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Abstract

In order to clarify the mechanical behavior of molecular chains in amorphous poly-
mers, a molecular dynamics simulation is conducted on a nanoscopic specimen of
amorphous polyethylene under uniaxial tension. The specimen involves 3,542 ran-
dom coil molecular chains composed of 500-1500 methylene monomers with about 2
million methylene groups. The stress-strain curve shows a linear elastic relationship
at the initial stage of €., < 0.03 at £,, = 5.0 x 10!! /s. Then the material “yields”
by elongating without stress increase up to the strain of 1.5, where strain harden-
ing appears. Careful investigation of changes in dihedral angle and morphology of

all molecular chains reveals that the gauche—trans transition takes place during
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yielding, generating a new network-like structure composed of entangled molecular
clusters and oriented chains bridging them. The strain hardening is due to the di-
rectional orientation and stretching of molecular chains between entanglements in

the nucleated structure.

Key words: Molecular Dynamics, Amorphous Polymer, gauchesstrans Transition,

Chain Entanglement, Orientation of Molecular Chain

1 Introduction

Many efforts have so far been made on the development of the constitutive
equation that can precisely represent the complex deformation behavior of
glassy polymers [1-6]. Some of them have succeeded in producing good agree-
ment with experiments by taking account of the internal microscopic phenom-
ena such as the chain network composed of cross-links, or the physically en-
tangled point of molecular chains. Further details in the micro- to nanoscopic
realm, however, cannot be explored by means of continuum approaches based
on phenomenological theories on the internal behavior. For further advance in
the modelling of glassy polymers, it is of great interest to clarify the mech-
anism of the chain entanglements and the role of individual chains at the

molecular level.

Recent progress in experimental instruments such as TEM tomography [7]
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has made it possible to observe the molecular chain structure directly at the
molecular level. However, there are still difficulties in sample preparation and
observation of the internal deformation process in a time sequence. Computer
simulation is a powerful tool for investigating both internal and atomistic
phenomena. Among the various computational methods, molecular dynam-
ics simulation may be the best choice for tracing the deformation behavior
of individual molecular chains in a time series. With the great advancement
of computers, simulations containing over a million atoms with spatial di-
mensions close to the micrometer level have already been implimented in the
studies of plasticity of metallic systems [8-10]. Numerous simulations have also
been conducted on the behavior of polymer chains, such as the crystallization
process [11-13], structure formation with short molecular chains [14,15], de-
formation behavior under tension and shear [16-19] and lamella microdomain
structure of a copolymer [19]. Shibutani et al. [17,18] have proposed a hierar-
chical model with many Voigt spring and dashpot pairs of which the elasticity
and viscosity are evaluated from the response of amorphous polymer chains in
a periodic cell of a molecular dynamics simulation. The coarse-grained molecu-
lar dynamics model proposed by Aoyagi et al. [19] is a comprehensive general-
purpose program that covers a wide range of molecular modelling, from a
full atomistic model to a bead-spring model. These hierarchical models aim
to obtain rather macroscopic behavior of numerous segments without an in-
crease in computational cost. There is a possibility, however, of including the
artificial and unphysical effects in the scale-up interpretation of the results
of atomic-level simulations, such as the determination of segment length or
cross-link distance. In fact, Shibutani et al. [18] have faced the problem that
the mechanical properties in the atomic simulations are strongly affected by

the size of the periodic cell, which is identified by the segment length in their



model, particularly under large strain. For fundamental understanding of the
deformation behavior of large, irregular and massive molecular chains in an
amorphous polymer, it may still be indispensable to directly trace the motion

of all chains with a huge number of molecules.

In the present study, a large molecular dynamics simulation is conducted on a
nanoscopic specimen of amorphous polyethylene under tension. The specimen
involves 3,542 random coil molecular chains with various lengths of 500-1500
methylene monomers, and the total number of methylene groups reaches about
2 million. By eliminating any periodicity and the chain connecting the top and
bottom of the specimen, which undesirably determines the mechanical prop-
erties with its “characteristic length”, the fundamental mechanism of chain

entanglements is investigated in detail.

2 Simulation Procedure

A conventional united atom model, where a CHy methylene group is treated as
a single particle, is adopted for the present simulation of amorphous polyethy-
lene. The potential energy of the system, Fy., is expressed by the sum of the
chemical bonding potential (bond stretch, bending, torsion) and the nonbond-

ing potential (van der Waals) between the united atoms as follows;

Etot = Ebs(r) + Ebe(e) + Eto(d)) + EVW(f)7 (1)

where Epg(r) is the 2-body potential for bond length r, Ey.(d) the 3-body
potential for bond angle 0, Ey,(¢) the 4-body potential for dihedral (torsion)
angle ¢, and E.,(7) another 2-body potential for nonbonded distance 7. The

potential functions and parameters adopted are proposed by Kuwajima et



al. [20] for amorphous polyethelene as shown in the equations below with the

parameters listed in Table 1.

