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ABSTRACT: We have used large scale nonequilibrium molecular dynamics simulations to separate the
effects of shear rate ( _γ) and strain (γ) in postshear crystallization of polymers. Here we show the strain plays a
major role in flow-induced crystallization (FIC) and a critical strain, with a clear correlation to the rheology
and molecular structure, must be applied to observe enhanced crystallization. Although the amount of
crystallinity initially increases with _γ, our simulations appear to be consistent with experimental observations
of an upper limit _γc, above which the effect is reversed, and show it is at the reciprocal of the stress relaxation
time. We reveal the structural origins of this phenomenon and show the shear rate does not affect the
crystallization rate in post shear crystallization of a model polymer with 162 monomers.

1. Introduction

Monatomic materials and those made of small molecules can
make perfect crystals in mostly predictable structures. For most
molecular materials the crystallization process is more complex
and the underlying molecular structure and how fast molecules
respond to kinetic and temperature changes may affect the
crystallization process. Materials composed of macromolecules,
such as polymers, often may form a semicrystalline rather than
fully crystalline structure. Semicrystalline polymers are widely
used in the polymer industry and their mechanical and physical
properties strongly dependon their crystallinity andmorphology.
For these materials the crystallization depends on many factors
including themolecular structure of the polymer, thermal history,
cooling rate, presence of additives and flow conditions of themelt
during processing. Polymeric materials subjected to flow show
enhanced crystallization,1 a phenomenon known as flow-induced
crystallization (FIC). For simple shear, experiments2-4 suggest
that shear rate and strain jointly affect the FIC. To predict FIC
using theoretical modeling,5-7 based on deformation and rheol-
ogy, a fundamental understanding of FIC is necessary. An
important part of this process is to separate effects of shear rate
( _γ) and total strain (γ= _γt) onFIC and, to find out how these are
related to rheological properties and structure during deformation,
a task very difficult to achieve experimentally. Simulations,8-15

atmolecular level have helped to understand the growthmechan-
isms during crystallization processes. Molecular dynamics
(MD),8-14 Brownian dynamics (BD), and Langevin dynamics
(LD),15 have been used for simulations of polymer melts and
solutions to gain insight at a fundamental level into the process of
crystallization.

Continuum modeling of FIC has been attempted based on
shear rate,5 principal stress,3 first normal stress difference,4 stress
relaxation,6 and suspension theory.7 Experiments suggest,2 the
existence of critical shear rate and strain to induce crystallization.
A reversal of the effect is also reported in some experiments,2 at
high shear rates and strains. However how these phenomena
relate to underlying rheology and molecular structure remains
unclear. Molecular level simulations have been used,8-15 to gain

insight into polymer crystallization and to obtain valuable
information.

Simulations of bulk quiescent crystallization of model poly-
ethylene chains have been reported for stretched amorphous
melts obtained from uniaxial elongation simulations.10,11 Steady
planar elongation simulations of n-eicosane at temperatures close
to the melting point have shown formation of local crystalline
precursor structures.12 Molecular dynamics simulations have
time and scale limitations and can simulate only very short spans
of time in the order of a few tens of nanoseconds and a very small
fraction of matter limited to a few thousand or at most a few
million atoms.

Increasing computational power and the development of
complex parallel algorithms have helped researchers to simulate
crystallization for larger systems. Gee et al.8 have recently
simulated one of the largest systems to study the quiescent
crystallization of a polyethylene system composed of several
hundred monomers. While these works have provided valuable
information on crystallization kinetics, the effects of shear rate
and strain have not been explored in detail. Although experi-
mental evidence of flow-induced crystallization is abundant in the
literature, molecular simulation work in this area is scarce.
Our recent simulations of alkanes ofmoderate length (n-eicosane,
n-hexacontane) have explored, effect of steady shear on crystal-
lization and effect of molecular size on post shear crystalli-
zation.13 Systematic molecular dynamics simulations to separate
the effects of strain and shear rate have not been attempted for
larger systems due to obvious computational challenges.We now
report our progress with this difficult task. We used parallel
algorithms and spentmanymonths of CPU time to conduct large
scale simulations of a fairly long model polyethylene; namely
n-dohexacontahectane C162H324 (Mw = 2273.2 g/mol), here
referred to as C162 for brevity. These alkane systems are long
enough to display chain folding16,17 and often are used as ideal
models of polyethylene in experiments.18 The cooling and shear
protocol (see Figure 1) used here is similar to that of a typical
shear-induced crystallization experiment, where a melt, heated to
a high temperature, is cooled to a crystallization temperature, and
then is subjected to a step shear for a short time, and then is
allowed to crystallize at rest.*Corresponding author. E-mail: ahmadj@aeromech.usyd.edu.au.
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2. Simulation Methods

