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ABSTRACT: The dispersion behavior of different carbon black grades was investigated in a common elastomer matrix under shear

using a transparent plate-and-plate counter-rotating shear cell coupled with an optical microscope. The objective was to investigate

the effect of carbon black intrinsic characteristics (specific area and structure) on dispersion mechanisms. Shear conditions were

selected to study independently erosion and rupture mechanisms. The independent study of rupture and erosion mechanisms brings

new findings on the respective effect of the filler intrinsic characteristics on each mechanism: (a) Rupture is a sudden mechanism

occurring above a critical shear stress, which depends on the pellet size. The rupture criterion appears not to depend on the carbon

black specific area or the structure. (b) Erosion proceeds via the detachment of a fixed eroded volume per strain unit and is driven

by the applied shear stress and strain. Erosion is a local mechanism. The erosion rate depends on the carbon black characteristics.

Faster erosion was measured for a carbon black with a higher structure at equivalent specific area or with a lower specific area at

equivalent structure. This in situ characterization of dispersion mechanisms highlights that the effect of the carbon black characteris-

tics on the two main dispersion mechanisms (rupture and erosion) is completely different. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

The degree of carbon black dispersion during mixing strongly

affects the physical and mechanical properties of filled rubber

parts. An effective reinforcement of the rubber matrix by the fil-

ler implies a good dispersion and distribution of the filler in the

matrix. Classical reinforcing fillers for rubber are carbon black

and silica. They are introduced as pellets (agglomerates). Pellets

are agglomerated objects with a multiscale structure. They con-

sist of aggregates, themselves constituted by fused elementary

particles. The dispersion process corresponds to the filler size

reduction during the mixing operation. The minimum size that

can be reached is the aggregate size. Dispersion and distribution

of the filler in the polymer matrix are performed during the

mixing operation in an internal mixer, for example. Dispersion

is possible as soon as the hydrodynamic stress induced by the

flow exceeds some cohesive stress of the agglomerates. Two

main mechanisms of dispersion occur during mixing, denoted

as rupture and erosion. These two mechanisms are distin-

guished by the size of resulting fragments, the kinetics of the

process, and the needed energy input. Rupture is characterized

by the sudden fracture of the pellet into a few fragments. Ero-

sion is a progressive mechanism where small fragments are con-

tinuously detached from the periphery of the parent pellet.

These mechanisms were first deduced from dispersion experi-

ments performed in an internal mixer.1,2 The use of rheo-opti-

cal techniques allows one to observe in situ the dispersion

mechanisms of agglomerates during shear.3–7 The role of differ-

ent parameters on dispersion was investigated: cohesion strength

of the filler, hydrodynamic parameters, affinity between the filler

and the matrix, level of infiltration of the matrix inside the ag-

glomerate, and viscosity of the matrix.4 Most studies were con-

ducted on model systems (agglomerates obtained by compres-

sion of fluffy powders, with a millimetre diameter range,

suspended in a low-viscosity Newtonian fluid). Because of the

low viscosity of the matrix, the infiltration level plays a key role

on the dispersion kinetics.

Dispersion processes being very sensitive to the filler/matrix sys-

tem, the prediction of the dispersion step for a given system
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cannot be extrapolated from the knowledge of the behavior of a

model filler/matrix system or another system. To better under-

stand the dispersion step in tire processing, the dispersion of

commercial materials used in the tire formulation (the carbon

black grade N234 and a styrene–butadiene copolymer matrix)

was previously investigated.6,7 In this case, carbon black is

received directly from the supplier in the shape of pellets (ra-

dius from 20 to 120 lm investigated in this study). The pelletiz-

ing step is performed by the supplier. Pellets were thus used as

received. The styrene–butadiene copolymer is very viscous and

highly viscoelastic. Shear conditions were defined such that ero-

sion and rupture mechanisms could be investigated independ-

ently, which is not possible in an internal mixer. The rupture

mechanism characterized by the sudden breakup of the pellet

into a few large fragments was observed in situ during shear for

the first time in a highly viscoelastic polymer. This study con-

firmed that rupture happens above a critical shear stress. How-

ever, it more particularly showed that the critical stress for rup-

ture depends on the pellet initial size (inverse proportionality).

Measurements of erosion kinetics evidenced that erosion occurs

beyond a critical shear stress via the continuous detachment of

constant small fragment size. This means that erosion kinetics

plotted as the agglomerate size reduction versus time depends

on the pellet initial size (erosion is faster for a smaller pellet

size). However, erosion kinetics plotted as the eroded volume

versus time does superimpose whatever the pellet initial size is.

