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ABSTRACT
The effects of length and content of chain branching on the mechanical properties of polyethylene 
(PE) in atomic scale were examined by molecular dynamics (MD) simulations. Methyl-, ethyl- and butyl-
groups were adopted as branched chains to distribute along PE backbones. Plastic flow deformation was 
captured by providing a uniaxial tensile loading at a given strain rate, which shows the characteristic of rate 
dependence. Current results are in reasonable agreements with existing experimental data. The statistical 
results show that the longer length of chain branching induces lower equilibrium density and higher yield 
strength of branched PE. In addition, higher content of chain branching brings higher equilibrium density 
and lower yield strength of branched PE. It is assumed that the distribution of dihedral angles influences 
the deformation of PE definitely. The non-bond interactions contribute to the load-bearing capacity of 
PE largely. Branched PE shows big differences on mechanical behaviours comparing with the linear one. 
Chain branching distribution also greatly affects the performance of PE, which needs a further discussion.

1.  Introduction

Polyethylene (PE) is one of the most common polymers used 
widely in industries. Obtaining the comprehensive properties 
and corresponding mechanisms is helpful to expand its use in a 
broader scope. Actually, the versatility in different forms of PE 
is significantly affected by its molecular structure [1,2], which is 
a vital factor governing physical performance [3].

PE is classified according to density and degree of molecular 
branching [1,2,4,5]. With highly branched molecular structure, 
low-density PE (LDPE) is soft, tough and flexible, which is char-
acterised by loose instead of packing well into crystallites. On 
the contrary, with the promotion of linearity degree, such as 
high-density PE (HDPE) or even ultra-high molecular weight 
PE (UHMWPE), the ability of being tightly packed improves 
greatly. While, with a large number of short chain branching, 
the properties of linear LDPE (LLDPE) show different aspects 
compared with LDPE or HDPE [1,4]. These phenomena attract 
broad research interests in the effects of molecular structures 
with blend of short and long branched chains on the properties 
of PE, such as rheology [2,6,7], deformation mechanisms [3,8], 
processability [9] and other mechanical properties [1,3,4,10–15]. 
Liu and Baker [11] described that these branched chains play 
the similar role as the rubber particles in a rubber-toughened 
blend which gives rise to the concept of a ‘one copolymer blend.’

The essential properties of PE are mainly obtained through 
experiments. A few computational models based on continuum 
mechanics depending on metal materials were also established 

to provide phenomenological understanding [16–18]. The mech-
anism of amorphous complex structures is still difficult to be 
grasped using continuum mechanical evaluation only. The essen-
tial effects of microstructures on mechanical behaviours of poly-
mers should be clarified firstly to provide atomistic descriptions.

Molecular dynamics (MD) simulation is useful to understand 
the complex behaviour of polymers in microscale [1,8,19,20], 
which indicates the intrinsic mechanism for macroscale 
mechanical behaviours without phenomenological assumption. 
Correspondingly, various force fields, such as AMBER [21,22], 
CHARMM [22], OPLS [23,24], PCFF [25] and COMPASS [26], 
have been developed to govern the intra- and inter-molecular 
interactions using potential energies. Moyassari et al. [13] devel-
oped a Monte Carlo simulation method on explicitly branched 
PE. They obtained that the concentration of inter-lamellar 
connections increases significantly by introducing a few short 
branches to an unbranched PE. In addition, the average end-to-
end distance of a short chain with same molar mass increases as 
branching increases.

