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Abstract

The shear-induced crystallization behavior of isotactic polypropylene (iPP) at low shear rate and low temperature was investigated by in situ
optical microscopy, time-resolved small-angle light scattering (SALS) and ex situ atomic force microscopy (AFM). Some new details and insight
of the cylindrites were observed, which are important to delineate the formation mechanism of the cylindrite structures. Optical microscopic
measurements showed that the core of cylindrite was formed rapidly after shear cessation, at late stage the quantity of the newly formed crystals
increased and these crystals impinged into each other rapidly due to the space limitation. Measurement of the length of cylindrite core from
optical microscopic observation showed that the length of cylindrite core did not change or changed very slightly with crystallization time.
SALS results indicated that immediately after shear flow, the highly oriented structure emerged and the scattering intensity increased with
crystallization time, and eventually the scattering patterns became circularly symmetric and the anisotropic scattering decreased, indicating
the impingement of different cylindrite structures. AFM observation showed that the crystalline lamellae grew both perpendicular to and along
the cylindrite core. In addition, a much wider cylindrite core was observed. Compared with the radius of gyration of a molecule, the process of
shear-induced crystallization may have involved a large number of entangled molecules under a low shear rate. These evidences clearly indicate
that the cylindrite core comes from the stretched bundles of the entangled network strands but not from the extended crystals of stretched single
chains. A model based on the above observations has been proposed to explain the mechanism of the cylindrite developing process at low shear
rate and low temperature.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Usually, semicrystalline polymers are processed from melt.
The final morphologies and material properties are strongly
affected by the processing methods, such as injection molding,
film blowing, and fiber spinning, where the molten polymers are
subjected to intense shear and elongational flow [1e11]. Due
to advances in the characterization techniques for polymer
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crystallization in recent years, flow-induced crystallization has
attracted a lot of interests in many research groups, such as
Keller [12e17], Hsiao [18e29], Janeschitz-Kriegl [30e32],
Winter [33e36], Jeu [37,38], Monasse [39e43], Muthukumar
[44e46], and many others [47e53].

Under a shear field, polymer molecules in melt are stretched
in the direction of the shear field and form the extended micro-
fibrillar structure. The shearing to the melt causes the forma-
tion of row nuclei of microfibrillar bundles, which promotes
the epitaxial growth of chain-folding lamellae with the lamel-
lar normal parallel to the long direction of row nuclei, result-
ing in the supermolecular morphological structure well known

mailto:c.c.han@iccas.ac.cn
http://www.elsevier.com/locate/polymer


1106 C. Zhang et al. / Polymer 48 (2007) 1105e1115
as ‘‘shishekebab’’. When polymer melts are sheared, polymer
molecules may be oriented in the flow direction. Alignment of
chain segments of polymer molecules is a natural consequence
of shear. At given temperature and external shear field, the
degree of orientation and the extent of alignment obviously
depend on the critical entanglement molecular weight, relaxa-
tion time, helical chain conformation, etc. Hence, it is possible
that, under certain experimental conditions, only partial chain
strands are oriented in the flow direction, while the other chain
strands, especially those near the chain ends, remain unoriented
or randomly oriented with respect to the flow direction. When
bundles of the oriented chain segments develop under shear,
these bundles can initiate the formation of primary nuclei. Then,
crystallization continues to produce the so-called ‘‘shishe
kebab’’ (cylindrite) morphology.

At early stage, de Gennes [54] gave the quasi-quantitative
analysis on coilestretch transition of flexible polymer in
dilute solution. He argued that the hydrodynamic interactions
between chain segments vary with the degree of molecular ex-
tension. When the molecule is in a random coil conformation,
only the outer segments are subjected directly to the flow field.
Therefore, hydrodynamic interactions decrease as the mole-
cule is stretched and polymer coil unwinds abruptly, when a
certain critical value of the velocity gradient is reached. Keller
et al. [12e17] studied shear-induced polymer crystallization
in solution and stretched polymer film, and provided the first
evidence of coilestretch transition in dilute solutions under
elongational flow. They thought that at a given shear rate, only
molecules with high enough molecular weight can be oriented.
Recently, Hsiao et al. [18e29] extended the idea of Keller.
They found that during shearing, only a fraction of the chains
exhibits coilestretch transition determined by the initial chain
conformation and the molecular weight, which means that only
the high molecular weight polymer carries on coilestretch
transition, and the quantity of this fraction is low.

