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ABSTRACT: We present the results of computer simulations of model polymer networks containing stiff and
roughly spherical colloidal particles at 20% volume fraction. We employ the coarse-grained “dissipative particle
dynamics” model (DPD). The filler particles may be either well dispersed or aggregated, and the strength of their
interaction can be tuned by changing the parameters of the polymer-filler nonbonded potentials. By performing
nonequilibrium molecular dynamics simulations, we are able to probe directly the viscoelastic behavior of the
composites under oscillatory shear deformations of variable amplitude and frequency. The strength of the particle-
particle interactions and sample morphology has a certain effect on the small-strain moduli. In some cases, we
also observe a nonlinear viscoelastic behavior as a function of increasing shear amplitude. However, the charac-
teristics of this nonlinearity are different from the experimentally observed “Payne effect”. Therefore, the origin
of this effect does not seem to be entirely and directly related to particle-particle interactions, as is frequently
assumed.

1. Introduction

Despite its practical importance and the large bulk of empiri-
cal knowledge accumulated over the years, the microscopic
origin of rubber reinforcement by rigid colloidal fillers such as
carbon black and silica is still a largely unsettled question.1-4

For a given volume fractionφ of reinforcing filler (talc is con-
sidered nonreinforcing, to give one counterexample), only a
fraction of the increase in the modulus can be understood by
assuming some kind of “additivity” of the properties of the
rubber and filler phases, as in the Einstein-Smallwood-Guth
formula for the so-called hydrodynamic effect:5

whereG andG0 are the shear moduli of the composite and the
rubber matrix, respectively. Equation 1 can be derived for rigid
spherical particles at small concentrations, under the assumption
that there is perfect adhesion at the interface and the properties
of each phase are everywhere identical to those in the bulk. It
can be generalized in a number of ways to describe composites
at high concentrations.6-9 Scaling arguments can also be used
to extend it from spherical to highly branched fractal fillers.10-12

Despite their relative sophistication, even these theories cannot
account fully for the measured elastic moduli, which can easily
be 10-50 times larger than that of the matrix. Therefore, some-
thing seems to be missing from the basic physical model.

An early but still popular interpretation of the “extraordinary”
reinforcement by carbon black and silica ascribes a large fraction
of small-strain elastic modulus of filled rubbers to interparticle
forces.1-4 This picture is not unreasonable, since such forces
are well-known to exist and to have significant implications for
the whole of colloid science.13 Also, since these particle-particle
interactions will be somehow disrupted on going to increasingly
large deformations, they have been invoked to explain the
observed softening of the material at small-moderate strains

(Payne effect2). The breakup of the filler aggregates under strain
has been recently observed by in-situ microscopy experiments,
which have also provided an estimate of their mechanical
strength.14 Thus, this particle-particle interaction picture has
the appealing feature of “killing two birds with one stone”, by
invoking the same basic mechanism to explain both the large
modulus at small strains and its drop at increasing deformations.
These considerations can also be used as a basis for semiquanti-
tative interpretations of the frequency and deformation depend-
ence of the complex shear modulus (G* ) G′ + iG′′).15-17

However, the status of these models remains unsettled due to
the unavoidable introduction of adjustable parameters.

