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a b s t r a c t

Dispersion in polymer nanocomposites is determined by the kinetics of mixing and chemical affinity.
Compounds like reinforcing filler/elastomer blends display some similarity to colloidal solutions in that
the filler particles are close to randomly dispersed through processing. It is attractive to apply a pseudo-
thermodynamic approach taking advantage of this analogy between the kinetics of mixing for polymer
compounds and thermally driven dispersion for colloids. In order to demonstrate this pseudo-
thermodynamic approach, two polybutadienes and one polyisoprene were milled with three carbon
blacks and two silicas. These samples were examined using small-angle x-ray scattering as a function of
filler concentration to determine a pseudo-second order virial coefficient, A2, which is used as an indi-
cator for compatibility of the filler and polymer. It is found that A2 follows the expected behavior with
lower values for smaller primary particles indicating that smaller particles are more difficult to mix. A2 is
analogous to the excluded volume and long-range interaction potential for non-equilibrated nano-
composites. The measured values of A2 can be used to specify repulsive interaction potentials for coarse
grain DPD simulations of filler/elastomer systems. In addition, new methods to quantify the filler
percolation threshold and filler mesh size as a function of filler concentration are obtained. The results
represent a new approach to understanding and predicting dispersion in polymer nanocomposites based
on a thermodynamic analogy.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Processed polymers usually consist of multiple immiscible
components such as pigments, fillers, and compounding agents. For
complex polymeric mixtures an understanding of relative
compatibility or dispersibility of the components on a fundamental
level is desirable. Such an understanding could help in the design of
polymer nanocomposites and in the control and prediction of
behavior. For example, reinforcing fillers such as carbon black (CB)
and silica are used in rubber products. The reinforcing ability de-
pends on the structure of the fillers, and the interaction between
filler particles and the elastomer matrix as well as the processing
history. Aggregated fillers can be quantified by the specific surface
ge).
area (and the related primary particle size), the degree of graphi-
tization for carbon, and the hydroxyl surface content for silica. A
description of filler structure also includes the fractal aggregate
structure that allows access to the surface through spatial separa-
tion of primary particles. The fractal structure also contributes a
static spring modulus to the composite at size scales larger than the
filler mesh size for concentrations above the percolation threshold
[1]. Aggregates are often clustered in agglomerates that can largely
be broken up during the elastomer milling process.

The affinity for a filler/polymer pair is evidenced by their dis-
persability and their reinforcing properties in elastomer composites.
Since fillers are often nanomaterials, standard characterizations of
compatibility focus on the specific surface area. The surface area of
fillers is usually measured by iodine adsorption (mg/g of filler), ni-
trogen adsorption (m2/g of filler), or cetyltrimethylammonium bro-
mide (CTAB) adsorption (m2/g of filler) [2,3]. The structure of fillers
has been quantified using oil absorption (g/100 g of filler) or dibutyl
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phthalate (DBP) absorption (ml/100 g of filler) for CB [2,3], as well as
through a variety of surface characterization techniques such as
determination of the surface hydroxyl content for silica, and the
degree of graphitization for carbon black. In addition, techniques
have been applied to study compatibility of filler in the rubber ma-
trix by investigating surface and aggregate structure. G€oritz et al.
used atomic forcemicroscopy (AFM) and small angle x-ray scattering
(SAXS) to study surface structure and fractal dimension of CB [4].
Scanning electron microscopy (SEM) [5] and transmission electron
microscopy (TEM) [6] were used to study particle size and
morphology of aggregates, Herd et al. [7,8] discovered four types of
CB aggregates by TEM: spheroidal, ellipsoidal, linear and branched
shapes. Koga et al. investigated hierarchical structure of CB
combining techniques of ultra-small angle and small angle scattering
of X-rays and neutrons (USAXS, SAXS and USANS) [9]. Abraham et al.
introduced a technique of sorption to analyze the compatibility of
filler in the rubber matrix by studying transport and diffusion of
small molecules through matrix [6].

Silica is the traditional reinforcing filler for polydimethylsiloxane
elastomers due to compatibility in chemical structure. Silica was
introduced as a reinforcing filler for diene elastomers for tires in the
1990's and showed a lower rolling resistance and higher fuel effi-
ciency compared to carbon black reinforcing filler [2,5]. However,
silica is very different compared to CB filled rubbers due to its strong
polar and hydrophilic surface. A certain quantity of moisture can be
adsorbed on the silica surface and it is difficult to remove. This is
especially true of precipitated, colloidal silica and silica gel. Pyrolytic
silica has an essentially pristine surface but is rarely used for elas-
tomer reinforcement except for siloxane elastomers. Inter-particle
interaction of silica due to hydrogen bonding and Coulombic in-
teractions needs to be considered since it weakens the compatibility
of silica and rubber [2].

Several groups have considered the impact of surface energy
and interfacial modification on dispersion under non-equilibrium
processing conditions [10e14]. St€ockelhuber et al. [10] deter-
mined the contact angle and surface energy of fillers and elastomer
gums to calculate the free energy of emersion of fillers in elasto-
mers. A negative free energy of immersion favors dispersion, and a
positive value favors flocculation. The surface energy was broken
into a dispersive energy associated with London's dispersive forces
and a polar component associated with polar functional groups.
These were determined through measurement of the dynamic
contact angle. The free energy of immersion depends on the polar
component of the elastomer surface energy and the dependence is
associated with chemical surface modification. The work of adhe-
sion for filler in polymer can also be calculated from surface en-
ergies. This shows a similar dependence on the polar part of the
surface energy of rubbers. A large work of adhesion could be
associated with good dispersion and poor flocculation. The differ-
ence in work of adhesion between the dispersed and flocculated
state is related to the formation of a filler network. Evidence from
TEM qualitatively supports the approach.

St€ockelhuber et al. [11] further considered the mechanics of
elastomer composites in the framework of surface energies.
St€ockelhuber developed a plot of surface energy of the filler versus
the polar component of the filler surface energy and proposed re-
gimes within this plot where good wetting and good adhesion of
the filler would occur in a given elastomer. This mapping enables
filler selection for a specific elastomer. TEM and dynamic me-
chanical measurements were used to verify the approach.

