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ABSTRACT: Despite intense investigation, the mechanisms
governing the mechanical reinforcement of polymers by dispersed
nanoparticles have only been partially clarified. This is especially
true for the ultimate properties of the nanocomposites, which
depend on their resistance to fracture at large deformations. In this
work, we adopt molecular dynamics simulations to investigate the
mechanical properties of silica/polybutadiene rubber, using a quasi-
atomistic model that allows a meaningful description of bond
breaking and fracture over relatively large length scales. The
behavior of large nanocomposite models is explored systematically
by tuning the cross-linking, grafting densities, and nanoparticle
concentration. The simulated stress−strain curves are interpreted by monitoring the breaking of chemical bonds and the formation
of voids, up to complete rupture of the systems. We find that some chemical bonds, and particularly the S−S linkages at the rubber−
nanoparticle interface, start breaking well before the appearance of macroscopic features of fracture and yield.
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■ INTRODUCTION

Polymer nanocomposites (PNCs) combine the well-known
properties of polymers with the reinforcing, electrical, thermal,
or optical features of different nanosized fillers.1 Due to the high
area/volume ratio of these fillersprovided the nanoparticles
(NPs) are well dispersed and there is good mechanical coupling
between them and the polymera significant fraction of the
matrix belongs to an interfacial region with properties distinct
from those in the bulk.2 This produces exotic properties, which
may emerge even at relatively low NP loadings. Virtually all
polymers can be modified by incorporating suitable NPs, but
this concept has been known and exploited for a long time in
elastomers for automotive tires and other rubber goods, in fact
long before the “nano” keyword became fashionable. In this case
the fillers are either carbon black or silica, and the target is the
enhancement of a complex combination of mechanical proper-
ties (elastic modulus, resistance to tear and abrasion, control of
energy dissipation at low or high frequencies, etc.).3,4

The theory of rubber elasticity is now a mature subject,5−9

thanks also to inputs from computer simulation that have helped
clarify the role of topological constrains and defects.10−12 The
same cannot be said of the ultimate mechanical properties of
polymer networks and especially of filled elastomers, which
involve their resistance to fracture.13 Although these materials
are extensively employed in industry, the mechanisms of
reinforcement are still not completely understood.14 For sure,
the usual assumption (for classical composites)15 that the

material consists of two distinct and well-defined phases is
untenable, due to the extensive alteration of the polymer
properties at the interface with the NPs.16−21 The complex
surface structure and chemistry of these fillers may be crucially
important, especially with respect to the polymer dynamics.22−25

Molecular simulations of PNCs have increased significantly in
recent years, as their complexity can now be approached thanks
to advances in high-performance computing.26−28 Molecular
dynamics (MD)29 and other particle-based mesoscale meth-
ods30−32 are well suited to explore the behavior of these
materials, revealing details that are not readily accessible to
experiments. Today, most MD simulation of rubbery PNCs are
still carried out with generic coarse-grainedmodels, which aim at
simplicity and a general understanding, rather than quantitative,
predictive modeling.33−39 Despite their greater complexity, in
recent years there have been some notable atomistic (i.e.,
chemically detailed) simulations of silica-filled rubber net-
works,40−42 which in principle may be used to address system-
specific questions.
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This paper is devoted to the simulation of the mechanical
properties of polybutadiene networks incorporating silica
nanoparticles. This combination of materials has practical
interest,43 but it has also been adopted in more fundamental
studies of reinforcement.44 We have combined elements from
our previous papers on silica45 and butadiene networks46 into a
coherent model, adding the possibility of bond scission in order
to model large deformations and fracture. Our original
motivation for adopting a united-atom model for the polymer,
instead of a more coarse grained representation, was precisely
the desire to model bond breaking and failure.47 We point out
that, although polymer fracture has been modeled using generic
bead-and-spring models,48−50 their applicability to extreme
mechanical situations in not really known. For example,
although there are “recipes” for mapping bead-and-spring
models to commercial polymers,51 we are not aware of any
“recipe” for choosing the coarse-grained bond dissociation
potential for those polymers (to replace the original finitely
extensible but unbreakable bond potential). At the other
extreme, one could have adopted one of the emerging “reactive”
force fields, such as ReaxFF52 or AIREBO.53 However, the
computational cost of these potentials (at least 10 times greater
than that of a simulation based on conventional atomistic force
fields)54 would have hampered the treatment of large systems
containing hundreds of NPs and hundreds of thousands of
atoms.
The next section introduces our model, providing crucial

implementation details. Next, we discuss the results of our
simulations. When planning them, we adopted a material design
exploration that is typical of the industrial mindset. By changing
and studying the effect of one system parameter at a time, we
have attempted an optimization of the material by maximizing
certain target properties. The last part of the results section
establishes a connection between the stress−strain curves and
different modes of damage of thematerials: namely, the breaking
of chemical bonds and the formation and growth of voids within
the matrix. Conclusions follow.

