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Abstract The effects of the oriented
fiber filler particles on the microscopic
properties of the matrix network
chains were investigated by using
nanofiber filler particles as reinforcing
material. Monte Carlo Rotational Iso-
meric State simulations were carried
out for filled poly(ethylene) (PE) net-
works to study the dependence of the
conformational distribution functions
of polymer chains and their elasto-
meric properties on filler loadings. We
were especially interested how the
excluded volume effect of the nanofi-
ber particles and their orientation
(specifically orientational anisotropy)
in the matrix influence elastomeric
properties of the network. Distribution
functions of the end-to-end distances
of polymer chains for both unfilled
and filled networks were calculated.

Introduction

Composite materials may be defined as materials made up
of two or more components forming two or more phases

Effects of nanofiber reinforcements
with varying fiber radii and fiber
volume fractions were investigated.
We have found that the presence of
nanofibers significantly increase the
non-Gaussian behavior of polymer
chains in the composite. The aniso-
tropic effects of the nanofibers on
mechanical properties of polymeric
composites were studied as a function
of their relative orientation to the
direction of deformation. The mod-
ulus (reduced nominal stress per unit
strain) was calculated from the distri-
bution of end-to-end distances of
polymer chains using the Mark—Curro
method. Relatively small amount of
nanofibers was found to increase the
normalized moduli of the composite.
Our results are quite in satisfactory
qualitative agreement with experi-
mental data reported in the literature.
This shows that computer simulations
provide a powerful tool in predicting
physical properties of composite
materials.

Keywords Rotational Isomeric
State - Monte Carlo - Nanofibers -
Fiber reinforcement - Radial
distribution function - Poly(ethylene)

[1]. Such materials must be heterogeneous at least on a
microscopic scale. Composite materials may be divided

into three general classes according to phase continuity.
The first class is particulate-filled materials consisting of a
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continuous matrix phase and a discontinuous filler phase
made up of discrete particles and the second is the fiber-
filled composites. The last class includes skeletal or
interpenetrating network composites consisting of two
continuous phases. Examples of this class include filled
open cell foams and sintered mats or meshes.

Many commercial polymeric materials are composites
filled with a wide range of additives. Examples are
polyblends and acrylonitrile butadiene styrene materials,
foams, filled polyvinyl chloride formulations used in such
applications as floor tile and wire coatings, filled rubbers,
thermosetting resins containing a great variety of fillers,
and glass fiber-filled plastics. There are many reasons for
using composite materials rather than the simpler homo-
geneous polymers. Some of these reasons are increased
stiffness, strength, dimensional stability, and impact
strength. Also, they show increased mechanical damping,
reduced permeability to gases and liquids, modified
electrical properties, and reduced cost.

On the other hand, not all of these desirable features are
found from any single additive. The advantages that
additive materials have to offer must be balanced against
their undesirable properties, which include complex
rheological behavior, difficult fabrication techniques, and
a weakening of some physical and mechanical properties.

The properties of composite materials are determined by
the properties of their components, the shape of the filler
phase, morphology of the system, and the nature of the
interface/interphase. Thus, a great variety of new properties
can be obtained with composites just by alteration of their
morphological or interface properties. An important prop-
erty of the interface that can substantially influence
mechanical behavior is the strength of the adhesive bond
between the phases.

A number of continuum theories that capture the
behavior of reinforced composite system can be found in
the literature (for a review, see [2]). Because the objective
of this work is to characterize composite properties from
the molecular aspects of the components, we focus here on
determining composite properties from the nature and
configuration of the constituent molecules.

Molecular models for reinforcement of polymers

Several theoretical studies were reported on the filler
reinforcement phenomena in polymer composites. Ahmed
and Jones [3] have provided a review of some of these
theories. A good review of much of the earlier work was
written by Blanchard and Parkinson [4]. The problem is
difficult because of the number of variables involved: the
particle size and its distribution, shape, the condition of the
surface, and the degree and type of cure are few examples
of these variables [5, 6].

