Molecular insight into the Mullins effect: Irreversible disentanglement of polymer chains revealed
by molecular dynamics simulation
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Abstract

The debate on the possible molecular origins of the Mullins effect has never ceased since its discovery. To
tackle this issue, Molecular dynamics (MD) simulation is carried out to elucidate the underlying mechanism
of the Mullins effect. For the first time, the key characteristics associated with the Mullins effect including
(a) the majority of stress softening occurring in the first stretch, (b) continuous softening with stress increase,
(c) permanent set, and (d) recovery with heat treatment, are captured by molecular modeling, laying out a
solid foundation to use MD simulation to study the Mullins effect. It is discovered that the irreversible
disentanglement of polymer chains is physically sufficient to interpret these key characteristics, providing
molecular evidence for the long-controversial issue. Our results also reveal that filled rubber exhibits three
distinct regimes in terms of stiffness, i.e., polymer matrix, interface, and filler. When subjected to external
strain, polymer matrix suffers from excess deformation, indicating strong heterogeneity within filled rubber.
The new understanding would provide molecular insight for the formulation of physically based
constitutive relations for filled rubber.

Introduction

When subjected to stretch, rubber-like materials experience substantial stress softening. As shown in Figure
1, the so-called Mullins effect, observed in a wide range of materials from rubber [1-6], polymer gels [7,8],
and living tissues [9,10], exhibit a few key
characteristics. (1). The first stretch accounts for
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consecutive cycles of stretch with equal or less
strain afterwards do not soften the material
substantially. (2). Permanent set (residual strain)
is left after the first stretch. (3). The so-called
permanent set is indeed not permanent, can
partially or even fully recover when exposed to
high temperature. (4). When the stretch exceeds
the maximum strain of previous stretches, the
stress-strain curve returns to the monotonous
uniaxial stretch route. It is worth mentioning that,
while the majority of the studies of the Mullins
effect focus on filled rubber, stress softening is also observed in unfilled nature rubber when it is stretched
to the same tress level (instead of strain) as its filled counterpart [1,11], indicating a universal principle
lying in these distinct systems.

Figure 1 The typical stress-strain curve of carbon black filled SBR
adopted from [15].



Although the Mullins effect has been discovered for more than one century by Bouasse and Carriere [12],
and has been intensively studied for more than six decades thanks to Mullins’ seminal work [2,6,11,13],
the molecular mechanism underlying the Mullins effect remains controversial [14,15]. The controversy lies
in the technical challenge of in situ “seeing” microstructure change at the nano-scale during mechanical
stretching of rubber, as well as the complexity of rubber system as a mixture of fillers, polymer matrix and
filler/polymer interfaces. Up to date, a number of physical interpretations have been proposed and can be
approximately grouped into three categories [16], namely, (1) irreversible processes within polymer matrix:
cavity formation, chain scission, disentanglement, and crosslink breakage; (2) irreversible processes within
filler network: filler aggregate or agglomerate fracture, and rupture of the carbon-black network (loss of
percolation); (3) irreversible processes at polymer-filler interface: molecule slips, molecule adsorption, and
bond breakage at the filler surface. The lack of a well-established physical interpretation hinders the
development of physics-based constitutive laws for mechanical behaviors of rubber-like materials. With
the wide usage of finite element modeling in rubber industry, there are a lot of efforts to formulate
constitutive equations to describe non-linear superplastic, and time-dependent viscoelastic behaviors of
rubber-like materials [17-23]. Particularly, a lot of endeavors have been made to capture the stress-
softening phenomenon, and most of the current models are phenomenological based [17,19,20]. Even
though they can be easily adopted in finite element analysis packages and proved effective for some
materials under certain conditions, these phenomenological constitutive laws cannot be generalized and fall
short in many applications [17,19]. Physics-based constitutive laws have also been proposed to address
these issues. However, they are plagued by the lack of fundamental understanding of underlying
mechanisms. As a result, their parameters which are supposed to relate to the claimed physics, when fitted,
fail to agree with experimentally measured physical parameters [15]. There is an urgent need to gain a
molecular insight into the Mullins effect.

