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ABSTRACT

Crosslinking generally enhances the mechanical properties of crosslinked polymers;
However, some mechanical properties have been reported to vary non-monotonically
with the concentration of crosslinkers, and the underlying mechanism for this behavior is
not yet fully understood. In this work, the effect of the crosslinking degree on the
mechanical characteristics of the crosslinked systems made of branched polymers are
explored by dissipative particle dynamics simulations. In addition to the stress-strain
curve, the microscopic characteristics of the elastomer, such as the gel content,
crystallinity, and microstructure, are obtained to gain insights into the structure-property
relationship. As expected, an increase in the degree of crosslinking leads to a decrease in
the degree of crystallinity, but an increase in the gel content. Moreover, the Young’s
modulus increases with the crosslinker concentration, while the elongation at break
decreases. In contrast, the tensile strength and toughness initially increase and then
steadily decrease as the crosslinking degree increases. The microstructural characteristics

are analyzed based on average bond length (1,) and radius of gyration of polymers (Kg).

As the crosslinker concentration increases, 1, at break grows initially but becomes
saturated beyond the optimal concentration, while Kg at break always decreases. Our

findings suggest that the maxima in tensile strength and toughness are the consequence

of the competition between crosslinking and entanglement.

Keywords: Elastomer; Molecular simulation; Crosslinking density; Stress-strain curve
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Chapter 1 Introduction

Linear low-density polyethylene (LLDPE) is a type of polyethylene that is made by
copolymerizing ethylene with a small amount of an alpha-olefin, such as butene or hexane
[1-3]. LLDPE has a linear structure with short side chains, which gives it a lower density
and greater toughness compared to traditional high-density polyethylene (HDPE). It is
lightweight and cost-effective, and exhibits excellent resistance to impact and chemicals,
making it suitable for use in packaging films and wire and cable insulation, among other
applications [4-7]. Additionally, LLDPE is easy to process using various conventional
thermoplastic processing techniques such as blow molding and extrusion, which enables
the production of intricate shapes and structures [8, 9]. However, in certain applications,
such as insulation, the mechanical strength of LLDPE may not be sufficient, and therefore,
a chemical crosslinking process may be introduced to create stronger and more stable
bonds between the polymer chains [10]. That is, LLDPE is crosslinked by chemical
crosslinking agents to obtain crosslinked LLDPE (XLPE), which typically exhibits higher
mechanical strength, including improved resistance to deformation under stress, greater
impact resistance, and higher tensile strength [11].

The mechanical properties of XLPE, such as Young’s modulus, tensile strength, and
toughness, depend on the type of crosslinker and the network structure (gel content). The
latter varies strongly with the crosslinking density (the crosslinker concentration). That
is, their mechanical properties can be effectively tailored by controlling the crosslinking
density of the network for a chosen crosslinker [12]. Intuitively, increasing the
crosslinking density of crosslinked polymers leads to an improvement in their mechanical
strength. However, previous studies have primarily focused on crosslinked polymers with

low crosslinking density [13-15], because higher crosslinking densities do not necessarily
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result in better mechanical strength. For example, when using dicumyl peroxide (DCP)
as a crosslinker for LLDPE or silane grafted LLDPE, it has been found that as the
concentration of crosslinker increases, the elongation at break (extensibility) decreases;
but the tensile strength reaches its maximum value at a certain DCP concentration [16,
17]. Similarly, when bis(tert-butyldioxyisopropyl)benzene-hexane (BIPB) is used as a
crosslinker for HDPE, the impact strength - an important measure of material toughness
- reaches its maximum value at a specific BIPB content [18].

The degree of crosslinking is well-known to play a crucial role in determining the
mechanical properties of crosslinked polymers, such as their stiffness and toughness [19,
20]. Numerous experimental studies have investigated the correlation between
crosslinking density and mechanical properties in various polymers, including LLDPE,
HDPE, and polyurethanes [21-23]. Unfortunately, the reason for the optimal
concentration of crosslinker required to achieve maximum mechanical properties is still
not fully understood. Furthermore, the microscopic mechanism underlying this
phenomenon is difficult to observe experimentally but may be elucidated through
molecular simulations, which are currently lacking. Recently, the mechanical
characteristics of polymers in which entanglements greatly outnumber crosslinks have
been reported [24]. The effects of the crosslinker-to-monomer molar ratio (C) on the

stiffness and toughness of highly entangled poly(ethyl acrylate) elastomers are

investigated. The stiffness of the elastomer reaches a plateau beyond C~ 107, and it
starts to increase again after C reaches around 1073, The presence of entanglements has
been proposed as the reason for the stiffness plateau, while the gradual increment in
stiffness after the plateau is attributed to the dense enough cross-links prevailing over
entanglements. In contrast, it is found that the toughness decreases as the crosslinking

density (C) increases. When the elastomers have the low crosslinking density (C), the
2
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entanglements are dense, and cross-links are sparse. This results in higher toughness since
the entanglements do not hinder the transmission of tension along the long polymer chains
[24].

