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It is very important to improve the thermal conductivity of styrene butadiene rubber (SBR) which can widen

its application. By employing reverse nonequilibrium molecular dynamics simulations in a full atomistic

resolution, the effect of the composition ratio of styrene, temperature, and tensile strain on the thermal

conductivity of SBR has been investigated in this work. The results indicate that the thermal conductivity

of SBR gradually decreases with increasing composition ratio of styrene. This closely depends on the

number of degrees of freedom and the diffusion coefficient of backbone atoms. Under the tensile field,

the orientation of backbone bonds improves the thermal conductivity parallel to the tensile direction, but

reduces the thermal conductivity perpendicular to it. Meanwhile, the thermal conductivity parallel to the

tensile direction is enhanced with the strain rate while it is reduced with the composition ratio of

styrene. Interestingly, there exists a linear relationship between the logarithm of anisotropy of the

thermal conductivity and the orientation degree of bonds. Finally, the parallel thermal conductivity of the

strained SBR first rises and then declines with temperature. This transition reflects a crossover from

disorder to anharmonicity dominated phonon transport. Moreover, the transition temperature is

gradually reduced with increasing strain which is attributed to the polymer orientation. In summary, this

work provides some fundamental insights into the thermal transport processes in SBR with different

composition ratios of styrene and temperature, especially under tensile strain.
1. Introduction

Fundamentally understanding thermal transport in polymers is
essential for tuning thermal conductivity and accelerating their
various applications such as thermal management and energy
conversion.1,2 In general, polymer materials have a very low
thermal conductivity of 0.1–0.5 Wm�1 K�1 at room temperature
due to phonon scattering from numerous defects.3 Even though
engineering the thermal conductivity of polymer materials is of
great technical importance, it remains a big challenge until
now.

It is reported that the weak couplings between the polymer
chains and their random orientation are two main reasons
accounting for their low thermal conductivity.4 Thus, various
methods have been proposed and tried to enhance the thermal
transfer in polymer materials. One method is to add the highly
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thermal conductive llers into the polymers to improve their
thermal conductivity.5,6 However, this enhancement for the
thermal transport is always inhibited because of the interfacial
thermal resistance and the bad dispersion of llers. The struc-
ture of polymer chains could also play an important role in the
thermal conductivity. Generally, the stiff polymers with double
–C]C– bonds and the conjugated p-bond on the backbone
result in a higher thermal conductivity due to their high
bonding energy.7,8 Meanwhile, the thermal transport through
covalent bonds is found to dominate the thermal conductivity
than other contributions from the non-bonding interactions
and the translation of molecules.9 In addition, the thermal
conductivity of polymer is found to decrease when side-chains
are introduced which results from the phonon localization
and phonon scatterings.10,11 Interestingly, side-chains could
also enhance the thermal conductivity of conjugated polymers
due to the increase of their structural order.12,13 Furthermore,
enhancing inter-chain coupling strength could potentially
produce a higher thermal conductivity of polymers. The thermal
conductivity of polymer salts (poly(vinylsulfonic acid Ca salt)) is
reported to be 0.67 W m�1 K�1 due to the relative strong elec-
trostatic forces between the ions in different polymer chains.14

Hydrogen bond is a strong electrostatic interaction between the
proton and the lone electron pair(s) in O, N and F atom.15–17 The
This journal is © The Royal Society of Chemistry 2020
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Table 1 The details of the composition ratio of the styrene, cis-1,4
butadiene, trans-1,4 butadiene and 1,2 butadiene in one chain for
different systems

Systems Styrene (%)
cis-1,4
Butadiene (%)

trans-1,4
Butadiene (%)

1,2 Butadiene
(%)

1 0 18 65 17
2 13 15.7 56.5 14.8
3 23 13.9 50 13.1
4 33 12.1 43.5 11.4
5 43 10.3 37 9.7
6 53 8.5 30.5 8.0
7 63 6.7 24 6.3
8 73 4.9 17.5 4.6
9 83 3.1 11 2.9
10 100 0 0 0

