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ABSTRACT: The effects of “short term shearing” on the subsequent crystallization of a polydisperse
Ziegler-Natta isotactic polypropylene are observed using in situ optical measurements and ex situ
microscopy. Imposition of brief intervals of shear (0.25-20 s, less than a thousandth of the quiescent
crystallization time) can reduce the crystallization time by 2 orders of magnitude (e.g., at 141 °C with a
wall shear stress of 0.06 MPa). With increasing shearing time, the crystallization time saturates and
highly anisotropic growth ensues. This transition to oriented growth correlates with changes in the
transient behavior during flow and the semicrystalline morphology observed ex situ. During flow, we
observe the generation of long-lived, highly oriented structures (evident in the transient birefringence)
under all conditions that induce subsequent growth of highly oriented crystallites. In turn, the development
of oriented crystallites observed in situ after cessation of flow correlates with development of a “skin-
core” morphology (highly oriented skin on a spherulitic core) observed ex situ. Interestingly, the long-
lived structures generated during flow appear at shorter times with increasing temperature (at fixed
shear stress), the opposite of the trend one would expect on the basis of the temperature dependence of
quiescent crystallization.

1. Introduction
Processing of semicrystalline polymeric resins strongly

affects their final morphology and consequently their
material properties. Semicrystalline polymers are often
processed from the melt state. In common polymer
processing operations such as injection molding, film
blowing, and fiber spinning, the molten polymer is
subjected to intense shear and elongational flow fields
and crystallizes during or subsequent to the imposition
of flow. The semicrystalline morphology that develops
in the final product is typically very different from what
is observed for quiescent crystallization of the same
polymer. For example, the chain-extended crystals and
the interlocked lamellar structure formed as polyeth-
ylene crystallizes under the influence of an elongational
flow field yield materials with a very high modulus.1-3

The high stresses and strain rates experienced by a hot
polymer melt as it contacts the cold walls of the die in
an injection molding operation can lead to the develop-
ment of a highly nonuniform “skin-core” morphology.
The difference in properties (such as crystallinity and
degree of orientation) between the highly oriented
crystallites in the skin and the spherulitic core can lead
to undesirable effects such as stress whitening, warpage,
or, in extreme cases, delamination of the skin. On the
other hand, the skin can offer a desired hardness of the
surface. Thus, an understanding of the nature of flow-
enhanced crystallization with respect to the influence
of processing conditions and resin characteristics is
required to enable rational design of materials and to
optimize properties.

The technological importance of the development of
inhomogeneous semicrystalline structure developed dur-
ing injection molding has driven extensive investiga-
tions of test specimens injection molded from various
resins under different processing conditions.4-11 Such
studies have yielded a wealth of information regarding

the details of processing-morphology relations for
particular resins under specific processing conditions.
However, the nonisothermal nature of molding and the
complicated flow fields imposed makes it difficult to gain
insight into the underlying dynamics that lead to the
final observed morphology.

To separate the effects of flow from those of temper-
ature transients and gradients present in injection
molding, other researchers have used modified rheom-
eters to study shear-enhanced crystallization under
well-defined flow and isothermal conditions.12-22 In most
of these studies, the polymer melt was subjected to
continuous shear at the crystallization temperature, and
the onset and progress of crystallization were monitored
using a variety of techniques. The following are the
three main conclusions from these studies: (i) Shear
was observed to accelerate crystallization kinetics and,
under severe conditions, to change the semicrystalline
morphology from spherulitic to crystallites oriented in
the flow direction. (ii) While researchers recognized the
difficulty in separating the process of crystal growth
from nucleation,19 they attributed the enhancement in
crystallization kinetics to an increase in nucleation rate
caused by distortion of polymer chains in the melt
(based on studies of nucleation density,20 induction time
for nucleation,19 and crystal growth rates). (iii) A
pronounced effect of molecular weight and molecular
weight distribution was observed,15,17,19,20,22 and it was
suggested that the high molecular weight species played
an important role in melt orientation and the observed
enhancement in crystallization kinetics. However, most
of these experiments did not access conditions typical
of industrial processing limited to relatively low stress,
strain rate, or total strain. In addition, the imposition
of continuous shear during crystallization changes the
orientation distribution of crystallites due to reorienta-
tion in the shear field, making it difficult to differ-
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entiate between the formation of oriented crystallites
and their reorientation due to flow.

A new experiment was proposed by Janeschitz-Kriegl
and co-workers23 in the early 1990s to address some of
the limitations in prior experimental approaches. They
studied the effect of brief, intense shearing of an
isothermal polymer melt (brief compared to the time
taken for crystallization) on subsequent crystallization.
This approach aimed to separate the effect of primary
nucleation (which was assumed to happen mainly
during shear) from the growth of crystals at later times.
Reorientation of crystallites in the flow field was also
minimized. A well-defined thermal history was applied
and high wall shear stresses were imposed for controlled
durations.

In polydisperse isotactic polypropylenes, they found
that (i) a brief “pulse” of shear can cause rapid subse-
quent growth of highly oriented crystallites and (ii) the
effect of a shear “pulse” on the crystallization time
scaled with the fourth power of the wall shear strain
rate and the second power of the shearing time, γ̆w

-4ts
-2.

To explain this scaling, a model with an Avrami-like
phenomenology was put forward with an arbitrary shear
rate dependence assigned to the nucleation rate and to
the growth rate of the “threadlike” precursors23 that
were assumed to grow from the point nucleation sites
during shear. The model also explained the weaker
dependence of crystallization time on shear rate and
shear time for nucleated isotactic polypropylene
(γ̆w

-2ts
-1). Resins with a lower content of high molecular

weight chains also showed this weaker scaling, which
they could explain by assuming that the number of
nuclei is fixed rather than increasing due to sporadic
generation during shear.24 However, while the model
is very successful in describing their results, there is
no molecular explanation for the nature of the “thread-
like” precursors that form the basis of the theory.
Finally, it must be noted that γ̆w

-2ts
-1 is not dimension-

less but is rendered dimensionless in the model by an
arbitrary factor, g, having units of time.

