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Abstract

Fillers enhance the properties of an elastomenipraving its mechanical properties
such as the abrasion resistance or the fatiguelfiferder to design a product and
understand the properties of the filled elastonused in industry; it is important to

understand the effect of a filler on the composi@stomer. Strain amplification, a
bound rubber layer, molecular slippage, hydrodywagfiects, occluded rubber and
various other models have been previously used éscribe filled rubber

reinforcement and these various filler-rubber iatéions. Different approaches such
as finite element micro-structural modelling, meiee modelling, mathematical

modelling, TEM and SEM imaging, tomography as wasl measurements of the
changes in electrical and mechanical propertieb siitain can be used to examine

these various theories of filler reinforcement mdasely.

Here, the finite element micro-structural analyesproach has been used to predict
how the mechanical properties of elastomers changgsstrain. The selection of
appropriate boundary conditions and the correcedtenergy function for the rubber
phase are seen to be very important. To understenéller network and the filler-
rubber interactions more closely the electrical amthanical behaviour of the filled
elastomer under strain for various different candg have also been measured. One
particularly promising outcome is the discoveryttiwa the filler, Printex-XE2, there

is a fully reversible change in electrical resigyiwvith strain. This suggests that
elastomer composites containing this filler mayehpvactical applications as a strain

SEensor or a pressure sensor device.
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1

Introduction

Filler reinforcement of rubbers has been an araatefest to the rubber industry for
more than a century. Filled rubber is widely ugadapplications such as tyres and
anti-vibration applications systems. As a result,isi often presumed that the
phenomenon of filler reinforcement is widely undeosl. However, as this thesis
shows the various models used to explain the fiderforcement still do not permit a
complete understanding and they are also not exgaatlearly or consistently in the
literature. The detailed effects of filler propegisuch as surface area and shape on
the filler reinforcement are not completely undeost A detailed understanding of
the filler reinforcement should provide an insighito the increase in modulus and
strength witnessed with as well as helping to ustdexd the phenomena such as

cyclic stress softening, abrasion or changes ifiatigue life resistance.

Finite element analysis has been widely used ifneeging as a design tool for three
decades; the technique has more recently beeredpplithe microstructural models
of composite systems. The use of finite elementyarsatechniques to resolve these
types of problem requires geometric simplificatind a detailed validation. As a
results MT N990 (Medium thermal) carbon black fillelastomers are often selected
for investigation, as MT carbon black shows a lewdency to agglomerate and the
filler shape can be approximated to a sphere.deraio develop a reliable model the
choice of the boundary conditions is important.cilan appropriate rubber material
stored energy functions must be used. Selecti@ppfopriate stored energy function
and boundary conditions are investigated in thissith In order to study the
significance of the polymer-filler interfaces twaogsible conditions of perfect
adhesion at the polymer-filler interface and slgpaf the polymer over the filler

surface have been studied here. The predictioniseottiffness of these different
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microstructural models are compared with the expental behaviour. Conclusions
about how to construct a model to predict the eéffetc size, shape and filler

orientation are discussed.

One significant effect of adding electrically cowrtlue fillers such as carbon black
into an electrically insulating polymer is that tt@mposite can also conduct once the
volume fraction of the filler is greater than thergolation threshold. It was hoped
that the experiments that measure the changesicahductivity with strain might
reveal insights into the changes in the microstmectwith strain. The resulting
investigation discovers there is a good potental the development of strain or
pressure sensors. In order to achieve this we trezdilled elastomer to show a

reversible and repeatable changes in the resystitih strain.

The interaction between the polymer molecules, ai as between filler particles
and also at the interface determines the electandl mechanical behaviour of the
elastomer. This interaction might be studied byctirobservation of the changes in
the filler network structure under strain by eithesing a scanning electron

microscope (SEM) or a transmission electron miapsd TEM).

In order to study the effect of changes in filleogerties on the resistivity behaviour
several different fillers including MT, HAF and Btéx were selected. The selection
was made to ensure fillers with a range of partsites, surface areas and structure
were studied. The changes in electrical condugtitsehaviour under strain for a
range of filled elastomers selected are relatéflén properties such as particle size
and structure. Also, the changes in the mechapicglerties such as modulus and
tensile strain can be related to the conductivgdyviour. This investigation leads to
the construction of a polymer-filler and filler{ék models to explain the changes in
modulus and electrical conductivity with strain. eTkhesis follows the following

structure to examine this behaviour.

Chapter 2 contains a literature review which introgs the carbon filler as well as the

models for the filler reinforcement discussed ia titerature. This Chapter explains
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how fillers modify the conductivity of the rubbeAs finite element analysis has been
extensively used in this work and a short introglucexplaining the basic concepts

also included.

Chapter 3 discusses the experimental proceduresthsaughout the present study.
The various models used for the finite element yamislare also introduced. The
various friction models used to describe slippage aso explained. The materials
preparations and testing methods used to measerstiffness and the resistivity of
sample under strain are also discussed. Finadlyatialysis used to calculate the

behaviour form the measured results is also given.

Chapter 4 describes the finite element model usedrédict the stiffness of MT
carbon black filled elastomer. The micromechanivaldels was used to derive an
appropriate boundary condition and to select aablét stored energy function to

model the behaviour of an MT carbon black filleBbar under tensile strain.

In Chapter 5 the effect of the number of filler topdes and their position and shape
on the stiffness prediction of MT carbon black fill elastomer under strain is
described Several different models with numbeiillgfr§ particles ranging from 4-64,
of different shape and size distribution are déscti This Chapter also address the
effect of the interfacial boundary condition on tbentribution of the filler to the
stiffening of the rubber. An appropriate fricticawt is derived to describe the effect
of slippage between the rubber matrix and therfole stiffness prediction with strain

of a filled elastomer.

Chapter 6 discusses the effect of filler propertieghe conductivity behaviour of the
filled rubbers under strain, with changes in terapge and after swelling with a
solvent. A range of fillers with different fillerrpperties such as surface area and
structure are used. This work also discusses pipeopriateness of the various

models used to explain the conductivity behavidihe composite under strain.

Finally, Chapter 7 presents the general conclusi®rwell as plans that could be
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examined as part of any ongoing investigation.
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2

Literature review

2.1 Elastomer
2.1.1 What is an elastomer?

Elastomers are generally defined as polymers wxttibit rubber like behaviour. In
their raw form elastomers flow under strain. Inertb make elastomers more useful
a process called either curing or vulcanisatioafien carried out. Figure 2.1 shows
the polymer structure before and after vulcanisatiduring the process of curing
crosslinks are formed between polymers chains. drbsslinked polymer is called
“moulded rubber”. This material exhibits elastioveesible behaviour under strain.
The general class of polymers which are “plastiotler strain undergo an initial
elastic deformation, vyield, plastic flow, neckingtrain hardening and fracture.
However, elastomers are highly elastic and fagmoft very large strains as shown in
Figure 2.2(Gentet al., 1992). There two most common types of curing systare

sulphur based and peroxide based systems.
2.1.2 Types of elastomers

Elastomers can be classified as either thermogéeomoplastics. Thermosets consist
of polymer chains with chemical crosslinks as shawrFigure 2.1. Hence, in a
solvent thermosets may swell, but do not dissoNeermoplastic elastomers chains
are joined only by linkages such as physical enéangnts and they may dissolve in
some suitable solvents. Another classificatioelastomer is by polymer types such
as natural rubber or styrene butadiene rubber, bbthhich are widely used in the

industry. In addition, specialty elastomers haverbdeveloped for use in extreme
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conditions where increased resistance to swellarg,improved aging or a better
chemical resistance are required. For such camditspeciality polymers such as

poly-chloroprene, silicone rubber and chlorinatetygthylene have been developed.

2.1.3 Elasticity due to structure of elastomer

Chemically elastomers have a backbone of eithdsoraor silicon atoms to which
other elements such as hydrogen or chemical greuph as a methyl unit are
attached. In order to exhibit rubbery behaviour fokowing characteristics are

required for the structure of the elastomer.

1. The polymer chain must be flexible
2. There should be sites on the backbone where tlyengolcan be crosslinked

3. The polymer chain must not be highly crystalline.

© - crosslinks
™~ - network chain
/"5~ chain ends

Figure 2.1 Rubber structure: (a) before vulcanisation andaft®r vulcanisation
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Mominal
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Rubbery

Extension Ratio, 2}

Figure 2.2 Tensile stress-strain curves for polymers in tiifferent physical states,
X denotes rupture, (Geat al, 1992).

2.2 Fillers

Most commercial elastomer compounds include filkbest are used either to reduce
cost or to improve the properties; the two most elgrencountered fillers are carbon

black and silica.
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2.2.1 Carbon black

Carbon black is a colloidal form of elemental carbdt is produced by partial

combustion of oil or natural gases. The productimtess involves following steps.

1. Introduction of feedstock (oils, air and other aweis) in a combustion
chamber
2. Complete or partial oxidation

3. Water quenching

The different zones of the reactor that are usedddoon black production are shown
in Figure 2.3. The first step involves productidnachigh temperature zone using a
fuel such as natural gas. The hydrocarbon is edak the high temperature zone
after which the reaction is stopped using watemghbing. The variables such as the
reaction time, temperature, water quenching or menghing control the final
properties of carbon black particles (such as sarfarea and structure). Small
reaction time and a high temperature results irgh structure and a smaller particle
size for carbon black particle produced. High stefarea and structure carbon black
such as Printex-XE2 are produced using a shelffigasbn process. A controlled
partial oxidation of heavy oil results into a gasla carbon black product (Printex-
XEZ2). The smallest individual building block formesicalled as a particle as shown
in the small circle in Figure 2.4. Clusters of thgzarticles fuse together to form
aggregates. These primary aggregates flocculatthegto form larger secondary
agglomerates. These agglomerates are held togkth&an der Waals forces of
attraction. The detailed morphology of carbon bleckefined as the structure of the
filler aggregate. To be completely defined, it ecessary to know the range of the
sizes and shapes of the filler. ASTM D-2414, exgahow the Dibutyl-Phthalate
(DBP) oil absorption test measures the amount oP RBsorbed on 100g of carbon
black. The resulting oil absorption number (OAN) @ibutyl-Phthalate absorption
number is used as a measure of filler structures@&hests involve measuring the
absorption of oil by the carbon black and they ¢atk the internal void volume

present in both the primary and secondary aggresgateture.
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When carbon black is mixed with rubber in a mhle taggregate is damaged by shear
forces and is reduced in size and structure. Tima## this breakdown, a test called
the crushed oil absorption test is done. Here #rban black is first crushed in a
press and its structure is again measured usingtyiBhthalate oil absorption. This

test produces a crushed oil absorption number (COAN

Air Feedstock 01l High Refractol'y

Natural Reaction Quench
Gas

Figure 2.3 Scheme of different zones of a carbon black reacto

FEDSTS 1sku g

Figure 2.4 Carbon black aggregate showing the primary partigmall circle) and
aggregate: (larger circle).
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Another carbon black characterisation techniquhésnitrogen surface area (NSA)
test. The surface area of the solid is determinethéasuring the volume of nitrogen
adsorbed on the filler surface. The Brunauer, Ermmed Teller (1938) model for

multilayer adsorption is used to calculate theogjén surface area, which is the total

external surface of the filler.

A further test used to characterise the carbockbkthe statistical thickness surface
area (STSA) test: This technique measures thecudeea of carbon black particle
excluding micropores. This is also an absorptiast, tbut using a higher viscosity
materials such as hexadecyltrimethyl ammonium bdemiThis is too viscous to

penetrate the smallest micropores. The resultingsomed surface area is called

CTAB. It provides a good measure of the area abklto the rubber material.

2.2.2 Particles aggregate and agglomerate

The average particle sizes of carbon blacks comynawilable for industrial use;
range from 10nm to 500nm. In the rubber industgydistribution of particle sizes is
considered to be important as it affects the machbproperties and performance.
Aggregate size also varies with particle size. Aggtes can have any shape or
morphology. The generally encountered shapes amriplete spheres having very
long dimensions. Her@dt al. (1991) have classified carbon blacks in four défe
categories as shown in Figure 2.5. The aggreghtgshaive a high structure have a
higher degree of branching and chain like strusta® shown in Figure 2.5. Figure
2.4 shows the particle aggregate and agglomerdie.aggregates tend coalesce to
form agglomerates. The degree of agglomeratiorctsffthe final properties of the
filled elastomer. Carbon black fillers such as MB9Q and HAF N330 with low
surface area and shape factor show a low tendenagglomerate. Where as, carbon
black filler such as Printex-XE2 with high surfaa@a and shape factor shows a high

tendency of agglomeration.
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2.2.3 Nomenclature

The D 24 ASTM standard defines the nomenclaturelitbérent carbon blacks. It
consists of a prefix letter followed by a threeidigumber. The prefix indicates the
type of cure with N designated for normal and Sslokv. The first digit indicates the
mean particle diameter. For example N330 means alazoring material black has a

primary particle size of 26-30 nanometre. The ta&t digits have been assigned as

new products are developed.

TYPE 1  SPHEROIDAL

TYPE 2 ELLIPSOIDAL

“.

.4)

TYPE 3 LINEAR

5 4 B
J T

TYPE 4

¥

BRANCHED

T #
v »

Figure 2.5Shape categories for carbon black aggregatesd @iex., 1991).

36



Dewetted Filler / %

Adhesion Index

/
/ ‘
7’
’
¢/
/ / Printex
J‘l_{.’———r——-_l_-’?l []

10 15
Stress/MPa

Figure 2.6 Adhesion index for range of

2.3 Filled elastomer

20

fillers, (adapted frelasset al, 1967).

2.3.1 Effect of carbon black on elastomer.

The fundamental property of the filler

used in ledi elastomer is the particle size.

This affects the reinforcement of elastomer mastngfly. The particle size of carbon

black particles varies from 10-500nm.

Table 2.1Effect of particle size on reinforcement (DonneV&et, 1976).

Size / nm Strength

1000-5000 Small reinforcement
<1000 Medium reinforcement
<100 Strongest reinforcement
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One of the sources of reinforcement between theocablack surface and the rubber
matrix is the Van Der Waals force attraction. Aledyber chains are grafted onto the
carbon black surface by covalent bonds. The interads caused by a reaction
between the functional group at the carbon blackgba surface and free radicals on
polymer chains. Hence, filler-rubber interface isda up of complex physical-
chemical interaction. The adhesion at the rubbk-finterface also affects the
reinforcement of rubber. Hesst al (1967) worked with SBR (Styrene Butadiene
Rubber) filled with different grades of carbon WMacThey found that small
reinforcing particles had a greater adhesion batwbe filler and the rubber. The
degree of adhesion was measured using an adheslew. iThin cross-sections of
filled rubber were observed using transmissionted@cmicroscopy. The thin layer of
sample was stressed and changes at the filler rubtezface were observed. The
adhesion index was calculated by measuring theeptage of the filler interface that
dewets from the rubber matrix under strain. Thesstrequired to dewet an arbitrary
20% of carbon black from the rubber matrix was ridi as the adhesion index. They
found out that the small reinforcing particles laagreater adhesion between the filler
and the rubber as shown in Figure 2.6. Conversaiger particle sized fillers have a
lower adhesion index. So MT (N990) carbon black &dsw adhesion index and
HAF carbon black has a high adhesion index. Adalger particle sized MT carbon
black fillers do not adhere as well to rubber nxathiey are considered as non
reinforcing carbon black. Smaller sized HAF carldack adhere well to the rubber

and hence are know as reinforcing carbon black.

There are many reviews of filler reinforcement lyhars such as Kraus (1976) and

Leblanc (2002). The principal factors that detesrtime reinforcement capability are,

1. The Van der Waal forces between the carbon bladktz polymer

2. The chemical crosslinks or chemisorptions of thé/mper on to the filler
surface due to free radical reaction between cadboms in the filler and in
the rubber
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3. The mechanical interlocking of the polymer on te fitier surface.

These result in a general model of fillers and axbdpnsisting of the rubber matrix,
the interface and the fillers. The bulk of fillarspolymers will have three zones as
shown in Figure 2.7. One common theme is that tiern immobilised ‘bound’
polymer layer around the filler. There has beerofdbcus in determining the amount
of bound rubber and how this affects the reinforeentapability. The assumption is
that the interface zone is stronger in the bounibeu layer than the bulk of
elastomer. Hence, a measurement of the size didbhed rubber layer will indicate
the reinforcement capability. The morphology ofbmar black will have some effect
on the bound rubber layer. One possibility beingt tome portion of the rubber is
completely interlocked onto the filler indicatingn @ncrease in the effective filler
volume fraction of rubber. Regardless of the nanfréhe interaction between the
filler surface and polymer, the bound rubber lastgould be a measure of the surface
activity. At fixed and practical volume fraction$ carbon black the bound rubber
content increases with an increase in the surfaea af the carbon black. This is
related to the difference in interfacial area ia tompound between different grades
of carbon black. With regard to the surface adtivaf carbon blacks, meaningful
information can only be obtained by a comparisonth& bound rubber per unit
surface. By normalizing the bound rubber conterthwhe interfacial area in the
compound, Dannenberg (1986) showed a decreaseumdbmibber per unit surface
with decreasing particle size of the carbon bldoksSBR compounds filled with 50
phr of carbon black. Wolfét al. (1991) reached the same conclusion with different
volume fraction of carbon black as shown in Fig2u@

2.3.2 Bound rubber

When an uncured but well dispersed filled elastonsersubjected to solvent
extraction, not all of the elastomer is recoveidtk portion of elastomer which is not
extracted is called the bound rubber. The bouneulayer results from a complex
combination of physical adsorption, chemi-adsorptmd mechanical interlocking.

The surface activity of carbon black is relatethi® bound rubber. Dessewefy (1962),
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Kaufmanet al. (1971), Brienet al. (1976), Dannenberg (1986), Wolt al (1991)
and Wolff (1996) have investigated the existencethef bound rubber layer and
studied its characteristics. Dessewefy (1962), Baberg (1986) and Wolff (1996)
measured the bound rubber content using NMR anthtbleness of the bound rubber
layer was found to be 0.5-5nm. Heinrich and Vilgi995) and Zhangt al. (2001)
suggested a mechanical coupling between polymerimand filler is due to

adsorption of polymer chains on to the filler suda

Kaufmanet al. (1971) studied the bound rubber layer in a filkéstpolybutadine and
an ethylene propylene diene terpolymer (EPDM). Tieyonstrated the existence of
two distinct layers of different mobility aroundetfiller. The inner immobilized layer
immediately surrounding the filler. The outer layar bound rubber displays the
mobility intermediate to the inner immobilized layend pure gum rubber. Brieat
al. (1976) used NMR to study the interaction of carbaack filler and cis-
polybutadine. They supported the investigation&afifmanet al. (1971) regarding
the inner immobilized layer and outer more mob#ger around the filler. Further,
they suggested that the inner layer accounts flyr affifth of the total bound rubber

layer.

Wolff et al (1991) and Danneburg (1986) measured the bousteerdayer for SBR
filled with carbon black shown in Figure 2.8 anduiie 2.9. They found at a constant
carbon black volume fraction the bound rubber iases as the surface area of carbon
black increases. Kraus (1976) suggested thatdhedrubber layer can only be used
as criteria to compare fillers of similar morphdkxy The general idea being that the
degree of reinforcement depends on a specific seideea and degree of structure.

2.3.3 Occluded rubber

Some of the polymer in a filled rubber is totallyiedded by the primary aggregate
structure. This would increase the effective filleolume fraction of a filled
elastomer. In case of the bound rubber layer, kst@ner chains in the vicinity of

filler are restricted from molecular motion. Howevi the case of occluded rubber
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there no reduction in the chain mobility of thelwah The occluded rubber increases
the contribution arising due to filler. Kraus (19ahd Medalia (1970) have discussed
the contribution due to occluded rubber. They satggkthat fillers with high surface
area would have a greater amount of occluded rutibemversely, fillers with low

surface would have lower amount of occluded rubber.

crosslinked-Rubber

Figure 2.7 Glassy bound rubber (GH phase) and sticky lagt-phase) model
proposed by Fukahori (2007).
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Figure 2.8 Variation in amount of bound rubber vs. surfacea for different fillers,
(Dannenberg, 1986).
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Figure 2.9 Graph showing the bound rubber vs. CTAB surfaea &r SBR filled
with carbon black, (Wolfét al, 1991).
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2.4 Theories on filled elastomer

2.4.1 Stored energy function:

The statistical theory of rubber elasticity utiBshermodynamic concepts to derive
the relationship between stress and strain. Tlesstises as the entropy of the system
changes the order of system. In this case the arddisorder of system is related to
the extension of the molecular chains. In an uetslied elastomer, the disordered
single chain is like a random coil. As the elastomestretched it starts aligning with
other chains and the structure becomes more ordeyedresult the entropy of the
system decreases (Treloar, 1943). Using this assumiie following Neo-Hookean
(sometime also know as the Gaussian or statidadlgri/) stored energy function was

derived,

W=la +4 +4 -3 Equation 2.1
=3 (1 , A, ) quation 2.
W = %(I1-3) Equatio® 2.

Wherel; is the strain invariantd;, A, and A3 are the extension ratios ¥ny and

Z co-ordinates respectively. The te@nthe elastic constant, in above expressing can

be calculated as,

G = Nk,T = Equation 2.3

WhereN is number of chains per unit volunig, is the Boltzmann constant, is
TemperatureM. is average molar mass of the chain length betweasslinks,o is
the density of the rubber, and R is the gas cohgian mole. The Neo Hookean
stored energy function is applicable at low strdorsunfilled materials in tension up
to 100% (Gent, 1992).
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Mooney (1940) proposed the following stored endupgtion,
W = c,(1,-3) + c.(1,-3). Equation 2.4

Where,l, = A + A5+ A5 and |, = 222 + 22 + A2)7 are strains invariants defined
on assumption that rubber is isotropic and volummains same. Using Rivlin’s

(1956) approach the derivatives of the stored gn&rgction can be used to deduce
the stress as,

o= [ch + 252 j[/] _Aizj Equation 2.5

If the C, term is assumed to be zero then Equation 2.5 exdtw the statistical
theory. SoC, can provide the deviation from the ideal Gaus$iahaviour. If the
filler is dispersed in a rubber matrix, then thiéefithe strain is greater than global
applied strain. Mooney stored energy function dussredict the upsweep observed
in the actual rubbers at larger strains.

Gent (1996) derived a SEF from empirical considerestj

W = —% Imln[l—[ll—lﬂ Equation 2.6

m

In the above expressiok represents the low strain tensile modulus dpd
introduces a finite extensibility asymptote for taeger strain behaviour. Gent’'s SEF
is applicable to larger strains, giving a goodafithigher extension ratios and can be
used in any deformation mode. This allows flexipilih terms of representing the
behaviour of an elastomer over a range of strarshawn in Figure 2.10.

44



10 + |
Gent funciion I
Stress/ o I
5T |
I
|
1
a)
Neo Hookean function
0 : ; : —
1 K] 5 7 9 11
Extension ratio/ &
14
12 -

Gent function

10 - \

L g Experimental data
§ (Hanwood et al., 1967)
5 6 .
Mooney function
4 -
Neo Hookean
2 B \/_/'.\-l-l
b)
O b I I I

Extension ratio/\
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function (Gent, 1996) b) Neo- Hookean, Mooney amaiGtored energy function.

45



2.4.2 Hydrodynamic Theory

Rigid fillers typically increase the stiffness ai alastomeric material. A theory for
the stiffening of elastomers by a rigid fillers Imsed on the Einstein’s theory
(Einstein, 1906, 1911) for the increase in visgogif a suspension due to the

presence of spherical colloidal particles.
n=n1+25 Equation 2.7

where, 77 is the viscosity of suspensiof is the viscosity of the incompressible fluid

andgis the volume fraction of the spherical particles.

