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Abstract

In this study, we first prepared isotactic Polypropylene (iPP)/organoclay nanocomposite specimens via twin-screw extruder and by adding

compatibilizer (maleic anhybride grafted PP). Then PP and the composites were subjected to dynamic packing injection molding, in which

the melt was firstly injected into the mold then forced to move repeatedly in a chamber by two pistons that moved reversibly with the same

frequency as the solidification progressively occurred from the mold wall to the molding core part. The dispersion and orientation of layered

organoclay in the nanocomposite were estimated by transmission electron microscopy (TEM) and 2d-wide angle X-ray scattering (2d-

WAXS). A much higher degree of orientation of PP was found in the composites compared with the pure PP. This was explained by so called

shear amplification in that a great enhancement of local stress occurred in the small interparticles region of two adjacent layered tactoids with

different velocities. Furthermore, re-crystallization of isotactic polypropylene (iPP) by melting the dynamic packing injection molded

samples has been investigated by polarizing light microscopy (PLM). A highly oriented threadlike crystallites was observed for the first time

when crystallization occurs by melting the dynamic packing injection molded samples at 180 8C. However, spherulitic morphology is always

obtained once PP crystallizes from an isotropic melt by melting the samples at 200 8C. The shear amplification mechanism and the formation

mechanism of oriented threadlike crystallites have been discussed in detail.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, polymer/layered silicate nanocomposites

(PLSN) have gained intensive interest because of their

unique and valuable mechanical [1,2], thermal [3],

electronic [4,5] and permeability [6] properties compared

to the pristine polymers; thereby numerous studies have

been systematically carried out on the relationship between

microstructure and meso-/macroscopic properties in

PLSNs. Several semicrystalline polymers, such as poly-

propylene, polyamide and polyester, were usually selected

as the basal resin of nanocomposite and the crystalline

behaviors of these PLSNs played pivotal roles in determin-

ing the ultimate properties of as-prepared nanocomposites.
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Obviously, the incorporation of nanoscale-layered silicate

into these semicrystalline polymers would dramatically

impact the crystalline properties including crystallization

kinetics, crystal structure and crystallinity. Two effects of

nanoclay platelets are commonly considered on crystal-

lization of basal polymers [7–10]: (i) Nanoclay layers is an

effective heterogeneous nucleating agent for decreasing the

interfacial free-energy per unit area perpendicular to

macromolecular chains in PLS nanocomposites, which

enhances the nucleating speed [11] and the crystallization

rate [12,13], improves the cooling crystallization tempera-

ture [14] and decreases the spherulite size [9]; (ii) a physical

hindrance of nanoclay layers to the motion of polymer

chains limits the crystallization of basal polymer, resulting

in a decrease of crystallinity [9] and degree of perfection of

the crystal [8,15].

Besides these results noted above, silicate nanopaletlets

could induce some other unique and unusual crystallization

behaviors in PLSNs that are also valuable to summarize

hereafter. Krikorian et al. [16] recently found that the
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nucleation rate was low but the spherulitic grow rate was

high in poly(L-lactic acid) (PLLA)/organoclay nanocompo-

sites with a high degree of exfoliated structure in contrasting

to the system with a intercalated structure. However, the

overall bulk crystallization rate was increased in the

intercalated system but was retarded in the exfoliated

system. Ghosh et al. [17] demonstrated that the clay

dispersibility played a substantial role in altering the crystal

structures in syndiotactic polystyrene(sPS)/layered clay

nanocomposite: nanoscale dispersibility was found to

promote rapid formation of a-form crystal; whereas pristine

clay with aggregated structure was favorable for formation

of b-form crystal, which was prevalent in pure sPS. Zhan et

al. [19] also suggested that the addition of montmorillonite

(MMT) promoted the transition of crystal structure from

a-phase to b-phase crystal in polyamide 66/clay nanocom-

posite at various crystallization temperatures. The influence

of crystallization on intercalation and morphology of PP/

organoclay nanocomposite has been studied by Maiti et al.

[20]. They found that the extent of intercalation of polymer

chains into silicate galleries was increased with the increase

of crystallization temperature due to a long time in molten

state. A higher density of dispersed clay particles was

observed in the inter-spherulitic region compared to the

density inside-spherulite, which was presumably due to the

segregation of the clay particles from the crystal growth

front due to the exclusion. An unusual crystalline behavior

in polyamide 6(PA6)/MMT nanocomposite was observed

by Wu et al. [21] that increased cooling rate would result in

higher crystallinity of PA6/MMT nanocomposite in sharp

contrast to pure PA6 and other semicrystalline polymers.