The tensile strength and toughness of crosslinked polymers (e.g., chemical elastomer)
are found to vary non-monotonically with the concentration of crosslinkers [16, 17]. In
fact, an optimal crosslinking density exists for achieving the maximum tensile strength or
toughness. Unfortunately, the underlying mechanism, particularly the microscopic insight,
is still elusive. The objective of this study is to investigate the effect of the crosslinking
degree on the mechanical and microstructural properties of the crosslinked system made
of branched polymers under uniaxial extension, using coarse-grained dissipative particle
dynamics (DPD). Molecular simulations offer several advantages over traditional
experimental approaches for studying the properties of polymer networks due to better
control of network formation and accurate knowledge of network features [25]. In order
to ensure that the branched polymers are in the solid state, the transition from liquid to
solid state of non-crosslinked branched polymers is analyzed through measurements of
crystallinity and heat capacity. The gel content of the crosslinked polymer is determined
for various degrees of crosslinking. Uniaxial stretching is used to acquire the stress-strain
curve for different degrees of crosslinking. The mechanical properties of the crosslinked
polymers, such as Young’s modulus (E), elongation at break, tensile strength, and
toughness, are then evaluated based on the acquired data. Lastly, the microstructural
dynamics are captured by monitoring the evolution of the average bond length 1,(t) and
average radius of gyration of polymers Kg(t). The effect of the competition between
microscopic characteristics of networks, specifically crosslinking points and chain

entanglements, on the mechanical properties of crosslinked polymers are discussed.
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Chapter 2 Method

2.1 Simulation method and model

DPD is a coarse-grained molecular dynamics method that utilizes a stochastic DPD
thermostat to conserve total momentum and employs soft potentials mapped onto the
classical lattice Flory-Huggins theory [26, 27]. It is a particle-based mesoscale simulation
that enables the investigation of larger length and time scales compared to conventional
molecular dynamics (MD) [27-29]. The DPD bead, which has a mass of m, consists of
several molecules or atoms, and its time evolution is governed by Newton's equations of
motion [30, 31]. The interactions between DPD beads involve pairwise conservative force
(f§;), dissipative force (f) and random force (5): F; = X, (fi + fi + ). The forces are
short-ranged, soft, and repulsive in nature [27]. All the bead-bead interactions are
characterized by a finite cutoff distance, denoted as r,, which is usually taken as the unit

of length. All units in DPD simulations are scaled by the bead mass (m), cut-off distance
(r.), and thermal energy (kgT) [32]. Thereby, the time (t) is scaled by (mr%/kBT)l/zand
the stress (t;;) scaled by kpT/r3.

The conservative force decays linearly with the inter-bead distance ( rj ),

a

ficj = a;i(1 — r;/r.)ty;, where the unit vector #;; is along the direction of the inter-bead
distance. The interaction parameter a;; represents the maximum strength of the repulsive
force between beads i and j. a,, associated with any two beads of the same component
is set to a,, =25 [33, 34]. For simplicity, one assumes that the monomers and
crosslinkers belong to the same component. The dissipative force (f}l?) acts as the friction

between the beads and is proportional to the relative velocity between them. On the other

hand, the random force (fﬁ) acts as a source of heat and is added to satisfy the fluctuation-
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dissipation theorem [34-37]. The conservation of momentum is automatically fulfilled.in
DPD, and the hydrodynamic behavior of the system can be observed more easily
compared to MD, which contains excessive details of molecular motion [38-40]. In this
work, the open software Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [41] is used for all DPD simulations.

