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1. Introduction

Uniaxial deformation of nanorod filled polymer
nanocomposites: a coarse-grained molecular
dynamics simulationt

Yangyang Gao,? Jun Liu,?® Jianxiang Shen,® Liqun Zhang,**° Zhanhu Guo*“ and
Dapeng Cao*®

A coarse-grained molecular dynamics simulation was used to investigate the stress—strain behavior of
nanorod-filled polymer composites. The effects of the interfacial interaction, aspect ratio of fillers, filler
functionalization, chemical couplings between the polymer and the filler and the filler loading on the
mechanical reinforcement were explored. The results indicate that there exists an optimal nanorod volume
fraction for elastomer reinforcement. The strong polymer—nanorod interaction enhances the reinforcement
of polymer nanocomposites. Meanwhile, it is found that nanorods with longer length and smaller diameter,
and the chemical functionalization of nanorods can help realize the efficient interfacial stress transfer. And
excessive chemical couplings between polymers and nanorods are harmful to mechanical properties. An
upturn in the modulus at large deformation is observed in the Mooney—Rivlin plot, attributed to the limited
chain extensibility. Particularly, the medium polymer—nanorod interfacial strength and low nanorod volume
loading will lead to better dispersion of nanorods. It is suggested that the reinforcement mechanism comes
from the nanorod alignment and bond orientation, as well as from the limited extensibility of chain bridges
at large deformation. In addition, an optimal nanorod volume fraction can also be explained by the strong
polymer—nanorod network. Compared to glassy systems, the mechanism for the significantly enhanced
reinforcement of rubbery systems is also demonstrated. In short, our simulation study of nanorod-induced
mechanical reinforcement will provide a basic understanding of polymer reinforcement.

Although the microscopic reinforcing mechanism is not fully
understood yet, the effect of fillers on the reinforcement of

In the field of nanotechnology, polymer matrix based nano-
composites have attracted significant attention. It is well known
that the incorporation of nanoscopic fillers (such as carbon black,
silica, carbon nanotubes, clay sheets and graphene) in the elasto-
mer matrix can markedly improve its mechanical, electrical and
other properties. In fact, a wide variety of fillers are utilized in the
rubber industry like carbon black, silica and clay sheets. These
fillers have been considered to be the most successful example
in the industrial application of polymer nanocomposites.
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elastomer is of scientific and commercial importance.

In the literature, the preparation, structure and properties of
different polymer nanocomposites (PNCs) were reviewed.'™
Currently, a number of theories have been proposed. Because
of the introduced rigid filler particles in rubber matrices, the
hydrodynamics reinforcement or strain amplification has a
contribution to the reinforcement. The simple Einstein-Smallwood
formula® is proposed based on several assumptions and then
some improvements are made by Gold and Guth.>® Huber
et al.” presented a theoretical investigation concerning the hydro-
dynamics reinforcement contribution using different structural
fillers. The “interaction zone” hypothesis claimed that a reduction
in polymer mobility near the surface of a particle arises from a
local reorganization of the polymer into a more structured or
possibly glassy state.®® Another hypothesis was that the fillers
may act as highly functional cross-links'® capable of forming
polymer bridges between them. Litvinov et al'' observed a
tightly bound layer, a loosely bound chain and the extractable
chains in the case of the carbon black filled ethylene propylene
diene monomer (EPDM). Meanwhile, it was found that the
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introduced nanofillers decrease the number of dangling and free
chains."” Long et al.'® pointed out that the strong reinforcement
can be achieved when glassy layers between fillers overlap. They
also showed that the dynamics of yield and rebirth of glassy
bridges can account for the nonlinear Payne effect and the
Mullins effect. Bokobza et al.'* observed a steep upturn in the
Mooney-Rivlin plots in the filled poly(dimethylsiloxane) (PDMS)
networks, which was attributed to the limited chain extensibility
of the short chains linking filler particles. Especially, a double
network model was developed to quantitatively describe the
stress-strain behavior.'?

Many parameters may play a role in reinforcement of the
polymer matrix, such as the diameter, length, aspect ratio,
surface-functionalization, dispersion state, nanotube loading,
and interfacial adhesion.'® Meanwhile, Coleman et al.'”"*® dis-
cussed the mechanism for effective reinforcement and proposed a
model. It showed that the tensile strength increased in proportion
to the thickness of the interface region. Deng et al.'® indicated that
the length and reorientation of multiwalled carbon nanotubes
during stretch have a significant impact on the mechanical proper-
ties. Synergistic weak interactions between carbon-nanotubes
(CNTs) grafted with short polymer chains can better enhance the
mechanical properties of CNT-based materials.”® By functionaliz-
ing carbon with high bonding density of polymer layers, it
exhibited a pronounced effect on the mechanical properties of
polystyrene composites.>* And efficient load transfer to polymer-
grafted multiwalled carbon nanotubes was revealed.”” Through
covalent integration of functionalized nanotubes, it enhances the
mechanical properties of the epoxy polymer composites.”®
Poly(methyl methacrylate) (PMMA)-functionalized multiwalled
carbon nanotubes were prepared to reinforce the PMMA matrix
and an optimum filler volume fraction was observed.**