The mechanism is governed by the shear stress and the strain

subjected to the pellet. Dispersion criteria and kinetics were

used to define a mathematical model, which was then used to

model dispersion in an internal mixer.8 Results were obtained

on a single filler/matrix couple and stressed the role of hydrody-

namic parameters on dispersion mechanisms of carbon black in

this polymer matrix. However, these results did not consider the

role of the carbon black intrinsic properties (specific area and/

or structure) on dispersion mechanisms. Dispersion studies per-

formed in internal mixers with typical materials for the tire

industry showed that the filler intrinsic characteristics affect dis-

persion kinetics: a carbon black with a larger structure or a

lower specific area appears to be easier to disperse.9–12 Using

rheo-optics and a model system (agglomerates obtained by

compression of fluffy powder, with a millimeter diameter range,

suspended in a low-viscosity Newtonian fluid), Li et al.13 found

a different result. In their case, they compared the behavior of

agglomerates with different structures but at equivalent densities

and same elementary particle size. They found that high-struc-

ture carbon black agglomerates were found more difficult to

erode than agglomerates of low-structure carbon black at equiv-

alent tensile strength. The different result is explained by the

authors by the fact that they worked at fixed density, whereas a

pelletized high-structure carbon black for rubber industry has a

lower density than a pelletized low-structure one, which could

explain the easier dispersibility of the pelletized high-structure

black in the case of carbon black supplied for rubber industry.

We would like to address this point in this article via direct and

independent observations of both dispersion mechanisms.

This article is devoted to the determination of the role of the

filler intrinsic parameters such as the specific area and the struc-

ture on dispersion mechanisms in the case of commercial prod-

ucts used in the tire industry. This was done by comparing

the dispersion behavior of different grades of carbon black char-

acterized by different specific areas and structures. A rheo-opti-

cal approach was used in this work. Shear conditions were cho-

sen to study independently rupture and erosion mechanisms

and thus to determine the role of the filler intrinsic parameters

on each mechanism. We will show that rupture and erosion

mechanisms are affected differently by the filler intrinsic

characteristics.

EXPERIMENTAL

Materials

The polymer used is this study is a styrene-co-butadiene rubber

(SBR, 25E produced by Michelin), grade used in tire industry.

Two SBR matrices were used. They corresponded to the same

grade but came from two different batches and are referred to

SBR1 and SBR2 in the following. The rheological behavior of

the SBR matrices was measured by oscillatory experiments using

a RMS800 Rheometrics rheometer (25-mm-diameter plates).

Measurements were performed in the linear regime either at

110 or 140�C depending on the SBR batch. The rheological

behavior of both matrices is shown in Figure 1.

The two batches were characterized by a different rheological

behavior. The first batch SBR1 was more viscous and more elas-

tic than SBR2. This explains that dispersion measurements were

performed at 140�C in SBR1 and at 110�C in SBR2. In these

thermal conditions, the two batches had similar rheological

behaviors.

Figure 1. Complex viscosity |g*| (a) and storage modulus G0 (b) against

pulsation curves for the two SBR matrices. Empty symbols represent the

rheological behavior of SBR1 measured at 140�C and solid symbols repre-

sent the behavior of SBR2 measured at 110�C.
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A polybutadiene rubber matrix (BR, Neocis-BR40 from Eni-

chem) was also used for some erosion measurements to probe

the effect of the infiltration of the matrix into the filler on the

erosion kinetics. This matrix was chosen for its very close rheo-

logical behavior at 140�C with SBR1 but its faster infiltration

ability into silica relatively to SBR (see Figure 6 in the following).

The dispersion behavior of different carbon black grades was

investigated. The filler characteristics are summarized in Table I.

These carbon blacks differ in their relative specific area and

structure. The specific area is determined by the adsorption of

specific molecules (for example, cetyltrimethyl ammonium bro-

mide, CTAB). It is correlated with the size of the elementary

particles constituting the aggregates. The structure is representa-

tive of the way the elementary particles are arranged inside the

aggregate. It is classically estimated by the measurement of the

volume of oil or dibutyl phthalate (DBP) absorbed by 100 g of

filler. A low-structure carbon black is characterized by a com-

pact arrangement, whereas a high-structure carbon black by a

branched arrangement. The concept of structure and specific

area relatively to the aggregate arrangement is illustrated in Fig-

ure 2. Five of the carbon grades were selected for their similar

specific area but different structure and vice versa to investigate

independently the effect of the specific area or the structure on

the dispersion mechanisms. N326 and N347 have similar spe-

cific areas but different structures and were used to determine

any effect of structure on dispersion mechanisms. On the other

side, N234, N327, and N160 have similar structures and differ-

ent specific areas. The last two carbon black grades (N134 and

N772) were chosen for their different intrinsic parameters and

used in the last part of this article to probe the relationship

proposed between the erosion efficiency and the intrinsic prop-

erties of the carbon black.

All carbon grades were received in the shape of pellets of vari-

ous sizes. The pelletizing step is part of the carbon black pro-

duction process. In this study, carbon black pellets were used as

received from the supplier and not submitted to any particular

mechanical nor thermal treatment before their use.

One silica grade (Micropearl Zeosil Z1115MP from Rhodia)

was also used to probe the infiltration ability of SBR and BR

matrices into the pellet. This silica grade was chosen for its sim-

ilar specific area (CTAB) when compared with carbon black

N234 (see Table I).