Our simulation results mainly focus on the properties of branched and crosslinked
polymers, in addition to linear polymers. A linear polymer is composed of repeating units
connected to only two others [42]. In contrast, branch polymers have side chains growing
out from the main chain [43], and crosslinked polymers have linkages between polymer
chains [44]. In this work, both linear and branched polymers are modeled as a string of
DPD beads, with each polymer chain consisting of a total of 130 beads. The branched
polymer contains 6 short branches that are uniformly distributed along the backbone, with
each branch consisting of one DPD bead. This is a simplified model to mimic the structure
of butane-based LLDPE, which has short branches due to butane units. The neighboring
beads in a polymer are connected with the harmonic spring, Fﬁ = k(13 — 1eq)fij, Where
the spring constant is k; =100 and the equilibrium length r., = 0.4. The chain stiffness
can be controlled by introducing additional bending forces between two consecutive
bonds, F*=— vU", where the bending potential is U = kq(0 — 0,,)*. kq represents the
bending constant and 6., is the equilibrium angle between two consecutive bonds.
Along the backbone, the bending constant is kg =2 and the equilibrium angle 6., = .

However, to represent the free movement between the branch and the main chain, the
bending constant is set to kqy = 0.
The simulation system contains more than 400 branched polymers which are

randomly crosslinked by crosslinkers. Figure 1 depicts a schematic diagram of two
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branched polymers crosslinked by a crosslinker, which consists of two connected DPD
beads and is actually a dimer of a linear polymer. The total number of beads is
approximately 6 x 10* DPD beads and the bead (volume) fraction of crosslinkers varies
from 0.5 to 10%. Note that all crosslinkers are attached to polymers, so the volume
fraction of crosslinkers is equivalent to the degree of crosslinking of the network. The
number density of the system is always maintained at p=3. Without stretching, the
system is a cubic box (27.1 x27.1 x 27.1) with periodic boundary in all three spatial

directions. A time step of At=0.01 is used for the simulations, and it takes

approximately 2 x 10° time steps for the system to reach equilibrium.

Branched polymer

N
éD «—— Short Branches

|

Backbone

Figure 1. Schematic diagram of two branched polymers crosslinked by a crosslinker.

The original DPD parameters, as proposed by Groot and Warren [27], are too soft
and do not enforce specific restrictions on steric interactions, potentially leading to chain
crossings and phantom chains. However, an easy and computationally efficient criterion

[45] was provided for imposing topological constraints, which gives the uncrossability of

polymeric chains for DPD simulations. If the condition v2r;, > ... is satisfied
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throughout the simulation, chain crossings will not occur. Here r,,;, denotes the
minimum value of nonbonded length and 1, is the maximum value of bond length.
Therefore, selecting appropriate DPD parameters can maintain the uncrossability of
polymeric chains. Recently, the criterion for the uncrossability of polymeric chains has
been validated for the parameters of r., =0.4, k=100, and a;; =25. [32]. In this study,
we choose the same DPD parameters to maintain the uncrossability of polymeric chains

effectively, and at the same time, the large integration step can still be employed.

2.2 Thermodynamic properties

The crystallinity, heat capacity, gel content, and radius of gyration of polymers are
calculated from the simulations. The crystalline domain is defined as a group of bonds
with the same orientation in a specific region [46]. To determine whether a specific bond
is in a crystalline state, the following rules are applied. First, consider a spherical domain
with the center located at the midpoint of a selected bond that connects two consecutive
beads i and i+ 1 along the polymer chain. Next, determine the number of neighboring
bonds that are collinear with the selected one. The radius of the domain is 1.0 DPD units
and the collinearity threshold criteria is less than 26° for the spanned angle between two
bonds. The ratio of collinear neighbors to the total number of neighbors is used as the
criterion for bond crystallization. If this ratio is greater than 0.4, the bond is considered
crystalline; otherwise it is classified as amorphous. The degree of crystallinity (o) is
defined as the proportion of crystalline bonds relative to the total number of bonds in the
system.

The heat capacity (Cv) of a material is closely related to its structure and can serve

as a sensitive measure of the degree of order within a system [47, 48]. The structural

doi:10.6342/NTU202301105



phase transition can be detected by using calorimetry to observe the variation of the heat
capacity with temperature [49]. In NVT (canonical ensemble) simulations, the evaluation
of heat capacity involves determining the mean squared energy fluctuations at each
temperature [50], C, = ((E?) — (E)*/kgT?, where E represents the internal energy. The
gel content is a crucial factor that affects the behavior and properties of crosslinked
polymers, and it is commonly used to characterize the degree of crosslinking [51, 52]. In
experiments, the gel content is determined by calculating the percentage of insoluble
material remaining in the crosslinked polymer after solvent extraction, relative to the
initial weight of the polymers. In simulations, the gel content is determined by calculating
the percentage of the number of branched polymers associated with the largest cluster of
crosslinked polymers, relative to the total number of branched polymers in the system, in
a similar way to experimental measurements.

