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Local mechanical properties of polymeric nanocomposites
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The inclusion of a nanoparticle into a polymer matrix is studied by efficient Monte Carlo simulations. The
resulting structural changes in the melt and glass exhibit a strong dependence on the strength of the polymer
attraction to the surface of the filler. The mechanical properties of the nanocomposite are analyzed in detail
through a formalism that permits calculation of local elastic constants. The average shear and Young’s modulus
of the nanocomposite are higher than those of the pure polymer for neutral or attractive nanoparticles. For
repulsive particles, these moduli are lower. Simulation of local properties reveals that a glassy layer is formed
in the vicinity of the attractive filler, contributing to the increased strength of the composite material. In
contrast, a region of negative moduli emerges around repulsive fillers, which provides a mechanism for
frustration relief and a lowering of the glass transition temperature.
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I. INTRODUCTION

A considerable body of experimental work has shown that
nanoparticle-reinforced polymeric materials can exhibit me-
chanical properties superior to those of the pure polymer
[1,2]. That work has also shown that nanometer-scale par-
ticles are much more effective at reinforcing polymers than
larger, micron-scale particles. The glass transition tempera-
ture (T,) of a polymer nanocomposite can be higher or lower
[2] than that of the pure polymer, depending on the nature of
the nanoparticle-polymer interactions. Similarly, the elastic
moduli of polymer nanocomposites can be higher or lower
than those of the pure polymer [2]. In general, the mechani-
cal attributes of a nanocomposite are not a simple average of
the properties of the polymer and filler particles. Further-
more, significant changes are observed even for small-
volume fractions ¢ of the filler, suggesting that the nature of
any reinforcement (or weakening) is highly cooperative.

Considerable effort has been devoted to the theoretical
and numerical study of polymer melts near flat, rigid walls
[3]. Much less work, however, has been devoted to
molecular-level theoretical or numerical studies of polymer
reinforcement by nanometer scale particles. Furthermore,
available studies have been limited to investigations of the
structure of the polymer matrix in the presence of a small
particle [4]. In the few cases where rheological or elastic
properties have been considered [5], the aim has been to
determine whether the average properties (viscosity and bulk
modulus) of the composite are different from those of the
pure polymer. It is generally accepted that a nanoparticle will
perturb the conformation of the polymer around it. The ques-
tion that arises then is whether such conformational changes
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are directly responsible for the mechanical behavior of
the polymer; are any reinforcement or weakening effects
of a polymer by nanometer-scale particles localized,
and if so, what is the extent and magnitude of that
localization?

II. METHODOLOGY

A. Simulations

The polymer molecules considered in this work consist
of segments that interact with each other with a 12-6
Lennard-Jones (LJ) truncated potential, shifted at the cutoff
r.=2.50:

where & and o are the Lennard-Jones parameters for the
energy and length, respectively, and r the distance between
the segments. The bonding energy between consecutive seg-
ments in the same chain is given by

Uy = Sk o), @)

with bond constant k=10¢/ . A literature model for colloi-
dal suspensions is used to describe nanoparticle-polymer in-
teractions [4]. It includes a 12-6 LJ potential, where dis-
tances are calculated from the surface of the particle of
radius Ry=2.00:
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Three types of interactions are considered: strongly “attrac-
tive” (e,=10e and r.=2.50), “neutral” (g;=¢ and r.=2.50),
and “repulsive” (g;=¢ and r,=2"°¢). All systems consist of
450 chains of N=32 segments each. They are originally
equilibrated at a dimensionless temperature of T~
=1.2kgzT/ e, with simulations in the NPT statistical ensemble.
The temperature is then decreased gradually, allowing for
sufficient equilibration of the system in between each step
until a temperature of 0.2 is reached. All simulations are
performed at a constant pressure P*=0.3g/0°. In the rest of
the paper all quantities are reported in LJ reduced units. All
simulations are run for at least 9 X 10* Monte Carlo (MC)
cycles. A MC cycle consists of 3 X 10* trial moves. Polymer
configurations are sampled by resorting to advanced MC trial
moves that have been shown to circumvent many of the
bottlenecks that are typically associated with simulation of
long polymeric molecules at elevated densities. The use of
these moves is essential to generate relevant, statistically sig-
nificant configurations of the polymer around a nanoparticle.
Individual monomers and the particle are displaced by ran-
dom local movements and configurational-bias reptation
moves. Internal rebridging (IB) and double rebridging (DB)
trial moves are also implemented [6]. The latter trial moves
involve the simultaneous exchange of parts of two neighbor-
ing chains and accelerate considerably the structural rear-
rangement of polymer molecules around a nanoparticle. The
maximum distance for the random displacement moves was
chosen in each temperature so that an acceptance ratio
around 30% was achieved. The acceptance for the rebridging
moves decreases when moving to lower temperatures, so
fewer beads are chosen to be removed and reconstructed.
Four beads or three beads are chosen for (IB) and (DB),
respectively, at 7=1.2, whereas two beads or one bead are
used at 7=0.5. In Table I a typical pattern of attempted trial
moves is given for two temperatures, 7=0.3 and 0.5, for a
system with a neutral particle.

