Precursor of Shish-kebab in isotactic polystyrene under shear flow
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Abstract. We performed polarized optical microscope (POM), depolarized light
scattering (DPLS) and small- and wide-angle X-ray scattering measurements on the
structure formation process or the crystallization process of isotactic polystyrene (iPS)
under shear flow below and above the nominal melting temperature 7y,. It was found
that an anisotropic oriented structure termed here as a string-like object was formed in
um scale even above the nominal melting temperature and stable for more than 24 hours,
but melted at around 270 °C far above the nominal melting temperature. The
string-like object acts as a nucleation agent for the folded chain lamella crystal (or the
kebab), and was assigned to a precursor of the shish-kebab. We also examined the
shear rate dependence of the structure formation to find a critical shear rate for the
formation of the string-like object, suggesting the relaxation of the chains plays an
important role in the formation of the structure. Based on the results we have

discussed the inner structure of the string-like object.
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1. Introduction

Extensive studies were carried out on polymer crystallization under flows because
polymers crystallize under various kinds of flows during the processes and the
properties are dominated by the crystal structure and the final morphology formed
during the crystallization process [1-3]. It is well known that the so-called
shish-kebabs are formed during crystallization under flows such as shear, elongation
and mixed flows, which are made of an extended chain crystal (shish) in the central core
and periodically grown folded chain lamella crystals (kebabs) on the shish in the
simplest case [4-8]. Recent researches have revealed more complex structure as well
as formation mechanisms of the shish-kebab [9-12]. It is believed that the shish-kebab
structure is a molecular basis of ultra-high modulus and ultra-high strength fiber [4-8].
This also promoted extensive studies on polymer crystallization under various kind
flows. However, the formation mechanism of the shish-kebab is not well understood
regardless the considerable efforts. Recent development of advanced characterization
techniques such as synchrotron radiation (SR) x-ray scattering, neutron scattering and
light scattering has shed light on the substantial nature of the polymer crystallization
under flow. Some of these works have focused on the structural formation in the early
stage of the crystallization under flow using "short term shearing" technique[13]
because it often governs or at least affects the final structure deeply. One of the most
important issues in these studies is a precursor of the shish-kebab. In-situ small-angle
and wide-angle x-ray scattering (SAXS and WAXS) studies on isotactic polypropylene
(iPP) and polyethylene (PE) after pulse shear [14,15] have shown that a scaffold or
network of oriented structures is formed prior to the full-crystallization. In-situ

birefringence measurements on iPP after short term shearing by Kornfield et al. [16-18]



suggested formation of a precursor of the shish-kebab structure. The same group [19]
also have studied effects of the high molecular weight (HMW) component using model
blends of HMW isotactic polypropyrene (M,, = 923,000) and low molecular weight
(LMW) one (M,, = 186,000), both of which have rather narrow molecular weight
distributions, and found that the role of the HMW component in shear-induced
crystallization is cooperative, enhanced by the entanglements among the long chains.
These studies as well as other ones [20-23] have demonstrated that a precursor of the
shish is formed in the very early stage during the crystallization process after the shear.
Furthermore, other works reported [13,23-26] that similar precursors were observed
even above the nominal melting temperatures. Somami et al. have shown in SAXS
measurements on iPP [14] that shear induced oriented structures or aggregates of
polymer molecules were developed even above the nominal melting temperature.
Alfonso et al. [24,25] produced a precursor of the shish of isotactic polystyrene (iPS) in
the melt at 260 °C above the nominal melting temperature by pulling a single fiber
through a thin layer melt. Fiber pulling experiments were also done on poly(1-butene)
melt to estimate the lifetime of the precursor [26]. Similar precursors above the
nominal melting temperature were also reported for a blend of ultra-high molecular
weight polyethylene (PE) and low molecular weight PE and for some polymers even
near the equilibrium melting temperature [27,28].

