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Abstract 

The paper deals with molecular-dynamics simulations of the mechanical properties of 

prestretched double-network filled elastomers. To this end, we firstly validated the 

accuracy of the method, and affirmed that the produced stress-strain characteristics 

were qualitatively consistent with Lesser’s experimental results on the prestretched 

tri-block copolymers with a competitive double network, as well as Tobolsky’s 

independent network hypothesis. Secondly, we investigated the effect of the 

crosslinking network ratio on the mechanical properties of the prestretched 

double-network homopolymers under uniaxial tension. We found that the prestretched 

double network contributes greatly to the enhanced tensile stress and ultimate strength 

at fracture, as well as to the lower permanent set（the residual strain after a uniaxial 

tension-recovery process）and dynamic hysteresis loss, both parallel and perpendicular 

to the prestretching direction. Notably, though, an anisotropic behavior was observed: 
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in the parallel direction, both the first and the second crosslinked network took effect 

to bear the external force; whereas in the perpendicular direction, only the second 

crosslinked network was relevantly effective. Finally, the simulated polymer 

nanocomposites with a prestretched double network exhibited similar tensile 

mechanical properties to those of the studied homopolymers with prestretched double 

network. Summing up the results, it can be concluded that the incorporation of 

prestretched double networks with a specified crosslinking network ratio seems to be 

a promising recipe for manipulating the mechanical properties of elastomers and their 

nanocomposites, as well as for introducing anisotropy in their mechanical response.  

1. Introduction 

Elastomers with excellent elasticity are considered to be strategically significant 

materials due to their irreplaceable role in the manufacturing of tires, seals, and shock 

absorbers.[1-2] However, most neat rubbers suffer from poor mechanical properties that 

severely restrict their range of applications. To settle this matter, rubbers have been 

commonly reinforced and toughened by the addition of nanofillers,[3-7] since this 

addition has been verified to greatly increase both the stiffness of the material as well 

as the strain at break. However, compounding rubbers with nanofillers brings about 

some difficult challenges, such as the degree of nanofiller dispersion and aggregation, 

interfacial strengthening, as well as processing efficiency.[8] To address these issues, 

many efforts have been devoted to the development of effective energy-dissipating 

mechanisms to promote the mechanical performance of unfilled rubbers in 

sliding-ring elastomers[9], heterogeneous elastomers[10], and a variety of designed 

multiple-network elastomers. Multiple crosslink networks, in particular, can be found 

in hydrogels[11-12], small molecule based supramolecular polymers[13], shape memory 

polymers[14-15], biopolymers[16] and telechelic elastomers.[17] When they are used in 

place of a single network, they induce an increased mechanical strength and 

toughness.[18] A key assumption behind the toughening mechanism of the multiple 

networks is the prestretching of the first polymerized crosslinked network.[19] Many 

studies, in particular, have probed the reinforcement of materials consisting of 
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multiple networks with sacrificial bonds. The mechanism of the reinforcement by 

breakage of internal sacrificial bonds was elucidated by Gong et al.[20-22] According to 

the authors, the load during the initial deformation is being sustained by the sacrificial 

bonds which subsequently rupture prior to the covalent ones, and as a result, an 

enormous amount of mechanical energy is dissipated while the overall integrity of the 

material is sustained. Various methodologies, including dual crosslinking structures[23], 

double networks[20, 24] and the introduction of biomimetic modular domains,[25-26] have 

been explored so as to transfer the principle of sacrificial bonds into artificially 

synthesized polymers, with the goal of achieving a biomimetic strength and toughness 

in unfilled elastomers.  

Another strategy for reinforcing elastomers has been to prestretch a partially 

crosslinked elastomer and then crosslink it further while it is stretched.[27] This 

method, which utilizes the entropic nature of the deformation properties of 

elastomers,[28] is effective for improving the elastomer’s strength in the prestretched 

direction, and leads to a final product with highly anisotropic properties. Materials in 

which the second crosslinked network is formed within the initial one have been 

called “double network elastomers” in earlier times[29] (differing from the “double 

network” in terms of hydrogels as reported by Gong et al[30-31] where the two 

networks come from two different monomers). The mechanical properties of these 

elastomeric double networks can be affected by both the isotropic and the strained 

network, and as a consequence, competitive effects are introduced at low strain 

regimes.[32] These same materials were termed “competitive prestretched double 

network elastomers” by Lesser et al[27] who have reported on their formation, while 

emphasizing on their thermal and thermomechanical properties [32] opposite those of 

traditional chemically cured elastomers. The effects of sequential crosslinking and 

