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Summary: Development of orientation-induced precursor structures
(primary nuclei) prior to crystallization in isotactic polypropylene
melt under shear flow was studied by in-sifu synchrotron small-angle
X-ray scattering (SAXS) and rheo-optical techniques. SAXS patterns
at 165 °C immediately after shear (rate = 60 s, t;= 5 s) showed
emergence of equatorial streaks due to oriented structures (microfibrils
or shish) parallel to the flow direction and of meridional maxima due to
growth of the oriented layer-like structures (kebabs) perpendicular to
the flow. SAXS patterns at later times (t = 60 min after shear)
indicated that the induced oriented structures were stable above the
nominal melting point of iPP. DSC thermograms of sheared iPP
samples confirmed the presence of two populations of crystalline
fractions; one at 164 °C (corresponding to the normal melting point)
and the other at 179 °C (corresponding to melting of oriented
crystalline structures). Time-resolved optical micrography of sheared
iPP melt (rate=10s ', t;=60 s, T = 148 °C) provided further
information on orientation-induced morphology at the microscopic
scale. The optical micrographs showed growth of highly elongated
micron size fibril structures (threads) immediately after shear and
additional spherulities nucleated on the fibrils at the later stages.
Results from SAXS and rheo-optical studies suggest that a stable
scaffold (or network) of primary nuclei, consisting of shear-induced
microfibrillar structures along the flow direction superimposed by
layered structures perpendicular to the flow direction, form in
polymer melt before crystallization (or at the early stages of
crystallization); which dictates the final morphological features in
polymer.

Introduction

The study of polymer crystallization from melts under the influence of a flow field has
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drawn much interestrecently ') because it can provide a means to predict the product



that in isotactic polypropylene (i-PP), melt-shearing caused development of row-nuclei
in the form of microfibrillar bundles and promoted the epitaxial growth of folded chain
lamellae that filled the space normal (perpendicular) to the row-nuclei, resulting in a
supramolecular structure of cylindrical symmetry or cylindrites. In contrast, quiescent
melt crystallization shows only spherulitic structures with folded chain lamellae. A
variety of ex-situ techniques, such as TEM, optical microscopy '], etc., have been
used to characterize the crystalline microstructure. However, these techniques do not
address many questions concerning the structure development in a polymer melt under
the imposed flow fields at the pre-crystalllization stages. Various in-situ rheo-optical
techniques'?’!! have been used for observation of the flow-induced structures in the
early stages of crystallization. For example, Ryan'****! and Winter!***! detected, using
SAXS* 5] and SALS***] density fluctuations prior to appearance of crystalline

structures; Kornfied!?¢-?!

observed an upturn in birefringence in iPP polymer melt at
175 °C (above the nominal melting point) after shear. The exact nature of the oriented
structure in polymer melt at high temperatures, prior to crystallization, immediately
after shear is the subject of interest in our laboratory.

In our previous study®!, results of step shear experiments (rate = 57 s ', strain =
1428% or duration of shear t; = 0.25 s) with iPP melt at 175 °C have been reported;
SAXS patterns showed meridional maxima due the growth of layer-like superstructures
of crystallization precursors or primary nuclei (perpendicular to flow direction) in the
polymer melt. In these experiments, under relatively weak conditions of shear fields (t
=0.25 s), SAXS patterns did not show an equatorial streak (indication of a microfibrillar
structure). We speculated that the absence of equatorial streak may be due to (1) low
concentartions of oriented structures (microfibrils or shish) parallel to flow direction and
(2) they are farther apart and beyond the detection limits of our SAXS setup (> 700 A).
Under strong conditions of shear and at a lower temperature, it is expected that the
concentration of oriented structures would be higher and within the detection limits of
the SAXS setup, which will be chosen in this study. In addition, a separate rheo-optical

study was carried out to reveal the complimentary information on structural changes at

the micrometer scale. With the combined SAXS and rheo-optical results, we hope that



polymer melt at the pre-crystallization stages can be revealed.

Experimental

Ziegler-Natta i-PP homopolymers supplied by ExxonMobil Chemical Company were
used in this study. The molecular weights of the iPP resin, designated as resin A, were:
M, =92,000 g/mol, M,, = 368,000 g/mol. The details of the Linkam shear apparatus and
experimental procedures were given in our earlier publications®?!. SAXS
measurements were carried out in the X27C beamline at National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL). A 2D MAR CCD X-ray
detector (MARUSA) was employed to detect time-resolved SAXS patterns in the shear
experiments. SAXS images were collected continuously: before, during, and after
cessation of applied shear. The in-situ SAXS experimental procedures used were similar

(2931 For this study, a lower temperature of 165 °C (but

to those published previously
still higher than nominal melting point of iPP) and a strong shear field condition (rate =
60 s, t,=5 s, the strain was thus about 20 times of that in t,= 0.25 s) were chosen.
Corresponding WAXD measurements were also conducted to check the crystallization
of the sheared melt.