Regardless the considerable efforts we have not had a final picture of the precursor.
In some works the precursor was observed as streak-like scattering normal to the flow
direction by SAXS [9,14], showing that the precursor is in tens nm scale. On the other
hand, in other works [16-18,22] the precursor was observed by LS and POM,

suggesting that the precursor has pm scale structure. In our resent SANS



measurements [12] we found that a very large oriented structure in um scale including a
small shish (extended chain crystal) with ~10 nm diameter. This result implies that the
oriented structure in um scale works as a precursor of shish in nm scale. It is evident
that the structure study in a wide length scale of nm to um is absolutely important to
elucidate the precursor. Another problem that was not solved is if the precursor
includes crystals or not, or in which experimental condition the precursor includes
crystal and in which not. As mentioned above, in the experiment by Somami et al.
[14] non-crystallized shish-like structure has been observed in iPP above the nominal
melting temperature by SAXS. However, a recent work by Balzano et al. [29] has
shown by SAXS and WAXS measurements that PE blend of low and high molecular
weight components formed needlelike precursors in tens nm scale with limited
crystallinity even above the equilibrium melting temperature. It is a good experiment
to see the invisible oriented structure (or precursor) above T, by quenching below Tm
to crystallize [24-26], but it gives no direct conclusions on the problem whether the
precursor above Tp, includes crystals or not. WAXS and SAXS measurements at high
temperatures above T, (not after quenching) are necessary to solve the problem.

In a previous paper [30], we studied structure formation process of isotactic
polystyrene (iPS) after applying a pulse shear above the nominal melting temperature
T’ using depolarized light scattering (DPLS) and polarized optical microscope (POM)
and found that a oriented objects were formed in pm scale during an annealing process
above Ty, which could survive more than several hours. This was assigned to a
precursor of the shish-kebab. The number of precursors was very few in the previous
shear conditions, depending on the annealing temperature, and hence often no oriented

objects were observed in the illuminating volume in the DPLS measurements. In



addition, the POM measurements revealed that the oriented objects were very widely
distributed in the shape and size. In such non-frequent events with the wide
distributions POM observation is more appropriate than DPLS one because the former
has an advantage to see individual structure while the latter sees the average one. In
order to see the characteristics of the oriented objects in more details we therefore
performed mainly POM measurements on the structure formation process of iPS after
applying a pulse shear for various temperature and shear conditions. In addition, wide-
and small-angle x-ray scattering (WAXS and SAXS) measurements were done to see

the inner structure of the oriented objects above the nominal melting temperature 7y,

2. Experimental

In this study we used isotactic polystyrene (iPS) with molecular weight M, =
400,000 and polydispersity of M/M, = 2.0, where M, and M, are the weight-average
and number-average molecular weights, respectively. The nominal melting
temperature 7T}, determined in DSC measurements with a heating rate of 5 °C/min is
223 °C.

Polarized optical microscope (POM) measurements were performed using Olympus
BX50 with a video attachment. Depolarized small-angle light scattering (DPLS)
measurements were carried out using a home-made apparatus with confocal collimation
[31], which enables us to access a very low ¢ range down to 0.1 pm™" with extremely
low background, where g is given by ¢ = 4nsind/n/, 20 and n being scattering angle and
the refractive index, respectively). Light source is a He-Ne laser (80 meW) and a
detector system is a complementary metal oxide semiconductor (CMOS) image sensor

having a large exposure area (20 x 10 cm). The range of length of scattering vector g



in this experiment is 4.5 x 10° to 3.5 x 10* A", Time-resolved small-angle x-ray
scattering (SAXS) measurements were performed using an apparatus with two
dimension (2D) detector installed at a beam BLI5A [32] in a synchrotron radiation
x-ray scattering facility, Photon Factory, KEK, in Tsukuba. The g range covered by
the SANS experiments was 8 x 10~ to 1.5 x 10" A",  Time resolved wide-angle x-ray
scattering (WAXS) measurements were done at a beam line BL40B2 in SPring-8,
Nishiharima [33], covering the q range from 0.2 to 2 A™.

