
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 1

0:
56

:3
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Uncovering the r
aKey Laboratory of Beijing City on Prepar

Materials, Beijing University of Chemical

China. E-mail: zhanglq@mail.buct.edu.cn; g
bState Key Laboratory of Organic–Inorganic C

Technology, 10029, People's Republic of Ch
cDepartment of Materials Science and Eng

Station, Texas 77843-3003, USA
dCAS Key Laboratory of Nanosystem and

Excellence in Nanoscience, National Center

100190, P. R. China

† Electronic supplementary informa
10.1039/c8ra04469d

Cite this: RSC Adv., 2018, 8, 27786

Received 25th May 2018
Accepted 30th July 2018

DOI: 10.1039/c8ra04469d

rsc.li/rsc-advances

27786 | RSC Adv., 2018, 8, 27786–2779
upture mechanism of carbon
nanotube filled cis-1,4-polybutadiene via
molecular dynamics simulation†

Xiuying Zhao,a Tiantian Li,a Lan Huang, c Bin Li,d Jun Liu, a Yangyang Gao *ab

and Liqun Zhang *ab

In this work, by employingmolecular dynamics simulations in a united atomistic resolution, we explored the

rupture mechanism of carbon nanotube (CNT) filled cis-1,4-polybutadiene (PB) nanocomposites. We

observed that the rupture resistance capability increases with the interfacial interaction between PB and

CNTs, as well as the loading of CNTs, attributed to the enhanced chain orientation along the deformed

direction to sustain the external force, particularly those near voids. The number of voids is quantified as

a function of the strain, exhibiting a non-monotonic behavior because of the coalescence of small voids

into larger ones at high strain. However, the number of voids is greatly reduced by stronger PB–CNT

interaction and higher loading of CNTs. During the rupture process, the maximum van der Waals energy

change reflects the maximum conformational transition rate and the largest number of voids.

Meanwhile, the strain at the maximum orientation degree of bonds is roughly consistent with that at the

maximum square radius of gyration of chains. After the failure, the stress gradually decreases with the

strain, accompanied by the contraction of the highly orientated polymer bundles. In particular, with weak

interfacial interaction, the nucleation of voids occurs in the interface, and in the polymer matrix in the

strong case. In general, this work could provide some fundamental understanding of the voids occurring

in polymer nanocomposites (PNCs), with the aim to design and fabricate high performance PNCs.
1. Introduction

It is important to reinforce polymer nanocomposites (PNCs) for
industrial applications, which can be achieved by adding the
nanoparticles (NPs) (such as carbon black (CB) or carbon
nanotubes (CNTs)) into the polymer matrix.1–3 In general, the
functionalization of NPs is necessary to enhance their
compatibility with the matrix, which can help to disperse the
NPs in the polymer matrix.4 The mechanical reinforcement
depends on structural parameters such as the shape, size and
volume fraction of NPs, the physical and chemical interactions
between the NPs and polymer, and so on.
ation and Processing of Novel Polymer
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During the fracture process, nanovoids rst appear, then
grow to form a microcavity, and nally the materials break.
Therefore, it can be distinguished that the creation and growth
processes of nanovoids are key steps in the study of the rupture
mechanism. Recently, intensive experimental3,5–8 and simula-
tion9–25 studies have been devoted to address this fundamental
issue. For instance, the development of crazes is found to
depend on the kinetics of local plastic deformation by exam-
ining the fracture toughness of homogeneous glassy polymers.6

Meanwhile, the evolution process of the NP distribution state in
glassy PNCs is revealed during the rupture process: alignment
of NPs along the pre-craze, expulsion of NPs from craze brils of
the pre-craze, and NP entrapment among craze brils in the
mature craze.5 Recently, by using small-angle X-ray scattering
analysis, the nanovoids of size larger than a few microns can be
observed in the CB lled polymer nanocomposites. However,
the voids under the uniaxial deformation has not been ob-
tained.3 In fact, the size of the initial voids is smaller than a few
tens of nanometers, which is too difficult to be detected in
experiments. Computer simulation provides another good
option for studying the rupture behavior. For example, by
employing molecular dynamics simulation, the energy dissi-
pation during the rupture process can be roughly divided into
three types: cavitation, plastic yield and bridge rupture.25 The
failure in glassy polymers intend to occur in regions of high
This journal is © The Royal Society of Chemistry 2018
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chain ends density21 or the low elastic modulus.16 In addition,
Voronoi volume can be used to anticipate void formation and
predict the failure in rods lled PNCs.26 By investigating the
failure modes in glassy polymer lms conned between two
solid surfaces, three modes of failures (few cavities, many single
bridges, one large bridge) are found, which depends on the
degree of connement.13 Similarly, two modes of failures
(adhesive and cohesive) are revealed, which comes from the
interplay of polymer–polymer and polymer–wall interactions.22

