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ABSTRACT: Molecular-dynamics simulations are employed in
order to study the flow-induced crystallization (FIC) of isotactic
polypropylene from a supercooled state at different temperatures.
The study found that FIC displayed the highest rate at a
temperature range of Tmax = 330−360 K. By applying the mean
first passage time method, the pre-nucleation, nucleation, and
growth stages were successfully identified. The pre-nucleation stage
was thoroughly examined, and multiple phenomena were observed,
including unexpected strain hardening in the vicinity of Tmax and
the formation of high ordering areas that acted as nuclei precursors
with limited motion along the tensile direction. Additionally, a non-
uniformly slowed segmental relaxation was noted, which suggested
the existence of cooperative rearranging regions, the percolation of which could potentially explain the strain hardening effect.
Furthermore, the size of the critical clusters at the nucleation point was independent of temperature. Finally, stable clusters grew and
merged, resulting in the formation of a shish network.

1. INTRODUCTION
Understanding flow-induced crystallization (FIC) of polyolefins
is a crucial step in the development of more sustainable plastic
packaging materials.1 Currently, the films used in the food
industry have rather high performance in terms of toughness,
thermal resistance, and barrier properties.2 However, large
amounts of these films produced today cannot be recycled
because of their multimaterial composition.3 Commonly, metals
and polymers of different chemical constitution are used in order
to ensure good performance.4 Thus, the development of
environmentally more friendly “monomaterial packaging”
solutions is highly desirable. “Monomaterial” here does not
necessarily imply a single layer made of macromolecules of
precisely the same chemical constitution and architecture, but
rather a single or multiple layer(s) made of macromolecules of
similar chemical constitution that may be recycled in a blended
state.5−7 The key element for tailoring monomaterial film
properties is their morphology.

Morphology describes the size, shape, orientation, spatial
arrangement, and connectivity of amorphous and crystalline
regions spotted in semicrystalline films. By imposing flow,
morphology and the macroscale properties of these materials
can be altered significantly.8 Commercially, flow is applied to
cast or blown films using a carefully designed apparatus made by
rolls, known as machine direction orientation (MDO).9 During
the MDO process, the semicrystalline film is heated to a
temperature close to the melting temperature of the polymer,
and then it is uniaxially stretched at a draw ratio close to 10, or
even more in some cases.10 Finally, the film is thermally treated

in order to lock the new properties obtained from the stretching.
This process has been proven to have a strong effect on the
microstructure transformation from spherulitic to fibrillar and11

enhances barrier properties9 and tensile strength at break.10 In
the laboratory scale, it has been shown that by applying
elongational flow with high strain rate to a supercooled melt at a
temperature close to the melting point, not only morphology is
affected, but kinetics as well, resulting in an increase of up to 6
orders of magnitude of the crystallization rate and in an ultrahigh
performance.12

In addition to imposed flow, temperature can also affect the
mobility of the chains, their orientation, and straightening. For
instance, during the MDO process, the drawing stage is taking
place at a temperature range above the α-relaxation temperature
of the crystalline phase, where slip processes in the lamellae are
activated.13 Due to slipping, the lamellar crystals composing a
spherulite can fragment and undergo a transformation to a shish-
kebab structure.14 Especially the size of the kebab structure
heavily depends on the mobility of the chains and, thus, the
temperature.15 Additionally, flow at higher temperatures has a
weaker effect on the elongation of the polymer chain than that at

Received: May 11, 2023
Revised: October 18, 2023
Accepted: October 23, 2023
Published: November 3, 2023

Articlepubs.acs.org/Macromolecules

© 2023 The Authors. Published by
American Chemical Society

8417
https://doi.org/10.1021/acs.macromol.3c00916

Macromolecules 2023, 56, 8417−8427

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

T
U

 E
IN

D
H

O
V

E
N

 o
n 

D
ec

em
be

r 
15

, 2
02

3 
at

 0
9:

19
:2

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikolaos+I.+Sigalas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stan+A.+T.+Van+Kraaij"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexey+V.+Lyulin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.3c00916&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00916?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00916?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00916?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00916?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00916?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/56/21?ref=pdf
https://pubs.acs.org/toc/mamobx/56/21?ref=pdf
https://pubs.acs.org/toc/mamobx/56/21?ref=pdf
https://pubs.acs.org/toc/mamobx/56/21?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


lower temperatures. Therefore, temperature can be crucial for
the elongation of a supercooled polymer melt as well and
subsequently for the nucleation and the final crystalline
structure. Such an effect was reported by Okada et al.,16 who
showed that the emergence of nano-oriented crystals (NOCs)
during FIC of isotactic polypropylene (iPP) is possible only
within a specific temperature range (150−167 °C) close to the
iPP equilibrium melting point (187 °C). So, the processing
parameters can be crucial for the final performance of the
polymer film.

