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A methodology for simple multiscale modeling of mechanical properties of
polymer nanocomposites has been developed. This methodology consists of three steps:
(1) obtaining from molecular dynamics simulations the viscoelastic properties of the
bulklike polymer and approximating the position-dependent shear modulus of the interfacial polymer on the basis of the polymer-bead mean-square displacements as a function
of the distance from the nanoparticle surface, (2) using bulk- and interfacial-polymer
properties obtained from molecular dynamics simulations and performing stress–relaxation simulations of the nanocomposites with material-point-method simulations to
extract the nanocomposite viscoelastic properties, and (3) performing direct validation of
the average composite viscoelastic properties obtained from material-point-method simulations with those obtained from the molecular dynamics simulations of the nanocomc 2005 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 43: 1005–1013, 2005
posites. 
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ABSTRACT:

INTRODUCTION
The addition of ﬁllers is one of the avenues for
altering the viscoelastic properties of polymers
while maintaining the desired characteristics of
a given polymer matrix, such as chemical inertness, temperature stability, electrical properties,
and self-healing properties. In contrast to conventional particle–polymer composites, the addition of nanoﬁllers with large speciﬁc interfacial
areas between solid surfaces and a polymer
matrix offers additional capability for the control of nanocomposite properties through the
modiﬁcation of the viscoelastic properties of the
interfacial polymer.1–7 Speciﬁcally, experimental
studies have found that the viscoelastic properCorrespondence to: O. Borodin (E-mail: oleg.borodin@
utah.edu)
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ties of nanocomposite are strongly inﬂuenced
not only by the nanoparticle surface fraction but
also by the nanoparticle surface chemistry (modiﬁcation).8 Coarse-grained and atomistic molecular dynamics (MD) and Monte Carlo simulations1,7,9–11 have provided valuable insight into
factors responsible for the alteration of polymer
matrix properties with the addition of interfaces.
The main conclusion of those studies is that the
strength of the nanoparticle–polymer interaction, the nanoparticle speciﬁc surface area, the
surface structure, and the proximity to the glass
transition are the most important factors controlling the properties of the interfacial polymer.
For example, the addition of nanoparticles with
attractive interactions leads to decreased polymer dynamics and increased viscosity and timedependent shear modulus of the polymer matrix,
whereas the addition of nanoparticles with
repulsive, or excluded-volume, interactions leads
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to increased polymer dynamics and decreased viscosity and time-dependent shear modulus. These
effects scale linearly with the speciﬁc surface area
of nanoparticles and increase as the temperature
decreases. Another important factor controlling
interfacial-polymer dynamics is the structure of
the surface. A polymer next to structureless, or
ﬂat, surfaces with attractive surface–polymer
interactions exhibits quite different dynamics
than a polymer near structured surfaces. In the
latter case, polymer motion near the surface is
strongly correlated to the surface structure.
Although these studies have provided detailed
recipes for altering a polymer matrix to modify
nanocomposite properties, no simple methodology exists to accurately predict the viscoelastic
properties of random and aggregated polymer
nanocomposites containing tens and hundreds of
nanoparticles. Indeed, theoretical and empirical
expressions work well for regular composites, in
which the majority of the polymer has bulk-polymer properties,12–15 but they fail to predict the
viscoelastic properties of nanocomposites, in
which a large fraction of the polymer is situated
at the nanoparticle–polymer interface and
which, therefore, have properties different from
those of the bulk polymer. Even when the third
component (interfacial polymer) is introduced to
the theoretical estimates, it is not clear how to
estimate the size of the interfacial layer and its
time-dependent properties and how they depend
on the ﬁller concentration.
MD simulations are well suited for predicting
the viscosity and time-dependent shear modulus
of polymer nanocomposites with unentangled or
weakly entangled polymers, but they are limited
to systems with only a few nanoparticles at best.
They provide the overall mechanical properties
of composites, but it is less clear how to obtain
the position- and time-dependent shear modulus
from MD simulations for systems with complicated geometries, which is needed as an input
for the interfacial-polymer properties in theoretical models or in larger scale simulations with
ﬁnite elements or similar techniques.
In this short report, we discuss a simple
methodology for upscaling position-dependent
polymer properties from MD simulations into
continuum level modeling with the subsequent
validation against MD simulations. The key supposition tested in this work is that the inﬂuence
of a solid material embedded in a polymer
matrix on the interfacial-polymer shear modulus
is similar to its inﬂuence on the polymer-bead

