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H I G H L I G H T S

• Ultra small-angle X-Ray scattering used to quantify nano-scale filler dispersion.

• Colloidal analogy relates temperature to time for mechanical mixing of nanofillers.

• van der Waals model used to estimate filler excluded volume and interaction energy.

• Excluded volume depends strongly on the size of nanofiller particles.

• Interaction energy depends on matrix viscosity and relates to filler wetting time.
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A B S T R A C T

Nanocomposites can be produced by a variety of processes. A common method used in industry is to mix a
viscous polymer such as an elastomer compound, with nanofillers in a Brabender mixer or in a calendar.
Dispersion has been quantified using a mixing index, DR, that is based on micrographs of reinforced elastomers
on the micron-scale. A recently developed technique based on X-ray scattering allows for an alternative nano-
scale description of dispersion based on a thermal-dispersion model where an analogy is made between tem-
perature for thermal dispersion and nanocomposite processing conditions such as mixing time, mixing geometry,
and viscosity for kinetic dispersion. In this paper the impact of mixing time on dispersion is investigated taking
advantage of the van der Waals equation to describe excluded volume and interaction energy in the dispersion. It
is found that the thermal-dispersion analogy is well behaved and can determine the wetting time for nano-scale
incorporation of filler into elastomer. The nano-scale excluded volume depends only on the filler type and the
excess excluded volume seems to be sensitive to the bound rubber layer. The pseudo-interaction energy is
strongly dependent on viscosity and polymer chemistry. The thermal-dispersion model offers a novel approach
to understanding kinetic dispersion in nanocomposites.

1. Introduction

Nano-reinforced elastomers have been an area of interest to the
rubber industry for more than a century. These nanocomposites are
widely used for applications such as tires and anti-vibration applica-
tions. Reinforcement requires good dispersion of the filler which is
accomplished by mixing in an internal mixer or a two-roll mill. The
dispersion of reinforcing nano-fillers such as carbon black and silica

into an elastomeric matrix is of prime importance for the efficient use of
raw materials and development of a product that possesses enhanced
and tailored properties.

Mixing the various components that constitute a commercial tire is
achieved by shear forces that distribute the fillers uniformly in the
rubber matrix. This results in a "mixed-state" that encompasses the
extent to which filler agglomerates break down to indivisible ag-
gregates and their distribution throughout the rubber matrix. Both
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these processes occur simultaneously during the mixing process and a
more fundamental understanding of the factors controlling them would
help in improving the entire mixing operation.

The mixing process is highly convoluted and is comprised of various
stages generally observed by the variation of mixing torque with mixing
time [1,2]. Mastication of rubber involves the softening of the matrix by
the application of heat and shear forces for suitable uptake of fillers.
The initial stage is followed by filler incorporation in which the filler
particles are wetted by the elastomer. This incorporation is generally
associated with the observance of a peak in the mixing torque curve [3].
As the filler is incorporated into the rubber, the average agglomerate
size of several microns decreases until it reaches a size scale where it
cannot be broken down further under the application of shear forces.
The smallest dispersible units in the range of a few hundred nanometers
are aggregates, which can re-cluster into larger agglomerates due to
weak van der Waals forces during the mixing process. The reduction in
agglomerate size was described by Shiga and Furuta [4] using an "onion
peel" model, where scanning electron microscopy (SEM) images re-
vealed that aggregates peel off from the surface of the agglomerates in
the manner that an onion would peel. Cotton [3] showed that the final
stages of mixing are purely distributive in nature. Filler distribution can
be enhanced by coupling agents that promote filler-polymer interac-
tions. Raut et al. [5] used the block copolymer poly(butadiene-graft-
pentafluorostyrene) as a coupling agent in styrene-butadiene rubber
(SBR) carbon black nanocomposites to improve dispersion. The electron
rich aromatic rings of carbon black had an affinity towards electron
deficient pentafluorostyrene, whereas the butadiene backbone showed
affinity towards SBR. Similarly, Mondal et al. [6] showed that in the
presence of dispersing agents such as expanded graphite, carbon black-
SBR nanocomposites showed a higher maximum torque value and ex-
hibited greater bound rubber content in contrast to nanocomposites
without graphite. It was concluded that expanded graphite led to im-
proved polymer-filler interactions leading to better dispersion though
the assessment of filler dispersion was only qualitative.

Macro-dispersion was first quantified by Leigh-Dugmore [7]
through a series of micrographs that served as a tool for visual com-
parison. The dispersion rating based on the percentage of carbon black
agglomerates below a certain size was revised by Medalia [8]. A model
for the variation in the dispersion rating, DR t( ) with mixing time, t , was
proposed by Coran and Donnet [9,10], equation (1). This model was
related to the ratings assigned by Medalia [8]. It was considered that
the amount of undispersed filler in the system was equal to the total
number of agglomerates with an average size greater than 5 μm. This
treatment was based on the flaw size of polybutadiene rubber, de-
termined to be about 5 μm following Griffith's theory of crack propa-
gation. A general improvement in properties was observed when the
average size of the agglomerate population was less than 5 μm, which
was associated with higher ratings. The Coran and Donnet function is
given by,

= −∞DR t DR α
βt( ) exp( ) (1)

where, DR t( ) has values between 0 and 10, with 10 indicating that the
average size of all agglomerates is less than 5 μm. Since there is a
possibility that the maximum value might never be observed, ∞DR re-
presents the rating at infinite time. α is a constant related to the amount
of undispersed filler when dispersion commences; β, is an analogue to
the specific rate in a first order chemical reaction. Hence, β would vary
with material properties such as viscosity, mixing rate and temperature
as well as mixing geometry. Since the dispersion process commences
once all the filler particles have been incorporated into or wetted by the
matrix, there exists a time delay, wetting time, before a dispersion
rating can be assigned [11,12]. This characteristic time delay or filler
incorporation time can be computed at =DR t( ) 0. Current analysis of
optical micrographs for assessment of macro-dispersion are based on
the area ratio of agglomerates of a specific size [13,14].

Bohin et al. [15] proposed an alternative model, equation (2). Their
dispersion model for carbon black under simple shear flow doesn't ac-
count for a delay for filler incorporation. In Bohin's model ≈DR (0) 0,
can be assumed if the dispersion is modelled for the erosion of a single
agglomerate. This means that the incorporation (or wetting) time for a
single agglomerate is extremely small. The rate of agglomerate erosion
was explained as a competition between the hydrodynamic shear force
and the cohesive force that holds the agglomerate together. Bohin's
model is given by,

= +{ }( )DR t( ) 10
1 ψt

1
(2)

where, the rate constant ψ, is directly related to the matrix viscosity
and the shear rate. Yamada et al. [16] showed that increased matrix
viscosity slowed matrix infiltration into the filler. A slower infiltration
process at the same applied shear is associated with longer incorpora-
tion time indicating that the characteristic time delay would be longer if
the matrix viscosity is higher.