In recent years, it has become increasingly apparent that the
previous picture is at least incomplete. The development of silica
fillers, which need to be made compatible with the polymer by
chemical functionalization and covalent linkage,18 has demon-
strated the importance of good dispersion and adhesion at the
rubber-filler interface. These could somehow be taken for
granted in the case of carbon black. At the same time, there
has been increasing evidence of the formation of a glassy
polymer layer at the interface with the filler.4,19-21 Since the
thickness of this rigid polymer shell can be of the order of a
few nanometers, its volume will be comparable to that of the
particles when these are also nanoscopic. The resulting increase
in the effective volume fraction of rigid material (filler and
glassy polymer) has been shown to go a long way toward
justifying the very large values of the small-strain modulus, at
least in some cases.12 Therefore, particle-particle interactions,
although certainly present, might not be so important after all.
Or, perhaps, their interpretation needs to be revised. For
example, some authors have suggested that the main mechanism
at the basis of filler networking is not a van der Waals-type
interaction,13,17 but is the bridging of the particles by strongly
adsorbed polymer chains.22,23 Therefore, the interaction is not
“direct”, but is mediated by the polymer. But, if that is the case,
what is the origin of the nonlinearities at large cyclic deforma-
tions? Some alternatives to the “particle-particle interaction”
interpretation of the Payne effect have been proposed. These
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include the adsorption-desorption dynamics of the chains,24 the
release of trapped entanglements at the polymer-filler inter-
face,25 and the plasticization of the glassy rubber shell bridging
neighboring filler particles.20

Computer simulation by molecular dynamics (MD) and
Monte Carlo (MC) methods has been increasingly used to gain
a better understanding of polymer-based nanocomposites.26-33

These simulations have provided, for example, further evidence
of the formation of a glassy shell coating the particles. They
have also been used to investigate the conformational statistics
of the chains at the surface and of the “bridges” connecting
different particles, which are not easily accessible by experiment.
These molecular-level studies are complemented by continuum-
level simulations using, for example, the finite element method
(FEM).34 This allows a fast and reliable estimate of the elastic
moduli of a composite from the knowledge of the sample
morphology and the elastic properties of the individual phases.35

However, the continuum approach has also some short-
comings: the FEM can encounter difficulties for large deforma-
tions (an important issue when dealing with rubbery materials,
as opposed to ceramic- or metal-based composites), it neglects
from the outset the possibility of long-range interactions among
colloidal particles,13 and its common assumption of constancy
and transferability of the properties of the individual phases6,7

may be untenable close to the rubber-filler interface. Thus, it
is fair to say that we are still far from the development of a
comprehensive computational method for the simulation of filled
elastomers, but it seems likely that this will need to combine
features of the molecular-level and the continuum-level ap-
proaches.

The aim of the present work is to use computer simulation
to test some general ideas about the behavior of filled rubbers.
We employ a model which, despite its relative simplicity,
captures some important aspects of real systems which were
neglected by previous simulation studies: (i) the filler particles
do not have simple idealized geometries (spheres or regular
polyhedra) but have a somewhat irregular shape and surface
topography; (ii) the particle may have different degrees of
dispersion/agglomeration within the polymer and different
degrees of affinity for the polymer matrix; (iii) the polymer
matrix is not a melt of linear polymer chains, but it is a fully
developed cross-linked network; (iv) in close analogy with
experimental investigations, we probe directly the behavior of
the composite under cyclic shear deformation by nonequilibrium
molecular dynamics. All this is made possible by the adoption
of the “dissipative particle dynamics” (DPD) model36sa coarse-
grained simulation method which has already been successfully
applied to other problems in polymer physics.

Section 2 contains a description of our computational pro-
cedures, while our main results are presented in section 3.
Conclusions follow.

2. Computational Methods

Dissipative Particle Dynamics (DPD).Similarly to conven-
tional molecular dynamics (MD), DPD is a particle-based
simulation approach. It is coarse-grained, in that each dissipative
particle actually represents a group of several atoms (roughly
of the order of five CH2 units). As we shall see, a colloidal
filler “particle” will be modeled by several hundred dissipative
“particles”. We shall use the terms “particle” for the former
and “atoms” for the latter, so as to avoid any ambiguity without
introducing too cumbersome terminology.

References 36 and 37 contain exhaustive descriptions of the
DPD method. The latter also describes some selected applica-

tions to soft matter problems, such as the phase behavior of
block copolymers or the structure and dynamics of lipid bilayers
and micelles, as well as recent technical developments such as
new integration algorithms. We have used a fairly standard
version of the method, as implemented in the coarse-grained
MD program COGNAC.38 We refer the reader to the original
publication36 for a description of the DPD thermostat and
integration algorithm.