Although a direct observation of molecular level evolution during rubber stretching is tremendously
challenging for experimentalists, numerous works have been conducted to have indirect characterizations.
We summarize the key and consensus experimental observations, which can serve as established guidelines
to validate our molecular modeling. Swelling test can be used to characterize the density of crosslink in
rubber. Experimental results from swelling tests by different research groups show that there is no
significant crosslink or chain break after stretching, implying the damage to polymer matrix (chain break
or crosslink break) is not ready to explain the Mullins effect [16,24]. When using carbon black as fillers,
filled rubber can acquire electrical conductivity. The rupture of filler structure affects the electrical
conductivity of filled rubber, which can thus serve as an indicator for filler breakage. In [16], along with
stress softening the rupture of filler cluster was detected by measuring electrical conductivity. However,
while the Mullins effect was recovered when subjected to elevated temperature the filler structure was not,
indicating the filler network alteration is not the vital factor for stress softening. It is also noted that the
Mullins effect is observed in a wide range of materials including unfilled rubber and living tissues, which
cannot be explained by the conjecture based on filler/polymer interface change. If a proposed mechanism
is a general principle, it should comply with existing experimental observations.

Molecular dynamics (MD) simulation is a powerful tool to “see” the micro structural evolution in situ
within rubber when subjected to stress. With the advent of supercomputer, MD is being used to explore
molecular origins for mechanical behaviors of polymer-based materials [25-35]. While most MD research
investigates mechanical reinforcement, few works focus on stress softening. As a matter of fact, if the most
fundamental behavior could not be captured by MD simulation, it hurts the credibility of MD simulation in
elucidating molecular origins of mechanical properties of filled rubber. In this study, by developing a MD
simulation of a filled polymer system, to the best of our knowledge, it is the first time that the key
characteristics of the Mullins effect (stress softening, permanent set, recovery, continuing softening with
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strain increase) are captured. Equipped with the model, we will have a systematic study of molecular origins
of the Mullins effect. We will also interrogate the revealed molecular mechanism by comparing with
available experimental observations.

Methodology

The targeted system is styrene-butadiene-rubber
(SBR) reinforced with functionalized silica particles,
a rubber material widely used in tire industry. A
coarse-grained (CG) model is developed to simulate
the filler/polymer nanocomposite system. The three
basic elements of the system are elastomer, filler, and
silane which bridges filler particle and elastomer (c)
chain. The procedure to build up the system is
discussed below. Dimensionless unit is used in the
simulation. To correlate CG model with an actual
material (SBR), three basic units, mass unit m,
energy unit £y and length unit g, are set as 282g/
mol, 30 kj/mol and 2 nm separately [36]. All other (d)
units can be derived based on these three basic units.

(a} Spring-bead model (b

The first step is to build a polymer matrix. In the CG & : o
model, an elastomer is modeled as a bead-spring ' 2" Silane
chain. As shown in Figure 2 (a), a bead is used to ke
represent one repeating unit (also called monomer) : :
with mass m = my. Random walk method is utilized  figure 2 molecular model . ll polstem. (a).
to fill the space with elastomers. First, the head Spring-bead model. (b). Polymer matrix. (c). Crosslinked
monomer is generated randomly in the simulation polymer matrix. (d). Filled polymer with grafted silane.

box. Following that, an adjacent monomer is

generated and chemically bonded to the head monomer by abiding the two rules: the two monomers are in
force balance position and there is no overlap between the new monomer and other existing monomers.
Repeating this process, an elastomer with pre-defined number of bead and stochastic arrangement will be
produced. Eventually, the simulation box is filled with elastomers and form a polymer matrix. The polymer
matrix used in our simulation contains 300 elastomer chains and each elastomer chain has 400 beads. The
system is thus exposed to isothermal-isobaric (NPT) process with P* = 0 and T* = 1.5 until there is no
noticeable size and pressure variation, an indicator for thermodynamic equilibrium.

The second step is vulcanization, using Sulphur (S) atoms to crosslink elastomers. Vulcanization is a routine
technique in polymer industry to increase mechanical strength. To add a Sulphur atom, we first randomly
choose a point in the simulation box. We then search two monomers with the shortest and second shortest
distances to the point and crosslink the two monomers with a S-S chemical bonding. By controlling the
number of points, we can control the crosslink density of the system. The effect of crosslink density on
mechanical performance studied by molecular dynamics can be found in one of our works [36]. In this
study, 0.9% (weight fraction) sulfur is used in our simulation. Note that the bonding length ranges from S1
(one Sulphur) to S8 (eight Sulphurs) in reality, while in our simulation only S8 is used for simplification.
After vulcanization, an NPT procedure is applied to relax the system as shown in Figure 2(c).

