
Shear-Induced Precursor Structures in Isotactic Polypropylene Melt by
in-Situ Rheo-SAXS and Rheo-WAXD Studies

Rajesh H. Somani, Ling Yang, and Benjamin S. Hsiao*

Department of Chemistry, State University of New York, Stony Brook, New York 11794-3400

Pawan K. Agarwal, Hitesh A. Fruitwala, and Andy H. Tsou

ExxonMobil Chemical Company, Baytown Polymers Center, Texas 77522

Received May 22, 2002; Revised Manuscript Received September 19, 2002

ABSTRACT: In-situ rheo-SAXS (small-angle X-ray scattering) and rheo-WAXD (wide-angle X-ray
diffraction) studies were carried out to investigate the nature of shear-induced precursor structures in
isotactic polypropylene (iPP) melt at 165 °C, near its nominal melting point. Immediately upon the
cessation of shear, SAXS patterns clearly showed an evolution of oriented structures in hundreds of
angstroms, while the corresponding WAXD patterns did not exhibit any crystal reflections. SAXS patterns
at later times showed that the shish-kebab morphology was developed, and the kebabs possessed only a
small amount of crystallinity (3%). The combined SAXS and WAXD results indicate that, at the early
stages of crystallization, a scaffold (network) of oriented structures is formed. These structures contain
(1) primary nuclei (through homogeneous nucleation) that may be crystalline or mesomorphic but having
linear connectivity along the flow direction, which form the shish entity, and (2) shish-induced layered
crystalline lamellae (kebabs) oriented perpendicularly to the flow direction that have poor lateral
connectivity. Subsequent polymer crystallization takes place in the framework of the scaffold, which is
probably dominated by the lower molecular weight species. Amounts of the crystalline primary nuclei
and the layered crystalline lamellae in the precursor structures were estimated. The results verified,
quantitatively for the first time, the well-known concept that minor amounts of linear nuclei induce
multiple secondary nucleation sites for the growth of a large quantity of lamellae that grow radially
outward from the central core. A mechanistic pathway for the early stages of crystallization in polymer
melts under flow is proposed.

Introduction

It is well-known that during polymer processing the
crystallization kinetics and the final morphology, whether
it being spherulitic, cylindrite, or fibrillar, are deeply
influenced by molecular orientation induced by flow (in
the molten state) and deformation (in the solid state).1-20

Understanding and quantification of these effects are
extremely important from both scientific and techno-
logical basis. Many studies have been carried out to
investigate the molecular orientation in the deformed
melt and the resultant morphological changes during
the crystallization process utilizing various combined
characterization techniques. These techniques can be
divided into two types: (1) the in-situ methods such as
rheo-SALS (small-angle light scattering),21-25 rheo-
optical methods,26-32 and rheo-X-ray scattering33-41 and
(2) ex-situ methods such as optical microscopy, atomic
force microscopy (AFM), and transmission electron
microscopy (TEM).42-44 A brief summary of these studies
is as follows. Results of time-resolved SALS and rheo-
optical techniques obtained by Winter and co-workers21-24

showed that density fluctuations occur before the de-
velopment of crystalline organization which is related
to nucleating events. Monasse and co-workers25 con-
firmed the results obtained by Winter et al., which
indicated that the local orientation of macromolecular
chains rather than the average orientation is likely to
dictate the flow-induced crystallization behavior. Jan-
eschitz-Kriegl et al.26-28 studied the growth of birefrin-

gence in polymer melts during and after intense short-
term shear. The sudden rise in birefringence was
explained by the formation of shear-induced linear
precursors. Kornfield and co-workers29-32 monitored the
birefringence of supercooled iPP upon short-term shear-
ing. They found that the time of the birefringence
upturn was correlated with the rheological shift factor
of the polymer melts. Ryan and co-workers used syn-
chrotron X-ray scattering techniques34,35 to study the
polymer crystallization with long induction times and
reported that large-scale density fluctuations occur prior
to crystal growth. Alfonso et al.45 adopted the fiber-
pulling experiment to study the effect of high shear
rates at high temperatures on crystallization of isotactic
polybutene-1. They attributed the formation of cylin-
dritic morphology around the pulled fiber to the genera-
tion of long-living ordered clusters that were formed by
bundles of chain segments oriented along the flow
direction, which acted as nucleation centers for subse-
quent crystallization. Their results showed that the
holding time necessary to fully erase the memory of
intense flow was long for high molecular weight chains.
Also, those large ordered clusters survived the relax-
ation process after cessation of flow, where the survival
time of oriented clusters depended on molecular weight
and was very sensitive to temperature. Bassett and co-
workers46-48 made TEM observations of lamellae in row
structures grown from their primary nuclei and have
elaborated on the fundamentals of orientation-induced
crystallization and the molecular mechanisms involved.

