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ABSTRACT: Critical examination finds that the longest chains play a catalytic role in the formation of shish
kebabs recruiting other chains into the formation of this morphology. The longest chains in an ensemble are
stretched by shear flow to form the “shish” upon which the bulk of the material crystallizes as “kebabs”. A
universal parameter for the formation of shish kebab structures, the specific mechanical work, and a method
by which it may bemeasured for any given ensemble of polymers is provided. In rotating parallel-plate flow a
clear boundary is observed between oriented and unoriented material which is dependent on both the shear
rate and the total strain. It has been found that the necessary conditions for the formation of oriented nuclei is
that the shear rate should be larger than the inverse Rouse time of the longest chain in the ensemble and that
mechanical work above a critical threshold is required. The experimental procedure required to make such
measurements, and the precautions necessary to avoid artifacts such as elongated spherulites, elastic
instabilities and photoelasticity, are examined in detail. The concept of the critical work being a control
parameter has been previously demonstrated using model linear-linear hydrogenated polybutadiene blends
and this concept is extended to industrial polymers, low-density polyethylene and polypropylene, using both
small-angle X-ray scattering and polarized light imaging to measure orientation. The approach proposed is
simple, is elegant, and can be easily implemented in the laboratory to study the fundamental processes of flow-
induced crystallization and to test commercial materials before processing in real applications.

Introduction

It is well established that there are two dominantmorphologies
in semicrystalline polymers: spherulites and fibril-like shish
kebabs. While the spherulites are a macroscopically isotropic
structure of lamellae which form at quiescent conditions during
crystallization from the melt, shish kebabs are anisotropic struc-
tures which can only be created under flow. The relative propor-
tions of these two structures in themorphology ofmelt-processed
polymers is one of themain factors responsible for themechanical
properties of industrial artifacts.1 An enormous amount of
information has been collected over the past decade which
demonstrates that the formation of shish kebabs can be observed
at relatively high flow rates, but, up to now there have been no
clear criteria describing flow conditions required for the transi-
tion from spherulites or fringed micelles to the oriented morpho-
logies of shish kebabs. For these reasons there was no theoretical
guide as to how to control the flow during the processing of
semicrystalline polymers to be able to create a precisely required
morphology in molded or extruded products. Recent develop-
ments in shear-induced crystallization (SIC) have demonstrated
the existence of boundary flow conditions for the onset of the
oriented morphology, and more importantly, the parameters
responsible for the formation of oriented shish kebab morpho-
logy have been identified.2 It has been found that oriented
(anisotropic) structures can only be formed if a polymer has
experienced more than a threshold value of mechanical work

performed on its melt, at shear rates, _γ, greater than the inverse
Rouse time, τR, of the longest chains in the polymer ensemble
( _γ > 1/τR). It is not sufficient to perform the work if the shear
rate is not above the critical value, and it is necessary that the
thresholdwork is performed above this shear rate. Thus, there are
two conditions which should be satisfied to produce an oriented
shish kebab structure; the chains with a longer relaxation time in
the polymer ensemble have to be both stretched by flow and
delivered to each other to be able to form shish (oriented) nuclei
upon which the bulk of the material could subsequently crystal-
lize as kebabs.

Themechanismof the shish formation is still an open question.
It could be a single event where a thread-like precursor grows out
from the primary nuclei in the direction of flow3 or an accumula-
tion process where aggregation occurs, as soon as the number of
point nuclei becomes large enough, resulting in a row of nuclei
forming a shish.4 In thiswork a generalizing term“shish nuclei” is
used in the relation to the formation of oriented morphology.
Despite this uncertainty, the general approach to flow-induced
crystallization is still valid, as in both cases the formationof stable
nuclei is required.

Shish structures can be thought to grow by the action of flow
where a large number of low quality dormant nuclei are trans-
formed into nuclei of a better quality, which are active at higher
temperatures, following the long-established concept of dormant
nuclei,5 which is often either ignored or forgotten. Starting at the
level of individual aggregates (dormant nuclei) this growth can
lead to thread-like precursors initiating shish kebab structures.5

This concept has been inspired by works6,7 on the theory of*Corresponding author. E-mail: O.Mykhaylyk@sheffield.ac.uk.
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nucleation, where it has been shown that the classical nucleation
theory,8 based on minimizing the Gibbs free energy of a liquid
droplet by summation of the volume free energy and the surface
free energy, does not allow for the occurrence of a stable nucleus
of critical size. The stable nucleus should be formed in a step-
by-step process. It has been suggested that the surface tension of a
droplet is not a constant (i.e., independent of droplet size) at small
sizes, which can result in the formation of stable molecular
clusters with a radius considerably smaller than critical size
estimated using classical theory. A coalescence of few of these
small-but-stable clusters would suffice for the formation of an
effective nucleus of a critical size for growth.3 The question that
arises is as follows: What would be a driving force for the
formation of dormant nuclei (stable clusters) in polymer crystal-
lization? One of possible answers is that stable dormant nuclei
exist at all temperatures below the equilibrium melting point of
the polymer.5 However a systematic comparison of results on
flow-induced crystallization,9 recently underpinned by direct
experimental observations,2 suggests that stretching is a necessary
condition for the formation of an oriented morphology. Thus,
stretching of the molecules should be considered as the first step
in the formation of shish nuclei which are created from dormant
nuclei. These dormant nuclei have to be made stable and one
possible reason for their stability under flow is that stretched
segments of the coiled molecule reduce the configurational
entropy of the chain allowing the stretched portions to come
into closer contact with each other. A subsequent stabilization of
the nuclei will occur when the structure possesses sufficient
regularity. The longer the molecule the greater the number of
stretched segments and, thereby, more intrachain contacts can be
obtained potentially stabilizing the structure under certain flow
conditions. Thus, long-chain molecules, with a large radius of
gyration, are necessary in a polymer system for the formation of
stable dormant nuclei.Adormantnucleus cannot survivewithout
the flow as it may dissolve in the melt at quiescent conditions.
However, while it has been created and stabilized under flow
conditions (for example, during a step shear) it will collide with
other dormant nuclei, where the number of collisions, facilitated
by the mechanical work performed on the system during flow
(a step shear), transforms low quality dormant nuclei into stable
aggregate nuclei of a critical size to initiate shish formation. If the
flow is stopped at this point, the aggregates formed, in contrast to
separated dormant nuclei, will still be stable as their sizes are
above the critical size of active nuclei required at these thermo-
dynamic conditions.Aggregates possessing a size smaller than the
critical size will dissolve. It is quite clear that the application of
anymechanical action on the fluid will tremendously enhance the
frequency of collisions and, therefore, the specific mechanical
work2,4,10 is an important parameter for the formation of
aggregates. However, there is still a remaining question: either
the dormant nuclei aggregate directly into fibrils forming stable
elongated nuclei under flow conditions from the very beginning
or the dormant nuclei aggregate into stable point nuclei first with
further alignment of these point nuclei under flow into rows of
nuclei transforming into the fibrillar morphology. Recent rheol-
ogymeasurements on shear-induced crystallization11 suggest that
point nuclei form first and then, after reaching a saturation point,
transforms into another morphology corresponding to one-
dimensional (fibrillar) structure. Thus, the whole scenario of
the shish formation could be described as stretching of long
molecules under flow conditions forming dormant nuclei, fol-
lowed by collisions of the dormant nuclei under the flow creating
stable point nuclei and, finally, alignment of the point nuclei into
rows transforming into fibrillar structure.

Thermodynamic arguments further support this hypothesis.
The interpretationabove is nothingmore than a particular case of
the more general Willard Gibbs12 concept of crystallization

suggesting that the stability of a phase is related to the work that
has to be done in order to create a critical nucleus of the new
phase. This work can be either thermodynamic (heat) ormechan-
ical work. In shear-induced crystallization some quantity of work
is supplied to the system mechanically and not thermodynami-
cally. As has been suggested previously13 an additive term that
accounts for the effect of the macroscopic flow on the free energy
of the liquid phase has to be introducedΔG=ΔGqþΔGf, where
ΔG is the volumetric free energy difference between liquid and
crystalline phase, ΔGq is the component describing the change at
quiescent conditions and ΔGf is the component which should
describe the effect of macroscopic flow incorporating both
changes of the entropy required for the stabilization of dormant
nuclei and the work performed on the system to aggregate the
dormant nuclei forming stable shish nuclei.

The problem of flow-induced crystallization can be subdivided
into extensional flow and shear flow. This work is dedicated to
shear-induced crystallization; however, as has been discussed
there will be no principle difference between the influences of
mechanical work put into the sample either by shear flow or by
extensional flow,14 and the general conclusions derived from the
results presented herein can be applied to phenomena observed in
extensional flow geometry.

A Methodology for Shear-Induced Crystallization Measure-
ments

Experiments on shear-induced crystallization require few im-
portant considerations before conducting measurements. These
should include an optimization of the shear geometry to reduce
the total time of the experiments and to increase sensitivity of the
measurements, a selection of an instrument providing a necessary
range of thermal and flow conditions to process polymers, and a
choice of a temperature protocol based on thermal properties of
the materials to be studied taking into account possible thermal
history effects.

Shear Geometry. There are at least four different geo-
metries often used in shear-induced orientation and crystal-
lization studies: cone-plate,15 rectilinear parallel plates
(sandwich rheometer or sliding plates),4,16 slot flow (duct
flow),17,18 and torsional parallel disks (rotating parallel
plates).2,19 While cone-plate geometry and rectilinear par-
allel plates produce a uniform shear rate across a sample
both slot flow geometry and torsional parallel disks are
characterized by a continuous variation of shear rates across
the sample depending on the geometry of the device and the
rheology of the material.20 When the boundaries associated
with different flow-induced processes have to be studied, in
particular when the flow parameters controlling the forma-
tion of oriented structures are not known and need to be
established, then geometries with a broad distribution of
shear rates could be advantageous as they can be used in a
combinatorial approach to detect the conditions necessary
for the onset of oriented nuclei. Another advantage of slot
flow and torsional parallel disks is that each point in the
sample associated with different shear flow rate experiences
the same temperature protocol, thus eliminating errors
associated with the reproduction of temperature history
possible with the repetition of the measurements required
by the first group of geometries.

