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ABSTRACT: In order to elucidate the effect of shear and cooling process on structural, thermomechanical, and physical properties
of polymer melt, excess entropy, a thermodynamic quantity is calculated from radial distribution function generated from
equilibrated parts of the molecular simulation trajectories. The structural properties are calculated, which includes the density of
polypropylene melt, end to end distance, radius of gyration of the polypropylene polymer chain, and monomer−monomer radial
distribution function. Non-equilibrium molecular dynamics simulation was employed to investigate the role of the applied shear rate
on the properties of polypropylene. Furthermore, a range of cooling rates were employed to cool the melt. Thermomechanical
properties, such as Young’s modulus, and physical properties, such as glass transition temperature, were determined for different
cases. Results showed that slow cooling and high shear substantially improved the Young’s modulus and glass transition temperature
of the i-PP. Furthermore, a two-body contribution to the excess entropy was used to elucidate the structure−property relationships
in the polymer melt as well as the glassy state and the dependence of shear and cooling rate on these properties. We have used the
Rosenfeld excess entropy−viscosity relationship to calculate the viscous behavior of the polymer under a steady shear condition.

1. INTRODUCTION
Today, it is well-accepted that the complex flow behavior of
polymeric liquids emerges from the large range of time and
length scales that describe the morphology of these systems.1

Also, to achieve the target for technological or industrial
requirements in polymer engineering, it is largely depends on
the manipulation of mechanical and thermal properties of the
polymer.2 Therefore, predicting the behavior of polymeric
systems to an applied shear rate requires a fundamental
understanding of the mechanism that occur across various time
scales.3,4 Focusing, in particular, the rate of cooling and the
applied shear rate are the two main factors that influence the
industrial process of producing the polymer end-products. This
explains why many experimental studies have been conducted
in the past to examine the effect of the above-mentioned factor
(shear rate and cooling rate) on various morphological
properties of the polymers.

Isotactic polypropylene (i-PP), a thermoplastic semicrystal-
line polymer with high consumption due to its well-balanced
physical and mechanical properties and outstanding processing
efficiency at a low cost, has been the most inventive and fastest
growing polymer. Semi-crystalline characteristic and tunable
properties of i-PP make it suitable for automobile, packaging,
consumer goods, fibers, and medical industries.5,6 The alpha
(α) form of i-PP is often exposed to shear flow and cooling
process during processing that accelerates the morphological
changes in the polymer structure that leads to the improve-
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ment in the properties of the end-product,7 and this became
the motivation behind choosing the α form of i-PP in the
current simulation study.
For instance, in injection molding, high shear rate and rapid

cooling near the mold wall combine to produce highly oriented
layers close to the surface. The temperature affects the rate of
morphological changes during the production process of
polymer with the fastest rate occurring in the temperature
range between the glass transition temperature (Tg) and
melting temperature (Tm).

8,9 Scientists and researchers have
become increasingly interested in studying the morphology of
polymers during the past few years, and sufficient work is still
being put into this field of study.10’

11 Many researchers have
examined the mechanical characteristics of i-PP using
experimental techniques such as wide-angle X-ray scattering,
electron microscopy etc.,12 and concluded that the crystal
phase, its molecular weight, and the spherulite size are the
important factors to decide the mechanical properties of semi-
crystalline polymers. Guan et al. has studied the structural,
thermodynamic, and kinetic behavior of various chain lengths
of polypropylene during the heating and cooling process. The
results showed that the remarkable stability of amorphous
PP1000−PP3000 is due to low molecular mobility and large
entropy.13

Effective transition from design to production of engineering
materials, such as polymers, is typically a time-consuming and
costly process that necessitates an iterative search for a specific
microstructure to meet targeted properties while balancing
various constraints such as material availability, manufactur-
ability, and production cost. The significance of computers in
materials design has grown significantly in recent decades
owing mostly to the rapid expansion of computing power and
more precise and efficient computational algorithms. Nowa-
days, computing methodologies are routinely utilized to
develop knowledge and anticipate diverse material properties.
The bottom-up approach of large-scale phenomena in
polymers needs effective simulation techniques, for instance,
molecular dynamics (MD) simulations. Such simulations will
not only help us understand structure−property relationships
but also allow us to pick and optimize fundamental
components to improve their attributes and maximize their
performance. Furthermore, analyzing the mobility of individual
molecules as well as their individual atomic segments under
flow is necessary to comprehend the physical processes that
take place on various time scales. Without a doubt, MD
simulations serve a critical role in aiding the understanding of
atomic-level experimental data. However, it is important to
keep in mind that, in comparison to the number of degrees of
freedom inside molecular systems of interest, experimental
data are typically relatively restricted.14 Molecular simulations
using non-equilibrium MD (NEMD) offers a practical
alternative to experiment by allowing important calculations
of morphological and configurational features of the molecular
system.15 Additionally, these computational investigations offer
meaningful interpretations and explanations of microscopic
and macroscopic features of materials that have been
experimentally observed. With more computational power,
MD simulations can, therefore, aid in the design and
development of new materials. The below paragraphs discuss
how different researchers have investigated the properties of
polypropylene by looking at its density, radius of gyration, self-
diffusivity, glass transition temperature, and Young’s modulus.

Determination of the dynamical property (e.g., self-diffusion
coefficient) of polymer using molecular simulation techniques
has been used in recent times. The simulation study of
polypropylene melt using Monte Carlo simulation (Mw = 9900
g/mol) by Ernst16 reveals that the relative magnitude of the
rate of diffusion follows the amount of molecular weights
which indicates that the molecular weight effect dominates the
stereochemical effect in the simulation. Logotheti et al. has
developed an atomistic model to find out the properties of
isotactic PP melts using MD simulation in the isothermal−
isobaric (NPT) ensemble and calculates the structural,
dynamical, volumetric, and conformational properties of i-PP
having a degree of polymerization 76 (molecular mass: 3208

g
mol

). Dynamic behavior was investigated by systematically
mapping the atomistic MD trajectories onto the Rouse model.
The normal-mode analysis confirmed that the Rouse model
accurately describes long length scale chain dynamics, and the
value of self-diffusion coefficient were also calculated from the
mean square displacement (MSD) of the chain centers of mass
in the long-time.17