And the g-form crystal was dominant in the rapidly cooling

crystallization of nanocomposite. When the content of

nanoclay was high, the confinement effect of physical

hindrance of nanoclay platelets to the motion of polymer

chains in crystal became stronger and even induced an

‘abnormal’ high temperature molten peak in DSC thermo-

gram, which was reported by Phang [22] and Zhang [10] in

polyester/clay and nylon 10,10/clay nanocomposites,

respectively.

Early stage of shear-induced crystallization in PP/MMT

nanocomposite has been investigated by Solomon [23] and

Nowack [24]. For quiescent isothermal crystallization, the

intercalated PP nanocomposite displayed retarded crystal-

lization kinetics compared to that of pure PP; a flow-induced

acceleration of crystallization kinetics was observed for PP

nanocomposite whereas only a modest effect of shear strain

on pure PP crystallization [23]. Nowack [24] recently

suggested that only weak nucleating activity of nanoclay

was inspected during crystallization in quiescent condition

and the nucleation activity was greatly enhanced in shear-

induced crystallization. Similarly, in the injection-molded

specimen of nylon 6/clay nanocomposite, the nucleation

density was significantly increased through orientation of

macromolecules and the foreign particle effect of the

nanoplatelets. Thus complete spherulitic formation was
suppressed even in the core region of specimen at high mold

temperature [25]. The levels of chains and crystals

orientation in injection-molded nylon 6/clay nanocomposite

were found obviously higher than that of pure nylon 6

sample by Cakmak et al. [34], and this was attributed to a

so-called shear amplification mechanism that a great

enhancement of local stress occurred in the small

interparticles region of two adjacent layered tactoids with

different velocities.

A typical ‘shish-kebab’ crystalline structure has been

found by Maiti [26] and Kim [27] in polyamide/organoclay

nanocomposite and by Choi [28] in PP/EPR/talc nanocom-

posite where a preferential orientation of polymer lamellae

perpendicular to the surface of organoclaylayers was

inspected by TEM measurements. The unique observation

of lamellar orientation on the clay layers was ascribed to

nucleation and epitaxial crystallization at the interface

between layered silicate and polymer matrix especially the

surfaces of clay platelets acted as heterogeneous nucleation

sites. Moreover, a dramatic change in crystal morphology

was observed in PP/clay nanocomposites when crystal-

lization at high temperature, i.e. 142 8C, at which the

pristine PP did not crystallize at all [29,30]. It was

manifested that the crystallites exhibited fibrous structure

that grew in length and diameter with time and even after a

long prolonged crystallization time the crystalline mor-

phology still remained threadlike shape. Moreover, at the

beginning stage of crystallization in poly(ethylene tereph-

thalate)/clay nanocomposite, some crystallites were fibrous

[15]. The asymmetric morphology of crystal was also

contributed to the surfaces of the partially exfoliated clay

platelets acted as a nucleation agent, which promoted the

crystallization of polymer.

In this article, we first prepared isotactic polypropylene

(iPP)/organoclay nanocomposite specimens via twin-screw

extruder and by adding compatibilizer (maleic anhybride

grafted PP). Then PP and the composites were subjected to

dynamic packing injection molding, in which the melt was

firstly injected into the mold then forced to move repeatedly

in a chamber by two pistons that moved reversibly with the

same frequency as the solidification progressively occurs

from the mold wall to the molding core part. In this way, the

highly oriented structure for both iPP and clay layers can be

obtained. Our proposals are mainly two folds: (1) Further

explore the idea of shear amplification by checking the

change of orientation along the sample thickness; (2)

investigate the effect of oriented clay on the re-crystal-

lization of iPP by melting the dynamic packing injection

molded samples.
2. Experimental

2.1. Materials

A commercially available isotactic polypropylene (trade
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marked as T30S, Yan Shan Petroleum China) with MhZ
29.2!103 g/mol and a melt flow index (MFI) of

0.9975 g/min (190 8C, 2.16 kg) and a density of 0.91 g/m3,

was used as the basal polymer. The compatibilizer, PP

grafted maleic anhybride (PP-MA) (MA contentZ0.9 wt%,

MFIZ6.74 g/min at 190 8C) in which maleic anhybride

group is randomly grafted on a PP backbone, was purchased

from Chen Guan Co. (Sichuan, China). Sodium montmor-

illonite with a cation exchange capacity (CEC) of

68.8 mmol/100 g (RenShou, Sichuan, China) was organi-

cally modified through ion-exchanged reaction with

dioctadecyl dimethylammonium bromide and the detailed

procedure can be found in our previous publication [31].

