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ABSTRACT: In-situ rheo-SAXS (small-angle X-ray scattering) and rheo-WAXD (wide-angle X-ray diffraction)
techniques were used to investigate repeated melting and re-formation of the flow-induced shish-kebab precursor
structure in a once-sheared polyethylene (PE) bimodal blend at the confined quiescent state. The blend consisted
of a noncrystallizing low molecular weight PE matrix (LMWPE,Mh w ) 53 000 g/mol, polydispersity) 2.2) and
a small amount (2 wt %) of crystallizing high molecular weight PE (HMWPE,Mh w ) 1 500 000 g/mol,
polydispersity) 1.1) under the chosen experimental temperature. After a step shear (shear rate) 125 s-1, shear
duration) 20 s, temperature) 126.5°C), combined SAXS and WAXD results confirmed that the shish-kebab
structure was developed mainly from HMWPE chains, following a diffusion-controlled-like process. Although
shish formed first followed by microkebabs and then macrokebabs, shish and microkebabs were melted
simultaneously as an integrated entity after the macrokebab melting. Upon cooling, the shish-kebab structure
could re-form rather quickly from unrelaxed stretched chain segments, but the corresponding fraction decreased
with the increase in temperature. Results indicated that the shish-kebab re-formation is directly related to the
relaxation behavior of stretched chain segments confined in a topologically deformed entanglement network.
Under the chosen experimental conditions, the deformed HMWPE entanglement network could withstand
temperature until 154°C for 3 min before totally relaxed into the isotropic state.

Introduction

The molecular mechanism, responsible for the formation of
the initial crystallization precursor structure (i.e., shish-kebabs)
induced by flow prior to the full scale crystallization process
in entangled polymer melts, is an important subject, having
many practical implications to polymer processing and property
manipulation. It is thought that the topological arrangement of
the shish-kebab precursors can directly influence the subsequent
developments of crystallinity, crystallization rate, and morphol-
ogy.1-7 However, the subject is still not well understood. Recent
studies from different laboratories all indicated that the high
molecular weight species in the molecular weight distribution
play an essential role of forming the precursor structure under
flow in an entangled and supercooled melt.8-14 In this study,
our goals are thus twofold: (1) to demonstrate that, beyond any
doubt, the shish-kebab structure is induced by the high molecular
weight chains (even with a rather narrow polydispersity of 1.1)
in a bimodal blend of low and high molecular weight polyeth-
ylene model samples under flow; (2) to explore the relationship
between the thermal stability of the shear-induced shish-kebab
structure and the relaxation behavior of deformed entangled high
molecular weight chains at varying temperatures.

It is necessary to point out that the current state of theoretical
development for the shish-kebab formation in entangled polymer
melts under flow is primarily based on the concept of the
stretch-coil transition for dilute polymer solutions proposed
by de Gennes.15 Keller adopted the stretch-coil transition
concept for polymer melts and proposed the existence of a
critical orientation molecular weight (M* ) under a particular
flow field (e.g., extensional flow).16,17That is, the linear polymer
chain having a molecular weight above theM* value can remain
in the stretched state after flow due to its long relaxation time,
while shorter chains will relax back to the coiled state due to

the corresponding short relaxation time. The critical molecular
weight is related to the elongation rate asεc ∝ (M*)-â. On the
basis of this argument, the high molecular weight species, which
can remain in the stretched state upon deformation, are mainly
responsible for the shish-kebab formation. However, Keller did
not rationalize the obvious consequence of the high molecular
weight chains; i.e., they possess a large number of chain
entanglements. It is very unlikely that the stretch-coil transition
can take place at the level of individual chain because multiple
steps of chain disentanglement cannot occur under the typical
flow conditions. Recently, the simulation work carried out by
Muthukumar et al. showed that the shish-kebab structure can
be formed by stretched and coiled chains, which coexist without
stable intermediate conformations, in a monodispersed system
under flow.18 Of course, if one considers the scale of chain
length for the high molecular weight species, the use of short
monodispersed chains in simulation does not reflect the reality.
However, if one considers the scenario of chain entanglement,
the simulation with monodispersed chains would make perfect
sense, as the average chain length between the entanglement
points must be, statistically, about the same. Furthermore, if
the entangled chains in a supercooled state can be considered
as a network structure with slow dynamics, a uniaxial deforma-
tion field will induce orientation in the chain segments along
the flow direction, resulting in the stretched chain segments
between the entanglement points, but it will not affect the chain
segments arranged perpendicularly to the flow.