In-situ rheo-optical experiments were performed using. a Universal Polarizing
Microscope (Carl Zeiss, Inc., model ZPUO1) equipped with Linkam shear stage (CSS
450, similar to the one used in X-ray experiments). Morphological changes during shear-
induced crystallization were followed by time-resolved optical measurements. The
characteristics of temperature, shear, and experimental protocol were described in detail
elsewhere®?!, which were similar to the X-ray measurements. The conditions of rheo-
optical experiment were as follows: shear rate of 10s ', t;= 60 s, T = 148 °C. Optical
micrographs were taken during crystallization of iPP melt at selected intervals after
cessation of shear.

Differential Scanning Calorimetry (DSC) measurements were carried out with a Perkin-
Elmer DSC-7 station. The sheared iPP sample (preserved from SAXS experiment by

rapid quenching) was heated from room temperature to 200 °C at a rate of 10 °C/min.



Results

SAXS

Figure 1 illustrates selected typical SAXS patterns collected at 165 °C after shear (rate =
60 s, time of shear, t, = 5 s). These patterns clearly show evolution of oriented
structures in hundreds of angstroms in the initial stages of crystallization where no
crystal reflections can be observed (this has been confirmed by separate WAXD
measurements). Interestingly, under the chosen shear conditions (rather strong compared
to t; = 0.25 s), the emergence of equatorial streak is observed immediately after shear, as
seen at t = 35 s. The equatorial streak can be attributed to the formation of oriented
structures (microfibrils or shish) parallel to the flow direction. Subsequently, the
meridional maxima (due to layer-like oriented structures, or kabebs, perpendicular to
flow direction) emege and can be seen at t =210 s, which become stronger at t = 30 and

60 min (these two patterns exhibit higher order reflections on the meridian).
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Figure 1: SAXS patterns at 165 °C before and after shear (rate =60s ', t,=5 s)



shear. It appears weak in contrast to the strong meridional maxima and also because
concentration of the shish structures is expected to be much lower than concentration of
the layers of kebab structures. It is also clear form the SAXS patterns, at the later
stages, that the oriented structures are stable even at a temperature above nominal
melting point of iPP. The oriented structures at the later stages contain crystalline

features of iPP, as verified by WAXD.
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Figure 2: (a) SAXS intensity profiles along the meridian and (b) SAXS intensity
profiles after Lorentz correction along the meridian, at selected times after shear in
iPP melt at 165 °C (rate=60s ', t,=5s)

SAXS intensity profiles as a function of scattering vector q along the meridian were
extracted from the 2D patterns. Figure 2a shows SAXS intensity profiles along the
meridian at selected times (t = 10, 20, 60 min) after shear (note that SAXS intensity is
very low before shear and that the intensity profile almost coincides with the x-axis).
The meridional maxima is weak in the beginning; but it grows rapidly and becomes
stronger at later times. It is important to note that the location of meridian maxima is
very close to the boundary of the beamstop in the current SAXS setup, which cannot be
estimated in good confidence. The boundary of the beamstop corresponds to a q value
of ~ 0.009 A (spacing = 2p/q = 700 A) in the current SAXS setup. The spacing
between layer-like structures is expected to be larger in the melt at higher temeperatures,
which would be be detectable by this SAXS setup. The Lorentz correction profiles were
calculated by multiplying the SAXS intensity by q°, which are shown in Figure 2b. Peak

positions in these profiles can be clearly identified. For example, the position of maxima



spacing between the adjacent layers in the sheared iPP melt at 165 °C at the final stages
is estimated to be 556 A.

SAXS patterns in Figure 1 show emergence of equatorial streak immediately after shear
which can be attributed to formation of oriented structures (microfibrils, shish or linear
nuclei) parallel to the flow direction. These initial SAXS patterns clearly suggest the
presence of a large scale scaffold or network structure in sheared iPP melt, prior to
crystallization. It is conceivable that the scaffold consists of bundles of chains oriented
in the flow direction (precursors for extended chain crystals) superimpposed by the
layer-like superstructure (precursors for folded chain lamellae) oriented perpendicular to
flow direction. At later stages after shear, crystallization of polymer melt takes place
which leads to the shish-kebab morphology. Detail discussions of these sequences of

events are presented in the later sections.