In order to be able to tailor the final properties of the film, the
intermediate stages of crystallization should be well-known.
Normally, crystallization has been characterized as a multistep
process.17 As far back as in the late 1990s, density fluctuations
prior to crystallization under quiescent conditions were
reported,18,19 while later research20,21 showed evidence that a
mesomorphic structure precedes the well-defined lamellar
crystal. Even if the exact structure of the mesophase still remains
an open question, progress has been made toward under-
standing the different stages of the formation of such precursor.
More specifically, Li et al.22 described four different stages
during FIC of partially cross-linked iPP: conformation order,
density fluctuation, orientation order, and crystal order. The
sequence of the stages is not exact, and it seems that it depends
on the processing conditions. For instance, it has been reported
that, under low shearing conditions, conformation order comes
first, followed by density fluctuation and orientation order, while
under strong shearing, conformation order and orientation
order take place at the same time.23 The latter is supported
further by An and colleagues24,25 who reported that the iPP
helical segments can stabilize and increase their lifetime
synergistically by forming helical bundles.

In this work, a systematic molecular-dynamics study of FIC in
iPP starting from a supercooled melt at different temperatures is
presented. Focus is placed on the early stages of FIC prior to and
slightly after nucleation. Kinetics of FIC are obtained using the
mean first passage method, which has already been used for
various systems, such as argon vapor,26 n-eicosane,27,28 and
polyethylene.29 Yamamoto30 also studied the FIC of iPP, but for
an unentangled polymer melt. In the present study, longer,
entangled iPPmelts have been considered, in order to mimic the
polymer structure of experimental samples. A dynamic analysis
of the polymer on different spatial scales is included as well.

The review is organized as follows. In Section 2, the models
and the molecular-dynamics simulation details are described. In
Section 3, results on the kinetics and structural and dynamical
properties of iPP during FIC are presented at different
temperatures. Finally, in Section 4, the conclusions of this
study are drawn, and possible next steps are discussed.

2. MODEL AND SIMULATION DETAILS
2.1. Model and Simulation Process. Our goal was to

study the effect of temperature on the FIC of iPP using
molecular-dynamics simulations. For this purpose, an iPP melt
of 20 chains of 2000 monomers per chain was simulated. An iPP
monomer comprised a methyl group (CH3), a methylene group
(CH2), and a methine group (CH) in the united atom
representation where carbons and hydrogens are fused into
one single united atom.We used the TraPPE-UA force field, that
was initially developed by Martin and Siepmann31 and then
modified by Pütz et al.,32 to describe all the bonded and
nonbonded interactions between different groups. The intra-
molecular nonbonded interactions are calculated only for united

atoms that are four or more bonds apart. It should be noted that
charges are not taken into account. TraPPE-UA has been
extensively used in crystallization studies of polymers with a
focus on the interphase properties of semicrystalline iPP33 and
on the FIC of both polyethylene34 and iPP.30 Ranganathan et
al.35 have claimed that TraPPE-UA is promising for the
investigation of semicrystalline polymers with diverse branching
architecture as well. Comparing TraPPE-UA to other united
atom force fields,36 it has been proven that TraPPE-UA
reproduces better thermodynamic properties like density and
thermal expansion coefficient in the melt and in the glassy
state.37

All the simulations were performed with Gromacs software
package version 2020.3.38 The first step was to create the initial
configuration of the system with 100% isotacticity using the
Materials and Process Simulations (MAPS) platform developed
by Scienomics.39 After that, the iPP melt was equilibrated at 500
K, above the melting temperature Tm of high molar mass iPP
reported as 460 K.40 The equilibration was completed in three
different steps: (1) an energy minimization, using the steepest
descent algorithm which converged when the maximum force
was smaller than 10 kJ/(mol nm); (2) a simulation in the
canonical ensemble (NVT), which lasted for 5 ns using the
velocity rescaling thermostat with time constant τ(T) = 0.5 ps;
(3) a simulation in the NPT ensemble, which lasted for 1.5 μs
using the Nose−́Hoover thermostat with time constant τ(T) =
0.5 ps and the Parrinello−Rahman barostat41 with time constant
τ(P) = 5 ps. After the equilibration, five different configurations
were extracted from the trajectory produced at step three at not
equidistant times (100.0, 230.0, 456.0, 601.5, and 750.5 ns). All
the configurations had a characteristic ratio of C∞ = 6.4, close to
the computational value that was estimated for well relaxed
single unperturbed iPP polymer chains using the TraPPE-UA
force field.42 The five configurations were cooled with a cooling
rate of 1 K/ns to the desired temperature. In total, 40
equilibrated systems were studied at eight different temperatures
from 350 to 420 K with step 10 K, five systems at each
temperature. Finally, each iPP supercooled melt was submitted
to a simulation in theNeẋxPyyPzzT ensemble with strain rate eẋx =
107 s−1 and Pyy = Pzz = 1 bar, which lasted for 200 ns. All of the
simulation boxes were stretched three times their initial lengths
along the x axis. For all the simulations, a Verlet neighbor list for
Lennard-Jones interactions was used with cutoff distance for
short-range neighbor list rlist = 1.4 nm. In addition, a plain cutoff
with an unmodified van der Waals potential was used with tail
corrections for energy and pressure. The cutoff distance for van
der Waals interactions was 1.2 nm.
2.2. Orientation Order Parameter along the Tensile

Direction. In order to quantify the chain orientation, we focus
on the orientation of local chord vectors along the tensile
direction. Specifically, we created chord vectors connecting
backbone united atoms that are six bonds apart. Then, the
orientational order parameter along the tensile direction is
calculated as a Legendre polynomial of second order

