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Introduction

The simulation of the dispersion of fillers in a flow field is aflenge for industrial and
academic researchers. Fillers, as carbon black, are irdsatin rubber parts designed
to operate under extreme conditions (aerospace, offsippiEations, ...) to increase
their mechanical resistance. Typically, carbon blackrlkre incorporated into rubber
to improve the wear of the tires. These fillers improve théartproperties only if they
are thoroughly distributed within the matrix and if they areken up into sub-micron
particles that reinforce the rubber. Unfortunately, adgant mixes still contain fillers
larger than this size. These fillers can be at the origin offlthat decrease the lifetime
and the reliability of the rubber part. Improving the mixipgrformance of the batch
mixer to blend the fillers with rubber would certainely yieldiecrease in the number
of these flaws. As a consequence, the rubber consumptiorharaitount of waste
would decrease. One way to improve the quality of the mix bms increasing the
mixing time but this trivial solution is clearly not the mafficient approach in terms
of consumption of energy.

Improving the performance of the internal batch mixer reggito understand the ef-
fect of the mixer design on the mechanisms that govern thgeditve and the dis-
tributive mixing. The dispersive mixing consists in breakthe fillers into the small-
est entities that compose it. The distributive mixing aimB@mogenizing this mix by
distributing the fillers into the matrix. The effects of thear design on the mixing can
be experimentally evaluated but these techniques are sigetime consuming and
only provide partial information. The numerical simulatis therefore a promising
tool to study such a process because it allows for obtaifinigealocal information at
any position in the mixer. Of course, those data are relatedrhathematical model
that is only an approximation to reality. Neverthelessesalvauthors have already
shown the efficiency of such an approach. Numerical simards then used as a vir-
tual laboratory in which a large number of experiments capdrormed in a short
period of time and at a limited cost.
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The objective of this work is to develop a model that will exate the dispersive mix-
ing efficiency of different configurations of internal batoiixer by the numerical sim-
ulation. This model has to be able to predict the evolutiotheffillers size during the
mixing by taking into account the main mechanisms that govére dispersion. The
fillers considered here are carbon black agglomerates.é\sumber of agglomerates
in such a mix is very large, we represent them by a distriloutiat provides the mass
density of agglomerates of any size at any point of the mikarber. The evolution
of this mass density distribution will then be predicted bg tnodel. It is important
that this information be easily compared to the informatbiained experimentally.
Finally, we would like to build a model as a good compromiseveen simplicity and
physical reality.

Our model is developed from the experimental results obthion the dispersion of
carbon black agglomerates in Newtonian and non-Newtongtnices by the Cemef-
Ecoles des Mines de Paris and from the literature. Typicaydistinguish different

mechanisms that govern the carbon black dispersion. Theilootion of all these

mechanisms to the decreasing in agglomerate size is adalylee quality of our

dispersive model is evaluated by comparing experimentaltoerical results. The
experimental results are obtained by mixing carbon blagjtamgerates in styrene-co-
butadiene rubber matrix in a Mooney rheometer and by maastine mass density
evolution of agglomerates of each size with a specific optieaice. This evolution is

then compared to our model prediction.

Finally, this model is used to predict the evolution of a giveass density distri-
bution of carbon black agglomerates in two different mixenfigurations. Three-
dimensional transient flow of the rubber-carbon black mithenmixer chamber is cal-
culated with a finite element software dedicated to highdgwois flows: POLYFLOW.

This software provides the velocity, pressure and shearfigltls in the whole mixer
chamber. The evolution of the mass density distributiom@&ntcalculated with our
model along the trajectories of a set of material points oamgt launched in the mixer
chamber. At each trajectory is associated a mass densitibdifon. The compari-

son of the evolution of these mass density distributionsveen both configurations
permits to determine which mixers are the most efficient apédising carbon black
agglomerates. At the same time, the distributive mixingcifficy of both mixers is
evaluated by comparing the distribution of a set of matgr@nts, initially located

between the rotors, in the whole mixer chamber.

The presentation of the state of the art is composed of twptehsa First, we present
the internal batch mixer and the evolution of its design fa880 up to now. Different
experimental techniques used to evaluate the mixing efitgief these mixers are also
described. The modification of the property of the rubberixaly the incorporation
of the carbon black agglomerates is investigated and tFer€ift experimental devices
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used in this work to obtain information on the dispersiongeiss are finally presented.
In the second chapter, the different mechanisms that gakrerevolution of the size of
the carbon black agglomerates in a Newtonian or non-Newaioftows are explained
in details.