breaking of polymer networks formed in both the unstrained and the 

uniaxially-strained state were investigated by Rottach and coworkers using 

molecular-dynamics (MD) simulations.[33] Their results were interpreted in terms of a 

generalized, independent network hypothesis. Further, Ducrot et al[34] showed how 

brittle, unfilled elastomers can be mechanically reinforced by the incorporation of a 
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varying proportion of isotropically prestretched chains which can break and dissipate 

energy before the material fails. Through the sequential polymerization of acrylic 

monomers, they obtained elastomers with multiple interpenetrating networks in such a 

way that the synthesized networks first became progressively and isotropically 

stretched by the swelling. A subsequent second and third polymerization resulted in 

nearly unstretched and loosely crosslinked chains. It turned out that the prestretched 

network chains broke in the bulk of the elastomers well before the unstretched ones, 

thus acting as a sacrificial network. The nucleation and propagation of macroscopic 

cracks were, as a consequence, significantly delayed when the unstretched chains 

were hugely stretched, and the material was strongly reinforced in both stiffness and 

toughness.  

Furthermore, Lesser et al[27] prepared a competitive double networked 

styrene-butadiene-styrene(SBS) tri-block copolymer using the following method: the 

first network was created by utilizing physical crosslinks of the hard styrenic phase, 

and the second (chemically crosslinked) network was created by curing the first one 

in a deformed state by utilizing the unsaturation of the soft butadiene phase. They 

reported that these double network elastomers showed a transition between a 

competitive and a collaborative behavior in their mechanical properties at different 

stain regimes, as well as a lower permanent set (the amount of residual strain of the 

material which undergoes a uniaxial tension-recovery process), lower hysteresis, and 

a lower coefficient of thermal expansion. However, the effects of the curing extent 

and prestretched ratio on the mechanical properties of the elastomers is difficult to be 

separated experimentally, as is the characterization of any microscopic changes such 

as bond breakage caused by external loading in the multiple network structure. A 

more comprehensive understanding of the underlying mechanisms of the mechanical 

properties in prestretched competitive double network system is therefore needed, and 

computer simulations could provide many advantages to address those issues. 

Our main objective is to build an accurate constitutive model relating the stress to 

the strain of the prestretched elastomeric competitive double networks under uniaxial 

tension. In this paper we first discuss the validity of the MD simulation method 



5 
 

utilized in studying the present prestretched competitive networks, based on 

Tobolsky’s independent network hypothesis[35] and Lesser’s experimental results of 

prestretched competitive double network of tri-block copolymers[27]. Our discussion is 

then followed by a detailed MD study on the effect of crosslinking network ratios on 

the mechanical properties of the prestretched double network of homopolymers and 

polymer nanocomposites. In general, we aim to provide a novel perspective of the 

manipulation of the mechanical properties of the prestretched double-networked 

elastomers while taking into account their arising anisotropic behavior.  

2. Simulation model and method  

In this study, we present results of the coarse-grained (CG) MD simulations of 

the classical bead-spring model of polymer chains.[36] We start by investigating 

tri-block copolymers with a competitive double network so as to validate the 

effectiveness of our simulation model by comparing it with the experimental results of 

Lesser et al.[32] After the validation test, we concentrate on the study of polymeric 

systems with a prestretched double network, with or without nanoparticles.  

In all the simulated systems, the non-bonded bead interactions are modeled by 

the expanded truncated and shifted Lennard-Jones (LJ) potential: 
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where ε  is the pair interaction energy parameter, and r  is the distance between 

two interaction sites. Herein ∆  denotes the effect of the excluded volume of 

different interaction sites. The values of ∆  are equal to zero for the polymer-polymer 

interactions, / 2−NPR σ  and 2 −NPR σ for the polymer-nanoparticle and the 

nanoparticle-nanoparticle interactions, respectively. The actual cutoff distance is the 

sum of cutoffr  and ∆ . The cutoffr  stands for the distance at which the LJ potential is 
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truncated and shifted so that the energy would be equal to zero at this distance. The LJ 

potential is cut off at different distances, such as 2.5=cutoffr σ  or 1/62=cutoffr σ , so as 

to separately model the attractive or repulsive interactions. The term C  in Eq. (1) is 

a constant which guarantees the condition 0=U  when = + ∆cutoffr r . Since we do 

not aim to study a specific polymer, we set the mass m, the diameter σ  of each bead, 

and the interaction strength ε , equal to unity, and all calculated quantities are 

dimensionless.  

