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Abstract: Although the research of the self-assembly of tri-block copolymers has been carried
out widely, little attention has been paid to study the mechanical properties and to establish its
structure-property relation, which is of utmost significance for its practical applications. Here,
we adopt molecular dynamics simulation to study the static and dynamic mechanical properties of
the ABA tri-block copolymer, by systematically varying the morphology, the interaction strength
between A-A blocks, the temperature, the dynamic shear amplitude and frequency. In our simulation,
we set the self-assembled structure formed by A-blocks to be in the glassy state, with the B-blocks in
the rubbery state. With the increase of the content of A-blocks, the spherical, cylindrical and lamellar
domains are formed, respectively, exhibiting a gradual increase of the stress-strain behavior. During
the self-assembly process, the stress-strain curve is as well enhanced. The increase of the interaction
strength between A-A blocks improves the stress-strain behavior and reduces the dynamic hysteresis
loss. Since the cylindrical domains are randomly dispersed, the stress-strain behavior exhibits the
isotropic mechanical property; while for the lamellar domains, the mechanical property seems to
be better along the direction perpendicular to than parallel to the lamellar direction. In addition,
we observe that with the increase of the dynamic shear amplitude and frequency, the self-assembled
domains become broken up, resulting in the decrease of the storage modulus and the increase of
the hysteresis loss, which holds the same conclusion for the increase of the temperature. Our work
provides some valuable guidance to tune the static and dynamic mechanical properties of ABA
tri-block copolymer in the field of various applications.

Keywords: self-assembly; tri-block copolymer; molecular dynamics; hysteresis loss

1. Introduction

Block copolymers (such as styrene-butadiene-styrene (SBS) [1] or styrene-isoprene-styrene
(SIS) [2]) have gained much interest in the scientific community because of their great potential
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for a multitude of various applications in the field of advanced materials and biomedicine. The phase
diagram of these systems is governed by the polymer chain length, the strength of the phase segregation
and the volume fraction of each block [3]. The structure morphologies are varied from spherical
clusters [4], to cylindrical columns [5], to gyroidal [6] and lamellar phases [7]. In the case of all three
states, the chain ends are confined to the hard glassy minority regions, allowing the rubbery phase
to be effectively cross-linked. As both constituents are linked together by the chemical cross-links,
this kind of tri-block copolymer can simultaneously combine the mechanical properties of each phase,
namely the ductility of the rubbery phase coupled with the toughness of the glassy phase.

Some experimental studies have been carried out to study the self-assemble process of the block
copolymer. For instance, the self-assembly of the small molecule surfactant, such as amphiphilic
di-block copolymers in aqueous solution, has been extensively studied [8–10]. The self-assembled
nanostructures, such as spherical micelles, wormlike micelles and vesicles, are governed by the
surfactant concentration and its hydrophilic/hydrophobic balance [11]. However, such self-assembly
is usually limited to dilute copolymer solutions (<1%), which is a significant disadvantage for potential
commercial applications, such as drug delivery and coatings. Besides this, studying the self-assembly
structure and its relation with the mechanical properties of block copolymer in the bulk state is also very
significant. Adopting small-angle X-ray scattering under deformation, Cohen et al. [12] demonstrate
that with increasing strain, the normal to the lamellae tilts away from the stretching direction, whereas
the lamellar spacing remains almost constant. Makke et al. [13] further discover the influence of tie
and loop molecules on the mechanical properties of lamellar block copolymers, finding that loop
chains play the exact same role as tie molecules. Moreover, Qi et al. [14] have observed the structural
evolution of the spherical domains during the deformation process, and this evolution is thought to be
the primary cause of the dynamic hysteresis loss and the cyclic softening. Later on, Sarva et al. [15]
have reported that polyurethane is observed to undergo a transition from a rubbery-regime behavior
at the low rates to a glassy-regime behavior at the high rates during the test. However, it is still difficult
to obtain a comprehensive picture of how the microstructure of these thermoplastic elastomers (TPEs)
determines the response of the macroscopic stress experimentally, and understanding the morphology
change at the molecular level during the extension to the large strain is always difficult through
experimental analysis.

Computer simulation, as an advanced technique, is playing a more and more important role.
Actually, a few simulation studies have been carried out to investigate the self-assembly behavior of
phase-separated tri-block copolymers so far [16–18]. By adopting the Monte Carlo simulation method,
Song et al. [19] have studied the phase behavior of the symmetric ABA tri-block copolymer, which
contains a semi-flexible mid-block. The results showed that the increase of the midblock rigidity
leads to more chain stretching, which leads to the increase of the individual chain size, configuration
transition from loop to bridge and extended loop. Through the Brownian dynamics simulation method,
Li et al. [20] have studied the self-assembly behavior of ABA coil–rod–coil tri-block copolymers in
a selective solvent. The simulated results revealed that the rod midblock plays an important role in
the self-assembly of the copolymers. With the decrease of the segregation strength εRR between rod
pairs, the aggregate structure first varies from a smectic-like disk shape to a long twisted string micelle,
followed by the transition to the aggregates. Besides, the deformation of the tri-block copolymers was
also studied by molecular dynamics simulation. For instance, Aoyagi et al. [3] generated a spherical
morphology firstly using the self-consistent field (SCF) theory before performing molecular dynamics
simulation with the bead-spring model of polymer chains. Uniaxial elongation of short tri-blocks shows
failures at the strain of 350% where the minority phase domains are broken up. In order to elucidate
the microscopic mechanism, Amanda et al. [21] adopted molecular dynamics simulations to study the
plastic deformation of sphere-forming tri-block thermoplastic elastomers. Makke et al. [22] studied
the nanoscale buckling in lamellar block copolymers using a coarse-grained molecular dynamics
simulation approach. The results revealed that oriented block copolymers exhibit a buckling instability
when being submitted to a tensile test perpendicular to the lamellae direction. Moreover, using a novel
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dissipative particle dynamics (DPD) model, Chantawansri et al. [23–25] systematically studied the
morphological and mechanical properties of ABA tri-block copolymer. Unfortunately, little research
work has been carried out to examine the dynamic hysteresis loss of tri-block copolymer (such as SBS
and thermoplastic polyurethane (TPU) [26]) for its potential applications in fuel-saving automobile
tires, which is the main motivation of this work.