2.1. Molecular Model. We are using a united atom model
in which CH2, and CH3 groups are treated as single interac-
tion sites.We simulate a total number of 686 C162molecules
(111132 united atoms).The molecular model includes
bonded valence interactions (including stretching, angle
and torsion) and is due to Siepmann and co-workers.19 The
potential parameters are given elsewhere.20 For nonbonded
van der Waals interactions we are using a 6-12 Lennard-
Jones potential. We have used the Weeks-Chandler-
Andersen (WCA)21 version of a shifted Lennard-Jones po-
tential with a cut off distance of rc = 0.43 nm. This potential
is purely repulsive and has no attractive tail and is suitable for
simulation of liquid and solid phases and has the benefit of
reducing the computational effort. It is shown that at reduced
densities above 0.65 (∼250 kg/m3 for our system), the repulsive
forces largelydetermine theequilibriumstructureandbehaviorof
the fluid.21 It is however essential to make proper corrections to
pressure toaccount for thecutoff.Applying these corrections,our
ownNPT simulations, using a larger cut off at rc=1 nm (2.5 σ),
confirm this, showing the calculated density atT=700K andP
=1atmisonlydifferentby1kg/m3,which iswithin the statistical
uncertainty. For other structural properties, such as radius of
gyration and end-to-end distance, we also find similar results. A
simulation for a semicrystalline system at 350 K also found the
density was lower for the repulsive potential by only 2%.

The isobaric-isothermal (NPT) version of the SLLOD
algorithm22 was used for our crystallization simulations.
Constant pressure simulations realistically allow the system
to contract to the state point corresponding to the final
density and temperature. The SLLOD22 equations ofmotion
given by eq 1 govern motion of united atoms in the constant
pressure simulations

_r i ¼
pi

mi
þ eX _γrzi þ _εri

_pi ¼ Fi - eXpzi _γ- ζpi - _εpi

_V ¼ 3_εV ð1Þ
Here ex is the unit vector in x direction (flowdirection), _γ is

the shear rate; ri, pi, and mi are position vector, peculiar

momenta, and mass of atom i. Fi is the total force applied by
all other atoms in the system on atom i. Coefficient ζ is the
Gaussian thermostat given by eq 2:

ζ ¼
PN
i¼ 1

ðFi:pi - _γpxipziÞ
PN
i¼ 1

pi
2

ð2Þ

V is the volume of the simulation box. Dynamics of the
simulation box volume V given in eq 1, is governed by the
dilation rate ε

·
, which itself is calculated by integrating eq 3

€ε ¼ ðP-P0ÞV
QNkBT

ð3Þ

whereP andP0 are the instantaneous pressure and the target
pressure. Q, N, kB, and T are the damping constant, total
number of atoms, Boltzmann constant, and temperature.
Here ε

·
the dilation rate of the simulation box is implemented

with a Nos�e-Hoover feedback scheme which implies that
the instantaneous pressure will fluctuate about a mean value
of P0.The pressure is calculated by eq 4 using the trace
of stress tensor. Long range corrections,23 are applied to
account for the cutoff effect of the Lennard-Jones potential.