In the past decade, some molecular simulation studies have
been conducted to understand the mechanical behavior of i-
PP. For example, Qian and Ludovice18 calculated the density
and Young modulus of i-PP under various operating
circumstances using the constant stress MD approach.
However, this strategy was hampered by the inherently
small-time scale. Furthermore, Boland et al.,19 studied
polypropylene’s morphological and dynamical properties. In
another work, Kitamura et al.,20 examined the elasticity of
polypropylene under various temperatures and strain rates. In
addition, they suggested the Mises and Tresca criterion to
calculate the yield stress in the uniaxial and biaxial stress states.
In a recent study, Kim et al.,21 used experiment and molecular
simulation to study the impact of initial crystallinity and
operating temperature on the mechanical characteristics of the
i-PP polymer. Simulation models were built by using a
combination of crystalline and amorphous layers to adjust the
degree of crystallinity. According to their findings, as
temperature increased, the elastic modulus of the i-PP models
decreased, whereas the yield strength and Young’s modulus
enhanced as crystal concentration increased.
Glass transition temperature (Tg), the most significant single

descriptor of semicrystalline polymers, is another crucial
polymer physical characteristic. The type of usage for a
polymer is determined by the value of this parameter. It is
anticipated that the selection and design of novel materials
would greatly benefit from the ability to precisely estimate
values of Tg from the chemical structure of the polymer
through simulations. Han et al.22 were the first who used
molecular simulation approach to calculate the Tg of several
amorphous and semi crystalline polymers using v−T curves
obtained from MD simulation data. Subsequently, Yu et al.,
investigated the role of chain flexibility and side groups on
glass transition of polymers using all atom simulation.23 They
concluded that key roles are played in the glass transition
process by energy elements like torsion energy and nonbonded
energy. Furthermore, Yang and co-workers24 investigated the
various glass transition properties of atactic polypropylene bulk
and freestanding thin films. Glass transition temperature was
reported to be 364 K, which is significantly higher than the
value reported in experimental studies.
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However, the above studies predicted a considerably higher
value of Tg. This was probably due to the very fast cooling rates
employed in MD simulations compared to experiments.
Further experimental studies revealed that very fast cooling
rates significantly increased the apparent Tg value.

25,26 Han et
al.22 concluded that the Tg values calculated in simulation
using the v−T graph would still be relatively high in
comparison to normal experiments even if MD simulations
accurately depict the equilibrium melt and the start of
vitrification at this time scale.22 Therefore, the well-known
Williams−Landel−Ferry (WLF) equation was recommended
in some research to shift Tg to experimental cooling rates in
order to account for the fast cooling observed in the MD
simulations. In a recent MD study of starch, the Tg obtained
from simulation was scaled using this equation to the Tg
determined at an experimental cooling rate.27

Due to the difficulties in directly calculating the transport
properties of soft matter systems, alternative techniques for
their estimation have developed. One approach is to establish
relationships between transport properties and thermodynamic
parameters.28 Rosenfeld worked in this direction and derived
the relationship between reduced viscosity and excess entropy
which depends on the argument that shows a macroscopic
description of the soft matter systems like polymers.29,30

Voyiatzis et al. investigated whether the transport properties of
a real polymer scale with its excess entropy. In their simulation
study, four unentangled polyethylene systems (no chains
equals 25, 50, 100, and 150) over wide temperature ranges
were considered and they look at the scaling of global transport
properties like viscosity and diffusion coefficients, as well as
segmental ones like bond and torsional relaxation times. They
have concluded that the Rosenfeld relationship is a much
better approach for polymer chains in melt state (Rouse
regime).31,32 Rondina et al. further investigated the link
between the acceleration of dynamics caused by coarse-
graining and the corresponding changes in excess entropy
across different coarse-grained resolutions. Their findings for
bead-spring models of polymer at various resolutions showed
that the impact of coarse-graining in chain dynamics can be
connected with the change in excess entropy for unentangled
polymer melts, not just fluids of small molecules or hard sphere
models, as previously discussed.33

By manipulating certain parameters like glass transition
temperature (Tg) and Young’s modulus, we can improve the
end use as Tg and Young’s modulus of i-PP can be tuned by
cooling/annealing and shear flow rates. For example, in an
experimental study, Koscher and Fulchiron, showed that
Young’s modulus of i-PP can be improved by increasing the
shear rate.34 Moreover, Kalay and Bevis demonstrated an
increase in Young’s modulus from 2079 to 2600 MPa for
moldings generated via shear-controlled orientation injection
molding process.35 Generally, shear flow can cause several
unique phenomena in polymeric or macromolecular liquids,
such as phase transitions, strain hardening, replication,
crystallization, and melting point increases.36 Despite major
breakthroughs in experimental technique development over
the years, an explanation of these phenomena in terms of the
microscopic processes following flow applications remains
elusive. NEMD simulations offer a viable path in this direction
since they allow one to track dynamics over a range of time
scales (from times corresponding to the motion of individual
monomers to times corresponding to the dynamics of entire
chains). As a result, it is not surprising that much effort has

been expended in recent decades to develop rigorous NEMD
algorithms guided by non-equilibrium statistical mechanics
principles, appropriate boundary conditions for systems
subjected to elongation, and shear consistent with those
encountered in real experiments.37 We note that many
investigations have been done on simple model polymers
like polyethylene, leaving many other polymers (e.g.,
polypropylene and polystyrene) with more complex chemical
structures relatively unexplored. Therefore, MD simulation
techniques are employed in this work to study the effect of
different shear and cooling rates on the microscopic behavior
of the α form of i-PP as only few studies have been conducted
in the past.
The crystallization process in i-PP is generally known to be

sluggish, and most of the time polymer remains in semi
crystalline morphology even under processing conditions.
Generally, polymers do not crystallize easily upon cooling to
the solid state as this requires substantial long-range ordering
of the highly coiled and entangled chains present in the liquid
state. Essential conditions for the onset of crystallization are
the presence of high-density active nuclei or the availability of a
crystal structure at the substrate surface. In this study, we are
not considering any presence of active nuclei. Therefore, for
the sake of simplicity here, we are considering only the ordered
structure formation during the shear and cooling process.
However, it is quite possible that the crystal content in the
system will enhance. As observed in experiments, processing
conditions substantially alter the structural, mechanical, and
physical properties of the polymer. Here, we anticipated a local
ordering of the polymer under processing conditions that leads
to changes in the properties of the polymer. To control the
qualities of products, it is crucial to understand this local
ordering or rearrangement of the polymer chains. This is a very
practical aspect of this work. In this work, one of the aims is to
examine how the structural, mechanical, and physical
characteristics of polymers vary when shear and cooling is
applied. Furthermore, we investigated the thermodynamic
changes behind these variations that can be helpful in
understanding the process much better.
In this study, we employed a thermodynamic approach,

wherein we utilize the two-body contribution to the excess
entropy to elucidate the influence of shear flow and cooling
rates on structural, thermomechanical, and physical properties
of i-PP. It is widely accepted that shear flow and cooling rates
have a significant impact on physical properties of polymer. To
understand this, we performed NEMD simulation to
incorporate the shear flow. Particularly, three distinct shear
rates were used, which is followed by quick, medium, and slow
melt cooling. The density, radius of gyration, and end-to-end
distance were calculated at three different shear rates and
cooling rates, which accounts for the structural property of i-
PP. Moreover, to comment on the structural properties of i-PP
melts, the monomer−monomer radial distribution function
(RDF) g(r), which is informative about intermolecular
correlations and bulk packing, was calculated around the
center carbon attached to the functional group. To look into
the dynamics of i-PP, the self-diffusion coefficient is calculated
at 450 K from the MSD curve. Thermal properties such as a
glass transition are important in selecting materials for end-use
applications. The transition from glassy (amorphous) solid to
rubbery (viscous liquid) occurs at Tg, which is affected by a
variety of factors such as structural changes in molecules due to
shear flow and cooling rate which is studied in this research
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work. Furthermore, Young’s modulus (Ei) for the frozen
structures of i-PP was determined from a series of deformation
simulations in which strain was applied by stepwise uniaxial
extension or compression. In addition, Rosenfeld excess
entropy−viscosity relationship is utilized to investigate the
viscous behavior of polymer melt under a steady shear
condition.