Experimental Setup

Experiments were conducted on the transparent counter-rotat-

ing shear cell and following the procedure described in our pre-

vious work.6,7,15

The transparent counter-rotating shear cell coupled with an op-

tical microscope was used to observe the carbon black disper-

sion mechanisms while the pellet was suspended in the polymer

matrix and submitted to a shear flow. The apparatus consists of

two transparent parallel glass plates rotating in opposite direc-

tions (Figure 3). The advantage of this geometry is that the

Figure 2. Schematic representation of the concept of the specific area and

the structure on the arrangement of elementary particles inside the aggre-

gate. Representation was adapted from Ref. 14.

Figure 3. Counter-rotating shear cell. The diameter of the upper glass

plate is 40 mm.

Table I. Characteristics of the Carbon Black and Silica Grades Used in This Study

Carbon
black
grade Producer

Specific
area CTAB
(m2/g)

Structure
DBP
(mL/100 g)

Porosity IS2
(cm3/100 g)

Apparent
density
qapp (g/cm3)

N234 Cabott 119 125 123 0.57

N326 Cabott 82 70 71 0.82

N347 Cabott 90 122 110 0.62

N160 Evonik Degussa 153 130

N134 Cabott 132 126

N772 Cabott 29 70

Z1115MP Rhodia 114

Data were determined by Michelin. The apparent density was calculated using eq. (7).
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relative velocities of the two plates can be adjusted so that the

velocity of the suspended particle can be set to zero in the refer-

ence framework of the laboratory. This allows us to observe the

behavior of the same particle suspended in a matrix under shear

for a long period of time using an optical microscope. The ap-

paratus is equipped with ovens in order to be able to work

from room temperature up to 180�C. Observations are per-

formed in the plane containing the vorticity axis and the flow

direction at 110 or 140�C depending on the SBR matrix used.

A stainless steel ring was fixed on the lower plate to confine the

polymer flow inside the parallel plate geometry. This ring aims

at extending the shear rate range where observations under

shear can be performed. The ring avoids the matrix ejection

and pushes the development of elastic instabilities, which dis-

turb the flow, to higher shear rates.15 Shear rates up to 150 s�1

can be investigated.

Procedures

Dispersion Tests. Samples consisted of a sandwich of two thin

films of SBR with a few pellets of carbon black randomly set in

between.

Attention was paid to obtaining reproducible results and thus

to all factors that may affect the hydrodynamic stress or the

cohesion stress. This includes not only the mechanical settings

of the shear cell (glass plate parallelism, collinearity of the axes

of rotation, concentricity of the outer ring with both plates,

zero gap and rotation speed of the plates calibrations) that are

necessary to define a correct shear rate but also the following

parameters:

• The pellet diameter relatively to the gap dimension: the vi-

cinity of the shear cell walls may affect the normal stress

submitted to the agglomerate and consequently its disper-

sion rate. This was evidenced experimentally by Ponchaita-

ward et al. via the determination of different dispersion

rates for two sizes of agglomerate subjected to the same

macroscopic shear stress.16 The numerical simulation of the

flow around a solid particle allowed us to define the condi-

tion under which there is no wall effect on the particle. If

the R/h < 0.2 (where R is the radius of the pellet and h is

the distance between the center of the particle and the clos-

est glass plate), the pellet is only subjected to the applied

macroscopic shear stress and not to additional stresses

because of the vicinity of the shear cell walls.17

• The pellet shape: only pellets with a shape as spherical as

possible were characterized.

• The contact time between the filler and the matrix before

the dispersion test: the pellet being porous, the matrix may

infiltrate into the agglomerate and modify its cohesion and

the way the stress is transmitted through the agglomerate

and induce changes in the kinetics of dispersion.5,18 Most

experiments were conducted with the same contact time

between the filler and the matrix before any shear applica-

tion: after insertion of the sample in the shear cell and set-

ting the gap, the sample was left at rest for 45 min to have

a homogeneous temperature. A given shear history was

then submitted to the sample, conditions in which disper-

sion mechanisms were characterized. The potential effect of

the matrix infiltration inside the pellet is discussed in the

following for each dispersion mechanism.

• The preshear history submitted to the pellet before the dis-

persion characterization: to have reproducible results, criti-

cal conditions for rupture, for example, were always

determined on ‘‘fresh samples,’’ which are pellets directly

observed after the sample preparation and not submitted to

any previous shear histories.

As described in our previous article,6 different shear histories were

applied to study rupture or erosion mechanisms independently:

• Rupture was obtained by gradually increasing the shear rate

until the rupture mechanism was observed. The shear rate

at which the rupture occurs is considered as the critical

shear rate ( _cRC). The critical shear stress for rupture

(sRuptureC ) corresponds to the shear rate multiplied by the

viscosity of the SBR at this shear rate for the given temper-

ature (g _cRC ;T
� �

):

sRuptureC ¼ _cRC :g _cRC ;T
� �

: (1)

• Erosion kinetics was measured by following the gradual and

continuous size reduction of the carbon black agglomerate

as a function of time for a given shear rate. Following the

data on the rupture mechanism, the shear rate of investiga-

tion was chosen in a range where because of the pellet size,

rupture was not possible for the applied shear rate. Accord-

ing to our previous results found on erosion, erosion data

were represented as the eroded volume versus time or strain

unit (c ¼ _c:t):

R3
0 � R tð Þ3¼ f cð Þ; (2)

where R0 is the initial pellet size and R is the pellet time at

time t.