■ MODEL AND METHODS
Our model systems consist of silica nanoparticles within a poly(1,4-cis-
butadiene) (PB) matrix. The polymer chains are 100 monomers long
(i.e., 400 carbons), and they are cross-linked by simulating the reaction
with sulfur dimers using the protocols described in our previous work.46

The nanoparticles have a diameters of 4 nm, and they are chemically
bonded to the polymer by short linker chains, mimicking the role of
silane coupling agents. All simulations were carried out with the
LAMMPS code, exploiting acceleration with graphical processing units
(GPUs).55 The results were visualized with VMD56 and analyzed with
in-house scripts. Below we provide some further details, focusing
especially on aspects that were not covered in our previous papers.45,46

Force Fields
The force field parameters for PB were borrowed from a previous
united-atom model.57,58 Those for the sulfur atoms and the linker
chains were derived from the united-atom version of OPLS.59 The silica
nanoparticles are described by a coarse-grained model, which
suppresses the oxygen atoms leaving only Si-centered “superatoms”
or beads.45 This simple coarse-graining strategy reduces the number of
atoms and effectively eliminates all electrostatic interactions, as all the
atoms and particles have a zero charge. The absence of long-range
electrostatic interactions produces significant acceleration in the
simulations.

The silica beads are of two types: those within the bulk of thematerial
are “non-polar”, whereas those at the surface may be “polar” if they
derive from Si atoms carrying an −OH group (silanols).60 Following
the NMR terminology, they will be denoted as Q4 and Q3, respectively.
Bonding interactions among these beads need not be specified, since
each NP is treated as a rigid body, capable only of translation and
rotation. Their nonbonded interactions with other silica beads and with
the polymer are described by truncated and shifted Lennard−Jones
potentialsthe function used also for the polybutadiene force field45
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functions at the nonbonded cutoff rc = 12 Å (identical for all
interactions). The Lennard−Jones parameters for the silica beads were
selected by matching the density fluctuations of the polymer
sandwiched between reference atomistic and coarse-grained silica walls.

With the exception of the CH2···CH interactions,57,58 we used
geometric mixing rules to derive both the εij and the σij parameters for
unlike atoms, as was done also in theOPLS force field.59 Note, however,
that the parameters for silica−silica interactions were not optimized;
rather, they were derived from those for silica−carbon interactions by
an “inverse mixing” rule:
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where X denotes a Q3 or Q4 particle and i any of the others. Because of
this choice, the representation of direct nonbonded interactions among
the Si beads may not be realistic. However, it is not critically important
as long as one simulates well-dispersed morphologies with no direct
NP−NP contacts. All the Lennard−Jones parameters of the model are
given in Table 1.45,61

In order to model fracture phenomena, the possibility of covalent
bond dissociation was explicitly included. To this end, the commonly
adopted harmonic potential terms for bond stretching were replaced
with Morse potential functions

V r D e( ) 1 r r
Morse

( ) 20= [ − ]α− − (3)

whereD represents the bond dissociation energy and r0 the equilibrium
distance. All bond stretching parameters are given in Table 2, while
those for bond bending and torsions can be found in the original
publications.57−59 Values for the bond dissociation energy were taken

Table 1. Lennard−Jones Parameters for the Nonbonded Interactionsa

CH2 CH Q3 Q4 S

ε σ ε σ ε σ ε σ ε σ

CH2 0.0936 4.009
CH 0.1015 3.792 0.1000 3.385
Q3 0.0967 4.780 0.1000 4.393 0.1000 5.700
Q4 0.1676 4.200 0.1732 3.859 0.1732 5.008 0.3000 4.400
S 0.1529 3.772 0.1581 3.467 0.1581 4.498 0.2739 3.952 0.2500 3.550

aUnits for ε and σ are kcal/mol and Å, respectively.
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from an extensive compilation of experimental data,62 using a simple
criterion of “chemical similarity”. Note the order of the bond
dissociation energies: S−S < C−S < C−C ≪ CC. As we shall see,
the bonds tend to dissociate in this order under deformation. Bond
distances were taken to be equal to those from the corresponding
harmonic bond potentials. Finally, the α parameter determines the
curvature of the potential energy around the equilibrium distance. Its
values were chosen to reproduce the force constants of the harmonic
potentials entering the original force fields:

k
D2

harmα =
(4)

