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ABSTRACT: The influence of average molar mass and shear on the crystallization of isotactic
polypropylene (iPP) has been studied. The Weissenberg number, a dimensionless parameter consisting
of the product of the shear rate and a characteristic relaxation time (γ̆0λr), provides a criterion to locate
the morphological transition from spherulitic to extended growth. The Weissenberg criterion applies to
polymers of high and of low molecular weight. This is attributed to the importance of the initial nucleation
process. Comparison of materials of different molar masses and various shear histories is allowed by the
introduction of the normalized crystallization time τ, which is the ratio of the experimental time and a
characteristic crystallization time λVvmax that needs to be defined from the several possible choices.
Rheological and rheooptical experiments furnish the material characteristic relaxation and crystallization
time scales, respectively. The time λVvmax, defined with light scattering as the moment at maximum density
fluctuation invariant Qη, is chosen here as a characteristic crystallization time scale since it is especially
sensitive to the early stages of crystal growth that are responsible for the liquid-to-solid transition. DSC
and WAXD have been used to further analyze the effect of shear on the populations of crystalline fractions
present in the cooled iPP samples.

1. Introduction

Polymer molecules self-assemble during crystalliza-
tion into nonequilibrium structures that depend on the
time-temperature-strain history in complicated ways.
Here we specifically focus on the way in which high
molar mass of a polymer affects its crystallization.
Several competing effects at different intrinsic time
scales make quantitative predictions difficult. In qui-
escent crystallization, higher molecular weights will slow
down the crystal formation because large molecules
move more slowly. However, large molecules will con-
nect crystalline regions over larger distances and thus
facilitate long-range connectivity earlier, even though
the overall crystallinity may still be relatively low.
Under shear, the higher molecular weights can build
higher stress and will retain orientation for a longer
time. Higher orientation increases the molecular size
(coil-stretching), lowers the entropy, and prepares for
the ordered crystal morphology. Ordered regions serve
as nuclei for the crystallization and, if the order is high
enough, lead to global anisotropic crystal growth.

Under sufficiently high strains shish-kebab morphol-
ogy can be created,1 where highly stretched chains
(shish) serve as nuclei2 for the crystal formation of
chain-folded lamellae overgrowths (kebab). According
to Keller and Kolnaar,1 chain extension enhances
crystallization for two reasons. First, the extended chain
is closer to its final configuration state in a crystal and
has, therefore, a lower kinetic barrier to overcome than
a random coil chain. Second, flow-induced orientation
increases the melting temperature of the material and
hence accelerates crystallization due to lower melt

entropy of an extended chain compared to a random coil.
Eder et al.11 estimated this entropy change by dividing
the first normal stress difference, which in a rubberlike
liquid represents the stored free energy, by the absolute
temperature. According to this estimate, Crystallization
is only slightly enhanced by this second phenomenon.

Strain effects become dominant in polymers of high
molecular weight.1-6 An important parameter is the
characteristic relaxation time λr (of the molten iPP),
which increases with molecular weight. For studying
the effect of shear on crystallization, a short term
shearing is introduced as soon as the crystallization
temperature is reached and before crystallization be-
comes observable.3,7-12 The sheared state is character-
ized by increased molecular order that will last longer
for higher molecular weights, due to a decreased rate
of relaxation (∼e-t/λr), and thus anisotropic growth is
expected to prevail longer.

A model material for quantifying these phenomena
is isotactic polypropylene. Its main advantages are that
it crystallizes slowly even at large supercooling, ∆T,
below its melting temperature. Also, the number density
of nuclei is low so that individual spherulites can grow
to large size (∼0.5 µm) before they begin to touch each
other. This permits direct observation with an optical
microscope. Strain at the onset of crystallization, in a
sample that was cooled from the melt by some ∆T below
Tm, increases the density of nuclei by orders of magni-
tude13,14 and results in anisotropic crystal growth.

The aim of this work is to correlate the molecular time
scales, namely the characteristic relaxation and crystal-
lization times, with the morphological structures that
arise upon application of shear at the onset of isotactic
polypropylene’s isothermal crystallization. Rheological* Corresponding author. E-mail winter@ecs.umass.edu.
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and rheooptical experiments have been performed to
obtain the characteristic time scales. Morphological
changes during the quiescent and shear-induced iso-
thermal crystallization have been monitored with opti-
cal microscopy. Results of this set of experiments have
been merged to identify the effects of both molar mass
and shear on the crystallization of isotactic polypro-
pylene. Wide-angle X-ray diffraction (WAXD) and dif-
ferential scanning calorimetry (DSC) have provided
insight on the crystalline populations present in the
cooled samples after completion of crystallization.