2. METHODS
2.1. Model Systems and Initial Preparation. The aim of

this work is to understand the thermodynamics of variation in
thermomechanical and physical properties of polymer under
processing conditions using MD as well as NEMD simulations.
We use i-PP polymer (molar weight of 4200 g/mol) chains
having 100 repeating units {CH2CH(CH3)}. To enable
sampling of equilibrium trajectories in an acceptable amount
of simulation time, the molecular weight of i-PP was chosen to
be just below the entanglement length. The methods to
prepare the initial structures of i-PP have been described in our
previous work.38 All MD simulations were performed using the
GROMACS-2020.4 MD simulator.39,40 For all-atomistic
simulations, we have used CHARMM36 FF.41,42 Initially, a
single i-PP chain was equilibrated in the vacuum. Furthermore,
PACKMOL software was used to pack 40 polymer chains in a
box. For all simulations, a time step of 2 fs was used and a
threshold of 1.2 nm was used for VdW interaction with a force-
shift of 1.0 nm, while PME ( )accuracy10 2 kcal

mol
was used for

long-range Columbic interactions. Then, the i-PP melt which
consists of 40 chains of polymer was equilibrated at 450 K.
Most populated equilibrated structures of i-PP were used to
prepare the initial configurations of the i-PP melt comprising
120 chains (108,240 atoms). Four structures, with two sets of
polymer chain configurations and two velocity seeds for each
set, were simulated. Velocity-rescale thermostat (τT = 0.1 ps)
and Berendsen43 barostat (τP = 2.5 ps) were used in
equilibration simulation to control the temperature and
pressure, respectively, while Parrinello−Rahman44 barostat
(τP = 3.0 ps) was employed for property calculation trajectory.
We equilibrated the system at 450 K which is well above the
equilibrium melting temperature (396.4 K) of i-PP. Figure 1a
shows the structure of the 120 i-PP chains after the execution
of an equilibrium simulation.
Furthermore, the temperature was subsequently cooled to

180 K using various cooling rates. To find out the
morphological properties of the i-PP melt system, a cubic
box type was defined and we have minimized the structure to

avoid any geometric inappropriateness. Furthermore, a NVT
equilibration was performed to maintain the temperature of
the system using velocity rescaling for 500 ps and a simulated
annealing process took place during NPT equilibration of the
melt system for 20 ns to achieve the local equilibrium by using
Berendsen barostat. After making constant temperature and
pressure of the system, MD production run was performed for
100 ns with a time step of 2 fs at a temperature of 450 K.
2.2. Shear and Cooling Simulations. Followed by

equilibration, a series of shear and cooling simulations were
conducted to investigate the effect of shear flow and cooling
rate on various properties of the i-PP melt. To ensure that
system is in proper melt condition, the temperature was well
above the melting point of i-PP. Semicrystalline polymers are
extensively used in the polymer industry, and their crystallinity
and morphology have a considerable effect on their mechanical
and morphological characteristics. The morphology of these
materials is influenced by several parameters, including the
polymer’s atomic structure, its thermal history, cooling rates,
the presence of additives, and the melt’s flow conditions during
processing.45

To investigate the impact of shear rates, NEMD simulations
were performed in the NPT ensemble. Four distinct well
equilibrated initial structures from four sets of equilibrium
simulations were simulated. Each system comprises 120 chains
with an average box size of 20.172 nm × 7.748 nm × 7.307 nm
along the x, y, and z directions, respectively. In order to
minimize system size effects, we kept the box size sufficiently
enlarged in the flow (x-) direction. We employed three distinct
shear rates (γ̇i) of 2.62 × 108, 5.24 × 108, and 7.86 × 108 s−1
[corresponding to the highest value of Weissenberg no as
55.02, which is in the range of Wi ∈(1100)] determined from
the deform velocities of 0.002, 0.004, and 0.006 nm/ps,
respectively (see Table 1).46−48 Furthermore, the effect of
cooling rates is explored by quenching the system after shear
simulations. During the cooling process, the i-PP melt was
cooled from 450 to 180 K by using different cooling rates
ranging from 50 K

ns
(fast cooling), 5 K

ns
(medium cooling), and

1 K
ns
(slow cooling).49

2.2.1. Property Calculation. We computed the structural,
dynamic, thermodynamic, and thermomechanical properties of
i-PP by performing periodic annealing simulation, followed by
a lengthy simulation (∼300 ns) coupled to V-rescale
temperature at 450 K and Parrinello−Rahman barostat at 1
bar. Four repeat simulations were used to calculate all of the
properties. The probability distributions for the radius of
gyration and end-to-end distance of i-PP were determined
from the trajectory of the last 50 ns. To investigate the
dynamic response of i-PP, the self-diffusion coefficient of i-PP
was calculated from the slope of the MSD plot. Some of the
important properties calculated for the polymer system are
described below.
2.2.2. Excess Entropy. To understand the ordered structure

of the polymer solid, the two-body (pair correlation)
contribution to conformational excess entropy, s2, from the
total RDF for polymer monomer−monomer beads, G(r).
Excess entropy is defined as the difference between the system
thermodynamic entropy and that of an analogous ideal gas at
particular temperature and pressure. The monomer−monomer
RDF of i-PP was calculated to quantify its morphology and
further used to calculate the two-body (pair correlation)
contribution to excess entropy, s2. The monomer−monomer

Figure 1. (a) Schematic representation of the i-PP polymer melt at
equilibrium; (b) i-PP melt under shear.
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(RDF), g(r) was calculated for the center carbon which is
attached to the functional group. An ensemble invariant
expression for s2 of a fluid at density ρ and temperature T is
given by eq 1.50

s s g r g r g r r r2 ( ) ln ( ) ( ) 1 dex 2
0

2= [ + ]
(1)

To investigate the impact of shear flow on the morphology
of i-PP, we have calculated the density, excess entropy, radius
of gyration, end-to-end distance, and RDF of the polymer melt
as well as frozen structures from equilibrated part of trajectory.
In this paper, all the figures have been generated from the
xmgrace plotting tool.
2.2.3. Elastic Moduli (E). Followed by shear and cooling

processes, a series of uniaxial tensile simulations were
conducted to determine the impact of shear rates and cooling
rates on the tensile response of the i-PP polymer. Young’s
modulus (Ei) and Poisson ratio (vji) for the frozen structures
were determined from a series of simulations in which strain
was applied by stepwise uniaxial extension (+) or compression
(−) along x, according to xn = (1 ± nεx) x0, where xn is the box
length along x in the nth simulation, x0 = 20.172 nm is
equilibrium length, and εx = 0.001. σxx component of stress
tensor was used to calculate Ex. Furthermore, the Poisson ratio
was calculated as ratio of strains perpendicular to applied stress
and in the direction of applied stress, vyx

yy

xx
= . Similarly, Ey

and vxy were calculated from extension or compression along
y.51

2.2.4. Glass Transition Temperature (Tg). Glass transition
temperature, Tg, for i-PP was determined from specific volume-
temperature (v−T) curves obtained from cooling simulations.
Each of the (v−T) curves shows a slope change at some
temperature, corresponding to the glass transition. The
characteristic change in the slope of the (v−T) curve was
used to calculate the Tg, as shown in Figure 9.