In fact, because of various length and time scales,” it becomes
very complicated to investigate the rubber reinforcement. At low
filler loading, the reinforcement mainly comes from the inter-
facial strength between rubber and fillers, while at high loading,
the complicated networks containing rubberfiller and filler-
filler will have an effect. So computer simulation studies were
employed to elucidate the rubber reinforcement mechanism.
The results®® suggested that the nanorod length does not mean-
ingfully affect the elastic properties of glassy polymer composites
but does affect the postyield properties. The viscosity and
isotropic tensile strength of icosahedra, rods, and sheets were
examined using a coarse-grained bead-spring model.”” Ozmusul
et al.*® found that the mechanical behavior of nanocomposites
results from the formation of a long-lived transient filler network
mediated by the chains. Mark et al.®® found that the distribu-
tions of the chain end-to-end distance are perturbed by the
excluded volume effect. It causes the associated changes in the
mechanical properties of the elastomer host matrix. The effects
of nanoparticle size, loading, and shape on the mechanical
properties of polymer nanocomposites have been investigated,
and the rod-like nanoparticles have the greatest potential in
improving the toughness of polymer nanocomposites.*
Gersappe®' found that the mobility of the nanofiller particle rather
than its surface area controls its ability to dissipate energy,
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which can help improve the toughness of materials. Meanwhile,
Jaber et al.** suggested that the mobility of the nanofiller particles
helps in the construction and destruction of the networks of
polymer nanocomposites under shear, and the fragility and the
average length of stringlike motion are found to be dependent on
the interfacial interaction between polymer and fillers and the
filler concentration.*®

On the basis of the aforementioned descriptions, although a
large amount of research work has been devoted to improving
the mechanical properties and exploring the mechanism of
mechanical reinforcement, the underlying reasons are still not
clearly revealed, especially for the nanorod filled rubber systems.
In addition, it is very difficult to investigate the reinforcement
mechanism clearly due to the very complicated filler dispersion
state. Here we intend to study nanorod-filled elastomer networks
to illustrate its reinforcement mechanism. In this work, we
explore the factors influencing the stress-strain and molecular
orientation behavior, by systematically tuning the polymer-
nanorod interaction, aspect ratio of nanorod, nanorod function-
alization, chemical couplings between polymer and nanorod,
temperature and filler loading, which are always difficult to be
realized quantitatively in the experiment.

2. Model and simulation methods

In the simulation, each idealized elastomer chain consists of
thirty beads and the number of chains is 270. The nanorods
consist of 3, 5, 8, 10 or 15 beads. We set the diameter of each bead
to be o and the mass to m. Here we used the truncated and shifted
Lennard-Jones (L]) interaction to model the polymer-polymer,
polymer-nanorod and nanorod-nanorod interactions,* given by

o (OO e,

0 ' 2 Feutoff

where 7.0 Stands for the distance at which the interaction is
truncated and shifted so that the potential is continuous at
T = T'eutofr- The polymer—polymer interaction parameter and its
cutoff distance are ,, = 1.0 and r,,, = 2 x 2"/°, and the nanorod-
nanorod interaction parameter and its cutoff distance are set to
&nn = 1.0 and r,, = 1.12, respectively, while the polymer-nanorod
interaction parameter &,, and its cutoff distance r,;, are changed
to simulate different interfacial interaction strengths and ranges.

Additionally, the interaction between the adjacent bonded
monomers including both polymer chains and nanorods is
represented by a stiff finite extensible nonlinear elastic (FENE)

potential:
\2
(&) } )

where k = 30i2 and R, = 1.56. The rodlike character of the
%

VFENE = —O.SkR()2 In

inclusions is enforced through an angle potential, given by

Uangle = K(l + COS(H)) (3)
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where 0 is the bending angle formed by three consecutive rod
beads and K is equal to 150.