For this purpose, we first define the characteristic
time scales of the crystallization experiment and then
apply these in search for patterns in the data. Model
experiments have been designed to guide this search.
The potential benefit of the study is the merging of
many phenomena into a unified pattern that becomes
the basis for a predictive tool for polymer engineering.

Characteristic Time Scales. The developing struc-
ture in a crystallizing polymer is far away from equi-
librium conditions. The immobile crystal structure
arrests intermediate states that depend on temperature
and flow history. Their characteristic time scales govern
competing processes. The time scales involved can be
grouped into (at least) three types that first need to be
defined and then compared. These are the rheological
relaxation time scale, the growth time of the crystalline
structure, and the shearing time scales.

Rheological Time Scale, λr. Relaxation processes
in the melt are typically scaled with the longest relax-
ation time. For a narrow distribution of molecular
weight, this longest relaxation time appears as a cutoff
in the relaxation time spectrum.15 A clear definition
exists for the longest relaxation time; it is the disen-
gagement time of the macromolecules.16 This results in
a narrow crossover from entanglement behavior to the
long-time behavior (terminal region of relaxation time
spectrum). The broad distribution of molecular sizes in
commercial polymers, however, broadens the crossover,
and the definition of λmax is commonly replaced by some
average over the slow modes of the spectrum. For lack
of a more specific time constant, rheologists often define
a representative longest relaxation time with the in-
tersect frequency ωi at which dynamic moduli G′ and
G′′ intersect (subscript “i” for intersect) in mechanical
spectroscopy or by the onset of shear thinning at a
characteristic shear rate γ̆c in a steady shear experi-
ment:

For our samples, these two time scales are propor-
tional, separated by a common factor of about 8 (see
Table 1). We selected 1/ωi as representative rheological

time scale λr. Some justification for this procedure may
be drawn from knowledge of narrowly distributed
polymers for which the disengagement time is a fixed
multiple of the intersect time17

with R being a constant that is inherent to the polymer.
A second rheological time, the relaxation time near

the transition to glassy behavior (Rouse time), is of no
importance here, since the polyolefins of this study
crystallize at temperatures much above the glass tran-
sition temperature, Tg. For polymers that crystallize
near Tg, the Rouse time would need to be considered as
additional parameter of possible importance.

Time Scale of Crystal Growth. It can be defined
in many different ways depending on the type of
observation (calorimetry, rheological, optical). Specific
experiments probe the crystal structure in different
ways and, hence, offer their own characteristic time
scale. The most commonly used ones are the following:

Crystallinity: Calorimetry data (DSC) are often evalu-
ated in terms of crystallization half-time t1/2

18 or the
Avrami time tA.19 At the crystallization half-time, t1/2,
the crystal fraction has reached half its final value. At
the Avrami time, tA, the relative degree of crystallinity
has reached X/X∞ ) 1 - e-1 ) 0.63, i.e., 63% of the final
degree of crystallinity X∞. The Avrami time is preferable
because it assigns better physical meaning to the
parameters in the Avrami fit of the data. DSC time
constants relate to the later stages of crystallization
(50% or 63%).

Analyses of crystallization using Avrami kinetics are
based on the notion of growth of a spherulite from a
central nucleus and assume that the nature of the
material behind the growth front does not change with
time. What actually happens is that the boundary of
the spherulite is defined by the growth of its radial arms
but also a considerable degree of crystallization occurs
well behind the spherulite boundary between the radial
arms. Optical microscopy images the advance of the
growth front (ignoring the secondary crystallization
effects) and can be treated by Avrami kinetics. In
comparison, DSC exotherms measure the total crystal-
linity (including that behind the advancing growth
front) and, if there is appreciable secondary crystalliza-
tion, will not fit to Avrami kinetics. The Avrami model
for crystallization is no longer widely used.