A Linkam CSS-450 high temperature shear cell was used to control the temperature
of the sample and the shear conditions. The sample was placed between two quartz
plates for the POM and DPLS measurements and between two stainless steel plates with
Kapton windows 50 pum thick for the SAXS and WAXS measurements, respectively.
The sample thickness in the cell was 300 um for the POM, DPLS, WAXS and SAXS
measurements. The temperature protocol for the shear experiments is shown in Figure
1: (a) the iPS sample was heated up to 272 °C from room temperature at a rate of
30 °C/min, (b) held at 272 °C for 5 min, (c) cooled down to a given annealing
temperature 7, at a rate of 30 °C/min, (d) during the cooling process a pulse shear was
applied to the sample at 250 °C, (e) held at 7, for 60 min for the measurements during
the isothermal annealing process, and then (f) again heated up to 290 °C at a rate of
5 °C/min for the measurements. The iPS melt was subjected to a pulse shear at 250 °C
for all the measurements except for high temperature measurements above 250 °C. In
the high temperature measurements above 250 °C, the samples were kept at 7, for 5 min
and subjected to a pulse shear and observed at 7,. Some modified temperature
protocols were also employed to see crystallization process after annealing above Ty,

This will be explained in the text. The range of the shear rate was from 1 to 60 s™' and



the shear strain was 3,000 to 48,000 %.

3. Results and Discussion

Figure 2 shows the time evolutions of the POM pictures after applying a pulse shear
with the shear rate of 30 s and the shear strain of 12000 % at 250 °C and cooling down
to various annealing temperatures 7,, where ¢ = 0 was set to a time just after cessation of
the shear. At 210 and 220 °C below the nominal melting temperature 7p, (= 223 °C)
many oriented string-like objects were observed at # = 0 min, showing that they were
created during the shear. The initial string-like objects grew in length and width and
some other string-like objects newly appeared during the annealing process. These are
normal polymer crystallization processes under a shear flow [34]. On the other hand,
at temperatures of 240, 250 and 260 °C above the nominal melting temperature 7r, (=
223 °C) a few oriented string-like objects were observed after cessation of the shear.
Although the objects slightly flowed due to thermal convection, they did not disappear
for 60 min. It is clear that they are not crystals, at least folded chain crystals. These
string-like objects are rather scattered in the length and the width as seen in the pictures
at 240, 250, and 260 °C in Figure 2(a). Note that few very small objects were
occasionally observed and disappeared with annealing time. However, normally the
objects in um sale survived more than 60 min. We annealed the objects at 250 °C for
24 hours to see the long time behavior. In Figure 2(b), the POM pictures are shown at
0, 1, 19 and 24 h after applying a pulse shear at 250 °C.  We observed that a long and
wide string-like object survived for 24 hours, suggesting that the string-like objects are
very stable even above the nominal melting temperature. It is noted that a small object

in Figure 2(b), which is on the right side of the long one, flowed out from the view



during the observation. As the annealing temperature exceeds ~265 °C, the objects
become unstable. For example, time evolution of the POM pictures of the objects
formed at 270 °C is shown in Figure 2(c). An oriented string-like object was clearly
observed after cessation of the shear (=0), but disappeared within 4 min. The
disappearance time depends slightly on the size of the object, but all of them
disappeared at 270 °C.