P
3cos 1

2x2,

2
=

(1)

where θ is the angle between a chord vector and a unit vector
along the tensile x direction. The P2,x is averaged over all chord
vectors in the simulation box.
2.3. Helical Sequence Length. For the estimation of the

length of the helices, what constitutes a helical segment must be
defined. An iPP helical segment comprises five backbone atoms
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and can be either left-handed (LH) or right-handed (RH). To
define a helical segment, first of all, we calculate all the dihedral
angles ϕ along the backbone of the chains according to IUPAC
convention.43 Then, we characterize the dihedral angles as trans
(180 ± 30°), gauche+ (−60 ± 30°), and gauche− (+60 ± 30°). A
segment that consists of five backbone atoms is characterized
further as RH or LH, if a sequence of (trans)(gauche+) or
(gauche−)(trans) is spotted, respectively. Finally, the weight-
averaged value of the length ⟨lh⟩30 of these helical segments has
been measured as

l
n l l

n l l

( )

( )
l

l
h

h h
2

h h

h

h

=
(2)

where lh is the length of some particular helical sequence and
n(lh) is the number of helical sequences with length lh.
2.4. Crystallinity. Crystallinity is measured according to

Yamamoto.30 Briefly, having defined a helical segment, we can
calculate its position and direction. Then, two helical segments
are considered parallel if:

(i) they form an angle less than 30°;
(ii) their distance along the tensile direction is less than p

2
,

where p is the pitch per monomer which is equal to one-
third of the length of the helical repeat unit p nm0.65

3
= ;

(iii) their distance perpendicular to the tensile direction lies in
between 1.4σ and 1.9σ, where σ = 0.395 nm is the distance
at which the Lennard-Jones potential energy for CH2
united atoms becomes zero.

Helical segments that have two or more neighbors are
considered crystalline. Crystallinity χc is defined as the ratio of
crystalline atoms over the total number of atoms. Moreover, if
two crystalline segments are within a radial distance of 1.8σ, then
they are considered to belong to the same cluster. In this way, the
number and the size of clusters can be calculated.
2.5. Mean First Passage Time Method. A mean first

passage time (MFPT) analysis can be applied to the largest
cluster of the system nmax according to Yi et al.29

n Z n n

G n n C n n

( ) 0.5 1 erf( ( ))

0.5 ( ) 1 erf( ( ))

max max

1
max max

= *[ + * ]

+ * [ + * ] (3)

where MFPT τ(nmax) is defined as the time at which a crystalline
cluster of size nmax appears for the first time in the bulk, τ* is the
nucleation time, n* is the critical nucleus size, G is the growth
rate, Z is the so-called Zeldovich factor, which is the probability
that a nucleus at the top of the barrier will stabilize instead of
dissolving, and C is a constant chosen equal to a large positive
value.29

MFPT is a method in which nucleation is perceived as an
activation process with an energy nucleation barrier. There is a
reaction coordinate that determines the state of the process,
which is the cluster size in our case. The main assumptions for
this method are26

1. The process is a steady-state process.
2. The energy barrier is relatively high.

The steady-state process is defined as a condition in which the
net rate of growth of clusters of one size to the next larger size is
the same for clusters of all sizes. In other words, the distribution
of the cluster sizes for clusters smaller than the critical size will
not change with time. This assumption holds also for the present
study, for which the nucleation is homogeneous. On top of that,

the simulation box is large enough for the small unstable clusters
to grow independently before they reach their critical size.
Moreover, the MFPT with respect to the reaction coordinate,
i.e., the cluster size, exhibits a sigmoidal shape. The plateau value
of this graph is related to the critical nucleation time. In order to
accurately extract this time, the nucleation and growth must be
distinct over time, meaning that the nucleation barrier should be
high. In cases that the nucleation is not the rate limiting step, the
nucleation time still can be extracted as it was showed by
Wedekind et al.,26 but care should be taken on the estimation of
the rates. Yi et al.29 recently tried to tackle this problem by
adding an extra term to account for finite crystal growth rate,
when the condition of the high energy barrier is not applied. The
latter extension is given in eq 3. Overall, the MFPT is a well-
defined method and it is usually preferred over other methods as
discussed by Chkonia et al.44 and it has been extensively used for
different systems under both quiescent and flow conditions.23,45

2.6. Pre-nucleation Stages. In order to capture the
behavior of the system at the pre-nucleation stages, we
distinguish the united atoms in two classes, “nucleating” and
“melting” atoms. Specifically, we choose a configuration of the
system after the nucleation time at the so-called classification
time tc and the atoms that are crystalline and belong to a
crystalline cluster are tagged as “nucleating”, while the rest of the
atoms in the amorphous phase are tagged as “melting”. Then, we
go backward in time and keep these specific tags for each atom.
In this way, we can spot from t = 0 ns up to t = tc, which atoms are
going to nucleate.

Having classified the atoms, we measured the orientational
order parameter along the x axis of both the “nucleating” and
“melting” groups. For each atom, we calculate a local order
parameter P2,x(local) defined as the average order parameter P2,x
(eq 1) of all of the chord vectors within a radial distance rOP =
1.6σ from the center of each atom. Finally, we average the local
P2,x(local) for all of the “nucleating” and all of the “melting” atoms,
separately. The same procedure is used for the orientational
order parameters along the y and z axis, P2,y(local) and P2,z(local),
respectively.