In this work, we systematically study the static and dynamic mechanical response of a block
copolymer model using the coarse-grained molecular dynamics simulation. Here, we focus on the
case of the linear symmetric ABA tri-block copolymers, where the hard component is A blocks, while
the soft component is B blocks. By choosing various proportions of A blocks, we achieve different
morphologies, and the structural evolution during the self-assembly process on the stress-strain
behavior is probed. After that, we mainly consider the case of spherical domains. We study the
interaction energy between A-A blocks on the static and dynamic properties. Lastly, the temperature
and the dynamic shear amplitude on the dynamic mechanical properties are probed. In general,
we aim to provide a fundamental understanding about how to manipulate the dynamic mechanical
properties of tri-block copolymers.

2. Methods

To perform the simulation work, we use the classical coarse-grained molecular dynamics
simulation (CGMDS), following the typical bead-spring polymer model developed by Kremer and
Grest [27]. We note that although these polymeric chains are rather short, they have already shown the
static and dynamic behavior characteristic of long chains. By mapping the coarse-grained model to the
real one, each bond corresponds to n = 3–6 covalent bonds along the backbone of a realistic chemical
chain. Since it is not our aim to study any specific polymer, the mass m and diameter σ of each bead is
set to be the unit, which indicates that all calculated quantities are dimensionless.

To achieve the glassy domains in the rubbery matrix, we directly reproduce the simulation
approach from Aoyagi et al. [3]. The modeled tri-block chain length varies from A5B90A5, A5B20A5

to A5B10A5, corresponding to spherical, cylindrical and lamellar phases, respectively. The number of
all beads of each system is set to be 24,000. The non-bonded interaction energy between all polymer
beads is modeled through the truncated and shifted Lennard–Jones (LJ) equation as follows:

U(r) =

{
4ε[(σr )

12 − (σr )
6] + C r < rcuto f f

0 r ≥ rcuto f f
(1)

where the LJ interaction is cut off at the distance r = rcutoff and C is a constant, which guarantees that the
potential energy is continuous at the cutoff distance. r is the separation distance between two polymer
beads. σ defines the length scale, and ε is the energy scale of our model. The interaction between the
adjacent bonded beads is modeled by a stiff finite extensible nonlinear elastic (FENE) potential:

UFENE = −0.5kR2
0ln[1− (

r
R0

)
2
] (2)

where k = 30 × ε/σ2 and R0 = 1.5 × σ, guaranteeing a certain stiffness of the bonds while avoiding
high-frequency modes and chain crossing. We set different interaction strengths and cutoff distances
to satisfy the following two points: (1) the domain of the A blocks is formed in the equilibrium state;
(2) the block A, corresponding to the hard block, such as the styrene blocks, behaves as a glassy state,
while the B blocks, corresponding to the soft bock, such as the butadiene blocks, exhibit a rubbery
state. Table 1 shows the list of the parameters used in the interaction potential.
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Table 1. The Lennard–Jones interaction strength between A-A, B-B and A-B blocks.

Pair of Beads ε σ rcutoff

A-A 1.0 1.0 2.5
A-B 1.0 1.0 1.5
B-B 1.0 1.0 21/6

In our simulation, during the equilibration, the canonical ensemble (NVT) is adopted to make sure
that the number density of the simulated system is set to be 0.90. We set the simulated temperature
equal to T* = 0.4, which is above the glass transition temperature of the B blocks [27] and below
that of the A blocks (around 0.46, as shown in Figure S1), by using the Nose-Hoover thermostat and
barostat [28]. The velocity-Verlet algorithm is used to integrate the equations of motion with a time
step δt = 0.012, where the time is reduced by τ (τ is the unit time of the simulation). The periodic
boundary condition is imposed in all three directions. After enough equilibration (1 × 108 molecular
dynamics (MD) steps) with the NVT ensemble, we record the change of the potential energy of all three
systems in the following 1 × 106 MD steps, as shown in Figure S2a–c. Meanwhile, for all three systems,
the change of the mean squared end-to-end distance R2

end and radius of gyration R2
g is presented in

Figure S2d–f. Obviously, they exhibit small fluctuations, which verify that our simulated systems have
been fully and properly equilibrated.

Here, we use the following approach to perform the tensile deformation. All simulated systems
are deformed by changing the box length to L0a in the z direction and to L0a−1/2 in the x and y directions,
during which the volume of the simulation box is held constant. The interactions between atoms in
the basic cell and image atoms across the cell wall serve to transmit the deformation to the atoms in
the basic cell. The strain rate is specified as

.
ε = 0.000833/τ in the z direction, which is the same as

the simulation work from Aoyagi et al. [3]. The average stress σ in the z direction is obtained from
the deviatoric part of the stress tensor σ = (1 + µ)(−PZZ + P) ≈ 3(−PZZ + P)/2, where P = ΣiPii/3
is the hydrostatic pressure [29–31]. The parameter µ stands for Poisson’s ratio, which is equal to
0.5 in our simulation. In order to quantitatively compare the viscoelasticity, we adopt the dynamic
hysteresis loss (DHL), which is defined to be the ratio of the dissipated energy to the stored energy
during the tension-recovery process in one cycle. For the oscillatory shear deformation, we use the
so-called (SLLOD) equations of motion [32]. To realize the deformation process of the simulation box,
we carry out the incremental deformation every time step, indicating that the deformation extent
is proportional to the deformation time, which is implemented in the large-scale atomic/molecular
massively parallel simulator (LAMMPS) package [33]. The upper xy plane of the simulation box is
shifted along the x direction so that each point in the simulation box can be considered as having a
“streaming” velocity. This position-dependent streaming velocity is subtracted from each atom’s actual
velocity to yield a thermal velocity, which is used for temperature computation and thermostatting.
The shear strain is defined as γ = δx/LZ(0), where the offset δx is the transverse displacement distance
in the shear direction (x direction for xy deformation) from the unstrained orientation, and Lz(0) is the
box length perpendicular to the shear direction. Additionally, in most cases, the shear strain rate is
around

.
γ = 0.01/τ. In our simulations, the maximum value of the shear strain amplitude was set to

γ◦ = 1.0. The period of the oscillatory shear was varied from 25–200 τ, and thus, the corresponding
frequency ν ranged from 0.04–0.005 in units of τ−1. The average shear stress is obtained from the
deviatoric part of the stress tensor δs = Pxy = Pyx. We further obtain the hysteresis loss by integrating
the area of the hysteresis loop in one cycle.