Many believe that the shish formation must be related to the
mechanism of the extended chain formation in dilute polymer
solution. Pennings et al. [1,2,55] studied the shish formation in
dilute PE solutions under elongational flow. According to their
observation, the extended chains with parallel alignment can
crystallize and form micellar nuclei. Chu et al. [56,57] studied
the single chain dynamics under flow in dilute polymer solu-
tions. Their results gave the transient chain conformations,
rather than the final steady-state conformations, which indeed
show the fully stretched states in accordance with the predic-
tions of coilestretch transition. In solution crystallization, the
stretched chains must exist and form shish under elongational
flow, otherwise the shishekebab structure cannot form.

Shear flow is often considered as ‘‘weak’’ flow, but for poly-
mer melts at different stages of processing, shear affects the
overall crystallization kinetics [42,43,58,59], resulting mor-
phologies [5,11], and eventually the shishekebab structures
in the polymer matrix [5]. Most research groups have concen-
trated on the high shear rate flow [18,21,22,33], because it is
generally believed that the low shear rate (shear rate< 1 s�1)
cannot produce the shishekebab structure due to the realism
that chains cannot be pulled out from the network and from
extended shish crystals at low shear rate. In our previous work
[53], the shear-induced crystallization of iPP under low shear
rate at 140 �C was reported by using in situ optical micros-
copy. In this article, we deeply studied the formation of shishe
kebab-like cylindrite structures of iPP under low shear rate at
low temperature (140 �C) by optical microscope, SALS and
ex-AFM. The process of the cylindrite growth was studied by
in situ optical microscopy and time-resolved SALS. By utiliz-
ing AFM, we also investigated the microstructure of cylindrite
structure especially the chain bundles along the shish-like core
to help to understand the formation of the cylindrites. Accord-
ing to the results, we have found that the mechanism of shear-
induced crystallization under low shear rate at low temperature
(140 �C) may be different from those reported at high shear
rate and high temperature (165 �C). At high temperature the
shish-like core may come from the partially stretched polymer
chains, however, at low temperature the shish-like core may be
formed from the deformed entangled network. The work could
provide better understanding of the morphology of the cylin-
drite structures, and also help to delineate the formation mech-
anism of these shishekebab-like cylindrites.

2. Experimental section

2.1. Materials

The iPP homopolymer was provided by Yanshan Petro-
chemical Corp., Inc. China. The molecular weights obtained
from GPC are Mn¼ 9.6� 104 g/mol and Mw¼ 4.4� 105 g/mol
with a polydispersity D¼ 4.6.

2.2. Shear apparatus

A CSS 450 high-temperature shearing stage (Linkam
Scientific Instruments Ltd., U.K.) was used to control the shear
rate and thermal history of the iPP sample.

2.3. Rheo-optical microscopy

The rheo-optical study of the cylindrite structures was
carried out with the use of a shear flow cell (CSS 450), which
is connected to an optical microscope Nikon E600POL with
video attachment. The iPP sample was melted at 200 �C for
5 min, then quenched to 140 �C and sheared for 5 s at a shear
rate of 0.5 s�1. After shear cessation, the iPP sample was iso-
thermally crystallized at 140 �C and the shear-induced crystal-
lization was recorded at different times. The shear time of 2 s
was also applied to generate suitable cylindrite structure for
measuring the length changes of the cylindrite core. The opti-
cal characteristic, i.e., the sign of birefringence of the micro-
morphologic feature was determined by means of a primary
red filter (l-plate) located diagonally between cross polarizers.