The third step is to embed functionalized fillers into polymer matrix. A filler takes a spherical shape and is
composed of silica atoms. Its atomic structure allows silane molecules to be chemically grafted to its surface.



The diameter of filler is d; = 1005, and the mass of filler is 300 m,, 300 times of monomer mass. To
embed fillers into polymer matrix, points within polymer matrix are randomly chosen and virtual atoms
with strong repulsive force are placed on these points to acquire spaces for fillers. The fillers grafted with
silanes (grafting density 0.155 nm™2) are then inserted to replace virtual atoms. After reaching equilibrium
through NPT, a chemical bond will be manually introduced between silane and its nearest polymer
monomer. In this way, fillers will be chemically connected with surrounding elastomers. Before having
mechanical test, the system is once again exposed to NPT to reach equilibrium. The dimension of the
relaxed system is 168 x 84 x 84 nm as shown in Figure 2(d).

To conduct mechanical tensile and compressive tests, we fix one end of the filled rubber, and stretch the
other end with constant speed (corresponding a strain rate 4 x 108s~1) for loading and the same constant
speed when unloading. During stretching, NVT ensemble with T* = 1 will be used. When each loading
or unloading is accomplished, NVT equilibrium will be continuously imposed to the system for 3.2 x 10°
time steps (2.0 ns physical time). During dynamic tests, free boundary conditions are applied in all
directions. It is noted that the way we used to stretch the system is different from the way to uniformly
deform the simulation box in most previous MD simulations. Our method allows all possible chain
movements, which are essential for the Mullins effect.

There are two kinds of interaction, van der Waals force and covalent bonding force, which are represented
by Lennard-Jones (L-J) potential and harmonic potential respectively in our simulation. When there is no
chemical bonding, L-J potential as shown below is used,

= el(@) - @) <

where 7, is cutoff distance, o and ¢ are pre-defined distance and energy parameters. The L-J parameters
used for different materials are listed in Table 1.

TABLE 1: Parameters of L-J potential

monomer- silane- Filler- silane- filler-
monomer silane silane monomer monomer
(&) | 1.0 1.0 0.4 1.0 0.4
o (0y) | 1.0 1.0 1.0 1.0 1.0
1.(ry) | 2.24 2.24 2.24 2.24 2.24

Covalent bond is modeled using a harmonic potential superposed with an L-J potential. The potential thus
becomes,
-]
r

where 1y = 0.98 ry and stiffness K = 34. The same parameters of harmonic potential are used for all
chemical bonding including monomer-monomer, silane-monomer and silane-filler. Considering the much
larger mechanical strength of fillers (silica) compared with polymer matrix, fillers are simplified as rigid
bodies so that the interaction of atoms within filler can be neglected, which will substantially improve the
computational efficiency.

E =K( —r))? + 4¢ [(%)12
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In this section, MD simulation is carried out to regenerate the key characteristics of the Mullins effect, i.e.,
permanent set, stress softening during the first stretch, recovery of the Mullins effect at elevated temperature,
and continuing softening with strain increase. After reproducing the experimental observations,
microstructure analysis will be conducted to unveil their molecular origins.

The first observation is permanent set. The filled rubber is stretched to strain up to 300%, and then released
back to the state with zero stress response. From Figure 3(a), we can see, when released, the filled rubber
cannot recover to its original shape. Instead, a residual strain is left. By fitting the releasing stress strain
curve with a second-order polynomial, the residual strain is determined. With the strain of 300%, the
residual strain is 79%. The inability to return to its original shape is called permanent set, and is routinely
observed in experiments. Indeed, in Mullins’ seminal work, permanent set has been observed in both pure
nature rubber and filled nature rubber [37]. To compare with experiments, we list some values of residual
strain reported in literature. Dorfmann and his co-works reported residual strain ranging from 0-20% for
carbon black filled nature rubber for different filler densities and maximum strains [38]. It was also found
that residual strain increases with applied maximum strain, which is consistent with our simulation. We
observe the increase of residual strain from 53% to 79% when the maximum strain from 100% to 300% as
shown in Figure 3(b) In Diani’s work, a residual strain of 31% was observed by stretching a filled EPDM
to 200%. It is noticed that the residual strain obtained in our simulation is larger than those observed in
experiments. We attribute the value difference to the strain rate gap between simulation and experiment.
The residual strain is known to be related to many factors including material, filler density, stretching strain,
strain rate, and temperature [38—40]. In our simulation we are able to match most parameters; however, the
strain rate used in the simulation is orders of magnitude larger than that used in experiment measurement.
In our simulation, a super-high strain rate 4 x 1085~ is applied due to computational limitation. This
super-high strain rate gives less time for the system to recover, as a result, a larger residual strain.
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Figure 3 Stress-strain curves of filled rubber. (a). Stress-strain curves for different cycles. (b). Stress-strain curves by increasing
maximum strain from 1, 2 to 3.