This thesis has been performed in the frame of an Europegacprealled Rotor
Project. We have worked in collaboration with seven pagneMichelin, Fluent,
Cemef (Ecoles des Mines de Paris), ThyssenKrupp Elastauokric Gmbh, Snecma
Propulsion Solide, TUL (Technical University of Lodz) angchPro. The goal of this
project was to design a new rotor with the help of numericalutation to improve
the performance of the actual mixer by 5% without increasiragnatically the energy
consumption. Numerical simulations have been used to at@athe mixing perfor-
mance of different designs of rotors. A new kind of rotorsjehimeets the objectives
of the project, has been built.

Conferences and publications

Finally, | presented the results of my work at several cafees and in one journal :

e Alsteens, B., Legat, V., Avalosse, Th., Marchal, TRarametric Study of Mixing
Efficiency in a Kneading Block Section of Twin-Screw ExtruBeoceedings of
the 60th Annual Conference of the Society of Plastic Eng. TER), Vol. |,
p.194, 2001.

o Alsteens, B., Legat, VA Model for the Disagglomeration of Carbon Black in
Rubber Matrix Proceedings of the 6th Conference Eurheo, p.269, 2002.

e Alsteens, B., Avalosse, Th., Marchand, Y., Slachmuylders:ffect of the full-
slip condition along rotors on the mixing efficiency of imtakmixers Proceed-
ings of the 62th Annual Conference of the Society of Plastig.E(ANTEC),
p.173, 2003.

o Alsteens, B., Legat, V.A model for the disagglomeration of Carbon black
Proceedings of the 6th National Congress on Theoreticapgtidd Mechanics,
Ghent (Belgium), 123, 2003.

e Alsteens, B., Legat, V.Modeling the Disagglomeration of Carbon Black in
Rubber MixesProceedings of the Europe/Africa Meeting of Polymer Pssee
ing Society (PPS), Athens (Greece), Keynote lecture 108e0€D PPS Europe-
Africa Meeting, 2003.
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Alsteens, B., Legat, VModel for the disagglomeration of carbon black agglom-
erates in batch mixerProceedings of the South America Meeting of Polymer
Processing Society (PPS), Florianopolis (Brazil), p. Z0@4.

Alsteens, B., Legat, VMathematical Models for Erosion and Rupture in Dis-
persive Mixing Proceedings of Int. Conf. of European Rubber Research- Pra
ical Improvements of the Mixing Process, p. 243, 2005.

Avalosse, Th., Alsteens, B., Legat, Rptor Shape Design by Numerical Sim-
ulation : a New Way to Improve Dispersive and Distributivexig in Batch
Mixers, Proceedings of Int. Conf. of European Rubber ResearchticBrém-
provements of the Mixing Process, p. 256, 2005.

Alsteens, B., Legat, V., Avalosse, TiParametric study of the mixing efficiency
in a kneading block section of a twin-screw extrudaternational Polymer Pro-
cessing Journal, Vol XIX, Issue 3, p.207, 2005.



Chapter 1

Reinforcement of rubber by
carbon black fillers

Rubber is a common material used in a large scale of apmitafrom simple door

tap for automotive applications to complex technical rutgzets for aerospace appli-
cations. In tire industry, rubber is the major componentrefttead. Several additives
(anti-oxydants, vulcanizating agent, UV stabilizersylaénts, .. .) and fillers (carbon
black, silica) are added to rubber to improve its propedie#ts wear. Improvement
of the rubber properties directly depends on the mixingiefficy of the internal batch
mixer used to mix all components.

1.1 Internal batch mixer

Internal batch mixers are mainly used to mix products, abeubr polyvinyl chloride,
that are very difficult to pelletize or powder economicallyhese products cannot
be mixed with different additives and fillers in a continuguscess as an extruder.
Internal batch mixers play a major role in the productioniigs or technical rubber
parts. Intire sector, internal batch mixers are used inafjess of mixing : mastication,
masterbatch mixing (mixing with carbon black) and final mixi The volume batch
is between 240 and 620 liters. In technical rubber part settey are used to produce
polymer blend of plastic and rubber (car bumpers) and to mibber with polymer
gels or fillers. The volume batch is here smaller than for itigtustry (50 to 200
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Figure 1.1: Inside view of internal batch mixer where we caa the mixer cham-
ber, the rotors, the drop door and the ram (Drawing extrafttad the book "Rubber
Processing : Technology - Materials - Principles" (Whig93)).
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liters). Internal batch mixers are more efficient than ammius mixer to reach a high
level of dispersion because the mixing time is longer andstiear stress is higher.
As illustrated in Figure 1.1, this mixer is composed of a chanin which are located
two rotors that have a counter-rotating motion. At the sththe mixing, rubber and
fillers or additives are pushed in the chamber by the ram éacaver the chamber.
These products are then mixed during a given time and ardahged by the drop
door located below the chamber.

