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ABSTRACT: The effect of particles with different diameters on flow-induced crystallization from low shear
rates to processing speeds is studied using mixtures of polypropylene and zinc oxide with diameters between
35 nm and 1 μm. The nucleating efficiency of the particles was characterized by means of the Lotz efficiency
scale usingDSC. Flow-induced crystallization at processing speeds was studied bymeans of the birefringence
and transmitted intensity measurements using a specially designed sliding-plate flow cell. For crystallization
under quiescent conditions and after shear steps at low shear rates, there are significant differences between
the kinetics of the neat polymer, the mixture with the 1 μm zinc oxide, and the mixtures with the midrange
particles, which are in agreement with the nucleating efficiency of the particles. As the shear rate is increased,
the crystallization kinetics of the mixtures and neat polymer become similar, independent of particle
diameter. The transition to highly oriented shish-kebab structures occurs somewhat earlier as the nucleating
efficiency is higher, but at the highest shear rates, the kinetics of allmaterials are equal. This suggests a gradual
shift in dominance from the influence of particle addition on the crystallization process at low speeds to the
influence of flow at high speeds.

1. Introduction

Many of the plastic products used in everyday life are in the
semicrystalline solid state. During processing, the polymers are
subjected to complex and often intense flow fields which will
influence the subsequent crystallization and hence the morphol-
ogy and properties of a product.1,2

The effect of thermomechanical history on polymer crystal-
lization has been studied extensively in the past decades (e.g.,
reviews3-5). It is now well established that flow mainly affects
the nucleation step in polymer crystallization, leading to an
acceleration of the crystallization process.3,6-10 As for morpho-
logy, sufficiently intense flow might cause a structural transition
from isotropic spherulitic to highly oriented “shish-kebab”
structures.3,11-13 A detailed picture of the formation of these
highly anisotropic shish-kebab structures is slowly emerging
in the literature.3,7,14-19

In case of shear flow, studies have often been conducted
under well-controlled rheometric flow conditions, such as simple
shear flow. The drawback of this approach is that only relatively
low shear rate values can be achieved due to instrument limit-
ations.8-10,20 In many of these studies, continuous flow was
applied throughout crystallization,10,21,22 causing the flow to
interfere with the growing crystallites. In order to overcome this
problem, Janeschitz-Kriegl et al.6 pioneered the so-called “short
time shearing protocol” in which the shearing time is taken short
enough to avoid interference of the flow with the crystal growth,
which allows separating the nucleation and growth phenomena.
This protocol - still limited to moderate shear conditions - has
proven to be successful in the study of flow-induced crystal-
lization, for instance in rheometry experiments20,23,24 and in
experiments with modified rotational shear cells in which a
rheometric flow is combined with optical measurements.25,26

In order to reach the processing shear rate range, another
approach has been followed by various researchers, often in
combination with the Janeschitz-Kriegl protocol.1,2,6,27 These
studies concerned extrusion- or injection-molding-like setups,
which have the undeniable advantage of being able to approach
industrial reality, but which, on the other hand, generate a
nonhomogeneous flow field with a large distribution of shear
rates throughout the sample, leading to the typical skin-core
morphologies.

Recently, the gap between rheometrically well-controlled and
complex processing-like flows was bridged by Langouche28 and
by Baert et al.29 These authors used a sandwich-type sliding plate
shear cell with optical access, able to impose homogeneous shear
flow at shear rates and strains well into the processing regime.

It has to be remarked that most of the studies on flow-induced
crystallization have been carried out on relatively pure polymers.
However, in reality, polymers always contain an additive pack-
age, added for a variety of reasons. The influence of additives
and in particular particles, the category considered in this study,
on the quiescent crystallization of polymers has been the subject
of many studies.30-37 In view of the large variety in polymer-
particle combinations, a complete literature review concerning
this subject is beyond the scope of this paper. However, in
general, it can be stated that the effect of particle addition on
crystallization is determined by the particle characteristics (such
as concentration, composition, particle size, and shape) and by
the interactions between the particle and the polymer.31-33Many
particles (“nucleating agents”) have been found to increase
heterogeneous nucleation in semicrystalline polymers, thereby
accelerating the crystallization process.30,31,34-36 As for the effect
of particles on crystal growth rate, it is sometimes suggested that
occlusion or rejection of particles may disturb crystal growth,38

though this is generally not a very strong effect.
The combined effect of shear flow and particles on the crystal-

lization of polymers has not yet been studied systematically in the
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literature, though it is clear that a profound influence on
both structure formation and properties of products can be
expected.1,2 Some studies have been carried out at a single shear
rate/strain combination,39-41 often high enough to induce
strongly oriented morphologies but unable to provide a systema-
tic view of the separate contributions of flow and particles to the
crystallization process. In other studies, amore elaborate range of
shear rates has been investigated, but these are often limited to
low or moderate shear conditions.42-45 A third type of studies
concerns experiments involving complex flow histories (e.g., duct
flow46 or fiber drawing experiments47,48), in which the shear
conditions are similar to those encountered in industrial proces-
sing. The main difficulty in these experiments, though, is to
discern between the influences of different parameters.