24 It is important
to note that MD simulations typically use a very high cooling
rate compared to experimental cooling rate. Therefore, Tg
obtained from simulation does not correspond to the
experimental value. To circumvent the issue of ultrafast
cooling rates used in the simulation, WLF52 equation was
used to scale the Tg value obtained from simulation to the
experimental cooling rates

a
C T T

C T T
log log

( )
t

g,sim

g,exp

1 g,sim g,exp

2 g,sim g,exp
= =

+ (2)

where at is the shift factor and C1 = 17.44, C2 = 51.6 K are
“universal” constants. τg,sim and τg,exp are the reciprocal cooling
rates referring to Tg,sim (simulated Tg) and Tg,sim (experimental
Tg), respectively.

27

2.2.5. Polymer Viscosity. To investigate the viscous
behavior of i-PP, we have used the periodic perturbation
method in which an external force a(z) is applied on the
simulation box in the x-direction, and the shear viscosity is
measured from the fluctuation of the induced momentum.

Furthermore, we used Rosenfeld excess entropy scaling
concept to establish the relationship which states that “A
liquid obeys excess-entropy scaling if its reduced dynamic
properties at different temperatures and pressures are
determined exclusively by Sex”. Excess entropy scaling uses
the so-called macroscopically reduced units, which vary with
the thermodynamic state. Earlier, Voyiatzis et al. (2014)53 have
performed simulation and established a relationship between
conformational excess entropy and reduced viscosity. In this
work, we have used the correlation for reduced viscosity which
is given as

mk TR

2/3

B

* =
(3)

where ρ is the number density, m is the mass of monomer unit,
kB is the Boltzmann constant, and T is the temperature.29,30,54

3. RESULTS AND DISCUSSION
Below, we discuss results obtained for an extensive set of
properties from equilibrium and nonequilibrium simulations.
This section is divided into six different subsections: (3.1)
structural properties, (3.2) thermodynamic properties, (3.3)
dynamical properties, (3.4) mechanical properties, (3.5)
physical properties, and (3.6) viscosity−entropy scaling. The
outcomes of the first two sections were used to explain the
observation of the last four sections. Shear simulations were
carried out at a higher temperature (450 K) around 50 K
above the melting point temperature. Furthermore, i-PP melt
structures were cooled down and mechanical properties were
calculated at 180 K around 80 K below Tg.
3.1. Structural Properties. Structural properties such as

density, radius of gyration, end-to-end distance, and RDF were
calculated from the equilibrium part of the long trajectory.
3.2. Density. To validate the simulation equilibration, the

average density for i-PP that we found here is compared to that
from the literature. The average densities of i-PP in melt, ρm,
and solid state, ρs, obtained from the equilibrium simulations
are 740.28 and 865 kg

m3 at 450 and 180 K, respectively, as shown
in Figure 2. These results are in close agreement with
experimental measurements and simulation results on low
molecular weight i-PP. The density of i-PP250 melt (measured
by a specific gravity bottle) was reported to be 733 kg

m3 at 523
K55 and the density of PP42 melt (measured by a united atom
simulation) was reported to be 730 kg

m3 at 450 K.56 Overall,
these results show that the equilibrium density of the polymer
melt was correctly determined and verify the validity of
simulations.
Furthermore, we investigated the role of different shear flow

and cooling rates on the density of i-PP. Figure 2a shows the
density of i-PP at different shear rates at 450 K. After applying
various shear rates on the order of 108 s−1 on i-PP at 450 K, we
observed a slight decrease in the value of density. However,

Table 1. Values of Shear Rates and Cooling Rates Considered during This Simulation Study

S.No
equilibrium simulation (no

shear condition)
simulation 1 shear

rate (γ) s−1
simulation 2 shear

rate (γ) s−1
simulation 3 shear

rate (γ) s−1

cooling rate
(fast)

K
ns

cooling rate
(medium)

K
ns

cooling rate
(slow)

K
ns

1 0 2.62 × 108 5.24 × 108 7.86 × 108 50 5 1
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there was no significant effect on the density at three different
shear rates as γ̇1, γ̇2, and γ̇3. At 450 K, the equilibrium density
for a shear rate of γ̇1, γ̇2, and γ̇3 was found out to be 732.87,
732.68, and 732.3 kg

m3 , respectively, as shown in Figure 2a.
Furthermore, we cooled down the melt structures, obtained
from shear simulation, from 450 to 180 K. We employed fast
cooling (1 K

ns
) to quench the structures obtained after applying

shear flow. Figure 2 shows that density of i-PP increases from
740.28 to 865 kg

m3 on quenching the system. This observation
qualitatively matches with the experimental work of Teh et
al.57 in which they reported the increases in density of
polypropylene from 750 to 905 kg

m3 as the system was cooled
down from 485 to 298 K.57 Here, the quenching process was
also applied on all the systems (no shear and with shear). After
cooling the system to 180 K at a cooling rate of 1 K

ns
, densities

of i-PP were found out to be 865.99, 867.51, and 868.4 kg
m3 for

aforementioned shear rates, as shown in Figure 2b. It was
perceived that the density increases as we apply the shear flow
rates, followed by slow cooling.
Additionally, we investigated the role of the cooling rate on

polymer morphology. We change the rate of cooling from 1 to
50 K

ns
. It is observed that the density of i-PP decreases as we

increase the cooling rate. It is because the polymer gets less
time to form an ordered structure.
3.2.1. Radius of Gyration of i-PP. To account for a second

measure of the structure property of the i-PP melt, the
dimensions of the polymer chains are calculated by quantifying
the value of radius of gyration, which is denoted by a symbol
“Rg”. It is represented by probability distribution curve for the
last 50 ns and represented, as shown in Figure 3. From Figure
3a, the average value of Rg for i-PP melt at 450 K is obtained as
2.09 nm which matches excellently with the experimental work
of Ballard et al.58 calculated by using small-angle neutron
scattering studies and from the simulation work of Khan and
Goel,51 by using the Martini-coarse grain model at 450 K in
which they have reported the value of Rg as 1.95 nm at 450 K.
In 2019, Tsamopoulos et al.59 performed NEMD simulation of
poly(ethylene oxide) to study the shear rheology between ring
and linear polymer melt. They examined the impact of shear
rates on conformational properties and concluded that the

radius of gyration increases in the direction of shear on
increasing the shear rate.
In this work, it is evident from Figure 3a that as we apply the

shear rates, the peak of the curve gets shifted to the right side
as well as the increase in the second peak which represents an
increase in the value of Rg. At 450 K, Rg of i-PP was calculated
as 1.96 nm under equilibrium condition, while it gets increased
from 2.01 nm, 2.13 to 2.23 nm after applying the shear rates of
γ̇1(2.62 × 108 s−1), γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1).
This is due to the shear field deforming the arrangement of the
molecules and lengthening the chain as the shear rate
increases. Moreover, it is also clear from the Figure 3b that
as we cool down the structure obtained from no shear
simulation from 450 to 180 K, the atoms come closer to each
other which ultimately results in decrease in the value of Rg
from 1.96 to 1.56 nm at equilibrium. However, in the case of
NEMD simulation, the value of radius of gyration (Rg)
decreases to 1.58, 1.95, and 2.1 nm, respectively, at a particular
cooling rate of 1 K