Fig. 1 (a) A snapshot of the deformed butadiene styrene rubber
system and a NEMD setup to impose constant heat flux. (b) A stable
linear temperature gradient obtained from NEMD simulation. (T ¼ 300
K, strain ¼ 2.0, composition ratio of styrene ¼ 23%.)
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improvement of thermal conductivity is mainly attributed to the
hydrogen bond which can help to form continuous thermal
networks to provide more heat-transfer pathways. Similarly,
crosslinks can form efficient thermal conduction pathways and
networks by connecting polymer chains with covalent bonds
which improves the thermal conductivity.18,19 Moreover, the
dependence of thermal conductivity of polyethylene (PE) on the
temperature has been investigated which exhibits a consistent
trend with the radius of gyration of chains.20 Meanwhile,
random orientation of the polymer chains can shorten the
mean-free path of the phonons, which are the major energy
carriers in polymers. Thus, another effective method to improve
the thermal conductivity is to stretch the polymers which can
enhance the order of chain orientation. For example, the
thermal conductivity of the ultrahigh molecular weight PE can
exceed 40 W m�1 K�1 when the drawing ratio is beyond 300.21

Shen et al.22 obtained a higher drawing ratio (400) and produced
a PE nanober with a higher thermal conductivity of 104 Wm�1

K�1. In addition, the thermal conductivity of the electro-
spinning polystyrene (PS) nanobers is found to be between 6.6
and 14.4 W m�1 K�1 which is much larger than that (�0.15 W
m�1 K�1) of bulk PS due to their preferential alignment.23 The
enhancement of thermal conductivity of polymers has also been
observed by molecular dynamics simulation which is related to
the polymer alignment.24,25

Based on the above works, although a large amount of
research works has been devoted to enhance the thermal
conductivity of polymers, a fundamental understanding of the
inner mechanism has not been clearly identied yet. Espe-
cially, there is few works on the styrene butadiene rubber (SBR)
which is an important component of tire tread in academic
and industrial studies.26,27 Thus, in this work, we employed the
molecular dynamics simulations to study the effect of the
composition ratio of styrene, temperature and tensile strain
on the thermal conductivity of SBR which has not been
investigated to our knowledge. By calculating the thermal
conductivity, degrees of freedom of backbone atoms, and the
orientation degree of backbone bonds, their inner relation-
ship are revealed. Meanwhile, the effect of tensile strains on
the transition temperature of the maximum thermal conduc-
tivity is discussed. The results can help to provide some
fundamental insights into the thermal transport processes in
the SBR.

2. Model and simulation methods

In this work, the adopted butadiene styrene rubber (SBR) is the
random copolymers of the butadiene and the styrene. It is
noted that the density of SBR basically doses not change when
the number of their repeat units exceeds 50. Thus, a single
chain contains 50 repeat units in the SBR model. The total
number of chains is 30 which are identical for each system.
There are four kinds of repeat units in one SBR chain which
are the styrene, cis-1,4 butadiene, trans-1,4 butadiene and 1,2
butadiene respectively. Their composition ratio is listed in
Table 1 for different systems. It is noted that the tacticity of
styrene regions within the chains is atactic in our simulation.
This journal is © The Royal Society of Chemistry 2020
The condensed-phase optimized molecular potentials
(COMPASS) are used to model the SBR which can accurately
simulate the structural, vibrational, and thermo-physical
properties of polymers.28,29 Similar to our previous work,30,31

all the SBR chains are put into a large simulation box to
generate the initial conguration. Then, the isothermal–
isobaric (NPT) ensemble is adopted to compress the system for
20 ns to reach the equilibrium density. The temperature and
pressure are xed at T ¼ 300 K and P ¼ 101.3 kPa respectively
by using the Nose–Hoover temperature thermostat and pres-
sure barostat respectively. Periodic boundary conditions are
RSC Adv., 2020, 10, 23394–23402 | 23395
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Fig. 3 The density of the butadiene styrene rubber as a function of the
composition ratio of styrene. (T ¼ 300 K, strain ¼ 0.0.)