Effect of Crystal Growth on Rheological Behavior:
Molecular motions correlate over larger and larger
distances as the crystal structure grows. Relaxation
processes slow down and pass through a unique rheo-
logical behavior at the gel point, which is associated
with connectivity through the sample.20-22 The critical
gel (polymer at the gel point) is characterized by a self-
similar relaxation modulus at long times23

Sc is the gel stiffness, nc is the critical relaxation
exponent, and λ0 is the relaxation time denoting the
crossover to some faster dynamics (entanglements,
segmental dynamics). The gel time tgel is defined as the
time needed for a polymer to reach the critical gel state.
It can be measured by small-amplitude oscillatory shear
(SAOS) at low frequencies. In oscillatory shear the

Table 1. Characteristics of Samples Utilized To Study the
Effects of Molar Mass and Shear on the Crystallization

of iPPa

sample
Mw (kg/

mol)
Mn (kg/

mol) Mw/Mn λi, s λη, s λη/λi

iPP171 171 40.4 4.2 5.50 × 10-2 4.56 × 10-1 8.20
iPP300 300 51.8 5.8 2.17 × 10-1 1.54 7.10
iPP350 350 85.8 4.1 6.30 × 10-1 4.76 7.94

a Characteristic relaxation times of iPP samples at 145 °C; λi:
crossover from terminal behavior to entanglement. λη: crossover
in steady-state shear viscosity curve from a plateau in η to the
shear-thinning region.

λi ) 1
ωi

or λη ) 1
|γ̆c|

(1)

λmax ) R( 1
ωi

) (2)

G ) Sct
-nc for t > λ0 (3)
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dynamic moduli at the gel point also follow power law
behavior

A consequence of power-law dynamics is a frequency-
independent loss tangent

This provides the most reliable and generally valid
method for determining the gel time and the parameters
nc and Sc in crystallizing polymers.

Effect of Crystal Growth on Optical Properties: Opti-
cal properties are changing rapidly at early development
of crystal structure. They are especially advantageous
for our current study that focuses on this early develop-
ment. Crystallization kinetics can be conveniently de-
scribed in terms of the small-angle light scattering
(SALS) invariants Qδ and Qη,24 which are defined as
integrated scattering intensities25,26 along a line (i.e.,
along scattering vector).

where IVv and IHv are the polarized and depolarized
scattering intensities, q ) (4π/λ) sin(θ/2) is the scattering
vector, ω is the angular frequency, c is the speed of light
in a vacuum, 〈δn

2〉 is the mean-square orientation
fluctuation, and 〈η2〉 is the mean-square density fluctua-
tion. Hence, Qη is analogous to the mean-square density
fluctuations 〈η2〉 and Qδ parallels orientation fluctua-
tions, i.e., mean-square optical anisotropy 〈δn

2〉.
SALS provides several possible characteristic crystal-

lization time scales for describing the early growth of
crystal structure: (a) the inverse slope (∂(Qδ/Qδ

∞)/∂t)-1

) λHvmax of the normalized orientation fluctuation in-
variant Qδ/Qδ

∞ at the crystallization half-time, (b) the
inverse slope of the growing density fluctuation invari-
ant Qη at the early stages of the crystallization, or (c)
the instant of maximum in the density fluctuation
invariant, λVvmax.

Turbidity increases strongly during crystal growth.7,27,29

A characteristic time for crystal growth is the turbidity
half-time tτ, the time at which the normalized transmit-
ted intensity has decayed to half its initial value.29 tτ
as experimental parameter is appealing since transmis-
sion is easy to measure, even in oriented samples and/
or in samples with gradients in crystallinity.

These optical time scales are affected differently by
the crystal growth. Typically, one finds λVvmax to be
about half the turbidity half-time while λΗvmax is slightly
lower than tτ:

Since we were especially concerned with the early stages
of crystallization, we chose λVvmax as characteristic
crystallization time.

Shear Flow Time Scales. The applied shear flow is
characterized by its short duration, ∆ts, and by a
constant (about) shear rate of magnitude, γ̆0. This

provides two time scales for quantifying the effects of
shear: the shearing time ∆ts and the inverse of the
shear rate 1/γ̆0. |1/γ̆0| is the time needed to introduce a
shear strain of γ ) 1 into the sample, and (∆tsγ̆0) is the
total strain of the short shearing process that precedes
crystallization. For flow-induced molecular orientation,
not only does the strain rate need to exceed a critical
value, but the total strain must also exceed a critical
value. In our experiments, however, the applied total
strains were always large enough for the second crite-
rion to be satisfied, and so only strain rate effects were
pertinent.