Natarajan et al. [12] studied siloxane polymers of variable polar
surface energy, as described by St€ockelhuber [11], filled with sur-
face modified colloidal silica of variable polarity. A comparison was
made of the St€ockelhuber plot [11] with TEM micrographs and the
glass transition temperature which is sensitive to surface
interactions between polymer and filler. The average cluster radius
and the average intercluster distance were determined from the
micrographs. These showed expected trends in the work of adhe-
sion. Shifts in the glass transition also correlated with a function of
the work of adhesion.

Hassinger et al. [13] extended the work of Natarajan et al. to-
wards prediction of dispersion under non-equilibrium processing
conditions. They coupled the ratio of the work of adhesion between
filler/polymer and filler/filler, developed by St€ockelhuber et al. [10],
and a calculatedmixing energy to correlatewith the interfacial area
calculated from TEM images. A model was proposed that correlates
the interfacial area reflecting dispersion and a combined term
involving the work of adhesion ratio and the calculated mixing
energy. Good correlations are found between these parameters.

The prior work based on interfacial energy has had significant
success. Coupling of mixing energy with interfacial energies is an
appealing approach [13]. However, for the most part this approach
has been applied at concentrations below the percolation concen-
tration where TEM analysis and verification is appropriate. The
expected primary particle size dependence based solely on surface
energy would predict that small particles with high specific surface
area that display favorable surface energies should disperse better
that larger particles. However, the opposite is often the case for
commercial reinforced elastomers above the percolation threshold
in the semi-dilute regime for fillers. Further, the measured surface
energy is an equilibrium property that reflects local interactions
such as those that affect the interfacial Tg [14,15]. These short-range
interactions are often attractive and lead to aggregation in many
nanocomposites such as pigment dispersions. Despite short-range
aggregation that reflects disadvantageous interfacial energies it is
still common to disperse aggregates at larger scales through me-
chanical mixing. A complementary approach is to consider, in
addition to short-range interactions that can lead to aggregation,
long-range interactions that lead to dispersion based on excluded
volume. This approach can lead to the prediction of properties that
can not be accessed using short-range surface interactions. For
instance, long-range interactions may be responsible for the filler
aggregate percolation threshold or overlap concentration and may
correlate with the filler network mesh size. Features such as the
filler percolation concentration and filler network mesh size may
influence the properties of nanocomposites, especially those that
are difficult to describe based on short-range interactions and that
are related to the emergent structure in semi-dilute concentrations
of filler.

In this paper an analogy is made between thermally driven
dispersion in colloidal mixtures and mechanically driven disper-
sion, particularly in aggregated nanocomposites such as carbon
black and silica in elastomers. In this pseudo-thermodynamic
approach it is possible to obtain an effective long-range repulsive
potential that can be used to describe the complex structural result
of the interplay between excluded volume, surface energy and
mixing kinetics for nanostructures that display an emergent,
kinetically frozen, and disperse filler aggregate network structure
such as in commercial reinforced elastomers and pigment disper-
sions in inks, paints and plastics.

The compatibility of colloidal solutions such as mixtures of
miscible polymers, solutions of low molecular weight organics and
inorganics, and biomolecules is often quantified using the virial
expansion to describe the concentration dependence of the osmotic
pressure. This approach assumes that molecular and nanoscale
motion and the associated dispersion is governed by thermally
driven diffusion with a molecular energy of kBT. Elastomer/rein-
forcing filler compounds have not been considered equilibrium
colloidal mixtures since the materials are highly viscous or solid
networks so it is difficult to imagine thermally driven motion
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leading to dispersion of reinforcing filler aggregates in an elastomer
composite. However, there is precedence to the use of the virial
expansion in viscous systems such as in polymer melts where
Flory-Huggins theory is applied. The virial coefficient is also used in
native state protein solutions where rigid protein nanostructures
are considered. The quantification of “compatibility” using a
“pseudo-virial” approach may be of value in reinforced elastomer
systems (and a number of other similar systems) where an analogy
can be considered between randomly placed filler aggregates
dispersed in the milling process and randomly placed molecules
dispersed by thermal motion. In this analogy, it is assumed that the
mixture has reached a stable state of dispersion related to the
processing history, interfacial energies, filler structure, and matrix
viscosity. In this pseudo-thermodynamic approach, processing
time, accumulated strain, matrix viscosity all may have some
equivalence to temperature in a true thermodynamic system. That
is, the “compatibility” for a given binary compound could change
with processing conditions, in addition to filler and matrix type,
since an analogy to equilibrium is considered and not a true ther-
mal equilibrium.

In colloidal mixtures it is common to consider the miscibility of
a binary system in terms of the second virial coefficient [16e18]. For
instance protein precipitation from solution in the process of pro-
tein crystallization has been predicted using the second virial co-
efficient. The virial expansion is used to describe deviations from
ideal osmotic pressure conditions, p ¼ fnumRT, using a power series
expansion [19],

p

kT
¼ fnum þ B2fnum

2 þ B3fnum
3 þ… (1)

where fnum is the number density of particles or molecules. B2
reflects the enhancement of osmotic pressure due to binary in-
teractions of a colloid in a matrix in terms of the thermal energy,
kBT. B2 is related to an integral of the interaction energy between
particles, as described below. Such a binary interaction energy can
be used as an input to computer simulations of polymer/filler
mixing. B2 could also be used to quantify filler/polymer interactions
in prediction of mechanical and dynamic mechanical performance.
If trends in B2 can be determined as a function of, for example,
particle size or chemical composition of an elastomer matrix or
surface-active additives, then these values could be used to predict
the performance of new compositions for enhanced performance.
In this study a binary compound could be considered a matrix
phase composed of a polymer and miscible additives such as oil/
plasticizer and processing aids mixed with an immiscible additive
such as a reinforcing filler.