Guth and Gold (1938) adapted the viscosity lawraaljgt the small strain modulus of
an elastomer filled with a rigid spherical partgcland they included an additional
term to account for the interaction of fillers atder filler volume fractions. They
proposed that the increase in the modulus dueetinttorporation of spherical fillers

was given by,
E=E,(1+25¢0+141¢) Equation 2.8

Where,E is the modulus of the filled rubbegyis the modulus of the unfilled rubber

and gis the filler volume fraction. This relation assisrthat the filler particles are

spherical, well dispersed throughout the matrixg dnat each is fully coated in

rubber. These assumptions do not represent atiealibber-filler composite, as the

fillers are not typically just spherical in shapedathey tend to agglomerate. As a
result, Guth (1945) derived another Equation wlileecfiller particles are considered

to have a representative average aspectfrdefined as the ratio of its longest length
to its perpendicular breadth.

E =E,(L+0.67fp+162f 2¢7) Equation 2.9
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Filled rubbers show a decrease in the modulus stithin. At strains less then 10%
this modulus reduction is attributed to the breakdof the filler aggregate structure
(Payne, 1962). At medium to large strains (100-60@é changes in the structure
with strain are not clear. It is agreed, that thespnce of rigid fillers, results in the
local strains which is greater than globally appstrains. This effect is referred to as
strain amplification. The strain amplification eftencreases with increased volume

fraction and structure of the carbon black.
2.4.3 Strain Amplification

The Guth and Gold relation is inappropriate at brgstrains. As the polymer chains
no longer behave in a Gaussian manner. Mullins Bofain (1965), Blanchard and
Parkinson (1948) and Bueche (1960) have suggestelifiocations to hydrodynamic

model. Mullins and Tobin’s derived the followinglagonship for the average strain

in the matrix rubber based on Guth and Gold’s Equna?.8,

A = AL+ 2.5¢p+14.1¢7°) Equation 2.10

Where/ is the global extension ratio agds the filler volume fraction. This Equation
is only valid up to a moderate strains of 20-50%d anly for MT carbon black. In
case of other carbon blacks having higher strudioseeamount of occluded rubber

shielded by the filler is greater, thus increasimgeffective filler volume fraction.
2.4.4 Blanchard and Parkinson model of weak and strg linkage

Blanchard and Parkinson (1948) proposed a differient that the filled rubber could
be considered to be made of strong and weak lirkageshown in the Figure 2.11.
The weak linkage would fail before the strong liggaunder stress. This progressive
failure of the weak linkages can be used to exptaidic stress softening or the
Mullins effect. Under cyclic loading the softenidgpends upon the maximum stress
applied. Blanchard and Parkinson suggested tffi@reit stresses, causes different

weak linkages to break and contribute to softenifige Blanchard and Parkinson
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model presumes that the increase in modulus isdiudyto increased linkages.

Blanchard and Parkinson (1952) also explainedribeeasing tear strength in rubber
using their model of weak and strong linkage. Theggested that when a rubber is
strained the short linkages are tightened and tilgnger chains align along the
direction in which stress is applied. Moleculaaicis can slip around the filler and
align in the direction of the applied stress. TEhfetors would increase tear strength

in a filled rubber as slippage of molecular chauwaild distribute stress.

2.4.5 The Bueche model

Bueche (1961, 1965) suggested that for a filledeupthe fillers are connected with
the molecular network chains. These molecularrshepnnecting different fillers are
the source of the filler reinforcement. Therefdiéed rubber is stiffer than unfilled
rubber. These molecular chains also break undead &nd thus results in cyclic
stress softening. During cyclic loading the chammsken during the first cycle no
longer contribute to the stiffness of elastomerimursuccessive cycles. Bueche
suggested that some of molecular chains can reforgreate new links between
neighbouring fillers.,But the net result is thae thilled rubber is stiffer than the
unfilled rubber. According to the Bueche modeg thcrease in strength is attributed
to the filler particles acting effectively as a meaof distributing the load more
equitably. The breakage of a single chain betweetighes does not cause stress to be
transferred to relatively few adjacent chains. §Tis usually the case for unfilled
rubbers where it results in failure). The stresdiséributed to much larger number of
chains attached to filler particles. Except for #gmaphasis on chain breakage and
omission of chain alignment Bueche reinforcementess are similar to molecular-

slippage model.
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2.4.6 Dannenberg model of slippage at interface

Dannenberg (1966) proposed a model of filler reicément which includes slippage
at the interface between the molecular chains ladilter. Slippage of the molecular
chains under strain also redistributes the stréks. redistribution of stress again
inhibits a molecular rupture. The model suggethatithe hysteresis observed can be

attributed to the loss of the strain energy astitmal heat occurring during the
relative motion between molecular chains and the fi

@ Initial Relaxed State

Complete Extensibility of
‘“ﬁ — Shortest Chain

Further extension canses either desorption, chain breakage, or chain slippage.

@ -— M —— Chain Sll|l|lage

High Modulus Molecular

-—3 = — E’—. Alisnment Stress Equalization

Frictional enercy dissipation

Initial prestressed State
chains of equal length give stress softening
@ ; low modulus on subsequent elongation

Stress recovery

Kinetic Energy of molecular
segements causes chain slippage and
randomization

Figure 2.11Proposed changes in the microstructure of a filldaber system under
strian, (Danenberg, 1966).
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2.5 Finite Element Analysis

2.5.1 Introduction

Finite element analysis (FEA) is the numerical datian of the behaviour of
components acquired by discretising them into aefinumber of building blocks, so
called elements and analysing their behaviour whésifying their acceptability and
reliability.

FEM (finite element modelling) or FEA (finite elemteanalysis) were started with
the intention of prototyping, design validation,sgmg optimisation, identifying
failure and estimating fatigue life. FEA finds igpplication in all the fields of
engineering such as automotive, aerospace and enanigineering, as well as fluid
mechanics, electrical appliances and for produsigte Over the last few decades
improvements in the computing including increaseprocessor speed, data storage
capacity coupled with a reduction in the cost af tomputer hardware and easy
access to the various software has lead to th&E8ein many fields of research and
the field of elastomer reinforcement is no excepti®EA uses the process of
subdividing all systems into their individual cormemts or ‘elements’ whose
behaviour is readily understood. These individeabsystems are then used in
rebuilding the original system to study its behaviolhis process of disintegrating
the original system into finite number of well defd subsystems is know as

discretisation.

FEA is a mathematical means of solving a compledbl@m with the help of a

generalised theory developed for a material, wicah be utilised in the FEA model
for simulating the actual material behaviour. Thetual loading conditions are

simulated by applying appropriate boundary condgid-EA involves developing the
actual component as a simulation. This is achidwedepresenting the simulated
model by a set of elements. Nodes are the poinégsewtivo or more elements meet. A
mesh is defined by the grid of the nodes and tamehts. The way the FEA solver

produces results is by solving a number simultaseeguation to represent the
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material behaviour, based on a generalised thé@yhe complexity of the structure
increases the number of conditions or simultanemygation also increases. This
approach works well for small structures, but téalcomponents are more complex.
With an increase in the processing speed this l#edcanatrix method” can now also

be used to solve complex structural problems.

It is possible in many problems to make approxioraithat facilitate the use of finite
element modelling and reduce solution time. If ge@metry and loads of a problem
can be completely described in one plane, themptbblem can be modelled as two-
dimensional. Bodies which are long and whose gegnaatd loading do not vary

significantly in the longitudinal direction can leodelled by using a plane strain
representation. Similarly, bodies that have nelglggdimensions in one direction, and
are loaded in the plane of the body, can be asstnkd in a plane stress condition.
In the FEA problems where geometrical approximatomot possible a full three-

dimensional model of the structure is needed. Hanewm many analyses it is still

possible to limit the size of the model by takindvantage of any symmetry that
exists. There are four types of symmetry commonigoentered in engineering

problems axial, planar, cyclic and repetitive.

Problems solved using FEA techniques are basedhenconcept of the discrete
system where there are a finite numbers of subsy&te equation) are to be handled.
As discussed, a system of elements and nodesdstasepresent a physical problem
depending on the material and its behaviour undadihg. There is a relationship

relating the force acting at each node and ther etlngables such as displacement.

fa= ke*dp+ fgt+ f Equation 2.11

Wheref,is the component force in the three principal diactat any given node and
d, is corresponding displacemeiit, is stiffness of the material (representing the
characteristic material¥y is the distributed load acting at a node drahy other

constraint acting at a node.
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The FEA solver assumes the forces acting on a mystebe a matrix and the
corresponding displacement as an another matrik.eixample, in Equation 2.12
shown Fn] and Dy] represent the matrix of forces and displacemawtsg on a

system.

[Fm] = [Kc]*[ Dn] + [Fd] + [Far] Equation 2.12

Where, K] is called the stiffness matrix. FurtheFgq] is the total distributed load at

all the nodes and-f,] canrepresents other constraints such as temperature.

2.5.2 Assembly Processes:

In order to solve an FEA problem we need to assentieg stiffness matrix and
assume that compatibility of the displacementstgexasall nodes and that equilibrium
exists throughout the model. The building of a mdugins with the elements. For
an FEA solver, the equations initially assume tl@pldcements at the nodes as
unknown. The structural problem is submitted toobtvex such as ABAQUS. The
final internal forces calculated in an element deldeg upon the material behaviour
as defined by the user. This approach is commaiti f€EA problems.

2.5.3 General theory of problem solving

The solver receives the problem as system of nestrighich must be solved for
example, for force if all the displacements areegedt as the boundary conditions.
These equations are solved by the processor faitptie following process

Stepl The material parameters describing the matdbahaviours must be
determined. In case of ABAQUS solver and elastomaaterials this can be entered
as coefficients of the stored energy function u$ed describing the material
behaviour. The FEA solver then determines the n&# matrix based upon the
spatial distribution and the material behaviour &mel corresponding nodal loads at

each element (Equation 2.12).
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Step2 Then processor determines the assembly equation.

Step3.The prescribed boundary conditions are built thevassembled matrix.

Step4.The processor then solves these sets of simultanequations to give a

unique solution.

Step5.Then output obtained is converted to a useful féike engineering stress

depending on the requirement using standard rekttips.

2.5.4 Analysis in ABAQUS

In this thesis Abaqus is used to solve the micoostiral models. In Abaqus the input

deck is made up of five sections:

Header This part is made up of personal statements whidicate the problem

definition, type of analysis and the format of auttp

Geometry This section gives information about the spatishragement of the nodes
and elements in 3D space; this can be a result mbdel made using any CAE

software.

Material Definition Hyper-elastic material definition is used to dész the
mechanical behaviour of an elastomer using a deitsiored energy function. The

fillers can be either elastic or rigid.

Boundary ConditionsThe boundary conditions describe the loading snmdmetry.
Care must be taken to ensure these boundary camsliire correct, especially in

cases where representative geometry or symmetstreamts are used.

Step DefinitionDefines the type of analysis and the actual lsgdbonditions.
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2.6 Modelling

2.6.1 Numerical and molecular dynamics approache® imodelling.

Mathematical models, molecular dynamics simulatiand finite elements analysis
have been extensively used to model and study #gteviour of filled rubber
composites. Seet al. (2005), Kloczkowskiet al. (1994), Sharatt al. (2000) and
Biceranoet al. (1997) all used Monte Carlo computer simulatiostiedy and predict
the properties of a filled composite. Seh al. (2005) investigated the elastic
properties of the polymer filled with spherical pkd fillers. They were able to verify
the conformational and deformational propertieshef polymer chains as a function
of chain length, temperature and filler size. Tffeat of the occluded volume present
with spherical filler particles and non-Gaussiaareltteristics of the molecular chains
on the elastic properties of the filled networksswéudied using a single chain Monte
Carlo computer simulation by Kloczkowsldat al. (1994). Sharafet al. (2000)
extended the work of Kloczkowskit al (1994) to elliptical shaped particles placed
in a cubic lattice. Biceranet al.(1997) used numerical modelling and implemented
a slippage model in a 2D model to calculate thesststrain behaviour for an
amorphous rubbery polymer. Slippage was contrdigdhe kinetic properties such
as the activation energy and the activation voluH®wever, the simulation using a
Monte Carlo algorithm for EPDM was unable to prédme observed behaviour. The
deviations were attributed to limited computing dinand a difficulty in the
determination of an appropriate value for the ation energy. However, Seat al.
(2005), Kloczkowsket al. (1994), Sharaét al. (2000) and Biceranet al.(1997) all
suggest that the simplifying assumptions made duttie simulation needed further

modification in order to improve the accuracy aégliction.

Simoeset al. (2005) used molecular dynamics simulations to \stilhd mechanical

and visco-elastic property of an amorphous polymeraterial. They noted that at a
molecular level the local stresses are often highen the global stress. These
localised points of high stress act as a sourdawfand failure initiation. Hence, the

true stress in a localised area is a better pr@dadtfailure than the globally applied
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engineering stress. However, Simatsal. (2005) concluded that their present work
was insufficient to make the connection betweenntiroscope, the meso-scale and

the macro-scale behaviour of filled polymers.

Coveneyet al. (1995) modelled a carbon black filled natural resbbomposite using
a standard tribo-elastic solid (STS). The standabw®-elastic solid (STS) consisted
of a leading spring, a parallel spring and a teestic assemblage (columbic
frictional sliders). This STS model gave good clatien with behaviour of filled
elastomer at low strains, higher damping behavigiufilled elastomer and non
elliptical force deformation loops for different fdemation histories. Coveney and
Johnson (1999) used STS to model behaviour of N&dfwith variety of carbon
blacks at different loading fillers. They showedSS$hows a good agreement with
the experimental data for dynamic stiffness foraststrain amplitudes down to 0.01.
Coveney and Johnson (2000) presented two variahtheo STS model, a four
parameter rate dependent tribo-elastic (RT) model &ve parameter viscous
modified standard tribo-elastic solid (TVS) mod&he RT model included a rate
dependent frictional slider in series with a tridastic assemblage. A TVS model had
a combination of a STS and a parallel (dashpot) Wwidixbody. The RT model
showed a good correlation with the dynamic stifnasd a reasonable correlation
with loss angle and stress relaxation. The behawd@’VS model was similar to the
RT model. However, TVS model did not show good elation with stress relaxation

behaviour.

Kashani and Padovan (2006) used a hybrid numesiqadrimental model to
calculate the approximate modulus, effective filetume fraction and local stress
and strain. They showed that the mechanical priggedf filled rubbers follow a
spring in series model. They suggested that thbeumatrix and the fillers are in

state of uniform stress rather than state of umfsirain.

Most researchers have assumed that the rubberxneatmni be represented as either
single or multiple polymer chains with fillers thate spherical or have a simple

shape factor that models the rubber elasticity. eéhegalised tube model for the
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polymer network and rigid filler clusters was prepd by Kluppel and Schramm
(1999). They used this approach to model the hyg&reity and stress softening.
Breakdown of the aggregates by the applied strasses stress softening under
cyclic loading or pre-strain. Their model show# fagreement for a filled SBR
polymer and an unfilled NR in uniaxial tensile laagl The application of this model
to different filler materials along with varyingdd condition was verified by Kluppel
and Meier (2001). This model showed a reasonateelation in uniaxial loading
for SBR filled with either silica or carbon blacklowever, there were significant

deviations for filled rubber simulation of stresdtening under equi-biaxial loading.

2.6.2 Finite element analysis of filled composite

Finite element analysis has been used to modehitmstructural behaviour of filled
rubbers by workers such as Fukahori and Seki (1®&)gstrom and Boyce (1999),
Van der Sluiset al. (2001) Honet al (2003). Bergstrom and Boyce (1999) used a
range of filled rubber models to investigate thechamical behaviour at small
deformations under compressive loading conditidihgey considered a range of filler
shapes and mesh representation as shown in FigiiPa,22.12b and 2.12c. They
showed that the Young’s modulus of the material loarpredicted by using a FEA
model having representative volume element of m@ter particles. Their study
compared the effect on modulus of using one (uiiligr particle model and a
multiple filler particle of a same shape. They atadied effect of the area to volume
ratio of the filler particle on the mechanical beloar. The models used do not
accurately represent the filler shapes used inm theeriments. Axial symmetry and
planar surfaces (shown in figure 2.19 and 2.20ewee boundary conditions used in
their investigation as shown in Figure 2.12b arglFe 2.12c respectively. Hat al.
(2003) discussed the disadvantages of the plardacsuboundary conditions as the
stiffness prediction of the filled elastomers. Ylalopted a spherical shaped filler in
a cubic matrix to demonstrate that plane surfacsfary conditions which shows an
artificial increase in the predicted stiffness dwegeometrical constraints of the
model. This is explored further in detail in Chapde Bergstrém and Boyce (1999)
used axi-symmetric boundary conditions with anpétial shaped filler in a
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cylindrical matrix. This model can not readily repent a repeat geometry that is
packed to fill space. Use of an axi-symmetric bamgcconditions in the simulated

models underestimates the modulus observed ungerimental conditions.

Filler

\ Rubber

b)
T
P P
< ar e
Fin. A5
L
> e
b A
c)

Figure 2.12A range of models with different shape of fillgn®posed by Bergstrom
& Boyce (1999); a) A 2D Coarse Mesh, b) A 2D eltipt shaped filler and c) A 3D
cubocahedral shaped particle.
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Hon et al. (2003) used a micromechanical model to predictstiftness of a filled
elastomer. They evaluated a range of 2D and 3D lmddepredict the stiffness of
both MT and HAF filled elastomers. A simple Moongtpred energy function was
used to characterise the rubber elasticity. For ddibon black filled elastomer the
models were able to predict the stiffness of tHedielastomers at low to moderate
strains for filler volume fraction up to 10%. A 3dmulation of the elastomers filled
with MT carbon black showed a good correlation vilte Guth and Gold equation
given as 2.8 (shown in section 2.4.2) and as shoviaigure 2.13. HAF carbon black
(filled elastomers) was modelled as simple rod Ipagticles in a cubic matrix.
Simulation of the HAF black filled elastomers didtncorrelate well with the
experimental data. However, they were able to sthdyeffect of the orientation of
the rod like particles in a cubic matrix. The siatidns carried out in the present
work are contrasted to the work carried out by teoal. (2003). Fukahori and Seki
(1993) analysed the stress around a filled partisiag different geometrical models.
Their first model is shown in Figure 2.14; it assdha filler particle at the centre of a
cylinder. A second model shown in Figure 2.15 assifiller particle at the centre of
a cube. The first model used axial symmetric eldmdor the simulation of the
behaviour. This model again showed a poor coralawith the experimental data.
The second model shown in Figure 2.15 is similath® model used by Hoet al.
2003. However, Fukahori and Seki (1993) assumeexéna layer of rubber around
the filler which they referred to as a glassy lagershown in Figure 2.7. The layer
was assumed to be 1000 times stiffer than the xnatbber. This approach can be
considered to model the bound rubber layer aroilled. fThis approach results in the

modelling of the bound rubber layer as discussechapter 5.
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Figure 2.13 Chord Young’s modulus (Force required to straimadel is used to
calculate stress and then, divided by strain tcutale the modulus) versus filler
volume fraction at 2% strain for 3D octant and Awar filler models, Mullins &
Tobin experimental results and Equation 2.8 shagvthe solid blue line, (Haat al,

2003)
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Figure 2.14 An idealised cylindrical matrix with sphericalléf particle at the center
(Fukahori & Seki, 1993).
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Figure 2.15 An idealised matrix with a spherical particlethé center of a cube

(Fukahori & Seki ,1993).
Figure 2.16 Two-dimensional random circular models at 2% ferstrain showing

maximum principal stress contour plot, (Hon, 2005).
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Figure 2.17 Stress contour plots around a rigid sphere, (Fokd&Seki, 1993).
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Hon (2005), Smitkt al. (2000) and Slui®t al. (2001) tried a range of 2D models to
study the effect of the heterogeneous distributfrandom distribution) of filler
particle in the matrix polymer as shown in Figurg&? 2.18 and 2.20 respectively. As
expected Hon (2005) found the 2D plane stress dadepstrain models with a
random distribution of the filler particles showssmnificant deviation from the
experimental stress versus strain behaviour angrbdiction at small strains of the
Guth and Gold equation shown in Equation 2.8. A ehedth random circular filler
particles at strain 2 % is shown in Figure 2.16itS¥nal. (2000)used a similar 2D
model to study the effect of random distributiorvofds on the mechanical response.
The finite element representation used for the Kitran is shown in the Figure 2.18.
However, the materials used as the matrix weregygigne and polycarbonate. They
found that their voids easily cavitated under hgtltic pressure and the irregular
distribution of voids promoted the spread out ocaspic strains over the whole
microstructure. Van der Sluist al. (2001) developed a numerical homogenisation
method to model mechanical behaviour of elastoegkastic solids at finite strains.
The materials used were a polycarbonate with rubksstic inclusions. The typical
models used are shown Figure 2.19 and 2.20. In t€hdpof the present work, the
influence of an appropriate stored function is dssed. Sluist al. (2001) also
suggested a localised stress introduced by theostracture presented problem for
their proposed models. Hence, further work is nddgdeget a better representation of
the observed microstructure. A spherical fillertjgde in the centre of cylindrical
matrix, similar to Fukahori and Seki (1993) is skmom Figure 2.14 and Figure 2.21
shows the models used by Moshev and Kozhenikov22@ model a rubber
composite. They tried to study the mechanism ofoddimg of the rubber matrix
from the filler surface. They concluded natural solcroscopic imperfections were

the main failure mechanism.
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Figure 2.182D Simulation of a heterogeneous model of voida lwiended polymer
for idealised cavitations or non adhering low madutubber particles. a) 2.5% void
volume fraction b) 30% void volume fraction, (Smital., 2000).

64



(b)

Figure 2.192D Finite element analysis representation of parlgonate plate (2mm)
with regular rubber inclusions, (Slwes al.,2001).

-

(b)

Figure 2.202D Finite element analysis representation of pargonate plate (1mm)
with irregular rubber inclusions, (Slugt al,, 2001).
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Figure 2.21Finite element representation adopted by Moshéo&henikov (2002);
a) the structural cell b) assumed packing c) Axmsetric finite element
representation.
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2.6.3 Particle morphology, filler —polymer interfaceand mechanical properties

Authors such as Fukahori (2007), Zhu and Sterng2d03), Heinrich & Kluppel
(2002), Wolffet al (1991), Paipetis (1984), Kaufman (1971), Dannenif£966) and
Boonstra (1967) have discussed filler-polymer iiate# models to explain both
changes in the mechanical properties due to tfferstig on the addition of filler and
the increase in cyclic stress softening. Paipeli884) studied the interfacial
phenomena and reinforcement mechanisms in a rudasbon black composite. He
concluded that the mechanical behaviour of a fitidober cannot be predicted using
the theories of composite mechanics. He suggekisds due to the physical and
chemical interaction between the filler and the berb resulting in very high
mechanical modulus for filled rubber composite. eisnmechanical reinforcement
and dynamic effects such as cyclic stress softepivgerved in the case of filled
rubber cannot be explained using available theooéscomposite mechanics.
Therefore, during finite element modelling the rfdeial boundary conditions should
be carefully modelled. As discussed in section 2.Baufman et al. (1971)
demonstrated the existence of two distinct layeditdérent mobility around the filler.
The inner immobilized layer immediately surroundithg filler. The outer layer of
bound rubber displays the mobility intermediatenteer immobilized layer and pure
gum rubber. Fukahori (2007) proposed a filler rubbeerface model shown in
Figure 2.7 in section 2.3.2. The interface condisietwo layers namely the glassy
layer (GH, that extends couple of nanometres) aedsticky layer (SH, around 3-8
nanometre). Glassy layers have restricted chainlityoand increase the stresses at
small strains. The sticky layer extends from thasgy layer into the polymer and
contributes an increase to the stress at largensxins. However, experiments have
not yet identified any distinction between these tayers. Polymer filler interface
and its interaction is a combination of the phylsiaad chemical interaction.
Dannenberg (1966) and Boonstra (1967) suggestédht@aubber matrix can slide
over the filler surface. If the rubber can slideeothe filler than it would acts as
stress distributor. Polymer chains under appligdss would distribute stress by
slipping and this could avoid chain breakage. Tasild result in energy dissipation
and increase the strength of the filled elaston¥éis model was used by
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Dannenberg to explain the hysteresis and the cgtless softening observed in the
case of a filled elastomer. Fukahori (2007) suggkshat when the sticky layer
shown in Figure 2.7 is strained extensively it getaght between the rigid particles
that are in tri-axial loading conditions. As a rgsthis layer slides creating vacuoles

in the spaces they leave behind.