In DPD, it is convenient to work with reduced quantities.
All atoms have the same interaction range (or diameter, for
short)σ, which sets the unit of length. In other words, we take
σ ) 1. Similarly, the unit of mass is taken such that all atoms
have massm ) 1. Finally, the temperature and energy scales
are defined such thatkBT ) 1. All other quantities can be derived
from these three fundamental units. For example, the number
density of atomsF is measured inσ-3 units. Following the
recommendations of Groot and Warren,36 we have conducted
all simulations atF ) 3. Time is measured in units ofτ )
σ(m/kBT)1/2. Pressure, stress, and elastic moduli are measured
in kBT/σ3 units.

In the notation of ref 36, we have used a DPD thermostat
with the friction/noise parameterγ ) 4.5. The equations of
motion were integrated with the modified velocity-Verlet scheme
with λ ) 0.65 and a time step∆t ) 0.05τ. These correspond to
the default parameter settings and recommendations of ref 36.
However, since the use of long time steps has been recently
shown to be a possible source of artifacts39 and there is also a
concern that the thermostat might affect the system’s response
under shear, we shall also present the results of a few test
simulations with shorter time steps and/or smaller values of the
γ parameter.

Interaction Potentials. The bonded and nonbonded inter-
actions between the filler (F) and polymer (P) atoms are
described by very simple functional forms. In particular, the
bond potentials are harmonic:

Thus, the polymer-polymer and polymer-filler bond are taken
to be identical, with a standard36 force constantkPP ) 4. The
filler-filler bonds are characterized by a stiffer force constant
(kFF ) 60), and they have a nonzero equilibrium bond lengthr0

) 0.7071. We have adopted a nonzero bond length in order to
ensure that the filler particles, which are heavily cross-linked
by several FF bonds per bead (see below), retain a finite size
instead of shrinking to almost pointlike globules upon cross-
linking (as predicted by the theory of 3D phantom networks40).
The specific valuer0 ) 0.7071 was chosen to be roughly con-
sistent with the distribution of nearest-neighbor distances in a
melt of DPD beads at the densityF ) 3.

The nonbonded interactions are described by soft repulsive
potentials:36

This potential is entirely specified by theaIJ parameter. Values
of aIJ in the range 25-100 (in kBT/σ2) are usually employed.
Unlike conventional MD with “hard” repulsive short-range
potentials, the softness of the DPD interactions implies that two
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particles may be easily found at a distance significantly smaller
than their diameter. Compenetrability of the particles means that
entanglement constraints are not rigorously respected in a liquid
or a network of DPD chains. For similar reasons, these model
systems are not expected to undergo a sharp glass transition at
low temperatures (roughly speaking, a liquid becomes “glassy”
when the atomic motions become severely restricted by the
surrounding amorphous material). These features of DPD are
not necessarily a disadvantage, if they are exploited judiciously.
For example, they allow relatively long time steps in dynamical
simulations and fast equilibration of complex multiphase
systems.

Although the two-body potential between any pair of atoms
is always repulsive (aIJ > 0), aneffectiVe many-body attraction
can still be modeled by playing with the relative values of these
parameters, so that some interactions are “less repulsive” than
others.36,37 In fact, the DPD nonbonded potentials have even
been shown to be flexible enough to model specific systems,
such as polymer blends (there is an approximate relationship
between theaIJ’s and Flory’s ø parameter36) or even cell
membranes interacting with nonionic surfactants in water.41