3. RESULTS AND DISCUSSION
3.1. Equilibration. The iPP box of 20 chains of 2000

monomers per chain was equilibrated at 500 K, a temperature
above the experimental melting point for high molar mass iPP at
460 K,40 for a simulation time of 1500 ns. The method used for
generating the initial structure, following the work of Theodorou
and Suter,39 and the subsequent three step equilibration process
described in Section 2, resulted in an iPP conformation
representative of a melt with an average characteristic ratio C∞
= 6.0 ± 0.4, measured in equilibrium conditions. Experimental
C∞ = 6.246 and simulation C∞ = 6.442 values are in good
agreement. The simulated melt is highly entangled with
entanglement molecular weight Me = 3092 g/mol (74
monomers per entanglement), which was estimated by using
the CReTA (Contour Reduction Topological Analysis)
algorithm.47 Eckstein et al. calculated the entanglement
molecular weight for iPP Me = 5100−5500 g/mol48 (121−130
monomers per entanglement). The underestimated value ofMe
in the present study in comparison to the experimental value can
lead to a higher stress localization, although it still has a
reasonable value. Additionally, the density was measured as
764 kg

m3 , in good agreement with experimental results

( )710 764 kg
m3 .49
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After the equilibration was completed, five different
configurations were extracted from the whole trajectory. Each
configuration was further cooled and uniaxially stretched up to
strain ϵ = 2 at temperatures ranging from 350 to 420 K, as
described in Section 2, above the glass transition temperature Tg
= 305.6 K estimated with a cooling rate equal to 0.1 K/ns (see
Supporting Information). The divergence of the estimated glass-
transition temperature from the experimental valueTg = 272 K50

can be attributed to the ultrafast cooling rates used in

simulations. All of the properties that are calculated below
have been averaged over five different simulations at each
temperature. For the favor of the furthering discussion, the
temperatures are divided into three categories: low (350−370
K), medium (380−390 K), and high temperatures (400−420
K). We should stress that our simulations probe a wide
temperature range, above the glass transition temperature and
below the melting temperature, where the crystallization rate is
expected to exhibit a maximum. Especially temperatures close to

Figure 1.MFPT τ(nmax) is plotted against the cluster size nmax for two different temperatures (a) 370 and (b) 410 K. In each panel, the different colored
symbols [circle (green), rhombus (pink), square (red), triangle (blue), and asterisk (black)] represent simulations starting from a different initial
configuration in the ensemble NeẋxPyyPzzT at equal strain rate and temperature. The data points are fitted with solid lines using eq 3 from Section 2.5.
Both graphs are divided in three regions marked by dotted frames: (I) pre-nucleation (II) nucleation (III) growth.

Figure 2. Temperature dependence of (a) nucleation time τ*, (b) growth rate G, (c) critical nucleus size n*, and (d) Zeldovich parameter Z which
were extracted using eq 3. For all the variables at each temperature, a mean value is averaged over five simulations and is plotted together with its
standard deviation.
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the glass transition temperature are not easily accessible
experimentally for studying FIC given that iPP crystallizes
upon cooling way before flow has any effect.51 Previous studies
on the FIC of iPP focused at temperatures from 423 to 440 K.16

3.2. Kinetics of iPP Crystallization. In order to study the
kinetics of FIC, the MFPT method was used.29,44 In essence, for
each simulation run, the MFPT τ(nmax) was recorded when a
cluster of a specific size nmax emerged for the first time. The
uniaxial stretching simulations of the present study lasted in total
200 ns, and the coordinates of the united atoms were recorded
every 50 ps. Then, the cluster sizes were divided into small bins
of 10 atoms. In each bin, the MFPT was averaged out. In Figure
1, the MFPT τ(nmax) is plotted vs nmax at two temperatures 370
and 410 K. For each temperature, the data from five different
simulations are plotted and fitted by eq 3. In Figure 1a,b, three
different regions can be distinguished: (I) pre-nucleation, (II)
nucleation, and (III) growth. During the pre-nucleation stage,
small unstable clusters start to emerge. Some of the small
clusters reach the size of the critical nucleus, and either they
surpass it and nucleate or dissolve into the melt. At the
nucleation point, the clusters have increased up to the size of a
stable nucleus. This step is a critical step for crystallization after
which the growth of crystal starts. During growth, amorphous
chain segments from the surrounding melt are incorporated in
the crystal phase. The growth rate and the final size of crystals
depend on various parameters. In this study, the temperature
dependence of the nucleation time τ*, growth rate G, size of
critical nucleus n*, and Zeldovich parameter Z were
investigated. We summarize the main findings below:

• The relationship between nucleation time τ* and
temperature exhibits a different trend below and above
390 K (Figure 2a). Below 390 K, τ* remains relatively
constant, with a range from 60 to 80 ns. However, above
390 K, τ* increases much faster to values up to 160 ns at
420 K. This reflects the fact that nucleation becomesmore
difficult when supercooling is decreased. The observed
temperature dependence of τ* is also consistent with
experimental observations on iPP under quiescent
conditions,52 with the transition temperature occurring
at 390 K, above which the nucleation time begins to
increase significantly.