Taylor (1932) derived an alternative relation te thinstein equation for rigid fillers
to calculate the viscosity of a fluid containingo#imer immiscible liquid in suspension

(similar to Equation 2.8), the combined viscosétw being given as

"+n,125
n=n,1+ 2.5{%} Equation 2.13
1 +1,

where, 10 and 77 are the viscosity of the first and the second dgund ¢ is the
volume fraction of the second liquid. Thereforeyeav relationship for the modulus

assuming no friction at the interface was derive@bsfieldet al. (2005a).

E=E(1+¢) Equation 2.14

This can be achieved by assumirigas zero in Taylor equation. An effort has been
made in Chapter 5 to model the interfacial slippagd compare the results to the

other described theories.

Busfield et al (2004) and Deeprasertkul (1999) studied the etiéthe changes in
the filled rubber properties under strain and samwlin an oily solvent. They
suggested that the filler aggregate orientatioreurstkain could explain the changes
in conductivity under strain. This phenomenon scdssed in section 2.8.1 and again
in Chapter 6 of the present work. For such filggregate orientation to take place
the filler should allow the polymer to slide aroundDeeprasertkul (1999) studied
the effect of swelling the elastomer on dynamicperties of filled elastomers. He
found as the viscosity solvent changes the dynéms& modulus changes. Therefore
a solvent can change the extent to which fillers €lgp over the rubber matrix. They
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also studied effect of the temperature on the dymalmss modulus. As the
temperature increases the slippage of the rubbartbe filler increases which raises

the loss modulus.

The filler has a higher modulus than the matrixypwr. When two bodies are in
contact there is a chance of slippage under stiaims clear from the models
discussed so far that the interfacial propertietheffilled elastomers would affect the
mechanical properties differently at both small &rde strains. In the present work
an attempt has been made to simulate the intefsigiwage in the case of a filled
elastomer using an appropriate interfacial modee ihterfacial friction depends on
factors such as applied pressure and temperatordo@bic friction is described by

Amonton’s law such that,

U= Fine UEgion 2.15
I:N

Where Fic, is the frictional forcefFy is the normal force ang, is coefficient of
friction. This model assumes that with an increasine normal load that the contact
area between the two contacting bodies increasewettr, in this case it can be
presumed that there is virtually intimate contasrewithout a normal load between
the filler and the rubber. Hence, Coulomb’s lavineppropriate. In the present case
the frictional force is influenced by the extentdafformation as well as the interfacial
shear strength between rubber and the filler (Rep&892). Therefore in the present
work the interface surface has been modelled usiogtical shear stress law. The
extent of slippage of the rubber can be modelleddding a limit on the allowable
shear stress prior to the onset of slipping. A<idlesd in Chapter 3 slippage only

occurs when the stress in a local area exceedsriticsl shear stress.
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2.7 Conductivity in filled elastomer
2.7.1 Effect of filler properties on conductivity:

Fillers are usually added to an elastomer to im@rtive mechanical properties.
Conductive carbon black fillers can also incredse ¢onductivity of elastomers.
However, there is a minimum concentration of f8leequired to make the elastomer
conductive. This minimum concentration is know fzes percolation threshold. Below
this threshold, the polymer is non conductive andstered to be an insulator.
Above the percolation threshold the polymer becowmsductive and is called a

conductor as shown in Figures 2.22, 2.23 and 2.24.

Percolation theory (Medalia, 1972) uses the prditpabof forming contact paths
between fillers to explain the changes in the elgdtconductivity of a polymer with
the volume fraction of carbon black. Above perdolatthe conductivity of the filled
elastomer can be described by a scaling law basdaeopercolation theory,

Oeon = Ocono [0 02) Equation 2.16
Where, g@is the volume fraction of fillerg is the percolation volume fractionis the
conductivity exponentgcon, IS the conductivity of the composite awlghnois the
compound conductivity at percolation. Figure 2.B4ws the conductivity of various
fillers in a high density polyethylene (Probst, 4R8It can be seen that filler
properties have significant effect on the percotatihreshold. As the filler surface
area and structure increase the percolation thiddsiofts towards the left (lower
filler volume fraction). The precise aggregate sigerface area, volume fraction,
structure and porosity of the filler all affect theechanical and the electrical
properties of the filler-rubber composite. For epdan rubber may enter the filler
aggregate and therefore may be unable to deforrardodd. This occluded rubber
has the effect of increasing the effective filletume fraction. Therefore, an effective

measure of the filler volume fraction should alsfiact this occluded rubber volume.
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A relation between effective volume fraction and ®Bvas given as follows by
Medalia, (1972),

¢ = w[“ 0.0213DBP : Equation 2.17
146

Whereg is the effective filler volume fraction includinbe occluded rubber argis
actual volume fraction of filleDBP is Dibutyl-Phthalate absorption number which is
measure of structure of filler (discussed in secf®.1). An alternate way of altering
the electrical conductivity can be achieved by gsiiiers with smaller primary
particles or by using fillers with an increasedusture. The effect of carbon black
structure on conductivity of filled elastomer waadsed by Janzen (1975). Janzen
suggested that the number of contact points betfib@naggregates determines the
electrical conductivity. A higher DBPA absorptiommber reflects a higher filler

structure and more points of contact. Janzen’stemuis as follows,

¢ =1/(1+4p,DBPA Equation 2.18

Where, @i is critical volume fraction at threshold and is the density. The

percolation threshold or the critical weight fractiis inversely related to DBPA.
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Figure 2.22 DC resistivity of composites of SBR with variouarlcon blacks 1-
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Figure 2.24 Electrical resistivity versus volume fraction farrange of different
carbon blacks in high density polyethylene, (Prob384).

2.7.2Conduction mechanisms

Medalia (1986) and Strumpler and Glatz-Reichenb@®99) have reviewed the
various possible conduction mechanisms which irel@dectron tunnelling and
electron hopping in a filled composite. According Strumpler and Glatz-
Reichenback (1999) there are three different cases,

1. Filled polymer below the percolation threshold.

2. Filled polymer in which the mean distance betweker$ is below 2-5nm.

3. Polymers containing particles in direct contact.
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2.7.2.1 Below percolation threshold

In filled polymers, which are below the percolatitbmeshold the particle to particle
contact is ruled out as the primary conduction raeg@m. Hence, the limited
conduction mechanism can only result from electtomelling, Rubiret al. (1999).
The electron tunnelling occurring between fillerrtpe is related to the mean
separation distance. Electron tunnelling occurgh# mean particle to particle
separation is around 2nm-5nm. [(Balberg, 1987),iR@ al. (1999) Tokeret al.
(2003) and Balbergt al. (2004)] . In the case of polymer below the pertoia
threshold and in the insulating zone, the conditgtimay be mainly due to intrinsic
conductivity of polymer. The conductivity in thi®lgmer material could also be due

to the impurities which tend to enhance the condiigt
2.7.2.2 When the mean distance is less than 2nm-5nm

In polymer composites when the mean distance is than 2nm-5nm but not

touching two possible mechanism of conduction Haeen suggested.

Beek (1962) suggested that when the average mgadisiance is less than 2nm-5nm

then electrical field assisted tunnelling takexepla

jTunneIing = A'EsneX[{_EEJ Equation 2.19

S

Where A, B and n are the constants whose values vary from 1 t@ruseiing IS

tunnelling current ané; is the applied electrical field strength.

The probability that charges carriers can move betwthe filler and the polymer is
indicated by ratioB/Es. The termB represents the measurement of energy barrier

between polymer and filler

Another model of conduction model was suggesteBrbpkel (1930),
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jHopping = A 'T2e ol Equation 2.20

Where, A/ is the Schottky Richardson constant, a work fumctbthe filler material.
Ky is the Boltzmann constajiopping iS the Hopping current anlis the temperature.
Accordingly, the conduction takes place due to tedechole separation; know as
hopping transfer assisted by the electrical figlde mechanism of hopping transport
of electrical conduction has been usefully appiiedrinting. Factors such as the
properties of the filler, the polymer and the ifderal contact area are all very

important.
2.7.2.3 Particle to particle contact

When the filler volume fraction is greater than tngical percolation threshold then
filler to filler contact takes place. In this cathe primary conduction mechanism is
conduction through the filler aggregate network.nétwork visualisation of this

would be important and is discussed later in se@i@.8.
2.7.2.4 Electrical contact between filler

When there is a contact between two conductingr§ilkhere is a contact resistance
which contributes to overall resistivity. This ¢act resistance can be described as
the constriction resistance and tunnelling rescsanetween the particles. Contact
resistance acts as a spot where maximum energyakss place. This energy loss is

mostly in the form of heat.

Assume two spherical particles which are in contalftthe Young’'s modulus is

assumed to be to infinite then contact betweerspineres is only at a single point. If
these assumptions are used to calculate the adisirresistance then it results in a
singularity. Holm (1967) considered that a mordiséa macroscopic contact be used

with a finite radius.
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Accordingly the constriction resistance is as fobo

_ Py -
= fu Eqoat2.21
R, 2a ¢!

Herep:is the bulk resistivity of the filler. If the rags of the filler is larger than the
radius of contact than a constriction resistandebei of greater effect than the filler
resistance. This equation can be applied only ¢ofilters which are homogenous,
having no surface contamination and which do notxshny dependence on a large
temperature gradient. Contact resistance estimdgpends on an accurate estimation
of the contact area. In calculating the contaca dhe mechanical properties of filler

are very important.

If we assume that a sharp protrusion of a fillenisontact with a flat surface of the
filler, then the elastic force between them fomzah deformation is given by Bush
(1982),

Equation 2.22

WhereE is Young’s modulus and is Poissons ratio. From Equation 2.21 and 2.22

we get.
I
— P 2 E B35 3 i
= = F3rs Equation 2.23
R 2[31—v2j q

The contact resistance between filler particle el@ees as the force applied increases.
The contact resistance will also decrease if thetrgsion radius increases.
According to the above equation softer materiahgl teo have a higher constriction

resistance.
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2.7.3 McLachlan effective media theory

In effective media theory a composite consistingliefr (spherical or elliptical) and a
polymer can be represented by the effective comdtycbf the medium. There are
two different cases in which effective media theisrapplied. The first case is when
the particle is perfectly spherical and dispersed imatrix. In this case there is a
smooth transition from conductor to polymer. Thiersario is also referred to as a
symmetric case. The second case is asymmetric; tigeane component is covered
with the other component (Filler covered by polynmaatrix and vice versa).
McLachlan (1987,1988) proposed a generalised tffecmedia equation for
composite conductivity. This equation referredtses effective media equation is an
interpolation between the two cases mentioned ab@l®, within the appropriate

limits the above equation reduces to the percaildtieory shown in Equation 2.16.

The following is the McLachlan (1987, 1988) effgetimedia theory.

PIEDY PINED .
1- l_=m + h =m =0 Equation 2.24
( ¢)(Z. +[(1-<0c)/¢c]2mJ ‘{Zh +[(1-<0c)/<0c]2mJ |

1

Where, X = ot

m ?

om = conductivity of the composite medium

1
2, =0} ; a = conductivity of the low-conductivity phase

1
2, =0} ; on =conductivity of the high- conductivity phase

Where, t' the exponent relates both to the criticdime fractiong at which the

high conductivity phase first percolates and toghape of the grains.
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2.7.4 Effect of carbon black morphology

There are various factors affecting the condugtieit carbon black filled elastomers
Medalia (1986),

1. Particle size

2. Porosity

3. Number of particle per aggregate
4. Openness / clustering

5. Anisometry

(o2]

. Dispersion of particle

The effect of particle size or particle diameted atructure is discussed in section
2.3. Particle size clearly has a significant dfi@c the conductivity of rubbers. The
(amount of) pores present in the carbon blackfeymed as porosity. Generally these
pores are 2nm in size including the slits formezhfrburning away the individual
layers of planes Voet (1968). Medalia (1986) sutggeshat as porosity increases
there will be a greater probability of aggregataggregate contact. However, studies
by Boonstra and Dannenberg (1955) on the effecpafsity on conductivity
contradict this. They found that carbon black madethe furnace with higher
porosity gave higher conductivity. However, thesacks tend to oxidise in a lab
environment resulting in reduced conductivity. Mieasuggested that greater

anisometry in carbon black shape should lead greateluctivity.
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2.7.5 Network visualisation of carbon black aggregas using (SEM/TEM)

Scanning electron microscopy/Transmission electromicroscopy.

Sandleret al. (2003) and Loogt al (2003) have shown that the conventional SEM
can be used to provide information about the mdaggyoof single wall nano-tubes.
They also stated that this technique relies onctierge contrast imaging mode to
provide the morphological information. Furthermoitecan be used for a range of
fillers ranging from nanometre to micrometre-sipaditicles. One major disadvantage
of the SEM and the conventional TEM is that it do@$ provide any information
about the depth. To understand the changes ofrielctesponse under strain for a
filled rubber, it is very important to understame tchanges in the structure occurring
in the rubber matrix. As is the case in most dilleibbers the changes in the
aggregates structure take place in 3 dimensionkjiy€oet al. (2006) have used a
TEM and computerised tomography to obtain a 3D inaj filler aggregate
structure. They demonstrated that in case of NRBdfitubber (N330 carbon black),
the percolation threshold is 40. N330 filled NR imav40 phr black is shown in
Figure 2.25. It can be seen that 3D TEM combineth vibmography shows a
continuous filler aggregate structure for filledbers. Kohjiyaet al (2006) have also
used TEM/electron tomography with an AFM to studhca filled rubber. It is
proposed that atomic force microscopy (AFM) coutdvide enough information in
combination with TEM/ electron tomography to undansl the relationship between

structure and properties of these filled rubbers.
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Figure 2.25Reconstructed 3D-TEM images of carbon black loatgdral rubber in
black and white (upper) and in multicoloured (loyvaisplays. (a) and (d) CB-10; (b)
and (e) CB-40; (c) and (f) CB-80. In the black amiite, the contrast was reversed,
and the white parts represent carbon black. Cotbares are for easy recognition of
an aggregate, which is painted differently from tiegghbouring ones. The white bar
for each direction shows a distance of 100 nm (kKahgt al, 2006). Key: CB-10 =
100 grams of rubber with 10 part per hundred grahtsrbon black.
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2.8 Investigation of filler reinforcement of elastoner

2.8.1 Electrical properties of the carbon black loded elastomers subjected to

strain.

As discussed in section 2.5, finite element analgsid other modelling techniques
have been used to model the filled rubber reinfo@ by making suitable
assumptions about the filler structure and polyratwever, finite element analysis
has its limitation and hence there is a need teerstdnd the behaviour of the filled
elastomer and the microstructural changes usiegnative approaches. One possible
approach is to measurement of electrical responskerustrain. Many researchers
have investigated changes in the carbon black geraent and electrical conductivity
under strain of the filled composite to study thiéerf rubber reinforcement and
interaction. These include Waeg al. (2008), Zhanget al. (2007), Yamaguchet al.
(2003), Sichekt al (1982), Aneliet al. (1999), Deeprasertkul (1999), Carmaatal.
(1986), Flandinet al (2000, 2001), Lundberg and Sundqvett al., (1986) and
Normanet al. (1970). These filled materials also show responsesxternal stimuli
such as the temperature, pressure and gases [Abrathal (2004), Jianget al
(1986), Zhanget al (2005), Kanget al (2006), Weiet al. (2006)]. As previously
mentioned in section 2.7.2.4, contact resistangeng important when measuring the
electrical response in a filled elastomer. Normd®7(Q) has discussed various
methods to measure the electrical response. Ibéas demonstrated that brass forms
the best contact with the rubber during curing.t8uet al. (1989) has shown that
silver paint or silver loaded epoxy forms a goodtect with rubber. Norman showed
that a four point (measurement) was the best wamedisuring resistivity changes

under strain.

Yamaguchiet al. (2003, 2005) and Flandiet al. (2000, 2001) have measured the
changes in resistivity for a typical black suchH#&SF N330 in a natural rubber and
HAF-Conductex 975 in an ethylene-octane filled paody respectively, shown in
Figure 2.28 and Figure 2.29. Yamaguehal (2003) reported a reversible change in
the resistivity under cyclic loading (aftet'dycle) between 100% and 300% strain,
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whereas Flandiret al. (2000) reported a different irreversible behaviatirstrains
between 100% and 300%. Further, they have propassedternative microstructural
model to explain the observed behaviour for theeesve filled polymer composite.
Also, different irreversible and reversible chamgehe resistivity under strain for a
filled composite have been reported by other warlseich as Zhangt al. (2007) and
Bloor et al. (2005) shown in Figure 2.30 and 2.31 (have besoudsed in following
paragraphs). So, we can conclude that the filletyrper interaction and the micro-
structural (models) the aggregate structure changdsr strain must be different for
specific polymer-filler composite systems. In theegent work, changes in the
resistivity have been measured for a range of louctire blacks such as MT and
high structure black such as Conductex-7055 andtdxiXE2 mixed in natural
rubber. Their behaviour has been analysed in detad corresponding micro-

structural models are proposed.

Yamaguchiet al. (2003) measured the changes in the electricestings/ under strain
for an HAF-N330 filled natural rubber. They showétat HAF carbon black
aggregate structure breaks down under stain. A&ypneasurement of changes in the
electrical resistivity under strain is shown in (g 2.28. During the loading cycle
there is an initial increase in resistivity. Thésattributed to breakdown of filler
aggregate structure. If the strain is increasedrésistivity does not increase but
rather decreases and reaches a plateau. This tvhsitatl to arrangement of filler
aggregate structure in the direction perpendidalatrain. When the load is removed
the resistance does not go back to the initial evddut reaches a higher value. This
indicates that the changes taking place in fillggragate structure are irreversible.
During subsequent cyclic loading the behaviour isrenreversible. Hence, the
changes in filler aggregate structure that takeelare due to changes in “filler

orientation” under cyclic loading.

82



250

@ NR50
ONRS59

200 -

150

Resistivity,p / Q.cm
E

Extension ratiog

Figure 2.26 The variation with strain of the electrical resigy of a 50phr and a
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Figure 2.27 Variation of longitudinal and transverse electricesistivity during
various elongation cycles in tension as a funatibstrain, (Norman, 1970)
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Figure 2.28 Electrical resistivity response shown by HAF N3fed elastomer
under cyclic tensile loading, (Yamagudtial, 2003).
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Figure 2.29 Changes in resistivity as a function of strain fethylene-octene
elastomer at filler volume fraction of 20% for ayhisurface area black Conductex
ultra 975, (Flandiret al. 2000).
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Bloor et al. (2005) measured the change in resistivity for mmosite of nanoscale
nickel powder in the elastomer matrix. Nickel padas are coated by the polymer
during mixing and curing. Hence, the initial resigy of filled polymer was very
high as shown in Figure 2.31. Bloet al. (2005) suggested that the particle
morphology of nickel particle coated with polyméieats the behaviour under strain.
Under tensile strain the filled composite showafdders of magnitude change up to
30% strain.

Zhanget al. (2007) studied the changes in resistivity of artiaplastic elastomer
filled with carbon nanotubes. The changes in tlsstwity for the first cycle for a
range of filler volume fraction are shown in Fig@&.80. They were able to determine
the conduction mechanism as fluctuation-induceaheillimg. This was achieved by
studying the temperature dependence of the ragystv a carbon nanotube filled
polymer for filler volume concentration greaterh@.3 % and fitting the data to a
fluctuation induced tunneling model. Wareg al. (2008) studied the effect of
compression and pre-compression pressure on tke-pasistivity of carbon black
filled silicone rubber composite. They found, iethpplied load pressure is less than
the maximum pressure in the pre-compression cyioke repeatability of the piezo-
resitivity is improved. They were able to explaimetphenomena using a micro
structural model of filler aggregate and slippageaymer molecule chains over the
filler surface.
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Figure 2.31 Variation in resistance as a function of extengiatmo for Silicone-Ni
type 287 composite, (Bloat al, 2005).
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Figure 2.30Changes in electrical resistivity for a carbonatabe filled polymer for
first cycle, (Zhanget al, 2007).
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Figure 2.32Changes in resistivity versus strain for a lowatnre carbon black such
as MT carbon black in ethylene octane elastoméain(finet al, 2000).
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2.8.2 Effect of swelling

When a polymer absorbs solvent and swells thidtresthe application of a tri-axial
stress to the polymer network. Deeprasertkul (1,99@&)del-Ghaniet al (2000),
Busfieldet al. (2004) and Carrilleet al. (2005) have studied the effect of swelling on
the properties filled rubber composites. Carrdfbal (2005) studied the effect of
swelling on resistivity of butadiene based elastofiled with carbon black particles
shown in Figure 2.34. They used different solveéatswell carbon black and graphite
filled PB and SBR. The results for carbon blaclefil SBR are shown in Figure 2.34.
This shows that the conductivity of these samplesrehses after swelling with
solvents. Previous studies indicate that this redooof conductivity is due to the
migration of solvent into the matrix, which leadsat net separation of the conductive
fillers and therefore a breakdown of the conductipaths (Busfieldet al, 2004).
Carrillo et al. (2005) proposed that their experimental resultsioabe explained by
this percolation model alone. They suggested tiettetmay be the influence of the
heterogeneous solvent distribution and the effdcthe location of the solvent
deposition in different regions of the compositar@o et al (2005) used the
concept of the wetting coefficient to explain tHeserved behaviour. They employed
the generalised effective media model suggestedlagzkiewczet al (1992) to
calculate the apparent percolation threshold foollen samples. Based on this
theory, they observed that a larger wetting coiefic corresponds to a larger
apparent percolation threshold. They proposed ithagt enough to absorb a small
amount of solvent to disconnect the conductiverdlfrom each other if the wetting
coefficient is large. In contrast, it is necesstryabsorb more solvent to disconnect

fillers if the wetting coefficient is small.

Abdel-Ghaniet al. (2000) studied the electrical properties and saglnechanism in
compressed HAF carbon black filled butyl rubbereyobserved that the HAF filled
butyl rubber demonstrates different dielectric mmjes in different carbon black
concentrations. Butyl rubber filled with HAF with law concentration (0-25 phr)
shows load-independent (force) dielectric constaaiue. From 35-45 phr, the

dielectric constant is affected by load. Howeverhew the carbon black
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concentration rises to 65-85 phr, it seems thatldhd only slightly affects the di-
electrical constant. At 105 phr, the di-electricadnstant is completely load-
dependent. They proposed that this irregular belavs due to the dispersion of
carbon black. They described the relationship betwelume fraction and dielectric

constants in load independent region (0-25phr) as
e=eo(l+a1 @roo @ +....) Equation 2.25

Where,¢ is di-electrical constanty = di-electrical constant of unfilled butyl rubber,
a1, azare constants, depending on the load used in megsgw= volume fraction of

carbon black.

Busfield et al. (2004) studied the effect of swelling on the clemglectrical

behaviour with strain of HAF carbon black filled Nfastomer shown in Figure 2.33.
In their work, as the extent of swelling increadés, electrical resistivity increases,
with a relatively modest swelling of 8% producin@-@lecade increase in the initial
resistivity. At a volume swelling of about 8%, whiequals to a linear swelling of
2.60%, a decreasing resistivity versus strain biebawithout a peak value is found.
They suggested swelling is a much more efficieny wbreaking down the carbon
black network than a simple tensile strain of anieaent magnitude. This is due to
preferential migration of solvent at filler-rubbmterface disrupting the conductive
filler network. They proposed that a very smalast can only create a tiny influence
of two rigid surfaces, whereas a thin layer of lagar (organic solvent) between

surfaces could affect the resistivity substantiéysfieldet al, 2004).
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Figure 2.33Changes in resistivity response versus extensito for filled NR with
70 phr carbon black swollen by solvent AC12, (Beisffet al, 2004).
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Figure 2.34Electrical behaviour of a filled composite; styedvutadiene with carbon
black or graphite swollen in different solvent, (fil& et al, 2005).
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2.8.3 The effect of temperature.

