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Formation mechanism of bound rubber in
elastomer nanocomposites: a molecular dynamics
simulation study
Jun Liu,ab Haixiao Wan,a Huanhuan Zhou,a Yancong Feng,*c Liqun Zhang
and Alexey V. Lyulin *d

*ab

Bound rubber plays a key role in the mechanical reinforcement of elastomer nanocomposites. In the
present work, we reveal the formation mechanism of bound rubber in elastomer nanocomposites, using
the coarse-grained molecular dynamics simulations. For the polymer–nanoparticle system, the “chain
bridge” connected with neighboring nanoparticles forms, once the gap between two neighboring
nanoparticles is less than the polymer size. The polymer–nanoparticle–solvent systems, mimicking the
oil-swollen rubber in the experiment, are simulated with three models. From the analysis of the potential
energy, the static structure and dynamic diﬀusing processes, all the models indicate that the increase of
the volume fraction of the nanoparticles and the polymernanoparticle interaction strength could
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promote the formation of the bound rubber. The existence of solvent disrupts the bound rubber, and
eventually deteriorates the mechanical properties. These simulations could provide some theoretical
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guidance for a better understanding of the formation mechanism of the bound rubber, which is helpful
for designing the elastomer materials with excellent mechanical properties.

1. Introduction
Elastomer nanocomposites, such as rubber lled with carbon
black tailored for automobile tires, are well known and typical
examples of polymer nanocomposites. The mechanical reinforcing eﬃciency mainly depends on the dispersion state of the
nanoparticles (NPs), and the interfacial interaction between
polymer matrix and NPs.1–10 In some mechanical experiments,
the content of the “bound rubber (BR)” is always measured to
characterize the interfacial interaction strength between carbon
black and rubber chains. Note that “bound rubber” is referred
to the nonextractable elastomer part aer being immersed in
a good solvent for a long enough time. Obviously, the more
content of bound rubber and the stronger interfacial interactions are, consequently, the better the mechanical reinforcement can be obtained. In theory, nano-sized particles with
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various shapes, like carbon black, silica, clays, graphene and
carbon nanotubes (CNTs), are always introduced into the
rubber matrix to improve its mechanical properties. In the lled
rubber system, a certain content of bound rubber will be
formed. Therefore, the formation and the content of the bound
rubber are essentially inuenced by the physical and chemical
interactions between llers and polymer matrix, by the volume
fraction and the size of the llers, and by the molecular weight
of the polymer-matrix chains.
For a lled styrene–butadiene rubber (SBR), the good
solvents to measure the content of the bound rubber are, for
example, toluene and n-hexane. For instance, Choi et al.11 used
a novel method to measure the content of the bound rubber in
the solution of silica-lled styrene–butadiene rubber, nding
that the bound rubber is composed of three major components
of core shell, primary layer including tightly adsorbed layer and
occluded rubber, and secondary layer including connecting
polymer laments. Note that the content of the bound rubber is
very important for lled rubber compounds because it signicantly inuences the physical (thermal and electrical conductivity) and mechanical properties of the vulcanizates.
Presently, we can at least infer that the formation of the
bound polymer results from the interfacial interactions, exerting some constraints on the mobility of the interfacial polymer
chains. For instance, Robertson et al.12 observed that the bound
rubber exhibits the glass-transition behavior similar to that of
the bulk styrene–butadiene rubber (SBR), even aer the polymer–ller linkages were introduced into the SBR reinforced
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Parameters of the TSLJ potential

Polymer–polymer
Polymer–nanoparticle
Polymer–solvent
Solvent–solvent
Solvent–nanoparticle
Nanoparticle–nanoparticle

3ij

REV

rcutoﬀ

1.0
—
—
1.0
1.0
1.0

0
1.5s
0
0
1.5s
3.0s

2  21/6s
2  21/6s
—
2  21/6s
2  21/6s
2  21/6s

with silica particles. In addition, the other experimental results
show that the content of the bound rubber is greatly aﬀected by
the ller's concentration, ller's specic surface area and

surface chemistry.13 Tiwari et al.14 investigated experimentally
the swelling of the multi-wall carbon nanotube (MWCNT)
reinforced chlorobutyl elastomer nanocomposites in chloroform, benzene, and trichloroethylene. The degree of the
observed swelling is dependent on both the MWCNT concentration and the type of solvent used. Meanwhile, the diﬀusion
coeﬃcient and the penetration rate of the solvent are calculated, and the degree of the swelling increases with the time.
Meanwhile, Qu et al.15 found that the content of bound rubber
in hydrogenated nitrile butadiene rubber (HNBR) – carbon
black composites decreases with the increase of the temperature, and the stiﬀness of the bound rubber exceeds that of the
rubber matrix by approximately one order of magnitude.

