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Mechanical Properties of High-performance Elastomeric
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A sequential mesoscale simulation method was adopted to formulate elastomeric nanocomposites with
desired macroscopic mechanical responses



RSC Advances Page 2 of 15

Mechanical Properties of High-performance Elastomeric
Nanocomposites: A Sequential Mesoscale Simulation Approach

Deng Shengwei,® Huang Yongmin,? Xu Shouhong,? Lin Shaoliang,” Liu Honglai,"™ Hu Ying?
The incorporation of nanoparticles into elastomeric block copolymers affords engineers an opportunity to
obtain polymer nanocomposites that potentially rival the most advanced materials in nature. A
computationally efficient simulation method that utilized MesoDyn for morphologies and lattice spring
model (LSM) for mechanical properties was adopted in this work. Simulation results show that the selective
distribution of nanoparticles in hard or soft segment microdomains of block copolymers will narrow the
phase domain size in bicontinuous structures. The Zener model was incorporated into pure elastic LSM to
capture the stress relaxation behavior. Mechanical tests reveal that the stress transfer between the polymer
matrix and nanoparticles in different composites is critical to the stiffness enhancement. In dispersed
structures, adding nanoparticles in hard microdomain can increase the elastic modulus and maintain high
extensibility without impairing its viscosity dramatically. The methods developed in this work yield
guidelines for formulating elastomeric nanocomposites with desired macroscopic mechanical responses.

Introduction

Polymer nanocomposites are of widely scientific and commercial interests due to the enhanced properties compared to neat
polymers6. Normally, appropriately adding nanoparticles to a polymer matrix can enhance its performance, e.g., high aspect-ratio
nanofillers with well-dispersion or exfoliation in polymer result in extremely high stiffness” & However, these additives with
homogeneous distribution in polymer matrix may also have adverse effects. These nanocomposites are usually stiff but inextensible, like
ceramic, or extensible but soft, like rubber®. Selectively reinforcing certain domains of phase-separated block copolymers with inorganic
nanoparticles would be a proper way to achieve unprecedented improvements in stiffness and strength without losses in the extensibility
of the compositest® 11, Gareth and co-workers'? used a two-solvent processing approach to obtain the high-performance material based on
hard-soft block copolymers (Elasthane). The nanofillers distributed in the hard phase gave rise to a dramatic increase in stiffness of up to
23-fold and a concurrent improvement in strength, while the extensibility was maintained which was determined by unreinforced soft
phase.

Inspired by high-performance Elasthane nanocomposites, hard-soft block copolymers with bicontinuous and dispersed structures
are utilized as model systems, and nanoparticles are dispersed into the hard phase, soft phase or interface by varying the interaction
between the nanoparticle and polymer. Thermodynamic or kinetic barriers may inhibit the selective dispersal of nanoparticles in polymer
matrices, e.g. hydrophilic nanoparticles in hydrophobic polymer microdomains. Fortunately, recent experiments'? showed that it is
possible to overcome this obstacle by advanced experimental techniques. Comparing with mature experimental techniques, only a few
simulation works correlate the structure and mechanical behaviour of this kind of high-performance materials'3. Due to the complexity of
polymer nanocomposites, the main challenge for simulating the mechanical properties is the restriction by the computing capability, and
an effective simulation method with wide applicability is favourable. Based on our previous works'* 15, a computationally efficient
method (Sequential mesoscopic simulation) was adopted in this work to capture mechanical responses such as the stiffness, fracture strain
and stress relaxation. This method utilized MesoDyn simulation®6-28 for structures and lattice spring model (LSM) for mechanical
properties. Subsequently, the pure elastic model was replaced by an anelastic solid model (Zener model) in LSM to study the viscoelastic
behavior.

In order to obtain morphologies of different composites, atomic simulations provide the first opportunity in sight to reach the most
precise model®®. In this work, a huge number of nanoparticles should be modelled efficiently, and then the discrete positions of particles
inevitably need to be replaced by a cruder description? 2!, Field-based approaches are more suitable for obtaining the structure evolution
information comparing to atomic simulations which are computationally expensive. Therefore, dynamic density functional theory
embodied in MesoDyn was adopted to simulate the meso-structures??.