Dimensionless Groups. The ratio of these time
scales allows comparison of the competing processes.
This leads to the set of dimensionless groups for
evaluating the range of our experiments:

The Weissenberg Number We ()γ̆0λr): The effect of
strain on crystal growth is expected to depend on the
extent of flow-induced orientation and the rate at which
this orientation relaxes. If the strain is imposed at low
rate, We < 1, then flow-induced molecular conformations
can relax and crystal growth is expected to be random
while the nucleation density may already be increased.
For higher strain rates, We > 1, where the melt is
oriented, nucleation is drastically increased, and crystal
growth is anisotropic, at least in its initial phase. The
value of We is an important parameter of our experi-
ments, which needs to be explored in greater detail. It
might lend itself to unite the shear-crystallization
phenomena into a more general pattern that will serve
as a prognostic tool for polymer engineering.

Normalized Crystallization Time τ (τ ) t/λx): Defined
as the ratio of the experimental time with the charac-
teristic crystallization time, τ enables comparison of
morphological differences between quiescent and shear-
induced crystallization. This allows for a collection of
snapshots of the evolution of crystal growth at increased
effects of shear.

Ratio Gel Time/Crystallization Time: In the case of
quiescent crystallization, two ongoing processes domi-
nate crystal growth. First, the formation of aggregates
and fibrous “strands” governed by radial growth rate.
This process is responsible for interconnected network
formation (gelation) and is manifested experimentally
in tgel. Second, the internal crystallization inside the
aggregates (through making them volume-filled with
ordered crystals) governed by internal crystallization
rates. This process is responsible for the growth of
crystallinity and is manifested experimentally through
tA. If the radial growth is dominating (high radial
growth rate, short tgel), the crystallinity at GP will be
lower (small values of tgel/tA) and vice versa. The
competition of these processes may be evaluated from
the dimensionless group tgel/tA.

Ratio Crystallization Time/Shearing Time ()λx/∆ts):
A large ratio λx/∆ts, with λx being a characteristic
crystallization time, means that the shearing action has
been completed before substantial amounts of crystal
have developed. If, however, this ratio is small, then
growing crystal structures are subjected to shear flow
and shear-induced deformation. For our model experi-
ments, this ratio is large while it is typically small for
polymer processing.

Ratio of Rheological Time to Crystallization
Time (λr/λx): A large value means that the molecules
remain in an equilibrium state during the early stages
of crystallization. If crystallization occurs much faster

G′ ) G′′
tan δ

) SΓ(1 - n) cos nπ
2

ωn for ω < 1/λ0 (4)

tan δc ) G′′
G′ ) tan nπ

2
) const for ω < 1/λ0 (5)

Qδ ) ∫IHvq
2 dq ) 2π2

15 (ωc )4
〈δn

2〉 (6)

Qη ) ∫(IVv - 4
3
IHv)q2 dq ) 2π2(ωc )4

〈η2〉 (7)

λVvmax < λHvmax < tτ (8)
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than relaxation, then crystallization might introduce
stress. This is an option that should be explored.

Dimensionless groups for time scales for crystalliza-
tion and for rheology are interrelated as

As a working hypothesis, we assume that the dimen-
sionless groups as defined above provide a framework
for studying the phenomena and consequences of shear-
induced crystallization.

2. Experimental Section
Materials. Three commercial grades of isotactic polypro-

pylene (iPP) (of ExxonMobil) with various molecular weights
(Mw) were used (see Table 1). The samples were melted at 200
°C for 10 min to erase previous shearing histories, then cooled
to the experimental temperature, Tx ) 145 °C (below Tm), and
held there for isothermal crystallization directly in the rhe-
ometer (to investigate the stiffening of the crystallizing
structure) or in the Linkam hot-stage (to monitor the structure
growth with optical microscopy and SALS). The actual rheo-
logical or optical experiment was started as soon as the
experimental temperature was reached. For shear-induced
crystallization experiments, a total shear strain γ ) 600 was
applied to the samples as soon as Tx was reached. X-ray and
DSC experiments on cooled samples gave information about
the final state.

Techniques and Instruments. The rheological experi-
ments were performed on crystallizing samples using the time-
resolved rheometry technique30 with a rotational rheometer
(Stresstech of ATS RheoSystems) equipped with cone-plate
fixtures (diameter 25 mm, 4° angle).

(SAOS) was started as soon as the experimental tempera-
ture was reached. Cyclic frequency sweeps (CFS) were per-
formed repeatedly in the frequency window between 0.01 and
10 rad/s (5 points per decade). The shear strain amplitude was
0.04, which ensured sufficiently high torque values while
remaining in the linear viscoelastic range.