A parallel definition of the second virial coefficient using the
mass density concentration, fmass, rather than the number density
concentration, fnum, is possible,

p

RT
¼ fmass=M þ A2fmass

2 þ A3fmass
3 þ… (2)

whereM is the molecular weight of a particle. fmass ¼Мfnum/Na. Na

is Avogadro's number, and A2 ¼ B2Na/M
2, following Bonnet�e et al.

[19]. B2 has units of cm3/particle, and A2 has units of mole cm3/g2.
B2 is related to the binary interaction potential for particles, U(r),

by,

B2 ¼ 2p
Zs
0

r2
�
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�
dr (3)

If a hard core potential is assumed, then the hard core radius, sHC, is
given by,
sHC ¼
�
3A2M2

2pNa

�1 =

3

¼
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3B2
2p

�1 =

3

(4)

sHC should be a size scale on the order of the size of an aggregate so
this serves as a check for the validity of the second virial coefficient.

The second virial coefficient can be used to predict stability and
compatibility of elastomer/filler systems, especially when coupled
with coarse grain DPD (dissipative particle dynamics) simulations.
A typical repulsive potential for a DPD system is of the form [20],

UðrÞ
kT

¼ A
2

h
1�

�r
s

�i2
(5)

where s is the diameter of the aggregates, in this paper the end to
end distance Reted for the aggregate is used for s. А is a dimen-
sionless binary repulsive amplitude that can be defined for particle
interactions that are at play in a specific situation. Equation (5) can
be used in equation (3) and numerically solved for “A” using B2. “A”
might be used to simulate the behavior of a filler in an elastomer
matrix to determine the segregation of filler in a polymer com-
pound, for example.
2. Scattering to determine the second virial coefficient

Ultra small-angle X-ray scattering data from carbon black and
silica reinforced elastomer composites was fitted using the unified
scattering function [21e23]. For the carbon black samples, first a
unified function for themass fractal aggregates was usedwith three
structural levels,
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where q*i ¼ q/[erf(qRgi/(6)1/2)]3, level 0 pertains to a graphitic layer,
level 1 to the primary particles and level 2 the aggregate structure.
Level 0 does not exist for silica. The subscripted “I0” in equation (6)
refers to dilute conditions or isolated fractal aggregates in the
absence of screening, described below. For each structural level the
unified function uses four parameters to describe a Guinier and a
power-law decay regime. For the smallest scale, at highest q, a
graphitic layer, level 0, can be observed with a power-law decay
of �2 slope for 2d graphitic layers. These layers typically display a
lateral dimension of about 15 Å. Level 1 pertains to the primary
particles of the aggregates, which have a typical radius of gyration
of about 170 Å. The primary particles form aggregates, level 2, with
a typical mass fractal dimension of about 2.1, the aggregates having
a typical radius of gyration of about 2200 Å. For silica filled samples
the graphitic surface layer, level 0, is not used.

From the scattering fit parameters several calculated parameters
can be obtained. For the primary particles, the Sauter mean diam-
eter or equivalent spherical diameter, dp, a polydispersity index,
PDI, the log-normal geometric standard deviation, sg, and the
geometric mean value of size, m, are obtained. For the fractal portion
of the scattering curve the minimum dimension, dmin, connectivity
dimension, c, mole fraction branching, fBr, degree of aggregation, z,
aggregate polydispersity, Cp, number of branch per aggregate, nbr,
and average branch length, zbr, can be obtained (among other pa-
rameters) [22e28]. The end-to-end distance, used for s in equation
(5), can be calculated from,



Fig. 2. Schematics of formation of agglomerate superstructure in the concentrated
regime from the third structure in Fig. 1. Top: fractal super structure. Bottom: domain
super structure. The large-dashed curves reflect the dilute condition, I0(q)/f0. The small
dashed curve in the top graph is a screened curve in the semi-dilute regime in the
absence of agglomeration at low-q similar to the third structure in Fig. 1. The solid
curves reflect the presence of agglomerates at low-q and screening at intermediate-q.
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Reted � dpp
1
=dmin (7)

The interaction between filler and elastomer can be modeled using
the random phase approximation, RPA, following Vogtt et al.
[29e31],

fw

IðqÞ ¼
fw

I0ðqÞ
þ yfw (8)

where fw is the weight fraction, and n is related to the second virial
coefficient by Refs. [29,32],
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Fig. 1 is a schematic of the effect of nfw in equations (6)e(9) on
the scattering pattern as well as a cartoon of how the overlap of
aggregates (shown as a chain structure for simplicity) can lead to
the loss of resolution of an individual chain aggregate for concen-
trations above the overlap concentration. The mesh size, a size-
scale where the structure of the first cartoon can be resolved in
the more concentrated samples becomes smaller with increasing
concentration. This can be observed as the point in log q where the
horizontal line crosses the dilute I/f curve. The local percolation
threshold or overlap concentration is the concentration where the
local concentrationmatches the concentrationwithin an aggregate.
This is a concentration between the first two cartoons in Fig. 1 and a
point where the dashed horizontal line just meets the scattering
curve. The percolation threshold on the nanoscale may not agree
with the bulk percolation threshold such as measured by conduc-
tivity in carbon black dispersions.

In addition to the mass fractal structure and screening (equa-
tions (6) and (8)), Fig. 2 shows the effect on scattering of the for-
mation of a super-structure composed of fractal aggregates that
Fig. 1. Schematic of the screening effect and scattering in the semi-dilute regime. As conce
larger features become obscured due to screening. The solid line in the graphs is the observ
from the dilute condition, I0(q)/f0. Instead of aggregate size, the largest observable structu
mesh size continues to decrease and information about larger structural features is lost. The
structure factor in scattering.
agglomerate either into a mass-fractal structure or into 3D-do-
mains. For the carbon black studied here the super-structure dis-
plays a fractal-like mass distribution, but only the power-law decay
from these agglomerates of aggregates is observed with a
fractal dimension of about 2.8. This agglomerate structure can be
accommodated as a fourth structural level using the unified
approach,
ntration increases (going from left to right), the filler aggregates begin to overlap and
ed scattering, the dotted line in the right three graphs reflects the screened scattering
ral feature in the semi-dilute regime is the mesh size, x. At higher concentrations, the
model does not include structural correlations that would lead to the contribution of a
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where B3 is the power-law prefactor for the lowest-q agglomerate
structure. The agglomerate scattering is experimentally observed to
be independent of the screening effect of equation (8) since the
agglomerates are dilute at large scales.

