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ABSTRACT: A supercooled melt of isotactic polypro-
pylene (iPP) was extruded through a capillary die. Polar-
ized light microscopy (PLM), wide-angle X-ray diffraction
(WAXD), and differential scanning calorimetry (DSC)
were used to investigate the effects of the relatively weak
wall shear stress (rw), extrusion temperature (Te), and
crystallization temperature (Tc) on the structure and
morphology of b-form isotactic polypropylene (b-iPP).
b-cylindrites crystals could be observed by PLM in the
extruded specimen even at a lower rw’s (0.020 MPa), and
the b-iPP content increased with decreasing Te. Under a
given Te of 150�C, the increase in rw positively influ-
enced the b-iPP content. The DSC and WAXD results

indicate that the total crystallinity and b-iPP content
increased when Tc was set from 105 to 125�C; the other
experimental parameters were kept on the same level.
Although Tc was above 125�C, the b-iPP content obvi-
ously decreased, and the total crystallinity continued to
increase. On the basis of the influences of rw, Te, and Tc

on the b-iPP crystal morphology and structure, a modi-
fied model is proposed to explain the growing of shear-
induced b-iPP nucleation. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 120: 3255–3264, 2011
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INTRODUCTION

In most industrial processing operations (e.g., extru-
sion, injection molding, blow molding), polymer
melts are subjected to different types of flow before
crystallization.1 The structure and morphology of
the resulting crystals are strongly influenced by the
applied flow conditions.2–6 It is possible to control
and predict the final morphologies and properties of
semicrystalline polymers by controlling different
shear flow parameters.7–15 It is well known that iso-
tactic polypropylene (iPP) exhibits pronounced poly-
morphic crystalline modifications, which are desig-
nated as a-form (a-iPP), b-form (b-iPP), and c-form
(c-iPP).16–18 In addition, three types of a spherulites
and two types of b-spherulites might be formed,
depending on different crystallization temperature’s
(Tc’s); these include aI (radial spherulite), aII (nega-
tive radial spherulite), am (mixed radial), and bIII
(negative radial spherulite), and bIV (negative ringed
spherulite).19,20 In quiescent conditions, iPP can
crystallize essentially into spherulitic structures. As

b-iPP has many performance characteristics, such as
a high toughness, drawability, and thermal deforma-
tion temperature, many research groups have
focused their interest on b-iPP. Furthermore, even a
weak shear stress pressed on molten iPP can lead to
a cylindrite crystal structure.21 b-iPP is thermody-
namically metastable. The doping of certain nucleat-
ing agents22–24 is one of the most effective and acces-
sible method for obtaining a higher b-iPP content.
Various laboratory techniques have been used to

study the crystallization of a supercooled melt under
or after shear: fiber pullout, rheo-X-ray diffraction,
die extrusion, and so on. Fiber pullout25–28 has pro-
ven to be suitable for studying the nucleation mech-
anism of cylindrite crystalline in the iPP supercooled
melt after shear. It was suggested that the shear
effect leads to the development of a-row nuclei
along the fiber and on the surface of such a-row
nuclei, a-to-b growing transitions, or a,b-bifurcation.
In another case, Yan et al.29 applied homogeneous
fiber/matrix composites of iPP to study the effect of
the orientation structure on the b-iPP crystals of its
supercooled melt. It was proposed that the molten
higher oriented iPP fiber played the same role as
that of the a-row nuclei generated by fiber pulling
during the process of crystallization. Rheo-small-
angle X-ray scattering and rheo-wide-angle X-ray
diffraction were applied to relevant studies by Hsiao
and coworkers30,31 to probe the shear-induced pre-
cursor in certain supercooled melts.
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Additionally, several industrial apparatuses, such
as injection molding,32 shear-controlled orientation in
injection molding,33–35 vibration-assisted injection,36

and the push–pull processing technique,37,38 were
used to generate higher shear stresses and strain rates,
which were close to that of real processing. Farah and
Bretas39 prepared shear-induced crystallization sam-
ples through extruding an iPP melt from the slit die of
a twin-screw extruder. The shear-induced crystalline
layers developed in the slit die were observed. To
avoid the effect of premechanical history on the iPP
melt, Peters et al.40 introduced a capillary rheometer
to drive the melt through the slit die.