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 5
:0

4:
34

 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
employed in all three directions of the simulation box. The
timestep for the leapfrog integration scheme is set to be 1.0 fs.
Nonbonded interactions are calculated using a Verlet
neighbor list, which is updated every 15 timesteps. Subse-
quently the obtained systems are further equilibrated at
constant volume and temperature for 20 ns. The density is
0.89 g cm�3 and the glass transition temperature (the inter-
section point from the specic volume–temperature curve) is
238 K for the SBR which are in agreement with the measured
data.32 Aer equilibration, the simulation systems are
deformed by changing the box length in one direction at
a constant rate a. Meanwhile, the box length is reduced in the
other two directions to keep the box volume unchanged during
the deformation process. Three different tensile rates are
considered here, namely 0.5 nm ns�1, 5 nm ns�1, and 50 nm
ns�1. A maximum strain of 300% is reached in this work. It is
noted that there is no formation of voids or crazes for all
systems. The average results are obtained by independently
deforming each system along x, y and z directions,
respectively.

Then, we adopted reverse nonequilibrium molecular
dynamics (RNEMD) to calculate the thermal conductivity of the
SBR.33 In the RNEMD method, the velocity of the coldest atom
in the rst slab is exchanged with that of the hottest atom in the
eleventh slab as a primary perturbation. During the simulation
process, the total energy is conserved, because only velocities of
atoms of identical mass are exchanged. In the calculation of the
thermal conductivity, the simulation box is divided into 20 slabs
in the heat ux direction. NVT conditions are adopted during
the RNEMD process. The atom velocities are exchanged every
0.4 ps. We have conrmed that the calculated thermal
conductivity has converged at this chosen exchange period. The
trajectories are obtained for 5 ns, which are divided into ten
independent blocks. Then we calculated the quantities sepa-
rately in each block, determine average and standard deviation
of the average, and use standard deviation as error bar. The
thermal conductivity is calculated by using Fourier's law33 jz ¼
Fig. 2 The thermal conductivityKof the butadiene styrene rubber as
a function of the composition ratio of styrene. (T¼ 300 K, strain¼ 0.0.)

Fig. 4 The thermal conductivity K of the butadiene styrene rubber as
a function of (a) the degrees of freedom of backbone atoms per unit
volume and (b) the logarithm of diffusion coefficient (D) of backbone
atoms. (T ¼ 300 K, strain ¼ 0.0.)

23396 | RSC Adv., 2020, 10, 23394–23402 This journal is © The Royal Society of Chemistry 2020
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KdT/dz. Here the jz is the heat ux which is obtained by the

equation jz ¼ 1
2tA

X
transfer

m
2
ðvhot2 � vcold2Þ, wherem is the mass of

the exchanged atoms, t is the simulation time, A is the cross-
sectional area perpendicular to the heat ux, and vhot and
vcold stand for the velocities of the hot and cold atoms of like
massm, respectively, whose velocities are exchanged. The factor
2 arises from the periodicity. dT/dz is the stable temperature
gradient in the intervening region which is shown in Fig. 1 as an
example. The temperature Tslab within each slab is evaluated as

3NslabkBTslab

2
¼ 1

2

� XN
atoms i
in slab

mivi2
�

where the number of atoms in

the slab is Nslab and kB is Boltzmann's constant. The angle
brackets denote averaging over the atoms in the slab and over
time. The sum is over all exchange events. It can refer to the
previous work for a complete description of the RNEMD
method.34 All simulations have been performed by using the
Fig. 5 Change of the thermal conductivities (a) Kk (W m�1 K�1) parallel
to tensile direction, Kt (W m�1 K�1) perpendicular to tensile direction,
and (b) the orientation degree hP2i of backbone bonds with the strain
for different tensile rates a. (T ¼ 300 K, composition ratio of styrene ¼
23%.)