In the literature, the melting behavior of the shish-kebab
structure has been investigated quite extensively.19-29 For
example, Keller studied the changes of the shish-kebab structure
in polyethylene using transmission electron microscopy (TEM)
before, during, and after the melting process by rapid quenching
or isothermal crystallization.24-26 When the shish-kebab struc-
ture was heated to 130°C, some kebabs started to melt and
formed beads, while the shish fibril became smooth or blobby.
Above 145°C, kebabs totally disappeared, evidenced by the
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disappearance of the corresponding crystal reflections. If the
molten sample was quenched, a smooth fiber could be obtained;
but if the sample was slowly cooled and crystallized at a lower
temperature, the molten beads could restore themselves into
kebabs. It appeared that the chains within the melt-hairdressed-
like fibrils could transform back to the initial shish-kebab
structure, and the shish could retain the previous orientation.
Petermann et al. also studied the partial melting of the shish-
kebab structure of isotactic polystyrene with TEM.27-29 Their
results confirmed the existence of several components in the
shish-kebab structure, including the central extended-chain
microshish, the partially extended-chain macroshish, the mi-
crokebabs, and the overgrown macrokebabs. The macrokebabs
that grew on the microkebabs templates were less thermally
stable than microkebabs and, upon heating, became segmented
and discontinuous, but the shish cores remained intact. It was
thought that microkebabs originated from the firmly attached
cilia to the shish backbone, having parts intrinsically implanted
in the shish. These kebabs had a higher melting temperature,
and at a high temperature, all kebabs completely melt, leaving
behind only the more stable extended-chain shish. In fact, they
observed that the shish could melt at a temperature beyond the
equilibrium temperature of infinitely thick extended-chain
crystals. Therefore, they argued that, since some kebabs have
many tie chains that resemble micellar type of crystal structure,
the hairdressing structure in Keller’s model, which only accounts
for the folded-chain kebab crystal growth, was incomplete. Upon
cooling to lower temperatures, the partially melted kebabs re-
form again during isothermal crystallization. Although we do
not disagree with the above viewpoints by Keller et al. and
Peterman et al., in this study, we have attempted to further
understand the molecular mechanism responsible for the thermal
stability of the shish-kebab structure in an entangled melt,
especially from the viewpoint of the relaxation of a deformed
entangled polymer network.

To carry out this study properly, we have chosen a unique
bimodal polyethylene blend, containing a very narrowly dis-
tributed high molecular weight component (Mh w ) 1 500 000
g/mol, polydispersity) 1.1), termed HMWPE, and a low
molecular weight matrix (Mh w ) 53 000 g/mol, polydispersity
) 2.2), termed LMWPE. The molecular weight of HMWPE is
above the critical orientation molecular weight according to our
group’s previous work,30,31 while the molecular weight of the
LMWPE matrix is definitely below it. In addition, the chosen
experimental temperature was such that LMWPE did not
crystallize; only HMWPE crystallized. Thus, the bimodal blend
was analogous to a dilute polymer solution having a high
molecular weight crystallizing component with very slow chain
dynamics (or long relaxation times) in a low molecular weight
amorphous polymer matrix under the experimental conditions.
The formation of the shish-kebab structure in the HMWPE
component under shear and the corresponding shish-kebab
structure thermal stability, by a thermal cycling method under
planar constraints,32 were investigated by in-situ rheo-SAXS
(small-angle X-ray scattering) and rheo-WAXD (wide-angle
X-ray diffraction) techniques with synchrotron radiation. As this
study allowed us to follow only the crystallization, melting, and
relaxation of HMWPE chains, some new insights into the shish-
kebab formation under flow and its relationship with the
dynamics of entangled melt of high molecular weight chains
were obtained.

Experimental Section

Materials and Sample Preparation.Two polyethylene samples
(LMWPE and HMWPE) were chosen for this study. LMWPE was

an experimental polyethylene copolymer (Mh w ) 53 000 g/mol,
polydispersity) 2.2), containing 2 mol % of hexane unit, and was
provided by the ExxonMobil Research and Engineering Co.,
Annandale, NJ. The HMWPE sample (Mh w ) 1 500 000 g/mol,
polydispersity) 1.1) was purchased from the Chevron Phillips
Chemical Co. LP, Woodlands, TX. This sample was produced by
a fractionation method. The sample information such as molecular
weight, molecular weight distribution (Mh w/Mh n), nominal melting
temperature, and end melting temperature (Tm,end from DSC) are
shown in Table 1, and their GPC profiles are shown in Figure 1.
These model samples, all prepared by a metallocene catalyst, were
used to prepare the bimodal polyethylene blend. The blend sample
had a 2 wt %concentration of the HMWPE, which was higher
than the overlap concentration (c*) of HMWPE (c* ) 0.35 wt %
according to the equation c*) 3Mh w/(4π[〈Rg

2〉1/2]3Na), where〈Rg
2〉1/2/

Mh w
1/2 was about 0.46, estimated form the SANS measurement).33,34

The polymer blend was prepared by a solution mixing procedure
to ensure the intimate blending of different species at the molecular
level. The detailed mixing procedures can be found in our previous
publication.35 A control sample of pure LMWPE without the
addition of HMWPE was also prepared using the same procedure.
Polymer films of about 0.5 mm thickness were prepared by
compression-molding at 150°C. Samples in the form of a ring
(inner diameter) 10 mm, outer diameter) 20 mm) were cut from
the melt-pressed films for rheo-X-ray measurements.

Instrumentation. A Linkam CSS-450 optical shear stage,
modified for in-situ rheo-X-ray studies, was used to apply controlled
shear conditions to the polymer melt. The details of this modified
shear apparatus have been described elsewhere.36 Briefly, the sample
was placed in the gap between two X-ray windows (i.e., a diamond
window and a Kapton window) and completely enclosed in cavity
of the measuring cell. WAXD and SAXS measurements were
carried out at the X27C beamline in the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL). The
wavelength of the synchrotron radiation was 1.371 Å. 2D SAXS/
WAXD patterns were collected by MAR CCD X-ray detector
(MAR-USA), which had a resolution of 1024× 1024 pixels (pixel
size ) 158.44 µm). For SAXS measurements, the sample-to-
detector distance was 2014 mm, and the scattering angle was
calibrated by silver behenate (AgBe); for WAXD measurements,
the sample-to-detector distance was 109 mm, and the diffraction

Table 1. Information about the Molecular Weight and the Melting
Temperature of LMWPE and HMWPE

samples Mh w (g/mol) MWD (Mh w/Mh n) Tm (°C)b Tm,end(°C)b

LMWPEa 53 000 2.2 116 124
HMWPE 1 500 000 1.1 132 145

a Polymerized with 2 mol % of hexene comonomer using a metallocene
catalyst.b The melting peak and end-of-melting temperature were obtained
from DSC at a heating rate of 30°C/min.