In other studies, the formation of the precursor and
the crystallization structure under different shear flows
have been given special concern.7,41–50 We are more
interested in the b-iPP nuclei formation conditions and
the related morphology and structure of b-iPP. Differ-
ent supercooled extrusion shear strength conditions
measured between laboratory and industrial techni-
ques were designed. The combined influences of the
wall shear stress (rw), extrusion temperature (Te), and
crystallization temperature (Tc) on the development of
the supermolecular structure of b-iPP were examined
in this study. Relevant results were explicated by the
knowledge of flow-induced precursor theory.30,31

EXPERIMENTAL

Materials and sample preparation

The iPP (F401, GB-2401), with a melt flow index of
3.0 g/10 min, an isotacticity index of 0.96, and a
melting temperature (Tm) of 170�C, used in this
study was produced by Yangzi Petroleum and

Chemical Corp. (Nanjing, China). The granular iPP
materials were used without any further treatment.
To obtain shear-induced crystallization samples

under different shear conditions, a homemade rhe-
ometer was used, as shown in Figure 1(a). The di-
ameter of the capillary die was 2.00 mm, with a
length of 8.00 mm. Because of outlet expansion and
solidification contraction, the final sample diameters
were measured to be between 2.30 and 3.60 mm af-
ter cooling. At the same rw of 0.090 MPa, the super-
cooled Te’s (below the nominal Tm) were set at 140,
145, 150, 155, 160, and 165�C. The temperature sta-
bility was maintained within 60.3�C.
Before shearing, the iPP materials were subjected

to a thermal treatment to erase the possible effects of
thermal or mechanical history before further meas-
urements. The thermomechanical protocol adopted
for the shear-induced crystallization experiments is
described in Figure 2:

1. We heated the sample from room temperature
to 210�C at a rate of 10�C/min.

2. We held the temperature (T) at 210�C (Ta) for 10
min to erase the thermomechanical prehistory.

3. The sample was cooled at 4�C/min to Te.
4. The temperature was held at Te for 10 min. (Teh

and Tel are the maximum and minimum Te,
respectively)

5. The sample was extruded at Te, and then, the
extruded sample was cooled to Tc. (t0 and ts
are the initial time and final time of extrusion
process, respectively)

6. The sample was then cooled to room temperature.

Figure 1 Extrusion and preparation of the shear-induced crystalline samples: (a) sample extrusion from the die and (b)
preparation of the specimen. Figure 1(a) shows the Force (F) direction. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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To measure the influence of different rw’s at the
same Te (150

�C) on the supercooled melt, the values
of rw were set at 0.020, 0.045, 0.090, and 0.130 MPa.
The corresponding characteristic shear rates ( _c’s),
ranging from 0.81 to 41.5 s�1, were calculated from
_c ¼ 4Q=pR2 where Q is the volume flux of polymer
melt and R is the radius of the capillary die.

Polarized optical microscopy (PLM)

Figure 1(b) shows the sample preparation procedure.
Each section had a length of 10.00 mm, which was
microtomed by a glass knife fixed on a RMC Power-
tome XL ultramicrotome (RMC, Tucson, Arizona, USA)
to produce films with a thickness of 10 lm along the
flow direction. For morphological observation, an
Olympus BX-2 optical microscope (Olympus, Tokyo, Ja-
pan) at crossed polarizer mode was used in this study.

Differential scanning calorimetry (DSC)

Thermal analysis was performed under an ultra-
high-purity nitrogen atmosphere with an MDSC-
2920TA thermal analyzer (TA Instruments, DE,
USA) in standard mode. Indium of high purity was
used to calibrate the DSC temperature and enthalpy
scales. Samples of about 6 mg were cut from the
cross section of the extrudant. To monitor the melt-
ing behavior, samples were heated to 200�C at a
heating rate of 10�C/min. The percentage of b-iPP
crystals (Ub) was obtained from Eq. (1). The crystal-
linity (Xi,i¼a,b) of the a-form (Xa) and the crystallinity
of the b-form (Xb) were calculated separately accord-
ing to Eq. (2). The total crystallinity derived from
the DSC data (XDSC

C ) was derived from Eq. (3):

Ub ¼ Xb

Xa þ Xb
� 100% (1)

Xi ¼ DHi

DHh
i

� 100% (2)

XDSC
C ¼ Xa þ Xb (3)

In Eq. (2), DHi is the calibrated specific fusion heat
of the a-form or b-form and DHh

i is the standard
fusion heat of the a-iPP and b-iPP crystals, which
were 178 and 170 J/g, respectively:51

DHb ¼ A� DH�
b (4)

A ¼ 1� h2
h1

� �0:6
(5)

DHa ¼ DH � DHb (6)

The total fusion heat (DH) was integrated from 90
to 180�C on the DSC melting curves. A vertical line
was drawn through the minimum between the a-
and b-fusion peaks, and DH was divided into the b
component (DH�

b) and a component (DH�
a). Because

the less perfect a crystals melted before the maxi-
mum point during heating and contributed to DH�

b,
we approximated the true value of b-fusion heat
(DHb) by multiplying DH�

b by a calibration factor
(A).52 In these calculations, h1 and h2 are the heights
from the base line to the b-fusion peak and mini-
mum point, respectively (see Fig. 3).
Because the total DSC curves of the extrusion sam-

ple exhibited both a- and b-fusion peaks, the relative
amounts of a- and b-iPP crystals were evaluated by
the method of Li and coworkers.52,53 XDSC

C and Ub of
the extruded specimens were measured with DSC,
and the results are summarized in Figures 8, 11, and
14 (shown later).

