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A B S T R A C T

Filler particles are known to act as nucleants for polymer crystallisation yet the connection between the filler
surface properties and polymer crystallisation are not well understood. In this work, molecular dynamics
simulations were used to investigate homogeneous and heterogeneous polymer nucleation and crystallisation
using a generic linear bead–spring polymer model with a bond bending potential. The polymer systems were
equilibrated at high temperature and then cooled at a constant rate. Without a surface present, polymers with
stiff chains were found to crystallise more readily than more flexible polymers. The degree of crystallinity was
estimated based on the mass fraction of straight chain segments which we equate to stem mass fraction. At a
temperature 𝑇c a sharp increase in density, radius of gyration and stem mass fraction occurred. After cooling,
the systems were reheated and some systems showed hysteresis with a sharp decrease in these properties
occurring upon melting at 𝑇m > 𝑇c. For slower heating rates, crystal growth occurred during heating from
between the glass transition temperature, 𝑇g, and 𝑇c until just before melting at 𝑇m. The presence of an isotropic
surface was found to promote crystallisation in flexible systems that did not crystallise in the bulk, where the
stem mass fraction and 𝑇c increased with the interaction strength between the surface and the polymer beads.
Changes in 𝑇c and degree of crystallinity with cooling rate are consistent with experimental observations.
This model captures polymer crystallisation phenomena and provides insight into heterogeneous nucleation,
demonstrating that strong interfacial interactions promote crystallisation, thus aiding the choice or design of
nucleants for control of polymer crystallisation and microstructure.
1. Introduction

Plastics are used in a wide range of applications including
aerospace, electronics, healthcare technologies and packaging. Plastics
are often made of thermoplastic polymers that are semi-crystalline,
and the crystallinity and microstructure of the polymer influences key
properties of the polymer such as mechanical strength and gas/water
vapour barrier. The properties of polymers are well known to be
modified by adding filler particles. A study of fillers in polyhydrox-
ybutyrate showed that filler surfaces act as nucleants but there were
no clear trends on how particular filler materials or surfaces influence
crystallisation [1]. In order to tailor polymer properties by selecting
appropriate fillers, it is necessary to understand the polymer-filler
interface and how it influences polymer properties such as crystallinity.
Computer simulations can be used to provide insight into the interfacial
properties, including polymer crystallisation and growth. A variety of
computational approaches have been used to study polymer crystal
nucleation and growth in the presence of surfaces [2–8]. Many of these
studies have used molecular dynamics simulations with coarse grained
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(CG) models, such as united atom (UA) models [9] or bead spring
models such as the Kremer–Grest (KG) model [10,11].

A UA model for alkanes was parameterised to study isothermal
polymer crystallisation and growth by Waheed, et al. [2,3] on a corru-
gated surface. A melt system of C20 chains between two surfaces was
quenched to below the melting temperature, and it was observed that
the chains extended and formed an hexagonal packed structure, starting
from the surfaces and growing towards the centre of the cell until the
systems were fully crystalline. This study was extended to longer chains
of length C50 and C100 [3]. In all cases, nucleation occurred at the
surface, however, for the C100 system crystal growth proceeded more
slowly and chains did not fully extend, with defects persisting in all
layers until the end of the simulation.

Yamamoto [4] used a bead spring model to represent polymethylene
for which every bead represented a united atom and each spring
modelled by an harmonic potential to study isothermal crystallisation
from even longer chain systems of C100 and C1000 between two cor-
rugated surfaces. The C100 system was quenched to below the melting
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temperature, and, as in the work of Waheed et al., nucleation occurred
at the surface. However, in these simulations, tapered lamellae were
observed growing towards the centre of the system, which could be
due to the larger system size of 640 chains compared to 40 chain
system of Waheed et al.. The lamella showed thickening growth along
the chain axis as well as perpendicular growth. It was found that the
rate of crystallisation increased with decreasing temperature until it
reached a maximum, where at lower temperatures the chain mobility
was restricted. Similar results were observed for the C1000 system.