POM pictures of the string-like objects during the heating process from each
annealing temperature to 290 °C are shown in Figure 3. The samples annealed below
the nominal melting temperature grew in length and width as seen in Figure 2(a), and
the grown parts around the string-like objects melted at around the nominal melting
temperature 7, (=223 °C). However, the string-like objects created during the
shearing process at 250 °C survived even above the nominal melting temperature, and
melted (or disappeared) at a temperature between 265 and 270 °C. The string-like
object annealed above the nominal melting temperature did show small changes: the
object annealed at 250 °C began to melt from the outside, and melted completely at
265 °C; the object annealed at 260 °C did not show any changes up to 268 °C and
finally melted at 270 °C. It is clear that the string-like objects melt at a temperature
between 265 and 270 °C although the disappearance temperature slightly depends on
the size of the objects. To see the disappearance temperature of the string-like objects
quantitatively the integrated intensity of the string-like object in the POM picture was
plotted as a function of temperature during the heating process at a rate of 5 °C/min in
Figure 4, which shows an average melting behavior. A decrease in the total intensity
was observed at around the nominal melting temperature 7r, (= 223 °C) for the samples

annealed below the nominal melting temperature. This is due to the melting of the



grown parts during the annealing, which must be folded chain lamella crystals.
However, there remains the intensity even above T;, which corresponds to the
string-like objects seen in Figure 3 and completely disappeared between 265 and 270 °C.
The samples annealed above T}, also have some intensities from the string-like objects,
depending on the annealing temperature, and they decreased with increasing the
temperature, and then finally came to zero at around 270 °C. Note that the
disappearance temperature slightly depends on the initial annealing temperature.

The above experiments suggest that the string-like object created above the nominal
melting temperature acts as a nucleating agent when it is annealed below the nominal
melting temperature. In order to see this clearly we performed the following
experiment. First we created the string-like object at 250 °C, and then cooled down to
210 °C to observe the crystallization process. After 60 min annealing at 210 °C for
crystallization, the sample was heated up to 290 °C at a heating rate of 5 °C/min.
POM pictures at 250 °C, during the annealing process at 210 °C and the heating process
to 290 °C are shown in upper row in Figure 5. Just after applying shear flow at 250 °C
we observed long string-like objects in the view in Figure 5(a). Cooing to the 210 °C,
the crystal growth was clearly observed on the string-like objects (Figures 5(b) and (c)).
During the heating process, the grown crystals on the string-like objects melted at
around the nominal melting temperature (= 223 °C) (Figure 5(d) and (e)) and the
string-like objects survived up to about 265 °C (Figure 5(f)). This result clearly shows
that the string-like object acts as a nucleating agent to produce oriented folded chain
lamella crystals, suggesting that the string-like object is a precursor of the shish-kebab.
In order to see the inner structure of the crystals created on the string-like object during

the annealing at 210 °C we performed SAXS measurements on the iPS under the same



temperature and shear conditions as the POM experiments. The two dimensional (2D)
SAXS patterns observed at 250 °C, at 210 °C during the annealing process and at
240 °C during the heating process are shown in lower row in Figures 5(a)-(f),
respectively.  We observed two-spots pattern along the flow direction, corresponding to
the long period between the lamellae (or kebabs), which was detected at around 10 min
after quenching to 210 °C and grew with the annealing time (Figures 5(b)-(c)). In the
heating process the two-spots pattern disappeared at around the nominal melting
temperature (= 223 °C) (Figure 5(d)-(e)). The result again suggests that the string-like
object acts as a nucleating agent for the kebab, which may grow epitaxially on the
string-like objects. The string-like object could be assigned to a precursor of the
shish-kebab. Note that we did not observe the scattering corresponding to the
string-like structure in SAXS. The string-like object is too large to observe by SAXS.
In the next we have examined the effects of the shear rate and shear strain on the
formation of the string-like objects. Figure 6 shows the POM pictures of the
string-like objects just after applying a pulse shear for various shear rates and
temperatures. The shear stain was 12000% for all the measurements. It is clear that
the number of the string-like objects increases with the shear rate. In order to analyze
the data quantitatively we need a measure for the string-like object formation. We
employed the number of the string-like objects just after applying pulse shear as the
measure. As seen in Figures 2, 3 and 7 there are wide variety of the string-like object
in length, width and shape, and sometimes it is branched and separated into two when it
is heated up (see structure #3 in Figure 7). Hence, it is not easy to count the number.
For simplicity, however, we counted the number of the string-like objects regardless the