Figure 2 Experimental protocol for the shear-enhanced crys-
tallization experiments. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 3 DSC melting curves of iPP containing b-form
crystals. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Wide-angle X-ray diffraction (WAXD)

The WAXD measurements were carried out on a
Rigaku D/max-3B diffractometer (Rigaku Co, Tokyo,
Japan) equipped with a graphite monochromator
and with Cu Ka radiation. Intensity data were col-
lected in the reflection mode (see Fig. 4). The equip-
ment was operated at 35 kV and 30 mA with a scan
range between 10 and 30�. In Eq. (7), The total crystal-
linity derived from the WAXD data (XWAXD

C ) was
expressed as the mass fraction of the crystalline phase
and was determined from the WAXD patterns on the
basis of the ratio of the integrated intensity under the
crystalline peaks (Ac) to the integrated total intensities:
A ¼ Ac þ Aa, where Aa is the integrated intensity
under the amorphous halo:

XWAXD
C ¼ Ac

Ac þ Aa
� 100% (7)

Kb ¼ Ib1
Ib1 þ Ia1 þ Ia2 þ Ia3

(8)

According to Tuner-Jones,54 the relative amount of
the b-form (Kb) can be calculated with Eq. (8), in
which Ib1 is the peak intensity due to the b{3 0 0}
plane at a diffraction angle (2y) of 16� and Ia1, Ia2,
and Ia3 are the diffraction intensities of the three
stronger peaks due to the a{1 1 0}, a{0 4 0}, and a{1
3 0} planes located at 2y ¼ 14.1, 16.9, and 18.8�,
respectively.

For all of the WAXD profiles, the amorphous
background was extracted, and then, the peaks were
deconvoluted with Materials Data Jade 5.0 software
(Materials Data Inc, Livermore, CA, USA). XWAXD

C

and Kb were measured with WAXD, and the results
are summarized in Figures 8, 11, and 14 (shown
later). The detector and specimen rotated simultane-
ously such that the angle between the beam and the
specimen surface was the same as the angle between
the specimen surface and the detector. In this 2y
mode of operation, the diffraction planes were paral-
lel to the specimen surface and the flow direction
[the scattering angle (2y) is the angle between the
scattered and incident directions].

RESULTS AND DISCUSSION

Effect of Te on the crystal structure and
morphology of the iPP supercooled melt

Figure 5 shows the cross section of iPP extrudant
prepared at a rw of 0.090 MPa and Te’s of 140�C

Figure 4 Schematic diagram of the one-dimensional (1D)
WAXD experiment. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 5 Optical micrographs of the iPP samples sub-
jected to extrusion with rw ¼ 0.090 MPa and various Te

values: (a) 140, (b) 155, and (c) 165�C. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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[Fig. 5(a)], 155�C [Fig. 5(b)], and 165�C [Fig. 5(c)]
and then rapidly cooled to 105�C for 1 h. The skin–
core structure55,56 is shown in Figure 5, from which
two distinct regions were observed: the row-
nucleated cylindritic region and the spherulite
region. In the row-nucleated cylindritic region, the
b-iPP cylindrite crystals, about 100 lm in radius,
were found near the wall, and the density of the b-
iPP cylindrite nuclei decreased rapidly with increas-
ing Te. In the spherulite region, spherulites with a di-
ameter of about 100–200 lm were dominant. The
bright regions are b-crystal forms, and the dark ones
are a-crystal forms. However, it was also observed in
this region that the number of b-iPP spherulites in
Figure 5(a) was comparatively greater than that in
Figure 5(b,c).

Figure 6 shows the WAXD patterns of the iPP
samples shown in Figure 5. It is well known that the
important characteristics of WAXD for the b-form
can be found at 2y’s of 16� {3 0 0} and 21.2� {3 0 1},
and among them, the peak at 16� implies the exis-
tence of a thimbleful of b-form. The results also sug-
gest that the peaks at 16� gradually weakened with
increasing Te; this was in agreement with the trend
observed in the optical micrographs.