A CG model for PVA [12,13] investigated crystallisation under
isothermal and constant cooling conditions in bulk polymer systems.
For a cooling and heating cycle, hysteresis was observed in the volume
per monomer. Increasing chain stiffness acted as a driving force for
lamella formation in the bulk polymer. This model was later used
to study the effect surfaces on polymer crystallisation [8] for chains
exceeding the entanglement weight. It was found that heterogenous
nucleation occurred first, followed by then homogeneous nucleation.
Two stages of homogeneous nucleation were observed, first nucleation
occurred near the walls, then far from the walls, which was attributed
to the longer entanglement lengths in the boundary regions. A similar
effect is seen in a Monte Carlo study of a confined entangled thin
film [14]. In this study nucleation occurred faster for attractive surfaces
than for repulsive surfaces up to a critical interaction strength, beyond
which crystal growth slowed down.

The KG model has been used to study the glass transition in ultra
thin films at a smooth wall [5,6] where it was found that the melt did
not crystallise, which was thought to be due to a mismatch between
the bonded and non-bonded length scales. A study by Mackura and
Simmons [7] did observe polymer heterogeneous nucleation using the
KG model in the presence of an fcc lattice of Lennard-Jones beads,
demonstrating that the KG model can be used to study heterogenous
nucleation in the presence of a structured surface. These studies indi-
cate that a KG model of unentangled polymer chains resist nucleation
and growth in the bulk and also in the presence of smooth surfaces but
does nucleate and crystallise in the presence of a structured surface.

In this work, we use a modified KG model to study the effect of chain
stiffness and surface interaction strength on polymer crystallisation and
nucleation. We first investigate how chain stiffness influences crystal
nucleation in the bulk, and explore how the crystallinity is affected
by cooling and heating cycles. We then choose a chain stiffness that
does not readily crystallise in bulk and study the effect of surface
interaction strength on heterogeneous nucleation. Although previous
studies have investigated how surface-polymer interaction strength af-
fects crystallisation, these have generally been limited to very thin films
where confinement also plays a role. In this study, the bulk polymer
melt is between two filler surfaces whose separation greatly exceeds
the dimension of the polymer chains to avoid confinement effects. In
addition we present heating and cooling cycles in the presence of filler
surfaces, which has studied previously only for a bulk polymer system.
Finally, we discuss the free energy of the system, and compare our
results with experimentally observed phenomenon.

2. Methodology

2.1. Polymer and surface models

We use classical molecular dynamics (MD) simulations to simu-
late polymer crystallisation at a surface. The polymer is represented
by a modified Kremer–Grest (KG) model [10] where parameters and
degrees of freedom are in Lennard-Jones units. In the KG model,
bond stretches are modelled by the finite-elastic-non-extensible spring
(FENE) potential

𝑈bond (𝑟) = −1𝜅r𝑟20 ln

[

1 −
(

𝑟
)2

]

(1)
2

2 𝑟0 r
where 𝑟 is the distance between bonded atoms, and 𝜅r = 30 and 𝑟0 = 1.5
are the FENE parameters.

We have modified the KG model by including an angle bending
potential defined as

𝑈bend (𝜃) = 𝜅𝜃
(

1 − cos
(

𝜃 − 𝜃0
))

(2)

where 𝜃 is the bond angle and 𝜅𝜃 is the angle potential strength, cor-
responding to chain stiffness. The constant 𝜅𝜃 contains the usual factor
of 1

2 as implemented in LAMMPS. Here 𝜃0 = 180o is the equilibrium
ngle in degrees, chosen to favour straight chain segments required for
ucleation.

In the original KG model, non-bonded interactions are represented
y the Weeks–Chandler–Andersen potential, which is a purely repulsive
nteraction between all beads. However, a purely repulsive non-bonded
nteraction can lead to a negative coefficient of expansion [15] and thus
e have used a Lennard-Jones (LJ) potential which is shifted to be zero
t the cutoff distance of 𝑟𝑐 = 2.5. The LJ potential parameters are 𝜖 = 1

and 𝜎 = 1.

