
1. Introduction
Polyethylenes contribute significantly to the produc-
tion of commodity plastic materials because of their
wide variety of properties. These properties include
low dielectric constant, low cost, and ease of pro-
cessing [1] due to the variation of parameters such
as molecular weight, branching, and molecular
weight distribution [2].
Linear low-density polyethylene (LLDPE) is a poly-
ethylene formed by the copolymerization of ethylene
and α-olefins such as 1-butene, 1-hexene, and 1-
octene [3]. The production of LLDPE is usually done
at low pressures and temperatures, which means less

energy and cheaper production costs. The physical
blending of wax (which is non-toxic and cheap) with
LLDPE offers even better material due to its soften-
ing and plasticising effects. Physically blended
LLDPE/wax blends are therefore better for heat
transportation and thermal energy storage than pure
LLDPE.
Phase change materials (PCMs) are substances that
release or absorb a large amount of energy in the form
of latent heat during melting or solidification [4].
Wax with a range of phase change temperatures can
store thermal energy as latent heat [5, 6]. It has a high
heat of fusion and can resist chemicals, and therefore
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it is a good PCM [1, 7, 8]. Blends created from wax
and polyethylenes, particularly LLDPE, are highly
preferred as PCMs. One possible application of the
LLDPE/wax blends is their use as a temperature
buffer in the energy conservation of buildings [3, 5].
The miscibility of the blends is influenced by the
type of polyethylene matrix and the type of wax, as
well as the wax content [9, 10].
The blends’ miscibility determines the phase mor-
phology and the properties. The first step in predict-
ing the properties of polymer blends is to understand
polymer miscibility/compatibility [11]. It is impera-
tive to study miscibility relative to the interaction of
pure components in a blended system because it pro-
vides clear direction in designing the materials for
specific usage. Polymer blends are classified as mis-
cible, immiscible, and compatible [12].
Besides the great benefits acquired through blend-
ing, polymer blend miscibility poses many peculiar
problems of research interest. Although much exper-
imental work covering the thermal and mechanical
properties possessed by different polyethylene/wax
blends has been done, little or almost no success has
been achieved in establishing the exact morphology
responsible for these properties [13, 14].
The study of the miscibility of LLDPE blended with
other polyethylenes has been reported using various
research methods [15, 16]. Most research reporting
on miscibility is experimental rather than computa-
tional, such as molecular dynamics (MD) [15–17].
One particular study done with molecular dynamics
simulations investigated the influence of branch con-
tent on the miscibility of high-density polyethylene
(HDPE)/butane-LLDPE blends. This study investi-
gated the effect of branch content [18], and it showed
that 40 branches or more per 1000 carbons are re-
quired for phase separation of blends to occur in the
melt regardless of temperature. Another study using
molecular dynamics investigated the influence of
chain length during the heating and cooling process
by reporting on the polyethylenes’ molecular struc-
ture and properties [19]. The bond orientation pa-
rameter (the standard measure of order used in poly-
mer systems) values for short-chain polymers were
larger than those of the long-chain polymers after
freezing because chains in the crystalline fractions
of polymers are generally folded. The modelled re-
sults were in good agreement with the experiments,
which means that their MD studies were reliable.
However, the interaction of wax (also short-chain

polyethylenes) with LLDPE at the molecular level
has not yet been investigated by computational stud-
ies to determine miscibility.
Generally, atomistic MD has been applied to study the
miscibility of different types of polymer blends based
on their structure and molecular weights [20, 21].
These studies investigated mostly homopolymers,
such as polylactide, polyhydroxybutyrate, poly(p-
dioxanone), and poly(vinyl phenol). However, the
structures of these homopolymers are different from
the structure of LLDPE with a morphology and prop-
erties that are branch content dependent. According
to the Flory-Huggins theory, certain polymer blends
with similar structures are miscible at all compositions
based on molecular interactions [20–23]. The same
theory was successfully used to predict the immisci-
bility of some of the polymer blends [24–26], while
the miscibility of other blends depended on the com-
position of the components and the system’s temper-
ature. The solubility parameters of HDPE and LLDPE
were computed to determine the blends’ Flory-Hug-
gins interaction parameters (χ) [18]. The calculated χ
between the HDPE and LLDPE models showed ir-
regular dependence on temperature. For an increase
in branch content of the LLDPE, the computed solu-
bility values decreased with increasing temperature.
The most common way to determine blend miscibil-
ity through molecular dynamics is to investigate the
glass transition temperature of the blends [27]. One
glass transition temperature is related to one contin-
uous phase of the blend, while two transitions are re-
lated to the immiscibility of the blend components.
Lodge and McLeish [28] argued that two transitions
are sometimes observed due to an increase in the
local concentration of monomers in the models cre-
ated by the chain connectivity of the polymers. There-
fore, two transition temperatures could still be ob-
served in single-phase blend systems. It is difficult
to rely on glass transition temperature as a criterion
to judge immiscibility or partial-miscibility [21].
Another approach to investigate the miscibility of
polymer blends is the use of dissipative particle dy-
namics (DPD) at the mesoscopic level. These meso-
scopic dynamics studies have successfully related
atomistic simulation of the blends through the Flory-
Huggins theory [22, 29], whereby molecular dynam-
ics first determine the interaction parameters before it
is applied in mesoscopic dynamics simulations. These
studies’ outcomes have also been complemented by
various experimental investigations within accepted
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methodology error and different capabilities of soft-
ware packages [23, 30–33]. Computational chem-
istry helps avoid expensive trial-and-error experi-
ments in creating polymer blends to make new
materials with specific properties.
Recently published computational studies focused
on specifically paraffin wax-based composites [34,
35], as well as various properties of blends and com-
posites created from different polyethylenes and
other components [36, 37]. One study looked at the
polydispersity and branching effects of paraffin wax
on thermal conductivity [34], while another critically
compared different force fields available on the
CROMACS software package, especially on a the-
oretical description of the n-alkane matrix [35]. MD
simulations were used to investigate diffusion rates
of oxygen through the polyethylene and plant-based
wax (nonacosan-10-ol) blend by the Materials Sci-
ence Suite of the Schrödinger software [38]. The me-
chanical properties and diffusion rate coefficient of
oxygen in the proposed polyethylene/wax blend
were improved and the new proposed material was
recommended for storage of perishable products.
This study reports on the first MD simulations on the
miscibility of the LLDPE/wax blends using Materi-
als Studio software [33]. It focuses on studying the
miscibility of LLDPE and wax, based on the Flory-
Huggins theory. This theory focuses on the interac-
tion and solubility parameters of the blends and pure
components. The glass transition temperatures of the
blends were also used to investigate the miscibility
of wax with LLDPE through the cooling method.
The physical properties of the blends’ modelled sys-
tems were also examined in MD simulations by
looking at inter and intra-chain pair correlation func-
tions. Lastly, the miscibility of the LLDPE/wax blends
was investigated through DPD simulations.