2.4. Rheo-light scattering

Time-resolved small-angle light scattering measurements
were performed by home-constructed rheo-SALS, which was
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adapted from Pogodina et al. [33] to allow the detection of
polarization-dependent light scattering. Polarized light from
a HeeNe laser (532 nm) was variably attenuated by a half-
wave plate and a polarizing beam splitter. The polarized light
was then steered to and focused on the scattering volume
within a temperature-controlled, parallel quartz plate shear
cell (CSS 450). The iPP sample was melted at 200 �C for
5 min, then quenched to 140 �C and sheared for 5 s at a shear
rate of 0.5 s�1. After shear cessation, the iPP sample was iso-
thermally crystallized at 140 �C and the scattering patterns
projected onto a semitransparent screen in the Hv and Vv
polarization modes, respectively, were recorded with a two-
dimensional CCD camera at different times. The schematic
diagram of the optical setup and the coordinate system is
shown in Fig. 1.

2.5. AFM

The shear-induced crystallized iPP sample at 140 �C for
2000 s was quenched to room temperature. The permanganic
etching method initially developed by Bassett and Olley [60]
and modified later [61] was applied to prepare the sample
for AFM measurement. Etching was performed by shaking
the sample in a 2% solution of potassium permanganate in
a mixture (10 volume parts of concentrated sulphuric acid, 4
parts of orthophosphoric acid (85%), and 1 part of water)
for 30 min. After etching, the sample was washed with dis-
tilled water, then dried in air for 24 h and further dried in vac-
uum at 50 �C for 48 h. The measurement was operated in the
tapping mode with a NanoScope III MultiModeTM AFM
(Digital Instruments), and both of the phase and height images
were recorded simultaneously.

Fig. 1. Schematic diagram of the transparent plateeplate shear cell and the

coordinate system for the experimental optical setup.
3. Results and discussion

3.1. Shear-induced crystallization of iPP by in situ
optical microscopy

The shear-induced morphological development during
crystallization was investigated by in situ optical microscope
and the typical micrographs are shown in Fig. 2. It can be seen
that after shear cessation, the thread-like textures are formed
rapidly, which are actually shish-like core structures (see the
micrograph at 10 s). At 140 s, the kebab-like structures are
found to come into existence that are probably formed by a
secondary nucleation of lamellae from the shish-like core
surface in the transverse direction. As time prolonged, these
kebab-like structures impinge with each other (at 540 s). At
late stage, the quantity of newly formed crystals increases and
these crystals impinge rapidly due to the space limit. Because
of the perpendicular orientation of kebab-like structures to the
shish core, finally the crystals (kebab-like structures) will grow
and penetrate into spaces of other shishekebab structures, and
the shish-like core will be distracted and distorted, thus the
overall orientation decreases as seen from the micrograph at
1940 s. These results are consistent with Hsiao’s [62] experi-
ment at high shear rate. In the following section, the corre-
sponding SALS results in reciprocal space will be presented
to verify the microscopic observation.

3.2. Time-resolved SALS measurement during
shear-induced crystallization

Time-resolved SALS is particularly sensitive to density and
orientation fluctuations at micron scale in the early stages
of polymer crystallization. The classical theory of SALS
[63e68] allows quantitative interpretation of quiescent crys-
tallization. However, this theory is not suitable for the oriented
crystalline structures in the polarization-dependent SALS mea-
surements. Here, we followed the Hashimoto’s method [69,70]
to quantitatively investigate the polarization-dependent SALS
results with two polarization modes Vv and Hv during the
shear-induced crystallization of iPP.

The light scattering intensity I(qx, qy) was measured in the
plane Oxy, where qx and qy are the x and y components of the
scattering vector q (i.e. m¼ 0 and 90� in Fig. 1, respectively).
The magnitude of q is related to the scattering angle, q and the
wavelength, l as follows:

q¼ ð4p=lÞsinðq=2Þ ð1Þ

The shear-induced crystallization can be analyzed by mea-
suring the integrated scattering intensities, Qk(t) and Qt(t),
parallel and perpendicular to the flow direction, respectively,
as functions of crystallization time, t. Qk(t) and Qt(t) are de-
fined by the following equations:

QkðtÞ ¼
Zqmax

qmin

dqyI
�
qx;qy

�
ð2Þ
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Fig. 2. In situ micrographs of iPP during shear-induced crystallization. iPP was melted at 200 �C for 5 min, then quenched to 140 �C and sheared for 5 s at a shear

rate of 0.5 s�1. After shear cessation, the sample was isothermally crystallized at 140 �C. The black arrow indicates the flow direction.
QtðtÞ ¼
Zqmax

qmin

dqxI
�
qx;qy

�
ð3Þ

Here qmin and qmax are the experimental limits in the SALS
setup.

The time-resolved SALS patterns in Vv and Hv modes
during the shear-induced crystallization of iPP are shown in
Fig. 3, respectively. The SALS streaks are oriented perpendic-
ular to the flow direction. From Fig. 3 it can be seen that the
streaks are more pronounced in Vv mode than in Hv mode
at the early stages of crystallization. Appearance of the streaks
indicates the immediate formation of shish-like core after
shear. Much stronger streaks in the direction perpendicular
than parallel to the shear direction indicate that the crystallized
structures are highly anisotropic. Preferential orientation of the
streaks perpendicular to the shear direction is the consequence
of the elongated structures (shish-like core) formed due to
the shear flow. The scattering intensity in the flow direction
increases with the crystallization time, which indicates that
kebab-like structures grow with time. At the late stages of
crystallization, the scattering patterns become more isotropic.
This infers that the shishekebab-like structures impinge into
each other and finally the lamellae (kebabs) grow and pene-
trate into spaces of other shishekebab structures, leading to
the disappearance of the anisotropy.

The anisotropic SALS patterns shown in Fig. 3 are typical
for the shear-induced crystallization of iPP in our experiment.
This result is consistent with that of Pogodina et al. [33]. Fig. 4
shows the double-logarithmic plots of the normalized integrated
scattering intensities parallel and perpendicular to the flow
direction, Qk(t)/Qk(t¼ 0) and Qt(t)/Qt(t¼ 0) as functions of
crystallization time after shear cessation. The results in Vv
and Hv modes in Fig. 4 show the similar tendency, that is, after
shear cessation, the integrated intensity perpendicular to the
flow direction quickly increases with time, which indicates
the immediate formation of shish-like structures after shear.
Then, the normalized integrated intensity reaches the maxi-
mum. At such low shear rate shish-like structure is probably
formed by bundles of the entangled network chains. After
some of the network chains are being stretched and form aniso-
tropic bundles, some crystal might be quickly developed with
the nucleus of these bundles and the integrated intensity reaches
the maximum. The integrated intensity parallel to the flow
direction also increases with time, but some time later reaches
to the close maximum values as that perpendicular to flow direc-
tion. According to the optical microscopic observation, shish-
like structures grow parallel to the flow direction, while
kebab-like structures grow perpendicular to the flow direction.
In reciprocal space, the results of SALS are consistent with that
in real space. In Fig. 3, at the early stage of crystallization, the
scattered intensity parallel to the flow direction is very weak,
which indicates that kebab-like structures may not form, while
the strong scattered intensity perpendicular to the flow direction
infers that shish-like structure forms immediately after shear
cessation. Thus, at the early stage of crystallization the inte-
grated intensity perpendicular to the flow direction is stronger
than that parallel to the flow direction. At the late stage,
kebab-like structures impinge into each other, and the inte-
grated intensity parallel to the flow direction cannot increase
continuously. Finally, the crystals (kebab-like structures) might
grow and penetrate into spaces of other shishekebab structures,
and many crystals occupy the shish space, therefore, the inte-
grated intensity parallel to the flow direction reaches to the
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Fig. 3. In situ SALS patterns during shear-induced crystallization of iPP in Vv and Hv modes. iPP was melted at 200 �C for 5 min, then quenched to 140 �C and

sheared for 5 s at the shear rate of 0.5 s�1. The single-end arrow indicates the flow direction.
maximum, and the SALS patterns become isotropic. It is noted
that we have obtained similar results at different shear rates,
suggesting that the above phenomena are quite universal for
the system we have studied.