𝑈non−bond (𝑟) = 4𝜖
[

(𝜎
𝑟

)12
−
(𝜎
𝑟

)6
]

+ 𝐶 𝑟 < 𝑟c (3)

= 0 𝑟 > 𝑟c

where 𝐶 is chosen such that the potential is zero at the cut off distance,
𝑟c.

The filler surface is represented by an LJ 9–3 smooth wall potential
of the form

𝐸wall(𝑧) = 𝜖w

[

2
15

(𝜎w
𝑧

)9
−
(𝜎w

𝑧

)3
]

(4)

where 𝑧 is the perpendicular distance of the polymer bead from the
wall, the wall potential is cutoff distance is 𝑟𝑐 = 2.5. We set 𝜎w = 1, and
𝜖w was varied to control the strength of the wall-bead interaction. The
smooth walls are placed at the top and bottom of the simulation cell.

2.2. System setup and simulation details

MD simulations were performed using the LAMMPS package [16].
To setup the initial simulation a 20-bead chain is first relaxed in a
vacuum. The coiled chain is then inserted into a cuboidal simulation
box of size 52.040 × 27.903 × 20.155 𝜎3 with a random position and
orientation. This process is repeated until the simulation box contains
800 chains. Periodic boundary conditions were applied in the 𝑥, 𝑦 and
𝑧 directions. For the simulations with filler particle surfaces, walls are
placed at the top and bottom of the simulation box (in the 𝑥–𝑦 plane)

ith periodic boundary conditions applied in the 𝑥 and 𝑦 directions.
To remove high energy conformations the system is relaxed using a

hort NVT simulation at 𝑇 ∗ = 1.2 for 1 × 104 timesteps, corresponding
o 102 𝜏, where

=
√

𝑚𝜎2
𝜖

.

is the LJ unit of time, with 𝑚 = 1 being the mass of a bead. We
use a reduced dimensionless 𝑇 ∗, which is defined as 𝑘B𝑇 ∕𝜖, and from
ere onwards we simply refer to the reduced temperature as 𝑇 . The
VT simulation is followed by an NPT simulation at 𝑇 = 1.2 for a
uration of 1 × 107 timesteps (105𝜏), which is sufficient for the density
nd radius of gyration to reach a steady state. For both the NVT and
PT simulations the temperature is controlled by the Nose–Hoover

hermostat with a damping time set to 2 𝜏. For the NPT simulations
he pressure is controlled by the Nose–Hoover barostat at 𝑃 = 0 with
damping time of 2 𝜏. For the NPT simulations, the simulation box is

ixed in the 𝑦 and 𝑧 dimensions and allowed to vary in the 𝑥 dimension.
o nucleate crystal structures and obtain a crystal temperature, 𝑇c, the
quilibrated system was cooled from 𝑇 = 1.2 to 𝑇 = 0.35 at a cooling
ate of 𝛤 = 10−6 𝑇 𝜏−1 in the NPT ensemble.
0
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Fig. 1. Angle distributions for the 𝜅𝜃 = 4 melt for the start (𝑇 = 1.2) and end (𝑇 = 0.35)
of the cooling run.