• Both previous experimental53 and some simulation
studies54 have shown that the growth rate G of the
crystallized polymeric material exhibits a bell-shaped
dependence on temperature with a maximum value
observed below the melting point. However, in our
simulations, no such maximum value was clearly observed
(see Figure 2b) within the temperature range of 350−420
K. Instead, G increased with temperature above 390 K,
while below 390 K, G exhibited variations without any
abrupt changes. A maximum could be possibly observed if
we would study temperatures closer to the melting point.
The melting point of oriented melt is estimated to be
approximately 50 K above55 the melting point of the
isotropic melt of iPP Tm = 460 K.40 The studied
temperature range in the current simulations, 350−420
K, is far away from themelting point of FIC around 510 K.
It should be taken into account, however, that at the
highest temperature, T = 420 K, nucleation could be
barely observed within a simulation of 200 ns when the
sample had already been stretched to strain ϵ = 2. Study of

temperatures closer to the melting point would require
much larger systems and larger ϵ.

• Both critical nucleus size n* and Zeldovich parameter Z
exhibit a weak temperature dependence. Specifically, n*
ranges from 120 to 160 atoms, with an average value of
140 atoms across all temperatures. Meanwhile, Z hovers
around 0.007, which suggests that approximately 0.7% of
the precursor clusters will become stable nuclei.

3.3. Dynamics of Supercooled iPP Melts. By analysis of
the kinetics of FIC, nucleation events and growth could be
clearly distinguished at different temperatures. It has been
shown that, by imposing flow, the nucleation time τ* is increased
by many orders of magnitude in comparison to quiescent
conditions.12,52 It should be noted, however, that the strain rate
ϵẋx used in this study is very high in comparison to experiments
and τ* can be affected by ϵẋx. It has been proven that ϵẋx of the
order of few s−1 has barely any effect on the crystallization of
iPP,12 while for the ultra fast ϵẋx, iPP can exhibit a glassy
behavior. It is important to verify whether some polymer
segments do relax within the simulation deformation time and
on which scale.

For this reason, we studied the polymer relaxation for
supercooled iPP polymer melts before any further crystallization
analysis. We performed an NPT simulation for 100 ns for the
same iPP system that it was described in Section 2, at
temperature range from 350 to 420 K. The focus is paid on
chain and segmental dynamics that were estimated through the
reorientation of the polymer chain end-to-end vectors and Kuhn
segments, respectively, while results on the displacement of the
united atoms are presented as well. The polymer chain end-to-
end vector connects the first and the last united atom of a chain,
while a Kuhn segment comprises 4 monomers. The
reorientation was quantified using the second order Legendre
autocorrelation function

t tb bACF ( )
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2

3 ( (0) ( )) 1P
2

2
= [ · ]

(4)

where b is the unit vector along either an end-to-end vector or a
vector connecting backbone atoms that are eight bonds apart (4
monomers). The autocorrelation functions were fit by a
stretched exponential Kohlrausch−Williams−Watts (KWW)
function56
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where a is the amplitude of the initial fast exponential decay,
τKWW is the characteristic relaxation time, and β is the stretching
exponent. The relaxation time τKWW of the end-to-end vectors
exceeds 30 μs for all the temperatures from 350 to 420 K, being
significantly slower in comparison to the 100 nsd

1

xx
= = . This

indicates that certainly within this temperature range, chains as a
whole do not relax within the reported τd and viscous flow of the
material is suppressed. The polymer exhibits either an elastic or a
glassy behavior in the temperature range 350−420 K and this is
determined by the local relaxation of the Kuhn segments and the
united atoms which is fast enough in order to affect the behavior
of the material. The average relaxation time of the Kuhn
segments τKuhn, which is calculated using eqs 4 and 5, is found to
be in the scale of 1 ns at high temperatures (400−420 K),
significantly smaller than τd. At medium (380−390 K) and low
temperatures (350−370 K), τKuhn increases by 1−2 orders of
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magnitude, respectively, and becomes comparable to τd. The
relaxation of the individual Kuhn segments displays a nonuni-
form behavior throughout the entire polymer supercooled
liquid, and this behavior is more pronounced at low temper-
atures (see Supporting Information). A further quantification of
the heterogeneous local dynamic behavior is the estimation of
the non-gaussian parameter α2(t) of the individual united atoms.
In the case that the distribution of the individual united atom
displacements diverge from a Gaussian shape, α2(t) is nonzero
and peaks at the time which signifies the transition from the cage
to the subdiffusive regime of the mean squared displacement
⟨Δr(t)2⟩.57,58 Thus, α2(t) and ⟨Δr(t)2⟩ were also calculated for
the supercooled iPP polymer melts at temperatures ranging
from 350 to 420 K and their time dependence is depicted in
Figure 3a,b, respectively. The colored dots correspond to the
caging time, which was estimated as the time when α2(t) peaks.
It can be seen in Figure 3a that the caging time increases upon
decreasing the temperature from 420 to 350 K, approximately 1

order of magnitude, from 0.02 to 0.37 ns, respectively. In Figure
3b, the purple curve which corresponds to the lowest
temperature equal to 350 K has two distinct regions: the caging
region from 0.01 to 0.37 ns and the subdiffusive region from 10
to 100 ns. From 0.37 to 10 ns, the transition between the two
regions takes place: change in slope. In the subdiffusive region,
⟨Δr(t)2⟩ scales with time as ∼t0.5. As temperature increases, the
two regions are becoming less distinct.