Eys(r) = > {ke(r = 19)*} (2)
Epe(0) = > {ko(0 — 60)} (3)
Eio(¢) = > {Vicos ¢ + Vacos2¢ + Vs cos 3¢ + Vi cos 64} (4)

B (7) =S {A[F) 2 - C(7)~*} (5)

The potential functions of bond stretch and bending are harmonic, of which
the equilibrium bond length and angle are ry = 0.1533 nm and 6, = 113.3 deg,
respectively. The torsion potential is expressed by a cosine polynominal that
has a stable point (trans) at ¢ = 180 deg and two metastable points (gauche)
at ¢ = +67.5deg. The van der Waals potential is the 12-6 Lennard-Jones

type. Summations in Eqs.(2)—(5) are implemented for all nodes.

Figure 1 shows the shape and dimensions of the nanoscopic specimen used
in the present study. The specimen has a parallel portion of 50 nm length, a
square cross section of 26 nmx26 nm and chuck regions of 5nm thickness at
the top and bottom. The inner structure composed of many random coils is

constructed according to the following procedure:

(1) A particle, or a methylene group, is scattered randomly in the body of the
specimen as a seed of chain growth.

(2) The chain is grown by the random walk procedure as schematically shown
in Fig. 2, in the condition that the bond length and angle are set at ry and
0y, respectively, while the dihedral angle is set at the trans or the gauche
points randomly. It is also permitted for the dihedral angle to deviate from

the gauche in the range of 5 deg.



(3) If the front of the chain grown goes out of the specimen, or if the other
particles prevent the growth and the chain cannot grow any longer, the
chain is terminated at the node. A short chain less than 500 methylene

groups is discarded.

The procedure is repeated until the density of the specimen becomes that
of the low-density polyethylene, 0.87¢g/cm?. The initial structure generated
in the process described above involves 3,542 random coil chains, 500~1,500
particles per chain and a total number of 1,984,434 particles. There is no chain
connecting the top and bottom chuck, thus the chains in chuck region have

their ends in the body or at the surface.

The initial structure is relaxed by a molecular dynamics simulation of 3000 fs,
restricting the motion of particles in the chuck region within the zy plane. Ver-
let scheme is adopted for the numerical integration with a time increment of
0.1fs (10716 sec). After the initial relaxation, tensile simulation up to ¢,, = 3.0
is implemented by applying a strain increment of 5.0 x 107 at every calcu-
lation step, or strain rate of £,, = 5.0 x 10! /s. Here, the strain is measured
from the initial gauge length of 50 nm. The strain is controlled by expand-
ing the distance between the particles in the z-direction proportionally. The

temperature is kept at 300 K by velocity scaling during the simulations.



3 Results and Discussion

3.1  Initial equilibrium structure and yield

Figure 3 shows the distributions of bond length, bending angle, torsion angle
and local density in the equilibrium state after the initial relaxation. The local
density is defined in the present study as the density evaluated by the number
of atoms in a sphere, of radius 8 nm or the cut-off distance of Eq.(5), centered
at the position of the target particle. The distribution of bond length and
angle shows a pulse-like sharp peak at the position of rq and 6y, implying
almost every node is at the equilibrium length and angle. The torsion angle
also has its peaks at the stable and metastable points of trans and gauche,
however, there are many nodes deviated from the stable or metastable angle
so that the peaks have broader bases. This implies the potential energy of the
whole system is minimum by the initial relaxation but some torsion angles
remain at the high energy state in the intricated amorphous chain structure.
The atomic density has its peak at the controlled density of 0.87g/cm?® and a

wide distribution in the lower side due to the surfaces.

The nominal stress—nominal strain curve at the initial stage of straining is
shown in Fig. 4. The stress is evaluated with the z-component of the force
acting on the particles in the top and bottom chucks and the cross-sectional
area of the parallel portion. It shows a linear elastic relationship up to the
strain of 0.012, where the stress decreases slightly and makes a small peak
as indicated by Arrow (1). Then the stress increases again and shows the
maximum peak of o,, = 0.92GPa at ¢,, = 0.027 (Arrow (2)). After this peak

the curve becomes flat with little oscillation while the strain continues to



mcrease.

