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ABSTRACT: 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 inter-
facial 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-relaxa-
tion 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 simu-
lations with those obtained from the molecular dynamics simulations of the nanocom-
posites. ©2005 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 43: 1005-1013, 2005
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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 inert-
ness, temperature stability, electrical properties,
and self-healing properties. In contrast to con-
ventional particle—polymer composites, the addi-
tion of nanofillers with large specific interfacial
areas between solid surfaces and a polymer
matrix offers additional capability for the con-
trol of nanocomposite properties through the
modification of the viscoelastic properties of the
interfacial polymer.'™" Specifically, experimental
studies have found that the viscoelastic proper-
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ties of nanocomposite are strongly influenced
not only by the nanoparticle surface fraction but
also by the nanoparticle surface chemistry (mod-
ification).® Coarse-grained and atomistic molecu-
lar dynamics (MD) and Monte Carlo simula-
tions™”?!! 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 interac-
tion, the nanoparticle specific surface area, the
surface structure, and the proximity to the glass
transition are the most important factors con-
trolling the properties of the interfacial polymer.
For example, the addition of nanoparticles with
attractive interactions leads to decreased poly-
mer dynamics and increased viscosity and time-
dependent shear modulus of the polymer matrix,
whereas the addition of nanoparticles with
repulsive, or excluded-volume, interactions leads

1005



1006 BORODIN ET AL.

to increased polymer dynamics and decreased vis-
cosity 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 methodol-
ogy 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-poly-
mer properties,’? '® 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 compli-
cated geometries, which is needed as an input
for the interfacial-polymer properties in theore-
tical 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 sup-
position 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 position-
dependent shear modulus of the interfacial poly-
mer 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-point-
method (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 con-
sisting of a nanocylinder embedded in a polymer
matrix with three polymer volume fractions for
two strengths of the polymer—surface interac-
tions. We have chosen MPM to perform simula-
tions 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,'®'? provides a
new and demonstrated method for solving equa-
tions for solid mechanics. It has significant
advantages over finite element analysis (FEA)
when complicated structures such as nanocom-
posite 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 advan-
tages when position-sensitive material proper-
ties, such as the transport properties of the
polymer matrix, are implemented as a function
of the distance from the polymer—particle inter-
face. In MPM, each material point can be
assigned different material properties, including
different properties to particles within the same
background grid element. Handling position-
dependent material properties in FEA is much
more difficult and further complicates the mesh-
ing process. In summary, MD input into full-
scale MPM simulations provides a good ap-
proach to the multiscale modeling of complicated
geometries with interaction-dependent mechani-
cal and transport properties.

This article is organized as follows. In the sec-
ond section, we describe in detail the methodol-
ogy 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 vs value of
30%. The material points within 0.41¢ of the cylinder surface bead positions and
inside the cylinder have been assigned the fcc crystal properties. Four interfacial-
polymer layers and bulk polymer are shown in different colors.

approximating the time-dependent shear modu-
lus of the interfacial polymer from MD simula-
tions 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 corre-
sponding composites.

SIMULATIONS METHODOLOGIES

MD Simulations

All MD simulations were performed with the
simulation package Lucretius,'® which was modi-
fied to include the truncated and shifted Lennard-
Jones potential as used in our previous work.? A
coarse-grained representation of the polymer
chains, called bead-necklace chains, used pre-
viously in our simulations of self-assembly in
polymer melts and solutions, was employed in
this study.'® 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 re-
ported later. The bond lengths were constrained
to 0.935 with the Shake?® algorithm. All polymer
beads interacted according to a Lennard-Jones
pair potential, 4epp[(o/rij)12 - (o/rij)e], where r;; is
the separation between beads i and j, that was
truncated and shifted to yield zero energy and
force at the truncation radius 2.5¢ and ¢,, = 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 7% = 0.6
(in units of ¢/kg) in an orthorhombic periodic cell
for two strengths of the cylinder surface—polymer
interactions, ¢, = 1 and &, = 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 sum-
marized in Table 1. In this article, we refer to the
nanocomposite system containing 100 polymer
chains and a cylinder as the system with a cylin-
der nominal volume fraction, v; of 30%, to the
nanocomposite containing 50 polymer chains and
a cylinder as the v; = 36% composite, and to the
nanocomposite containing 50 polymer chains and
a cylinder as the vy = 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 approx-
imate diameter of 8.4¢. The cylinder beads were
included in the integration but exhibited only
vibrational motion as the Lennard—Jones para-
meters for the interactions within the solid cylin-
der were set to &, = 5 and oy = opp. The
simulation time step was set to a typical value of
0t = 1.18 x 1072 [in units of mo?/¢)"?]. 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 P,
=0,P,, =0, and P,, = 0 with the extended ensem-
ble method of Martyna et al.>! The average densi-
ties from the NPT runs were then used in NVT
equilibration runs. We performed short MD simu-
lations (10° time steps) on the polymer bulk with
epp = 2 after quenching the equilibrated ¢,, = 1
bulk system at 7% = 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 Investi-

