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’ INTRODUCTION

During processing, polymers are subjected to complex
thermomechanical histories during which the final morphol-
ogy is formed. Nowadays, it is widely known that the applied
flow field can drastically enhance polymer crystallization,
mainly through an acceleration of the nucleation process.1 In
addition, under the appropriate conditions, the crystal mor-
phology can be altered from spherulites to shish-kebab struc-
tures. Although already observed in the 1960s,2 interest in
this shish-kebab morphology is still present. The latter is due
to the important mechanical properties that are attributed to
such structures, but also to the underlying formation me-
chanism which is still not completely understood. Recently,
however, the existence of threshold flow conditions for the
onset of oriented morphologies has been identified.3�6 This
flow condition is set by a critical value of the mechanical work
w that needs to be applied to the polymer melt at shear rates
_γ larger than the inverse of the Rouse time of the longest
polymeric chains in the polymer ensemble. This mechanical
work is calculated as7

w ¼
Z ts

0
ηð _γðtÞÞ _γ2ðtÞ dt ð1Þ

in which η is the shear rate dependent viscosity and the
integration is performed over the entire time of shearing ts.
The latter observation is important since it identifies the
parameters that are responsible for the formation of the
oriented structures. It demonstrates that not only the shear
rate is important in order to be able to stretch the longest
chains but also the time of stretching needs to be sufficiently
long in order to grow the resulting shish morphology.
Different experimental methods have been proposed in
literature to determine the “critical” value of the mechanical
work that needs to be applied to the polymer.3�6 In this
Communication, two different experimental approaches will
be compared. One method is based on a rectilinear flow
field and online birefringence measurements whereas the
other is based on torsional flow and offline small-angle X-ray
scattering (SAXS). Samples originating from both geome-
tries will be analyzed by one and the same method, SAXS, to
be able to compare the techniques. In addition, the temper-
ature dependence of the threshold flow condition will be
investigated.

’MATERIALS

In this work, isotactic poly(1-butene) PB-400, provided by
Basell, has been used. It has an isotacticity of 98.8% and does not
contain any nucleating agents. The molecular weight and poly-
dispersity index are 176 kg/mol and 5.7, respectively. Under the
conditions used in this work, the polymer crystallizes in the
unstable polymorphic form II (melting point of spherulitic mor-
phology 111 �C). It is known that after 10 days of aging at room
temperature the tetragonal crystals of form II transform into
more stable trigonal form I without changing their stacked lamellae
structure and overall mass degree of crystallinity.9 Thus, even if
the structural morphology is not affected by the phase transition,
it has to be noted that online measurements carried out in this
work probe time scales much shorter than the time scale of the
phase transition and hence deal mainly with the phase II and the
amorphous component. Offline measurements, on the other
hand, performed a few months later after the shear-induced
crystallization, deal mainly with the stable phase I and the
amorphous component.

’METHODOLOGY

In this work, different flow geometries have been used to study
flow-induced crystallization phenomena: rectilinear (or sliding)
parallel plates and torsional disks (Figure 1). Whereas the former
has the undoubtful advantage of producing a uniform shear
rate across the sample, the latter has the advantage of probing
different shear rates at the same time (see Figure 1).

Since the polymer sheared in the sliding plate geometry
experiences the same flow conditions everywhere in the sample,
only one point needs to be tracked in this setup to obtain
information about shear-induced crystallization. This gives a
wide range of opportunities to couple this geometry with on-
line measurements including birefringence, which can effec-
tively be used for time-resolved measurements of fast pro-
cesses. Thus, in the first setup, the sliding plate geometry is
combined with a commonly used online polarimetry setup
that is able to detect the birefringence in an in situ and time-
resolved manner.8,10 The birefringence experiments were per-
formed using an optical train consisting of a laser modulated
by means of a rotating half-wave plate (OAM module, TA
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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 sinð4Ωt þ 2jÞ sin δ� ð2Þ

where I0 is the initial intensity, Ω is the angular speed of the
rotating half-wave plate, and j is the phase angle. The signal is
analyzed using a decomposition of the form

I ¼ IDC þ Isin sinð4ΩtÞ þ Icos cosð4ΩtÞ ð3Þ

with Isin and Icos the amplitudes of the sine and cosine
component in the signal.