2.3. Analysis

Simulations were visualised using VMD [17]. To detect structural
changes that could indicate glass transition or crystallisation the density
and radius of gyration were measured with time. In the literature [18],
authors often use the order parameter P2 as a function of bond vector to
detect the onset of local order. Here we will take a different approach
to detecting ordered regions, but note that similar results should be
obtained for any appropriate method. For a quantitative analysis of
crystal fraction, the number of beads belonging to straight segments
of chains were counted. This approach measures every bond angle, 𝜃,
for every polymer in the simulation and labels the central bead defining
a given bond angle as ‘‘straight’’ if the angle is greater than 𝜃cut = 162◦.
The value of 𝜃cut was selected based on the angle distribution in the
simulation with 𝜅𝜃 = 4 as this system crystallises upon cooling and,
therefore, gives a guide to the angle distribution in both the melt and
crystalline systems. The angle distributions are shown in Fig. 1 for
𝑇 = 1.2 when the system is amorphous, and 𝑇 = 0.35 when the system
is partially crystalline. The selection of 𝜃cut = 162◦ corresponds to the
cross-over in distributions. For a further discussion of the selection of
the cut-off angle, see supplementary information (SI) and Fig. 1 in SI,
where we compare the effect of cut-off angle on stem mass fraction.
We then defined the minimum number of bonds of a ’straight segment’,
which we will label as a ‘stem’, to be five, and the four beads in the
middle of these were counted as belonging to the stem. See Fig. 2 in SI
along with accompanying text for a discussion on why the minimum
number of beads has been selected to be 4. The fraction of beads
belonging to stems is then used to calculate the stem mass fraction,
which is an indication of the degree of crystallinity of the system.
Varying 𝜃cut by ±3◦ changes the measured stem mass fraction but does
not change the temperature at which maximum growth is observed.
Similarly, increasing the number of beads defining a ‘‘straight segment’’
above four leads to a decrease in total stem mass fraction, as expected,
but does not alter the temperature at which the maximum stem growth
rate occurs.

3. Results

In this section we first explore the effect of the bending potential on
the crystallisation of the bulk melt. Once we identify a suitable value
for 𝜅𝜃 that does not readily lead to crystallisation in the bulk, we then
use this model system to explore crystallisation at a surface. We explore
the effect of cooling rate, chain stiffness, and wall interaction strength
on crystal nucleation and growth.
3

Fig. 2. Density as a function of temperature during cooling for different 𝜅𝜃 values.

3.1. Effect of chain stiffness on crystallisation of a bulk polymer melt

In this section we present the properties of polymer melts with
different chain stiffness. Melts of varying chain stiffness were cooled
from 𝑇 = 1.2 to 𝑇 = 0.35 at a rate of 𝛤0 = 10−6 𝑇 𝜏−1. The
density variation with temperature is shown in Fig. 2 and the density
increases as the system is cooled. The glass transition is characterised
by a decrease in the gradient of the density, which occurs around
𝑇 = 0.5 for systems with 𝜅𝜃 ≤ 3. In these systems, the glass transition
temperature, 𝑇g, increases with chain stiffness, which is consistent with
a previous study by Shavit and Riggleman [19], although we note that
an accurate evaluation of 𝑇g would require a more thorough statistical
analysis [20]. The behaviour of the 𝜅𝜃 = 4 system clearly deviates from
the more flexible chain systems by acquiring a pronounced shoulder at
a temperature far higher than the 𝑇g of the other melts.

To understand this behaviour further, we show the variation of the
average chain radius of gyration 𝑅g with temperature in Fig. 3. At
𝑇 = 1.2, melts with stiffer chains (higher 𝜅𝜃 value) exhibit a larger
𝑅g, which is to be expected due to the increased Kuhn (or persistence)
length. The value of 𝑅g then increases as the system is cooled until
the temperature approaches and drops below 𝑇g, where a plateau is
observed and 𝑅g remains approximately constant. For the stiffest chain,
𝜅𝜃 = 4, there is a large step in 𝑅g at around 𝑇 = 0.8, which we note
occurs at the same temperature as the shoulder in the density observed
in Fig. 2.

Next we present the stem mass fraction versus temperature in Fig. 4.
For 𝜅𝜃 = 1, 2 and 2.4 a small stem mass fraction of around 0.02 or less
is measured at the lowest temperature. For 𝜅𝜃 = 3 we see an increase
in stem mass fraction to 0.04 at 𝑇 = 0.35. This slight increase in stem
mass fraction does not coincide with the glass transition observed for 𝜌
or 𝑅g. For the melt with 𝜅𝜃 = 4, there is a pronounced increase in stem
mass fraction, which reaches around 0.38 at 𝑇 = 0.35. This increase
does coincide with the shoulders in density and 𝑅g for this system at
around 𝑇 = 0.8.