LSM is a discretized method for continuum elastic media and often used to simulate deformation and fracture of complicated
structural systems. For more details related to LSM, see ref. 2326, An important part of this work is the incorporation of linear viscoelastic
model into pure elastic LSM. In many cases, elastic constitutive model works well when time dependent effect can be neglected.
Otherwise, more appropriate constitutive model is needed to describe the mechanical behavior. Time dependent effect indicates that the

stress-strain behavior of materials changes with the time. Monette et al. ?” investigated the mechanical properties of short-fiber polymer
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composites by a two-dimensional triangular lattice, which described the viscoelastic behavior through the incorporation of Maxwell units.
Buxton et al. % studied the viscous deformation of homopolymers containing various shapes of nanofillers by LSM. In this work, a
similar approach based on Monette and Buxton's work was adopted to capture the stress relaxation behavior of different multi-component

composites, which especially focused on the influence of selective dispersal of nanoparticles on the viscous deformation.

Model and simulation method

The sequential simulation method combines the MesoDyn simulation for nanocomposite morphologies with the pure elastic or

viscoelastic LSM for mechanical properties. The output of the former serves as the input of the latter.
A. MesoDyn Simulation

The structural evolution of block copolymer and its nanocomposites was simulated by using the MesoDyn program incorporated in
the Materials Studio, version 5.5, from Accelrys. MesoDyn method is based on the dynamic mean-field density functional theory, in
which the dynamics of phase separation can be described by Langevin equations to study the diffusion of the density field. There is a
one-to-one relationship between the density distribution function of the system and the external potential field. The free energy F of an
inhomogeneous liquid is a function of density field p(r), and all thermodynamic functions can be derived from the free energy. The
polymer chains are modelled as ideal independent Gaussian chains consisting of beads and a mean-field non-ideal contribution. The chain
topology depends on the coarsening degree of the original system. On a coarse-grained time scale, a probability W can be assigned to a
certain configuration of bead positions, correspondingly, a free energy functional F['¥] can be constructed. Taking conditional minimum,

the undetermined multiplier Uy is just the external potential, then the density functional of the free energy can be obtained as:

BFlpl=nn@+ B Innt=3" [U,(r) p,(r)dr + BF™[p]
! 1)

where | stands for different kinds of monomers, =1/kT, n is the total number of chains, and @is the partition function of a single chain. The

mean-field nonideal free energy functional F"d with two kinds of monomers is expressed by:

Flpl=2 [ €y (= DA(rp(r)drr
. @

e, (r=r']). . .
where N (l |) is an interaction energy parameter between the bead of type | at r and the one of type Jat r'.

The intrinsic chemical potentials can be derived by functional differentiation of the free energy, H (r) =oF /Sp, (r) .

On the basis of these equations, the generalized time-dependent Ginzburg-Landau theory can be established. The time dependence is

described by a diffusion equation. The Langevin equations for the diffusion dynamics of the density fields are then given by:
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where M is a bead mobility parameter. The Gaussian noise # satisfies the fluctuation-dissipation theorem:

<n(r,t)>=0 5)
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The kinetic coefficient 8PnPB models a local exchange mechanism. The Langevin equations are constructed for an incompressible

system with dynamic constraints:

(pA(r,t)+pB(r,t»=Vi
B )

where vs is an average bead volume.
B. Lattice Spring Model for Simulating Elastic Deformation and fracture

Born LSM is a numerical technique for discretizing the linear elasticity theory, and it is frequently used to simulate deformation and
fracture of materials. The material is represented by a network of springs, which occupy the nearest and next nearest neighbour bonds of a
simple cubic lattice. Although lack of rotational invariance, in the systems considered here, rotations are assumed to be small, and
therefore a Born spring model is implemented. By assigning different force constants according to the composition of different nodes, the
model is successful in the study of heterogeneous systems. Typically, the lattice spring model allows us to determine micromechanical
properties in a computationally efficient way.

The energy associated with a node m in the cubic lattice is taken to be of the form?
1 T
Pm:EZ(um _un) 'an'(um_un) ®)
n

where n is the neighboring nodes connected to m by a spring, the vector um is the displacement of the mth node from its original position,
Mnm is @ symmetric 3>3 tensor which describes the interaction between various nodes through central and noncentral force constants. The
central force constant energetically compensates the spring extension, while the noncentral force constant penalizes the rotation of springs
from their original orientation. By mapping of the spring model onto continuum equations, the central force constant k and noncentral

force constant ¢ take the following forms,

K= E co E(1-4v)
5(1-2v) 51+v)1-2v)