Analysis of optical, SEM and TEM micrographs by numerical, sta-
tistical models and advanced computational geometry are popular
methods of determining the extent of dispersion [17–26]. The strength
and weaknesses of other dispersion characterization techniques has
been reviewed [27]. Lively et al. [17] proposed a stereological ap-
proach where the diameter and size distribution of the agglomerates
were estimated from optical micrograph images with smaller agglom-
erates indicating better dispersion. Khare et al. [18] provided a quan-
titative estimate of the degree of filler distribution by analyzing the size
of regions in the composite that did not contain filler in TEM micro-
graphs. For a well distributed system the size of the unfilled region was
smaller as opposed to a poorly distributed system. Although, most
image analysis techniques focus on developing a better statistical
method to quantify dispersion, proper identification of the filler by
image thresholding to completely eliminate the inhomogeneous back-
ground is generally overlooked as pointed out by Li et al. [19].

The extent of dispersion depends on the size scale of observation.
Macro-dispersion involves the observation of a size-scale large enough
to allow the averaging out of aspects such as structure and specific
surface area of carbon black. Nano-dispersion involves observation on
size scales comparable to the filler aggregate and primary particle. Jin
et al. [28] showed that nano-dispersion depends linearly on primary
particle size for carbon black in polybutadiene. Macro- and nano-dis-
persion may impact different mechanical properties of filled elastomers.
Rishi et al. showed that nano-dispersion largely impacts the moderate
to high-frequency dynamic response while macro-dispersion is im-
portant to static and low-frequency response [29]. It is useful to study
the behavior of the indivisible aggregates (nano-dispersion) to under-
stand the local dispersion of fillers and the impact on properties.

Several authors have characterized the compatibility of fillers in
rubber matrices by investigating surface and aggregate structure.
Stöckelhuber et al. [30] characterized filler-elastomer compatibility as
a function of the surface energy and surface polarity of solid filler
particles. It was proposed that the free energy of immersion, ΔGi, could
be represented as a function of the surface energies of the filler and the
polymer-filler interface. This would reflect a thermodynamic con-
tribution towards dispersion by quantifying the wettability of the filler
particles by the polymer. This method however does not consider the
contribution of the mechanical energy of mixing. Hassinger et al. [31]
developed a quantitative tool to incorporate mechanical processing
conditions in the prediction of interfacial thermodynamics. They pro-
posed a set of descriptors that define the interfacial energy, the total
power consumption and the volume fraction normalized filler surface
area. The interfacial energy was based on the ratio of the work of ad-
hesion between polymer-filler and filler-filler following Natarajan et al.
[32] whereas, the normalized surface area was used to characterize the
extent of dispersion based on TEM images. Using correlations between
the three descriptors it was concluded that improved dispersion was
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related to an increase in mixing energy.
Electrical conductivity (or inversely resistivity) measurements have

also shown promising results in determining the extent of filler dis-
persion for carbon black-rubber nanocomposites [2]. Electrical con-
ductivity is a function of filler grade as well as filler concentration. It
increases with increasing filler in the nanocomposites until percolation.
O'Farrell et al. [33] noticed an increase in volume resistivity with in-
creasing mixing times for filler close to its percolation threshold. This
meant that the number of direct contacts between the indivisible filler
aggregates reduced with increasing mixing time indicating an im-
provement in dispersion. At longer mixing times, the appearance of a
plateau in resistivity indicated a state of terminal dispersion such that
the number of direct contacts remained unchanged. However, for fillers
above percolation the change in volume resistivity was insignificant
indicating that this measure of dispersion is suitable for dilute condi-
tions i.e. in the absence of a percolated conductive network. Le et al.
[34,35] performed online-conductivity measurements and showed that
the variation in conductivity was proportional to mixing time. The
change in conductivity which depends on the nano-filler contacts was
related to the extent of dispersion. A peak in the measured conductivity
close to the start of dispersion was associated with the filler in-
corporation time. This was found to be a function of the raw material
characteristics such as the matrix viscosity and microstructure, as well
as process parameters such as rotor speed and mixer configuration.

Jin et al. [28] considered a thermal-dispersion model for nano-dis-
persion. Clustering of colloidal particles in thermal equilibrium is op-
posed by the osmotic compressibility, dΠ dϕ/ , or the build-up of osmotic
pressure, Π , with concentration, ϕ. Under dilute conditions, the os-
motic pressure is estimated by the van't Hoff equation, =Π ρ k Tnum B .
Like the ideal gas law, the equation doesn't account for binary inter-
actions between filler aggregates and is unsuitable at larger particle
concentrations, ρnum, expressed in particles/cm3. A virial expansion of
osmotic pressure, defining the second virial coefficient, B2, can describe
deviations from ideality,

= + + + …Π
k T ρ B ρ B ρB num num num2

2
3

3
(3)

where B2, expressed in cm3/particle, is the second virial coefficient and
reflects deviations in osmotic pressure due to binary particle-particle
interactions. The second virial coefficient, B2, has been used to de-
termine the stability of colloidal thermal dispersions [36]. For a stable
colloid, with >B 02 , the dispersed phase remains evenly distributed
throughout the solution, whereas particle clustering, sedimentation or
flocculation occurs for unstable colloids with <B 02 . The power-series
expansion in equation (3) can be modified by considering the mass
density, ρM instead of number density of the particles [37] such that

= + + + …Π
RT

ρ
M A ρ A ρM

M M2
2

3
3 (4)

where, = ( )ρ ρM
M

N numA is the concentration of colloidal particles in
solution, M is the molar mass of a colloidal particle expressed as g/mol
and NA is the Avogadro's constant expressed in particles/mol. Here,

= ( )A BN
M2 2A 2 , such that >A 02 favors particle dispersion whereas

<A 02 would indicate clustering, sedimentation or flocculation.
The above approach for thermally-dispersed mixtures has been ex-

tended to kinetically-dispersed binary filler-elastomer mixtures as re-
ported by Jin et al. [28]. Jin reports on colloidal particles of carbon
black or silica dispersed in a highly viscous elastomer phase. The high
matrix viscosity limits the thermal motion of the particles since the
particles do not significantly diffuse in the elastomer network. Conse-
quently, the estimation of A2 (or B2) via osmometry is not possible.
However, this can be overcome by estimating A2 through ultra-small
angle X-ray scattering (USAXS).