Fig. 1 Number of chain bridges with various chain lengths from Nmer ¼ 5 to Nmer ¼ 50 as a function of the normalized surface-to-surface
distance between NPs, by tuning the interaction strength between NPs and the polymer chains (a) 3pn ¼ 3.0 (b) 3pn ¼ 6.0 (c) 3pn ¼ 10.0. (d) Three
typical cases: (i) r/Rg [ 2.0, (ii) r/Rg z 2.0 and (iii) r/Rg  2.0.

This journal is © The Royal Society of Chemistry 2018
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(a) Snapshot of the initial state for the purely repulsive polymer–
solvent interactions. (b) Snapshots for the gradually increased attractive polymer–solvent interaction strength. The red spheres denote the
NPs, the blue ones represent the polymer beads, and the green ones
denote the solvent.

Fig. 2

Actually, the formation mechanism of the bound rubber in
elastomer nanocomposites is a long-standing, unsolved
important issue. One assumption is that the bound rubber is
formed by the ller network mediated or connected through the
polymer chains, which cannot be extracted by the surrounding
good solvents. However, it is always diﬃcult to validate this
point in experiments. This ller network physically bridged
through polymer chains, contributes as well to the non-linear
visco-elastic behavior, namely to the decrease of the storage
modulus as a function of the strain.16,17 Besides the bound

Paper

rubber, the mechanical properties of the rubber nanocomposites inuenced by introducing solvent molecules are
also important to understand. Similar questions arise, for
example, in the oil-swollen styrene–butadiene rubber.18
In the present study, we are going to adopt the molecular
dynamics (MDs) simulations to elucidate the mechanism at the
molecular level. Herein, rst of all we examine the eﬀects of the
chain length and the inter-particle distance on the formation of
the chain bridge. We develop two methods to simulate the
formation of the bound rubber. In the rst method, we
construct two layers in the simulation box, with the upper layer
being composed of NPs and polymer chains, and the lower layer
being made of pure solvent molecules. Aer establishing this
stable layers structure, the polymer chains will gradually diﬀuse
into the solvent phase (lower) layer because of the attractive
polymer–solvent interactions. The second method is similar,
except that the solvent molecules are not allowed to move in the
direction perpendicular to the layer plane during the interdiﬀusion process, that is, only polymer chains are allowed to
diﬀuse. We monitor the inter-diﬀusion of the polymer chains,
as well as of the solvent molecules between the two layers, and
simulate the polymer dynamics characterized by the corresponding mean-square displacements (MSD). The change of the
total polymer–solvent interaction energy as a function of
simulation time is also calculated. We also analyze the microstructure of the “bound rubber” calculating the number of

Fig. 3 Total (a) polymer–solvent and (b) polymer–NP interaction energy for diﬀerent interaction strength 3ps. The mean square displacements
(MSDs) of polymer and solvent molecules are shown in (c) and (d), respectively.
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to 12.0 in our simulations. When mapping the bead–spring
model to the real polymers, the value of 3 is about 2.5–
4.2 kJ mol1 for diﬀerent polymers,23 meaning that the value of 3
equaling to 12.0 is about 30–50 kJ mol1. It is reported that the
interaction of 3 ¼ 12.0 can mimic the strong attractions (such as
hydrogen bonds) in real nanocomposite systems.24
The interactions between the adjacent bonded beads are
modeled by the nite extensible non-linear elastic (FENE)
potential:
"
 2 #
r
2
VFENE ¼ 0:5kR0 ln 1 
(2)
R0

Snapshots of the diﬀusing systems with diﬀerent polymer–
solvent interaction strength 3ps.