The agglomerate structure might be associated with bulk
percolation of the carbon structure that is measured by conduc-
tivity. A local percolation exists where the effects of screening are
first observed between the first two frames of Fig. 1. In a simplified
view this local percolation (Fig. 1) might impact the dynamic me-
chanical spectrum, while the agglomerate percolation in Fig. 2
might be expected to impact the static bulk properties. X-ray
tomographic images of the agglomerate structure were recently
reported by Song et al. [33].
Fig. 3. Plots of the three 1 wt % carbon black 330 reinforced polymers. A two level
unified fit to the B45-CB330_1 samples is shown. The scattering curves are scaled to
match the 140ND-CB330_1 curve at high q.
3. Experimental

Samples were milled in a 50 g Brabender mixer at 130 �C with a
rotor speed of 60 rpm for 6 min until the torque versus time curve
had dropped from a peak value and reached a plateau. Table 1
shows the 10 sample types for two elastomers filled with five
fillers. Each type was studied with four concentrations of 1, 5.6, 15.1
and 29.9 wt %. 140ND is Diene 140ND from Firestone Polymer [34]
while B45 is Buna CB45, Lanxess [35] (B45 is used rather than CB45
to avoid confusion with carbon black). B45 has a lower cis content
(38% cis-1,4 content, Mooney Viscosity 45 MU) compared with
140ND (96% cis-1,4 content, Mooney Viscosity 42 MU). The poly-
isoprene sample, labeled PI, was obtained from Sigma Aldrich
(Mw ~ 38,000 g/mole, natural origin, viscosity 350 P or approxi-
mately 66 MU (37 �C), Stock number 431257).

Nanoparticles were used as manufactured with no surface
treatment. SiO2 190 is HiSil 190G from PPGwith a N2 surface area of
195 m2/g (dp ¼ 14.0 nm), and an oil absorption of 210 ml/100 g, pH
7. HiSil 190G is precipitated amorphous silica and is typically used
in tire compounds. SiO2 130 is Aerosil 130 from Evonik. Aerosil 130
is fumed silica with a specific surface area of 130 m2/g
(dp ¼ 21.0 nm) and a pH of 3.7e4.5. It is not typically used in tire
compounds. For the silica powders the Sauter mean diameter,
dp ¼ 6 V/S, agrees well between gas adsorption, and X-ray scat-
tering measurements on powders and nanocomposites discussed
below. The precipitated silica, HiSil 190G, has significant hydroxyl
surface content. The fumed silica, Aerosil 130, has much lower
surface hydroxyl content.

All three of the carbon blacks are commonly used in tire com-
pounds. CB110 is also called N110 and sold as Vulcan V8 by Cabot
Corporation. Vulcan V8 has an oil absorption number of 113 ml/
100 g and a specific surface area of 123 m2/g (dp ¼ 25.7 nm). CB330
is also called N330 and is sold as Vulcan V3 by Cabot Corporation.
Vulcan V3 has an oil absorption number of 102 ml/100 g and a
specific surface area of 76 m2/g (dp ¼ 41.6 nm). CRX is CRX 2002
produced by Cabot Corporation. CRX 2002 has an oil absorption of
about 140 ml/100 g and a specific surface area of about 140 m2/g
(dp ¼ 22.6 nm). The equivalent spherical diameter of the primary
Table 1
USAXS sample names (each with four concentrations 1, 5.6, 15.1, and 29.9 wt %).

SiO2 130 SiO2 190

B45 B45-Si130 B45-Si190
140ND 140ND-Si130 140ND-Si190
PI PI-Si130 PI-Si190
particles, dp, for Vulcan V8 in powder (X-ray and gas adsorption)
agrees with X-ray measurements on the nanocomposites as dis-
cussed below. For Vulcan 3, the nanocomposite primary particle
diameter is about half the value for powder indicating breakup of
primary particle clusters when milled with rubber. For CRX 2002
the primary particles also appear to breakup on milling with the
elastomers. Koga et al. [36] extensively reported on the breakup of
primary particle clusters on milling with an elastomer using a
carbon black similar to CB330 and agreeing with the observed
behavior of CB330 and CX 2002. The X-ray measured nano-
composite primary particle dp's are used in the correlations and
analysis below.

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 beamline, station C.
The instrument is designed and operated by Jan Ilavsky [37].

Scanning transmission electron microscopy was performed on
~80 nm thick sections of nanocomposites obtained at a tempera-
ture much below the glass transition temperature of the sample
using a cryo-ultramicrotome and collected onto 200-mesh carbon-
coated, copper support grids. Images were obtained using a
transmission electron microscope operating in STEMmode with an
accelerating voltage of 25 kV and an emission current of 10 mA.

4. Results

Fig. 3 shows plots of the three one percent CB samples, B45-
CB330_1, PI-CB330_1, 140ND-CB330_1 and the fit for B45-
CB330_1. The pure polymer scattering has been subtracted from
CB 110 CB 330 CRX 2002

B45-CB110 B45-CB330 B45-CRX
140ND-CB110 140ND-CB330 140ND-CRX
PI-CB110 PI-CB330 PI-CRX



Table 2
Structural fit parameters for the dilute 1% carbon black and silica samples. (Standard deviations, propagated from the statistical error in the data, are given in the supplemental
material. Significant digits indicate the order of the standard deviation.)