Experimental and numerical investigations were perfortnedhderstand the effect of
the mixer design on its mixing performance. Mixing process firstly been studied by
different static visualization techniques (Manas et &4)9 Information on the flow
directions are obtained by curing rubber in mixer chambebli®r is then extracted
of mixer chamber and unrolled to obtain a sheet of rubber.nMaiv directions and
stagnation regions are easily identified on this sheet. nata@n regions are regions
in the mixer that do not participate to the mixing. These eagican be filled by
air or by one mix component. Mixing efficiency of the mixer is@investigated
in mixing two components of different colors. Let us considemix with 70% of
blue component and 30% of yellow component. Both comporemeténtroduced in
the mixer, mixed and extracted of the mixer after a given ngxime. This mix is
molded in a hexahedral mould and cut in several slices. Ebah is analyzed by
a specific device to evaluate the size of yellow zones in the bbmponent. The
smaller these zones, the better the mixing. We can observgine 1.2a that mix
becomes green after several revolutions of rotors. Theddigellow zones decreases
progressively. In Figure 1.2b, we compare two mixes obthwéh two kinds of
rotors. Obviously, the second rotor is less efficient to moxhbcomponents than the
first one. Unfortunately this technique only provides limditinformation on flow.
Finally, the quality of fillers dispersion is measured wiftioal microscope, electron
microscope or electrical conductivity techniques.

For a better understanding of the flow kinematics in mixemncher, several research
groups have worked on the development of on-line flow vigadilbn techniques. Two
mains techniques can be distinguished : mounting sevensiosg in the chamber
or placing transparent windows on the mixer. Drawback osé¢htechniques rela-
tive to static visualization is the complex modificationsnoiikers that they involve.
In 1978, Freakley and Wan Idris visualize for the first time thistribution of pig-
mented silicon gums in a polymerics fluids by using speciéiogparent mixer cham-
ber (Manas et al,1994) (Freakley et al,1978). Min et al. isadithe flow of different
rubbers and elastomers in internal batch mixer by similelriégue (Min et al,1985).
These investigations have showed that the flow in mixer digally influences the
distributive and dispersive mixing efficiency. This flow @egls on material consid-
ered, on temperature in the mixer chamber, on degree ofjfféiivd obviously on rotor
and mixer chamber designs. Degree of mixer filling is theorb&tween the volume
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Figure 1.2: (a) Evolution of the residual yellow surfaceidgithe mixing of a yellow
component (30%) in a blue component (70%). (b) Comparisdhefesidual yellow
surface obtained when we mix these two components with twdskof rotor during
ten revolutions. These experimental results have beeringlotdy Michelin in a lab
mixer.
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Intermeshing rotor Tangential rotor

Figure 1.3: Pictures of intermeshing and tangential rotors

of material introduced in the mixer and the free volume ofitiger chamber. Free
volume of the mixer chamber is obtained by subtracting tHanae of rotors from
the volume of the mixer chamber without rotors. Degree ofeniiling fluctuates
between 6 and 085. It is not constant during the mixing due to the incorpiorabf
fillers or additives into rubber. In 1983, Toki et al. put s&lesensors on the mixer
chamber wall to obtain the pressure evolution in the mixkatire to the rotors posi-
tion (Manas et al,1994). From this data, they estimated tve ifhte along wings. In
1987, Freakley and Patel measured the temperature evolatihe mixing chamber
with infrared sensors (Freakley et al,1987).

These visualization techniques are also used to inprovarttierstanding of the incor-
poration mechanism of carbon black in rubber (Min et al,J98 low temperature,
rubber is broken in several chunks due to tearing and sirgtechechanisms during
the mixing. In the same time, a given amount of carbon blackfathbetween rubber
chunks and creates coating of carbon black on chunks. Timeses are compressed
and sheared between rotors and walls of the chamber. Catackib then progres-
sively incorporated in rubber. At higher temperature, tieorporation mechanism is
slightly different because rubber becomes sticky and t#ieshape of a continuous
sheet that follows rotors motion. In such a case, carborklitaonly incorporated in
the surface of rubber sheet and not in depth. Distributivengiis thus less efficient.