This journal is © The Royal Society of Chemistry 2020
large scale atomic/molecular massively parallel simulator
(LAMMPS).35
3. Results and discussion
3.1 Composition ratio of styrene

The composition ratio of styrene and butadiene in one chain
can be tuned during the process of synthetizing the SBR
according to their real application environment. Undoubtedly,
it will affect the thermal conductivity of SBR. Thus, we rst
intended to investigate the effect of composition ratio of styrene
on the thermal conductivity by xing the repeat units. The
composition ratio of styrene varies from 0% to 100% while the
corresponding ratio of butadiene is from 100% to 0%. This is
roughly within the experimental range.32 Detailed information
on the studied systems is shown in Table 1. The change of the
thermal conductivity K of SBR with the composition ratio of
styrene is presented in Fig. 2. The results indicate that the K
gradually decreases with increasing the composition ratio of
styrene. It is noted that when the composition ratio of styrene is
0% or 100%, the polymers are polybutadiene (PB) or polystyrene
(PS). The simulated thermal conductivities are 0.135 Wm�1 K�1

and K ¼ 0.105 W m�1 K�1 for PB and PS respectively while the
experimental values are 0.175Wm�1 K�1 and 0.11Wm�1 K�1.32

It is reported that the cross-linking density can enhance the
thermal conductivity of PE which can explain the smaller K of
PB in the simulation.36 However, the very limited increase of
thermal conductivity of PS with the cross-linking density is
attributed to the highly heterogeneous PS structure including
the phenyl side groups. Thus, the simulated and experimental K
of PS are similar.36 To further understand the results, the
density of SBR is calculated as a function of the composition
ratio of styrene which is shown in Fig. 3. The density decreases
with an improved composition ratio of styrene which is attrib-
uted to the large phenyl side groups. It is noted that the number
Fig. 6 Change of the logarithm of anisotropy of thermal conductivity
Kk/Ktwith the orientation degree hP2i of backbone bonds for different
tensile rates a. (T ¼ 300 K, composition ratio of styrene ¼ 23%.)

RSC Adv., 2020, 10, 23394–23402 | 23397
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of degrees of freedom of backbone atoms is one of decisive
quantities for the thermal transport property. Here, it is dened
as the 3 � N where N is the number of backbone atoms in the
system. Thus, we have calculated the thermal conductivity of
SBR as a function of the number of degrees of freedom of
backbone atoms per volume in Fig. 4(a). There is a linear
correlation between them which can rationalize the thermal
conductivity. As the increase of the composition ratio of styrene,
the number of the backbone atoms is reduced at the xed repeat
unit which reduces the thermal conductivity. Furthermore, the
dependence of the thermal conductivity on the logarithm of the
diffusion coefficient of backbone atoms is presented in
Fig. 4(b). It also exhibits a linear relationship between them
which indicates that the high mobility of atoms can enhance
the thermal conductivity.
Fig. 8 Change of the logarithm of anisotropy of thermal conductivity
Kk/Ktwith the orientation degree hP2i of backbone bonds for different
composition ratio of styrene. (T ¼ 300 K, a ¼ 50 nm ns�1.)
3.2 Tensile eld

3.2.1 Tensile rate. In general, the thermal energy trans-
ports more efficiently along the polymer chain (the strong
Fig. 7 Change of the thermal conductivities (a) Kk (W m�1 K�1) parallel
to tensile direction, Kt (W m�1 K�1) perpendicular to tensile direction,
and (b) the orientation degree hP2i of backbone bonds with the strain
for different composition ratio of styrene. (T ¼ 300 K, a ¼ 50 nm ns�1.)

Fig. 9 Change of the (a) thermal conductivities Kk (W m�1 K�1) parallel
to tensile direction and (b) the orientation degree hP2i of backbone
bonds with the temperature (T) for different strains. (Composition ratio
of styrene ¼ 23%, a ¼ 50 nm ns�1.)