r—Rf> Fe.

B. Formula for mechanical properties

The elastic moduli of the model composites considered in
this work are calculated by measuring the thermal fluctua-
tions of the local internal stress:

. 1 U ab ab qah
OJ:; kpT'6;j— l_3az<b (O—,rﬂb) ab ab’ (3)

where p", kg, T, and &;; are the number density of cube m,
Boltzmann’s constant, the temperature of the system, and the
Kronecker delta, respectively. Subscripts denote Cartesian
coordinates, U is the pairwise additive potential energy func-
tion, and r* is the distance between two interactions sites a
and b. If the vector joining a and b, rfb, passes through the
cube m, the part of the line segment that lies inside the cube
is defined by the variable ¢?°. If the vector does not pass
through the cube, then ¢**=0. Integration of o} over the
entire volume gives the internal stress tensor of the bulk
system.

Following Yoshimoto et al. [1], the local mechanical
properties of the system are determined by discretizing the
simulation cell into small cubic elements. The local elastic
modulus tensor Cyy, is related to the internal stress fluctua-
tions through the second derivative of the free energy with
respect to the strain [7]:

ljkl 571:11 C

ijkl + Cljkl’ (4)

where
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TABLE I. Typical pattern of attempts of moves and acceptance for 7=0.3 and 0.5 for a system with a

neutral particle.

0.5

% accepted

% trial moves % accepted

0.3
T
Type of move % trial moves

Random displacement 79.5
Particle displacement 0.5
Reptation 10.0
Internal rebridging 10.0
Double rebridging 0.0

30.0 55.0 30.0
30.0 0.5 30.0
3x1073 19.5 6x1073
0.3 20.0 0.6

— 5.0 2%1073
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FIG. 1. Density of the polymer matrix (substracting the volume
of the particle) over a wide temperature range for the unfilled and
attractive filler case. For clarity, results for other type of interactions
are not shown. The glass transition temperature is extracted from
the change of the slope. In the inset, the same results are presented
but magnified for the range of interest. The lines are linear regres-
sions of the data (solid line, unfilled polymer; dashed line, attractive
particle).

Cii = 24p" TS50+ 5453 7

We point out that the Born term ij-’,:’, represents the in-

stantaneous elastic modulus for any given configuration sub-
ject to a uniform infinitesimal strain. The contribution of the

kinetic term is denoted by CSZ} The stress fluctuation term
f]f}fl accounts for the “internal particle motions” that arise

from thermal fluctuations.

III. RESULTS AND DISCUSSION

Consistent with results of previous simulations of poly-
mers near walls or particles, the density profile of the mono-
mers around the particle exhibits pronounced oscillations
[3-5]. Our simulations also show an enhancement of chain
ends near the surface of the particles for neutral and repul-
sive interactions and a depletion for attractive systems. In
general, it is observed that polymer segments align parallel
to the surface of the particle. The orientation of segments for
all three cases studied here is essentially the same. These
results are consistent with other off-lattice simulations that
have verified the tendency of segments to lie parallel to the
surface for both wall [3] and spherical particle [4,5] cases.
Calculations of the chain gyration tensor S indicate that in
vicinity of the particle the chains are “flattened” in the direc-
tions parallel to the surface and they are shrunk in the direc-
tion normal to it. The effect of the surface on the chain shape
is relatively short ranged. Similar observations have been
reported before for chains near a wall [3] or near a particle
[4]. These structural results serve to emphasize that the be-
havior of the model considered in this paper is consistent
with that of other, different models considered in the litera-
ture for study of nanocomposites.