Infiltration Tests. Infiltration kinetics of the SBR1 and BR mat-

rices was measured into silica agglomerates at 140�C. Porous

silica agglomerates present the particularity to appear as black

objects when observed by transmission optical microscopy if

they contain air and become transparent as soon as a liquid

penetrates inside. The silica Zeosil Z1115MP was chosen for its

similar specific area as N234 carbon black grade. Measurements

were performed in the counter-rotating shear cell but at rest.

The same protocol as for dispersion experiments was thus used

for the sample preparation. Practical details for the infiltration

kinetics determination can be found in Ref. 19.

RESULTS

Rupture Mechanisms

Rupture Criterion. An example of the rupture mechanism of a

N234 carbon pellet under shear is shown in Figure 4.

The rupture condition is experimentally determined as the criti-

cal shear rate at which the rupture mechanism is observed. This

measurement is performed for different pellet sizes to know the

rupture condition variation with the pellet size. As dispersion is

assumed to occur if the hydrodynamic shear stress is larger than
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the cohesion strength of the pellet, the rupture criterion is

expressed as the critical shear stress [using eq. (1)]. We found

in our previous study that the critical shear stress for rupture

was inversely proportional to the pellet size in the case of N234

carbon black in a SBR matrix.6 However, as it is depicted in

Figure 5, variations of the critical shear rate for rupture with

the pellet size and of the critical shear stress, respectively, show

similar tendencies. The rupture condition determined on a sin-

gle filler type in a single matrix does not allow us to discrimi-

nate on whether the rupture criterion should be based on the

applied shear rate or the applied shear stress.

For this purpose, measurements were performed in this work

on the same carbon black (N234) in two different SBR matrices.

Because the two SBR matrices only differ in their rheological

behavior (same chemical composition and thus affinity with

carbon black), similar criteria for rupture should be found for

the two matrices. Results are reported in Figure 5 where critical

conditions for rupture are reported as the critical shear rate ver-

sus the initial pellet size [Figure 5(a)] and second as the critical

shear stress [Figure 5(b)].

These measurements show that if the critical shear rates for

rupture for the same pellet size are different in the two matri-

ces, rupture data do superimpose when they are represented as

the applied shear stress. These measurements prove that the

applied shear stress is one of the hydrodynamic key parameters

for the rupture mechanism. Dispersion data are in the following

expressed in terms of shear stress and do not indicate in which

SBR matrix the experiments were performed.

Potential Infiltration of SBR. The pellets being porous, they

can be infiltrated by the matrix. This is true even if the matrix

is very viscous (case of SBR in this study).19 The level of infil-

tration depends on the contact time between the filler and the

matrix.20 This infiltration and more specifically the infiltration

level modifies the cohesion strength of the agglomerate and the

way the stress is transmitted through the agglomerate. This

induces changes in the kinetics of dispersion.5,18 However, in

the present case, the matrix being very viscous, the infiltration

time can be very long and needs to be compared with the time

for the dispersion experiment.

Figure 6 shows the infiltration kinetics of the SBR1 matrix into

a 44-lm radius silica agglomerate at 140�C. This figure shows

that in the case of SBR1, no infiltrated layer could be detected

by optical microscopy before 1000 min of contact time between

the matrix and the filler. The infiltration of a 50-lm radius

micropearl was not total after 3000 min. Such a long infiltration

in two steps was also reported by Astruc et al. for an oil-

extended SBR.19 The affinity of SBR toward carbon black is

higher than for silica, which means that the infiltration into car-

bon black pellet must be quicker. However, because of the huge

time necessary for the SBR infiltration into silica and regarding

the large size of the pellets considered during rupture experi-

ments, we assumed that rupture measurements were performed

on dry (not infiltrated) pellets. This was confirmed by the fact

that variations of the contact time (around the 45 min defined

in the protocol) did not change the critical stress for rupture

for a given pellet size.

Effect of Carbon Black Characteristics on Rupture. The dis-

persion behavior of N160, N326, and N347 carbon black grades

Figure 4. Example of rupture sequence of a N234 carbon black pellet (R0

¼ 50 lm) in SBR1 at 140�C under shear ( _c ¼ 50 s�1).

Figure 5. Rupture criteria of the N234 carbon black grade in both SBR

matrices represented as: (a) the critical shear rate versus the pellet size

and (b) the critical shear stress versus the pellet size.
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was investigated using the same protocol as for the N234 grade.

The rupture mechanism observed for the different grades showed

similar features as the ones observed for the N234 grade:

• rupture occurs beyond a critical shear stress,

• the critical stress depends on the initial pellet size. The

larger the initial pellet size is and the easier it is to disperse

the agglomerate by rupture.