The crosslinked network is formed by linking together branched polymers with
crosslinkers. In simulations, we are able to monitor the conformation of each branched
polymer before and after crosslinking. During the stretching process, it is possible to track
the conformational changes of crosslinked polymers within the network. The size and
shape of a polymer are typically described by its radius of gyration (Rg), which provides
information about its conformation [53]. The radius of gyration of a material is defined

as the root mean square distance of each element within the body from its center of mass

1

Xi—X, 22
[54]. The size of a polymer along the x-axis can be expressed as Ry, = [¥N, %]2,

where x., represents the center-of-mass position. The radius of gyration of a polymer is

) 12 ) .
written as Rg=(RgXX2+ngy2+RgZZ2) [54]. The average radius of gyration of

polymers is obtained by taking the mean of the Rq values for all the chains in the system.
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2.3 Mechanical properties

The stress-strain curve can be acquired by using simulation box deformation of
LAMMPS. In the uniaxial extension simulation, all polymers are subjected to uniaxial
stretching at a constant strain rate (¢), and the resulting elongational stress (1) is
subsequently determined. The elongational stress in the system is defined as the normal
pressure differences, t=r1, — (t,y +1,)/2 [55]. The average virial stress, Ty, is
calculated from the negative value of the diagonal component B, of the pressure tensor

in the k direction [56]. The normal pressure (Py) is composed of two contributions,
P = (X mivivi /V) +0.5( X Firl /V) , with V' representing the volume of the
simulation box. m' and vi correspond to the mass and k-component of the velocity of

bead i. Additionally, F}ﬂ and rE depict the k-component of the interacting force and the
distance between beads i and j. The first term in B, pertains to the kinetic energy, while
the second term is concerned with the potential energy [57]. After equilibration of the
system, simulations of uniaxial-stress tensile deformation were carried out in the x-
direction. A constant true strain rate of ¢=25x 10™ is applied to the initial cubic box,
causing the x-dimension box size to increase nonlinearly over time, which is denoted by
L,(t) = Loexp(€At). Here L, represents the initial box size and L, the box size in the x-
dimension at t. The deformation simulation is conducted under the constant volume
condition, with the y- and z-dimensions of the box shrinking equally over time.

The tensile test is a common method for evaluating important mechanical properties

of polymers, including Young’s modulus, elongation at break, tensile strength, and

toughness [58]. The Young’s modulus can be obtained from the slope of stress-strain
curve in the linearly elastic region [59]. Elongation at break denotes the strain of a
material at the point of breakage, and it describes the material’s ability to deform before

9
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failure. Tensile strength represents the maximum stress that a material can endure while
being stretched before reaching its breaking point [60]. Additionally, the toughness is
given by the area under a stress-strain curve, which measures the amount of energy
absorbed by the material prior to its failure [61]. Although bond breakage or necking
associated with stretching is not allowed in DPD simulations, the simulation can be
terminated automatically if the system energy diverges due to the prolonged stretching of
harmonic bonds. At the point of numerical divergence, the strain can be defined as the

elongation at break, and the stress corresponds to the material’s tensile strength.

10
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Chapter 3 Result and Discussion

3.1 Melting temperature, crystallinity, and gel content

To understand the crosslinking effects, the comparison must be made with respect
to solid polymer without crosslinking. The solid state is ensured as the system temperature
is below the melting temperature Tm, which can be determined from the variation of
crystallinity or heat capacity with temperature. Figure 2a shows the plot of the degree of
crystallinity against temperature for linear and branched polymers. Linear polymer is
considered for the purpose of comparison. As expected, the degree of crystallinity is low
(= 0.05) at higher temperature but grows rapidly as T — Tm, corresponding to the
transition from disordered melt to crystalline solid upon cooling. Here the melting
temperature is defined as the temperature at which the degree of crystallinity is
approximately the average value of the liquid and solid states. The morphology of
polymers at different temperatures is demonstrated in Fig. 2b. As the temperature
decreases, the more ordered structure begins to develop and the crystalline region (as
highlighted within the yellow circle) grows accordingly. It is evident that both Tr and a
of linear polymer are higher than those of branched polymer, consistent with previous
studies [62-64]. This result is attributed to the fact that linear polymers are easier to align
with each other and pack closely than branched polymers. Therefore, the former can

crystallize at higher temperature and has a large amount of crystallinity than the latter.