Since our present aim is to gain an understanding of some very
general features of filled rubber, we have used typical but
generic values, without carrying out any fine-tuning of the
parameters. Specifically, we have simulated three different
systems (see Table 1). Case I represents a situation with strongly
repulsive polymer-filler interactions. Therefore, the filler is
incompatible with the polymer, and this results in attractive and
relatively strong interparticle forces. In case III, all theaIJ

parameters are identical so that the polymer is identical to the
filler from the point of view of nonbonded interactions (but there
is still a large difference in their mechanical stiffness because
of our choice of bonding potentials). This models a situation in
which the filler surface has been made maximally compatible
with the polymer by chemical functionalization, and particle-
particle interactions are virtually absent. Finally, in case II there
are two types of filler atoms (F′ and F′′), half of which are
identical to the polymer atoms, whereas the other half is incom-
patible with them. This models an intermediate situation with
attractive but weaker interparticle forces. Moreover, in case II
the particle surfaces are chemically heterogeneoussa situation
which occurs frequently with fillers such as carbon black and
precipitated silica.

System Preparation. The preparation of the cross-linked
nanocomposites is a important step in the simulation and was
performed by the steps illustrated in Figure 1. Note that we
always used the case I potentials during this stage. We switched
to case II or case III potentials only afterward, in the nonequi-
librium simulations of viscoelastic response (see below).

We started from a random mixture of 1300 linear chains of
polymer-like atoms (P14) and 600 triblock chains containing a
central block of filler-like atoms (P14F8P14).42 This composition
corresponds to a filler volume fractionφ ) 0.12. The unfavor-
able polymer-filler interactions cause formation of nearly
spherical F-rich micelles. We transformed these micelles into
solid filler particles by creating a large number of F-F bonds

between neighboring filler atoms (up to a maximum valency
of 12 bonds per atom). We then deleted most of the P14 chains
(only 170 were left) and gradually reduced the size of the
simulation box so as to increase the filler volume fraction to
φ ) 0.20 and bring the density back to the desired valueF )
3 (final cubic box sideL ) 19.99).43 Finally, we cross-linked
the polymer matrix by forming bonds between the free polymer
terminals and randomly selected inner monomers of the polymer
strands.44 This readily produces a fully developed network with
trifunctional junctions. Note that have deliberately chosen to
produce a tightly cross-linked network with short primary chains
to compensate for the absence of entanglement effects in DPD.
The final system contains 19180 P-type atoms and 4800 F-type
atoms. There are 18 distinct and well-dispersed filler particles
of variable size, roughly comprised between 100 and 500 atoms.

To generate an analogous system with aggregated filler parti-
cles, we followed the procedure depicted in Figure 2. Starting
from the previous system at the stage before the final cross-
linking, we simply cut all P-F bonds. Without the tethered

Table 1. Definition of the aIJ Nonbonded Interaction Parameters
Used in Each Simulationa

P-P F′-F′ F′′-F′′ P-F′ P-F′′ F′-F′′

case I 50 50 50 72 72 50
case II 50 50 50 50 72 72
case III 50 50 50 50 50 50

a F′ and F′′ represent two types of filler atoms (which are identical in
cases I and III), while there is only one type of polymer atom (P).

Figure 1. Pictorial description of the procedure for the generation of
the system with dispersed filler particles. The starting configuration
(frame A) contains a random mixture of P14F8P14 triblock and P14

homopolymer chains. The P strands are depicted in green, the F strands
in blue, and the P-F bonds by the magenta dots. The F-blocks aggregate
into micelles (frame B), which are then transformed into solid particles
by formation of many additional F-F bonds (frame C). Finally, the
particle volume fraction is increased up toφ ) 0.20 (not shown), and
the loose ends of the polymer are also allowed to react to form a cross-
linked polymer matrix (the cross-links are the red dots in frame D).