Growing spherulites and threads were observed under a
universal polarizing microscope (Carl Zeiss, model ZPU01).
SALS was measured in a self-built rheooptical setup12 and
analyzed with a newly written program (LabVIEW based).
Both the microscope and rheooptical SALS setup were equipped
with a shearing hot-stage (CSS 450 of Linkam Scientific
Instruments). A disk-shaped sample is held between concentric
disks with a gap of 200 µm. The shear rate increases linearly
with distance from the center; however, the shear rate is
approximately constant in the light path, which is normal to
the disk. Three shear rates were selected: γ̆ ) 1, 5, and 10
s-1 (at the radial position of the window of the Linkam device).

The final iPP structure formed was evaluated with WAXD
using a flat plate Statton camera with Ni-filtered Cu KR
radiation. Samples were heated from room temperature to 200
°C at a rate of 5 K/min in a differential scanning calorimeter
(Q1000 of TA Instruments) to obtain thermograms.

3. Results

Rheology. Characteristic relaxation times λi, ob-
tained from the intersect of G′ and G′′, were determined
from frequency-dependent data at temperatures be-
tween 140 and 220 °C, which were superimposed (by
simultaneous horizontal and vertical shifting) to yield
master curves at a reference temperature Tref ) 145 °C
(the experimental crystallization temperature). The
superposition plots of storage and loss moduli are shown
in Figure 1. Characteristic relaxation times λi are
summarized in Table 1. λi increases with increasing
molecular weight (see Figure 3, circles). A line of slope

3.4 (denoting the expected relationship λr ∼ Mw
3.4) is

drawn into Figure 3 for comparison.
Relaxation times λη denoting the onset of shear

thinning in the steady-state shear viscosity were ob-
tained from steady shear experiments of the iPP melt
performed at T ) 220 °C under a nitrogen environment
(see Table 1 and Figure 3, triangles). Figure 2 shows
the shifted shear viscosity values (to 145 °C using the
shift factors obtained from the dynamic data) in a range
of shear rates between 10-3 and 20 s-1 together with
shifted (to 145 °C) dynamic viscosity data obtained from
time-temperature superposition. The zero-shear viscos-
ity η0 was obtained at low shear rates and plotted vs
molecular weight in Figure 3 (squares).

Figure 4 compares the observed tgel for quiescent and
shear-induced crystallization at Tx ) 145 °C. We observe
a higher tgel with increasing Mw in the case of quiescent
crystallization. If shear is applied to samples prior to
crystallization, tgel shortens significantly, especially for
the higher molar mass samples.

Small-Angle Light Scattering. Figure 5 shows the
evolution of SALS invariants Qη and Qδ of iPP350 at
various shearing conditions. Density fluctuations (filled
symbols) appear at the very early times, pass through
a maximum, and decrease at later stages when the
crystalline phase becomes dominant. The intensity

λxγ̆0 )
λx

λr
λrγ̆0 )

λx

λr
We (9)

Figure 1. Melt rheology of iPP samples. Storage modulus G′
and loss modulus G′′ of iPP samples shifted to 145 °C.

Figure 2. Shear viscosity as a function of shear rate at 145
°C along with dynamic viscosity curves from time-tempera-
ture superposition shifted to 145 °C. Crossover from zero shear
viscosity η to shear thinning region gives characteristic
relaxation time λη. High shear rate data are affected by slip
phenomena and fall below predictions from the Cox-Merz
relation.
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maximum is reached earlier if more shear is introduced
to the samples. The orientation fluctuations (hollow
symbols), due to optical anisotropy of crystals, develop
at much later stages and show sigmoidal growth. Full
intensity values are reached earlier as more shear is
applied.

Characteristic crystallization times λVvmax, defined as
the instant at maximum density fluctuations invariant

Qη, were obtained from data such as in Figure 5. We
observe a decrease in λVvmax with increasing shear rate;
this is expected since orientation enhances crystalliza-
tion hence reducing its time scale. A substantial in-
crease in intensity at λVvmax is also observed for each
molar mass with increasing shear rate; this is attributed
to the increased number density of scatterers (crystal-
lites), which grow from nuclei created by the shear-
induced orientation.

The effect of the Weissenberg number We on nucle-
ation is shown in Figure 6. A sharp decrease in crystal-
lization time λVvmax occurs at low We values where
isotropic scattering is dominant (We < 1, where spheru-
litic morphology is observed as will be discussed in the
optical microscopy results) and then seems to reach an
asymptotic value at higher values of We (We > 1, where
shish-kebab morphology is seen). This phenomenon can
be used as a criterion for identifying the transition from
isotropic to anisotropic crystal growth.