P ¼ -
1

3
ðσxx þσyy þσzzÞ ð4Þ

The elements of stress tensor are calculated by the
Irving-Kirkwood24 method given by eq 5:

σRβ ¼ -
1

V
Æ
XN
i

miuiRuiβ þ
XN
i

XN
j>i

rijRFijβæ ð5Þ

The first sum in the right-hand side of eq 5 is the kinetic
contributionwhereR andβ are coordinate system axeswhich
for a Cartesian system can be simply substituted by X, Y, or
Z, and uiR and uiβ are the peculiar velocity components of
particle i inR andβdirections. The second sum represents the
configuration or potential contribution where rijR is the R
component of the distance vector between particles i and j
and Fijβ is the β component of the force exerted on particle i
by particle j.

ForNVT simulation the equations of motion are the same
as given by eq 1, without the terms involving ε

·
and last line in

the equations set (V is constant). Periodic boundary condi-
tions in all three directions are applied for quiescent simula-
tions. Lees-Edwards sliding brick periodic boundary
conditions,25 are applied for planar shear simulations. Equa-
tions of motion are integrated by a leapfrog version of the
Verlet algorithm with a time step of 4.709 fs. Domain
decomposition parallel simulations,20 algorithm with good
efficiency was used for all calculations.

The first normal stress difference is calculated from the
normal stresses using the following equation:

N1 ¼ σxx -σzz ð6Þ
2.2. Degree of Crystallinity and Structural Properties. To

quantify the crystallinity, following our previous studies,13

of C20 and C60 crystallization, we used the chord order
parameter g2. We have shown this is a more accurate
measure of crystallinity content than that inferred from the
density (dilatometry techniques).13 The second and fourth
rank correlation functions,26,27 g2 and g4 given by eqs 7

g2ðΓÞ ¼ Æcos 2ðθijÞæi, j, g4ðΓÞ ¼ Æcos 4ðθijÞæi, j ð7Þ

Figure 1. Temperature profile during shearing and cooling stages for
the shear-induced crystallization simulations.
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detect the crystallinity from parallel alignment of the chord
vectors that connect every other pair of united atoms along
the backbone of the molecule. Here θij is the angle between a
pair of chord vectors i and j. The Ææi,j bracket denotes
averaging over time and pairs of chord vectors and Γ is the
spatial domain over which g2 and g4 are calculated. We
calculate g2(Γ) by averaging over i-j chord pairs for which
the position of j chord is in a sphere, of 1.2 nm diameter,
whose center lies on the position of chord i, followed by
averaging over all i. Considering the C-C bond length of
0.153 nm and C-C-C bond angle of 114� that we have used
in our model this is a sphere with a diameter of about 5 times
the chord length. The parallel alignment of chord vectors
contributes positively to both g2 and g4. That is, values close
to 1 for both g2 and g4 indicate the chord vectors are aligned
parallel to each other. So g2≈ g4≈ 1 corresponds to parallel
alignment of the chord vectors and full crystallinity.We have
not reported g4 in the results as in all cases here g4 ∼ g2.

We have also calculated the radius of gyration for the
molecules from the following expression:

ÆRg
2æ ¼

P
i

mijri - rcmj2P
i

mi

* +
ð8Þ

wherem and r are the mass and position of each atom on the
molecule and rcm is the center of mass of the molecule.

We have also calculated the order tensor28 S given as

S ¼ 3

2

1

N

XN
i¼ 1

uiui -
1

3
I

� �* +
ð9Þ

where ui is the unit vector along the longest axis of inertially
equivalent ellipsoid for the molecule and I is the unit tensor.
The longest semiaxis is the eigenvector corresponding to the
smallest eigenvalue of the inertia tensor of themolecules. The
order tensor is a traceless tensor and its largest eigenvalue is
called the order parameterS. Themolecular order parameter
S, can be any number between 0 (perfect disorder) and
1 (perfect order).

2.3. Post-Shear Crystallization Protocol. To separate the
effects of shear rate and strain on the post shear crystal-
lization we have used a protocol which is similar to that used
in experiments. Figure 1 show the temperature profile and
during cooling and shear application for all the simulations
conducted here.