By tuning the size and shape of NPs, the rod-like NPs can better
resist against the cavity growth, which effectively enhance the
mechanical property of PNCs, especially at high aspect ratio.11

In the regime of the optimal NP dispersion and attractive
interfacial interactions, the small NPs (namely large surface
area) can reinforce the mechanical properties, leading to much
tougher PNCs.12 In the graed NPs lled PNCs, the void
nucleation is mainly affected by the interaction between NPs
and graed polymer, rather than the interaction between graf-
ted polymer and free polymer.27 In addition, the broad distri-
bution of the tensile force in glassy polymers has important
implications for bril breakdown and the ultimate strength of
craze.28 The high mobility of the small NPs can dissipate the
deformation energy and reinforce PNCs, which can achieve
a better resistance against the deformation via an improved
release of local tension.23,29 However, the reinforcement is
nearly independent of the mass of NPs, which is expected to
affect the NP mobility.11 In fact, the role of the NP dynamics on
the reinforcement mechanism is still debated.12,15 At strong
polymer–NP interaction, NPs can act as the temporary cross-
linking bonds, thus creating a polymer–NP network to
improve the mechanical properties.19,20 In addition, the effects
of the cross-linking density,17 the NP dispersion,10 the interfa-
cial bond density24 and the polymer entanglement9,18 on the
tensile failure have been investigated.

However, based on the above works, a fundamental under-
standing of the rupture mechanism has not been clearly iden-
tied yet, which deserves to be further investigated. To uncover
the rupture mechanism, it is very important to understand the
generation and the evolution process of the nanovoids during
the rupture process, which are still not well known. Thus, in this
work, by adopting the united-atom model,30 we performed the
uniaxial deformation to investigate the rupture behavior of CNT
lled cis-1,4-polybutadiene nanocomposites at the microscopic
level. Change of the microstructure (the number and the
maximum size of voids, the orientation degree of bonds, the
radius of gyration of chains, dynamics and energy) is analyzed
in details with respect to the strain. We focused on the following
two questions: (1) how the polymer–CNT interaction and the
mass fraction of CNT inuence the rupture property and the
microstructures (including the evolution process of voids)
during the tensile process; (2) where the nucleation of voids
preferentially occurs.

2. Model and simulation details

In this work, we adopted the united-atom model30 to represent
the cis-1,4-polybutadiene (PB) chains, according to which each
This journal is © The Royal Society of Chemistry 2018
carbon atom in a monomer together with all hydrogen atoms
attached to it is considered as a single Lennard-Jones interac-
tion site in Fig. 1(a). It is noted that the density of polymer
depends on the chain length. When the number of units of each
chain is larger than 25, the density becomes almost constant.31

Based on this, we chose 25 units for the modeled cis-PB polymer
chain. Because of the limitation of computational power, the
number of chains in the simulation box is 300. The length of the
chosen (3, 3) CNT is 2.5 nm, which has been synthesized in
experiment32 and adopted in the previously published simula-
tion work.33 The mass fraction of CNT is dened as the ratio of
CNT mass to the total mass, which varies from 0% to 41.6% in
our system. This mass fraction is actually larger than the
experiment's value (16 wt%).34 We mainly considered that the
high mass fraction of CNT can reinforce the stress at the same
strain during the deformation, which can better distinguish the
difference for systems with different PB–CNT interactions.
Meanwhile, we speculated that it will not change the results
when the relatively low mass fraction of CNT is used. As the
mass fraction of CNT increases from 0% to 41.6%, the length of
the simulation box with periodic boundary conditions in three
directions rises from 9.3 nm to 9.7 nm. We adopted the force–
eld parameters from the simulation work carried out by Tsolou
et al.30 which are summarized in Table SI.† The potential
functions of bond stretching, bond angle bending, and torsion
angle can be found in the published work.30 The standard
Lennard-Jones potential is used to describe the non-bonded
interaction, as shown below:

Enon-bondingðrÞ ¼ 43

"�
s

r

�12

�
�
s

r

�6
#
; r# rc (1)

where r denotes the distance between two united atoms, s is the
distance at zero energy and 3 is the energy well depth. Here, we
chose the cutoff distance rc to be 2.5s for the PB chains. To
investigate the effect of the PB–CNT interaction (3np) on the
rupture property, 3np varies from 0.05 kcal mol�1 to
0.30 kcal mol�1 with its cutoff distance rcutoff equal to 2.5s. It is
noted that we modeled the functionalization extent of CNT
simply by gradually increasing 3np. The CNT–CNT interaction
parameter 3nn is set to be 0.1 kcal mol�1 with rcutoff ¼ 1.12s,
which can be sure the good dispersion of CNTs in the matrix. All
parameters are summarized in Table SI.† In our previous
work,31 we have calculated the density, mean-square radius of
gyration and the apparent activation energy of the pure PB
chains, which are consistent with the results by Tsolou et al.30 It
proves that our simulation model and technique are both
reasonable. It is noted that although these chains are rather
short, chains already show the characteristic static and dynamic
behavior of long polymer chains.30

Following our recently published work,35–37 all the chains and
the CNTs are placed into a large simulation box. Then, we
adopted the NPT ensemble to compress the system for 30 ns,
where the temperature and the pressure are xed at T ¼ 650 K
and P ¼ 1 atm, respectively by using the Nose–Hoover ther-
mostat and barostat. Next, the systems are equilibrated at T ¼
650 K for 150 ns under NVT ensemble. Then, the systems are
RSC Adv., 2018, 8, 27786–27795 | 27787

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04469d


Fig. 1 (a) United atom models for cis-1,4-polybutadiene (PB); (b) Snapshots of pure system and the carbon nanotube (CNT) filled systems with
different interactions 3np. The blue and red beads denote the PB chains, while the green beads denote the CNTs.
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cooling down to the target temperature (T ¼ 300 K) by reducing
T by 5 K every 1 ns.38 Further equilibration under NVT ensemble
with T ¼ 300 K is performed for 100 ns. It is noted that each
chain has moved at least 2Rg during the whole simulation
process, where Rg is the root mean square radius of gyration of
chains. Periodic boundary conditions are employed in all three
directions. The velocity-Verlet algorithm is applied to integrate
the equations of motion with a timestep of dt ¼ 1 fs. Currently,
to simulate the fracture behavior, there exist two typical
approaches. One is to clamp polymer chains using two rigid
walls.11,13,39 Periodic boundary conditions are applied in the
lateral two directions of the walls. The polymer is subjected to
a pure tensile strain to induce the failure by xing the bottom
wall and moving the top wall away from the bottom one. The
other one is the tri-axial deformation to induce the failure,
namely the simulation box is extended in one direction, while
the other two dimensions are held xed, which results in
a positive effective stress in all directions.40,41 In this case, there
is no rigid walls. Periodic boundary conditions are applied in
three directions. We adopted the latter approach to induce the
occurrence of the voids.40,41 The uniaxial tensile tests are
27788 | RSC Adv., 2018, 8, 27786–27795
performed by stretching the simulation box along one direction
at a constant strain velocity (1010 S�1 adopted by the previously
published works42–44) while keeping the box length unchanged
in other two directions. Meanwhile, the average stress–strain
curve is obtained by independently deforming each system
along x, y and z directions, respectively. All MD runs are carried
out by using the large scale atomic/molecular massively parallel
simulator (LAMMPS), which is developed by Sandia National
Laboratories.45

To characterize the generation and the evolution process of
the nanovoids during the rupture process, we rst introduced
the method on dening the number and positions of voids: as
shown in Fig. S1,† the periodic box rst is divided into cubic
sub-cells of size D. Then we checked whether the center posi-
tions of PB beads or CNT beads are within these small sub-cells.
If no beads of any type are within sub-cells, these sub-cells are
unoccupied and considered to be voids (denoted by the black
sub-cells as an example). Thus, the position of voids can be
obtained. In addition, the unoccupied sub-cells are assigned to
the same void when they share a common face (such as a and
b in Fig. S1†). As a result, the number of voids can be calculated.
This journal is © The Royal Society of Chemistry 2018
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The maximum void size is dened as the number of sub-cell
within the maximum void. In our simulation, D of the sub-
cell is 6.0 Å, ensuring that there are no voids in the
unstrained system. The volume of a void can be compared with
that of a bead. Our method is similar to that by Sixou.21