The a-form of the iPP extrudant (Te ¼ 140�C, Tc ¼
105�C, and rw ¼ 0.090 MPa) had a monoclinic unit
cell with parameters (a, b, c, b) a ¼ 6.60 Å, b ¼ 20.77
Å, c ¼ 6.54 Å, and b ¼ 98.71�. On the other hand,
the b-form of the iPP extrudant had a trigonal unit
cell with parameters a ¼ b ¼ 18.99 Å, c ¼ 6.51 Å, a
¼ b ¼ 90�, c ¼ 60�, and so on. The structural param-
eters obtained for the a-iPP phase and b-iPP phase
were quite similar to those proposed by Turner-
Jones54 and Samuels and Yee,17 respectively. The lat-

tice parameters of a-iPP and b-iPP were insensitive
to the weak shear flow.
For comparison, DSC was used to characterize the

contents of the b-form crystals of the same samples.
The melting curves of the iPP samples that were
subjected to extrusion with a constant rw of 0.090
MPa and various Te’s are presented in Figure 7. The
peaks around 166 and 151�C were attributed to the
melting of a-iPP and b-iPP, respectively.57

Ub and Kb, calculated from eqs. (1) and (5), gradu-
ally decreased as Te increased, but surprisingly,
XDSC

C and XWAXD
C remained almost invariant. The

data presented in Figure 8 demonstrate that Kb

decreased from 44 to 10 wt % (a reduction of 34%)

Figure 6 WAXD patterns of samples subjected to extru-
sion with a constant rw of 0.090 MPa and various Te’s.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 7 DSC thermograms of samples subjected to
extrusion with a constant rw of 0.090 MPa and various Te.
W/g is heat-flow unit (W/g ¼ watt/gramme). [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 8 Dependence of the total crystallinity (Xc) and b-
iPP content on the various Te’s applied, as derived from
DSC and WAXD data. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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when the applied Te increased from 140 to 165�C.
Meanwhile, Ub decreased from 43 to 20 wt % (a
reduction of 23%). Because of the different mecha-
nisms, the two sets of values of b-iPP content,
counted from the DSC and WAXD methods, did not
coincide, but both could illuminate the decreasing b-
iPP content with increasing Te. Because of the differ-
ent methods of computation, the absolute values for
the total crystallinity were impossible to obtain, and
only approximate values could be obtained. How-
ever, in general, these approximate crystallinity val-
ues were still helpful in understanding the law of
crystallinity change.

Effect of rw on the crystal structure and
morphology of the iPP supercooled melt

Figure 9 gives the skin–core structure of the iPP
samples with a given Te and various rw’s. When
Figure 9(a) was compared with Figure 9(b), we
found b-iPP cylindrite crystals in the row-nucleated
cylindritic region in both figures. In the spherulite

region, as shown in Figure 9(b), crystals almost
composed of pure a spherulites were observed.
However, as shown in Figure 9(a), a great number
of larger b spherulites were identified. The melting
curves of the iPP samples that were subjected to
extrusion with a constant Te of 150�C and various
rw’s are presented in Figure 10.
As shown in Figure 11, Ub, Kb, X

DSC
C , and XWAXD

C

of the extrudant treated by various rw’s were
counted. Ub and Kb gradually increased, and XDSC

C

and XWAXD
C remained almost invariant; this

depended strongly on the increase in rw. Kb

decreased from 51 to 12 wt % (a reduction of 39%)
when the applied rw decreased from 0.130 to 0.020
MPa. Meanwhile, Ub decreased from 40 to 25 wt %

Figure 9 Optical micrographs of iPP samples subjected to
extrusion with Te ¼ 150�C and various rw’s: (a) 0.090 and
(b) 0.045 MPa. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 10 DSC thermograms of samples subjected to
extrusion with a constant Te of 150�C and various rw’s.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 11 Dependence of the total crystallinity (Xc) and b-
iPP content with Te ¼ 150�C and various rw’s applied, derived
from the DSC andWAXD data. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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(a reduction of 25%). This showed that the DSC and
WAXD results were in agreement with the trend
observed by the optical micrographs (see Fig. 9).
Similar behavior was found in recent studies.58–60

Effect of Tc on the crystal structure and
morphology of the iPP supercooled melt

Figure 12 shows the influence of different Tc’s on
extrusion samples that were extruded with a rw of
0.090 MPa at a Te of 145

�C and then held for 1 h at
different Tc’s. Two types of b-iPP spherulites are
shown in Figure 12: the negative radial bIII-iPP [Fig.
12(a)] and the negative banded bIV-iPP [Fig. 12(b)],
as defined by Padden and Keith.57 As shown in Fig-
ure 12(b), b-iPP cylindrites were observed near the
wall. However, it was hard to find them in the same
region in Figure 12(a).