Since it is not our aim to study a specific polymer, we used
the LJ units where ¢ and ¢ are set to unity. It means that
all calculated quantities are dimensionless. We initially con-
structed a relatively large system, and then the NPT ensemble
was adopted with the temperature and pressure being fixed at
T* = 1.0 and P* = 0.0, respectively, by using the Nose-Hoover
temperature thermostat and pressure barostat.*” It is noted
that the number density of polymer beads p* is more than 0.8
for all simulated systems, except for the case with &,, = 1.0
and r,p, = 1.120, in which the number density of polymer
beads is p* &~ 0.65. During the simulation, periodic boundary
conditions are employed in all three directions. The velocity-
Verlet algorithm is used to integrate the equations of motion,
with a time step J¢ = 0.001, where the time is reduced by LJ
time (7).

We first add the cross-linking agents with diameter D = 0.50
in the simulation box. After equilibration, permanent cross-links
are formed by randomly selecting pairs of beads within a distance
of 0.85¢ of polymer monomers and cross-linking agents and
tethering them together by using the modified FENE potential
(eqn (4)). The number of cross-linking agents is 540.

The chemical bonding between polymer monomers and
cross-linking agents is also modeled by the modified FENE

potential as follows,
r— REV 2
l—(——— 4
(Fe) } @

&
where k = 30 et Ry = 1.50 and Rgy = —0.250.

VFENE = —O.SkRoz In

Such structures are further equilibrated under the NVT ensem-
ble with T* = 1.0. After equilibration, the pure and nanofilled
network systems are deformed by changing the box length to Ly
in one direction and to Loz~ Y2 in the other two directions so that
the volume remains constant. In fact, we averaged the results in
three directions. We set the strain rate é = (L() — L)/L = 0.0327/1.%°
The average stress 7 in the tensile direction is obtained from the
deviatoric part of the stress tensor t = (1 + pt)(—Peensile direction T P) =
3(—Prensile direction + P)/2, where P =Y P;/3 is the hydrostatic

1

pressure. The parameter u stands for Poisson’s ratio. During the
deformation process, rubber materials almost have no volume
change and are incompressible, which make their Poisson’s ratio
equal to 0.5. This approach is introduced from the literature.>”>°
All MD runs are carried out by using the large scale atomic/
molecular massively parallel simulator (LAMMPS) developed by
Sandia National Laboratories.*

3. Results and discussion
3.1 Nanorod dispersion

Before studying the stress-strain behavior, firstly we charac-
terized the filler dispersion state. The simulated temperature
T* = 1.0 in our simulation is well above the glass transition
temperature of the pure polymer, which is around 0.5.
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The nanorod volume fraction is equal to 5.81% (the volume
fraction is defined as the ratio of the volume of nanorods to the
volume of the simulation box) and the aspect ratio of nanorod
is 5. For a better understanding, we used (I)-(VII) to represent
the following seven different systems. The r,;, is 1.12¢ for II
(repulsive) and 2.5¢ for III to VII (attractive). The chosen
parameters were (I) the unfilled system, (II) &np = 1.0, (II) &, = 1.0,
(IV) &np = 2.0, (V) &np = 5.0, (VI) &np = 8.0, and (VII) &, = 12.0.
Here we used the inter-nanorod radial distribution function
(RDF) to characterize its dispersion in Fig. 1(a). Obviously, for a
strongly attractive interaction, &,, = 12.0, there is a strong peak
which exhibits a bifurcation in g(r) at approximately r = 2g,
which means a “bridging cluster” of nanorods via one polymer
layer as shown in Fig. S1(a) (ESIT). But the value of g(r) atr = 10
is zero, indicating that there is no direct contact aggregation of
nanorods. With the decrease of the interaction between poly-
mers and nanorods, the low intensity peak indicates that
nanorods are surrounded by a thermodynamically stable
“bound polymer layer”. At ¢, = 2.0, the system exhibits a best
dispersion state. For purely repulsive polymer-nanorod inter-
action (i.e. Case II), all nanorods are almost in the direct
contact aggregation state. For better illustration, the snapshots
characterizing the nanorod dispersion state with three different
interactions are shown in Fig. 1(b). The figure displays the best
nanorod dispersion state at moderate polymer-nanorod inter-
action &,p = 2.0. From the inter-agent radial distribution func-
tion g(r) in Fig. S1(b) (ESIT), the cross-linking agents (purple
spheres) also display the best dispersion at moderate polymer-
nanorod interaction &,, = 2.0.

Actually, we also explored the nanorod dispersion state in
different nanorod volume fractions (en, = 5.0). The RDFs at
different loadings are shown in Fig. 1(c). Obviously, the value of
g(r) at r = 10 is zero at low volume fraction (2.46%, 5.81%),
indicating that there is no direct contact aggregation of nano-
rods. With the nanorod volume fraction increasing to 19.0%,
a high peak appears at r = 1g, suggesting the direct contact
aggregation of nanorods. In general, with the increase of the
nanorod volume loading, the dispersion of nanorods exhibits a
trend from polymer bridge-induced clustering to partially direct
contact aggregation.