Both particles and shear flow influence nucleation density,
which in turn determines the kinetics of the crystallization
process. Hence, the contribution of both relative to each other
is expected to be of importance.9 In studies concerning a range
of (moderate) shear conditions, it has often been reported that
the acceleration of the crystallization kinetics with increasing
shear rate is less drastic for polymers containing a nucleating
agent.42-44,46-48

In an early study by Lagasse andMaxwell42 and also in amore
recentworkbyNaudy et al.44 for low tomoderate shear rates, this
observation was explained as due to an additive effect. Under
quiescent conditions, a nucleating agent will increase the nuclea-
tion density of a polymer; applying shear also enhances nuclea-
tion. The increase in nucleation density caused bymoderate shear
flow, however, will be relatively less important for the polymer
with nucleating agent, since it already has a higher nucleation
density under quiescent conditions. Therefore, these authors
considered the contributions of nucleating agent and shear flow
to nucleation density to be additive: at low shear rates the
contribution of the particles dominates; at higher shear rates
the contribution of flow becomes more important.

In other studies, the relative contribution of flow and particles
to the crystallization process was considered in a different way,
namely as resulting froma specific interaction or synergy between
the particles and the surrounding polymer matrix. For instance,
Janeschitz-Kriegl’s group46 proposed a nucleation mechanism in
which particles serve as point nuclei onwhich polymer chains can
absorb and subsequently stretch in the flow field to form thread-
like precursors. This theory was used to explain why in nucleated
samples crystallized after duct flow orientation was enhanced as
compared to neat samples. This observation of enhanced orien-
tation has been made in practically all studies concerning the
influence of (intense) flow on nucleated polymers.1,39,40,43,45-48

Building on the point-nucleation theory in Jerschow et al.,46 or
proposing it as an independent hypothesis, many authors have
explained the synergy between particles andmatrix as originating
from changes in the local stress levels and orientation of the
polymer chains surrounding a particle.39,43,45 These studies often
involved intercalated nanoclay particles, for which the contact
area between polymer and particle surface is very large. Simula-
tions by Hwang et al.49 supported the notion that local stress
variations would lead to increased orientation and indicated the
existence of a critical interparticle distance for this interaction.

Making the assumption of a synergetic effect between particles
and polymer does not rule out that the effect of shear may also be
dependent on the quiescent nucleation density. Byelov et al.41

identified both nucleation by the particles, by the flow, and by the
interaction between these two as competing contributions to the
total number of nuclei, supporting this with estimations of each
contribution. The same reasoning, but in somewhat less detail,
was followed by Kelarakis et al.40

This study aims to bridge the gap between single-point,
moderate-shear-range, and complex-flow studies conducted until

now by studying the behavior of particle-filled materials after
applying simple shear flow from low shear rates up to processing
rates at constant strain. As itmight be expected that particles with
dimensions similar to those of the polymer chains will interact
differently with their matrix than micrometer scaled ones, the
particle dimensions have been varied from nano- to micrometer
scale.

2. Experimental Section

Materials.An isotactic polypropylene obtained fromBorealis
GMBH was used in this study. Material properties and a
rheological characterization can be found in the Supporting
Information.

Zinc oxide particles with average diameters of 35 nm, 200 nm,
500 nm, and 1 μm, obtained from Umicore Group Zinc Chemi-
cals, have been chosen as filler material. Whereas the 35 nm
particles are rather oblong, the 200 and 500 nm particles are
relatively spherical and the 1 μm particles are irregular in shape,
containing separate and clustered rodlike and spikelike particles
(images can be found in the Supporting Information). Despite
the differences in shape, the specific surface of the particles, as
determined by gas adsorption by the producer (Table 1), still
correlates with the particle diameter.

Mixtures of the polypropylene with 1 wt % (∼0.16 vol %) of
each zinc oxide were made by means of a twin-screw mini-
extruder (DSM-Research, TheNetherlands). Themini-extruder
consists of a mixing chamber with a capacity of 15 mL and two
corotating conical screws. A recirculation channel within the
mixing chamber allows variation of the residence time. The
screw speed was set at 100 rpm, and the material was allowed to
recirculate for 5 min at 220 �C. To avoid degradation N2 was
circulated through the extruder duringmixing. It was verified by
means of scanning electron microscopy that a reasonably good
dispersion of the particles was obtained in all cases.