A cutoff distance rcb for the bonds was set according to the condition

V r D RT( )Morse cb = − (5)

whereRT = 0.592 kcal/mol at 298 K. According to this criterion there is
a different cutoff for every bond type. Bonds reaching an extension
beyond the cutoff distance were permanently deleted from the bond
list. Unlike a fully reactive force field, our model does not allow the
possibility of bond formation. This should not matter much in our
simulations, which aimed at observing a one deformation half-cycle, up
to full rupture of the nanocomposites.
A special treatment was necessary for the bonds between the first

carbon of the linker molecules and the coarse-grained silicon atoms.
This type of bond must implicitly account for the oxygen atoms
between the silicon and the carbon. The equilibrium length of these
Si(O)C “bonds” was set equal to 2.75 Å. This value was obtained by
quantum chemical calculations on a model compound. Specifically, we
performed B3LYP/def2-SVP geometry optimizations of tetraethox-
ysilane, using version 4.2.1 of the ORCA code.63 For simplicity, we
chose to model the coarse-grained bonds with a harmonic potential
instead of theMorse potential. This bond potential is simpler to handle,
and it brings the additional benefit of smoothing the transition from the
perfectly rigid filler to the highly deformable and breakable rubber
phase. The force constant of the Si(O)C bonds was set equal to 50 kcal
mol−1 Å−2. This relatively low value reflects the fact that deformation of
these coarse-grained bonds may occur by opening the Si−O−C bond
angles, rather than by stretching the Si−O and O−C bond lengths.

Nanoparticle Generation
Industrial silica NPs are manufactured with a Stöber-like sol−gel
process64 or from pyrolysis that generates fumed silica.18 Typically, the
diameter of the primary silica particles is in the 10−15 nm range,
somewhat smaller that the unperturbed end-to-end distance of lightly
cross linked PB chains (about 26 nm for 1000monomers, using the data
of Fetters et al.65). Here we have simulated not only smaller

nanoparticles (4 nm diameter) but also higher degrees of cross-linking,
due to the relatively short length of the precursor chains.46

Our first attempts to generate the NPs from an amorphous silica
model within the VMD code56 resulted in structures characterized by
anomalous cavities and many “dangling” silicon atoms, unlikely to be
present in equilibrated NP structures. To circumvent this issue, the NPs
were generated by cutting spheres with a diameter of 4 nm out of a
crystalline sample of α-cristobalite. This choice is motivated by recent
studies,64 confirming the adequateness of such a material in relation to
the surface properties of small nanoparticles. The silicon atoms were
assigned typesQ4 andQ3 on the basis of their connectivity, and then the
oxygen atoms were deleted. The resulting Q3 surface density was 2.78
nm−2.

The NPs were chemically bonded to the polymer matrix by linkers
mimicking the Si-69 silane bis(triethoxysilylpropyl) tetrasulfide.66

Figure 1 illustrates the chemical structure of Si-69 and its mode of
interaction with the filler and the elastomer. The scheme highlights the
double role of silanes: namely, improving the dispersion of the silica
nanoparticles by increasing their hydrophobicity and suppressing the
hydrogen bonds between the silanol groups populating their surfaces,
and enhancing the mechanical coupling with the polymer by covalent
bonding. The formation of covalent bonds between the linker and the
NP proceeds by hydrolysis and elimination of a part of the ethanol
moieties. Covalent bonds between Si-69 units bound to the NP surface
and the polymer form subsequently, following cleavage of one of the
central S−S bonds during the curing of the elastomer. Within our
model, a coarse-grained representation of Si-69 linkers was obtained by
three consecutive united-atom CH2 beads, directly attached to a Q3

silicon at one end and bearing a disulfur unit at the other end. The
terminal disulfur units mimic the structure of Si-69 immediately after
scission of the central S−S bond, before the final bonding to the rubber
matrix. In analogy with the degrees of functionalization adopted
industrially, the linkers were bound to 20% of Q3 beads,67 yielding a
density of 0.56 linkers/nm2. Subsequently, the disulfur groups were
chemically bonded to the polymer in the vulcanization stage,
concurrently with the creation of the sulfur cross-links between the
chains (see below). Each silica NP contains 928 beads, including the
silane linkers. Figure 2 shows one of them.

Table 2. List of Morse Potential Parameters

bond type D (kcal/mol) α (Å−1) r0 (Å) rcb (Å)

CH2−CH2, CH−CH2 83.6 1.99 1.54 4.37
CHCH 146.0 1.88 1.34 4.64
S−S 53.8 1.76 2.04 5.00
CH−S 62.1 1.89 1.81 4.64

Figure 1. Picture showing the three stages of bonding of Si-69 to the NP surface and the polymer: (a) physical absorption; (b) grafting to the filler; (c)
bonding to the polymer during curing.