Let us now focus on the evolution of rotor design (White,99Bvo kinds of rotor

are distinguished : the tangential rotors and the interingsiotors (Figure 1.3). Tan-
gential rotors are used in applications where one needsfitliffrctor, short feed and
discharge times and where temperature increase is notwa itstermeshing rotors
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Figure 1.4: (a) Internal batch mixer designed by Pfeideret880 where rotors are
two simple flat wings. (b) Banbury mixer designed by Banburyt931. (Drawings
extracted from the book "Rubber Processing : Technology tehts - Principles”

(White,1995)).
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are used to obtain high shear stress and for applications &l excellent volume
to cooling surface ratio. First internal batch mixer withgantial rotors was built in
1876 by Pfeiderer. This mixer, without ram or drop door, isnposed of two flat
wings as illustrated in Figure 1.4a. In 1913, new generatiomixer is born :the
Banbury mixer This mixer, shown in Figure 1.4b, is very similar to mixeedsiow.
Itis equipped of a drop door and a ram to introduce rubbergrctiamber. Rotor is not
a simple flat wing, but a complex three dimensional devicepmsad of two wings.
Unrolled view of a two wings rotor and design parameters efrtiixer are given in
Figure 1.5. Characteristic distances of the mixer chamtsecenterline distanc€X),
chamber lengthl{yixer) and chamber radiuRfixer). The shapes of the drop door and
the ram are often complex and cannot be defined by a small muofilparameters.
Characteristic parameters of the rotor are the minimum hadrtaximum radius of
the rotor Reotor andRying respectively), the rotor lengtih), the number of wings, the
position of these wings and their shapes. Wing position errdkor is usually defined
by three parameters : twist angle;(anda»), wing length f; or I andh; or ;) and
angular positionf§; andf,). As for the shape of drop door and ram, the shape of wing
flank cannot be defined by a small set of typical distances dubeir complexity.
Finally, the gap between the wall chamber and the rotor isd®and usually called
clearance zone.

Shape of wings flank can be totally different between twonxytas illustrated in Fig-
ure 1.6a, and can change along wing. All parameters afféat #ow along the wing
and the transfer of material between left and right parthefrhixer chamber. The
size of the clearance zone, also modifies the quality of dispersive mixing and the
discharge temperature of mix. If we assume that the flow isrressible, creep-
ing, isothermal and two-dimensional, a simple calculabased on the usual Navier-
Stokes equations provides an analytical expression of thémum shear rate in the

gap:

Ymax = —ZnH o

wheren is the constant viscosity\P (= p2 — p1) is the pressure drop across the gap,
eis the size of the gap] is the width of wing tip Ruing is the radius of the rotor at the
wing tip andw is the angular velocity of the rotor. These dimensions &ustilated in
Figure 1.6b. Flow in the mixer chamber is also modified by theghness of surface
rotor (Alsteens et al,2003). Transfer of power from rotarsltid is less efficient
when rubber slips along rotors. As a consequence, the refficiency to generate a
good distributive mixing decreases and material stretchirthe flow is smaller. In
1992, Passoni has designed two wings rotor where all wirggsaiin two independent
parts. As illustrated in Figure 1.7, this new design modifiesmain flow direction and
increase the rotor mixing efficiency by a better materiadtstiing between different
parts of the wing.
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Figure 1.5: Characteristic distances of the mixer chambdrtiae unrolled view of a
two wings rotor with the typical dimensions that define thaipon of the wings on
the rotors.
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Figure 1.6: (a) Two different cross sections of rotor. (bpEicteristic distances of the
rotor considered in the calculation of maximum shear rate.
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Concurrently to the development of two wings rotor, seveesigns of four wings
rotor have been imagined as shown in Figure 1.8. Usuallggetihetors are composed
of two long wings and two short wings. Position of these widgpends on the rotor :
short wings can be located at one extremity of the rotor and leings at the other
extremity (Tyzon D.Z. and Comper L.F.) or long wings and $hangs can be at the
same extremity of the rotor (Nortey N.O.). In tE&2 rotor, long wings are located
in the middle of the rotor and short wings are at its extregsiti As for two wings
rotor, Passoni proposed in 1992 a rotor where all wings aréncseveral parts. In
2000, Inoue et al. have designed a rotor where each wing hasaus twist angle.
This variation of twist angle is smooth unlikely to the ropyoposed by Regalia and
Lonate where wings have two distinct twist angles. Takaletii@. (1996) and Inoue
et al. (1997) have also worked on six wings rotors that haveti@bmixing efficiency
than four wings rotors. Rotor of Inoue et al. is particulacdgse the gap along wing
is not constant.

Large number of investigations have thus been performedton design to increase
their mixing performance. Nevertheless, we have to keepindhat other parame-
ters as degree of mixer filling, temperature evolution intttieer, rheological behavior
of the mix, velocity of the rotors, ...affect the flow and tbfare rotor mixing ef-
ficiency (Freakley et al,1978) (Freakley et al,1987). Utfpately, mixing efficiency
of present batch mixers are not sufficient to well dispersbarablack in rubber. Fi-
nally, we have to be careful in the comparison of mixing perfance of different
kinds of rotor because volume of four or six wings rotor argéa than volume of two
wings rotor. The amount of rubber mixes during one step ofimgixvith this mixer
is therefore smaller than with two wings rotor. Even if theximg efficiency of six
wings rotor is higher than the mixing efficiency of two wingdar, the ratio between
the volume of material mixed, the level of dispersion reached the consumption of
energy could be better with two wings rotor.