2. Experimental
2.1. Simulation method
Materials Studio (MS) molecular modelling software
(Accelrys Inc.) [33] through the Centre for High Per-
formance Computing (CHPC), situated on the Rose-
bank campus at the University of Cape Town in South
Africa, was used to do the modelling calculations.
The simulations were done through a main system
at the CHPC, which uses a supercomputer cluster
called Lengau (1368 compute nodes, 5 large memory
nodes, 9 GPU nodes, 4 PF storage over the Lustre
parallel file system) of the Council for Scientific and

Industrial Research (CSIR). A personal computer
(Dell OptiPlex 9020, 2xQuad core Intel i7-4770s
3.10 GHz, 16 GB RAM, 1TR GB HDD), situated at
the University of the Free State (Qwaqwa Campus),
was utilized as the workstation.

2.2. Construction of monomer models
The two monomers, ethylene and 1-hexene were
drawn manually in the visualization module of Ma-
terials Studio software [33]. These two monomers
were used as starting compounds for the synthetic
catalytic polymerization of LLDPE under specific
pressure and temperature conditions.

2.3. Optimisation of monomers with DFT
The two monomers, ethylene, and α-olefin (1-hex-
ene), were constructed and geometrically optimised
using the density functional theory module (DFT-
DMol3) in the Materials Studio software [33, 39].
The generalized gradient approximation function of
Perdew and Wang (GGA-PW91) was used [40, 41]
with a double numeric polarised basis set with an ad-
ditional diffuse function (DNP+). The DNP+ basis set
was chosen because it was tested satisfactorily against
polymers and surfaces [42], especially for calcula-
tions that require a very large orbital cut-off [40].
Geometry optimisation was done at convergence tol-
erance as follows: quality (medium), energy
(2.0·10–5 kcal·mol–1), maximum force (0.004), max-
imum iterations (50), maximum time step (0.3 fs)
and 0.005 Å displacement, no symmetry, unrestrict-
ed spin state, triplet multiplicity, and zero charges.
The electronic setup was as follows: integration ac-
curacy (medium), self-consistent-field (SCF) set-
tings at medium (with tolerance 1.0·10–5, maximum
of 50 SCF cycles, multipolar expansion hexadeca-
pole, with a global orbital cut-off scheme and smear-
ing of 0.005), all electron core treatment, and medi-
um orbital cut-off quality.

2.4. Construction and optimisation of LLDPE
with a forcefield

Optimised ethylene and 1-hexene structures were
used to construct many single LLDPE polymer chains
with chain lengths from 10 to 500 (20 to 1000 back-
bone carbons) with branches of different 1-hexene
content randomly distributed along the backbone
using forced concentrations [43]. The random copoly-
mer interface, which is found in the build polymers
of the MS software [33], was used to create the
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LLDPE chains. However, the polymerize option with-
in a random copolymer interface made it possible to
first insert the two constructed monomers into two
separate columns of the template. The polymerize tab
has many other options, such as using forced con-
centrations or reactivity ratios (which allows varia-
tion of branches along the polymer backbone) and
chain length and/or the number of chains that deter-
mine the size and shape of the polymer molecule.
The constructed single LLDPE polymer chains were
further minimized geometrically using the force field
called condensed-phase optimised molecular poten-
tials for atomistic simulation studies (COMPASS)
[44]. COMPASS is an ab initio force field that is con-
sistently parameterised for big molecules such as
polymers in a condensed state. Geometry optimisa-
tion was done with the quasi-Newton algorithm be-
cause it converged and minimized the LLDPE struc-
tures faster than other algorithms. The convergence
tolerance setup was as follows: quality (customized),
energy (2.0·10–5 kcal·mol–1), maximum force
(2.0·10–5 kcal·mol–1·Å–1), different maximum itera-
tions, and 0.005 Å displacement. The contribution of
charges to the minimized energy was calculated with
the original Gasteiger method within a maximum of
50 iterations for a convergence limit of 2.0·10–5.