Aboundary of transition between a spherulitic core and an
oriented external layer can be clearly observed in polarized
light images of polymers after SIC using pressure-driven slot
flow geometry,3,17 demonstrating that this geometry can be
used in a combinatorial manner. However, the vector of the
shear rate gradient perpendicular to the shear walls in this
geometry complicates the measurements of the boundary
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conditions when using either polarized light imaging (PI) or
X-ray scattering methods.21,22 Furthermore, control of the
distribution of the shear rate in this geometry is complicated
by the fact that the rheological properties of the material
affect the distribution. Thewidth of the slot is narrowand the
gradient of the shear rate across the slot is usually high; these
two factors significantly reduce the resolution of the mea-
surements of the boundary conditions.

All of the problems associated with pressure driven flows
can be solved with the radial distribution of shear rates in the
torsional parallel disks geometry. The range of shear rates in
this geometry can be easily adjusted with the angular speed.
The vector of shear rate gradient is parallel to the shear disks,
which provides an easy access to the parts of the samples
experiencing different flow shear conditions, without dama-
ging the sample. Thus, if moderate shear rates are required,
the torsional parallel disks geometry is more efficient in the
measurements of the boundary flow conditions for the
formation of oriented structure.

Shear Instrument. There are two parameters which need a
precise control by the instrument: the shear pulse (flow) and
the temperature. At least two types of instruments with
parallel disks geometry are readily available to perform
measurements of critical parameters for the onset of oriented
nuclei. These are commercial rheometers equipped with
fixtures for parallel disks geometry and shear devices such
as Linkam CSS 450 widely used in studies on shear-induced
crystallization.19,23-27 While rheometers provide a precise
control of shear flow, a Linkam shear device with silver
heating bodies offers better temperature control. However,
relatively small samples would be required for shear experi-
ments in a Linkam device in order to avoid a radial tem-
perature gradient (the cell produces about 1 K drop in
temperature at a radius 10 mm from the center).

The Linkam instrument requires some modifications to
stabilize the performance of themotors and deal with normal
forces, especially, for viscous materials. This problem has
been resolved with an external high torque stepper motor
(Pacific Scientific, T23NRHK-LDF-C5-00) attached to the
cell and operated, in closed loop with an encoder, by
intelligent controller (Pacific Scientific, PD2406-DI-001E)
programmed from a computer.

Unloading of a sample from a shear instrument after SIC
requires rigid fixtures (disks) which will not break when
removing the sample from the instrument. Thus, the original
glass disks supplied with a Linkam shear instrument may
need to be replaced with metal analogues (steel disks have
been used in this study).

Temperature-Shear Protocol. A typical experiment on
shear-induced crystallization includes three important steps
in the temperature protocol: melting of the polymer at
temperatures high enough to remove memory of previous
treatments (such as extrusion, hot-pressing, and so on),
cooling the polymer down to the temperature where a shear
pulse is applied to the melt followed by an isothermal
crystallization and/or further cooling to a lower temperature
to complete crystallization (Figure 1). Thus, there are a
number of specific temperatures which have to be consi-
dered for the experiment. In this respect, discussion of a T,
S-diagram showing the temperatureswhere several processes
can occur, would be useful.28 There is an upper (melting)
transition corresponding to the equilibrium melting tem-
perature (Tm

0) and a lower transition corresponding to the
melting of spherulites (Tms), often referred as a melting point
of polymer. Tm

0 can be estimated from extrapolation meth-
ods29,30 and should be associated with ideal crystals (i.e
infinite and perfect crystals with complete crystallinity where

structural imperfections such as fluctuations in the lamellar
period caused by crystallization kinetics are absent), which
are unlikely to be formed in sporadic nucleation taking place
in crystallization of polymers from the melt. However, this
temperature can be used as a guide temperature for melting
(Figure 1, stage I) prior to shear-induced crystallization. A
thermal treatment of the polymer above Tm

0 for sufficient
time (i.e., much longer than disengagement time, τd, of the
longest molecules in the polymer ensemble) will ensure that
memory effects would be unlikely. TheTms is associated with
the melting temperature of polymers crystallized from the
melt at quiescent conditions (semicrystalline polymers with a
spherulitic morphology) and can be obtained from the
melting curve using differential scanning calorimetry tech-
nique (DSC).At least four characteristic temperatures can be
obtained from a DSC melting curves: the beginning of the
melting, the extrapolated onset of the main endothermic
peak, the peak temperature and the end of melting.31 In this
work, Tms is related to the latter temperature.

In accordance with the T, S-diagram, there is a tempera-
ture range between Tm

0 and Tms where thread-like precur-
sors (shish nuclei), associated with an oriented (shish kebab)
morphology forming under shear conditions, can be stable.28

Thus, the shish nuclei are stable at higher temperatures than
spherulitic forms and a melting temperature of the oriented
morphology, i.e., the shish nuclei, has to be introduced, Tmo,
to specify this difference. The enhanced thermal stability of
oriented morphology has been recently reported for poly-
ethylene where it has been observed by small-angle X-ray
scattering (SAXS) methods that the melting temperature of
shishes is 10 K higher than the melting temperature of
spherulites and kebabs.24 It is probably impossible to directly
observe the initial formation of thread-like precursors (shish
nuclei); they are present in such tiny proportions that
rheology is not influenced to any extent and they are imper-
ceptible in flow birefringence as the scattering power of the
particles is proportional to the square of their volume.4,10

Thus, direct measurements of temperature stability of shish
nuclei (in particularTmo) is difficult. In this respect, however,
the memory effect can be exploited to analyze thermal
stability of shish nuclei as their presence in a polymer melt
influences the morphology of a crystallizing polymer.
Shishes that are otherwise impossible to detect directly cause
oriented crystallization of an apparently isotropic melt.

If themelting temperature of shish nuclei is aboveTms then
these nuclei, created under flow conditions, should survive at

Figure 1. Shear-temperature protocol applied to the polymers during
shear-induced crystallization. The temperature profile T(t) (solid line)
and the shear pulse for rotational geometry Ω(t) (dashed line) on a
common time axis. Three stages of the protocol are shown: I polymer
melting, II shear pulse, and isothermal treatment and III crystallization.
Key: Tm

0, equilibrium melting point of the polymer; Tms, end point of
melting of spherulites; Tcs, peak temperature of crystallization of
spherulites; ts, the duration of the shear pulse.
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temperatures Tms< T< Tmo and act as oriented nucleating
agents producing an oriented morphology on subsequent
recrystallization. Formation of an oriented morphology (in
particular, kebabs, detectable byX-ray techniques), replicat-
ing shish nuclei during crystallization, can be used to reveal
shish nuclei in the polymer melt. Indeed, samples having an
oriented morphology created by SIC have confirmed the
stability of shish at higher temperatures (Figure 2). The
SAXS patterns of the polymermelt recorded at temperatures
above the melting of hydrogenated polybutadiene spheru-
lites, Tms= 386 K, (Figure 2, even-numbered patterns start-
ing from number 6) show no orientation suggesting that the
kebabs, representing the oriented morphology in the scatter-
ing patterns of crystalline material are in the melt state.
However, cooling the melt to recrystallize the polymer still
reveals the existence of an oriented structure even after
melting at temperatures as high as 391 K (Figure 2, patterns
7, 9, and 11). It is only after melting at 393 K there is no
orientation detectable in the recrystallized state (Figure 2,
pattern 13). This suggests that heat treatments of the poly-
mer at temperatures below 393 K do not erase oriented shish
nuclei created in the polymer by SIC and, therefore, the
melting temperature of shish nuclei in the studied material is
between 391 K< Tmo < 393 K. It could be argued that the
changes observed in the orientation during temperature
oscillations are a result of a time-dependent kinetic process
and not a purely temperature-dependent phenomenon. How-
ever, similar measurements carried out with thermal cycles
between 387 (melting) and 371 K (crystallization) for 36 000 s
(10 h) have shown that such a long treatment at temperature
above Tms do not erase the shish nuclei. Furthermore, an
experiment with the same range as described in the Figure 2,
but using a temperature step of 4 K instead of 2 K (thereby
halving the time at higher T), has revealed a similar result 391
K < Tmo < 395 K. Thus, exploring the memory effects of
oriented recrystallization shows that the shish nuclei can be
stable at temperatures above the melting point of spherulites
(Tmo > Tms). Most probably, the temperature stability of

shish nuclei is dependent on the regularity of the crystal
structure and the crystal sizes controlled by the molecules
involved in the shish formation during a shear flow.