ns
. This result validates with the simulation

work of Yamamoto et al., in which they cooled down the
system of i-PP from 700 to 200 K by applying stepwise cooling
and they have observed the drop in the value of Rg after
cooling at a rate of 10 K

ns
.60

Additionally, we have cooled the i-PP melt from 450 to 180
K by applying different cooling rates to understand the change
in the conformational characteristics of the polymer. To look at
the impact of the cooling rate on Rg under equilibrium
conditions, we have applied various cooling rates from 1 to
50 K

ns
. It is observed that as we increase the cooling rate, the

value of Rg increases and it was found out to be 1.76, 1.95, and
2.22 nm at a cooling rate of 1, 5, and 50 K

ns
, respectively. It is

obvious from the result that this simulation study quantita-
tively validates the experimental and simulation work reported
in literature.
3.2.2. End-to-End Distance. Another structural property

that defines the chain dimension of a polymer is the end-to-
end distance (Re). For each molecule, Re is computed by
utilizing the first and final atoms in the index group, and its
value is calculated to quantify the morphology of the polymer
melt. In this simulation study, the average value of Re of i-PP
melt at 450 K is calculated for the last 50 ns and it was found

Figure 2. i-PP polymer density determined for equilibrium and
nonequilibrium simulation at (a) 450 and (b) 180 K. Solid blue color
indicates density at equilibrium (no shear), whereas red, orange, and
green color represent density at shear rates of γ̇1(2.62 × 108 s−1),
γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1) correspondingly.

Figure 3. Probability distribution function of radius of gyration of i-
PP polymer calculated at (a) 450 and (b) 180 K. The curve
represented by solid black lines represents the case of equilibrium
simulation γ̇0 (no shear), red, cyan, and blue lines represents Rg at the
shear rates of γ̇1(2.62 × 108 s−1), γ̇2(5.24 × 108 s−1), and γ̇3(7.86 ×
108 s−1), respectively.
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to be 4.04 nm at equilibrium conditions, which matches very
well with the simulation study of Heine et al., which reported
the value of Re as 3.46 nm by using LAMMPS force field for i-
PP24 of chain at 453 K and also from the simulation work of
Khan and Goel, calculated by using MARTINI coarse grain
model at 450 K for i-PP.51,61

Furthermore, we also performed NEMD simulations to find
out the effect of shear and cooling rates on the conformational
changes of i-PP during melt conditions as well as after
quenching. It is obvious from Figure 4a that as we apply the

shear rates, the peak of the curve gets shifted to the right side
which shows an increase in the value of Re. At 450 K, the value
of Re for i-PP increases to 5.06, 5.18, and 5.49 nm after
applying the shear rates of 2.62 × 108, 5.24 × 108, and 7.86 ×
108 s−1, respectively. Moreover, it is also clear from Figure 4b
that as we cool down the simulation system from 450 to 180 K,
the atoms come closer to each other, which ultimately results
in the decrease in the value of Re from 4.2 to 4.08 nm at
equilibrium. However, in the case of NEMD simulation, the
value of end-to-end distance (Re) decreases to 4.6 and 5.06
nm, respectively, at a cooling rate of 1 K

ns
. Guan et al. have

performed MD simulation to study the structural, kinetic, and
thermodynamic behavior of PP3000 during heating and
cooling process. During the cooling, it was observed that the
peak of the probability distribution curve shifts to the left side
which indicates the decrease in the Re of PP3000 due to the
enwinding of the polymer chain after cooling.13 From the
above-mentioned result, it is clear that the value of the end-to-
end distance of i-PP calculated in the current simulation study
qualitatively validates with the reported simulation work.
3.2.3. Radial Distribution Function. The RDF is commonly

used to determine how atoms assemble around one another.
Because it is dependent on the density and temperature, it is a
valuable indicator of the nature of the phase taken by the
simulated system in MD. Calculating the RDF is necessary to
comprehend the influence of cooling and shear flow on a
polymer’s structural property. In this paper, we have calculated
the monomer−monomer RDF of i-PP around the center
carbon that is attached to the functional group. In Figure 5, we
have plotted the RDF plot for 450 and 180 K. We observed a
small difference in the peaks of monomer−monomer RDFs at

450 K as shown in Figure 5a, with the key difference being a
small increase in second and successive peaks on increasing the
shear rates. This indicates that higher shear rate increases the
ordering and in turn more crystalline structure of the i-PP
polymer. However, at the low temperature (450 K) after
cooling with, 1 K

ns
, we have observed that there were no

significant changes, and the curve overlaps each other for i-PP
under equilibrium as well as nonequilibrium conditions, as
shown in Figure 5b. This behavior matches well with the
simulation study of Nagarajan and Myerson in which they have
performed the molecular simulation with four i-PP chain
(containing 90 backbone carbon) with and without a
nucleating agent.62 Furthermore, we have also examined the
impact of cooling rates (1, 5 and 50 K

ns
) for i-PP for equilibrium

simulation, which is shown in Figure 6. We observed that RDF
peaks slightly decrease as we increase the cooling rates. This
shows fast cooling suppresses the formation of the crystal
structure.
3.3. Thermodynamic Property. Notably, it was shown

that interpretation made on dynamical properties, using model

Figure 4. Probability distribution function representing the Re of i-PP
polymer calculated at (a) 450 and (b) 180 K. The curve represented
by solid black lines represents the case of equilibrium simulation, red,
cyan, and blue lines represents Re at the shear rates of 2.62 × 108 s−1,
γ̇2(5.24 × 108 s−1), and 7.86 × 108 s−1, respectively.

Figure 5. RDF plot of the i-PP polymer calculated at 450 K. (a) The
curve represented by solid black lines represents the case of
equilibrium simulation, while red, green, and blue lines represents
Re at the shear rates of 2.62 × 108, 5.24 × 108, and 7.86 × 108 s−1,
respectively, and at 180 K. (b) The curve represented by solid black
lines represents the case of equilibrium simulation, while red and
green lines represents Re at the shear rates of 2.62 × 108 and 7.86 ×
108 s−1, respectively.