The microstructure of polymer plays a significant role in 
mechanical responses, which are essential to affect its reliabil-
ity and design-potential for further applications. Consequently, 
atomic-scale PE with three types of branched chains was exam-
ined by MD. The size-dependence on chain length and number 
of chains were evaluated. The characteristics of the molecu-
lar structures of linear and branched PE at equilibrium were 
described. The effects of branching on the dynamic mechanical 
performances were analyzed. The adopted method was validated 
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A single PE chain with branching was modelled (performed in 
Moltemplate [28]) by randomly seeding the given branching type 
with given numbers and corresponding methylene monomers 
–[–CH2–]– as the backbone, which is connected with a methyl 
group –[–CH3] both at head and tail. Given number (marked 
as nr) of PE chains were packed into a cubic box with periodic 
boundary conditions in all three orthogonal directions. Here, 
100 PE chains were included in a single box, which was decided 
by the discussions in Section 3.1. Three samples were established 
with a unique configuration for each case listed in Table 1 to carry 
out a statistical analysis.

2.2.  Force field selection

The OPLS All-Atom Force Field was chosen to describe the intra- 
and inter-molecular interactions, in which the expressions of 
potential energies are listed below [24].

Bond stretching:
 

Angle bending:
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by comparing with the available experimental results. Finally, the 
practicability of adopting linear PE instead of branched one in 
simulations to describe the properties was also discussed.

2.  Simulation methodology

2.1.  Molecular structures of PE chains

As a mixture of similar polymer of ethylene (C2H4), pure linear 
PE chains are rarely in nature. Instead, various PE with branching 
are common as functional materials [4]. Three typical branching, 
such as methyl –[–CH3], ethyl –[–CH2–CH3] and butyl –[–CH2–
CH2–CH2–CH3] group, were selected to discuss their effects on 
properties of PE. The branch length l equals to the number of 
carbon atoms contained in each branched chain. Accordingly, 
the branch length l of methyl, ethyl and butyl group is one, two 
and four, respectively. These groups are located along the back-
bone (–[–CH2–CH2–]m–) of PE, where the number of ethylene 
monomer m represents the length of backbone. Linear PE chains 
with monomers –[–CH2–CH2–]n– were also modelled without 
any branching as a reference. The determination of the length 
n of a single chain will be described in Section 3.1. As a result, 
n was chosen as 25 (C50H102 = 152 atoms in a single chain) in 
the present study. Fragments of atomic-scale models are shown 
in Figure 1 (all visualizations in this paper are implemented via 
VMD [27]). Different categories were organized to examine the 
effects of type, length and content of chain branching as listed in 
Table 1. It should be noted that nBC is the number of branched 
chains (BC). In addition, mBC indicates the total number of 
carbon atoms in the branched chains to describe the content, 
which equals to the product of l and nBC. As mentioned above, 
2n is the total number of carbon atoms in a single PE chain, 
whose value is fifty in this paper. And, 2m is the total num-
ber of carbon atoms in a backbone. Therefore, two relations of 
l × nBC + 2m = mBC + 2m = 2n and mBC/2n + 2m/2n = 1 can be 
deduced.

Figure 1.  (Colour online) Fragments of atomic-scale models for chain branching 
group along a backbone and a linear PE chain.

Table 1. PE systems with various branched chains.

Notes: l is the number of carbon atoms contained in each branched chain (methyl 
group: l = 1, ethyl group: l = 2, butyl group: l = 4).

nBC is the number of branched chains in a single PE chain.
mBC is the total number of carbon atoms contained in branched chains, which 

equals to the product of l and nBC.
2m is the total number of carbon atoms contained in a single backbone.
2n is the total number of carbon atoms contained in a single PE chain, which is 50 

in this paper.
l × nBC + 2m = mBC + 2m = 2n and mBC/2n + 2m/2n = 1.

PE Type Branching l nBC mBC 2m mBC/2n 2m/2n l/2m
Linear × 0 0 0 50 0 1 0
Branched Methyl 1 8 8 42 0.16 0.84 0.02

Ethyl 2 4 0.05
Butyl 4 2 0.10
Methyl 1 16 16 34 0.32 0.68 0.03
Ethyl 2 8 0.06
Butyl 4 4 0.12
Methyl 1 24 24 26 0.48 0.52 0.04
Ethyl 2 12 0.08
Butyl 4 6 0.15
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where Kr and Kθ are the stiffness coefficients of bond stretch-
ing and angle bending potentials, respectively. In addition, req 
and θeq are the equilibrium bond length and angle, respectively. 
Furthermore, Vi (i = 1, 2, 3) is the coefficient in the Fourier series 
and fi (i = 1, 2, 3) is phase angle.

