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Abstract

In order to better understand the effect of shear stress on the crystal morphology and orientation of polyolefins, dynamic packing injection

molding was used to prepare oriented pure polypropylene (PP) and its blends with linear low density polyethylene (LLDPE). The obtained

samples were characterized via 2d-SAXS, 2d-WAXD and AFM. Macroscopically, shear induced morphology with surface skin, central core

and oriented layer between the skin and the core was observed in the cross-section areas of the samples. For pure PP, a highly oriented

structure was seen in the sheared layer but much less oriented structure exists in the core. The orientation in the skin lies in between. The

shish–kebab structure, composed of stretched chains (shish) and layered crystalline lamellae (kebabs), was found in the sheared layer. Shish

structure exists mainly in the skin layer and oriented spherulits dominates in the core. For PP/LLDPE (50/50) blends, a change of phase

morphology from less-phase-separated structure (homogeneous) in the skin, to co-continuous structure in the sheared layer and sea-island

structure in the core was observed. PP formed a shish–kebab structure in all the three layers. And on the other hand, a very unique crystal

morphology and lamellar orientation of LLDPE were obtained, with the lamellar stack oriented either perpendicularly or 45–508 away from

the shear flow direction.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Shear-induced orientation and crystallization in semi-

crystalline materials, which is very common in the industrial

processing (e.g. extrusion, injection molding), has attracted

more and more attentions due to the significant theoretical

values and practical applications [1–7]. Many studies have

been carried out to investigate the molecular orientation in

the deformed melt and the resultant morphological changes

during crystallization process. When polymers are crystal-

lized from an oriented or strained melt, shish–kebab

textures are usually a predominant feature of their

morphology [8,9]. The shish–kebab structure in polyethy-

lene has been intensively studied since it was first reported

by Pennings in 1965, where he found a new kind of polymer

crystallite in stirred polyethylene solutions [10]. The main

effect of shear is to assist the formation of nuclei by the

alignment of polymer chains in the supercooled melt along

shear direction. This alignment may act as a precursor for

the formation of stable primary nuclei. Then, lamellae will

be constrained to grow from the primary nuclei laterally due

to their high aspect ratio, resulting in formation of a highly

oriented, row-nucleated morphology. It has been concluded

that the factors that is responsible for the alignment and

relaxation of molecular chains can affect the formation of

primary nuclei as well as the shish–kebab texture [11,12].

Observation of shish crystal growth of isotactic polystyrene

(iPS) extending into non-strained polymer melt was also

reported and explained by a model of an autocatalytically

reproduced extensional flow field in the front of the grow tip

[13]. Hsiao has recently carried out elegant experiment to

study the shear-induced precursor (shish) in iPP melt by in

situ Rheo-SAXS and Rheo-WAXD and concluded that the

shish–kebab morphology was developed after applying a

shear stress at 165C, near the nominal melting point of iPP

[14–17]. The shish-induced layered crystalline lamellae

(kebabs) were found to be oriented perpendicularly to the
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flow direction. Even more, for the first time, Hsiao has

qualitatively described the shish–kebab morphology in iPP.

Recently, we have carried out intensive investigation on

polyolefin blends achieved by dynamic packing injection

molding [18–21], which relies on the application of shear

stress fields to melt/solid interfaces during the packing stage

by means of hydraulically actuated pistons. The main

feature is that after the melt is injected into the mold the

specimen is forced to move repeatedly in a chamber by two

pistons that move reversibly with the same frequency as the

solidification progressively occurs from the mold wall to the

molding core part. Shear-induced morphology with core in

the center and oriented zone surrounding the core was

observed in the cross-section areas of the samples [20,21]. It

was found that a shish–kebab structure is formed in oriented

zone and the amount of shish crystal of HDPE can be

promoted by adding second component, such as EVA [22].

In this work, the attention is focused on the shear-induced

shish–kebab structure in iPP and its blends with linear low

density polyethylene (LLDPE) to gain better understanding

of formation of shish–kebab structure of iPP and LLDPE.

2. Experimental

2.1. Materials

The polypropylene (PP) and LLDPE used in the

experiment are commercial products, PP (2401) was

purchased from the Yan Shan Petroleum Chemical, China

(melt flow index is 2.5 g/10 min); and LLDPE (7042) was

Purchased from the Ji Lin Petroleum Chemical, China (melt

flow index is 2.0 g/10 min).