mean-square displacements (MSDs). This
approximation allows us to infer the positiondependent shear modulus of the interfacial polymer from an analysis of the MSDs as a function
of separation from the surface. The latter can be
straightforwardly performed in MD simulations.
The
position-dependent
interfacial-polymer
shear modulus from such an approximation and
the properties of the bulklike polymer and solid
material are then used in the material-pointmethod (MPM) simulations of nanocomposites to
obtain the average mechanical properties of the
composites. Finally, a comparison of the average
properties from MD and MPM simulations is
made to draw conclusions about the validity of
the approximations made in the calculations of
the position-dependent shear modulus used in
the MPM simulations.
The methodology is tested on six systems consisting of a nanocylinder embedded in a polymer
matrix with three polymer volume fractions for
two strengths of the polymer–surface interactions. We have chosen MPM to perform simulations on the upper scale, with the properties of
all components taken from previously performed
MD simulations (lower scale). In brief, MPM,
which is a particle-based method,16,17 provides a
new and demonstrated method for solving equations for solid mechanics. It has signiﬁcant
advantages over ﬁnite element analysis (FEA)
when complicated structures such as nanocomposite membranes, foams, and fabric-reinforced
composites are discretized. These structures are
difﬁcult to analyze by FEA but are very easily
implemented in MPM. MPM has further advantages when position-sensitive material properties, such as the transport properties of the
polymer matrix, are implemented as a function
of the distance from the polymer–particle interface. In MPM, each material point can be
assigned different material properties, including
different properties to particles within the same
background grid element. Handling positiondependent material properties in FEA is much
more difﬁcult and further complicates the meshing process. In summary, MD input into fullscale MPM simulations provides a good approach to the multiscale modeling of complicated
geometries with interaction-dependent mechanical and transport properties.
This article is organized as follows. In the second section, we describe in detail the methodology of the MD and MPM simulations. In the
third section, we present the methodology for
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Figure 1. Snapshots of MD simulations of a cylinder embedded in a polymer
matrix and an equivalent system used in MPM simulations with the ﬁller vf value of
30%. The material points within 0.41s of the cylinder surface bead positions and
inside the cylinder have been assigned the fcc crystal properties. Four interfacialpolymer layers and bulk polymer are shown in different colors.

approximating the time-dependent shear modulus of the interfacial polymer from MD simulations together with the MPM simulations of
polymer composites with position-dependent
interfacial properties. These are compared with
the results of the MD simulations of the corresponding composites.

SIMULATIONS METHODOLOGIES
MD Simulations
All MD simulations were performed with the
simulation package Lucretius,18 which was modiﬁed to include the truncated and shifted Lennard–
Jones potential as used in our previous work.9 A
coarse-grained representation of the polymer
chains, called bead-necklace chains, used previously in our simulations of self-assembly in
polymer melts and solutions, was employed in
this study.19 Each linear polymer chain consisted
of 20 force centers (beads). Relatively short
chains were chosen for this initial investigation
to reduce the computational cost. Studies of
higher molecular weight polymers will be reported later. The bond lengths were constrained
to 0.935 with the Shake20 algorithm. All polymer
beads interacted according to a Lennard–Jones
pair potential, 4epp[(s/rij)12  (s/rij)6], where rij is
the separation between beads i and j, that was
truncated and shifted to yield zero energy and
force at the truncation radius 2.5s and epp ¼ 1. In
addition to a pure polymer melt, three polymer
nanocomposites consisting of a periodic cylinder
embedded in a polymer matrix, as shown in

Figure 1, were simulated at temperature T* ¼ 0.6
(in units of e/kB) in an orthorhombic periodic cell
for two strengths of the cylinder surface–polymer
interactions, esp ¼ 1 and esp ¼ 2. The number of
polymer chains in each system, the estimated
cylinder volume fractions, the simulation times,
and the dimensions of the simulation box are summarized in Table 1. In this article, we refer to the
nanocomposite system containing 100 polymer
chains and a cylinder as the system with a cylinder nominal volume fraction, vf, of 30%, to the
nanocomposite containing 50 polymer chains and
a cylinder as the vf ¼ 36% composite, and to the
nanocomposite containing 50 polymer chains and
a cylinder as the vf ¼ 46% composite. The cylinder
had the same dimensions in all the composites. We
obtained it by cutting the face-centered-cubic (fcc)
lattice, as shown in Figure 1, and it had an approximate diameter of 8.4s. The cylinder beads were
included in the integration but exhibited only
vibrational motion as the Lennard–Jones parameters for the interactions within the solid cylinder were set to ess ¼ 5 and sss ¼ spp. The
simulation time step was set to a typical value of
dt ¼ 1.18  103 [in units of ms2/e)1/2]. The mass of
the polymer and cylinder bead was assumed to be
12 g/mol. Equilibration runs were performed in an
NPT ensemble with stress tensor components Pxx
¼ 0, Pyy ¼ 0, and Pyy ¼ 0 with the extended ensemble method of Martyna et al.21 The average densities from the NPT runs were then used in NVT
equilibration runs. We performed short MD simulations (105 time steps) on the polymer bulk with
epp ¼ 2 after quenching the equilibrated epp ¼ 1
bulk system at T* ¼ 0.6 by increasing bead–bead
interactions by a factor of two. These simulations
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Table 1. Characteristics of the Bulk Polymer and Polymer Nanocomposites Investigated by MD Simulations
Polymer
Chains