Figure 1. GPC profiles of LMWPE and HMWPE before blending.
The range ofMw* represents the rough molecular weight values,
which are near the critical orientation molecular weight according to
our previous studies.30,31
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angle was calibrated by aluminum oxide (Al2O3). All X-ray images
(SAXS and WAXD) were corrected for background scattering, air
scattering, and beam fluctuations.

Differential scanning calorimetry (DSC) measurements were
carried out using a Perkin-Elmer DSC 7 instrument. The chosen
heating and cooling rates were the same, i.e., 30°C/min. All
DSC runs were carried out under a nitrogen gas flow to minimize
sample oxidation. An indium standard was used to calibrate the
temperature.

Experimental Procedure.To ensure that the polymer melt was
free of any memory effects associated with the prior thermal and
mechanical history, all polymer samples were subjected to the
temperature protocol shown in Figure 2. The sample was first heated
to 165°C (substantially above the equilibrium melting temperature
of polyethylene,Tm° ≈ 145°C, as well as the relaxation temperature
of the entanglement network for HMWPE chains at 154°C, which
will be discussed later) and held for 5 min. The melt was then
cooled to the chosen crystallization temperature of 126.5°C at a
30 °C/min rate. Upon reaching the crystallization temperature, a
SAXS or WAXD pattern was collected before the application of
shear. Time-resolved X-ray images were subsequently taken upon
the cessation of the applied shear (shear rate) 125 s-1, shear
duration) 20 s; shear duration was long enough to be in the zone
of the steady-state behavior). The data acquisition time was 15 s,
and the data storage time was 5 s for each scattering pattern for
SAXS measurements; the data acquisition time was 22.5 s, and
the data storage time was 7.5 s for WAXD measurements. After 1
h at the isothermal condition, thermal cycles were applied on the
once-sheared melt under planar constraints in the Linkam stage to
examine the thermal stability of shish-kebabs and its relationship
with the relaxation of the deformed entanglement network of
HMWPE chains. In the first thermal cycle, the shear melt was
heated at a heating rate of 1°C/min, but discontinuously or in
several steps, to a temperature of 133.5°C. At each intermediate
step or temperature, the sample was held for 5 min for completion
of the melting process. After the final step of melting at 133.5°C,
the sample was cooled to 126.5°C at 30°C/min and held there for
60 min. A sequential cycling thermal treatment for the study of
the thermal stability of the shish-kebab structure was introduced
as follows. In the next or second thermal cycle, the temperature
was elevated at a 3°C/min heating rate to a temperature that was
about 2-2.5°C higher than the highest temperature of the previous
cycle (i.e., the cycle number and the corresponding highest
temperature were as follows: for first cycle, 133.5°C; second cycle,
136 °C; third cycle, 138°C; and so on). At the final temperature
of each cycle (second and higher), the melt was always equilibrated
for 3 min and then subsequently cooled at a 10°C/min rate to 124
°C, under which the melt was allowed to crystallize for 10 min.
The sample was subjected to sequential thermal cycles until the
final temperature of 154°C, as shown in Figure 2. SAXS images
were continuously collected during each cycle. The usefulness of
the adopted, rather complex, thermal protocol was that it allowed
us to precisely track melting and recrystallization (which can be
related to the relaxation and memory of the constituent chain

sections) of each component of the shish-kebab structure; namely,
shish, microkebabs, and macrokebabs.

Results

DSC Evaluation of the Referenced Thermal Behavior in
Sheared Samples.DSC melting thermograms for quiescently
crystallized samples of pure LMWPE and the LMWPE/
HMWPE blend (98:2) are shown in Figure 3. The samples were
first heated to 165°C for 5 min to erase thermal history and
then cooled at 30°C/min to room temperature. Both samples
exhibited the same melting behavior, i.e., having a melting point
around 115.8°C; neither the second endotherm peak nor the
broadening of the first endotherm peak was observed. This
indicates that LMWPE and HMWPE were completely mixed
at the molecular level and might have cocrystallized upon
cooling (we note that the pure HMWPE sample exhibited a
much higher melting point at 132.0°C in DSC; data are not
shown here). DSC melting thermograms for the once-sheared
pure LMWPE and LMWPE/HMWPE blend samples are also
shown in Figure 3. The initial samples were also heated to 165
°C for 5 min to erase thermal history, but after being cooled at
30°C/min to 126.5°C, they were subjected to a step shear (shear
rate) 125 s-1, shear duration) 20 s), held there 60 min for
crystallization, and then cooled again at 30°C/min to room
temperature. The endotherm of the sheared LMWPE sample
was almost the same as those of LMWPE and LMWPE/
HMWPE blend crystallized under the quiescent state. However,
the thermal behavior of the sheared LMWPE/HMWPE blend
was very different, where two discrete peaks were seen during
heating. The peak at lower temperature (115.8°C) was due to
the melting LMWPE, whereas the peak at higher temperature
(128.4°C) could be attributed to the shear-induced shish-kebab
structure of HMWPE.