Figure 13 shows DSC thermograms of samples
that were extruded with a rw of 0.090 MPa at a Te of
145�C and then held for 1 h at different Tc’s. Notice-

ably, the Tm’s of both the a-form and b-form crystals
in the extrudant consistently shifted to higher tem-
peratures when the applied Tc increased from 105 to
135�C (see Fig. 13). This may have been due to the
increased perfection of the crystals when the crystal-
lization was conducted at higher Tc’s.

61,62

The effect of Tc on Ub, Kb, XDSC
C , and XWAXD

C is
shown in Figure 14. The DSC and WAXD results indi-
cate that the total crystallinity and b-iPP content
increased when Tc was set from 105 to 125�C, with a
constant rw of 0.090 MPa and a Te of 145

�C. When Tc

was above 125�C, the b-iPP content decreased obvi-
ously, and the total crystallinity continued to
increase. On the other hand, we believe that the final

Figure 12 Optical micrographs of iPP samples subjected
to extrusion with Te ¼ 145�C and rw ¼ 0.090 MPa crystal-
lized at Tc’s of (a) 135 and (b) 125�C for 60 min. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 13 DSC thermograms of samples subjected to
extrusion with Te ¼ 145�C and rw ¼ 0.090 MPa crystal-
lized at various Tc’s. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 14 Dependence of the total crystallinity (Xc) and
b-iPP content with Te ¼ 145�C, rw ¼ 0.090 MPa, and vari-
ous Tc’s applied, derived from the DSC and WAXD data.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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crystal morphology and structure were changed after
the relaxation of the oriented structure at higher Tc’s;
this may have dominated the formation of b-iPP.

According to these experimental results obtained
at different values of rw, Te and Tc, we suggest a
schematic model of three steps to describe the devel-
opment of the flow-induced crystallization of the iPP
supercooled melt shown in Figure 15:

1. As shown in Figure 15(a), some partially or-
dered molecular bundles existing in the iPP
supercooled quiescent melt acted as shear pre-
nuclei during the course of shearing.

2. Threadlike and dot nuclei (under shear flow)
came from shear prenuclei, which were

stretched parallel to flow direction, as demon-
strated in Figure 15(b).

3. As shown in Figure 15(c-2), these threadlike
and dot nuclei (under shear flow) were easily
relaxed at higher Tc (marked in blue). We sug-
gest that the higher Tc of the iPP extrudant
inhibited the formation of b-iPP; this was
actually observed in this case.

4. An adjacent chain was adsorbed to these or-
dered structures during the process of crystalli-
zation after extrusion, as shown in Figure 15
(d-1) and Figure 15(d-2).

Because threadlike and dot nuclei could crystallize
at much higher temperatures compared with the

Figure 15 Schematic model of the morphological development of shear prenuclei during the flow-induced crystallization
of the iPP supercooled melt. V ¼ velocity; DV ¼ velocity difference. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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homogeneous nucleation,20 the well-developed b-cyl-
indrite and b-spherulite crystals shown in Figure
15(d-1) were easily understood. The dot nuclei fell
into two broad categories: shear-induced dot nuclei
and quiescent dot nuclei. Shear-induced dot nuclei
doubtlessly led to a tendency to form b-spherulite
crystals. The resulting morphology consisted of b-
spherulite, a-spherulite, and b-cylindrite crystals.
The description of this model was consistent with
simulation works carried out in recent studies.63–65

CONCLUSIONS

By detecting iPP extruded samples prepared at dif-
ferent values of rw, Te, and Tc, we drew the follow-
ing conclusions:

1. b-cylindrites could found near the wall in
almost all extrudants, and the density of the b-
cylindrite nuclei decreased rapidly with
increasing Te, although in the core region, only
under higher rw’s could b-spherulites be
observed.

2. Compared with the gradually decreasing b-iPP
content, when Te increased, the total crystallin-
ity remained almost invariant.

3. With increasing rw, the b-iPP content gradually
increased, but the total crystallinity still
remained invariant.

4. With Tc climbing from 105 to 125�C, the total
crystallinity and b-iPP content positively
changed accordingly; above125�C, the b-iPP
content decreased obviously, whereas the total
crystallinity increased obviously.

From these results, we suggest that some par-
tially ordered molecular bundles remained in the
iPP quiescent supercooled melt. Those above a criti-
cal size could orient under flow and form crystal
nuclei of b-cylindrite and b-spherulite crystals,
known as shear prenuclei. The size of the shear pre-
nuclei may have been influenced by the super-
cooled Te.
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