eas/p

Bulk polymer
100
N/A
Nanocomposites
100
1
100
2
75
1
75
2
50
1
50
2

Estimated
vfb

0
30
29
36
35
46
44

Box Lengths
x and z (s)

12.67 and 12.67
15.2275
15.0657
13.8357
13.6452
12.266
12.0800

and
and
and
and
and
and

12.4924
12.5515
12.491
12.5465
12.4888
12.5540

Equilibration
Timec

Production Run
Lengthc

5  104

1  105

6  104
1  105
8  104
2  105
1.2  105
4  105

2  105
2  105
3  105
3  105
8  105
1  106

a

In Reduced units of e/kB.
Estimated in MD simulations as (Vcomp–Vpol)/Vcomp, where Vcomp is the composite volume
and Vpol is the polymer volume estimated from bulk-polymer simulations.
c
In reduced units of (ms2/e)1/2.
b

were used to estimate the shear modulus of a polymer glass mentioned later.
The shear transverse stress–relaxation modulus, Gxy(t), for a polymer ﬁlled with a cylinder
was calculated with the time autocorrelation
function of the stress tensor:
Gxy ðtÞ ¼

V
hPxy ðtÞPxy ð0Þi
kB T

ð1Þ

where Pxy(t) is an instantaneous value of the offdiagonal element of the composite stress tensor
at time t in the plane (xy) perpendicular to direction of the cylinder located along the z direction,
V is the volume of the system, and the brackets
denote the averaging over the whole trajectory.
The bulk shear modulus of the polymer was
obtained by the averaging of three off-diagonal
elements of the symmetric stress tensor.
MD simulations of the bulk fcc crystal consisting of 2048 beads were performed for at least 105
time steps, dt ¼ 11.8  104 [in units (ms2/e)1/2],
at 0 and 0.1% strain to estimate the crystal elastic constants needed for MPM simulations of
composites. The isotropic approximations of the
shear modulus, G, and bulk modulus, K, for the
Lennard–Jones crystal were obtained with a
Reuss average.22 The resulting values of the crystal were G ¼ 130 and K ¼ 270 (in reduced units).
MPM
A number of MPM stress–relaxation experiments were performed to extract the average

stress response to the application of the almost
instantaneous stress applied for composites corresponding to those used in the MD simulations
and summarized in Table 1. Two-dimensional
NairnMPM code23 was used. An accurate representation of the position-dependent viscoelastic
properties of the interfacial polymer was
ensured with a signiﬁcant number of material
points, 200  200 (4 per element). The timedependent polymer shear modulus, G(t), of the
bulk and interfacial polymer was represented
with a sum of four or ﬁve exponents. The usage
of a sum of exponentials allows faster calculation of the viscoelastic response than the usage
of a stretched exponential because only material
properties from the previous time step have to
be stored for each exponent; this is more efﬁcient than storing and integrating material
properties for all points for all times as required
for the stretched exponentials often used in the
description of G(t) in MD simulations.
A computational stress–relaxation experiment
was performed in the following way. At time
t ¼ 0, all materials were stress- and strain-free.
We applied strain for all material points adjacent
to the x ¼ 0 boundary along the y axis to the
system by linearly increasing velocity vy ¼ 0.001 t
(x ¼ 0) for time t0, then keeping the velocity constant for the same interval t0, and ﬁnally linearly
scaling velocity to zero over the time interval
[2t0:3t0], where t0 is 103. The other boundary
condition was vy(x ¼ L) ¼ 0, where L is the linear
dimension of the system. The default (for MPM)
no-slip condition was used. The particle stress
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state was updated twice, before the particle position was updated and after the particle position
was updated, as it was found to lead to better
energy conservation.16 K of the polymer was
assumed to be time- and position-independent
and was obtained from linear ﬁt to the pressure–
volume dependence of the bulk polymer calculated from short MD simulations (t ¼ 200).