The glass transition temperature can be estimated by plot-
ting the density with respect to temperature (Fig. 1). The
temperature where the slope of the density curve changes can
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FIG. 2. Young’s modulus E as a function of temperature divided
by the glass transition temperature of each system for all cases
studied in this paper.

be associated to the glass transition temperature. The glass
transition temperature of the pure, unfilled polymer matrix is
Tg"l =0.4 [8]. The filled nanocomposite systems exhibit a
shift of 7,; for a repulsive particle, the shift is negative and
Tg,e” =0.38. For the neutral and attractive particles, we find
T "'=0.41 and T}"=0.43, respectively.

Figure 2 shows Young’s modulus E as a function of tem-
perature for the three particles considered in this study. E is
calculated from the components of the elasticity tensor as

E= Cy4(3C 1, +2Cy)

— (8)
Cip+Cy

where 512=(C12+C13+C23)/3 and 544=(C44+C55+C66)/3

(Cyy is the shear modulus). Below T, the Young’s modulus
of the nanocomposite system for the neutral and attractive
case is higher than that of the pure polymer. For the repulsive
particle, however, the modulus is lower. This observation is
consistent with results of experiments [2]. The glass transi-
tion temperatures inferred from the drop of E are consistent
with those obtained from curves of the density as a function
of temperature.

It is important to emphasize that the changes reported in
Fig. 2 for the Young’s modulus are a reflection of structural
changes of the polymer matrix; the particle itself is rigid, and
it only contributes to elastic moduli through the polymer-
particle interactions. The modulus changes observed in this
work are consistent with the viscosity changes reported by
Smith et al. [5] in the melt regime (above T,). Attractive and
neutral particles were found to increase the viscosity of the
polymer, while repulsive particles were found to reduce it.
Brown et al. [5] have also reported that, for repulsive inter-
actions between the particle and polymer matrix, the inverse
compressibility (or bulk modulus) of the composite is lower
than that of the pure polymer. Those simulations, however,
considered only the compressibility of an individual polymer
molecule interacting with itself through periodic boundary
conditions; it is unclear how a many-chain system would
behave. In different work, using a lattice model and an ap-
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FIG. 3. (a) Distribution of the local stress & with respect to the distance r from the center of the nanoparticle for the three types of
interaction considered in this paper, at 7=0.5. (b) Filler-monomer pair distribution function g,(r) for 7=0.5 as a function of the distance r

from the center of the nanoparticle.

proximate treatment of polymer conformations, Sharaf and
Mark [5] have reported an increase of the modulus of nano-
composites above that of the pure polymer. Note, however,
that local packing effects play a dominant role in the me-
chanical behavior of nanocomposites, and it is not clear
whether a lattice model can capture such effects or not.
Figure 3(a) shows the trace of the local stress tensor &
=(0+0y,,+0,)/3 as a function of distance from the center
of the nanoparticle. For the attractive system, the stress in the
immediate vicinity of the particle is negative, and then it is
followed by a region of compression, where the stress is
considerably larger and positive. As one moves away from
the particle, the local stress becomes equal to the pressure of
the system, showing that bulk behavior is recovered at a
distance of approximately R, (R,=2.89+0.03). The region
over which the local stress is different from the bulk corre-
sponds to the region over which packing effects arising from
the particles are felt (approximately r=7.5 from the center
of the nanoparticle), as indicated by the oscillations of the
radial distribution shown in Fig. 3(b). Simulations of poly-
propylene near a graphite wall [3] also show that the normal
component of the stress is strongly compressive near the sur-

3 | ) T ) T ' ! T--f Repulsive
A G—o© Neutral
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(@) : 7.5

face. The neutral and repulsive exhibit different characteris-
tics. Moving away from the particle’s surface, the stress pro-
file oscillates and gradually increases to the bulk value of the
pressure. In these two cases, however, there is a first peak
followed by a stress well where the stress drops considerably,
and then a second peak can be seen and finally a decrease to
the bulk value. The average stress & is higher for the neutral
system than for the repulsive system, indicating that the mol-
ecules are more compressed near a neutral particle.