The above findings have provided many useful in-
sights into the different stages of orientation-induced
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crystallization from an entangled polymer melt. How-
ever, the mechanisms for the earliest stages of crystal-
lization, i.e., pathways for primary nucleation under
flow, are still not well understood. Flow-induced nucle-
ation is a homogeneous nucleation process; herein, we
also term it primary nucleation, because it is initiated
from a single phase (polymer melt). Perhaps the lack of
understanding is due to the intrinsic difficulty in
performing precise experiments at the early stages of
crystallization. The nature of the primary nuclei, their
spatial arrangement, and correlations essentially dictate
subsequent crystallization through secondary nucleation
processes (initiated from the two phases) that can lead
to different morphologies. Thus, the control of the initial
nuclei topology or landscape is the key to manipulate
the final morphology. Recently, several researchers have
proposed new concepts and schemes involving primary
nuclei and their role in the initiation of crystallization
under quiescent conditions. For example, Strobl49 pro-
posed that polymer crystallization from an entangled
melt might resemble the ordering processes observed
in two-dimensional systems rather than the general
scheme of nucleation and growth. He suggested that the
formation and growth of crystals is not a one-step
process proceeding directly into the melt but follows a
route over a sequence of intermediate states: an initial
liquidlike packing in the mesomorphic state (which can
be considered as primary nuclei in our view), followed
by a state of granular crystal blocks and then the final
lamellar crystals. Lotz,50 however, has raised some
critical concerns about such a scheme, pointing out
crystallization of chiral but racemic polymers such as
isotactic polypropylene (iPP), in which building units
of the crystal are right-handed and left-handed helical
stems, ∼10-20 nm long. He viewed the crystallization
as a highly sequential and substrate-determined pro-
cess, where the depositing stem often first probes the
topography of the growth face before attachment. Thus,
the crystal growth mechanisms based on condensation/
deposition of pseudo-crystalline precursor bundles as
suggested by Strobl may not apply to all polymer
systems in general. Alternatively, the spinodal-like
behavior in a supercooled polymer melt and spinodal
decomposition as a preliminary step in the crystalliza-
tion process have been proposed by several research
groups including Ryan et al.,34,35 Kaji et al.,51-53 Peter-
mann et al.,54,55 and Meakin et al.56 The spinodal
decomposition step prior to polymer crystallization has
been questioned, for the reasons outlined before, by our
group57,58 as well as by others.59-61 Muthukumar and
co-workers have carried out some elegant modeling
works to simulate the formation of primary nuclei under
the quiescent state.60,61 The major physical character-
istics from this simulation are consistent with various
experimental observations.

One of the objectives for our current research was to
advance the understanding of the nature as well as to
elucidate the pathway for formation of primary nuclei
induced by flow prior to the events of crystallization
steps dominated by secondary nucleation or the growth
process. The experimental techniques used in this study
were complementary methods involving synchrotron
small-angle X-ray scattering (SAXS) and wide-angle
X-ray diffraction (WAXD) in a parallel-plate shear
apparatus. The in-situ rheo-SAXS technique gave 2D
maps of density fluctuations in the reciprocal space,
which allowed us to construct the superstructure of

crystallization precursors induced by flow, i.e., their
orientation, spacing, and relative amounts. The corre-
sponding 2D WAXD images were used to determine the
crystallinity, crystal orientation, and crystal form. As
noted below in detail, the proper selection of a suitable
experimental temperature turned out to be of critical
importance. This is because if the test temperature is
too high, no precursor structures can be detected. If the
temperature is too low, the rapid crystal growth would
quickly overwhelm the initial precursor structures,
which has been noted in earlier studies.39-41 In this
work, we found that the experimental temperature in
the vicinity of the nominal melting point 165 °C for iPP
provided us the best experimental window to observe
the flow-induced structures at the very early stages of
crystallization.

We note that several flow studies in the supercooled
polymer melts near the nominal melting point have
been carried out. For example, Kornfield and co-work-
ers30,31 used a rheo-optical technique to study the
influence of short-term shearing in the iPP melt at 175
°C. The changes in melt birefringence were monitored
after cessation of shear. These measurements provided
an indirect evidence of formation of the “shear-induced
structures” in the melt at high temperatures. However,
the optical techniques cannot elucidate the molecular
information. The in-situ rheo-SAXS and rheo-WAXD
techniques turn out to be powerful methods to reveal
new information on the orientation-induced structures
in crystallizing polymer melts. A few preliminary results
of rheo-X-ray studies at high temperatures above the
nominal melting point have recently been reported by
our laboratory.36-38 In one study,36 the iPP melt was
subjected to a step-shear (shear rate 60 s-1, shear
duration ) 0.25 s) at 175 °C, and in other studies,37,38

a step-shear with longer during time (shear rate 60 s-1,
shear duration ) 5 s) at 165 °C was used. The imposed
shear conditions were found to generate oriented struc-
tures that were stable at high temperatures, as evi-
denced by in-situ SAXS patterns obtained after shear,
where no detectable WAXD crystalline reflections were
seen. These results provided new insight into the
morphological features of a layered superstructure
induced by flow prior to crystallization as well as laid
the ground wok for the study reported here.