USAXS is used to characterize the structural hierarchy in filler
particles under dilute conditions [38–40]. The particle morphology at
each structural level can be fitted by the Unified Scattering Function

which is given as [41],
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where, “i” is an index for the structural level, lower values corre-
sponding to smaller structures in a hierarchy. G and B are contrast
factors such that G is proportional to the number density of particles at
that structural level. Rg is the radius of gyration, q is the scattering or
the reciprocal space vector, Pi is the fractal scaling for each structural
level, “i”. = ⎜ ⎟

∗ ⎛
⎝

⎧
⎨⎩

⎫
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⎞
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qi
q

erf
kqRg i,

6

3
where, erf is the error function and k is

approximately equal to 1.06 for mass-fractal structures and 1 for solid
particles that display an interface. The scattering vector is inversely
related to the size scale under observation. Generally, four structural
levels have been reported for carbon black [28,29]. Amongst this
structural hierarchy, level 0 corresponds to graphitic layers, level 1 to
primary particles, level 2 to intractable aggregates that are made up of
fused primary particles. The aggregates are the smallest dispersible
filler units in the elastomer. Finally, level 3 corresponds to agglomer-
ated super-structures held by weak, van der Waals forces. Intermediate
structural levels have also been reported by Koga et al. [42] for a cer-
tain grade of carbon black. The aggregate morphology can be specified
by the degree of aggregation (z) or number of primary particles in an
aggregate, the degree of branching, as well as polydispersity in z [43].

Fig. 1(a) is a representation of structural levels 1 and 2 for a filler
particle under dilute conditions. However, loading levels used in the
industry are usually above the overlap concentration in the semi-dilute
regime. In this regime, aggregate features beyond a characteristic mesh
size ξ , are obscured as shown in Fig. 1(b). For concentration normalized
scattering intensity, this generally translates as a plateau in intensity,
I q ϕ

ϕ
( , )v

v at lower values (level 2) of the scattering vector q below a
minimum ≈∗q π ξ2 / . An increase in filler concentration results in a
decrease in this mesh size. At much lower q, however, the scattering
intensity shoots up owing to agglomerated super-structures that are
comprised of fused aggregates in 3-D domains or mass fractal networks
[28]. This macro network is in dilute conditions until about 20 vol
percent filler well above the nanoscale overlap concentration observed

Fig. 1. (a) Cartoon of smallest dispersible unit (filler aggregate) with the cor-
responding scattering curve under dilute conditions. The filler exhibits a hier-
archical structure and the scattering curve resolves each structural level as a
power law slope (P1, P2) that gives information about the shape and a knee
region that provides the size (Rg,1, Rg,2) of that level. (b) Cartoon indicating
filler aggregate screening characterized by loss of structural resolution at large
sizes for high concentrations, the corresponding scattering curve translates this
loss in structural features as loss of reduced intensity at the aggregate level
compared to the dilute scattering profile.
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in scattering. This discrepancy in percolation volume fraction for the
two networks and the hierarchical structure are caused by the innate
immiscibility of carbon black in elastomer which causes local nano-
scale clustering and percolation in domains of the nanostructure at
concentrations around 5 vol percent. For this reason, the effect of
screening in the present case is restricted to the primary particle and the
aggregate level. The extent of screening is quantified in analogy to
thermally dispersed colloidal systems using the random phase approx-
imation [44] such that,

⎜ ⎟
⎛
⎝

⎞
⎠

= ⎛
⎝

⎞
⎠

+
− −I q ϕ

ϕ
I q ϕ

ϕ νϕ
( , ) ( , )v

v
v

1
0 0

0

1

(6)

where, ν is the screening parameter that quantifies the extent of
structural overlap at large sizes. ν is expressed in cm and is a constant
for a filler-elastomer combination under a set processing time. ϕv is the
filler volume fraction, I q ϕ

ϕ
( , )v

v is the volume fraction normalized scat-
tering intensity; whereas, I q ϕ

ϕ
( , )v

v
0 ,0

,0 is the normalized intensity for the
filler under dilute conditions below the nanoscale overlap concentra-
tion, in cm−1. The screening parameter, ν, is related to A2 by

= 〈 〉A ν ρ
N ρ

Δ
2 A f2

2
2

(7)

where, 〈 〉ρΔ 2 is the square of the difference in scattering length density
between the filler and elastomer expressed in cm−4 which is a measure
of contrast, and ρf is the filler density [28]. In this case A2 is a pseudo-
second virial coefficient since the system is not thermally controlled but
in analogy is dispersed by accumulated shear strain and is expressed in
mol cm3/g2.

In colloidal mixtures, such as polymer solutions, printing inks, milk,
red blood cells etc., dispersion of the particles is caused by thermally-
driven, Brownian motion associated with k TB that displays true ther-
modynamic behavior. In such cases, the dispersed nanoparticles might
be separated by amplifying gravity or a settling force in a centrifuge to
overcome k TB . These thermally-dispersed colloids generally have a
favorable surface interaction with the matrix, that is, they are stabilized
by a surfactant or have a natural interfacial compatibility. These sys-
tems do not flocculate, sediment or cluster under normal conditions. On
the other hand, mechanically-dispersed colloids exist in a kinetically
locked-in state. The nanoparticles in such systems would normally
flocculate, settle or cluster except for the action of mechanical disper-
sion coupled with a viscous, glassy, or semi-crystalline matrix phase.
Carbon or silica nanofillers in an elastomer are examples of kinetically-
dispersed colloids. In these cases, the properties are tied to the poor
interfacial compatibility between the dispersed phase and the matrix
phase coupled with the processing history leading to a more complex
dispersed structure which may have serendipitous advantages com-
pared with thermally-dispersed colloids.

In kinetically-dispersed colloids spontaneous diffusion of colloidal
particles can occur [45], depending on the experimental conditions and
given sufficient residence time, after or in conjunction with processing.
Often, this thermal diffusion favors clustering on the nanoscale rather
than dispersion leading to potential control of a complex, hierarchical
nano-to macro-scale structure. However, the dispersion of nanofillers in
a highly viscous elastomer, such as in industrial tires, is expected to be
dominated by mechanical mixing. During mechanical mixing, the shear
forces acting on weak agglomerates break and disperse the filler ag-
gregates. These dispersible filler aggregates can re-cluster into ag-
glomerates due to high surface energy.

Forces applied in mechanical mixing are amplified unevenly at
different size scales following the lever rule leading to a "top-down"
dispersion compared with the "bottom-up" dispersion in thermally-dis-
persed colloids. Clustering of filler particles to percolated nanofiller
clusters, on the nanoscale is opposed by the application of mixing en-
ergy. Mixing energy has a smaller impact on the nanoscale since the
lever arm is much smaller. On a larger length scale thermal transport is

insignificant and the lever arm for mixing is much larger, thus me-
chanical mixing leads to dispersion on large and intermediate length
scales. At sufficient concentration kinetically-dispersed nanoclusters
can percolate on a micron length-scale. This micron-scale network of
nanoscale clusters has been observed by TEM, X-ray tomography, and
by optical techniques.