shape, length and width. If it is branched we counted it as one if both of the branches
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melt simultaneously when they are heated up to 270 °C (see Figure 7). Thus counted
number of the string-like objects was plotted in Figure 8 as a function of the shear rate
for the annealing temperatures of 230, 240, 250 and 260 °C above the nominal melting
temperature 7T;,. The data points are very much scattered. The error bars were
estimated in several measurements. One of the reasons for the large deviation is small
number of the objects under the present shear and temperature conditions. In any case
the number of the string-like objects above the nominal melting temperature decreases
with the shear rate at each annealing temperature. There seems a critical shear rate for
the string-like object formation as observed in the crystallization process of
polyethylene [34] and isotactic polypropylene [32]. Drawing a straight line by eye we
have evaluated the critical shear rate to be 1 s for each temperature for the shear strain
of 12,000 %. It is suggested that the relaxation of polymer chains plays an important
role for the string-like object formation. Unfortunately it is hard to say if there is a
temperature dependence on the critical shear rate due to the large error although we
believe there exists.

We also evaluated the number of the string-like objects as a function of the shear
strain for the shear rate of 30 s at 250 °C. The result is shown in Figure 9. It is
clear that the number of the objects increases with the shear strain although the error
bars are very large. If there is a critical shear strain for the shear rate of 30 s at
250 °C, it is very low, at most below 3000 %. This result suggests that if the shear rate
is above the critical value the string-like objects are formed even though the shear strain
is very low, implying that the shear rate is a leading factor for the string-like object
formation.

Seeing Figure 8 closely, one can find a very interesting phenomenon. The number
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of the string-like objects is not zero even below the critical shear rate (~ 4 s). In
order to see what happen in the low shear rate region below 4 s we have conducted the
following experiment. After a pulse shear with the shear rate of 1 s™' and shear strain
of 12,000 % at 250 °C the sample was annealed for 30 min, and then cooled down to
210 °C for 30 min crystallizing. Finally it was heated up to 290 °C at a rate of
5 °C/min. Both of the POM and DPLS measurements were performed to see the
structure change during the above-mentioned annealing processes and heating process.
The results of the POM and DPLS measurements are shown in Figure 10. Just after
applying the pulse shear (¢ = 0) the streak-like scattering in the DPLS corresponding to
the string-like object was clearly observed, but it disappeared within several minutes.
In the POM image, however, nothing is observed even at t+ = 0. This is not a
contradictory result. Once in several measurements we observed no string-like objects
in the DPLS and/or POM view, showing that very few formation of the string-like
objects. Even when the string-like object was created in the present temperature and
shear condition (1 s at 250 °C) it is very small and unstable compared with that created
at the shear rate above 4 s'. After annealing at 250 °C for 30 min, the sample was
cooled down to 210 °C and annealed. The POM and DPLS results are shown in Figure
10 (b) during the annealing process at 210 °C. At the beginning we did not observe
any changes in the POM and DPLS pictures, but we observed gradual formation of
some oriented structure along the flow direction in the POM picture and the
corresponding streak-like scattering in the DPLS pictures as seen in Figure 10(b). It
strongly suggests that there remains an oriented structure even after the disappearance
of the string-like object in the DPLS and POM pictures, and it may act as an oriented

nucleating agent for the following crystallization. As seen in Figure 10(b) the oriented
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object formed during the annealing at 210 °C is not large compared with the string-like
objects created at the shear rate above 4 s™' and the degree of orientation is not high,
implying that the invisible oriented structure may have rather small and disordered
structure. Following the annealing at 210 °C the sample was heated up to 290 °C at a
heating rate of 5 °C/min. The DPLS and POM pictures during the heating process are
shown in Figure 10(c). It is very clear that the oriented objects created during the
annealing process at 210 °C melt at around the nominal melting temperature 71, (=
223 °C), meaning that the visible objects consist of folded chain lamella crystals. It is
considered that the string-like object is occasionally formed in a low shear region below
4 s and could survive for more than 30 min at 250 °C and could act as an oriented
nucleating agent for the folded chain lamella crystals although it is invisible at 250 °C.
This must be due to the low degree of orientation and/or very small size of the
string-like object formed below the critical shear rate.