To generate the initial configuration of the melt, a con-
stant volume (NVT) simulationwas started at a lower density
and at a constant temperature of T = 700 K and then was
allowed to equilibrate for 5 ns. This temperature is well
above the melting temperature of C162 of Tm = 397.5 K.30

The generated configuration was then equilibrated for an-
other 5 ns at constant temperature and pressure of 700K and
1 atm. TheNPT simulation at 700 K and 1 atm produced an
amorphous melt with calculated ratio of mean square end-
to-end distance to the mean-square of the radius of gyration,
ÆR2

eæ/ÆR2
gæ = 5.56, close to that of a Gaussian chain con-

figuration (∼6)29 and a density of 705 kg/m3. The annealed
melted system of 700 K was then cooled by 50 K steps, to a
crystallization temperature Tc = 393 K, while being allowed
to equilibrate for 1.1 ns at each cooling step. We chose Tc =
393K, as it is shown,30 the crystallization rate is the highest in
the range close to the melting point. The melt was then
equilibrated for another 10 ns after the temperature reached
393 K. On completion of this stage the system was still
amorphous (shown in Figure 2) with a density of 815 kg/m3.

We used the equilibrated melt configuration at T=393K for
all the subsequent planar Couette shear simulations. In this
stage the shearing was continued at a certain _γ until a
prescribed total strain was applied. After the cessation of
shearing the melt was cooled further to 350 K at a cooling
rate of 10 K per 0.235 ns and then allowed to crystallize at rest
for extended times of up to 63 ns. Experiments on C162 have
shown a linear relation between the degree of undercooling
and crystallization rate.30 The undercooling was necessary to
observemeaningful crystallization during the short time scales
achievable byourMDsimulations. Themodel has been shown
in our earlier work,13 to overestimate the melting temperature
of short alkane by ∼10 K, and our undercooling of 50 K is
conservatively chosen to account for this.

3. Results and Discussion

In parts a and b of Figure 3, we present snapshots of a system
which had been subjected to planar Couette shear at _γ=109 s-1

for a total strain of γ= 5 and then was allowed to crystallize for
58 ns, reaching 58% crystallinity. In the semicrystalline structure
shown in Figure 3b, two distinct lamellae can be seen with a
mixture of extended, once and twice folded chains which often
occupied both lamellae. A fully extended all trans C162 is∼20.66
nm long. We calculate the thickness of each lamella to be about
∼7.5 nm which is expected, due to folding. Between the two
lamellae wemeasure a∼37� splaying angle which is also observed
in experiments,30 and is suggested to be the early stages of
spherulite formation through a ciliation mechanism,.30 In Figure 4,
we present snapshots of crystallization stages of amelt which had
been presheared at a shear rate of 1.78� 108 s-1 for a total strain
of γ = 5, and then was allowed to crystallize at rest. In these
snapshots the chains are shown in full by application of periodic
boundary conditions to the center of mass of the molecule,
to allow for better visualization of individual chains during
crystallization.

3.1. The Effect of Shear Rate on FIC. In Figure 5 we have
plotted crystallinity versus time formelts presheared at shear
rates in the range of _γ=108-1010 s-1. To isolate the effect of
the shear rate all systems have been subjected to the same
total strain of γ=5during preshearing process. It is striking
that despite 2 orders of magnitude change in _γ the crystal-
lization rate is not affected much. To compare the effect of
shear rate on crystallinity developed over a certain amount of
timewe have plotted g2 as a function of shear rate inFigure 6.
This figure shows crystallinity after 30 ns, varies by
only ∼10% within the examined shear rates. Interestingly,

Figure 2. Snapshot of the fully amorphousC162melt atT=393Kand
P = 1 atm.
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crystallinity initially increases with the shear rate up to 3.162�
108 s-1, and then drops as _γ is increased further. The results
here suggest although the final crystallinity increases initially
with the shear rate there is a critical shear rate above which the
effect is reversed. The reversal of the effect at higher shear rates
is in agreement with experiments of Bove andNobile.2We did
not detect the lower limit of shear rate, for onset of flow-
induced crystallization and this shear rate is possibly lower
than those examined in our simulations.