Figure 2. Sketch of a silica NP. Green, red, blue, and black beads refer to
Q4, Q3, CH2, and S units, respectively.
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System Assembly

Following the above procedure, we generated nine simulation boxes
with different grafting densities, NP concentrations, and cross-link
(CL) densities. Accordingly, we shall refer to each system by the
following shorthand notation: [grafting coverage (bonds/nm2), NP
concentration (vol %), CL density (SS/chain)]. Table 3 summarizes
their constitution and their main structural properties.
The largest value of the grafting density (0.56 nm−2) corresponds to

the situations in which 100% of the linkers’ terminals were chemically
bonded to the polymer. With these as a starting point, other systems
with a lower grafting density were generated by simply deleting a
suitable fraction of bonds.
The volume fraction (ϕNP) of silica was varied between 0 and 20%.

The NPs were arranged so to obtain nonoverlapping, well-separated
distributions. The overall filler content corresponds to a loading of 59
phr or lower. The phr units are commonly used in rubber formulations,
and they stand for “per hundred rubber”.4 A loading of 59 phr
corresponds to a blend ofmNP = 59 g (mass of nanoparticles) andmPB =
100 g (mass of rubber). The conversion to volume fraction is obtained
as

V
V V

m
m m

100 100NP
NP

NP PB

NP PB

NP PB PB NP

ϕ
ρ

ρ ρ
=

+
× =

+
×

(6)

whereVNP and VPB are the volumes of each phase, and we have assumed
that these are additive. The second expression involves the densities,
which can be taken as equal to ρPB = 0.93 g/cm3 for polybutadiene and
ρNP = 2.2 g/cm3 for silica.68 Figure 3 shows three examples of systems
with increasing NP loadings. The overall number of NPs is given in
Table 3.
The CL densities used in this work were in the range of 1.2−2.0 S−S

precursors per PB chain, similar to that in our previous work.46 This
corresponds to 1.4−2.4 phr of sulfur, comparable to the amounts
employed in typical rubber formulations.4 According to our earlier
investigation,46 a fully developed three-dimensional network is
obtained in an unfilled system with the higher sulfur concentration
(i.e., the systems are well above the percolation threshold), while the
lower concentration may leave a small number of chains unconnected
to the rest of the network. Note, however, that in a filled network the
NPs effectively act as additional cross-linking points of high
functionality, thanks to the bonds formed by the silane coupling agents.

Simulation Protocol

The average number of coarse-gained atoms or beads in our systems
was about 6 × 105 (see Table 3). Throughout our simulations, the
temperature was set at 298 K and the pressure at 1 atm, unless stated
otherwise. The MD equations of motion were integrated with a 2 fs
time step (a conservative choice, for a united-atom force field).

The initial cubic box dimension was set so as to produce a density of
0.93 g/cm3 in the space accessible to the polymer (i.e., excluding the
volume of the NPs). Prior to cross-linking, initial equilibration of the
rubber matrix was performed in the NVT ensemble, keeping the NPs at
fixed positions. A soft pair potential was used at this stage, so to allow
the polymer chains to uniformly distribute around and outside the NPs,
bypassing their mutual entanglements.69 After 4 ns, the Lennard−Jones
interactions were introduced, replacing the soft potentials. The system
was then further equilibrated for 20 ns in the NPT ensemble. Cross-
linking of the polymers and formation of the chemical bonds between
the silane linkers and the polymer chains were performed
simultaneously after this volume relaxation, by a stepwise reaction−
relaxation procedure analogous to that described in our previous
work.46 In particular, we performed 40 cycles of bond formation and
stiffening, each lasting 4 ns, followed by a final NPT equilibration of 2
ns. This strategy avoids the rapid, possibly catastrophic buildup of local
stresses within the matrix, following formation of new chemical bonds.
This problem may occur also for coarse-grained bead-and-spring
models, but it is especially severe for atomistic models, due to the large
mismatch between the van der Waals and the covalent radii of the
elements (the bonds are always highly stretched when they are formed).
The final densities were within the expected range, although with some
exceptions, plausibly related to the difficulty of achieving a full volume
relaxation in the systems with the higher degrees of filler loading and
cross-linking (see Table 3).

Nonequilibrium molecular dynamics (NEMD) simulations of the
deformation were based on the SLLOD algorithm for elongational
flow,29,70 as described and tested in our previous work.46 Box
elongation followed the equation λ(t) = 1 + rt, with a rate r = 1.0
ns−1, where λ(t) = Lx(t)/Lx(0) is the ratio of deformed and initial box
sizes along the stretching direction, respectively. Deformation in the
two orthogonal directions was equal to λ(t)−1/2, under the reasonable
assumption (for rubber) that deformation occurs at constant volume.