MD: MPM LINKAGE
To predict the overall nanocomposite (see Fig. 1)
viscoelastic properties in MPM simulations, we
need to specify position-dependent G(t) for the
polymer and elastic modulus for the cylinder.
When the interfacial-polymer fraction is negligible or the solid interface does not perturb polymer relaxation, both bulk-polymer and bulkcylinder properties can be obtained from MD
simulations or experiments. Difﬁculties arise,
however, when the ﬁller signiﬁcantly changes
the interfacial-polymer viscoelastic properties
and the fraction of the interfacial polymer
becomes signiﬁcant, as is frequently observed
for nanocomposites. The calculation of positiondependent G(t) is a complicated problem, and
we would like to avoid it by approximating position-dependent G(t) with more easily accessible
properties. A polymer-bead MSD is a dynamic
process that is expected to be closely related to a
momentum transfer in polymers quantiﬁed by
G(t). Position-dependent bead displacements
along the surface are also readily accessible
from MD simulations. Here, we assume that
position-dependent Glayer i(t), that is, the shear
modulus for each interfacial layer, in polymer
nanocomposites can be approximated by the
scaling of its time axis on the basis of the behavior of polymer-bead displacements along the
interface:


Glayer i ðtÞ ¼ Gbulk t  alayer i ðtÞ
ð2Þ
where Gbulk[t*] is bulk polymer shear modulus.
The shift factor alayer i(t) is determined for each
layer as follows:


MSDlayer i t=alayer i ðtÞ ¼ MSDbulk ðtÞ

ð3Þ

where MSDlayer i is the polymer-bead meansquare displacement of beads in interfacial
layer i and MSDbulk(t) is the polymer-bead
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mean-square displacement of beads in the bulk
polymer calculated for a slab of the same thickness as layer i.
This approximation is based on two assumptions: (1) the position-dependent shear modulus
is isotropic and (2) an increase in the polymerbead dynamics by a time-dependent shift factor,
a(t), leads to a corresponding decrease in the
decay of the relaxation time G(t) by the same factor a(t). The ﬁrst assumption could only be indirectly supported by observations that polymerbead diffusion near nanoparticles in the radial
direction was approximately equal to that perpendicular to a nanoparticle.11 The second
assumption is usually accurate for polymer melts
and also inherent in a widely used Rouse model.
Furthermore, we have assumed that the positiondependent properties are dependent only on the
shortest distance from the nanoparticles and the
distance between nanoparticles through periodic
boundary conditions.
Similarly to our previous analysis of a polymer
sandwiched between two surfaces,9 in which we
divided the interfacial polymer into layers with
peaks in the density proﬁle, we calculated the
polymer density versus the distance to the closest surface bead, as shown in Figure 2, and
used these density proﬁles to divide the interfacial polymer into layers. The ﬁrst peak is well
pronounced for both esp ¼ 1 and especially esp ¼
2 composites and indicates a signiﬁcant correlation between the interfacial polymer and surface
structure. The second peak is much less pronounced but is clearly identiﬁable for all the
composites. The positions of the ﬁrst two peaks
are similar for all the composites, whereas their
magnitude increases slightly with decreasing
polymer content; this indicates the presence of
the polymer conﬁnement effect between one surface of the cylinder and a periodic image on the
other side of the cylinder. The third peak is less
distinct than the second one; moreover, its position depends on the concentration of the ﬁller,
and this further indicates polymer conﬁnement
effects. To consistently analyze interfacial-polymer dynamics in all the composites, we deﬁned
the ﬁrst and second layers by the corresponding
minima in the density proﬁles, whereas the
width of the third and forth layers were set to
0.9s for all the composites.
The polymer-bead MSDs for the ﬁrst three
layers were calculated and are shown in Figure
3 for all the composites. As expected, the composites with the attractive surface–polymer inter-
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In the next step, we calculated a(t) (see eqs 2
and 3) for each polymer layer for all the composites and substituted them in the approximation
by Gbulk[t*alayer i(t)]. The resulting Glayer i(t)
values for the vf ¼ 30% composite are shown in
Figure 4. For very short times (t < 0.2), all the
G(t) curves superimpose on one another because
for such short times bead MSDs are the same.
This indicates that the bead ballistic motion
regime is not signiﬁcantly affected by the presence of solid interfaces. Interestingly, G(t) for
layer 1 of the esp ¼ 2 composite is very similar to
the bulk-polymer G(t) for the epp ¼ 2 melt (not
shown in Fig. 4).
In the next step, MPM stress–relaxation computational experiments were performed for composites with the esp ¼ 1 and esp ¼ 2 surface–
polymer interactions to obtain average composite