3.2. Effect of Shear Strain on FIC.To examine the effect of
only the strain we subjected themelt to the same shear rate of
109 s-1, applying a number of different strains, and then
allowed it to crystallize. The crystallinity versus time is
shown for these systems in Figure 7. Here, γ = 0 represents
themelt, which followed the same temperature profile shown
in Figure 1 without application of shear. It is striking that

both the amount of crystallinity (see the inset in Figure 7) and
the rate of crystallization change significantly with γ. No
meaningful crystallization increase was observed at the low-
est strain of γ=1, despite a slight increase in crystal content
compared to the nonsheared system (γ = 0). The crystal-
lization begins at γ=2, and then as the strain is increased to
γ= 3, a noticeable change in the slope marks an increase in
the rate of crystallization. Clearly a strain, in the range of
1 <γ<2, was needed to induce crystallization. The inset in
Figure 7 shows initially a sharp increase in the final crystal-
linity as the strain is increased, followed by a plateau at
higher strains. This is in agreement with experimental4 and
modeling3 results, which showed a limiting effect of strain.
Reversal of the effect, as reported by Bove and Nobile,2 was
not detected although it could not be ruled out, as we did not
go beyond γ = 10. From Figure 7, we clearly see the

Figure 3. (a) Snapshot of a systempresheared at _γ=109 s-1, for a total strain ofγ=5 then allowed to crystallize at 350K for 58 ns; (b) same as part a,
shown in the YZ (gradient-vorticity) plane. The thick lines show the approximate boundaries of the two distinct lamellae formed, and the splaying
angle θ = 37� is the angle between the normals to the surface of the two lamellae.

Figure 4. Snapshots of crystallization stages ofC162meltwhichwas subjected to preshearing at a shear rate of 1.78� 108 s-1. The snapshots are shown
in the YZ (gradient-vorticity) plane. Molecules are shown by different colors to enhance visualization.
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crystallization rate is the largest at γ ∼ 2-3. Strain-induced
crystallization behavior seen here was independent of the
shear rate and a similar behavior was observed at a higher
shear rate of 1010 s-1 and also a lower shear rate of 108 s-1

(results not shown). That is the critical strain to induce
crystallization was unchanged for the range of shear rates
we examined here.

4. Rheology, Structure, and Discussion

To connect our observations to rheology and structure, in
Figure 8 we have plotted the shear stress, crystallinity and
molecular order,31 S, as a function of strain during shearing
process at different shear rates. The shear stress (σxz) is calculated
using eq 5. At the onset of shearing, in Figure 8, we see a clear
stress overshoot which increases with _γ. Occurrence of this stress
overshoot, which decays to a steady state at higher strains, is well-
known for polymers. Themagnitude of stress overshoot increases
with _γ and length of molecules,.32 Fitting the data to third order
polynomial, we find that the maximum shear stress occurs at
critical strains of γc

σxz,max= 2, 2.1, 2.3, 2.27, and 2.4 respectively for
_γ = 108, 3.162 � 108, 109, 3.162 � 109, and 1010 s-1. Our results

suggest γc
σxz,max being mostly independent of _γ in agreement with

an extendedDoi-Edwardsmodel.33 This critical strain is close to
γc ∼ 2, needed for the start of FIC in the melt presheared at _γ=
109 s-1 (Figure 7). Such stress overshoot at γc ∼2 is also
reported,3 in FIC simulations of large aspect ratio dumbbell
models of isotactic polypropylene (iPP). Experiments2 with
isotactic poly(1-butene) (i-PB) imply γc ∼ 2 for melts sheared
at _γ>0.01 s-1.We have plotted the first normal stress difference
(N1) in Figure 9 as a function of strain during the shearing
process, and similar to Figure 8, we have included the S and g2. In
this plot, we can see the peak in the first normal stress difference,
N1, takes place at γ ∼ 3.5. This is consistent with earlier
simulation of C100 where the peak was observed at a similar
strain independent of the shear rate. Given the critical strain of γc
∼ 2 is close to the peak observed in the shear stress, than that is
seen for the first normal stress difference, we postulate shear
stress to be a better indication of critical strain for shear-induced
crystallization. In Figure 8, the shear stress peaks when S almost

Figure 8. Shear stress (σxz, lines with symbols), degree of crystallinity
(g2, lines), and molecular order parameter (S, lines) as a function of
strain (γ = _γt) during preshearing process for various shear rates, 108

(dashed line), 3.162 � 108 (dash-dot-dot line), 109 (solid line), 3.162 �
109 (long dashed line) and 1010 s-1 (dash-dot line).