Rheo-WAXD Examination of Shear-Induced Crystalliza-
tion by HMWPE Chains. Time-resolved WAXD patterns were
collected for both LMWPE and LMWPE/HMWPE blend
samples, which were crystallized at 126.5°C for 60 min under
both conditions with and without the application of shear at
the beginning of crystallization. All WAXD patterns for
LMWPE exhibited a diffuse scattering halo with no sign of
crystal diffraction, confirming that the LMWPE chains remained
in the molten amorphous state at 126.5°C under and after shear.
WAXD patterns for the LMWPE/HMWPE blend without shear
exhibited a single isotropic crystal diffraction ring, which could
be indexed as the (110) reflection at 2θ ) 25.54° (the
wavelength was converted to 1.54 Å) from HMWPE crystals
without preferred orientation.

Figure 4 shows selective 2D WAXD patterns of LMWPE/
HMWPE blend before and during shear-induced crystallization
at different times after the cessation of shear (shear rate) 125

Figure 2. Thermal cycling protocol of this study. A step shear pulse
was applied for 20 s (shear rate) 125 s-1), after the collection of
first SAXS or WAXD image upon the melt being cooled from 165 to
126.5°C.

Figure 3. DSC melting thermograms of quiescently crystallized and
shear-induced crystallized LMWPE and LMWPE/HMWPE blend
samples (heating rate) 30 °C/min).
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s-1, shear duration) 20 s, temperature) 126.5°C). The first
pattern collected before the application of shear exhibited a
diffuse scattering halo, similar to that of the molten LMWPE
matrix. This observation indicated the presence of a completely
amorphous melt, confirming the thermal clearing of all residual
crystalline structures. The first appearance of the crystal
diffraction (i.e., the equatorial (110) reflection) in WAXD from
an orientated structure was seen at 2 min after the cessation of
shear. This pattern exhibited a pair of sharp equatorial (110)
reflections, which could be attributed to the shish formation with
extended-chain crystals. A pair of weak (200) reflections was
also detected, but its intensity was too low to be analyzed even
after crystallization for 60 min. At longer times (e.g.,t ) 10
min), the azimuthal breadth of the (110) reflection was found
to broaden significantly; a closer inspection revealed that it
consisted of two discrete peaks with the corresponding azimuthal
distribution: (1) the initially formed peak with a narrow
azimuthal distribution (point-like) and (2) the subsequently
developed peak with a broad azimuthal distribution (arc-like).
The evolution of the diffraction pattern suggested the sequential
formation of the shish-kebab structure; i.e., shish formed first
followed by the growth of kebabs. This behavior is consistent
with our previous observations of another similar blend that
consisted of noncrystallizing LMWPE (termed MB-50K in the
previous study) and crystallizing ultrahigh molecular weight
polyethylene chains.41 As no off-axis (110) reflection was
observed, we concluded that the subsequently formed kebabs
were not twisted because the twisted lamellae (kebabs) should
produce four-arc off-axis (110) reflections. As expected, the total
intensity of the reflections became stronger with time. At the
end of the crystallization (time) 60 min), the total crystallinity
estimated from the diffraction profile reached about 1%. This
supports our hypothesis that LMWPE remains as an amorphous
melt under the experimental conditions, and the observed
crystallinity mainly results from HMWPE. It is reasonable to
extrapolate the situation at longer crystallization times, where

the crystallinity would be higher but less than 2%, which is the
composition limit of the blend.

Rheo-SAXS Study of Shear-Induced HMWPE Precursor
Structural Development. Confirmation of the shish-kebab
structure by SAXS. SAXS patterns of pure LMWPE with and
without shear and those of the LMWPE/HMWPE blend without
shear were first collected as reference experiments. These SAXS
results were consistent with WAXD results, whereby all
collected SAXS patterns did not exhibit any scattering features,
indicating the absence of any ordered structures in the LMWPE
melt with or without shear and in the LMWPE/HMWPE melt
without shear at 126.5°C.

Selective 2D SAXS patterns of the LMWPE/HMWPE blend
before and after shear (shear rate) 125 s-1, shear duration)
20 s, temperature) 126.5°C) are shown in Figure 5. The SAXS
pattern of the sheared LMWPE/HMWPE blend exhibited a clear
equatorial streak arising immediately after the cessation of shear
(at t ) 30 s). The appearance of the equatorial streak indicated
the formation of shish, containing extended crystals formed from
the bundles of stretched chain segments parallel to the flow
direction. The SAXS results were consistent with the WAXD
results. Soon after the shish formation, strong scattering maxima
appeared on the meridian. The meridional maximum could be
attributed to the kebab growth, resulting from folded-chain
crystallization. The oriented scattering features from the shish-
kebab structure became stronger with the increase in time. Time
evolution of the integrated scattered intensities from the shish
and kebab fractions (Ishish and Ikebab) is illustrated in Figure 6.
Both scattered intensities increased with the growth of shish-
kebab structure. The higherIshishvalue at the very beginning of
the shear-induced crystallization than the correspondingIkebab

value (see Figure 6 inset) was because the shish was formed
first and then the kebabs. The ratio ofIkebab to Ishish became
about 3 at the end of crystallization.