Time variation of the normalized orientation fluctua-
tions invariant Qδ/Qδ

∞ taken for iPP350 at increasing
Weissenberg number values are shown in Figure 7. Qδ

∞

is defined as the maximum value of the orientation
fluctuation invariant at the late stages of the crystal-
lization experiment. From the inverse slope (∂(Qδ/Qδ

∞)/
∂t)T of these curves we can estimate a characteristic
crystallization time (λHvmax)28 (see Figure 7). The slope
(∂(Qδ/Qδ

∞)/∂t)T, which is regarded as a crystallization
rate (λHvmax)-1, is plotted against the Weissenberg
number for all molar masses in Figure 8. The increase
from We ) 0 to We ) 1 increases the crystallization rate

Figure 3. Zero-shear viscosity and characteristic relaxation
times vs molecular weight.

Figure 4. Liquid-to-solid transition of iPP samples (gel time)
as a function of molecular weight at 145 °C. The temperature
history was the same for all samples, rapid cooling from 200
to 145 °C. Quiescent crystallization in black squares (9);
sheared samples (shear rate of 10 s-1, ts ) 60 s) in full circles
(b).

Figure 5. Time evolution of SALS invariants Qη and Qδ of
iPP samples, quiescent and sheared (γ̆ ) 1, 5, and 10 s-1, with
ts ) 600, 120, and 60, respectively), at increasing We values.
λVvmax is crystallization time corresponding to instant at
maximum density fluctuations. Density fluctuation invariant
Qη in full symbols and orientation fluctuation invariant Qδ in
open symbols.

Figure 6. Characteristic crystallization time λVvmax vs Weis-
senberg number for all molar mass samples.

Figure 7. Reduced orientation fluctuations Qδ/Qδ
∞ for iPP350

showing linear fit at crystallization half-time.
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by about 3-fold; further increase of the Weissenberg
number value seems to increase the alignment in the
polymer while (λHvmax)-1 is not substantially increased
further.

Optical Microscopy. Optical micrographs of the
samples at increasing We are shown in Figures 9 and
10. In quiescent crystallization, a small number of nuclei
appear in the beginning, and their number stays
constant from thereon. The crystal growth rate is
uniform so that the radius R(t) is practically the same
for all spherulites. An increase in nucleus density7 for
all samples is observed as shear is applied prior to the
isothermal crystallization. This phenomenon is more
pronounced in the high molar mass samples where a
transition from sporadic to row nuclei occurs. Indeed,
as shown on the micrographs, the low molar mass
sample iPP171 only shows a spherulitic structure to a
We value of 0.55, while the high molar mass sample
iPP300 shows a transition from spherulitic to shish-
kebab structure at a We value of about 1 or higher.

Since the crystal growth rates of the quiescent and
shear-induced crystallization are different, we intro-
duced a dimensionless time scale τ, defined as the ratio
of the experimental time with the characteristic crystal-
lization time (λVvmax) obtained from SALS results, to
contrast the resulting morphologies. This enables us to
compare crystallization of different materials subjected

to different shear histories. Indeed, by comparing the
micrographs in a column fashion in each Figures 9 and
10 at an equivalent normalized time τ, the effect of shear
on nucleation and growth is uncovered. For sample
iPP171, crystal growth is spherulitic up to a value We
of 0.55 while nucleation density increases; the high
molecular weight sample iPP300 can access higher We
values (above 1 since the relaxation time λi is higher)
where a transition to shish-kebab structure is seen.

Wide-Angle X-ray Diffraction. Wide-angle X-ray
diffraction was performed on the cooled samples after
completion of crystallization (see Figure 11). The mono-
clinic lattice structure31 of isotactic polypropylene, with
lattice constants a ) 6.6 Å, b ) 20.78 Å, c ) 6.5 Å, and
a tilt angle â ) 99.6°, gives rise to the main reflections
from the crystallographic planes (110), (040), (130),
(111), and (041). The first three of these crystallographic
planes are parallel to the chain axis, which can align
with the flow direction. The patterns are composed of
two composite patterns, each corresponding to (i) the
chain extended fibrils aligned parallel to the flow
direction and (ii) chain-folded lamellae (kebab) over-
growths that adopt a helical growth habit in a direction
perpendicular to the nucleating fibril. In Figure 11,
patterns of iPP300 and iPP171 at increased We were
taken. The important features are the equatorial pat-
terns of the (110) and (040) reflections observed at We
about 1 and higher. These arise from the extended chain
component in the structure. Because the chains are
parallel to the flow axis, these planes are also parallel
to the sample axis and therefore must reflect X-ray
intensity at right angles to the flow direction. For
sample iPP171, the reflections obtained are isotropic up
to a We value of 0.55 and lead to the conclusion that no
chain extended component is present. This is in ac-
cordance with optical studies shown above.