23398 | RSC Adv., 2020, 10, 23394–23402 This journal is © The Royal Society of Chemistry 2020
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covalent bonds) than perpendicular to the polymer chain (van
der Waals force). Thus, the tensile eld can induce the orien-
tation of backbone bonds along the tensile direction which can
enhance the thermal conductivity.24,37 Here, three different
tensile rates a are considered here, namely 0.5 nm ns�1, 5 nm
ns�1, and 50 nm ns�1. The composition ratio of styrene is
chosen to be 23%which stands for a common SBR. The thermal
conductivities Kk parallel to the tensile direction and Kt

perpendicular to it are shown in Fig. 5(a) for different tensile
rates a. Kk gradually increases while Ktdecreases with
increasing the strain. Meanwhile, Kk shows an increase with the
a while Kt is nearly unchanged. Anisotropy of thermal
conductivity Kk/Kt rises with the strain which is induced by the
orientation of backbone bonds along the tensile direction.
Here, the orientation degree of backbone bonds is dened by
the second-order Legendre polynomials hP2i. It is given by hP2i
¼ (3hcos2 qi � 1)/2, where q denotes the angle between the bond
vector and the tensile direction. The parameter hP2i is 0.0 if the
bonds are randomly oriented, 1.0 if the bonds are perfectly
parallel to the tensile direction, and �0.5 if the bonds are
perpendicular to it. Fig. 5(b) presents the orientation degree
hP2i of backbone bonds with respect to the strain for different a.
The hP2i is zero at strain ¼ 0.0 which reects the random
orientation of bonds. Then, it shows a gradual increase with
increasing the strain which reects their orientation along the
tensile direction. This is consistent with the thermal conduc-
tivity. To further understand their relationship, the dependence
of the logarithm of Kk/Kt on the orientation degree hP2i of
bonds is shown in Fig. 6. The results show a linear relationship
between them (ln(Kk/Kt) ¼ 5.08hP2i), which indicates that the
heat transfers mainly via the backbone bonds. In the previous
work, Liu et al.24 found that the relationship between the
Table 2 The details of the original and modified parameters for dihedra

Dihedral angle

Original parameters

K1 (kcal mol�1) K2 (kcal mol�1)
K3

mo

(1) C4–C4–C3]–C3] 0.243 0 0.1
(2) C3]–C4–C4–C3] 0 0 �0
(3) C3]–C4–C4–C43 0 0 �0
(4) C4–C4–C43–C3] 0.088 0 �0
(5) C4–C4–C43–C4 0 0.051 �0
(6) C43–C4–C3]–C3] 0.243 0 0.1
(7) C3]–C4–C43–C4 0.088 0 �0
(8) C43–C4–C43–C4 0 0.051 �0

This journal is © The Royal Society of Chemistry 2020
parallel thermal conductivity of PE and the chain orientation
follows an exponential equation. In addition, the anisotropy of
the thermal conductivity Kk/Kt has a close relationship with the
average direction cosine of the C–C backbone bonds for amor-
phous PS.38 Furthermore, Kk increases by 37% while Kt

decreases by 12% at strain ¼ 0.3 and T ¼ 300 K for amorphous
polyamide,39 which means Kk/Kt � 1.5. Kk increases by 8%
while Kt decreases by 11% at strain ¼ 0.3 and T ¼ 400 K for
amorphous PS,40 which means Kk/Kt � 1.2. Kk/Kt varies from
1.91 to 1.05 for polyamide nanoconned between graphene
surfaces with the increase of the inter-surface width from 1 to
6 nm.41 For our systems, Kk increases by 26%, Kt decreases by
6.5%, and Kk/Kt is�1.35 at strain ¼ 0.3 and T¼ 300 K. In total,
our simulation results can be comparable to others.