2.5. Construction and optimisation of wax
The ethylene monomer from the database of MS was
used to construct the wax chains. The constructed
wax chains with different lengths (C20H22–C44H46)
were geometrically optimised using the Forcite mod-
ule with the COMPASS force field [44]. Geometry
optimisation was done with the quasi-Newton algo-
rithm because the energy convergence is fast and
good for short-chain polyethylenes. Periodic wax
models, needed for MD simulations were created
using the Amorphous Cell module in MS. The peri-
odic systems were relaxed with the canonical con-
stant number, volume, and temperature (NVT) en-
semble MD simulation, followed by an isothermal–
isobaric (constant number, pressure, and tempera-
ture) (NPT) ensemble MD simulation at 298 K for
2000 ps and a 0.1 fs time step.

2.6. Building three-dimensional periodic
systems of LLDPE/wax blends

Cubic simulation boxes, often called periodic sys-
tems, were created with the Amorphous Cell module
in Materials Studio. Both the LLDPE and wax models

were added to the periodic cells to create blend sys-
tems of different weight ratios through the technique
described by Theodorou and Suter [45]. The Amor-
phous Cell calculation module was chosen over the
construction (legacy) module because it is conven-
ient to vary the number of chains per box. Addition-
ally, the construction process is shorter than using
the construction legacy. The setup was as follows:
cubic construction type of lattice, the initial density
of 0.924 g·cm–3 for LLDPE and 0.900 g·cm–3 for
wax. Torsion angles were calculated during con-
struction while optimising the chains but not the
cells. A quasi-Newton algorithm was used to a con-
vergence energy level of 0.00002 kcal·mol–1 for
smaller molecules and 0.001 kcal·mol–1 for large mol-
ecules. The energy setup for the cells was as follows:
COMPASS was chosen as the force field, charges
were calculated by the Gasteiger (Gast_original1.0)
method, Ewald summation was used as the electro-
static summation method, while atom-based calcu-
lations were used for the van der Waals forces.

2.7. Molecular dynamics (MD) details
Molecules of the LLDPE chains (70 branches per
520 carbons in the backbone) and wax chains with
36 carbons long were added to the periodic systems.
In order to compare the models with the experimen-
tal results, the blend systems had composition ratios
as follows: 95/5, 90/10, 80/20, 70/30, and 60/40 w/w
LLDPE/wax. The chains in the periodic systems were
relaxed by first using the NVT ensemble, followed
by NPT MD to further equilibrate the chains. A sim-
ilar process was followed using a unit cell containing
short chains of LLDPE (1 branch per 100 carbons in
the backbone) and wax (36 carbons) molecules to in-
vestigate the short LLDPE chains’ effect on misci-
bility with wax. All MD simulation studies were run
in the bulk state, meaning without a solvent.
The LLDPE and wax chains in the periodic system
were further relaxed by annealing from 150 to 450 K
and back to 150 K with a heating ramp of 0.1 K·ps–1

for 30 cycles, first with NVT followed by NPT MD
[32] for 1.0·105 steps and a 1.0 fs time step. Torsion
angles were calculated automatically at 0.25 radii of
van der Waals energy and loading steps of 1000 ps
and 0.1 fs. The partial charge of the atoms was esti-
mated using the charge equilibration method. Elec-
trostatic energy was calculated by the Ewald summa-
tion method at an accuracy level of 0.0001 kcal·mol–1

(fine). The atom-based summation was adopted for
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van der Waals interaction with a cut-off distance of
15.5 Å. After the 30 cycle annealing, a 1000 ps NVT
MD simulation was carried out for 1.0·105 steps and
1.0 fs step time, followed by NPT MD for 1000 ps
total simulation time at 298 and 500 K, with the
same steps and step time. A random initial velocity
was applied in all the simulations, and a 0.01 q ratio
using a Nosé-Hoover-Langevin (NHL) [46] algo-
rithm and Berendsen barostat to keep the volume or
pressure constant.
Molecular dynamics was repeated with the NPT en-
semble at different temperatures starting from 500 to
100 K at 1000 ps without changing the settings. After
all the MD runs for all the molecules were completed,
the blends’ relaxation or glass transition tempera-
tures (Tg) were determined from the plots of thermal
expansion versus temperature. Thermal expansion
versus temperature data was further used to study the
miscibility of the various blends.
The Hildebrand solubility parameters (δ) of the neat
LLDPE, neat wax, and the blends were calculated by
cohesive energy density (CED), built into the Forcite
module. The obtained solubility values were then used
to compute the interaction parameters of LLDPE/wax
blends of different weight ratios at 298 and 450 K.
The calculated interaction parameters of the blends
were compared to their critical interaction parameters
for the prediction of miscibility between the blend
components. The radial distribution functions of the
blends were plotted against temperature to determine
the interaction between LLDPE and wax chains in
terms of interatomic and intra-atomic interactions.

2.8. Dissipative particle dynamics (DPD)
simulation of LLDPE/wax blends

One of the advantages of simulating polymer blends
with mesoscopic dynamics and dissipative particle
dynamics (DPD) is that results are generated faster
than with atomistic simulations or experiments. In
mesoscale dynamics, it is common practice to group
atoms together in the form of beads. This approach
reduces the simulation time compared to the atomistic
simulations. Therefore, less CPU time is required to
run the calculations, and big systems can be simulat-
ed. The correlation between atomistic simulations and
mesoscopic dynamics can be investigated by com-
paring the repulsive and Flory-Huggins interaction
parameters obtained by applying the Flory-Huggins
theory.