3.3. Length changes of the shish-like core during
isothermal crystallization

It is generally accepted that during the development of the
cylindrite structures, the cylindrical structure grows larger, and
kebab-like structures become longer and longer, assuming that
the shish-like structure grows with time in the same way as the
kebab-like structures grow under the same condition. Hsiao
et al. [21e23] have estimated the shish-like structure length
by employing the Ruland method from the SAXS data. They
found that the shish-like structure shrinks or its average length
decreases instead of increasing with time after shear cessation.
They gave reasons for the shish-like structure shrinking as
follows: (i) the relaxation of chain ends and loss of the average
degree of orientation after the shear cessation, (ii) the develop-
ment of kebab-like structures imposing a local stress at several
discrete points along the shish-like structure and relaxing its
orientation with respect to the flow direction, and (iii) the for-
mation of a shorter shishekebab-like structure from the less
stretched chains at the later time.

The shish-like structure growth from iPP melt observed in
the real space by optical microscopy is displayed in Fig. 5.
The length of the shish-like structure located in the middle
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Fig. 4. Plots of normalized Qk(t)/Qk(t¼ 0) and Qt(t)/Qt(t¼ 0) as functions of crystallization time in Vv and Hv modes, respectively.
in each micrograph is tabulated in Table 1. It is seen that the
length of shish-like structure does not change or changed very
little during crystallization. However, Hsiao’s results showed
that the shish-like structure length shrank about 30e50%. We
believe that the difference is related to the different experimen-
tal conditions. First of all, the effect of molecular weight is
minor between these two studies. In Hsiao’s experiment the
molecular weights of iPP are Mn¼ 9.2� 104 g/mol and Mw¼
3.68� 105 g/mol, which are similar to the iPP sample in our
present work. So, molecular weight is not the reason. Second,
the experimental temperature of 165 �C from Hsiao’s reports
is close to the nominal melting point of iPP. It is well known
that crystallization and melting are a pair of competing dynamic
processes. When the temperature is close to the nominal melt-
ing point, the polymer crystallization becomes difficult because
of the slow nucleation. Meanwhile, the crystallized chains
can be melted and diffused into the melts with less energy
barrier. Thus, the crystallization process is mainly controlled
by nucleation at high temperature. Long induction period is
needed for the kebab-like structures to form induced from the
shish-like core. The nuclei of the shishekebab-like structure
(the shish part) could possibly relax into the amorphous state,
leading to the shish-like core shrinking. When the crystalliza-
tion occurs at a much low temperature that is our case, the shish
shrinking should be much less. Third, the shear strain may
affect the length of shish. The higher the shear rate and shear
strain, the easier the breaking-up or distorting of the shishe
kebab-like structure and the decreasing of the shish-like core.
To summarize, Hsiao et al. observed the longer shish-like core
after shear cessation, and the shish-like core became shorter,
caused by chain relaxation with crystallization time. While in
our case, the crystallization temperature is much lower, and
relaxation of the oriented chains must overcome higher energy
barrier, therefore the shish-like core can preserve its length
Fig. 5. Optical micrographs of the shish-like structure growth from iPP melt. iPP was melted at 200 �C for 5 min, then quenched to 140 �C and sheared for 2 s at

a shear rate of 0.5 s�1. After shear cessation, the sample was isothermally crystallized at 140 �C for different times. The arrow indicates the flow direction.
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during crystallization. Therefore, we believe the difference is
explainable.

3.4. Aligned spherulites in shear-induced crystallized
iPP after quenching

According to our previous work [53], the shear-induced
crystallization of iPP exhibits perfect cylindrite structure at
140 �C parallel to the shear direction. When the sample was
quenched to room temperature, large spherulites grew over the
cylindrite structure and eventually cover the cylindrite struc-
ture. If the quenched shear-induced crystallized iPP sample has
not been etched, the cylindrite structures are difficult to be
observed by AFM [27]. Fig. 6 shows the optical micrographs
of the quenched shear-induced iPP crystal samples after etch-
ing. It can be seen in the polarized microscopy that there are
spherulites well aligned in the vicinity of the cylindrite struc-
ture, where the cylindrite structure cannot be clearly observed
(Fig. 6a). However, the cylindrite structure can be distinctly
observed in the bright field (Fig. 6b).