The choice of the temperature protocol, such as melting
and crystallization temperatures and the rate of cooling and
heating, should be based on two important phenomena: the
nucleation caused by shear flow and the nucleation caused by
temperature. Both these processes contribute to the total
crystallization. Since Tmo > Tms, at least two different
nucleation scenarios exist in shear-induced crystallization.
If the shear pulse is applied to the polymer at temperatures
above Tms but below Tmo then only shish nuclei can be
formed at this temperature, and during cooling at tempera-
tures below Tms kebabs will grow before spherulites can
nucleate. Whereas SIC at temperatures below Tms creates
shish nuclei accompanied by the formation of spherulitic
nuclei, where both work as nucleating agents for the remain-
ing material: the first type of nuclei will cause a crystal-
lization of the material in kebabs and the second type will
cause crystallization of spherulites. The volume ratio of the
material crystallized in either the shish kebab or spherulitic
morphology will be dependent on the density of shish nuclei
created by flow (controlled by flow parameters and tempera-
ture at which the shear flow has been performed), and on the
rate of sperulitic nucleation during cooling. Thus, at slow
cooling rates shish nuclei created during shear pulse will be a
dominating factor in crystallization of the polymer, while at
fast cooling rates heterogeneous nucleation and crystal
growth of spherulites may compete with crystallization
caused by shish nuclei. Performing SIC at temperatures
above Tms enables the shish nuclei formation to be separated
from spherulitic nuclei and, thus, observe effect of the flow
parameters on the nucleation of oriented morphology.
If a shear flow experiment is performed at temperatures
below Tms then both shish nuclei, triggered by flow, and
spherulitic nuclei, triggered by temperature, should be con-
sidered in the analysis. It is desirable, therefore, to carry out
SIC experiments at temperatures above Tms to avoid effects

Figure 2. Detection of the melting point of oriented shish nuclei (Tmo) previously created in a polymer during shear-induced crystallization. The
decrease of the degree of orientation (SAXS, SRSDaresbury Lab, station 2.1) with temperature is used to detect Tmo (filled symbols). Heat-treatment
cycles are applied to a sample of a bimodalHPBDblend of 2 wt%1.3MDa in 15KDamatrix, see Appendix, crystallized after shear pulse _γ=150 s-1

for ts = 6.67 s at 388 K and encapsulated in an aluminumDSC pan with mica windows. The heating protocol is steps of 2 K (383K, 385 K and so on)
alternated by cooling to below the temperature of spherulite crystallization (Tcs), 371 K.No orientation (P2= 0) is observed in the sample crystallized
after heating to 393K (pattern 13 and corresponding time-temperature range in the graph). The orientation of the lamellar stacking (SAXS) is parallel
to the direction of the shear flow, applied at 388Kbefore crystallization.All of the SAXSpatterns shown (1 - 13) have the same q scale (the scale bar is in
the pattern number 10).
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of temperature-driven nucleation. The upper limit of the
temperature for shearing is defined by the thermodynamic
stability of shear-induced nuclei and can be detected experi-
mentally from SAXS measurements (Figure 2). The Tms

temperature can be defined from DSC. The temperature
gap between the melting point of spherulitic morphology of
the polymer and the melting point of the shish depends on
molecular structure. This gap is about 6 K for hydrogenated
polybutadienes but it can be much bigger for isotactic
polypropylenes.28

Following this discussion three time lags (heat soak inter-
vals) have to be considered for a shear-temperature protocol
to perform shear-induced crystallization (Figure 1):

I . After loading the material into the shear device, it
should be heated up to a temperature above Tm

0 and
the gap between plates in torsional shear geometry
should be set; the sample should be kept at this
temperature for a time much longer than τd of the
longest molecules present in the polymer ensemble to
erase all thermal and flow history and then be cooled
to the required temperature at which the shear pulse
should be performed.

II. In isothermal treatment, the duration of the lag
should be longer than the duration of the shear pulse;
since the oriented nuclei have been formed by the
shear flow at temperatures above Tms, the nuclei are
thermodynamically stable and can persist for a long
time (at least hours) at the shearing temperature.

III. For cooling the sample down to the crystallization
temperature, slow rates should be used; fast cooling
has to be avoided as it may affect the quality of the
crystals and, therefore, the appearance of the struc-
tural orientation in PI or in SAXS; once past the
spherulite crystallization temperature, Tcs, the sam-
ple has to be cooled to room temperature at a fast
rate (to save time) and unloaded from the shear
device.

Justification of the Method

Materials representing both polyethylenes and polypropylenes
(see Appendix) have been chosen to demonstrate the existence of
a boundary between oriented and unoriented morphologies
during shear and to justify the method of the measurements
of the boundary flow conditions. While some solid polymer
microstructures are opaque to visible light making most optical
methods inappropriate for detection of structure, the materials
presented herein (LDPE, PP and in some cases HPBD) enable
results obtained by both optical and X-ray scattering techniques
to be compared (Figure 3). The conclusions drawn in this section,
based on both techniques, can be widely applied to other
semicrystalline polymers, when only one or other of the techni-
ques would be necessary.

Two types of samples can be identified among polymer disks
unloaded from a torsional parallel plate shear device after SIC.
Homogenous sampleswhich have been sheared at relatively small
angular speeds for a relatively short time and have no orientation
detected across the disks. Heterogeneous samples, which have
experienced higher shear rates at higher angular speed and/or
longer time of shearing, contain areas of oriented and unoriented
morphology with a transition zone between. The latter samples
are of themain interest of this study (Figure 3). Different analysis
techniques show a correlation between features observed from
the microstructure of the polymers created during shear
(Figure 3, follow the blue arrows crossing the figure). The opaque
central zone of the sample observed in the optical images
(Figure 3, parts a and b) corresponds to the nonbirefringent

central zone of the samples observed in the polarized light images
(Figure 3, parts c and d) and the point where the degree of
orientation (see Appendix), calculated from a radial SAXS scan
of the samples, starts to grow (Figure 3, parts f and g). The central
opaque zone is an area that has experienced little shear and
contains objects that cause bothmultiple and isotropic scattering
whereas the outer translucent zone has experienced high shear
and thereby contains fewer structures that cause either isotropic
and/or multiple scattering. The polarized light images of the
samples show more strongly differentiated features with a clear
boundary between the nonbirefringent central zone and the
birefringent outer zone (Figure 3, parts c and d) resembling a
conoscopic image of a uniaxial crystal.32 The SAXS and WAXS
patterns (Figure 3, parts c and d, SAXS and WAXS insets
collected from the central and the outer zone of the samples)
indicate that the outer zone of the sample has an oriented
morphology, which resembles shish kebabs, and is typical for
these polymers after SIC. The scattering patterns suggest that the
central (unoriented) zone of PP corresponds to R-isotactic poly-
propylene (R-iPP). The oriented zone of PP is composed of two
phases: R-iPP and γ-iPP (the latter is known to be formed in
propylene-ethylene random copolymers33 and also in uniaxially
oriented iPP34), and has a typical crosshatched structural
morphology (see 110R in PP WAXS, Figure 3) with uniaxial
orientation of the R-crystals about their c-axis (chain axis)
preferably parallel to the flow direction.22 The patterns of
the LDPE correspond to polyethylene orthorhombic unit cell.
The oriented zone of LDPE has a structure with lamellae
twisted around crystallographic b-axes parallel to the radius
vectors of the sample, similar to the radial orientation in a
single spherulite. Consistent with the X-ray scattering data, the
Maltese cross and fringes of Newton rings (spreading out with
alternating colors toward the edge of the sample) indicate the
birefringence of the material, with a boundary of truncation at
the central zone of the sample originating from the oriented
polymer structure. The pattern of the structural orientation of
the sheared samples can be represented as a slice of a big
spherulite with the core removed. Polyethylene forms negative
sperulites with the long axes of the optical indicatrices of the
twisted lamellae normal to the radius vector of the spherulite.35

In analogy with the spherulites, the schematic diagram of
polarizability ellipsoids, which are the superposition of the
separate polarization optic indicatrices of the lamellae, can be
drawn to represent birefringence of each segment of the LDPE
sample (Figure 3e).

The appearance of the oriented structure in the sheared
samples indicated by the increase of the P2 function from a
zero (Figure 3, parts f and g) coincides with the boundary
between the birefringent and nonbirefringent zones of the
samples. Thus, by performing a shear-induced crystallization
and unloading the sample from the shear device the boundary
between the oriented and unoriented zones can by detected by
polarized light imaging and/or theP2 function calculated from
X-ray scattering patterns (see Appendix). Since the sheared
samples have a radial symmetry, a SAXS scan across the
diameter of the sample is sufficient to detect the radius of the
boundary, rb (Figure 3c-e). However, when the transparency
of the sheared samples permits, measurements of rb from two-
dimensional polarized light images are more reliable and less-
time-consuming as it records the whole image of the sample at
once and requires simple equipment readily available in many
laboratories. The observed boundaries are relatively sharp
and imaging software can be used to measure their radius.
There is an uncertainty of the boundary position caused by
both deviations of the boundary from a circular shape and the
resolution of the instrument used for the measurements. An
error of 0.5 mm has been estimated in the rb measurements in
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the presented work. Since the distribution of the shear rates is
know for the torsional disks geometry

_γðtÞ ¼ ΩðtÞr
d

ð1Þ

whereΩ(t) is the angular speed of the rotating disk and d is the
gap between the shear plates, the obtained radius of the
boundary can be recalculated into the boundary shear rate,
_γb (Figure 3, parts f and g).

The Ω(t) and d parameters can be variable in the torsional
disks geometry, but if their ratio is kept constant, with the rest of
the parameters unchanged, the shear experiments should repro-
duce the same radius of the boundary of transition between
oriented and unoriented material (Figure 4). An increase of the
thickness of a sheared sample (controlled by the gap d), which
increases retardation between ordinary and extraordinary beam
can make the birefringence and, therefore, PI more sensitive for
the detection of the boundary and the structural changes in the
material (Figure 4, note the increase of the number of fringes

Figure 3. Structural analysis of two representative polymer samples, a propylene-ethylene random copolymer (left) and low-density polyethylene,
Lupolen 1840H, (right) after shear-induced nucleation and subsequent crystallization (shear pulsesΩ=13.33 rad/s for ts= 4 s atT=433K andΩ=
0.53 rad/s for ts = 4 s at 385 K, respectively, torsional parallel disks, d= 0.5 mm). (a, b) optical images of the samples with a rule (mm scale). (c, d)
polarized light images of the samples. (e) Schematic drawing of extinction directions in the sheared samples (the polarizability ellipsoids represent a
superposition of optical indicatrices in the LDPE sample, the vectors labeled by letters P and A are a polarizer and an analyzer transmission azimuth,
respectively) and (f, g) a corresponding plot of radial distribution of degree of lamellar orientation (grid lines corresponding to zero degree of
orientation are shown) calculated from a SAXS scan of the sample along the diameter (along thewhite dashed line shownon c and d) overlappedwith a
plot of the shear rates experienced by the polymer. Insets show SAXS (Bruker Nanostar) and wide-angle X-ray scattering patterns, WAXS,
corresponding to the oriented (red squares) and nonoriented (green squares) zones of the samples. Selective indexing of theWAXSpatterns is shown. rb
(c and d) indicates the boundary between nonoriented and orientedmorphology in the sheared samples and _γb (f, g) indicates shear rate corresponding
to the boundary ( _γb = Ωrb/d).
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within the boundary proportional to the increase of the thickness
of the sheared samples going from 1 in Figure 4a to 2 in Figure 4b
and to 4 inFigure 4c). But an increase of the sample thickness also
reduces the samples transparency for optical measurements
(Figure 4a-c). There is, therefore, an optimal thickness and the
sample should be thin enough to be at least translucent for a
visible light and thick enough to retain the PI sensitivity. The
thickness of a sample is also important for maintaining the
circular shape of the sample during shear. It has been found
that the 0.5 mm is a good starting point to perform initial
measurements.