)

where E and v are the Young’s modulus and Poisson’s ratio, respectively.
The elastic force acting on the mth node is a linear function of the displacement because of the harmonic form of energy in
equation 8. The force acting on the mth node, due to the local displacement of the spring between nodes m and all neighboring n, is given

by

I:m =Z:'\/Inm '(um _un)
n (10)

If the external forces are applied to the boundary nodes with the spring constants specified, the constraint that all these linear forces

must balance at each node at equilibrium results in a set of sparse linear equations. The solution of these equations is obtained by using a

conjugate gradient method to find the equilibrium configuration corresponding to the situation without net force at each node. The stress

and strain tensors are calculated by the forces and displacements. The average strain and the applied stress can then be used to calculate
the Young’s modulus (stiffness) which is defined as the stress of a material divided by its strain.

The critical fracture strain is a measure of the extensibility of the material which corresponds to the maximum strain that the system

can sustain before happening catastrophic failure. In order to obtain the fracture strain of different polymer materials, here we adopt a
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probabilistic method, which indicates that a fracture is considered to be formed with a probability proportional to the local stress. To
determine when the fracture surface is to be created, a rate of failure ps(t) of a surface s at time t is introduced as follows:

B
ps(t) _ (O-s(:)l_es)

* 1)

where is the local stress, es is the minimum value of stress at which fracture can occur, and €'s is an arbitrary scaling parameter (here we
choose e's = es). The minimum stress es for a fracture between two nodes is simply set to the mean value of the minimum fracture stress of
the two nodes. The modulus g allows for a nonlinear relationship between failure rate and stress field (here we choose £ = 2). Actually,
the minimum value of stress es is closely related to the toughness of materials, and the latter is defined by the area under a stress-strain
plot from the beginning to the fracture point. Assuming that a damage occurs somewhere in the system, the probability of failure, Ps(t),
occurring at a given surface s is the rate associated with the surface s relative to the total rate of damage occurring throughout the material,
i.e., Ps(t) = ps(t) / Zspsi(t), where the sum Xs is over all surfaces. The surface chosen to fracture is related to this probability. The average

time interval for this failure event to occur is

At=— L

(12)

To initiate fracture, a constant strain rate is applied to the sample with periodic boundary condition adopted. The strain is varied in
a predetermined range by a golden section method to find the crack tip (the strain error is less than 0.1%). An initial time step 4z is
introduced; the fracture occurs if the average time interval is smaller than 4z. After the beginning of the fracture, the applied strain rate
will be increased at each iteration by a constant (here we choose 0.001). Therefore, the creation of fracture surfaces depends on the correct
probability weightings in equation 11, and the relaxation of material surrounding the propagating crack tip takes the average time interval
over which the crack grows into consideration. In this manner, the deformation and fracture cease at the fracture point when the stress no
longer increases with the increase of strain, and the strain and stress at this point correspond to the fracture strain and tensile strength,

respectively. More detailed description about the fracture process can be found in our previous work * 29,
C. Viscoelastic LSM for studying stress relaxation

The spring between nodes in LSM was replaced by a viscoelastic model to capture the stress relaxation behaviour of different
composites. In pure elastic LSM, the strain applied to the system boundaries increases by a constant at each time step, which enables the
system to evolve through a series of equilibrium states. The time step is not related to the real time. In viscoelastic LSM, a time frame is
introduced through the incorporation of viscous deformation in each iteration. The equilibrium bond lengths are no longer constant, but
time dependent, which incorporates viscous deformations related to the viscosity of different components. Similarly, the plasticity can
also be incorporated into LSM, force constants will update in each iteration according to plastic model, while the plastic behaviour is
beyond the research scope of this paper.

As shown in Fig. 1, an anelastic solid model (Zener model) is considered in this work to replace the previous pure elastic model.
This model consists of a Kelvin unit in series with an elastic unit (spring), and it is often used to describe creep and stress relaxation

behaviors.