The emergence of this dynamic heterogeneity can be
explained by the fact that the structural relaxation takes place
in collectively rearranging regions (CRRs) that strongly diverge
in size.59 The existence of CRRs does not necessarily imply that
the polymer is in the glassy regime. As was shown, the
deformation time τd exceeds the caging time and becomes
comparable to the average relaxation time of Kuhn segments
τKuhn at low temperatures. Glassy behavior arises when the local
relaxation of the individual units, i.e., Kuhn segments or smaller
units, is significantly larger than the deformation time τd. So, we

Figure 3. Time evolution of (a) non-gaussian parameter α2(t) and (b) mean square displacement ⟨Δr(t)2⟩ calculated for all the united atoms in the
simulation box for temperatures ranging from 350 to 420 K. The colored dots indicate the caging time which was calculated from the time at which
α2(t) peaks.

Figure 4. (a) Stress σxx along the tensile direction, (b) orientational order parameter P2,x along the tensile direction, (c) Crystallinity χc, and (d) average
helical sequence length ⟨lh⟩ plotted vs the engineering strain ϵ. The simulation lasted 200 ns. All the variables are averaged out of five simulations and
are plotted at different temperatures from 350 (violet) to 420 K (red) as solid lines together with their standard deviation. The arrow points toward the
direction of the temperature increase.
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can assume that iPP is in the rubbery regime. The fact that
different local domains exhibit different dynamic behavior can
still affect the mechanical response and the nucleation, as is
discussed in Section 3.7.
3.4. Mechanical and Structural Characteristics of FIC.

Next we describe the results of mechanical response, orientation,
crystallinity, growth of helices, and cluster number. In Figure 4a,
the stress along the tensile direction σxx is plotted against the
engineering strain ϵ at different temperatures. Initially, the
elastic response, σ ∼ ϵ, can be spotted within 2% of deformation.
It is less prominent at high temperatures. The elastic response
can be attributed to the hard degrees of freedom of the polymer
small backbone segments rotation (e.g., bonds, Kuhn segments),
bending, torsional movement, etc. Young’s modulus E was also
measured in the linear elastic region. At low temperatures, E
ranges from 0.2 to 0.4 MPa, and then it decreases to 0.1 MPa at
medium temperatures and drops below 0.05 MPa at high
temperatures. Experimental data have shown that E for rubber
typically ranges from 0.01 to 0.1 MPa. So, as temperature
increases, the polymer behavesmore as a soft rubber. At the yield
point, stress relaxation is observed due to segmental rotation.
After the stress has relaxed for some time, strain hardening is
observed only for low and medium temperatures. Especially for
low temperatures, the strain hardening takes places way before
the nucleation point, while at medium temperatures, it starts
close or even after the nucleation point. At high temperatures,
even if nucleation has occurred, stress exhibits a rather linear
behavior.

The alignment of the polymer chains along the tensile
direction is clearly visible, as shown in Figure 4b. The
orientation of the chains was measured locally, as described in
Section 2. At low temperatures, P2,x increases considerably
during the pre-nucleation stage. It should be noted that the slope
of the curve is constantly decreasing, revealing that orientation
of the chains becomes more difficult with the increase of strain.
The final value of P2,x is close to 0.5 for low temperatures,
indicating that the polymer is aligned along the tensile direction,
while at high temperatures, P2,x drops below 0.3.

Additionally, the crystallinity χc is plotted in Figure 4c. It can
be seen that there is a lag time for all of the temperatures before
χc starts to increase, while it increases considerably only after the
nucleation time. It should be noted that the method we are using
slightly overestimates χc, which is above zero at zero strain,
contrary to what was expected given that the polymer is in a
supercooled amorphous state. Moreover, at medium and high

temperatures, a rise in temperature leads to a lower χc. At low
temperatures, the curves overlap, indicating that the effect of
temperature is negligible.

The average helical sequence length ⟨lh⟩ develops similarly to
χc; see Figure 4d. At zero strain and low temperatures,
supercooled melts are richer in lengthier helices than the
supercooled melts at high temperatures. At small strains below
0.3, there is no change in the length of helices regardless the
temperature. Only after some time does ⟨lh⟩ increase with strain
before nucleation.

Besides, in order to gain some insights into the morphology of
iPP upon FIC, a cluster analysis is performed. Upon
crystallization, clusters of different sizes were developed and
we distinguished the clusters in two different categories: small-
sized clusters (50−150 atoms) and large-sized clusters (>150
atoms). Clusters below 50 atoms are too small, and they are not
taken into account. As shown in Section 3.2, the critical size of
the clusters for all of the temperatures fluctuates around 120−
160 atoms. So, it is safe to assume that clusters below 150 are
considered unstable and that is why they are tagged as small-
sized. In Figure 5a,b, the number of small-sized clusters NS and
the number of large-sized clusters NL are plotted, respectively.
Overall, when NS increases during the pre-nucleation stage, it
reaches a plateau value after nucleation, and then decreases. The
decrease is clearly observed for low and medium temperatures,
and it is due to the merger of small-sized clusters into the large-
sized clusters. In the meantime, at the nucleation point, NL also
starts to increase. It can be seen thatNL exhibits a maximum and
then decreases as well due to merging of large-sized clusters with
each other. It is important to note that at high temperatures
despite the existence of clusters, strain hardening could not be
observed at all within 200% elongation.