The structural model proposed in this paper involves a dilute
structure composed of aggregates of primary particles which are dealt
with as rigid structures not impacted by kinetic or thermal dispersion.
The structural model assumes that these intransigent aggregates cluster
on the nano-scale forming a nano-network at about 5 vol percent which
is responsible for much of the dynamic response; and these clusters of
aggregates further percolate to form a micron-scale network at about
20 vol percent which is responsible for the low-frequency response and
features such as the Payne effect. The final nanocomposite is a complex
hierarchy of two percolated networks associated with immiscibility on
the nanoscale and dispersion on the micron-scale.

Filler dispersion in elastomers is generally achieved by mechanical
mixing under high shear conditions. Dispersion is subject to various
controls such as processing time, viscosity, temperature (which impacts
viscosity), and shear rate, as discussed earlier. An estimation of A2 as a
function of mixing time is a suitable approach to quantify nano-dis-
persion of filler aggregates with larger values of A2 indicating better
dispersion. Also, using the analogy between dispersion in thermally-
dispersed, colloidal mixtures and the kinetics of mixing in filled elas-
tomers, as discussed above, an approximate equivalence can be pro-
posed between mixing time and temperature as they impact dispersion
as shown in Fig. 2. This is because mixing time increases the accumu-
lated strain in the sample leading to greater dispersion similar to the
effect of temperature on diffusive distribution in a thermally-controlled
colloidal system. This analogy has limitations due to the inhomogeneity
of accumulated strain in a mixer compared to thermal motion.

The temperature dependence of the second virial coefficient, B2, for
thermally-dispersed, colloidal solutions can be obtained by describing
the second virial coefficient of osmotic pressure, equation (3) with the
van der Waals equation of state, such that

= −B T b a
RT( )2 (8)

where, b is the volume correction term due to the excluded volume of
the colloidal particles and a is the pressure correction term associated
with inter-particle attraction. B2 is related to A2 by the molar mass of
the particle, = ( )A BN

M2 2A 2 as discussed previously. For mechanically-
mixed, kinetically-dispersed filler-elastomer nanocomposites, A2 could
be expressed as a function of mixing time, t , in direct analogy to
equation (8), considering that the mechanical mixing energy is a direct
function of the mixing time at a constant strain rate. Thus,

Fig. 2. A cartoon depicting the thermally-dispersed, colloidal analogy for me-
chanically mixed rubber-carbon black nanocomposites. The figure on the left
shows colloidal particles in a solution where the average energy possessed by
the particles is proportional to the temperature, T of the medium. The figure on
the right shows carbon black aggregates in a rubber medium. The average ki-
netic energy is proportional to the total mixing time, t .
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= −∗ ∗( )A t N
M b a

t( ) A2 2
(9)

where, ∗b and ∗a are analogues to b and a for thermally-dispersed,
colloidal particles in equation (8). = ( )M zN ρA f

πd
6p3 is the molar mass

expressed in g/mol which depends on the Sauter mean diameter of the
primary particle, dp and the degree of aggregation, z. The excluded
volume, ∗b , that dominates inter-particle repulsion is expected to be
dependent on the size of the filler particle. However, ∗a , which governs
the inter-particle attraction would be affected by matrix viscosity as
well as the accumulated shear during the mixing process. Following
equation (9), A2 should increase with mixing time and plateau at in-
finite mixing time thus agreeing with the results based on macro-dis-
persion studies [10,12]. Since dispersion as a function of mixing time is
associated with positive values of A2, a critical time, ∗t can be defined
when =A 02 at =∗ ∗

∗t a
b . This is expected to be related to the filler

incorporation or wetting time as discussed in the case of macro dis-
persion per equation (1).

In this paper, A2 is computed as a function of mixing time for
elastomer/carbon black systems with variable melt viscosity and elas-
tomer type. The dependence of the pseudo-van der Waals constants, ∗a
and ∗b on elastomer and filler properties is discussed. A link is estab-
lished between the macro dispersion characterization used in industry
and the nano dispersion characterization proposed here. The descrip-
tion of nano-dispersion through the screening parameter, ν, proposed in
this study, is expected to impact dynamic mechanical properties at low
strain amplitude as recently reported [27]. This parameter could also
correlate to other mechanical properties such as tensile strength, re-
bound resilience and tear strength of the nanocomposite, although this
would be the subject of a future study. Additionally, the pseudo-inter-
action term, A2, can be used to generate a potential for input to course-
grained simulations for filler mixing in elastomers.

2. Experimental

Table 1 lists the elastomers used to prepare nanocomposites. Buta-
diene and styrene-butadiene rubbers are designated as B and SB re-
spectively. The suffix for each polybutadiene rubber grade indicates the
Mooney viscosity (B38 has a Mooney viscosity of 38 M. U.). The suffix
for each styrene-butadiene rubber grade indicates the Mooney viscosity
followed by the styrene content in the grade (SB80-38 has a Mooney
viscosity of 80 M. U. and 38wt percent styrene content). Note that the
cis, trans and vinyl content of all butadiene rubbers are the same. Two
grades of carbon black filler were provided by Cabot Corporation, 1095
Windward Ridge Parkway, Suite 200 Alpharetta, GA 30005. The com-
mercial carbon blacks VULCAN 8 and VULCAN 3 conformed to ASTM
N110 and ASTM N330 values respectively. The specific surface areas of
N110 and N330 carbon blacks, 123m2/g and 76m2/g respectively,
were obtained from the product data sheets [46]. The density of both
carbon blacks was 1.9 g/cm3. An antioxidant and antiozonant, 6PPD
(N-(1,3-dimethylbutyl)-N'-phenyl-1,4-phenylenediamine), used during
compounding, was provided by TCI America, 121 Domorah Drive,
Montgomeryville, PA 18936. No crosslinking agents were used.

Mixing of carbon black and elastomer was accomplished in a 50g

Brabender mixer equipped with two rotor speeds of 30 and 60 rpm. The
rubber was initially charged into the mixer at 30 rpm and the clock was
started when the system equilibrated to the set temperature of 130 °C.
The antioxidant was charged after 30s. Once the time reached a minute
carbon black was added. The time for carbon black addition was also
30s following which the mixer speed was increased to 60 rpm. The
nanocomposite was discharged following thorough mixing at times viz.
6, 8, 12, 18 and 24min. The carbon content in the prepared samples for
each mixing time was 1 (dilute), 5, 15 and 30wt percent. The melt
temperature during mixing was controlled by forced air and varied
between 130 ± 4 °C.