1.2 Rubber, carbon black and mixing

Natural rubber is an elastic hydrocarbon polymer which ec@s a milky emulsion
(known as latex) in the sap of a number of plants. Para rulbbbey Hevea brasiliensis
(Euphorbiaceae), has been the major source of latex uséuféabrication of rubber.
Today, over half of rubber used is synthetic, but severdianiltons of natural rub-
ber are still produced annually. Natural rubber needs toubeawnized to improve its
resilience and elasticity. In this work, we focus on one Bgtit rubber : the styrene-
co-butadiene rubber (SBR). Molecular structure of suchast@mer can be imagined
as a big "spaghetti" composed of a large amount of crosgdiplolymer chains. The
formulation of monomere that composed these chains are giMeigure 1.9. Under
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Figure 1.7: Comparison between flows generated by simplentwgs rotors and by
two wings rotor where all wings are divided in two indepentdzarts.
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Unrolled views of different four wings rotor designs
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Figure 1.8: Evolution of four wings rotor design since 196diltnow.
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Figure 1.9: Monomere that composes the chains of styredmstaaiene rubber.

glass transition temperatuilg (=~ —58°C), these polymer chains cannot move and
rubber is hard and brittle. Otherwise rubber is elastic. ditgrand molecular weight
of the styrene-co-butadiene rubber are given in Table Yypical size of the statistical
coil of these molecules is around &t

Property of styrene-co-butadiene rubber and butadiergerub

Property styrene-co-butadiene rubber
Density (%g;) 938
Molecular weight () 210000

Table 1.1: Density and molecular weight of styrene-co-thatae rubber.

Carbon black is one of the most reinforcing fillers for rubbeis generally obtained
by oil furnace process. In this process, a spray of aromigtied hydrocarbon feed-
stock is heated and injected into combustion zone of spduaifi@ce. Aromatic liquid
is decomposed to form carbon black. Hot smoke, in which aretéa carbon black
particles, is cooled by passing through heat exchangerdiaext water sprays. Filter
is finally used to separate black from gaz stream (Manas¥®4). Different entities
are distinguished during this process. Initial dropletigfid have a size aroundchn
to 20nm During this process, the droplets progressively genesaitd particles that
fuse to obtain aggregates with a size arounairb@s illustrated in Figure 1.10. A new
entity called agglomerate is then obtained by the groupfragygregates. Typical size
of an agglomerate is betweemth to 20Qum and its cohesion is mainly due to Van
der Waals force existing between aggregates. We can rehmetreigglomerates size of
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Spherical particle

Ellipsoid

Figure 1.10: Aggregate structure and ellipsoid that represthe effective volume
filled by aggregates.

carbon black is larger than statistical coil size of rublRallets of carbon black, with
a size around @ — 1mm are finally created from these agglomerates with the help of
pelletizers. Density of pellets is around 1?:%0

Typically, the mixing of rubber with carbon black fillers che divided in two main
steps: incorporation and dispersion. In a first step, thbarablack pellets are in-
corporated in the rubber matrix and broken up in agglomsmattearious sizes. In a
second step, these agglomerates are mixed with rubber emdsires decrease pro-
gressively. Two different mixing are distinguished durthgs second step : distribu-
tive and dispersive mixing. On one hand, distributive mixgonsists of creating a
flow kinematics that provides uniform concentration of aggérates in rubber. Effi-
ciency of the flow to mix agglomerates with rubber directlypdeds on the design of
the mixer chambers, on the rotors and on the operating gonsditOne of the criteria
to obtain a good distributive mixing is to create a flow thaéslaot present stagnation
zones and in which the exchange of material between theneftight parts of the
mixer chambers is high. On the other hand, the dispersivenmoonsists of breaking
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agglomerates into particles of the smallest size as passiBinaller these particles,
better the effect of the carbon black on the rubber properfidhe smallest particles
obtained by dispersion are the aggregates. Both dispesivdistributive mixing can

be achieved simultaneously, as in internal batch mixemeveral steps. Bad dis-
persion or/and bad distribution of the carbon black agglates implies an irregular
wear of the rubber part and some flaws that can cause failure.