Optical Microscopy

scale bar =50nm

Figure 3: Optical micrographs taken at selected times during shear-induced crystallization
of iPP (rate=10s ', t;= 60 s, ,T = 148 °C)
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oriented structures in polymer melt at pre-crystallization stages on the nanometer length
scale, the in-situ optical microscopy study at a lower temperature, i.e. T = 148 °C
(about 15 °C below the nominal melting point) allowed observation of the emerging
morphological features on the micometer length scale during crystallization of iPP melt.
A series of optical micrographs at selected times after shear (rate =10s ', t;=60s, T =
148 °C) are illustrated in Figure 3; the formation of micron size fibrillar (thread-like)
structures immediately after shear as well as emergence of the unoriented spherulitic
structures at the later stages (at t = 600, 900, and 1200 s) can be clearly observed in the
micrographs. The first image was taken at the instant of flow cessation (after 60 s of
imposed shear), where birefringent fibrils are just beginning to be formed and can be
viewed on the dark field of residual amorphous melt. These fibrils are oriented parallel to
the flow direction and they grow in thickness as evident from the subsequent
micrographs (at t = 180 and 300 s). At later times, additional spherulites start to grow.
The relationship between the melt structures prior to crystallization (SAXS
observations at high temperatures) and the morphological features of the crystallizing

polymer (microscopic obervations at lower temperatures) will be discussed later.
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After completion of SAXS shear experiment at 165 °C, the sheared iPP sample in the
Linkam shear stage was rapidly cooled to room temperature and preserved for further
studies. A DSC thermogram at 10 °C/min of the sheared iPP sample is shown in Figure
4. Two distinct peaks, one around 164 °C (range 150-170 °C) corresponding to the
nominal melting of the unoriented spherulities consisting of folded chain crystal lamellae
and the other at 179 °C (range 170-185 °C) that can be attributed to the melting of the
oriented crystals, are clearly seen in the melting thermogram. These results indicate the

presence of two populations of crystals in the crystallized polymer after shear.

Discussion

Our interpretations of the results from SAXS, rheo-optical and DSC studies with
isotactic polypropylene are presented below. They are organized to further our
understanding of two aspects of orientation-induced crystallization of polymers: (1)
orientation-induced structures (primary nuclei) in polymer melt at the pre-
crystallization stages, and (2) the subsequent morphological development in
crystallizing polymer.

At the outset, it should be noted that, observations of the exact nature of the melt
structures (at the molecular level, i.e. polymer chain conformations) is still not possible
with the chosen techniques in this study. However, the synchrotron SAXS study has
provided new insights into the topography of orientation-induced structures in polymer
melt as a result of orientation and reorganization of chains due to the imposed flow field.
In absence of a flow field (i.e., quiescent crystallization conditions), chains in the molten
state are in a ‘'random coil’ conformation and crystallization occurs in a well known
fashion leading to the typical spherulitic morphology (that consists of randomly
distributed chain folded crystals). Upon application of a flow field, such as shear or
elongational, polymer chains orient in anisotropic molecular conformations.
Observations of different morphological features in polymer bulk, such as “shish-kebab’,
‘extended chain crystals’, etc., can be related to the strength of the imposed flow
conditions and the resultant orientation and reorganization of the chains. If the imposed

field conditions are strong, as in fiber spinning, polymer chains (especially the high



conformation and form a central core of extended chain crystals (shish) upon
crystallization; the remaining chains (especially the low molecular weight species) can
epitaxially crystallize in the form of chain folded lamellae (kebabs) perpendicilar to the
shish axis. Typically, SAXS patterns of a fiber show a strong equatorial streak; its
occurance corresponds to the presence of microfibrillar crystalline structures (shish or
linear nuclei). The formation of linear nuclei for interpretations of different morphologies
observed in flow-induced crystallization have been proposed before by several
reserachers ! 242733 Tt is generally accepted that bundles of oriented chains arranged
in a parallel conformation can form primary nucleation of extended chain crystals, which
then serve as nuclei for crystallization of folded chain lameallae. However the exact
nature as well as the kinetics of the formation of primary nuclei is still not clear.

Pure isotactic polypropylene melt at 165 °C (temperature of SAXS experiments) is not
expected to crystallize under quiescent conditions (in a reasonable experimental time
scale). The polymer melt can be considered as in a state of dynamic equilibrium, even
though the chains (random coil) change conformations continuously due to thermal
(Brownian) motions. After application of shear field, some long relaxation time chains
can stay orientd. It is thought that this reorganization creates regions of different
electron density with sufficient contrast that can be detected by SAXS. Immediately
after shear, the sheared melt at a temperature above the nominal melting point can be
considered as in a “pre-crystallization* stage. Thus, the initial SAXS patterns (in Figure
1) provide a topography of the melt structure before crystallization. We describe below
a possible sequence of dynamic events during orientation-induced crystallization.