When doing DPD simulations, a group of atoms is
represented by a bead. The different beads interact
with each other instead of with small atoms, consid-
erably reducing the simulation time. The interacting
beads must obey Newton’s equation of motion (Equa-
tion (1)) [47]:

; (1)

where ri and vi are the position and velocity of the
ith particle in the simulation, and t is time. The mass-
es of the beads are normalized to 1, and the total
force fi acting on a specific particle is a combination
of three pairwise contributions: a conservative force
FC, a dissipative force FD, and a random force FR

(Equation (2)):

(2)

The sum runs over all the particles within a chosen
cut-off radius rc.
The interactions of the DPD beads are mapped onto
the Flory-Huggins theory through the interaction pa-
rameter (χ). If the system has beads interacting with
each other, assuming that they are equal, then aii = ajj,
and their total density (aii + ajj) are constant through-
out. According to Groot and Warren [47], the map-
ping relation from atomistic simulations to DPD is
formulated in Equation (3):

(3)

where the density of the system is determined by
ρi + ρj = ρ, α is related to the pair correlation function
g(r) through a reduced co-ordinate r = r/rc. The lin-
ear relation between Flory-Huggins χ parameters and
the conservative interaction strength for polymers is
defined in Equation (4):

, , (4)

The repulsion energy parameter between the same
pair alike (αii) atoms is taken as 25. The value called
the self-repulsion of beads was chosen by Groot and
Warren such that a pure DPD fluid has a compress-
ibility similar to that of liquid water. However, the
interaction parameter between wax and LLDPE was
determined from the solubility parameter values
using Equation (5). The Flory-Huggins parameter (χ)
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can be mapped to the repulsive interaction parameter
in DPD (Table 2).

(5)

where V is the molar volume of the smallest repeat
unit ethylene, since both wax and LLDPE contain
ethylene units [28], δw and δLL represent the solubil-
ity parameters of wax and LLDPE, respectively, R
is the gas constant and T the temperature. The num-
ber of beads in each mesoscale molecule was deter-
mined by the degree of polymerisation and the char-
acteristic ratio (Cn) of the polymer. The characteristic
ratio, Cn, is the ratio of the observed end-to-end dis-
tance and the end-to-end distance of a freely jointed
chain composed of n bonds of the step length of the
polymer chain. Using the molar mass of the
monomer (Mm) and the polymer molecular weight
(Mp), n is the number of repeat units or monomers,
and the number of beads in the polymer can be cal-
culated with Equation (6):

(6)

The solubility parameters of the pure components,
namely wax, and LLDPE, were calculated using the
Synthia module in Materials Studio software [33].
The molar volume of ethylene, which makes the
main chain of LLDPE and wax, was also calculated
in Synthia and used to determine the Flory-Huggins
interaction parameter. However, the repulsion pa-
rameters used in the formulation of the DPD calcu-
lations were obtained from the Groot and Warren
equation by using the calculated Flory-Huggins in-
teraction between wax and LLDPE.

The DPD simulations of the LLDPE/wax blends
were performed in a unit cell (10.7×10.7×10.7 Å)
with a bead density of ρ = 3. The time step was set
to 0.05 fs, and the nearby beads in the polymer chain
interacted via a linear spring with a harmonic con-
stant of 4.0 Hz, and the friction coefficient, γ, was
chosen as 4.5. Initially, the total number of steps ap-
plied to the molecules was 1000, and when the jobs
finished successfully, the total simulation time was
increased to 50000 steps for a time step of 498.45 fs.
The reduced units were as follows: length of 10.7 Å,
mass of 215.5 amu, and energy of 0.59219 kcal·mol–1.
Reduced units are special to DPD. The unit of length
is normally taken as the interaction cut-off radius, rc,
the unit of mass as one bead, and the unit of energy
as kBT at a suitable reference temperature (usually
298 K). A dissipation radius of 1 was used, and the
initial velocities were set to random. Therefore, a
total of 2·105 DPD steps were carried out in this
work. For each blend, 1000 frames were produced.
The trajectories of all the blends were analysed.

3. Results and discussion
This section details the results obtained from
LLDPE/wax blend systems simulations. In-depth
analysis and discussions on the miscibility of the bi-
nary blend systems created from wax and LLDPE
are outlined. The miscibility of blends, based on the
interaction of the pure components as models and
their properties, is described through a number of
thermodynamic equations.

3.1. Evaluation of equilibrium systems
It is common to use temperature, density, and energy
to determine how long structures or systems take to
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Figure 1. Temperature versus simulation time of a) LLDPE and b) wax done at 298 K (blue) and 450 K (red).



450 K during the first 100 ps of the simulation, and
these values are in line with those obtained by other
researchers [18, 51]. The blend density stabilised at
these values after 200 ps (Figure 4). Density is used
to investigate the glass transition of many binary sys-
tems for miscibility studies [52–54]. The time evo-
lution density profiles during NPT-MD simulations
have been used to assess the equilibration of the
blends before the systems were used for further sim-
ulations of properties [34, 38]. Therefore, the density
evolution of the LLDPE/wax blends was stable for
500 ps, so when the simulation time was over 2000 ps,
no changes in the density evolution were observed.
Energy versus temperature was successfully used in
a previous study to investigate the interaction of
polyethylene molecules of varying chain lengths [19].
Figure 5 shows the potential energy, van der Waals
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Figure 2. a) Density of LLDPE versus simulation time at 298 K (black) and 450 K (blue); b) density of the equilibrating
wax (5 chains in a box) against simulation time at 298 K (black) and 450 K (blue).