We would like to consider the inner structure of the string-like object based on the
present observations. In order to confirm if the string-like object includes crystals we
performed wide-angle x-ray scattering (WAXS) measurements on the string-like object
of iPS during annealing process at 250 °C after applying a pulse shear with shear rate of
30 s™ and strain of 12,000 %. The observed 1D WAXS patters are shown in Figure 11
for the directions parallel and normal to the flow direction. We did not observe any
signs of crystallization in the WAXS patterns in both the directions. This suggests that
the string-like object has no crystallinity or very limited crystallinity below the
detection limit of the present WAXS measurement. As shown above, the string-like
object melts at around 270 °C. In the beginning of the study we considered that this

temperature was related to the equilibrium melting temperature T}, the thermodynamic
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quantity which is defined as the melting temperature of equilibrium crystal of infinite
size. There are several reports on the equilibrium melting temperature Ty’ of iPS
[36-38], but they are rather scatted. The value of T, ) evaluated on the basis of the
Hoffman-Weeks method [39] is 242 °C [36,37] while the recent value evaluated by the
Gibbs-Thomson method [40] is 289 °C [38]. In the paper by Strobl et al. [38] the
difference between the reported values was carefully discussed and the value 289 °C is
more reliable at the moment. If the string-like object has very limited crystallinity the
crystals must be rather large because the melting temperature is above the nominal
melting temperature (= 223 °C), but not extended chain crystals because the melting
temperature is below the equilibrium melting temperature (= 289 °C). According to
Strobl et al. the length of the crystal is about 20 nm (see Figure 3(b) in Reference [38]).
If the string-like object does not include any crystals, we have to consider some other
mechanism for the stabilization. One possibility is that the string-like object has liquid
crystal-like structure because iPS chains can easily form 3/1 helix structure which is
rather rigid and could work as mesogen in liquid crystals [41, 42]. However, we have

no final conclusions on the inner structure of the string-like structure.

4. Conclusion

We have studied structure formation process of iPS after applying a pulse shear
blew and above the nominal melting temperature 7;, (= 223 °C). It was found that the
oriented objects, which termed string-like object in this paper, were formed even above
the melting temperature 77, in pm scale and survived more than 24 h, but melted at

around 270 °C. This string-like object acts as a nucleating agent for lamella crystals
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(or kebabs), and hence assigned to the precursor of the shish-kebab. It is clear that
the string-like object in um scale is neither the shish nor the extended chain crystals.
The WAXS measurements on the string-like object did not show any sign of the crystals,
suggesting that the string-like object has no crystallinity or very limited crystallinity
below the detection limit. If the string-like object has very limited crystallinity the
crystals must be rather large in size, being about 20 nm, but not extended chain crystals
because the melting temperature is below the equilibrium melting temperature (=
289 °C). If the string-like object does not include any crystals, the string-like object
has possibly liquid crystal-like structure where rigid 3/1 helix of iPS chains could work

as mesogens.
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Figure captions

Figure 1. Temperature protocol for the shear experiments on isotactic polystyrene

(iPS).

Figure 2. Time evolution of POM pictures of iPS during the annealing process at
various temperatures after applying a pulse shear with shear rate 30 s and shear strain
12,000 %. (a): up to 60 min, (b); at 250 °C up to 24 h, (c): at 270 °C up to 4 min. Note

that the nominal melting temperature of iPS is 223 °C.

Figure 3. POM pictures of iPS during the heating process after applying a pulse shear
followed by annealing at various temperatures for 60 min (see Figure 2).  Heating

rate is 5 °C /min.