Figure 2. Pictorial description of the procedure for the generation of
the system with aggregated filler particles. Starting from configuration
C of Figure 1 (φ ) 0.20), we cut all P-F bonds (frame E) and as a
result the filler particles aggregate (frame F). Finally, we regenerate
the P-F bonds (magenta dots in frame G) and cross-link the polymer
matrix (red dots in frame H).
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polymer shell surrounding them, the particles diffuse and aggre-
gate. Aggregation can be easily monitored from the decrease
of the nonbonded energy of the system during the simulation,
shown in Figure 3. By re-forming the P-F bonds at different
stages of this process and cross-linking the polymer matrix, we
were able to produce an ensemble of systems with different
degrees of particle-particle aggregation.

Figure 4 shows a snapshot of the four morphologies which
were selected for subsequent nonequilibrium simulations under
shear. These will be indicated by D (for dispersed), M2 and
M5 (for moderately aggregated), and A (for fully aggregated).
We point out that, since these pictures represent the unit cell of
an infinite system with periodic boundary conditions, the filler
particles in system A actually form a single very large aggregate.

For comparison purposes, we also carried out simulations of
an unfilled network made up of P14 chains, which were cross-
linked by the same procedure used for the filled samples.

Nonequilibrium Simulations. We studied the viscoelastic
properties of the cross-linked nanocomposite samples by apply-
ing an oscillatory shear deformation and recording the resulting
stress. The oscillatory shear deformation was applied through
the “sliding brick” or Lees-Edwards boundary conditions45 and

is characterized by the amplitudeγ0 and the frequencyν:

We used the valuesγ0 ) 0.025, 0.05, 0.10, 0.20, 0.40, and 0.80
(i.e., from 2.5% to 80%) andν ) 10-3 and 10-4 (in τ-1 units).
These two frequencies were selected by trial and error so as to
have tanδ = 0.05-0.4 (see below), which is the typical range
for a filled elastomer operating at room temperature and fre-
quencies of 10-1-102 Hz.1-4 The simulations generally lasted
up to completion of 5-10 deformation cycles. Just as in the
static simulations, the system’s temperature was automatically
kept around the desired valuekBT ) 1 by the DPD equations
of motion. (Heat has to be removed from the system, since the
imposed shear deformation corresponds to an input of mechan-
ical work.) The DPD method has a built-in thermostat, which
has been shown to be quite efficient for nonequilibrium
simulations.45,47

The resulting stress (both instantaneous values and batch
averages over a certain number of time steps) was calculated
by the program and stored in a file. The output frequency was
adjusted to the deformation frequency, so as to record 50 values
of the stress every cycle. These were subsequently analyzed by
fitting them as follows:

The σ′ and σ′′ parameters can then be converted into the in-
phase and out-of-phase components of the complex modulus
(G′ andG′′) and their ratio (tanδ):

3. Results and Discussion

Since we are interested in probing the effect of the particle-
particle interactions and these depend both on their degree of
aggregation (D, M2, M5, or Assee Figure 4) and on the
interatomic nonbonded potentials (I, II, or IIIssee Table 1),
we shall use a combined symbol to denote the different simu-
lations. For example, D-I corresponds to the system with
dispersed particles and case I potentials, while A-III indicates
the system with aggregated particles and case III potentials.

Representative plots of the time dependence of the shear stress
for system D-I are provided in Figure 5. They correspond to
the extreme cases of slow, small-amplitude deformations
(γ0 ) 0.05,ν ) 10-4) and fast, large-amplitude deformations
(γ0 ) 0.80,ν ) 10-3). We have plotted both the instantaneous
values of the stress at regularly spaced instants of time (once
every 4000 or 400 DPD integration steps respectively for the
low- and high-frequency simulations) and their batch averages
over all the time steps within each of these intervals.48 In the
case of large deformations, the instantaneous values make
relatively minor deviations from the batch averages. Both appear
to follow closely the sinusoidal law in eq 4. In the case of small
deformations, instead, the instantaneous values of the stress take
apparently random values. As a matter of fact, negative shear
stresses are frequently recorded at positive deformations, and
vice versa. These wild fluctuations are clearly due to thermal
noise, mainly introduced through the DPD thermostat. Fortu-
nately, the batch averages do not suffer from this problem and
they appear to follow closely eq 4. Even so, we are unable to
simulate reliably deformations of 0.1-1%, which are instead
accessible to experimentalists. This is a limitation of our current

Figure 3. Evolution of the nonbonded potential energy of the nano-
composite (batch average) during the aggregation of the filler particles.
The points used for the subsequent simulations have been marked by
M2, M5, and A.