reach equilibrium in MD simulations [20, 48]. The 
temperature of the neat LLPDE fluctuated between 5 
and 10% throughout the entire simulation (Figure 1a). 
This fluctuation indicates that the system was al-
ready at equilibrium when the MD simulations start-
ed. However, it took at least 200 ps for the wax struc-
ture to reach equilibrium at 298 K (Figure 1b). The 
wax model behaved like a hot liquid or solution at 
450 K because the temperature deviated more than 
25% from the average.
Density instead of volume is sometimes used to in-
vestigate the glass transition of many polymers, and 
the density values obtained from the NPT simulations 
were determined from equilibrated LLDPE models 
[49, 50]. The density of the neat LLPDE reached a 
constant value after only 250 ps (Figure 2a). At the 
same time, the wax density equilibrated after 200 ps 
(Figure 2b). These values are very similar to the ex-
perimental values and densities used for the simula-
tions by Choi [18] (Table 1). The equilibrium struc-
tures of both LLDPE and wax were further used to 
determine the solubility parameters applied in cal-
culating the Flory-Huggins parameter.
For the 60/40 w/w LLPDE/wax blend, the temper-
ature fluctuated between 5 and 10% after 100 ps 
(Figure 3) at 298 and 450 K, indicating that the sys-
tem reached equilibrium very quickly. The density 
ramped up from 0.6 g·cm–1 to stable equilibrium val-
ues of 0.837 g·cm–3 at 298 K and 0.739 g·cm–3 at

Table 1. Densities of the model systems of polyethylene
used by Choi [18].

Temperature [K] 425 450 475 500 525 
Density [g·cm–3] 0.779 0.766 0.753 0.740 0.725

Figure 3. Temperature versus simulation time of 60/40 w/w
LLDPE/wax – simulations done at 298 K (blue)
and 450 K (red).



energy, and kinetic energy for the neat LLDPE and
wax. The systems’ potential and van der Waals en-
ergies are responsible for long-range interactions.
The movement of atoms and chains generates the ki-

netic energy during the simulation. The models of
both neat wax and neat LLDPE reached equilibrium
within 500 ps.
Similarly, the MD simulations that were conducted
on the other LLDPE/wax systems: 95/5, 90/10,
80/20, and 70/30 w/w (graphs not presented here),
reached equilibrium within the first 1000 ps of sim-
ulation time. Therefore, after completing all the MD
simulations for blends (amorphous cells) shown in
Figure 5, the densities of equilibrium structures were
obtained at 298 K (solid-state) and 450 K (molten-
state). The different energies (kinetic, potential, and
van der Waals) of the same system (Figures 6 and 7)
fluctuate between 5 to 10% after 100 ps. This fluc-
tuation indicates that the system has reached equi-
librium because the standard deviation of the total
energy was only 3.2%. The systems that contained
different polymer chains interacting with each other
in the unit cell took 100 ps simulation time to get to
equilibrium.
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Figure 4. Density versus simulation time of 60/40 w/w
LLDPE/wax – simulations done at 298 K (black)
and 450 K (blue).

Figure 5. The amorphous cells of the short LLDPE/wax blends from MD simulations: a) 95/5 w/w LLDPE/wax;
b) 90/10 w/w LLDPE/wax; c) 80/20 w/w LLDPE/wax; d) 70/30 w/w LLDPE/wax, e) 60/40 w/w LLDPE/wax;
f) 50/50 w/w LLDPE/ wax (LLDPE – the purple atoms represent the backbone carbons, the grey atoms the carbon
branches, and the white atoms the hydrogens; wax – the carbons are represented by grey atoms and the hydrogens
by white atoms [33]).



Chains with 520 carbons in the backbone and
70 branches for each chain were used to create the
blends to study the miscibility of LLDPE and wax.
The equilibrium structures of the LLDPE/wax blends
with four different mass ratios (95/5, 90/10, 80/20,
and 70/30 w/w) were obtained at 298 K (solid-state)
and 450 K (molten state) using MD. The densities of
all the blends reached equilibrium after 200 ps. The
generated blends of various mass ratios equilibrated
well using NPT dynamics. Enough simulation time
was therefore applied to all the systems to study the
miscibility of the LLDPE/wax blends. All the blends
were produced from LLDPE-70 and C36 wax for the
MD simulations. This approach was further based on
the fact that the number of branches had no observ-
able effect on the solubility parameter in method de-
velopment and validation of the models.

3.2. Miscibility analysis of the blends
Polymer miscibility is defined as the ability of two
or more polymers to form a single-phase mixture at

a particular temperature, pressure, and composition.
The miscibility of two polymers depends on specific
interactions between the polymer chains. The entropy
factor explains this in Equation (7), which represents
the second law of thermodynamics. The change in
free energy, ΔG, of a reaction is given in Equation (7).
If ΔG is positive, the reaction is non-spontaneous,
and if ΔG is negative, it is spontaneous:

(7)

where ∆HM is the mixing enthalpy, T is the temper-
ature, and ∆SM is the mixing entropy.
The miscibility of the blends is usually controlled by
four factors: chemical structure, crystallinity, molar
mass distribution, and molecular architecture of the
individual polymers. The miscibility of polymer
blends has been theoretically and experimentally in-
vestigated through several methods. Atomistic MD
has been successfully used to investigate the misci-
bility of many polymer blend systems. Several au-
thors [23, 27, 55] have used a combination of theoret-
ical equations to model the miscibility in molecular
dynamics, such as the Flory-Huggins theory, glass
transition temperature, and pair correlation functions.
These methods describe miscibility in terms of the
degree of dispersion, phase morphology, or degree
of interaction between the components. The nature
of the chemical structures of both wax and polyeth-
ylene, in particular, LLDPE with a degree of branch
content and distribution, is complex in a blend. It
was, therefore, imperative to use methods used by
other researchers to investigate the miscibility of
LLDPE/wax blends. The results obtained from all
these methods are discussed below.

G H T SM M MD D D= -
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Figure 6. a) Different energies of LLDPE as a function of MD simulation time at 298 K; b) energies of wax equilibrating at
298 K.