The second observation is the majority of stress softening occurs during the first stretch. As shown in Figure
3 (a), comparing the first stretch (loading) with the first release (unloading), the stress is lowered
substantially. During the second and third cycles, there is still stress softening. However, the level of
softening is marginal. We use the area enclosed the loading and unloading curves, which characterizes the
dissipated energy density (energy loss per unit volume), to quantify the stress softening. The dissipated
energy density (dissipated energy/volume) during the first cycle registers at 4.32 ]J/cm? , in sharp contrast
with 1.41 J/cm3 and 1.35 J/cm? for the second and third cycles separately.



The third observation is the continuous stress softening when the strain exceeds the previous maximum
strain ever applied. As shown in figure 3(b), three loading-unloading cycles are applied, and the applied
strain increases from 100%, 200%, to 300%. As a reference, an independent monotonous stretch (loading
only) with strain up to 300% is conducted and its stress-strain curve is also plotted in figure 3(b). It can be
seen that the stress-strain curve almost returns to the reference curve once the strain exceeds the previous
strain, and stress softening, which diminished after the first stretch, arises again.
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Figure 4 Recovery of the Mullins effect when exposed to elevated temperatures.

The fourth observation is the recovery of the Mullins effect at elevated temperatures. Both permanent set
and stress softening can be fully recovered when exposed to elevated temperature for a long time, which
has been verified by various experiments [1,15,41]. It is worth mentioning that even at room temperature,
a partial recovery of stress softening and residue strain is possible if the relaxation time is long enough. For
instance, Rigbi observed a partial stress recovery of a carbon-black filled rubber given a four-week
relaxation without temperature change [42]. The temperature and time dependence indicates the underlying
mechanism of the Mullins effect is a reversible rate process. In our simulation, a similar recovery enabled
by temperature is also observed. The original loading and unloading simulation is conducted at T*=1.
Without further treatment, the permanent set as well as stress softening will be preserved in the stretched
rubber. However, if the stretched rubber is exposed to higher temperature ( T" = 1.5) under NVT ensemble
for 8 x 10° time steps ( 4.9 ns physical time), the Mullins effect recovers. As shown in figure 4, the black
solid curve is from the virgin stretched one, and the red dashed curve is the stress-strain curve measured

after the stretched rubber exposed to elevated temperature. We can see that the stress softening appears in
the recovered rubber.



(a) Strain=0 at initial state

(b) Strain=2 during stretch

Figure 5 A representative elastomer chain at different strains. The maximum strain is 3.
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Figure 6 Characterization of chain entanglement. (a). lllustration of a flexion node. (b) Atom number as a function of angle at
two states (strain = 0 and 2). (c) The change of entanglement parameter in a stretch-release process.

Resting on the consistent regeneration of key characteristics of the Mullins effect using MD simulation, it
is time to gain insight into microstructure changes. We first look at the chain movement of a representative
elastomer. Its structure at different strains is plotted in Figure 5. We can clearly see the folding and
unfolding process is in accordance with stretching and releasing. We use a method developed by Yashiro
et al [43] to quantify the chain entanglement. The detail of the method is described as follows. Starting from
a target node (monomer), two vectors are drawn by pointing to the 10th forward/back monomers as shown
in Figure 6(a). The angle formed between the two vectors is used to evaluate the type of the node. The node
is viewed as a flexion node if the angle is smaller than the pre-defined critical angle (90°), otherwise it is
called a normal node. Following Yashiro’s work, Hossain et al [28] further define the entanglement
parameter as the total fraction of flexion nodes to quantify the system entanglement. We adopt the same
method to track the entanglement evolution in our simulation. Figure 6(b) presents the distribution of atom