The interaction between the adjacent bonded beads is modeled by a harmonic 

potential: 

2
0

1 ( ) (2)
2

= −bondU K r r  

where K is the spring constant and 0r  is the bond equilibrium distance. The K  and 

r  values are chosen so as to ensure a certain stiffness of the bonds while avoiding 

high-frequency modes and chain crossing. We set 2500.0 /=K ε σ  and 0 =1.0r σ  

for bonds formed between polymer beads, whereas 21000.0 /=K ε σ and 0 =2.5r σ  

for bonds formed between a polymer bead and a NP bead. Herein, r  is the 

separation distance between two connected interaction sites. 

In order to investigate the tensile fracture of the simulated polymers during the 

stretching process, we also introduced a quartic bond potential: 
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where = −y r r∆  denotes a shifting of the quartic center from its initial position. 

The parameters of Eq. (3) are set as 4
01434.3 /=k u d , 1 0.759= −b d , 2 0.0=b , 

1.5= =cr r d∆ , 0 067.223=U u . The bond potential is smoothly cutoff at cr , i.e., it is 

turned off at distances larger than cr , thereby leaving only the Lennard-Jones 

potential term remaining. Note that bond breakage is irreversible, and the bond 



7 
 

potential parameters result in a maximum bonding force of 0156.7 /u d  (compared to 

maximum LJ force of 02.4 /u d ) as was suggested by Stevens et al[37] and Dirama et 

al.[38] 

Furthermore, we use the second-order Legendre polynomials 2 ( )P cosθ< >  to 

quantify the intrachain bond orientation during the tensile deformation process:  

( ) ( )2
2 cos 3 cos 1 / 2 (4)= −P θ θ  

    In Eq. (4), θ  denotes the angle between a given element (e.g., between two 

adjoining monomers in the chain) and the reference direction (i.e., the stretching 

direction). The possible values of 2 ( )P cosθ< >  range from -0.5 to 1, while the 

values -0.5, 1, and 0, indicate a perfect orientation perpendicular to the reference 

direction, parallel to the reference direction, or randomly oriented, respectively. 

When mapping the bead-spring model to realistic polymers, the interaction 

parameter is routinely set to 2.5-4.0 kJ·mol-1 depending on the polymer.[39-41] A 

coarse-grained nanoparticle (NP) with a diameter of 10 σ generally maps to a 

diameter of 12.8-28.8 nm of silica particles,[42-43] thus a NP with a diameter of 4σ  

(which was employed in our simulation model) approximately corresponds to a silica 

particle with a diameter of 5-12 nm. Moreover, each bead with a diameter of 1 nm 

(adopted in our simulation model for the polymer beads) roughly corresponds to 5 

repeating units of polyethylene, indicating that each bead with a diameter of 1σ  

corresponds to 3-6 bonds in a realistic polymer chain. Hence, our simulations should 

be considered to fall within a parameter range which is attainable by 

experiments.[44-46] 

Turning our attention to the creation of the systems, we firstly produced the 

initial ABA tri-block copolymers with the basic structure shown in Fig.1(a). There 

were 200 polymer chains in the system, and each chain was composed of 100 beads, 

24% of which were of type-A, in accordance to the experimental SBS tri-block 

copolymer system of Lesser[27] where the volume fraction of the polystyrene and 

polybutadiene was 24% and 76%, respectively. Covalent bonds were modeled with a 
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combination of the LJ and the harmonic potential in all our simulations with one 

exception: when the tensile fracture behavior of the simulated systems was probed, 

the harmonic bond was replaced by a quartic bond potential so as to probe the process 

of bond breakage and provide a deeper understanding of the microscopic mechanisms 

of fracture. The corresponding force field parameters are shown in Table 1.  

The first part of this paper deals with the creation of tri-block copolymers with 

competitive prestretched double networks so that our simulation results would 

correspond to well-known experimental observations[27]. Specifically, while creating 

the tri-block copolymer systems, we followed Lesser’s experimental work. In their 

study, a competitive double-networked styrene-butadiene-styrene (SBS) tri-block 

copolymer was prepared by the following procedure: the first network was created by 

utilizing the physical crosslinks from the hard styrenic phase, which was then 

uniaxially stretched to the prescribed extension ratios ( cλ = 1.5, 2, 3, and 4), and cured 

with ultraviolet light radiation (by utilizing the unsaturation of the soft butadiene 

phase) to create a second chemically cross-linked network. In the same manner, we 

started with A12B76A12 copolymers in a homogeneous state, and then made the 

copolymers self-assemble into phase separated structures so as to form a physical 

crosslinked network, as shown in Fig.1 (b). We then uniaxially stretched the (physical) 

network along the X direction, using cλ = 1.5, 2, 3, and 4. Subsequently, we inserted 

chemical crosslinks between B-type polymer beads (which correspond to the soft 

butadiene phase) in a stretched state so as to form the second chemically crosslinked 

network. The crosslinks were formed by randomly selecting pairs of B-type polymer 

beads within a distance of 1.5σ from each other, and tethering them together with a 

harmonic potential.  