Fig. 4

chain bridges, and by measuring the average distance between
llers in the bound rubber. Furthermore, we monitor the interdiﬀusion process of the bound rubber by varying the volume
fraction of NPs, the polymer–solvent and the polymer–NP
interaction strengths. Lastly, by gradually introducing small
molecules of solvent, we study the mechanical properties of
rubber system lled with NPs, which is aimed to mimic the
practical applications of the rubbers swollen with oil. Our main
goal is to provide a molecular understanding of the formation of
the bound rubber and the mechanical performance of the
rubber–ller–solvent system.

2.

Simulation model and methods

In this study we use the classical bead–spring model19 to
simulate polymer chains. Each solvent molecule is modeled by
a single bead. Since it is not our aim to study any specic
polymers or solvent molecules, the mass and diameter of each
bead is set to unity, which means that all calculated quantities
are dimensionless. Nanoparticles are modeled as LJ spheres of
radius Rn ¼ 2s. The subscript p, s and n stands for polymer,
solvent and nanoparticle, respectively. The non-bonded interactions between all the beads are modeled through the truncated and shied Lennard-Jones (TSLJ) potential:

3
where k ¼ 30 2 and R0 ¼ 1.5s, guaranteeing a certain stiﬀness
s
of the bonds while avoiding the high-frequency modes and
chain crossing.
The NPT ensemble is adopted initially in the present simulations, where the temperature is mostly xed at T* ¼ 1.0, and
the pressure is set as P* ¼ 0.1, by using the Nose–Hoover
thermostat and barostat.25 Aer the system reaches the equilibrated state, the NVT ensemble is carried out to make sure that
the number density of the system is set to be 0.85 in the melt
state. Periodic boundary conditions are employed in all three
directions. The velocity-Verlet algorithm is used to integrate the
equations of motion, with a timestep dt ¼ 0.001, where the time
is reduced by the LJ time s. To carry out the uniaxial tension, we
follow our previous simulation protocol.26,27 The pure and lled
systems are deformed by changing the box length to L0 a in Z
direction and to L0 a1/2 in the X and Y directions, so the volume
remains constant. According to the simulations of Gao et al.,28 it
is reasonable to set the strain rate 3c ¼ (L(t)z  Lz) /Lz equal to
0.0327/s.21 The average stress s in the Z direction is obtained
from the deviatoric part of the stress tensor s ¼ (1 + m)(Pzz + P)
P
z 3(Pzz + P)/2, where P ¼ Pii =3 is the hydrostatic pressure.
i

The parameter m stands for the Poisson's ratio. Since the simulated temperature is above the glass-transition temperature Tg,26
and because during the deformation process the rubbery materials have almost no volume change and are incompressible,29
their Poisson's ratio equals to m ¼ 0.5. All the MD runs are carried
out using the Large Scale Atomic/Molecular Massively Parallel
Simulation (LAMMPS) soware developed by Sandia National
Laboratories.30

8
"
12 
6 #
>


s
s
>
< 43ij
 U rcutoff ; 0\r  REV \rcutoff

r

R
r

R
Uij ðrÞ ¼
EV
EV
>
>
:
0;
r  REV $ rcutoff

where rcutoﬀ denotes the distance (r  REV) at which the interaction is truncated and shied to make the energy and force to
be zero. The interaction with a distance shied by REV is oﬀset
to account for the excluded volume eﬀects of diﬀerent interaction sites.20–22 The parameters of the TSLJ potential are listed in
Table 1. The energy parameter 3 of TSLJ potential varies from 1.0

This journal is © The Royal Society of Chemistry 2018

3.

Results and discussion

3.1

Formation mechanism of chain bridge

(1)

Ozmusul et al.31 used the lattice Monte Carlo simulations to
study the role of the mean distance between the nanollers on
the overall conformation of polymer chains, such as the
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Fig. 6 The initial state of the bound rubber surrounded by the solvent
molecules.

bead is within the attractive distance from the center of the NP.
Once two adsorption points are presented between the two NPs,
we assume one chain bridge is formed. We set the numbers of
beads in a polymer chain are 5, 10, 50, respectively, and the
corresponding radii of gyration Rg are 0.95, 1.49, 3.50. In order
to simulate a large enough system, the corresponding number
of polymer chains is set as 1000, 1000 and 200, respectively. The
inter-particle distance r between the surfaces of the two NPs is
changed from 0 to 12s.
Since the chain length is an important parameter which
mainly decides whether the bridge forms or not, we calculate
the number of chain bridges for the diﬀerent ratios of the interparticle distance r to the radius of gyration of polymer chain Rg,
as shown in Fig. 1. Once the r/Rg ratio decreases to about 2.0, the
number of bridges increases with decreasing r/Rg, independent
of the 3pn, see Fig. 1a–c. As the schematic in Fig. 1d displayed, (i)
the NPs are too far to be connected by polymer chain at r/Rg [
2.0. (ii) The chain bridges begin to form once the surface-tosurface distance between neighboring NPs is close to the
average polymer chain size, i.e. r/Rg z 2.0. (iii) More and more
chain bridges emerge as the two NPs approach.
3.2