Kloczkowski et al. [7] have proposed a new molecular
theory to account for the rubber elasticity of filled polymer

networks. In this work, it was assumed that the filled
polymer network could be represented as a cross-linked
mixture of two types of chains attached at one end to
spherical filler particles and chains that do not have such
attachments. The elastic modulus of the filled polymer was
calculated as the sum of contributions from these two types
of chains. The elastic moduli of both types of chains were
derived from the corresponding distribution functions for
their end-to-end distances using Monte Carlo Rotational
Isomeric State (MCRIS) technique [7-10]. Chain con-
formations overlapping filler particles were rejected in the
Monte Carlo chain generation process. The calculations
were performed for poly(ethylene) (PE) and poly(di-
methylsiloxane) (PDMS) chains with various degrees of
polymerization. The reinforcement, which is defined as a
measure of the difference between the moduli of the
attached and free chains, was found to increase with an
increase in elongation.

A great deal of experimental data on polymer compos-
ites is available, mainly on the reinforcement of natural
rubber by carbon black [11-16] and reinforcement of
PDMS with precipitated silica or metallic particles [5].
Filler reinforcement was also studied computationally [17—
24]. Our previous simulations [2, 7-9, 25] gave pretty good
qualitative agreement with these experiments and ex-
plained, at least partially, the nature of the filler reinforce-
ment phenomena.

The present theoretical approach

Our approach follows our earlier methodology [26, 27] and
is based on the fact that the presence of the filler particles
inside the elastomeric matrix changes the distributions for
the end-to-end vectors of the nearby chains. This change is
due to both the volume excluded to the chains by the filler
and the adsorption of the chains onto the filler surface,
ultimately influencing the elastic behavior of the polymer
network.

In our previous studies [28, 29], ellipsoidal filler
particles were inserted into the undeformed polymer
network. The present study models the problem of drawing
filler fiber particles in the polymer network starting from
melted spherical droplets. When the fiber particles become
ellipsoids and the system is cooled down for the subsequent
stress—strain experiments, polymer chains are already
prestretched.

For simplicity, in the present treatment we postpone
accounting for the effect of adsorption and focus only on
the effect of the excluded volume of the filler particles on
the elastomeric behavior of the filled rubber. In addition,
we assume that the volume fraction of filler is small so each
chain in the polymer network is either unconnected to any
filler particle but cross-linked to the polymer network
(“free chains”) or attached at only one end to a filler particle
(“attached chains”).
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The distribution function for a “free” polymer chain
located in the vicinity of the filler particle might be partially
affected by the presence of filler, but to simplify the model,
we have also neglected this effect. Similarly, the probabil-
ity of a given chain attached at both ends to two different
filler particles is small and may be neglected. We assume
further that the modulus of the filled elastomer may be
expressed as a linear combination of the moduli [/*] of free
chains and attached chains. Specifically,

[f*] = Xfree V*}ﬁ’ee + Xauached V*]attached (1)

where Xgee. and X,acheq are the fractions of the two types of
the chains with the latter being proportional to the volume
fraction v¢ of the filler:
Xattached = Yvr (2)
with v being a proportionality constant. We assume,
following Bueche [5] that v is proportional to the surface
area per unit volume of filler, which means that at constant
volume fraction of filler within the network, X,iached 1S
proportional to the reciprocal diameter of the particles. The
parameter «y can be estimated from the experimental data as
proposed by Bueche [5]. , .
Generally, the surface of an ellipsoid %; + i—z +5=1Iis
given by a highly complicated formula involving incom-
plete elliptic integral of the second kind and Jacobi elliptic
functions. Fortunately, for the prolate ellipsoids of revolu-
tion (a=b) studied by us in this paper, the surface area is
given by a relatively simple equation: S = 27a’