Time evolution values of the average diameter of kebab is
shown in Figure 7. These were estimated from a shish-kebab
model analysis of the meridional intensity profile. The details
of the analytical schemes were given elsewhere and would not

Figure 4. Selected 2D WAXD patterns (the (110) reflection peaks
are filled in red to give a better contrast) of the LMWPE/HMWPE
blend before the application of shear and during isothermal crystal-
lization at 126.5°C after cessation of shear (shear rate) 125 s-1, shear
duration) 20 s).

Figure 5. Selected 2D SAXS patterns of the LMWPE/HMWPE blend
before the application of shear and during isothermal crystallization at
126.5 °C after the cessation of shear (shear rate) 125 s-1, shear
duration) 20 s).
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be repeated here.37 It was found that the average diameter of
the kebab increased with time, but not in a linear fashion (i.e.,
the kebab growth rate was not constant). The profile of the kebab
growth rate (G ) dD/dt, whereD represents the kebab diameter
and t is time) versus time on a logarithmic scale is plotted in
Figure 8. The line in Figure 8 has a slope of-0.76; it roughly
follows the relationship of logG ∝ (-0.5)logt for a diffusion-
controlled growth process, predicted by Muthukumar et al.18

Melting and re-formation of the shish-kebab structure.
After crystallization for 60 min at 126.5°C, the once-sheared
LMWPE/HMWPE sample was subjected to the first thermal
cycle. Selected 2D SAXS patterns during this cycle are shown
in Figure 9. It was found that with the increase of temperature
the scattered intensity from the shish-kebab structure decreased
accordingly, due to melting. The integrated scattered intensities
(Ishish and Ikebab) at the end of each holding temperature are
plotted in Figure 10a, showing that both values ofIshishandIkebab

decreased with the increasing temperature. When the temper-

ature was elevated to 133.5°C, both Ishish and Ikebab became
zero. Although this appears to indicate the complete melting of
the shish-kebab structure, it is not a conclusive evidence of
whether the constituent chains have completely relaxed, as
discussed below.

Figure 10b illustrates the time evolution ofIshish and Ikebab

during heating and holding at the late stage of the first thermal
cycle. It was interesting to see that during the heating process
in this cycle, even with the increase of 1°C, corresponding
scattered intensities from shish and kebabs decreased rapidly.
However, as soon as the sample was equilibrated at a constant
temperature for a period of 5 min, both scattered intensities (Ishish

andIkebab) increased slightly, indicating the re-formation of some
melted crystals. Overall, the changes of integrated scattered
intensities for Ishish and Ikebab exhibited a steplike behavior,
consistent with the steps in the thermal cycles. Figure 10c
illustrates the ratio ofIkebabandIshishat the end of each holding
temperature, in which the ratio decreased slowly at lower
temperatures and more rapidly (from 3 to 2) when the temper-
ature approached 133.5°C. It was interesting to note that the
corresponding long period remained about constant at 40 nm
during the heating and holding steps in the first thermal cycle
(Figure 11). The above observations suggest the following
sequence of events during melting of the shish-kebab struc-
tures: the less thermally stable macrokebabs melt first, followed
by the simultaneous melting of shish and more thermally stable
microkebabs. The detailed explanations for the above results
are given in the Discussion section.

At the end of the first thermal cycle, the once-sheared sheared
LMWPE/HMWPE blend was cooled continuously from 133.5
to 126.5°C at 30°C/min. This step revealed a very interesting
behavior of the previously melted shish-kebabs. It was found
that the shish-kebab structure re-formed. The SAXS patterns
in Figure 9 (bottom) clearly evidenced a substantial re-formation
of the prior structure. The overall scattering feature of the re-
formed SAXS pattern at 126.5°C was similar to that of the
initial SAXS pattern. On the other hand, there were some subtle
but notable differences between the two. Comparison of the
SAXS patterns collected at 30 s and 126.5°C, one after shear
(Figure 5) and one during recrystallization (Figure 9), showed
that the crystallization rate in the early stage of the recrystal-
lization was much faster than that after shear. In fact, the
scattered intensity of the SAXS pattern at 30 s during the
recrystallization period was very close to that obtained about 4
min after shear. This could be explained by the difference in
the state of orientation in the stretched chain segments,
immediately after shear and after the melting of shish crystals.
Let us first consider the process of melting. We argue that it
follows a more or less reversible path; i.e., the structures that
grow late melt first. Also, even after melting of the crystalline
structures, the relaxation dynamics of the constituent chains of
the underlying network/scaffold is very slow at the experimental
conditions of temperature compared with the holding time.
Chronologically, the chains in the initially formed structures,
especially the primary nuclei (shish), will be the last to lose
their state of orientation or conformation. Thus, a high fraction
of the primary nuclei survive in the supercooled melt. In
contrast, immediately after shear, it takes a certain time for the
oriented chain segments to organize and form primary nuclei.
As a result, crystallization kinetics in the recrystallization process
was faster than that after shear. Also, it was found that the long
period decreased slightly at the initial stage of recrystallization,
and it reached a constant value at about 46 nm which was larger
than the long period before the first thermal cycle (∼40 nm).