3.2 Influence of polymer-nanorod interfacial strength

In this part, we solely investigated the effect of the polymer-
nanorod interaction on the stress-strain behavior. We set the
nanorod volume fraction equal to 5.81%, mainly considering
that there is no direct contact aggregation of nanorods and the
nanorod content is as high as possible in Fig. 1(c). First, we
plotted the stress—strain curves of systems (I)-(VII) in Fig. 2(a).
It can be seen that the stress-strain curves increase apparently
with e, which becomes more prominent at large deformation
especially for large e,,. By comparing the stress-strain curves
between repulsive (II) and &,, = 1.0(III) systems, we found that
the interaction range between polymers and nanorods signifi-
cantly influences the stress-strain behavior. To gain insight
into the mechanical behavior, we plotted the stress-strain
curves of systems e,, = 5.0, 8.0, 12.0 at small deformation
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Fig. 1 (a) The radial distribution function g(r) between nanorods for different polymer—nanorod interaction strengths and ranges. Note that the filler
volume fraction is set to V = 5.81%. (b) The snapshots for three typical polymer—nanorod interfacial strengths. Note that the polymer chains are
represented by green points to avoid obscuring the nanorods with yellow spheres, and the purple spheres represent the cross-linking agents. (c) The
radial distribution function g(r) for the filler volume fraction V = 2.46%, 5.81%, 11.6%, 16.4%, and 19.0% respectively.

(4 < 0.5) as shown in the inset of Fig. 2(a). Unexpectedly, we level, we used the mean-square displacement (MSD) at time
observed that with an increase of the interaction strength, an ¢ = 507 to characterize the mobility of polymer beads adjacent
obvious yield point appears. The point is around 4 ~ 0.12 for to the nanorod surface (within 1¢ distance). For comparison,
enp = 5.0, 8.0, 12.0 although the yield point is not much obvious  the corresponding MSD at time ¢ = 507 of polymer beads at the
for &, = 5.0. To further explore the mechanism at the molecular ~ glassy state is also shown in Fig. 2(b), as indicated by the red line.
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Fig. 2 Stress—strain curves (a) for systems filled with nanorods for different interaction strengths and ranges. The inset shows the plot of the stress—
strain curves at small deformation 4 < 0.5 for systems ¢,, = 5.0, 8.0, 12.0. (b) The mean-square displacement of polymer beads in the vicinity of the
nanorods as a function of interfacial strength, and for better comparison the corresponding glassy state is also added; (c) for systems filled with nanorods
with different aspect ratios; and (d) for systems filled with different volume fractions.

16042 | Phys. Chem. Chem. Phys., 2014, 16, 16039-16048 This journal is © the Owner Societies 2014


http://dx.doi.org/10.1039/c4cp01555j

Published on 09 June 2014. Downloaded by University of Tennessee at Knoxville on 10/06/2016 22:19:57.

PCCP

Actually, the value of MSD decreases monotonically, indicating
that the mobility of polymer beads in the vicinity of the
nanorods decreases with the increase of &,,. Meanwhile, when
&np > 5.0, the MSD of interfacial polymer beads approaches one
at the glassy state. Moreover, for the same polymer-nanorod
interaction e,, = 12.0 and at a lower volume fraction such as
V'=1.20% and V= 2.46%, no such yield point occurs (see Fig. S2
in the ESIT). Here we infer that the yield point may result from
the interfacial layers with low mobility.

We interpret this yield phenomenon as follows: it has been
shown that for &,, > 5.0 the strongly “bridging clustering” of
nanorods via one or two layers of polymer melts, and for high
nanorod loading and strong polymer-nanorod interaction, it is
possible to form a continuous nanorod network linked by
polymer chains. In our opinion, the yield point could result
from the breakage of the nanorod network structure in our
simulated case. Meanwhile, to form a strong long-live polymer—
nanorod network, high nanorod loading and strong polymer-
nanorod interfacial strength are necessary.

Following this, we compared the stress-strain curves of
unfilled, repulsive and &,, = 1.0 systems. The mechanical
properties of the repulsive system are lower than those of the
unfilled system, without exhibiting a reinforcing effect. And the
mechanical properties for &, = 1.0 are nearly the same as those
of the unfilled system. However, the enhanced stress-strain
behavior begins to occur for ¢,, = 2.0. The results suggest that
the reinforcing effect can be achieved only when the polymer-
nanorod interaction is stronger than the polymer-polymer
interaction.