Each aggregate of carbon black has unique shape and specifihotogy. Major
properties of aggregates are specific surface area anchbsikor "structure”

(Manas et al,1994). Specific surface area of aggregate anelot by dividing its sur-
face area by its weight. Surface area of aggregate is eealudth a technique based
on absorption of iodine by aggregates (ASTM). Bulkinessiésratio between effec-
tive volume of aggregate (the volume of the ellipsoid thattams the whole aggre-
gate) to its true volume that can be measured by immersiotiguia. Nomenclature,
calledASTM is defined to rank different kinds of carbon black. For insg all re-
inforcing carbon black used in tire treads and other apfitina requiring abrasion
resistance are notddabcwhere the letteN denotes curing characteristic in sulfur-
accelerator, numbex indicates the range of surface area and the last two nubtber
are arbitrary. Interactions between rubber and carborklolapend on specific surface
area, bulkiness and loading, but also on chemical intenastbetween polymer chains
and rubber. We summarize in Table 1.2, the effect of thespepties on styrene-
co-butadiene rubber. We observe that carbon black with sigface area increases
abrasion resistance, tensile strength, elastic moduisispsity and hardness of rub-
ber but their incorporation and dispersion time in the rub®donger. Incorporation
time is the time needed by carbon black to be included withbber matrix. More-
over hysteresis (the conversion of mechanical energy tt) reaeases with surface
area. Carbon black with a high bulkiness also increasessiaraesistance, hard-
ness, viscosity and elastic modulus but slightly decresesle strength. Unlikely to
specific surface area, increase of bulkiness implies a dseraf incorporation and dis-
persion time. Hysteresis of styrene-co-butadiene rulsheot affected by bulkiness.
Finally, loading increase does not affect dispersion timg,increases incorporation
time, hardness, elastic modulus, tensile strength, viigcds/steresis and abrasion
resistance.

At the microscopic scale, interactions between aggregatdsmolecules of rubber
create a network (Leblanc,1996) (Manas et al,1994). Thessaof elastomer can be
distinguished around aggregates. First area is a thin EHyaastomer located around
aggregates and strongly bound to aggregates. It apprdxehatepresents 3% of
the total mass of elastomer. Cotten et al. have observedh@amount of bound
rubber increases with the time of mixing (Cotten,1984). ddelclayer, that repre-
sents 10% to 20% of the total mass of elastomer, is obsereemdraggregates. This
layer is weakly bound to aggregates and is connected to atjgnegates by small
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Effect of surface Area, bulkiness and loading on the pragert
of the styrene-co-butadiene rubber
Rubber Property Higher surface aregd Higher bulkiness Higher loading
Processability
Incorporation time Slight increase Decrease Increase
Dispersion time Increase Decrease Not important
Viscosity Increase Increase Increase
Vulcanizate properties
Hardness Slight increase Increase Increase
Elastic Modulus Increase a low Increase Increase
strain amplitude
Hysteresis Increase Not important Increase
Tensile strength Increase Slight decrease | Reaches maximun|
Abrasion resistance Increase Increase at high| Reaches maximun
severity

Table 1.2: Effect of surface area, bulkiness and loadingropgrties of styrene-co-
butadiene rubber (Table extracted from the book "Mixing @odnpounding of Poly-
mer" (Manas et al,1994)).

filaments as illustrated in Figure 1.11. Carbon black withtsurface area and bulk-
iness makes also stronger inter-aggregate associatidrgesierates larger amount of
bound rubber. These filaments create a network betweengajgesthat makes harder
the motion of rubber molecule. The last area is the free nusalreounding aggregates.
Network is also at the origin of the increase of rubber shigpalong the wall of the
mixer chamber. This effect becomes important when mass$idraof carbon black
exceeds 10% or 20%. Rubber close to the mixer wall is thengaichy the network
motion.

Finally, shear thinning behavior of these two elastomeassis affected by reinforcing
fillers as illustrated in Figure 1.12 for styrene-co-buéadi rubber. Higher the loading
of carbon black, higher the shear viscosity. Moreover, @o#nd Thiel have shown
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Figure 1.11: Network created by the interaction betweehaablack aggregates and
rubber (Picture drawed from the pictures found in the bodkéiRgie des élastoméres
et mise en forme des polymeres." (Leblanc,1996)).
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Figure 1.12: Evolution of the shear viscosity of the styrenebutadiene rubber (SBR)
as a function of the volume fraction of carbon black (N220at@from the book
"Rhélogie des élastomeres et mise en forme des polymeétehlahc,1996)).

that the elongational viscosity increases with the in@eddoading and bulkiness of
carbon black (Cotten et al,1978). For the same level of lggdiarbon black with a
higher surface area also increases viscosity.