Fig. 1 The anelastic solid model composed of a Kelvin unit (a spring of modulus E in parallel with a dashpot of viscosity #) in series with a spring of
modulus E

For simplicity, springs in the model use the same sprint constant, and this treatment is enough to provide a reasonable adjustment
range of stress relaxation. The stress can be reduced by half if time approached infinity, the degree of stress relaxation is influenced by the

strain rate and viscosity. When a constant uniaxial stress oo is applied to a homogeneous system, the response function is given by:
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£(t) =(§—éexp(—t/r»ao

(13)
where ¢(t) is the strain at time t, z represents the relaxation time given by z = #/E, 7 is the viscosity of corresponding material. The strain is
initially %o /E and tends towards 20—0 /E if time approaches infinity. Both the Young's modulus and viscosity are related to the

composition of each node, and the above model will be applied in all 18 directions for each node. Note that the time scale here is
significantly longer than the dampening of elastic waves, and hence the viscoelastic mechanical process can be treated as a sequence of
equilibrium states. The viscous deformations do not vary significantly between iterations. Therefore, the increment in current viscous
deformation is calculated from the previous iteration information. Take two neighboring bonds m and n for example, we define that the
force applied between these two nodes is F at time t. According to the model in Fig. 1, forces acting on the elastic unit and Kelvin unit are
also equal to F; displacements of spring and dashpot are the same in Kelvin unit. Then we can obtain the force acting on the dashpot at

t+A4¢ based on the viscous displacement at time t.

(A"

Fuo = M, Uy, — MUY = (Ul (E+ AL — U, (1) L 9

mn="mn mn ~'mn
At

The viscous strain at t+4¢ is of the form,

u,. (t+At) =uy (t)+At(M —M; u, WV (15)

mn umn mn='mn

Vv
where the superscript v denotes the Kelvin unit, ~™ s the viscous deformation between nodes m and n. V and V' are symmetric

matrices that include viscous force coefficients, which are proportional to the matrix M. The Poisson’s ratio is set to 1/4 for all
components in the system in order to let the noncentral force constants equal zero, then the matrix reduces to a lower dimensionality and
the system is able to be solved. V is the inverse of the matrix V'. In the calculation, to avoid changing the dimensionality of force constant
matrices, we can let all nonzero elements in V is the reciprocal of corresponding elements in V'. In the study of stress relaxation by
viscoelastic LSM, a strain is applied in the boundary and then the system equilibrated without viscous deformation. Then the viscous

deformation function will run 100 iterations, and the system is relaxed to the minimum energy configuration in each iteration (4¢).

Results and discussion
A. Morphology

The microphase separations of diblock copolymer and its nanocomposites were studied by MesoDyn. An elastomeric block
copolymer is considered in this work, such as thermoplastic polyurethane elastomers. This kind of polymer is composed of hard segments
(H) and soft segments (S). The thermodynamic incompatibility of H and S drives the polymer system into a two-phase morphology. The
incorporation of nanoparticles (N) into the elastomeric block copolymer is also performed by MesoDyn. As for thermodynamic
incompatibility system, the morphology of block copolymer is strongly related to chain structures such as block sequence, block ratio,
block length, and chain architecture. It means that different meso-structures can be obtained by specifying different chemical natures of
the system. Bicontinuous and dispersed (hard segment disperse in soft segment matrix) structures were considered in this work.

In MesoDyn simulations, two sets of parameters should be defined: one is the chain topology in terms of repeat segments (or beads),
and the other is the interaction energy between different components. Table 1 shows the Gaussian chain parameters for 12 typical polymer
materials investigated in this work. Generally, two components are thermodynamically incompatible when the interaction parameter
(repulsion) y between them is larger than 0.5. The model systems here are based on PS-b-PAN block copolymer systems (PS: Polystyrene;
PAN: Polyacrylonitrile). And the MesoDyn input parameter between H and S is 4.75. More simulation details about the structure
evolution of this system can be found in Ref. ®°. The nanoparticles was simply treated as a chain with chain length of 1, and hence the
distribution of nanoparticles in polymer matrix is controlled by varying the interaction parameter between nanoparticles (N) and H or S.
In this work, we choose ynn = 4.75, yn, s = 0 for the systems that particles selectively disperse in the soft phase (ynn represents the
interaction parameter between N and H); yn 1 = 0, yn, s = 4.75 for the systems that particles selectively disperse in the hard phase; and ynn

=4.75, yn, s = 4.75 for the systems that particles selectively disperse in the interface.
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Table 1. The Gaussian chain parameters for different systems.