3.3 Effect of the aspect ratio of the nanorod on the
stress-strain behavior

In fact, in practical situations the nanorods always have various
aspect ratios. In this section, we investigated the effect of the
aspect ratio of nanorods on the stress—strain curves. Six differ-
ent aspect ratios are chosen, which are defined as the ratio of
length of the nanorod to diameter of the nanorod: (1) 3:1;
(2) 5:1; (3) 8:1; (4) 10:1; (5) 15:1; (6) 10:2; the polymer-
nanorod interaction strength is set to ,, = 5.0, mainly con-
sidering that there is no direct contact aggregation of nanorods
and the polymer-nanorod interface is relatively strong when
the volume fraction of nanorod is also 5.81%. Nanorods have
excellent dispersion as shown in Fig. S3 (ESIt). It is interesting
to find that the nanorods exhibit a preference to be parallel to
one direction for (5), while they all adopt a random orientation
for other cases. From the stress-strain curves in Fig. 2(c),
a gradually increased stress—strain behavior was observed when
the aspect ratio of nanorod varies from (1) to (5), while a
significant decrease in stress-strain curves was found for (6).
The stress—strain curve was calculated only along the orientated
direction of the nanorods for the aspect ratio of 15:1, and in
this case the stress—strain behavior is greatly enhanced. For the
same volume fraction, small-diameter nanorods give rise to
greater surface area, allowing the maximization of interaction
with the polymer matrix. The reason for this observation will be
discussed later.

This journal is © the Owner Societies 2014

View Article Online

Paper

3.4 Effect of nanorod loading

To achieve good reinforcement, introducing high loading of
nanorods into polymers is always necessary. Here we investigate
the effect of the nanorod volume fraction on the stress-strain
behavior. The polymer-nanorod interaction strength is set to
enp = 5.0, the aspect ratio of nanorod is 5. The number of added
nanorods N = 425, 1000, 2150, 3470, and 4360, corresponding to
the nanorod volume fractions V = 2.46%, 5.81%, 11.6%, 16.4%,
and 19.0%, respectively. The stress-strain curves for different
nanorod volume fractions are shown in Fig. 2(d).

From Fig. 2(d), we found that the stress gradually increases
with the nanorod volume fraction at any strain and the difference
in the stress at large strain becomes greater with the increase of
the nanorod volume fraction, when the volume fraction is less
than 11.6%. For instance, at strain 4 = 3.0, the stress at the
volume fraction of nanorods of 11.6% is approximately 4.7 times
greater than that of the unfilled system. However, when the
volume fraction of nanorods is greater than 11.6%, the stress at
4 = 3.0 decreases with the increase of the volume fraction of
nanorods. Actually, these results indicate that a higher nanorod
volume fraction does harm to mechanical properties at large
deformation. This underlying reason will also be illustrated later.

3.5 Effect of nanorod functionalization

Chemical functionalization of the nanorod surface is expected
to maximize composite interfacial strength and achieve effi-
cient interfacial stress transfer to the nanorod network. This
method is especially effective for low interfacial strength. So we
will discuss the effect of nanorod functionalization on the stress-
strain behavior. The number of grafted agents and the length
of grafted agents are represented by M and N, respectively.

(B) © ®)

(A) (E)

—— unfilled| ®
504 EIV)O-() y;,x
——(A)3-1 f
40 (B)6-1 y »‘*"”’f
< (€)9-1 ’ ﬁf
Ba] - ©32 A

00 05 10 15 20 25 30 35
strain A

Fig. 3 (a) The snapshots of functionalized nanorods with three different

lengths of grafted agents and three different number of grafted agents. The

red spheres denote the nanorods. The blue spheres represent the surface

modification agents. (b) The stress—strain curves for different function-

alized nanorod filled systems.
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The systems contain five cases (M-N) (A) 3-1; (B) 6-1; (C) 9-1;
(D) 3-2; and (E) 3-3, as shown in Fig. 3(a). Here, the polymer-
nanorod interaction is &,, = 2.0 and the interaction between
polymers and surface modification agents is &g, = 12.0. The
nanorod-agent interaction is &, = 1.0 and the agent-agent
interaction is & = 1.0. The cutoff distance is always r = 2.5a4.
The stress-strain curves in Fig. 3(b) exhibit a remarkable
increase with the total number of surface modification agents,
especially at large strain. For example, the stress of the filled
system of 9-1(C) or 3-3(E) at strain 4 = 3 is around 10 times
greater than that of the unfilled system. When the total number
of surface modification agents is equal, the difference in stress—
strain curves seems to be tiny.