3.2.2 Composition ratio of styrene. In Section 3.1, the
thermal conductivity of SBR gradually decreases with
increasing the composition ratio of styrene. Here, we intended
to understand how the composition ratio of styrene inuences
the evolution of the thermal conductivity under the tensile
eld. The tensile rate a is 50 nm ns�1. As shown in Fig. 7(a),
the thermal conductivities Kk gradually decreases with the
composition ratio of styrene at any strain while the Kt is
nearly unchanged. To explain it, the orientation degree hP2i of
backbone bonds is calculated as a function of strain for
different composition ratio of styrene in Fig. 7(b). It is found
that the hP2i of backbone bonds gradually decreases with
increasing the composition ratio of styrene. On one hand, the
high composition ratio of styrene reduces the number of
degrees of freedom of backbone atoms. Meanwhile, because of
the large phenyl side groups, the conformational freedom of
chains decreases. Such packing inhibits the reorientation of
chains which leads to the low hP2i. These results can
l angles on the backbone

Modied parameters

(kcal
l�1) K1 (kcal mol�1) K2 (kcal mol�1) K3 (kcal mol�1)

04 �0.010 �0.200 �0.304
.153 0.1500 0 �0.353
.153 0.1500 0 �0.353
.020 0.1000 0 �0.198
.143 0 �0.100 �0.430
04 0.2000 0 �0.2
.020 0.1 0 �0.198
.143 0 0.514 �0.01

RSC Adv., 2020, 10, 23394–23402 | 23399
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Fig. 10 (a) Dihedral energy and (b) number of dihedral angles for the
original and modified dihedral parameters at strain ¼ 3.0. (T ¼ 300 K,
composition ratio of styrene ¼ 23%, a ¼ 50 nm ns�1.)
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rationalize the observed thermal conductivity. Then, Fig. 8
presents the change of the anisotropy of the thermal conduc-
tivity Kk/Kt with the orientation degree hP2i of backbone
bonds. Similarly, the logarithm of Kk/Kt exhibits a linear
dependence on the hP2i which is ln(Kk/Kt) ¼ 5.01hP2i.

3.2.3 Temperature. Temperature is another important
parameter which will affect the thermal conductivity of SBR.
Here, the composition ratio of styrene is 23%. It is noted that
the deformation process is performed at the corresponding
temperature for all systems. The parallel thermal conductivity
Kk at different strains and temperatures are provided in
Fig. 9(a). A monotonic increase in Kk is observed with the strain
at each temperature which has been explained above. Mean-
while, the Kk rst increases and then decreases with the
temperature for strain > 0.0. It is noted that the transition
temperature at the maximum Kk is 450 K for strain ¼ 0.0 (not
shown). In addition, this transition temperature at the
maximum Kk gradually decreases from 350 K to 150 K with the
strain from 0.5 to 3.0. It is noted that the ratio of Kk (strain¼ 3.0)
to Kk (strain ¼ 0.0) gradually rises from 1.9 to 7.5 with reducing
the temperature from 400 K to 50 K. This indicates that the
enhanced amplitude of thermal conductivity is high at low
temperatures. In other words, the strained SBR can be more
effective for the thermal transfer at lower temperatures. Then,
we calculated the orientation degree hP2i of backbone bonds at
different strains and temperatures which are provided in
Fig. 9(b). The hP2i is nearly independent of the temperature at
any strain which can not explain the Kk. The variation of the
transition temperature with the strain can be understood by an
interplay between disorder and anharmonic phonon scattering.
It is reported that the thermal conductivity is calculated by K f