11
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Figure 2. (a) The plot of the degree of crystallinity against dimensionless temperature for
linear and branched polymers. (b) The morphology of linear and branched polymers at

different temperature.
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In addition to the crystallinity, the heat capacity is also adopted to estimate the
melting temperature, as shown in Fig. 3. The heat capacity (Cy) is corresponding to the
mean squared fluctuations in internal energy at a specified temperature [65, 66]. Tm is the
temperature at which Cy arrives at its maximum value, signifying change from the molten
to solid state upon cooling. The melting temperatures of linear and branched polymers
determined from the heat capacity curves (Cy vs. T) are essentially the same as those
acquired from the crystallinity curves (o vs. T). In the Cy -T plot, the heat of melting (AUm)
can be estimated from the area under the peak. AUm of linear polymer is significantly
greater than AUm of branched polymer. This consequence of the heat capacity is
consistent with the result of the crystallinity, because more latent heat is required to

destroy more crystalline regions formed in the solid state of linear polymer.
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Figure 3. The heat capacity curve of (a) linear polymers (b) branched polymers. The
melting temperature is identified in the main graph, while the glass transition temperature

is revealed in the inset.

The semi-crystalline solid polymer is acquired as the temperature is below Tm. When
the polymer is cooled further, small changes in the plots of both a-T and Cy-T curves can
be identified again at a specific temperature about 0.38. Below this characteristic
temperature, the degree of crystallinity is slightly increased in the a-T curve, while the
heat capacity exhibits a sudden drop in the enlarged Cy-T curve (see the insets of Fig. 3).
This change can be considered as the glass transition, which is known as a second-order
phase transition. It is accompanied with no latent heat but a change in heat capacity, and
thereby the glass-transition temperature is not easy to identify [67-69]. The temperature

associated with the glass transition (Tg) is always lower than the melting temperature.
14
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When T > T > T4, amorphous domains are distributed among crystalline domains, so-
called the rubbery state, and thus solid polymers can be soft and flexible [70, 71].
However, as the temperature is below Tg, segmental motion in the amorphous portions of
partially crystalline polymers are frozen, while the crystalline domain remains crystalline
during the glass transition [72, 73]. Nonetheless, secondary crystallization proceeds even
below Tg, leading to a more compact packing of aligned polymers [74]. Note that the
difference of Tq between linear and branched polymers is difficult to distinguish in our
model system.

According to the above analyses, the branched polymer has the melting temperature
Tm~0.65 and the glass-transition temperature Tg~ 0.38. As a result, at T = 0.5, it is in
the rubbery state and can be considered as an elastomer. The mechanical strength of the
elastomer made of branched polymers can be strengthen by crosslinking [75-77]. The
crosslinking degree is proportional to the concentration of crosslinkers and it is generally
characterized by the gel content [78, 79]. Figure 4 shows the variation of the gel content
with the crosslinker concentration (ci). As expected, the gel content grows generally with
increasing the crosslinker concentration, and it becomes 90% as ¢ =2%. When the
crosslinker concentration approaches around 3%, the gel content reaches 100%,
indicating that all branched polymers in the system are crosslinked to form a network. In
despite of the enhancement of the mechanical strength, it is known that crosslinking of
polymers lessens the degree of crystallinity [16]. As shown in Fig. 4, the degree of
crystallinity decreases with increasing the crosslinker concentration, because crosslinks
act as defects to restrict the polymer motion and the development of alignment of chain

segment [13, 80].
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Figure 4. Effects of the crosslinking degree on the crystallinity and gel content.

3.2 Stress-strain relationship

It is known that the mechanical behavior of crosslinked polymers are primarily

governed by crosslinking points [81]. Therefore, the mechanical properties are expected

to depend on the crosslinker concentration. That is, the stress-strain curve which yields

the information of Young’s modulus (E), elongation at break, tensile strength, and

toughness will be altered as the crosslinker concentration is changed. In this work, the

crosslinking system of branched polymers is subjected to uniaxial stretch at a constant

strain rate of 5x 10™ for the crosslinker concentration ¢i= 0.5 - 10%.. Figure 5 shows

some typical

tensile stress-strain curves associated with different crosslinker

concentrations at T = 0.5. The polymer system is in the rubbery state because Tqg < T <
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Tm. Consistent with the experimental results for crosslinked polymers, a rather small
increment of stress is observed at an ordinary strain but a rapid growth of stress appears
as the strain approaches a critical value [82, 83]. Unlike the common stress-strain curve
in which the maximum stress (tensile strength) occurs before reaching the elongation at
break, the tensile strength of the crosslinking system is actually associated with the

elongation at break without the presence of necking.

5
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Figure 5. Tensile stress-strain curves associated with different crosslinker concentrations,

where the Hencky (true) strain is used.