Figure 4(a) shows the local shear modulus as a function
of the distance from the surface of the filler. An increase of

the local C,, is observed for the attractive and neutral sys-
tems in the vicinity of the particle. This pronounced increase
is indicative of the existence of a glassy layer around the
particles, even at temperatures above the glass transition
(T/T,=1.16). Berriot et al. [2] have hypothesized that a
high-modulus layer exists around nanoparticles to interpret
their experimental T, data. Our observations provide direct
evidence in support of the existence of that layer.

The results for the neutral and repulsive system are par-
ticularly intriguing. The nanoparticle is surrounded by a re-
gion of negative modulus which is followed by a second
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FIG. 4. (a) Distribution of the local C,, with respect to the distance r from the center of the nanoparticle for the three types of interaction
considered at T=0.5. (b) Distribution of the local Cyy with respect to the distance r from the center of the nanoparticle for the attractive

particle in the melt and glass regime.
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FIG. 5. (a) (Color online) Color map of the local shear modulus C,4 around the attractive nanoparticle at 7=0.2. (b) Distribution of the

local Cyy for different cube lengths at T=0.2. A Gaussian distribution is observed for all levels of resolution. The inset compares the
distributions for the pure and the filled polymer at the highest level of resolution considered here, /=1.90.

region having a modulus higher than that of the bulk. These
domains of negative and large positive moduli cannot be
explained solely in terms of density. As Fig. 3(b) indicates,
the density near the particle, in the region where the modulus
is negative, is higher than away from the particle, where the
modulus is higher than in the bulk.

Figure 4(b) shows the local shear modulus as a function
of temperature for the attractive particle. It can be seen that,
as the temperature decreases, the shear modulus of the solid-
like layer around the particle increases. The thickness of that
glassy layer also increases (with lower temperatures) and fi-
nally reaches a constant value at and below T,. That thick-
ness is approximately equal to 2.50 and is comparable to the
R, of the polymer. Far from the particle, the shear modulus
decays to the value corresponding to the pure polymer at that
temperature. Figure 5(a) shows a color map of the local shear
modulus of the nanocomposite. The figure reveals the exis-
tence of domains having a modulus that is considerably
higher or lower than the average value. A preponderance of
domains with a large, positive modulus is observed in the
immediate vicinity of the nanoparticle. Contrary to our ex-
pectations, however, stiff domains are not arranged in well-
defined “shells” around the nanoparticle, but adopt an ap-
pearance similar to that of domains in the bulk. Figure 5(b)
shows the distribution of local shear moduli as a function of
the level of resolution with which the local moduli are cal-
culated. These distributions remain Gaussian down to the
highest level of resolution considered in this work (/=1.9¢)
(see Fig. 5). For [=1.90, there are approximately ten mono-
mers per cubic element. It is found that, consistent with re-
sults for the pure polymer, domains of large negative modu-
lus are stabilized by the existence of regions of high, positive
modulus. We find that the distribution of local moduli for the
nanocomposite is narrower [see inset of Fig. 5(b)] than it is
for the pure polymer. This finding suggests that one of the

mechanisms through which nanoparticles reinforce glassy
polymers is by reducing the degree of mechanical inhomo-
geneity that arises at nanometer length scales. Less inhomo-
geneity would render the composite material not only stron-
ger, but also more resistant to failure. Similarly, it is found
that neutral or repulsive nanoparticles also decrease the me-
chanical heterogeneity of the polymer. Such particles, how-
ever, give rise to formation of negative stiffness layers
around them. They reduce heterogeneity by relieving frustra-
tion in the system and result in a lower 7.

IV. CONCLUSIONS

In summary, results of Monte Carlo simulations of poly-
mer nanocomposites reveal that, even above the glass transi-
tion temperature, nanoparticles induce the formation of a sol-
idlike, glassy layer. Such a layer is characterized by large,
solidlike elastic moduli. The existence of this glassy layer,
which has been invoked in the past to explain the experimen-
tally observed increases of the storage modulus in nanocom-
posites, is confirmed directly through precise calculations of
local mechanical properties. Below the glass transition tem-
perature, the nanoparticles serve to reduce the degree of me-
chanical inhomogeneity that characterizes polymer glasses.
A reduction of inhomogeneity helps explain why nanocom-
posite glasses are not only stronger, but also more resistant to
failure.
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