In this work, the same iPP polymer has been studied
by in-situ rheo-SAXS and -WAXD techniques under two
different shearing conditions: (1) a relatively weak
shear (shear duration (ts) ) 0.25 s) and (2) a stronger
shear (20 times longer duration time, ts ) 5 s)sboth at
the temperature of 165 °C and the shear rate of 60 s-1.
The chosen experimental conditions of temperature and
shear offered us a unique opportunity to follow the
development of flow-induced structures at the very early
stages of crystallization in real time. A deconvolution
procedure39,59 was used to extract the fraction of the
scattered intensity due to the oriented structures (par-
allel and perpendicular to the flow direction) from the
2D SAXS data. The volume fractions of the shish
(microfibril) and the kebab (layered lamellae) were
determined from their relative contributions to the total
SAXS intensity. The crystallinity values were obtained
from the corresponding WAXD data. Our results do not
suggest any deviations from the classical nucleation and
growth concepts for polymer crystallization during flow.
Instead, we present here a mechanistic model for the
development of primary nuclei by molecular orientation
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during flow and possible pathways for subsequent
crystallization processses from these nuclei.

Experimental Section
A Ziegler-Natta iPP homopolymer supplied by ExxonMobil

Chemical Co. was used in this study. Its molecular weights
were Mn ) 92 000 g/mol, Mw ) 368 000 g/mol, and Mz )
965 000 g/mol. In-situ rheo-SAXS and -WAXD measurements
were carried out in the beamlines X27C and X3A2, respec-
tively, at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory (BNL). A 2D MAR CCD
X-ray detector (MARUSA) was employed to collect time-
resolved SAXS and WAXD patterns in the shear experiments.
The details of the Linkam shear apparatus and synchrotron
X-ray experimental procedures have been described in previous
publications.39-41 The temperature protocol for shear experi-
ments was as follows: (a) heat the polymer sample from room
temperature to 200 °C at a rate of 30 °C/min, (b) hold the
temperature at 200 °C for 1200 s, (c) cool at a rate of 30 °C/
min down to 165 °C, and (d) hold the temperature at 165 °C
for X-ray measurements.

The polymer melt was subjected to shear immediately after
the temperature dropped to 165 °C. A shear rate of 60 s -1

and two shear durations, ts ) 0.25 and 5 s, were selected. Two-
dimensional patterns (SAXS or WAXD) were collected continu-
ously: before, during, and after cessation of shear. All X-ray
images were corrected by sample absorption and beam fluc-
tuation.

Results
Rheo-SAXS. Figures 1 and 2 show selected SAXS

patterns (the flow direction is vertical) of the iPP melt

at different times after shear under two chosen condi-
tions of shear, ts ) 0.25 and 5 s, respectively. Two
scattering maxima along the shear direction are seen
in SAXS patterns at times longer than 1800 s for shear
condition of ts ) 0.25 s (Figure 1). The meridional
maxima in the SAXS patterns can be attributed to the
evolution of kebab-like lamellar structures that are
correlated and oriented perpendicular to the flow direc-
tion, as shown in the schematic diagram. (Here we used
the terminology of meridian and equator to indicate that
the induced structures have a fiber symmetry.) How-
ever, no equatorial streak is observed at either early or
later stages for shear condition of ts ) 0.25 s. This is
very similar to our previous study of the same polymer
at a higher temperature 175 °C.36 On the other hand,
the SAXS patterns obtained for shear condition of ts )
5 s (Figure 2) clearly show the emergence of an equato-
rial streak immediately after shear (pattern at t ) 70
s). The streak becomes stronger with increasing time
as evident from SAXS images taken at subsequent time
intervals (t > 140 s). The equatorial streak can be
attributed to the formation of microfibrils, bundles of
parallel chains consisting of either mesophase or crys-
talline entities parallel to the flow direction in the
schematic diagram in Figure 2. Note that a collection
of noncorrelated shish structures (microfibrils) can give
rise to the equatorial streak in SAXS patterns. Also, it
can arise from isolated, narrow shish-kebab entities that
can form in a short time period after shear. The
meridional maxima emerge after the development of
equatorial streak, as can be seen in the SAXS patterns
at later times: t ) 600, 1200, and 7200 s (Figure 2).