All MD runs are carried out through the large-scale atomic/molecular massively parallel simulator
(LAMMPS), which is developed by Sandia National Laboratories [34]. More simulation details can be
found in our previous work [35–37].
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3. Results and Discussion

3.1. Effect of the Structural Evolution of the ABA Tri-Block Copolymer

We firstly examine the effect of the volume fraction of A blocks (fA) on the morphology of the ABA
tri-block copolymer. Based on the previous literature, the A5B90A5 tri-block copolymer with fA = 0.1
tends to self-assemble to gradually form the spherical domains, as shown in Figure 1a. We study
the stress-strain behavior during the self-assembly process. We mainly consider three typical cases,
termed as the initial state, medium state and final state, respectively, in the process of self-assembly.
From Figure 1b, we can observe that the stress-strain behavior is enhanced as the ordered structure is
gradually developed. It is known that the TPEs are a kind of material with a self-reinforcing effect.
The glassy domains formed by A blocks act as the reinforcing regions. As shown in Figure 1b, the more
ordered the glassy domains, the greater the stress-strain curve. Furthermore, to examine the effect of
hard domains formed by A blocks on the DHL, we focus our attention on the permanent set of the
tension-recovery process [29]. Theoretically, a large permanent set always means great slippage and
internal friction between elastomeric macromolecule chains, consequently resulting in more hysteresis
loss [38]. We observe that the permanent set gradually decreases from the initial state to the final state,
as presented in Figure 1b. Moreover, we also calculate the DHL, as displayed in Figure 1c. Obviously,
the TPEs with the ordered state exhibit the smallest DHL.
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Figure 1. (a) The self-assembly process of the microstructure of the A5B90A5 tri-block copolymer. Note
that the blue spheres represent the hard component of polymer chains, and the small red beads stand
for the soft component of polymer chains. (b) The stress-strain behavior of the tri-block copolymer at
three typical states; (c) the dynamic hysteresis loss (DHL) derived from the tension-recovery process.

Later on, we increase the volume fraction of A blocks. We observe that the A5B20A5 tri-block
copolymer with fA = 0.33 gradually forms a hexagonally cylindrical ordered structure, as shown in
Figure 2a. We also consider the stress-strain behavior, as well as the DHL from the initial state to the
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final state, as displayed in Figure 2b,c. We obtain nearly the same result as in the case of the A5B90A5

tri-block copolymer. In theory, the mechanical property of the system with spherical domains should
be isotropic, while that of other systems could be anisotropic, because of the orientated self-assembled
structures, such as cylindrical and lamellar domains. The microstructural evolution of the cylindrical
domain-filled system during the tensile process along the x direction is displayed in Figure 3a. It is
observed that the cylindrical domains are orientated along the tensile direction. Since the cylindrical
domains are initially dispersed randomly, this leads to the fact that the stress-strain behavior exhibits
isotropic behavior, as shown in Figure 3b. The bond orientation of B blocks and A blocks along the
tensile direction further verifies the stress-strain behavior, as illustrated in Figure 3c,d. Lastly, we study
the self-assembly behavior of the A5B10A5 tri-block copolymer with fA = 0.5, as shown in Figure 4a,
indicating that A blocks gradually self-assemble to from a lamellar structure. We further study the
stress-strain behavior and the DHL, as presented in Figure 4b,c. Similar to the self-assembled structures,
like spherical and cylinder domains, the more ordered the lamellar structure, the more significant
the stress-strain behavior becomes in Figure 4b. Meanwhile, the well-ordered state also exhibits the
smallest DHL, in accordance with the previous two systems. Moreover, in Figure 4a, we observe
that the lamellar domains are parallel to the x and y directions and perpendicular to the z direction.
We test the stress-strain behavior at all three directions; the snapshots are displayed in Figure 5a,b.
It is observed that the evolution of lamellar domains is totally different along the x and z directions,
leading to different stress-strain curves, as shown in Figure 5c. A bigger system (48,000 beads) shown
in Figure S3 was further explored to verify the above-mentioned stress-strain behavior, as displayed in
Figure S4. We infer that there may exist buckling instability perpendicular to the lamellae domains,
which is consistent with the discoveries from Honeker et al. [39]. In their literature, they expediently
discover that if polystyrene-polyisoprene-polystyrene (SIS) or poly(styrene-butadiene-styrene) (SBS)
copolymers in a globally-aligned hexagonal or lamellar phase are stretched perpendicular to the rods
or plates, then above a critical strain, they buckle to form a “chevron” morphology. The morphology
can be seen in electron micrographs and is also characterized by “four point” patterns in the X-ray
scattering. The bond orientation of B blocks and A blocks along the tensile direction further supports
the stress-strain behavior in Figure 5d,e. In general, when the ordered structure is changed from
the spherical domain to the lamellar domain, the stress-strain behavior is gradually enhanced.
The stress-strain curve is enhanced, and the DHL is reduced with the gradual formation of the
order domains.
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Figure 2. (a) The self-assembly process of the microstructure of the A5B20A5 tri-block copolymer. Note
that the blue spheres represent the hard component of polymer chains, and the small red beads stand
for the soft component of polymer chains. The red circle means forming a hexagonally cylindrical
ordered structure; (b) The stress-strain behavior of the tri-block copolymer at three typical states;
(c) The dynamic hysteresis loss (DHL) derived from the tension-recovery process.

Polymers 2016, 8, 335 7 of 17 

 

Figure 2. (a) The self-assembly process of the microstructure of the A5B20A5 tri-block copolymer. Note 
that the blue spheres represent the hard component of polymer chains, and the small red beads stand 
for the soft component of polymer chains. The red circle means forming a hexagonally cylindrical 
ordered structure; (b) The stress-strain behavior of the tri-block copolymer at three typical states; (c) 
The dynamic hysteresis loss (DHL) derived from the tension-recovery process. 

 

Figure 3. (a) The microstructure evolution of the A5B20A5 tri-block copolymer during the tension 
process in the x direction; (b) the stress-strain behavior of the tri-block copolymer at three different 
directions. The bond orientation of (c) B blocks and (d) A blocks during the tension process. 