Figure 4. Snapshots of the systems with dispersed (D), moderately
aggregated (M2 and M5), and fully aggregated (A) filler particles. The
F-F bonds are drawn in red, the P-P bonds in blue, and the P-F
bonds in green. The M2, M5, and A systems correspond to the second,
the fifth, and the last points in Figure 3, respectively.

γxy(t) ) γ0 sin(2πνt) (3)

σxy(t) ) σ′ sin(2πνt) + σ′′ cos(2πνt) (4)

G′ ) σ'
γ0

G′′ ) σ′′
γ0

tanδ ) G′′
G′ ) σ′′

σ′ (5)
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simulations, which could be overcome by studying much larger
systems over much longer times in order to reduce the noise/
signal ratio.

The stress vs time plots such as those in Figure 5 show that
the response of our model systems in first deformation cycle is
very similar to that in the following ones. This does not occur
in real filled rubbers, where the elastic modulus in the first
deformation cycle is significantly larger than in the following
ones (Mullins effect3). Presumably, the perfect reversibility and
history independence of the our stress-strain curves is due to
the lack of any “damage” mechanism in our model (chain
scission or rubber-filler debonding, for example).

TheG′ andG′′ components obtained from eqs 4 and 5 have
identical error bars, in absolute terms. However, sinceG′ is
3-20 times G′′ depending on deformation frequency, their
relative values are much larger in the latter case.49 For this
reason we shall restrict our discussion to the in-phase or elastic
components of the moduli (henceforth, “the modulus”), which
have been plotted in Figures 6 and 7. First of all, we observe
that the modulus of the unfilled sample (G0′) is almost perfectly
independent of the deformation amplitude, in agreement with
experiment. A 10-fold increase in frequency produces a 10%
increase in the modulus. This effect is observed also in the
simulations of the filled samples and is quite reasonable from
a physical point of view. Apart from this shift, the behavior at
ν ) 10-3 always parallels that atν ) 10-4, and consequently
there is no need to refer to a specific frequency in the following
discussion.

If we compare the small-strain moduli (γ0 e 0.2) of systems
with identical polymer-filler interaction potentials but different
morphologies (Figure 6), we observe an interesting nonmono-

tonic behavior ofG′/G0′. Systems A and D, where the particles
are either completely aggregated or very well dispersed, have
similar values of this ratio (1.8-1.9). This is close enough to
1.7, predicted by the Christensen-Lo model6,12 from the sole
knowledge of the filler volume fraction. The moduli of the M2
and M5 systems with moderately aggregated particles are
significantly larger (G′/G0′ ) 2.3-2.5). The reason for this
difference is that in the latter case the particles form a tenuously
connected structure which spans a larger volume within the
sample. This increases the effective volume fraction of filler,
since the polymeric material contained within this spanned
region is somewhat screened from deformation.4,11,12 On the
other hand, when the particles are completed aggregated, they
form a very compact object with no or little polymer in between.
This large aggregate effectively behaves as a single near-
spherical particle, which explains the similarity between the A
and D cases.