1+ (52+2),1/2 arccos (1/0)| where 6 = ¢/a is the aspect
ratio. For aspect ratios close tol(§ ~ 1), we have § ~ 2ma?
and the constant volume of the ellipsoid the surface area is
inversely proportional to the major semiaxis c. In addition,

3 . .
because a’c = &= 73 where r is the radius of the fiber

droplet, we have ¢ = r6*/>. This means that surface area is
inversely proportional to the radius of the fiber droplet,
multiplied by the factor 6*3. However, for large aspect
ratios 0>>1, typical for fiber drawing, the above formula
goes to a different limit S=72a203. This leads again to the
inverse dependence on the radius of the fiber droplet but
multiplied, instead of 623, by the factor 6-7/3. For the fixed
aspect ratio, the relationship between the surface area of an
ellipsoid and the radius of the sphere of the same volume is
similar as for spherical particles.

To calculate and compare distribution functions and
elastomeric properties of free chains and attached chains,
we performed MCRIS simulations for a single polymer
chain [30]. The simulations were performed for PE chains
(-CH2-),, with degrees of polymerization »=300 at the
temperature 425 K. One should mention that the glass
transition temperature 7, and the melting temperature 7},
for low-density PE are in the vicinity of 253 and 388 K,
respectively [8, 31].

The three-state isomeric state model is based on the
statistical weight matrix [30]

1 o o

U=ug|=|1 o ow (3)
1 ow oy

with

ugy = exp (—E¢,/RT) )

where E,, is the energy of a pair of skeletal bonds with the
(i-1)™ bond being in the state ¢ and /™ bond in the state 7
(¢, =trans, gauche", or gauche ). The a priori probability
matrix P = [p¢,] gives the probability of two consecutive
bonds (i—1) and i being in conformations ¢ and 7,
respectively. The conditional probability matrix Q = [‘1477]
gives the probability of bond i being in state 7, given that
bond (i—1) is in state (. For chains with large numbers of
bonds 7, the matrices P and Q become independent of the
index i. There are then analytical solutions for P and Q in
terms of the eigenvalues \;, A, A3 of the statistical
weights matrix U with \; denoting the largest eigenvalue

)\1,2:%[1+0(1/1—|—w)j:\/[1—a+(w+w)]2+80

(5)
)\3 = O’(”l/) + w)
The matrix P has the form
I*/\; a a
Ar(A1=A2) A(((//\\rx) /\1()(\1)\*/\;))
o oP(A1— Ow(A]—
P=1 500 Znu—n) 2v0u—h) (©)
o Jw()\]—l) UU(/\l—I)
NN 20 =A) 2u(a—X)
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The conditional probability matrix Q is

v _ o  _o
A1 AM(I=2z2)  M(I-)2)
(I=X2) ot ow

Q = N N \ (7)
(1-)2) ow o
)\1 )\1 /\1

The elements of matrices P and Q satisfy the normal-
ization conditions

> pey=1 )
¢n
Y d =1 ©)
n
and
(10)

> by =Y i =pc
n Y

where p, is the single bond probability for a specified bond
being in state .

Our Monte Carlo method of generating representative
samples of chain conformations was based on the
conditional probability matrix @ shown above. The first
skeletal bond of the chain was assumed to be in the trans
conformation (i.e.,  was set equal to 1 for the first bond).
Random numbers 7 from the interval [0.0, 1.0] were
generated for the remaining skeletal bonds. For 7 in the
interval 0 < 7 < g1, the second bond was assigned a trans
conformation; for g, < 7 < (qu + qu), a gauche+ con-
formation; and for (qa + qu) <71 <1, a gauche con-
formation. The next bond was assigned the rotational state
using the same algorithm but with the row index ( of the
elements ¢;, determined by the conformation of the
previous bond ((=1, 2, 3 for ¢, g*, and g, respectively).
The process was repeated until the whole chain of # bonds
was generated. Large numbers of Monte Carlo chains
(N>20,000) were generated to ensure adequate statistical
sampling.