In the second part of the paper, we focus on the mechanical properties of the 

prestretched double network of homopolymers, consisting of 20,000 polymer beads. 

The prestretched double network here was formed using the same procedure as that 

for the above tri-block copolymer systems. The optimal chain length was determined 

by a brief investigation of the mechanical properties of different polymers with chain 
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lengths of 50, 100, 200 beads. The determination of the optimal chain length was 

followed by a systematic study of the effect of the crosslinking network ratios on the 

mechanical properties of prestretched double polymer networks of homopolymers and 

their corresponding nanocomposites (NCs). The latter were created by introducing 20 

NP beads (with a diameter of 4σ ) to the homopolymer matrix. The NPs were 

chemically linked to polymer beads both in the unstrained and the prestretched state 

so as to facilitate the examination of the prestretched double network effect on the 

mechanical properties of the NCs. A combination of the LJ and the harmonic bond 

potential were used for the NP-polymer bonds (the corresponding force field 

parameters displayed in Table 2). 

We performed the simulations in the NPT and NVT ensembles by keeping the 

temperature fixed at * 1.0=T  and the pressure at * 1.0=P  by using the 

Nose-Hoover thermostat and barostat, respectively. The equations of motion were 

integrated by using the velocity-Verlet algorithm with a time step 0.001=tδ , where 

time was reduced by mτ σ
ε

= . Periodic boundary conditions were used in all three 

Cartesian directions. 

Following our previous study,[47] we imposed the systems to a tensile 

deformation by changing the box length to 0L a  in the tensile direction and to 

1/2
0L a−

 in the other two directions so as to maintain a constant volume ( 0L  denotes 

the original box length and a  is the tensile elongation). The interactions with their 

periodic image beads across the cell wall served to transmit the deformation to the 

beads in the basic cell. The strain rate was specified as 

( )( ) / / 0.015 /= − = X XX
L t L Lε τ τ . The average stress σ in the X direction was 

obtained from the deviatoric part of the stress tensor 

( )( ) ( )1 3 / 2= + − + ≈ − +XX XXP P P Pσ µ , where / 3= Σi iiP P  is the hydrostatic 

pressure. The parameter µ  stands for the Poisson’s ratio, which was equal to 0.5 in 

our simulations. Note that when the box was deformed in the Y or Z direction, we 
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used the same approach to calculate the stress.  

All MD runs were carried out using the large scale atomic/molecular massively 

parallel simulator (LAMMPS) software developed by Sandia National Laboratories.[48] 

A more detailed description of the simulation protocol can be found in our previous 

publications.[49-50] 

3. Results and discussion 

3.1 Prestretched double network of tri-block copolymers 

A shortcoming of examining the mechanical properties of block copolymers in 

experiments is the inability to separate the distinctive effects of the prestretching ratio 

and curing extent. In our simulations, though, we were able to separate their effects. 

The values of the prestretching ratio and curing extent that were used in the 

simulations are listed in Table 3.  

Fig.2(a) illustrates the tensile stress-strain behavior for different values of the 

simulation parameters. A significant improvement can be seen in the mechanical 

properties of the double networks as opposed to the uncured single network system 

(system 0 in Fig.2(a)). Herein, a prestretching ratio equal to one denotes the 

non-prestretched cured system. We can see that, as the prestretching ratio is increased, 

a larger curing extent results in a higher ultimate stress, which agrees well with the 

experimental work of Lesser, and is consistent with the independent network 

hypothesis proposed by Tobolsky.[35] On the other hand, as the prestretching ratio is 

increased, a higher maximum strain is observed with an increasing curing extent. At 

low strain values, the double networks with a larger curing extent exhibit a weaker 

stress response under constant strain. This behavior can be attributed to the 

competitive interactions of the first (physical) and second (chemically crosslinked) 

network, although its precise mechanism is not yet elucidated, and requires a deeper 

understanding. The corresponding bond orientation behavior, shown in Fig.2(b), 

indicates that a series of crossovers exist between the uncured single network system 

and the prestretched double network systems, which partly explains the tensile stress 
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behavior of the double network systems at low strain values in accordance with 

Tobolsky’s argument.  