Figure 5 illustrates the change in the potential energy of the system, Fi,
and its components, Fys, Fye, Fy, and E,y, corresponding to Fig. 4. The ordi-
nate is the difference between the value at each strain and that in the initial
equilibrium, for comparing the changes of each component in the same order.
Lines (1) and (2) indicate the strains corresponding to the two peaks of Arrows
(@ and (@) in Fig. 4. The strain of both Lines () and (2) coincides with the (lo-
cal) maximum of bending potential and almost the local minimum of the bond
stretch. It is noteworthy that an energy exchange takes place before each peak
of ) and (2), that is, the bending increases to decrease the primarily increased
bond stretch, without significant change in stress. All these suggest the follow-
ing mechanisms of the internal change before and after the stress peak: (1) the
small variation of bond stretch absorbs the deformation primarily, (2) the en-
ergy exchange occurs between the bond stretch and bending, by changing the
bending angle to relax the bond stretch at its limit, and (3) the stress begins
to decrease when the bending change cannot absorb the deformation anymore.
Here, the important fact that the torsion potential shows prominent change
at each peak, rapid drop at Peak (1) and a minimum at Peak (2), suggests that
the dihedral rotation plays an important role in the stress decrease. Detailed
investigation on the change of all dihedral nodes reveals that the rotation of
the dihedral angle observed during (1) and (2) is within +30deg while that
after (2 exceeds +60 deg, resulting in the gauche < trans transition. This
leads to the following conclusion on the internal change at the peaks: (i) The
change at (1) is the relaxation of the dihedral angles, which have higher energy
in the initial equilibrium structure, by the driving force of the applied strain.

(ii) The change at (2) is the conformational change of molecular chains to relax



the bending angle strained.

3.2 Yield = hardening behavior

The overall stress—strain curve up to the strain of 3.0 is shown in Fig. 6.
After the initial yield described in the previous section, the material elongates
without significant stress increase until the strain of about 1.5, showing stress
fluctuation. On the other hand, stress prominently increases after ¢,, = 1.5
just like the strain hardening observed in the macroscopic tension test. They
are not related directly to each other since there is a significant difference in
time and spatial scale, however, we will refer to the region of €,, < 1.5 as the
“yield region” and that of €,, > 1.5 as the “strain hardening region” from the

similarity of the stress—strain curve.

Figure 7 shows the change in the potential components associated with Fig. 6.
In the yield region, only the torsion shows remarkable change at ¢,, = 0.5,
where it turns to decrease, while the bond stretch and bending increase mono-
tonically. The torsion becomes lower than the initial equilibirum at the be-
ginning of the strain hardening, ¢,, = 1.5. This implies the significant struc-
ture change occurs in the internal molecular chains during the yield = hard-
ening process. Figure 8 illustrates the number of dihedral nodes that show
gauche = trans or trans = gauche transition by rotating over £60deg. In
the region of €,, < 0.5, the trans = gauche transition looks flat around 4,000
~ 4,500 while the gauche = trans transition decreases monotonically. This
is because the increment of trans nodes with the gauche = trans transition,
that decreases the system energy, are subtly balanced with the probability of

the trans = gauche transition, that increases the energy. Then, the number



of gauche nodes decreases and that of trans increases after £,, = 0.5, from
the fact that both transitions decrease monotonically and the gauche = trans
transition is twice as much as the other. This implies the inner molecular

chains become straight from ¢,, = 0.5.

3.8  Chain entanglements and directional orientation

Figure 9 shows the snapshots of molecular chains in the tensile simulation.
In the figure, a rectangular region in the center of the specimen, of which
initial size is 10 nm x 10 nm X 3 nm, is drawn. The black particles indicate
the flexion nodes at the initial equilibrium, as described later. The mate-
rial deforms homogeneously and maintains the initial chain structure until
£,, = 0.5, however, a few voids appear in contrast with the deformation of
an amorphous metal [21]. The inhomogeneity in the density becomes clearer
in the figure with €,, = 1.0, where splitting clusters of molecular chains with
voids can be observed. Here, we can see straightened chains notably in the
low-density regions, or the void regions between clusters. At the beginning of
the strain hardening at ¢,, = 1.5, a new network structure is generated where
long straightened chains connect the clusters of entangled chains. It is also
observed that many chains between clusters are oriented in the tensile direc-
tion. After a strain of 1.5, some clusters dissolve but the material deforms
mainly by the stretching of the oriented chains between clusters keeping the
generated network structure, as recognized from the positions of clusters I and
Il in the figures with ¢,, = 1.5 ~ 3.0. It should be concluded from these facts
that the stress increase in the present simulation, where no chain connects the

top and bottom of the specimen, is caused by the nucleation of the network
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chain structure with the “entanglements” and the orientation and stretch of

the chains bridging them.

