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Abstract

In this paper, the linear elastic response to uniaxial tension of amorphous polyethylene was investigated by using Mo-
lecular Dynamics (MD) simulation. The polymeric system was initiated using a Monte Carlo-based technique and then
equilibrated by a relaxation sequence at temperature of 100 K under a NPT control. Uniaxial tension test was carried out
by modifying the corresponding component of the pressure tensor, with a loading rate of 0.5 bar/ps. The results showed
that at 100 K (which is smaller than the glass transition temperature), the amorphous polymeric material exhibited a linear
elastic response to uniaxial tension. The obtained Young’s modulus and Poisson’s ratio were also compared with values
reported in the literature. Finally, parametric studies were performed on the stress-strain curve as a function of loading ax-

is, number of chains and number of monomer units, respectively.
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1. INTRODUCTION

Polymers, especially polyethylene, are crucial in
materials science as they are widely applied in vari-
ous industrial materials (Fang et al. 2018). From
mechanical modeling point of view, polyethylene
materials are in nature highly complex, as their me-
chanical behavior are affected by various parame-
ters, especially from molecular scales (Hossain et al.
2010). To understand such a complex behavior, Mo-
lecular Dynamics (MD), have been widely used to
simulate polymer systems at various length and time
scales (Rapaport 2004). Indeed, Capaldi et al. (2004)
have found that deformation mechanism of polyeth-
ylene highly depended on the local flexibility along
the polymer chains. Hossain et al. (2010) have em-
ployed atomistic simulations to study both local and
macroscopic deformation mechanisms of amorphous
polyethylene as a function of bond length, bond
angle, dihedral distributions as well as chain length
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and number. In another study, Brown et al. (1991)
have investigated numerically elastic deformation,
yield and plastic response of polyethylene at various
deformation rates. Depa & Maranas (2007) have
used coarse-grained MD simulations to explore the
dynamic evolution of polyethylene melts. Lavine et
al. (2003) have shown that orientation and crystalli-
zation of polyethylene affected the deformation
mechanisms of such material.

Although various investigations have been intro-
duced to study the static and/or dynamic mechanical
responses of polyethylene, researches on amorphous
polyethylene need to be more explored, especially in
pointing out the influence in molecular level to the
macroscopic response (Fang et al., 2018; Hossain et
al., 2010). As MD is an efficient tool to study poly-
mer processes at the molecular scale, the main ob-
jective of this study is to determine the linear elastic
response to uniaxial tension of amorphous polyeth-
ylene by using MD simulations. The coarse graining
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technique was used to simulate polyethylene units,
therefore, allow investigating the effect of number of
chains and number of units on the stress-strain re-
sponse. Finally, a comparison with literature was
studied and discussed.

2. MATERIALS AND METHODS

2.1. Molecular Dynamics simulation

Based on Newton’s laws, Molecular Dynamics
(MD) is able to describe the dynamics of a particu-
late system at the atomic or molecular scale (Allen et
al., 1989). The dynamic evolution of this system as a
function of time is characterized by interaction be-
tween particles themselves inside and also with the
environment outside (Liu et al., 2006; Frenkel &
Smit, 2001). Therefore, using a system of equations
of motion based on Newton’s law, the positions,
velocities, accelerations, forces of the particles can
be connected with time. A diagram of the main steps
of MD is shown in figure 1, including initialization,
calculation of potential energy, calculation of forces,
calculation of accelerations, integration of equations
of motions, updating positions, velocities, etc. As
MD is a well-established method, more details could
be found in (Frenkel & Smit, 2001).

BEGIN |
Y

Initialization of systeme
(positions, velocities, interactions,
boundary conditions...)

Y

2.2. Polyethylene model

In this work, as interested in the isotropic behav-
ior of materials, a linear amorphous polyethylene
was selected for numerical investigation. The poly-
mer was made up of n chains, each consisting of
1000 CH2 coarse-graining units. The molar mass of
each CH2 unit is 14.0273 g/mol. The potentials of
the system were composed of four terms including a
truncated Lennard-Jones 12-6, denoted by E.j, two
harmonic potentials denoted by E, and E, and a tor-
sional potential denoted by E,, respectively. The
details of these potentials are presented below, to-
gether with their parameters indicated in table 1
(Shepherd et al., 2006; Brown et al. 2003):

E=E, +E,+E,+E, 1)

where:
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Fig. 1. Main steps of MD simulation.
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Table 1. Data used for material description in numerical modeling.