Other phenomenological approches to modeling have
relied on modifications to the Avrami formalism.25-28

An early model by Ziabicki25,26 formulated a general
approach to crystallization from an oriented state by
modifying the Avrami nucleation and growth rates to
be functions of a time dependent “orientation charac-
teristic”. Recent work by McHugh and co-workers27,28

further introduces concepts of irreversible thermody-
namics and employs more accurate rheological models
for the amorphous and partially crystalline states. Their
model is very sensitive to the coupling between the
degree of crystallinity, the orientation of the crystalline
phase and the anisotropy of the amorphous phase
subject to flow. This model appears promising, but the
molecular variables that govern these coupling param-
eters need to be understood before it can be used
predictively.

An earlier “zero-parameter” approach to theoretically
explaining flow-induced crystallization used the ther-
modynamic concept of melting point elevation.29,30 This
approach, originally proposed by Flory29 to explain
strain-induced crystallization in cross-linked rubbers,
relates the reduced entropy of the oriented state from
which the polymer crystallizes to an elevation in the
equilibrium melting point of the crystal. It was hypoth-
esized that this caused a given temperature to cor-
respond to a deeper subcooling, which causes the

observed enhancement in the crystallization kinetics.
This theory does not attempt to explain how flow-
enhanced crystallization often results in the develop-
ment of oriented semicrystalline morphologies. Further,
experimental evidence suggests that the calculated
increase in the equilibrium melting point is too small
to account for the observed enhancement in crystalliza-
tion kinetics.12,31,32 However, Andersen and Carr17 have
suggested that the observed crystallization kinetics may
be reconciled with the thermodynamic theory by ac-
counting for the effect of the high molecular weight tail
of the chain length distribution on the decrease in
entropy upon shearing.

Development of reliable models for flow-enhanced
crystallization requires experimental data on the earli-
est events that occur during flow and their relationship
to subsequent crystallization kinetics and morphology
obtained using a protocol that separates the effects of
flow from those of thermal transients or gradients (viz.,
the protocol developed by Janeschitz-Kriegl and co-
workers). Insights into the interplay of flow and crystal-
lization can be obtained by following the development
of order at different length scales in real time using in
situ probes of structure. In the next section, we briefly
describe instrumentation developed in our laboratory
that generates controlled thermal and flow histories by
imposing a transient deformation at well-defined stress
for a set duration. In situ structural probes that record
the formation of structure in real time are incorporated
into our instrument to provide information about the
initial stages of the transformation during shear and
the crystallization process at longer times after cessa-
tion of flow. In light of Janeschitz-Kriegl’s findings and
their model, it is of immediate interest to determine the
prerequisites for inducing oriented growth: Is there a
critical shear stress that needs to be applied? What is
the duration for which it needs to be applied? What
occurs during flow that leads to subsequent oriented
growth? How are the dynamics of these flow-induced
events affected by thermodynamic factors (e.g., subcool-
ing) vs dynamic factors (e.g., the relaxation spectrum
of the melt)? Here we begin to address these questions
by examining a polydisperse, industrial isotactic polypro-
pylene sample similar to the one used by Janeschitz-
Kriegl and co-workers. We compare our data with the
available literature on polydisperse polymers and con-
centrate on structure development during shear, cor-
relating it with the anisotropic structure development
at later times as the polymer crystallizes.

2. Experimental Section

We have constructed an instrument that retains the es-
sential features of the protocol pioneered by Janeschitz-Kriegl
and co-workers23 (well-defined flow and thermal history, high
shear stresses, and short shearing times to minimize flow-
induced reorientation of crystallites) and confers two additional
advantages: it is able to work with relatively small amounts
of material and is designed to facilitate in situ structural
characterization using a variety of techniques.33 Our instru-
ment employs pressure-driven flow to achieve wall shear
stresses on the order of 0.1 MPa for durations that can be
precisely controlled from 100 ms to several minutes. A slit
geometry (slit width ) 0.5 mm) with a large aspect ratio (∼10)
is used to generate a simple two-dimensional flow profile.
Isothermal conditions can be maintained at the sample with
stability to about (0.1 °C for the duration of the experiment.34

To open the way to studying model systems, our device
requires only small amounts of sample (a set of experiments
can be done with about 10 g of material with each experiment

7538 Kumaraswamy et al. Macromolecules, Vol. 32, No. 22, 1999



using about 0.5 g). The instrument facilitates use of a variety
of structural probes (turbidity, birefringence, SALS, SAXS,
WAXD, IR dichroism) to obtain real-time, in situ information
about the evolution of structure in the melt and as the polymer
crystallizes. The sample can be extracted at the end of an
experiment and rapidly quenched by plunging into ice water
for ex situ examination. A Reichert UltraCut S Cryomicrotome
has been used to section the sample at a temperature of -100
°C. Sections, 5 µm in thickness, are obtained in the flow-
gradient (1-2, axes defined in Figure 1) and the gradient-
vorticity (2-3) planes for optical microscopy. Results of
turbidity and birefringence measurements and ex situ polar-
ized optical microscopy are presented here (optical arrange-
ment shown in Figure 1a). The corresponding in situ and ex
situ synchrotron X-ray scattering experiments will be pre-
sented separately.

We examine shear-enhanced crystallization in a polydis-
perse Ziegler-Natta isotactic polypropylene, PP-300/6 (Mw ∼
300 000 g/mol, PDI ∼ 6-8, pentad content [mmmm] ∼96%,
melt flow index ) 12 dg/min at 230 °C/2.16 kg load). In all
these experiments, polymer melt held in a reservoir main-
tained at 180 °C was injected into a hot slit die. The die, which
is thermally isolated from the reservoir, was held at a high
temperature (220 °C for 5 min)35 to erase the memory of the
filling process and then cooled to the desired crystallization
temperature, Tcryst (Figure 1b). The crystallization temperature
was selected such that the time for quiescent crystallization
is much greater than the time required to cool the die (typically
around 10 min). Care was taken to minimize temperature
undershoots during cooling. The stability of Tcryst was opti-
mized to only about (0.5 °C since we found that the sensitivity
of our shear-enhanced crystallization results to temperature
fluctuations was not as high as might be expected from
quiescent crystallization studies.