Due to thermal expansion an increase in temperatondd result in a volumetric
expansion of the filled elastomeric matrix and hesu a change in the resistivity
response of the filled composite. Several authargtal (2008), Zhanget al. (2007)
Jianget al (2006), Heet al (2005), Busfielcet al (2004), Aminabahvi and Cassidy
(1990), Lundberg and Sundqvist (1986) and \&tedl. (1981) have investigated the
behaviour of filled elastomers resistivity at higltemperatures. Responses of the
filled elastomers to temperatures can be classifi#d, negative temperature
coefficient (NTC), a low positive temperature cagént (L-PTC) and a high positive
temperature coefficient (H-PTC). Generally, filleglastomers have a negative

temperature coefficient or low positive temperatwefficient behaviour.

Sauet al (1998) studied the effect of a heating-coolingleyand a pre-strain cycle
on filled elastomers. The resistivity decreasesmmtie sample was heated. Then a
plateau is observed during the cooling cycle. Thegposed that the decrease in
resistivity was due to the contributions of elentremission at high temperature,
flocculation and polar group. Satial. (1998) concluded that the change in resistivity
due to temperature effect was more significant thabhdue to the pre-strain. Waek

al. (1947) investigated the effect of temperaturettom electrical resistivity. They
suggested that the positive temperature coeffisiané due the kinetics of breaking

and reformation of the carbon black aggregatecdtitre.

He et al. (2005) compared the behaviour of multiwall nanetditied HDPE (high
density polyetheleyene) and carbon black filled HD$hown in Figure 2.36, around
the melting temperature of the polymer. e al. (2005) found for a mutltiwall
nanotube filled HDPE exhibited PTC and a carborclolélled HDPE had NTC
above the melting temperature of polymer. They kater that NTC is due to filler
particle agglomeration for carbon black particlestie filled polymer at higher
temperature. PTC of multiwall nanotube material wlag to high aspect ratio of

carbon nanotube filler preventing the agglomerasiba higher temperature.
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2.8.4 Effect of polymer

The electrical responses of a filled rubber conteodepend on the type of carbon
black and polymer (Medalia, 1986). Miyasa&h al. (1982) have shown that the
viscosity and surface tension of polymer affects percolation threshold of filled

elastomer. Kraus and Svetlik (1956) showed that(N&ural rubber) has a higher
resistivity than SBR and BR. However, filled SBRsha higher resistivity than a
filled NR. Geusken®t al (1987) have shown that blends of two polymersasho

minima in the conductivity. This was also obserdedpolyethylene and a natural
rubber blend. However the mechanism of carbonkbéaygregation on blending the
polymer is not clearly understood. It was obsertieat, at low concentration of
polyethylene the resistivity of the blend was highEhis is most likely due to the

homogeneous distribution of the carbon filler inumal rubber.

2.8.5. Effect of mixing

Process incorporation of the carbon black fillerairpolymer has an effect on the
electrical properties in filled elastomer. If théar-particle or inter-aggregate distance
is greater then the resistivity would be greateanienberg (1981), Boonstra and
Medalia (1963) and Medalia (1982) have shown timroved dispersion reduces the
conductivity of filled elastomer (Donnet al, 1976). As mixing time increases the
dispersion improves. An improved dispersion wowddse decrease in the resistivity,
as it increase the inter-aggregate distance antcesdthe conduction paths. This is
because more conductivity network path can be fdrnme the polymer above

percolation threshold. During mixing the mechanwakk can cause shear force to
act on the carbon blacks aggregates. This cabselréakdown of filler aggregate

structure and increases the resistivity.
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3

Experimental Method

3.1 Introduction

The aim of the present work is to understand fittinforcement and filler-polymer
interaction using a combination of finite elememntalysis as well a parallel
mechanical and electrical behaviour measurementeange of models have been
used such as strain amplification, bound rubberehaxtcluded rubber and slippage
models to describe the phenomena of filler reirdarent (which have been discussed
in Chapter 2 section 2.4.). In this thesis a raofyenicromechanical finite element
analysis models have been used to simulate fibarfarcement and filler-rubber
interaction. During the simulation of filled elasteric materials the choice of the
boundary conditions for the unit cell and the stoemergy function are both very
important. Hence, the procedure used for the cocstn of model, the material
properties, the boundary conditions are each désclisection 3.3. A range of models
incorporating different numbers of fillers in thaiucell ranging from 1-32 were
constructed. Two different approaches for the aaatdf a random filler distribution
in the unit cell have been developed. The firssusesmooth surface model and the
second uses stepped surface model. The effedpphge of rubber matrix over filler
using an appropriate slippage model has also bedaded. The results from this

micromechanical modelling are discussed in Chaptensd 5.

It was hoped that parallel measurements of the gdwann resistivity of a filled
elastomer under strain might unravel the fillelefi] filler-polymer and polymer-
polymer interactions. In the present work changesesistivity under a tensile strain
have been measured under normal conditions, asasedt higher temperatures and
after swelling (tri-axial loading) in a suitablelsent. The experimental procedure
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used for the measurement of resistivity under bffié conditions is described in the
section 3.2 of this Chapter. The results of thiesgtigation are discussed in detail in
Chapter 6.

In order to create a practical strain sensor dewicenecessary to bond an electrical
connector to the rubber. Any bonding agent usedt rhaselectrically conductive.
Therefore a brief investigation of silver partidiéed bonding agent was also carried
out. The effect of the volume fraction of silverrfigdes on resistivity and bond

strength was studied and the experimental procadied is described in section 3.2.

3.2 Resistivity behaviour under strain for filled dastomers

3.2.1 Materials

Natural rubber, NR, used in present work has a atamstructure of cis-1.4 poly-
isoprene. It has a glass transition temperatuig@pfoximately —70C and is known
to be a strain-crystallising rubber. Hence, atdastrains NR exhibit extremely high

strength and fatigue resistance.

In present study a range of fillers were selectedstudy the behaviour of filled
elastomer. The properties of filler used in preseade are shown Table 3.1. The
fillers chosen were MT N990 (Medium thermal), HARigh Abrasion furnace:
N330, CDX 7055 and Raven p-5) and Printex-XE2. &aBll shows MT carbon
black has the lowest surface area per unit massttandighest particle size and
Printex-XE2 has highest surface area. Table 3.%slibe detailed compositions and
volume fraction of filler in natural rubber. A shipr based curing system was used
throughout. The volume fractions of filler usedtie compound were all above the
percolation threshold so that the filled rubber poomd conducts. Hence, the carbon
black filled samples were mixed and cured in ddéférways to depending on the
volume fraction of carbon black needed to achieseqation. HAF carbon blacks
(N330, CDX 7055 and Raven p-5) filled system wergeth using two roll mill.
Printex-XE2 has a very high surface area resultsgneater energy being required to
mix the compound. MT carbon black filled posedreag challenge in mixing as
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the volume fraction of filler required for electaicconduction was 56%. Hence,
Printex-XE2 and MT carbon black were mixed with MRan internal mixer. During
mixing first the polymer, the carbon black and soofethe other non-reactive
additives were thoroughly mixed to produce a mastetch. Later, the curing
ingredients were added on a two roll mill. Théefilrubber samples were all cured at
a temperature of 160°C. All samples were cut toréetangular in shape with
approximated dimension of 24mm for the width, 100rfon the length of and a
thickness of 2.2mm. The error in the measuremdrtsedength and area of the cross
section of the sample was minimized by using &tiess gauge. In order to measure
the changes in resistivity with changes in strairdifferent conditions filled rubber

samples were tested in uni-axial tension on a Haelddensile testing machine.

Table 3.1Morphology of the different carbon blacks usedhis study.

N990 CDX 7055| Raven p-pbN330 | Printex-
XE2
Mean aggregate size| 483 181 78 105 100
(nm)
Mean primary particle 285 42 24 32 30
size (hm)
Surface area (CTAB) 8 55 105 76 600
ImPgmi*
Oil absorption number 43 170 114 102 380
(DBPA)/ (cc/100gm)

CTAB: (ASTM D 3765): Cetyltrimethyl ammonium brongicibsorption
DBPA: (ASTM 2414): Dibutyl phtalate absorption
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Table 3.2Compound formulations used in this study

Ingredient /g N990 CDX | RAVEN | N330 | Printex-| Unfilled
7055 P-5 XE2 rubber
NR 100 100 100 100 100 100
Carbon black 231 50 50 50 10
Zinc oxide 5 5 5 5 5 5
Stearic Acid 2 3 3 3 2 2
MBTS 0.6 0.6 0.6
Anti-ozone wax 15 15 1.5
6PPD 15 15 15
TBBS 15 15 15
Sulphur 15 2.5 2.5 2.5 15 1.5
Volume fraction of| 56% 21% 21% 21% 5.2%
carbon blaclk®d

MBTS: 2,2_-dibenzothiazyl disulphide;
6-PPD N-(1,3-Dimethylbutyl)-Nphenyl-p-phenylenediamine,
TBBS N-tert-Butyl-2-benzothiazolesulfenamide

3.2.2 Resistivity measurements

The resistivity was measured by using specially engddmps with four connections,

to achieve four point contact method in order tonglate (reduce) the contact

resistance effect. The specially made clamps haddiectrode parallel contact points
that were long enough to go across the width of sample. Schematics of the
measuring equipment are shown in the Figure 3.2 ®w outer connections

measured current (in amps) and were connectedriesseith the applied voltage

(source) and the ammeter. The two inner connecticer® connected in parallel to

the voltmeter. The applied voltage for each ofshmples was set between 30-40V.
The current flow through the specimen was measwrsdg a Hewlett Packard

34401A ammeter. The voltage was measured using lAMARHC-779 Voltmeter.

At steady state the filled elastomer behaved likghanic resistor as shown in Figure
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Figure 3.1 Linear voltage versus current relationship (Ohntiehaviour for filled
NR.

3.2.3 Tensile strain testing

Samples were generally extended in a screw drigaesile test machine in discrete
steps, initially of Imm at an average strain rdt®.02/min (up to a strain of 0.1),
2mm at an average strain rate of 0.04/min (forirstrfom 0.1 to 0.25) and 10mm at
an average strain rate of 0.2/min (for strains ab0\25). All readings were made
within 10 seconds of each elongation step to sta&m the effect of stress
relaxation. The tensile testing machines were dpdrananually, to allow the
machine to be stopped at any time to measure thistivity. The samples were
loaded up to 100% to 300% strain and then unload#ti, both the force and the
displacement recorded. Also, for each readingrélestivity measuring clamps were
placed on the sample in order to measure voltagecarrent accurately. In order to

study the effect of cyclic loading on changes imigtvity. Changes in resistivity
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under cycle loading were generally measured for2te1d", 20" and 1008 cycles.

The stressd) was calculated as follows:

g=— Equation 3.1

WhereF is the force measured in Newtons #adhe cross sectional area.

The strain is converted to extension raloWhere the ratio is calculated is of the

extended lengthand the initial lengtit.

A=— Equation 2

The main results are presented in the form of kgjstivity, log p /Q.m), and the
calculations were carried out as shown belBwis resistanceV is voltage and is

the current,

Equation 3.3

p=——22=_220 Equation 3.4

Resistivity under strain was calculated as shovavab
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80mm

Figure 3.2 Schematic of the set up used to measure electdsstivity of the test
sample.

3.2.4 Tensile testing at elevated temperatures

The tensile tests at 80°C was done using an Ing&osile testing machine with an

environmental chamber. The sample was placed inbglehamber at a temperature
of 80°C and closed. Once the temperature is sseblilat 80°C, the chamber was then
opened and the clamps were inserted and the daoclased quickly. Although these

set of experiments were done carefully as to ensimperature was maintained and
measurements were always done at the specifiedetatope, there was always a
drop of about 1-3°C, that quickly recovered, whiea tloor was opened to attach the

resistance measuring clamps.
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3.2.5 Preparation of swollen samples

The swelling of the samples was carried out using tifferent solvents, DBA
(Dibutyladipate) and xylene. Properties of thevent are listed in Table 3.3. DBA is
a more viscous and oily solvent while xylene islescous and more volatile. The
amount of solvent absorbed (the change in masg)eaaific times was recorded and a
mass uptake curve was calculated. A typical matakaps shown in Figure 3.3. The
mass uptake curve was calculated in order to déterthe time it took to reach an
equilibrium swelling. This gives us an idea of tirae required for partially swollen

sample to reach an even swelling after removal fsotment.

The samples were first weighed accurately on aatreleic scale in the unswollen
state, then submerged inside a solvent and swdllane swollen they were weighed
again and kept inside individual medium sized d®alalastic container to maintain
the solvent content and to allow time to reach ldgquum. The samples are refereed
to, depending on amount of rubber netwdkin sample of rubber and solvent
(swollen sample).

The volume fraction of rubbeW{) for each sample was calculated from the initial
mass in grams before swelling and the final mafiser @wollen. The formula to

calculate thé/; is the following:

V, = V—Vr'rf_tv Equatios 3.

r.net S

In order to calculat®, e, the volume of the rubber network avigthe volume of the

solvent in the swollen sample, the following ca&tidns were carried out.

M xM
lor.net

V [—

r.net —

r Equation 3.6
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V=—f "0 Equatioi 3

WhereMy is the initial mass ani¥l; is the final mass after swelling, calculating the
difference gives the mass uptalé. is the mass fraction of rubber which can be
calculated by taking the ratio of the mass of th/mer and the sulphur divided by
the total mass of the mix, for natural rubber thaessnfraction is 0.94a et andos are

the densities of the rubber network and the solvwesyectively.

Table 3.3Properties of the liquids used in this study

Index Liquids My Density /g.crit | Viscosity
/Pa.s at 20°C

DBA Dibutyl adiapte 258.4 0.962 0.037

xylene p-xylene 107.2 0.864 0.0006038
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Figure 3.3 Typical mass uptake of the xylene solvent verlessguare root of time
for carbon black filled rubbers (Initial sampleesibgms).

3.2.6. Silver filled bonding agent

The bonding agent used in this study was Chemasildlil which is an organic
solvent system filled with polymers. It contains2@% by mass of solids. Chemosil
NL 411 is a lead-free version of Chemosil 411. Eheer filler particles, which were
supplied by OMG, had a primary particle size of m0and surface area about
20nf/g. Chemsoil NL 411 adhesive was added into orgaplgent xylene under
magnetic stirring. The adhesive to xylene volunmt@rased was 80:20. The mixture
was stirred for 5 min. Then, silver filler particleas added to the solution. The
composition of the samples used is shown in TaldeApproximately ten percent by
volume of the dispersion agent EFKA-4400 was addad added into the solution.
The solution was then ultrasonicated (cell disruptio 200) for 5 min. It was crucial
to maintain the water temperature at room tempegatntherwise the xylene would
evaporate. The silver filler particle filled adhesisolution was stable and no
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aggregation was observed for at least two weeks.
3.2.7Adhesion test

The peel test (ASTM D429-03) describes the peangth of the rubber-to-metal

bond. The rubber-to-metal strips were peeled aaragie of 90°. The peel energy
used to compare the bond strength of silver fikeithesive bonded to metal plate is
calculated as follows

P= 2k -tW Equation 3.8
w

WhereP is the peel energy (JfnF is the average peel force (M)js the average
extension ratio in the specimem,s the width of sample (mVis the average strain

energy (180/nT) andt; is the thickness of specimen (m).

The experiment measures the force necessary taasepa rubber from a metal
surface. A standard test specimen is shown in Ei§u4. The bonded area refers to
part of rubber matrix bonded to the metal substrébte metal substrate and fixture

used for testing the adhesive bonded strengthhanersin Figures 3.4 and 3.5.
3.2.8 Sample preparation

The metal substrate used must clean and free ofTdiis achieved by first cleaning
the metal surface with ethanol. Then, the metdlaseris blasted with iron grit. A
thin layer of adhesive was applied on metal surfacthe area labelled as bonded
area in Figure 3.4 and left overnight to dry. Thidesive coated metal strip and MT
carbon filled rubber were cured at temperature C6@uring the curing of sample
the adhesive forms bond with rubber. The sampleessed 24 hr after curing the

sample.
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Figure 3.5 The fixture used for 90° peel test from ASTM D423- (All dimensions

in cm).
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Table 3.4Compositions for silver filled bonding agent

Volume fraction of silver| Silver/g Adhesive/g Dispersant agent
filler in adhesive / % (EFKA-4400)/g
7.5 0.1 4.5 0.23
31 0.5 4 0.23

3.2.9 Imaging techniques: SEM and TEM

The SEM images were taken by a PHENOM (FEI), usi® to 30kV at

magnifications ranging from 25,000x to 100,000)rder to see the carbon particles
and aggregates in each of the samples. The samwyeles prepared by creating a
fracture surface by freezing them in liquid nitragetil they became hard and brittle
enough to fracture them using a pair of tweezeasefdlly, as to not compromise the
fracture surface, the tip was cut using a shargleblacross, and placed, for the
fracture surface to be facing upwards, on a sainpleer suitable for the SEM. The
sample was pasted on to the surface with silvereoénDue to the conductive nature

of the sample no coating was needed and the imageable to be taken in vacuum.

In order to prepare samples for the fillers to Ewed in a TEM the carbon particle
was mixed with ethanol. The solution was ultra-sated for 10 minutes in order
ensure the carbon particle was completed dispefs@&M grid was dipped at angle
in the solution. The Grid was dried in closed cor@ato avoid contamination. The

grid was then observed using the TEM microscope.
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3.3 Finite element analysis
3.3.1 Rubber material characterisation

In order to simulate the rubber-filler interactiosing FEA, the matrix elastomer
behaviour has to be characterised first. Elastamenaterials are commonly
characterised using stored energy functidisyhich can be expressed as functions

of strain invariants thus,
w = £(I,,1,) Equati®®

[; andl, are the first and second strain invariants resgeygt Rubber for the purpose

of this work is assumed to be isotropic and incaapible in bulk.

Both the Mooney stored energy function and the Géorted energy function have
been used in this thesis. The Mooney stored enferggtion is a two term function
which is applicable for low to moderate straindheTwo constant terms are derived

from experimental behaviour of an unfilled elastome
W =C,(1,-3)+C,(l, -3 Equation 3.10

WhereC; are C; are material constant§; is related to cross link density afdis

related to the contribution due to free chain eantt$ network entanglements.

The Gent stored energy function also has two natednstants and is applicable at
moderate to high strains. Gent (1996) derived a B&fk empirical considerations

which has the form

I In{l—[ll—lﬂ. Equation 3.11

w

o|lm
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In the above expressiok represents the low strain tensile modulus dpd

introduces an asymptote for the finite extensipikffect. The coefficient used for
both stored energy functions and the type of stameergy functions used have a
significant effect on the stiffness prediction fan elastomeric material. This is

discussed in detail in Chapter 4

3.3.2 Filler material characterisation

In the microstructural models the filler particlé&®ing much stiffer than the rubber,
were modelled as rigid spheres. Typical models ugsethis work are shown in
Figures 3.6 and 3.7. Figure 3.6 shows ideal latiitay of spherical filler particles in
rubber matrix. In these models the fillers are as=ilito be at centre of the cube in

Figure 3.7 and each at the quarter points in Fig§ufe

Figure 3.61deal lattice arrays of filler particles in rubbratrix with filler particles at
centre of each quarter point.
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Figure 3.7 Octant symmetry 1/8 finite element analysis repnéation of MT carbon

black carbon particle.
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Figure3.81/8 Symmetry (octant) model showing plane surfamendary conditions.
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Figure 3.9 1/8 Symmetry (octant) model showing the free s@fdoundary
conditions.
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3.3.3 Boundary conditions

Two different types of boundary condition were us$edthe sides of the unit cells.
The first boundary condition assumed that all iindages are plane and remain plane
shown in Figure 3.8. The second model assumedstimé of the outer surfaces not
in contact directly with the filler particle wereek to deform shown in Figure 3.9.
The plane boundary conditions represent the intierss present in the bulk of the
elastomers assuming that the fillers are evenliribliged with perfect packing and
the free surface conditions represent the behavimatris more typical close to the

free surfaces of a filled rubber model.

.

Figure 3.10Four filler smooth surface model
3.3.4 Types of smooth filler surface models: Symnmgtand distribution

In the smooth filler surface models it is assumieat the near curvature matches
approximately that of a sphere. The single partctelel, with an assumed idealised
packing array (Figure 3.7), exploits symmetry, Isat only 1/8' of the rubber around
a single filler particle was modelled. The singiéef octant symmetry models are
shown in Figures 3.7, 3.8 and 3.9.
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The other models differed by either using an ineeganumber of particles in the
model (Figure 3.10 and 3.11) or by altering théasze boundary conditions.

Figure 3.10 shows a four filler particle model wistm irregular distribution of
particles. The rubber was assumed to be perfeotigdd to the filler. Two symmetry
planes are adopted in the model; the front andt hgimd face as shown in Figure
3.10, make the four filler particle model behavefaiswas a 16 filler particle model.
The models were created using I-DEAS 9 pre-processitware and were analysed
using ABAQUS v6.4 software.

Figures 3.10 and 3.11 show unstrained typical fmuot eight filler particle models
respectively with an irregular distribution of pelés. As mentioned, by exploiting
symmetry it was possible to model the effect oféasing the number of particles in
the model. If two of the four previously free suda, say the front and the right face
were acting as symmetry planes then the 8 filledehaow behaves as if it were a 32

filler model.

Figure 3.11Eight filler smooth surface model with an irregutastribution of filler
particles.
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3.3.5 Stepped surface model

The creation of a smooth spherical surface wadcdlff to achieve within the
constraints of using a mesh with only solid regwaick elements. Therefore, an
alternative approach was used whereby a numbé¢hiércase 9) of filler particles are
incorporated into the FEA model by making a reguiaesh of identical cubic
elements. By selecting some elements that appraéedn@ spherical shapes in the
model it was possible to create random filler cgufations. A typical mesh for this

type of problem is shown in Figure 3.12.

Figure 3.12Steeped surface nine filler model having an irkagdistribution.
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3.3.6 Interfacial boundary Conditions

The models discussed in section 3.3.3-3.3.5 assperdect boundary at the interface
between filler and rubber. However, Dannenberg sstggl the rubber matrix can slip
over rigid filler resulting viscous-elastic energlssipation. In present case, the
interface was also modelled using the critical ststgess friction model shown in
Figure 3.13, where the rubber was allowed to stder the filler surface when the
interfacial shear stressg,was above a critical valueyi, until the rubber had slipped
far enough to reduce the shear stress to belowcthisal value. In slippage models,
the rubber was constrained to neither penetratdilte nor to pull away from the
filler surface. (Abaqus, 2001).

=y

Figure 3.13Critical shear stress friction model behavioumissn two contacting
bodies. Where represents the extent of slippage.
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Modelling of the effect of fillers on the stiffnes®f rubbers

4.1 Introduction

Finite element analysis (FEA) is a useful technidqoepredict the mechanical
properties such as Young’s modulus, tear resistasiti#ness of the elastomeric
material (such as natural and styrene butadielssl flubber) [Bergstrém and Boyce
(1999), Gent and Hwang (1990), and Hairal. (2003)], fatigue life (Busfielat al,
2005c), and abrasion resistance (Fukabbsrl.2007). Busfieldet al. (2005c) used a
fracture mechanics approach coupled with a comioimabf the experimental
characterisation of rubber and FEA to predict thggtie life of an elastomeric
component. In present case a continuum mechanm®agh is used to model the
filled composite using finite element analysis. Beable to predict the mechanical
properties of a filled composite will improve thesign of rubber compounds and
perhaps give a unique insight into polymer-fillerteraction. Fukahori and Seki
(1993) used FEA to study the stress distributiayuad a circular filler particle in a
cubical and a cylindrical rubber matrix at smathasts and large strains. Hat al.
(2003, 2004) used finite element analysis to urtdatsand predict the mechanical
properties for a range filled composite. Bergstrand Boyce (1999) used FEA
simulation for a range filler shapes in 2D and 8Dptedict the behaviour of filled
elastomers under compressive loading shown in Eigdrl2. Moshev and
Kozhenikov (2002) studied the mechanism of debapaihthe rubber matrix from
the filler surface using finite element analysihey concluded the natural sub
microscopic imperfections due tiny gas inclusioa ayot source or micro-damage in
polymers. Alternative approaches used by the rekees to study and understand the
filled rubber composite behaviour have been dissdiss Chapter 2. These included
Senet al. (2005), Kloczkowsket al. (1994), Sharaét al. (2000), Biceranet al.
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(1997), Kluppel and Schramm (1999), Kluppel and éfi§R001) and Coveney and
Johnson (1999).