Bond stretching, angle bending and dihedral torsion com-
pose the valence terms. The non-bond terms consist of the van 
der Waals (12–6 Lennard–Jones potential with a cutoff distance 
of 10.0 Å) and the Coulombic forces by particle-particle-parti-
cle-mesh approach.

2.3.  Relaxation process

The simulations were carried out by Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [29]. Initial 
configuration experiences a relaxation with a time step 0.5 fs to 
reach equilibrium as follows:

Step 1. � Energy minimisation was performed to adjust atom 
coordinates firstly.

Step 2. � Langevin thermostat at 3000 K for 1 ns was applied 
to perform Brownian dynamics.

Step 3. � Further relaxation ran under NVT ensemble at 
300 K for 200 ps using Nose–Hoover method.

Step 4. � An annealing process ranging from 300 to 600  K 
with 3 cycles at a rate of 100  K/200  ps by NPT 
ensemble under atmospheric pressure (1 atm) using 
Nose–Hoover method was carried out for 3.6 ns to 
remove residual stress and obtain final equilibrium.

A snapshot of branched PE with four butyl groups at equilib-
rium is shown in Figure 2 (cell size≈54 Å × 52 Å × 52 Å), which 
shows a high degree of amorphous PE chains.

3.  Results and analysis

3.1.  Determination of system size

Three linear PE systems Si (i  =  1, 2, 3) with different sizes 
(denoted as n × nr) in chain length (n) and number of chains 
(nr) were created, which were listed in Table 2. Three samples 
were built for each system to carry out the statistical analysis.

The size-dependence of the density at equilibrium was exam-
ined at 300 K, which is the average value of the last 4 × 105 time 
steps in the relaxation. The densities at equilibrium of linear PE 
systems (S1: 0.79 ± 3.18E-4 g/cc, S2: 0.80 ± 1.23E-3 g/cc, S3: 
0.79 ± 5.84E-4 g/cc) fall into the range of 0.79–0.80 g/cc, which 
consist with the value 0.80 g/cc reported previously [19]. It can 
be found that the variation of density at equilibrium with respect 
to the size of linear PE system is slight.

In addition, the glass transition temperatures (Tg) of PE sys-
tems, as the vital factor to characterise the thermal property, 
were calculated according to temperature-dependence of density 
as shown in Figure 3. The system at equilibrium experienced 
an annealing process, by heating up to 500 K and then cool-
ing down to 0 K with a rate of 20 K/20 ps. Under atmospheric 
pressure (1 atm), a simulation under NPT ensemble with Nose–
Hoover thermostatting method was performed. As plotted in 
Figure 3, each point is the average value of 4 × 104 time steps 
results. Inflection points can be seen in the bi-linear fittings, 
which indicate the transition from glassy to rubbery state of pol-
ymer [30,31]. The average values of Tg for linear PE systems were 

Figure 2. (Colour online) A sample of branched PE with butyl groups at equilibrium.

Table 2. Three linear PE systems with different sizes.

No. n × nr Total number of atoms 
Cell size at equilibrium 

(x×y×z)(Å3)
S1 25 × 100 15,200 (54.12 ± 0.12) × (51.91 ± 

0.12) × (51.91 ± 0.12)
S2 100 × 100 60,200 (84.34 ± 0.05) × (82.70 ± 

0.05) × (82.70 ± 0.05)
S3 25 × 400 60,800 (84.80 ± 0.12) × (83.15 ± 

0.12) × (83.15 ± 0.12)

Figure 3. (Colour online) Variations of density with respect to temperature for each 
linear PE system.
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gg of branched systems increases as l increases at a given branch 
content. An inversely proportional relationship of gg and mBC/2n 
is observed with a given branch length.