For each chain, the end-to-end vector r was calculated
from the formula

I':(E+T1+T1T2+T1T2T3+...—|—T1T2...T,,,1>Io
(1)

Here, E is the unit matrix of order 3 and I, is the bond
vector column (/,, 0, 0) where /, is the equilibrium bond

length (I,=1.54 A). The transformation matrices 7; (1<i<
n—1) were given by [30]

cosf; sin 6; 0
T; = |sinf;cos¢p; —cosb;cos¢p; sing, (12)
sinf;sin¢, —cosf;sing; —cose,

The complementary bond angles 6; are 68.0° for PE and
the rotational angles ¢; were assumed values 0, 120°, and
—120° for conformations ¢, g*, and g, respectively. The
statistical weight parameters used in the calculations were
E, = 850cal/mol, E, = 1100 cal/mol, =1, and w=0 [7,
28, 30]. All the stresses were calculated for deformation
ratios « in the range 1.0<a<5.0.

Conformations for a chain in a filler matrix for which
any part of the chain overlapped with any one of the
nonspherical (fiber) filler particles were rejected. The
simulations were continued until N>20,000 acceptable
Monte Carlo chains were accumulated. The resulting
values of end-to-end distances » were placed into a
histogram to produce the desired end-to-end distance
probability distribution function P(r/rmax) with rp=nl,.

We constructed a histogram with 20 equally spaced
intervals over the allowed range of distances 0<r/r. <l
because previous studies showed this choice to be the most
suitable for obtaining probability distribution functions.
This distribution function was obtained by accumulating
the numbers of Monte Carlo chains with end-to-end
distances within various space intervals and dividing
these numbers by the total number N of Monte Carlo
chains. The function P(r/rmax) was smoothed using the
International Mathematical and Statistical Library (IMSL)
cubic spline subroutine “cubic spline integration.” The
smoothing procedure was necessary for the proper
calculation of the stress—strain isotherms from the Monte
Carlo histogram.

These results can be used directly in the Mark—Curro
[26, 27] theoretical method to calculate the elastic proper-
ties of any chain from the distribution functions of their
end-to-end distances P(r). The distribution P(r) is directly
related to the Helmholtz free energy A(r) of a chain having
the end-to-end distance r by
A(r) =c—kgT In P(r) (13)
where ¢ is a constant, 7' is the temperature and kg is the
Boltzmann constant. Assuming affine deformation, the
three-chain model leads to the following general expres-
sion for the elastic free energy of the deformed network
[26, 27]

A4 = (v/3) [A(roax) + A(roay) + A(roaz) — 3A(r,)]

(14)
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Here, v is the number of moles of chains in the network,
a, (t=x, y, and z) is the deformation ratio in #-direction, and
r, =< 12 >(1/ 2 is the value of the root-mean-square of the
end-to-end distance of the chains.

The nominal stress f* (defined as the elastic force at
equilibrium per unit cross-sectional area of the sample in
the undeformed state) is [32]

. (844
r=-1(%),

For uniaxial stretching, substitution of Eq. 14 into Eq. 15
then gives

(15)

5= —(vkTr,/3)[G (r)?a) — a32G (r,a™?)]  (16)

Here G(r)=In P(r) and G'(r) denotes the derivative
dG/dr. The IMSL subroutine “derivative of a cubic spline”
was used in the numerical calculations of the derivative of
the smoothed function P'(#/r,x), together with the relation
G'=P'/P. The modulus or reduced stress defined as

S (17)

a—a?