The prediction of the stiffness of filled rubberdisscribed well at small strains below
about 10% by the relationship derived by Guth arald@1938) and Smallwood
(1945). Honet al (2003) have shown that these stiffness predistatnsmall strains
were well represented using finite element micragtrral models. For moderate
strains of less than 100%, Kashani and Padovar6j2€itbwed that the mechanical
properties of filled rubbers follows a spring inrise model. Further, the rubber
matrix and fillers are in a state of uniform stresther than state of uniform strain. At
larger strains these existing theories cannot ptdte stiffness accurately and the
microstructural finite element approach has nonbieied. Hence, the present work
uses micromechanical modelling to predict largeaistrbehaviour including a
consideration of the finite extensibility effects filled elastomers. A range of single
filler and four filler particle models in an elaster matrix have been investigated as
shown in Figure 4.2 and 4.5. The precise boundanditions applied to the model
are important. Two extreme boundary conditions &frtplane surface’ and ‘free
surface’ were investigated. The behaviour of uadillelastomers is frequently
modelled using a Mooney (1940) stored energy fonctHowever, it is clear that the
Mooney equation can not represent the finite exbditg stiffening behaviour at
large strains. Therefore, in this work a more appete stored energy function
proposed by Gent (1996) is used to predict theelatgain behaviour and the finite

extensibility effects.

Modelling of the filler reinforcement using a fiaittlement analysis approach is a
challenging problem. As discussed in Chapter 2 tstdeding the filler structure and
the interface behaviour presents a difficulty indewrstanding the reinforcement
mechanism. Hence, in the present case, a 3D Flateent simulation has been used
to study and predict the mechanical properties. ploblems associated with the
complex shape, distribution and interface are dised further in the next Chapter.

The work presented is based on the publication whasstract is listed in the
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appendix.

Medium Thermal (MT) N990 carbon-black filled rubb®ymposite was used due to
the availability of the experimental and theordtidata. The shape of MT carbon-
black can be approximated to a simple sphericgleslag shown in the torn surface of
a MT carbon black filled rubber in Figure 4.2. &g 4.2 also shows that MT carbon
black has a random distribution resulting fromlda® tendency for agglomeration.

Hence, the MT carbon blacks were easier to moaal the more complex structures
branching and aggregation that are encounterethar types carbon blacks. The 3D
finite element representations used in the presenk are shown in Figure 4.2 and
Figure 4.5.

4.2 Results and discussion
4.2.1 Selection of stored energy function

In order to simulate the rubber-filler interactionsing FEA, the matrix elastomer
behaviour has to be characterised. Elastomeric riakteare characterised using

stored energy functions. Stored energy functioeg@ated to the strain invariants,
W = f(I,,1,)

Mooney (1940) derived a two term stored energy Wwhias the following form,

W =C,(1,-3)+C,(I,-9 Equation 4.1

Where,C; areC, are the material constants. The const@ireC, used in this work
were derived from the unfilled rubber stress versigin measurements of Mullins
and Tobin (1965). This was achieved by plotting ¢heve of reduced stress versus
the inverse of extension ratio. The curve fittingsndone so that the Mooney stored
energy function represented the behaviour of tHélesh elastomer accurately up to
50% strain as shown in Figure 4.1. The constaniseattfor the Mooney SEF were
C,=0.1658MPa andC,=0.0598MPa. Typically the Mooney SEF represents
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reasonably the behaviour of an unfilled elastomerta 100% strain in simple
extension, although the fit for a more generalistiless good.

Gent (1996) derived a SEF from empirical considenatwhich has the form,

W = —% Imln{l—(ll—:]ﬂ Equation 4.2
In the above expressidarepresents the low strain tensile modulus lanieitroduces

a finite extensibility asymptote. Gent's SEF is laggble over large strains, gives a
better fit at a higher extension ratio and can $edun any deformation mode. This
allows flexibility in terms of representing the laefour of an elastomer over a range
of strains. In the present ca$ewas fitted to represent the small strain behaviour
accurately up to 50% strain as shown in Figure Bhik finite extensibility term was
fitted to represent the behaviour accurately atv6@drain. The constants used here
wereE = 1.29MPa andl, = 63.

As Mullins and Tobin’s data (1965) for unfilled odr were not available at a higher
extension ratio; the fitting at higher extensiorticawas carried out using data
acquired on a nominally identical unfilled rubb&amined by Harwooet al. (1967).

Figure 4.1 shows that Gent's SEF shows a signifieauna realistic upsweep at the

higher extension ratios to represent the finiteesibility of the elastomeric network.

The Mooney SEF function is widely used in industsgpecially for tensile loading
conditions. Its use here allows a comparison tomasle between the geometric
stiffening behaviour and the material non lineastiich the Gent equation would

also be able to model at higher strains.
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Figure 4.1 Comparisons of experimental behaviour of the uwdillrubber from
Mullins and Tobin (1965) and Harwoat al (1967) with the stiffness fitted using
the Mooney and the Gent stored energy functions.
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Figure 4.2 MT carbon black filler particle in a rubber matr& TEM image b)
Spherical filler particle in the centre of a uniibe c) octant (1/8) symmetry model.



4.2.2 Selection boundary conditions and discussion

Earlier work by Horet al (2003, 2004) showed that the stiffness at latgens and
at higher filler volume fractions was unrealistar the plane surface models. This is
because the constraints applied in these modeis,aththe surfaces remain plane,
presents a difficulty when the deformed width o tinit cube approaches the radius
of the filler. By examining such a cube in a simpkension it is possible to deduce
the limiting extension{., at which the filler particles would touch for vgn volume

fraction of filler as,

3
A =1(4—ﬂj Equation 4.3

The plane surface asymptotes are shown in FiguBartl 4.9 as solid vertical lines
for volume fractions of 13.8% and 20.9%. These gupiaes are an artefact of these
particular models and will not occur with a moraligtic, random arrangement of the
filler particles. An initial modification to the #eboundary conditions was introduced
in order to remove the limiting extension effectslarge extensions and to help
improve the correlation with the experimental ddta.affect this change the two non
symmetrical outer surfaces not in contact withfiher particle, that is the right and
back surfaces as shown in Figure 4.3 were allowenhdve freely. This boundary
condition is termed the free surface conditionpiavious work by Horet al (2003)
and in the initial work discussed against here. Mleoney SEF was used. Mooney
SEF can represent filler rubber behaviour accyratplto extension ratio of 1.5 and

is widely used in industry for engineering applioas.

Figure 4.8 shows the experimental data obtained/bifins and Tobin (1965), as
well as the FE predictions for both the singlefiland four filler particle models with
the plane surface as well as the free surface l@yrabnditions using Mooney SEF.
The limiting extension effects are clearly removied the free surface model.
However, in comparison to the plane surface moilainderestimated the stress-

strain behaviour quite considerably even at lowdersions. There two reasons
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for this underestimation. First, it is apparentt ttiee free surface boundary condition
does represent the behaviour of fillers near to @tlges of rubber with a softer
stiffness response. In practise at larger fillefuate fractions the behaviour lies
somewhere in between these two extremes. SecotidlyMooney SEF does not
predict the large strain stiffening that is obsdrie an unfilled rubber as shown in
Figure 4.1. Figure 4.3, 4.4, 4.6 and 4.7 all shbe single filler (1/8 symmetry)
models and four filler particle models all at a 8E8. filler volume fraction with
contours of maximum principal stress. Clearly th&raduction of the free surface
boundary condition reduces the stress when compaitedthe plane surface model
and the model can be deformed to a greater dispkaebefore it locks up.

Figure 4.8 shows the experimental data for the %3v8lume fraction filled rubber
and Figure 4.9 shows the experimental data for2th#% filled rubber. Firstly, a
comparison of single filler and the four particledel plane surface models with the
experimental data, shows that for both the stiffgneéffect was overestimated and
unrealistic. This was largely due to the limitingtensibility effect as discussed
previously. With the 13.8% filler content, the frearface four particle model shows a
reasonable correlation with the experimental datar @ wide range of extension
ratios. Unfortunately, so far all the free surfacedels have underestimated the larger
strain stiffening of the materials. This is as estpd though as only the Mooney SEF
was used. Clearly at larger strain the stressesbailunderestimated as shown in

Figure 4.1.

To predict the behaviour of an MT carbon-blaclkefillrubber at larger strains and at
filler volume fractions greater than 10% can notadshieved by simply altering the
boundary conditions of the unit cell. At highetdil volume fractions there is greater
filler-filler interaction. Gent concluded that onéthe reasons the filler reinforces the
rubber is due to strain amplification. This medmet the local strain in rubber would
be much higher than the globally applied strainniadel this Gent SEF was used in
the present case. Gent SEF was fitted to reprabenbehaviour well up to an
extension ratio of 7 as shown in Figure 4.1. Asftlher volume fraction increased,

larger models which incorporate more than onerfplarticles into the FE models
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such as that shown in Figure 4.5 were tried. Thestijon that needs to be addressed
is how many particles would be deemed as adeqoatetérmine the behaviour of an
MT carbon-black filled rubber at large strains.this Chapter a maximum of four
particles with irregular arrangement were includedhe rubber matrix model as
shown in Figure 4.5. Plane and fim@&face are two extreme boundary conditions, at
larger filler volume fractions the behaviour liesmewhere in between these two
extremes. Hence, to predict the behaviour at aehifjtber volume fraction (13-20%)
and especially at extension ratios above 2 thevotlg simplifying assumptions were

made,

1. Though the actual behaviour lies between the fuegase and plane surface
boundary conditions, free surface boundary condltiwere used to avoid the
geometry complexity faced during the modelling ¢fe tplane surface

boundary conditions.

2. To model the filler-filler interaction multiple fér models were used in

addition to a single filler model

3. To represents the asymptote (the upsweep) obsemiedeal unfilled rubber
materials, a Gent SEF was used
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Figure 4.3 Stress contour plots for (11§ octant symmetry model with a free surface
boundary on two faces under a tensile strain of#d&0volume fraction of 13.8%.
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Figure 4.4 Stress contour plots for an (T)J8octant symmetry model with plane
surface boundary conditions under a tensile stohidi00% at volume fraction of
13.8%.
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Figure 4.5A four filler smooth surface particle model
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Figure 4.6 Stress contour plots for the four filler particteodel with plane surface
boundary conditions under a tensile strain of 1@%olume fraction of 13.8%.
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Figure 4.7 Stress contour plots for the four filler particteodel with free surface
boundary under tensile strains of 100% at voluraetion of 13.8%; (The two planes
a and b acts symmetry making the model behavealike filler particle model).
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Figure 4.8 Engineering stress versus extension ratio for Mifban black filled
rubber and models at 13.8% filler volume fracti®he limiting extensiond., of the
planar surface single particle model is shown a&sabymptote. All models use a
Mooney stored energy function.
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Figure 4.9 Engineering stress versus extension ratio for Mifben black filled
rubber and models at 20.9% filler volume fractidhe limiting extensiond., of the
planar surface single particle model is shown a&sabymptote. All models use a
Mooney stored energy function.
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Figures 4.10 and 4.11 show the calculates stressvextension results at 13.8% and

20.9% filler volume fractions respectively basedloese assumptions.

Figure 4.10 shows that a single filler particle modsing Gent SEF follows the
experimental observed behaviour more closely tiaglesfiller particle model based
on Mooney SEF. This is because Mooney SEF is un#blg@redict the finite
extensibility behaviour. The four filler particle adel using the Gent SEF over
predicts the stiffness when compared to the expariat observed behaviour at
13.8% volume fraction. This could be attributectoover simplification of the filler-

rubber interface as being perfectly bonded.

Figure 4.11 shows the results at a filler volumation of 20.9%. The single filler
particle model using the Gent SEF shows an upswuespffness when compared to
model based on the Mooney SEF which at extensitbm ahove 2 under predicts the
experimental observed behaviour. The single fillee surface models using either
the Mooney or Gent stored energy functions at 20fidé6 volume fraction show a
much softer response than the experimentally obselpehaviour when compared to
the model at a 13.8% filler volume fraction as shaw Figures 4.8, 4.9, 4.10 and
4.11. This indicates that at a higher filler voludmaction there are greater filler
rubber and filler-filler interactions. So the siagffiller particle is no longer

appropriate for modelling this higher filler volurfraction.

The four filler particle models (random free sudpaaising Gents stored function at
13.8% volume fraction (shown in Figure 4.10 and 1%.Jover predicts the
experimentally observed behaviour as the applieainst increase. This indicated
there is a greater filler interaction at highemasts in these multiple filler particle
models. It appears that as the filler volume fattiises then an increased number of
particles are required to model the behaviour.dfldhe cases discussed the filler was
perfectly bonded at the interface, this is the nhi&sty reason for the over prediction
of stiffness by the multiple filler particle modbhsed on the Gent stored energy
function. Dannenberg (1966) suggested that at lastgains there is some slippage of

the rubber over the filler surface. In the next ka5, different boundary conditions
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at the filler rubber interface are investigatedntodel this behaviour. This can be
done by considering slippage at filler rubber ifs#ee. Slippage at filler rubber
interface will allow filler particle to slide at aappropriate shear stress, causing a
decrease in the stiffness and an increase in tieenad viscosity. This model will
overcome the limitation of perfectly bonded modetgented here. The four filler
particle model in Figure 4.5 shows how the spaiahngement of particles in
elastomeric matrix model can affect the stiffnessdjctions. Hence, future models
should consider the effects of particle distribntid’he ideal filled rubber model

should be made with fillers randomly distributecelastomeric matrix.
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Figure 4.10 Engineering stress versus extension ratio for Miban black filled
rubber and models at 13.8 % filler volume

133



3.0
O Experimental MT Black

—O— Single filler free Surfaces : Gent SEF

—<— Single filler free Surfaces : Mooney SEF
O

ol MPa

0.0 T T T

1.0 15 2.0 2.5 3.0

Extension ratio

Figure 4.11 Engineering stress versus extension ratio for Miben black filled
rubber and models at 20.9 % filler volume fraction.
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4.3 Conclusions

1. A single filler model (1/8 symmetry with perfect bonding) using plane
surface boundary conditions was able to predicb#teaviour of carbon black
filled rubber well at small strains. Although thagle filler model was able to
model large strain behaviour at low filler volunradtions, complexities arise

when trying to use the same model to predict latggn behaviour.

2. The model either overestimated or underestimatgerting on the type of
boundary condition used. This led to the develogméa four filler model in
an irregular arrangement which improved the praahist of the stiffness
behaviour, but still resulted in either an overestion or an underestimation
depending upon the exact boundary conditions adoptel stored energy

function used.

3. The Mooney stored function can be used at to daesthie rubber behaviour at

lower extension ratios of less than 1.5.

4. Strain amplification due to the presence of thkeffiresults in local strains
being significantly higher than the globally apglistrain, therefore a stored
energy functions such as the one proposed by Gantcan introduce finite

extensibility effects is more appropriate.

5. Future work carried out in Chapter 5 considers egpay the four filler
particle model to investigate the effect of differespatial arrangements and
the effect of modifying the interfacial boundarytween the filler and the

rubber.
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5

Microstructural modelling of filler reinforcement:

Effect of Filler distribution and Interface

5.1 Introduction

Individual carbon black particles have sizes thaige from 10nm to 500nm in
diameter. Donnet and Voet (1976), Kraus (1978) ldagdburn (1984) have all shown
that the basic size of the carbon black partickyglan active part in the reinforcing
effects when included in the rubber. An increasadban black particle size having a
reduced reinforcing effect. The critical effect apps to be the ratio of surface area to
volume, carbon black with large values having iasesl reinforcement behaviour.
The phenomena of filler reinforcement is explaimedhe literature review using a
combination of hydrodynamic, strain amplificationpund rubber and occluded
rubber models. However, these models are not abldescribe all the observed
phenomena such as stress softening or the hystdrelsaviour completely. Hence,
there is a need to understand the effect of sta@pes particle distribution and the

interfacial boundary conditions on filler reinforaent.

Smit et al. (2000) and Sluist al. (2001) tried a range of 2D models to study the
effect of the heterogeneous distribution (randorstriiution) of voids and filler
particles in the matrix polymer as shown in Figu2eks, 2.18 and 2.20 respectively.
Smit et al. (2000) proposed that the irregular distributionwvoids promotes the
spread out of plastic strains over the whole micuasure. Fukahori (2007) proposed
the filler rubber interface model shown in Figur&.2The interface consisted of two
layers namely glassy layer (GH, extending couplenafiometres) and sticky layer
(SH, around 3-8 nanometers). Polymer filler integfaand interaction is a
combination of the physical and chemical interactiDannenberg (1966) and
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Boonstra (1967) suggested that the rubber matmxsti@ over the filler. If rubber

can slip over the filler surface then it can alsb @ a stress distributor. Polymer
chains under the applied stress would be ableilolisér stress by slipping and hence
avoid the chain breakage. Biceraabal. (1997) used a numerical modelling and
implemented slippage in a 2D model to calculate gtress stress for amorphous
rubbery polymers. Slippage was controlled by thee#c properties such as the

activation energy and activation volume.

Jhaet al (2007), Busfielcet al. (2005a) and Hoet al (2003) used a range of micro
structural finite element models to predict théfrstiss behaviour in filled elastomers.
Some aspects of this work are described in chapt8train amplification in a filled
elastomer creates local strains in the rubber #éinatsignificantly higher then the
global strains and the effects of finite extend#ipilof the polymer network are
therefore important at relatively modest strains.predict the upsweep observed in
experimental behaviour a stored energy functiohekhibits finite extensibility, such
as that proposed by Gent (1996) is required toigrdte stiffness of the filled

elastomer at higher strains.

In deriving Einstein’s viscosity law it is presumétit there is no slippage at the rigid
partical / liquid interface. This assumption isrezat forward into the work of Guth
and Gold (1938) and their predictions for the iasee in the modulus are given by
Equation 2.8. However, many workers such as Fleteare Gent (1950) have
proposed that at larger strain that there is sdippage at the surface. By adopting a
similar approach to that of Guth and Gold (1938)s iproposed here that from the
Taylor (1932) viscosity law equation, a modulusatieinship for a rigid spherical
filler around which the rubber can easily slide ¢tenderived by assuming that the
viscosity of one of the liquids in Equation 2.1%Z&r0. Therefore, a new relationship

for the modulus assuming zero friction at the iiatee is derived as.

E=E,(l+¢) Equatfen

This chapter discusses how the number and theaspatation of the filler particles

modifies the stiffness calculations under straimgisa finite element analysis

137



micro-mechanical modelling approach. Different nlbdg approaches are discussed.
This work also aims to model the larger strain éha for a range of filler volume
fractions by using an appropriate interfacial sige model using an FEA technique.
The results of the model have been compared webré#tical relationships derived
from either Einstein’'s or Taylor's equations forrfeet bonding or zero bonding
respectively. The work presented is based on tiigasion whose abstract is listed

in the appendix.

5.2 Effect of distribution

Figure 5.3 compares the stiffness of the 4, 8, rid 32 sphere models all with the
fillers in an irregular arrangement compared witte texperimentally observed
behaviour and the single filler model taken fromgufe 4.10 (Jhat al. 2007). At a
filler volume fraction of 13.8% these models arkstiffer than the experimentally
observed behaviour. As the number of fillers isréased then the model becomes
progressively stiffer. This is the result of incseg the number of filler particles
which increases the filler-filler interaction artds reduces the significance of the free

edges to the model that are present in the siiiigierhodel.

For the model to be an appropriate one for a rubteerial it is important that the
model should exhibit isotropy. This is easily comied by imposing a uniaxial tensile
stress in each of the three principal orthogongdatiions independently, in addition
the shear stress behaviour can be modelled as Tyl results are shown in Figure
5.4. It can be seen that the tensile stiffnesgHer8 filler model was the same in all
three directions. At small strains for an incompiiel® material such as rubber, the
tensile modulus is three times the shear moduloscdmpare isotropy the average
shear stress x3 (three times the shear stresstamagared with the average tensile
stress. Between 0-50% strains the two curves shomadonable correlation

confirming atleast at modest strains the isotrojittire of this model.
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Figure 5.18 filler smooth surface filler particle model whenstrained.
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Figure 5.2 Eight filler particle model smooth filler surfacaodel under uniaxial
tensile strain of 100%.
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Figure 5.3 Average engineering stress versus extensionfiatid, 8, 16 and 32 filler
particle models at 13.8% filler volume fraction &mooth filler surface models.
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Figure 5.4 Average engineering stress versus extension fatid@ filler particle
smooth surface models at 13.8% filler volume fiattshowing the extent of the
isotropic behaviour in the three orthogonal logddirections and subjected to a

shear stress.
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There were considerable meshing and modelling cditfies associated with the
creation of models with a totally random arrangeima&nsmooth surface spherical
fillers. A new approach is suggested here. Fiailze is tightly meshed with some of
the elements in defined areas that approximatehéocbrrect shape and volume
fraction for the filler being given the materialoperties for a rigid filler. This gives

rise to a stepped surface on the filler as showsigare 5.5.

This type of modelling approach gives total freedanterms of the location, number
and shape of the filler particles present in modehine filler particle model was
created at a filler volume fraction of 13.8%, aewh in Figure 5.5. Figure 5.7 shows
that this nine filler particle model at a specfiler volume fraction was significantly
stiffer than the experimentally observed behavidlris was because the effective
filler volume fraction modelled was greater thaattbf the filler alone. As a result of
the stepped filler surface there were a significamhber of rubber elements adjacent
to the filler having a reduced mobility. A condiigimilar to that of occluded rubber
whereby some of the rubber chains are trappedmitie confines of the filler. This
increases the effective filler volume fraction.the present case, the amount of the
occluded rubber was calculated from the volume wiaes restricted to move due to
filler surface. Figure 5.5b and 5.6a shows a sifiti and a filler octant. Figure 5.6a
shows there are three types of rubber element exljdc the fillers. The first are the
elements adjacent to just a single surface, theseftectively totally free rubber. The
second are rubber elements adjacent to 2 filldiases which are shown in Figure
5.6a as the empty ovals. The third types are adjdoe3 surfaces which are shown as
the full ovals. It appears that the elements adiate 2 surfaces are not tightly
constrained but the ones that are adjacent tofacas are highly constrained. If it is
assumed that % of the volume of the elements aaljaoethe 3 filler surfaces are
fixed then the additional volume of bound rubbetha 13.8% model was 1.8% and
the effective filler volume fraction was 15.6%. Amall strains (2%) the effective
filler volume fraction and the initial stiffnessicalated by the Guth and Gold (1938)

relation (Equation 2.8) were in good agreement.
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b)

Figure 5.5 FEA filler model with stepped surface a) Nine €illstepped surface
particle model with irregular distribution in thestrained state b) Octant (1/8of
the filler highlighted.

144



b)

Figure 5.6 Mesh for the nine filler stepped surface partitiedel under strain and
unstrained. Highlighting the occluded rubber ogmdal filler surface a) Single filler
particle highlighting its bound rubber content mactant modelO highlights rubber
elements adjacent to 2 filler surfac®s, highlightsber elements adjacent to 3 filler
surfaces b) Nine filler particle model under a 5@¥tsile strain.
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Figure 5.7 Average engineering stresses versus extensian fratian 8 filler and 9
filler stepped surface particle models at 13.8%rfil
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In order to check the isotropy of this 9 filler pele model, it was also strained in the
three orthogonal directions and in shear. Figu& $ghows that the model when
strained in the z direction was stiffer than in thand y directions. However, the
difference was small. The 3 times average sheasstralue for the nine filler particle
model also showed a reasonable correlation withatlezage tensile stress at small
strains.