Figure 7. Different energies of 60/40 w/w LLDPE/wax as a
function of MD simulation time at 298 K.



Flory-Huggins theory
The Flory-Huggins theory is based on the mathe-
matical equation (Equation (8)) that describes the
thermodynamics of polymer-polymer mixtures. It
considers the dissimilarity of molecules by adapting
the entropy of mixing:

(8)

where Gm is the Gibbs energy of mixing, R is the gas
constant, T is the temperature, χ the Flory-Huggins
interaction parameter, ϕ the volume fraction, N the
chain length of the polymer, while 1 and 2 denote
the components in the blend.
The Flory-Huggins theory describes polymer inter-
actions in blends through their solubility and inter-
action parameters. Atomistic MD is often used to de-
termine the solubility of the blends using amorphous
cells or directly the solubility of pure components.
The solubility of the pure components and the blends
are then used in a set of equations to calculate the in-
teraction parameters of the various binary blend sys-
tems. The polymer miscibility relationships are then
established. The parameters are briefly described
below. It is important to note that Equation (8) re-
quires an additional term to account for negative free
energy when the polymer-polymer interaction pa-
rameter is affected by the presence of favourable in-
termolecular interactions; most commonly, non-ran-
dom hydrogen bonds [56]. Equation (8) has therefore
been mostly applied to solvent-solvent and polymer-
solvent mixtures because the combinatorial entropy
of mixing is finite and contributes to the free energy
of mixing.

Hildebrand solubility parameter (δ)
The Hildebrand solubility parameter (Equation (9)),
by definition, measures the solubility of a polymer
in a solvent and estimates the degree of interaction
between the polymer and solvent. It is an important
physical quantity used to determine the miscibility
of materials and is defined in terms of cohesive en-
ergy density (CED). Thermodynamically, materials
with similar solubility parameters are compatible
[57, 58]. Solubility is used to thermodynamically de-
termine the Flory-Huggins interaction parameter (χ).
The interaction parameter describes the strength of
pair(s) of polymer-polymer interactions and controls
the degree of miscibility for a specific pair and/or
their compatible ratios at a given temperature [59].

The solubility parameter is related to the cohesive
energy density (CED) of the molecules (Equa-
tion (9)):

(9)

where Ecoh is the cohesive energy per mol and V is
the molar volume. Ecoh/V is, therefore, the cohesive
energy density. The interaction parameter (χ) is given
by Equations (10) or (11):

(10)

(11)

where Vm is the monomer (repeat) unit volume per
mol, R is the gas constant, and T is temperature.
∆Emix is the energy change of mixing and ϕw and ϕLL
are the volume fractions of wax and LLDPE. The
critical interaction value is calculated through Equa-
tion (12) [56, 60], with the assumption that the den-
sities of the two polymers are equal to 1.0 g·cm–3:

(12)

Positive interaction parameter values commonly
mean immiscibility for high molecular weight poly-
mers. However, it is necessary to compute the criti-
cal value of the interaction parameter (Equa-
tion (12)), where mLL and mw represent the degree
of polymerization or number of monomers (number
of repeat units) of the pure components, in this case,
LLDPE and wax, used to generate the blends. The
calculated value of χc equals 0.050 based on an mLL
of 200 from the LLDPE molecular structure used to
do atomics dynamics and an mw of 18 for the wax
chain. The blends would be miscible if (χwLL)critical
is larger than χwLL.
The first energy of mixing is determined through
Equation (13). This equation defines the energy of
mixing in a binary mixture of polymer blends:

(13)

where ∆Emix is the energy change of mixing per unit
volume, ϕw and ϕLL are the volume fractions of wax
and LLDPE, ϕw + ϕLL = 1. The word ‘mix’ denotes
the cohesive energy density of the mixture (blend).
The symbols outside the parentheses denote the mole
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fraction of each pure component involved in prepar-
ing the polymer blend, while the values within the
brackets refer to the cohesive energy densities (Ecoh/V)
of the individual polymers and the binary blend.
The solubility parameter of LLDPE was found to be
between 2 and 4 MPa0.5 (Table 2), smaller than that
of wax (for both 1 and 5 chains per unit cell). If the
difference in solubility parameter between two inter-
acting polymers is less than 2 MPa0.5 [20], the poly-
mers are expected to be miscible [20, 61], and for
polymer-drug interactions, the solubility parameter
difference for miscible systems was found to reach a
limit of 7 MPa0.5 [62]. This difference in the solubil-
ity parameter limit worked when the polymer-poly-
mer interactions in question were of equal molecular
weight [56]. For the Flory-Huggins interaction pa-
rameter (χ) of polymers with strong specific interac-
tion, such as hydrogen bonding, the solubility param-
eter difference was found to be more than 5 MPa0.5