3.6 Effect of chemical couplings between polymers and
nanorods

Covalent functionalization of nanorods is a very important
factor for processing and application of nanorods, which can
effectively improve the mechanical properties of the polymer—
nanorod composites. In order to investigate the influence of
chemical bonding on the stress-strain curves, here we used a
bead as one coupling agent, linking a polymer bead with a
nanorod bead. We used the FENE bond (eqn (2)) to model the
chemical bonds. By forming different number of chemical
coupling bonds between the polymers and the nanorods through
coupling agents, we simulate different extents of chemical
adhesion. Here we used N to denote the number of coupling
agents, namely chemical bonds formed between polymers and
nanorods. The stress-strain curves exhibit a remarkable increase
with the number of chemical bonds, especially at large strain as
shown in Fig. 4(a). For example, the stress of the filled systems
with N = 600 at strain 4 = 3 is approximately 25 times greater
than that of the unfilled system. However, for the case of
chemical bonds N = 600, when the simulation box is stretched
along the y or z direction, some bonds of the simulated system
will become broken before the box reaches the preset strain.
These results imply that a certain degree of chemical bonds
between polymers and nanorods is beneficial to improve the
mechanical properties. However, excessive chemical bonds
between polymers and nanorods will do harm to their mecha-
nical properties, leading to the occurrence of fracture at

0 @ /
1204 N= /
—— N=200 /
= 904 N=400 /
8 1 N=600 /

00 05 10 L5 20 25 30 35
strain A
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decreased strain due to the significantly centralized stress.
Our simulated results give evidence to support the experiment
conclusion, i.e. the strong bonding is not necessary to enhance
the mechanical properties of CNT-based materials.>°

The approach used by Bokobza et al.'**' in the experi-
ments is also adopted by us. We plotted the reduced stress
™(t* = t/(¢® — o~ ")) against the reciprocal of the extension ratio
o(e = 4 + 1), as suggested by the Mooney-Rivlin equation,
given by

™ =2C; + 20,0 " 5)

where 2C; and 2C, are constants independent of the extension
ratio «. And the stress t obtained in the simulation is the true
stress. The result is shown in Fig. 4(b). It is very interesting to
find that the filled systems with chemical bonds N = 400 and
N = 600 display a clear upturn in the modulus at the high
deformation and it is remarkable for the latter. The decrease in
the modulus observed at low deformations can be attributed to
the Payne effect. These Mooney-Rivlin plots qualitatively agree
with the experimental results. The upturn in the modulus at
large deformations is caused by the finite or limited chain
extensibility limits, a further increase of the strain leads to the
stiffer modes of deformation, bond length and bond angle
changes. Meanwhile, this is accompanied by a significant
decrease in the entropy of polymer chains with the corresponding
increase in stress.

In addition, the role of chain scission becomes very important
in the case of interfacial chemical couplings between polymers
and nanorods, and we develop the following approach to con-
sider the influence of the bond breakages with various number
of interfacial chemical couplings N. For bonded beads A (its
radius is r,) and B (its radius is rg), when the center-to-center
distance between A and B is larger than r, + rg + 0.30, we assume
that this bond is broken, which is the same with the literature.*
The stress-strain curves are shown in Fig. 5(a). It is found that
when the strain is smaller than 2.0, the stress—strain behavior is
enhanced with N, while the stress reaches plateaus for all
N when the strain is greater than 2.0, which can be explained
by the fact that some bonds begin to quickly get broken at
large strain. Meanwhile, we also characterize the change in the
number of broken bonds as a function of the strain in Fig. 5(b),

Fig. 4 (a) The stress—strain curves for filled systems with various number of chemical bonding N, the neat system is also included. N denotes the number
of interfacial bonds. (b) Mooney-Rivlin plots of filled systems with different number of chemical bonds at V = 5.81%. Note that o denotes the extension

ratio and is equal to 1 + 4.

16044 | Phys. Chem. Chem. Phys., 2014, 16, 16039-16048

This journal is © the Owner Societies 2014


http://dx.doi.org/10.1039/c4cp01555j

Published on 09 June 2014. Downloaded by University of Tennessee at Knoxville on 10/06/2016 22:19:57.

PCCP

20

(@

——N=0 ——N=200
—— N=400 —— N=600
—— N=800 —— N=1000
——N=1200

T T T T
00 05 10 15 20 25 30 35
strain A

View Article Online

Paper

——N=0 ——N=200 ()
—— N=400 —— N=600

1 ——N=800——N=1000
300 ——N=1200

400

200

The number of broken bonds

00 05 10 15 20 25 30 35
strain A

Fig. 5 (a) The stress—strain curves and (b) the number of broken bonds as a function of the strain for various number of interfacial chemical couplings N.
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Fig. 6 The bond orientation (P,) with respect to the strain for systems (a) for filled systems with various numbers of chemical bonds N and (c) for
different nanorod volume fraction filled systems. The change in bond energy E; — Einitial Of the system with respect to the strain (b) for filled systems with
various number of chemical bonding N and (d) for different nanorod volume fraction filled systems.

which shows that the number of broken bonds increases with
the increase of the strain and N. It suggests that excessive
interfacial chemical couplings with breakable bonds do not
improve the mechanical properties.