The thickness of organoclay tactoid comprised tens layers is

in the range of 50–100 nm, while the length is about

300 nm. The diameter of clay particle aggregated by

tactoids is less than 10 mm.

2.2. Preparation of PP/organoclay nanocomposites

A master-batch consisted of iPP/PP-MA/organoclay

(80/20/20 wt%) was melt-mixed in a TSSJ-2S co-rotating

twin-screw extruder. The temperature of the extruder was

maintained at 160, 190, 210, 210 and 195 8C from hopper to

die and the screw speed was about 110 rpm. Then a series

iPP/PP-MA/organoclay nanocomposites with iPP/PP-

MA/organoclay (90/10/x wt%, xZ0, 1, 3, 5, 10) were

obtained through adding iPP and PP-MA to dilute the as-

prepared master-batch in the extruder. Thereafter, the speci-

mens are termed as PPCNx (where x represent the weight

content of OMMT, such as PPCN3 means that the

organoclay content is 3 wt%). After pelletized and dried,

composites were injected into a mold with aid of a SZ 100 g

injection-molding machine with barrel temperature of

190 8C and injection pressure of 900 kg cmK2. Then

dynamic packing injection molding (thereafter is abbre-

viated as DPIM) technology was applied. Its main feature

was to introduce shear to the cooling melt during packing

stage by two pistons that moved reversibly with the same

frequency (1.0 Hz). Shear rate was about 10 sK1 calculated

from the geometry of mold. The processing parameters and

the characteristics and detail experiment procedure of DPIM

were described in Refs. [32,33]. We also carried out

injection molding under static packing by using the same

processing parameters but without shearing for comparison

purpose. The specimen obtained by dynamic packing

injection molding is called dynamic sample, otherwise the

specimen obtained by static packing injection molding is

called static sample.

2.3. Characterizations

2.3.1. 2d-Wide-angle X-ray scattering (2D WAXS)

The two dimensional wide-angle X-ray scattering

experiments (2D WAXS) 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) perpen-

dicular to the beams. The intensity was corrected by

subtracting the background scattering. Azimuthal scan of

2DWAXS were made (040) plane of iPP at a step of 18 from

0 to 3608. The orientation of chains could be calculated by

the orientation parameter f,

f Z
3hcos24iK1

2
(1)

hcos24iZ

Ðp=2

0

IðfÞsin f cos2fdf

Ðp=2

0

IðfÞsin fdf

(2)

where f is the angle between the normal of a given (hkl)

crystal plane and shear flow direction, and I is the intensity.

Its limiting values of orientation parameter f, taking fZ0 as

the shear flow direction, are K0.5 for a perfect perpendicu-

lar orientation and C1.0 for a perfect parallel orientation.

An un-oriented sample gives fZ0.

2.3.2. Transmission electron microscope (TEM)

The dispersion and orientation of organoclay layers in

iPP matrix were inspected by transmission electron

microscope (TEM). For TEM measurement, the ultra-thin

sections (w100 nm) were cut in the direction parallel to the

shear flow and the measurement was performed on a JEM-

100 CX TEM instrument at an acceleration voltage of

80 kV.

2.3.3. Polarizing light microscopy (PLM)

The crystallization of iPP was investigated in situ by a

Leica DMIP polarizing light microscopy (PLM) equipped

with a Linkam THMS 600 hot stage under crossed

polarizers. Thin slices were cut from the injection molded

samples, inserted between two microscope cover-glasses,

melted at 180 8C and squeezed to obtain thin films. Then,

slices were held for 2 min at 180 8C to achieve thermal

equilibrium. In subsequence, samples were cooled to room

temperature at a constant rate of K3 8C/min. The course of

non-isothermal crystallization was recorded by taking

photomicrographs at appropriate intervals of time, using a

Canon PowerShot 550 digital camera. The flow direction is

horizontal in all PLM pictures of this study.
3. Results

3.1. Orientation of iPP and clay in the dynamic injection-

molded sample

A structural hierarchy along thickness direction of

injection molding specimens is manifested in Fig. 1,



Fig. 1. PLM pictures represent the structural hierarchies in (a) static PPCN0, (b) static PPCN5, (c) dynamic PPCN0 and (d) dynamic PPCN5 specimens.
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where the flow direction is horizontal. These PLM images