By taking advantage of the MD simulation method, we were able to separately 

investigate the effects of the curing extent and prestretching ratio on the mechanical 

properties of the studied homopolymers, and thus provide a comprehensive 

understanding of the underlying reasons for the observed tensile stress-strain 

behavior. 

We begin with the effect of the curing extent on the tensile stress-strain behavior 

of the pure polymer containing a prestretched double network. Here we stretch all the 

samples to 150% in the X direction before they are chemically cured to an extent of 

18.4%, 26.3%, 39.5%, 52.6%, and 65.8% so as to form the double networks. The 

chemically cured systems are then equilibrated and uniaxially deformed along the 

prestretching direction. The tensile stress and bond orientation behavior are displayed 

in Fig.3. We can see that the ultimate tensile strength increases with an increasing 

curing extent. This observation suggests that the strongly crosslinked prestretched 

networks promote the ultimate tensile strength of the material. On the other hand, an 

increase in the curing extent results in a decrease of the achievable maximum strain, 

which can be attributed to the restricted extensibility of highly crosslinked networks. 

Notably we can see in Fig.3(b) that a single crossover point occurs in the bond 

orientation behavior of all simulated systems. As the curing extent is increased and the 

tensile strain remains under 150%, the prestretched double network systems exhibit a 

lower bond orientation than that of the uncured single network system. This relative 

behavior is reversed when the tensile strain exceeds 150%, which further verifies the 

hypothesis of Tobolsky.[35] According to the hypothesis, when the tensile strain is 

smaller than the prestretching ratio, the two networks compete with each other, which 

results in no increase of the tensile strength even with increasing curing extent. 

However, when the effective tensile strain is larger than the prestretching ratio, the 

two networks will collaborate and act along the prestretching direction, leading to an 

increase in tensile strength.  

We will now investigate the effect of the prestretching ratio on the tensile 
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mechanical properties of the competitive double network systems. To this end, we 

keep the crosslinking extent constant at 26.3%, and change the value of the 

prestretching ratio from 0% to 400%. Notably, we can see in Fig.4(a) that as the 

prestreching ratio is increased, any specified value of stress will correspond to a larger 

strain (stress-response delay). This observation is in agreement with Tobolsky’s 

hypothesis, i.e., as long as the network is held in the strained state, no change in the 

stress should be detectable when the strain is increased, since the network chains have 

their state of ease in the strained condition after a foregone 

prestretch-crosslink-recovery process.[35] The stress-response delay also explains the 

decreasing stress with increasing prestretching ratio at low strain values, which has 

also been observed by Roland et al.[51] Further, we can see in Fig.4(a) that a higher 

ultimate stress and a larger maximum strain is achieved by increasing the 

prestretching ratio. This behavior indicates that a larger prestress value contributes to 

both the tensile strength and extension rate of the competitive double network. The 

corresponding bond orientation behavior reported in Fig.4(b) further supports the 

tensile stress behavior of Fig4.(a).  

To summarize, our results indicate that an increasing curing extent leads to a 

higher ultimate stress, a lower strain at break, and a higher stress at low strain values, 

whereas an increasing prestretching ratio brings about a mildly higher ultimate stress, 

a larger strain at break, and a relatively lower stress at low strain values. The 

competitive and collaborative interactions of those two interdependent factors result 

in a higher ultimate stress, a larger strain at break, and a lower stress at low strain 

values. The increase in the ultimate stress is facilitated by the synergistic effects of the 

increasing curing extent and the increasing prestretching ratio, while a lower stress at 

low strain values sustains the counteractive effects between the increasing 

prestretching ratio and the increasing curing extent, which is highly in line with 

Tobolsky’s independent network hypothesis.[35] Overall, the results indicate that the 

stress-strain curves produced by our simulations are qualitatively in good agreement 

with Lesser’s experimental observation of Lesser[27] of the mechanical properties of 

tri-block copolymers with competitive double networks, which motivates us to 
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perform the simulation work that follows. 

3.2 Prestretched double network of homopolymers  

3.2.1 Determination of the optimal chain length  

Following the previous method, we start by constructing the optimal prestretched 

double network system by firstly investigating the optimal chain length of the 

homopolymer. The chain length is set to 50, 100, and 200 beads, while the total 

number of polymer beads is always 20,000. We first create 300 crosslink bonds in 

each system, and then stretch the simulation box along the X direction to 200%. 

Subsequently, another 300 bonds are introduced among the polymer beads, while the 

system is in the deformed state. The simulation box is then released to the initial, 

undeformed state, which results in the creation of a prestretched double network. 