G1, cm�1 105 Rg1, Å B1, cm�1 Å�P1 10�4 P1 G2, cm�1 106 Rg2, Å B2, cm�1Å�P2 P2

B45-Si130_1 2.10 256 15.0 4 13.0 1180 0.258 2.6
PI-Si130_1 2.60 280 11.7 4 22.2 1180 0.628 2.6
140ND-Si130_1 2.53 257 19.0 4 17.0 1180 0.521 2.58

B45-Si190_1 0.184 86.1 11.4 4 13.2 1300 0.251 2.52
PI-Si190_1 0.144 86.7 7.32 4 13.2 1200 0.14 2.68
140ND-Si190_1 0.178 86 20.2 4 8.27 1060 0.17 2.61

B45-CB110_1 3.02 313 4.60 4 6.65 1513 1.31 2.27
PI-CB110_1 2.35 293 4.25 4 4.5 1420 0.631 2.35
140ND-CB110_1 2.75 298 4.56 4 4.05 1380 0.784 2.32

B45-CB330_1 0.172 163 2.82 4 12.5 1750 3.56 2.15
PI-CB330_1 0.256 190 1.28 4 15.8 2160 13.7 1.9
140ND-CB330_1 0.172 163 2.82 4 12.5 1750 3.56 2.15

B45-CRX_1 0.182 179 4.8 4 10.2 1650 2.06 2.2
PI-CRX_1 0.170 179 5.0 4 20.5 2880 8.04 2
140ND-CRX_1 0.176 179 4.9 4 21.0 2880 7.2 2

Table 3
Calculated structural parameters for the dilute filler samples from the first and second structural levels (primary particles and aggregates). (Standard deviations, propagated
from the statistical error in the data, are given in the supplemental material.)

z dmin c df Cp p Reted, nm nbr dp, nm PDI sg m, nm

B45-Si130_1 61.9 1.40 1.86 2.60 1.53 9.2 92.9 6.92 19.0 19.4 1.64 133
PI-Si130_1 85.4 1.85 1.41 2.60 1.65 23.7 118 1.12 21.3 17.1 1.63 155
140ND-Si130_1 67.2 1.80 1.43 2.58 1.60 18.8 96.6 1.28 18.9 20.0 1.65 131

B45-Si190_1 717 1.28 1.96 2.52 1.15 28.2 221 68.8 16.3 2.11 1.28 149
PI-Si190_1 917 1.41 1.90 2.68 1.50 36.2 236 43.3 18.5 1.77 1.24 164
140ND-Si190_1 465 1.35 1.93 2.61 1.30 24.0 119 35.9 11.3 3.84 1.40 107

B45-CB110_1 22.0 1.96 1.16 2.27 1.80 14.4 110 0.08 28.3 9.00 1.53 245
PI-CB110_1 19.2 1.98 1.19 2.35 1.98 12.1 96.0 0.1 27.3 8.27 1.52 241
140ND-CB110_1 14.7 1.99 1.16 2.32 1.98 10.0 89.2 0.06 28.0 8.07 1.52 248

B45-CB330_1 324 1.83 1.21 2.20 1.60 123 253 0.7 18.3 8.37 1.52 162
PI-CB330_1 617 1.18 1.61 1.90 1.50 54.1 715 77.9 24.3 4.02 1.41 231
140ND-CB330_1 727 1.69 1.27 2.15 1.60 178 343 2.62 16.0 7.16 1.50 145

B45-CRX_1 560 1.53 1.43 2.20 1.60 81.5 243 8.57 13.7 16.6 1.62 101
PI-CRX_1 1210 1.86 1.08 2.00 1.75 736 466 0.13 13.4 18.6 1.64 94.8
140ND-CRX_1 1010 1.77 1.13 2.00 1.60 456 852 0.76 13.5 16.0 1.55 97
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the nanocomposite samples and the resulting intensity is normal-
ized by filler concentration. Tables 2 and 3 show the fit and calcu-
lated results for the 15 one percent samples listed in Table 1.

The scattering pattern at 1 wt % reflects the structure of CB
aggregates. The carbon black includes four levels of structure. Level
0 pertains to the graphitic structure observed above q ¼ 0.02 Å�1.
The graphitic level displays a power-law �2 for the 2d structure.
From about 0.008 to 0.02 Å�1 the primary particle structure is
observed, level 1. The data was fit assuming that this level displays
smooth, sharp surfaces indicated by a power-law decay of �4 slope
following Porod's law. Koga et al. [36] extensively discussed the
origin of details in this region reflecting the internal structure of
particle clusters that can form the primary particles for some car-
bon blacks. The data in Fig. 3 does not show sufficient resolution for
such an analysis. Also, the CB110 sample and the silica samples do
not display discrepancies between the powder (gas absorption and
scattering) and nanocomposite (scattering) dp indicating that they
might not contain complex primary particle clusters described by
Koga for a carbon black similar to CB330 [36]. For consistency in the
data analysis and reduction and within the accuracy of the data it is
assumed here that the particles display smooth sharp interfaces so
that an equivalent spherical diameter, dp, can be directly obtained
form Porod's law for comparison of different nanocomposites. It
would be interesting to further explore the impact of primary
particle breakup [36] on the virial description of dispersion.

From 0.0008 to 0.008 Å�1 the fractal aggregate, level 2, is
observed with a power-law decay reflecting edf for the aggregate.
At the lowest q, a steep, power-law decay is observedwhich reflects
surface scattering from a large-scale structure of agglomerates of
CB aggregates or from defects in the samples. The power-law decay
varies between mass fractal and domain structures, Fig. 2. Only
scattering from the dispersed aggregates component of the struc-
ture is of interest for the determination of A2. Screening in equation
(8) only effects levels 0 to 2 since the large-scale super-structure,
level 3, is under dilute conditions, as implied in equation (10). At
higher concentrations, fits to only levels 1 to 2 are considered to
simplify the fits since the graphitic substructure of CB primary
particles has no impact on screening or the scattering below about
0.05 Å�1.