The birefringence, Δn0, is then calculated as

Δn0 ¼ λδ0

2πd
ð4Þ

where λ is the laser light wavelength (670 nm), d is the sample
thickness, and δ0 is the optical retardation calculated as

jsin δ0j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Isin2 þ Icos2

p
IDC

ð5Þ

In the sliding plate configuration, as described elsewhere,10 the
sample is sheared between two parallel glass plates that are incor-
porated in sample holders placed in oppositely moving condi-
tioning blocks. Apertures are provided in the equipment to allow
the transition of a laser beam through the sample in order to
probe the structure in the flow�vorticity plane.

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 injection molded 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. After crystallization, the sample thickness
is typically between 50 and 100 μm (in this study: about 70 μm).
For the samples under consideration in this work, it has been
checked that no transcrystallization due to the glass surfaces was
present.

The crystallization protocol consists of an annealing step at
200 �C to erase the thermomechanical history of the material.
Next, the sample is cooled to different crystallization temperatures
between 98 and 120 �C at a cooling rate of about

10 �C/min. When the crystallization temperature is reached, a
shear pulse is applied in which shear rate and shearing time can be
varied independently.

Despite the fact that the flow cell produces a homogeneous
shear across the sample, the use of this cell in the determination
of the threshold conditions for structural orientation is not
straightforward. The method merely provides a single point
measurement with only one set of shear rate and shear time.
Hence, in order to accurately define the onset of orientation,
many experiments need to be performed. In this respect, a
combinatorial approach employing a torsional parallel disk
geometry is more efficient. A wide range of shear rates is
experienced by a polymer sample in this geometry. Hence, a
single experiment significantly reduces the number of experi-
ments required for the detection of the threshold conditions.
While the homogeneous flow produced by the sliding plate
geometry needs only one point to track structural evolutions of a
polymer during shear, the torsional geometry, producing a wide
range of radially distributed shear rates, requires access to many
points across the sample which makes this geometry problematic
to be used for online measurements. Thus, contrary to a simple
realization of online measurements in a sliding plate geometry,
the torsional geometry technique is based on offline measure-
ments. After imposing a temperature�shear protocol, the sam-
ples are allowed to fully crystallize after which they are
recuperated for further analysis. This second setup is realized
using a Linkam shear cell device (CSS-450) modified to deal with
highly viscous samples.3 Unloading the sample is crucial in this
respect since one wants to recuperate samples without breaking
them. The sample thickness was set to d = 0.5 mm, which made
the crystallized samples rigid enough to maintain their shape at
unloading from the shear device while also keeping samples
transparent for subsequent SAXS experiments to analyze the
structural morphology of the recuperated samples.

The temperature�shear protocol of the second setup is
similar to the protocol used with the first setup. It consist of an
annealing step at high temperature for 5 min followed by
cooling at a rate of about 10 �C/min to a range of temperatures
at which a shear pulse is applied (98, 112, 115, and 120 �C).
The sample was kept at the temperature of shearing for
another 20 min and cooled down to 90 �C at a rate of 1 �C/
min and then to room temperature at a rate of 20 �C/min to
complete the crystallization. When the temperature of shear-
ing is reached, a shear pulse is applied in which angular speed
of the rotating disk, ω, and shearing time can be varied
independently. Shear rates from 0 to 200 s�1 have been
explored in this study with the maximum value controlled
via ω in each experiment: _γmax = ωr/d (Figure 1b). The shear
pulse duration did not exceed 12 s in the presented experiments;
however, in contrast to the rectilinear geometry, the torsional
geometry does not impose constrains on ts.

