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Abstract: The flexible polymers have an outstanding
impact-resistant performance because of the improved
stiffness upon a high speed loading. At the aspect of
microstructure, the soft segments make an important
contribution. In this article, molecular dynamics simula-
tion is carried out to reveal the dynamic mechanical beha-
vior of a mono helical soft segment. The tensile loadings at
various strain rates are conducted. The stress—strain
relations and strain rate dependencies of mechanical
properties are derived. The evolution of potential energy
with straining accompanied by the disentanglement
of molecular chain is characterized. The characteristic
molecular chain of dynamic mechanical response is
determined. The intrinsic physical origins of straigh-
tening of characteristic molecular chain and bond angle
expansion are explored. New parameters are defined to
quantitatively analyze the micro mechanisms and their
rate dependencies, which are linked to the dynamic
mechanical properties. This work is full of interest to
fill a knowledge gap of the physical origins of dynamic
mechanical behavior of flexible polymers.
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1 Introduction

In recent years, the flexible polymers have been widely
used in constructions, transportations, automobiles, aero-
space and other engineering fields due to the outstanding
impact-resistant performance [1-6]. With the further research,
many kinds of flexible polymer materials, such as spray film,
adhesive gel, flexible wearable and nano composite, have
been developed. With their superior properties, they gradually
replace the traditional small molecule materials [7-10]. Gen-
erally, they are composed of the hard segments and soft
segments in microstructure. The hard segments are com-
prised of diisocyanate and chain extender, and the soft
segments are comprised of oligomeric polyol. Between
them, the thermodynamic incompatibility is presented. It
makes that the polymer materials have an obvious micro-
structure of phase separation, in which the soft phases
provide elasticity and the hard phases serve to enhance
the filling and crosslinking [11-14]. Studies have suggested
that the multi-phase structure is the intrinsic reason of the
excellent performance of materials [15,16]. Therefore, it is
of great significance to study the phases and microstruc-
ture for well knowing the flexible polymers [17-21].

As we know, there are a large number of C-C single
bonds in the soft segment of polymer. When the internal
rotation degree of freedom is large enough, the change of
molecular chain conformation provides “flexibility” for the
polymer. Therefore, in the molecular chain of the flexible
polymers, the mass proportion of soft segments is usually
higher than hard segments, which can be up to 90% [22,23].
Some research results have shown that the structures of
soft segments have considerable effects on the mechanical
properties of flexible polymers related to low temperature
resistance [24—-26]. Furthermore, several researches have
indicated that as polyols’ relative molecular weight increases,
tensile strength and tear strength decrease while tensile elon-
gation increases [27-29]. They illustrates that the soft seg-
ments have an key effect on the mechanical properties of
flexible polymers. Therefore, studying the soft segments is
valuable for understanding the physical mechanisms linking
to mechanical behavior of flexible polymers.
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Molecular dynamics (MD) simulations based on Newtonian
mechanics theory have a capability to predict the micro-
structure and mechanical properties of materials under a
certain condition. It is helpful to clarify the microlevel
mechanisms for understanding the mechanical behavior
of flexible polymers [30-37]. MD simulations can observe
the polymers at atomic scale and explain the macrolevel
dynamic mechanical behavior through the microlevel phy-
sical origins. Also, they have the advantages of less testing
period, lower cost and so on, which can constantly polish
the results through a fast iteration. The mechanisms of
mechanical performance of flexible polymers as well
as their self-healing behavior have been studied by
MD simulations [38-40]. The proportion of soft seg-
ments and hard segments was obtained to address the
self-healing capability of flexible polymers [41]. The
method of MD simulations can well elucidate the phy-
sical origins of mechanical behavior through describing
the soft segments and hard segments. As a result, unco-
vering the physical mechanisms of impact resistance of
flexible polymers is critical.