Table 3. Composition of the Simulated Systems

[grafting coverage (nm−2), NP concentration (vol %), CL density (SS/chain)]

[0, 0, 2] [0, 20, 2] [0.14, 20, 2] [0.56, 20, 2] [0.56, 6, 2] [0.56, 14, 2] [0.56, 20, 1.6] [0.56, 20, 1.2] [0.14, 6, 1.6]

silica NPs (count) 0 100 100 100 30 70 100 100 30
polymer chains (count) 1388 1388 1388 1388 1631 1492 1388 1388 1631
beads (count) 560752 653552 653552 653552 687164 667728 653552 653552 687164
av box length (nm) 23.6 26.2 26.2 26.1 25.7 25.1 24.6 24.6 25.7
av box volume (nm3) 1.31·104 1.80·104 1.80·104 1.78·104 1.70·104 1.58·104 1.49·104 1.49·104 2.12·104

density (g/cm3) 0.97 1.18 1.18 1.19 1.04 1.21 1.41 1.38 1.03

Figure 3. Snapshots of systems with varying NP concentrations. From left to right: 6, 14, and 20% by volume.
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■ RESULTS AND DISCUSSION
Table 4 collects the main quantitative descriptors of the
mechanical properties of the simulated systems. The following
pages are largely devoted to the discussion of these quantities
and their interpretation. We state from the outset that, given the
approximations in our models and the limited range of time
scales accessible by MD simulations, one cannot presently
expect more than a qualitative agreement with experiments on
filled rubbers. In particular, due to the high deformation rate, the
stress values may be up to 1 order of magnitude larger than
typical experimental values.46 Nonetheless, to balance their
limitations, MD simulations have the distinctive advantage of
offering a detailed atomistic view of the processes occurring in
these materials as they deform and break.
Stress−Strain Curves

In Figure 4 we compare the stress−strain curves of the unfilled
networks (ϕNP = 0%) with harmonic (unbreakable) and Morse

(breakable) bond potentials, respectively. Note that the stress
output by LAMMPS and reported here is the σzz component of
the “true stress”, which corresponds to the ratio of the pulling
force and the deformed sample cross-section (unlike the
“engineering stress”, where the force is divided by the
undeformed cross-section). The two curves appear to be almost
perfectly superposable up to λ = 3. Above this value, the
harmonic potential leads a parabolic increase of the stress with
the applied strain. Instead, theMorse potential initially produces
a slower decrease and then, from λ = 5 up to λ = 7, there is a
broad plateau where the network undergoes progressive,
irreversible damage (see below). Upon further deformation,
the stress decreases markedly, eventually leading to a complete
breakup of the rubber sample at λ > 11. Below we shall look at
mechanisms underlying these curves in greater detail.
Having tested the suitability of the Morse potentials for

describing the mechanics of network deformation and fracture,
we examine the relationship between the composition and
stress−strain response of the systems. Figures 5−7 show the
effects associated with a change of the grafting densities, the
amount of cross-linking, and the silica volume fraction,
respectively. The main mechanical descriptors, each normalized
by the highest value in each series, are shown in the right-hand
panels of each figure. This allows a direct visualization of the
effect of a particular variable on the mechanical properties. In
general, in order to compare different systems, we convention-
ally identify the “failure condition”with the first maximum of the
stress−strain curves. The elongation (λ*) and the stress at this
point are reported in Table 4. Several other quantities in the
table are calculated at this point. As we shall see, the first
maximum of the stress is preceded by several yield events, which
we identify with the breaking of chemical bonds. It is eventually
followed by complete fracture of the samples, when the stress

Table 4. Mechanical Properties of the Simulated Systems

[grafting coverage (nm−2), NP concentration (vol %), CL density (SS/chain)]

[0, 0, 2] [0, 20, 2] [0.14, 20, 2] [0.56, 20, 2] [0.56, 6, 2] [0.56, 14, 2] [0.56, 20, 1.6] [0.56, 20, 1.2] [0.14, 6, 1.6]

Young’s modulus (MPa) 24.6 30.2 29.7 69.2 34.9 52.6 61.5 54.9 24.1
elongation at first broken bond 3.7 3.3 3.3 1.4 1.8 1.5 1.5 1.5 4.2
elongation at failure (λ*) 5.7 5.9 5.9 4.3 5.9 4.4 5.5 5.0 6.3
stress at failure (MPa) 973.0 1038.0 1043.0 964.0 1117.0 992.0 1141.0 846.0 757.0
work of fracture (MPa) 799.0 728.0 788.0 788.0 902.0 750.0 935.0 734.0 619.0
void volume at failure (nm3) 392.0 370.0 327.0 430.0 578.0 189.0 393.0 889.0 1286.0
void fraction at failure (%) 2.99 2.57 2.27 3.03 3.61 1.39 3.30 7.47 8.04
voids at failure (count) 10 80 85 39 35 24 18 2 9
av void radius at failure (nm) 4.0 12.9 12.0 8.5 22.1 19.6 12.6 13.8 27.1

Figure 4. Comparison between the stress−strain curves of the unfilled
network with harmonic and Morse bond potentials.