2.2. Samples preparation

Various binary blends were prepared by varying the

LLDPE content in iPP matrix. Melt blending of a pair of

polymers was conducted using twin-screw extruder (TSSJ-

25 co-rotating twin-screw extruder). After making droplets,

the blends were molded by dynamic packing injection

molding technology. This technology can introduce the

shear stress field as the solidification progressively occurs

from the mold wall to the molding core part. A sample with

highly oriented structure was obtained in this way and called

dynamic sample. In this work, the melt temperature is

180 8C, the dynamic packing pressure is 35 MPa, and the

packing frequency is 0.3 Hz, respectively. The detailed

introduction and experiment procedure was described in

Ref. [20]. As mentioned above, macroscopically the

dynamic packing injection molded samples can be divided

into three layers, namely, the skin, the sheared layer and the

core. The three layers were separated manually before the

following WAXD and SAXS experiments.

2.3. WAXD experiment

The 2d-wide-angle X-ray scattering experiments

(WAXD) were conducted using a Rigaku Denki RAD-B

diffractometer. The wavelength of the monochromated X-

ray from Cu Ka radiation was 0.154 nm and reflection mode

was used. The samples were placed with the orientation

(flow direction) perpendicular to the beams. The detector

was placed about 15 cm from the sample holder. The

scattering angles were calibrated using a a-alumina NIST

standard. All the 2d-WAXD patterns given in this article

have extracted the background thus a qualitative compari-

son between the 2d-WAXD patterns is made possible.

2.4. SAXD experiment

2d-SAXS measurements were carried out on Nanostar

SAXS system, a commercial SAXS system of Bruker AXS

GmbH, Karlsruhe, Germany. Typical collection time is

20 min. Calibration of q range is achieved by the scattering

of silver behanate.

2.5. Atomic force microscopy (AFM)

AFM experiments were performed with a Nanoscope III

scanning probe microscope. The height and phase images

were obtained simultaneously while operating the instru-

ment in the tapping mode under ambient conditions. Images

were taken at the fundamental resonance frequency of the Si

cantilevers, which was typically around 300 kHz. Typical

scan speeds during recording were 0.3–1 line/s using scan

heads with a maximum range of 16 £ 16 mm. The phase

images represent the variations of relative phase shifts (i.e.

the phase angle of the interacting cantilever relative to the

phase angle of the freely oscillating cantilever at the

resonance frequency) and are thus able to distinguish

materials by their material properties (e.g. amorphous and

crystalline polymers). The flat surfaces of the samples

which were examined, were obtained by cutting with a

Diatome diamond knife at < 2 120 8C using an ultra-

microtome (Ultracut E, Reichert and Jung) equipped with a

cryo-chamber.

3. Results and discussion

3.1. 2d-WAXD result

As mentioned before, for a dynamic sample, shear

induced morphology with core in the center and oriented

zone surrounding the core was observed in the cross-section

areas of the sample. One expects a highly oriented structure

in the oriented layer and less oriented structure in the core.

Showing as an example, Fig. 1 are the 2d-WAXD patterns

of PP at different zone obtained perpendicular to the shear

flow direction. For pure PP, in the skin, an intensity
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distribution of PP is observed, which has five circles in

WAXD patterns associated with different lattice planes of

PP and there are some spots on the circle, which indicating

some orientation of PP. The lattice planes observed are 110,

040, 130, 2131 and 111, from inner to outside circles,

respectively. It is known that the mode is elongated flow in

the skin of the sample, and the molecules tend to orient

along the flow direction. In the oriented layer, the circles are

weakened and five very sharp dark spots are formed,

indicating a highly oriented structure of the PP chain along

the shear flow direction. In the core of the sample, only

weak four-point arcs of (110) and two points of (040) lattice

plane along the meridian can be observed, which suggests

much less oriented structure than that in the oriented layer

and the skin. The interesting result of 2d-WAXD is the

change of orientation of PP as adding LLDPE in matrix PP.

Fig. 2 shows 2d-WAXD patterns in the oriented layer of PP

after adding LLDPE. One observes a dramatic enhancement

of PP orientation by adding LLDPE up to 50 wt % content.

The intensity of five distinct reflections become much

stronger and reflection spots in the center part can also be

seen. Furthermore, one observes two spots of 110 and 200

lattice planes of LLDPE in the blends but only two circles

for pure LLDPE, which indicating an enhancement of

LLDPE orientation in return by PP. To know the c axis of

PP and LLDPE crystallite, we also carried out 2d-WAXD

experiments along the flow direction. An isotropic orien-

tation was always seen for all the samples when viewed

along the flow direction. The appearance of 200 and 110 of

LLDPE lattice planes on the meridian in Fig. 2 indicates that

the c-axis is along the flow direction. However, the

orientation of c-axis of PP lattice should be carefully

examinated. Since 040, 110 and 130 of PP lattice planes are

observed on the meridian in Figs. 1 and 2, the c-axis should

be along the flow direction. However, a careful examination

of the disposition of the inner iPP 110 diffraction arcs in the

WAXD in Figs. 1 and 2, it may be due to the well known

epitaxial growth in a form of PP with cross hatch

crystallographic angle 80.678 [23,24]. The bimodal diffrac-

tion patterns in Figs. 1 and 2 are characteristic of the

monoclinic crystalline unit cell of the a form. This 2d-

WAXD pattern is typical to iPP and is believed due to the

crystallographic branching of daughter lamellae growing

epitaxially with their a- and c-axes parallel to the c-and a-

axes of the parent lamellae, respectively, [25–27]. To know

the detail about the degree of orientation and the possibility

of epitaxial growth between crystal planes of PP and

LLDPE the circularly averaged WAXD intensity profiles

with proper crystalline reflections should be analyzed. This

is present carrying out in our group.