Finally,  the uniaxial tension test is performed in the prestretched direction.  

The results are summarized in Fig.5. At small strain values, the polymer 

consisting of 50 beads exhibits relatively larger tensile stress as well as a larger bond 

orientation in comparison to their values when longer chains are used. At large strain 

values (larger than 350%), the polymer consisting of 100 beads displays a larger 

tensile stress and a higher bond orientation, while the stress response of the polymer 

consisting of 200 beads is not so prominent. Within the strain range of our simulations, 

the polymer consisting of 100 beads displays the optimal tensile stress-strain behavior. 

Therefore, a chain length of 100 beads is chosen as the optimal chain length in the 

simulation work that follows. 

3.2.2 Effect of the crosslinking network ratio 

In this section we report on the effect of the crosslinking network ratio (i.e., the 

ratio of the number of bonds produced during the pre-stretching crosslinking process 

to that of the post-stretching crosslinking process) on the mechanical properties of a 

homopolymer with a prestretched double network. The simulated polymer consists of 

200 chains, each with a length of 100 identical monomer beads. The total number of 

the crosslinked bonds introduced is 600 in each system so as to ensure the formation 

of crosslinked networks. We use a prestretching ratio of 250% in the X direction of 
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the simulation box and the following values for the crosslinking network ratios: 0/600, 

100/500, 300/300, 500/100, 600/0. Uniaxial tension tests both parallel and 

perpendicular to the prestretched direction are performed so as to examine potentially 

anisotropic properties, as shown in Fig. 6 and Fig. 7. The tensile stress-strain curves in 

the X direction show that the stress response increases while increasing the 

crosslinking network ratio under constant total number of crosslink bonds, with an 

exception observed in the homopolymer with a crosslinking network ratio of 600/0 

whose stress-response curve falls in the middle. This behavior can be explained by 

assuming that the tensile stress in the prestretched direction results from the 

competitive interaction between the two networks. The double networks of the 

500/100 and 300/300 systems result in improved mechanical properties in comparison 

to that of the 600/0 system (which consists of only a single network). More 

importantly, the first crosslinked network of the 600/0 system contributes more to the 

enhancement of the tensile stress along the prestretched direction than in the 0/600 

and 100/500 systems.  

Fig.6(b) illustrates the tensile-recovery curves of the homopolymer double 

network systems. We have also calculated the permanent set (the residual strain) and 

the dynamic hysteresis loss of the different systems during the tension-recovery 

process, as shown in Fig. 6(c) and (d), respectively. According to the simulations, the 

permanent set decreases with increasing crosslinking ratio, with the higher value 

observed in the double network polymer with a crosslinking ratio of 600/0. This 

behavior suggests that the prestretched double network can significantly reduce the 

permanent set. On the other hand, the dynamic hysteresis loss increases with an 

increasing crosslinking network ratio. In accordance with the entropic behavior theory 

of Lesser,[27] this observation indicates that the second crosslinked network formed in 

the deformed state contributes to the energy conservationFurthermore, in the direction 

perpendicular to the prestretched direction, the tensile stress-strain curves in Fig. 7(a) 

denote that the increased crosslinking network ratio leads to a lower tensile stress 

under a constant strain exceeding 250%. This behavior indicates that a second 

crosslinked network introduced in the prestretched state can drastically enhance the 
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tensile strength along the perpendicular direction (this hypothesis is confirmed later in 

the paper). According to the tension-recovery curves in Fig. 7(b), the permanent set 

and the dynamic hysteresis loss in the perpendicular direction are both higher than 

that in the direction parallel to the prestretching direction. The permanent set increases 

with an increasing crosslinking network ratio, with the lowest dynamic hysteresis loss 

showing up in the 300/300 double network system.  

We conclude that the prestretched double network can effectively enhance the 

tensile mechanical properties of homopolymers both parallel and perpendicular to the 

prestretched direction, while it gives rise to an anisotropic mechanical behavior. 

Additionally, owing to the anisotropy, the prestretched double network with a 

crosslinking network ratio of 300/300 (i.e., the ratio of the number of bonds produced 

during the pre-stretching crosslinking process to that of the post-stretching 

crosslinking process) is supposed to simultaneously enhance the tensile strength and 

decrease the permanent set and the hysteresis loss of the polymeric materials in all 

directions.  

3.2.3 Tensile fracture  

We will now explore the tensile fracture process of the homopolymers with a 

prestretched double network. In order to microscopically probe the tensile fracture 

and the corresponding bond-breakage process, the quartic bond potential is used in the 

simulations, owing to its ability to break once the distance between two bonded beads 

becomes larger than a certain value.  