Figure 5. Stress−strain profiles (left) and normalized mechanical properties (right) for systems with varying degrees of grafting coverage. The CL
density is 2.0 SS/chain, and the NP volume fraction is 20%. The unfilled network is also included, for comparison.
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goes to zero. The work of fracture is calculated as the integral of
the stress−strain curve over the λ = 1−10 range. It is reported in
MPa, as it has the dimension of a stress (or an energy per unit
volume). The Young modulus is obtained by linear fits of the
stress−strain curves up to λ = 2.0, well before the onset of
damage.
Changes in grafting coverage (Figure 5) seem to affect mainly

the stiffness and elongation at fracture. The densely grafted
system (0.56 nm−2) is characterized by a significant increase in
the Young modulus, but with a drop in the stress and elongation
after the maximum. Also, fracture in this system appears to be
complete around λ = 9 (the stress is essentially zero, excluding
thermal fluctuations), while the less grafted systems do not break
completely before λ = 11, as for the unfilled network.
Composites with bare and lightly grafted NPs show similar
mechanical properties, only slightly above those observed in the
unfilled rubber matrix. However, the presence of shoulders
beyond the maximum suggest a more gradual fracture process.
This is especially true for the system with a low grafting density,
at 0.14 nm−2. Interestingly, the overall value of the work of
fracture (integral of the curves) is relatively insensitive to these
changes in the interfacial bonding.
Increasing CL density (Figure 6) produced a linear increase in

the Young modulus of the composites, as expected from
fundamental theories of rubber elasticity9 and in agreement with
our previous simulations of the unfilled networks. Instead, the
elongation and stress at failure depend in a nonmonotonic way
on this variable. The system with the best performance,
combining a relatively large modulus at small deformation and
increased resistance to fracture, had a cross-linking density of 1.6
SS/chain. Unfortunately, this was also characterized by an
abrupt drop in stress right after the maximum. Despite this, this

particular systemwas characterized by the largest overall value of
the work of fracture.
A similar outcome was observed on changing the NP

concentration (Figure 7). The Young modulus appears to
increase more than linearly with the filler volume fraction, in
agreement with hydrodynamic models of reinforcement.14,15,71

The maximum values of both strain and stress at failure occur at
a relatively small volume fraction: namely, ϕNP = 6%. This
system has the second largest work of fracture, after that with
ϕNP = 20% but a lower CL density (see above). Also here,
however, the stress decays more quickly than in the unfilled
system beyond the maximum. This suggests that the NPs
produce a mechanical reinforcement at small deformations but
ultimately lead to a more fragile system, prone to premature
fracture. This conclusion may also depend on the high rates of
deformation that are used in our simulations. Note that
mechanical reinforcement could also be expected to depend
non-monotonically on the degree of particle dispersion, being
maximum when the NPs form tenuous fractal aggregates
spanning the whole sample volume.2,71 However, dispersion
could not be considered a variable in this work, since we only
simulated well-dispersed morphologies with little or no
interparticle contacts.
On the basis of the top-performing parameters extracted from

our simulations, we assembled the test system identified as
[0.14, 6, 1.6]. Its simulated stress−strain curve is shown in
Figure 8, alongside that of the unfilled network. The results are
somewhat disappointing from the point of view of the
mechanical descriptors in Table 4, especially due to the slight
lowering of the modulus and the marked decrease in the stress at
the failure point. On the positive side, there is now a prominent
shoulder in the stress−strain curve after this maximum,
indicating that the system has a certain toughness, by which

Figure 6. Stress−strain profiles (left) and normalized mechanical properties (right) for systems with varying cross-linking densities. The grafting
coverage is 0.56 nm−2, and the NP volume fraction is 20%. The unfilled network is also included, for comparison.

Figure 7. Stress−strain profiles (left) and normalized mechanical properties (right) for systems with varying NP volume fractions. The grafting
coverage is 0.56 nm−2, and the CL density is 2.0 SS/chain. The unfilled network is also included, for comparison.
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we mean the capacity to resist an abrupt, catastrophic fracture.
The stress drop associated with the disruption of the network
appears much less pronounced than in the other simulations,
and the shoulder at λ = 9.6, already present in the [0.14, 20, 2]
system, seems to be enhanced. Overall, this attempt
demonstrates that the simultaneous introduction of the
“optimal” ingredients may not lead to a straightforward
improvement in the mechanical properties. It is a clear
demonstration of the strong coupling between the variables
defining the composition and the structure of polymer networks
and nanocomposites. Further work will be necessary in order to
clarify this issue.
Bond Cleavage and Connectivity