The exact dependence of the critical stress for rupture with the

initial pellet size is reported in Figure 7 for the different carbon

black grades.

This figure shows that the critical stresses for rupture for the

different carbon black grades measured for similar pellet sizes

are the same within experimental errors. The specific area or

structure of the carbon black (at least for the investigated car-

bon blacks) does not seem to affect the critical condition for

rupture. The criterion for rupture is found to depend on the

pellet size but not on the carbon intrinsic characteristics. The

log–log plot of the rupture criterion shows that the critical mac-

roscopic shear stress is proportional to R�X
0 :

sRuptureC / R�X
0 (3)

where X varies between 0.75 and 0.8.

We previously reported an inverse proportionality for the N234

grade in SBR6; however, complementary measurements performed

in this study allow a better determination of the power law exponent.

Interpretation of the Nondependence of the Rupture Criterion

on the Carbon Black Characteristics. The nondependence of

the critical stress for rupture is not an intuitive phenomenon.

This condition can be estimated either by considering the bal-

ance between the hydrodynamic stress and the cohesion stress

or by considering an energetic balance. The two approaches are

considered successively in the following.

The critical shear stress for rupture can be seen as the stress

necessary to separate the agglomerate into two fragments (not

necessarily of equal dimensions). Horwatt et al.21 related the

cohesion strength of a fragment relatively to the agglomerate

parent to the number of bonds between the fragment to the ag-

glomerate parent (Nb), the mean interparticle force (H), and

the size of the fragment to be detached (R):

rCohesion ¼ NbH

pR2
: (4)

The mean interparticle force can be considered as constant for

the different carbon black grades of this study. The exponent of

the power law dependence of the critical stress for rupture with

the agglomerate size is only predicted by this model if we

assume that severed fragments have a size close to the agglomer-

ate size (R ¼ R0) and the number of connecting bonds to be

fractured is proportional to the agglomerate initial size:

Nb / R2�X
0 : (5)

This corresponds to an intermediary case of agglomerate

between a dense one where the number of bonds to be severed

is proportional to the surface area of fracture (Nb / R2
0)

21 and a

sparse one where the number of bonds is small and does not

depend on the agglomerate size.22 If this relationship is valid,

the cohesion strength does not depend anymore on parameters

characterizing the aggregate level but only on the agglomerate

size. This would explain that the critical shear stress for rupture

does not depend on the carbon black characteristics.

The second approach considers the energy balance for the crack

development. According to Griffith’s fracture criterion, the frac-

ture grows if the strain energy supplied by the hydrodynamic

stress is greater than the energy required for the crack growth.

Based on this energy balance and considering the fractal dimen-

sion of the aggregate, Zaccone et al.23 developed a fracture model

for dense aggregates with high fractal dimension (case of the

present carbon black grades24). They established a power law de-

pendence between the critical stress for rupture and the agglom-

erate size where the exponent depends on the fractal dimension

but not on the size of the elementary particles and thus not on

the specific area. The fact that the fractal dimension is very simi-

lar for carbon blacks of different grades24 could explain that the

rupture criterion does not depend on the carbon black grade.

The two interpretations of the rupture criterion do not have the

same physical meanings. The approach based on a stress balance

Figure 6. (a) Example of infiltration of SBR1 into silica, R0 ¼ 44 lm at

140�C. (b) Comparison of infiltration kinetics of SBR1 and BR in

Z1115MP micropearls (R0 ¼ 44 lm in SBR1 and R0 ¼ 38 lm in BR) at

140�C. Infiltration kinetics is plotted as the radius of the noninfiltrated

part normalized by the micropearl radius versus time.
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considers the number of bonds to be severed, and this model

should apply if we assume that the fragment size is close to the

agglomerate size and the number of bonds is nearly propor-

tional to the agglomerate size. The energetic approach is based

on the energy required for a crack to propagate. This approach

is quite attractive because it follows the classical approach of

rupture mechanics with the initiation of a crack and the crack

propagation. The result of this work is that the condition for

the crack propagation is the same for the investigated carbon

black grades. This does not mean that the way the pellet breaks

(crack propagation paths) is similar. The crack propagation

paths must correspond to the weakest points (defects in the pel-

let).25 The way the three carbon grades fractured under shear

(number and size of fragments) looked similar; however, no sys-

tematic measurement of the fragment size distribution was

performed.

Erosion Mechanism

Erosion Kinetics. An example of the pellet size reduction due

to the erosion process under shear is shown in Figure 8.

Our previous work on erosion of N234 grade in the SBR matrix

showed that erosion is possible if the shear stress is larger than

a critical value, proceeding via the detachment of a constant

volume per strain unit, and that the eroded volume depends on

the applied shear stress and the quantity of strain units.6 This

means that the pellet size reduction is slow for large pellets and

becomes faster when the pellet size decreases [Figure 8(b)]. The

erosion process was found to be well described by a single ero-

sion law:

R3
0 � R3

t ¼ a s� sErosionC

� �
_ct ; (6)

where R3
0 � R3

t is the eroded volume with R0 the initial pellet

size and Rt its size at time t, a is the erosion efficiency, s is the

applied shear stress, sErosionC is the critical shear stress for ero-

sion, _c is the applied shear rate, and t is the shearing time.