Methods.DSC experiments have been performed with aDSC
Q2000 (Universal V4.3A TA Instruments) to determine the
quiescent crystallization kinetics of the mixtures and the nucle-
ating efficiency of the particles. Samples of 5-10 mg were cut
from the polymer pellets.

The flow-induced crystallization has been studied by means
of birefringence measurements. The experiments were per-
formed using an optical train consisting of a laser modulated
by means of a rotating half-wave plate (OAM module, TA
Instruments) and, at the other side of the shear cell, a circular
analyzer and a photodetector. The intensity measured by the
detector is given by

I ≈ I0½1þ sinð4Ωtþ 2jÞ sin δ� ð1Þ
with I0 the initial intensity,Ω the angular velocity of the rotating
half-wave plate, and j the phase angle. The signal is analyzed
using a decomposition of the form

I ¼ IDC þ Isin sinð4ΩtÞþ Icos cosð4ΩtÞ ð2Þ
with Isin and Icos the amplitudes of the sine and cosine compo-
nent in the signal.

The information contained in this signal is expressed in terms
of the transmitted intensity IDC, which is normalized with
respect to the initial value of the intensity I0 or IDC(t = 0) and
of the birefringence Δn0:

Δn0 ¼ λδ0

2πe
ð3Þ

Table 1. Specific Surface of the Different Zinc Oxides

av diameter particles 35 nm 200 nm 500 nm 1 μm
specific surface [m2/g] 30 8 4.5 1.6
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with λ the laser light wavelength (670 nm), e the sample thick-
ness, and δ0 the optical retardation calculated as

jsin δ0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Isin
2 þ Icos

2
p

IDC

ð4Þ

The optical train was combined with a sandwich-type shear
cell, developed at the SolvayCentral Laboratory.28 In this setup,
the sample is sheared between two parallel glass plates. The glass
plates are incorporated in sample holders, which are placed in
oppositely moving conditioning blocks. Apertures are provided
in the equipment for laser light transition, allowing a view of the
flow-vorticity plane of the sheared sample.

The setup allows achieving deformations up to a few hundred
shear units, which is in the order of the shear rates realized in the
outer layers of injectionmolded products. The unit is sufficiently
rigid to withstand the normal forces generated during shear,
even in case of highly viscous polymers.

The sliding plate concept ensures a constant shear rate
throughout the sample. End effects can be minimized by a
careful insertion of the sample between the glass plates. After
crystallization, the sample thickness is typically between 50 and
100 μm.

More detailed information about the signal processing and
the setup can be found in ref 28.

The isothermal crystallization protocol used in this study
consists of an annealing step at 220 �C to erase the thermo-
mechanical history of the material. Then, the sample is cooled
to a chosen crystallization temperature of 145 �C at a rate of
5 �C/min.

The shearing protocol used consists of a shear step applied
at the moment the crystallization temperature is reached (as
proposed by the group of Janeschitz-Kriegl6). All shear steps are
applied at a strain of ∼100 units, and the shear rates vary
between 20 and 420 s-1.

The surface of the samples recuperated after the crystalliza-
tion experiments was studied by means of light microscopy and
atomic force microscopy (AFM) in order to determine the
morphology. The microscope used was a Laborlux 12 Pol S,
Leitz. The images of the microscope were registered by a digital
camera (C4742-95, Hamamatsu Photonics) and saved bymeans
of a frame grabber (HiPic 8.1.0, Hamamatsu Photonics). The
AFM images were made using the TrueNon-Contact and Semi-
Contact mode of a SmartSPM (AIST-NT).

3. Results and Discussion

Characterization of the Nucleating Ability and Quiescent
Crystallization. In order to separate the contribution of
particles and flow on the crystallization of the polymer, the
nucleating ability of the various zinc oxide particles has to be
assessed. Therefore, the zinc oxide mixtures were charac-
terized by means of the Lotz efficiency scale for polymer
nucleating agents,50 which is an established protocol for
characterizing the nucleating ability of particles mixed with
a particular polymer. In view of the discussion in literature,
the nucleating behavior of the particle is expected to be
important in this study, and furthermore, the scale may
provide a basis for comparison with other polymer-particle
combinations.