In order to further examine the above phenomenon, we
demonstrated the following approaches: the first method is
to characterize the bond and nanorod orientations along
the deformation direction with respect to the strain, and the
second one is to examine the change in bond energy of the
system with respect to the strain. First, we investigated
the bond and nanorod orientations as a function of the strain
for systems with chemical couplings between polymers and
nanorods and different nanorod volume fractions as shown in
Fig. 6(a) and (c). Here we used the second-order Legendre
polynomials (P,) to characterize the bond and nanorod orien-
tations as follows:

(P,) = (3(cos®0) — 1)/2 (6)

This journal is © the Owner Societies 2014

where 0 denotes the angle between a given element (two adjoining
beads in the chain or nanorods) and the reference direction,
which in this work refers to the stretching direction. To calculate
the orientation of polymer bonds or nanorods at any strain, we
calculate the orientation of each polymer bond or each nanorod
bond along the deformed direction, and add it up to get the
average value divided by the total number of polymer bonds or
nanorod bonds. Compared with that of the unfilled systems,
a stronger bond orientation is observed for the filled systems at
any equal strain. However, the bond orientation is almost the
same, respectively, for the three systems with chemical couplings
and three systems with V= 11.6%, 16.4% and 19.0%. In addition,
the increased gradient of the bond orientation decreases gradually
with the strain. These results support the viewpoint of the finite
chain extensibility. At large deformation, chain deformation and
segmental orientation caused by conformational rearrangements
of chains slow down significantly, although the exerted force
increases continuously.
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Additionally, we plotted the change in the bond energy
(E¢ — Emitial) as a function of the strain, respectively, in Fig. 6(b)
and (d). From the figure, the bond energy of the unfilled system
remains nearly unchanged during the deformation process.
While for the other systems the bond energy of the system
increases greatly with the number of the chemical couplings
during the deformation process. This increasing trend becomes
particularly obvious at large deformation. It is noted that in the
case of the filled system with chemical couplings N = 200, the
increase in bond energy mainly comes from polymer chains,
rather than other chemical bonds between polymers and nanorods.
Since at the strain 4 = 3.27, the change in bond energy of the filled
system with chemical bonds N = 200 is equal to Ej0o; — Einitial =
3.05, while the change becomes E;oo; — Einitial = 2.77, when we
turn off the chemical bonds except the polymer-polymer bonds
and cross-linking bonds. In general, it indicates that the finite
chain extensibility surely occurs at large deformation, espe-
cially for the filled system with enough chemical couplings
between polymers and nanorods. Meanwhile, according to our
simulation, the upturn of the modulus at large deformation,
as shown in Fig. 4(b), can only be seen for the filled system with
enough chemical couplings in the interface.

Next we come back to the issue of why the reinforcing
efficiency declines after the nanorod volume fraction goes
beyond V=11.6%. By examining the change in the bond energy
with respect to the strain, we can give a reasonable interpreta-
tion in Fig. 6(d). For the nanorod loading V < 11.6%, the
increase in the extent of the bond energy of the system becomes
much greater with the increase of nanorod volume loading,
while for V > 11.6%, the increase in slope declines. For better
illustration, in Fig. 7 we presented the change in the bond
energy at 4 = 3.27 derived from Fig. 6(d), which exhibits a
maximum value at around V = 11.6%. The analysis shows that
too high nanorod loading will hinder the development of the
finite chain extensibility, leading to less contribution of the bond
energy to the stress-strain behavior. Therefore, the reinforcing
efficiency declines at V = 16.4% and 19.0%. This can also be
understood by the fact that if the nanorod loading is too high,
there is not enough space for the extension of the bond lengths
at large deformation. At the same time, the optimal volume
fraction of 11.6% corresponds to that the dispersion state of
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Fig. 7 The change in the bond energy AE,ong as a function of the filler
volume loading calculated from Fig. 6(d).
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nanorods varies from no direct contact aggregation to direct
contact aggregation. So we can present evidence that the finite
chain extensibility surely comes into effect at large deformation
and enough strong chemical bonding between polymers and
nanorods will lead to an upturn of the modulus at large
deformation in the Mooney-Rivlin plots. Especially, as shown in
Fig. 1(c), the peak at around 2¢ corresponds to bridging configu-
rations, namely first nanorod-nanorod neighbors surrounded by
only one polymer bead, which form a polymer-nanorod network.
The bridge peak reaches a maximum at 11.6% loading, namely,
maximizing the polymer-nanorod network. The stronger the
polymer-nanorod network, the better the mechanical property.
The existence of an optimal loading for the mechanical reinforce-
ment had also been found for the case of spherical fillers, and the
nanorods are the most efficient for mechanical reinforcement
compared to spherical and sheet-like fillers.*