7



as a function of angle at initial and stretched state (strain = 2). When there is no external strain, as we
expected, the distribution of node angle exhibits a near Gaussian distribution with the mean angle of 90°.
When the strain increases to 2, the amount of polymer monomers with large node angle increases, and the
entanglement parameter is thus decreased accordingly. To show the dynamic evolution, the entanglement
parameter is calculated as a function of time in a stretch-release process as shown in Figure 6(c). The
entanglement parameter decreases monotonically with the increase of tensile strain. At the end of stretching,
the NVT equilibrium is performed. As we can see, the entanglement parameter will continue to decrease
during the equilibrium. Upon releasing the entanglement parameter increases. However, it cannot recover
to its original state. The unrecovered entanglement is correlated with the property change, stress softening
and permanent set.

Strain=0.5
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Figure 7 Internal deformation map of filled rubber at two strains (0.5 and 1).

Up to point, we have examined the microstructure change of polymer matrix and identified that it strongly
correlates with the Mullins effect. The next question is what happened at the filler/polymer interface? We
then map the microstructure change of the whole system using internal atomic von Mises shear strain. To
reflect the internal, microscopic shear strain of atoms, the homogeneous cell strain resulting from stretching
is removed. In this way, the atomic strain obtained is the reflection of deviation from the average strain,
which is a better indicator for microstructure change. The sliced images colored based on atomic shear
strain are presented in Figure 7 at two macroscopic strains (0.5 and 1.5). It is interesting to see that the
system is clearly divided into three regimes in term of atomic strain. For fillers, there is no internal
deformation because they are treated as rigid. This is also true in reality because fillers have much higher
mechanical yield strength. For polymer matrix, as reflected in our previous entanglement analysis, there is
severe excess strain. In between filler and polymer matrix, an interfacial regime with intermediate strain
arises. Tt is revealed that the deformation is strongly heterogeneous. Excess deformation occurs in polymer
matrix. The heterogeneous microstructure change revealed by MD simulation has broad implication for the
development of fatigue models for rubber. It is noted that Akutagawa et al made attempts to include the
realistic filler cluster structure obtained from experimental characterization (in contrast to ideal filler
distribution) into finite element analysis (FEA), a surprisingly high excess strain on the level of 200% was
observed even if the macroscopic strain is only 15% [44]. Our simulation confirms the existence of
heterogeneous plastic deformation. However, the quantitative agreement cannot be achieved. The MD
result shows 40% excess strain for a 50% macroscopic strain. We attribute the quantitative discrepancy to
the continuum assumption used in FEA. The continuum assumption cannot tell the microstructure
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difference between different regimes, whereas MD simulation is able to capture the difference of atomic
structure and dynamics and thus is more reliable. The inability of considering the microstructure difference
may give rise to issues when extending FEM to fracture and fatigue models. The microstructure
heterogeneity is essential for the occurrence of fracture and fatigue. Most of the current available fatigue
and fracture models are, however, based on continuum variables, to which the micro level heterogeneity is
averaged out [45-48]. The knowledge of material structure heterogeneity provides in-depth microstructure
information for the development of new fracture and fatigue models for rubber materials.

Discussion and conclusion

As we have demonstrated, MD simulation is able to capture the four key characteristics of the Mullins
effect, and the further microstructure analysis reveals that the disentanglement of polymer chain is
responsible for the Mullins effect. Before stretching, polymer chains arrange themselves in a packing state.
If we divide an elastomer chain as multiple segments, some segments overlap with each other, which only
gives rise to a very small barrier for the relative motion, and some segments entangle with each other (from
either the same chain or different chains), which can significantly reduce the mobility of these segments.
When subjected to the first stretch, the overlapped segments will be firstly aligned along the stretching
direction because of the smaller barrier, whereas the entangled segments require much larger external stress.
Reflected in the stress-stain curve, it is a stress enhancement. Upon releasing, the overlapping state can be
easily recovered. However, the entanglement state cannot be fully recovered due to the larger barrier. The
inability to recover all entanglements of chain segments leads to the stress softening and residual strain.