The strength of theLotz efficiency scale is that it references
the nucleation in a filled polymer not only to a “lower limit”,
being the neat polymer, but also to an “upper limit”. This
upper limit is defined as the “ideally” nucleated polymer
attainable by means of self-nucleation, creating nuclei which
are “ideal” in terms of dispersion and chemical and crystal-
lographic interactions. To create these, a nonisothermal
DSC protocol is used. First the thermal history is erased in
an annealing step (for polypropylene, at 210 �C). Then a

standard crystallized state is created by cooling the polymer
at a fixed rate of 10 �C/min to a temperature low enough to
ensure full crystallization of the sample (for polypropylene,
50 �C is an adequate value). Next the crystallized polymer is
partially melted in order to create stable crystal fragments.
The concentration of these fragments saturates at a certain
temperature. When nonisothermally cooled from this satura-
tion temperature (for the polypropylene used in this study:
166 �C), the corresponding crystallization peak occurs at
the highest temperature attainable by this procedure (for the
polypropylene used in this study: 144 �C). This indicates the
highest possible (ideal) nucleation of the polymer. Repeating
the first two steps of this procedure for a filled polymer allows
situating it with respect to the lower and upper nucleation
limit.

Based on these experiments, the Lotz nucleating efficiency
is defined as50

NE ¼ 100
ΔTNA

ΔT
ð5Þ

with ΔT the difference between the nonisothermal crystal-
lization peak temperatures of the neat (minimally nucleated)
and the self-nucleated (maximally nucleated) polymer and
ΔTNA the difference between the nonisothermal crystalliza-
tion peak temperatures of the neat polymer and the polymer
with a certain percentage of the particles.

For the polymer-particle combination used in this study,
the nucleating efficiencies are shown in Table 2.

The values in Table 2 are within the typical values of the
NE, between 5% and 70%, except for the 200 nm zinc oxide,
which is only just below 5% though. All values are at the
lower end of the range, which agrees with the fact that
uncoated zinc oxide is not commercially used as a nucleating
agent for polypropylene.

Based on the specific surface data in Table 1, which is
indicative of the contact surface between particle and poly-
mer, it would be expected that the smallest particles have
a larger nucleating ability. This would be the case if all
particle characteristics except diameter were equal for the
zinc oxides. However, as can be seen in Table 2, the nucleat-
ing efficiencies of the zinc oxide particles do not follow this
reasoning. The observed deviations are probably caused by
differences in the particle properties (shape, surface irregu-
larities, slight differences in chemical composition, etc.).

It has to be remarked that for themixtureswith the 35, 200,
and 500 nm zinc oxide the peak temperatures from the
nonisothermal crystallization experiments are very similar,
and the differences between them may even be considered
to be within the expected experimental error. However,
the question remains how the (differences in) nucleating
ability will translate in terms of influence on the quiescent
isothermal crystallization kinetics. This is measured by
means of DSC at the crystallization temperature of 145 �C
(see Figure 1). From this figure, it can be seen that all
particle-filled polymers crystallize faster than the neat poly-
mer, as is expected from their nucleating efficiency. These
data show that the differences in nucleation as reported in
Table 2, insignificant for three of the mixtures in nonisother-
mal crystallization experiments, are preserved and enlarged

Table 2. Nonisothermal Crystallization Peak Temperatures and
Nucleating Efficiencies According to the Lotz Efficiency Scale for the
Neat Polymer and the Different Polypropylene-1 wt % Zinc Oxide

Mixtures

av diameter particles (neat) 35 nm 200 nm 500 nm 1 μm
peak temp [�C] 116.0 118.4 117.2 117.7 121.3
NE [%] 0 8.7 4.3 6.3 21.7
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in the isothermal crystallization experiments. The crystal-
lization kinetics of the neat polymer and themixture with the
1 μm zinc oxide remain the slowest and fastest, respectively.
But moreover, it can be seen from Figure 1 that, under these
conditions, the mixture with the 200 nm zinc oxide crystal-
lizes significantly slower than the mixture with the 500 nm
zinc oxide, which in turn is significantly slower than the
mixture with the 35 nm zinc oxide. Rheometric quiescent
crystallization experiments have also been conducted and
yielded similar results. More details about this approach can
be found in the Supporting Information.

Although the quiescent crystallization kinetics of all mix-
tures are sufficiently distinguishable, the behavior of the
mixtures with the 35, 200, and 500 nm zinc oxide are still
very similar. Therefore, in the remaining part of this paper
the kinetics of themixture with the 200 nm zinc oxide will not
be considered anymore.

Flow-Induced Crystallization: Typical Curves and Charac-
teristic Values. In this study, the flow-induced crystallization
has been monitored by means of birefringence and trans-
mitted intensity measurements. These yield information
both on the kinetics of crystallization and on the develop-
ment of orientation during crystallization. In this work, the
focus is mainly on the crystallization kinetics. In Figure 2,
typical results for the neat polymer are shown.