In this work, the mono soft segment of flexible poly-
mers is studied through using MD simulations and the
evolution of mechanical behavior with the increase in
strain rate is clarified. By sampling the molecular systems
at different strain states, monitoring the atomic motion
process and revealing the characteristics of structures
and properties, the mechanical behavior is ultimately
achieved. The polytetramethylene ether glycol (PTMG)
is selected as the research objective, which is a typical
soft segment of flexible polymers. The physical mechan-
isms at molecular scale are revealed and the intrinsic
parameters are accompanyingly defined. This work not
only describes the evolution process of molecular chain
motion upon dynamic tensile loading but also explores
the microlevel origins of mechanical behavior at different
strain rates. This study plays an important role on improving
the knowledge impact on rate dependent mechanical beha-
vior of flexible polymers.

hard segment

soft segment

DE GRUYTER

2 Material model and MD
simulation method

Materials Studio is used to build the material model of the
mono soft segment of flexible polymers. The open-source
code of LAMMPS is employed for calculation [42]. The
OVITO is implemented to realize the visualization of
atomic structure [43]. The applicable COMPASS force field
is carried out. Herein, COMPASS means “condensed-phase
optimized molecular potential for atomistic simulation stu-
dies.” It is the first molecular force field that can unify the
force fields of organic molecular system and inorganic
molecular system. Generally, the COMPASS force field is
able to achieve the simulations of polymer materials [44].
The governing function of COMPASS [45] force field can be
expressed as:

E =Ey + Eg + Ez + Ey + Ecross + Ejj + Eelec. (1)

In this formula, the bonding term is composed as: the
energy of bond stretching (Ejp), the energy of bond angle
bending (Eg), the energy of bond bending (Ez), the
energy of out-of-plane angle bending (E,) and their cou-
pling energy (E..ss). Besides, the non-bonding term is
composed of van der Waals energy (E;) and Coulombic
energy (Eeec). Moreover, the electrostatic interaction can
be described by the remaining charge of atoms:

gi = 6i + ) 5y Q)
j

Among these atoms, the bond increment (§;) is used to
represent the remaining charge of atoms j (donor) to i
(acceptor).

In this work, the PTMG that can represent the soft
segment of flexible polymers is selected for study. A
typical microstructure of flexible polymers is shown in
Figure 1a. The monomer of butanediol is constructed by
adding atoms in Materials Studio [46,47]. Then, the
repeating unit in material model is used to construct a
single molecular chain of PTMG and a typical molecular
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Figure 1: Material model of MD simulations: (a) microstructural composition of a flexible polymer; (b) a typical molecular structure of soft
segment with helical structure; and (c) molecular formula of the mono soft segment.
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structure of soft segment with helical structure is shown
in Figure 1b. It is a mono soft segment for study in this
work and its molecular formula is OH(C,HgO),H (see
Figure 1c).

Herein, a regular helical structure is built for the cal-
culation and research. The degree of polymerization is set
as n = 43 that contains 562 atoms and the total molecular
weight is 3,114. Afterwards, the structure of the PTMG is
optimized. A reasonable and stable molecular structure
can be obtained by the method of energy minimization.
Finally, the material model with molecular structure is
outputted by coordinate conversion and is turned into
an initial configuration file that will be used by LAMMPS.
The visual model that is processed by OVITO.

LAMMPS can optimize the simulation data for avoiding
the failure of calculation due to unreasonable local struc-
ture of material model or excessively high system energy
and the rationality of modeling can be achieved. The calcu-
lation system is simulated for 1,000 ps using an isothermal-
isobaric ensemble (NPT) at 300 K under atmospheric pres-
sure. The environmental conditions are held. The increase
in temperature is processed at a step of 25K from 300 to
1,000K followed by cooling down to 300K. Such the
treating cycles are conducted for 10 times and a balance
state of material system is reached. To study the tensile
properties, the material system of PTMG was uniaxial
stretched at room temperature (T = 300 K), and the model
was relaxed for 1,000 ps at 300 K before loading. Periodic
boundary conditions are applied in y- and z-directions
while the boundary condition in x-direction is free for
deformation. Time step At = 1fs is set during loading pro-
cess. The different impact velocities are conducted, which
are (n) km/s (n =1, 2 ... 20). They correspond to the strain
rates of (0.88n) x 10"/s (n = 1, 2 ... 20), respectively.

