Chapter 2

Mechanisms of dispersion of
carbon black agglomerates

Dispersion of carbon black agglomerates in rubber is majolerned by two mech-
anisms : erosion and rupture. Due to these mechanisms, tienagrates size de-
creases during mixing and a high number of small fragmentadifon black agglom-
erates are generated. The smaller these fragments anddloenagates, the better the
mechanical and physical properties of the mix. Obviouslig also required that the
agglomerates distribution in the matrix be homogeneouth Bechanisms are there-
fore studied in detail to determine the key parameters tifatance the efficiency of
the dispersion mechanism. This analysis is performed ilalgotation with Cemef
group and from the information available in literature. Bvemost authors consider
erosion and rupture as two independent mechanisms, wevebtfert these mech-
anisms can occur simultaneously. It is therefore difficalstudy separately these
mechanisms and to quantify it. Moreover, the decrease oaglgdomerates size is
influenced by the impregnation of agglomerates by rubbere &ffiect of this last
mechanism on the agglomerates dispersion is also investiga

2.1 Mechanism of rupture

Rupture is the first dispersion mechanism investigated pla@x the decrease of the
agglomerates size in a given flow. Bolen and Colwell explhinel 958 that rupture of
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carbon black agglomerates is observed only if hydrodyn&mnies acting on agglom-
erates exceed a threshold value (Bolen et al,1958). Thihamésm was also observed
by Dizon and Tadmor in 1976 and more recently by Manas-Zlweret al. in 1988,
Rwei et al. in 1990 and Collin et al. in 2004. Threshold valuginty depends on
cohesive force of agglomerates that is directly linked sriimber of bonds existing
between aggregates that compose agglomerates. Diffeiatglsmare developed to
evaluate the cohesive stress of agglomerate. Cohesias strbigher for agglomer-
ates with a high solid volume fraction than for high porosijglomerates. From these
experiments, different authors defined rupture as a disoomtis mechanism charac-
terized by a brutal splitting of agglomerates into severafjfnents of various sizes.
These fragments are considered as new agglomerates istheiis not smaller than
1um. This mechanism is illustrated in Figure 2.1 where we oleséne break-up of
one agglomerate in a simple shear flow with a shear rate eg6att. Those pictures
clearly show the fracture plane and the motion of differeagments after rupture.

In 1962, Rumph proposed that cohesive stress of agglonsdsatproportional to the

product of mean force between aggregates, that composeraggite, and void vol-

ume fraction and inversely proportional to the surface ef ¢hoss section of these
aggregates that compose agglomerate :

H(1-¢)
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whereH is the mean force between the aggregd®as,the radius of the cross-section
of the aggregates amdis the void volume fraction. This model is defined for low
porosity agglomerates and the number of bonds across ttterfeassection is assumed
to be very high and randomly distributed in space. Mored¥és,relation is relevant
only if the force between aggregates can be represented l®aa farce. Other mod-
els, close to Rumph model, have been determined by Cheng €1%68), Hardley
and Parfitt (1985). Soontag and Russel defined in 1987, a rbadet on the energy
of fracture and on the Mises vyield criteria. In 1988, Kenda#lal. proposed a model
for the rupture based on a fracture mechanics approachkélnkio Rumph model,
Kendall considers that the fracture of agglomerate is notli Fracture is like a
crack that propagates progressively across agglomeratoréding to this approach,
Kendall determined a new expression for cohesive stress :
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wherek is a constantN is the number of bonds that have to be broken Bnid
the radius of the cross section of the fracture plane. If veeme that agglomerate is
spherical and that it breaks up in two fragments of same ve|uihe radius of the cross

section is equal to the agglomerates radius. As the numbmrafs is proportional to
the surface of the fracture plane, this expression can btewids :
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Rupture of a carbon black agglomerate (N234) in a styrereutadiene rubber

t=0 second t = 3.81 seconds t = 4.37 seconds

t =4.77 seconds t=5.17 seconds t=6.76 seconds

Figure 2.1: Rupture of one carbon black agglomerate in &sgxco-butadiene rubber
(SBR) in a simple shear flow (with the courtesy of Cemef-Esdles Mines de Paris).
Shear rate is equal to$* and shear stress is equal to 83%8R
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wherem lies between 0 and 2. If agglomerate is dermséas equal to 2 and if ag-
glomerate is poroushis equal to 0. Experimentally, Collin et al. (2004) deteredn
an empirical law in which the critical stress needed to oleseupture,i;, decreases
when agglomerates size increases. This law reads :

1

Teoh=a R +b
wherea andb are two parameters ariRlis the agglomerate size. Finally, we have
to mention that all the authors assume that agglomeratedkue in two parts of
same volume in these models. But, experiments performeddiin@2004) show
that the rupture of one agglomerate often generates thggeragrates and sometimes
four agglomerates of smaller sizes. Such a phenomenontssigquportant, because it
increases the speed of the dispersion mechanism.