Figure 6. Time evolution of the integrated SAXS intensities from shish
and kebabs in the LMWPE/HMWPE blend after shear. The inset shows
the initial stage (shear rate) 125 s-1, shear duration) 20 s).

Figure 7. Time evolution of the average kebab diameter in the
LMWPE/HMWPE blend after shear (shear rate) 125 s-1, shear
duration) 20 s).

Figure 8. Average growth rateG of the kebab diameter in the
LMWPE/HMWPE blend after shear. Results indicate the kebab growth
follows diffusion-controlled-like process.

Macromolecules, Vol. 39, No. 6, 2006 Shear-Induced Shish-Kebab Precursor Structure2213

CDV



Since crystallization was carried out at the same temperature
(126.5 °C) and the same duration (1 h) for both stages, the
lamellar thickness (which is a strong function of supercooling)
should remain the same. So, the larger long period at the
recrystallization indicates that a lesser amount of crystals was
formed (i.e., the lamellae were more sparsely spaced). This can
be attributed to the reduction in the total amount of the oriented,

crystallizable chain segments after the melting process. How-
ever, we envision that some chains indeed completely relax and
cannot participate in the recrystallization process.

The second thermal cycle was carried out at the end of 60
min recrystallization at 126.5°C (immediately after the end of
the first cycle). As mentioned in the Experimental Section, in
second and subsequent cycles, the sample was not subjected to
stepwise heating; instead, it was heated continuously to the
highest temperature of the corresponding cycle at a 3°C/min
rate (see Figure 2; for example, 136°C in the second cycle).
During heating in the second cycle, the observed melting
behavior was very similar to that in the first cycle. Both scattered
intensities from shish and kebabs decreased with the increase
of temperature. It was found that the long period remained about
constant (46 nm) before 131°C, and it started to increase
afterward (Figure 11), again due to the relaxation/nonpartici-
pation of some of the chains in the recrystallization process.
The final long period was 48.5 nm at 133°C; beyond 133°C,
it was difficult to determine the long spacing due to the weak
meridional maximum.

The subsequent cycles showed similar trends in the shish and
kebab intensities as well as the long period. In the third and
fourth thermal cycles, the initial scattered intensities of shish
and kebabs all became lower, due to the reduction in the total
mass fraction of the shish-kebab structure after each thermal
cycle. In the third cycle, the scattered intensity of the kebabs
decreased rapidly during heating, and it approached zero at 132
°C, whereas the corresponding long period, illustrated in Figure
11, increased immediately upon heating. Generally speaking,
the long period increased with the order of the thermal cycles

Figure 9. Selected 2D SAXS patterns of the LMWPE/HMWPE blend during the first thermal cycle (the patterns shown above were taken after
5 min hold at the corresponding temperature).

Figure 10. (a) Integrated SAXS intensities from shish and kebabs at
the end of each holding temperature in the first thermal cycle. (b) Time
evolution of integrated SAXS intensities from shish and kebabs at the
late stage of the first thermal cycle. (c) The ratio ofIkebabto Ishishat the
end of each holding temperature in the first thermal cycle.

Figure 11. Changes of long periods of shish-kebab structure in the
LMWPE/HMWPE blend during the heating stages in the first four
thermal cycles.
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at the same final crystallization temperature. The long period
changes during cooling in the third and fourth cycles were
similar to that in the second cycle, except for a larger initial
long period at the beginning of cooling in the high-order cycle.

Figure 12 illustrates the final SAXS patterns collected at the
end of recrystallization in all thermal cycles (note that the
crystallization temperature was 126.5°C for the first cycle and
124°C for all other cycles). In this figure, the equatorial streak
could still be seen in the first two patterns (i.e., the first and
second cycles with the highest temperature of 133.5 and 136
°C, respectively), but the later patterns only exhibited a
meridional scattering feature. The scattered intensity decreased
notably after each cycle. In the later cycles, since crystallization
took place at the same temperature (124°C) for the same
duration of time (10 min), the decrease in scattered intensity
could be attributed to the decreasing number of primary nuclei
(from the stretched chain segments) for creation of kebabs. The
final SAXS pattern at the end of 11th thermal cycle did not
show any sign of the shish-kebab structure. This cycle had the
highest temperature of 154°C; thus, it appears that here the
complete relaxation of the stretched chain segments (or the
deformed entanglement network) took place. The long period
and integrated scattered intensities (total, shish, and kebabs)
determined from the final SAXS pattern obtained after each
cycle are plotted as a function of the highest temperature in the
cycle in parts a and b of Figure 13, respectively. It was found
that the long period increased in the first six cycles. (No long
period could be identified after heating about 144°C as there
was no indication of scattering maximum, but some meridional
scattering feature persisted.) The decrease in the scattered
intensity in Figure 13b confirmed that the fraction oriented shish-
kebab structure decreased after each thermal cycle.