This law takes into account the initial agglomerate size, the

applied shear stress, and the quantity of strain. It involves two

parameters characteristic of the filler/matrix system: the erosion

efficiency and the critical shear stress for initiating erosion.

Effect of Infiltration. As for rupture, erosion in the SBR matrix

was assumed to occur on dry (not infiltrated) pellets. To probe

the effect of an infiltrated layer on the erosion process, erosion

kinetics was measured in a BR matrix. This matrix was chosen

for its much faster infiltration into silica (see Figure 6). Four

different contact times were probed between 15 and 60 min.

The time zero corresponded to the moment when the tempera-

ture control indicated the set temperature. Once the contact

time was reached, a constant shear rate was applied and the

resulted erosion process was measured. Figure 9 compares ero-

sion kinetics of the N234 carbon black grade (same pellet size,

R0 ¼ 34 lm) at the same shear rate (5 s�1).

These measurements show that the erosion rate (defined as the

slope of the eroded volume per strain unit) is faster as the con-

tact time and thus the infiltrated layer is increased. The faster

erosion for a thin infiltrated layer is explained by Yamada

Figure 7. Log–log representation of the critical shear stress for rupture

versus the pellet size of the N234, N326, and N347 carbon black grades in

SBR.

Figure 8. Sequence of erosion of a N234 carbon black cluster in SBR1: R0

¼ 22 lm, _c ¼ 6 s�1, 140�C: (a) sequence of images and (b) size reduc-

tion with time.
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et al.18 by the detachment of the infiltrated layer. As the contact

time is increased, the infiltrated layer should be larger, which is

in agreement with a higher erosion rate.

The fact that the erosion rate varies with the contact time (infil-

tration depth) in the BR matrix indicates that infiltration does

not play any role in the case of the SBR matrix. If infiltration

would play a role, for the same contact time, the infiltration

depth should be larger for smaller pellet sizes.20 In this case, for

the same shear rate, the erosion rate should vary with the pellet

size (via the difference in infiltrated depth) at least during the

first step of erosion. This is not what is observed in the case of

the SBR matrix. As shown in our previous article, erosion data

for different initial pellet sizes at a constant shear rate superim-

pose when plotted as the eroded volume versus time (Figure 8

in Ref. 6). This means that the erosion rate at fixed shear rate is

constant whatever the pellet initial size. This indicates that ero-

sion measurements were performed on dry pellets. Rupture tri-

als being performed on larger pellets, this confirms that rupture

trials were also performed on dry pellets.

Effect of Carbon Black Characteristics. The dispersion behav-

ior of the different grades of carbon black was compared using

the protocol designed for erosion experiments. The continuous

detachment of small fragments from the outer surface of the

parent agglomerate was observed for all the carbon grades

under the application of a constant shear rate. Erosion kinetics

were more specifically measured for the N234, N326, and N347

carbon grades. A comparison of erosion kinetics measured on

the three types of carbon black at the same shear stress of 120

kPa (corresponding to a 10 s�1 shear rate) is depicted in Figure

10. This shear stress value was selected so that the only possible

dispersion mechanism is erosion for the considered pellet sizes.

Measurements were performed on pellets with similar initial

sizes. Following eq. (6), kinetics is plotted as the eroded volume

versus the applied strain [Figure 10(a)].

This figure shows that the erosion mechanism although induced

by the same shear stress proceeds at different erosion rates for

the three carbon black grades. The comparison of the behavior

of N234 and N347 grades (different specific areas but similar

structures) indicates faster erosion for the N347 grade character-

ized by a lower specific area. The comparison of the behavior of

N347 and N326 grades (different structures but similar specific

areas) depicts faster erosion for the carbon black N347 with a

larger structure. This shows that the erosion process depends on

the carbon black intrinsic properties.

Figure 9. Erosion kinetics measured in the BR matrix at 140�C for differ-

ent contact times between the pellets of carbon black N234 and the matrix

for the same pellet size, R0 ¼ 34 lm, and the same shear rate 5 s�1.

Figure 10. Erosion kinetics data of the N234, N326, and N347 carbon

black grades in the SBR matrix for an applied shear stress of 120 kPa.

Kinetics plotted as: (a) the eroded volume versus strain and (b) the ero-

sion rate versus the applied shear stress.
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To determine the parameters of the erosion law [critical shear

stress for erosion and the erosion efficiency in eq. (6)], erosion

kinetics was measured at different shear stresses for each carbon

black grade. The variation of the erosion rate with the applied

shear stress for the three carbon black grades is shown in Figure

10(b).

The erosion process for the grades N326 and N347 shows simi-

lar features as for the N234 grade:

• erosion proceeds via the detachment of a constant volume

of matter per strain unit,

• this erosion rate k varies linearly with the applied shear

stress and depends on the carbon black grade,

• there is a critical shear stress for initiating erosion in all cases.