The SAXS patterns obtained for shear condition of ts
) 5 s verfy the shish-kebab morphology at the initial
stages of flow-induced crystallization in polymer melt.
(Though the qualtitative aspects of this behavior have
been conjectured and presented by Schultz, Hsiao, and
co-workers62,63 in in-situ X-ray studies of fiber spinning,
to our knowledge, quantification of the experimental
observations has never been made.) In other words, our
observation confirms the formation of extended linear
nuclei parallel to the flow direction by primay nucleation
that are large enough to be detected by SAXS. From
these nuclei, lamellae grow epitaxially and radially via
the secondary nucleation process. The missing equato-
rial streak in the SAXS patterns for shear condition of
ts ) 0.25 s indicates that the melt consists of kebab-
like structures only. However, if the linear nuclei were
not formed, then what causes the nucleation and growth
of stacks of lamella oriented perpendicular to flow
direction? One possibility is that the missing equatorial
streak under weak conditions of shear is probably due
to the low concentration of the shish structures; also
possible is the fact that the shish structures are too
small that they are beyond the detection limits of our
SAXS setup. Another explanation, previously suggested
by Schultz et al.,63 for the missing equatorial streak is
that as kebab-like structures grow from the shish, the
rodlike scatterer becomes “cylindrical”-like. As this
cylinder grows radially, its scattering converges toward
the origin and finally disappears. Under stronger condi-
tions of shear (ts ) 5 s), it is expected that the
concentration of shish would be higher and the shish
diameter may be bigger, which allow an easy detection
of SAXS.

Rheo-WAXD. Typically, under shear, iPP can crys-
tallize into a stable R-form exhibiting five distinct

Figure 1. 2D SAXS patterns of iPP melt before and at
selected times after shear (shear rate ) 60 s -1, ts ) 0.25 s, T
) 165 °C).

Figure 2. 2D SAXS patterns of iPP melt before and at
selected times after shear (shear rate ) 60 s-1, ts ) 5 s, T )
165 °C).
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reflections in the WAXD pattern: (110) at 2θ ) 14.1°,
(040) at 16.9°, (130) at 18.5°, (111) at 21.4°, and (-131)
at 21.8°.41 Figure 3a shows in-situ rheo-WAXD patterns
of iPP melt obtained at the stronger shear condition (T
) 165 °C, shear rate ) 60 s -1, ts ) 5 s). (We note that
no crystal reflections were observed in the WAXD
patterns obtained for the weaker shear conditions (ts )
0.25 s).) Even in the WAXD patterns obtained under
stronger conditions of shear, only three weak reflections
[(110), (040), and (130)] of iPP R-form all along the
equator are observed and that also at much later times
after the cessation of the shear (Figure 3b). These three
reflections are sharp and have narrow azimuthal width,
which indicates a highly oriented nature of iPP crystals
with good crystalline resgistration. The volume fraction
of the oriented crystals and the corresponding crystal-
linity from the shish-kebab structures were obtained
using the following procedures.

Analysis of SAXS and WAXD Data. The SAXS
patterns obtained at the later stages after cessation of
shear (t > 600 s, Figure 2) show the development of
shish-kebab morphology in the sheared iPP melt; the
corresponding WAXD patterns (Figure 3) indicate that
these flow-induced structures are at least partially

crystalline. While the SAXS patterns at the initial
stages (immediately after shear) show emergence of
shish followed by kebab-like structures, the correspond-
ing WAXD patterns do not exhibit any crystalline
reflections. However, this does not suggest that the
shish structure is not crystalline. It is possible that its
crystallinity is below the detection limit of WAXD
(1%).57 The SAXS and WAXD data were thus further
analyzed to reveal the nature of the oriented structures
in polymer melt after shear.

Time Evolution of Shish-Kebab Structures by
SAXS. As pointed out in our earlier study39 that the
total integrated scattered intensity of each SAXS pat-
tern, Itotal, can be deconvoluted into two components: (1)
Iisotropic, which is due to scattering from the randomly
distributed scatterers (it arises primarily from the
amorphous polymer melt at high temperatures), and (2)
Ioriented, originated by scattering from the correlated
oriented structures in the polymer melt (note here that
we avoid using the word crystallites, since oriented
structures formed at the initial stages may not be totally
crystalline). The scattered intensity arising from the
unoriented scatterers (isotropic) is azimuthal indepen-
dent (thus a function of s only, where s is the scattering
vector ) 2 sin θ/λ, with 2θ being the scattering angle),
whereas the scattering arising from the oriented scat-
terers is azimuthal dependent (function of s and φ,
where φ is the azimuthal angle). Our analysis indicates
that the contribution of Iisotropic is very low (<5%) in the
SAXS patterns for both shear conditions, suggesting
that the flow-induced structures during the experimen-
tal time frame are highly oriented.