The samples recuperated from both geometries have been
analyzed by SAXS (Bruker AXS NanoSTAR, Cu KR radiation,
equipped with a HiStar area detector and a semitransparant
beamstop). The instrument was set to camera length 1.05 m,
which allowed patterns corresponding to scattering vectors
0.01 Å�1 < q < 0.2 Å�1 to be recorded (q = 4π sin θ/λ, where
θ is a half of scattering angle and λ = 1.54 Å is the X-ray
wavelength). The samples from the rectilinear geometry have
been scanned across the length of the sample parallel to the flow
direction and the samples from the torsional geometry across the
diameter of the sample. The obtained two-dimensional scattering

Figure 1. Schematic representation of the flow geometries: rectilinear
(a) and torsional (b).
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patterns have been azimuthally integrated (q range from 0.01 to
0.05 Å�1), and the resulting intensity profiles, I(φ), have been
used to calculate the degree of orientation of lamellar structure
after the shear-induced crystallization experiments, expressed via
the Herman’s orientation function P2 defined as

P2 ¼ 3Æcos2 jæ� 1
2

ð6Þ

where

Æcos2 jæ ¼

Z π=2

0
IðjÞ cos2 j sin j dj

Z π=2

0
IðjÞ sin j dj

ð7Þ

is the average angle of the lamella normal with a chosen direction
which is taken to be the flow direction.

In order to calculate the specific work (eq 1), the viscosity is
needed. Hereto, linear viscoelastic measurements have been
performed using an Ares rheometer (TA Instruments). The
time�temperature superposition method has been used to
extend the range of frequencies or, by using the Cox�Merz rule,
the shear rates. In order to further increase the shear rate window,
a Cross model was fitted through the data that allowed to
extrapolate viscosity values to high shear rates. The obtained
temperature coefficient aT has been used to calculate the
viscosity at the crystallization temperature, needed to calculate
the specific work.

’RESULTS AND DISCUSSION

In this section, the two experimental setups will be used to
explore the onset of oriented morphology formation. A typical
example of results obtained by the sliding plate setup is demon-
strated in Figure 2a. In order to detect the onset of orientation,
the birefringence during flow provides useful information. For
instance, when a shear rate of 350 s�1 is applied, the birefringence
first increases due to the induced molecular orientation, after
which a steady-state birefringence is reached. When shear is
removed, the birefringence fully relaxes. When the shear rate is
increased, for instance 380 s�1, the birefringence exhibits an
upturn at the end of the shear step. The evolution of the bire-
fringence with increasing shear rate has also been observed by
Kumaraswamy et al.11 and Seki et al.12 during their extrusion die
experiments (constant wall shear stress, varying shear time) and
by Langouche10 and Baert et al.8 in experiments with the same
shear cell (constant strain, varying shear rate). Kumaraswamy
et al.11 demonstrated by means of wide-angle X-ray diffraction
experiments that this upturn indicates the presence of long-lived
oriented structures, which form the template for subsequent
oriented crystal growth, more in particular for shish-kebab
structures. Hence, the appearance of such an upturn in the
birefringence can be used to define the onset of shish-kebab
dominated structures. The shear parameters used for this experi-
ment can then be used to calculate the critical specific work as
specified by eq 1. When shear rate is even more increased (e.g.,
603 s�1 in Figure 2), this upturn is prominently present. When
flow is removed, crystallization sets in immediately.