Further work is required to use these approachesottel an even greater number of
filler particles to see if effects such as the wbumbber and the occluded rubber can
be effectively modelled. One underlying assumpsonfar has been that the filler
rubber interface can be considered perfectly bondedalternative approach might
be to introduce an appropriate amount of slippagthea interface; this might help

explain the complete behaviour for the filled edasér models.
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Figure 5.8 Average engineering stresses versus extensianfaatia 9 filler stepped
surface particle models at 13.8% filler volume fime showing the extent of the
isotropy in the three orthogonal loading directdirections and subjected to a shear

stress.
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5.3 Interfacial slippage

Figure 5.10 shows a comparison between the predstiéness of a series of 2D
models in an idealised packing array with both g@&rinterfacial bonding and also
with interfacial slippage at a critical shear sérealue {i;) of 0.5 MPa. The modulus
increases with the filler volume fraction, as ddes apparent change in behaviour at
larger extensions resulting from the introductidrseme slippage at the rubber-filler
interface. The local shear stresses at the ineidiarly increase as the filler volume
fractions increases. At the highest filler volumraction of 40% there is a clear
differentiation in the behaviour seen even at #latively modest extension ratio of
about 1.5. Figure 5.11 shows a stress-versus eatematio plot for various 2D
models at the largest 40% filler volume fractioncompares the perfectly bonded
model with a frictionless model as well as modeighw,;: values of 5, 0.5 and
0.0001 MPa. As expected the perfectly bonded md@del the highest stiffness
response and the frictionless model has the lostésiess response which is almost
identical to the model with a critical shear stregkie of 0.0001 MPa. Thg = 0.5
MPa model showed a decrease in stiffness respdagag just below an extension
ratio of 1.5. This is the starting point where rabht the filler interface started to slip
across the filler surface, resulting in a decreadbe stiffness. By further increasing
the critical shear stress to 5 MPa, the model gawiffness response that was

virtually identical to the behaviour of the perfgdionded sample.
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Figure 5.9 2D quarter symmetry circular filler particle modsl 5% filler volume
fraction (left) undeformed shape (right) under defation with the slippage of a
node on the rubber surface highlighted as the datk
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Figure 5.10 Engineering stress versus extension ratio forouari2D plane stress
models for a range filler volume fractior®oth the slippage models and the perfectly
bonded models are shown at each volume fraction.
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Figure 5.11 Engineering stress versus extension ratio for 2idlets with aV; of
40%. This Figure shows the effects of various levelstical shear stress on the
onset of slippage at the rubber-filler interface.

Figure 5.12 shows that the modified Taylor equaijgquation 5.1) gives a good
agreement with the three dimensional octant fidées model for filler volume
fractions below 10%. As the filler volume fractieincreased it is possible to derive
from the model a relationship similar to Equatio2 %or the limiting case of a

frictionless interface which includes an additiobem due to the interaction from

adjacent particles thus,
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Ecn= Eo (1 + @+ 2.3¢) Equation 5.2

Figure 5.12 also shows the other extremes of aegiyf bonded filler surface
interface. Thus the actual modulus for a matetilaldf with spherical fillers would lie
somewhere between these two limiting cases, theiggranodulus depending upon

the onset and extent of slippage at the interface.

Guth:E_/ E, = 1+2.50+14.1¢

—-e--- 3D Octant Perfectly Bonded

------ EinsteinE /E = 1+2.%

- @ - 3D Octant Frictionles€_/ E = 1+¢+2.3¢
187 -~ Taylor:E_/ E = 1+p

2.0+

E /E at 10% Strain
ch —0

Filler volume fractiong

Figure 5.12 Ratio of Young’'s Modulus versus filler volume ftax. A comparison
between the stiffening effect of Einstein’s and [6&ayg theoretical relationships to the
3D octant (1/8 symmetry) FE models with perfect ding and a frictionless

interfacial slippage.
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In Figure 5.14 a 3D octant model with interfacilpgage @ixt = 0.7MPa) has been
compared to the perfectly bonded models and Mullared Tobin’s (1965)
experimental data for MT carbon black over a wigiege of strains up to 300%. Hon
et al. (2003) showed that at low filler volume fractiobslow 10% the 3D octant
model assuming perfect bonding at the interfacepeoed well with Mullins and
Tobin’s (1965) experimental data. It appears thatoaer volume fractions the
rubber-filler interfaces does not generate strelsge enough to cause a significant
amount of slippage and that conditions are clogeetéect bonding. Figure 5.8 shows
the larger filler volume fraction models of 13.8%da20.9%. Here the perfect
bonding at the interface no longer correlates wéh the Mullins and Tobin’s (1965)
experimental data with the FEA model showing afestifesponse. At these higher
volumes fractions of 13.8% and 20.9%, it can bengkat the 3D octant model with
an interfacial slippagecic=0.7 MPa fits well with the experimental data at ltov
moderate strains (2%-80%). This gives an insight ithe actual rubber-filler
interaction under tensile loading conditions. Itcisar that a realistic rubber-filler

model requires for the rubber to slide over theffisurface.
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b)

Figure 5.13 3D octant symmetry spherical particle with a filelume fraction of
13% a) The undeformed shape. b) Under deformatidbim tve slippage of a single
node at 80% global tensile strain along the fdlerface, highlighted as the black dot.
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Figure 5.14 Engineering stress, versus extension ratio. A @ispn between 3D
spherical finite element models and experimental d4fbon black filled elastomer
samples at large extensions and at high filler ma@dractions.
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5.4 Conclusions

1. In the present work, the effect of increasing ttumber of filler units and their
spatial arrangement on the calculated stiffness been studied using different
modelling approaches. It was shown that for a fik#édr volume fraction as the

number of filler particles in a unit cell increasdm 1 to 32 there was always an
increased filler-filler interaction and a resultimgcrease in stiffness of the filled
rubber. A simple test showed that the 8 filler jgggtmodel was isotropic in nature
under different loading conditions. It seemed lkerlat to predict the correct stiffness
over a wide range of strains that some additiolgpage at the filler interface would

have to be introduced.

2. An alternative approach allowed a significantré@ase in the number of filler
particles as well as a range of size, shape andtidoc to be developed. This
modelling approach was based upon a cubic mestwahoh the constraints of the
meshing it introduced an occluded volume of rubbty the model. However, if this
additional volume is taken into consideration tl@egood prediction of at least the

initial stiffness was possible.

3. The 2D interfacial slippage models showed thhenvslippage occurred at the
rubber filler interface the elastomeric responseobees softer. At higher filler

volume fractions the onset of the deviation betw#en perfectly bonded and the
slippage models to occur at lower global strairfse Tritical shear the point above

which the rubber slips over the filler surface.

4. The Guth-Gold equation based upon the Einstisitosity law represents an upper
limit in the stiffness behaviour and the new ecquathased up on the Taylor viscosity
law represents a lower limit for the stiffness bebar for a range of filler volume
fractions. At lower volume fractions the 3D perfgcbonded models follow the
experimentally observed behaviour for a wide ramdestrains. At higher filler
volume fraction of 13.8 % and 20.9% the 3D perfebibnded model is stiffer than

experimentally observed behaviour. Here the intéafeslippage (critical shear stress
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value of 0.7MPa) gave the best correlation withegxpental data. This shows that a
realistic rubber-filler model should include a campnt to demonstrate how the

rubber can slip over the filler surface.
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6

Reversibile electrical behaviour of carbon black fied

natural rubber

6.1 Introduction

Most unfilled elastomers exhibit a high electricasistivity. The fillers most
commonly used in the rubber industry are carborkslaThese fillers are usually
added to elastomers to enhance their mechanicpégres such as strength (Tsunoda
et al, 2000) and abrasion resistance or to increasenmtbeéulus or visco-elastic
properties. In a filled elastomer the local stranthe rubber is greater than the
applied strain. This effect is known as strain afigaltion (Nakajima, 1988). Under
cyclic loading the modulus of an elastomer progvedg decreases. The modulus in
the second cycle being smaller when compared térdtecycle (Harwood and Payne
1970). For unfilled elastomers the reduction ia thodulus under cycle loading is
due to the breaking and reformation of labile li(Rerham and Thomas, 1977).

Fillers such as carbon black, carbon nanotubeslrfiekes and fibres have also been
used to modify the functional properties of matmaterials (polymer) such as
electrical conductivity and thermal conductivityidBel et al. (1982), Aneliet al.
(1999), Carmonat al. (1986), Flandiret al. (2000, 2001), Lundberg and Sundqvist
(1986) and Norman 1970)]. Properties of these n@senlso change with their
external stimuli such as temperature and presgureahametal. (2004), Jianget al.
(1986), Zhanget al. (2005), Kanget al. (2006), Weiet al. (2006)]. Earlier work by
Yamaguchiet al. (2003) has shown, for elastomers containing HA@a black
fillers at a volume fraction above the percolatitimeshold that the resistivity
behaviour also changes with strain. They showetl ttiea precise resistivity versus

strain behaviour was non linear and irreversibleinduthe initial loading and

159



subsequent unloading. To develop a strain measw@&wgce, which monitors the
strain directly from a measure of the resistivigguires that the behaviour be
reversible and reproducible from cycle to cyclee@ossible way to achieve this was
discovered by Busfielet al. (2004), whereby a modest swelling of the filledan
rubber network with a suitable solvent resultedhia resistivity behaviour becoming
more reversible. This work investigates if the rsude nature of the resistivity can
be achieved by the judicious selection of an appafiller rather than by swelling.
To do this a range of different carbon black f8léMT N990, HAF Raven p-5, HAF
N330, HAF CDX 7055 and Printex-XE2) each with diffet particles size and
morphology were compounded into rubber at a volinaetion above the percolation
threshold, using the formulations shown in Tabf 80 investigate their behaviour

under repeated straining.

6.2 Filled Elastomer

Figure 6.1 SEM image of filled rubber showing varying aggregsize. a) SEM of
Printex-XE2 (5.2%). b) SEM of HAF (N330) (21%)) $EM of MT N990 (56%).
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a) Printex-XE2 b) HAF N330

C).

Figure 6.2 TEM Image of carbon black aggregate a &c) Priit&2 b) HAF N330,
Printex-XE2 from Evonik Degussa GmbH.

SEM (Scanning electron microscope) image of thezeefracture surface of NR
filled with Printex-XE2, HAF N330 and MT N990 canbdlack above percolation
threshold is shown in Figure 6.1. A TEM (transnosselectron microscopy) image

of Printex-XE2 and HAF N330 carbon black aggregatshown in Figure 6.2.
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Printex-XE2 and HAF N330 appear to have a similggragate size as shown in
Figure 6.1, Figure 6.2 and Table 3.1. ManufactaieBrintex-XE2, Evonik Degussa
GmbH, suggested that Printex-XE2 particles areololind hemispherical in shape.
From Table 3.1 it is clear that Printex-XE2 has acim greater surface area and
structure when compared to conventional HAF (N33BDX 7055 and Raven p-5)
and MT N990 carbon black. TEM images show Print&2Xhas a higher surface
area. MT N990 carbon black has the largest pastiaiel the lowest tendency to form
aggregate. (Donnet and Voet, 1976) explained thaha filler particle increased in
size the reinforcement of filled rubber decreaséidure 6.3 shows stress-strain
curves of three different filled rubbers; PrinteeX HAF N330 and MT N990
carbon black at a similar filler volume fractions ®2%. There is increase in the

stiffness as particle size decrease as shown uré-i§y3 and Table 6.1

1.2

< Printex-XE2
1.0
HAF N330

0.8+ MT N990

0.6 1

o MPa

L Unfilled
0.4 )

0.2

1.0 1.2 1.4 1.6 1.8 2.0 2.2
Extension ratio

Figure 6.3 Comparison of mechanical behaviours of differgpes of carbon black
at a filler volume fraction of 5.2%.
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Contrasting the loading and the unloading curvesatestrates the different amounts
of hysteresis in the three kinds of rubber. Hysisréosses of a filled rubber may be
attributed to,

(1) Molecular friction accompanying deformationtbé rubber phase,

(2) Polymer-filler detachment, and

(3) Breakdown of filler structure and weak rubbkaios (Kar and Bhowmick, 1997).

MT N990 carbon black filled rubber has the lowesibant of hysteresis as the filler
particles are well dispersed and filler structwdow. This also suggest that the filler
rubber interface is weakest in MT N990 carbon blalkéd sample and strongest in
Printex-XE2 as confirmed as by the observationdesset al. (1967).

Table 6.1Chordmoduli taken at 10% strain from stress-strain catvidler volume
fraction of 5.2% / 10phr from Figure 6.3.

Printex-XE2 | HAF (N330) MT Unfilled
(N990)
Modulus / MPa 2.7 1.75 15 1.1
Mean primary particle (nm) 30 32 285 -
Surface area (CTAB) /fgm* 600 76 8 -
Qil absorption number 380 102 43 -
(DBP )(cc/100gm)

Table 6.1 shows how the tensile chord modulus asae with increasing particle size
and structure (DBP), calculated from Figure 6.3 nghedl three fillers have the same
volume fraction. Printex-XE2 has the highest dtitee and the smallest particle size

therefore has highest stiffening effect.
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6.3 Effect of strain

Figure 6.4 shows how the electrical conductivity Rrintex-XE2 changes under
repeated straining up to 100% strain. At a volumection of 5.2% (which is
equivalent to a 10 weight parts per hundred rubtherfilled elastomer conducts well
in the unstrained state. Clearly for this filleetpercolation threshold is at a volume
fraction below 5.2%. This low percolation thresh@dlso anticipated by the earlier
data by Probst (1984); which had shown that aressed geometric shape factor for
the filler reduced the threshold (Figure 2.24). Tim&al electrical resistivity versus
strain loading cycle is somewhat unique. Howevesydnd the first cycle, all
subsequent loading cycles are indistinguishableaddition, the difference between
the first cycle and the subsequent ones is onlyestodlhe resistance is seen to
increase monotonically with strain and recover bsakewhat to the original value
after the strain is removed. During the first loggcycle the resistivity increases by 3
orders of magnitude to 100% strain. This is simtlarthe behaviour described by
Zhanget al. (2007) for a polyurethane elastomer filled withrbman nanotubes and
contrasts sharply to the data for other conducfigrs that have been reported
previously by Yamaguchet al. (2003) and Busfieldet al. (2004, 2005b). Initial
increases in resistivity with strain have previguseen attributed to the breakdown
of filler agglomerate structure. However, for Pex{XE2 the resistivity behaviour is
virtually reversible with strain, suggesting thie ffiller network is not permanently

altered.

The reversibility in resistivity probably resulteoin the high structure and surface
area of the carbon black and indicates that aferfirst cycle there is no further
breakdown in filler aggregate structure under cyldading. This might arise because
the surface area of the filler is so large anddwlhemispherical in shape that it is
now much harder for the rubber to slide over thdase of the filler under strain.
Therefore, the weak van der Waal forces that hoddfitler network structure might
be able to reform each time that the rubber isxeglaFigure 6.5 shows that the stress
strain behaviour for the Printex-XE2 filled elastms significantly stiffened. At a

relatively modest volume fraction of just 5.2% RexXE2 has the dramatic
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effect of doubling the stiffness when comparedriagfilled material with a broadly
similar cross link density shown in Table 3.2 amngluFe 6.5.

The reversibility in the electrical resistivity hour of Printex-XE2 is a significant
discovery as it suggests that devices can be ndenill be able to measure forces
and strains from the changes to the electricabktiggy. This might allow a whole
new generation of smart rubber devices to be dpeelo

5.0
* 0
4.5 - to
~ 4.0
£
Cac
E 3.5 ¢ cycle 1 loading
=30 ocyclel unIoainng
o A cycle 20 loading
2.5 a cycle 20 unloading
m cycle 1000 loading
20/ ° e O cycle 1000 unloadin
e @ y g
4
1.5 T T T T T 1
1.0 1.2 14 1.6 1.8 2.0 2.2

Extension ratio

Figure 6.4 Resistivity versus extension ratio for Printex-XEEd NR at a filler
volume fraction of 5.2% under cyclic tensile stgin
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Figure 6.5 Stress versus strain for Printex-XE2 filled NR dillar volume fraction
of 5.2% under cyclic tensile strains.

This unusual behaviour for Printex-XE2 contrastgwvie observed behaviour for all
the other materials examined in this work. ThreeFHAlers were selected for this
study were HAF Raven p-5; HAF Conductex 7055 (C%%) and HAF N330. It is
observed here in Figure 6.6 that as the filleragfarea per unit volume increases, at
equivalent filler volume fractions, there is a retlon in the initial unstrained
resistivity. The electrical behaviour of a HAF N38ack filled elastomer under
strain previously investigated by Yamaguehial. (2003) is remeasured here and is
compared with the measured changes in electricidtiaty under strain for HAF
Raven p-5 and HAF CDX 7055 fillers. Figure 6.7 skdhat for the HAF N33O0 filler
in its virgin first cycle that the resistivity ineases up to 20% strain. This initial
increase in resistivity has previously been atteduto the breakdown of the filler
network structure in the rubber. When the applestsile strain increases above this
strain, the resistivity with strain graph reachgslaeau. This has been attributed to
result from the orientation effects of filler undstrain and also the effect of the

reformation of some of the conduction paths. Whka load is removed, the
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resistivity does not return to its original valugt increases further. This indicates that

some of the breakdown of the filler agglomeratadtire is permanent.

Figure 6.7 shows that the first cycle electricaisBvity versus strain behaviour is
similar for HAF Raven p-5, HAF N330 and HAF CDX A#lled elastomers each at
a filler volume fraction of 21%. CDX 7055 has therdest change in resistivity
between the strained and unstrained state. Thisbeaexplained using a theory of
filler breakdown and “orientation” under strain.gkre 6.8 shows the stress versus
extension ratio data for the three HAF filler typ@$ie three materials each have

similar stiffness and hysteresis behaviour.

Figure 6.9 shows the twentieth cycle electricaistesty versus extension ratio data
for each of the HAF fillers. Figure 6.10 shows tt@responding twentieth cycle

stress versus extension ratio data. The twentigthe ds chosen because a close
examination of all the cycles shows that by thentweth cycle the behaviour has
reached steady state conditions. The twentiethecigehaviour is now significantly

different to the first loading cycle for each filleype. The resistivity behaviour has
effectively become more reversible with strain. Héewer, the resistivity reduces now
as the strain is increased. The stiffness hasrathaced from the first to the twentieth
cycle as a result of cyclic stress softening angl hlysteresis behaviour is also
reduced. This suggests that the mechanical ancelgwrical measurements now
reflect more reversible changes to the carbon bkdkcture under strain in the

twentieth cycle in stark contrast to the irreveisibehaviour observed in the first

cycle.
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Figure 6.6 Initial resistivity versus nitrogen surface area at arfilldume fraction of
21% for three HAF blacks shown in Table 3.1 andiFed.7.
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Figure 6.7 First cycle resistivity versus extension ratio dtllar volume fraction of
21% under cyclic tensile strains.
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Figure 6.8 First cycle stress versus strain for three diffetgpes of HAF black filled
NR at a filler volume fraction of 21% under cydéensile strains.
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Figure 6.9 Twentieth cycle resistivity versus extension ra#ib a filler volume
fraction of 21% under cyclic tensile strains.
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Figure 6.10 Twentieth cycle stress versus strain for threeediffit types of HAF

black filled NR at a filler volume fraction of 21#nder cyclic tensile strains (20
cycle).

A fifth filler, a medium thermal (MT) black, N990 ith a dramatically different

particle size and morphology to the other filleraswalso examined (Table 6.1). MT
N990 carbon black has a much lower surface areaaamawer structure. This

increases the percolation threshold as shown inr&i@.24. In order to reach the
percolation threshold for this material it was resaey to add carbon black with filler
volume fraction above 45%. N990 has very low stieetand is comprised

principally of only the primary particles which aapproximately spherical in shape.
Figure 6.11 shows the changes in electrical registunder strain in the first cycle

for a N990 filled rubber sample with a filler volenfraction of 56%. During the first

loading cycle, the resistivity initially increaséy an order of magnitude by the
application of a 10% strain. It increases 100 fapdto 60% strain. This increase in
resistivity can again be attributed to the breakdat the filler network structure.

Similar to the HAF blacks as the strain is increliether the changes in resistivity
reach a plateau. During unloading further changehe resistivity remains modest.
This suggests that the bulk of the filler netwodshalready been broken down
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and that no orientation of the fillers take platteis also clear for N990 that the
breakdown of the filler network structure is irresible. The stress versus extension
ratio data for this highly filled elastomer is shown Figure 6.12. At this high a
volume fraction of filler, an MT carbon black sampxhibits extensive hysteresis

particularly in the frist cycle.

Figure 6.13 shows that during cyclic loading thsis#vity changes in electrical
behaviour for an N990 filled elastomer are siguifity different to the first cycle.
The resistivity of the N990 carbon black filled ga@enis reduced during cyclic
loading in tension. The effect of ordering of carlbddack under cyclic loading was
reported by Fujimoto (1986). It appears that cytd@ding creates more conduction
paths as the particles are reordered under sBayond the first cycle, it appears that
the resistivity initially decreases with strain atién increases as shown in Figure
6.13. Figure 6.14 shows the dramatic change to thattstiffness and the hysteresis
behaviour with N990 filled NR under repeated sirggn Explanation for this
behaviour would be that the interaction at theefilsurface is weak, allowing the
rubber matrix to slide around the surface of tHkerfi resulting in changes to the
morphology of the filler network under strain. Qlgahe high percolation threshold
and the irreversible behaviour make N990 unsuitdbfteuse in strain measuring

devices.
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Figure 6.11First cycle resistivity versus extension ratio 6T N990 filled NR at a
filler volume fraction of 56% under tension.
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Figure 6.12 First cycle stress versus strain MT N990 blackedilINR at a filler
volume fraction of 56% under tension.
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Figure 6.13 Resistivity versus extension ratio for MT N990 ddl NR at a filler

volume fraction of 56% under cyclic tensile strains
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Figure 6.14 Stress versus strain for MT N990 black filled NRaafiller volume

fraction of 56% under cyclic tensile strains.
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6.4 Filled rubber conductivity: Printex -XE2

Printex-XE2 has very high surface area and straciurereas N990 has a very low
structure and surface area as shown in Table @l Faure 6.1. Hence, Printex-XE2
has very low percolation threshold, 5.2%, showirigure 6.15. As the percolation
threshold of Printex-XE2 is very low compared thetcarbon blacks such as N990,
Raven p-5 and Conductex 7055, the morphology &rfiin filled elastomer was
investigated using SEM. Sandlet al. (2003) and Loost al. (2003) showed that
conventional SEM can be used to provide 3 dimemsiomorphological image of
single wall nano-tubes. Their technique relied ugencharge contrast imaging mode
to provide the morphological information. This tecfue was used here to
investigate the distribution of an elastomer filladth Printex-XE2 at a volume
fraction of 5.2% shown in Figure 6.16, thus beirgp\e percolation threshold
(charged at 30 kV). The secondary electrons ma&eadhnducting filler particle glow.
Figure 6.18 shows that the Printex-XE2 particles\sell dispersed in the elastomer
matrix. It is likely that the primary conduction of@nism can be particle to particle
contact. Another possibility due to the higher aoef area and structure for Printex-
XE2 is that being more graphitic means it may formare conductive paths in the

elastomer.