 

50

60

70

80

90(c)

D
H

L
(1

00
%

)
Initial state Medium state Final state

0 1 2 3 4
0.0

0.1

0.2

0.3

0.4

0.5

0.6(b)

Strain

S
tr

es
s  x direction

 y direction
 z direction

0 1 2 3 4
0.00

0.05

0.10

0.15

0.20

0.25

0.30(c)

Strain

<
P

2(c
os

θ)
>

B
-b

lo
ck

s

 x direction
 y direction
 z direction

0 1 2 3 4
0.00

0.05

0.10

0.15

0.20

0.25(d)

Strain

<
P

2(c
os

θ)
>

A
-b

lo
ck

s

 

 x direction
 y direction
 z direction

Figure 3. (a) The microstructure evolution of the A5B20A5 tri-block copolymer during the tension
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that the blue spheres represent the hard component of polymer chains, and the small red beads stand
for the soft component of polymer chains. (b) The stress-strain behavior of the tri-block copolymer at
three typical states. (c) The dynamic hysteresis loss (DHL) derived from the tension-recovery process.
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in the (a) x direction and (b) z direction; (c) the stress-strain behavior of the tri-block copolymer at three
different directions; the bond orientation of (d) B blocks and (e) A blocks during the tension process.
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As we all know, TPEs are a kind of elastomeric material composed of hard and soft segments.
It is evident that the interaction strength between the hard segments affects the static and
dynamic mechanical properties. In theory, the more stable the structure of the uniformly-dispersed
nano-domains, the smaller the DHL, and this stability is directly related to the interaction strength
between A-A blocks. To verify this assumption, we mainly consider the case of spherical domains,
we change the interaction strength between A-blocks (εA-A) ranging from 1.0–10.0, and after enough
equilibration, we perform the tension-recovery test, as shown in Figure 6a. Obviously, with the
increase of εA-A, the stress-strain behaviors are enhanced, exhibiting better mechanical reinforcement.
For instance, in comparison with the system of εA-A = 1.0, the stress at the strain ε = 4.0 for the system
with εA-A = 10.0 is almost five-times greater. Meanwhile, it is observed that the permanent set is
also gradually decreasing, which could be attributed to the fact that the stable domains formed by
A-blocks lead to better orientation-disorientation of the B blocks during the tension-recovery process.
In order to verify this assumption, here, we use the second-order Legendre polynomials <P2(cosθ)> to
characterize the bond orientation as follows.

〈P2 (cosθ)〉 =
(

3
〈

cos2θ
〉
− 1
)

/2 (3)

where θ denotes the angle between a given element (two adjoining monomers in the chain) and
the reference direction, which is referred to the stretching direction. The possible values of
<P2(cosθ)> range from −0.5–1, and <P2(cosθ)> = −0.5, 1.0, 0.0 each indicates a perfect orientation
perpendicular to the reference direction, parallel to the reference direction or randomly oriented.
Obviously, from Figure 6b, the polymer chains of B-blocks exhibit higher orientation-disorientation
with the increase of εA-A. In order to further examine the quantitative effect of the interaction
energy between A blocks εA-A on the visco-elasticity, we can directly calculate the DHL from the
tension-recovery cycle, as shown in Figure 6c. The DHL gradually decreases with the increase of εA-A.
In all, the higher εA-A, the better static and dynamical mechanical properties of the TPEs.
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Figure 6. The effect of the interaction strength between A-A blocks (εA-A) (a) on the tension-recovery 
stress-strain behavior and (b) the bond orientation of B blocks during the tension-recovery process; 
(c) dynamic hysteresis loss (DHL) derived from the tension-recovery process for various interaction 
strength between A-A blocks; (d) the change of the total A-A blocks interaction energy during the 
tension-recovery process. 
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stress-strain behavior and (b) the bond orientation of B blocks during the tension-recovery process;
(c) dynamic hysteresis loss (DHL) derived from the tension-recovery process for various interaction
strength between A-A blocks; (d) the change of the total A-A blocks interaction energy during the
tension-recovery process.
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In order to further explain the effect of εA-A on the static and dynamical mechanical properties,
we analyze the microstructure evolution during the tension-recovery process. Firstly, we directly
calculate the total interaction energy between A-A blocks, as presented in Figure 6d. Clearly, in the case
of εA-A = 1.0, the absolute value of the total interaction energy between A-A blocks decreases during
the tensile deformation, which means the hard domains formed by A blocks gradually become broken
up, although they recover slightly during the recovery process. This observation directly confirms
that the damage behavior of the hard domains is irreversible. However, the absolute value of the total
interaction energy between A-A blocks remains essentially constant, meaning that the hard domains
keep stable during the tension-recovery process in the case of εA-A = 10.0. In addition, we examine the
microstructure evolution of the TPEs during the tension-recovery test, and the deformed snapshots are
displayed in the case of εA-A = 1.0 and εA-A = 10.0 in Figure 7a,b. Evidently, the hard domains formed
by A blocks become gradually broken and slightly recover in the case of εA-A = 1.0, while the hard
domains keep stable in the case of εA-A = 10.0 during the tension-recovery process. It is concluded that
the much stronger interaction strength between A-A blocks leads to a more stable network structure
during the deformation, leading to better stress-strain performance and less DHL.
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3.2. Effect of the Temperature

In this part, we turn to examine the effect of the temperature on the morphology of the A5B90A5