3 Results and discussion

3.1 Mechanical properties at various strain
rates

The tensile tests within a wide range of strain rates are
simulated by using LAMMPS. The mechanical responses
under dynamic tensions are characterized. Yielding stress
and maximum stress at various strain rates are collected
to investigate the effect of strain rate on dynamic mechan-
ical properties, which reveals the strain rate dependency.
Besides, according to the simulation results, the effects of
strain rate on mechanical behavior are well studied.
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Figure 2 shows the representative engineering stress—
strain curves of PTMG material model at different strain
rates. To ensure that the simulation results can compre-
hensively analyze the mechanical behavior under tensile
loadings, multiple simulations are conducted in the velo-
city range of 1-20 km/s, that corresponds the strain rate
range of (0.88-17.6) x 10'Y/s. The engineering stress—strain
curves show a similar characteristic under different strain
rates. They exhibit a linear elastic behavior at beginning of
deformation and then present a nonlinear transition to
global yielding followed by a large strain and final failure.
It is a typical mechanical characteristic of glass-like beha-
vior. It can also be noted that in the process of yielding,
with the increase of strain rate, the transition of stress—
strain relation tends to be indistinct and the hardening
phenomenon becomes obvious. In addition, the strength,
stiffness and maximum stress increase with the increase
of strain rate. The specific quantitative analysis is shown
in Figures 3 and 4, respectively. It means that the mate-
rial properties have an outstanding rate dependency.
Likewise, the material system exhibits dynamic hard-
ening behavior, which contributes to high impact resis-
tance [48-51].

Therefore, the material system presents a mechanical
characteristic of glass-like behavior under dynamic loading.
To study the origins of this characteristic, the tangent mod-
ulus of the material at different strain rates is quantitatively
analyzed and the simulation data are fitted. Since yielding
occurs under dynamic stress equilibrium of atomic struc-
ture, tensile modulus can be roughly estimated by a stress—
strain curve. The curve slope is the tangent modulus that
can indicate the material stiffness at a corresponding strain
rate. Figure 3a shows the relation between the tangent mod-
ulus of the material system and strain rate. It is found that
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Figure 2: Stress—strain relations under dynamic tensions at dif-
ferent strain rates.
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Figure 3: Relation between strain rate and tangent modulus of the PTMG material model: (a) positive strain rate dependency of tangent
modulus and (b) critical strain rate to induce the transition of mechanical behavior of a material from rubber-like behavior at low strain rate

to glass-like behavior at high strain rate.
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Figure 4: Quantitative analysis on the strain rate dependencies of
the maximum stress and yield stress.

tangent modulus increases with the increase of strain rate,
which is a positive strain rate sensitivity. By fitting the data
points, it can be seen that the increase speed becomes slow
and even the tangent modulus becomes a constant when
strain rate is high enough. It means that the rate indepen-
dency of tangent modulus emerges at a high strain rate.
Furthermore, a logarithmical abscissa axis of strain rate is
transformed and the data points of tangent modulus are
fitted into a straight line (see Figure 3b). By extending the
fitting line, a point of (0.76, 0) is attained. It indicates that
when strain rate is lower than 0.76 x 10'!/s, tangent mod-
ulus becomes 0, which is a typical mechanical behavior of
soft matter. Thus, the strain rate of 0.76 x 10'/s is deter-
mined as the transition of mechanical behavior of a material
from rubber-like behavior to glass-like behavior with the
increase of strain rate [52-56]. The mechanical characteristics

upon loading remain similar in the range of the simulated strain
rate and occur to transition with the increase of strain rate.

Based on the stress—strain curves in Figure 2, yield
stress and maximum stress at different strain rates are
measured and their rate dependencies are analyzed quan-
titatively (see Figure 4). Herein, the point of the minimum
stress after linear elastic deformation is taken as yield
stress. In general, the strain rate dependency of material
properties can be calculated by a formula of o = Bé™.
Herein, o is stress; B is a material parameter that is a
function of temperature, strain and microstructure; & is
strain rate; and m is the strain-rate sensitivity index, which
is greater than or equal to zero. This equation can accu-
rately represent the strain rate independency of material
properties. The fitted curves are shown in Figure 4. The
quantitative relations are g,, = 0.035£"-18 for the maximum
stress and strain rate and g, = 0.002¢%%7 for yield stress
and strain rate, respectively.