3. Results and discussion
3.1 Effect of polybutadiene–carbon nanotube interaction

In this part, we mainly investigated the effect of the PB–CNT
interaction on the rupture behavior by tuning 3np from
0.05 kcal mol�1 to 0.30 kcal mol�1, which simulates different
functionalization extents of CNT. The number of CNTs is 150,
which is corresponding to the mass fraction fz 34.8%. Fig. 1(b)
presents the snapshots of pure system and PNCs with different
3np, which indicates that the dispersion state of CNTs is rela-
tively uniform in the polymer matrix. Then, we performed the
tensile deformation to analyze the change in the structure and
energy inside the system during the rupture process. The stress–
strain curves are calculated with respect to the strain for
different systems in Fig. 2(a). For all the curves, the stress rst
gradually increases and reaches a maximum value with the
increase of the strain. Then, the stress immediately drops
Fig. 2 (a) The tensile stress–strain curves for pure and the carbon
nanotube filled systems with different interactions 3np. (b) The left axis
denotes the maximum stress, while the right axis represents the tensile
modulus with respect to 3np. (For comparison, pure polymer is denoted
by 3np ¼ 0).

This journal is © The Royal Society of Chemistry 2018
because the initial small voids coalesce into big voids in the
matrix. Finally, the materials undergo the mechanical failure
and a large void is formed in the matrix. The strain at the
maximum stress is about 0.1. In addition, the strong interaction
can enhance the tensile stress during the deformation process,
offering a better resistance to cavity growth. The stress at large
strain ¼ 2.0 does not decrease to 0.0 for pure system because
pure system is more mechanically homogenous and deforms as
a whole.46 Then, we calculated the maximum stress and the
tensile modulus (the initial slope of the stress–strain curves) in
Fig. 2(b). At weak interaction 3np¼ 0.05 kcal mol�1 (less than 3pp

¼ 0.10 kcal mol�1), the reinforcing effect is not exhibited, which
is reected by the low maximum stress and the low tensile
modulus. At strong interaction 3np, the reinforcing effect can be
achieved. For example, the maximum stress and the tensile
modulus for 3np ¼ 0.30 kcal mol�1 are nearly two times larger
than those for the pure system. To better understand the
rupture process of materials, we characterized the evolution
process of the voids as a function of strain. Fig. 3 presents the
change of the number of voids and the maximum void size with
the increase of the strain. In addition, the snapshots corre-
sponding to some typical strains are shown to better under-
stand the rupture process in Fig. 4. From Fig. 3 and 4, at the
initial state (strain¼ 0.0), there are no voids in thematrix. Then,
Fig. 3 (a) The number of voids and (b) the maximum void size as
a function of the strain for pure system and the carbon nanotube filled
systems with different interactions 3np.