gated by MD Simulations

Polymer Estimated Box Lengths Equilibration Production Run
Chains E5p vP x and z (o) Time*® Length®
Bulk polymer
100 N/A 0 12.67 and 12.67 5 x 10* 1 x 10°
Nanocomposites
100 1 30 15.2275 and 12.4924 6 x 10* 2 x 10°
100 2 29 15.0657 and 12.5515 1 x 10° 2 x 10°
75 1 36 13.8357 and 12.491 8 x 10* 3 x 10°
75 2 35 13.6452 and 12.5465 2 x 10° 3 x 10°
50 1 46 12.266 and 12.4888 1.2 x 10° 8 x 10°
50 2 44 12.0800 and 12.5540 4 x 10° 1 x 108

2 In Reduced units of ¢/kg.

® Estimated in MD simulations as (Veomp—Vpol)/Veomp, Where Vo, is the composite volume
and Vi is the polymer volume estimated from bulk-polymer simulations.

¢ In reduced units of (ma?/e)"2.

were used to estimate the shear modulus of a poly-
mer glass mentioned later.

The shear transverse stress—relaxation modu-
lus, G,,(t), for a polymer filled with a cylinder
was calculated with the time autocorrelation
function of the stress tensor:

v

Gy () = 75 P ()P (0)) (1)

where P,,(t) is an instantaneous value of the off-
diagonal element of the composite stress tensor
at time ¢ in the plane (xy) perpendicular to direc-
tion 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 fec crystal consist-
ing of 2048 beads were performed for at least 10°
time steps, ot = 11.8 x 107 [in units (ma?/e)V2),
at 0 and 0.1% strain to estimate the crystal elas-
tic 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.?? The resulting values of the crys-
tal were G = 130 and K = 270 (in reduced units).

MPM

A number of MPM stress—relaxation experi-
ments were performed to extract the average

stress response to the application of the almost
instantaneous stress applied for composites cor-
responding to those used in the MD simulations
and summarized in Table 1. Two-dimensional
NairnMPM code®® was used. An accurate repre-
sentation of the position-dependent viscoelastic
properties of the interfacial polymer was
ensured with a significant number of material
points, 200 x 200 (4 per element). The time-
dependent polymer shear modulus, G(¢), 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 calcula-
tion 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 effi-
cient 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(¢) in MD simulations.

A computational stress-relaxation experiment
was performed in the following way. At time
t = 0, all materials were stress- and strain-free.
We applied strain for all material points adjacent
to the x = 0 boundary along the y axis to the
system by linearly increasing velocity v, = 0.001 ¢
(x = 0) for time #(, then keeping the velocity con-
stant for the same interval ¢(, and finally linearly
scaling velocity to zero over the time interval
[2t0:3to], where ¢, is 10~2. The other boundary
condition was v,(x = L) = 0, where L is the linear
dimension of the system. The default (for MPM)
no-slip condition was used. The particle stress



state was updated twice, before the particle posi-
tion was updated and after the particle position
was updated, as it was found to lead to better
energy conservation.'® 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 calcu-
lated from short MD simulations (¢ = 200).

MD: MPM LINKAGE

To predict the overall nanocomposite (see Fig. 1)
viscoelastic properties in MPM simulations, we
need to specify position-dependent G(¢) for the
polymer and elastic modulus for the cylinder.
When the interfacial-polymer fraction is negligi-
ble or the solid interface does not perturb poly-
mer relaxation, both bulk-polymer and bulk-
cylinder 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 position-
dependent G(¢) is a complicated problem, and
we would like to avoid it by approximating posi-
tion-dependent G(¢) 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 G'*°* i(¢), 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 beha-
vior of polymer-bead displacements along the
interface:

Glayer i(t) — Gbulk [t * alayer i(t)} (2)

where Gpult*] is bulk polymer shear modulus.
The shift factor a'®°" () is determined for each
layer as follows:

MSDlaye”[t/alaye”(t)] = MSDpu(¢) (3)
where MSD®°" i js the polymer-bead mean-

square displacement of beads in interfacial
layer i and MSDy(¢) is the polymer-bead
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mean-square displacement of beads in the bulk
polymer calculated for a slab of the same thick-
ness as layer i.