In the torsional geometry, every radial point of the sample is
associated with a particular shear rate and hence also associated

Figure 2. (a) Typical birefringence curves for crystallization experiments at 103 �C (strain = 100 performed in sliding plate geometry). (b) Degree of
orientation across the samples after shear-induced crystallization measured by small-angle X-ray scattering (SAXS) for the torsional parallel plates
geometry, ω = 13.33 rad/s and ts = 6 s at 120 �C. The dotted line across the image of the sample indicates points of the SAXS scan. The insets show
representative SAXS patterns with the sides corresponding to q = 0.067 Å�1 (numbers indicate position of the pattern in the scan in millimeters). The
bottom graph represents a linear�log plot of the degree of orientation of the torsional geometry sample versus specific work, w.
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with a certain amount of work applied to the polymer (see
Figure 2b). The specific work experienced by the polymer during
flow can be calculated for each point using eq 1 in which the shear
rate is based on the radial distribution of shear rates across the
sample (Figure 1b). In addition, SAXS measurements of the
degree of orientation (P2) are used to detect the threshold con-
ditions for the formation of oriented structures. It has been
shown before4 that the degree of orientation plotted versus the
specific work essentially collapses onto a master curve. An example
of this approach is given in Figure 2b. Here the dotted lines
indicate the locations at which SAXS profiles have been obtained.
From this plot, it can be seen that the degree of orientation dras-
tically increases above a certain threshold value which is defined
to be the critical work. A logarithmic function has been used in
this work to find intersect with the axis of specific work (x-axis) to
obtain wc {P2(w) = a þ b ln(w), where a and b are fitting
parameters and wc = exp(�a/b)}. The degree of orientation
detected by SAXS changes in a relatively narrow interval (less
than 1 order of magnitude) and does not provide enough data to
justify either this function should be of another kind. The
logarithmic function appears as a line in a plot of a linear�log
format (Figure 2b).

Figure 3 shows the values of the degree of orientation, expressed
by P2, as a function of the specific work and as a function of
temperature (98, 112, 115, and 120 �C). As is clear from the plot,
the degree of orientation drastically increases above a certain
critical value for all temperatures investigated. A noticeable
deviation from the line is observed for the results obtained at
98 �C. This effect has been reported for other polymers and can
occur at temperatures below the melting point of spherulites.4

The temperature-driven formation of spherulitic nuclei, which
are likely to appear below 111 �C in any zone of the poly-
(1-butene) sample, are deformed by the flow resulting in an elon-
gated spherulite morphology. Thus, the anisotropy caused by this
spherulitic morphology also contributes to the degree of orienta-
tion, which is detectable at w < wc when no shear-induced nuc-
leation occurs.

Both methods give a value of the critical work required to
obtain oriented structures, and both methods demonstrate an
increase of the specific work with temperature (Figure 3, tem-
perature-specific work plane). However, the absolute values of

the critical work are different. The differences can be put in
perspective of a recent model proposed by Mykhaylyk et al. to
describe the formation of oriented structure.4,13 In that model,
the crucial point is the formation of shish nuclei that are above a
critical size. In our experiments, the curve obtained from off-line
measurements, SAXS experiments (Figure 3, red curve), yields
threshold conditions for the formation of stable shish nuclei since
SAXS directly measures the final orientation in the crystallized
sample. This curve corresponds to the moment when the
aggregation of stretched molecules (shish precursors) is above
the critical size required for the formation of stable nuclei at the
thermodynamic conditions of shearing used. Hence, after cessa-
tion of shear, the formed aggregates—shish nuclei—remain
stable and participate as crystal nuclei for the remainder of the
crystallization process, causing growth of crystals into oriented
kebabs. The curve obtained with the online birefringence tech-
nique (Figure 3, green line) yields threshold conditions for the
occurrence of an upturn in birefringence during flow. The curve
indicates the moment at which birefringence becomes sensitive
enough to identify structural birefringence—on top of the bire-
fringence coming from oriented molecules—originating from
aggregates of stretched molecules. If the concentration of aggre-
gates formed during flow is high enough, the upturn is observed,
but it does not necessarily mean that the aggregates have reached
the critical size of stable nuclei at the thermodynamic conditions
of the shear experiment. Two scenarios can be considered in this
case: the critical specific work required for the formation of shish
nuclei is either below (scenario 1) or above (scenario 2) the
specific work creating the aggregates detectable by birefringence.
Thus, the birefringence measurements should lead to either over-
estimation (scenario 1) or underestimation (scenario 2) of wc.