Chapter 2 explains how, the flocculation theorypercolation theory relates to the
resistivity of a filled elastomer to differencestime volume fraction loading of the
filler. The exponent in Equation 2.16 represents the dimensionalityhef system.
For a polymer filled with conducting nano-tubesh#@s been shown by that a lower
dimensionality value 1.4 suggest an agglomeratfaradbon nanotube during sample
preparation. Conversly a higher value of the expbhéndicates a better dispersion
of the filler particles. Figure 6.17 shows how #gonents change with strain. This
indicates that in the unstrained state, the padiare more agglomerated, and hence
the conductivity is higher. As the strain increaséth®e exponent value increases,

indicating the break down of the filler agglomersteicture.
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Figure 6.16Resistivity versus strain for different volume fiiaos of Printex-XE2.
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Figure 6.17 The scaling law (Percolation theory) used to deiee the critical
exponentt in Equation 2.16.

Figure 6.18 SEM charge contrast image obtained for NR rubbledfiwith Printex-
XEZ2 a volume fraction of 5.2%.
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6.5 Effect of Temperature

The thermal expansion coefficient of rubber at %5 C is greater than that of the
carbon black. Therefore, an increase in the teneraproduces a volumetric
expansion of the rubber matrix that should movehenmr apart and hence, these
conductive filler aggregate network should increas¢éowever, Busfielet al. (2004)
showed that, the changes in the resistivity unttaimsat a higher temperature for NR
filled with HAF N330, the reverse is true. The effef temperature produces more
complicated effects and a simplistic approach camxplain this phenomena. The
effect of temperature can be understood by thevatg considerations,

(1) Temperature adds energy to the system; whicturin increases the effect of
thermal assisted hopping increasing the condugt{@andleret al, 2003).

(2) The particles/aggregates/polymers are randahdiributed in the matrix under
pressure and at an elevated temperature duringuttieg process. This might result
in a configuration and arrangement which is notrtiast energetically stable. Hence,
when the temperature is increased they try to a&ehilee stability lost in the curing
process by rearrangement. When the temperatureases carbon black particles
tend to rearrange in order to decrease the enéatg, &nd become more stable. This
rearrangement might explain a decrease in thetikggisas more conductive
networks are formed.

(3) Bound Rubber: It has been widely discussedithatfilled rubber; the filler has a
surrounding layer extending a couple of nanometnsch contains partially
vulcanized or unvulcanized rubber (Fukahori, 200Re unvulcanised rubber has a
higher viscosity and a lower modulus than the oésihe rubber matrix. When there is
an increase of temperature, its viscosity reducesthen a strain might allow it to
flow out of the way and hence increase the corttativeen the filler particles and
reduce the resistivity. As the surface area andtire of the filler particle increases
the amount of bound rubber increases as shownguaré&i2.9 (Wolfet al, 1991).
Hence, Printex-XE2 has highest volume of bound euldnd MT N990 has least
volume of bound rubber layer.
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Figure 6.19 shows the effect of temperature ont&#XE2. The Figure shows the
changes in the resistivity with strain at 23°C &WdC. A temperature change from
23°C to 80°C should produce a volumetric expangibi3% in the natural rubber
matrix. The volumetric expansion increases theriatgregate distance and should
increase the resistance. However, competing phem@nes mentioned earlier
dominate and decrease the resistivity. The reaeraegt of the filler aggregate
structure to a more energetically stable stateltesno the formation of more
conduction paths. Also, the bound rubber consis@nounvulcanised layer with an
increased mobility at a higher temperature contiiguto the flow of rubber. This
results in greater filler-filler interaction. Henaes shown in Figure 6.19 Printex-XE2
filed NR becomes more conductive with strain as temperature increases. The
effect of temperature on conductivity in Printex-XHecreases the resistivity by one
and half orders of magnitude (on a log scale) @&d&train. In the unstrained state
the conductivity increases only modesty in commerisAt a higher temperature of
80°C Printex-XE2 shows the same reversibility @& thsistivity with strain as seen at
room temperature.
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Figure 6.19 Resistivity versus extension ratio for Printex-X&#Rd NR at a filler
volume fraction of 5.2% under cyclic tensile stsaat 23°C and 80°C.
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Figure 6.20Stress versus strain for Printex-XE2 filled NR diilar volume fraction
of 5.2% under cyclic tensile strains at 23°C antC80

Figure 6.20 shows that at an elevated higher teatyper of 80°C there is increase in
the modulus by 20% for Printex-XE2 filled NR. Inseaof unfilled elastomers (NR)
there is increase in the modulus with temperaturews in Equation 2.3. As
explained by the entropy spring theory of rubbasttity the modulus increases with
absolute temperature. For the case of Printex-XIE2MNR the stiffness increase can

be attributed to the increase in the modulus ofth&rix NR.

Printex-XE2 is a high structure and high surfaceaacarbon black having a low
percolation threshold below a volume of 5.2%. MT9R9carbon black is a low
structure and low surface area black; having aqgtation threshold above 45%.
Figure 6.21 shows the effect of temperature orstiggy of MT N990 carbon filled

rubber under strain. MT N990 carbon black filledtural rubbers at higher
temperature of 80°C is also less resistant. Thstigsy curve for the loading cycle is
similar to the one at room temperature. The chamgesistivity at an extension ratio
of 1.8 is two orders of magnitude as temperaturzemses from 23°C to 80°C.

At 80°C the unloading curve shows a modest incréasesistivity that rises
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sharply once the material is almost fully unloadétkarly the elevated temperature
produces a similar behaviour with strain but thisrelearly additional mechanisms
acting upon the system that lower the resistiviipe possible reason is, there exist a
rubber layer at filler-rubber interface which iswictanised. This unvulcanised
rubber layer at higher temperature flows out unsigess and this forms more
conduction paths which further reduces the resigtiitn MT N99O filled elastomer
the re-ordering of the filler particles along theedtion of strain could also reduce the
resistivity (Fujimoto 1986). Figure 6.20 and 6.2fbws the stress-strain of Printex-
XEZ2 filled NR and MT carbon black NR respectivelyigure 6.22 shows that for the
MT carbon black filled elastomers the temperatuse produces a decrease in the
modulus. This contrast with Printex-XE2 which shoavs increase in modulus at a
higher temperature of 80°C. This is most likely doehe very high filler content for
the MT N990 black at a volume fraction of 56%. Henthere is extensive weak
filler-filler interaction in case MT carbon filleglastomers. Hesgt al. (1967)
suggested using an adhesion index that MT carbacokhparticles debonds easily
under stress as shown in Figure 2.6. Hence, tlseaegreater slippage of rubber on

the filler as modelled in chapter 5 and a greatkrfiller interaction at the higher

temperature.
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Figure 6.21 Resistivity versus extension ratio for MT N990 ddl NR at a filler
volume fraction of 56% under cyclic tensile straa3°C and 80°C.
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Figure 6.22 Stress versus strain MT N990 black filled NR atllarfvolume fraction
of 56% under cyclic tensile strains at 23°C and@0°

The effect of temperature on the HAF (Raven p-5 BXC7055) filler is shown in
Figure 6.23 and Figure 6.25 for CDX 7055 and Rapénrespectively. Figure 6.25
shows this reduction to not be obvious at low Mexy strains but once an extension
ratio of about 1.2 is reached the effect of temjpeeaon resistivity starts to increase
giving values of half an order of magnitude loweart at room temperature. Figures
6.23 and 6.25 show for both CDX 7055 and Raven thése is a decrease in
resistivity over the entire range of strains weemperature as observed by Busfietd
al. (2004) for N330. Once the sample reaches 100% stra effect of temperature is
slightly different in each of the rubber sampleDXC 7055 has only increased
modestly in resistivity above the unstrained vaMieereas Raven p-5 changes by an
order of magnitude. Figure 6.24 and Figure 6.26ashthat the stress versus strain
behaviour at 80°C and 23°C are similar. Compariregsé¢ with Figure 6.20 and 6.22
it can be concluded that for HAF CDX7055 and HAR/&ap-5 both filler-filler and
polymer-filler interaction are altered by strainlsd, HAF CDX 7055 and HAF
Raven p-5 are reinforcing fillers having a highehasion index than MT carbon

black as shown in Figure 2.6.
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Figure 6.23 Resistivity versus extension ratio for CDX 7053efil NR at a filler
volume fraction of 21% under cyclic tensile stréiff cycle only) at 23°C and 80°C.
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Figure 6.24 Stress versus strain for CDX 7055 black filled NiRaafiller volume
fraction of 21% under cyclic tensile strains at@3thd 80°C.
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Figure 6.25 Resistivity versus extension ratio for Raven pi&edi NR at a filler
volume fraction of 21% under cyclic tensile stréiff cycle only) at 23°C and 80°C.
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Figure 6.26 Stress versus strain for Raven p-5 black filled &tRa filler volume
fraction of 21% under cyclic tensile strains at@2thd 80°C.
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6.6 Effect of Swelling

When filled rubber is exposed to a suitable solviealbsorbs the solvent and swells to
an extent that depends upon the polarity and theosity of solvent. This results in a
volumetric expansion of the filled rubber that e&ses the inter-aggregate distance,
resulting in a triaxial stress being applied inditkections. The properties of solvents
xylene and DBA used in the present work are shawiiable 3.3. Busfielcet al.
(2004) have shown for HAF N330 filled NR swollentkvsolvent such as DBA and
AC-12 that there is an increase in resistivity. yiseiggested that the solvent also
shows a tendency to preferentially migrate to ther frubber interface also resulting
in a further increase in the resistivity. An obsdion later supported by (Carrillet

al. 2005).

The following Figures 6.27 and 6.29 show Printex2X&wollen in two different
solvents, xylene and DBA. DBA is more viscous thaylene as explained in
Chapter3. This produces different effects on thmoen. Figure 6.27 shows changes in
resistivity under strain for Printex-XEZ2 filled N&vollen in xylene. There is increase
in resistivity of one order of magnitude from thennswollen Printex-XE2 with ¥, =

1 to the ~20% swollen Printex-XEZ2, withva= 0.82. AtV; of 0.92 Printex-XE2 gave
half an order of magnitude change in resitivity, 8o Printex-XE2 filled NR swollen

in xylene produced half an order of magnitude cleafog every ~10% of solvent in
the rubber. Busfieleét al. (2004) suggested the swelling causes the breakdowre
filler structure which is similar to the effect aftensile strain as shown in Figure 6.4.
Figure 6.28 shows the stress versus strain behawbuwPrintex-XE2 filled NR
swollen in xylene. Swelling causes a decrease @nfilter-rubber and filler-filler
aggregate interaction as a result the modulus dsese with increasing solvent
content as shown in Figure 6.28 and 6.30. DBA isduas a plasticiser and has a
greater viscosity than xylene. Figure 6.29 showst®-XE2 filled NR swollen in
DBA to ~4% {/,= 0.96) there was an increase in resistivity of and half orders of
magnitude. The trend is for an increase in resigtior a sample swollen with DBA
shown in Figure 6.29 and is to similar sample saolh xylene Figure 6.27. Unlike

the experiments with xylene though, the slopesrateall parallel with strain,
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with DBA having a less significant effect at higlstrains. One possible explanation
for this being that the DBA, first acted as an Iagsor, breaking the network of
conductivity; but once the sample was strained lteid at the filler polymer

interface might be squeezed out allowing the cotgc particles to move closer

together.

Figures 6.31 and 6.33 show the changes in resistiviMT N990 filled NR swollen

in xylene and DBA respectively. Swelling MT N990dd rubber in xylene and DBA
increases the resistivity. This is due to an ineeem the inter-aggregate distance
resulting from the swelling. Swelling also causebraak down in filler aggregate
structure and increases the resistivity. Figure @B8d Figure 6.34 show the stress
strain curves for the MT carbon black sample filledollen in xylene and DBA
respectively. As DBA is oily and is used as a pta=tr there is a greater reduction in
modulus than is in the case for xylene. This reslta greater increase in resistivity
for the MT N990 carbon black filled NR swollen irBB.

Figures 6.35 and 6.37 show rubber filled with HAEflon black swollen to different
degrees and then with the electrical and mechapiwzgderties under strain. Figures
6.23, 6.25, 6.35 and 6.37 shows that the effech gweelling in both solvents is much
greater than the effect of increasing in tempeeatimr xylene CDX 7055 shows an
initial change in resistivity of about 2.5 orderfsneagnitude when swollen by ~10%.
In the case of Raven p-5 there is also a much bigfygnge in the electrical properties
with strain in the sample swollen in xylene. Fig6t86 and 6.38 show the reduction

in modulus as the percent of swelling increasekarcase of HAF filled rubbers.
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Figure 6.27 Effect of swelling with xylene on resistivity vers extension ratio for
Printex-XE2 filled NR at a filler volume fractiorf 6.2% under cyclic tensile strains.
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Figure 6.28 Effect of swelling with xylene on stress versusistrfor Printex-XE2
filled NR at a filler volume fraction of 5.2% undeyclic tensile strains
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Figure 6.29 Effect of swelling with DBA on resistivity versusxtension ratio for
Printex-XE2 filled NR at a filler volume fractiorf 6.2% under cyclic tensile strains.
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Figure 6.30 Effect of swelling with DBA on stress versus stréam Printex-XE2
filled NR at a filler volume fraction of 5.2% undeyclic tensile strains
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Figure 6.31 Effect of swelling with xylene omesistivity versus extension ratio for
MT N990 filled NR at a filler volume fraction of 86 under cyclic tensile strains.
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Figure 6.32Effect of swelling with xylene ostress versus strain for MT N990 black
filled NR at a filler volume fraction of 56% undeyclic tensile strains.
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Figure 6.33Effect of swelling with DBA orresistivity versus extension ratio for MT
N990 filled NR at a filler volume fraction of 56%nder cyclic tensile strains.
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Figure 6.34Effect of swelling with DBA onstress versus strain for MT N990 black
filled NR at a filler volume fraction of 56 % undeyclic tensile strains.
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Figure 6.35 Effect of swelling with xyleneon resistivity versus extension ratio
behaviour for CDX 7055 filled NR at a filler volunfeaction of 21% under cyclic
tensile strains. ficycle only).
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Figure 6.36 Effect of swelling with xylene orstress versus strain for CDX 7055
carbon black filled NR at a filler volume fractiof 21% under cyclic tensile strains.
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Figure 6.37 Effect of swelling with xyleneon resistivity versus extension ratio for
Raven p-5 filled NR at a filler volume fraction 1% under cyclic tensile strains®(1
cycle only).
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Figure 6.38 Effect of swelling with xylene otthe stress versus strain behaviour for
Raven p-5 black filled NR at a filler volume frami of 21% under cyclic tensile
strains.
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6.7 Proposed Model for filler aggregate structure

6.7.1 Introduction

In order to explain the effect of strain, temperatand swelling on the changes in
resistivity under strain for the various filler g the following models are proposed
for changes in the filler aggregates structure urgteain. The proposed model
involves five different types of filler aggregatesucture. Their properties can be
related to their size, structure and reinforcirrgragth shown in Table 3.1 and Figure
6.1. The proposed model based on the effect @rfplarticle size on the modulus
(Donnet and Voet, 1976), the adhesion index oérfilHesset al., 1967), the model

proposed by Busfiel@t al. (2004) for “orientation effects” of filler aggregs, the

occluded rubber model, the slippage model (Danmgnld®66), the re-arrangement
of particles under strain (Fujimoto, 1986) and fhmete element analysis of MT

carbon filled elastomer proposed by #taal. (2007). In order to discuss the various
types of aggregates, they are labelled in accoedemtheir performance under strain.

As shown in Figure 6.39:

Type 1: refers to the aggregates that do not bigakwn in Figure 6.39-6.42 [ );

Type 2: refers to the aggregates that break rivhgrand which go back to reform

conductive networks when the strain is removedshm Figure 6.39-6.42 EO)

( »« sign indicate reversibility in Figure 6.88d Figure 6.40);

Type 3: refers to aggregates that break irrevergibd do not reform the conductive

networks once the strain is removed (shown in [EguB9-6.42 a @ );

Type 4. refers to the aggregates that do not foomdactive networks in the first
place (shown in Figure 6.39-6.42 ®) ; and

Type 5: refers to a situation which are the aggesgare debonded or cavitate from

the rubber, hence interrupting the rubber-filleeerface. (shown in Figure 6.39-6.42
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as?) )

Figure 6.39 shows a schematic of each of thesestgpaggregate in three different
states, (1) virgin state, when unstrained, (2)sth@ined state and (3) the strained state
interactions, which occur due to the change indiess-sectional area as different
types of aggregates interact in the direction patjpellar to the direction of loading.
Type 1 aggregates do not break hence they showhawoge in the conductivity as
they are loaded while Type 2 aggregates show agehanthe conductivity that is
reversible, decreasing as it is loaded and inangdsiearly as it is unloaded. Type 3
aggregates show irreversible changes in condugtisiigcreasing rapidly as they are
loaded but that do not go back as they are unlo@dachaguchiet al, 2003). Type 4,
are aggregates that do not form a conductive n&tasithey are not in contact with
other aggregates or sufficient aggregates to ftiemetwork. Type 5 aggregates are
those that are debonded and have the potentialodupe changes in conductivity
(Hesset al, 1967) not only increasing the resistivity butoaés the polymer chains
can move more easily around the aggregates (Daergnb966), it might possibly

allow more conductive networks to be formed.

When strained the five different types of aggregdeformation mechanisms
mentioned earlier either debond or slip and dependin the filler properties

specified above could potentially interrupt or reaaging the conducting network.
Nevertheless, the strain also causes a reducticross sectional area which in turn
causes the different aggregates to come into comiemducing interactions between
the different types of fillers. These interactiomerease the probability of the
aggregates contacting and forming conductive nédsyohence increasing the
conductivity. In terms of the observed effect @bt on conductivity for the different
filled rubbers and the basic understanding of thepgrties of the fillers, the
following aggregate interactions were assumed toeuocThe adhesion index
proposed by Hesst al. (1967) gives a relationship between the stressined|to see

a specific percentage, of de-bonded/de-wettedghestithat have arisen. A random

measurement of de-wetted particles is taken shaviigure 2.6 (Chapter 2). Once a
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specific percentage is reached, the strain is decbfHes®t al, 1967). The adhesion

index measures the effectiveness of the fillerfozaement.

Virgin Strain State Strain State Interactions
(1] [2] 4] [s] [ (4] [5] [283] [284] [384] [4&5
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a) b) c)

1.@ O @ ® Filler aggregate are all bonded well to the rubbatrix;

2.2) Filler aggregate debonded from rubber matrix;

(Representing Typel-5 aggregates as suggestettadustion to section 6.7.1).
3.»« Indicates that the aggregate breakdswaviersible under the application
of a strain

Figure 6.39 Proposed filler aggregate structure re-arrangeniest.Indicates when
the aggregate breakdown is reversible under thicagpipn of a strain).

1. Figure 6.39a shows the five aggregate structlisesissed in section 6.7.1. Virgin
state means the filled rubber is unstrained. Typ2 dnd 3 forms have a continuous
network of filler aggregate structure that conttébto the conductivity of a filled
rubber. Type 4 and 5 aggregate structures arertiscous and do not contribute to
the conductivity of an unstrained filled rubber.

2. Figure 6.39b shows the changes that might amisggregate structure under the
application of strain. Type 1 aggregate can stihf a continuous network structure
and contribute to conductivity. However, aggregiype 2 and 3 breakdown under
application and this decreases the conductivithefsample.

c) Figure 6.39c shows changes taking place in tiime@erpendicular to the direction
of the application of the load referred as straistte interaction. Here additional
filler aggregate structure interactions might irs@es the conductivity.
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Figure 2.6 (Chapter 2) shows experimental dataMférand HAF, where a stress is
recorded when the de-wetting count is 20%. ThisalbiElur can be explained with the
proposed model. As can be seen in the graph, MTON#&bonds at low stresses,
which correlates with the formation of a type 4 &ndggregates. For HAF, a higher
stress is required to achieve this amount of déwgetFor Printex-XE2 there is no
data but as particle structure and size is relaékde adhesion index and the resulting
stress strain curve, it can be estimated that tifesssrequired to dewet 20% of the

surface would be even higher.

In order to estimate the amount of dewetting at4@drain for the filler volumes and
types used in this work the maximum stresses wakent from the % cycle stress-
strain curves and compared to assess how eactotyfpler behaves. The proposed
model along with the adhesion index shows thatMfie particles de-bond almost
entirely at 100% strain, aggregates in HAF havielide-bonding and that the
aggregates in Printex-XE2 do not de-bond. This eawi@ supports the mechanisms

proposed to explains the conductivity behaviowsenbed experimentally.
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6.7.2 Printex-XE2 Filler aggregate structure model

Direction of loading Strained state
Virgin Strained state interaction
1 2 314 1 4 3&4
- ° ‘%
® ® |
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— ff—
a) C)

1.9 O @® Filler aggregates are all bonded well to the enbbatrix;
(Representing Typel-4 aggregates as suggestettadution to section 6.7.1).
3.»« Indicates that the aggregates breakdswaversible under the application
of a strain

A
b)

log (resistivity,p)

v

Extension ratio)

Figure 6.40Proposed filler ayyreyaie suucwie re-arrangemoeririntex-XE2 filled
elastomer and the idealised behaviour of Printe-XEnder cyclic strain.
(»« Indicates the aggregates are broken inerséste manner in Type 2)

Printex-XE2 shows reversible changes in resistivitgler cyclic strain as shown in
Figure 6.40. Printex-XEZ2 filled NR must have Typéhaggregates only present in
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the unstrained state as shown Figure 6.40a. F@y6rand Table 3.1 suggest Printex-
XE2 might have a high adhesion index and hence dvbaVe a negligible amount of
de-bonded Type 5 aggregates under strain. PrinEEXxfas the smallest particle size,
highest surface area, highest structure with ip@sed hollow hemispherical shape
and greatest reinforcing effect indicating the fation of a greater proportion of
Type 1 and Type 2 aggregates. Hence, Printex-XH fielastomers have a low
resistivity even at relatively low volume fraction&s a result in the strained state
only small proportion of Type 2 and 3 aggregateditres breakdown as shown in
Figures 6.40b. This explains the increase resigtiobserved at higher strains.
However, Type 2 aggregates recover their structden the strain is removed which
reduces the resistivity. In the strained statefiller aggregates may reform some
conduction paths (especially in direction perpeuldic to applied load). Possible
interactions in the strained state contribute ®ftirmation of new conduction paths
as is also shown in Figure 6.40c.This model expldaime reversible changes in
resistivity for Printex-XE2 filled NR using filleaggregates interactions.
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6.7.3 HAF Filler aggregate structure model

o Direction of loading _ Strained state
Virgin Strained state interaction
3 4 5 3 4 5 3&4 4&5
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a) b) C)

1.@ O @® Filler aggregate are all bonded well to the rubbatrix;

2.2) Filler aggregate debonded from rubber matrix;

3.»« Indicates that the aggregate breakdswaeversible under the application
of a strain

A

log (Resistivity p)

v

Extension ratio)

Figure 6.41 Proposed filler aggregate structure re-arrangerf@ntlAF Raven p-5

and CDX 7055 filled elastomer and idealised behavior the same blacks under
cyclic strain.
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Yamaguchiet al. (2003) measured the changes in the resistivityalaehr of HAF
N330 filled NR. The data was remeasured here uRangen p-5 and CDX 7055 filled
NR. Yamaguchet al. (2003) assumed the filler aggregate structure Tygee 3 and
Type 4. Figures 6.41, 6.7 and 6.9 show how thestiegy changes under strain.