For scattering studies, the processed elastomers were pressed into a
washer such that a consistent thickness of 1.2mm was maintained.
These clamped specimens were subsequently baked in an oven at 100 °C
for 10min to ensure uniform thickness. USAXS measurements were
taken at three positions within each sample. The three measurements
made at different positions in the mixed sample are averaged and the
concentration series is used to determine an average A2. Despite the
expected inhomogeneity in the mechanically mixed samples, a great
difference in the three measured values for any of the mixing times was
not observed. Measurements were performed at the Advanced Photon
Source, Argonne National Laboratory using the ultra-small-angle X-ray
scattering (USAXS) facility located at the 9 ID beam line, station C. All
USAXS data was corrected for background and desmeared. This in-
strument is designed and operated by Jan Ilavsky [47].

For microscopy studies, thin sections of about 80 nm were sliced
from the nanocomposites using a cryo-ultramicrotome at temperatures
below the glass transition temperature of the matrix. The thin sections
were collected on 200-mesh carbon-coated copper support grids. STEM
micrographs were obtained from a transmission electron microscope
with an accelerating voltage of 25 kV and an emission current of 10
microamps.

3. Results

3.1. Characterizing the dispersed filler particles

Carbon black is a hierarchical filler material that displays different
structural levels which build upon each other. For this analysis, only the
primary particle and aggregate levels are considered. This structural
hierarchy is elucidated in combined small angle x-ray and ultra small
angle x-ray scattering measurements (SAXS and USAXS) where the re-
ciprocal lattice vector varies between 0.0001 and 1 Å−1. Fig. 3 shows a
log-log plot of the volume fraction normalized intensity as a function of
reciprocal space vector (I q ϕ

ϕ
( , )v

v
0 ,0 vs.q) for dilute (0.5 vol percent) B45-

N110 nanocomposites processed at different mixing times. The scat-
tering curves are analyzed by first subtracting the scattering profile of
the pure rubber from that of the composite, and then normalizing by
the volume fraction. Each level is characterized by a Guinier region
(Gaussian decay) followed by a power-law regime in q. It is observed
that the scattering profiles, in the q-range indicated by dashed vertical
lines in Fig. 3, are independent of mixing time.

Agglomerates comprising many aggregates are often observed by a

Table 1
Rubber grades and properties. Grades have been designated to provide information on viscosity and chemical structure (B38 has a Mooney viscosity of 38 M. U. and
SB80-38 has a Mooney viscosity of 80 M. U. and 38% styrene content).

Elastomer Grade % cis % trans % vinyl % styrene Density (g/cc) Mooney Viscosity (M.U.)

Polybutadiene rubber B38 38 51 11 – 0.9 38
B45 38 51 11 – 0.9 45
B54 38 51 11 – 0.9 54

Styrene-butadiene rubber SB80-38 – – 24 38 0.96 80
SB50-38 – – 25 38 0.96 50
SB50-26 – – 44.5 26 0.94 50
SB62-26 – – 44.5 26 0.94 62
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power-law at the lowest-q. The agglomerate level is not considered in
fits for the virial coefficient since the agglomerates are associated with
the macrostructure rather than the nanostructure. A two-level Unified
Function, equation (5), is fit to the region lying between the dashed
lines as indicated in Fig. 3 that includes level 1 (primary particle) and
level 2 (aggregate). The high-qregime, between 0.008 and 0.025Å−1,
pertaining to primary particle, is fit to a power-law slope of −4 (P1)
allowing calculation of the Sauter mean diameter, = ( )dp

6
S

V
. A power-

law slope of −4 is a signature of scattering from a smooth and sharp
surface. This characteristic surface fractal scaling usually varies be-
tween −3.7 and −4 in the q-range considered, thus validating the
assumption [42,48]. The corresponding radius of gyration of the pri-
mary particle is 33 ± 1 nm. The aggregate is characterized in the mid-
qregion between 0.0008 and 0.008Å−1 by a weak power-law that
shows mass fractal scaling with a slope of about = −P 2.22 ( =d 2.2f ).

The fit parameters for each of the dilute (0.5 vol percent) N110 and
N330 carbon black based nanocomposites at different mixing times are
listed in Table S1 and Table S2 respectively in the supplemental ma-
terial. For a given nanocomposite the average size of the aggregates
(Rg,2) and that of the primary particles (Rg,1) remain consistent within
experimental error over the duration of mixing. The same is observed
for the average aggregate structure which shows a consistent mass-
fractal scaling, df , over the mixing operation. The mixing conditions
thus show no effect on the average local structures under dilute con-
ditions. This is unlike macro-dispersion which is modelled by a reduc-
tion in agglomerate size [15] as followed by visual comparison with
micrographs [9,10]. This result indicates that any changes in local
structure with mixing time are purely distributive in nature as discussed
in the following sections.

The fit parameter, B1, provided in Table S1 and Table S2 in the
supplemental material is related to the surface area to volume ratio,

( )S
V from which the diameter of an equivalent sphere (Sauter mean

diameter), = ( )dP
6

S
V
, of the primary particles can be calculated.

Additionally, the number of primary particles within an aggregate is
specified by the degree of aggregation, = +( )z 1G

G2
1 [28,43]. The

end-to-end distance of the aggregate is related to dp, z and df , the mass

fractal dimension of the aggregate by, =R d z( )eted p
df

1
. Table 2 lists

these calculated parameters at different mixing times for B45-N110 and
B45-N330 nanocomposites. The primary particle diameter,

=d nm( )SSA ρ SSA
6000

f , is generally calculated from the specific surface
area [49] measured in m2/g and the filler density in g/cm3. dp for N110
is about 29 ± 1 nm which agrees with dSSA of about 26 nm, whereas dp
for N330 is about 45 ± 1 nm which agrees with dSSA of about 42 nm.
The number of primary particles in an N110 aggregate is larger than
that for an N330 aggregate. This is expected since <d dp

N
p

N110 330, and
consequently the surface area is greater leading to greater aggregation.

Fig. 4 shows a TEM image of a dilute (0.5 vol percent) B45-N110
nanocomposite that was mixed for 24min. The chain-like structures
indicated in Fig. 4 (a) and (b) are the dispersed filler aggregates with an
average size of about 150 nm. This agrees well with the aggregate end-
to-end distance, Reted obtained from scattering studies listed in Table 2.
Particles were simulated using monomer-cluster growth with the degree
of aggregation, =z 21, from scattering results and varying the sticking
probability until the fractal dimension ∼d 2.1f , the minimum

Fig. 3. Dilute USAXS curves for 0.5 vol percent B45-N110 nanocomposites
milled at different processing times. The q-range between the dashed lines used
to analyze the carbon black structure corresponds to level 1 (primary particle)
and level 2 (aggregate) of the structural hierarchy; USAXS curves for dilute
(0.5 vol percent) B45-N330 nanocomposites are shown in Fig. S1 in the sup-
plemental material.