These observations indicate clear differences in the behaviour of the
different systems and this is most clearly seen from snapshots of the
systems just after cooling. Fig. 5 shows images for the 𝜅𝜃 = 2.4 and
𝜅𝜃 = 4 melts, at 𝑇 = 0.35. In the 𝜅𝜃 = 4 system, which has a stem
mass fraction of 0.38, ordered regions are clearly visible. Together with
the observed increase in density and 𝑅g, it is clear that this system
undergoes homogeneous crystallisation during cooling. For the 𝜅𝜃 = 2.4
melt, which has a small stem mass fraction of around 0.015 at 𝑇 = 0.35,
we can see that the stems are distributed randomly throughout the
system and not ordered, and therefore, the stem mass fraction is not
an indication of crystallisation in this case. This is also the case for the
bulk systems with 𝜅𝜃 < 2.4. We conclude that for the 𝜅𝜃 = 2.4 bulk
system crystallisation is not observed during cooling.
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Fig. 3. Average radius of gyration as a function of temperature during cooling for
different 𝜅𝜃 values.

Fig. 4. Bead stem fraction as a function of temperature during cooling for different 𝜅𝜃
values.

3.2. Cooling and heating cycle

We now explore the effect of heating the bulk melt systems after
cooling. Fig. 6 shows the density, 𝑅g and stem mass fraction versus
temperature for a bulk melt with 𝜅𝜃 = 2.4 as the system is cooled
from 𝑇 = 1.2 down to 𝑇 = 0.35 and then heated back up to 𝑇 = 1.2
at the 𝛤0 rate. The density curve on heating follows the density on
cooling and 𝑇g ≈ 0.54. The 𝑅g heating curve also follows closely the
cooling curve, except for the region between 𝑇g and 𝑇g + 0.1 where
𝑅g remains marginally higher in value, indicating the chains remain
slightly extended before resuming the chain dimensions observed under
cooling.

During cooling, the stem mass fraction remains close to zero for
temperatures between 1.2 and 0.7. At 𝑇 ≈ 0.7 we observe a gradual
increase in stem mass fraction until it arrests at around the glass
transition temperature. A very slow growth in stem mass fraction
is observed below the glass transition, which is attributed to local
rearrangements. At 𝑇 = 0.35 the stem mass fraction is just above
0.01, which corresponds to randomly distributed stem segments as
discussed above. During heating the stem mass fraction follows the
cooling curve, with a rapid decrease above 𝑇g, which slows as the
temperature increases.
4

Next we perform the same cooling and heating protocol on a bulk
melt with 𝜅𝜃 = 4, shown in Fig. 7. As for the 𝜅𝜃 = 2.4 system, initially
there is very little change in stem mass fraction on cooling until 𝑇 ≈ 0.8,
when the stem mass fraction sharply increases to around 0.25 before
resuming a gradual increase at 𝑇 ≈ 0.7, and reaches about 0.38 at 𝑇 =
0.35, which exhibits ordered crystalline regions as presented previously
in Fig. 5(b).

On heating from 𝑇 = 0.35, all three physical quantities initially
retrace the respective cooling curves until above 𝑇 ≈ 0.7 where the
cooling and heating curves begin to deviate. For instance, the density
only slowly decreases until 𝑇 ≈ 1.05, when it undergoes a sharp
decrease that corresponds to crystal melting. Interestingly, 𝑅g and the
stem mass fraction both increase between 𝑇 = 0.74 and 𝑇 = 0.86.
Between 𝑇 = 0.86 and 𝑇 = 0.95 a gradual decrease in stem mass fraction
is accompanied by a slow down in the rate of increase of 𝑅g. Between
𝑇 = 0.95 and 𝑇 = 0.97 growth in stem mass fraction proceeds before
giving way to decline and then melting.

This crystal growth during heating, which is facilitated by an in-
crease in mobility of chain segments before melting occurs, is observed
experimentally as cold crystallisation. Hysteresis effects in polymer
crystallisation during cooling and heating at constant rate have been
previously observed for a coarse-grained PVA model [13] and a slight
increase in long range ordering was also observed for one system just
before melting occurred. Hysteresis is also seen in plots of specific vol-
ume for weakly entangled polymer melt simulations in [21], although
we note that surfaces were not present in this study.