The quantitative analysis shows that both the max-
imum stress and yield stress have a positive correlation
with strain rate and they increase with the increase in
strain rate. By comparing, the strain rate dependency of
yield stress is higher than that of the maximum stress.
The yield stress corresponds to the yielding resistance of
a material, which can indicate a material stiffness. It is
consistent with the relation between tangent modulus
and strain rate as shown in Figure 3. And, the maximum
stress corresponds to the fracture resistance of a material,
which is related to the strength and cracking resistance of
a material. Thus, with the increase in strain rate, the mate-
rial stiffness, strength, and cracking resistance are signifi-
cantly increased, which illustrates a high impact-resistant
performance.
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3.2 Physical mechanisms of strain rate
dependency

According to the study in literatures [57-59], the poten-
tial energy is strongly related to the mechanical proper-
ties of a material. To explore the physical mechanisms of
the strain rate dependency of mechanical properties, the
relation between potential energy and strain rate is ana-
lyzed, which is shown in Figure 5. The potential energy
evolution with straining at different strain rates is given
in Figure 5a. The curves of potential energy and engi-
neering strain also show a similar trend at different strain
rates. The potential energy increases rapidly with straining
at a given strain rate. In addition, according to the growth
rate of the potential energy with straining, two turning
points, marked by round and square black dots, can be
obviously seen at each strain rate. This phenomenon is
similar with that which occurs in the stress—strain rela-
tions, as shown in Figure 2. Through linking with the
engineering strain, it is found that the engineering strains
at these two turning points of potential energy are consis-
tent with the strains, which correspond to yield stress and
maximum stress, respectively, as shown in Figure 6. Thus,
we can derive that these two turning points of potential
energy correspond to the yield stress point and maximum
stress point, respectively. Then, the potential energies at
yield stress point and maximum stress point are measured
at different strain rates (see Figure 5a) and their strain rate
dependencies are analyzed quantitatively by curve fitting
(see Figure 5b).

A power function is employed to characterize the
strain rate dependencies. They are E, = 25.57¢%% and
E,, = 107.62£214 for the potential energies at yield stress
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Figure 6: Evolutions of potential energy and stress with straining at
a representative strain rate of 1.32 x 10%%/s.

point, E,, and maximum stress point, E,, respectively.
Both of them have a positive relation with strain rate
that is increased with the increase in strain rate. The
potential energies increase and their growth rates also
increase with straining. So, the potential energy of the
mono soft segment has an obvious strain rate dependency,
which will significantly influence the material properties.
Due to the high potential energy at a high strain rate, the
stressed atoms have no time to relax, which induces the
improvement of material strength. Resultantly, strength
increases with the increase in strain rate.

In addition, to explore the evolution details of poten-
tial energy with stress and strain, one typical loading
case at a strain rate of 1.32 x 10'/s is investigated
as shown in Figure 6. At the beginning of deformation,
a linear stress—strain behavior is processed and the
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Figure 5: Relation between potential energy and strain rate: (a) potential energy with straining at different strain rates and (b) quantitative
analysis of strain rate dependencies of the potential energies at yield stress point and maximum stress point.
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potential energy increases linearly at a lower speed with
straining, which is Stage I. When strain reaches 0.53, the
stress—strain curve shows yielding behavior and yield
stress point is obtained here. Meantime, the curve of
potential energy and strain reaches the first turning
point. Afterwards, with the continuous increase in strain,
the increase in stress becomes faster and, accompany-
ingly, the increase of potential energy also becomes faster,
which is Stage II. Then, a large deformation is processed
and the strain reaches 1.31. At this time, the maximum
stress point is obtained here. Finally, at Stage III, with
the increase in strain, the stress shows a downward trend,
while the potential energy continues to increase, but the
increase rate slows down. Herein, the failure of material
maybe occurs. Therefore, with the increase in strain, the
evolutions of stress and potential energy are given in
detail.

Along with the above illustrations, the configuration
of molecular chain is furthermore studied for exploring
the physical mechanisms at atomic scale, as shown in
Figure 7. Herein, three representative loading cases at the
strain rates of 0.88 x 10", 7.04 x 10" and 1.32 x 10'¥/s are
presented and the configurations of molecular chain at the
initial, yield and maximum stress points in each loading
case are investigated. At the initial state, strain is O and
the material system is not affected by external force. That
means the configuration of molecular chain keeps the ori-
ginal state without any tension and relaxation. When the
stress—strain relation arrives at yield point, tensile deforma-
tion makes an effect on the configuration of molecular

DE GRUYTER

chain. Disentanglement occurs and it is localized at the
ending part of the molecular chain, which is determined
as the characteristic molecular chain for carrying the
dynamic mechanical behavior. Herein, the disentangle-
ment is carried out by the change in bond length and
bond angle as well as the straightening of molecular chain
rearrangement [21,24,30,38]. The medium position of the
molecular chain, on the other hand, appears to have no or
very little modification. The relative motion of the seg-
ments is observed at both ends of the molecular chain,
and this phenomenon becomes more obvious at the max-
imum stress point. So, the performance of molecular chain
upon dynamic loadings at different strain rates is the
same, which indicates the intrinsic physical mechanism
is the same. However, through comparison, it is found
that with the increase in strain rate, the characteristic
molecular chains become “straighter” and “longer.” This
means the disentanglement of molecular chain becomes
more obvious with the increase in loading rate.