Comparing the two methods, we can conclude that at low
temperatures the upturn in birefringence is happening when the
specific work is higher than the amount of work required for the
formation of stable shish nuclei (scenario 1). At 120 �C, however,
an opposite situation is seen (scenario 2): the concentration of
aggregates is high enough to cause an upturn in the birefringence
signal, but the corresponding specific work is below the amount
of work required for the formation of stable shish nuclei (i.e., the
size of the aggregates is below the critical size for a stable nucleus)
at this temperature. Hence, after cessation of flow, all aggregates
created by flow melt down as their size is below the critical size.
The latter is supported by the fact that at 120 �C the birefrin-
gence relaxes completely when flow is stopped.

In order to further support these observations, an offline SAXS
analysis has been performed on samples processed in the
sandwich cell at different flow conditions corresponding to both
the upturn in birefringence and the moment of shish nuclei
formation detected by torsional geometry. A representative set of
SAXS patterns for the samples demonstrating the upturn in
birefringence display a very strong orientation at 103 and 112 �C
(Figure 4). These SAXS data suggest that the onset to oriented
structures has already occurred well below the value detected by
the online birefringence method. On the other hand, samples
recuperated after shearing at 120 �C virtually show no orienta-
tion, indicating that more work is needed in order to cross the
boundary toward the shish nuclei formation. SAXS patterns of
the samples sheared by sliding geometry at threshold conditions
of shish nuclei formation have shown virtually no orientation
reproducing the results obtained by torsional geometry. A
combined 3D plot of the degree of orientation of samples
originating from both geometries demonstrates a quantitative

Figure 3. A combined 3-dimensional representation of shear-induced
crystallization results obtained for sandwich and torsional geometries
including temperature of shearing, degree of orientation, and specific
work required for the onset of oriented morphology.
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correlation of the results (Figure 3). All the obtained points
virtually belong to the same surface representing the degree of
orientation. This suggests that the shear-induced structural mor-
phology is entirely controlled by flow conditions and is indepen-
dent of shear geometry.

While structural morphology is reproducible by both geome-
tries at similar flow conditions, there is no direct correlation
between the critical specific works obtained by either online
birefringence measurements or offline SAXSmeasurements. The
apparent discrepancy is based on the fact that the measured
magnitudes correspond to different phenomena taking place in
polymer during shear-induced crystallization. The comparison
shows that the birefringence technique has limited application
and can be sensitive to the formation of shish nuclei only at
certain circumstances, when the critical work required for the
formation of high concentration of shish precursors, detectable
by birefringence, is below the threshold conditions required for
the formation of stable shish nuclei. In the considered examples it
is observed at temperatures around 120 �C and above.

’CONCLUSIONS

The results show that both sliding plates and torsional disks
geometries produce similar morphologies at the same flow con-
ditions. The application of torsional geometry covering a wide range
of shear rates in a single experiment can be effective at the first stage
to detect the threshold conditions for the formation of shish nuclei
and the onset of orientedmorphology.When precisemeasurements
of the flow conditions would be required, the sliding plate geometry
would be a preferable technique to use. The application of this
geometry is time-consuming, but it enables a secondary flow to be
avoided in the measurements. The birefringence technique is an
effective tool for online measurements of structural evolution of
semicrystalline polymers; however, an application of this tech-
nique is restricted by its sensitivity, and the onset of orien-
ted morphology can be detected only at limited conditions. It is
possible to suggest that birefringence measurements, coupled
with off-line SAXS measurements, can be calibrated and adjusted
to track the evolution of structural morphology online.
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Figure 4. Representative set of SAXS patterns of samples recuperated from the sandwich cell after shear-induced crystallization ( _γ = 411 s�1, γ = 96 at
103 �C; _γ = 261 s�1, γ = 145 at 112 �C; _γ = 603 s�1, γ = 164 at 120 �C). The direction of shear is vertical. The sides of the patterns scale to 0.17 Å�1.