[63]. The difference in solubility parameter limit may
therefore differ based on the type of polymer-poly-
mer interactions. According to the difference in sol-
ubility parameters, partial to total miscibility is ex-
pected in LLDE/wax blends because the difference
in solubility parameters between these components
is below 4 and over 2 MPa0.5 (Table 2). It is common-
ly accepted that the solubility of two materials is only
possible when their intermolecular attractive forces
are similar, therefore, polymers with similar solubil-
ity parameter values are expected to be miscible. Wax
is also a good plasticizer which acts as a solvent in
the amorphous regions of the semi-crystalline
LLDPE, creating a relative degree of miscibility that
is composition dependent. Therefore, even though the
solubility parameter difference is over 2 MPa0.5, the
wax acting as a solvent surpasses that limitation. If
the van der Waals or other interacting forces between

polymer molecules are very small, there is no good
interaction, and the blends would be immiscible.
There are no hydrogen bonding interactions between
LLDPE and wax, therefore, the theory discussed here
is sufficiently applicable to the systems tested. How-
ever, the interactions of wax and LLDPE provides a
unique structural situation to investigate miscibility.
First of all, the chain length of wax must be limited
to model the actual soft paraffin wax used in the ex-
periments [33]. Therefore, the special case of look-
ing at the effect of the degree of polymerization on
the critical interaction parameter [56] would not
apply to the LLDPE/wax systems where there is a
large difference in molecular weights. In fact, it is
better to look at wax and LLDPE interactions based
on the polymer-solvent interaction theory [60]. Ex-
perimentally it has been established that branch con-
tent controls the miscibility of LLDPE with other
polyethylenes [64], and therefore wax is expected to
show similar interactions.
The interaction parameters for all the blends inves-
tigated in this study, especially at 298 K, are lower
than the critical interaction parameter (Figure 8).
Many computational polymer scientists say that if
the Flory-Huggins interaction parameters are smaller
than the critical interaction parameter, it means that
the investigated system is miscible; if slightly larger,
then partial miscibility would sometimes be possi-
ble; otherwise, the binary blends would be immisci-
ble [23–25, 28, 32]. However, the accuracy of the cal-
culated solubility parameter, to some extent, affects
the conclusions drawn from such miscibility studies.
According to the interaction parameters calculated
for all the compositions, the modelled binary blends
between wax and LLDPE are miscible. There is no
reason to doubt the accuracy of the simulations in
the investigated systems because of the level of the
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Table 2. Simulation results of the modelled LLDPE/wax blends.

Number of chains
per cell

Composition
[wt% LLDPE]

The density of the system
[g·cm–3]

Solubility parameter
[MPa0.5]

χAB
[–]

298 K 450 K 298 K 450 K 298 K 450 K
1 LLDPE 100 0.863 0.763 11.0 09.5 N/A N/A
1 wax 0 0.848 0.801 15.8 15.9 N/A N/A
5 wax 0 0.842 0.732 14.3 14.6 N/A N/A
1 LLDPE, 1 wax 95 0.857 0.753 11.2 09.6 –2.77 _0.61
1 LLDPE, 2 wax 90 0.854 0.748 12.7 10.9 –2.51 –1.18
1 LLDPE, 4 wax 80 0.852 0.751 12.9 11.2 –0.43 –0.13
2 LLDPE, 15 wax 70 0.842 0.741 14.3 12.1 –3.21 –2.61
1 LLDPE, 12 wax 60 0.837 0.736 15.1 12.5 –0.05 –0.50



systems’ equilibrations shown in Section 3.1. This
conclusion is, however, contradictory to the experi-
mental results discussed in our previously published
article [33]. Experimentally, up to 5 wt.% wax in the
blend was completely miscible with the LLDPE. At
higher wax contents, partial miscibility was ob-
served. An explanation for this apparent difference
between the simulation and experimental results will
be given later in the discussion.

Glass transition
Volume thermal expansion is defined by the change
in size or volume of an object undergoing thermal
expansion due to a temperature change. The concept
of free volume, the space in the polymer liquid or
solid sample not occupied by molecules, is common-
ly related to the glass transition temperature. There-
fore, as the temperature of the molten polymer blend
is slowly decreased, the free volume between the
molecules is reduced until there is little free space to
allow molecular movement. The polymer changes
from a rubbery state to a ‘frozen’ glassy state and the
temperature at which the change occurs is called the
glass transition temperature [65].
Figure 9 shows the thermal expansion obtained from
MD simulations (simulating a slow cooling process)
of neat LLDPE and the blends, plotted against tem-
perature. There is only one glass transition tempera-
ture (circled) at 175 K for neat LLDPE and all the
blends, except for a shift to 200 K observable for the
60/40 w/w LLDPE/wax blend. One glass transition
temperature of a binary blend indicates a miscible,
continuous phase morphology if the two components

in the blend if both have glass transitions and if the
glass transitions occur at different temperatures. The
results from the thermal expansion theoretically agree
with the Flory-Huggins interaction parameter, as de-
termined by the solubility parameter. However, since
wax is almost 100% crystalline and does not show a
glass transition, the above cannot be applied to the
system under investigation. Therefore, a single glass
transition cannot be used as complementary evidence
of complete miscibility between LLDPE and wax.

3.3. Interaction of polymer chains based on
the pair correlation function

The pair correlation function also called the radial
distribution function (gAB(r)), describes how the den-
sity of electrons or atoms varies as a function of the
distance from a reference point (Equation (14)). It is
the probability of finding a particle’s centre at a dis-
tance from the centre of another particle. The func-
tion can be applied in inter-and intra-chain interac-
tions in polymer blends.

(14)

The function is mostly used to characterise the struc-
ture of the molecules. NAB is the total number of
atoms of A and B in the system, δr is the average
number of atom pairs between r and r + δr, and ρAB
is the bulk density [29].
Intra-molecular pairs (gintra(r)) of carbon atoms of pure
LLDPE, wax, and their blends are shown in Figure 10.
The highest at 1.2 Å shows bond connectivity of
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Figure 8. Interaction parameters for the LLDPE/wax blends
determined at 298 K (black squares) and 450 K
(red circles).

