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Abstract

Metallocene linear low density polyethylene (mLLDPE) crystallization under shear flow at different controlled shear rates was investigated
experimentally between its quiescent crystallization temperature and its melting point temperature (7;,). The evolution of the material optical
properties, including turbidity, birefringence and dichroism, was monitored following a temperature jump from a temperature much higher than
T to a fixed crystallization temperature (7). These properties are discussed in terms of the evolution of the polymer semi-crystalline
microstructure. In light of the optical properties evolution, the crystallization process can be split into three stages (i) incubation phase in which
small (compared to the light wavelength) crystalline nuclei spread over the medium, (ii) isotropic crystallite growth phase and (iii) anisotropic
crystallite growth phase. The optical properties evolution due the development of the crystallization is compared to that of the stress under the
same thermo-mechanical conditions. It is observed that the optical properties are more sensitive than the stress to follow the crystalline

development, in particular during the early stage of the process.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A number of thermoplastic polymers, in particular those
presenting stereoregularity, can partially crystallize between
their glass transition temperature (7,) and their melting
temperature. It is well known that straining such polymers in
this temperature range enhances the crystallization rate and
gives rise to anisotropic and complex semi-crystalline
microstructures. The crystallization process affects consider-
ably the rheological properties of the polymer. This can be then
used as an experimental tool to follow the crystalline
development under strain. In order to characterize the semi-
crystalline texture development one has to include a local
physical measurement. The use of different measurement
techniques, including X-ray diffraction, infrared spectroscopy,
etc. has been reported in the literature [1-4]. In most of these
experiments, the physical measurements were performed ex
situ, after the completion of the deformation and the quenching
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of the polymer. In such experimental procedure one assumes
that the relaxation effects and thermal crystallization during
quenching can be ignored. However, a number of recent
experiments showed that unexpected phenomena can be
encountered when undertaking on-line measurements. For
instance Blundell et al. [5] reported a series of experiments in
which poly(ethylene terephthalate) films were drawn slightly
above T,, and simultaneously, synchrotron X-ray diffraction
patterns at rates as high as a pattern per 40 ms were recorded.
They reported the intriguing phenomenon that (at high draw
rates) the deformation inhibited the crystallization develop-
ment, and the later was delayed until the end of the
deformation. Chaari et al. [6] reported similar Synchrotron
experiments in which they found that crystallization can either
start during the deformation and continues during stress
relaxation, or takes place wholly during the deformation,
depending upon the deformation rate.

A polymer undergoing both deformation and crystallization
is characterized by an anisotropic microstructure; it will then
anisotropically transmit or absorb a polarised light. In the
present study, both birefringence (anisotropic transmission)
and dichroism (anisotropic attenuation) of light passing
through a sample of mLLDPE undergoing shear flow
and crystallization are used to characterize the material’s
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semi-crystalline microstructure. A similar rheo-optical study of
shear-induced crystallization has been recently reported in the
literature [7]. However, the polymer system considered
(poly(e-caprolactone)) led to an optical behaviour qualitatively
different from ours, as discussed in Section 3. Actually, most of
rheo-optical studies of strain-induced crystallization reported
in the literature deal with extensional flow geometries [8—10] or
polymer drawing at temperature close to 7, [11,12]. On the
other hand, under shear flow and low supercooling conditions,
the strain-induced orientation of molecular segments is in
general less significant, which would lead to small flow-
induced birefringence signals, in particular at the early stage of
the crystallisation process. For this reason, the polymer chosen
in this study is characterized by its high molecular weight,
subsequently a long molecular average relaxation time.
Moreover, it has a narrow molecular weight distribution
since it is metallocene-catalyzed. Recently, Chai et al. [13]
considered the influence of pre-shearing on the crystallization
of mLLDPE compared to that of a conventional (Ziegler—Natta
catalyzed), at relatively high temperatures (> 150 °C). This
investigation was undertaken using rheological measurements
combined with small angle light scattering. However, they
found no significant influence of the shear on the crystallization
of mLLDPE under the thermo-mechanical conditions they
considered.