This approximation is based on two assump-
tions: (1) the position-dependent shear modulus
is isotropic and (2) an increase in the polymer-
bead dynamics by a time-dependent shift factor,
a(t), leads to a corresponding decrease in the
decay of the relaxation time G(¢) by the same fac-
tor a(t). The first assumption could only be in-
directly supported by observations that polymer-
bead diffusion near nanoparticles in the radial
direction was approximately equal to that per-
pendicular to a nanoparticle.!® The second
assumption is usually accurate for polymer melts
and also inherent in a widely used Rouse model.
Furthermore, we have assumed that the position-
dependent 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,” 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 clo-
sest surface bead, as shown in Figure 2, and
used these density profiles to divide the interfa-
cial polymer into layers. The first peak is well
pronounced for both &, = 1 and especially ¢, =
2 composites and indicates a significant correla-
tion between the interfacial polymer and surface
structure. The second peak is much less pro-
nounced 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 sur-
face 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 posi-
tion depends on the concentration of the filler,
and this further indicates polymer confinement
effects. To consistently analyze interfacial-poly-
mer 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
0.96 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 compo-
sites with the attractive surface—polymer inter-
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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 = 1 and (b) &g, = 2.

actions &, = 2 exhibited interfacial-polymer
(layers 1 and 2) MSDs multiple orders of magni-
tude slower than those of the composites with
the neutral surface—polymer interaction &, = 1.
Nevertheless, the slowdown of the interfacial
polymer for the &5, = 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 calcula-
tions for the neutral composite to obtain accu-
rate average properties, as shown later. Another
feature clearly shown in Figure 3 is the interfa-
cial-polymer slowdown with a decreasing poly-
mer volume fraction for the composites. This
can be attributed to the confinement of the poly-
mer between the cylinder surfaces.

In the next step, we calculated a(t) (see eqs 2
and 3) for each polymer layer for all the compo-
sites and substituted them in the approximation
by Goundt*a®° i#)]. The resulting G'®°T i(z)
values for the v = 30% composite are shown in
Figure 4. For very short times (¢ < 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 pre-
sence of solid interfaces. Interestingly, G(¢) for
layer 1 of the &, = 2 composite is very similar to
the bulk-polymer G(¢) for the ¢,, = 2 melt (not
shown in Fig. 4).

In the next step, MPM stress—relaxation com-
putational experiments were performed for com-
posites with the ¢, = 1 and &, = 2 surface—
polymer interactions to obtain average composite
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Figure 3. MSDs of the interfacial-polymer beads
<r?> for the &sp = 1 and &5, = 2 composites with cylinder
vevalues of 30, 36, and 46% and for the bulk polymer.
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Figure 4. Time-dependent G(¢) for the interfacial
polymer for composites with the cylinder vy value of
30% and the surface—polymer interactions (a) &g, = 1
and (b) &5 = 2.

mechanical properties. MPM simulations were
also performed for a cylinder embedded in a poly-
mer that had bulk-polymer properties corre-
sponding to the case of no influence of the solid
cylinder on the interfacial-polymer properties. A
layout of the material points in the MPM simula-
tions 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(¢)
of the polymer nanocomposites are shown in
Figure 6. For all concentrations, as expected, the
two-material (bulklike polymer and elastic cylin-
der) model predicted a lower composite shear
modulus because it ignored the interfacial-poly-
mer slowdown. The inclusion of the interfacial

MULTISCALE MODELING OF NANOCOMPOSITES 1011

polymer led to a slightly higher G(¢) for the cylin-
der vy = 30% composite for both &5, = 1 and &5, = 2
surface—polymer interactions. For the vy = 36%
composite, excellent agreement was observed
between the MPM predictions that included
interfacial effects and the MD simulation results.
Finally, for the vy, = 46% composite, excellent
agreement between the MD and MPM simula-
tions was found for ¢, = 1, whereas for the ¢, = 2
composite, the MPM simulations predicted some-
what lower G(¢) 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.

13.6452

0.0000 +

0.0000
b

13.6452

12.08

0.00
0.00 12.08

Figure 5. Layout of material points representing a
cylinder. The different colors indicate four interfacial-
polymer layers and a bulklike polymer in polymer nano-
composites with cylinder v¢ 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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Figure 6. Time-dependent G(¢) of the bulk polymer
and periodic composites with the &5, = 1 and & = 2
surface—polymer interactions from the MD and MPM
simulations. The results of the MPM simulations of
the composites consisting of the bulklike (unaffected)
polymer and elastic cylinder at geometries correspond-
ing to those of the ¢, = 1 composites are also shown.

CONCLUSIONS

A simple methodology for including the interfa-
cial-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 approxi-
mation, that the influence of a solid material
embedded in a polymer matrix on the interfa-
cial-polymer shear modulus is similar to its
influence on the polymer-bead MSDs, allowed us
to determine the position-dependent shear mod-
ulus 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 deter-
mining the overall composite shear modulus.

MPM and MD simulations of periodic nano-
composites 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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