tri-block and the resulting mechanical properties. As we know, TPEs are a kind of elastomeric material,
whose properties depend on temperature [40]. In theory, as the temperature increases, the domains
made up of hard segments tend to get broken, therefore affecting the mechanical properties, which,
however, is difficult to study in experiments. In order to verify this consumption, we analyze the
microstructure evolution with the increase of the temperature, as illustrated in Figure 8a. We get
that the hard domains are gradually destroyed as the temperature increases ranging from T* = 0.40
to T* = 0.60 in the case of εA-A = 1.0. We further calculate the total interaction energy between
A-A blocks to quantitatively analyze this microstructure evolution, as shown in Figure 8b. It is
evident that the increase of the temperature leads to the damage of domains formed by A blocks.
This phenomenon is consistent with the experimental work from Neumann et al. [41]. They get that
the corresponding poly(ethylene-alt-propylene)-block-poly(ethylene-co-butylene) di-block copolymers
show an order-disorder transition in the range of 10–20 ◦C.
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Figure 8. (a) The effect of the temperature on the microstructure evolution of the A5B90A5 tri-block 
copolymer ranging from T* = 0.40 to T* = 0.60 in the case of εA-A = 1.0. Note that the blue spheres 
represent the hard component of polymer chains, and the small red beads stand for the soft 
component of polymer chains. (b) The change of the total A-A blocks interaction energy at different 
equilibrated temperature; the effect of the temperature on (c) the tension-recovery stress-strain 
behavior and (d) the dynamic hysteresis loss (DHL). 
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Figure 8. (a) The effect of the temperature on the microstructure evolution of the A5B90A5 tri-block
copolymer ranging from T* = 0.40 to T* = 0.60 in the case of εA-A = 1.0. Note that the blue spheres
represent the hard component of polymer chains, and the small red beads stand for the soft component
of polymer chains. (b) The change of the total A-A blocks interaction energy at different equilibrated
temperature; the effect of the temperature on (c) the tension-recovery stress-strain behavior and (d) the
dynamic hysteresis loss (DHL).

Following this, we examine the mechanical properties of the TPEs equilibrated at different
temperatures, as presented in Figure 8c. We can find that the stress-strain behavior and the permanent
set decrease moderately with the increase of the temperature; since the stable domains formed by
A blocks are damaged severely as the temperature increases, leading to less reinforcing effect and
higher polymer friction during the tension-recovery process. Lastly, we calculate the DHL in the case
of different temperature, as displayed in Figure 8d. Generally, the DHL gradually increases with the
damage of the hard domains.
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We also study the effect of the temperature on the TPEs at different A-A blocks’ interaction energy
εA-A, as presented in Figure 9a. Obviously, when εA-A is above or equal to 3.0, the hard domains
can be maintained stable in a specific temperature range from 0.40–0.60. We further calculate the
stress-strain behavior at different temperatures in the case of εA-A = 5.0 in Figure 9b. We find that the
TPEs can maintain the mechanical performance at a stronger interaction strength between A-A blocks.
Furthermore, we calculate the DHL of TPEs at εA-A = 5.0, as shown in Figure 9c. Interestingly, the DHL
decreases as the temperature increases. We explain this observation as follows: the elasticity of TPEs
totally results from the entropy of polymer chains, and the entropy of polymer chains increases with
the increase of the temperature. As we know, the TPEs can maintain the perfect network structure in
the case of εA-A above or equal to 3.0. Therefore, the TPEs can exhibit good mechanical properties and
less DHL.
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the temperature on (b) the tension-recovery stress-strain behavior and (c) the dynamic hysteresis loss
(DHL) in the case of εA-A = 5.0. Note that the blue spheres represent the hard component of polymer
chains, and the small red beads stand for the soft component of polymer chains.

In all, the results indicate that TPE is a strong temperature-dependent material in the case of
weak interaction strength between A-A blocks, such as εA-A = 1.0. As the temperature increases,
the microstructure of the domains is gradually damaged, corresponding to the deterioration of the
mechanical properties and higher DHL. However, in the case of εA-A above or equal to 3.0, the TPEs
become more temperature-resistance. Additionally, the TPEs can maintain good mechanical properties
and behave with less DHL as the temperature increases from T* = 0.40 to T* = 0.60.

3.3. Effect of the Dynamic Shear Flow

Lastly, we extend our efforts to study the effect of the dynamic shear on the morphology of the
A5B90A5 tri-block. As we know, except for the effect of the temperature, the dynamic shear is another
factor affecting the microstructure evolution of the hard domains [42–44]. For the oscillatory shear,
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two independent factors are involved: the strain amplitude and the shear frequency. Hence, we firstly
fix the shear frequency at ν = 0.01 to examine the effect of the strain amplitude in the range of 0.05–1.0
for the case of T* = 0.40, as displayed in Figure 10a. The snapshots show that the microstructure of the
hard domains remains relatively stable under the amplitude lower than γ◦ = 0.30. When the shear
amplitude becomes equal to or greater than 0.30, the hard domains are gradually broken up.
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Figure 10. (a) The effect of the shear amplitude on the microstructure evolution of the A5B90A5 tri-block
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component of polymer chains, and the small red beads stand for the soft component of polymer chains;
(b) The storage modulus G′ as a function of the shear strain; (c) The loss factor tan δ as a function of the
shear strain.

We further calculate the storage modulus G′ as a function of the shear strain, as illustrated in
Figure 10b. Interestingly, according to Figure 10b, starting at a small shear strain of 0.05, the storage
modulus of this TPE in the case of εA-A = 1.0 first exhibits a plateau at the shear amplitude lower than
0.30, then decreases with the increase of the shear amplitude for both T* = 0.40 and T* = 0.60. Since
the hard domains are already broken to a certain degree at the temperature of T* = 0.60 (as shown in
Figure 8a), the storage modulus G′ of the system T* = 0.60 is a little lower than that of T* = 0.40.
Moreover, we calculate the loss factor tan δ as a function of the shear amplitude, as displayed
in Figure 10c. Obviously, there also exists a plateau at the low shear amplitude, and it increases
dramatically when the shear amplitude is greater than 0.30. Attributed to the damage of the hard
domains at T* = 0.60, the loss factor tan δ of the system T* = 0.60 is higher than that of T* = 0.40
because of the strong polymer chain frictions. In all, the storage modulus G′ and the loss factor tan
δ are consistent with the microstructural evolution of the hard domains during the dynamic shear
process discussed above. Namely, the more stable structure of the hard domains could lead to higher
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storage modulus G′ and lower loss factor δ. Qualitatively, this non-linear characteristic is very similar
to the experimentally-observed “Payne effect”. Particularly, the change of the storage modulus in the
presence of the hard domains is more sensitive to the imposed shear strain, by comparing the case
of T* = 0.40 to T* = 0.60. Next, we examine the effect of the shear frequency on the morphology of
the TPEs. Figure 11a presents the resulting structures of the TPEs under the condition that the shear
frequency is varied from 0.005 to 0.04 with the strain amplitude being fixed at γ◦ = 0.50 in the case of
T* = 0.40. Obviously, the shear frequency shows the same results as those of the strain amplitude, that
is the structure first becomes stable at lower shear frequency and then evolves into a disordered one.
This result is line with the discovery of Cui et al. [45]. In their study, both simulative and experimental
results show that a higher shear rate results in the bigger domains becoming the smaller vesicles. Here,
we further consider the effect of the shear frequency on the hysteresis loop, as displayed in Figure 11b.
In order to further quantitatively compare the effect of the shear frequency on the visco-elasticity, we
can directly calculate the hysteresis loss, namely the area of the hysteresis loop in one cycle. Figure 11c
shows that the hysteresis loss gradually increases with the increase of shear frequency, which can be
attributed to the fact of the severely damaged hard domains in the case of the higher shear frequency.
Clearly, the hard domains of the TPEs can remain stable in an optimal combination of the strain
amplitude and frequency, leading to the TPEs exhibiting higher storage module G′ and lower loss
factor tan δ. Namely, the higher shear amplitude and shear rate lead to the phase evolution, which is
considered to be the primary source of the hysteresis loss. In general, this finding is consistent with the
experimental observation work of Qi et al. [14].
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Figure 11. (a) The effect of the shear frequency on the microstructure evolution of the A5B90A5 tri-block
copolymer in the case of shear amplitude equal to 0.50. Note that the blue spheres represent the hard
component of polymer chains, and the small red beads stand for the soft component of polymer chains.
(b) The dynamic hysteresis loop at different shear frequencies. (c) The hysteresis loss integrated from
(b) for various shear frequencies.
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4. Conclusions