Figure 9. Thermal expansion versus temperature for the
LLDPE/wax blends.



either LLDPE, wax, or any of the blends. The next
four peaks are at atomic pairs without connectivity
with the spatial vicinities in the following order of
numbers: 1.5, 1.75, 2.25, 2.5, and 3 Å. Because the
wax and LLDPE have very similar structures, there
are no significant changes in the intramolecular in-
teractions with increased wax content in the blends.
However, the curves of the blends overlap for both
the wax and LLDPE structures.
Figure 11 shows the interchain pair (ginter(r)) corre-
lation between the LLDPE and wax atoms. The long
LLDPE chains were simulated in Figure 11a. There
was an increase in the (ginter(r)) value with the addi-
tion of more wax into the blends. A very similar trend
was observed for the modulus of the blends in the
DMA experiments [33]. In the article, the higher
moduli were attributed to more wax crystals in the
amorphous phase of LLDPE, and these crystals acted

as physical cross-links between the LLDPE chains.
This observation explains the increasing value of
(ginter(r)) with increasing wax content. The long
chains of LLDPE are, therefore, semi-miscible with
the wax in the blends at all the blend ratios. Howev-
er, with short LLDPE chains (Figure 11b), there is
almost no difference between the chain interactions
in the blends when compared to those of either wax
or LLDPE. It, therefore, looks as if the miscibility
between the wax and LLDPE probably depends
upon chain length. This observation explains the
complete miscibility at low wax contents in the
blends and the partial miscibility at higher wax con-
tents. The wax would preferably co-crystallise with
the short LLDPE chains. When the wax content was
relatively high, only some of the wax chains could
co-crystallise with the smaller number of short
LLDPE chains, while the remainder of the wax chains
crystallised separately in the amorphous phase of the
LLDPE. Other researchers also found that miscibil-
ity was affected by either length or self-concentra-
tion due to the chain connectivity of the polymers
when MD simulations were applied to the models
[21, 28].

3.4. Dissipative particle dynamics (DPD) of
LLDPE/wax blends

The DPD simulation results of long chains of
LLDPE/wax blends are shown in Figure 12. These
simulations were used to investigate the effect of
wax content on the morphology of LLDPE/wax bi-
nary systems. Miscibility or separate wax crystalli-
sation is not clear in Figures 12b and 12c. However,
Figure 12a clearly shows the complete miscibility of
the wax and the LLDPE. In contrast, Figures 12d,
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Figure 10. The radial distribution function of the intramole-
cular interactions of like pairs and unlike pairs in
60/40 w/w LLDPE/wax.

Figure 11. The radial distribution function of the intermolecular interactions of like pairs and unlike pairs in LLDPE/wax
blends: a) long LLDPE chains at 450 K; b) short LLDPE chains at 450 K.



12e, and 12f show separate entities in the blend that
contain only wax chains, which is in line with the
observation in the results of our previously published
work [33] that the blends with higher wax content
showed partial miscibility. The miscibility difference
observed between the models and experiments could
be the result of the high branch content used in the
models compared to the 2.3% branch content for the
LLDPE used to prepare the blends in the experi-
ments [33]. Therefore, models of low branch content
should be used to compare the miscibility of the
LLDPE/wax models with that from the actual exper-
iments. It would be interesting to do DPD simula-
tions whereby both chain length and branch content
of LLDPE are varied as a function of the same wax
chain lengths. 
Table 3 shows the Flory-Huggins values calculated
using the solubility parameters of wax and LLDPE.

The repulsion interaction values used as input to do
the DPD simulations to get the morphologies of
Figure 12 are also in the same table.

4. Conclusions
MD studies were used to investigate the miscibility
of LLDPE/wax at mass ratios similar to those used
in the experiments. The solubility parameter of the
pure components and blends was computed to deter-
mine the interaction parameter of all the binary sys-
tems. Because the (χAB)critical value was larger than
χAB for all the investigated ratios, it was concluded
that, based on these results alone, the wax was mis-
cible with LLDPE. The results from the Flory-Hug-
gins theory could not be supported by the single Tg
values obtained for the blends since wax is almost
100% crystalline and does not show a glass transi-
tion. However, the simulations showed a difference
in the interaction of wax chains with respectively
short- and long LLDPE chains. This observation ex-
plained the complete miscibility of LLDPE/wax
blends with low wax contents and the partial misci-
bility when the wax contents were so high that there
were not enough short LLDPE chains that could co-
crystallise with all the wax chains. Both complete and
partial miscibility of the blends was further visible
in the DPD simulations. The interactions of wax and
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Figure 12. Morphologies of LLDPE/wax blends from DPD simulations (LLDPE: purple; wax: green): a) 95/5 w/w
LLDPE/wax; b) 90/10 w/w LLDPE/wax; c) 80/20 w/w LLDPE/wax; d) 70/30 w/w LLDPE/wax, e) 60/40 w/w
LLDPE/wax; f) 50/50 w/w LLDPE/wax.

Table 3. Flory-Huggins interaction parameters and repulsion
parameters, obtained using solubility parameters
calculated in Synthia, from the DPD calculations.

Interacting
polymers

Flory-Huggins
parameter

Repulsion parameters
for DPD

LLDPE-70 Wax (C36) LLDPE-70 Wax (C36)
LLDPE-70 0 0.152 25 37
Wax (C36) 0.152 0 37 25



LLDPE provides a unique structural situation to in-
vestigate miscibility compared to most homopolymer
miscibility studies done using simulations. The chain
length of wax must be carefully chosen to model the
actual soft paraffin wax used in the experiments. The
interaction of wax with LLDPE is also dependent on
the branch content, and changes in miscibility of the
LLDPE/wax blends based on branches is possible.
Therefore, the chain length of wax and number of
branches of the LLDPE models used in this work is
purely based on the simulations studies which were
complemented by the experiments [2].
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