are obtained before melting and can represent the original

morphologies of as-prepared samples. As shown in Fig. 1(a)

and (b), an oriented skin zone and an isotropic core zone is

seen for static samples. The former was formed immediately

after the melt was injected into the cold mold chamber and

the high content of oriented texture induced by shear

flowing can be preserved due to rapid cooling; whereas the

melt in the internal part of mold cooled down slowly and the

relaxation of oriented texture performed completely. There

exists a distinct boundary between the skin zone and the

core zone, so one can easily distinguish the skin from the

core. The thickness of the skin is about 200 mm for static

sample PPCN0 (Fig. 1(a)) and about 300 mm for static

sample PPCN5 with 5 wt% OMMT dispersed in iPP matrix

(Fig. 1(b)). A significant increase of skin thickness in

PPCN5 compared to PPCN0 indicates that incorporation of

organoclay into the polymer matrix promote the orientation

content of injection molded specimen, which is consistent

with the result obtained by Cakmak et al. [34] in polyamide/

clay injection molded specimen. This can be explained by

so called shear amplification in that a great enhancement of

local stress occurred in the small interparticles region of two

adjacent layered tactoids with different velocities. In

contrast to the static samples, additional oriented texture

is observed within inspection scope of PLM in the dynamic

samples prepared through DPIM, as shown in Fig. 1(c)

without OMMT and (d) with 5 wt% OMMT. In DPIM
processing, the melt was forced to move reversibly during

cooled solidification and a unique zone composed of

oriented texture was formed between the skin and the

core. Although the boundary between the skin and the

oriented zone is ambiguous, one can take the zone located

between 300 and 1100 mm as the oriented zone through

comparison with the static samples.

If shear amplification does play a role for the enhanced

orientation of iPP in presence of layered clay particles, one

should see even greater effect for dynamic samples. For this

reason we carried out 2d-WAXS measurements to get

detailed orientation parameter for each sample, particularly

for dynamic ones. As an instance, Fig. 2 shows the typical

2d-WAXS patterns of the skin, the oriented zone and the

core in dynamic (a) PPCN0 and (b) PPCN10 samples,

respectively. The 2d-WAXS patterns in Fig. 2 are the

characteristic reflection of the a-form crystal of PP

consisting of (110), (040), (130), (111) and (K131)

reflections in sequence from the inner to the outer. The

intensity of (hk0) reflection is significantly enhanced at the

equatorial direction meaning that the iPP lamellae are

preferentially aligned along the flow direction. Based on the

2d-WAXS measurements, the orientation order parameter is

calculated to be K0.20, K0.15 and 0.0 in the skin, the

oriented zone and the core for PPCN0, respectively. Though

the skin and the oriented zone are oriented, still the core

remains mostly un-oriented for dynamic sample PPCN0. As

expected, much strong orientation is achieved in the skin



Fig. 2. Typical 2d-WAXS patterns represent the orientation levels of iPP

molecular chains in (a) dynamic PPCN0 and (b) dynamic PPCN10

specimens. The flow direction is vertical.
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and the oriented zones after the shear stress is applied during

the processing. However, A dramatic increase of orientation

even at the core is obtained for PP/clay nanocomposites. For

example, the orientation order parameter becomes K0.26,

K0.25 andK0.19 in the skin, the oriented zone and the core

for PPCN10. The much higher orientation for the

composites than that for pure iPP(PPCN0) indicates once

again that there may indeed exist the shear amplification in

iPP/clay nanocomposites. Meanwhile, the equatorial spots

near the beam stopper in Fig. 2(b) are attributed to the

periodic stack of organclay layers and imply that organoclay

layers are also aligned parallel to the flow direction.

The orientation of clay layers along the shear flow

direction was further proved by TEM observation. Fig. 3

shows the TEM results of (a) static sample PPCN5 at the

core zone and (b) dynamic sample at the oriented zone,

respectively. The dispersed OMMT is in nano-scale that the

thickness of OMMT tactoids is less than 30 nm and

numerous individual layers are detectable. The clay layers
are seen much oriented along flow direction in the oriented

zone but quite random in the core.