It is clear that crystallinity in the system leads to a strong hysteresis
where the melting and crystallisation temperatures do not coincide. We
note that we do not observe hysteresis for the 𝜅𝜃 = 2.4 melt in Fig. 6.
We conclude that the 𝜅𝜃 = 2.4 system does not readily crystallise during
cooling, which make this system a suitable choice to study the affect of
a filler surface on crystal nucleation.

3.3. Effect of a surface on crystallisation

We now study the effect of a filler surface, using the smooth wall
potentials at the top and bottom of the simulation cell. The wall
interaction strength was initially chosen to be 𝜖 = 1.8. As before, the
system was equilibrated at 𝑇 = 1.2, then cooled from 1.2 to 0.35 at a
cooling rate of 𝛤0, and then heated back up to 1.2 at a heating rate of
𝛤0. Fig. 8 shows 𝜌, 𝑅g and stem mass fraction versus temperature for
cooling and heating.

During cooling, the density, radius of gyration, and stem mass
fraction all exhibit a marked increase at 𝑇 ≈ 0.66 marked with a
blue vertical line in Fig. 8, which corresponds to the crystallisation
temperature 𝑇c. At approximately 𝑇 = 0.55 the density shows an
inflection corresponding to 𝑇g. When the system is cooled to 𝑇 = 0.35
the stem mass fraction reaches its maximum value of around 0.12. On
heating the system, the curves initially retrace the cooling curves, but
above 𝑇g the heating curves start to deviate from the cooling curve. The
stem mass fraction undergoes a significant increase starting between 𝑇g
and 𝑇c until around 0.75, when it starts to decline before the melting
onset at approximately 𝑇 = 0.78. 𝑅g also slightly increases until around
0.75, as the chains become further extended during crystal growth.
Similarly to the 𝜅𝜃 = 4 bulk system, the observed hysteresis appears
to be a signature of crystallisation.

The simulation snapshots in Fig. 9 show the stems in the systems,
providing further insight into this hysteresis effect. Fig. 9a) shows the
stems during cooling at 𝑇 = 0.7, and they are mostly randomly ordered
in the centre of the simulation cell except for a few chains that are
aligned with the surface. At 𝑇 = 0.35, crystalline regions are seen at
the surfaces in Fig. 9b), demonstrating that the surface has induced
nucleation. During subsequent heating back up to 𝑇 = 0.7 we can see
in Fig. 9c) that the crystalline areas have further grown, facilitated by
the increase in chain mobility above 𝑇 .
g
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Fig. 5. Simulation snapshots only showing stems in the (a) 𝜅𝜃 = 2.4 and (b) 𝜅𝜃 = 4 bulk systems at 𝑇 = 0.35, respectively. The absence of order of stems is clear in the 𝜅𝜃 = 2.4
system.

Fig. 6. Cooling and heating cycle for the 𝜅𝜃 = 2.4 system. The vertical line indicates the approximate glass transition temperature 𝑇g.

Fig. 7. Cooling and heating cycle for the 𝜅𝜃 = 4 system. The blue and red vertical lines indicate crystallisation and melting temperatures, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



Polymer 281 (2023) 126113D. Wadkin-Snaith et al.
Fig. 8. Density 𝜌, radius of gyration 𝑅g, and stem mass fraction vs temperature for the 𝜅𝜃 = 2.4 system between two walls. The black, blue and red lines indicate the approximate
𝑇g, 𝑇c and 𝑇m, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. The stems of the 𝜅𝜃 = 2.4 system at (a) 𝑇 = 0.7 during cooling, (b) 𝑇 = 0.35 and (c) 𝑇 = 0.7 during heating.
In the snapshots in Fig. 9, the crystalline regions resemble the
early stages of lamella formation. The shape of the crystalline region,
particularly at the top surface, is similar to that observed in simulations
of polyethylene crystallisation [22] and PVA in a confined system [8],
where the width of the lamella structures correspond to stem lengths.
We observe that, while chains belonging to lamella lie flat against the
filler surface, the orientation of a given lamella appears to be random.
We note that while corrugated or structured surfaces may give rise
to specific crystal orientations, the smooth surface used here enables
various orientations.