We have also applied an alternate procedure to
deconvolute the contributions of oriented SAXS inten-
sity of the shish (Ishish) and kebab fractions (Ikebab) by
sectioning the oriented SAXS pattern, i.e., after the
“Halo” subtraction to eliminate the unoriented compo-
nent.64 Figure 4 shows two sections of a 2D SAXS
pattern (ts ) 5 s), which have been used for calculation
of Ishish and Ikebab. Time evolution of intensities Ishish and
Ikebab calculated by this method at selected times after
shear are illustrated in Figure 5. It is seen that Ishish
rises immediately after shear (Figure 5a), while Ikebab
increases only after a short induction time, about 210 s
(see inset of Figure 5b). Although Ishish rises rapidly
immediately at initial times, its rate of increase dimin-
ishes at the later times. On the other hand, Ikebab
increases at a much greater rate than Ishish. It reaches
a significantly higher value, about 24 times higher than

Figure 3. 2D WAXD patterns of (A) iPP melt before and at
selected times after shear (shear rate ) 60 s-1, ts ) 5 s, T )
165 °C) and (B) at t ) 7200 s after shear (the equatorial peaks
were indexed by the R-crystal form).

Figure 4. Sections of 2D SAXS pattern for calculation of the
integrated SAXS intensity due to shish (Ishish) and kebab (Ikebab)
structures.
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Ishish at t ) 7200 s after shear. The interpretations of
these observations are as follows.

Immediately after shear, the emergence of the shish
structures in the amorphous melt results in a rapid
jump in Ishish. This initial increase in the shish fraction
is due to the formation of extended chain bundles
(nuclei) with favored thermodynamic driving forces (i.e.,
a lower Gibbs free energy). However, as the shear stops,
the relaxation of polymer chains will also begin im-
mediately, which hinders the formation of additional
nuclei (or bundles). Motions of the polymer segments
in the shish structures (microfibrils) are not completely
restricted because the segments may not be locked in
an ordered crystalline struture as yet. The rise in Ishish
can be attributed to the further ordering of the chains
in the shish structures (that results in the increase of
electron density contrast) as well as their growth along
the flow direction after cessation of flow (that results
in the increase of the shish volume). These observations
are consistent with the results of a recent study by
Petermann et al.,65 who concluded that the shish crystal
growth can be an autocatalytic process. That process
can induce a self-orientation of the molecules in the
growth front of the crystal tip and does not necessarily
require an external flow field. Thus, as polymer mol-
ecules in the melt relax, the rise in Ishish is low as it is
only due to the process of forming ordered extended
chain crystals along the flow direction. The increase in
Ishish also implies that the connectivity between the
linear nuclei along the flow direction can significantly
increase with time.

After the formation of the shish structure, oriented
crystals are initiated from the linear nuclei and grow
perpendicularly to the flow direction forming layered
lamellar structures. This is seen by the emergence of
meridional maxima in the SAXS patterns after a short
time delay. The nature of these lamellar structures is
crystalline, but its mass fraction may be limited as noted
by the weak contribution of crystal diffraction peaks in
WAXD. Despite its low crystallinity, the increase in
Ikebab (Figure 5b) is found to be much greater than that
in Ishish at the later stages.

Time of Kebab Emergence after Shear. To deter-
mine the exact time of the emergence of meridional
maxima (arises from the kebab structures) after the
stronger shear (ts ) 5 s), Lorentz-corrected 1D SAXS
intensity profiles (Iq2 vs q) along the shear direction
were calculated from the 2D SAXS images at selected
times. These are shown in Figure 6. The meridional

intensity maximum (peak) can be clearly seen in these
profiles; the magnified SAXS intensity profiles at the
early stages are shown in the inset of Figure 6. The
meridional maximum is first observed at t ) 280 s after
shear, which is consistent with the onset point of the
SAXS integrated intensity (Ikebab) profile in Figure 5b.
The spacing between the adjacent lamellar stacks is
estimated to be about 600 Å. Typically, the long spacing
in fully crystallized iPP solid is in the range 200-300
Å; the large spacing between the layers is an indication
of a loosely packed lamellar structures at the early
stages of crystallization.

Crystallinity Development by WAXD. Figure 7
shows the linear WAXD intensity profiles taken from
the equatorial slice of the 2D WAXD patterns at selected
times after shear, where the R-crystal reflection signals
are the strongest. The (110) reflection of the R-crystals
is observed only about 600 s after shear. The mass
fraction of crystallites in the melt can be estimated by
standard peak-fitting procedure of the integrated WAXD
intensity profile (not of the equatorial profile). Note that
the crystal reflection signals are very weak, particularly
at the beginning of the process. Only a few selected
profiles at later times can be analyzed by the curve-
fitting method with a fair degree of accuracy. The
percent crystallinity was estimated by subtracting the
area under the fitted profile of the amorphous halo from
the total area, and the result is shown in Figure 8. It is
seen that even at t ) 7200 s after shear, the measured
crystallinity is only about 2.3%. Such a low crystallinity
can be attributed to two reasons: (1) the chosen tem-
perature (165 °C) is near the nominal melting point of
typical iPP crystals, and (2) only the shear-induced
oriented crystals that are stable at such a high melt
temperature can contribute to the crystallinity. At t )
7200 s after shear, while a very small fraction of

Figure 5. Time evolution of SAXS integrated intensities: (A)
Ishish and (B) Ikebab after shear (shear rate ) 60 s-1, ts ) 5 s, T
) 165 °C).