Differential Scanning Calorimetry. DSC thermo-
grams show the difference in morphology of quiescent
and sheared iPP samples, here at a heating rate of 5
K/min (Figures 12 and 13). We take advantage of the
linear increase of the shear rate with radial position r/R.
Sections of the sheared samples, corresponding to
different We values, were cut, and thermograms were
measured. The sheared samples melt with two peaks:
one at a temperature ∼171 °C that can be attributed to
the melting of the chain extended component32 and the

Figure 8. Reduced orientation fluctuation slopes of all molar
mass samples at increasing Weissenberg values.

Figure 9. Optical micrographs showing evolution of quiescent
and shear-induced crystallization of iPP171 at increasing We
values. Micrographs shown at increasing normalized time scale
τ ) t/λVvmax for comparison.

Figure 10. Optical micrographs showing evolution of quies-
cent and shear-induced crystallization of iPP300 at increasing
We values. Micrographs shown at increasing normalized time
scale τ ) t/λVvmax for comparison.
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other around 166 °C corresponding to the nominal
melting of the unoriented spherulites consisting of
chain-folded lamellae. The extra peak is not present in
the thermograms of the quiescent samples, the pieces
cut from the center of the samples and sections that
correspond to We values about and below 1. Thermo-
grams of sample iPP171 sheared at an equivalent We
of 0.55 do not show the extra peak in keeping with the
results from optical and X-ray experiments, while the
thermograms of an iPP171 sample sheared at We of 1.10
show the peak around ∼171 °C (see Figure 12).

4. Discussion

The Weissenberg number correlates shear effects in
crystallizing iPP in remarkable ways. At first glance,
this is not surprising since We ) 1 (about) marks the

onset of shear thinning in steady shear flow. This onset
of shear thinning is attributed to the crossover from slow
flow, in which equilibrium conformations are main-
tained, to fast flow with nonequilibrium conformations.
Small deviations from equilibrium (near We ) 1) already
result in a drastic increase in nucleation density. Larger
deviations result in anisotropic growth of crystal struc-
ture. Instead of spherulites, threadlike structures grow
(shish-kebab morphology).

The surprising aspects of the correlation with We
values are severalfold. The Weissenberg number is
defined with melt states of the polymer. The shearing
(rate γ̆) occurs in the melt before crystallization becomes
observable,2 and the relaxation time λr belongs to the
polymer in the molten state. However, the crystalliza-
tion observations are made at a later time where
characteristic times have changed already due to the

Figure 11. WAXD images of quiescent and shear-induced crystallization of iPP171 and iPP300 at increasing Weissenberg values.
Arrows indicate various crystal planes of the R-polypropylene crystalline structure.

Figure 12. DSC thermograms of sections from quiescent and
sheared samples of iPP171, at corresponding Weissenberg
numbers, heated from room temperature to 200 °C at 5 K/min.
The first curve at We ) 0 corresponds to a section from a
quiescently crystallized sample, while the second curve is of a
section cut from the center of the shear crystallized sample
corresponding to We ) 0.

Figure 13. DSC thermograms of sections from quiescent and
sheared samples of iPP300, at corresponding Weissenberg
numbers, heated from room temperature to 200 °C at 5 K/min.
The first curve at We ) 0 corresponds to a section from a
quiescently crystallized sample, while the second curve is of a
section cut from the center of the shear crystallized sample
corresponding to We ) 0.
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evolving molecular connectivity (by crystallization) and
because of the lowering of the temperature.

The Weissenberg number does not capture the relax-
ation process that occurs after cessation of flow. A large
We may be achieved with a large shear rate or a large
relaxation time (large molecular weight), or both. How-
ever, relaxation depends on the magnitude of the
relaxation time. A higher molecular weight polymer
retains the shear-induced orientation for longer times.
For this reason, in an experiment with the same We,
the high molecular weight material should show much
stronger shear effects on crystallization. However, dif-
ferences are very small. This is quite surprising, and it
tells us that relaxation is of little importance in our
crystallization experiments. Previous results by Eder et
al.11 and Alfonso at al.33 agree with this finding; in short
shearing experiments with a box pressure-time profile
(pressure driven flow), flow-induced birefringence ap-
pears quickly at the onset and disappears almost
immediately when the flow stops. However, the effects
on subsequent crystallization are large.