Flow causes the isotropic conformation of the polymer
molecules to be deformed, giving rise to birefringence.51 The
birefringence evolution during the shear step is usually
referred to as flow birefringence (see Figure 2 (top)). For
the lowest shear rates, it can be seen that the flow birefrin-
gence goes to a constant level and relaxes entirely to zero
when the shear step is finished.

From a certain shear rate on (e.g., the curve at a shear rate
of 255 s-1 in Figure 2 (top)), the flow birefringence does not
relax entirely anymore when shear is stopped. This means
that a significant measure of orientation remains present
after the shear pulse. When the shear rate is increased even
further, the flow birefringence exhibits an upturn at the end
of the shear step (in Figure 2a, the curve at a shear rate of
255 s-1), after which the birefringence signal only relaxes
slightly before starting its crystallization-related increase. At
the higher shear rates, the birefringence also exhibits a slight
overshoot at the start-up of the shear. This phenomenon has
been related to the stretching of polymer chains in the melt,
causing overshoots in first and third normal stress differ-
ences (in respectively the flow-flow gradient plane and the
flow-vorticity plane).27

This evolution of the flow birefringence as a function of
shear has also been observed byKumaraswamy et al.4,12,52 and
Seki et al.53 during their extrusion die experiments (constant
wall shear stress, varying shear time) and by Langouche28 and
Baert et al.29,54 in experiments with the same shear cell used in
this study (constant strain, varying shear rate).Kumaraswamy
et al.4,12 proved by means of WAXD experiments that this
upturn followed by incomplete relaxation indicates the pre-
sence of long-lived oriented structures, which form the tem-
plate for subsequent strongly oriented crystal growth, more in
particular, for shish-kebab structures.

Figure 1. DSC heat flow vs time during isothermal crystallization at
145 �C for the different polypropylene-zinc oxide mixtures.

Figure 2. Development of birefringence Δn0 (top) during shear step,
(middle), after shear step and (bottom) of normalized intensity IDC/
IDC(t = 0) during crystallization of neat polypropylene at 145 �C for
different shear rates (strain ∼100 units).
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The birefringence development during crystallization after
the shear step exhibits a sigmoid shape (see Figure 2
(middle)). As the shear rate increases, the birefringence signal
starts its increase earlier and its final plateau is at a higher
level. In other words, the crystallization process accelerates
and a higher level of orientation is reached in the sample, as
was also observed by other authors.28,29,48

Furthermore, it can be seen that as the shear rate increases,
relatively more time is needed for the birefringence signal to
reach its final plateau. After its sharp sigmoid increase, it
keeps increasing slowly toward a plateau level. This behavior
was also seen during previous experiments with the shear
cell. It indicates a more pronounced secondary crystalliza-
tion mechanism for highly oriented samples. In the case
of the strongly anisotropic (primary) crystalline structure
encountered here, the secondary crystallization improves
the existing lamellae or adds lamellae through an insertion
mechanism, thereby contributing to the anisotropy.28,29

Additionally, the intensity evolution during crystallization is
monitored (see Figure 2 (bottom)). Initially, as long as the
sample is in a state of undercooled melt, the intensity remains
constant. No significant change in the intensity level is observed
during the shear step. Only when crystalline structures suffi-
ciently large to scatter the laser light appear in the melt, the
transmitted intensity decreases. For the lowest shear rates, the
intensity goes to zeroandremainsat that value.Forhigher shear
rates though, the intensity increases again after a certain time,
causing a minimum to occur in the curve. Again, this observa-
tion is in accordance with observations for iPP by Langouche28

and for PB by Baert et al.29 Ding et al.55 attributed the
occurrenceof thisminimumtoa loss of optical contrast between
crystalline structure and melt due to impingement of the grow-
ing crystallites.With increasing shear rate, the minimum occurs
faster and is less deep. This can be explained by the closer
spacing of the growing spherulites and, at higher shear rates, the
shish-kebabs. TEM images of fully shish-kebab dominated
regionsbyKumaraswamyet al.12,13 show that for isotactic poly-
propylene the spacing of the shish typically goes from lengths
close to the laser light wavelength (about 750 nm) to about 250
nm and possibly lower for higher shear rates. The kebab
lamellae are too closely stacked to significantly scatter light.

In order to quantify the effect of shear rate at constant
strain on the crystallization kinetics, characteristic times can
be defined. Hereto, the time to the inflection point of the
birefringence curve (termed “half time”) and the position of
the minimum in the intensity curve are chosen as character-
istic times. Similarly, characteristic values could be defined
for the level of orientation reached in the sample, but this
issue is not addressed in this paper.