Fig. 3 shows that for the dilute 1% filled samples, a given filler
displays the same q dependence regardless of the matrix polymer.
This indicates that the structure does not significantly change on
the nano-scale whenmilled with different polymers. The scattering
curves have been scaled to the 140ND-CB330_1 curve since there
are differences in absolute intensity due to differences in contrast.
Sample PI-CB330_1 shows a different primary particle Rg1



Fig. 4. Log I/f versus log q for B45-CB330. A fit for the 1% sample is used as the basis
for fits from 1 to 30% samples using one parameter, n, in equation (8). Intensity at
intermediate-q drops with concentration following equation (8). Values of 1/(nfwt) are
also plotted for comparison with the scattering curve, n ¼ 1.35 � 10�6 cm.
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compared to the other two CB330 1% samples in Table 1. B45-CRX_1
displays a different aggregate structure as reflected in Rg2 compared
to the other two CRX 1% samples. This will be discussed further
below.

Fig. 4 shows scattering from the concentration series for the
B45-CB330 samples. As concentrations increase, the high-q part of
the concentration-reduced scattering curves remains unchanged in
a log-log plot of I/fwt versus q. At intermediate-q I/fwt drops due to
the screening effect of equation (8). The rate of decrease in I/fwt

with concentration in this intermediate q-range is an indicator of
howwell the filler is dispersed in the elastomer. If the filler were in
a thermodynamically-equilibrated colloidal dispersion this dimi-
nution of I/fwt would be directly related to the second virial coef-
ficient (or the excluded volume and c-parameter for polymer
blends). For filler in an elastomer, thermodynamicmixing governed
by kBT does not exist. In its placewe have randomdispersion caused
by mechanical milling. For this case, a processing dependence is
expected to the pseudo-thermodynamic property that we observe
in the reduction in I/fwt with concentration for filled elastomers.

In order to obtain values for n in Fig. 4, fits were performed on
the lowest concentration samples, B45-CB330_1 setting nfwt in
equation (8) to 0. Under the assumption that the carbon black
structure is not sensitive to concentration, fits using the structural
parameters from the 1% sample, listed in Table 2, were done for the
each higher concentration sample, B45-CB330_5, B45-CB330_15,
and B45-CB330_30, fitting only n. Verification that nfwt for the 1%
samples does not impact the scattered intensity is seen when the
value of 1/(nfwt) is far larger than the scattered intensity for the
fractal part of the dilute curve as seen in Figs. 3 and 4 for the 1%
samples (solid line in Fig. 4). This indicates that the 1% samples are
dilute, that is the sample is well below the overlap concentration or
local percolation threshold for the filler aggregates. Fig. 4 shows the
impact of nfwt for the entire concentration series for B45.

The pseudo-second order virial coefficient, A2, in binary milled
compounds is obtained from the rate in concentration of
dampening (reduction in intensity) of the mid-q data in Fig. 4. The
larger A2, the greater the rate of dampening in concentration and
the better dispersed the filler/elastomer/compounding agent
mixture. Table 4 shows the values of n from equation (8) and the
calculated A2 for the three polymers, B45, PI, and 140ND for each of
the five fillers, Si130, Si190, CB110, CB330, and CRX. A2 is converted
to B2 using the mean value of dp, Table 4. The hard-core diameter,
sHC, is calculated from B2, Table 4. Finally, equations (5) and (3) are
used to determine the unitless short-range potential amplitude “A”
using themean value of the chain end-to-end distance, Reted¼ <dp>
p1/dmin, for s. In Tables 4 and 5 “S” indicates the presence of a
prominent structure factor leading to a peak in the scattering data
andmaking the virial approach impossible. This is observed in silica
samples where primary particles can carry a charge as discussed
below. The analysis failed for one of the carbon black samples, PI-
CB330. This is associated with the larger primary particle and
aggregate size in Table 2 compared to the other two CB330 samples.

Fig. 5a shows an example where the fractal aggregate of Si190
displays structural correlations for higher concentration blends in
B45. CB330 doesn't show such correlations in Fig. 5b. Note that the
higher concentration curves have a higher normalized intensity at
some intermediate q-values compared to the lower concentration
curves, which is incompatible with equation (8).

The second virial coefficient is an indication of miscibility with
larger values indicating greater affinity in a binary mixture. Simi-
larly the pseudo-second virial coefficient indicates the goodness of
dispersion. It is commonly observed that mixing of fine particulate
fillers is more difficult than coarse fillers. So it is expected that a
monotonic relationship between nanoparticle size and the pseudo-
A2might exist formatched processing conditions. Fig. 6 shows close
to a linear relationship between A2 and the primary particle Sauter
mean diameter, dp, for various nanoparticulate carbon black fillers.
The trend agrees with the expectation that smaller nanoparticles
display lower compatibility. The symbols are grouped into polymer
type, circles B45, squares 140ND, and triangles PI. The open sym-
bols are for silica fillers and the closed symbols for carbon black.
Silica fillers display larger A2's compared to carbon black indicating
better dispersion for the same primary particle size.

Of the three types of polymers polybutadiene 140ND with high
cis 1,4 (squares in Fig. 6) displays consistently better dispersion.
polyisoprene is better dispersed compared to B45 with low cis 1,4
and high vinyl 1,2 units. Further, the intercept of the trend lines in
Fig. 6 at dp¼ 0 reflects the pseudo-A2 value for a particle completely
composed of surface, S/V ~1/dp¼∞. This intercept is positive for the
high cis 1,4 polybutadiene 140ND, close to 0 for PI, and negative for
the low cis 1,4, high vinyl 1,2 polybutadiene B45, indicating surface
attributes that encourage mixing in 140ND, but which are neutral
for PI and favor demixing for B45. For B45 a minimum Sauter mean
diameter of about 3 nm is the smallest particle that can be
dispersed under these processing conditions. Pires et al. [38]
similarly found that high cis 1,4 polybutadiene displayed better
nanocomposite dispersion compared to low cis 1,4 polybutadiene.
The slope of A2 versus particle size is similar for the three polymers
in composites with carbon black. The silica A2 values are consis-
tently higher than carbon black indicating better dispersion for
silica compared to carbon black of similar primary particle size.