Having assessed the mechanical properties of the model PNCs,
we now seek a microscopic interpretation of our observations.
The failure and fracture of materials are the macroscopic
manifestations of many molecular-level events, when their
number and spatial extent overcome certain critical values. The
breaking of a chemical bond is the simplest, most easily
identified event of this sort. Understanding the mechanics of
bond breaking is important also because it is an important
energy dissipation mechanism, which can be harnessed to
produce tougher networks and gels.9,13

Figure 9 summarizes our findings on the strain-induced
breaking of chemical bonds. In most of our simulations, the first
cleavage events involve the S−S bonds of the silane linkers, at
the interface between the particles and the rubber matrix.
Subsequently, fracture develops inside the matrix by breaking
the S−S bonds connecting the chains and ultimately the CH2−
CH2 bonds within the chains. All of the other non-Si−Si or non-
Si−CH2 bonds can break, but they do so in very small numbers.
The S−S bonds start to break well before the failure points

(vertical dashed lines in Figure 9), which we have identified with
the first maxima in the stress. The fact that S−S bonds are the
weakest links in our networks correlates with their low
dissociation energies (see the D values in Table 2). The fact
that the interfacial S−S bonds break before those in the bulk is
most likely a consequence of stress concentration effects, which
develop within a strongly heterogeneous material upon
deformation. To some extent, the differences between the
curves for one or the other type of S−S bond depend also on
their relative numbers. In systems where the NP concentration
or grafting coverage is low, the curve describing the breakup of
matrix S−S bonds lies higher than the interfacial S−S curve,
simply because there are very few bonds of the latter type in the
starting structure.
The bond-breaking analysis finds an experimental counterpart

in the work by Clough et al.,72 in which the breaking of bonds
during the deformation of a rubber nanocomposite was
visualized and quantified with mechanoluminescent probes.
This work confirmed the connection between the premature
rupture of bonds during the first deformation cycle and the
Mullins effect, a nonreversible softening of the material at
moderate to large deformations.73 Here we have performed a
linear, noncyclic deformation; therefore, we cannot investigate
the hysteresis in the stress−strain curves caused by the Mullins
effect. However, we do observe premature bond breakage, well
before the formation of voids (see “elongation at first broken
bond” in Table 4).

Figure 8. Stress−strain curve of the “optimal” system.

Figure 9.Broken bond counts for (a) CH2−CH2, (b) S−S in thematrix, and (c) S−S of the silane linkers. (d) Strain dependence of the average grafting
coverage. λ* values are reported with vertical dashed lines pinned with the corresponding symbol.
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Systems with low grafting coverage are characterized by a
delayed occurrence of bond rupture. This is not strictly related
to larger elongation at break; in fact, the system [0.56, 6, 2]
presents late fracture and dense grafting (see Figure 7). It can be
argued that, if the grafting coverage is excessively high, the
system responds to deformation by first breaking some grafting
links. By lowering the amount of covalent bonding between the
NPs and the matrix, the system releases stress and dissipates
mechanical energy.
The evolution of the average grafting density throughout the

deformation gives information complementary to the number of
broken S−S bonds of the Si-69 linkers. The fourth panel in
Figure 9 shows that systems with same initial grafting density
have a similar evolution, despite differences in the NP
concentration or CL density.
Figure 10 shows the existence of a linear correlation between

the elongation at failure and the average rate of bond breaking,

calculated as the average slope of the curves in Figure 9. In
systems where the bond-breaking rate is higher, we generally
observe a premature maximum in the stress. This proves the
relationship between the mechanical or macroscopic view of
fracture and the chemical or microscopic perspective. Instead,
we have found no clear correlation between the change in slope
of the bond-breaking curves and the stress−strain curves,
especially with the occurrence of the drop of stress. Our attempt
to interpret this part of the stress−strain curves will be discussed
in the next section.

Void Formation

From a continuum mechanics perspective, fracture is connected
to the formation and growth of cracks and voids. These must
arise from bond breaking, but on a larger length scale. The very
concept of a void, which is natural and almost requires no
definition in a macroscopic context, becomes somewhat
uncertain at the molecular level. One common way of detecting
voids in molecular models is based on building an occupancy
grid. Here we have used an approximate but effective way of
keeping track of the formation and evolution of voids, exploiting
the VORO++ package74 within LAMMPS to perform a Voronoi
analysis. The Voronoi tessellation produces a partitioning of the
total simulated volume, by assigning a portion of it to each atom.
A Voronoi cell, which by construction contains a single atom,
was considered to be “void” if its volume was greater than 100
Å3. Polyhedral cells that exceed this value and share a face are
first neighbors, and they are considered to be part of the same
void. Figure 11 illustrates the process of void identification using
a 2D representation.
Figure 12 shows the snapshots of the systems at their failure