Since the radial distribution of shear rates across the sample is
proportional to the angular speed, eq 1, a variation of the angular
speed can be used to control the shear rate. An increase of the
angular speed makes the range of shear rates accessible in the
shear experiment wider, which is useful for finding boundary
conditions for the formation of orientedmorphology. A decrease
of the angular speed narrows the range of shear rates at small
values, which can increase the precision of the measurements of
the boundary conditions. This also suggests that the radial
position of the transition between oriented and unoriented
morphology, rb, detected from shear experiments performed at
different angular speed with the same shear pulse duration,
should be changed in a way that gives a constant shear rate
associated with the boundary, _γb. Indeed, samples where SICwas
performed at different angular velocities show a transition
boundary at different radii (Figure 5, parts a and b) but
corresponding to the same shear rate (Figure 5, parts a and b,
follow the circles given for a guidance) provided the rest of the
parameters remain constant. Plotting the degree of orientation
versus shear rate, to scale both experiments to a comparable
parameter, shows the same pattern reproducing similar features
of the boundary between oriented and unoriented morphology
(Figure 5c), even if the resolution of the first experiment within
the transition zone is poor (Figure 5a). Thus, the results presented
show that the boundary shear rate is a specific parameter
characterizing the polymer in question, and is reproducible under
different experimental conditions.

The key parameter associated with the formation of oriented
morphology of a polymer is the specific work of flow experienced
by the polymer during shear.2 If analytical expressions of both the
boundary shear rate _γb(t) and the approximation of the viscosity
η[ _γb(t)] are known then the integral of the boundary specific work
can be calculated:

wb ¼
Z ts

0

η½ _γbðtÞ� _γb
2ðtÞ dt ð2Þ

Here ts is the duration of shearing. If the analytical expressions are
not known, then numerical integration has to be used. The total

mechanical work experienced by a unit volume of the polymer
during a shear pulse is represented in eq 2. When the viscosity of
the polymer is high and/or a relativelyhigh angular speed is applied
in the experiment then an acceleration period, γ.(t), can be used to
produce a trapezoidal pulse instead of a rectangular pulse; this
reduces the overshoot caused by a nonlinear response of the
polymer during start-up. It also helps to avoid damage to the
sample during shear at high rates. In this case, the shear rates are
not constant and the calculation of the specific work of flow
requires integration over the total flow taking into account the
dependence of polymer viscosity on the applied shear rates. If the
shear pulse is of a rectangular shape and the acceleration time of
the shear plates is negligible, then it can be assumed in the
boundary specific work calculations, eq 2, that both the boundary
shear rate and the viscosity are constant { _γb(t)= _γb and η[ _γb(t)] =
η( _γb)}; therefore, the integration over the period of shearing ts
can be substituted by a simple multiplication of the parameters:

wb ¼ ηð _γbÞ _γ2
bts ð3Þ

There are a few structural effects which should be considered
for the torsional parallel disks geometry. The polarized light
images obtained (Figure 3, parts c and d) can be a result of a
photoelastic effect caused by anisotropy of the refractive index

Figure 4. Polarized light images of the LDPE samples sheared at
T = 385 K with different gap settings between the shearing plates
[d=0.25 mm (a), 0.5 mm (b), and 1.0 mm (c)] but with the same shear
rate distribution through the samples: Ω = 0.252 rad/s (a), 0.53 rad/s
(b), and 1.06 rad/s (c) for ts = 4 s. The guiding white dashed lines
indicate boundary between unoriented and oriented parts of the
samples. The width of the image strip is equivalent to 21 mm. The inset
shows a zoomed contrast-adjusted boundary area of the sample c.

Figure 5. Optical images of the LDPE samples sheared at different
angular speed [Ω=2.13 rad/s (a) andΩ=0.53 rad/s (b)] for the same
duration ts = 2 s, T = 377 K. Dotted and dashed lines, given for
guidance, indicate circles of shear rates corresponding to 4 s-1 and8 s-1,
respectively. Corresponding plots of the degree of orientation of
the polymers measured (SAXS, Bruker Nanostar) along the diameter
of the samples (c). The zero shear rate corresponds to the center of the
sample, the negative values of the shear rate corresponds to the left-
hand side of the samples and the positive to the right-hand side of the
samples.
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originating from residual strain. The isoclinic fringes represented
by a truncated Maltese cross may correspond to the principal
stress direction and the isochromatic circular fringes may corres-
pond to the lines of constant principal stress difference. A flow-
induced residual stress created during a shear pulse could be one
of the causes of the birefringence.36 However, even if solidifica-
tion occurs after the polymer molecules are fully relaxed, which
can be achieved by a long isothermal annealing at the shearing
temperature (1 h has been used in this work for the samples
sheared at temperatures above Tms) the oriented shish nuclei
created during shear will still produce a stress in the sample
during crystallization. Since the distribution of the shear rates
across the sample under shear has higher values at the edge of the
sample, then the number of molecules in a stretched state and,
subsequently, the probability of the formation of oriented nuclei
at the edge of the sample are higher with a reduction of these
values toward the central zone of the sample where no oriented
nuclei are produced during shear. This higher density of nuclei
causes a faster rate of crystallization creating an annulus of
crystallized polymer with the crystallization frontmoving toward
center of the sample. The molten center of the sample, confined
by the shear disks, experiences a compression due to shrinkage of
the solidified annulus. Thus, as the material crystallizes from the
edge to the center of the sample the volume elements are under
different packing pressures producing a radial distribution of
stress in the crystallized sample. The pronounced circular fringe
observed in PIs (Figure 6) is probably the result of a compensa-
tion of two forces originating from shrinkage of the crystallized
polymer ring and compressibility of the polymer melt in the
center of the sample. The location of this fringe can also be
identified as a reproducible drop in the degree of orientation of
the lamellar structure (Figure 6c, follow the blue arrows). This
drop is probably caused by the local movement of the material
during crystallization. Similar drop in the degree of orientation
can be found in other shear experiments for LDPE samples
sheared at temperatures above Tms (Figure 3g) and below Tms

(Figure 5c). The less elastic PP does not show such a pronounced
effect in either PI (Figure 3c) or the degree of orientation
(Figure 3f), which suggests that this extra feature observed in
the LDPE PI is of elastic origin.

Despite the residual strain in the crystallized samples compli-
cating the observed PI, this effect is directly related to the
concentration of oriented nuclei controlling the process of
crystallization after shear pulse. Thus, lines of constant principal
stress difference parallel to the flow direction controlling the
lateral orientation of shish nuclei contribute to the total birefrin-
gence, amplifying the effect of oriented structure and the sensi-
tivity of the PI measurements.

The Maltese cross observed in the central zone of the
polarized light image (Figure 6b) could also be associated with
the residual strain created during crystallization of the polymer
after SIC. However, there is only a truncated Maltese cross
with no extinction observed in the central part of the samples
sheared at temperatures above the melting point of spherulites
(Figure 3g). Thus, it is reasonable to suggest that the appearance
of theMaltese cross in the central part of the samples sheared at
temperatures below melting point of spherulites is a tempera-
ture-related phenomenon. One of the possible scenarios is that
spherulitic nuclei, which are likely to appear at temperatures
below Tms in any zone of the sample, began to form during flow
and were deformed by that flow resulting in an elongated
spherulite morphology.37,38 Such a morphology will create
anisotropy in crystal orientation causing birefringence of the
material resulting in Maltese cross. There is a good correlation
between the features observed in PI (Figure 6b) and the degree
of orientation measured from SAXS scan (Figure 6c). A slight
increase of the degree of orientation in the central zone of the

Figure 6. Structural analysis of an LDPE sample (Lupolen 1840H)
unloaded from the shear device after shear-induced nucleation (Ω =
0.067 rad/s for ts= 30 s at 377 K, d = 0.5 mm) and subsequent
crystallization. (a) Optical image of the sample with a scale inmm, (b)
a polarized light image of the sample (the vectors labeled with letters
P and A show transmission azimuth of polarizer and analyzer,
respectively), and (c) a plot of degree of lamellar orientation
(P2 function) obtained from SAXS scan (Bruker Nanostar) of the
sample along its diameter (the white dots in part b show location of
the points of the scan). The blue and green arrows relate orientation
(c) to the radial positions in part b. SAXS patterns used for the
calculation of degree of orientation surround the figure, starting at
the top left image corresponding to the left most point in part b
proceeding in a clockwisemanner. The white arrow indicates the flow
direction.
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sample (Figure 6c) also confirms anisotropy in the orienta-
tion parallel to the shear flow direction. Furthermore, the P2

function changes a slope at a point where isochromatic fringes
appear in the PI (indicated by green arrows in the Figure 6)
suggesting that another structural morphology is produced
which contributes to the orientation of the lamellae. This point,
in analogywith the boundary conditions detected for the sample
sheared at temperatures above Tms (Figure 3), should be
associated with _γb of the formation of oriented shish nuclei.
Thus, both the observed PI (Figure 6b) and the degree of
orientation (Figure 6c) for the sample sheared at temperatures
below Tms could be a superposition of structural effects pro-
duced by elongated spherulites, residual strain and oriented
shish kebab morphology. However, the P2 function suggests
(Figure 6c) that the side effects such as elongated spherulites and
residual strain will not significantly effect the measured position
of the boundary associated with the formation of shish kebab
morphology. Also, the elongated spherulites morphology can
be excluded from this consideration by performing SIC experi-
ments at temperatures above Tms, which enables a temperature-
driven nucleation of spherulites during flow to be avoided.