The Mullins effect is actually not permanent. The argument that the disentanglement is irreversible is pre-
conditioned by under the same temperature. The Mullins effect, or chain disentanglement in molecular level,
can be partially recovered when raising the system to a higher temperature for a long time, enabling polymer
chains with sufficient mobility (temperature) and possibility (time) to gain more entanglements. This full
recovery can only occur when the disentanglement is to overcome physical interaction, instead of chemical
bonding. The formation of chemical bond is extremely difficult considering its requirement for two
dangling bonds and much higher temperature. Any molecular interpretation based on chemical bond rupture
(polymer/filler bond rupture, chain or crosslink rupture in polymer matrix, and filler cluster bond rupture)
is unfavorable in this sense. The proposed interpretation based on disentanglement is also in line with the
experimental observation discussed in the introduction section. Swelling tests have shown that there is no
significant crosslink or chain breakage after stretching [16,24], which is consistent with our explanation
that disentanglement originates from physical interaction.

As revealed by our simulation, the polymer chain disentanglement is physically sufficient to interpret the
Mullins effect. We thus further conclude that the Mullins effect can be described by transition state theory.
A single disentanglement event is an individual rate process, numerous local disentanglement events driven
by external stress collectively cause the macroscopic stretch and associated stress softening. For a single
local entanglement or disentanglement, it can be viewed as a transition process between two states separated

by energy barriers. The transition rate (from one state i to another state j) can be formulated as k;; =

AE;; . .. . . . . .
exp (— 5y 49]. f is the attempt frequency of the transition, AE;; is the energy barrier from i to j, kp is
p KpT p q Yy ij gy

the Boltzmann constant, and T is temperature. Based on the equation, the effect of temperature on
disentanglement is explicit. As a stress-driving rate process, stress is able to alter the energy landscape. The
effect of stress on the energy barrier can be linear or sub-linear depending on the shape of the energy
landscape [50]. Although time has no influence on transition rate, it does influence the occurrence of
transition. Given a transition rate, time will increase the possibility for the the occurrence of transition.
Compared with temperature and stress, the effect of time on disentanglement however is much weaker, on
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the logarithmic scale. This is consistent with experimental observations, in which time, stress and
temperature all can affect the Mullins effect, but time is a second order factor compared with stress and
temperature. This molecular insight and the possibility to apply transition rate theory lay out a theoretical
framework to formulate constitutive equations for filled rubber taking account of microscopic dynamics.

There is, indeed, one experimental observation not captured by our simulation. Comparing Figure 1 with
Figure 3, the stress softening in experiment progressively increases with strain whereas the stress softening
in our simulation increases moderately. We attribute the discrepancy to the model simplification. Our
simulation, a CG MD model, cannot take account of all aspects of a silica-filled SBR system. Firstly,
spherical fillers are ideally dispersed in polymer matrix and there is no reversible agglomeration and
irreversible aggregation. The experimental observation that there is no direct correlation between the
Mullins effect and filler cluster rupture registered by electrical conductivity measurement [16] does exclude
the irreversible filler aggregation; however, it cannot rule out the filler agglomeration as possible
mechanism. We believe the filler agglomeration resulted from physical interaction may contribute to the
stress softening, bridging the gap between our simulation and experiment. Secondly, the spring-bead model
for elastomer simplifies a monomer with geometrical complexity as a spherical bead, as a result, the
physical entanglement caused by geometrical complexity is neglected in simulation. If equipped with a full
atomistic model, the extra entanglement would contribute significantly to stress softening, further bridging
the gap.

In summary, we have developed a CG molecular dynamics model to study the Mullins effect. For the first
time, four key characteristics associated with the Mullins effect are re-produced. The microstructure
analysis revealed that the polymer chain entanglement and disentanglement are concomitant with stress
increase and decrease. The disentanglement is not completely reversible after the first stretch, and the
irreversible disenchantment is responsible for permanent set and stress softening. Because entanglement
stems from physical interaction, the full recovery of the Mullins effect is realized when exposed to elevated
temperature. The ability to have a full recovery of the Mullins effect also eclipses the possible explanations
based on chemical bond rupture, including chain and crosslink breakage, filler/polymer bond rupture, filler
cluster bond rupture. On the other hand, due to the limitation of our simulation, we cannot exclude the
contribution from filler agglomeration, which has a physical interaction origin (physical interaction between
filler/filler and filler/polymer) as well. We also anticipate that the full atomistic model of monomer structure
may give rise to larger stress softening than that predicted in the current coarse grained model. Finally,
when subjected to stretch, a strong heterogeneous deformation map, clearly divided into three distinct
regimes, is demonstrated, shedding light on the formulation of continuum fatigue model for filled rubber.
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