Table 1

Length of the shish-like structure in Fig. 5 at different crystallization times

Time (s) 260 520 1044 1330 1803 2910

Length (mm) 82 81 82 81 82 82
3.5. Cylindrite morphology observed by AFM

Fig. 7 shows typical phase images of the shear-induced
crystallized iPP sample for 2000 s after quenching to room
temperature. These images exhibit a long shish in the core
and the kebabs along the shish, which are similar to those in
the in situ microscopic observation. The shish-like structure
of the cylindrite can be observed clearly. We can distinguish
the lamellae of kebab-like structures grown from the central
shish core (Fig. 7b). The lamellae of the kebab-like structure
are covered with the amorphous phase (the arrows indicate
the amorphous phase). However, the detailed lamellae of the
cylindrite structures cannot be clearly observed due to the cov-
ering of the amorphous phase and the newly formed crystals
during further quench of the sample to the room temperature.

In order to study the cylindrite structure, the shear-induced
crystallized iPP sample was etched by potassium permanga-
nate solution of concentrated sulphuric acid and orthophos-
phoric acid. Fig. 8 shows the height and phase images of the
etched sample. From the height image (Fig. 8a), a high ridge
(pointed out by arrow 1) is seen, which represents the shish-
like structures. The lamellae (by arrow 2) adjacent to the ridge
form kebab-like structures. From the phase image, the average
ridge width is about 1e2 mm. Compared with Fig. 7, because
the amorphous phase was etched, the ridge in Fig. 8 should be
Fig. 6. Optical micrographs of the shear-induced crystallized iPP after quenching to room temperature. The sample was etched for 0.5 h by 2% potassium

permanganate solution of concentrated sulphuric acid and orthophosphoric acid. The shear condition is the same as in Fig. 2. (a) Polarized field; (b) bright field.

Fig. 7. Phase images of the shear-induced crystallized iPP sample by AFM to demonstrate the cylindrite structure. Right image corresponds to the part in the white

box of the left image.
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Fig. 8. Height (a) and phase (b) images of the shear-induced crystallized iPP sample by AFM. The sample was etched for 0.5 h by 2% potassium permanganate

solution of concentrated sulphuric acid and orthophosphoric acid. The white box is the section of Fig. 9.
the crystalline phase. The important question is how the ridge
or the shish-like structure has been developed. Compared with
the radius of gyration of a molecule (w20e30 nm), the width
of the ‘‘shish’’ (1e2 mm) is much larger. Obviously, the num-
ber of molecules involved in such process of forming shishe
kebab-like cylindrite structure at low shear rate and low tem-
perature is very large. We know that polymer chains at high
enough molecular weight entangle and form network structure
in melt. At low temperature, the entangled polymer network
structure is difficult to disentangle under shear due to the
long relaxation time and the existence of helical segments
[53]. The applied stress can be distributed over a long distance
(relative to the single molecular chain length) due to entangled
network structure. The entangled polymer network structure
may be deformed, and the bundle of strands between entangle-
ment points may form anisotropic structures. These bundles of
strands are oriented along the flow direction, and developed
into the nuclei (shish-like structure) at the early stage of crys-
tallization. At the late stage of crystallization, the ridge has
become wide. The fully stretched polymer chain cannot be
clearly observed by AFM. However, the stretched chain bun-
dles exist and form the extended crystals, and then become
the row nuclei and induce the shishekebab-like structure. In
our work, shish-like structure of the extended crystals could
not be observed, instead shish-like structure from the chain
bundles with defects (by arrow 3) along the ‘‘shish’’ direction
was observed, which could come from the trapped entangle-
ment junctions as shown in Fig. 8.