1=

is often fitted to the Mooney—Rivlin semiempirical formula

[30]

/"] =2C +2Ca™! (18)

where 2C; and 2C, are constants independent of deforma-

tion a.. Some of the results will be presented in this form.
In the case of filled networks, however, to account for

hydrodynamic effects the deformation « relevant to the

elastomeric matrix chains should be replaced by an
effective mean amplified extension ratio o

Qeff = 0Xofy (19)

where the amplification factor for spherical filler particles
is [11, 32]:

X = 14 2.50 + 14.107 (20)

For nonspherical rodlike particles, x.¢ is given by [32]:

X = 1+ 0.6760v + 1.265°v; @21)

where 0 is the aspect ratio, defined as the ratio of the length
of filler particles to the width.

Oriented nanofiber fillers

The numerical calculations were performed for cross-
linked PE chains with =300 skeletal bonds. The fiber filler
particles were placed inside polymer matrix in a highly
regular way, forming cubic lattice. The assumption of the
cubic lattice arrangements of filler particles significantly
simplifies calculations in our model. In our future work we
will study more a complicated case of randomly dispersed
fiber filler particles. It is assumed that the fiber filler
particles are initially spherical droplets of the same radius
rsp. The next step is the process of drawing the fiber at the
temperature above the melting point of the fiber. We apply
the mechanical deformation to the sample and assume that
that both polymer chains and fiber droplets respond
affinely to the applied external force. If ,, o), and o, are
principal components of the deformation tensor then
spherical fiber droplets become ellipsoids with principal
semiaxis o 7fp, 7 fip, and o7, respectively. The volume
of fiber particles does not change during the drawing and
therefore

3 3
47Trﬁb - 47rrﬁb
=

Qe QL (22)

ie., a,oy0o=1. In the case of uniaxial extension, all
nanofibers are drawn in the same direction and this perfect
orientational ordering remains after the quenching of the
sample. For uniaxial extension in the z-direction we have
a=agand a, = a;, = 1 / \/@q where the subscript d refers
to drawing direction. The aspect ratio J defined as a ratio of
the length to the width of such drawn fiber is

5= TfipQtz

=a)? (23)
Tfib Olx

The aspect ratio of the fiber =100 that we used in our
computations leads to unusually high extensions required

for the fiber drawing, namely, oy = 6*/°> ~ 21.5. The PE
chain composed of 300 units is obviously too short to
withhold such large elongations. However, elastic proper-
ties of the polymer are derived from the distribution
function of the end-to-end distance of polymer chains
(calculated by the MCRIS model) by using Mark and
Curro’s approach [27, 33]. Our past computations [2, 25,
34] show that for sufficiently long chains, end-to-end
distance distribution functions have very similar shapes
and the elastic properties of chains obtained by Mark and
Curro method [27, 33] have very weak dependence on the
length of the chain. Because of this, much more com-
putationally costly simulations for very long chains would
lead to quite similar results.

The last step of the experiment is classical stress—strain
measurements at temperatures below the melting point (but
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above the glass transition) of the fiber for previously
oriented nanofiber filler particles. In this step, we stretch
the sample uniaxially with the deformation ratio c.. We use
the subscript e to distinguish it from deformation ratio of
drawing the sample in the previous step of the experiment
oy We consider now two different cases: (1) when
deformation «.. is applied along the draw direction of the
fiber filler and (2) when the direction of deformation is
perpendicular to the direction of fiber drawing. In the first
case, the total elongation oy, becomes the product of
elongation ratio of drawing «,; and the subsequent
elongation «, of the drawn sample.

Aot = QgQle (24)

Assuming that both elongations o and «, were applied
in the z-direction, the components of the total elongation
ratio are:

Aotz = Qg0
1
Ve

Qo x =

(25

f*=— (vkTr,/3) [G’ (l"oaea;l/2> - a;3/2{G/(roa;1/2ad) +G (roagl/za;m) H

The nominal stress (see Eq. 16) for stretching parallel to
the direction of draw becomes

5= —(vkTr,/3) [G/(l”gOédOte) — a;3/2Gl (1”0046;1/20[;1/2)}
(26)

For deformation transverse to the direction of draw (z-
direction), e.g., along the x-axis, the total deformation
ratios in directions x, y, and z are:

_

otz = Voe
Q.
ot x = —/l;)—d (27)

a _ 1
tot.y — " Joaga,

This leads to the following expression for the nominal
stress for stretching perpendicular to the direction of draw:

(2%)

To estimate the elastic properties of polymer chains in
the filled networks, MCRIS calculations were performed
with initial undeformed radii r4,=10, 20, 50, and 100 A.