Fig. 5 (a) The total polymer–solvent interaction energy during the
diﬀusion process, (b) the MSD of polymers, and (c) the number of chain
bridges for diﬀerent values of the polymer–solvent interaction
strength 3ps.

statistics of bridges, dangling ends, loops and trains. They
found that the introduced NPs have no signicant eﬀect on the
chain conformation. Meanwhile, Colby et al.32 observed that the
percolation of the NPs network, formed by polymer bridging,
can enhance the mechanical properties. Hence, the formation
of the chain bridges is critical to both static and dynamic
mechanical properties.
First of all, we simulated the polymer melts lled with two
xed NPs, in order to characterize the formation of the chain
bridges due to the chain adsorption to these two NPs. One
adsorption point is considered to be formed when at least one

13012 | RSC Adv., 2018, 8, 13008–13017

Diﬀusion kinetics

Aer considering the inuence of the static structure on the
chain bridges, we then study the diﬀusion processes. The
polymer–nanoparticle–solvent system is built, and two diﬀerent
layers are created in the simulation box. The upper layer of the
box consists of 10 NPs and 100 polymer chains with each chain
containing 150 beads. The lower layer is composed of 10 000
molecules of solvent. In this model, the polymer–solvent
interactions are purely repulsive originally, to form the stable
layer structure by setting the cutoﬀ distance of the corresponding interactions equal to 21/6s. The snapshot of the initial
state is shown in Fig. 2a. Then the polymer–solvent interactions
are modied to be attractive, to simulate the inter-diﬀusion
process, by setting the cutoﬀ distance equal to 2  21/6s. The
interactions between the NPs and the polymers are set to be
attractive with the interaction strength 3pn ¼ 3.0. We set the
attractive interaction strength 3ps between polymers and solvent
molecules ranging from 0.1 to 5.0, and the corresponding

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 The snapshots of the NP–solvent system, and polymer–NP–solvent system with diﬀerent polymer–NP interaction strength 3pn for the
number of NPs equal to (a) 10 and (b) 20.

equilibrium states are displayed in Fig. 2b. It can be seen that at
low 3ps values (3ps # 0.5), the upper and lower layers are well
separated, although some solvent molecules diﬀuse into the
upper layer. However, the phase separation is suppressed with
the further increase of 3ps. To monitor the diﬀusion process, we
calculate the total polymer–solvent and polymer–NP interaction
energy as a function of the simulation time, as shown in Fig. 3a
and b. With the increase of 3ps, the total interaction energy Ups
between polymers and solvent molecules decreases more
signicantly, while Upn between polymers and NPs increases
more evidently. It indicates that with the further increase of 3ps,
more solvent molecules diﬀuse into the upper layer composed
initially of polymers and NPs only, and, eventually, the polymer–
nanoparticle–solvent system becomes homogeneous.
The time dependence of the mean square displacement
(MSD) of polymer's center-of-mass and solvent molecules are

shown in Fig. 3c and d, which are also used to examine the
diﬀusion of the system during the mixing process. It is found
that at smaller 3ps, the solvent molecules diﬀuse more quickly

Fig. 8 Snapshots of the polymer–nanoparticles–solvent system with

diﬀerent polymer–NP interaction strength 3pn for the number of
nanoparticles equal to (a) 10 and (b) 20. (c) The number of chain
bridges as a function of the polymer–NP interaction strength 3pn. Note
that the number of nanoparticles is equal to 30.