Figure 4. Temperature dependence of integrated POM intensity of iPS during the
heating process from various annealing temperatures to 290 °C. Heating rate is

5 °C/min.

Figure 5. POM (upper row) and 2D SAXS (lower row) pictures of iPS after applying a
pulse shear and annealing at 250 °C for 10 min (a), and cooling down to 210 °C and
annealing for 30 min (b) and for 60 min (c). Then, the iPS was heated up to 290 °C at a
heating rate of 5 °C/min. POM and SAXS pictures at 220 (d), 230 (e) and 260 °C (f)

during the heating process.

Figure 6. POM pictures of 1PS just after applying a pulse shear with various shear rates

at various temperatures. The shear stain was 12000% for all the shear rates.

Figure 7. An example for counting the number of string-like objects. (a) at 250 °C, (b)
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at 260 °C.

Figure 8. Number density of the string-like objects as a function of shear rate at various
annealing temperatures above the nominal melting temperature 7, (= 223 °C). The

shear stain was 12,000% for all the shear rates.

Figure 9. Number density of the string-like objects as a function of shear strain at

250 °C. The shear rate was 30 s™ for all the measurements.

Figure 10. DPLS and POM pictures after applying a pulse shear with shear rate of 1 s
and shear strain of 12,000 % at 250 °C. (a): the annealing process at 250 °C, (b) the

annealing process at 210 °C after cooling, (c): the heating process from 210 to 290 °C.

Figure 11. 1D WAXS profiles in the directions parallel and normal to the flow
direction after applying a pulse shear with shear rate of 30 s and strain of 12,000 % at

250 °C.
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Figure 1. Temperature protocol for the shear experiments on isotactic polystyrene

(iPS).
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Figure 2. Time evolution of POM pictures of iPS during the annealing process at

various temperatures after applying a pulse shear with shear rate 30 s and shear strain
12,000 %. (a): up to 60 min, (b); at 250 °C up to 24 h, (c): at 270 °C up to 4 min. Note

that the nominal melting temperature of iPS is 223 °C.
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Figure 3. POM pictures of iPS during the heating process after applying a pulse shear

followed by annealing at various temperatures for 60 min (see Figure 2).  Heating

rate is 5 °C /min.
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Figure 4. Temperature dependence of integrated POM intensity of iPS during the
heating process from various annealing temperatures to 290 °C. Heating rate is

5 °C/min.
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Figure 5. POM (upper row) and 2D SAXS (lower row) pictures of iPS after applying
a pulse shear and annealing at 250 °C for 10 min (a), and cooling down to 210 °C and
annealing for 30 min (b) and for 60 min (c). Then, the iPS was heated up to 290 °C at a

heating rate of 5 °C/min. POM and SAXS pictures at 220 (d), 230 (e) and 260 °C (f)

during the heating process.
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Figure 6. POM pictures of iPS just after applying a pulse shear with various shear rates

at various temperatures. The shear stain was 12,000% for all the shear rates.
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flow

Figure 7. An example for counting the number of string-like objects. (a) at 250 °C,

(b) at 260 °C.
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Figure 8. Number density of the string-like objects as a function of shear rate at various
annealing temperatures above the nominal melting temperature 7, (= 223 °C). The

shear stain was 12,000% for all the shear rates.
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Figure 9. Number density of the string-like objects as a function of shear strain at

250 °C. The shear rate was 30 s for all the measurements.
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Figure 10. DPLS and POM pictures after applying a pulse shear with shear rate of 1 s
and shear strain of 12,000 % at 250 °C. (a): the annealing process at 250 °C, (b) the

annealing process at 210 °C after cooling, (c): the heating process from 210 to 290 °C.
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Figure 11. 1D WAXS profiles in the directions parallel and normal to the flow
direction after applying a pulse shear with shear rate of 30 s and strain of 12,000 % at

250 °C.
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