3.2. Constrained crystallization of iPP within oriented

organoclay platelets

To see the effect of oriented clay platelets on the

crystallization of iPP, melt re-crystallization by PLM was

carried out by melting of dynamic samples at two different

temperatures. One is 180 8C for 2 min to keep the oriented

PP structure as much as possible. So one can investigates the

crystal morphology of PP crystallization from an oriented

melt within oriented clay platelets. The other is 200 8C for

5 min to destroy the oriented PP structure completely. In

this way one could see the crystal shape of PP crystallization

from an isotropic melt but within oriented clay platelets.

Optical micrographs, taken during non-isothermal crystal-

lization, cooling the skin zone of dynamic sample PPCN5

(together with PPCN0 for comparison) from 180 8C to room

temperature, at a cooling rate of K3 8C/min, are shown in

Fig. 4. A typical spherulitic growth is seen in PPCN0 sample

that the nuclei appear at w132 8C and the diameters of

spherulites gradually increase with the decrease of crystal-

lization temperature (Fig. 4(a)). The spherulitic growth of

PPCN0 indicates that the oriented structure obtained via

dynamic packing injection molding can be easily destroyed

and the crystallization occurs from an isotropic melt.

However, an asymmetric fibrous crystalline growth in

PPCN5 sample that numerous threadlike crystallites,

whose length axes oriented parallel to flow direction, can

be detected at w145 8C and then grow in length and

diameter during cooling. Meanwhile, many tiny spherulites

with small size are coexisting with the fibrils at low

temperature in Fig. 4(b). Hambir [29] has elucidated the

formation mechanism of fibrous crystal in PP/clay nano-

composite as the nucleating effect of surfaces of nanoclay

layers to promote the crystallization of PP matrix. However,

in our opinion, at least other two factors may contribute the

fibrous crystal: (1) The high degree of orientation of PP

achieved by the dynamic packing injection molding in the

presence of clay (shear amplification as mentioned above),

which can be preserved longer in the melting temperature

and crystallization takes place from an oriented melt. (2)

The confinement effect of nanoclay layers, which will

restrict the relaxation of oriented PP chains, especially when

the clay is oriented. It has been suggested by Medellin-

Rodriguez et al. [35] that non-isothermal crystallization

could be used to preserve the orientation of the clay induced

by shear in nylon 6/clay nanocomposite. So we consider that

the orientation of OMMT in the oriented zone of dynamic

sample can be maintained in quiescent crystallization

condition and which will play important role in the

formation of fibrous crystals.

The confinement effect of the oriented nanoclay layers on

PP crystallization can be further demonstrated by checking

the loading effect of oriented OMMT. The PLM pictures



Fig. 3. TEM micrographs manifest the dispersion and orientation of layered OMMT in (a) the core zone of static PPCN5 and (b) the oriented zone of dynamic

PPCN5 specimens.

Fig. 4. PLM pictures show the sequences of crystal growth in the skin zones of (a) dynamic PPCN0 specimen and (b) dynamic PPCN5 specimen during non-

isothermal crystallization.
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Fig. 6. An example shows how to calculated the maximum length of fibrous

crystal.
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marked with crystallization temperatures for PPCN1,

PPCN3, PPCN5 and PPCN10 are presented in Fig. 5 and

non-isothermal crystallization procedure is same as that of

Fig. 4. When the content of OMMT is low (about 1 wt% in

PPCN1), only spherulites are observed, as shown in

Fig. 5(a). When the content of OMMT increases to 3 wt%

in PPCN3, the fibrous crystals oriented parallel to the flow

direction can be seen. The number density of oriented

threadlike crystal is proportional to the content of OMMT

loading from 3 to 10 wt%, which has been manifested in

Fig. 5(b)–(d), especially Fig. 5(d) is mostly occupied by the

fibrils as the OMMT content reached 10 wt%. As in situ

observing the growth of fibrous crystal, the length of fibrous

crystal no longer increased after certain growth stage and

only increase in diameter was observed, and an example is

given in Fig. 6. The L as indicated in Fig. 6 is taken as the

final length of the fibrous crystal marked by red circle. So

the average length of fibrous crystals can be calculated from

the as-received PLM images. The average length of fibrous

crystals is about 40, 70 and 110 mm in PPCN3, PPCN5 and

PPCN10, respectively. And these length values are obtained

as the average of at least 30 data. Since the degree of

orientation is not much different among these samples, the

increased length of fibrous crystal as increasing of clay

content suggests an enhanced confinement at higher clay

content. It should be noted that the fibrous crystal has been
Fig. 5. PLM pictures represent the effect of OMMT content on the crystal morph