To further study the disentanglement phenomenon of a
molecular chain upon dynamic loading as well as the intrinsic
physical mechanisms, some new parameters are defined
and accordingly a quantitative analysis is conducted. Under
dynamic loading, a molecular chain is divided into two parts
of disentanglement at the ending part and non-disentangle-
ment at the medium part, which are schematically shown in
Figure 8a. This performance is caused by the inertia behavior
of matter. They are defined as a« and f3, respectively. Then, the
disentanglement ratio, Ry can be described by the formula:
Rq = [(q + @)/(qy + a» + B)] x 100%. Herein, Rq is the
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Figure 7: Configurations of molecular chain at the initial, yield stress and maximum stress points at different strain rates of 0.88 x 10",
7.04 x 10™ and 1.32 x 10"%/s, respectively.
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disentanglement ratio; a; and @, are the numbers of atoms
involved in the disentanglement that occurs at both two ends
of molecular chain, respectively; B is the number of atoms
contained in the non-disentanglement part that locates in the
medium part. Thus, the evolutions of disentanglement ratio
with straining at each strain rate of 0.88 x 10", 7.04 x 10" and
1.32 x 10'¥/s are derived as shown in Figure 8b. Two turning
points of 0.3 and 0.45 of the disentanglement ratio are
emerged. By linking the data of strain, we find that these
two turning points correspond to the yield stress point and
maximum stress point (see Figure 2) and this phenomenon
is also in line with that occurs to the potential energy (see
Figure 5). Thus, we can conclude that at a strain rate with
straining the mechanical properties of materials, potential
energy of atoms and configuration of molecular chains are
changed and the specified characteristics are exhibited at
both yield stress point and maximum stress point.

Besides, it is interesting to find that for these three
loading cases, the disentanglement ratio is the same at
yield stress point as well as at the maximum stress point.
That means the disentanglement ratio is not changed by
the loading rate, which is strain rate independency. So, 0.3
and 0.45, as the data of disentanglement ratio, are deter-
mined to be the characteristic parameters of the mono
helical soft PTMG segment for describing the rearrange-
ment of molecular chain at yield stress point and max-
imum stress point at various strain rates. However, the
strain at yield stress point and maximum stress point
becomes large with the increase in strain rate (see
Figures 2 and 5). Thus, we can derive that the disentan-
glement degree of molecular chain becomes high with
the increase in strain rate, which is mainly operated by
the change in bond length and bond angle.

As above illustrations, disentanglement is a natural car-
rier at micro level as the response of molecular chain upon
dynamic loading. The disentanglement part, a(=a; + @,),
marked in Figure 8a, is the characteristic molecular chain
that is full of significance to be studied. A zoomed-in obser-
vation on the disentanglement part, «, is given in Figure 9.

The initial configuration at the end of molecular
chain is U shape. And, the rearrangements at yield stress
point and maximum stress point are also given at the
three representative loading cases where strain rates
are 0.88 x 10", 7.04 x 10" and 1.32 x 10'/s, respectively.
By comparison, the U-shape part becomes straighter at
maximum stress point than that at yield stress point for a
certain loading case. And, at both yield stress point and
maximum stress point, the U-shape part also becomes
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Figure 9: Zoomed-in observation on the disentanglement part, a,
located at the ending part of a whole molecular chain at the initial,
yield stress and maximum stress points at different strain rates of
0.88 x 10", 7.04 x 10" and 1.32 x 10*%/s, respectively.
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Figure 10: Quantitative analysis on the straightening of characteristic molecular chain in the disentanglement part upon dynamic loading:
(a) schematic diagram of the straightening of characteristic molecular chain; (b) strain rate dependences of straightening ratio, R;, at yield
stress point and maximum stress point; (c) schematic diagram of the bond angle expansion among three neighboring atoms; and (d) strain
rate dependences of the angle-expansion ratio, R,, at yield stress point and maximum stress point.

straighter for the loading case at a higher strain rate. So,
both straining and strain rate can lead to the straigh-
tening of characteristic molecular chain, which results
in the increase in disentanglement degree at the ending
part of a whole molecular chain. Herein, the straigh-
tening of characteristic molecular chain is operated by
the motion of atoms, which is the physical origin of the
increased stress with the increase in strain and strain rate
[60]. So, the stress—strain relations at various strain rates
as well as the strain rate dependencies of tangent mod-
ulus and strength are produced, as shown in Figures 2-4.