The slope of the erosion rate versus stress curve corresponds to

the erosion efficiency (a) and the intercept of the curve with

the X-axis to the critical shear stress for erosion (sErosionC ) [eq.

(6)]. Erosion efficiencies and critical stresses for erosion values

are reported in Table II.

The critical stresses for erosion for the three carbon black grades

are in the same order of magnitude. The order of magnitude of

the critical stress for erosion is only important to know whether

erosion is possible or not and to be compared with the critical

shear stress for rupture. The comparison with critical shear

stress for rupture values shows that erosion and rupture can

happen simultaneously for pellets larger than 70 lm in radius.

For this order of magnitude of pellet size, although both mech-

anisms do happen, the size reduction due to erosion is negligi-

ble relatively to the one due to rupture.

The main information for the dispersion process is the erosion

efficiency and its variation with the carbon black characteristics.

The effect of the carbon black grade on the erosion efficiency is

more obvious. The two to two comparison of the erosion effi-

ciencies for different grades shows that the erosion kinetics is

larger for carbon black grades with the lower specific area (car-

bon black N347, when grades of similar structures N347 and

N326 are compared) and the larger structure (carbon black

N347, when grades of similar specific areas N234 and N347

are compared). A quicker dispersion for a carbon black with

a lower specific area or a larger structure is a classical result

for industrial carbon black grades dispersed in an internal

mixer.9–11 Relatively to these studies, this work allows us to dif-

ferentiate the effect of the filler characteristics on each disper-

sion mechanism. The present measurements demonstrate that

the carbon characteristics do not affect these mechanisms in the

same way: no effect on the condition for rupture but an effect

on erosion.

Explanation of the Dependence of the Erosion Efficiency on

the Carbon Black Characteristics. The present result is different

from the results of Li et al. based on rheo-optical dispersion

experiments on compressed carbon black agglomerates sus-

pended in a low viscosity matrix.13 However, Li et al. compared

two carbon black agglomerates characterized by a different struc-

ture but with equivalent density and same specific area (same ele-

mentary particle size). Hess and Herd24 proposed to use the po-

rous volume determined by the DBP adsorption to calculate the

apparent density of carbon black. Because the porous volume

(determined per 100 g of silica) via the DBP adsorption includes

interaggregate voids and voids between agglomerates, the IS2

index based on mercury porosimetry (considering voids with a ra-

dius lower than 4 lm) is preferred to estimate the porous volume

inside the pellet and calculate the apparent density of the pellets:

qapp ¼
IS2
100

þ 1
qCB

� ��1

; (7)

where IS2 is in cm3/100 g, qCB is the specific density of carbon

black, qCB ¼ 1.95 g/cm3.

The apparent pellet densities of the three carbon black grades used

in this study were calculated using the IS2 index. Values are

reported in Table I. Based on this calculation, the two carbon black

grades with similar structure (N234 and N347 grades) indeed have

similar density. Their difference in terms of erosion efficiency is

well explained by their different specific area and thus the size of

their elementary particles constituting the aggregates. The erosion

efficiency parameter corresponds to the effect of the applied stress

on the erosion rate, that is, the quantity of eroded volume that is

removed per strain unit (for a fixed shear rate). If we assume that

the fragment to be detached is the aggregate, the size of the elemen-

tary particles and their arrangement inside the aggregate (that is

the structure) determine the volume to be detached. The volume

detached during one pellet revolution is greater for a lower specific

area carbon and explains the faster erosion. At equivalent specific

area (N326 and N347 grades), the two carbon blacks have a differ-

ent structure and a different density, which explains their different

behavior in erosion. For a fixed size of elementary particles, a

higher structure corresponds to a more complex arrangement and

thus a less dense aggregate occupying a larger volume, which also

leads to faster erosion. The result found by Li et al. concerns a dif-

ferent case where agglomerates with similar density, same specific

area, but different structures are compared. According to the

authors, high-structure agglomerates formed by compression may

result in more interlocked structures than by pelletization, which

explains the more difficult erosion in their case of a high-structure

carbon black.

For all carbon black agglomerates (pelletized or compressed

agglomerates), the erosion rate depends on the applied shear

stress and the quantity of strain units.

Relationship between the Erosion Kinetics and the Carbon

Black Intrinsic Parameters. Different attempts were already

made to define empirical laws relating parameters characterizing

Table II. Erosion Parameters of the Carbon Black Grades N234, N326,

and N347 in SBR

Carbon black grade a (lm3/Pa strain unit) sErosionC (Pa)

N234 1.8 � 10�5 71 � 103

N326 1.3 � 10�5 72 � 103

N347 2.0 � 10�5 65 � 103

a is the erosion efficiency and sErosionC is the critical stress for erosion.
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the dispersion rate to the carbon black characteristics.10,11 On

the basis of our measurements and existing laws, we propose an

empirical law expressing the variation of the erosion efficiency a
versus the structure (defined by the DBP value) and the specific

area (defined by the CTAB value). Our data were found to obey

the following empirical relationship:

a ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffi
CTAB

p
þ B

DBPffiffiffiffiffiffiffiffiffiffiffiffi
CTAB

p ; (8)

where A and B are proportionality constants determined for the

erosion efficiency parameter a expressed in lm3/Pa strain unit,

CTAB in m2/g, and DBP in mL/100 g. In this case, A ¼ 2.7 �
10�7 and B ¼ 1.3 � 10�6. The dimension of the constants was

not indicated for sake of simplicity.