The shear rate dependence of the characteristics times is
depicted in Figure 3 for the neat polymer. From this figure, it
can be seen that both definitions yield similar results (see also
refs 28, 29, and 52). The inflection point of the birefringence
curve, to which the half time corresponds, indicates a change
in the crystal growth rate, while theminimumof the intensity
curve, as mentioned earlier, can be related to the impinge-
ment of the crystallites. Since impingement of the crystallites
will change their growth speeds, this could explain the
agreement between both characteristic times.29

At the lower shear rates, crystallization accelerates with
increasing shear rate, followed, at the higher shear rates, by
another acceleration. The data suggest that between these two
acceleration regimes a transition region in the form of a
plateau is present. Such a plateau, or saturation, has also been
observed by Kumaraswamy et al.52 (for constant wall shear
stress and varying shearing time) and by Somani et al.,26 by
Vleeshouwer et al.,20 and by Housmans et al.24 (for constant

strain and varying shear rate). However, in all these studies
except the last one, the second acceleration was absent. Other
authors, e.g., Vega et al.,23 observe two regimes of accelera-
tion, butwithout an intermediate regime. In thepreviouswork
with the sandwich-type shear cell,28,29 the two regimes of
acceleration are clearly discernible, while the presence of
a plateau is arguable. In all studies though, the transition
region, taking the form of a plateau or not, was shown to be
connected to a change in morphology from spherulite-domi-
nated to shish-kebab-dominated (in this study, through the
appearance of an upturn in the flow birefringence). However,
the precise mechanism behind this transition and its influence
on the crystallization kinetics remain to be clarified.

Flow-Induced Crystallization: Combined Effect of Particles
and Flow. The approach explained in the previous section can
also be applied to the polypropylene-zinc oxide mixtures.
Figure 4 illustrates the effect of shear rate on the crystalliza-
tion of a polypropylene mixed with 1 wt% 500 nm zinc oxide
particles. As can be seen in this figure, the birefringence and
transmitted intensity curves qualitatively have the same shape
as the curves for the unfilled polymer, both during flow as
during crystallization. The slopes corresponding to the in-
crease of the birefringence signal (see Figure 4 (middle)),
which can be associated with the growth rate of the crystal-
lites,13,29 are quantitatively similar to the slopes of the unfilled
polymer (see Figure 2 (middle)). Hence, it can be concluded
from these experiments that the particles do not significantly
influence the growth speed during flow-induced crystalliza-
tion. This is in agreement with the findings in the literature
for quiescent conditions and with the observations by
Kumaraswamy et al.,4,13 who found that crystal growth after
shear occurs at the samevelocity as underquiescent conditions.

It can be seen that, from a certain shear rate on, the level of
intensity transmitted through the fully crystallized sample is
higher than the level of intensity transmitted through themelt
(see Figure 4 (bottom)). This effect is more pronounced when
the dimensions of the particles are closer to the wavelength of
the laser light (632.8 nm). These particles scatter the laser light
strongly when in the molten polymer, leading to an absolute

Figure 3. Dependence of characteristic values for kinetics (time to
minimum of intensity: open symbols; half time from birefringence:
filled symbols) on shear rate at a strain of ∼100 units for neat polymer
with below from left to right: microscopy image (reference line 100 μm),
AFM phase images of neat polymer sample surface (flow direction
horizontal, reference line respectively 1 μm, 300 nm, and 300 nm).
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intensity that is much less than for the unfilled polymer melt
(e.g., for the polypropylene with 1 wt % 500 nm zinc oxide,
the absolute intensity is 40% less). When these particles are
embedded in a (sufficiently fine) crystalline structure, though,
it appears that they scatter somewhat less than when in the
melt, leading to an increased transmitted intensity at the end
of the crystallization (e.g., for the polypropylene with 1 wt%
500 nm ZnO: normalized intensity transmitted through fully
crystallized sample is about 10% more than for the molten
sample at the highest shear rates). From these data, it might
be hypothesized, in analogy with the theory proposed by
Ding et al.,55 that the encapsulation of the particles by a
highly oriented crystalline structure causes a slight decrease in
the optical contrast between the particle and the polymer.

In Figure 5, the characteristic crystallization times of
the unfilled polypropylene and the polypropylene filled with
1 wt % 500 nm zinc oxide particles are compared. It can be
seen that for the mixture the same regimes are present as for
the neat polymer: there is an acceleration of the crystal-
lization process at low to moderate shear rates and another
one at high shear rates, while the data again suggest a
transitional plateau. In the first regime, at relatively mode-
rate shear rates, the slope of the curve for the mixture is less
steep than for the neat polymer.