As an illustrative example, we calculate the evolution oé @gglomerate, with an
initial size radius equal to 1Q0m, when it is subjected to successive ruptures. We
suppose that all agglomerates break-up in two smaller aggiates of same volume.
The radius of these new agglomerates and the number of agtates at each stage
of rupture is given by :

n =2n-1
R = ﬁ
2(R')3 _ (R|71)3

wherei is the indice of thé!" rupture andR is assumed to be the radius of a sphere of
same volume than the agglomerates. We illustrate in Figid¢h2 size evolution of
the agglomerates for three different stories. In the fimtystgglomerates are broken
up in two agglomerates of same size at each rupture and teenéeded to break one
agglomerate it seconds. In the second story, all agglomerates are brokiartluze
agglomerates of same size at each rupture but the time eghfoibreak agglomerates
is now equal to &t. In the third story, we consider that this rupture only regdi
%At instead of At. It clearly appears that the size evolutions of the agglatesrand
their number depend on the number of fragments generateachtrapture and on
the time needed to break-up agglomerate. As shown in thendemaample, break-
up of one agglomerate in three fragments is not more effitkert break-up of one
agglomerate in two fragments if the time needed for thisutepis longer. In the third
example, we assume that rupture of one agglomerate onlysr@lqdand we then
obtain the best dispersion of agglomerates at the end afimeiptocess. This rupture
process presents the best compromise between the timeglomagrates rupture and
the number of fragments generated by each rupture.

In the previous cases, we suppose that each kind of rupturerates fragments of
same volume. We now consider that break-up of one agglomefablumeV gener-
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Figure 2.2: Evolutions of the agglomerates size due to thehar@sm of rupture dur-
ing 4At seconds. The number of fragments obtained at the end ofreuptocess

depends on the time needed to observe rupture of one aggltaaard on the number
of fragments generated at each rupture.
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ates two fragments with a volume §V and%lv respectively. As illustrated in Figure
2.3, the smallest agglomerates are generated by this sabfermgture and not when
agglomerates are broken up in two agglomerates of same eol@fter 2At, we obtain
four agglomerates of different sizes. Only one agglomdsalbégger than agglomer-
ates obtained in the previous case. Mean agglomeratesradiimilar in both case.
By assuming that all agglomerates always break-up in twts mdirsame volume, we
then obtain a relevant information on mean agglomerates $at, we have to keep
in mind that larger and smaller agglomerates exist in the mix

Those different examples allow us to observe that ruptusedgsite complex mech-
anism. Unfortunately, information available in literaguon the dependence of the
fragments size on the characteristic of the flow, on the matestructure of carbon
black and on the shape of the agglomerates is scarce. Naciaet that provides
the evolution of the agglomerates size in time as a functioshear stress or shear
rate due to rupture mechanism, is available. Due to thisddakformation, it will be
difficult to determine a rupture model that would be quatitidy and qualitatively
correct.
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Figure 2.3: Influence of the fragments size generated byraghechanism on the
agglomerates dispersion. In the second example (on th&,righ assume that all
agglomerates are broken up in two fragments of variable izhe first example (on
the left), all the fragments have the same size.
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2.2 Mechanism of erosion

Erosionis the second dispersion mechanism investigated to exghlaiwveariation of ag-
glomerates size. This mechanism is characterized by tlaekietent of a large num-
ber of small fragments (probably aggregates) from the aueface of agglomerate
(Rwei et al,1990). Erosion is observed for lower hydrodyitarforces than rupture
and is very slow. In 1985, Shiga and Furuta proposedah@h peelling mechanism
to explain erosion. In this mechanism, aggregates areréit®&idually or collectiv-
ity scraped from the agglomerate surface as illustratedgare 2.4. At each crossing
of one agglomerate through a zone of high shear rate, a gimeniat of materiahM
is drawn from agglomerate. This amount of material is prtpoal to hydrodynamic
stressay, acting on the agglomerate surface, to the square of the mggéde sizeR
and to the time: :

AM O o,R%t.