3.2. 2d-SAXS and AFM results

The detailed crystal morphology can be deduced from

2d-SAXS data. The typical photographs of 2d-SAXS of

dynamic sample for pure PP, including skin, oriented and

core layers, are shown in Fig. 3. At the skin layer, only two

weak spots are seen on the meridian, which indicating that a

shish-like structure is formed in this layer. Due to the fast

cooling at near the skin upon contact with the cold mold

surface, the shish formed under extensional or shear stress

can be easily fixed, but not much kebab is developed. On the

other hand, two diffused spots are seen on the equatorial

direction and less diffraction is seen on the meridian

direction for the core, which suggesting that supermolecua-

lar structure with less orientation (most likely oriented

spherulits) exists in the core layer. Interestingly, one

observes two strong spots on the meridian and two weak

Fig. 1. 2d-WAXD patterns of PP at different zone obtained via the shear stress field. (a) The skin, (b) the shear layer and (c) the core.
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spots on equatorial as well for the sheared layer, which

indicates that a shish–kebab structure of PP is really

induced under the effect of shear stress and can be fixed

during cooling. The main effect of shear is to assist the

formation of nuclei by the alignment of polymer chains in

the supercooled melt along shear direction. This alignment

acts as a precursor for the formation of stable primary

nuclei. Then, lamellae will be constrained to grow from the

primary nuclei laterally due to their high aspect ratio, a

process of formation of crystalline lamellae oriented

perpendicularly to the flow direction, resulting in formation

of a highly oriented, row-nucleated morphology, as in the

case for the formation of shish– kebab structure in

polyethylene under shear stress.

To understand the crystal morphology of PP/LLDPE

blend, one must know the phase morphology first. For this

reason, AFM experiment was carried out, and the AFM

result for PP/LLDPE (50/50) is shown in Fig. 4. AFM

Fig. 2. 2d-WAXD patterns in the oriented layer of PP after adding different content of LLDPE. PP/LLDPE ¼ (a) 100/0, (b) 80/20, (c) 50/50, (d) 20/80 and (e)

0/100.
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photographs were taken from different position from skin to

center of the dynamic sample, the number of each picture

represents the distance to the edge of sample (mm). From

surface up to 0.4 mm is the skin region, from 1.6 to 1.9 mm

represents the sheared layer and from 2.3 to 3.5 mm

corresponds the core. Since the modulus of PP is much

larger than that of LLDPE, the bright region is assigned to

PP-rich phase and the dark region is assigned to the LLDPE-

rich region. One observes a very homogeneous less phase-

separated morphology at skin region. Due to the fast cooling

of skin, applied shear has little effect on the morphology. A

gradually change of co-continuous phase to island–sea

structure under low shear rate is seen starting from 1.6 to

2.3 mm. A clear-cut island-sea structure with 2–3 mm

domain is observed in the center (3.5 mm). The big domain

size in the core can be explained by longer time cooling.

Due to the heat released by the friction during shearing, a

longer time is needed for cooling down the sample, which

gives the sample more time for phase separation in the

center.

Having the phase morphology of PP/LLDPE (50/50)

blend, now let us check its crystal morphology and lamellar

orientation. The 2d-SAXS patterns of PP/LLDPE (50/50)

are shown in Fig. 5. One observes very beautiful but much

complicated 2d-SAXS patterns with two sets of diffraction

spots for all the three zones. The inner (bright) sets of

diffraction spots should be due to the voids formed in the

sample during the dynamic packing injection molding,

which usually results in a strong diffraction. The out (weak)

sets of diffraction comes from lamellae structure of the

blend. Since we know from 2d-WAXD patterns that the c-

axis for both PP and LLDPE is along flow direction, the

diffraction spots on equatorial result from kebabs of PP and

LLDPE, which oriented perpendicularly to the flow

direction. So they look much diffuse compared with other

four sports. Now how do we understand the four diffraction

spots along 45–508 direction respect to shear flow direction,

which indicating additional lamellar stacks in this direction.