The use of the torsional parallel disks geometry is not without
problems of its own as there is an influence of secondary flows
which can displace regions with shear-induced nuclei into the
center of the sample.3 Indeed, such a flow can be caused by elastic
instabilities and has been observed in polymer melts and solu-
tions.39 It becomes prominent at a certain stage of shearing when
high strain has been applied to a sample and could certainly occur
at the high shear rates and strain applied in industrial processes.
However, as has been observed herein the formation of the
oriented morphology requires moderate shear rate and strain.
If secondary flow would be significant and affect the boundary
conditions then the results would not be reproducible with
different shear flows (Figure 4 and 5).

One advantage of postcrystallization characterization of
sheared samples using polarized light imaging is that the appear-
ance of secondary flow can be revealed. The existence of a
relatively sharp boundary between the oriented and unoriented
parts of polarized light images means that it is an effective
approach for measurements of critical flow parameters. After a
certain number of shear units the effect of secondary flow
becomes noticeable and destroys the whole boundary with elastic
instabilities dominating the flow. This phenomena can be clearly
observed in PIs of sheared HPBD blends as a spiral super-
structure.2 A similar effect can be found in propylene-ethylene

random copolymer used in this work (Figure 7), where samples
after SICwith an increasing levels of strain (controlled by a shear
pulse duration) reveal noorientatedmorphology for a short shear
pulse (Figure 7a), an appearance of the boundary indicating
oriented morphology at a longer shear pulse (Figure 7b), which
progresses toward the center of the sample at more shear
(Figure 7c), and finally, disappearance of the boundary with
undulating features resembling a few overlapped spirals covering
the whole sample (Figure 7d). A coexistence of a clear boundary
for shear-induced nucleation toward the center of the samplewith
some signs of the undulations caused by secondary flows toward
the edge observed inFigure 7c indicates flow conditionswhere the
elastic instabilities kick in. Since the methodology proposed in
this study enables the effect of a secondary flow to be identified, it
is possible to avoid this effect by setting shear flow parameters
just above the parameters required for the formation of shish
nuclei (oriented morphology) and far from the conditions where
the secondary flow becomes dominant.

The characteristic features of secondary flow have not been
observed for LDPE. The samples have rather been destroyed
before the formation of any noticeable undulations (Figure 5a).
This result could be expected in a view of the previous discussion.
The polydispersity of the LDPEused in this study, ismuch higher
than HPBD and PP (see Appendix). Polymers with narrow
molecular weight distribution (MWD) are known to show
melt-flow instabilities more easily than their broad MWD coun-
terparts.39 This stabilization effect is attributed to the wider
distribution of relaxation times and processes present in the
broadly distributed material which damp the flow instabilities
as polydispersity, Mw/Mn, increases.

In order to further analyze the structure induced by flow
instabilities the bimodal HPBD blend was studied by SAXS.
This blend is composed of polymers with narrow MWD (see
Appendix) and should demonstrate pronounced elastic instabil-
ities. Conditions of shearing were found where a pattern of a
spiral flow just appears in the sample after SIC (Figure 8). A
SAXS scan across the diameter of the sample after SIC show

Figure 7. Polarized light images of propylene-ethylene random copo-
lymer samples (crystallized after a shear pulse of Ω = 2.67 rad/s for
durations of ts = 10 s (a), ts = 30 s (b), ts = 50 s (c), and ts = 100 s (d)
at 428 K), demonstrating the appearance of a secondary flow effect
with increasing shear pulse duration. The length of each side of the
images is equivalent to 18 mm. Two perpendicular vectors labeled with
letters P and A show transmission azimuth of polarizer and analyzer,
respectively.

Figure 8. Polarized light image (PI) of a bimodal blend of hydroge-
nated polybutadiene (2 wt % 1.3 MDa in 15 KDa matrix) unloaded
from the shear device after shear-induced crystallization (SIC) (Ω =
6.67 rad/s for ts = 20 s at T = 388 K, d = 0.5 mm). The effects of
secondary flow (caused by elastic instabilities) appearing at long shear
times. The vectors labeled with letters P and A show transmission
azimuth of the polarizer and the analyzer, respectively. The small
vectors across the diameter (PI) show the direction of the local
orientation of lamellae (SAXS, Bruker Nanostar). Every second SAXS
patterns surround the image, the numbers on the patterns correspond to
the sequence of the vectors and their position along the diameter. The
vectors of orientation corresponding to the first and the last SAXS
pattern are appropriately labeled. The scale bar shown in the top left
corner pattern corresponds to 0.05 Å-1.
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orientationof the lamellar structure in a good correlationwith the
directions of the flowobserved in the polarized light images of the
sample. The orientation seen in the SAXS patterns makes a 180
deg rotation at the center of the sample perpendicular to the
orientation registered at the edge of the sample. As a result of
elastic instabilities, which are still not well understood and
therefore difficult to control, different angles of lamellae orienta-
tion can be detected in the polymer after SIC.

In themajority of online experiments on shear-induced crystal-
lization using torsional parallel disks geometry theX-ray patterns
are taken from a single point in the disk which for a given angular
speed defines the shear rate of interest.19,25,40,41 The relationship
of the shear-induced nuclei to the flow mean that these single
point measurements should show the lamellae normals to be
oriented with the flow as shown in Figures 3 and 6. In many
online SAXS measurements of shear-induced crystallization
19,25,40,41 the orientation of the lamellae structure is shown to be
tilted with respect to the flow direction and this is most likely a
result of a spiral flow caused by elastic instabilities. A particularly
good example of this phenomenon is shown in Figures 8 and 9 of
ref 40, and it has been subsequently demonstrated that the
materials therein were particularly susceptible to elastic instabil-
ities due to their combination of narrow molecular weight
distributions and long relaxation time. An advantage of post-
crystallization characterization of the radial distribution of
orientation of the lamellar, compared with detecting at a single
point as in the online experiments, is that this effect of elastic
instability can be identified.

It is well-known fact that elastic instabilities may occur in a
shear flow of viscous highly elastic fluids. In flowswith rotational
geometry this effect is caused by stretched polymer molecules
leading to a radial pressure gradient. Similar effect can be found
in inertial flows with a pressure drop driven by centrifugal forces.
It has been recently found that the analogy between inertial and
elastic secondary flows extends further; for example, at high
enoughWeissenberg number (Wi∼ 10) elastic parallel disk flows
can show a highly irregular state with spatial and temporal
characteristics similar to those of turbulence42 with the sequence
of bifurcations in a viscoelastic fluid that transforms simple
shearing flow to ‘elastic turbulence’.43 This phenomenon has
been identified inmodel dilute solutions of highmolecular weight
polymers using coloring particles to visualize the flow behavior.
Analogous effects can be found in typical polymers crystallized
under shear (Figure 7 and 8) where the complex oriented
structure caused by elastic instabilities is pinned by the process
of crystallization and persists down to room temperature. SAXS
and PImeasurements from samples with a high strain (and hence
a large Wi) show that the orientation of the lamellae can have a
very complicated structure produced by a spiral flow similar to
the patterns caused by elastic turbulence.42,43

After SIC in torsional parallel disks geometry, well chosen
materials and flow conditions show a clear boundary between
oriented and unoriented regions by all the analytical methods
used for structural characterization herein (Figure 3, follow the
blue arrows given for guidance). The macrostructure of the
samples can be represented as a slice of a big spherulite with the
core removed. The combinatorial approach proposed to mea-
sure the critical parameters required for the onset of oriented
morphology, covers the range of shear rates from zero up to a
maximum value controlled by the radius of the sample and the
angular speed of the rotating disk (eq 1). The higher the angular
speed is the higher the maximum value of the shear rate
experienced by the polymer. In this case if the range of shear
rates used in the experiment covers the onset of orientation,
then a boundary between the oriented and unoriented parts
should appear and move toward the center of the sample with
longer shear pulses. This effect can be visually observed on

LDPE samples where opaque area corresponds to spherulitic
unoriented structure and the transparent area to oriented
structure (Figure 5).

Measurements of Critical Flow Parameters for the Formation
of an Oriented Morphology

Polyolefins with a wide polydispersity as well as model poly-
olefin blends of narrow polydispersity demonstrate a clear
boundary between oriented and unoriented regions under flow.
Results onmeasurements of the critical flow parameters required
for the formation of oriented nuclei in shear-induced crystal-
lization of bimodal blends of hydrogenated polybutadiene have
been previously reported.2 The new results presented in this paper
will be restricted to polydisperse industrial polymers. These
polymers produce similar effects in lamellar orientation to the
model bimodal HPBD blends, but due to the continuous dis-
tribution in molecular weights, and hence relaxation times, the
behavior of the critical flowparameters can bemore complicated.