More recently, second erosion mechanism cdltdabon peelling"has been proposed
to explain erosion (Collin et al,2004). In this mechanisragfments are eroded from
the agglomerate surface and generate a ribbon of carbok ddatiustrated in Figure
2.4. Such aribbon is assumed to be infiltrated by rubber.

Erosion of carbon black agglomerate

"Onion peelling" mechanism in "Ribbon peelling" mechanism ir|
a BR elastomery(= 6s71) a EPDM elastomery(= 10)

Figure 2.4: Onion peelling and ribbon peelling mechanisongérbon black agglom-
erate in a simple shear flow of an ethylene-propylene-dieagixn(EPDM) and a
butadiene rubber (BR) respectively (with the courtesy ah€eEcoles des Mines de
Paris).
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Experimental investigations of erosion mechanism allodetzrmine different kinetic
laws to predict the evolution of the agglomerates size. iigbn is made between
cohesive and cohesiveless agglomerates. If the aggloesexed cohesive, shear stress
acting on agglomerates has to exceed a threshold value ¢ovaterosion. Otherwise,
erosion is observed for any value of shear stress. In 1976 afd Mason proposed
a law, valid for cohesiveless agglomerates, in which thatian of agglomerate vol-
ume is proportional to shear stress acting at a given poititeoagglomerate surface.
Eroded volume is independent of the initial size of agglaateerErosion of small ag-
glomerates is therefore faster than erosion of large agglates. Powell and Mason
defined in 1982 a kinetic law where the decrease of the agghimsize is propor-
tional to the fragments size removal from its surface. Téigik valid for cohesiveless
agglomerates. In 1991, Rwei et al. proposed an exponeatiafdr the size evolu-
tion of cohesive agglomerates with shear rate. More regeBthin and al. (1996)
and Scurati and al. (2002) defined two different models wiieeevariation of the
agglomerate size is proportional to the difference betwteoohesive strength and
hydrodynamic forces. As cohesive and hydrodynamic foreggedd on the agglom-
erate size, these laws predict that the evolution of thecagegtate size is proportional
to the square of its size. In the law of Scurati et al., suchsaltés obtained when
fractal dimensiond¢, of the agglomerate is equal to 3. This valualgfis associated
to agglomerate that presents an uniform structure. Thdferatit laws are given in
Table.2.1.

Evolution of the size of one agglomerate, with a initial sifeLlO0um, predicted by
these different laws are compared in Figure 2.5. The paemnef the laws have been
chosen to obtain the same final radius with each law afteraimeslimensionless time
given by the producjt. We observe that the law of Kao and Mason predicts an in-
crease of the rate of erosion with the decrease of the agghkiensize. While Rwei at
al., Bohin et al. and Scurati et al. defined a law where theoh&rosion decreases
when the agglomerate size decreases. Finally, a lineantemolof the radius is given
by the law of Powell and Mason. These laws do not provide theesavolution of
the agglomerate size because the couple "agglomeratesix'huased in experiments
to determine those laws are different. Kao and Mason stutiie@volution of poly-
methylmethacrylathe sphere in a silicon oil @8s 1), while Powell and Mason used
a polystyrene sphere. Rwei and al. used cohesive agglogserad PDMS oil with

a viscosity between 30 to 6®as ! and Bohin et al. observed the behavior of high
porosity silica in a matrix of polydimethylsiloxane (PDM®jth a viscosity between
30 to 60Pas . Finally, Scurati et al. investigated the behavior of caleesilica in
the same matrix of PDMS.

In 2004, Collin et al. determined experimentally a kinediw) derived from the kinetic
law of Kao and Mason, to predict the evolution of cohesivéoarblack agglomerates
in styrene butadiene rubber. They show erosion is only elskf shear stress exceeds
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kinetic law for erosion mechanism

dR kv
d ~  3R2

Powell and Mason (1982 dr = —kbny k is a material constant,

dt

n is the viscosity,
b is the size of the eroded
fragment.

Kao and Mason (1975) k is a material constant.

Rwei et al. (1991) — = Rky k is a material constant.

Bohin et al. (1996) drR _ K(BF4 — Feon) F is the hydrodynamics

dt
force,

5n yR?

whereFy = —— Feon is the cohesive force,

K is a factor related to
agglomerate structure,

B is the fraction of
hydrodynamics force that
bears on the fragment.