Results and discussions

Effect of size of oriented nanofibers on the end-to-end
distance distributions

Radial distribution functions are highly affected by the size
of filler particles. The probability distribution functions P
(r) for end-to-end distances 7/r,,x are shown in Fig. 1 for
four different volume fractions of the filler expressed as the
filler percentage (PF) (D is the edge length of a cubic
lattice)

3
AT,
3D3

PF = 100u = 100. (29)

The distribution functions for chains in composites with
varying sizes of initially undeformed fiber filler particles

(rp) for a given PF and aspect ratio (9) show obvious shifts
to the left toward smaller values of #/r,,, in comparison
with the unfilled networks. This is a clear indication that
the chain dimensions in filled networks undergo a decrease
of their dimensions. Such behavior becomes more
pronounced with a decrease in the filler radius and an
increase in the PF as seen in Fig. 1 and is explainable by the
availability of free volume accessible to chain conforma-
tions in the composite. The magnitude of the observed shift
toward higher values of r/r,,x for composites with larger
fiber particles (e.g., 75,=100 A) is greater than for small
particles (rg,=10 A).

Effect of anisotropy of shape on the initial dimensions
of the chains

The effect of the anisotropic shape of filler particles on the
distribution function of polymer chains in the composite is
illustrated in Fig. 2. The anisotropic changes of chain
dimensions in the oriented filler matrix were calculated in
the longitudinal and the transverse direction relative to the
fiber drawing axis. Values of \; = L;;/L,; (=x, y, and z)
serve as a measure of the change of dimensions of filled
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Fig. 1 The radial distribution functions P(r) of the end-to-end
distance, obtained by Monte Carlo simulations shown as a function
of r/rnax at 425 K for PE chains having 300 bonds. The oriented

sample relative to the unfilled one before the application of
deformation. These values are represented in Fig. 2 as a
function of PF at constant aspect ratio (0) and fiber radius
(fp). Initial chain dimensions in the z-direction are
reasonably steady for low fiber volume fractions (0 to
5%), then reduce slightly for intermediate fiber volume
fractions (5—12%), and undergo slight increase for higher
volume fractions of the filler (Fig. 2a). However, A,
decreases almost linearly with the increased volume
fraction of the fiber (Fig. 2b).

The observed anisotropy in the initial dimensions of
polymer chains results from the anisotropy of the oriented
fiber filler particles. We should also note that the values of
A in Fig. 2a are larger than one (except when PF is equal to
10%), while the values of A, (and A,) in Fig. 2b are less
than one. Such behavior of chain dimensions can be
explained by expansion of chains in the direction of the
fiber drawing (z) and their shrinkage in perpendicular
directions (x and ).

0.4
—u—r, =0A
1 —o—10
0.3 - # B
3 —wv— 50
4 —o— 100
=
5 027
| PF=10%
0.1
\8
0.0 = . , . : . %}""“ —]
0.0 0.1 0.2 0.3 0.4
rir
max
0.4
—u—ry=0A
—o—10
—a—20
0.3 4 50
—o—100
S
T o024 PF=20%
0.1 4
0.0 . T r T . o R
0.0 0.1 0.2 0.3 0.4

rir

max

fiber particles having the aspect ratio (0) of 100, filler percentage
(PF) of 5%, and rg, of 10, 20, 50, and 100 A were arranged on the
cubic lattice for PF of (a) 5, (b) 10, (¢) 15, and (d) 20%

Effect of oriented nanofibers on the reduced modulus

The effect of the oriented fiber particles on the reduced
modulus [f*] as a function of reciprocal effective elonga-
tion ag; (Egs. 19, 20, and 21) was also analyzed by
applying the Mooney—Rivlin relationship (Eq. 18) [35].
The results of simulations are shown in Fig. 3 with all
values of [f*] normalized by vRT. Figure 3a shows the
reduced modulus in the longitudinal z-direction and Fig. 3b
in the transverse x-direction relative to the orientation of the
drawn fiber.