The relaxed, isothermal subcooled polymer melt is subjected
to intense shearing at wall shear stresses, σw, of 0.03 and 0.06
MPa for brief shearing times (short enough that no turbidity
is evident). Start-up and cessation of shearing takes ∼20 ms,

giving a boxlike wall shear stress profile.36 The polymer was
allowed to crystallize subsequently, and the turbidity and
birefringence were tracked to monitor the progress of crystal-
lization. The wall shear stress, σw, is computed from the
measured pressure drop across the slit. We do not present our
data in terms of a calculated wall strain rate, γ̆w, or strain,
γw, because we do not know how the rheological properties
change due to the ordered structure that forms during the
shearing time (see Results).

Light from a 15 mW HeNe (λ ) 632.8 nm) laser polarized
at 45° to the flow direction passes through the sample and is
analyzed using a polarizing beam splitter with its axis at -45°
to the flow direction (Figure 1a). Detectors D⊥ and D| measure
the intensity of light through crossed and parallel polarizers,
I⊥ and I|, respectively. The sum of the intensities incident on
the the two detectors (D⊥ and D|) is Itot ()I⊥ + I|), the total
light transmitted through the sample. The total intensity
normalized by the intensity of light transmitted initially
through the molten sample, Itot(t)0), decreases as crystallites
that scatter light form. When depolarization can be neglected,
I⊥/Itot is related to the birefringence, ∆n (eq 1), and is a measure
of the anisotropy in the sample

where λ is the wavelength of light and d is the thickness of
the sample. Depolarization is negligible when little scattering
occurs; since the total transmitted intensity never drops
significantly during the shear “pulse”, this equation can be
used to describe the orientation of the polymer during flow.

The optics were calibrated at the beginning of each experi-
ment to adjust for the different sensitivity of the detectors by
using a quarter wave plate with its axis along the flow
direction. Data is acquired with high time resolution (5-20
ms) during shearing to characterize the anisotropy in the melt.
After cessation of shear, structure evolution occurs on much
longer time scales, so lower data acquisition rates (depending
on the characteristic crystallization time) are used subse-
quently.

3. Results
In this section, we present our results on the shear-

enhanced crystallization in PP-300/6 as a function of
shearing time and wall shear stress. First, we examine
the effect of shear on the time scale for crystallization,
then we describe the development of orientation as
determined by our in situ birefringence measurements
as the polymer crystallizes. Next, we present ex situ
measurements that show how “extreme” shearing con-
ditions (high wall shear stress and shearing time) lead
to the development of a pronounced “skin-core” mor-
phology. We will demonstrate that an unusual rheo-
optical signature observed during short-term shearing
correlates with the subsequent formation of anisotropic
semicrystalline texture. Finally, we show that the
dynamics of creation of this oriented structure during
flow is controlled by relaxation dynamics of the melt
rather than by the degree of subcooling.

In situ optical techniques provide information about
structure formation averaged over the thickness of the
flow channel. Simple rheo-optical measurements such
as monitoring the turbidity as the sample crystallizes
have been used to follow the progress of crystallization.
Shearing PP-300/6 at a wall shear stress of 0.06 MPa
at a temperature of Tcryst ) 141 °C accelerates the
crystallization kinetics (Figure 2) and the sample be-
comes turbid in a very short time compared to quiescent
crystallization. The onset of turbidity is due to the
material most strongly influenced by the flow history,

Figure 1. Schematic of the optical train used for turbidity
and birefringence measurements. P1 is a linear polarizer
oriented at 45° to the flow direction, P2 is a polarizing beam
splitter. The extraordinary beam from P2 is incident on
detector D|, which reads the intensity of light (I|) through
parallel polarizers. The through beam is incident on detector
D⊥ which reads the intensity of light (I⊥) through perpendicular
polarizers.

∆n ) λ
πd

arcsin x I⊥

(I| + I⊥)
(1)
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typically the material near the walls which experiences
the highest shear rate. We define a characteristic
crystallization time, called the “half-time”, t1/2, as the
time taken for the transmitted intensity to decrease to
half its initial value. This half-time is not to be confused
with the time taken to achieve a degree of crystallinity
of 0.5, since the transmitted intensity can drop to zero
when only a small amount of material in thin layers
near each wall becomes opaque. Further, a given
transmittance does not generally correspond to a given
degree of crystallinity since it is sensitive to the size
and shape of the crystalline scatterers. The crystalliza-
tion temperature, Tcryst, was selected such that t1/2 for
quiescent crystallization was on the order of a few hours.
Upon shearing the melt for ∼4 s, the half-time decreases
by about 2 orders of magnitude (Figure 2, inset). As the
shearing time is increased, the crystallization time first
decreases rapidly and then reaches a plateau at a
shearing time of about 5 s (Figure 2, inset). The
geometry of the shear cell limits us to a maximum strain
of about 100, which restricts us to shearing times ts e
12 s for PP-300/6 at this σw and Tcryst.

As the polymer crystallizes, Itot(t)/Itot(0) drops, I⊥/Itot
rises, and I|/Itot falls. Even in the case of unoriented
crystallization, multiple scattering gives rise to depo-
larization manifested in an increase in I⊥/Itot and a
decrease in I|/Itot.37 This change is not indicative of
birefringence; it is observed even in quiescent crystal-
lization when the structure is isotropic. For example,
as PP-300/6 crystallizes at 141 °C after shearing for 2 s
at σw ) 0.06 MPa, the increase in the normalized
intensity between crossed polarizers, I⊥/Itot, occurs
mainly after the the total transmitted intensity Itot(t)/
Itot(0) drops to less than 0.1 (Figure 3a). Polarized light
microscopy with crossed polarizers (PLM-CP) shows
that the sample quenched into ice water at the end of
the crystallization experiment (viz., when the sample
turns completely turbid, tcryst ∼ 1800 s) contains no
visible oriented crystallites and no skin-core texture
(Figure 4a,b). Large spherulitic structures, about 40 µm

across, are observed in a 100 µm region near the walls
in both flow-gradient (1-2, axes defined in Figure 1)
and gradient-vorticity (2-3) planes while smaller
spherulites are observed through the rest of the sample
(characteristic of crystallization occurring during the
quench).