point, corresponding to the λ* elongation. Different colors are
used for distinct voids. The quantitative data on the volume,
dimension, and number of voids are reported in Table 4. Note
that, in order to compare systems with different NP loadings, the
“volume fraction at failure” has been obtained by dividing the
total void volume by the volume of the polymer matrix.
It is interesting to compare the effects of lowering the cross-

links in the matrix or the bonds at the boundary between the NP
and the matrix. Although in the analyzed concentration range
both actions lead to a larger elongation at failure, the first action
results in fewer larger voids, while the second produces more,
smaller voids. Indeed, a lower CL density within the matrix
allows large sliding among the chains and facilitates the
formation of macro-voids in the matrix. Large voids are also
observed in the unfilled matrix, and in fact there is a tendency to
form larger voids by lowering the NP concentration. Instead, by
lowering the density of grafting bonds, many small voids
nucleate at the NP surfaces.
Although the number and dimension of voids are different

among the analyzed systems, the evolution of the voids during
the deformation are analogous. Figure 13 demonstrates this for
two systems that qualitatively appear to be very different.

Figure 10. Scatter plot and linear fit of the average bond-breaking rate
versus the deformation at failure λ*.

Figure 11. Diagram showing a Voronoi tessellation of a 2D random distribution of points characterized by two differently colored macro-voids. The
areas that have extension exceeding a threshold value are considered voids. The neighboring voids are considered part of the same macro-void.
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Indeed, the system [0, 20, 2] shows numerous small voids, while
the system [0.14, 6, 1.6] has few larger voids. The chart bars
show that in both cases fracture initiates with some small voids,
which grow in number until the λ* elongation and then coalesce
to a few macro-voids. In comparison to bond scission, the
formation of voids seems to have a closer connection with the
overall shape of the stress−strain curve. The void histograms
clarify that the first drop in the curve (at λ*) happens when the
voids reach the maximum number and start to coalesce.

■ CONCLUSIONS
We have performed and presented large-scale, near-atomistic
simulations of the elasticity and fracture of silica-filled
polybutadiene networks. We have explored the influence of
grafting, cross-linking, and nanoparticle concentration on the
mechanical properties of the nanocomposites and analyzed the
results in terms of bond-breaking events as well as the formation
and evolution of voids within the rubber matrix. For the sake of
computational efficiency, due to the large size of our systems, we
have been forced to employ very high deformation rates (1
ns−1). For this reason, the results presented here should be
confirmed using much lower deformation rates (at least by 1
order of magnitude) and possibly different nonequilibrium MD
algorithms, using adequate computational resources. Nonethe-
less, for the time being, the qualitative conclusions appear to be
reasonable. In particular, the systems’ response is definitely
rubber-like. Thus, even though we have mostly focused on the
failure of the networks, it is noteworthy that these can be
stretched up to 100−200% of their original length with little or
no apparent damage, such as bond breaking. More realistic
simulations should also include somewhat larger particles and

longer precursor chains, following for example the approach of
Caputo et al.75 to equilibrate the systems.
We have found that the influence of the cross-link and

nanoparticle concentrations on the stiffness of the materials is
strictly monotonic, as expected, while the effect of the grafting
density at the polymer−nanoparticle interface is more subtle.
This may partially explain the contrasting results obtained by
other authors in a series of earlier works.76−78 A complex
dependence was found also for the stress and elongation at
fracture, which are known to be particularly hard to improve,
even experimentally. The overall picture agrees with coarse-
grained simulation results by Hagita et al.,35 especially on the
mechanisms of formation, growth, and coalescence of void
within the network. In particular, we have observed that the
increase in grafting density is responsible for the formation of
numerous small voids at the boundary between the surface and
the matrix, and the increase in cross-linking density prevents the
formation of larger voids inside the matrix.
The present work is based on previous publications by our

group for the parametrization of a coarse-grained silica model
compatible with the united-atommodel for polybutadiene45 and
the development of strategies to simulate the cross-linking
reaction and probe the mechanical properties of the resulting
networks.46 In the future, we hope to pursue this research
program by further improvements in the models (e.g., reactive
force fields), of the simulation algorithms (e.g., other non-
equilibrium methods and eventually multiscale coupling to
finite-element simulations79), in the data analysis (e.g.,
evaluation of local strains and stresses, identification of energy
dissipation mechanisms), and more generally in the bottom-up

Figure 12. Snapshots of the systems at λ*. Individual voids are colored differently and represented using isodensity surfaces. NPs are reported in black,
using the same method.
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design of soft nanocomposites (e.g., systematic exploration of
variables and optimization of properties).
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