This is also depicted in the snapshots of the iPP during FIC at
370 K at different strains in Figure 5. Specifically, during the pre-
nucleation stage at ϵ = 0.2 (Figure 6a), there are a few sparse
small-sized clusters depicted in light blue and at the nucleation
point (Figure 6b), large-sized clusters appear for the first time,
depicted in red. At higher strains (Figure 6c), the small-sized
clusters start to be depleted, and the large-sized clusters also
merge with each other. Finally, at strains around 200%, a
percolated network of clusters has been formed which has the
structure of a shish morphology. All the clusters are oriented
along the tensile direction. Following Dargazany et al.,60 we have
assumed that the semicrystalline samples created in this work are
in the stage of the fibrillar crystal formation.

Figure 5. Cluster number of (a) small-sized clusters NS and (b) large-sized clusters NL plotted against the engineering strain rate ϵ. The simulation
lasted for 200 ns. The small-sized clusters range from 50 to 150 atoms, while the large-sized clusters comprise more than 150 atoms. NS and NL are
plotted at different temperatures from 350 K (violet) to 420 K (red) as solid lines together with their standard deviation. Each solid line was extracted
by averaging five different simulations at each temperature.
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3.5. Preordering. The local orientational order parameter
P2,i(local) for two groups of atoms, “nucleating” and “melting”,
along the i ∈ {x, y, z} axis was quantified as described in Section
2. The classification time at 370 K, i.e., the time at which we
classify the atoms in two groups, was chosen as 85 ns. The
sensitivity of the analysis on the classification time is presented
in the Supporting Information. In Figure 7a, the difference of the
local orientational order parameter between these two groups
Δ(P2,i(local)) along i ∈ {x, y, z} is depicted for a single simulation
in theNeẋxPyyPzzT ensemble at 370 K. It can be seen that P2,x(local)
increases during the pre-nucleation stage. This reveals that the
nucleating atoms have a higher ordering along the tensile axis (x
axis) than do the melting atoms prior to nucleation. On the
contrary, melting atoms are more aligned along the y and z
direction. Moreover, the difference of the velocity Δ(ui)
between the “nucleating” and “melting” atoms along the i = x,
y and z axis is plotted in Figure 7b. The velocity for each group
was calculated as an average over all of the “nucleating” and

“melting” atoms every 5 ns, respectively. It can be seen that the
difference of the velocity along the x axis Δ(ux) acquires negative
values after 25 ns, while Δ(uy) and Δ(uz) increase. This means
that the “nucleating” atoms are less mobile along the tensile
direction, and their mobility increases perpendicular to the
tensile direction with respect to “melting” atoms.

Overall, it can be said that there are areas of increased ordering
prior to nucleation. The mobility of the atoms within these areas
is restricted along the tensile direction, and it increases in the
transverse direction. It has been shown in a previous dynamic
Monte Carlo study61 for a polymer system upon cooling that
ordered polymer segments are less mobile and move together in
the same direction in a correlated fashion. Based on this, we can
assume that the polymer segments in the ordered regions
cooperatively rearrange themselves along the transverse
direction, in which direction they align parallel to each other
and in the end crystallize. We also tried to calculate the Voronoi
volume and compare the values for the two groups, but no clear
trend could be extracted. On top of this, the exact sequence of
conformation order, density fluctuation, and orientation order
as it was described by Li et al.22 could not be extracted. For the
rest of the temperatures, Δ(P2,i(local)) and Δ(ui) exhibit similar
behavior as at 370 K.
3.6. Crystallization Rates. Finally, the overall crystalliza-

tion rate was measured. To extract the crystallization rate, five
simulations per temperature were performed from 320 to 420 K
with step 10 K for 400 ns in theNeẋxPyyPzzT ensemble with strain
rate eẋx = 107 s−1, as it was described in Section 2. The time
evolution of crystallinity χc for certain temperatures is plotted in
Figure 8a up to the cavitation point. Crystallization rate is
described by the half time of the crystallization process, meaning
the time for half of thematerial to have transformed into crystals.
Though, in the present study due to cavitation, none of the
graphs seems to exceed the value of χc = 0.4. Cavitation, which
was inevitable due to the high strain rate eẋx = 107 s−1, takes place
later in time at higher temperatures in comparison with lower
temperatures. Previous molecular-dynamics studies on poly-
ethylene under tensile deformation62 have shown that cavitation
can be avoided by repeating melting/recrystallization events
using a lower strain rate eẋx = 5 × 106 s−1. We also studied FIC of
iPP under eẋx = 5 × 106 s−1, but the formation of cavities at low
crystallinity values was inevitable (see Supporting Information).
For this reason, the crystallization rate was estimated as the
inverse of the simulation time (tχdc=0.2)

−1 at which χc needs to

Figure 6. Snapshots of the iPP deformed box during FIC at 370 K (a) ϵ
= 0.3, (b) ϵ = 0.7 (nucleation point), (c) ϵ = 1.5, and (d) ϵ = 2. In each
snapshot, the large-sized clusters (red), the small-sized clusters (light
blue), and the amorphous phase (ice-blue) are depicted.