3.7 Temperature effect

In this section, we investigated the effect of temperature on the
stress—strain curves, because polymer chains exhibit completely
different flexibilities, especially above or below its glass transi-
tion temperature. Following the literature,*’ the equilibrated
states at the glassy state are obtained by cooling the equilibrated
configurations at high temperatures, namely by reducing the
dimensionless temperature by 0.02 every 500 000 MD time steps.
Here we chose three filler volume fractions V = 0, 5.81% and
11.6%, which were simulated at 7= 1.0 for a rubbery state and at
T = 0.2 for a glassy state. The interaction strength between the
matrix and the filler is &,, = 5.0 and the cutoff distance is 2.5¢.
From Fig. 8, an increase in the stress-strain curves is found
by adding nanorods into the glassy polymer matrix (stress
(V =11.6%)/stress (V= 0%) = 1.9 at 4 = 3), while a more signi-
ficantly enhanced stress-strain behavior is observed when intro-
ducing nanorods into the rubbery matrix (stress (V= 11.6%)/stress
(V=0%) = 5.7 at 4 = 3). Meanwhile the incorporated nanorods
would also bear some stress. In fact, for the glassy and rubbery
polymer matrices by incorporating nanorod particles, the differ-
ence in reinforcement efficiency is consistent with the practical
application of polymer nanocomposites. This point is also
illustrated in the literature® and here we can infer that the
more significant reinforcement can be obtained in the rubber

32
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284- - V=5.81% (glass)
241 —-=V=11.6% (glass)

—— V=0 (rubber)
e 20 - V=5.81% (rubber)|
~~~~~~~ V=11.6% (rubber),

stress

05 10 15 20 25 30 35
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Fig. 8 Stress—strain curves for nanorod filled polymer systems (glassy and
rubbery) with different filler volume fractions above and below the glass
transition temperature.
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Fig. 9 (a) The bond orientation (P,) and (b) the nanorod orientation (P,) of the glassy and rubber systems with different filler volume fractions.

polymer matrices than the glassy polymer matrices by incorporat-
ing nanorod particles. As shown in Fig. 9, for the glassy systems,
the bond orientation nearly does not change with the increase of
the nanorod loading, while the nanorod orientation continuously
increases. So we believe that the increase of reinforcement only
comes from the increase of the nanorod orientation for the glassy
systems. However, both the bond and nanorod orientations
increase for the rubbery systems. It can be rationalized by the
fact that in the glassy state, the bond orientation does not increase
which is hindered by its low mobility, making it very hard to slip
on the filler surface. This leads to a more effective enhancement
of mechanical properties for rubbery systems rather than for
glassy systems. Some further discussion is addressed in the ESL¥

4. Conclusions

To uncover the mechanical reinforcement mechanism of nanorod
filled polymers, we investigate the stress-strain behavior by tuning
the polymer-nanorod interaction, aspect ratio of nanorods,
nanorod functionalization, chemical couplings and nanorod
loading. Firstly the nanorod dispersion state was characterized
in detail, and a better nanorod dispersion state was observed at
intermediate polymer-nanorod interfacial strength and low
nanorod loading. Meanwhile, the simulation results indicate
that there exists an optimum nanorod filler volume fraction for
rubber reinforcement. The increase of the interfacial strength
improves the mechanical properties, and a yielding point
occurs at strong interfacial strength and high filler volume
fraction, which are attributed to the breakage of a strong
nanorod network via polymer chains. The mechanical strength
displayed great improvement for nanorods with longer length
and smaller diameter. The chemical functionalization of nano-
rods can achieve efficient interfacial stress transfer from the
polymer matrix to the nanorods. A significant increase in the
stress—strain curve occurs, and an upturn in the modulus
at large deformation in the Mooney-Rivlin plot with strong
enough chemical couplings is found, which is mainly caused by
the finite chain extensibility at large deformation. However,
excessive chemical couplings between polymer and nanorods
are detrimental to mechanical properties, which could lead to
stress-concentration centers. The reinforcement is realized by the
alignment and orientation of both polymer chains and nanorods,
and the limited extensibility of chains at large deformation.

This journal is © the Owner Societies 2014

With stronger polymer-nanorod network, the modulus will improve
more, which is reflected by the change in van der Waals pairwise
energy (VDWL). Additionally, we also examined the bond and
nanorod orientation in the filled glassy and rubbery polymer
systems, explaining why rubbery systems exhibit more signifi-
cantly enhanced reinforcement than glassy systems.
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