This journal is © The Royal Society of Chemistry 2018

(a) The snapshots of the polymer–nanoparticles–solvent
system with diﬀerent polymer–solvent interaction strength 3ps. Note
that the number of NPs is 30. (b) The number of the chain bridges as
a function of 3ps.
Fig. 9
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Fig. 10 Radial distribution functions of (a) NP–NP, (b) polymer–NP, (c) solvent–NP and (d) polymer–solvent.

during the dynamic mixing process, while the MSD of the
polymer chains exhibits a non-monotonic behavior. The polymer chains at 3ps ¼ 1.0 has the fastest diﬀusion compared to
other values of 3ps. That is, high polymer–solvent interaction
strength restricts the movement of polymer chains.
To accurately simulate the process of the bound rubber
extracted from a good solvent, another model is built. Firstly, we
create two layers in the simulated box, the same as the initial
model of Fig. 2a. Aer that the strength of the polymer–solvent
attractive interaction 3ps is changed, ranging from 3 to 12.
Diﬀerent from the rst method of Fig. 2b, now the solvent
molecules are not allowed to move in the direction perpendicular to the upper/lower layer interface. The diﬀusion process in
this case as a function of simulation time is shown in Fig. 4.
With the increase of 3ps, more and more polymer chains diﬀuse
into the lower layer, resulting in the formation of some cavities
in the upper layer.
The total polymer–solvent interaction energy and the MSD of
polymers are shown in Fig. 5a and b, respectively. The high
polymer–solvent interaction strength accelerates the polymer
chain diﬀusion to the solvent layer. In addition, the number of
chain bridges is calculated to indirectly reect the structure of
the bound rubber, shown in Fig. 5c. The equilibrium average
number of the chain bridges is around 60, independent of the
3ps, indicating that the structure of the chain bridges is not
destroyed during the diﬀusion process.

13014 | RSC Adv., 2018, 8, 13008–13017

The third model is built to construct the bound rubber
composed of nanoparticles, polymers and solvent molecules.
The number of polymer beads and solvent molecules are xed
to be 5000 and 10 000, respectively. The number of NPs ranges
from 10 to 50. The mixture of NPs and polymer chains is initially
put in the middle of the box and is surrounded by the solvent
molecules, as shown in Fig. 6. Then the character of the polymer–solvent interactions was changed from repulsive to
attractive, and the strength of the attractive polymer–NP interactions was tuned aerwards.
As Fig. 7 shows, when the number of NPs is small (10 or 20),
the bound rubber is disrupted, although the interaction
strength between NPs and polymers is strong enough. Interestingly, we observe that in this case no matter how strong the
interaction of NPs and polymers is, the structure of the bound
rubber could still be disrupted ultimately.
Furthermore, we increase the number of NPs to 30 and to 50,
respectively. We nd that there are few free polymer chains
extracted by solvent, and the network structure of the bound
rubber still exists. We deduce that when the content of NPs is
large enough, the stable network structure of bound rubber
forms. With the further increase of the polymer–NP interaction
strength, the content of the bound rubber also increases, while
the number of free polymer chains extracted by solvent
decreases, as directly seen in Fig. 8a and b.

This journal is © The Royal Society of Chemistry 2018
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The number of polymer chain bridges is used to quantitatively describe the equilibrated system when the number of NPs
is 30, as shown in Fig. 8c. It can be observed that with the
increase of the polymer–NP interaction strength, the number of
polymer chain bridges increases in the bound rubber, indicating a higher content of the bound rubber with a stronger
polymer–NP interactions.
Besides, we also investigate other factors that could aﬀect the
formation of bound rubber. We build the system with 30 NPs
and set the polymer–NP interaction strength equal to 2.0 and
the polymer–solvent interaction strength is varied from 1.0 to
5.0, as shown in Fig. 9a and b. Both the content of bound rubber
and the number of bridges decrease with the increase of the
polymer–solvent interaction strength. No matter how strong the
interaction is, the number of polymer chain bridges does not
constantly decrease and the structure of the bound rubber will
not be completely disrupted. That is to say, the key factor of
forming the bound rubber is the content of NPs.
To sum it up, the primary factor of forming the bound rubber
is the volume fraction of NPs. When the volume fraction of the
NPs is large enough, the stable bound rubber structure could
form. That is, the structure of the bound rubber cannot be
destroyed at a higher volume fraction of NPs, as expected in
experiments. When the volume fraction of NPs is xed, the
polymer–NP interaction strength, as well as the polymer–
solvent interaction strength could be considered as the
secondary factors to inuence the content of bound rubber.