Cv2s,42 where C, v, and s are the specic heat, the group velocity
and the lifetime of the phonon, respectively. The s depends on
the scattering rate because of both disorder and anharmonicity
of polymer chains.42 Disorder scattering involves the scattering
of phonons from abrupt changes in the chain orientation and
across polymer chains whose rates are nearly independent of
the temperature.43,44 However, the anharmonic scattering rates
rise with increasing the temperature.42 The disorder dominates
the scattering mechanism because of the weak anharmonic
effects at low temperature while the anharmonic scattering
increases and begins to determine the phonon lifetimes at high
temperature. It is observed that the disorder scattering is nearly
unchanged at low temperature which leads to the constant s.
The specic heat C rises with increasing the temperature due to
the anharmonic effect which enhances the thermal conductivity
at low temperature.45 The anharmonic scattering rates rise with
the temperature at high temperature which reduces the s. As
a result, the thermal conductivity gradually decreases with the
higher temperature. Thus, the thermal conductivity reaches the
maximum value at the transition temperature which reects
a variation from disorder to anharmonicity dominated phonon
transport. In our simulation, the high strain will shi the
transition temperature to be a low value. First, the polymer
chains have a large number of turns and bends which leads to
the large disorder scattering rate at low strains.46 Thus, a large
anharmonic scattering rate is required to exceed the disorder
23400 | RSC Adv., 2020, 10, 23394–23402
scattering rate which needs a high transition temperature.
Then, the polymer chains are gradually aligned with increasing
the strain which reduces the disorder scattering rate. Thus,
a low transition temperature is enough tomake the anharmonic
scattering rate exceed the disorder scattering rate. These can
rationalize the observed lower transition temperature with
increasing the strain. It is noted that the dihedral energy
parameters determine torsion angles which can tune the
structure of the polymer chains. Meanwhile, the dihedral
energies are much smaller than bond energies. Thus, the
change of dihedral terms does not signicantly impact vibra-
tional frequencies which enable understanding the effect of
change in disorder alone. As a result, the disorder is increased
by changing the energy parameters of the C–C–C–C dihedral
angles on the backbone which is the main relevant for deter-
mining the backbone structure. The details of the modied
parameters for the dihedral angles on the backbone are listed in
Table 2. For example, the energy proles of the dihedral angle
(5) are shown in Fig. 10(a) for the original and modied
parameters. By reducing the energy corresponding to the
This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Change of the thermal conductivities Kk (Wm�1 K�1) parallel to
tensile direction with the temperature (T) for the original and modified
dihedral parameters at strain ¼ 3.0. (Composition ratio of styrene ¼
23%, a ¼ 50 nm ns�1.)
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gauche state, the number of gauche congurations rises in
Fig. 10(b). The thermal conductivity is calculated at strain ¼ 3.0
for the system equilibration with a simulation at strain ¼
0 using the original and modied dihedral parameters. Then,
the parallel thermal conductivity Kk is presented as a function of
temperature at strain ¼ 3.0 for the original and modied
dihedral parameters in Fig. 11. The obtained Kk for themodied
parameters is lower than that for the original parameters. This
is because the change of the dihedral parameters leads to the
higher disorder. Meanwhile, it increases the transition
temperature at the maximum Kk from 150 K to 200 K. This can
further prove the provided mechanism.
4. Conclusions

In the present work, we adopted reverse non-equilibrium
molecular dynamics simulations in a full atomistic resolution
to investigate the effect of the composition ratio of styrene,
temperature and tensile strain on the thermal conductivity of
styrene butadiene rubber (SBR). First, the number of backbone
atoms declines with increasing the composition ratio of styrene
which reduces their number of degrees of freedom and diffu-
sion coefficient. Thus, the thermal conductivity of SBR exhibits
a continuous decrease. The deformation induced polymer
orientation enhances the thermal conductivity parallel to the
tensile direction, but reduces the thermal conductivity
perpendicular to it. Meanwhile, the orientation degree of
backbone bonds gradually rises with increasing the strain rate
or reducing the composition ratio of styrene which enhances
the parallel thermal conductivity. It is interesting to observe
a linear relationship between the anisotropy of the thermal
conductivity and the orientation degree of backbone bonds.
Finally, the thermal conductivity of the strained SBR rst
increases and then decreases with increasing the temperature
This journal is © The Royal Society of Chemistry 2020
in the simulation. This can be explained by the transition from
disorder to anharmonicity dominated phonon transport.
Additionally, the high strain reduces the transition temperature
which is attributed to the polymer orientation. Finally, it
deserves to do the corresponding experimental investigations to
prove it in the future. In summary, the obtained results are
important to help to design the SBR for improving their thermal
conductivity.
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