Figure 6. Comparison of rdf at equilibrium conditions for different
cooling rates. Black color line represents the cooling rate of 1 K

ns
, red

color line represents 5 K
ns
, and blue color line represents 50 K

ns
.
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wall colloid interactions, based on extent of particle layering
can be ambiguous and conformational excess entropy was
instead used to elucidate the relationship between diffusion of
colloidal particles and wall colloid interaction.63 Therefore, the
two-body contribution to excess entropy, s2, a thermodynamic
property, was calculated from monomer−monomer RDFs. The
thermodynamic property of polymer is an integrated part of
characterization of material science. To gain insights into the
thermodynamic property, excess entropy (s2) of i-PP polymer
was calculated from the time-dependent RDF data as shown in
eq 1. It was observed that at 450 K, the excess entropy
decreases after applying a shear rate of γ̇1(2.62 × 108 s−1),
γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1), as compared to i-PP
melt at equilibrium as shown in Figure 7a. This is due to the

chain relaxation at higher shear rates, which causes the
simulation system to become more ordered. At 450 K, the
excess entropy was determined for equilibrium as well as
NEMD simulation and it was reported as −0.79518 J

mol K
at

equilibrium while −0.81109, −0.81785, and −0.82885 J
mol K

at
aforementioned shear rate.
After cooling down i-PP melt from 450 to 180 K at a

particular cooling rate of 1 K
ns
, it was observed that there was a

decrease in the excess entropy as the molecules gets ordered
after cooling. At equilibrium, the excess entropy was calculated
as −1.05736 J

mol K
at 180 K, while at a shear rates of γ̇1(2.62 ×

108 s−1), γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1), it was
found out to be −1.07196, −1.07469, and −1.07742 J

mol K
,

respectively, as shown in Figure 7b. To further investigate the
effect of cooling rates, we have calculated the excess entropy of
i-PP at equilibrium, and we have observed that as we increase
the cooling rates from 1 to 50 K

ns
, the excess entropy increases

which indicates that the system gets disordered as the cooling
rates increases. At equilibrium condition, the excess entropy
was reported as −1.05736, −1.045, and −0.97082 J

mol K
after

cooling down at the rate of 1, 5, and 50 K
ns
, respectively. Finally,

we note that for all cases, there is a small change in local

ordering as observed in RDFs which is clearly manifested by
increase or decrease in |s2| values.
3.4. Dynamical Property. Diffusion coefficient is the most

important analytical parameter used in determining the
dynamics of polymers. To fully understand the dynamic
behavior of polypropylene melt, the self-diffusion coefficient is
calculated by using an Einstein diffusion equation for a long
time slope of MSD curve.51 In this work, the value of self-
diffusion coefficient of i-PP melt of molecular weight of 4200

g/mol is calculated to be 9.38 × 10 7 cm
s

2

from the slope of
MSD curve and it matches very well with the experimental
study of von Meerwall, et al. They have determined by using
pulse-grained diffusion experiment and nuclear magnetic
resonance technique for linear i-PP melts of molecular weight
9900 g

mol
and the value obtained was 2.7 × 10−8 cm

s

2
at 453 K.16

3.5. Mechanical Property. The Young’s modulus (E) one
of the important mechanical properties of a material was
determined from the slope of the stress−strain curve at 180 K,
much below the glass transition temperature, which refers to a
material’s first response to strain and is ascribed to the
material’s stiffness at deformation. E is determined from the
component of the stress tensor calculated in the limit of slow
uniaxial extension or compression. We obtained E of 2.3 GPa
at 180 K from equilibrium simulation (no shear) which is in
good agreement with the experimental value reported by
Glüge64 (1.53 GPa with crystallinity of 30−35%), and from the
experimental work of Phulkerd et al. in which they have
observed that Young’s modulus of PP with a nucleating agent
(i.e., N,N′-dicyclohexyl-2,6-naphthalene dicarboxamide) is 766
MPa which is larger as compared to a pure PP of Young’s
modulus (628 MPa) in the machine direction using a T-die
extrusion. Young’s modulus value obtained in our simulation is
also in good agreement with value reported by Qian and
Ludovice, in which they have obtained the modulus as 0.9
GPa, calculated by using CHARMM force field at 250 K for i-
PP.18,65

To determine the effect of shear flow on the thermome-
chanical properties of i-PP, three shear rates as γ̇1(2.62 × 108
s−1), γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1) were employed
in NEMD simulation at 450 K. Final structures obtained from
theses simulations were cooled down to 180 K by a cooling
rate of 1 K

ns
. Figure 8a shows that the Young’s modulus

increases with an increase in the value of the shear rate. We
obtained Young’s modulus of 2.317, 2.33, and 2.35 GPa at
shear rates γ̇1, γ̇2, and γ̇3, respectively. This trend of an increase
in the Young’s modulus of i-PP is in good agreement with
trends observed in experiments.34,35 Using frequency sweep
experiment, Koscher and Fulchiron demonstrated that the
Young’s modulus of PP rises with the increase in shear rate.34

Although the rise in Young’s modulus is minimal, the excess
entropy showed the same trend. Therefore, this enhancement
can be attributed to the formation ordered structure as
represented by the decrease in excess entropy with the increase
in shear rates.
To investigate the effect of cooling rate, the i-PP melt

structure obtained after equilibrium simulation (no shear) was
cooled down to 180 K by applying three cooling rates (1, 5, and
50 K

ns
). In line with the general experimental trend of fast

cooling decreasing the elastic moduli of polymer,66 we
observed a decrease in the elastic modulus from approximately

Figure 7. Bar representation on the effect of shear rates on the excess
entropy of i-PP polymer calculated at (a) 450 and (b) 180 K. The bar
represented by solid blue color represents the case of equilibrium
simulation γ̇0 (no shear), green, yellow, and orange color bar
represents excess entropy at the shear rates of γ̇1(2.62 × 108 s−1),
γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1), respectively.
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2.3 GPa for slow cooling to 1.76 GPa for fast cooling, as shown
in Figure 8b. These results showed that slow cooling rate is
favorable to enhance the Young’s modulus due to an increase
in the crystalline content in the polymer as observed in
experiments.66 However, Hassani et al. have experimentally
measured the impact of cooling rate on the mechanical
property of polypropylene self-reinforced composites. They
have visualized a decrease and then increase in the value of
modulus with an increment in the cooling rate from 2.5 to 40
°C/min.67 Our simulations reveal that the high shear rate and
slow cooling increase the Young’s modulus of i-PP
significantly. This enhancement mechanism depends on the
formation of an ordered or crystal structure in the polymer
caused by slow cooling and high shear flow. It was reported
that an increase in α-crystalline phase content promotes the
increase of specific oriented morphology, which makes the i-PP
more rigid and causes an increase in Young’s modulus.21

However, due to the sluggish nature of crystallization and
ultrafast cooling rates used in this study, we have calculated a
thermodynamic property, i.e., excess entropy instead of
determining the crystallization here. To understand the
variation in mechanical property, we have correlated the
change in excess entropy with the change in Young’s modulus.
We observed 23.02% change in the value of E as we increase
the cooling rate from 1 to 50 K/ns. Similar change in excess
entropy (8.18%) was observed at the same cooling rates. The
decrease in the excess entropy indicates the formation of an
ordered structure at a slow cooling rate. Slow cooling offers
polymers more time to relax and create ordered or crystalline
structures, which increases the Young’s modulus.
3.6. Physical Properties. 3.6.1. Glass Transition Temper-

ature (Tg).We used specific volume−temperature (v−T) curve
to calculate the glass transition temperature (Tg), the transition
temperature between glassy and rubbery state of polymer.68−70

The v−T curve was generated using data obtained from
cooling simulations performed under the NPT ensemble.
Three cooling rates of 1, 5, and 50 K

ns
were used to cool down

the system from 450 to 180 K. According to the free volume

theory, the specific volume changes linearly with temperature
but has distinct slopes below and above the glass transition
point.23,24,71 The intersection of the two linear fitted curves at
both ends of the volume-temperature curve gives the Tg of i-
PP. Figure 9 shows the fitted curves of specific volume versus

temperature for i-PP calculated at different cooling rates for the
system obtained from no shear simulation. We obtained values
of Tg in the range of 330 to 350 K which are in good
agreement with the results obtained by Yu et al., who
determined Tg (364 K) for bulk and freestanding thin films
of atactic polypropylene from MD simulation using Dreiding II
force-field.24 Since Tg values obtained in our simulation as well
as in other MD simulation studies are substantially higher than
those reported in experiments (the experimental value 253−
262 K).72,73 The difference between Tg values obtained from
simulations and experiments is considered to be the
consequence of the ultrahigh cooling rate (1 to 50 K/ns),
which was much faster than that used in experiments.
Therefore, to circumvent the problem arises due to the use
of fast cooling used in MD simulations, we utilized the
Williams−Landel−Ferry (WLF) equation to shift the simu-
lated Tg value to the corresponding experimental cooling rates.
We obtained the shifted Tg values in a range of 269.02 K that
are much closer to the experimental values of i-PP.