Scurati et al. (2002) dR —kmsirWoyo, k is material constant,
a - 2 oc is cohesive stress,
5AnyR2 R -1 ) characterized the kind
o of flow considered,
2(1 — codd D) } R is the initial radius,
I P df is the fractal dimension
Ry ~(dr —1)sirP¥o of agglomerate (equal to
) 3 for uniform structure and|
= KR if di=3 less than 3 for nonuniform
structure)
n is the viscosity,
Yy is the size of spherical
gap to be detached.

Table 2.1: Different kinetic laws are presented in the &itere to predict the size
evolution of the agglomerates due to erosion. The matedast@ntk has not the
same value in all the laws.
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a critical valuet.. Moreover, erosion rate increases with shear stress. Tihe wér,
is independent of the initial size of the agglomerates bpedds on the structure of
the carbon black agglomerate. The kinetic law reads :

dRi _a(T_TC)y

if T> 1,
[ — 3R2
dt 0

(2.1)
if T <re.

whereR is the characteristic size of the agglomeratie time,a is a material con-
stant,T is the shear stressg; is the critical shear stress apds the shear rate. If is
lower thant;, agglomerates are not eroded. We give in Table 2.2 the caiplal-
ues @,1;) for different kinds of carbon black agglomerates in a stgreo-butadiene
rubber. Collin et al. also show that erosion rate of agglatesr increases with the
concentration of carbon black agglomerates in the matrixarddver, they observe
that erosion rate is higher when the number of agglomerateshber increases or
when the volume of each agglomerate is higher even if the o@s=ntration of car-
bon black is kept constant. The presence of the other aggétesein the vicinity of
one agglomerate modifies the shear stress acting on thisraggaite. Obviously, this
observation is independent of the kinetic law considered.
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Figure 2.5: Evolution of the radius of an agglomerate vs.dingensionless timey)
predicted by different kinetic laws. The value of the matkconstants of the kinetic
laws have been chosen to obtain the same radius after a donkss time equal to
1000.
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Parameters of the erosion kinetic law proposed by Colli.et a

Kind of carbon black| o (um*Pa1) Tc (Pa)
N234 1.8e° 71000
N347 2.0e° 65000
N326 13¢5 72000

Table 2.2: Value of the different parameters of the kinetig proposed by Collin et
al. for the erosion mechanism of three kinds of agglomerastyirene-co-butadiene
rubber.

2.3 Infiltration of the agglomerates by rubber

Due to their porosity, the agglomerates can be totally otigdhr infiltrated by the
matrix. Level of infiltration directly affects the cohesigtress of agglomerate and
therefore erosion and rupture mechanisms. In 1994, Bohah ettudied the infiltra-
tion of silica agglomerates by silicone polymers (Bohinlgt@4). They used silica
agglomerates because the optical properties of this kirayjgfomerate make easier
the observation of the infiltration of silicone. Silica aggilerates become transpar-
ent with the infiltration of the silicone as illustrated ingkre 2.6. Phase contrast
microscopy was the technique used to distinguish non-dettel wetted regions of
agglomerates (Stein et al,1969). Experiments of Bohin.ettadw that the infiltration
of the agglomerate by a Newtonian fluid is a gradual and homegés process. Such
a process reinforces the link between silica aggregategpibanerate is totally pen-
etrated. Otherwise, agglomerate is weakened by the parfilédation of the matrix.

Li et al. (1994) explain this effect by a reorganisation af 8tructure at the periph-
ery of agglomerate surface due to the infiltration. This geaisation decreases the
agglomerate strength. Yamada et al. (1994 and 1998) pr@pusmiel to explain this
behavior. This model is based on two typical distances : épttdat which matrix is
infiltrated in the agglomeraté& and the depth at which shear rate field is transmitted
within agglomeratd p. If J is larger tharl p, the infiltration of agglomerate by matrix
increases the agglomerate strengthd i smaller tharlp, matrix only reinforces a
small part of agglomerate. Eroded fragments have then zleeo§ithe infiltrated layer
of agglomerate. They are bigger than typical fragmentsededthout infiltration of
the matrix.