According to the stress-strain curve, Young’s modulus can be determined from the
slope of a linear fit to the curve within the Hencky strain of 3.6%, as shown in the inset
of Fig. 6. The mean value of Young’s modulus is acquired from ten stress-strain curves

at a fixed crosslinker concentration. Figure 6 depicts the variation of Young’s modulus
17
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with the crosslinker concentration, and it is found that E grows monotonously with
increasing ci. For crosslinked polymers with low crosslinker concentrations, the
crosslinked structure is poorly connected. The primary resistance to small deformation is
caused by entanglement and intermolecular sliding associated with the system without
crosslinkers, leading to a low stiffness of the structure. In contrast, for higher
concentrations of crosslinks, entanglement and sliding become limited owing to
significant connectivity in the structure, and the deformation is mainly resisted by
crosslinking points. Therefore, the higher the crosslinking degree, the stronger the

crosslinked structure, corresponding to a higher stiffness of the structure [84].
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Figure 6. The variation of Young’s modulus with the crosslinker concentration. The

linearly elastic region of the stress-strain curve is shown in the inset.
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An important characteristic of elastomer is the large value of elongation at break.
Figure 7a shows the variation of elongation at break with the crosslinker concentration.
Opposite to Young’s modulus, elongation at break decreases as ‘the crosslinker
concentration increases. Note that elongation at break in terms of Hencky strain from 98
to 241% is corresponding to that in terms of engineering strain from 166 to 1013%. The
breakage of chemical bonds upon stretching can be avoided by chain elongation and
intermolecular sliding. However, the increment of the crosslinking density results in a
shorter segments available for elongation and a lower probability of chain slippage,
leading to the decrement of elongation at break [23]. As the strain arrives at elongation at
break, the stress reaches its maximum and the tensile strength is obtained. Unlike Young’s
modulus and elongation at break, the variation of the tensile strength with the crosslinker
concentration is not monotonous, as demonstrated in Fig. 7b. The tensile strength is found
to increase with c; at low crosslinker concentrations but it becomes to decline at high
concentrations. The maximum tensile strength occurs at ¢~ 5%. Similar to the tensile
strength, the toughness of crosslinked polymers displays a non-monotonous variation

with the crosslinker concentration as well. Its maximum also takes place at ¢ = 5%.
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Figure 7. The variation of (a) elongation at break, (b) tensile strength, (c) toughness with

the crosslinker concentration.

In addition to crosslinking points, the motion of polymers within the crosslinked
network of elastomers is also restricted by chain entanglement [85]. The entanglement
between two polymers results in a physical interlocking of polymer chains, which can
lead to the formation of an intertwined network. Because entanglement of polymers
hinders the movement of their segments, the rheology and mechanical properties of
polymers are significantly affected, similar to the effect of crosslinking points [86]. In
fact, entanglement acts as a slip link, which can increase the stiffness of the polymeric
material and improve its tensile strength and toughness. Because the applied stress is
dissipated by entangled polymers within a network, the polymer toughness can be

enhanced [87]. However, unlike crosslinks, chain entanglement does not cause
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embrittlement of the polymer material [88]. Evidently, both crosslinking points-and chain
entanglements are crucial in determining the mechanical properties of a crosslinked
elastomer.

The contributions of crosslinking points and chain entanglements to elastomers
differ in certain mechanical properties, especially tensile strength and toughness. With an
increase in crosslinking points within a network, the reptation of polymers and random
motion of chain segments become more restricted, weakening the effect of chain
entanglements. As a result, the competition between crosslinking points and chain
entanglements gives each elastomer its unique mechanical characteristics. Recently, it has
been reported that at low crosslinker concentrations, entanglements outnumber crosslinks
and high toughness is obtained. In contrast, at high crosslinker concentrations, crosslinks
become dominant over entanglements and eliminate the influence of chain entanglements,
making the elastomer nearly brittle [24]. Additionally, the network's ability to dissipate
input energy through molecular motion gradually diminishes, resulting in a decrease in
tensile strength [89]. The aforementioned experimental results correspond to the
simulation outcomes of ¢ >5% in Figs. 7b and 7c. The stiffness-toughness conflict
becomes prominent with increasing c¢i. On the contrary, for ¢ <5%, the impact of
crosslinking points on chain entanglements is limited and thus both tensile strength and

toughness rise with increasing ci.