Polymer Materials Gaussian Chain Polymer Materials Gaussian Chain
Bicontinuous Structure Dispersed Structure

B-1 Sos-Has D-1 Hs-Szg
B-2 Sas-Has; N1 D-2 Hs-Szs; N1
B-3 Sas-Has; N1 D-3 Hs-Szs; N1
B-4 Sas-Has; N1 D-4 Hs-Sas; N1
B-5 Hi2-Szs5-Has; Na D-5 S14-Hs-S14; Ny
B-6 H12-Szs5-Has; Na D-6 S14-Hs-S14; Ny

B-1& D-1: Diblock copolymer; B-2& D-2: Diblock copolymer with nanoparticles selectively dispersed in hard phase; B-3& D-3: Diblock copolymer with
nanoparticles selectively dispersed in soft phase; B-4& D-4: Diblock copolymer with nanoparticles selectively dispersed in the interface between hard and
soft phases; B-5& D-5: Triblock copolymer with nanoparticles selectively dispersed in hard phase; B-6& D-6: Triblock copolymer with nanoparticles
selectively dispersed in soft phase

All MesoDyn simulations were carried out in a cubic grid with 30>30>30 cells of mesh size. The grid parameter 1 = yu?*
=1.1543, where y presents bond length, and 4 is the mesh size. The compressibility parameter is equal to 10kT, and the total simulation
time is 10000 steps without shear. The noise parameter Q = V43 = 100. The time step is 50 ns. The simulations are performed at ambient
temperature 298 K. The relative concentration of nanoparticles in all systems which contain nanoparticles is equal to 2%. Note that the
block copolymer is composed of hard segments and soft segments, so the relative concentration of hard or soft segments is related to the
Gaussian chain topology. Table 1 shows that bead numbers of hard or soft segments in Gaussian chain are the same in all bicontinuous
structure systems, it means the concentration of hard phase is equal to that of soft phase in the system.

Fig. 2 shows the dispersed morphology of different polymer materials. The system (a) without nanoparticles shows that the hard
phase is spherically dispersed in the soft phase matrix. For system (b), the nanoparticles mainly concentrate in the hard phase due to the
lower repulsion energy between beads N and H. In system (c) and system (d), the nanoparticles mainly concentrate in the soft phase and
interface, respectively. System (e) is similar to system (b), and system (f) is similar to system (c). It can be seen that the phase domain size
becomes smaller by varying the polymer chain architecture from diblock to triblock copolymer. However, the chain sequence does not

impact the phase separation structure (all are dispersed morphology) in this work.
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I Soft Phase . [ Soft Phase
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Fig. 2 Structural output (Isodensity profile of soft component and schematic model of x-y cross-section) from the MesoDyn showing typical late stage
morphologies. Nanoparticles are displayed in Blue(grey) dot. The materials are (a) D-1, (b) D-2, (c) D-3, (d) D-4, (e) D-5, and (f) D-6. Schematic
representation depict the distribution of nanoparticles in dispersed structures.

Interfacial area between different phases is an important parameter related to the mechanical properties. The total interfacial area
is defined as S = Nx + Ny + Nz, where Nx, Ny and N are the numbers of interfacial bonds in the x, y and z directions, respectively. The total
density data for each grid from the MesoDyn should be normalized to 1. Here we take two adjacent grids (Grid a and b) in the x direction
for example. The influence of nanoparticles in this system is ignored due to the small amount, and the number of interfacial bonds in the x

direction between grid a and b is given by
—mi a b a b
.o =min (0os+Pps, PrptOpp) (16)

o L . b b o
where ,OSS and psp are the densities of hard segments and soft segments in grid a, similarly, Opg and Opp are those in grid b,

respectively. Nxare the sum of l.o between all the adjacent grids in the x direction. Ny and N can be obtained by the same method.

Fig. 3 shows the total interfacial area of different systems when the order parameter reaches the equilibrium value. First we focus
on the dispersed structures shown by orange belts (right side) in the figure. The addition of a small amount of nanoparticles has slight
impact on the interfacial area, while the area increases by about 30% in triblock nanocomposites shown in the last two systems. It
elucidates that the phase domain size in triblock copolymer is smaller than that in diblock copolymer. In bicontinuous structure systems,
we can find a similar phenomenon that triblock nanocomposites have relatively high interfacial areas. Notably, B-2 and B-3 systems have
higher interfacial areas comparing to B-1 and B-4, it means that the selective dispersal of nanoparticles in hard or soft segments narrows
the phase domain size in bicontinuous structures. Actually, the incorporation of nanoparticles into polymer blends has attracted
considerable attention for decades®! because the nanoparticles can be used to control the morphology of polymer blends, 3% 32 act as the
compatibilizer for immiscible polymer blends®* 3 | e.g. the incorporation of SiOz in immiscible polypropylene (PP)/polyolefin elastomer

(POE) blends lead to a much finer morphology?3®.