Figure 6. Lorentz-corrected SAXS intensity profiles along the
meridian. The inset shows profiles (magnified) at the early
stages after shear (shear rate ) 60 s-1, ts ) 5 s, T ) 165 °C).

Figure 7. 1D WAXD intensity profiles along the equator at
selected times after shear (shear rate ) 60 s-1, ts ) 5 s, T )
165 °C).
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isotropic crystals may be stable above the nominal
melting point, both SAXS and WAXD results suggest
that the melt consists mostly of oriented crystals. Thus,
the calculated crystallinity can be viewed as the oriented
crystal fraction in iPP melt at 165 °C.

Estimates of Fractions for Shish and Kebab
Crystals. The mass fractions of crystals in shish and
kebab structures, Xshish and Xkebab, can be estimated
from (1) the measured crystallinity Xc by WAXD and
(2) the ratio of SAXS intensity between the shish (Ishish)
and kebab structures (Ikebab). If we assume that the
SAXS intensity is directly proportional to the amount
of crystallinity, which is reasonable at the initial stages
of crystallization,57 the following relationships for Xshish
and Xkebab can be written in terms of the results obtained
from the SAXS and WAXD data.

The mass fraction of the total oriented crystals, Xc,
at t ) 7200 s after shear as estimated from WAXD is
2.3%, and the corresponding value of Ikebab/Ishish ratio
from SAXS is 24. Thus, at t ) 7200 s after shear, the
values of Xshish and Xkebab in the iPP melt at 165 °C are
0.1% and 2.2%, respectively. Although the calculated
value of Xshish is too low to be statistically meaningful,
the order of magnitude must be correct. It is clear that
only a very small fraction of crystalline structure exists
in the shish. The kebabs later developed have a much
higher crystallinity.

Discussion
As mentioned earlier, in recent years, various groups

have proposed novel schemes for polymer crystallization
under quiescent conditions that are notably different
from the conventional nucleation and growth pathways.
On the basis of this and our previous studies, we present
here our current views on the pathways of crystalliza-
tion in polymer melts under flow, especially those
contemplated to take place at the very early stages of
crystallization.

Formation of Shish Structures Containing Pri-
mary Nuclei. Obviously, the first effect of the applied
shear (or any external field) is the orientation of chain
segments in the direction of the flow. The applied shear
(conditions) would dictate the extent of molecular
orientation. The aggregation of oriented chain segments
may take place in the following fashion. In short-term
shear experiments, such as of the present study, after

the cessation of shear, oriented chain segments begin
to relax according to the relaxation behavior that scales
with weight-average molecular weight as M.3,4 Thus, the
oriented chain segments of the low molecular weight
molecules will relax to the random state rapidly, and
the oriented chain segments of high molecular weight
molecules can remain oriented for a long period.29,66 It
is reasonable to expect that only a fraction of the chain
can stay oriented in the flow direction and the rest of
the chain, especially the segments near the chain ends,
cannot easily retain orientation. Aggregation of oriented
chain segments from different molecules that are suf-
ficiently close distance will increase the segmental
interactions and result in a cluster, especially when the
diffusive interaction forces are strong.60 Initially, a tiny
cluster consisting of only a few chain segments is
expected to form; the oriented tiny clusters either can
grow in size by addition of new chain segments and
become stable or will disappear (relax) into the unori-
ented melt matrix. Since only chain segments with high
degree of orientation and long relaxation time can
remain oriented for a longer time, it is expected that
the clusters having high degrees of orientation will grow
in size and form a stable structure. This structure can
be considered as a primary nucleus. This nucleation
process can also be termed homogeneous nucleation,
since it is evolved from a single phase of the homoge-
neous polymer melt.

Many nuclei in tens of angstroms can rapidly grow
and forge connectivity along the flow direction to
imprint the stress field. The linear assembly of multiple
nuclei become the shish structure observed as the
equatorial streak in SAXS, which is seen immediately
upon the cessation of shear. We believe that the primary
nuclei must consist of both crystalline and mesomorphic
entities because the estimated crystallinity is extremely
low even at 7200 s after shear (Xshish ∼ 0.1% only). The
view that polymer crystallization can be initiated from
the mesomorphic phase has recently been presented by
Strobl,49 although we feel that the situation is slightly
different here. To form R-monoclinic crystals in primary
nuclei, the iPP chains with three chain helical confor-
mations must be organized in a specific spatial arrange-
ment.50 This may not be easily accommodated during
the initial stage of nuclei formation. As a result, the
oriented chain segments in the nuclei may not have the
correct helical registrations to form crystals. Nonethe-
less, they can form a thermally stable mesomorphic
structure. Also, noted here are the results of Petermann
et al.,65 who showed that the shish crystal growth is an
autocatalytic process which induces a self-orientation
process of the molecules in the growth front even
without the external flow field. Our SAXS results are
in accord with their observations. Thus, after cessation
of flow, the increase in the intensity of the equatorial
streak can be attributed to the growth of the shish
structures along the flow direction by processes of
alignment and ordering of polymer chains.