3.3 Competition between crosslinking and entanglement

While the mechanical properties of crosslinked polymers can be directly measured
in stretching experiments, observing their microstructural evolution presents a challenge.
Coarse-grained molecular simulations, on the other hand, are able to capture the time-

dependent microstructure of crosslinked polymers. It is known that the mechanical
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properties of crosslinked polymers are closely related to the structure and dynamics at the
chain segment scale [90]. To simplify the analysis of microscopic changes in the polymer
network during stretching, one can study the behavior of “individual” polymers in which
the presence of crosslinks is disregarded. In this case, the effect of crosslinks can be seen

as dynamic confinements that impact the stretching of bonds and polymer conformations.

Figure 8a shows the average bond length (Tb*) and radius of gyration (E; ) of those
“individual” polymers of the crosslinked system at equilibrium. As demonstrated in the
inset of Fig. 8a, the average bond length at equilibrium increases with higher crosslinker
concentrations. Conversely, the average radius of gyration at equilibrium decreases with
increasing crosslinker concentration, as shown in Fig. 8a. This finding suggests that the
dynamical confinement associated with crosslinks actually has a different influence on

the bond and chain length scales. With increased crosslinker concentration, the

— %k

confinement domain decreases, causing a decrease in R, . However, to conform to the

anisotropic confinements, the bonds have to stretch, leading to an increase in Tb*.

The changes in the microstructure of crosslinked polymers during stretching can also
be observed by tracking the evolution of both 1, (t) and Rg(t). Figure 8b shows the
relationship between average bond length and Hencky strain for different crosslinker
concentrations. As expected, 1, always grows with increasing ey until it reaches the
point of elongation at break. However, the average bond length increases at a faster rate
for higher crosslinker concentrations. It is interesting to note that at higher crosslinker
concentrations (¢ >5%), the network system breaks down when 1, reaches a similar

limiting value (Tb,limiting:0~565)a as illustrated in the inset of Fig. 8b. Because the

effective equilibrium bond length (Tb*) is proportional to the crosslinker concentration, the
observed outcome indicates that the stretching force that the bond can withstand actually
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decreases with increasing ci. Conversely, when ¢ < 5%, the network system breaks down
at Tb,limiting significantly lower than the limiting value observed in highly crosslinked
systems, as shown in the inset of Fig. 8b. Interestingly, for the system without crosslinkers

(c1=0), the point of elongation at break occurs at Tb_“miting ~0.4937, only slightly beyond

the effective equilibrium bond length Tb*z 0.4887.

While 1,(t) provides the evolution at the bond length level, Eg(t) can give the
changes of the polymer network at the chain size level subjected to local confinement.
Figure 8c shows the variation of I_{g/I_{gO with Hencky strain for different crosslinker

concentrations. For comparison, the upper left inset of Fig. 8c displays the change of

R,/Ry in the absence of crosslinkers. Here Ry =_R;= (c1 = 0) is defined as the average
radius of gyration without crosslinkers at equilibrium. As expected, Eg (t) always
increases with an increasing Hencky strain, irrespective of the crosslinker concentration.
However, the growth rate and the maximum value of the average radius of gyration with
respect to the Hencky strain depend on the crosslinker concentration. The change of Eg

with ey at higher crosslinker concentrations is more rapid than that at lower

concentrations, even though the former has a smaller equilibrium value R,(t=0) = 1_{;
than the latter. This result suggests that for a higher degree of crosslinking, the elongation
of the network is more easily distributed to chain stretching. However, the maximum
value of ﬁg termed Kg, max» Which corresponds to the elongation at break, decreases with
an increase in the crosslinker concentration as illustrated in the lower right inset of Fig.
8c. In accordance with the maximum bond length (see Fig. 8b), this consequence can be
explained by the reason that the chains of a higher degree of crosslinking are stretched

faster and reach the maximum bond length earlier, leading to a smaller R, at break.

24

doi:10.6342/NTU202301105



(@)

7.6 0.495 v
.\ 0.494 ’ "
7.4 %\ 0.493 ,-/
1Y
" 0.492} . - /{
7.2 \ 0.491}'"— [ 2 d
LY
. Y, 0490 /'/
* : v L7 .
o | ' ¥ « Crosslinker(%)
I s e
' LY
L
L)
6.6 ‘j
6.4 ) s
.- -
|
6.2
[ [ [ [ 2 [
0 2 4 6 8
Crosslinker(%)
(b)
057 | . .. os7[ -
b,limiting,.__._.. . osef S
0.56 ol = s
' —=— 0% % E o
053} = [
055k |——2% os2f="
A 30/0 051F ”'
0.54 T o i
: —— 5%, L "  Crosslinker(%)
I__Q 053 60/0 0 2 4 6 8
8%

0.52

0.51

0.50

0.49

0.0

0.5

1.0

25

2.