2.0x10*

I Bicontinuous structures
[ Dispersed structures

Interfacial Area

B-1&D-1 B-2&D-2 B-3&D-3 B-4&D-4 B-5&D-5 B-6 & D-6
Bicontinuous & Dispersed Structures

Fig. 3 Interfacial area corresponding to different composites
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B. Mechanical Properties: Stiffness, Fracture Strain and Stress Relaxation

1. Young's Modulus of Elastomeric Nanocomposites

Polymer nanocomposites reinforced with low fraction of nanoparticles have received steadily growing attention owing to their
unique and fascinating effect. MesoDyn simulations were carried out in a cubic grid with 30>30>30 cells of mesh size. The phase
separation structures and density distribution of each cell in the cubic grid are obtained by MesoDyn. Then each cell in the grid is replaced
by a node which is located in the center of the cell, the composition of each node is based on the density distribution of corresponding cell.
Using the pure elastic LSM, we deform all the 12 systems along the x direction through the application of a strain at the system
boundaries. We initially consider the elastic fields of various nanocomposites systems when the systems have been relaxed to a global
strain of approximately 0.5%. The system is composed of three components, which are hard segments, soft segments, and nanoparticles.
The spring constant of the hard phase, kn, is taken to be 10 times larger than that of the soft phase, ks, and the spring constant of
nanoparticles, kn, is 30 times larger than kn. The spring constant is directly related to Young’s modulus (elastic modulus). This disparity
in elastic modulus results in complex elastic fields throughout the deformed systems. Spring constants of interfacial regions are chosen by

arithmetic mean method. The total density data for each grid from the MesoDyn has been normalized to 1. Taking node m for example,

densities of the three components are ©H, PN and Ps, respectively, then the spring constant of node m is given by

K = Puky + psks + oKy an
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Fig. 4 The percentage increase in effective Young’s modulus of different composites. (a) Dispersed systems and (b) Bicontinuous systems.
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The relative concentration of nanoparticles in all nanocomposites is 2%. Note that filler loading and morphologies have strong
impacts on the final mechanical responses 28 %7, the system considered in this work is treated as nanocomposites with solid spheres
reinforcing nanofillers. In Fig. 4, we plot the percentage increase in Young’s modulus of different polymer nanocomposites comparing to
pure diblock copolymer. As shown in Fig. 4a, the dispersed structure system with nanoparticles distributed in the interface (D-4) or soft
phase (D-3) has a high Young's modulus, the addition of 2% nanoparticles can make the stiffness increase about 400%. The Young's
modulus of D-2 system that contains nanoparticles in hard phases increases by about 40%, which is one tenth of that in D-3 system. It
proves that nanoparticles distributed in soft segments are much more efficient to enhance the stiffness than that dispersed in hard
segments in dispersed structure systems. The same phenomenon can be found in D-5 and D-6 systems, for the reason that the stiffness is
mainly controlled by the soft segment matrix. The Young's modulus increments in D-5 and D-6 systems are similar to those in D-2 and D-3
systems, respectively. It elucidates that reducing the phase domain size has slight influence on the percentage increase of stiffness. Fig. 4b
shows the percentage increase of stiffness in bicontinuous structures. Similar to dispersed structure systems, the system with nanoparticles
distributed in the interface (central column) is effective for the enhancement of Young's modulus, the stiffness increases by about 1.7
times with the addition of 2% nanoparticles. The increment of Young's modulus in B-3 system reaches to 150%, and the increment of
Young's modulus in B-2 system is about 70%. The stiffness enhancement of systems with nanoparticles dispersed in soft phase (B-3 or
B-6) is not as strong as that in dispersed systems (D-3 or D-6). The reason for this phenomenon is as follows. Unlike dispersed structures,
the hard phase form a network in bicontinuous structures and control the stiffness, adding nanoparticles into soft phase lead to the
stiffness in turn controlled by the enhanced soft phase, this will impair the enhancement efficiency in some way. In bicontinuous
structures, the percentage increase in Young's modulus is comparing with the stiffness of hard segment phase instead of soft segment
phase in dispersed structures. Besides, the stress concentration is easy to be alleviated by the softer phase in bicontinuous structures. From
the results of B-5 and B-6 systems, reducing the phase domain size also hardly influence the enhancement of stiffness. Notably, the
crystallization in polyurethane will influence the distribution of fillers in various ways due to several factors including the properties of
fillers 1238 But the crystallization process is related to chain structures with regular arrangement, which cannot be studied directly by the
mesocopic simulation method. Similar to the Laponite reinforced polyurethane!? where the Laponite forms a jammed structure in

crystalline hard domain, the nanoparticle reinforcing effect are modeled by its density filed in LSM.
2. Fracture Strain Predicted by Pure Elastic LSM