At small strains (ae’f} close to 1) an increase in the
normalized longitudinal modulus is observed (Fig. 3a) as
the PFs increases. For intermediate values of a;ﬁl plot of
the reduced modulus is almost linear in agreement with the
Mooney—Rivlin formula and values of [f*] are close to 1—
the theoretical value for Gaussian chains. Upturns in the
modulus are observed for large elongation (small values of
ae}f-l- ), especially when the volume fraction of the oriented
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1.020

—m—3

:

1.015

1.010

1.005

1.000

0995 ; . . ‘ . . ; ‘ .

20
PF%

Fig. 2 Anisotropic changes of the initial chain dimensions at 425 K
for PE chains having 300 bonds shown as a function of filler
percentage (PF) for oriented fiber particles having the aspect ratio

fiber particles is high (20%). This is obviously the
consequence of the finite extensibility of polymer chains
that manifests their non-Gaussian behavior. More specifi-
cally, these upturns are due to the rapidly diminishing
numbers of acceptable configurations at higher values of a,
which leads to a significant decrease in the entropy of
chains and subsequently the increase of [f*]. Such
increases are especially pronounced for fiber particles
with higher aspect ratio. Anisotropic increases of the
modulus [f*], in the longitudinal direction of fiber drawing
(z-axis) comparing to those for unfilled network are clearly
apparent, particularly for small elongations. Furthermore, it
is clear that a slight change in the size of fiber particles or
their volume fraction might have significant effects on
values of the modulus. Note that some unusual maxima and
minima displayed for high elongations resulted from
computational imperfection in the determination of the
shape of the distribution function near its maximum. We

a

26
24
2.2
2.0
1.8 4
1.6
14 4
124
1.0 4
0.8
0.6
04 4
0.2
0.0

[f,

0.3

[f1,,,

0.98

0.96

0.94

0.92

Xy

0.90
0.88

0.86

PF%

(0) of 100 and rg;, of 10 A along (a) the longitudinal direction of the
oriented particles (z-axis) and (b) the transverse direction of the
oriented particles (x-axis)

have observed such oscillatory behavior of the reduced
modulus in our previous simulations. It is due to the Mark
and Curro [26, 27, 33] method of calculation of the
modulus from polymer chain distribution function. It is
apparent that for large elongations in the neighborhood of
the rapture point, this method shows some limitations.

Figure 3b shows the transverse modulus as a function of
the inverse of effective elongation a;‘}. We observe the
effects opposite to those seen in Fig. 3a for longitudinal
direction. The transverse moduli decrease with the increase
of the PF of the oriented fiber particles, especially for small
elongations (ae’}» close to 1).

The numerical results presented here are in good

qualitative agreement with the experimental data, as
comprehensively reviewed by Mark et al. [2]. This is

particularly true for the case of rigid particles deformed by
compression above their glass transition temperature. One

0.8

0.6

0.4

0.2 4

Fig. 3 The (a) normalized longitudinal modulus and (b) normalized transverse modulus are shown as a function of the inverse effective elongation
a;ff' for PE chains having 300 bonds at 425 K for oriented fiber particles having the aspect ratio (8) of 100, 74, of 10 A, and filler percentage (PF) of
5,10, 15, and 20%
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should note, however, that our present simulations were
restricted to the ideal cubic lattice arrangement of the
aligned fiber particles in the composite.