It should be noted that the four diffraction spots are observed

at all the three layers, regardless the phase morphology (less

phase-separated or macroscopic phase-separated). In order

to further emphasize the effect of shear stress on the

formation the complicated structure, a corresponding static

sample obtained via the conventional molding technology

(no shear stress field) was also characterized through 2d-

SAXS and the result is shown in Fig. 6. For the static

sample, the pattern of 2d-SAXD shows circle-like scattering

profile in the core, which is the result of the isotropic

morphology, indicating the absence of any detectable

structures and/or preferred orientation. But in the skin of

the sample, the pattern of 2d-SAXD clearly shows the

appearance of equatorial maximal, again due to elongated

flow and fast cooling in this layer.

To verify the origin of the SAXS pattern of the blend, an

annealing experiment was carried out. The dynamic sample

PP/LLDPE (50/50) in the sheared layer was kept 140 8C for

15 min. At this experimental condition, LLDPE will melt

and PP should maintain its initially state. The comparison of

2d-SAXD before and after annealing was shown in Fig. 7. It

is clearly seen that after annealing, the inner diffraction of

voids is completely disappeared. The out side diffraction

sports on equatorial become more condensed, which

indicating disappear of diffraction from LLDPE. However,

the four diffraction spots along 45–508 direction respect to

shear flow direction keeps unchanged. As the LLDPE was

melted first, it would be very unlikely LLDPE to form a

shish kebab structure upon cooling, especially under the

presence of the iPP lamellar structure. SAXS patterns

clearly indicate the persistence of a lamellar structure for PP

and an interesting tilted lamellar structure for LLDPE. It is

not clear at this moment why some LLDPE lamellar stacks

are oriented 45–508 away from shear direction, and nothing

to do with phase morphology. This worth to be further

investigated.

For summary, the crystal morphology and orientation of

pure PP and PP/LLDPE blend (50/50) can be schematically

Fig. 3. The typical photographs of 2d-SAXD of dynamic sample for pure PP at different zone. (a) The skin, (b) the shear layer and (c) the core.
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Fig. 4. AFM photographs for PP/LLDPE (50/50), the number of each picture represents the distance to the edge of sample (mm).
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presented in Fig. 8. For the pure PP, according to the

patterns of 2d-SAXD and 2d-WAXD, shish structure

(extended chain) is a dominated feature in the skin and

oriented lamellar stack (kebab structure) in the core. But in

the sheared layer, because of the effect of shear stress along

with the flow direction, the oriented lamellar stacks can

grow perpendicular with the shish structure, and forms the

typical shish–kebab structure. For PP/LLDPE (50/50)

blend, a very interesting crystal morphology and lamellar

orientation were obtained based on 2d-SAXS, 2d-WAXD

and AFM. A separated lamellar stack of PP and LLDPE is

formed either in less-phase-separated skin or in macro-

scopic phase-separated sheared layer or the core. For PP all

the lamellar stacks oriented perpendicularly to the flow

direction. For LLDPE part of its lamellar stacks is oriented

perpendicularly to the flow direction, and part of the

lamellar stacks is oriented 45–508 away from shear flow

direction. Future work, such as step heating 2d-WAXD or

2d-SAXS experiment from room temperature up to melting

temperature of PP, is needed to interpret the lamellar

orientation of PP and LLDPE in the dynamic packing

injection molded PP/LLDPE blends.

4. Conclusion

In summary, the oriented iPP and its blends with LLDPE

were prepared via the dynamic packing injection molding

technology, and the oriented samples were characterized

through 2d-WAXD, 2d-SAXD and AFM. For the pure iPP,

a strongly oriented structure could be obtained in the

oriented layer and in the skin, and much less oriented

structure in the core. Furthermore, the 2d-SAXD results

suggested that the shish structure existed mainly in the skin,

and shish–kebab structure mainly in the oriented layer, but

kebab structure of iPP mainly in the core. For the blends of

PP/LLDPE (50/50), a change of phase morphology from

less-phase-separated structure (homogeneous) at skin, to co-

continuous structure at sheared layer and sea– island

structure at the core was observed by AFM. Besides the

Fig. 5. The 2d-SAXD results of PP/LLDPE (50/50) blends obtained via the shear stress field at different zones. (a) The skin, (b) shear layer and (c) the core.

Fig. 6. The 2d-SAXD results of PP/LLDPE (50/50) blends obtained via the conventional molding technology at different zone. (a) The skin and (b) the core.

Y. Wang et al. / Polymer 45 (2004) 207–215 213



Fig. 7. The comparison of 2d-SAXD results in the core of PP/LLDPE (50/50) before and after annealing. (a) Before annealing and (b) after annealing.

Fig. 8. The schematic representation of the crystal morphology of pure PP and PP/LLDPE blends obtained via the shear stress field. (a) Pure PP and (b)

PP/LLDPE blends.
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lamellar stack of PP and LLDPE oriented perpendicularly to

the flow direction, and an interesting tilted lamellar structure

of LLDPE was also found.
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