Figure 5. Degree of crystallinity (g2) versus time during crystallization
of C162 at 350 K. Before cooling to 350 K, each system was presheared
at 393 K for a total strain γ=5, at a different shear rate as shown. The
lines are third order polynomial fit to data after the temperature is
reached 350 K. The inset at the top shows the proposed effect of shear
rate where _γi, is the induction shear rate and, _γc is the critical shear rate.

Figure 6. Degree of crystallinity (g2) versus shear rate for postshear
crystallization of C162 at 350 K, after 30 ns of crystallization time. All
systems are sheared for a total strain of γ = 5.

Figure 7. Degree of crystallinity (g2) versus time during crystallization
ofC162 as the temperature is dropped from393 to 350Kand allowed to
crystallize. Before cooling, each system was subjected to the same shear
rate of 109 s-1 but sheared for a different total strain as shown. The lines
(for γ = 1-5) are third order polynomial fit to data after the
temperature is reached 350 K. The inset shows the final crystallinity
as a function of strain.
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reaches a plateau after a sharp ascent to its climax. Themolecular
order parameter, S, is almost insensitive to the range of _γ we
examined here and is mostly dependent on the strain. The
increase in crystallinity (g2), during preshearing, is small but
noticeable. There is a consistent increase in g2 with both _γ and γ,
with strain having a larger effect. At γ = 5, we find g2 ∼ 0.19,
0.25, 0.26, 0.28, and 0.28, respectively, for _γ = 108, 3.162 � 108,
109, 3.162 � 109, and 1010 s-1. The initial crystallinity and order
built into the melt during shearing is crucial for further crystal-
lization. Since _γ makes only a small difference in S and g2 (see
Figure 8) the crystallization that follows also shows only small
differences (Figure 5). Despite this small difference, one would
expect the crystallinity to increase with _γ, as g2 consistently
increases with _γ during shearing. However the results in Figure 5
suggest otherwise, as we find the crystallinity initially increases
with _γ reaching a peak at _γ = 3.16 � 108 s-1 and then drops as
shear rate is increased further. Interestingly, for _γ=1010 s-1, the
final crystallinity is even lower than that for _γ = 108 s-1. The
origin of an upper limit in the effect of _γ on FIC emerges from
Figure 10which shows shear stress and g2 against time in the early
stages just after the cessation of shear. We can clearly see a

noticeable loss of crystallinity, right after the cessation of shear
and as the shear stress relaxes, for melts sheared at _γ > 3.16 �
108 s-1. The loss is proportional to the shear rate. Note, at _γ =
1010 s-1, that g2 drops to the same level or even lower than that for
108 s-1. The loss in crystallinity is due to recoiling which is
proportional to the stress and hence the shear rate. This recoiling
effect can be seen more clearly in Figure 11 where the time
average square radius of gyration ÆRg

2æ is plotted as a function of
time, immediately after the cessation of shear. Here again we see
the dramatic drop in radius of gyration for _γ = 1010 s-1.

FromFigure 10, we estimate the stress relaxation time λ≈ 3 ns.
The maximum flow-induced crystallinity was achieved at _γ ∼
3.16 � 108 s-1, which is close to the reciprocal stress relaxation
time, 1/λ ≈ 3.3 � 108 s-1. At this critical shear rate of _γc ≈ 1/λ
the flow-induced crystallization is the maximum, and for _γ< _γc
the shear rate positively affects the crystallization. For _γ> _γc the
effect of the shear rate on post shear crystallization is reversed due
to recoiling effect. The inset at the top corner of Figure 5 shows
our proposed effect of shear rate on FIC, which is characterized
by the induction shear rate _γi above which FIC begins, and _γc at
which the crystallization peaks and above which the effect is
reversed. We have not explored the induction shear rate ( _γi), for
C162 at this particular strain (γ= 5); however, we estimate it to
be _γi < 108 s-1, which is beyond that achievable by our current
MD simulations.