Effect of temperature

The effect of temperature on the distribution function of
end-to-end distances of PE chains as a function of 7/r,,, is
shown in Fig. 4 for chains attached to filler particles having
5=100, =10 A, PF=20%, and five different temperatures
of 425, 450, 475, 500, and 525 K. At the constant particle
size and the volume fraction of the filler, temperature
increase shifts distribution toward the left and lowers the
value of r, (position of the peak of the distribution). This
can be easily explained by the fact that less extended,
energetically costly gauche conformations become more
populated at higher temperatures leading to a relative
shrinkage of chain dimensions.

Statistical weight matrices in the Rotational Isomeric
State (RIS) theory depend of the temperature (see Eq. 3).
The temperature coefficient of the unperturbed dimensions
of the polymer chains can be calculated as (d In</>>,/dT)
[6, 28]. This coefficient could be computed directly by
using the present numerical method.

Conclusions

In summary, the theoretical method presented here enables
the estimation of the effect of the excluded volume of the
fiber filler particles having different arrangements in the
polymer matrix on the elastomeric properties of the com-
posite. Calculations of reinforcement due to the presence of
the filler particles become possible through the use of the
RIS method combined with the Mark—Curro [26, 27, 33]

simulation approach for non-Gaussian polymeric chains,
previously applied to various polymer systems [25, 34].
Induced anisotropy resulted from the fiber drawing during
the preparation of the composite is apparent and expressed in
distribution functions of polymer chains and their stress—
strain isotherms. The reinforcement effect due to the volume
exclusion by the filler depends primarily on effective
elongation, size and aspect ratio of filler particles, and their
volume fraction and, to a less extent, on the detailed
chemical structure of polymer chains. In addition, the results
are highly sensitive on the relative orientations of the
direction of the mechanical deformation during the stress—
strain experiment and the direction of fiber drawing applied
in the process of the preparation of the composite sample. As
discussed in the previous section, oriented fiber filler
particles of different radii produce positive reinforcement
in the longitudinal direction and negative reinforcement in
the transverse direction.

In addition, the theoretical methodology used in the
present simulations is relatively simple and should permit
for further refinements such as random arrangement of the
filler particles and inclusion of physical and chemical
adsorption of the polymer chains onto the filler surface.
The latter could be done by adding long-range (physical
adsorption) and strong short-range (chemical adsorption)
interaction potentials between the filler surface and the
chain segments.

Finally, we have demonstrated that Monte Carlo
simulations could provide significant microscopic insights
into the phenomena of reinforcement in polymer-nanofiber
composites. To unravel the underlying molecular processes
involved in the reinforcement of filled elastomers in a more
quantitative way, it is essential to focus on mechanisms of
filler—polymer interactions that depend on the detailed
structure of their interface and on interactions that lead to
agglomeration and aggregation of filler particles. Our

PF=20%

—E—T=425K,r,=0A
—e— 425K, 10A
—A— 450K, 10 A
—v— 475K, 10A
—— 500K, 10A
—+— 525K, 10A

Fig. 4 The radial distribution 0.25

functions P(r) of the end-to-end ‘

distance obtained by Monte

Carlo simulations shown as a 0.30

function of 7/r . at temperatures

425, 450, 475, 500, and

525 K for PE chains having 300 0.25 7

bonds. The oriented fiber parti-

cles having the aspect ratio (¢) 0.20 -

of 100, filler percentage (PF) of " |

20%, and rgp, of 10 A were ~—

arranged on the cubic lattice Q 0151
0.10 4
0.05 4
0.00 %

0.0
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simulations indicate that mechanical properties of filled
systems depend on the microstructure of the composite and
particularly on the shape and orientation of microfibers.
More recent neutron scattering results are in excellent
agreement with these conjectures, especially regarding the
excluded volume effect and the overstrain in filled
elastomers [36].
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