Different authors (Guth et al,1938) (Smit et al,1970) (Rliet al,1972)

(White et al,1974) have tried to determine law that would/ate the evolution of vis-
cosity with the carbon black volume fraction in the matrixl laws are empirical and
their use is limited to the experimental conditions in whisly have been determined.
Moreover, they are only relevant for Newtonian flows. In aqsence, they cannot
be used in our application because mix rubber-carbon bleedepts a non-Newtonian
behavior in the area of high shear rate as the gap in the misanber. A review of
these different laws is presented in Table 1.3.

This description of the interaction between carbon blackrambber has allowed us to
understand that improvement of mechanical and physicalgsti@s of a given rubber
depends on the kind of carbon black and on the level of digpe carbon black

in the rubber matrix. Smaller the entities of carbon bla@ktdy the rubber reinforce-
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law (Guth et al,1938).

Authors Viscosity laws Domains of application
Einstein Nmix = Npoly (1 + 2.5¢) Relevant only for spherical loading
theroy. in Newtonian flow.
Guth, Gold Nmix = Npoly (1 + 259 + 2.5¢?) Relevant only for carbon black
and Simha with a weak bulkiness in Newtoniar

flow.

Smith and
van der Vegt
law (Smit et al,1970).

Nmix = Npoly (1 + f(p)3

Relevant only for non reinforcing
carbon black with a weak bulkiness
in Newtonian flow.

Pliskin and
Tokita

law (Pliskin et al,1972).

Nmix = Npoly (1 + @)™

Relevant only for Newtonian flow.

White and
Crowder

law (White et al,1974).

Nmix = Npoly (1 +a1 fo+ap F2¢?)

Relevant only for Newtonian flow.

Symbols :

Npoly is the Newtonian viscosity of polymer,

Nmix is the viscosity of polymer-carbon black compound,

@ is the volume fraction of carbon black,

@1 is the volume fraction of carbon black plus the volume fiaTwf

the bounded rubber,

f is a shape factor for the asymmetry of the fillers,
N is a parameter depending of the filler orientation,
a; anday are two empirical constants that depend on the studiedrayste

Table 1.3: Several relations have been proposed by diffengttors to model the
effect of the volume fraction of carbon black on rubber vitpas a function of the
matrix and carbon black considered.
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ment by the creation of a large network. Mixing efficiency mtieirnal batch mixer is
therefore a key point of this process.

1.3 Experimental analysis

In this work, two experimental devices are used to evaluateumderstand the dis-
persions mechanisms. Firstly, the evolution of a singldaggrate in simple shear
flow is observed with a camera put on a microscope. These iexgets are led by the
Cemef group. With this device, it is possible to observeina-the agglomerate dis-
persion and to measure its size evolution in time. Secomdiyevaluate in Michelin

facilities, with the help of Véronique Collin, the state apgersion of agglomerates
contains in a rubber matrix after its mixing in a Mooney rheden with a device called
dispergrader

Optical device used by Cemef group to observe dispersiomamésms is composed
of two transparent plates that have an opposite rotati@yéfocity of the upper and
lower plates determining the shear rate amplitude. Diandtéhe plates and gap
between both plates are equal taorf@and Q5mmrespectively. Larger the velocity,
larger the shear rate. Matrix with low concentration of carlblack agglomerates is
introduced between these two plates and heated &Cl14The evolution of agglom-
erates in the flow are observed with a microscope and recamitecthe help of a
camera located under the lower plate as illustrated in Eidut3. If the agglomer-
ate is located at the half distance of the plates, it has onbyading motion on itself.
Otherwise the agglomerate rotates and moves with the flonvcandeave the field of
view of the camera. In such a case, the upper and lower platesities are adapted
to limit the agglomerate motion. Evolution of the agglontersize during the experi-
ment is measured from the picture of this film with the helppddfic software. The
film is finally analyzed in detail to understand how and whea ¢hosion and rup-
ture mechanims occur. Those experiments are repeated iffdtedt kinds of carbon
black agglomerates or silica in different matrices (Newdarfluid or polymer). From
these observations, law that provides the size evolutiam sihgle agglomerate in a
Newtonian or rubber matrix as a function of shear rate aneé tifimixing is identi-
fied. The different pictures that we use to illustrate th@edision mechanisms in the
next chapter are extracted from films obtained with this cleldy the Cemef group.
More information on the experimental conditions of thespegiments are available
in Collin (Collin,2004).