From Figures 2.6 and 6.1 and also from Table 3Hap@er3) it can be assumed that
HAF filled rubber posses a greater proportion clbdeded Type 5 aggregates than
the Printex-XE2 filler as shown in Figure 6.41ageTitealised behaviour for the HAF

filled elastomers is shown in Figure 6.41. Yamagushal. (2003) attributed the

initial increase in the resistivity to the breakdoof the agglomerate structure in the
rubber (Type 3 aggregate), shown in figure 6.41lhekVthe applied tensile strain
increases above this strain the change in registiuth strain reaches a plateau. This
has been attributed to result from the “orientatiffects” in the perpendicular

direction (strained state interaction in Figurel§.df the shaped fillers under strain.
Reversible changes in resistivity are observed wogéic loading and changes take
place only due to “orientation effects” or in theegent model the strained state

interaction as shown Figure 6.41c.
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6.7.4 MT Filler aggregate structure model

~ Direction of loading _ Strained state
Virgin Strained state interaction
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a) b)

1.@ O @ ® Filler aggregate are all bonded well to the rubbatrix;

2.7) Filler aggregate from rubber matrix;

(Representing Typel-5 aggregates as suggestettadution to section 6.7.1).
3.»« Indicates that the aggregate breakdswaviersible under the application
of a strain.
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Figure 6.42Proposed filler aggregate structure re-arrangerioerg MT N99O filled
elastomer and the idealised behaviour for the seameon black filler under cyclic
strain.
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Figures 6.42, 6.11 and 6.13 show the changes istixgty under strain for a MT
carbon black filled elastomer. MT N990 carbon fllelastomers have Type 3-5
aggregates as shown Figure 6.42 based on FigBesnd 6.1 and Table 3.1. MT
N990 carbon filler structure debonds easily dutmagding shown 6.42b.. Hence, the
resistivity increases initially. Figure 2.6 shovmt MT carbon black has low value
for the adhesion index and it can assumed that ofdste fillers after the first cycle
have debonded and become Type 5. The resistiviyesado not recover after
unloading and the change in the filler aggregatecsire is irreversible as shown in
Figure 6.42b. For MT N990 carbon blacks there aeatgr filler-filler interaction as
the volume fraction is very high. Fujimoto (198&@)served the rearrangement of
particles along the direction of strain under aydtading. In chapter 5 it has been
proposed that rubber can slip around the fillere D these effects and the strained
state interaction shown in Figure 6.42c under cytbading the filler aggregate
structure can align along the direction of strama dhis can explain the change in
resistivity of MT carbon filled rubber under cycliwading.

6.8. Evaluation conductive bonding agent

6.8.1 Introduction

In smart devices or systems, the electrical restgtas seen to change under strain.
Measurement of the current flow at an appropriatage will reveal the extent of
strain in the component. The aim is to develop rdbw agent with a low resistance
and high reliability so that a conductive connectan be bonded into the rubber. This
would enable measurement of the electrical properto monitor the mechanical
performance. One of the most effective technigses iadd conductive fillers to the
polymer matrix. The most common conductive parsicised in the industry are gold,
palladium, silver, nickel, copper, graphite andboar black. The peel energy as
described in section 3.2.8 can used evaluate tpaatrof filler loading on the bond
strength of conductive adhesive.
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6.8.2 Adhesion test results

The present work studies the effect of increaskersfiller volume fraction on the
resistivity and the bond peel energy. The peramtathreshold of nanosized silver
particles is approximately 29% by volume (Nowlal, 2004). Hence, in the present
case adhesion test have been done for silver filt@rporated in bonding agent at a
volume fraction of 7.5% and 31%. The experimentapsup for 90° peel test is
shown in Figures 3.4 and 3.5. The sample preparasiodiscussed in Chapter 3
section 3.2.8. The adhesion test results are showiable 6.2 and Figures 6.43 and
6.44. A 90° peel test is used to obtain force v@extension ratio (mm) behaviour as
shown in Figure 6.43. From this plot, the averaged §) required for bond fracture
was measured which was converted to average saieshown in Table 6.2. A
tensile test of same filled rubber was carried wutorder to obtain the stress-
extension ratio. Average forc€)(needed for bond fracture calculated earlier, was
used to calculate the average extension ratio usiisgstress versus extension ratio
relationship. Stress-extension ratio was conveited plot of strain energy density
(W) versus extension ratid)(as shown in Figure 6.44. Using the average exiens
ratio values, we can get the corresponding strna@rgy density\(V) in rubber during
bond fracture. Using these value and Equation &8ll8ws the peel energy to be
calculated as is shown in Table 6.2.

Two types of failure are indicated in the lastutoh in Table 4.2. There, R indicates
that the failure was in the rubber, RC indicatest tine failure was at the rubber-
adhesive interface. At a silver filler volume friact of 0% and 7.5% the failure is in

the rubber, which indicates that the bond is steorthan the rubber. However, at
silver filler volume fraction of 31% the failure & the rubber-cover cement interface.
The bond strength is degraded as the silver fildume fraction increases. The
adhesion test results revealed that, the bondgitras degraded by the increasing
filler loading. However, there is a good potehnta silver filled bonding agent in

developing a good conductiverubber to metal bond.
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Table 6.2Adhesion test Results at 25°C

Volume fraction of Peel Average | Type of | ResistivityQ2.m
silver in adhesive | Energy/KJ/m Peel Break
% stress/MPa
0 25.3 3.53 R -
7.5 22.44 3.20 R 1.9*%0
31 16.79 2.88 RC 5.5+0
0
250 -
'
200 - ‘E
;
Z 150 5
= 150 75
[} e
o ¥
2 100 R
|
50 - \
|
0 T T T T T T T r“ ;\ 1
0 20 40 60 80 100 120 140 160 180

Extension / mm

Figure 6.4390° peel test measurement of force versus extemsiguired to fracture
the rubber bonded to steel plate using silverdidehesive.
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Figure 6.44Strain energy density for a rubber sample.

6.9 Conclusions:

6.9.1 Effect of strain

The behaviour of N990, Printex-XE2 and three HARcks Raven p-5, CDX 7055
and N330 all indicate that the filler propertieslsas surface area and structure have
significant effect on the conductivity behaviourden a tensile strain, both in the first

loading cycle and then under subsequent cyclicitoad

Printex-XE2 has a very high surface area and streciThis results in a percolation
threshold at a filler volume fraction of below 5.2%is thought that the significant
increase in the area of the filler rubber interfeesults in a more reversible behaviour
in the electrical and mechanical behaviour undexirst This reversible behaviour of
Printex-XE2 under strain has potential applicatiora wide range of smart rubber
strain measuring devices. The reversible nature alsygests that only limited

slippage occurs at the rubber filler interface.
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The three HAF carbon black all have similar mecbalnand electrical properties, and
their behaviour is consistent with that describgd Yamaguchiet al. (2003) for

N330. In stark contrast is the behaviour of N99fboa black, which has a very low
surface area per unit mass and a low structurénande has a very high percolation
threshold. Both the electrical and mechanical biehwmwnder strain indicate that the
filler does not adhere well to the rubber matrixdahis suggested that extensive
slippage at filler rubber interface takes place amndtrain. The changes in the
electrical conductivity behaviour under strain amapports the theory that under

repeated cyclic deformation, the particles reareahgmselves.
6.9.2 Effect of Temperature

Broadly speaking two conflicting mechanism couldpsesent as the temperature of

the test piece is changed.

1. Thermal expansion which results in an increas#isamresistance

2. Anincrease in polymer mobility with increasing teenature, which results in
deceases in the resistance.

To understand the effect of temperature on thestregy behaviour under strain
requires a consideration of the activation enerpg thermal assisted hopping
mechanism and the bound rubber layer. An increasemperature contributes to
some mechanisms and creates an increase in theenaibonduction paths. For all

filled elastomers there is a decrease in the reitysas the temperature is increased.

The modulus for an unfilled elastomer varies diyeatith temperature as is deduced
for the thermodynamic theory for rubber elasticAiso, as the temperature increases,
the filler interaction with the polymer might reagucHence, for Printex-XE2 filled
elastomers having a volume fraction of 5.2% atghéi temperature, the modulus
increases suggesting the importance of the polymain to the overall modulus. The
other extreme is MT carbon black which at volunaefion 56% shows greater extent
of filler-filler interaction and hence a moduluscdease. HAF filled elastomers
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containing Raven p-5, CDX 7055 and N330 all showirgermediate trend and
clearly have both significant filler-filler and pwher-polymer interaction effecting
the behaviour.

6.9.3 Effect of swelling

Swelling the filled rubber sample in both xylenelddBA increases the resistivity of
a filled rubber sample under strain. This is beeaswelling increases theinter-
aggregate distance. Also, the preferential mignatd the solvent to the interface
results in breakdown of conduction paths and tkestigity of the polymer (Busfield
2004) increases. DBA swollen samples showed thetggeincrease in resistivity. For
DBA, which is used as a plasticiser, the oil coatd as a lubricant and this might
allows the particles to move closer together.
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Conclusions and Future Work

This work has studied the reinforcement of elastolbyecarbon black fillers using
finite element microstructural models. It has alswestigated the resulting
mechanical and electrical behaviour of these fidbtomers under strain. A range of
microstructural finite element models were evaldat&fo model the finite
extensibility effects at strains above 100% thermajpropriate stored energy function
such as that suggested by Gent (1996) was requirkd. different boundary
conditions used evaluated, namely plane surface fned surface boundary
conditions. Models using a plane surface boundaoyved an unrealistic increase in
modulus due to the geometric limitation of the med&lodels using a free surface
boundary conditions were found to be suitable fedpction of stiffness of elastomer
at higher strains. It has been noted that as th&euof fillers present in the unit cell
increased that there was an increase in the peedstiffening effect at a constant
filler volume fraction, with a final stiffness begjreached at a large number of fillers

in the unit cell.

Two different microstructural modelling approachese examined under strain with
up to 36 filler particles present in each. Thetfmpproach has a smooth spherical
surface for each of the fillers and the secondrwa more irregular surface which
has been constructed on a cubic lattice. Thetiist of model, containing spherical
fillers, became progressively stiffer as the numbeffillers was increased. This
resulted from an increase in the volume of rubbethe unit cell being constrained
between the fillers as the filler number increaseen if the volume fraction of fillers
remained the same between the different models.p@osons at up to 50% strain in
shear and tension showed that an eight filler @artmodel of this type was

essentially isotropic. However, there were considler meshing and modelling
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difficulties associated with creating models withtadally random arrangement of
smooth surface spherical fillers resulting from tieguirement that the rubber be
modelled using a finite element mesh of six sideatkbelements. The second
modelling approach adopted reduced this complindipusing a perfect cubic lattice
where only some of the elements, in regions to dinee approximate shape of the
filler and of the appropriate number to give anumate representation of the filler
volume fraction, were defined as having the proeerof the filler. Using this
approach a model containing just nine discreterfillwas significantly stiffer than the
experimentally observed behaviour. This was becabseeffective filler volume
fraction modelled was greater than expected. Assalt of the stepped filler surface
there were a significant number of rubber elememmcent to the filler with a
reduced mobility. This is potentially similar to aeded rubber where some of the
rubber chains within the confines of the filler arenstrained. This increases the
effective filler volume fraction. In the presenseathe amount of the occluded rubber
was calculated from the volume which was restrictednove due to filler surface.
At small strains (2%) the effective filler volumeaé€tion and the initial stiffness
calculated by the Guth and Gold (1938) relationever good agreement. Checks
again showed that this model exhibited isotropicawsour.

This cubic lattice approach shows considerable pems a technique to more easily
create representative volumes that can investifijéte reinforcement whereby the
filler distribution and geometry have been expentadly observed by using say
TEM tomography techniques. In the case of modetb wibic lattice (rough surface
model) and model having greater number of fillertipke it was found the FEA
models generally over-predict the experimental pkesk behaviour. This might be
because of phenomenon such as cavitation andodilatiserved in filled elastomer
has not been considered. The dilation of rubbereursdrain has been reported
previously to be related to the amount the fillartigles present in the rubber matrix.
The effect of cavitation on the mechanical behavibas also to be studied. The
prediction can then be verified by carrying out @ecurate density measurement
under strain which can be compared to FEA predictb deweting at the rubber-

filler interface. The finite element analysis beioav must also be mapped on the

208



experimental observed behaviour to check validftyileer orientation model which

has a significant effect on the prediction of theh&wviour of a filled elastomer. A
series of models exploring the effect of filler eariation in polymer matrix can be
made to study the effect of filler orientations.this thesis only MT carbon filled

rubbers were modelled. This is due to simplicityhe approximation of MT carbon
black filler shape to a perfect sphere. Thereftvanodel fillers shape such as HAF
or Printex-XE2 additional effects such as cavitatimight be important. Further,
work is needed to in order to indentify the numbéffillers, shape and boundary
conditions required for filler having more complied shape than MT carbon black.

One of the possible solutions would be to use sedte modelling approach.

One underling assumption up to this point had biben the filler rubber interface
was considered to be perfectly bonded. An alteraapproach used was to introduce
an appropriate amount of slippage at the interfaceresent case the slippage of the
rubber over the filler surface was modelled usinghaar stress friction law. The
rubber sliped over the filler when the shear stresghes a critical value. Both 2D
and 3D models were used to understand the behavidwese slippage models
showed that as filler volume increased the slippagelels experienced a marked
reduction in the predicted modulus. These modelgldcde adapted to model
viscoelastic behaviour such as hysteresis, cydiess softening and dynamic
properties of filled rubber. Hence, a realistitefil rubber model should have a filler
rubber interface where rubber is allowed to sliglemrealistic conditions over the
filler surface. It was realised during the finildement simulation of the
microstructural models that observed behaviour c¢ccaed better explained if the
interfacial properties were clearly understood @hdei, 2007). In further work, the
mechanical properties of the interface could bdistliusing a modified AFM probe.
This would enable a detailed understanding of hbw interfacial mechanical
properties might contribute to the filler reinfoncent of elastomers.

Finite elements analysis has shown that filler props such as surface area, shape
and structure all alter the filler reinforcementdiller rubber properties. Hence, to

investigate the effect filler properties such asfaie area and structure the
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electrical changes of filled elastomers were messunder strain upto 100- 300%, at
higher temperature and after swelling in a solveftrange of filled natural rubber
compounds incorporating blacks ranging from non riba reinforcing MT carbon
blacks, through to the more typical reinforcing HASarbon blacks up to and
including very high surface area blacks such ast®&dXE2 filled natural rubber
were all investigated.

MT carbon has a low surface area, structure arsdaitnon- reinforcing carbon black.
MT carbon black has highly irreversible behaviomngasured either from its
mechanical properties as well as from measurenadnts change in resistivity with
strain. HAF has an intermediate surface area, tstreicand is considered to be a
reinforcing carbon black. HAF carbon black fillethgomers show an irreversible
electrical behaviour under strain for the first leydHowever, under cyclic loading a
more reversible electrical behaviour is developg&thtex-XE2 carbon black has the
highest surface area of the materials studied. proposed by the manufacturers that
its structure is that of hollow hemispherical paes that are highly aggregated
together. It is a very interesting observation tRaintex-XE2 filled NR shows
essentially reversible electrical behaviour undeails. Hence, there has a good
potential to develop this into a sensor materidkoA Printex-XE2 filled elastomer
behaved like an ideal sensor material by showirlg bmited changes in properties
with time. Printex-XE2 filled elastomer shows resible behaviour at higher
temperatures and after swelling with a solvent. d¢enthis could be used for sensor
devices used for gas and chemical leak detectioith \Welp of silver filler, a
conductive adhesive used for rubber to metal borsédedor system was developed.
These systems could be versatile in use, with egipdins as pressure sensor and

remote sensing.

All the work done here was above 5% strain (betw#&60%- 300%), Dynamic
mechanical analysis can be used to measure changggage modulus and tarof

the filled elastomers at much smaller strains. €hesn be used to understand and
verify the changes in the filler network structufes shown in the present work in

order to understand the resistivity behaviour dfbers filled with carbon black
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grades such as N990, N330, N220 and Printex-XE2usitlain, changes in the filler
aggregate structure need to be understood. As stgghearlier, this can be achieved
by observing the changes in filler aggregate stimectusing a micro-tomography
technique as shown by (Kohjiyaet. al 2006). A very thin sample of rubber is
observed under strain using advanced microscopynigee such as micro-
tomography in combination with transmission electroicroscopy. This can throw
more light on phenomena such as de-wetting, ditatand vacuole formation in the
case of filled rubbers. Scanning tunnelling micaopgccan also be used to understand
the carbon black structure in detail as shown guf@ 7.1. These should enables to
understand effect of the surface energy and thggnoaf nano-scale flaws and thier
effect on the behaviour of filled rubbers. In thegent work carbon black fillers with
surface areas ranging from 8gm to 600 ygm were studied as shown in Table 3.1
(chapter 3). However, fillers with surface areaha middle range between 200-550
m?/gm were not investigated. Hence, further work Viiters having surface between
200-550 mM/gm must be studied in order get a better undedignof the effect of
filler properties such as surface area on reinfoem®@ and reversible resistivity

behaviour under application of strain.

Increasing the temperature decreased the regysttviall the filled elastomers under
strain irrespective of the type of filled elastomiged. This indicates that the increase
in temperature favours the mechanism which decsetige resistivity. One possible
explanation is that in bound rubber consists otrman unvulcanised rubber layer at
the filler rubber interface, where the rubber ffowut more readily at a high
temperature under strain. This result in the fidggregates moving and forming
more conduction paths as polymer layer moves argl réduced the resistivity.
Further work needs to be carried out to understt& filler rubber interface
compositions, mechanical properties and effectsdiffierent environmental on
interface properties. The effect of temperaturettun resistivity is still difficult to
explain using the models suggested in present waska result, technique such as
thermal imaging or FEA should be used to understidwed phenomenon in more

detail.
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Swelling of filled rubbers with solvents resultsapplication of triaxial stress in filled
rubber. Swelling of a range filled elastomer alssuited in a preferential migration
solvent on to the filler-rubber interface. Thisuks in the breakdown of the filler

aggregate structure increasing the resistivityaofge.

b)

Figure 7.1STM (Scanning Tunnelling microscopy) analysis aboe black
a) N 234 b) Nanostructure blacks.
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| nvestigation of interfacial slippage on filler reinforcement in
carbon-black filled elastomers.

V. Jha, A.A. Hon, J.J.C. Busfield & A.G. Thomas

Materials Department, Queen Mary, University of don, London, UK

Proceeding of the ECCMR conference,Constitutive é¥#otbr Rubber 1V. 459-464,
2005.

ABSTRACT: Reinforcing fillers are added to elastoimematerials to enhance
mechanical properties such as the modulus, stresgihwear resistance. Einstein’s
(1906, 1911) viscosity law predicted the viscosityiquid containing rigid spherical
particles. This theory has been modified by Gutt @old (1938) to predict how the
Young's modulus of an elastomer can be relatechéovblume fraction and shape
factor of the filler present in the elastomer. Otspthis advance the actual
reinforcement mechanism due to carbon fillersilbrait fully resolved and continues
to be a subject of great interest. Here, finitanget analysis techniques have been
used to investigate the reinforcement mechanismiseu The results of these models
were then compared to experimental results. Irpthsent work, filler particles were
modelled to simulate the filler reinforcement bebav. This was carried out at
different volume fractions of fillers. The types afodels that are required to
accurately predict the correct experimental behavian also help identify the nature
of the reinforcing mechanisms. For example, thppslige mechanisms at the filler
elastomer interface can be examined using thisoagpr The results of finite element

analysis were compared to new and well establifiheaties in this area.
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Micro-structural Finite Element Modelling of the Stiffness of
Filled Elastomers. The effect of filler number, shape and
position in the rubber matrix.

V. Jha, A.G. Thomas, Y. Fukahori and J.J.C. Budfiel

Department of Materials, Queen Mary, UniversityLohdon, Mile End Road,
London, E1 4NS, UK

Proceeding of the ECCMR conference, Constitutiveldofor Rubber V, 165-172,
2007.

ABSTRACT

Previous work (Jha et al., 2007, Busfield et @02 Hon et al., 2003) has shown that
the stiffness of filled elastomers over a wide &g strains using micro structural
finite element models can be achieved at low fli@lume fractions with a reasonable
accuracy. To do this an appropriate stored enewgygtion such as that by Gent
(1996) is required to show realistic stiffeninghadher strains for unfilled rubbers. It
has been noted that as the number of fillers ptesehe unit cell is increased from 1
to 4 that there was an increase in the predictéfiérshg effect at a constant filler
volume fraction. The question remains, howevertafiow many filler particles
would be required in the unit cell to ensure tha¢ behaviour of the filler is
accurately represented. In the present work twtermiht types of micro-structural
model are examined under strain with a range dbugb filler particles present. The
first type having smooth spherical surfaces andséwond having a more irregular
surface constructed out of cubes. In this studyetifiect of the position of the filler
particles is investigated by repositioning thenointore random confirmations than
that suggested by the single filler models. It @ppdhat a large number of fillers
have to be incorporated to predict the behaviospgeeially at higher filler volume
fractions when filler-filler interactions becomesificant. Also, the model made with
basic cubic elements is stiffer than the real nigteras within the model there is a
considerable amount of additional ‘occluded’ rubthext increases the effective filler

volume fraction.
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Modelling of the effect of fillers on the stiffness of rubbers

Vineet Jha, Amir A. Hon, Alan G. Thomas and Jame€s Busfield
Department of Materials, Queen Mary, UniversityLohdon, UK
Journal of Applied Polymer Science, Vol 107, pp228377,2007.

ABSTRACT

Elastomer components fail at cyclic strain ampksidmuch lower than their
catastrophic tear strength as a result of cumw@atyclic fatigue crack growth.
Cracks typically develop in regions of high stresscentrations. In general, the rate
of growth is determined by the shape of the compgrand the nature and magnitude
of the deformation imposed. Extensive earlier wioals been done on the prediction
of fatigue life of components. However, the repradiity of the results was poor
and, in addition, there was a low degree of acgurAdracture mechanics approach,
which uses finite element analysis techniques toutate strain energy release rates
for cracks located in three-dimensional componentss used in combination with
experimental measurements of cyclic crack growtesraf specific strain energy
release rate to predict the cyclic crack growthppgation rate and the eventual
fatigue failure of an elastomeric engineering congrd in three modes of
deformation, namely: tension, simple shear and @oedbshear and tensile (45°
angle) deformations. The fatigue crack growth fbe tgearbox mount under
investigation was predicted within a factor of Zdferent displacements for all three

modes of deformation.
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Electrical resistivity under strain

V. Jha, A.G. Thomas, M. Bennett & J.J.C. Busfield.

Proceedings of Institute of Materials, Minerals arMining, Elastomers for
Engineering, IOM3, London, UK, 2006.

ABSTRACT

Unfilled elastomers are highly resistive polymahlelF added to elastomers to make it
useful for industrial application. Filler reinforcethe elastomers improving its
mechanical properties. It also reduces the registof elastomers. The choice of
fillers depends on many factors such as stiffneggiired, fatigue life and loading

conditions. These fillers have different size, ao€f area, structure, porosity and
surface activity. In the present case effect ofemgr area and structure of fillers on
resistivity under strain has been studied. Theswvige an insight filler-rubber

interaction under strain. It helps us understafidrfreinforcement and conduction

mechanism in filled elastomer.
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Reversible electrical behaviour with strain for a carbon black
filled natural rubber

V. Jha, A.G. Thomas, M. Bennett & J.J.C. Busfield

Journal of applied polymer science (Submitted, 2008

ABSTRACT

Most unfilled elastomers exhibit a high electricadistance. Fillers are usually added
to elastomers to enhance their mechanical progefrequently the filler type used is
an electrically conductive carbon black and thdusion of such fillers reduces the
resistivity of the elastomer compound. Previousknwais shown that for elastomers
containing N330 (or N300 series) carbon blaclefdlat a volume fraction above the
percolation threshold the resistivity changes \gitfain, the precise resistivity versus
strain behaviour being non linear and irreversiblfeHAF fillers. A strain measuring
device, deriving strain directly from a measuretlud resistivity, requires that the
behaviour be reversible and reproducible from cyaleycle. This work presents the
electrical resistivity behaviour of a natural rublgfgR) compound filled with Printex
XE2 carbon black. This type of filler has a sigeeintly different morphology to the
HAF blacks examined previously. The Printex wa®riporated into the rubber at a
volume fraction above its percolation threshold @adbehaviour is contrasted to that
observed with HAF carbon black filled natural rubbEere and for the first time
reversible electrical resistivity dependence wittaia is reported for an elastomer
filled with Printex XE2. This reversible behaviownder strain opens up the

possibility of applications such as a flexible lahsor, pressure sensor or switch.
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