RSC Adv., 2018, 8, 27786–27795 | 27789
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Fig. 4 Snapshots of pure system and the carbon nanotube (CNT) filled systems with different interactions 3np during the rupture process for
strain ¼ 0, 0.1, 0.2, 0.5 and 1.5. The red and blue spheres denote the polymer, the green spheres denote the CNT, and the orange beads denote
the voids. For better clarify, voids are shown in right side where polymer and CNTs are omitted.
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the single void forms at strain <0.1, which is reected by the
maximum void size equal to 1 (it means the biggest void only
contains one sub-cell) in Fig. 3(b). At the strain >0.1, the small
voids coalesce into big voids, which leads to the signicant
increase of the maximum void size. This transition strain (¼0.1)
is actually corresponding to that at the maximum stress in
Fig. 2(a). It indicates that all the small voids are isolated before
the maximum stress. Once two small voids are merged into one,
the stress begins to decline. With the increase of strain, these
isolated voids enlarge and more voids are generated. Thus, the
number of voids gradually rises to the maximum value for
different systems. With further increasing strain, more small
voids coalesce into big voids, which leads to the decrease of the
number of voids. At large strain, the big void ultimately leads to
the breakage of materials. The strain at the maximum number
of voids gradually decreases from 0.27 to 0.14 with increasing
3np. This is due to a more mechanically heterogeneous envi-
ronment, which induces earlier void formations.26 In addition,
it is interesting to nd that high 3np increases the number of
voids at any strain. To understand it, for pure system, during the
deformation, all polymer chains take part in the deformation
process to sustain the external force, which leads to a homoge-
neous distribution of the local stress.47 Thus, the initial voids
can appear at any position of the simulation box at strain (<0.1),
which leads to more small voids in the matrix. However, with
27790 | RSC Adv., 2018, 8, 27786–27795
addition of CNTs into the polymer matrix, the distribution of
the local stress becomes heterogeneous.48 Thus, the initial voids
are formed in the local weak regions rather than all regions,
which lead to less voids. Then, we probed the position where the
nucleation of voids occurs. If the initial single voids can “meet”
the CNT beads within the distance 6.5 Å (z1.5s), these initial
single voids are considered to generate at the PB–CNT interface.
Otherwise, they generate in the matrix. Fig. 5 presents the
number ratio of the voids which generate at the PB–CNT
interface or in the matrix to the total voids. If the number ratio
of the voids which generate at the PB–CNT interface to the total
voids is 1.0, it indicates that all the initial small voids appear at
the interface. Otherwise, they appear in the matrix. From Fig. 5,
most of the initial voids appear at the interface for the weak
interaction 3np ¼ 0.05 kcal mol�1, which can be reected by the
high ratio of the voids which generate at the interface. With the
increase of 3np, the initial voids intend to generate in the matrix.
This is mainly because of the low interface strength at weak 3np,
and then it is enhanced with increasing 3np. Thus, the nucle-
ation of voids upon deformation occurs preferentially in the
weak region.

Then, we analyzed the variation of the van der Waals (vdW)
energy change and the average number of neighbor PB beads
per CNT bead (CNnp) with respect to the strain in Fig. S2.† It is
noted that the vdW energy dominates the rupture process
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The number ratio of the voids which generate at the polybutadiene (PB)–carbon nanotube (CNT) interface or in the matrix to the total
voids with respect to the interaction 3np.
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because the bond, angle and dihedral energies are roughly
constant since bonds, angles and torsions cannot break in our
model. The average number of neighbor PB beads per CNT bead
is calculated within a distance of L ¼ 2.5s. As the increase of
strain, an extreme value of CNnp appears at the strain z 0.12–
0.35 for different systems, which is roughly corresponding to
the strain at the maximum number of voids. This indicates that
accompanied by the appearance of voids, the PB chains are rst
stretched along the tensile direction. Then, more small voids
coalesce into big voids, leading to the decrease of the number of
voids. At this strain, some chains begin to contract and pack
closely. As a result, their transition strains are roughly consis-
tent. Furthermore, the second-order Legendre polynomials hP2i
is used to denote the PB bond orientation degree at different
strains: hP2i ¼ (3h cos2 q i �1)/2, where q denotes the angle
between the bond vector and the tensile direction.49 Fig. 6(a)
shows hP2i of the bonds as a function of strain. At strain ¼ 0.0,
the bonds exhibit a random distribution. Then, hP2i rst
increases at small strain. Accompanied by the contraction of the
PB chains at large strain, hP2i declines. Strong interaction 3np