Such a device is efficient to observe on-line evolution ofEragglomerate in matrix
but this does not provide information on the dispersionestdtall agglomerates in
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Figure 1.13: Optical device used by Cemef group to study thetic of erosion and
rupture.

matrix. To obtain such information, we should measure the sf each agglomerate
before and after mixing. It is unimaginable to make such asumeabecause mix
rubber-carbon black contains too many agglomerates. Aspbeaa volume of tnn?

of typical mix rubber - carbon black contains roughly 200@lagerates with size
of 50um if the mass fraction of carbon black in rubber is equal to 20%&cond
device, thedispergrader is therefore used to obtain this information. This device
does not allow to visualize the evolution of each aggloneedatring mixing. But,

it measures the state of dispersion of a set of agglomenaimsyi sample of rubber-
carbon black extracted from any mix rubber-carbon blackrdpeating this measure
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on several samples of rubber-carbon black at differentdimfemixing, we obtain
information on the evolution of the dispersion state of aggrates during mixing.
This device is used by industrials to evaluate the dispersiate of fillers as carbon
black in rubber matrix in order to determine mixing efficigrd their mixing process.

In this work, thedispergraderis used to measure the dispersion state of a mix carbon
black agglomerates -rubber after different times of miximga Mooney rheometer.
Such an evolution is compared to the prediction of our maogleMaluate its quality.
The Mooney rheometer is composed of one chamber in which ieaawtor is put.
The rotation of the rotor in this chamber creates simple isthea.

Basically, three techniques are used to evaluate the dispestate of a mix : electri-
cal, mechanical and optical techniques. Electrical metiméd the dispersion state to
the material conductance, but this method is not relevaceamse mix rubber-carbon
black agglomerates is not considered as conductive. Médlanethod uses a mi-
cro stylus to measure surface roughness of sample. Higheotighness, lower the
dispersion of carbon black agglomerate. The drawback sftéghnique is that the
sample preparation is time consuming. Finally, opticalhndthas two options, trans-
mitted light and reflected light. Transmitted light methsdaostly, involving the use
of an electron microscope, while reflected light method &dg easier and less ex-
pensive. This last technique is used in th&pergradeito evaluate the dispersion state
of mix rubber-carbon black.

To do this measure, a given amount of rubber-carbon blackkisnt in the mix and
is cut in several slices. The dimensions of the slices arerar@nmx 2mmx 1Imm
The cutting-out of the rubber sample in several slices isrp entical step. If it is not
carefully executed, a small layer of carbon black can begidgn the whole side
of the slice and no accurate measure can be performed orlitieis ©ne solution to
avoid this problem is to refrigerate the sample to make itlearThe bending of the
sample during the cutting-out is therefore less import&ath slice of rubber is then
put in front of an aperture located on thespergraderthrough which a light is emit-
ted onto the sample. The angle between the incident lightlmdample is around
30 degrees. If the light hits an agglomerate, the light ieotdld into a camera put
in the dispergrader Otherwise, the light is reflected away. Typical picturesaoted
on the camera is illustrated in Figure 1.14. All black spetgsresents the section of
carbon black agglomerates. Smaller these spots, betteniieg. The size and the
surface of each black spot is measured and represents thefktéspersion. Two his-
tograms are built from this data : one histogram that remitsdhe cumulative surface
associated at each class of size of agglomerates (the sura af¢a of all agglomer-
ates that are ranked in the same class of size) and a secdograim that provides
the number of agglomerates in each class (Figure 1.15).iéa&sure is repeated on
several slices cut in the same sample of rubber in order to&eathe quality of the
measure. If the results are totally different between aies|, this indicates that either
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Figure 1.14: Pictures of the state of dispersion of carbankhgglomerates in a rub-
ber matrix after the mixing of the rubber and the carbon blacgkMooney rheometer.

the measure is not well performed or the distribution of tudon black agglomerates
in the rubber matrix is very bad. It is also important to ndtattthedispergraderis
only able to distinguish agglomerates with typical sizea(aéter) betweent8n and
57um. All agglomerates with size larger than n are considered as agglomerates
with size of 57umand this generates the "spurious peak" observed in cumeikatir-
face histograms. While agglomerates with size smaller 8aan are not detected by
the optical device.

Finally, we can do this measure after different times of mgxto obtain the time
evolution of the state of dispersion of carbon black agglates during the mixing.
As this measure is destructive, we have to consider a newvertddybon black mix at
each measure. In such an approach, we assume that the tafeab$ dispersion of
carbon black agglomerates is identical in each sampleagtidrom the same rubber-
carbon black mix.
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Histogram of the number of agglomerates and of the cumelatinface
provided by the Dispergrader
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Figure 1.15: Histograms provided lijspergraderfrom the analysis of sample of
carbon black agglomerate-rubber matrix. This sample isete¢d from rubber matrix
mixed with carbon black agglomerates in simple shear flow slitear rate of Bs 1.