A comparison of the characteristic crystallization times
for the polymer filled with 1 wt%of zinc oxide with different
diameters is given in Figure 6. From this graph, it is clear that
the difference in crystallization kinetics seen under quiescent
conditions is still present at the lowest shear rates. At these
shear rates, the neat polymer crystallizes the slowest and
the mixture containing 1 wt % of the 1 μm zinc oxide the
fastest. The mixtures with 1 wt % of the 35 nm zinc oxide
and the 500 nm zinc oxide are in between. This is in agree-
ment with the DSC and rheology data of crystallization
under quiescent conditions reported before. Clearly, in the
low shear region, the contribution of the particles to the

Figure 4. Development of birefringence Δn0 (top) during shear step,
(middle) after shear step, and (bottom) of normalized intensity IDC/
IDC(t=0) during crystallization of polypropylene with 1 wt% 500 nm
ZnO at 145 �C for different shear rates (strain ∼100 units).

Figure 5. Dependence of time to minimum of intensity on shear rate at
a strain of∼100 units for neat polymer (filled symbols) andmixturewith
1 wt % 500 nm zinc oxide (open symbols).

Figure 6. Dependence of time to minimum of intensity on shear rate at
a strain of ∼100 units for neat polypropylene (circles) and for poly-
propylenewith 1wt%35nmzinc oxide (dots), with 1wt%500 nmzinc
oxide (downward triangles) and with 1 wt% 1 μm zinc oxide (squares).
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nucleation density overshadows the addition of nuclei
caused by flow for the mixtures.

As Figure 6 shows that the difference between the charac-
teristic values for the neat polymer and the differentmixtures
diminishes with increasing shear rate, it is clear that the
competition between the particle and flow contributions to
the nucleation density is a central issue. For the low to
moderate shear rate region, the change in crystallization
times is the largest for the unfilled material and the smallest
for the mixture with the most powerful nucleating agent, i.e.,
the 1 μm particles. In other words, for these shear rates the
effect of shear flow is less drastic for the materials with a
higher nucleation density. As the unfilled polymer has the
least nuclei in the quiescent case, the addition in terms of
nuclei made by flow is relatively more important than for the
mixtures, which have a larger nucleation density in the
quiescent situation. This behavior correspondswith previous
observations.42-44,46-48

As could be expected from the small difference in nuclea-
tion density reported earlier, and from the overall decrease in
difference between the different materials as the shear rate is
increased, no significant difference between the crystalliza-
tion behavior of the mixtures with 35 and 500 nm zinc oxide
can be seen anymore in this shear rate range.

At higher shear rates, in the transition region, the differ-
ences in characteristic times have become smaller than at the
low shear rates, but the difference between the unfilled
polymer and the mixtures is still very clear (see Figure 6).
From this graph, the location of the transition is not unambi-
guous for each mixture. The shear rate at which the upturn
in the flow birefringence appears first is a more marked
parameter and therefore a better basis for comparison
between the mixtures in this shear rate range. These shear
rates are given for each mixture in Table 3.

The values in Table 3 show a systematic link between the
nucleation density under quiescent conditions and the shear
rate at which oriented precursors appear. The larger the
nucleation density, the lower the shear rate at which the
transition to shear-induced crystalline structures appear,
although the effect is not very strong.

These results agree with previous observations that orien-
ted structures appear at lower shear rates for particle con-
taining polymers.1,39,40,43,45-48 For the mixtures studied in
this paper, the effect is not very strong, while in some studies
concerning duct flow,46 fiber-drawing experiments,47,48 or
injection molding1 a more powerful effect was reported.
In these, there is a complex and intense mechanical and
thermal history, leading to a skin-core morphology, which
may well magnify effects. The orientation enhancement
during crystallization of intercalated montmorillonite clay
mixtures was also reported to be verymarked.39,43,45 In these
mixtures, there is a very small “interparticle” distance due to
the specific nature of the particles, which may, according to
the simulations by Hwang et al.,49 be a key parameter to a
significant synergy (stress amplification) between the poly-
mer and matrix. The question remains though if the earlier
occurrence of orientation is due to a synergetic effect or to
the fact that the nucleation density at that shear rate is still
higher for the polymer-particle mixtures, or if both influ-
ences are present, how they relate to each other.

At the highest shear rates used in this work, the measure-
ments reported in Figure 6 show that the characteristic

crystallization times of the filled and unfilled polymer become
very similar. The data suggest that, independent of the
nucleating efficiency of the particles, flow dominates the
kinetics of the crystallization process at these high shear rates.