In this work, we investigate the morphology, the static and dynamic mechanical properties
of the TPEs through molecular dynamics simulation. With the increase of the volume fraction of
A blocks, the TPEs exhibit three typical states: spherical, cylindrical and lamellar phases. During
the self-assembly process, the stress-strain behavior is gradually enhanced with the formation of the
ordered structures. The spherical or cylindrical domain-filled systems exhibit isotropic mechanical
properties, while the lamellar domains filled system displays totally different stress-strain behavior
along the direction parallel and perpendicular to the lamellar phases. The strong interaction strength
between A-A blocks enhances the stress-strain behavior and results in less dynamic hysteresis loss.
We further consider the effect of the temperature on the morphology and mechanical properties.
The results indicate that the TPEs are strongly temperature-dependent in the case of εA-A = 1.0, and this
exhibits more temperature resistance when εA-A becomes equal or greater than 3.0. Lastly, the effect of
the dynamic shear on the TPEs is also investigated. It is verified that the hard domains of the TPEs can
remain stable in an optimal combination of the strain amplitude and frequency, leading to the TPEs
exhibiting higher storage modulus G′ and the lower loss factor tan δ. Qualitatively, these non-linear
characteristics are very similar to the experimentally-observed “Payne effect”.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/8/9/335/s1,
Figure S1: Plot of the specific volume as a function of the temperature for the pure system of A blocks, Figure S2:
After enough equilibration (1 × 108 MD steps) with the NVT ensemble, the change of the potential energy,
the variation of the mean squared end-to-end distance R2

end, and the radius of gyration R2
g of all three systems in

the following 1 × 106 MD steps, Figure S3: The snapshot of the A5B10A5 tri-block copolymer with 48,000 beads,
Figure S4: The stress-strain behavior of the A5B10A5 tri-block copolymer (48,000 beads) in three different directions.

Acknowledgments: This work is supported by the National Basic Research Program of China 2015CB654700
(2015CB654704), the Foundation for Innovative Research Groups of the NSF of China (51221002) and the National
Natural Science Foundation of China (51333004 and 51403015). The cloud calculation platform of BUCT is also
greatly appreciated.

Author Contributions: Zijian Zheng and Jun Liu conceived and designed the experiments; Zijian Zheng
performed the experiments; Zijian Zheng analyzed the data; Zijian Zheng wrote the paper; Hongji Liu,
Jianxiang Shen, Youping Wu, and Liqun Zhang offered tutorials and suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fu, B.X.; Lee, A.; Haddad, T.S. Styrene–butadiene–styrene triblock copolymers modified with polyhedral
oligomeric silsesquioxanes. Macromolecules 2004, 37, 5211–5218. [CrossRef]

2. Watanabe, H.; Sato, T.; Osaki, K. Concentration dependence of loop fraction in styrene–isoprene–styrene
triblock copolymer solutions and corresponding changes in equilibrium elasticity. Macromolecules 2000, 33,
2545–2550. [CrossRef]

3. Aoyagi, T.; Honda, T.; Doi, M. Microstructural study of mechanical properties of the ABA triblock copolymer
using self-consistent field and molecular dynamics. J. Chem. Phys. 2002, 117, 8153–8161. [CrossRef]

4. Segalman, R.A.; Yokoyama, H.; Kramer, E.J. Graphoepitaxy of spherical domain block copolymer films.
Adv. Mater. 2001, 13, 1152–1155. [CrossRef]

5. Xiang, H.; Shin, K.; Kim, T.; Moon, S.I.; McCarthy, T.J.; Russell, T.P. Block copolymers under cylindrical
confinement. Macromolecules 2004, 37, 5660–5664. [CrossRef]

6. Hajduk, D.A.; Harper, P.E.; Gruner, S.M.; Honeker, C.C.; Kim, G.; Thomas, E.L.; Fetters, L.J. The gyroid: A new
equilibrium morphology in weakly segregated diblock copolymers. Macromolecules 1994, 27, 4063–4075.
[CrossRef]

7. Zipfel, J.; Berghausen, J.; Schmidt, G.; Lindner, P.; Alexandridis, P.; Tsianou, M.; Richtering, W. Shear induced
structures in lamellar phases of amphiphilic block copolymers. Phys. Chem. Chem. Phys. 1999, 1, 3905–3910.
[CrossRef]

8. Balmbra, R.; Clunie, J.; Goodman, J. Cubic mesomorphic phases. Nature 1969, 222, 1159–1160. [CrossRef]

www.mdpi.com/2073-4360/8/9/335/s1
http://dx.doi.org/10.1021/ma049753m
http://dx.doi.org/10.1021/ma991979f
http://dx.doi.org/10.1063/1.1510728
http://dx.doi.org/10.1002/1521-4095(200108)13:15&lt;1152::AID-ADMA1152&gt;3.0.CO;2-5
http://dx.doi.org/10.1021/ma049299m
http://dx.doi.org/10.1021/ma00093a006
http://dx.doi.org/10.1039/a904014e
http://dx.doi.org/10.1038/2221159a0