Qualitatively different behavior is seen in I⊥/Itot for
shearing times longer than about 5 s. For example,
when the polymer crystallizes after being sheared for
12 s (at the same Tcryst and σw), I⊥/Itot starts increasing
immediately (before the total transmitted intensity has
dropped by even 10%) and goes through a maximum
(Figure 3b). The birefringence going “over orders”
indicates the formation of highly oriented crystallites.
This is evident in the skin-core morphology observed
in the optical micrographs (PLM-CP, Figure 4c,d) of
microtomed sections of the sample quenched after it
became completely turbid (viz., at tcryst ∼ 400 s). The
micrograph of the sample viewed in the flow-gradient
(1-2) plane shows a bright “skin” region near the walls
of the die which, when viewed in the gradient-vorticity
(2-3) plane, appears dark. This suggests that crystal-
lites having cylindrical geometry are oriented along the
flow direction in the skin region. The bright skin region
extends to a depth of about 55 µm from the wall. The
material appears stratified with a “fine-grained” layer
(∼100 µm) between the skin and the isotropic core. Since
the shear stress in the sample drops linearly from a
maximum at the wall (σw ) 0.06 MPa) to zero at the
center of the flow channel, the “critical” shear stress at
the boundary of the skin and the “fine-grained” layer
can be calculated to be σcrit ≈ 0.047 MPa.

The central core region exhibits spherulitic structures
(Figure 4c,d) which are much smaller than those
observed during quiescent crystallization at 141 °C
(several 100 µm in diameter; micrographs not pre-
sented). Near quiescent conditions prevail over the
central core, since this polymer exhibits shear thinning
behavior that results in a flattened velocity profile.38

Since the quiescent crystallization kinetics for PP-300/6

Figure 2. Turbidity of PP-300/6 as it crystallizes following a
“pulse” of shear at Tcryst ) 141 °C and σw ) 0.06 MPa for
various shearing times, ts, ranging from 0 to 12 s. The lines
indicate experimental data; symbols are sparsely distributed
on the lines to identify the experiments at different shearing
times. Scattering of incident light as the polymer crystallizes
leads to increased turbidity. The crystallization time decreases
with increased shearing time, and the crystallization half time,
t1/2 (see text), reaches a plateau after a shearing time of about
5 s (inset).

Figure 3. (a) Relative intensity through crossed and parallel
polarizers for PP-300/6 as it crystallizes following a “pulse” of
shear at the same Tcryst and σw as in Figure 2 (Tcryst ) 141 °C,
σw ) 0.06 MPa). ts ) 2 s does not cause a significant increase
in the normalized intensity between crossed polarizers, I⊥/Itot,
until multiple scattering gives rise to depolarization. (b) Longer
shearing times (ts ) 12 s) lead to the birefringence going “over
orders”, indicating the formation of a highly oriented crystal-
line structure.

7540 Kumaraswamy et al. Macromolecules, Vol. 32, No. 22, 1999



at 141 °C is known to be slower than the time scale
allowed for crystallization in the shear-enhanced crys-
tallization experiments (quenched at tcryst ) 400 s and
1800 s for ts ) 12 s, 2 s vs 20 000 s for quiescent
conditions), we infer that the spherulites in the inner
core regions (Figure 4) formed during the ice water
quench.39

The enhancement in crystallization kinetics is mani-
fested in the change in t1/2 with shearing time, while
the development of oriented semicrystalline structures
is reflected in the time at which I⊥/Itot goes through a
maximum. The optical signals are indicative mainly of
structure formation near the walls of the die, since the
polymer there crystallizes before the region near the
center as a result of experiencing high shear rate and
strain. The initial decrease in t1/2 with increasing ts
shows intermediate behavior between the two power
laws previously observed for short-term shearing ex-
periments on a similar iPP23,24 (Figure 5). Maxima in
I⊥/Itot during crystallization are only observed for ts > 5
s; in this regime, both the time to reach these maxima,
tλ/2, and t1/2 do not change with ts.

To gain insight into the origin of the differences in
the degree of orientation observed in the final crystal-
lized samples, we examine the melt birefringence during
shear (Figure 6). As the polymer melt is sheared, the
isotropic conformation of the macromolecules is dis-
torted, giving rise to birefringence,40 ∆n (Figure 6,
bottom). Since the chain stretching is small relative to
full extension under our experimental conditions,40 the
stress-optic rule applies at short times where no
crystallization occurs. Under such conditions, the bire-
fringence can be related to the third normal stress
difference, N3 ()σ11 - σ33, where 1, 2 and 3 represent

the flow, gradient and vorticity directions). The high
shear stresses imposed on the polymer in the experi-
ments result in the nonlinear overshoot observed in the
birefringence on start-up of flow (Figure 6, bottom).
Since σ22 - σ33 is small,41 N3 follows the same behavior
of the first normal stress difference, N1 ()σ11 - σ22).
Overshoots in N1 have been observed on shear start-up
for solutions of polybutadiene42 and have been rational-
ized in terms of the stretching of polymer chains in the

Figure 4. Micrographs (PLM-CP) of PP-300/6 crystallized at Tcryst ) 141 °C after shearing at a wall shear stress of 0.06 MPa for
ts ) 2 s (a and b) and ts ) 12 s (c and d) at the same experimental conditions as in Figure 3. The polarizer and analyzer directions
are at (45° to the long axis of the sample, as indicated. Images on the left show the flow-velocity gradient (1-2) plane, while
those on the right show the velocity gradient-vorticity (2-3) plane. After short shearing intervals (ts ) 2 s), no oriented structures
are visible (a and b). Sufficiently long shearing times (ts ) 12 s) induce the formation of a characteristic skin-core morphology.
The oriented skin region appears bright when viewed down the neutral direction (c) and dark when viewed down the flow direction
(d) indicating that the skin has crystallites with cylindrical symmetry.