The Payne effect corresponds to a drop in the elastic modulus
by about 1 order of magnitude at very small deformations
(roughly up to γ0 ) 0.05).1-4 This characteristic nonlinear
behavior does not occur in our simulations: allowing for the
error bars, which as explained above are more significant at
small deformations, the modulus is roughly strain-independent
up to γ0 = 0.2. TheD sample has a perfectly linear response
also forγ0 > 0.2, just like the unfilled rubber (see again Fig-
ure 6). Nonlinearities at medium and large deformations show
up when the particles are moderately or fully aggregated. The
overall change in the modulus is small compared to order-of-
magnitude drop observed experimentally.1-4 Still, it is interesting
that the modulus of M2 and M5 decreases while that of A
increases, so that these curves cross atγ0 = 0.65. We may
conventionally refer to these types of behavior as Payne-like

Figure 5. Plots of the shear stress for system D-I, for γ0 ) 0.05 and
ν ) 10-4τ-1 (top) and forγ0 ) 0.80 andν ) 10-3τ-1 (below). The
continuous lines are sinusoidal fits to the black points (batch averages).
The instantaneous values of the stress are indicated by the empty dots.

Figure 6. In-phase component of the modulus as a function of shear
amplitude, for systems with different morphologies (D, M2, M5, and A)
but identical interaction potentials (case I).
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and anti-Payne, respectively. A possible explanation of the
former is that, on going to increasingly larger deformations,
we are breaking up the loosely connected network of filler
particles. The more open aggregates, which shield a significant
fraction of polymer and tend to resist deformation thanks to
the strong particle-particle interactions, are no longer effective
at large deformations. Therefore, the modulus of the M2 and
M5 samples should decrease toward that ofD, in the limit of
extremely largeγ0’s. Conversely, the anti-Payne response of A
can be interpreted by assuming that its roughly spherical
aggregate of particles will be transformed into a more elongated
and loosely connected cluster at large deformations. It is quite
possible, but we have not tested it, that the modulus of the
A sample will also reach a plateau and then drop toward the
D value forγ0 . 0.8.

Figure 7 illustrates what happens when we gradually switch
off the particle-particle interactionssnot by varying the degree
of filler dispersion, but by making the filler and polymer more
compatible through changes in the interatomic potentials (cases
I, II, and III in Table 1). Again, we observe that there is no
significant strain dependence forγ0 e 0.2. Apart from this
common feature, the systems with moderately dispersed (M5)
and fully aggregated (A) morphologies seem to behave differ-
ently. When we take system M5 and reduce the particle-particle
interactions (from case I to case III potentials), we observe a
certain drop in small-strain modulus, which becomes similar to
that of the systems with either dispersed or fully aggregated
particles (D and A, see above). The modulus decreases further
at higher strains (Payne-like behavior), so that the M5-III curve
is almost a downward-shifted version of M5-I. Instead, a
gradual reduction in the particle-particle interactions in the fully

aggregated system (curves A-I, A-II, and A-III) does not
change significantly the small-strain modulus, which is already
rather low. On the other hand, the strain dependence switches
from anti-Payne to Payne-like. Thus, the difference between
the A-I and A-III moduli at 80% strain is comparable to the
difference between the M5-I and M5-III moduli at 10-20%
strain. The A-II system, in which only half of the filler atoms
are polymer-like, falls nicely between A-I and A-III . This
indicates that chemical heterogeneity of the filler surface does
not have a specific effect but seems to be averaged out, at least
in this case.

Finally, we present a few tests which validate our choices
for the DPD thermostat and integration time step. We have
conducted nonequilibrium simulations on the unfilled network
as well as the D-I and A-I composites, at high frequency and
medium strain amplitude (ν ) 10-3, γ0 ) 0.1). Figure 8 presents
our results on the average kinetic temperature and the elastic
moduli of these systems. A 10-fold decrease of the time steps
from ∆t ) 0.05 to 0.005sallows an almost perfect temperature
control, independently of the value of thermostat parameterγ.
When we use∆t ) 0.05, we have a+2% deviation from the
programmed temperature whenγ ) 0.5 and a-2% deviation
whenγ ) 4.5. Turning to the elastic muduli, the choice ofγ
and ∆t does not seem to produce significant and systematic
effects. There are some small variations inG′, but they roughly
fall within the estimated error bars. Thus, the main conclusions
of the present paper, which is mainly concerned with the strain
dependence of the elastic moduli, should be unaffected by these
parameters. On the other hand, as recently pointed out by other
authors,39 it is quite possible that the use of a long time step
may produce artifacts in some more “fine-grained” quantities

Figure 7. In-phase component of the modulus as a function of shear
amplitude, for systems with aggregated morphologies (M5 or A) and
different interaction potentials (cases I, II, and III). The curve for the
unfilled network (given in Figure 6) has been omitted for clarity.