Average density of PE system (with and without branching) 
finally equilibrated at 300 K ranges from 0.78 to 0.82 g/cc, which 
is close to the value 0.80 g/cc [35] and 0.85 g/cc [36,37] adopted 
in the previous MD simulations. Figure 6 plots the variations of 
equilibrium density. Except for linear PE, the average value of 
equilibrium density is inversely proportional to branch length 
l with a given branch content mBC/2n. In addition, the effect of 
branch length l on the equilibrium density becomes more signif-
icant for higher degree of branching accompanied with shorter 
backbone. Equilibrium density is in proportion to branch content 
mBC/2n with a given branch length l. However, the monotonicity 
of equilibrium density and branch content mBC/2n is not strict 
for PE with butyl groups.

3.3.  Characteristics under tensile loadings

The tensile deformation of PE at equilibrium was simulated by 
providing a uniaxial tensile loading at a given strain rate while 
keeping zero-pressure conditions for other two directions of sim-
ulation cell [8,38,39]. NPT MD simulations were run by Nose–
Hoover thermostatting method in tensile process.

Strain rates έ = 1010, 109 and 108/s were adopted to examine 
the strain–stress relation and rate-dependence characteristic. The 
temperature was chosen as 240 K, which is below Tg (250.58 ± 
8.68 K for linear PE as evaluated in Figure 3), to examined the 
responses of linear PE systems at glassy state. The stress–strain 
evolution subjected to a tensile loading with a given strain rate for 
a single sample of linear PE was described in Figure 7. Classical 
four stages, including elastic, yield, soften and strain hardening 
regimes, can be observed [4,8]. The value of the stress at the 
global yield point is denoted as the yield strength σy. It varies 
with respect to strain rate monotonically [4,8], which shows 
rate-dependence.

Figure 8 summarises the yield strengths of linear and branched 
PE systems subjected to a tensile loading with έ = 1010/s at 240 K. 

evaluated as 250 K approximately, which reasonably agree with 
the range reported from 220 to 250 K in previous MD simula-
tions [32] and from 155 to 252 K in experiments [33].

The predicted density at equilibrium and Tg are not sensitive 
to the system size discussed in the present study. The similar 
results were also observed in the studies by Hossain et al. [8] 
(with PE united atoms (UA, one UA represents one monomer 
-[-CH2-]-) model size n × nr = 100 × 200, 1000 × 20, 100 × 2000 
and 1000 × 200) and Kulmi et al. [19] (with UA model length of 
a single chain n = 50 and 250). Thus, the size of S1 was adopted 
in the present simulations to take calculation accuracy and effi-
ciency into account simultaneously, where n = 25 and nr = 100, 
respectively.

3.2.  Characteristics at equilibrium

Statistical calculations on three samples of each case listed in 
Table 1 were carried out. The variations of temperature T and 
total energy Etotal of branched PE with six butyl groups during the 
last 150 ps of relaxation are illustrated in Figure 4 as an example. 
The solid line and the shading are the average value and error 
band for each parameter, respectively. The temperature of the 
system was controlled at 300 K steadily. In addition, Etotal con-
verges to a constant value with subtle fluctuation at the end of 
relaxation. It can be assumed that the relaxation mentioned in 
Section 2.3 is acceptable to reach the equilibrium.

Initial configuration of polymer chains at equilibrium plays a 
significant role in mechanical properties of polymers in molec-
ular simulations. The branching parameter gg, as the best quan-
tity to characterise the overall dimension of branched chain, is 
equal to the ratio of average mean square radius of gyration for 
branched chain Rgb

2 to average mean square radius of gyration 
for linear chain Rgl

2 [34]. Figure 5 illustrates the variation of gg 
with respect to branch length l and content mBC/2n. The average 
value gg of branched PE is less than one as a result of more con-
gestion around the mass centre of monomers with branching. 
This identifies that the equilibrium configurations of branched 
PE are reasonable for performing further studies. In addition, 

Figure 4. (Colour online) Variations of temperature and total energy of branched PE 
with six butyl groups at the end of relaxation.