Polymers 2016, 8, 335 16 of 17

9. Israelachvili, J.N.; Mitchell, D.J.; Ninham, B.W. Theory of self-assembly of hydrocarbon amphiphiles into
micelles and bilayers. J. Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys. 1976, 72, 1525–1568. [CrossRef]

10. Rodríguez-Hernández, J.; Lecommandoux, S. Reversible inside-out micellization of pH-responsive and
water-soluble vesicles based on polypeptide diblock copolymers. J. Am. Chem. Soc. 2005, 127, 2026–2027.
[CrossRef] [PubMed]

11. Schott, H. Hydrophile-lipophile balance and cloud points of nonionic surfactants. J. Pharm. Sci. 1969, 58,
1443–1449. [CrossRef] [PubMed]

12. Cohen, Y.; Albalak, R.J.; Dair, B.J.; Capel, M.S.; Thomas, E.L. Deformation of oriented lamellar block
copolymer films. Macromolecules 2000, 33, 6502–6516. [CrossRef]

13. Makke, A.; Lame, O.; Perez, M.; Barrat, J.-L. Influence of tie and loop molecules on the mechanical properties
of lamellar block copolymers. Macromolecules 2012, 45, 8445–8452. [CrossRef]

14. Qi, H.; Boyce, M. Stress–strain behavior of thermoplastic polyurethanes. Mech. Mater. 2005, 37, 817–839.
[CrossRef]

15. Sarva, S.S.; Deschanel, S.; Boyce, M.C.; Chen, W. Stress-strain behavior of a polyurea and a polyurethane
from low to high strain rates. Polymer 2007, 48, 2208–2213. [CrossRef]

16. Wang, Y.; Mattice, W.L.; Napper, D.H. Simulation of the self-assembly of symmetric triblock copolymers in
dilute solution. Macromolecules 1992, 25, 4073–4077. [CrossRef]

17. Chen, J.-Z.; Sun, Z.-Y.; Zhang, C.-X.; An, L.-J.; Tong, Z. Self-assembly of rod–coil–rod ABA-type triblock
copolymers. J. Chem. Phys. 2008, 128, 074904. [CrossRef] [PubMed]

18. Kim, S.H.; Jo, W.H. A Monte Carlo simulation for the micellization of ABA-and BAB-type triblock copolymers
in a selective solvent. II. Effects of the block composition. J. Chem. Phys. 2002, 117, 8565–8572. [CrossRef]

19. Song, J.; Shi, T.; Li, Y.; Chen, J.; An, L. Rigidity effect on phase behavior of symmetric ABA triblock
copolymers: A Monte Carlo simulation. J. Chem. Phys. 2008, 129, 054906. [CrossRef] [PubMed]

20. Li, Y.; Lin, S.; He, X.; Lin, J.; Jiang, T. Self-assembly behavior of ABA coil–rod–coil triblock copolymers:
A Brownian dynamics simulation approach. J. Chem. Phys. 2011, 135, 014102. [CrossRef] [PubMed]

21. Parker, A.J.; Rottler, J. Molecular mechanisms of plastic deformation in sphere-forming thermoplastic
elastomers. Macromolecules 2015, 48, 8253–8261. [CrossRef]

22. Makke, A.; Lame, O.; Perez, M.; Barrat, J.-L. Nanoscale buckling in lamellar block copolymers: A molecular
dynamics simulation approach. Macromolecules 2013, 46, 7853–7864. [CrossRef]

23. Chantawansri, T.L.; Sirk, T.W.; Sliozberg, Y.R. Entangled triblock copolymer gel: Morphological and
mechanical properties. J. Chem. Phys. 2013, 138, 024908. [CrossRef] [PubMed]

24. Chantawansri, T.L.; Sliozberg, Y.R. Computational study of the morphology and mechanical properties of
dilute ABC triblock copolymers. Korea-Aust. Rheol. J. 2014, 26, 49–61. [CrossRef]

25. Chantawansri, T.L.; Sirk, T.W.; Mrozek, R.; Lenhart, J.L.; Kröger, M.; Sliozberg, Y.R. The effect of polymer
chain length on the mechanical properties of triblock copolymer gels. Chem. Phys. Lett. 2014, 612, 157–161.
[CrossRef]

26. Wu, Z.; Wang, H.; Tian, X.; Cui, P.; Ding, X.; Ye, X. The effects of polydimethylsiloxane on transparent and
hydrophobic waterborne polyurethane coatings containing polydimethylsiloxane. Phys. Chem. Chem. Phys.
2014, 16, 6787–6794. [CrossRef] [PubMed]

27. Kremer, K.; Grest, G.S. Dynamics of entangled linear polymer melts: A molecular-dynamics simulation.
J. Chem. Phys. 1990, 92, 5057–5086. [CrossRef]

28. Allen, M.; Tildesley, D. Computer Simulation of Liquids; Oxford University Press: Oxford, UK, 1987.
29. Liu, J.; Lu, Y.L.; Tian, M.; Li, F.; Shen, J.; Gao, Y.; Zhang, L. The interesting influence of nanosprings on the

viscoelasticity of elastomeric polymer materials: Simulation and experiment. Adv. Funct. Mater. 2013, 23,
1156–1163. [CrossRef]

30. Rottach, D.R.; Curro, J.G.; Grest, G.S.; Thompson, A.P. Effect of strain history on stress and permanent set in
cross-linking networks: A molecular dynamics study. Macromolecules 2004, 37, 5468–5473. [CrossRef]

31. Rottach, D.R.; Curro, J.G.; Budzien, J.; Grest, G.S.; Svaneborg, C.; Everaers, R. Molecular dynamics
simulations of polymer networks undergoing sequential cross-linking and scission reactions. Macromolecules
2007, 40, 131–139. [CrossRef]