The goal of formulating high-performance nanocomposites is not only to increase the elastic modulus but also to maintain its high
extensibility (critical fracture strain). Following the calculation of stiffness, we continue to examine the extensibility of those block
copolymers and their nanocomposites. In the ensuing simulations, a strain (0.5%) is applied to system boundaries and the system is
equilibrated. We set the minimum fracture stress es closely relate to toughness of materials. Assuming that the pure diblock copolymer
fracture at a global strain of 1%, and the initial time step is 4, then the minimum fracture stress can be obtained. In dispersed structure
systems, en = 15, es = 30; and in bicontinuous structure systems, en = 25.5, es = 51; where e represents the minimum fracture stress for

hard phase, and es for soft phase. In this model, the incorporation of nanoparticles will not influence the minimum fracture stress.
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Fig. 5 The fracture strain of different polymer composites. (a) Dispersed systems and (b) Bicontinuous systems.

Fig. 5 shows the critical fracture strain of different nanocomposites with dispersed and bicontinuous structures separately. Note
that the fracture strain of pure polymer system in dispersed structures (D-1) is much lower than its counterpart in bicontinuous structures
(B-1) under the same situation. As can be seen in Fig. 5a, dispersing nanoparticles into hard phase (D-2 and D-5 systems) is efficient to
maintain the extensibility, especially comparing to the systems with nanoparticles dispersed in soft phase (D-3 and D-6 systems). These
results show a good agreement with the existing experiments®®. By analyzing the fracture position, we find that the fracture mainly occurs
in hard phase or enhanced soft phase. The extensibility is controlled by unreinforced soft segment phase in elastomeric nanocomposites,
adding nanoparticles in soft segment phase will increase the total stiffness, but impair the extensibility significantly. In Fig. 5b, systems
with nanoparticles dispersed in hard phase (B-2 and B-5 systems) can maintain high fracture strain (about 0.96%). While the critical
fracture strain of systems with nanoparticles dispersed in soft phase (B-3 and B-6 systems) decrease by about 25%. Similarly, in
polyurethane elastomer nanocomposites, nanocellulose crystals covalently bonded and specifically associated with the hard microdomains,
which yields ultrahigh tensile strength and stain-to-failure!!. Reducing phase domain size lead to a slight increase of the critical fracture
strain in both bicontinuous and dispersed structure systems®. And the extensibility is severely impaired by the dispersal of nanoparticles
in the interface (B-3 and D-3 systems). We conclude from the above analysis that adding nanoparticles in hard phase of diblock

copolymer elastomers yield the stiff polymer nanocomposites with high extensibility.
3. Stress Relaxation Behavior Calculated by Viscoelastic LSM

Due to relaxation characteristics of polymer molecular movements, mechanical behaviours of polymer materials usually exhibit a
combination of elastic and viscous properties. During the deformation of polymer materials, one should consider not only the applied
stress or strain, but also the time for which it is applied. From the experimental aspect, the incorporation of nanofillers usually lead to the
increase of viscosity and impair the stress relief. Kharchenko et al*® reported recently a dramatic increase of the viscosity of CNT-filled
polymer materials, even at low loadings. Similarly, for clay—polymer nanocomposites, the viscosity was reported to increase significantly
and nonlinear viscoelastic properties were observed*. Using the viscoelastic LSM, we deformed the above systems through the
application of a strain at the system boundaries along the x direction (1.5%), then the stress was relaxed and the viscous deformation
function run 100 iterations, each iteration corresponded to an equilibrium state calculated by pure elastic LSM after viscous deformation.
The viscosity of hard phase is 4 times greater than that of soft phase, and the viscosity of nanoparticles is 30 times greater than that of
hard phase.