To quantitatively analyze the straightening of char-
acteristic molecular chain upon dynamic loading, the
parameters of straightening ratio and bond angle—expan-
sion ratio are defined as shown in Figure 10. A schematic
diagram of the straightening of characteristic molecular
chain is given in Figure 10a. The straightening ratio, R,
can be calculated as: Ry = [(l; — 1ly)/lp] x 100%. Herein, Ry

is the straightening ratio; Iy is the initial length of the
molecular chain in disentanglement part; and [, is the
current length of the molecular chain in disentanglement
part processed by dynamic loading. Then, at each strain
rate, the straightening ratio, Rs, at yield stress point and
maximum stress point can be obtained. Accordingly, the
strain rate dependences of theirs can be derived as shown
in Figure 10b. With the increase in strain rate, straigh-
tening ratio, R, at both yield stress point and maximum stress
point increase, which show the strain rate dependencies.
The same, the angle—expansion ratio, R,, is defined
as: Ry = [(6; — 6p)/0p] x 100%, which is schematically
shown in Figure 10c. Herein, R, is the angle—expansion
ratio; 8y is the initial angle formed among three neighboring
atoms; and 6, is the current angle formed among the same
three neighboring atoms processed by dynamic loading.
Also, it is worthy to note that only one direction along the
tensile loading is considered and the angle—expansion
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ratio, R,, measured in this work is an average value. Then,
at each strain rate, the angle—expansion ratio, R,, at yield
stress point and maximum stress point can be obtained.
Accordingly, the strain rate dependences of theirs can be
derived as shown in Figure 10d. With the increase in strain
rate, the angle—expansion ratio, R,, at both yield stress
point and maximum stress point increase, which show
the strain rate dependencies.

According to the quantitative analysis in Figure 10b
and d, with the increase in strain rate, both straightening
ratio and bond angle-expansion ratio increase, which
contributes to the disentanglement of molecular chain
upon dynamic loading. That means the loading at a
higher strain rate can lead to a greater degree of disen-
tanglement, which is mainly conducted by the straigh-
tening of characteristic molecular chain and bond angle
expansion. Herein, the increase in bond length is deemed
to make less effect on the material deformation and it will
cause the material failure.

4 Conclusions

The physical origins of dynamic mechanical behavior of
flexible polymers are revealed by studying a mono helical
soft segment at various strain rates using MD simulation.
The stress—strain relations show yield stress point and
maximum stress point and both of them as well as the
tangent modulus, which can indicate the material stiff-
ness, has a positive strain rate dependency. The evolu-
tion of potential energy of atoms with straining is also
given and it is in line with the stress—strain relation. A
similar strain rate dependency is produced.
Furthermore, disentanglement of molecular chain
upon dynamic loading is observed. The disentanglement
ratio is defined and found that at the yield stress point
and the maximum stress point, it is independent of strain
rates, which are 0.3 and 0.45, respectively. Through the
quantitative analysis of the straightening and the inherent
bond angle expansion of the characteristic molecular
chain under different strain rates, it is proved that the
bond length and bond angle of the chain segment at the
yield stress point and the maximum stress point change
more distinctly with the increase in strain rate. When
the strain rate is up to 1.76 x 10'%/s, the straightening
rate and the inherent bond angle expansion at the yield
stress point are 1.35 and 0.35, respectively. They are
1.3 and 0.28, respectively, higher than those at a strain
rate of 8.8 x 10'°/s. The same, at the maximum stress
points, they are 2.05 and 0.3 higher, respectively, when
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comparing the data at these two different strain rates.
Thus, the disentanglement degree of the characteristic
molecular chain increases with the increase in strain
rate. Then, we can deduce the increase in the interaction
force between atoms, which can result in the improved
strain and stress. Therefore, through the step-by-step
exploration and investigation, the physical mechanisms
of dynamic mechanical behavior of flexible polymers are
clarified.
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