Low-Density Polyethylene (LDPE). The boundary condi-
tions measured from a set of LDPE samples sheared for
different times at different angular speeds at temperature
above the melting point of LDPE spherulites, Tms = 385 K,
demonstrate a dependence ofwb versus _γb (Figure 9a) similar
to that observed for HPBD bimodal blends.2 The data
clearly demonstrate that the boundary specific work is
constant within a wide range of boundary shear rates. Thus,
the criterion of specific work appears to be equally valid for
the industrial polymer as it was for the model bimodal
blends. In the model blends there was a sharp increase of
the specific work at small boundary shear rates associated
with the singular Rouse time of the longest molecules
whereas there is a continuous increase of critical specific

Figure 9. (a) Plot of the boundary specific work, wb, versus the
boundary shear rates, _γb, representing the boundary conditions re-
quired for the formation of oriented nuclei in the sheared low density
polyethylene (Lupolen 1840H) measured at temperatures above the
melting point of spherulites (T=385K, solid squares) and below (T=
377 K, open circles). The dashed lines represent the line of the critical
specific work, wc, obtained by a linear fitting with a zero slope to the
flatten zone of the graphs (wc=0.75( 0.03MPa,T=385K;wc=0.29
( 0.01 MPa, T= 377 K). (b-f) Representative polarized light images
of the sheared samples used for the measurements of the boundary
conditions [(b)Ω=0.017 rad/s for ts = 3000 s at T=385 K; (c)Ω=
0.033 rad/s for ts = 1440 s at T= 385 K; (d)Ω= 0.067 rad/s for ts =
120 s atT=385K; (e)Ω=1.07 rad/s for ts=6 s atT=385K; (f)Ω=
0.53 rad/s for ts = 4 s at T = 385 K]. The width of the polarized light
images is equivalent to 18mm.Note the logarithmic scale of the specific
work axis.
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work at shear rates below 1 s-1 for the LDPE. If this
parameter, _γmin

LDPE,385 K, could be associated with the Rouse
time of the most slowly relaxing molecules present in the
polymer ensemble, in analogy with the model HPBD
blends2, then their relaxation time would be about 1 s. Even
if this estimate is not absolutely correct (as it is difficult to
model relaxation processes for branched molecules like
LDPE and the Rouse time should be properly associated
with a particular molecule and not to be an averaged value
describing a polydisperse system), the relaxation time ob-
served suggests that a very long time is required for the
LDPE molecules to relax after stretching during shear. This
value is of the same order of magnitude as the Rouse time
reported for other branched polyolefins.40 LDPE has a
broad and continuous MWD with some chains bigger than
2 MDa. The absence of clearly defined cutoff in the bound-
ary specific work at low shear rates, unlike the model blends,
suggests that this effect is related to polydispersity of the
sample: there will always be some polymers long enough to
initiate shish nuclei even at vanishing small shear rates.
Higher shear rates stretch shorter molecules and, therefore,
increase the concentration of stretched molecules which can
be potentially involved in the formation of shish nuclei.

The measurements of the boundary parameters for the
polymer sheared at temperature below the melting point of
theLDPE spherulites,T=377K, show constant value of the
boundary specific work within the range of the measured
boundary shear rates (Figure 9a). This observation suggests
that the minimum shear rate, _γmin

LDPE,377 K, should be below
the values accessible with the experiments performed herein.
A reduction of the angular speed to resolve measurements of
the boundary specific work at lower shear rates requires a
significant increase of the shearing time to achieve the
necessary boundary specific work. Consequently, the in-
crease in shearing time at temperatures below Tms increases
the number of spherulitic nuclei formed in the material
during the long shear pulse, these may be more numerous
than the shish nuclei formed by the weak flow and dominate
the crystallization process. The amount of the material
crystallized in the oriented shish kebab morphology will be
scarce and is unlikely to be detected in the experiment.

These results suggest that the formation of the oriented
shish nuclei in the LDPE melt occurs at very moderate
conditions (Figure 9). A shear pulse at a rate of few recipro-
cal seconds for few seconds is actually enough to create the
orientation. These flows are far weaker than those experi-
enced in industrial processes exploring hundreds of recipro-
cal seconds for injection molding.44

LDPE exhibits shear thinning over a wide range of shear
rates and the viscosity can be approximated as a power law

ηð _γÞ ¼ k 3 _γ
n-1 ð4Þ

where k is the polymer-related constant and n is the power-law
index.20,45 Taking the simplified definitionof the specificwork
(eq 3) and the fact that the boundary specific work is constant
at shear rates _γb> _γmin, the boundary shear rate required for
the orientation, _γb, should have a power law dependence on
time of shearing:

_γbðtsÞ ¼ wc

k 3 ts

 !1=nþ 1

ð5Þ

Since shear thinning of the LDPE is already observed at 0.003
rad/s and it has a fully developed power law regime above 0.01

rad/s, which ismuch less than the shear rates of interest _γb>1
rad/s where the boundary specific work is constant, then the
viscosity can be considered as a power-law of the shear rate
(eq 4) and the expression for the boundary shear rate (eq 5)
should be valid. Thus, at shear rates above _γmin the boundary
shear rate required for the formation of oriented shish nuclei
will decrease following a power law dependence on increase of
time of shearing, ts. A fit of the _γb data (Figure 10b) within the
range of shear rates _γb > _γmin using eq 5 should produce the
same n parameter as the power law viscosity equation (eq 4)
applied to the viscosity data measured from rheology
(Figure 10a). Thus, viscosity of the polymer, in particular its
shear-thinning, can be estimated from shear-induced crystal-
lization of polymer. Indeed, there is a good correlation
between n parameters obtained from boundary conditions
for the formation of oriented nuclei during SIC and from
viscosity of the polymermeasured by rheology (Table 1). This
comparison suggests that the viscosity of the polymer as a
measure of resistance of the polymer to the flow is one of the
factors controllingboth themolecules behavior in the polymer
melt and the formation of oriented nuclei. It should be noted,
however, that the high shear rate region will require a short
shearing timewhich can become comparable with a time scale
of the nonlinear response of the polymer upon a ballistic shear
pulse. This effect cannot be neglected and the boundary shear

Figure 10. (a) Modulus of complex viscosity of LDPE (Lupolen
1840H), obtained from a master curve of frequency sweep rheology
measurements by a shift to T = 377 K (open circles) and T = 385 K
(solid squares), fitted within the chosen range of angular frequency, ω,
with the power lawmodel η( _γ)= k 3 _γ

nv-1 assuming the Cox-Mertz rule
η( _γ) = |η*(ω)| for ω = _γ (solid lines). The viscosity parameter, nv, is
presented in Table 1. (b) Plot of the boundary shear rates, _γb, versus
time of shearing, ts, required for the formation of oriented nuclei,
measured at temperatures above the melting point of spherulites (T=
385K, solid squares) andbelow (T=377K,open circles). The points of
the graphs fitted with the function _γb(ts) = (wc/kts)

1/(nbþ1) (solid lines),
wherewc is the critical specificworkof the polymer corresponding to the
flatten area of the boundary specific work presented in theFigure 9. The
boundary shear rate parameter, nb, is presented in Table 1.
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rate will not follow the power law line (eq 5 and Figure 10b)
under such conditions.

So far only boundary parameters, easily accessible for
LDPE from PI measurements, have been taken into con-
sideration for the formation of oriented shish nuclei. It can
be assumed that the amount of work supplied to the polymer
by shear flow above the boundary conditions should control
the number of oriented nuclei formed. This number should
be proportional to the work applied to the polymer and if the
specific work is the only parameter responsible for the
formation (and stabilization) of the oriented nuclei at _γb >
_γmin, then the shear conditions, controlled by both the
angular speed and the shearing time, should be described
through the specific work parameter. SAXS measurements
of the degree of orientation (P2), used to detect boundary
conditions for the formation of oriented structure along with
PI measurements, should also contain quantitative informa-
tion about the number of oriented nuclei formed. Every
radial point of the sample associated with a particular shear
rate is also associated with a certain amount of work applied
to the polymer during shear. The specific work experienced
by the polymer during shear, w, can be calculated for each
point in accordance with eq 2 replacing _γb(t) by _γ(t) obtained
from radial distribution of shear rates across the sample. The
degree of orientation, obtained from a SAXS scan, plotted
versus w shows that the degree of orientation of the sam-
ples corresponding to the region of the constant boundary
specific work, associated with wc, essentially collapses onto a
master curve (Figure 11a). All the samples show an increase of
thedegreeof orientation abovewc andnoorientation ina zone
where the polymer experienced w < wc. Some drop in the
measured degree of orientation atw∼ 2.5MPa (Figure 11a) is
caused by elasticity of the LDPE polymer (Figure 6). The
point in the curve where the degree of orientation becomes
nonzero, obtained for a particular sample, corresponds to the
point associated with the same sample on the boundary
specific work curve measured from PI (Figure 9a). Consistent
with the PI measurements (Figure 9a) the sample with the
boundary associated with the shear rates below _γmin

LDPE,385 K

(Figure 11a, Ω = 0.033 rad/s and ts = 1440 s) demonstrates
an increase of orientation at the specific work values higher
than wc. In analogy with the samples sheared at temperature
above melting point of LDPE spherulites (Figure 11a), the
degree of orientation versus the specific work forms a master
curve (Figure 11b) for all the samples sheared at temperatures
below the melting point of LDPE spherulites. Since these
samples have their boundaries associated with the same value
of specific work (Figure 9a), this is an expected result. How-
ever, in contrast to the results obtained for the samples
sheared at T > Tms (Figure 11a), the degree of orientation
measured for the samples sheared atT< Tms is nonzero with
a slight increase in the region of the specific work values below

wc (Figure 11b). This effect, as discussed before (Figure 6),
is caused by the fact that themeasured degree of orientation is
a product of two orientations originating from elongated
spherulites, which are noticeable as a nonzero P2 function at
w< wc, and shish nuclei forming at w> wc which dominate
this region. There is saturation in the degree of orientation at
w > 1 MPa which could be a result of either saturation of
number of oriented nuclei created at these conditions or
crystal growth-related process.