The above discussion suggests that the linear struc-
tures primarily consist of oriented long chains from
higher molecular weight fraction. They form the basis
of primary nuclei. This argument is certainly consistent
with the results of Monasse et al.25 and Alfonso et al.45

However; it differs from the model of threadlike precur-
sors, recently presented by Kornfield and co-workers.66

They argued that the mechanism of formation of point-
like precursors does not preferntially involve the most

Figure 8. Development of crystallinity in iPP melt at selected
times after shear (shear rate ) 60 s-1, ts ) 5 s, T ) 165 °C).

Xshish + Xkebab ) Xc (WAXD) (1)

Xkebab/Xshish ) Ikebab/Ishish (SAXS) (2)
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oriented chains in the melt due to long chains. The long
chains only enhance previously formed pointlike precur-
sors into threads. In this scheme, the threadlike struc-
ture is formed as a string of pointlike precursors along
the line of flow. Our SAXS results do not support this
representation. If the threadlike structure consists of
correlated pointlike nuclei with higher electron density,
excess scattering or even scattering maximum should
have developed in the meridional direction of SAXS. The
structural evolution base on the Kornfield model should
result in the occurrence of the scattered inetsity along
the meridian before or simutaneously with the appear-
ance of equatorial streak, which is not supported by our
observations. In this study, the SAXS patterns of iPP
(melt at 165 °C) obtained immediately after shear
clearly indicated that the equatorial streak form first
and the meridional maxima emerge afterward.

Formation of Row-Nucleated Lamellar Layers.
Growth of meridional maxima were observed in SAXS
patterns after a short time delay (t > 280 s, Figure 2).
The meridional maxima suggest the emergence of
oriented structures arranged perpendicular to the flow
direction. These structures are presumed to grow epi-
taxially (through secondary nucleation) from the shish
structure and form stable lamellar layers (kebabs).
There is no doubt that these layered structures are
crystalline and probably consist of folded chain crystals.
The increase in the scattered intensity in the meridional
direction indicates that (1) the lamellae grow larger with
time and/or (2) more lamellae are nucleated. We favor
condition 1 as we did not observe a long period decrease
from the time sequence of the meridional maxima. (In
contrast, a long period increase was seen earlier.36)
However, we believe the lateral dimensions of these
lamellae cannot be too large because of the low crystal-
linity that is observed. This in turn implies that the
kebabs are short, and they do not form connectivity in
the lateral direction. The limited crystallinity can be
explained by the competition between the stability of
the ordered crystalline structures and the thermal
motions of molten chains at the temperature of 165 °C.
Although such short lamellar structures cannot grow
further (at high temperatures), they will serve as ideal
nucleating sites for formation of folded chain crystals
once the sample is cooled to lower temperatures.

Scaffold of Precursor Structures Prior to Full-
Scale Crystallization. Initial SAXS and WAXD pat-
terns suggest that a scaffold or network of precursor
structures form at the early stages of crystallization by
flow. This scaffold contains the shish structure with a
linear assembly of primary nuclei having excellent
connectivity along the flow direction and the kebab
structure with folded chain lamellae having poor lateral
connectivity. This semiconnected network is consistent
with the recent rheo-optic results obtained by Winter
et al.,21-24 Monasse et al.,25 Kornfield et al.,29-32 and
Alfonso et al.45 The appearance of SAXS before WAXD
has been observed before,34,35,51-53 and there can be
several reasons for a late emergence of crystal reflec-
tions observed in the rheo-WAXD experiment (Figure
3) under the same conditions of shear than the distinct
appearance of SAXS (Figure 2). (1) The detection limit
of WAXD is about 1 order of magnitude poorer than that
of SAXS. Thus, WAXD is not capable of detecting the
low crystallinity during initial crystallization.57,58 (2)
The initial crystalline ordering is too defective. (3) The
flow-induced shish structures consist of a large fraction

of mesophase. (4) Periodic axial density variations exist
within the shish. This hypothesis is based on the
observation of periodic variations in structure along the
axis of the fibrillar core crystal, which was made by Rau
et al.68 It is possible that the dense regions along the
precursor shish give rise to the periodic lamellae.
Nevertheless, since the difference in the time of emer-
gence of oriented structures as observed by SAXSsthe
equatorial streak occurs immediately after shear and
the meridional maxima begins at t ∼ 280 ssand the first
appearance of crystal reflection in WAXD (at t ∼ 600 s)
is significantly large, we believe that all four factors
have validity. Thus, initial SAXS patterns of the iPP
melt at 165 °C after shear give an untainted view of
the precusor superstructure induced by flow, before the
occurrence of a full-scale crystallization that may even-
tually overwhelm the initial scaffold morphology. We
further believe that the subsequent crystallization
process is dominated by the lower molecular weight
species.