Figure 5. Turbidity half time, t1/2, and time scale for forma-
tion of oriented structures, characterized by the time at which
a maximum in I⊥/Itot develops, tλ/2 as a function of shearing
time, ts. Note that both these time scales saturate above a
critical value of the shearing time, tcrit.
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flow. Thus, this chain stretching also gives rise to the
overshoot in N3, which leads to the observed overshoot
in the birefringence. After the initial start-up behavior,
polymer melts show a steady state behavior and N3
reaches a plateau. Another characteristic of melt be-
havior is that the birefringence relaxes back to zero
upon cessation of shear. This is observed for ts < 5 s
(Figure 6).

Deviations from melt behavior both in the shape of
the transient birefringence during flow and its relax-
ation after cessation of flow are observed with increasing
shearing time. There is a transition from transient
birefringence characteristic of melt flow to one that has
a significant contribution due to long-lived, oriented
structures generated during shear. For longer shearing
times, the birefringence develops an upturn at times
where the melt would show steady-state N3. This upturn
increases monotonically during the shear pulse, indicat-
ing the formation of an oriented structure which we call
the “shear-induced structure”.43 Upon cessation of shear,
the birefringence does not decay to zero but drops to a
finite value and then increases with time. The develop-
ment of the upturn in the birefringence during shear,
which we associate with the formation of the “shear-
induced structure”, correlates with the development of
strong anisotropy manifested by maxima in I⊥/Itot
observed at longer times as the polymer crystallizes and
with the formation of a skin-core morphology in the
crystallized sample. Real time synchrotron WAXD stud-
ies44 during shear (ts > 5 s) reveal oriented fiberlike
crystalline reflections corresponding to the R-crystalline
form of isotactic polypropylene.45

To examine the wall shear stress dependence of the
“shear-induced structure”, we sheared PP-300/6 at the
same crystallization temperature, 141 °C, at a wall
shear stress of σw ) 0.03 MPa (0.03 MPa < σcrit) for
shearing times up to 20 s. The total shear strain
experienced by the polymer at the longest shearing
times under these conditions (estimated by weighing the

polymer extruded during shear) was comparable to the
strain experienced on shearing at σw ) 0.06 MPa for 12
s. Shearing was again observed to accelerate the crys-
tallization kinetics (Figure 7). A smaller overshoot in
the melt birefringence (as compared to the experiments
at higher σw) was observed during start-up of flow
(Figure 7, inset). No upturn in the birefringence during
shear was observed even for the highest shearing time,
ts ) 20 s, where the instrumental limit of maximum
accessible strain ) 100 was reached. During crystal-
lization only a very small increase in birefringence was
evident in I⊥/Itot and I|/Itot. Ex situ polarized light
microscopy of microtomed sections of the sample crys-
tallized after shearing for 20 s showed no evidence of
an oriented skin-core structure (Figure 8).

The effect of crystallization temperature was exam-
ined by studying shear-enhanced crystallization at a
higher temperature, Tcryst ) 150 °C. Crystallization
experiments at 150 °C, at σw ) 0.06 MPa showed the
same trend as experiments at the lower crystallization
temperature and the same wall shear stress: the
crystallization kinetics was accelerated as the polymer
was sheared, and the formation of oriented skin-core
crystalline structures in the crystallized samples was
found to correlate with formation of the “shear-induced
structure” during shear (data not presented). As ex-
pected, the quiescent crystallization kinetics at 150 °C
was slower than at Tcryst ) 141 °C by about an order of
magnitude. The “shear-induced structure”, however,
appeared at about the same shearing time as observed
at Tcryst ) 141 °C (about ts ∼ 5 s), suggesting that its
formation might be controlled by the relaxation dynam-
ics of the melt.

To examine this unanticipated temperature depen-
dence of the formation of the “shear-induced structure”,
we examined the response of PP-300/6 to short-term
shearing at various temperatures (Figure 9). At higher
temperatures, viz. at lower undercoolings, the upturn
in the birefringence developed at shorter shearing times
(Figure 9a). The “shear-induced structure” is observed
even at temperatures as high as 175 °C (above the
nominal melting temperature of about 172 °C). The time
axis for each experiment was rescaled by dividing by a
temperature dependent “shift factor”, a′T(Tcryst) such
that the upturn in the birefringence occurred at the

Figure 6. Transient intensity transmitted through crossed
polars during shear pulses at the same Tcryst and σw as Figures
2-5. The top part of the plot shows the pressure imposed
across the shear cell to turn the flow on and off. The imposed
pressure drop (and corresponding wall shear stress) reaches
80% of the targeted value within 40 ms, gradually reaching
the set value over the first 2 s and falls to zero within 40 ms,
when the actuator is switched off. This provides a good
approximation to a “boxlike” profile. The bottom part of the
plot shows the corresponding birefringence traces for the
experiments at different shearing times. The formation of the
nonlinear overshoot is evident at about 2 s. Later, at times
where a melt would have reached its steady state birefrin-
gence, there is a further upturn in the birefringence, which
does not relax to zero after cessation of flow.

Figure 7. Shearing at a lower shear stress (0.03 MPa) at the
same temperature (141 °C causes an acceleration in the
crystallization kinetics, but no upturn is observed in the
birefringence trace during shear (inset).
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same rescaled time (Figure 9b). This “shift factor”
decreases with increasing temperature (Figure 10)
(while a characteristic quiescent crystallization time
such as the induction time increases exponentially with
Tcryst) and is remarkably similar to the established
rheological shift factors for isotactic and atactic polypro-
pylene.46,47

Upon cessation of shear, the “shear-induced structure”
decays to a nonzero value at temperatures below 170
°C (Figure 11), while it decays completely for temper-
atures of 170 °C and above. These “melt” shearing
experiments and the formation of the “shear-induced
structure” were found to be far less sensitive to tem-
perature fluctuations during the experiment than might
be expected for crystallization at low subcoolings. Thus,
reproducible results were obtained even with the (1 °C
level of temperature stability and uniformity of our
apparatus. While the overall shape of the birefringence
traces is robust, details such as the inflection in the

experimental trace at 160 °C (Figure 11) were sensitive
to subtle changes in experimental conditions (perhaps
temperature variations in the shear cell).