Figure 5. (Colour online) Branching parameters gg of PE systems at equilibrium.
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ordinates are normalised densities by maximum values, which 
are denoted as max in subscript. Especially, the present results 
are normalised with respect to the maximum value of average 
equilibrium density with a subscript avg_max. Inversely propor-
tional relationship between the branch length and the equilib-
rium density is observed both in current simulation and available 
experimental data, even though it shows a slight deviation due 
to different systems in microstructures.

3.4.2.  Dynamic responses
Jordan and Brown [4] examined the dynamic compres-
sive response of LDPE as a function of strain rate using split 
Hopkinson pressure bar (SHPB) experimentally. They mentioned 
that molecular conformation, volume fraction of crystallinity 
and strain rate govern the material responses. Hossain et al. [8] 
carried out MD simulations on deformation mechanisms of 
amorphous PE using linear UA models. As shown in Figure 7, 
stress–strain behaviour experiences elastic, yield, strain softening 
and strain hardening regions, which is also observed in previous 
experiments and simulations. In addition, the characterisation 

Regardless of linear PE, the average σy of branched PE and branch 
length l are directly related when branch content mBC/2n remains 
constant. An inverse relationship between the average σy and 
branch content mBC/2n appears in branched PE with a given 
branch length l.

3.4.  Comparisons between current simulations and 
existing experimental data in literatures

3.4.1.  Equilibrium density
Liu and Baker [11] discussed the effects of branch length on 
impact properties of PE experimentally. They selected three com-
mercial LLDPE resins with similar molecular weight, molecu-
lar weight distribution and branch content, but different branch 
length ranging from two to six. Okabe et al. [14] examined the 
sol–gel transitions of LLDPE, which are copolymers with various 
comonomers from butene to octene. Comparisons with experi-
mental results from literatures [11,14] are shown in Figure 9. The 

Figure 6. (Colour online) Densities of PE systems at equilibrium.

Figure 7. (Colour online) Strain–stress evolution of linear PE with respect to strain 
rate at 240 K.

Figure 8. (Colour online) Yield strengths of PE systems subject to a tensile loading 
with έ = 1010/s at 240 K.

Figure 9.  (Colour online) Comparison of branch length effect on equilibrium 
density between present simulation and existing experimental measurements.
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Figure 10 plots the dynamic strength of present simulation 
and existing experimental data. Yield strength σy in preset work 
and fracture strength σb in existing literature [11] were chosen 
to represent dynamic strength. The ordinate is normalised yield 
stress σy_avg_max for current simulation and normalised brittle 
fracture tensile stress σb_max for experimental measurements [11], 
respectively. It can be observed that PE with longer branch length 
holds higher dynamic strength with a given branch content. The 
simulation shows a good agreement with the experimental results 
carried out by Liu and Baker [11]. They provided two possi-
ble explanations for the increase in the dynamic strength as the 
branch length increases. One is that the process of PE molec-
ular chain folding into a growing crystal lamella is restricted 
by the increased length of a chain branching, which increases 
the number of inter-lamellar tie-molecules. The other is that the 
increase in the content of the second soft phase resulting from 
the increased length of chain branching contributes to improve 
the dynamic strength.

The proportional relation between impact energy and branch 
length was confirmed by the experimental results [41]. In addi-
tion, Gupta et al. [42] carried out the experiments on copolymers 
of ethylene with 1-butene, 1-hexene and 1-octene to examine 
the effect of chain length. They found that the tensile strength is 
proportional to the branch length at high deformation rate (ca. 
1 m/s) even though it holds as a constant at slower deformation 
rates (up to 510 mm/min). The dart impact strength of samples 

of the strain rate dependence described in literatures is in an 
agreement with current simulation as shown in Figure 7.