Table 2
Parameters calculated for dilute scattering curves for B45-N110 and B45-N330
nanocomposites from the obtained scattering parameters in Table S1 and
Table S2 in the supplemental material. The calculated parameters for SB50-26-
N110 and SB50-26-N110 are listed in Table S3 in the supplemental material.

Nano composite Mixing time (mins.) dp (nm) z Reted(nm)

B45-N110 6 29 ± 1 20 ± 3 105 ± 14
8 28 ± 1 24 ± 5 110 ± 12
12 29 ± 1 16 ± 3 94 ± 9
18 28 ± 1 12 ± 1 81 ± 8
24 30 ± 1 21 ± 6 125 ± 24

B45-N330 6 44 ± 1 9 ± 4 108 ± 22
8 46 ± 1 8 ± 4 106 ± 23
12 45 ± 1 7 ± 3 94 ± 15
18 45 ± 1 7 ± 3 94 ± 18
24 46 ± 1 6 ± 1 86 ± 6

Fig. 4. TEM image of 0.5 vol percent B45-N110 nanocomposite processed for
24min. Under dilute conditions, there is no overlap of structural features and
individual aggregates can be isolated. (a–b) These aggregates are about 150 nm
in size which is approximately the same as the Reted of the aggregate based on
fits to the scattering curves. The end-to-end distance of the aggregate is related

to dp, z and df as =R d z( )eted p
df

1
; (c–d) Simulated N110 aggregates based on the

scattering fit results comprising of 21 primary particles using Mulderig's ap-
proach [43].
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dimension, ∼d 1.8f , and connective dimension, ∼c 1.2, determined
from the scattering parameters approximately agreed with those of the
simulated structure following the code provided by Mulderig et al. [43].
The aggregate structures shown in Fig. 4 (c) and 4 (d), simulated with

=z 21 and sticking probability of 0.45 reproduced similar mass-fractal
parameters in subsequent simulations so that a family of 3d "average"
aggregates matching the scattering results could be produced. These
simulated 3d aggregates, can be used in DPD (dissipative particle dy-
namics) simulations for a deeper understanding of the effect of pro-
cessing on the emergent nanocomposite structure.

3.2. Quantification of filler dispersion through screening

Fig. 5 shows the scattering profiles for B45-N110 nanocomposites
milled for 18min at different filler concentrations. The scattering in-
tensities have been normalized with the volume fractions of the filler.
The volume fraction was determined from the weight fraction such that

=
+ −( )ϕv

ρ

ρ ρ

p

p
ϕwt ϕwt f

1
, where ρp is the density of the elastomer. At high q,

( >q 0.01) the reduced scattering curves for all concentrations overlap
in the primary particle regime. This indicates that increasing filler
concentration does not affect the scattering from primary particles.
However, at lowerq's ( < <q0.001 0.01), a noticeable drop in normal-
ized intensity is observed at all concentrations higher than the dilute
condition. Consequently, the size and structure of the aggregate cannot
be resolved. This is expected due to the increase in number of filler
aggregates within the scattering volume. This reduction in normalized
intensity is accounted for by the term νϕv per equation (6). νϕv is ob-
tained by fitting the high concentration curves with the two-level
Unified Fit parameters listed in Table S1 in the supplemental material
such that a distinct value of νϕv results at each concentration. The

screening parameter, ν is obtained from the linear dependence of νϕv
with the filler volume fraction ϕv. The diminution in reduced intensity
of the nanocomposite characterized by ν is related to the pseudo-second
virial coefficient (pseudo-A2) through equation (7). Here, the contrast,
〈 〉ρΔ 2 is the squared difference in electron densities between carbon
black and elastomer. 〈 〉ρΔ 2 is 59.4×1020 cm−4 for butadiene rubbers
(B38, B45, B54). For styrene-butadiene rubbers, 〈 〉ρΔ 2 is
55.4×1020 cm−4 (SB80-38, SB50-38) and 52.6× 1020 cm−4 (SB50-
26, SB62-26).

3.3. The kinetics of mixing and time-temperature analogy

The mixing of fillers such as carbon black in elastomers and the
subsequent dispersion and distribution of filler aggregates depends on
the accumulated strain. At a constant rate of shear, longer mixing times
results in larger accumulated shear strain [50]. Fig. 6(a) shows the
variation in pseudo-A2 normalized by M

NA
2 as a function of inverse

mixing time, t
1 (in analogy to thermal energy, k T1/ B ), equation (9), for

B45-N110 and B54-N110 nanocomposites. Similar plots for N110 filled
SB80-38 and SB50-38 are shown in Fig. 6(b); for SB50-26 and SB62-26
are shown in Fig. 6(c). The styrene-butadiene rubbers were grouped
based on weight percent styrene content as detailed in Table 1. From
Fig. 6 (a)-(c), it is observed that an increase in t , i.e. a reduction in t1/ , is
marked by an increase in A2 indicating better dispersion. Similar tem-
perature dependent behavior has been observed in thermally-dispersed
colloidal solutions [51], that is better dispersion at higher tempera-
tures. This indicates that dispersion improves with mixing time as ex-
pected, and in a manner analogous to temperature in a thermally-dis-
persed colloidal dispersion. This increase is also similar to the
improvement in dispersion rating with increasing mixing time reported
in the literature [9,10]. However, there is an upper limit to this dis-
persion such that there exists a terminal state of dispersion. This
terminal state of dispersion is also observed in macro-dispersion studies
[9,12] at very long mixing times.

The dependence of the pseudo-A2 on the filler type is shown in
Fig. 6(d). It is seen that for all mixing times, the pseudo-A2 is larger for
N330 carbon black aggregates than N110 carbon black aggregates. This
indicates that it is easier to disperse larger nanoparticles and that the
influence of accumulated strain is larger on the larger nanoparticles
[26]. This could be because a larger particle displays a larger lever arm
under similar shear stress resulting in a larger applied force. The op-
posite dependence on particle size is observed in thermally-dispersed
colloids where smaller nanoparticles are more easily dispersed by
thermal motion [34].

Positive values of pseudo-A2 indicate miscibility in a thermally-
dispersed colloid due to repulsive forces between the particles.
Generally, an increase in the temperature results in an increase in A2 for
solutions that display an upper critical solution temperature. The
pseudo-A2 is a measure of dispersion in kinetically-dispersed colloids.
Positive pseudo-A2 indicates a dispersed system while negative pseudo-
A2 indicates flocculation or coagulation of the filler.