In order to evaluate the stress relaxation, the percentage decrease in Young's modulus is considered as a function of time in Fig. 6.
The pure elastic line is obtained by pure elastic LSM for comparison. The Young's modulus for other systems deviate from the pure
elastic line (straight line) due to the viscous deformation. The distribution of nanoparticles has a significant impact on the stress relaxation.
Viscous deformations result in a reduction of the reinforcement efficiency. As for dispersed structures, Fig. 6a shows that the stress of
diblock copolymer without nanoparticles (D-1 system) decreases by about 25% after 100 time steps, and the stress of system with

nanoparticles distributed in the hard phase decreases by about 22%. However the stresses of D-3 and D-4 system decrease only by about
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4% after 100 time steps. It elucidates that the viscous deformations are mainly controlled by the soft phase with the lowest viscosity, and
adding nanoparticles into polymer will impair its viscosity. In Fig. 6b. The decrease amplitude of stress in bicontinuous systems is smaller
than that in dispersed systems. The Young's modulus was controlled by the hard phase framework, and hence the dispersion of
nanoparticles in hard phase will also impair the stress relaxation dramatically. The stress relaxation also appears to be severely impaired
in systems with nanoparticles dispersed in the interphase or soft phase. In experiment, the tensile strain rate is usually quite low and the
stress relaxation defers the fracture or break process. According to the time-temperature equivalence principle, the increase of relaxation

time often corresponds to the increase of temperature 42,
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Fig. 6 The percentage increase in effective Young’s modulus as a function of time for different polymer nanocomposites. (a) Dispersed systems and (b)
Bicontinuous systems
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(b) (©

Fig. 7 Normal stress fields in z-y plane (x = x/2) of diblock copolymer calculated by viscoelastic LSM (a) t = 0, (b) t = 404¢. () t = 1004z. A strain (1.5%)
is applied to the system boundaries and the system is equilibrated.

In order to show the stress relaxation behavior clearly, we choose a typical system (D-1 in Fig. 6a) to show this process. Fig. 7
depicts the normal stress field for a dispersed structure diblock copolymer, where the hard phase is dispersed in soft matrix. The tensile is
applied in x direction and the morphology are shown in the right upper corner, where the soft and hard phases are denoted with red (dark)
and green (grey), respectively. It can be seen that the stress distribution is similar to the morphology, and the hard phase loads higher
stress due to the larger stiffness. The viscosity of soft phase is much lower than that of hard phase. Comparing Fig. 7a with 7b, we can
find a clear reduction of the average stress in soft phase after 40 time steps. With the relaxation time goes on, the stress further relaxed
(Fig 7c). Note that the relaxation time considered here is not enough for the stress release in hard phase due to the high viscosity, but the

average stress in hard phase is slightly reduced due to the stress transfer from the hard phase to soft phase.

Conclusions

In this paper, mesostructures of elastomeric nanocomposites and macroscospic mechanical properties were correlated by
sequential mesoscopic simulation method, this method utilized MesoDyn for morphologies and LSM for mechanical responses. From the
morphology result, the phase domain size became smaller by varying the polymer chain architecture from diblock to triblock copolymer.
And the selective distribution of nanoparticles in hard or soft segments narrowed the phase domain size in bicontinuous structure
systems®6. The output of MesoDyn served as the input of pure elastic LSM. Simulation results showed that adding nanoparticles in
polymer matrices resulted in a higher Young's modulus, and nanoparticles distributed in soft phase were more efficient to enhance the
stiffness than that dispersed in hard phase. In bicontinuous structures, the hard phase formed a stiff network and controlled the stress,
while in dispersed structures, the soft phase sustained the deformation and stress was hard to transfer from the soft phase to hard phase.
Selective dispersion of nanoparticles in these two structures would change the stress transfer process and led to different efficiencies of
stiffness enhancement. Further studies were focusing on the critical fracture strain. Adding nanoparticles in soft phase impaired the
extensibility dramatically, while nanoparticles dispersed in hard phase increased the elastic modulus without loss of high extensibility.
These results agreed well with experimental observations®2. In viscoelastic LSM, our calculations showed that the viscous deformations
are mainly controlled by the soft phase with the lowest viscosity and adding nanoparticles into soft segments would impair its viscosity
significantly®. It elucidated that dispersing nanoparticles into hard phase was a reasonable way to design high-performance elastomeric
nanocomposites.

Through the integration of a morphological model and a micromechanical model we have related the mechanical response of
complex polymer nanocomposites without large-scale computations. The predictive capabilities of such an integrated approach can aid in
the design of new materials. Rate (time)-dependent deformation behaviour is often observed in solid polymers. We have studied the stress
relaxation by viscoelastic LSM, the viscous flow within the matrix was found to reduce the stress concentrations. The relation between the
strain-rate and fracture process is not elucidated in this work, a feasible way is to combine probabilistic LSM and viscoelastic model,

which is expected to complement more traditional mechanisms such as ductile breaking.
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