Next to the effect of particles on the crystallization
kinetics, the final morphology of the samples, recuperated
from the experiments has been studied. Hereto, optical
microscopy and AFM experiments have been performed.
An example of such measurements for the unfilled polymer
in shown in Figure 3.

At low shear rates, themorphology can still be observed by
means of light microscopy, with e.g. at 20 s-1, spherulites
with a diameter of about 50 μm. As the shear rate increases,
the nucleation density increases and, thus, the spherulitic
structure becomes denser and finer. Toward the end of the
first regime, the spherulites are too small to be discernible by
light microscopy. AFM, on the other hand, allows visualiz-
ing them in the formof regions of lamellae, which are ordered
in spherulites but because of the magnification appear in the
images as oriented randomly.

Earlier in this paper, the appearance of an upturn in the
flow birefringence has been pinpointed as indicative of

Table 3. Shear Rate at Which the Upturn in Flow Birefringence Is
First Observed for Each Polypropylene-1 wt%Zinc OxideMixture

av diameter particles (neat) 35 nm 500 nm 1 μm
_γupturn [s

-1] 255 207 209 191

Figure 7. AFM height images of surface of (top) polymer with 35 nm
ZnO (some particles are circled as an example) and (bottom) polymer
with 200 nm ZnO (flow direction horizontal, reference line 300 and
400 nm).
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the transition from isotropic spherulitic crystals to oriented
crystalline structures such as shish-kebabs. This can be veri-
fied by means of the AFM images. From the appearance of
the upturn in the flowbirefringence on and during the second
acceleration, AFM shows the occurrence of structures orien-
ted perpendicular to the flow direction. These are the kebabs;
the lamellae nucleated on and growing radially from the
shish. The extended polymer chains oriented in the flow
direction which form the shish cannot be distinguished with
this technique. The kebab lamellae can be seen to have a
width of about 30-40 nm. They grow in length until they
reach an obstacle or another lamella.

AFM can also be used to visualize how the particles
are imbedded in the crystalline structure (see Figure 7).
The 35 nm particles (Figure 7 (top)) are of similar dimen-
sions as the width of the kebab lamellae. The growing
lamellae can be stopped if the particle is directly in the path
of the lamella; otherwise, the lamella continues around the
particle, mostly retaining its orientation perpendicular to
the flow. The other particle sizes used in this study form
much larger obstacles. Kebab lamellae that come upon them
are stopped or have to change direction to fill up the open
space around the particle, e.g., 200 nm particles (Figure 7
(bottom)). In the literature, it has been suggested that
occlusion or rejection of particles may disturb crystal
growth,38 though this was generally not found to be a very
strong effect. Earlier it was shown that there is a quantitative
agreement between the slopes of the birefringence curves for
the neat polymer and its mixtures and, thus, between their
crystal growth rates. The presence of the zinc oxide particles
therefore does not seem to have a significant effect on the
crystal growth rate in this study.

The effect on the shish formation though remains to be
clarified.

4. Conclusions

In this paper, the influence of well-controlled simple shear,
from low to processing rates, on the crystallization behavior of
polypropylene with micro- to nanosized particles is presented.
First, the nucleating efficiency was determined for the different
zinc oxide particles using the Lotz efficiency scale. These results
weremirrored in the quiescent crystallization kinetics. The shear-
induced crystallization was monitored in birefringence experi-
ments. Characteristic values were used to visualize the depen-
dence of the kinetics on shear rate (at constant strain). From
low to moderate shear rates, the crystallization accelerates with
increasing shear rate. At the highest shear rates, a second
acceleration of the crystallization process is observed. In the
transition region between these accelerations, a plateau seems
present, for which the characteristic crystallization times are
relatively independent of shear rate. After a discussion of the
neat polymer kinetics behavior, a comparison was made with the
filled polymers. In the low shear rate region the differences
between the neat polymer and the different mixtures with zinc
oxide are most pronounced. The difference diminishes steadily
with increasing shear rate. The occurrence of oriented structures
takes place at a somewhat lower shear rate as the nucleating
efficiency of the particle is higher. Therefore, nucleating effi-
ciency, rather than particle diameter, dictates the behavior of the
mixtures in this shear rate range. In the high shear rate region,
there is no longer an influence of the presence of the particles;
the crystallization kinetics is dominated by the intense shear
flow, independent of the nucleating efficiency of the particles.
Though the measurements do not exclude the existence of a
synergetic interaction between particles andmatrix, the (additive)
competition between the particle and shear contribution to

nucleation seems the determining factor of the behavior observed
for these materials.
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