The purpose of the present study is to consider the
crystallization of mLLDPE under shear flow through the
anisotropic optical properties of the induced microstructure
(both in amorphous and crystalline phases). In order to achieve
valuable polarimetry signals, the experiments were performed
under conditions of relatively high degree of supercooling
(T,—T,), although the working temperature remained above
that of the quiescent crystallization of the material. Finally,
effective viscosity measurements were undertaken under the
same thermo-mechanical conditions. Then, the efficiency of
the rheological method to follow the crystallization process is
compared to that of the optical one.

2. Experiments

The metallocene linear low density polyethylene
(EXCEED™ 1327 A) used for this study was kindly supplied
by EXXON. Its average molecular weight was 110 kg mol .
The thermal properties of the polymer were investigated using
DSC measurements. The melting temperature was found to be
about 129 °C, and the maximum thermal crystallization upon
cooling occurred around 107 °C. Because of its high viscosity
at the working temperature, and in order to avoid bubble
formation in the sample during its loading in the shear cell, the
polymer was mould-injected into 1.2 mm thick discs. The
optical experiments were carried out using a LINKAM CSS450
shear cell. The samples were sheared between two parallel
quartz plates, with a fixed gap of I mm. During all the
experiments, the temperature was controlled to within 0.1 °C
by heating both the two plates. The rotation speed of the lower
disc was adjusted to obtain the desired shear rate at the
observation point (located at 7.5 mm from the rotation axis).
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Fig. 1. Thermal path applied to the sample. The rheo-optical measurements
start at 420 s.

In the present study the shear rate at the observation point was
varied between 0.01 and 0.36 s~ '. Due to the high viscosity of
the polymer, we were not able to increase further the shear rate.

The rheological experiments were undertaken using a
rheometrics dynamic analyser (RDA) equipped with a parallel
plate fixture.

The samples were subjected to the following thermal path
(Fig. 1). First, the polymer was heated to 180 °C and hold at
this temperature during 5 min in order to erase any residual
injection-induced crystallization. The sample was then rapidly
quenched (30 °C/min) to the testing temperature (120 °C). In
order to avoid thermal crystallization effects and its contri-
bution to the optical measurements, the testing temperature, for
which the quiescent crystallization kinetics is small, was held
constant during the rheo-optical experiments. It is worth to
mention at this point that there is another common type of
thermo-mechanical conditions reported in the literature
[13,14], in which the influence of pre-straining of the polymer
melt on the subsequent quiescent crystallization upon cooling
is considered. This differs from the present study in which the
polymer crystallizes under strain.

Optical measurements were performed using a rheometrics
optical train (ROA) [15]. The schematic of the rheo-optical set-
up is represented in Fig. 2. It consisted of a linearly polarised
He—Ne laser (wavelength of 632.8 nm) followed by a rotary
half-wave plate with a rotation frequency of w=2 kHz. The
polarisation-modulated beam passed then through the flow cell
at the observation point. The transmitted beam either passed
through a circular polarizer and then collected at a photodiode
in birefringence experiments, or directly collected at the
photodiode in the case of dichroism measurements. The
transmitted intensity of light was finally demodulated using a
lock-in amplifier to infer its in-phase and out-of-phase
components. The dichroism (An”) and the extinction angle
(x"), or birefringence (An') and its corresponding extinction
angle (x') could be obtained from the transmitted intensity
using the usual Muller calculus method [16]. For the dichroism,
we have:

5

5 = 1 —sinh 6" cos 2x"cos 4wt — sinh 6”sin 2x"sin 4wt
0

The magnitude of the dichroism is then inferred from the
following relationship:
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Fig. 2. Rheo-optical set up used for the optical measurements.
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(4 is the wave-length and d the optical path).

Similarly, the birefringence properties can be obtained from
the transmitted intensity components using the following
relationship [16]:

I

T = 1 + [—sinh 6"cos 2" + sin 6"sin 2x']cos 4wt
0

6//

—[sinh ¢"sin 2x” + sin ¢'cos 2x']sin 4wt

The birefringence can be then obtained using the relationship:

_ 2mdAn’
—

I} and I} are the incident intensities, respectively for
birefringence and dichroism measurements.

From the above equations, we can note that there is a
coupling between the birefringence and dichroism. However,
the dichroism was found to be more than an order of magnitude
smaller than the birefringence. Its contribution to the
birefringence terms could be then neglected.