The precipitated silica, HiSil 190G, has significant hydroxyl
surface content, while the fumed silica, Aerosil 130, hasmuch lower
surface hydroxyl content. HiSil 190G displayed structuring (a
structure factor) in polyisoprene, while the fumed silica, Aerosil
190, displayed structuring in both of the polybutadienes (high cis
1,4 and low cis 1,4-high vinyl) but not in polyisoprene. There
doesn't appear to be a trend in A2 values between the two types of
silica, but only three of the six samples gave results for A2 due to
structuring.



Table 4
Values of n and A2 from equations (8) and (9). B2 calculated from A2, sHC from equation (4), and “A” from equations (3) and (5) using s ¼ <Reted> from Table 3. (S indicates the
presence of a structure factor that interferes with the analysis.).a

n, 10�6 cm A2, 10�9 mol cm3/g2 B2, 10�14 cm3/Aggregate sHC, nm A (Eqn. (5))

B45-Si130 1.7 ± 0.3 3.2 ± 0.5 0.047 61.4 9.31
PI-Si130 S
140ND-Si130 2.4 ± 0.7 5 ± 1 0.073 71.4 16.9

B45-Si190 S
PI-Si190 1.9 ± 0.2 3.4 ± 0.3 9 354 e

140ND-Si190 S

B45-CB110 3 ± 1 4 ± 1 0.053 63.9 5.23
PI-CB110 3 ± 1 4 ± 2 0.033 54.9 4.78
140ND-CB110 3.4 ± 0.4 4.6 ± 0.6 0.03 52.8 5.68

B45-CB330 1 ± 1 2 ± 1 0.43 129 3.1
PI-CB330 (0.9 ± 0.4) (1.1 ± 0.5) (5.1) (294) (1.47)
140ND-CB330 2.2 ± 0.5 3.0 ± 0.7 1.6 199 5.19

B45-CRX 1.09 ± 0.08 1.5 ± 0.1 0.18 96.9 1.31
PI-CRX 1.5 ± 0.6 1.9 ± 0.8 0.96 168 0.969
140ND-CRX 2 ± 1 3 ± 2 0.93 166 0.145

a A2 is the mass-based pseudo-second virial coefficient, v is a scattering coefficient proportional to A2, B2 is the number-based second order virial coefficient, sHC is the hard-
core radius, “A” is the unitless magnitude of the potential function given in equation (5). PI-CB330 had a problemwith primary particle size determination as mentioned in the
text so the value is not used in Fig. 6. Values in the table are rounded to the accuracy of the propagated error.

Table 5
Percolation concentrations and mesh size of CB and silica in different polymers. (S indicates the presence of a structure factor that interferes with the analysis.)

vol. % at percolation using G2 wt. % at percolation using G2 mesh size (nm) for 15 wt% sample mesh size (nm) for 30 wt% sample

B45-Si130 e e e e

PI-Si130 S S e e

140ND-Si130 2.4 5.73 264 e

B45-Si190 S S e e

PI-Si190 4.0 9.25 359 270
140ND-Si190 S S e e

B45-CB110 5.8 11.43 442 275
PI-CB110 7.6 14.77 494 308
140ND-CB110 7.3 14.30 449 282

B45-CB330 4.5 9.13 476 316
PI-CB330 e e e e

140ND-CB330 3.6 7.31 400 270

B45-CRX e e e e

PI-CRX 3.3 6.67 487 338
140ND-CRX 2.6 5.26 458 317
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Fig. 7 demonstrates the graphical determination of the short-
range potential amplitude “A” from equation (5) using the
measured B2 value and Reted from Tables 3 and 4 respectively. In
Fig. 7, the vertical dashed lines are the experimentally calculated B2
values shown in Table 4. The intersection of the vertical line and the
calculated curve provides the graphically determined value for “A”
which can be further used to define the interaction potential in
equation (5) (The values in Table 4 were determined using a com-
puter program that follows this graphical procedure.). This poten-
tial is useful for coarse grain simulations. For two samples, PI-Si190
and 140ND-CRX, the measured B2 value was above the calculated
curve so that an intersection did not exist. This might be related to
the large aggregate size making resolution of the actual aggregate
size difficult since the size approaches the instrumental limit.

The concentration series shown in Fig. 4 can be used to determine
the overlap concentration for the aggregates, which is a type of local
aggregate percolation threshold. The overlap concentration is the
lowest value of concentration where 1/(nf) will impact the dilute
I(q)/f curve for the aggregate structural level. That is, the f value
where 1/(nf) ¼ G2 from Table 2. Table 5 lists percolation concen-
trations of CB and silica in three polymers calculated in this way.
The percolation threshold concentration of carbon black filled
samples is usually measured by bulk conductivity and we expect to
find a higher concentration on the order of 25e30 wt percent using
conductivity [39]. The difference between these two measures of
percolation threshold may pertain to differences in the measure-
ments. A conductivity measurement quantifies the first point
where a conductive pathway exists across millimeters of sample.
The scattering overlap concentration reflects local percolation of
the structure. Micrographs of the filled samples in Fig. 8 show such
local percolation at about 10 wt percent in the case of N330 carbon
black in B45. From the perspective of dynamic mechanical prop-
erties, it may be the local percolation at the size scale of the filler
network that dominates the mechanical behavior.

The percolation threshold (overlap) concentration is 9.13 wt
percent from USAXS, close to that observed in Fig. 8c. It can be seen
that the overlap concentration or scattering percolation threshold
concentration refers to the first local clustering of the aggregates on
the order of five aggregates. For the carbon black N330 sample, the
Sauter mean diameter is 18.3 nm, approximately one third of the
distance between two scale markers. This seems to agree reason-
ably well with the micrographs so that the primary particles from



Fig. 5. a) Sample displaying significant structural correlations for higher concentration blends. b) Sample with no correlations, which is amenable to the pseudo-thermodynamic
approach. (Intensity and q ranges are different for the two graphs.)