Fig.8(a) illustrates the tensile stress-strain curves in the X direction, while the 

bond orientation and the total number of crosslink bonds of the homopolymer systems 

are displayed in Fig(8).b and Fig(8).c, respectively. According to the simulations, the 

non-prestretched system exhibits higher stress than that of the prestretched systems at 

small strain values, although the opposite behavior is observed when the strain value 

becomes larger than a transition point. While the strain remains smaller than 400%, 

the number of type-2 and type-3 crosslink bonds remains constant (i.e., the number of 

bonds in the first and second network, respectively). At larger strain values, though, 
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bonds start to break. Initially, bonds in the first network break faster than in the 

second one, until the strain attains a transition value close to 900%, upon which the 

relative speed of bond breaking is reversed. Interestingly, after the same transition 

point, the bond orientation of the prestretched double network becomes higher than 

that of the single network. 

As regards the same properties in the Y direction (i.e., perpendicular to the 

prestretching direction), the prestretched double network also promotes the tensile 

fracture strength, as shown in Fig. 9. However, it is noteworthy that the tensile stress 

along the Y direction is more evident than that in the X direction, with a more distinct 

bond orientation behavior as well. In the bond-breakage curve, we note that the 

number of type-3 bonds is subjected to a decrease greater than that of type-2 bonds, 

which denotes that the second crosslinked network makes a major contribution to the 

tensile stress strength during the tension process in the parallel direction. The decrease 

of type-3 bonds in relation to that of the type-2 ones also supports the results of Fig. 7.  

Hence, it seems that the prestretched double network can anisotropically increase 

the tensile fracture strength both parallel and perpendicular to the prestretching 

direction. The reason for the observed anisotropy is that, in the prestretching direction, 

both the first and the second crosslinked network bear the external force, whereas in 

the perpendicular direction, only the second crosslinked network is relevantly 

effective. 

3.3 Prestretched double network of polymer nanocomposites 

Based on the homopolymers simulations, we further investigated the mechanical 

properties of a corresponding polymer nanocomposite system. To explore the effect of 

the prestretched double network on the mechanical properties of the nanocomposite, 

we first created 300 crosslinking bonds among the polymer chains, and then added 

another 300 crosslinking bonds between NPs and polymer chains, in the unstretched 

state as well as in a prestretched state of a strain value of 150%.  

Fig.10(a) and (b) display the stress-strain and bond orientation behavior of the 

polymer nanocomposite system along the prestretching direction. Note that there is an 
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evident crossover point, both in the stress-strain curve and the corresponding bond 

orientation curve, which is in accordance with the results of the homopolymers 

simulations. Under a constant strain below 150%, the non-prestretched 

nanocomposite displays a higher stress response, verifying that, at such low strain 

values, the first crosslinked network greatly contributes to the tensile stress in the 

prestretching direction. However, after the transition point, the prestretched system 

displays higher stress strength than that of the non-prestretched system, along with a 

higher bond orientation, which is attributed to the contribution of the second double 

network, as was also the case in the homopolymers with a double network. The tensile 

stress-strain curves and the bond orientation curves in the direction perpendicular to 

the prestress are shown in Fig.9(c) and (d). It is notable that the tensile stress in the 

perpendicular direction exhibits an apparent enhancement in the prestretched double 

network system, which is accompanied by a higher bond orientation stemming from 

the effective second crosslinked network.  

We conclude that the polymer nanocomposites with a prestretched double 

network exhibit similar mechanical behavior to that of the homopolymers, i.e., the 

presence of the double network enhances the tensile mechanical performance of the 

nanocomposite in all directions while giving rise to interesting anisotropical 

mechanics.  

4. Conclusions 
In the present study, we first explored the validity of the molecular dynamics 

simulation method in investigating elastomers with prestretched competitive double 

networks. The validation protocol of our simulations was based on Tobolsky’s 

independent network hypothesis and Lesser’s experimental results of tri-block 

copolymers. Aiming for a comprehensive understanding of the mechanisms that give 

rise to the mechanical properties of the studied materials, we further investigated how 

they are affected by the prestretching ratio and the crosslinking extent. A fundamental 

interpretation of these two effects has been acquired. The stress-strain dependencies 

produced in our simulations are qualitatively in good agreement with the experimental 
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observations of Lesser, which could facilitate the development of a constitutive model 

relating the tensile stress to the strain in polymers with prestretched double networks. 

