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a b s t r a c t

The effect of the chain length, the temperature and the strain rate on the yield stress and
the elastic modulus of glassy polyethylene is systematically studied using united-atom
molecular dynamics (MD) simulations. Based on our MD results, a sensitivity analysis
(SA) is carried out in order to quantify the influence of the uncertain input parameters
on the predicted yield stress and elastic modulus. The SA is based on response surface
(RS) models (polynomial regression and moving least squares). We use partial derivatives
(local SA) and variance-based methods (global SA) where we compute first-order and total
sensitivity indices. In addition, we use the elementary effects method on the mechanical
model. All stochastic methods predict that the key parameter influencing the yield stress
and elastic modulus is the temperature, followed by the strain rate.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Glassy amorphous polyethylene (PE) has been widely
studied by many researchers due to its important physical,
chemical and mechanical properties. Great effort has been
made for many decades to predict the mechanical proper-
ties such as Young’s modulus, yield strength, etc. Recent
developments of molecular dynamics simulation have
opened the door for understanding and predicting the
mechanical and physical properties of various polymeric
materials. Capaldi et al. (2002) noticed that the elastic
modulus and yield stress depends on the rate of deforma-
tion. Recently, Zhao et al. (2010) have found that the chain
length, temperature and strain rate have a significant effect
on the mechanical properties of amorphous PE under
uniaxial deformation. The thermo-mechanical properties

of PE were studied by coarse-grained MD simulations.
Boyce and Arruda (2000) stated when more than 100
atoms (units) are used in a chain, the chain will take on a
randomly kinked shape and the polymer chains are ar-
ranged in a random orientation. Hossain et al. (2010)
showed the higher the chain length, the more entangle-
ment the structure and hence the structure has a higher
stiffness and yield stress. They also reported that the influ-
ence of the chain length on the stress–strain curve is more
significant than the number of chains. Robert and Mark
(2006) observed strain softening for specific chain lengths.
The influence of certain parameters on the mechanical
behavior of glassy amorphous polymers has been obtained
qualitatively (Hossain et al., 2010; Robert and Mark, 2006;
Capaldi et al., 2004). However, quantitative results in the
context of stochastic analysis are missing.

This paper is the first attempt to quantify the influence
of the chain length, temperature and strain rate on the
yield stress and elastic modulus. Therefore, we compute
first-order, total-effect sensitivity indices in the context
of global sensitivity analysis (SA). Moreover, we perform
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a local SA where we calculate partial derivatives and ele-
mentary effects.

The paper is outlined as follows. In Section 2, we briefly
describe the MD model for PE. The results of the MD model
will be shown in Section 3. Section 4 describes the SA. In
Section 5, the coefficients of determination and the sensi-
tivity indices will be presented before we discuss the
numerical results. Finally, we end the manuscript with
concluding remarks and future work.

2. Molecular dynamics method

A united atom approximation is utilized in which the
methyl groups are represented by a single ‘‘atom’’ or unit.
The effect of the hydrogen atoms on the polymer configu-
ration is accounted for in the present potentials, while the
mass is included in the united atom. Atomic charges and
electrostatic interactions are not considered here (Zhao
et al., 2010; Zhang et al., 2012). The functional form and
parameters of the force field (Hossain et al., 2010) are sum-
marized in Table 1.

The initial chain structures were created by implement-
ing a Monte Carlo random walk growth algorithm with
rigid bond length (Binder, 1995). The simulation cell had
a face centered cubic (FCC) lattice each site representing
a possible monomer location. Similar methods have
successfully been generated in Hossain et al. (2010) and
Shepherd (2006).