Tg reveals the rate of rearrangement of molecules in
supercooled liquid, and it is a crucial indicator to measure
the thermal characteristic of polymers among the many
transitions and relaxations. In i-PP polymer, shear-induced
conformational changes and cooling rates are crucial factors in
defining attributes such as the Tg. Therefore, in this work, we
investigated the thermodynamics of variation in Tg due to
applied shear flow and cooling rate. In various studies, it is
proposed that the variation in mechanical and physical
properties observed due to the formation of crystal or ordered
structure. Due to the fast cooling used in simulation and
considering the sluggish nature of crystallization in i-PP, we
utilized the thermodynamic property s2 to explain the variation
in Tg.
We investigated the impact of the shear rate on the glass

transition temperature. The given Figure 10a illustrates the
plot of shifted glass transition temperatures obtained from
cooling simulations of the structures obtained from no shear as
well as shear simulations. A cooling rate of 1 K

ns
was used to

Figure 8. (a) After applying three different shear rates, the Young’s
modulus of i-PP for equilibrium and nonequilibrium simulation
(NEMD) at a specific cooling rate of 1 K/ns was computed at 180 K.
Young’s modulus shown by a green color bar is for equilibrium
simulation (2.3 GPa), whereas blue color solid bar (2.317 GPa), an
orange color bar (2.33 GPa), and a red color bar (2.35 GPa) for the
Young’s modulus after applying the shear rates of γ̇1(2.62 × 108 s−1),
γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1), respectively. (b) The i-PP
Young’s modulus under equilibrium conditions with various cooling
rates. The Young’s modulus is represented by the color bars in blue
(2.3 GPa), orange (1.97 GPa), and green (1.76 GPa) at cooling rates
of 1, 5, and 50 K/ns, respectively.

Figure 9. Specific volume vs temperature curves for i-PP after
applying three different cooling rates of 1, 5, and 50 K/ns are plotted.
The slopes represented by the black color line intersect to produce
the reported glass transition temperature of 331 K at 1 K/ns.
Similarly, the intersection of red lines produces a glass transition
temperature of 338 K at 5 K/ns.
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cool down all the structures. It is shown that Tg slightly
decreases by applying a shear rate of γ̇1(2.62 × 108 s−1),
γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1), respectively. The
decrease in Tg can be attributed to the reduction in the free
volume as high shear promotes dense structure due to the
formation of a more ordered structure. This can be further
validated in the decrease in the excess entropy. We observed
1.82% change in the value of Tg as we increase the shear rate
from 2.62 × 108 to 7.86 × 108 s−1. Similar change in excess
entropy (1.8%) was observed at the same shear rates. This
shows that the system becomes more ordered as we increase
the shear rate, and due to this more ordered structure, crystal
content will increase, while amorphous content will decrease.
Therefore, it can be concluded that the decrease in the Tg with
an increase in shear rates is due to the decrease in the
amorphous or less ordered content.
Furthermore, we investigated the effect of cooling rates on

Tg. Polymer melt structures obtained from shear and no shear
simulation were cooled down from 450 to 180 K by applying
three different cooling rates of 1 K

ns
(very slow cooling), 5 K

ns

(slow cooling), and 50 K
ns
(fast cooling). Figure 10b represents

that as we increase the cooling rate from 1 to 50 K
ns
, the glass

transition temperature increases from 269.02 K ( )1 K
ns

to

282.05 K ( )50 K
ns

. Here, we observed a qualitative trend in
increase in Tg on increasing the cooling rate as observed in
experimental studies.74−76 However, this observation contra-
dicts with the observation from the experimental work of
Schawe in which he showed the decrease in Tg of
polypropylene on increasing cooling rate from 1 to 4000 K

s
while studying crystallization phenomenon in i-PP using
differential scanning calorimetry.25,77,78 In our previous work,
we also observed a decrease in the Tg with an increase in the
cooling rate. This error might be due to the use of only one
structure for Tg calculation and the use of the same
experimental cooling rate to scale the simulated Tg. In this
work, we used the average Tg obtained from the cooling of four
distinct structures at a particular cooling rate. Furthermore,

while using the WLF equation to scale the simulated Tg, we
kept the ratio of experimental and simulation cooling rate
same.
The increase in glass transition temperature can be

correlated with the increase in excess entropy on an increasing
cooling rate. We observed 4.82% change in the value of Tg as
we increase the cooling rate from 1 to 50 K/ns. Similar change
in excess entropy (8.18%) observed at same cooling rates.
However, even though Tg increased, the excess entropy of the
polymer increased, indicating a loose or less ordered packing.
These two concepts of long-range mobility and less ordered
packing are difficult to combine into a single theory. We
anticipate that it is because of partial crystallization during the
cooling process. The slower cooling rate will allow more
crystallization or more ordering, and therefore, amorphous
content will reduce, which leads to the decrease in Tg.
It was observed that polymers did not crystallize if fast

cooling was used. Experimental studies revealed that during
slow cooling rate, α-crystalline lamellae form is observed
whereas at fast cooling, mesophase aggregates formed. The
structure of the mesomorphic phase is less ordered compared
to the long-range ordered structure observed in α-phase
lamellae. Fast cooling suppressed the long-range ordering that
is required for crystallization. However, we observed a change
in thermodynamic, mechanical, and physical properties of the
polymer during fast cooling. Therefore, we correlate the
variation in mechanical properties and glass transition
temperature with the changes in excess entropy. Here, entropy
changed due to some structural changes or local ordering. We
conclude that shear and cooling induced ordering of polymer
monomers/molecules leads to changes in mechanical and
physical properties.
3.6.2. Shear Viscosity. Shear viscosity is critical for

maintaining stable processing conditions and delivering the
desired product characteristics. In various studies, it is reported
that the viscosity of a polymer melt is affected by shear rate,
temperature, pressure, molecular structure, and fabrication
conditions. In this work, we investigated the effect of the shear
rate on melt viscosity. Shear rate is important because it may
influence viscosity, which impacts the process ability and
application of various materials.79,80 One of the primary
characteristics for a polymeric material is non-Newtonian
behavior, which exhibits a decrease in the viscosity of the
polymer melt as the shear rate increases. During processing,
the shear force reorganizes the random polymer chains into an
aligned conformation that reduces melt viscosity during the
process.81 However, the effect of shear thinning varies among
polymers with a high molecular weight. Understanding of this
behavior is crucial for processing, as it enables easy dispensing
of the melt when pressure is applied.
These factors influence the rheological behavior or, to be

specific, the melt viscosity of iPP. If the viscosity of molten PP
is not suitable within the processing conditions, short shot or
flashing may occur in injection molding. These problems are
essentially crucial to be addressed since the modification of
thermoplastic viscosity will also modify the end properties of
the produced product. With regard to its flow behavior, a
better understanding of PP rheological characteristic can
overcome the existing difficulties and literally secure a
successful processing. Additionally, viscosity in melted plastics
is influenced by factors like temperature, molecular weight
distribution, and chain branching, impacting the material’s flow
behavior.82,83 To investigate the viscous behavior of i-PP, we