(taken at 139.0 8C), (c) PPCN5 (taken at 134.8 8C) and (d) PPCN10 (taken at 146
frequently reported in literatures, but to our knowledge, the

highly oriented threadlike crystallites of PP is observed b y

us for the first time.
ologies in the oriented zones of (a) PPCN1 (taken at 133.8 8C), (b) PPCN3

.3 8C).
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When the oriented nanocompsoite samples are melted at

a higher temperature, i.e. 200 8C, the growth type of crystal

is significantly different to Fig. 5 and only spherulites

develop irrespective to the content of organoclay. As

displayed in Fig. 7, after the oriented zones of dynamic

PPCN3, PPCN5, PPCN10 samples was heated to 200 8C,

one observes always spherulitic morphology, no oriented

threadlike crystallites anymore, even in this case the clay

layers may still keep in oriented state. This result indicates

that the oriented structure of PP can be destroyed at a higher

temperature and crystallization occurs from an isotropic
Fig. 7. PLM pictures show the crystal morphologies in the oriented zones of

(a) PPCN3 (taken at 127.1 8C), (b) PPCN5 (taken at 1128.3 8C) and (c)

PPCN10 (taken at 128.8 8C) after the samples were melted at a higher

temperature (200 8C) for 5 min.
melt. In other words, once PP crystallizes from an isotropic

melt, spherulites morphology are obtained, no matter the

presence of clay and no matter the clay layers are oriented or

not. Comparing the crystal morphology from an oriented

zone of a dynamic sample and from the core of a static

sample can further prove this argument. The TEM result

above has shown a highly oriented clay layers in the

oriented zone but random distribution of clay layers in the

core. Fig. 8 shows the crystal morphology of PPCN5

crystallized from the oriented zone of the dynamic sample

and the core of the static sample, respectively (non-

isothermal crystallization procedure is same as that of

Fig. 4). Again one observes a spherulitic growth in the core

of static sample with disordered dispersion of organoclay

(Fig. 8(a)) and an asymmetric fibrous crystalline growth in

the oriented zone of dynamic sample with high oriented

degree of organoclay (Fig. 8(b)). Meanwhile, the fibrils also

orderly align with their length axes are parallel to the flow

direction.
4. Discussion

4.1. Shear amplification

Shear amplification is very interesting and important

concept that was proposed first by Cakmak et al. [34] to

explain the enhanced orientation of injection molded nylon

6/clay nanocomposite. The detailed mechanism of shear

amplification has been elucidated by Cakmak, where a great

enhancement of local stress is suggested in the small

interparticles region of two adjacent layered tactoids with

different velocities. If the concept is really established, it

will provide us a new way to achieve highly oriented

structure in injection molded products by just introducing of

layered platelets (not necessary clay). Here in our work, we

purposely introduce the shear force during the packing

stage, and have observed even more obvious enhanced

orientation of PP molecules in presence of clay platelets.

Usually, the achieved degree of orientation depends on the

molecular chain orientation under external force and

relaxation of the oriented chain. The growth of oriented

PP molecular chains is mainly dependent of shear rate

encountered during dynamic packing injection molding.

Since the shear stress, t, keeps unchanged, shear rate is

related to the viscosity, h, expressed by _gZt=h. It is clear

that shear rate is inverse proportional to the viscosity. The

viscosity of pure PP and the composites has been measured

by using a Rheometric Scientific ARES rheometer with

25 mm diameter parallel plates at 190 8C over a shear rate

range, _g, from 10K1 to 102 sK1 (the shear rate during DPIM

processing is within this range), and is presented in Fig. 9. It

is obvious that the viscosity of PP increases greatly by

adding clay in whole range, particularly at the low shear rate

range. One expects a reduced orientation of PP by adding

clay if the processing condition keeps constant because _g



Fig. 8. PLM pictures represent the forms of crystal growth corresponded to (a) the core zone of static PPCN5 and (b) the oriented zone of dynamic PPCN5,

respectively (the picture (a) is taken at 126.9 8C and (b) is taken at 132.8 8C).
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decrease as increasing of viscosity. Thus the enhanced

orientation observed could be only explained by shear

amplification. The restriction of clay platelets on the

relaxation of oriented PP chain, may also contributes to

the enhanced orientation of PP, but certainly less important.