Based on this equation, the variation of the erosion efficiency

with the structure (DBP) is represented in Figure 11 for differ-

ent values of specific area (noted S in this figure).

The validity of this relationship was checked for two other car-

bon black grades N772 and N134. Estimating the erosion effi-

ciency of these two carbon blacks is interesting because specific

area and structure play an opposite effect on erosion. The N772

grade is assumed to be easy to disperse because of its low spe-

cific area but difficult if one considers its low structure. This is

the contrary for the N134 with its high specific area and its

high structure. Erosion efficiencies were measured for these two

carbon blacks. Table III reports the erosion efficiency parame-

ters measured experimentally and estimated using eq. (8). There

is a good agreement between the erosion efficiency calculated by

the empirical law and the experimental values. It also shows

that although the N134 and N772 carbon black grades are very

different, they present similar erosion efficiencies. The erosion

efficiency of the N160 grade was only calculated using eq. (8).

Application to a Mixing Operation

Although measured on isolated pellets, the determined criteria

and laws for dispersion bring some information on what hap-

pens in an internal mixer as far as dispersion is concerned:

• The dependence of the critical shear stress for rupture with

the cluster size is consistent with what happens during a

mixing operation. If a constant critical shear stress for rup-

ture is assumed (as predicted by the planar rupture

model26,27), this means that, for a given shear stress larger

than the condition, all pellets (whatever their size) would

be ruptured and would break down to the level of the

smallest entity that is the aggregate size. Dispersion should

thus be very rapid. This is of course not consistent with

what is observed in practice.2,12 This is due to the higher

resistance to rupture of the small pellets. This size depend-

ence of the critical condition for rupture thus seems to be

in line with the industrial experience.

• It is obvious that rupture is more efficient to decrease the

pellet size than erosion. However, the rupture mechanism is

only active at the beginning of the mixing process down to

a critical agglomerate size (defined by the applied shear

stress). Below this size erosion is the only possible disper-

sion mechanism to reduce the agglomerate size.

• Although not discussed in this way in this article, the ero-

sion process is governed by the energy supplied to the mix.

The shear stress multiplied by the strain corresponds to an

energy per volume unit. The final dispersion state thus

depends on the mixing energy, which includes the effect of

the mixing time.

• This study highlights that the condition for the first disper-

sion step (dominated by the rupture mechanism) is not

affected by the carbon black characteristics, whereas the sec-

ond step is dominated by the erosion mechanism.

CONCLUSIONS

The effect of the carbon black intrinsic characteristics on disper-

sion mechanisms and criteria was investigated by direct observa-

tion of isolated clusters suspended in a SBR matrix under shear

using a transparent counter-rotating shear cell coupled with an

optical microscope. It was the first time that the effect of carbon

black intrinsic characteristics was probed independently on rup-

ture and erosion mechanisms. The observation and determina-

tion of dispersion criteria and laws allow us to show that the

variation of the carbon black intrinsic properties does not affect

the two dispersion mechanisms in the same way:

• The critical shear stress for initiating rupture mechanism

depends on the pellet initial size (power law dependence).

Figure 11. Variation of the erosion efficiency with the carbon black struc-

ture (DBP) and specific area (S) in SBR following eq. (8).

Table III. Erosion Efficiencies of the Carbon Black Grades N134 and

N772 in SBR: Comparison of the Measured and Calculated [eq. (8)]

Parameters

Carbon black
grade

a measured
(lm3/Pa strain unit)

a calculated
(lm3/Pa strain unit)

N134 1.71 � 10�5 1.72 � 10�5

N772 1.78 � 10�5 1.82 � 10�5
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This condition for rupture was found not to be affected by

the carbon black intrinsic characteristics.

• On the contrary, erosion, which is a more local mechanism,

is affected by the specific surface and the structure of the

carbon black pellets. Its kinetics does depend on the carbon

black intrinsic properties. Erosion is faster for a low-specific

area carbon black at equivalent structure and a high-struc-

ture carbon black at equivalent specific area. This depend-

ence is in agreement with the results obtained from internal

mixer studies, where dispersion results from both mecha-

nisms at the same time.9–11 An empirical law relating the

carbon black erosion efficiency to its specific area and

structure was proposed.

This type of data brings some insights on:

• the physics of the dispersion mechanisms that is linked to

the internal structure of the pellet

• and the dispersion process during a mixing operation.

This work provides a set of pertinent and workable dispersion

criterion and laws that could be incorporated in a complete

modeling of the flow in an internal mixer in the case of indus-

trial products.8
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