Potential Value of parameter
Eu a = 0.1133 kcal/mol; = 0.43 nm
Eb Kb = 70000 kcal/(mol.nm2); ro = 0.15 nm
Eo Ko = 124.28 kcal/mol; 6o = 112.81°
A1 =2.1109 kcal/mol; A2 = 4.3229
Es kcal/mol; Az = 1.1665 kcal/mol; As = -
7.6004 kcal/mol; As =0

Initial configuration of polymers was generated
in this study using a Monte Carlo-based technique,
called “Self Avoiding Random Walk” (Hossain et al.
2010). MD simulations were then performed to ob-
tain a relaxation state of the polymer system satisfy-
ing the force field presented above at 100 K (under
Nosé-Hoover isothermal-isobaric (NPT) control
(Rapaport, 2004)). It should be noticed that 100 K
was chosen in this study as equilibrium temperature
to obtain typical elastic behavior of polymeric mate-
rials (because this temperature is much lower than
the glass transition one of polyethylene which is
about 250 K (Hossain et al., 2010)). In this work, a
time step of 2 fs was used as recommended by
Brown et al. (2008) for coarse-grained simulations.
MD simulations were performed using LAMMPS
code (Nguyen & Plimpton, 2019).

To realize a uniaxial tensile test for the polymer-
ic materials, non-equilibrium MD simulations were
performed by linearly modifying the corresponding
component of the pressure tensor (with a loading
rate equal of 0.5 bar/ps, which is small enough to
limit viscosity effects while testing). For instance, a
uniaxial tensile test along the x1 axis is carried out
by changing linearly the component P11 of the pres-
sure tensor while keeping all others constant (Mar-
cadon et al., 2013).

3. RESULTS AND DISCUSSION

3.1. Relaxation of polymer chains

An initial configuration of 80 chains was gener-
ated by using “Self Avoiding Random Walk” algo-
rithm. This initial structure was then inserted into the
LAMMPS code for simulating the relaxation pro-
cess. Figure 1 shows a relaxation sequence of the
polymer system (in a cut view mode of the 3D simu-
lation box). Figure 2a presents a relaxed polymer
chain while figure 2b shows the simulation box of
80 chains equilibrated at the desired temperature. It
should be noticed that such orthogonal simulation
box has a length of about 13.2 nm.

Fig. 2. Relaxation sequence of polymeric system from initial configuration to amorphous structure.
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3.2. Uniaxial tension.

The amorphous polyethylene was then deformed
under a uniaxial tensile test. Figure 4a shows a de-
formed state of the simulation box at 25% of strain
(for illustration purpose), while the corresponding
initial configuration (i.e. 0% of strain) is shown in
figure 3b. The stress-strain curves up to 1% of strain
are presented in figure 4b, while realized tension test
along xi, X2, and X3 axes, respectively. The result
shows that at 100 K (which is lower than the glass
transition temperature), the polymeric material pre-
sents a linear elastic behavior up to 1% of strain in a
uniaxial tensile test. Besides, despite the fluctuations
observed in figure 4b for three stress-strain respons-
es, it could be concluded that the amorphous system
exhibits an isotropic behavior as expected.

Fig. 3. Relaxed configuration for (a) a polymer chain and (b)
the simulation box.

o (MPa)

- X2
o x3

05> : :
0 0.002 0.004 0.006 0.008 0.01
b) €
Fig. 4. Results of uniaxial tensile test: (a) deformed state at 25%

of strain (for illustration purpose) and (b) stress-strain curves
up to 1% of strain.

The parametric studies were performed as a
function of number of polymer chains (figure 5a)
and number of monomers (figure 5b). As observed
in figure 5a, a simulation box containing 10 chains
produced higher fluctuations in terms of stress-strain
response than one containing 80 chains (the 10
chains system had a length of 6.6 nm, while the 80
chains system had a length of 13.2 nm). Such fluctu-
ations were related directly to the number of mono-
mer units in the simulation box (i.e. 10000 and
80000, respectively). The stress-strain responses
shown in figure 5b confirmed the relevance of this
remark, as keeping the same number of monomer
units in the simulation box (i.e. 80000). Nonetheless,
as shown in figure 5a, both 10 and 80 chains systems
exhibited similar mechanical behavior in a uniaxial
tensile test.
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Fig. 5. Evaluation of the influence of (a) number of polymer
chains and (b) number of monomer units on the stress-strain
response.