Shown as an example, Fig. 10 is the heating curves of

PPCN0, PPCN1 and PPCN5 after isothermal crystallization

at 135 8C. It can be seen that melt point of PPCN5 is lower

than that of PPCN0 by about 3 8C. If the molecular motion is

retarded by confined environment during crystallization, the

crystal growth will be hindered, resulting in a low regularity

of spherulite and a small size of crystal. So the decrease of

Tm can be expected.
4.2. The formation mechanism of oriented threadlike

crystallites

It can be deduced from the previous literatures [36–38]

that the addition of nanoclay platelets is not always

necessary for the formation of asymmetric fibrous crystals.

In those systems, the anisotropic crystal structure was due to
Fig. 9. Rheological curves represent the relationship of melt viscosity vs.

shear rate in the pure PP and the composites.
crystallization of oriented iPP chains induced by shearing.

As for our oriented iPP/OMMT nanocomposites, the

formation mechanism of preferentially oriented fibrous

crystal, which is corresponded well with the observations of

PLM measurements, is discussed as follow.

For distinguishing the roles of oriented clay on the

formation of the oriented asymmetric crystal growth, the

influences of orientation and content of highly anisotropic

organoclay should be considered. The orientation of layered

organoclay obviously affects the type of crystal growth that

preferentially oriented fibrous crystals develop in the

oriented zone of dynamic sample. While only conventional

spherulites can be seen in the isotropic core zone of static

sample, in which layered organocaly is randomly dis-

persesed in the iPP matrix. Nevertheless, the crystal grows

as spherulite in the oriented zone of dynamic PPCN1 sample

with low content of organoclay (1 wt%) and the fibrils are

observed at higher content of organocaly (R3 wt%), which

means that a critical required content should be satisfied to

ensure the formation of the oriented fibrous crystal.

Meanwhile, the number density and average length of

fibrous crystal are proportional to the increase of OMMT
Fig. 10. DSC heating curves of as-prepared injection-molded specimens.
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content that further manifested the importance of organo-

caly content on the growth of fibrous crystal. If the

formation mechanism is ascribed to the effect of nucleation

of nanoclay surface, the growth of threadlike crystal should

be independent to the oriented state and loading of

nanodispersed organoclay. Otherwise, the threadlike crys-

tals should be mainly from a constrained crystal growth. The

relaxation/motion of oriented iPP chain is restricted by its

neighboring confinement environment exerted by preferen-

tially oriented alignment of organoclay tactoids/platelets.

Thus crystallization occurs from an oriented melt within

oriented clay platelets. The crystal is forced to grow

between the oriented clay platelets during non-isothermal

crystallization, whereas the nucleation effect of nano-

dispersed silicate layers is less important in such processing.

A sketch representing the crystallization of oriented iPP

chains within confinement geometry constructed by

preferentially oriented OMMT tactoids/platelets is shown

in Fig. 11(b), and the free relaxation of extended chains in

melt is also described in Fig. 11(a) for comparison purpose.
5. Conclusion

In summary, a highly oriented structure with both PP

chain and clay platelets oriented along the shear flow
Fig. 11. Schematic representations of (a) free relaxation of extended chains

in melt equilibrium process induced conventional spherulitic growth and

(b) crystallization of oriented iPP chains within confinement geometry

constructed by preferentially oriented OMMT tactoids/platelets resulted in

threadlike crystal growth.
direction has been obtained via dynamic packing injection

molding. A much higher degree of orientation of PP was

found in the composites compared with the pure PP. This

was explained by so called shear amplification in that a great

enhancement of local stress occurred in the small

interparticles region of two adjacent layered tactoids with

different velocities. The concept is very interesting and

important. It is worth to be further investigated. Once it is

established, will provide us a new way to achieve highly

oriented structure in injection-molded products by just

introducing of layered platelets. Furthermore, A highly

oriented threadlike crystallites was observed for the first

time when re-crystallization occurs by melting the dynamic

packing injection molded samples at 180 8C. However,

spherulitic morphology is always obtained once PP crystal-

lizes from an isotropic melt by melting the samples at

200 8C. The threadlike crystals may be mainly from a

constrained crystallization, where the relaxation/motion of

oriented iPP chain is restricted by its neighboring

confinement environment exerted by preferentially oriented

alignment of clay tactoids/platelets. The crystal is forced to

grow between the oriented clay platelets during

crystallization.
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