum mix results, showing little interaction of MFA with the rubber,
leading to the understanding that MFA is associated with filler particles, possibly by
adsorbing on them. At the surface of the fillers, MFA adheres to the surface to help
initiate fracture.
parts.

With mixing, the surface of a carbon black is fractured into two

Every time this happens, MFA moves to the carbon black I rubber interface

until a complete coverage forms a monolayer.

Once, a monolayer of MFA is coated

on the filler surface, additional MFA has no effect on viscosity.
fractured, more occluded rubber is released.

When the filler is

At control, the viscosity is high due to

the presence of bigger agglomerates. With increasing MFA addition, viscosity drops
due to the release of occluded rubber. The flow is improved as the viscosity reduces
asymptotically showing that MFA helps to redistribute the filler aggregates (Figure

6.26).
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Figure 6.26: Viscosity model showing texture of filler
agglomerates getting smaller with decreasing viscosity
and then levels off as no further reduction in size can
take place.

6.5.1 CARBON BLACK

Mixing:

When carbon black and MFA are added to the masticated rubber, MFA

moves to the carbon black surface to assist fracture during mixing. MFA accelerates
the incorporation stage of the filler shown by the decrease of the black incorporation
time. MFA adsorbs the carbon blacks faster possibly due to the strong attraction of
the aliphatic functional group of MFA to the active sites on surface of carbon blacks.
The surfactant could possibly reduce the contact angle of rubber on the particle
1
surface. The reduction of viscosity indicates further reduction in size of agglomerates
giving an improved in dispersion.

The improved dispersion can be direct!y seen by

SEM results in the vulcanisates (Ismail, 1994). The agglomerates are broken down
by longer mixing time and occluded rubber is then released (Clarke, 1994). However,
the same goal can be achieved by the use of MFA in a shorter time.
Viscosity: As MFA is onto adsorbed to the filler surface, there is a gradual build up

of MFA molecules to form a monolayer. Below the monolayer concentration, MFA
is partially covering the filler particle surface.
Viscosity drops until the particle ·
surface is fully covered at 2 phr for N330 and the viscosity stabilises assymptotically.
Above this monolayer concentration, there is no further effect on viscosity.
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In manufacturing the use of MPA implies that viscosity reduction means better
extrudability, less die swell, high output at high shear rates.
A possible interaction with carbon black is that the MFA may lie with its polar groups

on the edge of the step on a carbon black surface, while the aliphatic R groups i.e. on
adjacent flat faces of the planar structure as shown in Figures 6.32 and 6.33.

In this

model carbon black, being graphitic structure (Wolff, Gorl, Wang and Wolff, 1994)
has two types of surface. From side view, carbon black is shown as planar and edge
surfaces.

AJiphatic chains

Functional groups --:2)1o~_:_=:...::-------------

Figure 6.27: Schematic representation of the side view
of the carbon black step-like structure showing where
the possible aliphatic chains and functional groups of
MFA are situated.
The driving forces for the polar groups to be attracted to the edge are the free
electrons available between the adjacent layers of carbon black structure.
electrons are polarisable so can be attracted to a polar group of MFA.

The free

The aliphatic

part is lying flat on the planar surface. The whole combination of the edge and planar
surface is visualised as a monolayer layer of MFA.

In bilayer formation, another

MFA molecule will orientate in such a way that the polar group is attracted to the
aliphatic chains already present on the planar surface. The aliphatic group of incoming
MFA will go to the polar group of MFA at the edge surface.
molecules as made up of aliphatic chains.

Consider rubber

Now, one of these aliphatic chains can

interchange with the aliphatic chain of the MFA molecule.

This is the bilayer

morphology which is made up of weak MFA-MFA bonds and hence it is easily broken.
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Aliphatic chains

Figure 6.28: Schematic representation of the MFA
molecule showing aliphatic chains on planar surface and
polar groups on the edge surface of carbon black.
Curing: Compounds containing MFA particularly decreases the cure time. This is
because at vulcanisation temperature, MFA is decomposed to release amine which
accelerates the crosslinking process. On one hand, using MFA in the compounding

can save the cost of accelerators but on the other hand, excessive amount of MFA can
cause scorch. The choice is to use MFA at the concentration at which the monolayer
coverage is formed. The scorch depends on the type of carbon blacks. Scorch
increases with N330, NsS,o and NllS.

The coarse and fine blacks appear to cause

i

scorch problem in this MFA compounds.
I

Mould release:

When the MFA molecule has dissociated as in the model at the

vulcanisation temperature, the stearic acid functions as a mould release by migrating
to the metal surface, thereby reducing the interfacial adhesion between metal and
rubber by addition of MFA.
stress.

Carbon blacks NSSO showed a high mould release peak

The peak stress for NllS compounds were low while N330 compounds

showed moderate peak stress. The use of MFA gives good mould release properties
at high temperature if one thinks of using injection moulding process. It would
improve the productivity by reducing time for stripping the moulded products.
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6.5.2SIUCA

Figure 6.29 shows a mode of action of a highly polar silica swface attracting the polar
group of MFA to form

a monolayer.