Figure 8. Test of the effect of the DPD friction/noise parameterγ
and of the time step∆t on the values of the temperature (above) and
of the in-phase shear modulus (below). All the plots have been obtained
in shear experiments with frequencyν ) 10-3 and amplitudeγ0 )
0.1. The temperature plots for the two filled systems have been upshifted
by 0.1 and 0.2, for clarity. The error bars represent the standard
deviation of the temperature fluctuations and the estimated error in the
modulus, respectively.
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(density profiles and stress at the rubber-filler interface, for
example). We plan to address these points in our future work.

4. Conclusions: What Is the Role of Particle-Particle
Interactions?

We are now in a position to attempt a summary of our
“computer experiments” on the nonlinear viscoelasticity of filled
rubbers. Unlike other recent attempts,26-33 our simulations
include some important features of real experimental systems
and directly probe the viscoelastic response as a function of
shear amplitude and frequency. We believe that the DPD model
captures the right degree of coarse-graining for the problem at
hand. Also, an important advantage of simulation over experi-
ment is that it allows an independent control over the microscale
polymer-filler interactions and the mesoscale morphology of
the samples. These aspects are almost always entangled with
each other in experimental studies (see however ref 20 for an
attempt to resolve them).

What have we learned about the role of particle-particle
interactions? The first lesson is that particle-particle interactions
have a clearly detectable effect on the modulus (actually, the
in-phase component of the dynamics shear modulus), which may
be both direct and indirect. The direct effect depends on the
observation that, for a given morphology, increasing them
always produces a certain increase of the modulus. The indirect
effect is due to the fact that different particle-particle inter-
actions, together with other factors such as sample preparation
methods, tend to produce morphologies with different degrees
of aggregation. In turn, we have observed that this variable has
a nonmonotonic effect. Taking the perfectly dispersed sample
as reference, the modulus increases up to a certain degree of
aggregation (loosely connected network of fillers) but then
decreases when this proceeds beyond a certain point, when very
large and compact aggregates start to appear. A certain depend-
ence of the small-strain elastic modulus of polymer-filler
composites was also seen in FEM simulations by Gusev et al.,35

where however it was observed to be much stronger for fiber-
reinforced than for particle-reinforced composites.

The second lesson from our simulations is that particle-
particle interactions may also be responsible for some strain
dependence of the modulus. Thus, we find no strain dependence
when the particles are perfectly dispersed and some nonlinearity
when they are aggregated. However, some characteristics of this
behavior seem to be different from those observed experimen-
tally (Payne effect). In some cases we actually observe a strain
stiffening of the material (anti-Payne behavior), and even when
there is strain softening, this is relatively small in magnitude
and tends to occur at rather large deformations (γ0 g 0.2, as
opposed toγ0 e 0.05 in experimental systems). Therefore, it
seems that particle-particle interactions alone cannot explain
the Payne effect.

For the future, we plan to extend our simulations by con-
sidering systems with higher volume fractions of filler and
improve our statistics at small strains through larger samples
and longer simulation times. Also, the basic physics of our
model will probably need to complicated slightly before our
simulations can reproduce the most important features of the
behavior of filled rubbers. One possibility is the introduction
of a more complicated model for the polymer-filler interface,
accounting for debonding or glassy dynamics of the interfacial
rubber layer.
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