can enhance hP2i at small strain, while weak interaction 3np can
enhance hP2i at high strain. Moreover, Fig. 6(b) shows hP2i for
all bonds, the bonds near the voids and other bonds at 3np ¼
0.30 kcal mol�1 as an example. It is found that the bonds near
the voids exhibit a stronger orientation than the other bonds. As
the voids are widen, the polymer chains near the voids ow
along the tensile direction, which causes a signicant increase
of the orientation. According to these results, for the pure
system, the voids appear homogeneously in the matrix. Thus,
there are more bonds surrounding the voids, which lead to high
orientation. On the contrary, PNCs are heterogeneous. The
voids mainly appear in the weak region, which leads to less
This journal is © The Royal Society of Chemistry 2018
voids. As a result, the number of bonds surrounding the voids
becomes less, which leads to a low orientation at large strain. In
addition, Fig. S3†(a) presents the density distribution of the PB
beads along the tensile direction at strain ¼ 0.5. For the pure
system, the density distribution along the tensile direction is
relatively uniform, conforming that more chains take part in the
deformation and the system deforms as a whole. With the
increase of 3np, the density is very low at the position of 0.2,
which means a big void. This indicates that only a few chains
take part in the deformation, which leads to a low stretchability.
Thus, the strain at the maximum hP2i gradually decreases from
1.5 to 0.5 with increasing 3np in Fig. 6(a). Then, we calculated the
root mean square radius of gyration of chains Rg, which denotes
the average size of the chains. From Fig. S3†(b), Rg rst
increases due to the stretching of polymers, then reaches
a maximum, and nally decreases where chains begin to
contract. The transition strains of Rg and hP2i with respect to the
strain are similar, where materials are going to completely
rupture from the snapshots in Fig. 4 (a very big void). In order to
further investigate the mobility with the strain, we calculated
the conformational transition rate, which is dened: K ¼ Ntran/
N4t where Ntran is the number of transitions within the simu-
lation time t (here, 12 ps), N4 is the total number of the torsion
angle 43 in the system.50 A transition is counted when a torsion
rotates from the bottom of a well to another one by crossing the
transition state. The shade domains in the torsion energy
prole denote the transition state in Fig. S4(a).† Here, two
widths of the transition state Wbarrier are examined, namely
(�20� (shallow jump) and �40� (deep jump)). Their trends are
similar. Thus, we presented K (strain)/K (strain ¼ 0.0) for the
deep jump in Fig. S4(b),† which is the ratio of the conforma-
tional transition rate at some strain to that at the strain ¼ 0.0.
RSC Adv., 2018, 8, 27786–27795 | 27791
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Fig. 6 (a) The orientation degree hP2i of the polybutadiene bonds for
pure system and the carbon nanotube filled systems with different
interactions 3np. (b) hP2i for all bonds, the bonds near the voids and
other bonds at 3np ¼ 0.30 kcal mol�1.

Fig. 7 The contribution of polybutadiene (PB) chains and carbon
nanotube (CNT) to the total stress at two interactions (a)3np ¼
0.05 kcal mol�1 and (b) 3np ¼ 0.30 kcal mol�1.
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Similarly, K (strain)/K (strain ¼ 0.0) rst increases due to the
deformation of chains. Then it declines because of the
contraction of chains, which is consistent with the previous
results. This may indicate that the mobility is integral to the
ability of the polymer to accommodate deformation, which has
a close relationship with the evolution process of voids.51 Last,
we intended to quantify the contribution of PB chains and CNTs
to the total stress, respectively. Here, two systems are chosen
with the weak interaction 3np ¼ 0.05 kcal mol�1 and the strong
interaction 0.30 kcal mol�1. If each bead bears the same stress,
most stress will be borne by PB chains because the number of
PB beads is 1.67 times as many as that of CNT beads. From
Fig. 7, at the weak interaction 3np ¼ 0.05 kcal mol�1, most of the
stress are borne by the PB chains. However, at the strong
interaction 3np ¼ 0.30 kcal mol�1, on the contrary most of the
stress are borne by the CNTs. This is because the stress is very
difficult to transfer from the PB matrix to the CNT at weak
interaction, which can be enhanced by strong interaction. In
summary, the strong interfacial interaction leads to a hetero-
geneous structure. Meanwhile it enhances the stress transfer,
which helps to resist the void growth.
27792 | RSC Adv., 2018, 8, 27786–27795
3.2 Effect of the mass fraction of carbon nanotubes