6/

3. Results and discussions
3.1. Evolution of the turbidity

The first optical indication that the crystallisation process is
taking place is the attenuation of the transmitted light, or
turbidity. The appearance of turbidity is a result of the presence
in the material of microstructures (here crystallites) on the

12
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Fig. 3. Evolution of transmitted intensity (normalized to its initial value) versus
time for different shear rates. (A) Thermal crystallization (y=0s"),
(@)y=0.01s"", (M)y=0.15s".

length scale of the wavelength and having a refractive index
different from that of the matrix. These objects give rise to light
scattering and then turbidity. Fig. 3 represents the time
evolution of the transmitted light intensity for different shear
rates, including the quiescent crystallization.

In light of the turbidity evolution we can assume that the
crystallization process develops through two different stages.
First, the transmitted intensity decreases slowly, which would
correspond to a nucleation phase, and in a second stage the
intensity decreases more rapidly, which would correspond to a
growth phase. Such separation of shear-induced crystallization
into two regimes is well-known in the literature, in particular
through the evolution of the rheological behaviour of polymer
[17-19].

In order to quantify the duration of the two aforementioned
crystallization stages, we can define two characteristic times:
an induction time #, and a characteristic time of the crystalline
growth 7. We can see in Fig. 3 that the transition between the
two stages takes place when the transmitted intensity decreases
for about 10%. Then, t, can be defined to be the time for which
the intensity decrease is 10%. 7 can be inferred from the slope
of the intensity curve at the point where the transmitted
intensity is divided by a factor 2. Fig. 4 represents the evolution
of the characteristic time of the crystalline growth and that of
the nucleation phase as a function of shear rate. Error bars in
Fig. 4 corresponds to the 95% confidence intervals calculated
using typically 5 runs. Unexpectedly, our results show that the
influence of the shear rate on the induction time is rather small.
That is, the nucleation kinetics seems to be almost independent
upon shear rate. A possible explanation is that the shear rates
involved in our experiments are too low (compared the
relaxation rate of the polymer) to lead to such dependence.
Indeed, oscillatory shear measurements performed during the
induction time led to a terminal relaxation time of 0.03 s, which
suggests that one has to shear the polymer at rates higher than
305! to obtain a significant segmental net orientation of the
polymer and then a shear-rate dependence of the nucleation
growth. On the other hand, the duration of the crystalline
growth phase depends more clearly upon the shear rate: As
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Fig. 4. Induction time and crystalline growth characteristic time versus shear
rate.

expected it decreases with shear rate. This can be understood as
the following. During the course of the crystallization process
the effective viscosity of the polymer increases, leading to the
slowing down of the molecular relaxation rate. This can make
possible a shear-induced orientation of molecular segments
even at relatively small shear rates, leading then to flow-
enhancement of the crystallization process.

3.2. Birefringence evolution

The birefringence arises from anisotropic orientation of
molecular segments. Then, both the flow-induced segmental
orientation in the amorphous phase and the segments belonging
to crystallites may contribute to the birefringence. An
additional physical measurement sensitive to only one phase
(X-ray diffraction [20,21], for instance) would be then useful in
order to distinguish between the two contributions to the
birefringence.
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Fig. 5. Evolution of birefringence (filled symbols) and transmitted light
intensity (open symbols) versus time for two different shear rates, (A, A)
7=0.01s" and (W, ) 0.365".

The time evolution of the birefringence is compared to that
of the turbidity in Fig. 5, for the smallest and the highest shear
rates used in our experiments (0.01 and 0.36 s~ "). Similarly to
the turbidity the time evolution of the birefringence can be split
into two stages. At a first stage the birefringence remains
approximately constant and comparable with that obtained for
the polymer in the molten state (at 180 °C). In a second stage,
the birefringence significantly increases at a rate depending
upon the shear rate. The birefringence remains positive,
indicating a net segmental orientation in the flow direction,
since the polymer has a positive stress-optical coefficient. Even
though the increase of the birefringence is correlated with the
decrease of the transmitted intensity (Fig. 5), we observe some
delay between the starting points of the evolution of these two
optical properties. For both shear rates represented in Fig. 5, the
transmitted light starts to decrease after about 200s of
shearing, while the birefringence starts to significantly increase
only after 300 s. This delay can be explained as the following.
Due to molecular relaxation, the shear rates involved here are
too small to lead to a net orientation of chain segments and to
give a measurable birefringence before onset of crystallisation
or when the crystallization level is too low (first stage). As the
crystalline phase volume fraction increases, the relaxation of
the chain segments slows down giving rise to an average
segmental orientation in the flow direction, and in turn an
increase of the birefringence (second stage). Between 200 and
300 s, although the turbidity indicates that the crystallization
process is taking place, the molecular relaxation rate may be
still too high compared to the shear rate to lead to a net
segmental orientation.