As discussed earlier in the model, MFA

molecule is adsorbed perpendicularly on the silica swface.

Before the critical

monolayer concentration, MFA molecules partially cover the silica swface.

More

MFA is adsorbed to build a complete monolayer coverage and once the monolayer has
been completed, the visco~ity settles does not decrease any further.

MFA monolayer

Silica surface

Figure 6.29 : Schematic representation of monolayer of
MFA molecules on silica swface
Figure 6.30 shows a bilayer is formed from the existing monolayer. The process is
repeated to form multilayers.

MFA
bilayer
Silica surface

Figure 6.30: Schematic representation of a bilayer of
MFA molecules on silica surface.
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Generally, the use of MFA in curing and moulding silica compounds is
similar to the carbon black compounds. Silica-filled compounds without Si69 were
Curing

scorched particularly at high concentrations of MFA (i.e. 5 phr and higher). The
amine decomposed at vulcanisation temperature could cause the premature
crosslinking of

the silica compounds.

The difference between the two silica

compounds observed could possibly due to Si69 interaction with MFA leading to less
amine available to accelerate the vulcanisation.

Thus, silica compounds with Si69

was found less scorchy.
Mould release Adding a little MFA does not immediately improve the mould release

of silica compounds. This was because the silica compounds were mostly sticky and
soft.

At the higher concentration, mould release improves with silica compounds

(without Si69). At the decomposition temperature of MFA, stearic acid was released
and migrated to the rubber/metal interface.

140

CHAPTER7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS
This study of MPA has shown that the cationic surfactant 1,3-diamine propane distearate
was working as a multi-functional additive in NR compounding, potentiiilly useful in
rubber industry. The main conclusions from this research may be given as follows:
(1) The study of MPA with carbon black N330 showed a number of practical advantages
in rubber processing:
MPA shortened BIT up to 50% in Natural Rubber. This reduction of BIT was
also observed in S BR.
Viscosity of rubber compounds was reduced up to 50% at all shear rates.
Shear rate for melt fracture of rubber compounds increased up to 100%.
Mould release at 1700C improved up to 70%.
Vulcanisation speeded by two fold.
(2) MPA was found to interact only via the filler as there was no significant change by
adding MPA to gum rubber.

MPA was redistributing the filler particles in the rubber

compounds during mixing and extrusion.
(3) The model of MPA coating the surface of carbon black with a change of mechanism
for monolayer coverage was tested. A positive result was obtained with Davenport
viscosity data showing a plateau at 2 phr as predicted.

Experimental difficulties

prevented confmnation via the other tests.
(4) A similar plateau result was obtained on Davenport viscosity in silica-filled
compounds. This developed at a higher value than initially predicted, which can be
explained by assuming a different mechanism of MPA adsorbing on a silica surface.
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(5) Studies ofMFA with silica-filled compounds showed that coupling agent would not be
needed with silica filler if MFA was used.
(6) Both carbon black-filled compounds with varying mixing time and varying MFA
obeyed Guth-Gold plot once the absolute volume fraction was exceeded.
Silica-fllled compounds with varying mixing time obeyed Guth-Gold plot better than
the carbon black.

However, silica-filled compounds with varying MFA showed a 20%

increase on the predicted value.

7.2 RECOMMENDATIONS
The big problem of the rubber processing compounds in the presence of MFA is scorch.
A prevulcanisation inhibitor (PVI) is suggested as an effective additive to prevent any
premature crosslinking for this present system.

Further studies should be carried out

using a delayed action accelerator and low-sulphur level in the formulation as another
possible alternative to prevent the risk of scorch.

Either an efficient vulcanization or

semi-efficient vulcanization system may be suggested for future work with MFA.
The surfactant chosen has a hydrocarbon chain which consists of 16-17 carbon atoms.
The study has shown that there was a monomolecular layer formation.

In light of the

results obtained in this project, it is recommended that future work on MFA should
concentrate on molecules having a different structure such as long and short hydrocarbon
chains.

By having these changes in the non-polar molecule, the monolayer coverage of

MFA onto carbon black and silica would also change. This work would give more insight
to the action of MFA.
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Appendix I: Graphs of log (shear stress) versus log (shear rate) for wall slippage.
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Appendix II: Estimation of scatter on rheometry.

Mean stress vs.Level of EN444
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Appendix ill: Effective volume fraction of fillers by thin-sections Qsmail. 1994)
Mix

Volume
fraction of
CB

Volume fraction
agglomerate
(Thin-sections)
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"
"
"

"

"

MIX
CONTROL 0 phr
MFA0.3 phr
MFA 1.0 phr
MFA2.0phr
MFA 3.0 phr
MFA5.0phr
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Volume fraction
of
occluded rubber
(2/3 vol.fract.
agglomerate)
0.0462
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0.005
0.0025

0.0693
0.0367
0.0207
0.0121
0.0078
0.007

Effective volume
fraction of
filler
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0.2047
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Volume
fraction of
silica

Volume
fraction of
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Si! 320
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SI1480
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0.0497
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"
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fraction of
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Volume
fraction of
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MFA IOphr
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0.1110

0.1448
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Volume
fraction of
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Volume
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volume fraction
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