Figure 10. (a) Changes in the glass transition temperature of i-PP at a
specific cooling rate of 1 K/ns for equilibrium and nonequilibrium
simulations (NEMD). Green color bar indicates Tg for equilibrium
simulation (269.02 K), while blue color bar (268.02 K), orange color
bar (267.81 K), and red color bar (267.23 K) reflect the Tg for shear
rates of γ̇1(2.62 × 108 s−1), γ̇2(5.24 × 108 s−1), and γ̇3(7.86 × 108 s−1),
respectively. (b) Variation of the shifted glass transition temperature
for the i-PP equilibrium simulation under various cooling rates. Tg
after cooling down at rates of 1, 5, and 50 K/ns is represented by the
color bars in green (269.02 K), orange (273.03 K), and red (282.05
K), respectively.
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have used the periodic perturbation method in which an
external force a(z) is applied on the simulation box in the x-
direction and the shear viscosity is measured from the
fluctuation of the induced momentum. We have observed
that polymer melt showed shear-thinning behavior of viscosity;
i.e., as we increase the shear rate, the shear viscosity decreases.
This behavior is validated by the experimental work of Meng et
al. in which they have investigated the rheological behavior of
polypropylene in a capillary flow, and they have concluded that
the shear viscosity decreases significantly with an increase in
the shear rate of the order of 4 × 102 to 104 s−1.84

3.7. Reduced Viscosity−Entropy Scaling. Currently, the
excess entropy has been calculated using complex measure-
ments of the microstructure, which can be inconvenient and
difficult to obtain. It would be advantageous to find an
equation that relates the excess entropy to more readily
measurable quantities like shear induced diffusivity, shear
viscosity, etc.85 The above sections show a consistent effect of
shear and cooling rate on polymer chain structure (Rg, Re),
polymer morphology (density, RDF), chain diffusion coef-
ficient, glass transition temperature, viscosity, and elastic
properties. The viscous behavior of polymer melt under steady
shear condition can be further quantified by Rosenfeld excess
entropy−viscosity scaling which is applicable for a variety of
complex fluids.29,30 Although excess entropy is considered as
an equilibrium thermodynamic quantity, Krekelberg et al.86,87

proposed using the two-body excess entropy s2 (two body
contribution to excess entropy) calculated from eq 1 in order
to extend excess-entropy scaling to out−of equilibrium
situations. This approach has been used for diverse set of
systems to collapse relaxation time data.88 With the results of
shear viscosity and rdf calculated from MD simulation, we used
the Rosenfeld excess entropy−viscosity relationship to
compare and contrast the polymer behavior under different
shear rates. We calculated monomer beads’ excess entropy by
only considering the center carbon which is attached to the
functional group. In Figure 11, reduced viscosity and excess
entropies of i-PP polymer melt at different shear rates are
plotted.

We observed an exponential relationship of s2 with reduced
viscosity of polymer. Rosenfeld demonstrated that the reduced
viscosity is correlated to the excess entropy in a quasi-universal
by ηR* = 0.033 e−1.57s2, while we observed scaling law for
reduced viscosity as ηR* = 29.12 e−41.91s2 for the i-PP melt. A
similar exponential relationship for viscosity-excess entropy has
been obtained for a various set of systems.86,89 As discussed

earlier, an increase in shear flow organized/aligned the
randomly oriented polymer chains that leads to the decrease
in shear viscosity, and this behavior is well captured by
Rosenfeld’s excess entropy scaling. This provides insights into
the dependency of viscosity on the structure and thermody-
namics of the polymeric melt.

4. CONCLUSIONS
In this work, we discuss the thermodynamic insights into
variation in mechanical and physical properties of i-PP
polymers under processing conditions such as shear flow and
cooling rates. NEMD simulations were used to understand
how shear flow and cooling rates affect the ordering at
molecular level and overall chain conformation. To this end,
we have calculated an excess entropy, a thermodynamic
property from monomer−monomer RDFs to elucidate the
effect of shear flow and cooling process on various properties
of polymeric materials. The equilibration of the simulation was
tested, and the radius of gyration and end-to-end distance of i-
PP were calculated to understand its morphological aspect at
the microscopic level. The simulation results are perfectly in
line with the experimental data. The density, the radius of
gyration, and end-to-end distance of i-PP changed with shear
rate. The density of the i-PP melt decreased with the increase
in the shear rates, while the radius of gyration and end-to-end
distance of polymer chains increased with increment in shear
rates. As the shear rate was increased, it was also noticed that
the Young’s modulus increased while the glass transition
temperature decreased. The shear flow reduces the free energy
gap and improves conformational ordering, which helps to
produce crystalline polypropylene. Excess entropies were
calculated in all cases. On increasing shear rate results in
excess entropy decreased, which indicates that the system
becomes more ordered. As a result, the rise in shear rate which
accelerates the formation of ordered structure may be
associated with a consequent drop in glass transition
temperature and excess entropy.
Furthermore, the polymer becomes denser with a decrease

in the cooling rate because of the improved ordered or crystal
structure. With an increase in the cooling rate, excess entropy
increases, indicating that polymer has less time to get an
ordered structure. On increasing the cooling rate, Young’s
modulus declines because of the rise in excess entropy;
however, the glass transition temperature rises. Due to the
sluggish crystallization process in i-PP, typically no crystal
phase formed in the fast-cooling process. Fast cooling
significantly suppressed the long-range ordering that is
required for crystallization. Therefore, we did not specifically
look for crystallization in this study. We correlate the variation
in mechanical properties and glass transition properties with
the changes in excess entropy.
At slow cooling, the excess entropy decreases, while Young’s

modulus increases, which implies that the more ordered
structure promotes the rigidness in polymer. Furthermore, the
study on viscous behavior of the i-PP melt with different shear
rates indicated the shear-thinning behavior of the polymer
melt. We relate this shear thinning behavior of i-PP to the
associated structural rearrangement of the polymer under shear
flow. Moreover, we have quantified this connection using
viscosity-excess entropy scaling, where the latter captures static
and higher order correlations between monomer positions.
Rosenfeld excess entropy scaling showed a linear relationship
between the reduced viscosity and excess entropy. Overall, the

Figure 11. Variation in reduced effective viscosity, ηR*, plotted vs
two-body contribution to excess entropy of i-PP calculated at 450 K.
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present work explains the link between mechanical, physical,
and thermodynamic properties.
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