Fig. 9 shows the fine kebab-like structure of shear-induced
crystallization. This is actually a section on the side of Fig. 8
(white box). By using the retrace phase signals along the
lamellae, the average distance between two kebab-like struc-
tures was estimated to be 60e80 nm (Fig. 9a), which is
similar to Hobbs’ observation [52]. The average thickness of
Fig. 9. Measurements of the distance between two kebabs (a) and the lamellar thickness (b).
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the lamellae was measured to be approximately 20e30 nm
(Fig. 9b). It is noted that the values could be affected by the
tipesurface convolution effect when the tip size (w20 nm)
is similar to that of the measured objects [71]. Considering
the lamellar thickness and the surrounding melt, any newly
formed nuclei in-between the lamellae may not grow to suffi-
cient sizes to survive. In other words, the 60e80 nm distance
between the kebab-like structures may not be large enough to
accommodate new lamellae, even though the thickness could
be less than 30 nm. Usually, there are amorphous phases on
each side of the lamella, so the distance between the next-
nearest neighbors is w100 nm.

3.6. Analysis of shishekebab-like cylindrite morphology
with shear

Polymer chains entangle in concentrated solutions or melts.
Entanglement implies that two chains are tightly kinked
around each other by bending back themselves in short-range
contour. According to Bueche theory [72], the average molec-
ular weight spacing between entanglement points is ‘‘Me’’.
The entanglement in polymer melt is only a topological ‘‘knot’’
which only becomes a tight knot during shear or with the
possible existence of a helical segment formed knot. When
the temperature is close to the nominal melting points, poly-
mer chains are easy to move due to the high kinetic energy,
and entanglement points tend to disentangle under shear. In
contrast, the disentanglement of polymer chains at lower tem-
perature is more difficult. At low temperature, the entangled
network can be deformed and oriented along the shear direc-
tion. At low shear rate, only certain section of polymer chains
can be extended while the remaining section stays in the
random conformation.

After shear cessation, the scattering streak was immediately
observed in reciprocal space. That implies that the shish-like
structure formed first, and was followed by kebab-like struc-
tures. The scattering intensity rapidly increased within a short
time, which indicates that bundles in the shish-like structure
significantly induce the amorphous coiled chains to crystallize.
In Figs. 7 and 8, the width of shish-like core was 1e2 mm.
However, in Hsiao’s reports [23,27], the width of shish was
much smaller and the average diameter of the outer kebabs
approaches 0.3e0.4 mm. We suggest that in our experiment the
shish-like structure is formed from the bundles of entangled
network at low shear rate; otherwise, the shish-like structure
observed in our experiment should have similar width to or
a little wider than Hsiao’s observation. Hsiao et al. did the
experiments at high temperature and high shear rate. At high
temperature, polymer chains are easier to move, and entangle-
ment tends to disentangle at high shear rate. Therefore, we
think that the formation mechanisms of shishekebab-like
cylindrite structure could be somehow different between that
at high temperature with high shear rate and that at low tem-
perature with low shear rate. In addition, the relaxation of
deformed entanglement network may take longer time than
that of the stretched single chains. Thus, if the shish-like struc-
ture is formed from the entangled network, the length of shish
core should not change obviously. Because the stretched single
chains can relax much easier, shortening of shish core could be
observed in Hsiao’s experiment at high temperature and high
shear rate.

3.7. Mechanism of shishekebab-like cylindrite formation
at low temperature and low shear rate

From AFM results, the fully stretched chains along the
shish cannot be observed within the resolution limitation. It
may be proper to state that the coilestretch transition happens
at high shear rate (such as shear rate¼ 100 s�1 for a typical
Newtonian to non-Newtonian transition). For the low shear
rate, an alternative mechanism for forming the shishekebab-
like cylindrite structure has been proposed in our previous
work [53]. In this mechanism, the shish-like structure is a
bundle of shear-stretched strands, which forms the nuclei to
induce the growth of the kebabs.