Figure 8. Micrographs (PLM-CP) in the (a) flow-velocity gradient (1-2) and (b) gradient-vorticity (2-3) planes for PP-300/6
sheared at 0.03 MPa at Tcryst ) 141 °C for 20 s.

Figure 9. Temperature dependence of the “shear-induced
structure” is manifested in the birefringence traces during
shear shown as a function of (a) time and (b) rescaled time
using a shift factor, a′T, to superimpose the upturn in the
birefringence. The curves represent experiments at 135, 140,
145, 150, 155, 160, 165, 170, and 175 °C, starting from the
bottom. The magnitude of the initial transient overshoot in
I⊥/Itot overlaps to within 25% with the peak height decreasing
with increasing temperature; the curves are vertically offset
for clarity.

Figure 10. The temperature dependent shift factor, a′T (filled
circles) decreases with temperature in a manner similar to the
literature value of the rheological shift factor, aT

WLF (solid
curve) for isotactic and atactic polypropylene.

Figure 11. The intensity of light through crossed polarizers
during shearing at σw ) 0.06 MPa to approximately 100 strain
units at the wall and after cessation of flow. Note that the
birefringence observed during shear decays completely after
shear cessation only at temperatures higher than 170 °C.
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4. Discussion

Our discussion is organized around the essential and
interesting features evident in the behavior of this
isotactic polypropylene and their implications in relation
to current models of shear enhanced crystallization:

(i) There is a qualitative change in behavior with
increasing shear stress and shearing time: below a
critical stress and shearing time, shear decreases the
time for crystallites to form; for σw > σcrit and ts > tcrit,
shear further induces highly anisotropic growth (skin-
core structure).

(ii) The effect of shearing time on crystallization
kinetics saturates for ts > tcrit; further increase in ts does
not significantly reduce t1/2 or tλ/2.

(iii) The formation of skin-core morphology correlates
with the growth of a birefringent feature (“shear-
induced structure”) during shear.

(iv) The time at which the “shear-induced structure”
develops decreases with temperature and scales with
the rheological shift factor for iPP.

(v) The “shear-induced structure” is observed to
persist after the cessation of shear for temperatures
below 170 °C.

Prerequisites for Induction of Highly Oriented
Crystallization. The effect of flow changes with in-
creasing strength and duration. Initially, application of
a short interval of shear decreases the time for crystal-
lites to grow, manifested by the decrease in the turbidity
half-time (Figures 2 and 4). This qualitative behavior
is observed at all levels of wall shear stress and at all
subcoolings that we have examined. However, this
initial change in the rate of crystallization is not
accompanied by highly anisotropic growth (Figures 3
and 4). Ex situ optical micrographs (PLM-CP) [of
sections subjected to a given shear history (σw, ts, Tcryst)]
provide a way to examine the effect of shear stress, since
the local shear stress varies linearly from σw at the wall
to zero at the center. These images show that with
increasing stress level at fixed ts, shearing first appears
to increase the crystallite nucleation density; if the
shear stress is high enough and the duration long
enough, then there is a fairly abrupt transition to highly
oriented growth in a region near each wall.

This abrupt transition suggests that there is a critical
stress below which highly oriented growth is not ob-
served for a given shearing time. This threshold occurs
at approximately 0.047 MPa for the example shown in
Figure 4c,d. In accord with this estimate of the threshold
stress, when a wall shear stress below this value is used,
crystallization occurs at shorter times than quiescent
(Figure 7), but highly oriented growth is not observed
(behavior like that in Figure 3a) for any accessible
duration of shear (limited by the 100 strain unit
maximum for our instrument). The peculiar upturn in
the birefringence during shear is also absent (inset,
Figure 7). Correlated with the lack of oriented growth,
the skin-core morphology is absent (Figure 8). Thus, the
development of the “shear-induced structure” which
correlates with subsequent oriented crystallization is
observed only when the wall shear stress exceeds a
critical value, viz. σw > σcrit, and the shearing time
exceeds a critical value which is a function of the
imposed shear stress, viz. ts > tcrit(σw).

Requirement of a threshold strain for oriented crys-
tallization has been reported by McHugh and co-
workers,32,48 who studied the development of crystal-
linity and orientation in an HDPE droplet subjected to

an elongational (“strong”) flow field. An acceleration of
the crystallization kinetics by 2-3 orders of magnitude
was observed. In situ measurements of birefringence
and dichroism during and after cessation of flow indi-
cated that the orientation developed in the system led
to oriented crystallization, provided a critical strain was
exceeded. Our experiments with shear flow show an
acceleration in crystallization kinetics similar to that
observed in McHugh’s planar extension experiments.
Also, the threshold criterion for a critical shearing time
is equivalent to the requirement of a threshold strain
for experiments done at a fixed shear stress above σcrit.
Thus, accelerated kinetics, development of oriented
growth, and the existence of a “threshold” strain for
oriented crystallization are observed both in “weak”
shear flow experiments and “strong” extensional flows
and appear to be general to different flow fields and
polymer systems. Further, the ability to explore differ-
ent shear stress levels opens the way to examining
factors that control the critical strain. Results at σw )
0.06 and 0.03 MPa indicate a very nonlinear dependence
of the threshold strain on the stress; the threshold is
readily reached at 0.06 MPa, but inaccessible at 0.03
MPa, given our 100 strain unit limitation.