By focusing on the effect of the crosslinking network ratio on the mechanical 

properties of pure homopolymers with a prestretched double network, we found that 

the prestretched double network structure contributes greatly to the enhancement of 

the tensile stress-strain behavior and of the ultimate strength at fracture, and leads to a 

lower permanent set and lower dynamic hysteresis loss in the directions both parallel 

and perpendicular to the prestretching direction. At the same time, a significant 

anisotropical behavior was observed. Specifically, in the parallel direction, both the 

first and the second crosslinked networks bear the external force roughly to the same 

degree, while in the perpendicular direction, it is only the second crosslinked network 

that plays the leading role in the tensile process. As a consequence, more enhanced 

mechanical properties were observed in the perpendicular than in the parallel 

direction, owing also to the crosslink-bond breakage under the influence of external 

force. The addition of nanoparticles in the simulated homopolymers resulted in 

similar tensile mechanical properties. A crosslinking network ratio of 300/300 resulted 

in an apparent (anisotropic) enhancement of the tensile stress-strain behavior, which 

stemmed from the effective second crosslinked network. This enhancement was 

observed in all directions, especially perpendicular to the prestretching one. 

Overall, in the present study we provided a novel perspective in regulating the 

mechanical properties of homopolymers and elastomer-based nanocomposites with a 

prestretched double network, aiming to the designing of materials with higher 

mechanical performance and a desirable anisotropical behavior. 
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Tables and Graphics 

 
Table 1 the force field parameters of ABA tri-block copolymers  

Pair of beads ε σ r
cutoff

 

A-A 1.0 1.0 2.5 

B-B 1.0 1.0 2.5 

A-B 1.0 1.0 1.12 
 

 
Table 2 the force field parameters of polymer nanocomposites 

Pair of beads ε σ r
cutoff

 

polymer-polymer 1.0 1.0 2.5 

nanoparticle-nanoparticle 1.0 1.0  2.5 

polymer-nanoparticle 1.0 1.0 1.12 
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Table 3 the prestretching ratios and curing extents for different ABA tri-block 

copolymers systems  

system Prestretching ratio Nbonds Curing extent (%) 

0 

1 

1 

1 

0 

1400 

0 

18.4 

2 1.5 2000 26.3 

3 2 3000 39.5 

4 3 4000 52.6 

5 4 5000 65.8 

 

 
Fig. 1 (a) the basic structure of ABA tri-block copolymer with fully extended 
chain conformation; (b) the snapshot of the self-assembled structure of ABA 
tri-block copolymers. The blue beads represent component A and silver beads 
represent component B. 
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Fig. 2 (a) the tensile stress-strain behavior; (b) the bond orientation behavior of 
the different ABA tri-block copolymer systems with various prestretching ratios 
and curing extents listed in Table 3. 
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Fig. 3 (a) the tensile stress-strain behavior, (b) the corresponding bond 
orientation behavior in the uniaxial tension process of the different ABA 
tri-block copolymer systems with varying curing extents. 
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Fig. 4 (a) the tensile stress-strain behavior, (b) the corresponding bond 
orientation behavior of different ABA tri-block copolymer systems with various 
prestretching ratios.  
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Fig. 5 (a) the tensile stress-strain behavior, (b) the corresponding bond 
orientation behavior of the different homopolymers systems with different chain 
lengths. 
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Fig. 6 (a) the tensile stress-strain behavior, (b) the tensile-recovery curves, (c) the 
permanent set and (d) the dynamic hysteresis loss (DHL) in the tensile-recovery 
process of the homopolymers with various crosslinking network ratios, in the 
prestretching direction. 
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Fig. 7 (a) the tensile stress-strain behavior, (b) the tensile-recovery curves, (c) the 
permanent set and (d) the dynamic hysteresis loss (DHL) in the tensile-recovery 
process of the homopolymers with various crosslinking network ratios, in the 
direction perpendicular to the prestretching direction. 
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Fig. 8 (a) the tensile fracture behavior, (b) the corresponding bond orientation 
behavior of the homopolymers with single or prestretched double network, and 
(c) the number of broken bonds under tensile loading of the prestretched double 
network system, in the prestretching direction. 
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Fig. 9 (a) the tensile fracture behavior, (b) the corresponding bond orientation 
behavior of the homopolymers with single or prestretched double network, and 
(c) the number of broken bonds under tensile loading of the prestretched double 
network system, in the perpendicular direction. 
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Fig. 10 (a) the tensile stress-strain behavior, (b) the corresponding bond 
orientation behavior of polymer nanocomposites systems with unstretched 
double network or prestretched double network in the prestretching direction; (c) 
and (d) are results in the perpendicular direction.  

 