Discussion

The Shish-Kebab Formation from HMWPE Chains. One
of the unique features in this study is the careful selection of
molecular weight, polydispersity and molecular architecture for
the two polyethylene samples. As shown in Figure 1,Mh w of
LMWPE was about 53 000 g/mol, having a polydispersity of
2.2, and Mh w of HMWPE was 1 500 000 g/mol, having a
polydispersity of 1.1. Both samples do not overlap in the
molecular weight region at around 300 000 g/mol, which is near
the critical orientation molecular weight at the similar degree
of supercooling, as estimated from our previous work for PE
and iPP.30,31,35As LMWPE is a random copolymer of ethylene
(98 mol %) and hexane (2 mol %), it does not crystallize at the

experimental temperatures (i.e.,g124 °C). In addition, at the
chosen shear conditions (temperature) 126.5°C, shear rateγ̆
) 125 s-1), the characteristic relaxation times, i.e., the Rouse
time, τR, chain disentanglement or reptation time,τd, of the
LMWPE chains are significantly shorter than the experimental
time scale (i.e., 1/γ̆),38,39indicating that all relatively short matrix
chains would relax back to the coiled state after shear. Thus,
the LMWPE matrix behaves mainly as a polymeric solvent,
where the only crystallizing component is HMWPE. This hy-
pothesis is further supported by both SAXS and WAXD results.

The development of crystalline shish and kebab structures,
all from the narrow distribution of HMWPE chains, requires
explanation of rational molecular mechanism. In the supercooled
melt, HMWPE chains are in the entangled state, whose
entanglement density is mainly a function of concentration but
not of temperature.40 In other words, the average segment length
between the entanglement points (or the entanglement molecular
weightMe) does not change with temperature but change with
concentration. Thus, the entanglement density of the chosen
blend (2 wt % HMWPE) should remain about constant under
all experimental conditions (i.e., during and after shear). There

Figure 12. Selected 2D SAXS patterns collected at the end of recrystallization in each thermal cycle. The temperature shown below the pattern
is the highest temperature during the heating stage in corresponding thermal cycle. The crystallization temperature is 126.5°C for the first cycle
and 124°C for others.

Figure 13. Long periods (a) and integrated SAXS intensities from
shish, kebabs, and total (b) obtained after recrystallization as a function
of the highest equilibrium temperatures. The crystallization temperature
is 126.5°C for the first cycle and 124°C for others.
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are several characteristic time scales that determine the state of
orientation and extension for chain segments between the
entanglement points in HMWPE during and after cessation of
shear. These time scales include (1) the imposed shear (flow)
time scale (τexp), which is inversely proportional to the shear
rate (τexp ∝ γ̆-1), (2) the Rouse time (τR), which is related to
the relaxation of the chain segments between the entanglement
points, and (3) the reptation time (τd), which is related to the
relaxation of monodispersed chain.38,39 In addition, there are
other “breathing” modes, such as contour length fluctuation
(CLF) and convective constraint release (CCR), that can relax
chain or segment orientation. At very low shear rates orτexp .
τd, reptation along with CLF dominates the relaxation process,
and almost no chain segments should remain oriented; here the
stretched state is, obviously, not at all possible. At intermediate
shear rates orτexp ∼ τd, the chain segments between the
entanglements can be oriented but not stretched. At very high
shear rates or whenτR > τexp, the chain segments between the
entanglements can be both oriented and stretched. At the chosen
shear conditions, the scenario ofτR > τexp () 0.08 s) must have
been met: the evolution of shish evidence straight or oriented
and stretched chain sections between the entanglement points.

This scenario will be further discussed elsewhere. It is clear
that the crystallization process will also alter the state of the
entanglement topology. That is, in the crystalline region, the
entanglement is largely eliminated; however, the entanglement
density should increase in the amorphous region surrounding
the lamellae.

If one considers the entangled melt as a network structure,
containing entanglement points at dynamic equilibrium as
physical cross-links, then the deformation field (i.e., flow) would
generate two populations of chain segments conformation, as
illustrated in Figure 14: (1) stretched segments oriented along
the flow direction and confined by the entanglement points and
(2) unoriented and unstretched segments (or coiled segments)
perpendicular to the flow direction. Unlike the deformation of
chemically cross-linked network material, the extent of the
stretched segments in the entangled melt under flow is also a
function of strain rate. Under the supercooled state, both
stretched and coiled segments can crystallize, most likely fol-
lowing the pathway proposed by Muthukumar et al. for mono-
dispersed stretched and coiled chains.18 That is the stretched
segments can rapidly crystallize into shish with extended-chain
conformation (we note that the characteristic time scale of
extended-chain crystallization should be order of magnitudes
faster than the experimental time scale or the relaxation time
scale in entangled HMWPE chains), and the coiled segments
can crystallize into the kebabs with folded-chain conformation.
Muthukumar et al. have predicted that the growth rate (G) of
kebabs should follow a diffusion-controlled mechanism (i.e.,
G ∝ t-0.5). This prediction is consistent with our experimental
observations that the (overall) kebab growth rate from coiled
HMWPE chain segments was indeed not constant. The differ-
ence between the predicted exponent of-0.5 (i.e., for diffusion-
controlled growth under ideal conditions) and the experimental
exponent of-0.76 may be due to the connectivity of chain
segments in the entangled melt or the possible difference
between the growths of microkebabs and macrokebabs. The
latter hypothesis is not clear and will be the subject of our future
study.

Thermal Stability of the Shish-Kebab Structure. During
heating in the first thermal cycle, we noted the decrease in the

Figure 14. Schematic representation of the entanglement network of
HMWPE chains (A) under uniaxial deformation (LMWPE chains are
not shown here). Upon shearing, some chain segments between
entanglements (shown as round dots) are stretched along the flow
direction, but most segments remained in the coiled state (B). The
stretched segments form the precursors for the shish formation, and
the coiled segments can grow into kebabs.