Propylene-EthyleneRandomCopolymer (PP).Apropylene-
ethylene random copolymer (see Appendix) produced
similar behavior in the boundary condition parameters
measured at different time and shear rates (Figure 12) to
LDPE (Figure 9). There is a wide range of shear rates where
the boundary specific work is constant with a continuous
increase of orientation in the region of small shear rates.
In analogy with LDPE data (Figure 9a) the increase of the
boundary specific work measured for the polymer sheared
at temperatures below the melting point of PP spherulites is
less distinctive than the cutoff observed for the model
HPBD blends.2 The representative set of data obtained for the
PP sheared at 438 K clearly shows that the increase of the
specific work required for the formation of oriented nuclei
at this temperature is observed at boundary shear rates below
_γmin
PP,438 K = 100 s-1 (Figure 12a). This suggests that molecules

Table 1. Comparison of the Power LawParameter, n, Obtained either
from the Fitting of the Viscosity Data (Figure 10a or 13a) or the

Boundary Shear Rate Measurements (Figure 10b or 13b) of LDPE
(Lupolen 1840H) or Propylene-Ethylene Random Copolymer, Re-

spectively, at Different Temperatures

polymer T, K
viscosity

parameter, nv

boundary
shear rate

parameter, nb

LDPE 385 0.476( 0.004 0.49( 0.03
377 0.460 ( 0.004 0.46( 0.04

propylene-ethylene 443 0.375( 0.005 0.39( 0.05

random copolymer 438 0.373( 0.006 0.45( 0.14
413 0.349( 0.005 0.40( 0.19

Figure 11. Combined plots of degree of orientation of the lamellar
structure of LDPE (Lupolen 1840H), calculated from radial SAXS
scans of the sheared samples, versus specific work experienced by the
polymer during the shear pulse atT=385K (a) andT=377K (b).The
corresponding shear pulse parameters are presented on the plots. The
specific work values have been calculated from the radial distribution of
shear rates by integration w(r) =

R
0
tsη[ _γ(r,t)] _γ2(r,t) dt, where _γ(r,t) =

Ω(t) � r/d and d = 0.5 mm is the thickness of the gap between the
shearingdisks.The valueof the critical specificwork,wc,measured from
the polarized light images (Figure 9), is indicated by the arrows. Dotted
lines corresponding to zero degree of orientation are shown. Note the
logarithmic scale of the specific work axis.
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with a Rouse time of 0.01 s (1/ _γmin
PP,438 K) or above in the

copolymer ensemble are mostly likely responsible for the
formation of oriented nuclei. Rheological measurements of
this polymer at 438 K give a plateau modulus GN

0 ∼ 0.1 MPa
and the entanglement molecular weight is estimated to be
Me ∼ 36 kDa. This value, together with the reptation time
τd = 0.06 s (estimated from the crossover of storage and loss
moduli, G’ and G”) and molecular weight of the polymer
Mw = 252 kDa can be used to estimate the Rouse time of
the copolymer molecules τR = τdMe/(3Mw) = 0.003 s and,
therefore, the shear rate required for the molecules to be
in a stretched state to create oriented nuclei is given by _γ >
1/τR ∼ 300 s-1. Even though these estimates are not
absolutely accurate, due to polydispersity, the estimated
value of the shear rate required for the formation of
oriented nuclei is of the same order of magnitude as the
value obtained from the experimental plot of the boundary
specific work (Figure 12a), suggesting that the stretching of
the molecules is the necessary condition for the forma-
tion of oriented nuclei. The significant difference in this
parameter with the shear rates observed for the LDPE
( _γmin

PP,438 K= 100 s-1 versus _γmin
LDPE,385 K = 1 s-1), suggesting

that the LDPE relaxes much slower than the PP, should be
associated with the temperature, the molecular weight, and
the architecture of the molecules. Indeed, the first two
parameters would contribute into the decrease of the re-
laxation time since both an increase of the temperature and
a decrease in the molecular weight of the high molecular
weight tail would result in a reduction in the relaxation time
and thus an increase the minimum shear rate parameter
(which is inversely proportional to the relaxation time). The
increase of the boundary specific work with temperature,

observed in PP (Figure 12a) once more indicates its tempera-
ture dependence, pointing toward the fact that thermal vibra-
tions of the molecules are one of controlling factors of shish
nuclei formation. These data also show that oriented shish
nuclei, created by flow, are quite stable and shearing at
temperatures 16 K above the melting of PP spherulites still
produces an oriented structure where a spherulitic morpho-
logy is unlikely to be formed. These data confirm previous
conclusions concerning the stability of thread-like precursors
made on the S, T-diagram for polypropylene.28

Following the previous discussion on the viscosity of the
LDPE (Figure 10) plotting of the PP data produces similar
results (Figure 13). There is a good correlation between
power law parameter in the viscosity equation, n, obtained
from both rheology data (Figure 13a) and the boundary
conditions for the formation of oriented morphology mea-
sured from samples after SIC (Table 1).

The plot of the specific work versus degree of orienta-
tion from SAXS shows behavior similar to LDPE. There is
no orientation at low values of the specific work with a
threshold at the critical specific work, where the degree of
orientation starts to increase with the amount of work
supplied to the polymer system by shear (see Figure 14a for
samples sheared above the melting point of PP spherulites,

Figure 12. (a) Plot of the boundary specific work, wb, versus the
boundary shear rates, _γb, representing the boundary conditions re-
quired for the formation of oriented nuclei in the sheared propylene-
ethylene random copolymer measured at temperatures above the
melting point of spherulites (T = 443 K, solid squares; T = 438 K,
open circles;T=433K, solid triangles up) andbelow (T=413K, open
triangles down). The dashed lines represents the critical specific work,
wc, obtained by a linear fittingwith a zero slope to the flatten zone of the
graphs (wc = 31.7( 0.5 MPa, T= 443 K; wc = 13.4( 0.6 MPa, T=
438K;wc= 11.8( 0.7MPa,T=433K;wc= 8.6( 0.2MPa,T=413
K,). (b-f) Representative polarized light images of the sheared samples
used for themeasurements of the boundary conditions [(b)Ω=5 rad/s
for ts = 80 s atT=438K; (c)Ω=10 rad/s for ts = 20 s atT=438K;
(d)Ω=10rad/s for ts=1.33 s atT=413K; (e)Ω=13.3 rad/s for ts=
2 s at T= 438 K; (f) Ω= 20 rad/s for ts = 0.67 s at T= 438 K]. The
width of the polarized light images is equivalent to 18 mm. Note the
logarithmic scale of the specific work axis.

Figure 13. (a) Modulus of complex viscosities of the propylene-
ethylene random copolymer (PP), obtained from master curve of
frequency sweep rheology measurements by a shift to T = 413 K
(open triangles down) and T= 443 K (solid squares), fitted within the
chosen range of angular frequency,ω, with the power lawmodel η( _γ)=
k 3 _γ

nv-1 assuming the Cox-Mertz rule η( _γ) = |η*(ω)| for ω = _γ (solid
lines). The viscosity parameter, nv, is presented inTable 1. (b) Plot of the
boundary shear rates, _γb, versus time of shearing, ts, representing the
flow conditions required for the formation of oriented nuclei in the
sheared PP measured at temperatures above the melting point of
spherulites (T = 443 K, solid squares; T = 438 K, open circles) and
below (T=413K, open triangles down). The points of the graphs fitted
with the function _γb(ts) = (wc/kts)

1/(nbþ1) (solid lines), where wc is the
critical specific work of the polymer corresponding to the flatten area of
the boundary specific work presented in Figure 12. The boundary shear
rate parameter, nb, is presented in Table 1.
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T > Tms = 427 K). The samples sheared at conditions
corresponding to the area where wb is constant (wb = wc)
have a degree of orientation graph following the samemaster
curve (Figure 14a, the solid diamonds and the open stars).
For the samples sheared at flow conditions producing a
boundary at _γb > _γmin

PP,438 K, where the concentration of the
stretched molecules in the melt at such shear conditions
reduces, the threshold of the specific work required for the
formation of oriented morphology shifts toward larger
specific work values, following the trend of the boundary
specific work obtained from PI measurements (Figure 12a).
The results of the degree of orientation of the samples
sheared at temperatures below melting point of the PP
spherulites (T = 413 K) produces a more complicated
picture caused by a simultaneous formation of elongated
spherulites and shish nuclei at this temperature (Figure 14b).

The data suggest that at shear rates above _γmin the degree of
orientation depends on the amount of specific work supplied to
the polymer during shear, which is termed the critical specific
work, wc. This parameter unites two flow parameters such as
shear time and a shear rate and ifwc is known then a set of flow
parameters required for the formation of oriented structure
during shear can be derived from eq 2. The degree of orienta-
tion of the polymer structure created after shear-induced
crystallization is proportional to the work applied to the
polymer (in the region w > wc), which controls the number
of oriented nuclei created and stabilized during the shear flow.

The calculated boundary specific work obtained from
shear-induced crystallization experiments run at different

angular speeds and duration of shearing can be plotted
versus boundary shear rates and both the critical specific
work, wc, and the minimum shear rate, _γmin, can be evalu-
ated. The parameters obtained can be used to estimate the
dependence of the formation of the oriented structure on
both the molecular weight distribution of the polymer and
the thermal conditions applied to the polymer. Subse-
quently, these estimates can be used to choose processing
parameters for the polymer melt in industrial applications.

The formation of shish can be directly observed in a flow-
induced crystallization by online SAXSmeasurements using a
Linkam shear device fitted with Kapton film windows.25,26,40

Following the data on boundary specific work describing the
transition between oriented and unoriented morphology
(Figure 12a) the flow parameters required for the formation
of oriented shish kebab structure can be chosen. For example,
a shear pulse of shear rate _γ=150 s-1 at 433Kwould require
performingw>11.8MPa (wc at 433K, Figure 12a) to initiate
the formation of shish nuclei in SIC. Since the scattering
power of the particles is proportional to the square of their
volume, the concentrationof shishes createdby flow should be
high enough to be detected by online SAXS measurements.
Thus, the amount of mechanical work supplied to the poly-
mer by shear flow, controlling the number of shish nuclei
formed (Figure 14), has to be significantly more then the
threshold value (wc). An order of magnitude higher work
value has been used to carry out online SAXS measurements
of the shish formation (Figure 15). The postshear SAXS
pattern (Figure 15, inset) shows a clear meridional streak
corresponding to long thin structures in the flow direction
(shishes) whereas the fully crystallized pattern (Figure 15)
shows scattering dominated by the two orders of reflection
arising from lamellar stacks (kebabs) with the layer normal
parallel to the flow. Similar patterns have been reported
previously for different polymers.22,24 The post shear pattern
arising from the shish is of a much lower intensity than
the reflections from the fully crystallized lamellar; however,
shish structure has been resolve due to the high concentration
of oriented nuclei created by a high amount of work supplied
to the polymer. The tilt observed in this data is a result of
elastic instabilities kicking in at higher work values after the

Figure 14. Combined plots of degree of orientation of the lamellar
structure of the propylene-ethylene random copolymer, calculated
from radial SAXS scans of the sheared samples, versus specific work
experienced by the polymer during the shear pulse atT=438K (a) and
T=413K (b). The corresponding shear pulse parameters are presented
on the plots. The specific work values have been calculated from the
radial distribution of shear rates by integrationw(r)=

R
0
tsη[ _γ(r,t)] _γ2(r,t)

dt, where _γ(r,t) =Ω(t) 3 r/d and d=0.5mm is the thickness of the gap
between the shearing disks. The value of the critical specific work, wc,
measured from the polarized light images (Figure 12), is indicated by the
arrows. Dotted lines corresponding to zero degree of orientation are
shown. Note the logarithmic scale of the specific work axis.