The filler/elastomer mixture displays net attractive forces between
the nanoparticles that are opposed by the accumulated shear strain.
Even at low concentrations we expect significant clustering of the na-
noparticles so that the overlap concentration as normally calculated is
not an appropriate measure of the point in concentration where global
percolation occurs. The traditional overlap concentration can be esti-
mated in volume fraction by =∗ ( )ϕ z d

R
3

p
eted . This has a value of about

≈∗ϕ 0.4 for the nanocomposites listed in Table 3. This value is close to
the observed value for carbon black bulk percolation using conductivity
measurements. In scattering we observe significant interaction between
particles that leads to screening above about ≈ϕ 0.03. This can be
considered as the point where the attractive interactions lead to clus-
tering of the nanoparticles, and associated screening of scattering,
which is opposed by the accumulated shear strain. The filler/elastomer

Fig. 5. Concentration dependence for the volume fraction normalized scat-
tering intensities vs q for B45-N110 nanocomposite milled for 18min; the high
q regions ( >q 0.01) overlap but there is a decrease in the reduced intensity in
the low q range ( < <q0.001 0.01) indicating screening of the aggregates. The
horizontal lines are values for

νϕv

1 obtained from the fits, a measure of the drop

in reduced intensity due to structural screening. The vertical lines from the
intersection of

νϕv

1 and dilute (0.5 vol percent) curve is a measure of the local

network mesh size ≈ ∗ξ π q2 / ; similar variation in scattering intensity with
concentration for B54-N110 nanocomposite milled for 12min is shown in
Fig. S2 in the supplemental material.
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system displays two critical concentrations, one associated with per-
colation of agglomerates where bulk conductivity is expected at 20 to
40 vol percent, and one associated with local clustering and percolation

on the nanoscale of aggregates at about 3–5 vol percent where struc-
tural screening is observed in scattering and local clustering impacts the
dynamic mechanical properties [29].

The curves in Fig. 6 are fit to the modified van der Waals equation,
equation (9), and the parameters are listed in Table 3. The excluded
volume term, ∗b is measured in cm3/aggregate akin to thermally-dis-
persed colloidal solutions. However, the units of ∗a (cm3min/aggregate)
differ from a due to the time dependence proposed in this work.

Fig. 7 shows = ∗V b z/ex or the excluded volume per primary particle
for both N110 and N330 carbon black based nanocomposites. It is ob-
served that for a given carbon black Vex remains constant for all elas-
tomer grades. This independence of Vex from the chemical structure as
well as the viscosity of the elastomer indicates that Vex is an inherent
property of each carbon black filler. This terminal state of dispersion (at
infinite mixing time) can be envisioned as the complete breakdown of
filler aggregates to their constituent primary particles. Under these
circumstances, interparticle repulsion due to the excluded volume de-
pends on the size of the primary particles.

From Fig. 7, it can be seen that Vex for N330 particles is larger than
N110 particles. This agrees with the primary particle size for the two
carbon blacks which is larger for N330. The excluded volume for a pair
of hard spheres is expected to be four times the volume of the sphere.
Since the primary particle size remains unchanged with elastomer type
and mixing time, this model can be used by considering the hard sphere
diameter to be equal to the average dp over different nanocomposites.

Fig. 6. Pseudo-A2 normalized by M
NA

2 following equation (9) vs t1/ for N110 based (a) B45, B54; (b) SB80-38, SB50-38; (c) SB50-26, SB62-26 nanocomposites; (d)
comparison between B38-N110 (filled black stars) and B38-N330 (filled green squares); for similar curves with N330 carbon black refer to Fig. S3 in the supplemental
material. Note all fits are error weighted; all outliers (indicated by open symbols) are excluded from the fits. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 3
Pseudo-van der Waals parameters ∗a and ∗b obtained by fitting equation (9) to
the data points in Fig. 6 for N110 based nanocomposites and data points in
Fig. S3 in the supplemental material for N330 based nanocomposites. (Extra
significant figures are included in some cases since the reported error is possibly
an over estimation.)

Elastomer Carbon black a∗ x 10−15 (cm3min/
aggregate)

b∗ x 10−15 (cm3/
aggregate)

B38 N110 6 ± 6 2.4 ± 0.8
B45 5 ± 4 1.8 ± 0.5
B54 6 ± 4 2.1 ± 0.5
SB80-38 32 ± 14 6.5 ± 2
SB50-38 6 ± 8 2.2 ± 1
SB50-26 10 ± 6 2.7 ± 0.8
SB62-26 19 ± 16 4.7 ± 2
B38 N330 15 ± 15 5.9 ± 2
B45 3 ± 6 1.7 ± 0.7
B54 12 ± 12 3.6 ± 2
SB80-38 47 ± 27 10 ± 4
SB50-38 10 ± 10 3.2 ± 2
SB50-26 13 ± 10 4.1 ± 1
SB62-26 40 ± 40 12 ± 5
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For N110 the average dp is about 28 nm resulting in a theoretical ex-
cluded volume of about 0.5×10−16 cm3/particle. Similarly, an
average dp of 42 nm for N330 results in an excluded volume of about
1.5×10−16 cm3/particle. The experimentally determined Vex from
Fig. 7, is 1 (± 0.1) x 10−16 cm3/particle and 3 (± 0.6) x 10−16 cm3/
particle for N110 and N330 carbon blacks respectively. These excluded
volume estimates for the primary particles are slightly larger than the
theoretical hard sphere excluded volume. The effective diameter de-
termined from the ratio ofVex to the hard sphere excluded volume, Vex

HS

is ∼ d1.3 p for both carbon blacks. For an aggregate comprised of ‘z ’
fused primary particles, one would expect, the experimental excluded
volume to be smaller than the theoretical on purely geometrical argu-
ments [52]. However, the above estimate confirms that the assumption
of spherical primary particles is reasonable. It seems that shear flow
does not affect the symmetry of these particles.

The excess excluded volume per primary particle,
= −V V Vexcess ex ex

HS could be thought of as a consequence of the bound
rubber layer in the nanocomposite. The primary bound rubber layer
occupies a certain volume around the filler particles that is inaccessible
to other filler particles [53] and is a consequence of favorable filler-
polymer interactions [54]. The thickness of this layer determined from
the excess excluded per particle is on the order of 5 nm for both carbon
blacks. Unlike the bound rubber content determined from solvent ex-
traction methods, which is a function of the specific surface area of the
filler [55–57], matrix viscosity [58], mixing duration [3,11] and filler
loading [55], the local bound layer thickness is expected to be a con-
stant.