Figure 15. Schematic representation of the shish-kebab structure at the different stages (LMWPE chains are not shown here): (A) stable shish-
kebab structure after isothermal crystallization, (B) the melting of macrokebabs during heating, (C) the melting of microkebabs and shish as an
integrated entity at a higher temperature. (In (B) and (C), only chain segments are shown and the segment connectivity is omitted.)
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Ishish and Ikebab values as well as in theIkebab/Ishish ratio, but a
constant long period, with the increase of temperature. On the
basis of these observations, we composed a model to describe
the thermal stability of the shish-kebab structure (illustrated in
Figure 15), modified from the one proposed by Petermann.27-29

Diagram A represents a well-formed shish-kebab structure
before heating. The microkebabs have fractions of chain
segments embedding in the shish, while the macrokebabs grow
from the microkebab templates perpendicular to the shish. Upon
heating, the outer macrokebabs melt first and relax back to the
random coil state, but the inner microkebabs persist with the
thermally stable shish. Diagram B illustrates the partially melted
shish-kebab structure, surrounded by coiled chain segments in
the molten state. (Both diagrams B and C omit the chain
connectivity between the molten coiled segments and the
residual shish-kebab structure.) When the temperature is in-
creased above the nominal melting point, both microkebabs and
shish would lose their crystalline registrations. The chain
segments melted from microkebabs will relax back into the
coiled state, but the chain segmented melted from shish will
remain in the stretched state (diagram C), unless the deformed
entanglement network structure is relaxed back, due to high
temperature or long hold times, to the undeformed initial state.
In Figures 14 and 15, we omitted the presence of LMWPE
chains because they could not crystallize under the experimental
conditions. Since the LMWPE phase was the dominant matrix,
the molten amorphous region would consist of both LMWPE
(the major component) and HMWPE (the minor component)
chains. When the blend was cooled to the experimental
temperature (126.5°C), only HMWPE chains could crystallize,
whereas LMWPE chains would remain in the amorphous region,
resulting in an increase in the composition ratio for LMWPE.

The relaxation time scale for the stretched chain segments
of shish is order of magnitude higher than that of kebabs. The
stretched chain segments can quickly recrystallize into crystalline
shish, if cooled to low temperatures, which can subsequently
nucleate microkebabs. Thus, the residual shish-kebab structure
at the end of each cycle is a direct reflection of the state of the
stretched and coiled chain segments upon heating under the
confined planar constraints to the highest temperature of the
cycle. It is seen that the kebab long period increased but the
corresponding scattered intensity decreased with the increase
of the highest temperature in each cycle (Figures 11 and 12).
This can be attributed to the relaxation of the deformed
entanglement network, which reduces the extent of the stretched
segments after each thermal cycle to a higher temperature. As
the amount of the stretched segments decreases, the amount of
the shish re-formation would decrease, resulting in a less amount
of kebabs and a larger value of long period between kebabs. In
the last thermal cycle with the holding temperature of 154°C
for 3 min, the shish and kebabs re-formation did not take place,
indicating the complete relaxation of the deformed entanglement
network.

We noticed that the final SAXS patterns taken at the end of
the first and the second cycles (Figure 12) all exhibited an
equatorial streak together with meridional peaks, whereas the
rest patterns only showed meridional scattering feature. In our
earlier study,35 we argued that the lack of equatorial streak does
not mean that the shish formation did not take place; it simply
means that the concentration of the shish might be too low or
the diameter of the shish too thin to be detected by SAXS.
However, with our recent observation of multiple shish41 in the
shish-kebab structure induced by shear in a similar bimodal
blend, we speculate that the appearance of equatorial streak in

SAXS may be related to the occurrence of multiple shish, which
has a more enhanced contrast than typical single shish. This
hypothesis will be thoroughly tested in our future study.

Conclusion

From the shear-induced crystallization study of a special
polymer blend containing 98 wt % noncrystallizing LMWPE
and 2 wt % narrowly distributed crystallizing HMWPE using
in-situ SAXS and WAXD techniques, we obtained several new
insights into the formation, melting, and re-formation of the
shish-kebab structure under planar constraints. These new
insights can be summarized as follows.

1. Under shear flow, stretched and coiled chain segments
coexist even in near monodispersed HMWPE chains. The
different states of chain segments are caused by the deformation
of the network like structure in highly entangled polymer melt
with each entanglement point acting as a physical cross-link.

2. The stretched and coiled segments are responsible for the
formation of the shish-kebab structure, where the kebab growth
seems to follow a diffusion-controlled process, as predicted by
Muthukumar et al.18

3. Upon heating, the melting of macrokebabs takes place
before the melting of microkebabs and shish, which vanish
simultaneously as an integrated entity into coiled and stretched
chain segments. The shish-kebab structure can re-form upon
cooling, mainly due to the survival of stretched chain segments
confined by the entanglement points.

4. The re-formed shish-kebab structure directly reflects the
state of stretched and coiled segments upon heating under the
confined planar constraints. With increase of temperature, the
relaxation of the deformed entanglement network results in the
decrease in the extent of stretched segments and the shish-kebab
fraction and the increase of the kebab long period.

5. Upon thermal annealing at 154°C for 3 min, no shish-
kebab structure could be re-formed, indicating the complete
relaxation of the deformed entanglement network.
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