Kinetic law of the infiltration process of agglomerate by avtanian fluid was deter-
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Infiltration of a silica agglomerate by a polydimethylsigme matrix (PDMS)

t =1 minute t =30 minutes t = 55 minutes

Figure 2.6: Infiltration of a silica agglomerate by a matuiith the courtesy of Cemef-
Ecoles des Mines de Paris). Agglomerate becomes trangplreto the modification
of its optical properties by the infiltration of the polydithglsiloxane (PDMS).

mined by Bohin et al. (Bohin et al,1994). This kinetic lawdea

R\?3 R\?2 36Dy, £2 yycoPh
2(=) —3(= 1= 2= WEOH,
<Ro> <Ro) T BonR (e

whereR s the radius of the non-wetted core of the agglomeRjés the radius of the
agglomerateDp is the mean aggregate sizeis the porosityyy is the liquid vapor
surface tensionr) is the viscosity and is the contact angle. This law is based on
the equation of Blake-Kozeny (Bird et al,1960) that allowsalculate the superficial
velocity of a fluid into a packed bed of porosityin laminar regime. The time to
obtain a total infiltration of fluid into agglomerate is olstad wherR = 0,

1500 RZ (1—¢)
36Dy €2 Yy cosO

tmax=

It clearly appears that the speed of the infiltration proces®ases with the increase
of porosity, of mean aggregate size and of liquid vapor tamsurface of the fluid.
Smaller viscosity makes also easier the infiltration of aggdrate by the fluid. We
illustrate in Figure 2.7 the evolution of the radius of thennwetted core of the ag-
glomerate. The ratit% decreases exponentially with the dimensionless girﬁ;e

More recently, the effect of the infiltration of the agglomaterby an elastomer matrix
was studied (Astruc et al,2004) (Collin,2004). Astruc etiaestigate the infiltration
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Figure 2.7: Evolution of the ratio between the radius of tbe-wetted core of the
agglomerateR) and its initial size Ry) vs. the dimensionless time of infiltration of
the matrix in the agglomerate.

of silica agglomerates by styrene-co-butadiene rubbeR{|SBnlikely to Newtonian
matrix, the infiltration of the rubber matrix into the siliegglomerate is not homoge-
neous and does not start directly when matrix is in contattt agglomerate. Latent
time before infiltration is observed and notgdThis latent time is equal to 17 hours
with styrene-co-butadiene rubber. Moreover, it appeatsttte size of the wetted core
of the agglomerate tends to a plateau for long time of infittra New time of infil-
trationt¢ji, that corresponds to the time between the start of the adfitint, and
the start of the plateau, is defined. Those different timeslkustrated in Figure 2.8.
kinetic law for the infiltration mechanism defined by Bohinakt does not allow to
correctly predict all the process of infiltration with elaster matrix. This law does
not reproduce the latent time before infiltration and thet sththe plateau. Never-
theless, if we replace the timeby the ratioﬁ, the kinetic law well predicts the
kinetic of infiltration between the timdsandt, ;. We give in Table 2.3, the value of
those different times for an agglomerate ofdbpenetrated by a styrene-co-butadiene
rubber.

Different studies of the infiltration mechanism allows usctmclude that silica or
carbon black agglomerates can be penetrated by rubbexraattithis modifies the
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Figure 2.8: Latent timety), infiltration time (infjt) and maximum timetg,ay) for the
infiltration of agglomerates by a rubber matrix. Circle nmeake the experimental data
and solid line is the evolution of the infiltration predictied the kinetic law of Bohin
etal.

agglomerate cohesion. But it also appears that infiltrasanslow mechanism with
respect to the typical mixing time. Only very small aggloates are affected by this
mechanism during mixing. It therefore seems relevant tdem¢ghis effect in the

modeling approach of the dispersive mixing of carbon blagyl@merate in internal
batch mixers.

In conclusion, the study of those different mechanisms saswhe key parameters
that influence the evolution of the size of the agglomeratesur modelling approach,
we will only focus on both mechanisms : erosion and rupturgaregnation of carbon
black by rubber matrix is neglected because this processysslow. Erosion rate of a
given agglomerate depends on its structure, on its surfeeeaad on the characteristic
of the flow. The choice of the appropriate kinetic law to potde evolution of the
agglomerates size is therefore not a trivial task. Ruptugehanism is only observed
if the stress acting on agglomerate exceeds a critical hlateonly depends on the
size of the agglomerate and not on its bulkiness or on itssararea (Collin,2004).
These observations are used to build a new model to predict the evolution of a
distribution of agglomerates in complex flows.
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Latent time and penetration time for the
styrene-co-butadiene into silica agglomera;

o

Times SBR matrix
Latent timet, ~17h
Penetration timén it ~27h

Table 2.3: Value of the latent time and penetration time efstyrene-co-butadiene
into a silica agglomerate of 48n (data obtained by Cemef group (Collin,2004)).