Figure 15. SAXS patterns (Diamond Light Source, station I22) of a
propylene-ethylene random copolymer (PP) acquired at room tem-
perature after shear-induced crystallization (Ω=10 rad/s for ts = 11 s
at temperature 433 K, the patterns have been collected at a point _γ =
150 s-1 corresponding to w = 112 MPa). The inset shows X-ray
scattering of the PP collected at 433 K straight after the shear pulse.
The images both have the same q-scale and the same false color intensity
scale.
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formation of shish nuclei (Figure 7). Even though the online
experiment on shish kebab formation shows a reasonable
correlationwith off-linemeasurements the SAXS patterns are
presented for the sake of demonstration only. Unfortunately,
an artifact of the use of Kapton windows in the Linkam shear
device for SAXS measurements does not allow systematic
measurements to be made and the flow parameters reported
for the presented online experiment may not be absolutely
correct. In this commonly used experimental configuration
steel disks with a pair of holes are covered with a thin
membrane (Kapton film) to allow X-ray transmission. The
flexibility of the films results in their bulging due to the normal
force created by the polymer experienced flow and this
introduces changes in the gap between flexible parts of the
disks during the shear pulse. Thus, gap deviations, which are
out of control in this setup, canbe a source of systematic errors
especially at high shear rates and long pulse duration.

Conclusions

The findings can be concisely described as follows. Oriented
structures only form if the polymer has experienced more than a
certain amount of work performed on its melt at shear rates, _γ,
above rates inversely proportional to Rouse time, τR, of the
longest chains in the polymer ensemble ( _γ>1/τR). Chains with a
longer relaxation time in the polymer ensemble have to be
stretched by shear flow to be able to form shish nuclei upon
which the bulk of the material could crystallize as kebabs. A
schematic diagram of the flow parameters required for the
formation of oriented shish kebab morphology, based on a plot
of the specific work required for the formation of oriented nuclei,
wb, versus shear rates, can be suggested (Figure 16). The diagram
shows thatwb is constant over a wide range of shear rates and can
be thus used as a critical parameter,wc, to signify the formation of
shish kebab structure. For polydisperse materials there is an
increase in this parameter below a certain shear rate, _γmin. This
shear rate is associated with Rouse time, _γmin = 1/τR, character-
izing the population of molecules in the polymer responsible for
the formation of oriented nuclei. Since only longer molecules,
characterized by longer relaxation time, can be stretched at lower
shear rates and involved in the initial stage of oriented nuclei
formation the increase of the specific work at shear rates below
_γmin is associated with molecular weight distribution of the
polymer. The magnitude of the specific work required to create
shish kebab structures depends on both the chemical structure of
the polymer and its molecular weight distribution as these both
affect the longest relaxation time.

Amethodwhich can be used tomeasure critical parameters for
the onset of orientation in semicrystalline polymers has been
developed and its application to a range of industrial materials is
shown. Where the sample is transparent polarized light imaging
can be used exclusively to make the measurements whereas if the
material is opaque (due to multiple scattering of visible light)
X-ray (and/or neutron) scattering measurements of the orienta-
tion must be applied.
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Appendix: Materials, Instruments and Data Analysis

Three different polymer materials were used to demon-
strate the method of measuring the critical parameters of
shear flow required for the formation of oriented nuclei (1) a
commercial low density polyethylene (LDPE, Lupolen
1840H, Basell,Mn=17 kDa,Mw=240 kDa, polydispersity
Mw/Mn ∼ 14, Tms = 385 K), (2) a propylene-ethylene
random copolymer [PP, Ineos, Mn = 34 kDa, Mw = 252
kDa, Mw/Mn ∼ 6, with ethylene fraction of 3.6 wt %
estimated from the peak melting point of the polymer
(Tpms = 418 K),46 Tms = 427 K], and (3) a model blend of
hydrogenated polybutadiene composed of laboratory
synthesised polymers47 with a narrow distribution of molec-
ular weights (HPBD, 2 wt% 1.3MDa in 15 kDamatrix with
Mn = 950 kDa,Mw = 1.33 MDa,Mw/Mn ∼ 1.4 andMn =
14 kDa, Mw = 15 kDa, Mw/Mn ∼ 1.1, respectively, and
Tms = 386 K). While the results on the first two materials,
characterized by high polydispersity, are described in detail
to justify the methodology the results on the model HPBD
blends of controlled polydispersity, reported previously,2 are
mainly invoked in the sections dedicated to understanding
the phenomena observed in shear-induced crystallization.

To prepare samples for shear-induced crystallization ex-
periments polymers (powder or granules) have been kept in a
vacuum oven at temperatures above the melting point of
spherulitic morphology of the polymers to remove air bub-
bles, then cooled down and transferred to a hot press tomake
films of required thickness (0.05 mmmore then the gap used
in the shear experiments). Disks are mechanically punched
from the films prior to loading in the shear device. A
modified Linkam shear device (CSS 450) has been used to
carry out experiments on shear-induced crystallization. The
modifications of this device are discussed in details in the
section dedicated to shear instruments.

In accordance with the shear-temperature protocol
(Figure 1) the following temperature parameters have been
used in this study for SIC: LDPE [I, the samples heated up
from room temperature to 443 K at a rate of 0.5 K/s kept at
this temperature for 600 s and cooled down to the tempera-
ture of shearing (377 or 385 K) at a rate of 0.33 K/s; II, the
samples kept at the temperature of shearing for 3600 s; III,
the samples cooled down to 363K at a rate of 0.0167K/s and
then to room temperature (293 K) at a rate of 0.33 K/s and
finally unloaded from the shear device] andPP [I, the samples
heated up from room temperature to 493 K at a rate of
0.5K/s kept at this temperature for 600 s and cooled down to
the temperature of shearing (413K, 433K, 438 or 443K) at a
rate of 0.33 K/s; II, the samples kept at the temperature of
shearing for 3600 s; III, the samples cooled down to 403 K
at a rate of 0.0167 K/s and then cooled down to room

Figure 16. Schematic diagram of flow conditions required for the
formation of oriented (shish kebab) morphology in a polymer melt.
The solid line dividing the diagram into two zones (zone of orientation
and zone of no orientation) corresponds to a plot of the boundary
specificwork required for the formationof orientednuclei (shish),wb, as
a functionof theboundary shear flow rate, _γb. The critical specificwork,
wc, indicates the minimum amount of the specific work required for the
formation of oriented nuclei at the chosen thermodynamic parameters.
The minimum shear rate _γmin indicates the flow rate below which the
concentration of molecules in a stretched state is decreased.
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temperature (293 K) at a rate of 0.33 K/s and finally
unloaded from the shear device].

The structural morphology of the samples unloaded from
the shear device after SIC experiments has been analysed by
polarized light imaging and small angle- and wide angle X-
ray scattering methods (SAXS and WAXS, respectively).
Since awhole image of a sample has been required to identify
the boundary between oriented and unoriented part of the
sample, PI has been performed by taking images of the disk
using a plane polariscope setup with crossed polarizer and
analyzer, white light source, and a CCD camera. SAXS
measurements have been performed either at synchrotron
sources (SRS Daresbury Lab, station 2.1 and Diamond
Light Source, station I22 both equipped with a RAPID area
detector) or using a laboratory SAXS instrument (Bruker
Nanostar, Cu KR radiation, equipped with a HiStar area
detector and a semi-transparent beamstop). This informa-
tion is specified in the figure captions. The SAXS measure-
ments have been used to measure degree of orientation of
lamellar structure in semi-crystalline polymers after shear-
induced crystallization. Two dimensional SAXS patterns
have been azimuthally integrated and the obtained intensity
patterns, I(φ), have been used to calculate the Herman’s
orientation function (P2) defined as:

P2 ¼ 3Æcos2 φæ-1

2
ðA1Þ

where

Æcos2 φæ ¼
R π=2
0 IðφÞcos2 φ sin φ dφR π=2

0 IðφÞ sin φ dφ

is the average angle that the lamellar normal makes with a
chosen direction, which in this work is associated with the
flow direction. It has also been assumed in the expression of
the average angle that there is a uniaxial orientation with
symmetry around the shear direction which enables the
integration over the whole solid angle to be neglected. Since
the experimental intensity data have a discrete distribution,
analytical integration in the formula has been replaced by
numerical integration.

WAXS patterns have been selectively recorded for oriented
and unoriented parts of some sheared samples to identify
crystal phase composition of the polymers and orientation of
the crystals. The polymer disks unloaded after SIC were
mountedona single crystal diffractometer (BrukerX8APEX,
MoKR radiation, equipped with an APEX II CCD detector)
with the X-ray beam direction normal to the plane of the
disks.

The viscosity of the samples has been measured by a
rheometer with either cone-plate or plate-plate geometry
(AR-G2, TA Instrument). The complex viscosity of the
polymers obtained from frequency sweep rheology measure-
ments at different temperatures have been time-temperature
shifted to the temperatures at which shear pulse has been
applied to the polymers in the shear-induced crystallization.
The obtained data has been fitted with an empirical equation
originating from the Cross model48

jη�ðωÞj ¼ η1
1þðω=ω1ÞR1

þη2 ðA2Þ

where η*(ω) is the linear complex viscosity, ω is a circular
frequency and η1, η2, ω1, and R1 are fitting parameters.
Assuming the Cox-Merz rule η( _γ) = η*(ω) for ω = _γ

the obtained parameters have been used further in the
calculations of specific work. In some cases a simplified
form of power law expression for viscosity has been used
η( _γ) = k _γn-1.
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