The correlation with We suggests that the shear
influence is strongest at the very beginning of the
crystallization process, i.e., during nucleation. Shearing
not only increases the nucleation density but also
introduces anisotropy into the nuclei that prevails
during the subsequent growth. The shear-induced struc-
ture seems to be long-lived and independent of melt
relaxation properties. A second reason for the lack of
sensitivity to melt relaxation properties might be the
rapid growth of connectivity in the polymer. Crystalline
regions reduce the mobility of all molecules. Even low
molecular weight samples cannot relax quickly any-
more. The difference between small and large molecules
is less pronounced and has less effect on the evolving
crystal structure.

Suitable experiments need to be designed for explor-
ing these hypotheses. The correlation with We remains
a surprising result that, however, agrees with recent
findings on poly-1-butene.34

The anisotropic crystallization after shearing at high
We is followed by spherulitic overgrowth. Keller1 has
reported this phenomenon and attributed it to low
molecular weight chains that can relax quickly. The
overgrowth is large enough to be seen in the optical
microscope12 and is also found for the samples of this
study.

In the analysis we assume that We, as defined with
the crossover time, is proportional to a We defined with
the absolute longest relaxation time (which is not known
to us). All our observations would be shifted with such
a redefinition of We, and nonlinearities would set in at
a comparatively low We value. The shift is difficult to
estimate, but it may be as large as 1 order of magnitude.
The value of We is somewhat arbitrary since we do not
know the longest relaxation time of our broadly distrib-
uted polymer. The crossover from flow behavior to
elasticity-dominated behavior (“rubber plateau”) occurs
over a wide frequency (or time) range while data are
quite limited for experimental reasons. The intersect
time λi (inverse of frequency ω at which G′ and G′′
intersect) is a suitable reference in the vicinity of the
longest relaxation time. The intersect time is appealing
since it is clearly defined by the dynamic mechanical
experiment.

The shear strain is purposely introduced while the
polymer is in the melt state so that molecular conforma-

tions and the resulting stress-strain relations are
governed by melt dynamics. This simplifies the data
analysis and leads to a more clear understanding of the
observations since distinct patterns can be detected in
the behavior. It should be noted, however, that polymer
processing with crystallization is a degree more com-
plicated. Processing flows proceed beyond the initial
short interval and continue during crystal growth.35 In
film blowing, the deformation continues until a semi-
crystalline structure that has grown sufficiently strong
to arrest the flow. Fiber spinning flows proceed even
further; strain is applied not only during the initial
formation of the fiber but also at later stages where
crystallinity has advanced significantly. Blow molding
is another process that introduces large strains in the
polymer near its crystallization threshold; the polymer
temperature is typically brought close to the crystal-
lization temperature when the strain is introduced in
a rapid stretching process. These more complicated
processes of crystal growth under flow are not addressed
here.

5. Conclusion
The Weissenberg number is a suitable criterion for

quantifying the effect of the shear flow on iPP crystal-
lization. At very low We, quiescent crystallization
dynamics prevail. At intermediate We, the nucleation
rate is increased. The increase is rather large; however,
crystal growth occurs in spherulites that do not look
different from quiescently crystallizing spherulites (at
least in the optical microscope). At higher We, the
crystal growth is anisotropic at a large enough scale to
be observable in an optical microscope. Higher molar
mass samples can easily access the transition to shish-
kebab structure since We is higher (greater relaxation
time). Normalized crystallization time τ enables com-
parison of morphological differences between quies-
cently and shear-induced crystallized iPP samples.
Micrograph examination at a chosen τ reveals the effect
of shear on nucleation and growth of the crystallization
process. Analysis of cooled sheared samples by WAXD
shows a significant increase of molecular orientation
along the c axis (which is the flow direction) with
increasing We, demonstrated by the appearance of high-
intensity arcs in the hk0 reflections. DSC thermograms
also confirm the presence of two crystalline populations,
where an extra melting peak (at about 171 °C) appears
after the nominal melting peak of a quiescently crystal-
lized isotactic polypropylene. Its area also rises with
increasing We.
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