In contrast to Vex, which does not vary with elastomer type, ∗a varies
with the type of elastomer such that ∗a is larger for higher viscosities,
thus higher viscosity retards dispersion. A larger value of ∗a for higher
viscosity elastomers with the same chemical structure, manifests as an
increase in the time taken for filler incorporation prior to aggregate
dispersion. This wetting time for the filler is termed the incorporation
time based on kinetic studies on macro dispersion [12] and electrical
conductivity [34,35]. Similar to the Boyle temperature defined at

=A 02 , a characteristic time =∗ ∗
∗t a

b can be defined where the polymer
chains have not penetrated into the carbon black agglomerates. Fig. 8
shows this characteristic time as a function of elastomer viscosity for
carbon black containing nanocomposites. Since ∗b is a property of the
filler, ∗t for a given filler type only depends on ∗a which increases with
viscosity. Viscosity is related to the molecular weight of the elastomer,
typically it is observed at high molecular weight that ∼η M3.4. An
increase in matrix viscosity means there are longer molecular chains
that have more entanglements. This implies a longer time is required
for diffusion of polymer chains into the carbon black structure. Fol-
lowing the reptation theory [59], the relaxation time for polymer self-
diffusion is directly proportional to the cube of polymer molecular
weight, ∼τ M3. Combining these two expressions leads to ∼τ η0.9 or
a near linear dependence between viscosity and relaxation time which
agrees with the dependence seen in Fig. 8. This implies that a high
viscosity matrix delays filler incorporation.

Alternatively, it can be considered that wetting occurs at a fixed
value of accumulated strain, 〈 〉∗γ . Viscosity is defined as the stress di-
vided by the rate of strain, ∼η τ

γ̇ . If wetting occurs at a fixed accu-
mulated strain, 〈 〉 = 〈 〉∗ ∗γ t γ̇ , then it is expected that the wetting time, ∗t ,
will be proportional to the viscosity, = =∗ 〈 〉

〈 〉
〈 〉∗ ∗t ηγ

γ
γ

τ˙ which is ob-
served in Fig. 8.

Interestingly, Fig. 8(a) and (b) show similar wetting times of
∼3min for N110 as well as N330 carbon blacks loaded in SB50-38
(solid green square) and SB50-26 (solid/open blue triangle). These

Fig. 7. Terminal state of dispersion characterized by the excluded volume ∗b
normalized by the degree of aggregation as a function of different elastomer
grades for both carbon blacks – N110 (black stars) and N330 (green squares).
The dashed horizontal lines indicate the average Vex for each carbon black over
all elastomer grades. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 8. Characteristic incorporation time, ∗t for N110 (a) and N330 (b) carbon black based nanocomposites with different Mooney viscosities. Note that the filler was
added after 1 min of commencement of the mixing operation. All fits are error weighted and open symbols are excluded from the fits.
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elastomers have the same Mooney viscosity of 50 MU. but different
styrene content by weight. The interaction of carbon black with buta-
diene units was found to be stronger than with styrene units by Choi
[60]. This means that for the same matrix viscosity, an elastomer with
larger styrene content would impede carbon black incorporation. The
results shown in Fig. 8(a) and (b) do not support this for nanoscale
mixing, although the propagated error bars could mask this behavior.

Fig. 8(a) and 8(b), also compare the wetting time as a function of
particle size. Cotton estimated that carbon blacks with a lower oil ab-
sorption number (OAN) incorporate into the matrix faster [61]. The
OAN for N330 is 102ml/100g whereas it is 113ml/100g for N110 [46].
Cotton's estimate is indistinguishable from this result since the wetting
times for both carbon fillers are comparable under different matrix
viscosities. Additionally, the intercept to the trendlines is close to 0,
indicating that for low viscosity systems such as printing inks, the
colloidal particles incorporate into the matrix readily.

Nano-dispersion quantified by A2 above, can be modelled through a
simple van der Waals approach by considering an analogy between
thermal energy in thermally-dispersed colloidal systems and mixing
kinetics in highly viscous, kinetically-dispersed, industrial nanofilled
systems driven by accumulated strain. Although, some prior work on
nanoparticle stability in liquid to polymeric matrices has been tested,
[62] the processing history of the samples is generally overlooked. The
proposed quantification of dispersion via scattering is not limited to
local measurements as in the case of micrograph analysis. This model
also parallels the determination of filler incorporation time from online
conductivity and torque measurements. A measure of pseudo-A2 from
the fractal aggregates as proposed in this method could also aid the
well-established simulation methods that generally assume spherical
particles and binary interaction potentials [63]. In terms of SAXS and
SANS, the quantification of dispersion, more often than not, focuses on
colloidal/precipitated silica which correlate strongly on the aggregate
level [64,65]. Although the proposed method takes advantage of a
mean-field approach to quantify pseudo-A2 for weakly correlating
carbon blacks, it can be extended to these strongly correlated systems
[66]. The proposed thermal-dispersion model attempts to relate the
processing conditions to the nanoparticle dispersion in kinetically dis-
persed systems. Of the two parameters in the model, the excluded vo-
lume term depends only on the size of the primary particles. The de-
scription of excess excluded volume is consistent with the local bound
rubber layer thickness. The pseudo-interaction term depends on the
matrix viscosity and is directly related to the filler wetting time.

4. Conclusions

Through an analogy with thermally dispersed colloids an analysis is
made of the mixing time dependence of dispersion in reinforced elas-
tomers for two carbon blacks and elastomers with variable chemistry
and viscosity. It is found that a simple use of a modified van der Waals
equation for the second virial coefficient can account for the time de-
pendence of mixing. The excluded volume term does not depend on
matrix type or viscosity but strongly depends on the size of the carbon
black particles. The excess excluded volume is determined to be a
constant which seems consistent with the description of the bound
rubber layer in mixing of carbon black with elastomers on the na-
noscale. Contrary to this independence of the excluded volume on
matrix type, it is found that the pseudo-interaction term strongly de-
pends on viscosity and a plausibly weak dependence on chemical in-
teractions of the elastomer and filler. These findings are consistent with
a direct analogy between mixing time and accumulated strain with
temperature for thermally-dispersed colloidal systems. The thermal-
dispersion analogy allows calculation of the wetting time for carbon
black, which is proportional to the elastomer viscosity as might be
expected from reptation theory or from a simple estimate of the accu-
mulated strain. The thermal-dispersion analogy for kinetically-dis-
persed colloids offers a new understanding and parameterization of

dispersion in nanocomposites and the potential for predictive cap-
abilities.

Based on the thermal-dispersion model, presented in this paper, the
impact of kinetic energy is top-down while the impact of thermal en-
ergy is bottom-up. This combined with clustering of thermally im-
miscible nanoparticles lead to a complex hierarchy of structure com-
pared to the relatively simple structural dispersion in thermally
dispersed colloids. For nano-reinforced elastomers it is this hierarchy
that serendipitously leads to the rich and complex mechanical and
dynamic properties observed in commercial reinforced elastomers.
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