Fig. 6. Pseudo-second order virial coefficient, A2, versus primary particle size (Sauter
mean diameter or equivalent spherical diameter). Lines are drawn to guide the eye.
Larger, positive A2 indicates better dispersion. (A2 values are plotted to three significant
figures, which is greater than in Table 4.)

Fig. 7. Calculation from equations (3) and (5) for the mass based second virial coef-
ficient, B2, based on the average end-to-end distance from Table 4. Vertical dashed
lines show the experimentally measured values for B2 and circles show the intersec-
tion that determines the DPD A-value, the magnitude of the potential function given in
equation (5) for a given aggregate size as reflected by the end to end distance, Reted.
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scattering correspond to the grey circles in the micrographs. The
end-to-end distance for an aggregate as estimated by dp p1/dmin,
values from Table 3 is Reted¼ 254 nm. An aggregate is expected to be
four scale markers. This is reasonably close to what is seen in the
first micrograph, two bottom right aggregates, prior to agglomer-
ation. The number of branches per aggregate in Table 3 is nBr ¼ 0.7
for N330, and about 1 branch per aggregate, in B45. This also agrees
with the two aggregates at the bottom right of Fig. 8a. It should be
noted that the TEM samples shown in Fig. 8 are on the order of
80 nm thick so that features at sizes larger than this may be
compromised by the sample preparation method described in the
Experimental Section.

The percolation concentration follows a fractal scaling law so
that f* ~ M/V ¼ Rg2

df /(Rg23 ) ~ Rg2
df �3. Fig. 9 shows a plot of the
percolation concentration versus Rg2df �3 for CB and silica samples. In
many amonotonic trend is observed. The linear intercept for the CB
samples does not pass through (0, 0). A zero intercept is expected
since an infinite aggregate should percolate at zero concentration.
Silica comes closer to this expectation.

For filled elastomers with filler loading above the overlap con-
centration (local percolation threshold) the filler particles form a
network with a mesh size that decreases with increasing concen-
tration, as shown in Fig. 1. For size scales larger than the mesh size
(reflecting large relaxation times) the elastomer properties should
be dominated by the filler network, while for size scales smaller
than the mesh size (and short relaxation times) the properties are



Fig. 8. Scanning transmission electron micrographs of carbon filled elastomers. N330 blended in B45. The weight percent for these samples are 1, 5, 15, and 30, a to d in the figure.
The distance between scale markers in the lower right of each of the figures is about 60 nm with the full range being about 600 nm.

Fig. 9. Percolation threshold concentration of CB and silica as a function of Rg2df �3.
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dominated by the elastomer. For this reason it is important to
quantify the filler network mesh size. The mesh size of the filler
network above the percolation threshold concentration is given by
2p/q*, where q* is the q value when 1/(nf) equals I0(q)/f0 from the
one weight percent scattering curve under dilute conditions for
levels 1 and 2. Table 5 shows the mesh sizes calculated in this way
for all of the samples for 15 and 30 wt % filler concentrations. For
the same filler, larger mesh size is always observed in samples with
a higher percolation threshold. The mesh size decreases with
concentration as expected.

The mesh size shown in Table 5 agrees well with the micro-
graphs in Fig. 8. For 15 wt percent the mesh size is about 500 nm,
close to the entire range of the scale bar, so it corresponds well to
the gaps between aggregate clusters. Similarly, for 30 wt percent
the mesh size is about 300 nm, one half of the entire range of the
scale bar, which is close to the gaps in the image between dense
clusters of aggregates.
5. Conclusion

Immiscible mixtures of nano to colloidal particles in polymers
bear some resemblance to colloidal solutions. While colloidal so-
lutions have a random dispersion of particles driven by dynamic
thermal equilibrium and are influenced by enthalpic interactions
between particles, polymer compounds display a random disper-
sion of particles driven by the mixing process and influenced by
surface interactions between particles. The effectiveness of mixing
will depend on particle size, accumulated strain, viscosity of the
matrix polymer and the hydrodynamic properties of the nano-
particles being dispersed. It seems possible to apply a pseudo-
thermodynamic approach to these systems to quantify the disper-
sion of a given nanoparticle and polymer binary pair after a certain
processing history. This approach can be used to rank different
polymer/nanoparticle pairs as to relative dispersion. Reinforced
elastomer composites were examined using this new application of
the second virial coefficient to describe compatibility of carbon
black and silica with three different elastomers. It was found that
this approach distinguishes dispersion for different elastomer/filler
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compounds. Ultra small-angle X-ray scattering was used to mea-
sure the scattering pattern at several concentrations of filler.
Changes in scattering with concentration were described with a
single second virial coefficient for each elastomer compound using
a scattering function related to the random phase approximation.
The approach seems applicable to a wide range of nanocomposite
materials.

The pseudo-second virial coefficient, A2, was well behaved in the
PB/PI and CB/SiO2 compounds that were studied. A close to linear
dependence of A2 with primary particle size for carbon black
composites agrees well with the observation that it is more difficult
tomix smaller particles. High cis 1,4 polybutadiene displayed better
dispersion for carbon and silica compared to low cis 1,4 poly-
butadiene consistent with literature reports. Silica was better
dispersed for the same primary particle size compared to carbon
black. Additionally, expected predictions for comparative compat-
ibility between two PB and a PI sample were observed. Further, the
interfacial contribution to this compatibility could be ascertained
by the sign and value of the dp ¼ 0 intercept of A2.

Values for the repulsive interaction potential amplitude, “A”
were estimated for the samples from the A2 values and calculations
of Reted. These values could be used in coarse grain computer sim-
ulations of filler segregation in these elastomers. The percolation
threshold concentration and the mesh size for concentrations
above this threshold were determined. Both of these features are
well behaved in the samples studied. The results qualitatively
agreed with expectations and with micrographs.

This study presents a novel pseudo-thermodynamic description
of polymer nanocomposites that shows promise in predicting dis-
persibility and compatibility in complex compounds based on
processing history and tabulated values for A2. The approach is
quite general and could be applied to pigment dispersions and
many other polymer/nanoparticle composites.
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