Based on our study in this work, we speculate that the
mechanism of shear-induced crystallization at low temperature
and low shear rate may be different from that at high tem-
perature and high shear rate. Our proposed mechanism is
illustrated in Fig. 10. First of all, the schematic of partial
orientation of entangled polymer chains in melt at low shear
rate is shown in Fig. 10A. The entangled polymer networks
are distorted under shear and form the aligned bundle of
strands between entanglement points. Fig. 10B shows the
mechanism of shear-induced crystallization at low temperature
and low shear rate. It is well known that crystallization under
shear is a multi-step sequential process. When shear flow was
imposed on polymer melt, polymer chains may be stretched
and oriented along flow direction, especially at low tem-
perature, and some helical segments may be formed at the
entangled junctions. At low shear rate, single chains may not
be stretched and developed into the extended chain bundles.
Instead, there are some sections of network chains that can
be partially disentangled and stretched through the entangled
network junctions and then form the fibrillar crystals and
finally developed into the shish. The shish-like structure can
serve as nucleation sites for the tangential growth of the
kebabs. The normal of the lamellae of the kebab-like struc-
tures is parallel to flow direction. At the late stages of crys-
tallization, the chain-folded lamellae with the spherulitic
morphology may form in the amorphous phase. In the litera-
ture [27], the formation mechanism of the shishekebab is sim-
ilar to ours, however, they thought that the high molecular
weight materials are important to form net structure. In our
proposed mechanism, we think that entanglement molecular
weight Me is important to form this structure. The high molec-
ular weight fraction may be helpful and make this process
easier. Throughout this article, we have used the terms
‘‘shishekebab’’, ‘‘shishekebab-like cylindrite’’ and ‘‘cylin-
drite’’, just because we could not think a better way to describe
the structures formed in our experiments and make a com-
parison with other studies. We believe that the cylindrite struc-
ture formed at low temperature and low shear rate is definitely
different from the ones from solution under shear. It may even
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Fig. 10. (A) Illustration of partial oriented polymer chains in melt at low shear rate. (I) Amorphous melt; (II) entangled network which becomes distorted under

shear. (B) Schematic of shishekebab formation under shear: (a) entangled network in melt; (b) shear-induced row nuclei were grown from the stretched and

aligned bundles of strands between entanglement points; (c) epitaxial growth of shishekebab-like cylindrite; (d) final shishekebab-like cylindrite. Black dots

indicate the entanglement points.
be different from those formed in melt at high temperature and
high shear rate.

4. Conclusions

The shear-induced crystallization of iPP at low temperature
and low shear rate was investigated by in situ optical micro-
scope, time-resolved SALS, and ex situ AFM. The results
of optical microscopic observation indicate that the shish-
like structures are formed rapidly after shear cessation. At
late stage, the quantity of newly formed crystals increases
and these crystals impinge into each other rapidly due to the
space limitation. Measurement of shish core length from opti-
cal microscopic observation showed that the shish core length
either did not change or changed very slightly during crys-
tallization. SALS results confirmed the formation of shishe
kebab-like cylindrite structures in iPP at the low shear rate.
A highly oriented structure emerged at first to produce the
scattering streak perpendicular to the flow direction, and then
the scattered intensity rapidly increased with crystallization
time. Eventually, the scattered intensity became circularly
symmetric and the anisotropy decreased significantly. By the
analysis of the AFM images of the etched iPP samples, a
much wider shish-like structure was observed. Compared with
the radius of gyration of a molecule, the process of shear-
induced crystallization may have involved a large number of
molecules under low shear rate. Therefore, we believe that
the shear-induced cylindrite formation of polymer melt at
low temperature and low shear rate must have started from
the stretching and orienting of the entangled network strands.
According to this study, the formation mechanism of shishe
kebab during shear-induced crystallization at low temperature
and low shear rate can be described as follows: when shear
flow is imposed on polymer melt, polymer chain strands may
be stretched and oriented along flow direction, and some
sections of the entangled network chains are partially disen-
tangled and stretched through the entangled network junctions
and then formed the fibrillar crystals, which in turn developed
into the shish, and finally the kebabs grew with their normal
parallel to the flow direction.
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