The immediate and primary influence of the applied shear is orientation of chain
segments of molecules in the direction of the flow. The segmental molecular orientation
promotes disentanglement and creates bundles of aligned chain segments in the melt.
Equatorial streaks observed in the SAXS pattern at t = 35 s (first frame after shear)
suggest that linear structures in tens of angstroms oriented parallel to the flow direction
form within a very short period of time (matter of few seconds) after application of
shear and that they have higher electron density than the isotropic melt. These

structures presumably consist of bundles of chain segments arranged in a parallel array,



weight fraction) attain higher degree of orientation and alignment in flow. Also, since the
stability of the oriented chains is governed by the relaxation behaviour of polymer
molecules; the longer chains take a longer time for relaxation from deformation than
shorter ones, and therefore can remain oriented after cessation of flow. In other words,
the oriented long chains do not relax and they form coalescence (or bundles) of adjacent
chain segments with lower free energy. These serve as precursors or linear nuclei for
crystallization of the extended chain crystals in microfibrillar form. Subsequently,
meridional maxima were observed in SAXS patterns, as can be seen in the image at t =
210 s (Figure 1). The meridional maxima suggest emergence of oriented structures
arranged perpendicularly to the flow direction. These structures are presumed to grow
epitaxially from several locations along the central core (linear nuclei). In a way, they
are similar to the layered structures observed during crazing of the polymer solid upon
deformation, except that no microvoids are involved in the sheared melt. These
structutres may serve as precursors for crystallization of folded chain lamellae (kebabs)
oriented perpendicular to the flow direction. Thus, initial SAXS patterns of iPP melt at
165 °C after shear suggest that a scaffold or network of oriented structures (primary
nuclei), consisting of bundles of parallel chains in flow direction superimposed by layers
of oriented structures perpendicular to flow direction, form in the melt before
crystallization (i.e., pre-crystallization stages). The final spacing between the layered
structures in iPP at 165 °C under the chosen sheared conditions was about 556 A
(Figure 2).

The development of nuclei network in polymer melt after shear appers to be very fast -
the equatorial streak was observed in the first SAXS image (at t = 35 s) and the
meridional maxima emerge soon afterwards (clearly seen at t = 210 s). It is quite possible
that the meridional maxima may have been initiated at the earlier stage, i.e. before t =210
s, but could not be resolved due to limitations of the current SAXS setup.

In Figure 1, SAXS patterns at the later stages (t = 30, 60 min) show development of
both shish and kebab structures. These structures contain a crystalline phase (as verified
by WAXD) and are stable even at a temperature near the nominal melting point. In fact,

we have demonstrated that the shear-induced structures are stable even at 175 °C that is



sheared iPP sample also cofirmed the presence of high melting shear-induced crystals.
In Figure 4, the DSC thermogram clearly shows that a new endotherm is induced by
shearing, which occurs at about 15 °C above the nominal melting point of iPP
crystallized in the quiescent state.

It is expected that the final morphology of solid polymer would be directly governed by
the structures formed in the melt prior to crystallization. Optical microscopy study of
crystallization of sheared iPP melt provide some insights into these structures at the
pre-crystallization stages. As mentioned earlier, the spherulitic morphology is formed
under quiescent crystallization conditions, while a cylindrite morphology is formed
under flow conditions. It should be noted that optical micrographs show morphological
features on a larger length scale. The features of shear-induced fibrils (threads) become
visible when the diameter is above 1 mm and higher. The large diameter of these fibrils
suggests that each fibril should contain several shish-kebab assemblies. Keller et al. have
demonstrated that for polyethylene, each shish-kebab assembly has a diameter in the
range of 30-100 nm under extensional flow!!). The fibrillar structures observed in the
initial stages by optical microscopy are consistent with the morphology of
cylindrites!'®). In Figure 3, it is seen that spherulites are formed at later times (t = 600,
900, and 1200 s). From WAXD study, we find that some spherulites contain b-form
crystals (which is presumed to grow from shorter chains and nucleated by the oriented
a-form crystals), that are consistent with our previously reported WAXD

observations?®” of sheared iPP melt at lower temperatures (140 °C).

Conclusions

In-situ SAXS study of sheared iPP melt at a temperature near nominal melting point
provided some new insights into the topography of shear-induced structures in a
polymer melt at the pre-crystallization stages. SAXS patterns taken immediately after
shear showed that a space-filling scaffold or network of primary nuclei, consisting of
bundles of chains oriented in the flow direction (linear nuclei or shish structure) and
layers of kebab-like structures oriented perendicular to the flow direction, form in the

melt prior to crystallization. The combined SAXS and WAXD results at later times



confirmed that the shear-induced crystalline structures have a melting proint about 15 °C
above the nominal melting temperature of iPP. We believe that the space-filling network
of primary nuclei in polymer melt at the pre-crystallization stages determines the final
morphological features in bulk of solid polymer. The process of network formation is

very fast, almost immediately after shear.
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