In Fig. 6 we represent the evolution of birefringence versus
time (strain) for different shear rates, including the quiescent
state. As expected, quiescent crystallization does not lead to
any preferential segmental orientation, in contrast to the results
of Floudas et al. [7]. The birefringence measurements were
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Fig. 6. Evolution of birefringence versus time for different shear rates. (A)
quiescent crystallization (y=0 s, (My=001s", (O)y=0.15s7",
(O)y=036s"
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assumed to be meaningless when the transmitted intensity was
too small. We stopped birefringence measurements for the
same minimum transmitted intensity for all the experimental
runs. If we assume that the crystalline volume fraction is the
same for the same turbidity, the birefringence results (Fig. 6)
show that the final level of the semi-crystalline anisotropy
increases with the shear rate.

Floudas et al. [7] reported similar experiments in the case of
poly(e-caprolactone). Their results are qualitatively different
from ours. Indeed, they observed a bell-shape behaviour of
both birefringence and dichroism. This was explained by
assuming that the crystalline growth was first anisotropic, and
became isotropic at the end stage of crystallization. We do not
observe such maxima in the case of our experiments. A
possible explanation is the following. In Floudas et al. [7]
experiments the shearing is performed at a controlled stress.
Then the shear rate will decrease with strain since the
crystallization leads to the increase of the effective viscosity
of the polymer. The decrease of the shear rate would lead to the
decrease of the birefringence and dichroism. In contrast, in our
experiments the shear rate is fixed. This would be the reason
why we do not observe a bell-like behaviour of neither the
birefringence nor the dichroism as it will be seen below.

3.3. Dichroism evolution and comparison with birefringence

The dichroism corresponds to anisotropic scattering of
light, which results in a polarisation-dependent attenuation of
light. This happens when anisotropic crystallites with a size
on the order of the light wavelength appear in the system.
Fig. 7 represents the time evolution of the dichroism
compared to that of the turbidity in the case of the smallest
and the highest shear rates involved in our experiments.
Similarly to the birefringence, we have a significant increase
of dichroism only after some advance in the crystallization
process.
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Fig. 7. Evolution of dichroism (filled symbols) and transmitted light intensity
(open symbols) versus time for two different shear rates, (A, A) y=0.01 s
and (M, 0) 0365~ 1.
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Fig. 8. Evolution of birefringence () and dichroism (A) for two different
shear rates: (ll, A): y=0.36s""; ([0, A): 0.01s™ ..

Birefringence and dichroism evolutions with time are
compared to each other in Fig. 8 for two different shear rates.
As it is generally the case, the birefringence is more than an order
of magnitude higher than the dichroism. One of the possible
reasons is that only the crystallites would contribute to the
dichroism, while both crystalline and amorphous phases may
contribute to the birefringence. It is to be noted that the oscillations
of birefringence we observe in Fig. 8 may not have any physical
origin, but may be rather due to an experimental artefact. It is
hard to say if there is any delay between birefringence and
dichroism on the basis of the representation in Fig. 8.

3.4. Stress evolution and comparison with the optical
properties

The crystallization development of a polymer has often
been followed through the evolution of its rheological
properties. Taking advantage of the similarity between crystal-
lization, in particular at its early stage, and physical gelation, it
is possible to follow the crystallization process by monitoring
the polymer’s linear viscoelastic properties [22—-24]. However,
this method can be only used in the case of quiescent
crystallization. In the case of a polymer crystallizing under
strain the crystallization development can be followed
mechanically through the evolution of the effective viscosity
(or stress) [25]. The crystallites will act as reinforcement in a
nanocomposite material giving rise to a huge increase of the
stress. The question is at what extent can we infer information
about the semi-crystalline microstructure through the analysis
of the stress evolution.