The effect of cooling rate on crystallisation temperature is shown in
Fig. 10. For the highest cooling rate, 10𝛤0 we can see that the stem mass
fraction undergoes only a very small growth, and reaches only about
0.02 at 𝑇 = 0.35. Conversely, the slowest cooling rates give the system
time for crystal growth, and at 𝑇 = 0.35 the stem mass fraction reaches
around 0.40. We also see changes in the crystallisation temperature 𝑇c,
with 𝑇c appearing to occur at higher temperature for slower growth
rates, consistent with a previous simulation of PVA homogeneous crys-
tallisation [13] and experimental observations. Recently the effect of
cooling rate on nucleation in paraffins [23] was studied, albeit for a
melt, where it was found that above a threshold cooling rate the system
does not nucleate crystal structures.
6

Fig. 10. Variation of stem mass fraction with cooling rate for the 𝜅𝜃 = 2.4 system with
a wall interaction strength of 𝜖w = 1.80.
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Fig. 11. Cooling and heating cycle for the 𝜅𝜃 = 2.4 system with a wall interaction
strength of 𝜖w = 1.8. The blue curve is cooling at a rate of 𝛤0 from a melt state at
𝑇 = 1.2 to 𝑇 = 0.35. Starting from this state, the system is then heated from 𝑇 = 0.35
to 𝑇 = 1.2 at rates of 𝛤0 and 2𝛤0. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 12. Stem mass fraction vs temperature on cooling and then heating for different
surface interaction strengths, 𝜖w, using a cooling rate of 0.5𝛤0.

The effect of heating rate on melting temperature and hysteresis is
shown in Fig. 11. The system is first cooled from a melt state at 𝑇 = 1.2
to 𝑇 = 0.35 at a cooling rate of 𝛤0, as shown in Fig. 10, and this is then
used as the starting point for two heating simulations from 𝑇 = 0.35
to 𝑇 = 1.2 at rates of 𝛤0 and 2𝛤0. The variation of stem mass fraction
with temperature for these simulations is shown in Fig. 11. For both
heating rates, we observe crystal growth between 𝑇 ≈ 0.65 to 𝑇 ≈ 0.75.
Both heating rates show a strong hysteresis effect and melting occurs at
approximately the same temperature. This crystal growth on heating is
similar to experimentally observed cold crystallisation, where samples
are observed to crystallise further on heating between 𝑇g and 𝑇m.

Now we investigate the effect of varying the wall interaction
strength, 𝜖w. In Fig. 12, we show cooling curves for three different
surface interaction strengths, 𝜖w = 0.9, 𝜖w = 1.8 used in the previous
surface simulations, and 𝜖w = 2.7. To allow for greater crystal growth,
the systems were cooled from 𝑇 = 1.2 to 𝑇 = 0.35 at a rate of 0.5𝛤0.

The weakest surface interaction strength of 𝜖w = 0.9 shows an onset
of crystallisation at 𝑇c ≈ 0.65 and reaches a stem mass fraction of about
0.12. Doubling the interaction strength to 𝜖w = 1.8 has an earlier onset
of crystallisation and almost doubles the final stem mass fraction to
7

around 0.22. Further increasing the wall strength to 𝜖w = 2.7 has an
even earlier onset of crystallisation and increases the crystal fraction
amount to around 0.41. The increase in crystallinity with increasing
surface interaction strength is in agreement with a Monte Carlo study
of isothermal crystallisation [24].

These findings are in agreement with those of Luo and Sommer [8]
who found that heterogeneous nucleation occurred at a higher 𝑇c than
homogeneous nucleation. They attributed this acceleration in nucle-
ation at the surface to an increase in entanglement length at the surface
and crystallisation as a partial disentanglement process. However, we
note that in our simulations the 20-bead chains are only comparable
to the entanglement length and yet we also observe a higher 𝑇c for
the surface system. Instead, we rationalise our results in terms of the
attractive wall potential lowering the free energy barrier to nucleation.
Fig. 3 in the SI shows the stem mass fraction during cooling for 40-
bead chains. The total stem mass fraction measured here is lower than
that measured for 20-bead chains, although the temperature at which
maximum growth is measured is the same for both chain systems. This
supports our decision to study the 20-bead chains to understand the
influence of a filler surface on nucleation.