Figure 2. Polymer density proﬁle (in arbitrary
units) versus the distance to the closest surface bead
for composites with the polymer–surface interactions
(a) esp ¼ 1 and (b) esp ¼ 2.

actions esp ¼ 2 exhibited interfacial-polymer
(layers 1 and 2) MSDs multiple orders of magnitude slower than those of the composites with
the neutral surface–polymer interaction esp ¼ 1.
Nevertheless, the slowdown of the interfacial
polymer for the esp ¼ 1 composites is signiﬁcant
(e.g., about a factor of 10 for the ﬁrst interfacial
layer and a factor of 3 for the second layer) and,
therefore, needs to be included in MPM calculations for the neutral composite to obtain accurate average properties, as shown later. Another
feature clearly shown in Figure 3 is the interfacial-polymer slowdown with a decreasing polymer volume fraction for the composites. This
can be attributed to the conﬁnement of the polymer between the cylinder surfaces.

Figure 3. MSDs of the interfacial-polymer beads
<r2> for the esp ¼ 1 and esp ¼ 2 composites with cylinder
vf values of 30, 36, and 46% and for the bulk polymer.
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polymer led to a slightly higher G(t) for the cylinder vf ¼ 30% composite for both esp ¼ 1 and esp ¼ 2
surface–polymer interactions. For the vf ¼ 36%
composite, excellent agreement was observed
between the MPM predictions that included
interfacial effects and the MD simulation results.
Finally, for the vf ¼ 46% composite, excellent
agreement between the MD and MPM simulations was found for esp ¼ 1, whereas for the esp ¼ 2
composite, the MPM simulations predicted somewhat lower G(t) values than the MD results.
Nevertheless, even for this system, most of the
increase in the shear modulus due to surface–
polymer interactions was adequately captured in
the MPM simulations.

Figure 4. Time-dependent G(t) for the interfacial
polymer for composites with the cylinder vf value of
30% and the surface–polymer interactions (a) esp ¼ 1
and (b) esp ¼ 2.

mechanical properties. MPM simulations were
also performed for a cylinder embedded in a polymer that had bulk-polymer properties corresponding to the case of no inﬂuence of the solid
cylinder on the interfacial-polymer properties. A
layout of the material points in the MPM simulations of the composites is shown in Figures 1 and
5. The average time-dependent shear moduli
from the MD and MPM simulations for the pure
polymer melt and for transverse component G(t)
of the polymer nanocomposites are shown in
Figure 6. For all concentrations, as expected, the
two-material (bulklike polymer and elastic cylinder) model predicted a lower composite shear
modulus because it ignored the interfacial-polymer slowdown. The inclusion of the interfacial

Figure 5. Layout of material points representing a
cylinder. The different colors indicate four interfacialpolymer layers and a bulklike polymer in polymer nanocomposites with cylinder vf values of 36 and 46% used
in the MPM simulations. The cylinder position was
taken from the ﬁnal snapshot of the MD simulations. It
did not change signiﬁcantly over the production run.
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CONCLUSIONS
A simple methodology for including the interfacial-polymer time-dependent shear modulus in
MPM calculations was developed and validated
for nanocomposites consisting of a cylinder
embedded in a polymer matrix. The key approximation, that the inﬂuence of a solid material
embedded in a polymer matrix on the interfacial-polymer shear modulus is similar to its
inﬂuence on the polymer-bead MSDs, allowed us
to determine the position-dependent shear modulus of the interfacial polymer from the analysis
of the MSDs as a function of separation from
the surface. The validity of this approximation
was conﬁrmed by a comparison of the composite
mechanical properties from MPM simulations,
for which the aforementioned assumption was
used to determine the interfacial-polymer shear
modulus, with the results of MD simulations
that did not require any assumptions for determining the overall composite shear modulus.
MPM and MD simulations of periodic nanocomposites with attractive interfaces indicated
that turning on attraction between the polymer
and cylinders could increase the time-dependent
shear modulus by multiple orders of magnitude,
with the increase being more substantial at
longer times.
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the U.S. Department of Energy through grant DEFG0301ER45914 and support through the University
of Utah Center for the Simulation of Accidental Fires
and Explosions (C-SAFE), funded by Department of
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under Subcontract B341493.
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