The time evolution of the polymer’s effective viscosity at
different fixed shear rates is represented in Fig. 9. The
rheological experiments were performed under the same
thermo-mechanical conditions, including the thermal path
and the flow geometry, than those of the optical ones. As
expected, after a certain induction time, which as usual
represents the major part of the duration of the crystallization
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Fig. 9. Time evolution of the effective viscosity for different shear. rates:
0.01s™"' (0);0.1s™" (0); 0.365™" (A).

process, we observe a huge increase of the effective viscosity.
The shear rate dependence of the crystallization development is
much less pronounced in the stress behaviour than in the
optical ones. Moreover, we observe a significant delay (about
200 s) between the onset of the optical properties variation and
that of stress rise. The origin of this delay may be attributed to
at least the two following reasons:

(i) In parallel plates flow geometry, the polymer is subjected
to a non-homogeneous shear rate. The polymer may then
start to crystallize at the edge of the plates where the shear
rate is the highest. Near the plate’s axis, where the shear
rate is zero, the polymer would crystallize in almost a
quiescent state. The measured stress is an average value of
the viscous forces exerting on the whole surface of the
plate, while the measured optical properties are local
values even though in both cases, an average is undertaken
over the sample thickness. However, the material would be
nearly homogeneous over the thickness if we can ignore
boundary effects. Consequently, the optical and the
mechanical properties are not related to the same state of
the material and would not vary accordingly.

(i) With the optical technique used here, which is based on a
polarization—-modulation technique, we can detect very
low level (up to 10~? in polarimetry) of induced anisotropy
in the material. The mechanical measurements are much
less accurate. Moreover, it has been showed experimen-
tally [11] that at the early stages of a strain-induced
crystallization the stress-optical coefficient is higher than
that of the corresponding amorphous polymer. The stress-
optical coefficient C is defined through the relationship
An' = Ca, where o is the stress. This would increase further
the sensitivity of polarimetry measurements compared to
that of the mechanical ones in the early stages of the
crystallization process.

Fig. 10 represents the evolution of the effective viscosity as
a function of shear rate at three different times. At 150s,
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Fig. 10. Rheogram of the semi-crystalline polymer at different instants of the
crystallization process: 150 s (@); 450 s (O); 620s (V).

according the optical properties the polymer may be still
amorphous in the shear rate interval investigated. The fact that
the polymer is Newtonian suggests that we have no strain
induced orientation (in the flow direction) in this case. As
discussed above this may be attributed to the fact the shear
rates involved here are too small compared to the relaxation
rate of the polymer chains.

t=450s corresponds to the moment where the optical
properties are significantly evolving. In this case, we obtain a
slight decrease of the viscosity as a function of shear rate. This
net shear-thinning aspect is rather small (u=A7'™", n=
0.973). However, the rheogram for r=450 is a combination of
two opposing effects: the shear-thinning contribution of the
amorphous phase and the shear-thickening aspect due the
increase of the crystallinity ratio as a function of shear rate. The
shear-thinning contribution of the amorphous phase due to
segmental orientation would be then more significant than can
be inferred from the rheogram. This suggests that there may be
some strain-induced orientation in the amorphous phase, which
would contribute then to the birefringence.

At high level of crystallisation (r=620s) the shear-
thickening effect due the increase of crystalline ratio as a
function of shear rate is dominant.

4. Conclusion

We have presented in this paper on-line measurements of
the optical properties of an mLLDPE sample undergoing
crystallization under shear flow. Through the three optical
properties investigated, including the turbidity, birefringence
and dichroism, it was possible to characterize the semi-
crystalline microstructure evolution in the material. Three
different stages of the crystallization process, including a
nucleation phase, an isotropic crystallite growth and finally an
anisotropic growth stage, could be distinguished. These
different stages were suggested by the presence of delays
between the moments where the three different optical
properties investigated started to significantly evolve.

The optical properties evolution due the development of the
crystallization was compared to that of the stress under the
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same thermo-mechanical conditions. It was observed that the
optical properties were more sensitive than the stress to follow
the crystalline development, in particular during the early
stages of the process. This was attributed to the fact that the
optical measurements were highly accurate and local, while the
measured stress was an average value over a domain in which
the material was highly heterogeneous.
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