We consider a schematic of the free energy vs temperature for melt
and crystal systems in Fig. 13. First, we consider the bulk system in the
absence of a surface, represented in Fig. 13a). At high temperatures,
far above 𝑇g and 𝑇m, the polymer chains are in a melt state. As the
temperature is lowered, the free energy of the melt increases and at
𝑇m the melt and crystal free energies cross over. However, on cooling,
the system will typically overshoot this cross over as there is a barrier
to chain straightening and crystallisation. Instead, the system will
continue to cool in the melt phase until it forms a small crystal nucleus.
If the nucleus is larger than the critical nucleus size then the crystal
will grow and the free energy of the system will drop towards that
of the perfect crystal free energy, corresponding to the crystallisation
temperature 𝑇c. For a faster cooling rate the system does not have
sufficient time to overcome the barriers and nucleation and growth will
occur at a lower 𝑇c. At very high cooling rates, the melt will not have
sufficient time to crystallise at all, and at 𝑇g will enter a glassy state,
as we have seen in the simulations of the bulk polymer.

Now we consider the addition of a surface, which is known to
facilitate heterogeneous nucleation. The attractive surface interaction
lowers the free energy of the crystal nucleus at the surface so that
nucleation and growth occurs at a higher 𝑇c. In addition, the barrier
to nucleation is lowered at the surface, due to the chain alignment as
seen in Fig. 9. As the surface interaction increases, the free energy of
the nucleus decreases, so that the crossover with the melt free energy
occurs at higher 𝑇c.

4. Conclusions

In this work we studied polymer heterogeneous nucleation using
molecular dynamics simulations of a modified Kremer–Grest model.
We first explored how chain stiffness influenced homogeneous nucle-
ation and found that stiffer chains crystallised more readily than more
flexible chains. For a system with stiff chains, it was observed that
upon cooling the density, radius of gyration and stem mass fraction all
sharply increased at temperature 𝑇c, then continued to slowly increase
upon further cooling. Upon subsequent heating the stem mass fraction
initially decreased, following the cooling curve, until between 𝑇g and
𝑇c when it started to increase due to crystal growth, showing a strong
deviation from the cooling curve, before melting at 𝑇m. For the more
flexible systems, a very small increase in stem mass fraction was
observed, but the heating curve followed the cooling curve, and it was
concluded that hysteresis could be used as a signature of crystallisation.

To investigate heterogeneous nucleation we selected a chain stiff-
ness that did not readily exhibit homogeneous crystallisation. Cooling
and heating cycles showed hysteresis, clearly demonstrating that the
surface induced nucleation. Snapshots revealed that the crystal regions
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Fig. 13. Schematic of melt and crystal free energies as a function of temperature. (a) shows the behaviour of 𝑇c with cooling rate, and (b) shows the behaviour of 𝑇c with surface
interaction strength 𝜖w. For chains with stiffness 𝜅𝜃 = 2.4 the glassy region begins at approximately T = 0.51, which marks the high temperature boundary of the glassy state.
occurred at the surfaces and resembled lamella-like structures. The
cooling rate was varied and it was found that slower cooling rates
resulted in a higher 𝑇c and also in a significantly higher stem mass
fraction, which is consistent with experimental observation. A slower
heating rate gave an increased crystal growth rate below 𝑇m. The
polymer-surface interaction strength was varied, and it was found that
increasing the interaction strength, resulted in an increase in 𝑇c, and a
significant increase in stem mass fraction.

In summary, we have shown that this polymer model system can
capture essential polymer behaviour including homogenous and hetero-
geneous nucleation, enabling a deeper insight into how filler particles
control polymer crystal nucleation. This will pave the way to the design
of filler particles that can be tailored to tune plastic properties for use
in specific applications.
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