0 25 3.0

doi:10.6342/NTU202301105




(©)

1 6 i 1.8 ot% _._2%
’ L] I —e— 3%
F 1.4 |Em e 5O/
ol ™ 8%
(] 1.04 {;H
|n:cn L 00 05 10 15
~
o AT '
1.0 T
. -
1.3 .
::% s Crosslinker(%) ™
0.8 | . 1 . 1 . ] 2 4 .5 B
0.0 0.5 1.0 1.5 2.0 2.5

Figure 8. (a) The variation of the average radius of gyration with the crosslinker
concentration at equilibrium. The average bond length is shown in the inset. (b) The
relationship between the average bond length and Hencky strain for different crosslinker
concentrations. The limiting value of 1, at break, Tb, limiting: 1S Shown in the inset. (c)
The variation of the average radius of gyration with Hencky strain for different crosslinker
concentrations. The result in the absence of crosslinkers is shown in the upper left inset.

The l_lg, max as a function of the crosslinker concentration is illustrated in the lower right

inset.

There exist an optimal crosslinker concentration (¢~ 5%) that yield the maximum
tensile strength and toughness associated with the point of breakage, as indicated in Figs.
7b and 7c. This optimal concentration also corresponds to the specific crosslinker

concentration at which the gel content reaches 100%, as shown in Fig. 4. Evidently, the
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crosslinker concentration alone is not enough to capture both the degree of crosslinking
and chain entanglement. For ¢ > 5%, crosslinks are sufficient to uniformly withstand the
stretching force at the bond length level, but the corresponding capability decreases at the
chain size level. The former is referred to as the crosslinking effect revealed by 1,(t),
while the latter is associated with chain entanglement indicated by Eg(t). As ¢ exceeds
the optimal concentration more, the crosslinking effect approaches saturation (see inset
of Fig. 8b), but the contribution of chain entanglement weakens (see lower right inset of
Fig. 8c), leading to a decrease in both tensile strength and toughness. On the contrary,
when ¢ is below 5%, the crosslinking effect increases (see inset of Fig. 8b) while chain
entanglement decreases (see lower right inset of Fig. 8c) as the crosslinker concentration
increases. The former effect dominates over the latter, resulting in an increase in both
tensile strength and toughness. Our aforementioned analysis suggests that there exist two
opposing contributions for tensile strength with increasing ci. The optimal concentration
arises from the competition between crosslinking and entanglement, as revealed by 1 (t)

and Ry(t).
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Chapter 4 Conclusion

The effect of the crosslinking degree on the mechanical characteristics of the
elastomer made of branched polymers are explored by dissipative particle dynamics
simulations. As the concentration of crosslinker increases, the degree of crystallinity is
found to decrease while the gel content increases, which is consistent with experimental
findings. On the basis of the stress-strain curves obtained at different crosslinking degrees,
the mechanical properties of the elastomers are determined, including Young’s modulus,
elongation at break, tensile strength, and toughness. As expected, Young’s modulus
increases in a monotonic manner with increasing crosslinker concentration, indicating an
improved ability for crosslinked polymers to resist deformation. On the contrary,
elongation at break decreases monotonically as the crosslinker concentration increases.
Interestingly, it is found that the tensile strength and toughness of crosslinked polymers
reach a peak value at the optimal concentration and then decrease steadily as the degree
of crosslinking increases. This outcome can be attributed to the interplay between two
opposing factors: crosslinking points and chain entanglements.

Molecular simulations can provide microscopic observations at the level of bond and
chain lengths during the stretching process. Through monitoring the evolution of both
average bond length 1,(t) and average radius of gyration of polymers Kg(t), the dynamics
of the polymer network can be captured. While the former represents the influence of
crosslinks, the latter illustrates the impact of entanglements. Both 1, and I_{g increase
with increasing strain &y, and their growth rates are faster for higher crosslinker
concentrations. At rupture, the upper limit of 1, generally increases with the crosslinker
concentration but it reaches a saturated value for concentrations exceeding the optimal

concentration. On the contrary, the maximum value of R, always decreases with
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increasing the crosslinker concentration. These results indicate that an increase in
crosslinker concentration leads to greater crosslinking enhancement, but this effect
eventually reaches a saturation point. Meanwhile, the contribution of chain entanglements
continuously declines. As a result, beyond the optimal concentration, the combination of
both chain crosslinking (level off) and entanglement (diminishment) effects result in a

decrease in both tensile strength and toughness.
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