In order to clarify the characteristics of the entanglements at the initial equi-
librium state, the “flexion nodes” in all molecular chains are investigated. As
schematically illustrated in Fig. 10, the interior angle between two position
vectors from the target particle A to the particles B and C, 10 backward and
forward monomers, are evaluated. The particles, at which the angle is less
than 90 deg at the initial equilibrium, are drawn in black in Fig. 9 as flexion
nodes. Dense flexion nodes can be observed at the entanglements in the figure
with €,, = 3.0, thus it is suggested that the flexion nodes tend to make entan-
glements. It is also pointed out, however, that there are many flexion nodes
straightened during the deformation, since many black particles can be seen in
the long straightened chains. From these remarks and the figure of ¢,, = 0.0,
we can see that the initial arrangement of the dense flexion nodes does not
correlate well with the entanglements nucleated during the yield = hardening
process. The configuration or distance of the entanglements, of great interest
from the viewpoint of hierarchical modelling, may not be easily characterized
by the initial chain structure but depends on the history of complicated local

deformations.

The change in the distribution of local density during the yield = hardening
process is shown in Fig. 11. In the figures with £,, = 0.5 and 1.0, the peak
translates to the lower side by tension, however, the distribution maintains a
broad base at the higher side because of the clusters shown in Fig. 9. It is
confirmed quantitatively from the figure with €,, = 1.5 that a new structure
nucleates at the beginning of the strain hardening, since another small peak

appears near p = 0.53g/cm? in the density distribution. Figure 12 illustrates
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particles with a higher local density than the branched peak, pyign, at each
strain of 1.5~3.0. Clusters A, B and C are indicated by ellipsoids in the figure
as an example to make the relative position of the clusters clear. Many of
the entanglements are observed in the center of the cross section, a few at
the surface, and none at the corners. Most of the entangled chains at the
corners and surfaces have disappeared during the yield = hardening process,
since they can be more easily dissolved than those inside. The characteristic
distance between the entanglements could not be decided quantitatively, since
they disperse widely as can be seen in the figure. The relationship between
the distance and the average molecular weight remains to be invesitigated

statistically in the next study.

4 Conclusive Remarks

In order to clarify the fundamental mechanism of deformation behavior of
irregular and massive random coil molecular chains in amorphous polymers,
a molecular dynamics simulation is conducted on the nanoscopic specimen of

amorphous polyethylene under tension. The results are summarized as follows:

(1) After showing the linear elastic response at the initial stage of straining,
the material yields by elongating without significant stress increase at
€., = 5.0x 10" /s. Then the material shows strain hardening at ¢,, > 1.5,
increasing the stress prominently.

(2) The change in the potential energy from the linear elastic to the yield
reveals the internal mechanism as follows; (a) small variation of bond
stretching absorbs the deformation primarily, (b) bending angles begin

to change when the deformation by bond stretching reaches the limit,
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(c) finally the dihedral angles rotate to relax the stress increased.

(3) It is also suggested from the change in the dihedral angles that chains
become straight during the yield process since the gauche = trans tran-
sitions predominantly take place.

(4) The chain morphology and the distribution of local density show that a
new network structure, where the clusters of the entangled chains are con-
nected with the straightened chains, nucleates during the yield = hard-
ening process.

(5) It is concluded that the stress increase at ,, > 1.5 in the present simu-
lation, where no chain connects the top and bottom of the specimen, is
caused by the nucleation of the network chain structure with the “entan-

glements” and the orientation and stretch of the chains bridging them.

The structural change of molecular chains such as chain folding requires more
time in real polymetric materials. Thus it is true that there is still a large
difference particularly in the time scale, between the mechanism presented
and the phenomena in real materials. On the time dependent behavior of
molecular chains, further investigation using the molecular dynamics based

on transition state theory [22,23] is desired for future work.
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Captions.
Table 1

Potential parameters for polyethylene.
Fig. 1. Schematic of the nanoscopic specimen and dimensions.
Fig. 2. Modeling of random coil molecular chain.
Fig. 3. Distribution in bond stretch, bending angle, torsion angle and atomic density.

Fig. 4. Change in tensile stress at the initial stage of the tensile simulation

(e52 < 0.08).

Fig. 5. Change in potential energy at the initial stage of the tensile simulation

(€22 <0.08).
Fig. 6. Change in tensile stress in the tensile simulation up to the strain of €,, = 3.0.

Fig. 7. Change in potential energy in the tensile simulation up to the strain of

€4y = 3.0.
Fig. 8. Change in the number of dihedral nodes showing gauche < trans transitions.
Fig. 9. Snapshots of molecular chains.
Fig. 10. Schematic of evaluation of flexion node.
Fig. 11. Change in distribution of atomic density.

Fig. 12. Entanglements evaluated by particles of high atomic density.

17



Table 1.

ro [nm] 0.1533

k. [kJ/(mol-nm?)] | 1.373 x 10°

0o [deg.] 113.3
ko [kJ/(moltad?)] | 374.7
Vi [kJ/mol] 3.935
Vs [kJ/mol] 2.177
Vs [kJ/mol] 7.786
Ve [kJ/mol] 0.0

A [kJ/mol-nm'?] | 2.972 x 10"

C' [kJ/mol-nm®] | 6.907 x 10°
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