According to Hossain et al. (2010) and Bouvard et al.
(2006), each generated structure (10,000 atoms) is equili-
brated for 100 ps (Dt ¼ 1:0 fs) so that the volume and en-
ergy of the system becomes stable, keeping both the
temperature T ¼ 500 K and the volume in the NVT ensem-
ble controlled by the Nose–Hoover’s thermostat (Nose,
1984; Hoover, 1985). Then, the system is kept at a temper-
ature of T ¼ 500 K and pressure P = 0 atm for 500 ps
(Dt ¼ 0:5 fs) in the NPT ensemble. After the process, the
system is cooled down to the given temperature with a
cooling rate of 0.8 K/ps by the same NPT process followed
by further 500 ps NPT ensemble at the desired tempera-
ture. These structures are generated after the equilibration
process in a cubic space in order to accurately calculate the
mechanical properties. After the equilibration process, uni-
axial tension tests are performed to obtain the stress–
strain response in dependence of different chain lengths,
temperatures and strain rates in the NPT ensemble. Fig. 1
illustrates the undeformed (left) and deformed (right) rep-
resentative volume elements.

To verify the glass transition temperature of various
thermodynamics quantities, two consecutive equilibration

steps were implemented (Hossain et al., 2010). Firstly, the
model (20,000 atoms) was equilibrated at 500 K. Then, the
system was cooled down to 100 K at a rate of 0.8 K/ps over
500 ps by a series of NPT runs. The glass transition temper-
ature was identified as the location of the discontinuity in
the slope of the specific volume versus temperature curve
are shown in Fig. 2.

3. Molecular dynamics simulation results

In this section, the influence of the chain length, tem-
perature and strain rate on the mechanical properties of
PE is obtained by UA-MD simulations.

Gaussian, Schulz–Flory, log normal and the Poisson dis-
tribution are often used (David, 2001) to approximate the
chain length distribution. A small number of monomers
(Ne) does not increase the strength because short chains
slip too easily (http://mmrl.ucsd.edu/). The strength in-
creases with the chain length (Ne), but so does viscosity
(hard to mold) if Ne is larger than 2000 units. The experi-
mental studies of Ungar et al. (1985) and Lee and Wegner
(1985) on the linear long-chain showed that polymer
chains kink only for chain lengths larger than 100 CH2

units, the so-called entanglement length (Sundararajan
and Kavassalis, 1995). In our simulations, 100 to 2000 units
are chosen as lower and upper bounds of a truncated
Gaussian distribution.

For glassy PE, the temperature should be lower than the
glass transition temperature Tg (Tg ¼ 300 K, see Fig. 2).
However, the temperature has to be high enough to ob-
serve strain-rate effects for the thermal equilibrium (Cap-
aldi et al., 2004). Brown and Clarke (1991) pointed out
that the Young’s modulus decreases significantly when
the temperature increases above 100 K. Therefore, we
modify the temperature from 100 K to 300 K assuming
uniform distribution. Fig. 3 shows a typical stress–strain
curve.

The elastic modulus and the yield stress decrease with
decreasing strain rate. As only a few pico -or nano seconds
can be modeled in MD simulations, strain rates below
109 1/s cannot be captured though they are unrealistic in
practical applications. Constant true strain rates ranging
from 5� 109 to 5� 1010 1/s are used in our MD simula-
tions (Capaldi et al., 2004). We assume a uniform
distribution.

The stress–strain response for glassy amorphous PE
system with 10 chains, 1000-units deformed in uniaxial
tension at temperature of 250 K and strain rate of
1� 10�5 1/fs is shown in Fig. 3. Stress–strain curves with

Table 1
Functional form and parameters of the force field of united atom polyethylene.

Interaction Form Parameters

Bond Ebond ¼ 1
2 kbðl� leqÞ2 kb ¼ 350 kcal/mol Å2, leq ¼ 1:53 Å2

Angle Eangle ¼ 1
2 khðcosðhÞ � cosðheqÞÞ2 kh ¼ 60 kcal/mol/rad2, heq ¼ 109:5�

Torsional Etorsional ¼ 1
2

P3
i¼0kn cosnð/Þ k0 ¼ 1:736, k1 ¼ �4:490, k2 ¼ 0:776, k3 ¼ 6:990 (kcal/mol)

Non-bonded
Enon-bond ¼ 4�ðr�Þ

12 � ðr�Þ
6 r < rc

0 r P rc

�
� ¼ 0:112 kcal/mol, r ¼ 4:01 Å, rc ¼ 10:5 Å
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