32. Tuckerman, M.E.; Mundy, C.J.; Balasubramanian, S.; Klein, M.L. Modified nonequilibrium molecular
dynamics for fluid flows with energy conservation. J. Chem. Phys. 1997, 106, 5615–5621. [CrossRef]

http://dx.doi.org/10.1039/f29767201525
http://dx.doi.org/10.1021/ja043920g
http://www.ncbi.nlm.nih.gov/pubmed/15713063
http://dx.doi.org/10.1002/jps.2600581203
http://www.ncbi.nlm.nih.gov/pubmed/5353256
http://dx.doi.org/10.1021/ma000513q
http://dx.doi.org/10.1021/ma301286y
http://dx.doi.org/10.1016/j.mechmat.2004.08.001
http://dx.doi.org/10.1016/j.polymer.2007.02.058
http://dx.doi.org/10.1021/ma00042a004
http://dx.doi.org/10.1063/1.2831802
http://www.ncbi.nlm.nih.gov/pubmed/18298171
http://dx.doi.org/10.1063/1.1512646
http://dx.doi.org/10.1063/1.2957463
http://www.ncbi.nlm.nih.gov/pubmed/18698924
http://dx.doi.org/10.1063/1.3606396
http://www.ncbi.nlm.nih.gov/pubmed/21744883
http://dx.doi.org/10.1021/acs.macromol.5b01339
http://dx.doi.org/10.1021/ma400514h
http://dx.doi.org/10.1063/1.4774373
http://www.ncbi.nlm.nih.gov/pubmed/23320722
http://dx.doi.org/10.1007/s13367-014-0006-4
http://dx.doi.org/10.1016/j.cplett.2014.08.013
http://dx.doi.org/10.1039/c3cp54429j
http://www.ncbi.nlm.nih.gov/pubmed/24600689
http://dx.doi.org/10.1063/1.458541
http://dx.doi.org/10.1002/adfm.201201438
http://dx.doi.org/10.1021/ma049723j
http://dx.doi.org/10.1021/ma062139l
http://dx.doi.org/10.1063/1.473582


Polymers 2016, 8, 335 17 of 17

33. Tenney, C.M.; Maginn, E.J. Limitations and recommendations for the calculation of shear viscosity using
reverse nonequilibrium molecular dynamics. J. Chem. Phys. 2010, 132, 014103. [CrossRef] [PubMed]

34. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 1995, 117, 1–19.
[CrossRef]

35. Shen, J.; Liu, J.; Li, H.; Gao, Y.; Li, X.; Wu, Y.; Zhang, L. Molecular dynamics simulations of the structural,
mechanical and visco-elastic properties of polymer nanocomposites filled with grafted nanoparticles.
Phys. Chem. Chem. Phys. 2015, 17, 7196–7207. [CrossRef] [PubMed]

36. Chen, Y.; Liu, L.; Yang, Q.; Wen, S.; Zhang, L.; Zhong, C. Computational study of nanoparticle dispersion
and spatial distribution in polymer matrix under oscillatory shear flow. Langmuir 2013, 29, 13932–13942.
[CrossRef] [PubMed]

37. Liu, J.; Shen, J.; Gao, Y.; Zhou, H.; Wu, Y.; Zhang, L. Detailed simulation of the role of functionalized polymer
chains on the structural, dynamic and mechanical properties of polymer nanocomposites. Soft Matter 2014,
10, 8971–8984. [CrossRef] [PubMed]

38. Rubinstein, M.; Colby, R.H. Polymer Physics; Oxford University: New York, NY, USA, 2003.
39. Honeker, C.C.; Thomas, E.L. Impact of morphological orientation in determining mechanical properties in

triblock copolymer systems. Chem. Mater. 1996, 8, 1702–1714. [CrossRef]
40. Laurer, J.; Mulling, J.; Khan, S.A.; Spontak, R.J.; Lin, J.; Bukovnik, R. Thermoplastic elastomer gels. II. Effects

of composition and temperature on morphology and gel rheology. J. Polym. Sci. B Polym. Phys. 1998, 36,
2513–2523. [CrossRef]

41. Neumann, C.; Loveday, D.; Abetz, V.; Stadler, R. Morphology, dynamic mechanical properties, and phase
behavior of ABC-triblock copolymers with two semicompatible elastomer blocks. Macromolecules 1998, 31,
2493–2500. [CrossRef]

42. Wu, H.; Tian, M.; Zhang, L.; Tian, H.; Wu, Y.; Ning, N. New understanding of microstructure formation of
the rubber phase in thermoplastic vulcanizates (TPV). Soft Matter 2014, 10, 1816–1822. [CrossRef] [PubMed]

43. Hickey, R.J.; Gillard, T.M.; Lodge, T.P.; Bates, F.S. Influence of composition fluctuations on the linear
viscoelastic properties of symmetric diblock copolymers near the order–disorder transition. ACS Macro Lett.
2015, 4, 260–265. [CrossRef]

44. Mykhaylyk, O.O.; Parnell, A.J.; Pryke, A.; Fairclough, J.P.A. Direct imaging of the orientational dynamics of
block copolymer lamellar phase subjected to shear flow. Macromolecules 2012, 45, 5260–5272. [CrossRef]

45. Cui, J.; Xu, J.; Zhu, Y.; Jiang, W. Shear flow controlled morphological polydispersity of amphiphilic ABA
triblock copolymer vesicles. Langmuir 2013, 29, 15704–15710. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1063/1.3276454
http://www.ncbi.nlm.nih.gov/pubmed/20078145
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1039/C4CP05520A
http://www.ncbi.nlm.nih.gov/pubmed/25690511
http://dx.doi.org/10.1021/la4028496
http://www.ncbi.nlm.nih.gov/pubmed/24125041
http://dx.doi.org/10.1039/C4SM02005G
http://www.ncbi.nlm.nih.gov/pubmed/25294566
http://dx.doi.org/10.1021/cm960146q
http://dx.doi.org/10.1002/(SICI)1099-0488(199810)36:14&lt;2513::AID-POLB5&gt;3.0.CO;2-T
http://dx.doi.org/10.1021/ma971489s
http://dx.doi.org/10.1039/c3sm52375f
http://www.ncbi.nlm.nih.gov/pubmed/24652229
http://dx.doi.org/10.1021/acsmacrolett.5b00014
http://dx.doi.org/10.1021/ma3004289
http://dx.doi.org/10.1021/la404186u
http://www.ncbi.nlm.nih.gov/pubmed/24289289
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Results and Discussion 
	Effect of the Structural Evolution of the ABA Tri-Block Copolymer 
	Effect of the Temperature 
	Effect of the Dynamic Shear Flow 

	Conclusions 