Proposed Mechanism for Flow-Induced Precur-
sor Structures. A model for the structure of polymer
nuclei at the early stages of crystallization in polymer
melt under flow conditions is schematically presented
in Figure 9. Diagram A represents the polymer melt
before shear, where molecules are in the “random coil”
state. Diagram B illustrates the melt structure im-
mediately after shear. We follow the schematic repre-
sentation of the polymer orientation process and the
primary nuclei growth by Petermann et al.65 The
applied flow condition immediately produces bundles of
parallel chain fragments, which become thermodynami-
cally stable, forming primary nuclei (crystalline or
mesomorphic). The primary nuclei can grow along the
flow direction as proposed by Petermann et al. The
growth process can be maintained or enforced by a self-
induced orientation of the molecules in front of the
growing tip. The growth process is continued by the
diffusion of new chain segments from the relaxed melt,
which leads to orientation and assembly of the segments
at the tip following an autocatalytic process. These
segments can come from any adjacent chains with both
long and short chain lengths. If the growth rate of the
tip is too slow with respect to the relaxation of the chain,
both sides of the assembled segments can be absorbed
into the surrounding melt, which eventually destroys
the local orientation field and stops the growth process.

Figure 9. Schematic representation of flow-induced precursor
structures at different stages: (A) before shear, (B) formation
of precursor structures containing linear nuclei (shish), (C)
formation of shish-kebab morphology through secondary nucle-
ation from the primary nuclei.
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In another scenario, if a chain is incorporated in two
adjacent growth fronts, the restraints such as entangle-
ments or branching can also stop the growth process.
We envision that as the adjacent nuclei grow, they are
bound to be connected by some long chains, producing
a large local stress distribution in the amorphous chains
surrounding the nuclei. These nuclei may be rearranged
into a linear array (we term the shish structure) in order
to minimize the stress concentration as seen in diagram
B. This is consistent with the observations of equatorial
streak (a result of uncorrelated array of the shish
structures) in SAXS patterns immediately after shear.
After cessation of shear, the rise in Ishish can be at-
tributed to the growth process of primary nuclei. Our
SAXS results support the long-standing hypothesis that
the shish structures exist in the polymer melt under
flow, which has been argued for several decades by
Keller et al.,1 Petermann et al.,65 and Pennings et al.67

Primary nuclei in the shish structures provide nucle-
ation sites for the lateral growth of folded chain R-form
crystals in iPP. The process is favored since the bundles
of chain segments (primary nuclei) can also alleviate
the local stress of the surrounding chains by facilitating
the chain folding process through secondary nucleation.
Again, we argue that the deposited chains can be of
either lower molecular weight species with greater
mobility or high molecular weight species with prevail-
ing chain connection. The chain-folded crystals grow
perpendicular to the flow direction and form lamellae
of critical dimensions (kebabs) (diagram C). This is
consistent with the SAXS observation that a scattering
maximum emerges along the flow direction after a short
time (t ∼ 280 s) and grows with time. The crystal
reflection signals could only be detected in the corre-
sponding WAXD pattern at 600 s after shear. The fast
rise in the SAXS intensity (Ikebab) may be due to the
large density contrast between the lamellar crystals and
the surrounding melt. As the crystallinity is low even
at later times after shear, the connectivity between the
kebabs in the initial stages is probably low. We believe,
with the decrease of temperature, the subsequent
crystallization process will be dominated by the rapid
chain-folding crystallization of the lower molecular
weight species from the existing lamellar surface. The
topology of the initial crystalline lamellae such as
density and orientation will dictate the morphology of
the final product.

Conclusions

In-situ SAXS and WAXD studies of sheared iPP melt
at high temperature (near its nominal melting point)
provide new insights into the shear-induced precursor
structures at the early stages of crystallization. Our
results showed that a space-filling scaffold or network,
consisting of a linear assembly of primary nuclei (bundles
of oriented chains) in the flow direction with good
connectivity and layers of short folded-chain crystalline
lamellae oriented perpendicular to the flow direction
with poor lateral connectivity, is formed in the melt
prior to the occurrence of full-scale crystallization. In-
situ SAXS and WAXD results verified quantitatively for
the first time the qualitatively known concept of the
shish-kebab morphology. Our results favor the path-
ways of nucleation and growth for polymer crystalliza-
tion under flow. Some new insights into the flow-
induced precursor structures at the early stages of
crystallization have been obtained: (1) formation of a

stable shish structure containing a linear assembly of
primary nuclei (the nuclei are mostly mesomorphic with
only a small crystalline fraction), (2) formation of folded
chain crystalline lamellar structures (kebabs) initiated
from the primary nuclei, and (3) subsequent melt
crystallization at lower temperatures is probably domi-
nated by the lateral growth (via secondary nucleation)
of lower molecular weight species from the surface of
the precursor lamellae.
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