From the slope of the stress-strain response from
0 to 1% of strain, Young’s modulus of the material
was computed and shown in table 2, together with a
comparison with other works in the literature. It
should be noticed that based on the deformation of
the simulation box during tension test, Poisson’s
ratio was also calculated and reported in table 2. All
results were reported for polyethylene at 100 K,
however, at different deformation rates and bounda-
ry conditions. As mentioned in (Brown & Clarke,
1991), (Marcadon et al., 2013), and this work, the
tensile test was performed by applying pressure con-
dition at the boundary. However, the material in
(Hossain et al., 2010) and (Capaldi et al., 2004) was
deformed under a constant strain rate applying to the
simulation box. In addition, there are also a differ-
ence in control algorithms and generations of initial
configuration. Consequently, there is a variation in
the values of Young’s modulus reported for amor-
phous polyethylene at 100 K. Regarding Poisson’s
ratio, the value reported in this work is very close to
other works, except (Capaldi et al., 2004) (i.e. 0.42

and 0.35, respectively). Nonetheless, the mechanical
response of amorphous polyethylene obtained in this
work is qualitatively similar to that achieved in the
literature, especially is consistent with the elastic
moduli of glassy polymers reported experimentally
(Maillard et al., 2012; Xia & Keten, 2015).

Table 2. Data used for material description in numerical modeling.

Young’s Pois- Tempera-
Ref. modulus son’s Rate
- ture, K
GPa ratio

(Brown & Loading
Clarke, 24 0.41 100 rate of 5
1991) bar/ps
(Brown & Loading
Clarke, 2.3 0.41 100 rate of 1
1991)) bar/ps

(Hossain Strain
etal.,. 1.6 - 100 rate of
2010) 10°9s?
(Marca- Loading
donetal., 1.84 0.433 100 rate of 1
2013) bar/ps

Results of this work indicate that the elastic de-
formation of amorphous polyethylene can be simu-
lated numerically (by MD in this case) in a qualita-
tive agreement with the literature. In addition, it is
observed that at a much lower temperature (100 K)
than the glass transition one (250 K), the polymeric
material exihibits a linear elastic behavior in a uni-
axial tensile test. Moreover, the isotropic behavior of
the amorphous system was also verified. Such a
result could be served as inputs for modeling the
mechanical behavior of hano-reinforced polymers by
using micromechanical schemes. On the other hand,
as proved in this study, MD can also be employed
for simulating the mechanical behavior of the poly-
meric system with nanofiller reinforcement. Such a
simulation could be useful for coupling with micro-
mechanical frameworks. Certainly, various aspects
should be investigated in further researches. The
deformation mechanisms of the polymeric materials
should be explored from the molecular scales (i.e.
potentials, energy evolution) (Yashiro et al., 2003).
The plastic deformation of such a material should be
further considered, especially for revealing the yield,
stress softening and strain hardening (Hossain et al.,
2010; Tschopp et al., 2011). Finally, a complete
apparent elasticity tensor should be derived for the
polymeric material as well as one with nanofiller
reinforcement (Vu-Bac et al., 2016).
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4. CONCLUSIONS

In this work, numerical MD simulations were
performed for investigating elastic response to uni-
axial tension of amorphous polyethylene. Coarse-
graining model was employed for modeling the pol-
yethylene units, together with various potentials
such as Lennard-Jones, bond, angle and dihedral,
respectively. MD simulations allowed relaxing the
polymer system of n chains from initial configura-
tion, and performing uniaxial tensile test with a load-
ing rate of 0.5 bar/ps. The stress-strain response to
uniaxial tension was analyzed as a function of load-
ing axis, number of chains and number of monomer
units. The elastic moduli of amorphous polyethylene
obtained in this work were qualitatively in accord-
ance with that reported in the literature, especially
for glassy polymers.
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SPREZYSTE ODKSZTALCENIE
AMORFICZNEGO POLIETYLENU W
OSIOWOSYMETRYCZNEJ PROBIE
ROZCIAGANIA Z ZASTOSOWANIEM
SYMULACJI METODA DYNAMIKI
MOLEKULARNEJ

Streszczenie

W pracy przeprowadzono badania metoda dynamiki molekular-
nej sprezystej odpowiedzi amorficznego polietylenu w osiowo-
symetrycznej probie rozciagania. System polimetryczny zostat
zainicjowany metoda Monte Carlo a nastgpnie zréwnowazony
poprzez relaksacje w temperaturze 100 K ze sterowaniem NPT.
Proby rozciggania przeprowadzono poprzez zmodyfikowanie
odpowiedniej sktadowej tensora naprezen, przyjmujac predkosé
obcigzania 0.5 bar/ps. Wyniki wykazaty, ze w temperaturze 100
K (ktora jest nizsza od temperatury zeszklenia), amorficzny
polimer wykazuje liniowa spr¢zystos¢ w probie rozciagania.
Wyznaczone warto$ci modutu Younga i wspotczynnika Poisso-
na zostaly poréwnane z danymi literaturowymi. Wreszcie prze-
prowadzono parametryczng ocen¢ krzywych napre¢zenie-
odksztatcenie w zaleznosci od kierunku obcigzenia, liczby tan-
cuchow oraz liczby jednostek monomeru.
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