Experimental evidence of upper limit of shear rate on FIC
is reported for high molecular weight isotactic poly(1-butene)
(i-PB) byBove andNobile.2 Theyhave reported a critical strain at
a given _γ, and an induction shear rate of _γi≈ 0.01 s-1 for γ∼ 5.A
critical shear rate of _γc,iPB ∼ 0.05-0.1 s-1 can be inferred from
their results, which agrees with our conjecture, considering stress
relaxation time for i-PB to be, λiPB ≈ 10-100 s.34 Modeling and
experimentalworks,3,4 on iPP, sheared at _γ<100 s-1, suggest the
crystallization increases with _γ and the onset of FIC to be at
_γi∼ 1 s-1 . Stress relaxation time for iPPmelt is reported,35,6 to be
in the order of λiPP≈ 0.01-0.001 s and this puts _γc,iPP=1/λipp≈
100-1000 s-1, which is higher than those examined in these
works,.3,4 We think exploring this high shear rate region should
reveal the limiting effect of the shear rate in postshear crystal-
lization of iPP and corresponding, _γc,iPP.

FIC experiments on a variety of polymers including bimodal
HDPE by Balzano,36 have shown the crystallization rate to be

Figure 9. First normal stress difference (N1, lines with symbols), degree
of crystallinity (g2, lines), and molecular order parameter (S, lines) as a
function of strain (γ= _γt) during preshearing process for various shear
rates, 108 (dashed line), 3.162 � 108 (dash-dot-dot line), 109 (solid
line), 3.162 � 109 (long dashed line), and 1010 s-1 (dash-dot line).

Figure 10. Shear stressσxz (filled symbols) and degree of crystallinity g2,
(open symbols), immediately after the cessation of shear and application
of total strain γ = 5 for C162 at various shear rates 108 (blue box),
3.162� 108 (red tilted square), 109 (green sideways triangle), 3.162� 109

(purple triangle pointing up), and 1010 s-1(black circle).

Figure 11. Shear stress σxz (filled symbols) and square radius of gyra-
tion Rg

2, (open symbols), immediately after the cessation of shear and
application of total strain γ=5forC162 at various shear rates 108 (blue
box), 3.162 � 108 (red tilted square), 109 (green sideways triangle),
3.162 � 109 (purple triangle pointing up), and 1010 s-1(black dot).
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independent of shear rate, and the increase in the onset tempera-
ture to bemostly dependent on strain. These polymers havemuch
larger molecular weights and are subjected to much lower shear
rates (1-200 s-1) than those in our simulations. However
Weissenberg numbers in our simulations (Wi = λ _γ ≈ 0.03-3)
are comparable to those in Balzano’s experiments ofWi= λ _γ ≈
0.07-14 (assuming λ ≈ 0.07 s for HDPE37).

5. Conclusion

Experimental and modeling works have shown the combined
role of shear rate and strain on FIC. Through atomistic level
simulations, we have unambiguously shown that the onset of FIC
is at a critical total strain γc which coincides with a peak in the
shear stress overshoot (σxz,max) and significant molecular orien-
tational order (S). We show that the final crystallinity increases
with the total strain, and postulate that, at γ ≈ γc the crystal-
lization rate is the maximum. Given the difficulty in detecting
molecular order during the flow, monitoring the shear stress
presents itself as a practical method to quantify γc for a specific
polymer. Given the similarity of critical strain, obtained in our
simulations, the experiments,2 andmodeling,3 γc∼ 2-3may be a
universal value independent of the polymer type, provided _γ> _γi.
We have confirmed the existence of a limiting shear rate, seen in
the experiments, and clearly resolved its origins. Stress relaxation
time (λ), can be used to quantify this limiting critical shear rate _γc
≈ 1/λ at which maximum crystallinity may achieve for a certain
strain. For high molecular weight polymers _γc is at lower shear
rates and is more likely to be encountered during processing. We
expect at higher total strains or at lower temperatures during
preshearing the recoiling effect to be less severe, making the peak
crystallinity at _γc less pronounced.
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