Saturation Behavior of “Skin” Crystallization
Kinetics and Morphology. The optical signatures of
the flow-induced, oriented growth exhibit an interesting
saturation behavior. Once the shearing time exceeds 5
s (at 141 °C using σw ) 0.06 MPa), longer durations of
shear no longer reduce t1/2. These durations of shear are
long enough to cause sufficiently oriented growth to
determine a time at which the retardation reaches λ/2;
interestingly, the saturation behavior for t1/2 also holds
for the time required to reach a retardation of λ/2
(Figure 5). Both the turbidity and birefringence are
dominated by a thin region near each wall (once this
outermost layer extinguishes the transmitted beam, the
turbidity is insensitive to subsequent build up of scat-
terers in the interior). The lack of any further decrease
of the time scales t1/2 and tλ/2 suggests that the rate and
anisotropy of crystallization in the outermost region are
no longer sensitive to continued application of shear
after some characteristic duration ts*. Saturation of the
kinetics and anisotropy of growth in the outermost
region alone is not sufficient to explain the constancy
of t1/2 and tλ/2; it would further require that the inner
regions not produce substantial scattering on the same
time scale (even a thickening of the region that contrib-
utes to scattering and birefringence would reduce t1/2
and tλ/2, which is not observed). One might speculate
on the mechanism that could lead to such saturation
behavior; perhaps there is some species that is con-
sumed in producing the threadlike precursors which
limits the extent of the flow-induced effect. Alterna-
tively, the crystallites induced during flow might knit
together, suppressing further deformation in a boundary
layer near each wall, causing it to be insensitive to
continued application of stress beyond that moment.

In contrast to the saturation behavior we observe in
PP-300/6, Janeschitz-Kriegl and co-workers reported a
power-law effect of ts on crystallization time (tλ/2 ∼ ts

-2)
throughout the range of conditions they imposed on an
isotactic polypropylene of similar molecular weight and
polydispersity (Daplen KS10, Mn ) 52 000 g/mol, Mw )
330 000 g/mol).23 There is evidence that such differences
in behavior can result from subtle differences among
similar materials. The Janeschitz-Kriegl group com-
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pared two different Ziegler-Natta iPP samples, one
with Mn ) 77 000 g/mol, Mw ) 235 000 g/mol, and Mz
) 545 000 g/mol and the other with Mn ) 47 000 g/mol,
Mw ) 322 000 g/mol, and Mz ) 1 360 000 g/mol.24 The
latter showed the tλ/2 ∼ ts

-2 scaling, while the former
showed a weaker scaling (tλ/2 ∼ ts

-1 or even tλ/2 ∼ ts
0).49

We do not believe the discrepancy between PP-300/6 and
Daplen KS10 is due to the use of t1/2 instead of using
tλ/2: in cases where both of these are observed, they
follow the same trends as functions of ts (Figure 5). We
speculate that the difference between our observations
(t1/2 decreases initially with increasing ts but saturates
for ts > tcrit) may be due to differences in the fraction
and length of high molecular weight chains in the
sample. It is possible that a molecular weight distribu-
tion with a stronger high molecular weight tail could
delay the onset of saturation, if saturation is due to
“consumption” of high molecular weight chains in the
creation of oriented structures. This reiterates the
importance of experiments with model systems to
quantify the effect of the high molecular weight tail in
the molecular weight distribution on shear-enhanced
crystallization.

Implications Regarding Precursors to Oriented
Crystallization. The development of an oriented skin
in our ex situ morphological investigations correlates
with the formation of oriented precursors during shear
evident in the unusual upturn in the in situ birefrin-
gence signal upon flow start-up. Here we first discuss
two models for flow-induced crystallization each of
which captures the creation of oriented precursors
during flow and their connection to subsequent develop-
ment of oriented morphologies. We then contrast our
findings to experimental observations of precursor
structures that do not appear to play a role in our
system.

The model of Doufas et al.28 can capture a shear stress
overshoot upon start-up of shear flow and the monotonic
increase that follows. While the overshoot is a conse-
quence of the nonlinear rheology of the amorphous melt,
the subsequent upturn in shear stress results from the
formation of crystallites. This parallels our observation
of overshoot and subsequent upturn in the birefrin-
gence: the overshoot coming from the transient third
normal stress difference and the upturn correlating with
WAXD observations of oriented R-iPP crystallites.44

However, the behavior in their model is crucially
dependent on the choice of the empirical parameter that
couples crystallization with amorphous orientation. A
rational basis for an a priori choice of this parameter is
currently lacking. Nevertheless, the strong nonlinear
coupling in the model between crystallization kinetics
and the orientation state of the crystallizing melt
accords qualitatively with our observation that the
emergence of precursors appears to be controlled by the
time it takes for the melt to arrive at a given orientation
state (Figure 9, as discussed below).

A physical (but phenomenological) picture for the
generation of the precursors is suggested by the model
proposed by Janeschitz-Kriegl to explain shear-en-
hanced crystallization. They postulate the formation of
threadlike precursors during shear which grow from
point nuclei with cylindrical symmetry, oriented in the
flow direction. We believe that these threadlike precur-
sors and the lamellae that grow out from them are
manifested in the unusual rise in the birefringence and
oriented WAXD patterns observed in our experiments

in situ during shear for σw > σw,c and ts > tc(σw).
Amorphous precursors have been observed by McHugh

and coworkers50-52 during studies of seeded flow-
induced crystallization of solutions of polyethylenes,
isotactic polypropylenes, and polyethylene oxide. These
liquidlike precursors form into oriented fibers for sem-
icrystalline polymers. Since the precursors were also
observed during flow of an atactic polystyrene system,52

it was concluded that they originated from a liquid-
liquid phase separation. We have examined the effect
of extreme shearing conditions on an atactic polypro-
pylene (Mw ) 217 000g/mol, PDI ≈ 2.3, conditions given
in ref 53). No “shear-induced structure” was seen to
form, suggesting that the birefringent feature we ob-
serve does not result from a liquid-liquid phase separa-
tion. Keller and co-workers54 suggest that a coil-stretch
transition (at stagnation points in an elongational field,
or of polymer molecules adsorbed to the wall in a shear
field) is necessary for creation of oriented crystalline
structures. Such a transition would have a distinct
signature characterized by a rise in the birefringence.
Again, our experiments with the atactic sample show
no evidence of a coil-stretch transition, which suggests
that it is probably not necessary for the formation of
an oriented skin layer. The “shear-induced structures”
seen in our experiments most closely resemble the
threadlike precursors proposed by Janeschitz-Kriegl.