Mortimer [12] held the opinion that the increase in amount 
of short-chain branching in PE results in yield tensile strength 
decreasing. The similar statement was also expressed by Zhang 
et al. [40]. These available results provide a validation of current 
results as shown in Figure 8.

Figure 10. (Colour online) Comparison of branch length effect on dynamic strength 
between current simulation and available experimental data.

Figure 11. (Colour online) Distributions of molecular structural components at equilibrium and stress peak (έ = 1010/s) for branched PE with butyl groups.
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degree of branching and branch length increase. On the other 
hand, a branched system with dispersion distribution eliminates 
this kind of inter-branches interactions nearby. In this study, 
the branches were created randomly, which is difficult to avoid 
the occurrence of successive branches. The effects of branching 
distributions should be taken into account in the future work.

The average values of C–C bond length μ approximate to 1.540 
Å (Figure 11(a)–(c)). Those of C–C–C bond angle approximate 
to 113.1° (Figure 11(d)–(f)). These values are slightly higher 
than the equilibrium potential parameters Kr (1.529 Å) and θr 
(112.7°). The similar distributions are obtained in pervious MD 
simulations [44]. Comparing with the information described in 
Figure 11 between at equilibrium and first stress peak, the dis-
tributions of bond length and bond angle remain approximately 
constant. However, the rotations of chains to trans conformation 
changes non-monotonically. On the one hand, previous study 
[8] suggested that the first stress peak is affected primarily by 
the non-bonded interactions between chains. They thought the 
role of bond length or bond angle during elastic deformation is 
not vital, which is also confirmed in the present simulation as 
shown in Figure 11(a)–(f). In addition, it is assumed that the 
distribution of dihedral angles plays an important role in the 
deformation of PE, as shown in Figure 11(g)–(i).

Omar et al. [1] and Shergold et al. [45] believed that the 
deformation of polymer chains is restricted by the stretching 
and bending of the chemical bond subjected to a high strain 
rate, which also enhances the formation of additional interac-
tions between structures. As a semi-crystalline material, PE is 
known as molecular networks including an amorphous phase 

with 1-octene and 1-hexene was also observed to be higher than 
that those with 1-butene.

Generally, the simulation illustrates a good agreement with 
available experimental data. It fully supports the reliability of 
current method to capture the mechanical properties of PE to 
provide atomistic descriptions.

4.  Discussions

As illustrated in Figure 11, the microstructures of branched 
PE with butyl groups were characterised by the distributions 
of C–C bond length (left column), C–C–C bond angle (middle 
column) and C–C–C–C dihedral angle (right column) at equilib-
rium (grey bar with a subscript e) and first stress peak (έ = 1010/s 
in tensile, translucent red bar with a subscript p), respectively. 
The chain geometry of branched PE with butyl groups was nor-
malised with respect to the total number of each component as 
described in each ordinate. μ and σ are the average value and 
standard deviation of each component, respectively.

The percentages of trans conformation in dihedral distribu-
tions (right column in Figure 11) can be calculated by adopt-
ing a threshold as 120° [8]. As the number of dihedral angle 
(higher than 120°) increases, the inner molecular chains become 
straighter in terms of gauche-trans transition [43]. It can be 
assumed that the lower degree of branching allows easier for 
chains to rotate to trans conformations. However, owing to the 
formation of amorphous microstructure during relaxation, the 
inter-branches interactions nearby (branches clustered one by 
one along the backbone as exemplified) will be enhanced as the 

Figure 12. Statistics of C–C pair energy of branched PE with butyl groups at equilibrium and stress peak.
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should be paid attention. The effect of the non-bond interactions 
on the load-bearing capacity is significant. It is assumed that the 
distribution of chain branching affects the performances of PE 
to some extent, which is worth further discussing.
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