Figure 7. Time evolution of the difference of the (a) local orientational order parameter (ΔP2,i(local)) and (b) velocity Δ(ui) between “nucleating” and
“melting” atoms along the x (black square), y (red circle), and z (blue triangle) direction. Both plots are extracted from a single simulation in the
NeẋxPyyPzzT ensemble at 370 K with strain rate 107 s−1. The differences are plotted up to nucleation point τ = 75 ns at 370 K, which was extracted using
the MFPT method.
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develop up to 0.2. The crystallization rate maximum lies in
between 330−360 K and from 370 K onward, the curve starts
decreasing (Figure 8b). Under quiescent conditions, Magill52

has reported a maximum crystallization rate within 333−343 K,
while Mubarak et al.63 estimated the maximum crystallization
rate at about 346 K.

The crystallinity measured prior to cavitation for the
semicrystalline iPP samples produced at different temperatures,
as was described, ranges from 0.30 to 0.36. Semicrystalline iPP
cast films64 and extruded sheets,65 which were uniaxially drawn
after their fabrication, exhibit crystallinity values ranging from
0.35 to 0.4 and from 0.25 to 0.6, respectively. Liu et al.66 also
reported for semicrystalline stretched iPP samples degrees of
crystallinity varying from 0.25 to 0.4. It seems that the simulation
results are consistent with the experimental values. However, in
this study, flow is applied to supercooled melts, and there are
only a few experimental studies that have reproduced a process
like this. The difficulty lies on the fact that experimentally
crystallization takes places before flow has any effect, e.g., in cast
or blown films processing, a spherulitic structure has been
created before any stretching. In 2010, Okada et al.12 succeeded
for the first time in realizing a strong melt elongation by
developing a new compression method for iPP at 423 K. They
reported that the nucleation rate increased drastically comparing
to quiescent conditions and that crystals were formed at 1 ms,
while the crystallization was completed at 4 ms�an MD
simulation span the time scale of ns. The final crystallinity
fraction was 0.92. In the current study, it would be rather difficult
to reach such high crystallinity values taking into consideration
the small time scale and the low stretch ratio compared to the
aforementioned study. Lower stretch rates and longer annealing
times can drastically enhance the degree of crystallinity. It
should be noted that previous simulations studies reported
crystallinity values for iPP equal to 0.25.30

3.7. Percolation of Cooperatively Rearranging Re-
gions.Upon cooling, dynamic heterogeneity emerges, meaning
that the polymer segments do not relax uniformly throughout
the polymer bulk.59 This was evident in the present study by
measuring the reorientation relaxation time of Kuhn segments
which increases drastically and exhibits a nonuniform behavior
upon decreasing the temperature. The non-gaussian parameter
was also found to be nonzero indicating that the united atoms

are trapped in cages formed by their neighbors, which can vary in
size. As predicted by the Adams-Gibbs theory,67 dynamic
heterogeneity is directly related to the variation of the size of the
cooperatively rearranging regions (CRRs). Within CRRs, the
movement of the polymer segments along certain directions is
believed to be hindered,61,67 as it was shown in the present study
as well, if we suppose that the high ordering areas discussed in
Section 3.5 identify with the CRRs. On top of this, due to this
structural relaxation, the mechanical response of the segments
within CRRs can be drastically affected. At low temperatures
(350−370 K), where the crystallization rate maximum is
observed, the dynamic heterogeneity is more prominent than
at higher temperatures, meaning that the size of CRRs is larger.67

A percolated network of CRRs in the supercooled state could
possibly explain the strain hardening effect before nucleation
(Figure 4a). At high temperatures (400−420 K), the size of
CRRs is smaller and the dynamic relaxation of the local segments
is significantly faster, explaining the negligible stress values
despite the presence of nuclei.

4. CONCLUSIONS
We have performed molecular-dynamics simulations to study
the FIC of iPP in a wide temperature range below the melting
temperature of the isotropic melt Tm = 460 K40 and above the
estimated glass-transition temperature Tg = 305.6 K. It has been
shown that iPP crystallizes within a few ns using a strain rate ϵ ̇
equal to 107 s−1 and the temperature Tmax at which the
crystallization exhibits a maximum was found in the range of
330−360 K, in good agreement with experimental results for
quiescent conditions. In the vicinity of Tmax, a strain hardening
was observed prior to nucleation, which coincides with the
increase in the relaxation time of Kuhn segments as temperature
decreases. Relaxation of Kuhn segments can be slowed down
with decreasing the temperature due to increased cooperativity.
Additionally, during the pre-nucleation stage, areas of high
ordering were spotted. Within these areas, polymer segments
move preferably perpendicular to the tensile direction in order
to reorient themselves and, at the end, crystallize by forming a
shish structure.

An immediate objective for future work is a deeper
understanding of the high ordering areas during the pre-
nucleation stage. In essence, are these high ordering areas

Figure 8. (a) Time evolution of crystallinity χc at different temperatures in theNeẋxPyyPzzT ensemble. The colored points signify the time at which the
density decreased abruptly, indicating cavitation. The dashed line is drawn at χc equals 0.2. (b) Temperature dependence of the crystallization rate,
which was estimated as the inverse of the simulation time (tχdc=0.2)

−1 at which χc equals 0.2. The error bars represent the standard deviation which was
estimated from five simulations starting from a different initial sample at each temperature.
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connected to the CRRs predicted by the Adams-Gibbs theory?67

What is the topology of the CRRs and can the topology explain
the maximum in the crystallization rate? On top of that, a study
of the effect of strain rate on Tmax would be of great importance.
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