3.3

RSC Advances

In the case of the small amount of solvent (3000 solvent
molecules), the NP–NP radial distribution function does not
change much, comparing with the system without solvent,
Fig. 10a. In the case of the large number of solvent (5000 solvent
molecules), more NPs form direct aggregation, indicated by the
peak located at r ¼ 4s. In Fig. 10b, the value of the rst peak at r
¼ 2.5s gradually decreases with increasing the solvent content,
indicating that the polymer beads are away from the NPs. In
Fig. 10c, the value of the rst peak at decreases as the solvent
molecule increases. On the contrary, as shown in Fig. 10d, the
value of peaks rises as the solvent molecule increases. It indicates that more solvent molecules are adsorbed onto the surface
of the polymer beads with the increase of the solvent content. In
other words, the adsorbed NPs are replaced by the solvent
molecules. In addition, we calculate the number of chain
bridges to reect the inuence of the introduced solvent
molecules. As shown in Fig. 11, it can be clearly observed that
the introduced solvent molecules disturb the physical network
formed between polymers and NPs, leading to the decrease of
the number of chain bridges. Note that the maximum number
of chain bridges (about 6), is much smaller than that of Fig. 5c.
It can be explained that the polymer–NP interaction strength

Mechanical properties

Finally, we characterize the eﬀect of the introduced solvent
molecules on the mechanical properties of the polymer–nanoparticle–solvent system, mimicking the case of the oil-swollen
rubber products. The number of NPs and polymer chains are
both equal to 100, and each chain contains 150 beads. We
gradually increase the number of the solvent molecules from
1000 to 10 000. During the mixing process, the radial distribution functions (RDFs) are calculated, as shown in Fig. 10.

(a) The stress–strain curves for the diﬀerent number of solvent
molecules. (b) The bond orientation of the polymer chains along the
deformation direction for the diﬀerent number of solvent molecules.

Fig. 12
Fig. 11 Number of chain bridges as a function of amount of solvent

molecules.

This journal is © The Royal Society of Chemistry 2018
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equal to 1.0 is much smaller than that of Fig. 5c (equal to 3.0 in
that case).
The mechanical properties of the simulated materials are
studied by simulating the stress–strain dependencies. As shown
in Fig. 12a, the value of the stress decreases with the increase of
the number of solvent molecules, which is consistent with the
behavior of the typical oil-swollen rubber products. The bond
orientation of polymer chains along the deformed direction is
shown in Fig. 12b. The bond orientation can be expressed by the
second-order Legendre polynomial hP2i,
hP2i ¼ (3hcos2 qi  1)/2

(3)

where q is the angle between a given bond and the reference
(stretching) direction. hP2i ¼ 1.0 indicates a perfect alignment
parallel to the reference direction, whereas hP2i ¼ 0 means the
bonds are oriented randomly. In Fig. 12b, the orientation extent
decreases signicantly upon adding solvent molecules. This
observation just rationalizes why the mechanical properties
deteriorates, and illustrates that the solvent molecules seem to
act as a plasticizer.
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4. Conclusions
In the present paper we reveal the formation mechanism of the
bound rubber in the elastomer nanocomposites, using the
coarse-grained molecular dynamics simulations. Firstly, the
polymer–nanoparticle system is built. The key role in the bound
rubber was played by the “chain bridge”, i.e. the polymer chain
connected with neighboring NPs. The existence of the bridge is
mainly determined and inuenced by the chain length and the
surface-to-surface distance between two neighboring NPs. Once
this distance approaches the typical polymer size (say, twice
radius of gyration of a polymer chain), the chain bridge forms.
We extend the present study to mimic the oil-swollen rubber,
by studying the polymer–nanoparticle–solvent system using
three diﬀerent models. Analyses of the potential energy, the
static structure and the dynamic diﬀusing processes, reveal that
for all the models the formation of the bound rubber is mainly
inuenced by the volume fraction of NP, the content of solvent
and the polymer–nanoparticle interaction strength, but was
barely aﬀected by the polymer–solvent interaction strength.
Increasing the volume fraction of NP and the polymer–nanoparticle interaction strength can promote the formation of the
bound rubber. The existence of solvent disrupts the bound
rubber, and eventually deteriorates the mechanical property of
the material. Revealing the formation mechanism of the bound
rubber in the nanoscale will provide guidance in designing the
elastomer materials with high mechanical properties.
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