In fact, the high mass fraction of llers is necessary for the
industrial application, which will signicantly affect the
mechanical property of PNCs.34,52–54 Thus, in this section we
intended to investigate the effect of the mass fraction of CNT on
the rupture behavior of PNCs. The PB–CNT interaction is set to be
the strong interfacial interaction 3np ¼ 0.30 kcal mol�1. The
number of CNTs rises from 0, 50, 100, 125, 150 to 200, which is
corresponding to the mass fraction of CNT f from 0%, 15.1%,
26.2%, 30.7%, 34.8% to 41.6%, respectively. Fig. S5† presents the
snapshots of pure system and PNCs with different mass fractions
of CNTs, where the CNTs disperse uniformly in the PB matrix.
The stress–strain curves for different f are shown in Fig. 8(a).
Similarly, the stress rst increases and then decreases with the
increase of the strain for all the systems. Meanwhile, we found
that with the increase of f from 0% to 41.6%, themaximum stress
increases from 70.53 MPa to 292 MPa and the tensile modulus
increases from 1.33 GPa to 5.1 GPa, which is shown in Fig. S6.† At
high mass fraction of CNT, the polymer chains can be absorbed
on the surface of CNTs, which can act as the temporary cross-
linking bonds. As a result, the strong polymer–NP network can
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 (a) The tensile stress–strain curves and (b) the orientation
degree h< P2i of the polybutadiene bonds for pure system and the
carbon nanotube (CNT) filled systems with different mass fractions of
CNT (f).

Fig. 9 The number of voids as a function of the strain for pure system
and the carbon nanotube (CNT) filled systems with different mass
fractions of CNT (f).
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improve the mechanical properties.19,20 Thus, high f can enhance
the stress at small strain (<1.0). However, high f reduces the stress
at large strain (>1.0), which is marked by the black arrow in
Fig. 8(a). To explain it, we characterized the orientation degree
hP2i of the bonds in Fig. 8(b) and the number of voids in Fig. 9
with respect to the strain for diffident mass fractions f. At the
small strain (<0.4), the orientation degree hP2i of the bonds
gradually increases with the f, which is responsible for the
gradual increase of the stress. However, at large strain (>0.4) the
orientation degree hP2i of the bonds decreases with the f, which is
consistent with the decrease of the stress. For pure system,
because of the homogeneous distribution of the local stress,46 the
initial voids can appear at any position of the simulation box,
which leads to more voids in the matrix. Meanwhile, the bonds
near the voids exhibit a stronger orientation than the other
bonds. Thus, more polymer chains surrounding the voids are
stretched along the tensile direction to sustain the external force.
With the increase of the mass fraction of CNT f, the initial voids
are formed in the local weak regions rather than all regions,
which lead to less voids. Thus, the number of chains surrounding
the voids becomes less with the f, which reduces the orientation
degree hP2i of the bonds at high strain. Fig. 9 presents that the
number of voids becomes less with the increase of the fat all
This journal is © The Royal Society of Chemistry 2018
strains, which proves the above explanation. Meanwhile, from
the stress–strain curves in Fig. 8(a), PNCs fracture at lower strain
than pure polymer, which induces the contraction of the chains.
This is also responsible for the low orientation degree hP2i at
large strain. In total, our results clearly present the effect of the
mass fraction of CNT on the rupture behavior of PNCs.

4. Conclusions

In this work we explored the rupture mechanism of carbon
nanotubes (CNTs) lled cis-1,4-polybutadiene (PB) nano-
composites (PNCs) via a united atom model of molecular
dynamics simulation. By calculating the stress–strain curves, the
tensile modulus and the maximum stress can be gradually
enhanced with the increase of the PB-CNT interaction and the
mass fraction of CNT. This can be explained by the enhanced
chain orientation along the deformed direction to sustain the
external force, particularly those nearby the voids. During the
rupture process, the strain at the maximum orientation degree of
bonds gradually decreases with the increase of the PB–CNT
interaction and the mass fraction of CNT. Consistent with the
stress–strain curves, the number of voids exhibits a non-
monotonic behavior with the strain because of the coalescence
of small voids into larger ones at high strain. However, the number
of the voids is greatly reduced by stronger PB–CNTs interaction
and higher loading of CNTs. With the increase of strain, the
maximum van der Waals energy change reects the maximum
conformational transition rate and the largest number of voids.
Meanwhile, the strain at the maximum orientation degree of
bonds is roughly consistent with that at the maximum square
radius of gyration of chains. Aer the failure, the stress gradually
decreases with the strain, accompanied by the contraction of the
highly orientated polymer bundles. In addition, at weak interfacial
interaction, the nucleation of voids occurs in the interface and the
main stress is borne by polymer chains. However, it occurs in the
polymer matrix at strong case and the main stress is borne by the
CNTs. In summary, this work presents a further understanding of
the evolution process of the voids for the CNT lled PB nano-
composites during the tensile deformation.
RSC Adv., 2018, 8, 27786–27795 | 27793
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