Dynamics That Control the Formation of Ori-
ented Structures. The effect of temperature on the
development of the peculiar upturn in the birefringence
during shear is quite surprising. With increasing tem-
perature, the quiescent crystallization time increases
strongly, due to the reduced subcooling. If the same
physics played a significant role in determining the
kinetics of formation of the highly oriented structures
that form during flow, then they would form at later
times with increasing temperature. Instead the opposite
behavior is observed (Figure 9a): with increasing tem-
perature, the upturn in the birefringence occurs at
earlier times. This trend continues to hold even to
temperatures above the melting point observed by hot
stage microscopy! Interestingly, the temperature de-
pendence is very close to that of the rheological time-
temperature shift factor (solid curve, Figure 10). This
strongly suggests that, while the “shear-induced struc-
ture” shows crystalline WAXD reflections,44 its forma-
tion does not show the temperature dependence char-
acteristic of a nucleated process. Rather, it appears to
be strongly influenced by the dynamics of polymer
chains in the melt. This temperature dependence is
consistent with the rate-limiting step being the creation
of a given orientational state of the melt. The stress level
largely sets the magnitude of the anisotropy that will
be reached; the time required to reach a given point in
the transient orientation distribution after the flow
start-up decreases with increasing temperature.

The fate of the oriented structures induced during
shear is very sensitive to temperature in the vicinity of
the observed melting point by DSC or hot stage micro-
scopy. For temperatures of 160 °C or lower, the bire-
fringence does not fully relax after cessation of flow and
the birefringence that remains starts to grow as soon
as relaxation is complete (Figure 11). At temperatures
of 170 or 175 °C, the birefringence relaxes completely
after cessation of flow. Experiments by McHugh and co-
workers32,48 on the crystallization of an HDPE droplet
in planar extensional flow indicate that the development
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of strong orientation in the system during flow relaxes
after the cessation of flow for temperatures above the
nominal melting point of the polymer (while for lower
temperatures, this leads to the development of oriented
crystallites). In addition, Sakellarides and McHugh55

observed fibrillar crystals of HDPE at temperatures
above the nominal melting point in the presence of
localized, strong extensional gradients and found they
were stable for a few minutes after cessation of flow and
then melted gradually.

Synchrotron WAXD experiments performed at Tcryst
around 140 to 150 °C,44 prove that oriented crystallites
produce the upturn in birefringence during flow at
relatively large subcooling. The nature of the “shear-
induced structure” at higher temperatures (e.g., T ) 170
or 175 °C) is under investigation.

Implications of Shear-Induced Structures Form-
ed above the Nominal Melting Point. A recent
theory proposed by Janeschitz-Kriegl and co-workers56,57

may provide insight into the “shear-induced structure”
generated at high temperatures. They argue that the
free energy penalty from classical nucleation theory
associated with the formation of an interphase is a
function of the size of nucleus, and goes to zero as the
size decreases (leading to “athermal” nuclei). In the
context of polymer crystallization, this surface free
energy term physically represents the energy associated
with fold surface at the amorphous-crystal interphase.
On the basis of thermodynamic arguments, they esti-
mate the upper bound for the formation of a stable
athermal nucleus for iPP, Tu ≈ 170-180 °C. Athermal
nuclei formed below this temperature range are always
stable, while they are metastable between Tu and the
equilibrium melting temperature of the polymer. Our
observations seem to accord well with this theory. The
picture that emerges then is as follows: Upon shearing
a polydisperse polymer melt below Tu, the high molec-
ular weight chains in the melt are strongly distorted
from their isotropic state. They can then form the
“threadlike precursors” that grow off heterogeneities in
the melt or the athermal nuclei. The fraction of high
molecular weight chains might determine the concen-
tration of the “threadlike precursors”, which could
account for the observed saturation behavior. At crys-
tallization temperatures of 140 or 150 °C, crystalline
structures might grow off the “threadlike precursors”
in a very short time compared to the quiescent crystal-
lization time (>104 s), giving rise to the observed
crystalline diffraction spots that appear in a matter of
a few seconds.44 This explanation is also consistent with
the temperature dependence of the time of formation
of the “shear-induced structures”. Further, it can be
hypothesized that shearing the polymer melt increases
Tu, and thus, at temperatures around to 170 °C, the
athermal nuclei (and consequently the “shear-induced
structures”) may disappear upon cessation of shear.

The strong dependence of the “shear-induced struc-
tures” on rheological parameters suggests a direction
for future studies to understand the molecular under-
pinnings of the “threadlike precursors” in the model of
Janeschitz-Kriegl. Our results suggest that the “miss-
ing” time scale and the arbitrary critical shear strain
rate in their model might be related to the rheological
time scales of relaxation of the melt. Our data also
suggest that the coupling parameters in the model of
McHugh et al.28 might depend on the chain length
polydispersity of the system. Thus, further studies with

binary blends of low polydispersity “long” and “short”
chains might provide clues that could lead to a better
understanding of the model parameters.

5. Conclusions
We have examined the shear-enhanced crystallization

of a polydisperse isotactic polypropylene (PP-300/6).
Shearing the polymer for a duration much shorter than
the quiescent crystallization time at the crystallization
temperature always led to significantly accelerated
crystallization kinetics as compared to quiescent. How-
ever, when shearing above a critical stress was contin-
ued for a time greater than a critical duration, the
acceleration of crystallization kinetics saturate and a
transition to the formation of oriented structures occurs.
An oriented, crystalline structure which we call the
“shear-induced structure” is formed during shear when
the wall shear stress is above some critical value and
is applied for a critical shearing time. The formation of
this “shear-induced structure” correlates with the sub-
sequent formation of a skin-core semicrystalline mor-
phology. The time at which the “shear-induced struc-
ture” appears decreases with temperature at fixed wall
shear stress, governed by the rheology of the polymer
melt and not by the subcooling.
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