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Abstract

In this article, the injection-molded bars of isotactic polypropylene/organoclay nanocomposite with different clay contents have been ob-
tained via dynamic packing injection molding (DPIM). The oriented microstructure including layered nanoparticles and PP lamellae has
been inspected through 2D-WAXS analyses along the sample thickness of the molded bars. Depending on the clay content and sample thickness,
various oriented clay structures with nanoparticles uniplanar-axially oriented parallel to the surface of molded bar, or partially tumbled around
the flow axis of the molded bar, or even a random orientation, could be observed. The observed orientation behavior of nanoparticles could be
temporarily elucidated as the results of the sensitive response of layered nanoparticles to shear deformation and the structural recovery of clay
network assisted by the electrostatic attraction existing between adjacent nanoplatelets.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, shear-induced orientation behaviors in
polymer/layered silicate nanocomposites (PLSNs) have at-
tracted much interests due to their potential contributions in
improving mechanical, thermal and barrier properties. Some
works focused attention on in situ ascertainment of orientation
behavior of nanoclay tactoids/layers, conducted under shear
flow-field, in polymer/clay nanocomposite solution [1,2],
melt [3e5] and solid [6e8]. Schmidt et al. [1,2] described
the orientation geometry of viscoelastic poly(ethylene oxide)
(POE)-clay solution in a Couette shear cell. In such Couette
shear field, an unusual orientation of nanoclay that the normal
of clay surface was parallel to the vertical direction of shear

* Corresponding author. Tel.: þ86 28 85460953; fax: þ86 28 85405402.

E-mail address: qiangfu@scu.edu.cn (Q. Fu).
0032-3861/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2006.08.022
cell was inspected through small angle neutron scattering
(SANS) [1], furthermore, the authors proposed a physical ex-
planation that is related to the viscoelastic properties of com-
posite solution for the orientation of clay plates [2]. Direct
evidence for shear-induced orientation in intercalated PP/orga-
noclay nanocomposite melt was provided by Lele et al. [9].
The in situ rheo-X-ray measurements exhibited clearly that
the clay tactoids could be easily oriented by shear and a large
level of orientation could be achieved after a rheological yield
transition from high molten viscosity to low viscosity. Interest-
ingly, Okamoto et al. found that the surface of silicate layers
aligned perpendicular rather than parallel to the stretching di-
rection through spatially resolved TEM analysis [10], as the
PP/clay nanocomposite melt was subjected to uniaxial elonga-
tion deformation.

Hierarchical microstructures with highly oriented structure
including both nanoclay and polymer matrix have been three-
dimensional spatially estimated in nanocomposite films of
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polyethylene/clay [11], nylon-6/clay [12,13] and triblock co-
polymer/clay [14,15]. Contrasting to thin film, the evaluation
of oriented microstructure in injection-molded bar becomes
more difficult because of the existences of a shear gradient
and a temperature gradient from the skin to the core in the
samples. A variety of oriented microstructures of nanoclay
and polymer matrix along the thickness direction of molded
bar are expected. The development of oriented microstructures
from the skin to the core in the molded bars of conventional
polymer/inorganic filler composites has been established in
some previous studies. For such composites, the inorganic
filler content was usually higher than 20 wt%. Choi and Kim
[16] estimated the variation of orientation level of layered
talc particles from the skin to the core in the injection-
molded polypropylene/ethylene-propylene rubber/talc composite
through the edge view SEM images: the surface normal of talc
particle oriented almost perpendicular to the flow direction in
the skin; the orientation direction of talc surface normal
changed to the flow direction in the intermediate zone; while
the normal of talc surface randomly oriented in the core. A tri-
ple layer structure with different preferred orientations in each
region has been clearly described by Kojima et al. [17] in
injection-molded nylon-6/clay composite. In the surface layer,
both the plane of silicate layer and the chain axis of nylon-6
crystallite are parallel to the molded bar surface. In the inter-
mediate layer, the plane of clay platelet remained parallel to
the surface of molded bar but the chain axis of nylon-6 crystal
oriented perpendicular to the plane of clay platelet. And in the
core region, the silicate layers were randomly oriented around
the flow axis, and the axes of nylon-6 chains were kept perpen-
dicular to the surfaces of silicate layers. In several recent
works [18e21], the development of structural hierarchy in
the injection-molded bar of polymer/layered silicate nanocom-
posites has been carefully investigated. Though the hierarchi-
cal microstructures with a changed orientation of nanoclay and
crystalline lamella of polymer matrix along the thickness
direction of molded bars are very interesting and usually ob-
served, the change of clay surface normal from the skin to
the core along the sample thickness has not been fully under-
stood so far.

It is well known that a so-called ‘‘three-dimensional filler
network structure’’ will be constructed in the polymer/layered
silicate nanocomposites when the content of layered clay rea-
ches a value of threshold, at which the silicate sheets are inca-
pable of freely rotating due to physical jamming and
connecting of the nanodispersed layered silicate. One expects
an increased physical jamming force of the nanodispersed sil-
icate layers as increasing the clay content, particularly, after
the formation of such filler network structure. In this work,
we will demonstrate, by using iPP/organoclay nanocomposites
with different clay contents as an example, a very interesting
orientation and tumbling phenomenon of the clay layer from
the skin to the core in the injection-molded bar. To enhance
the orientation degree, dynamic packing injection molding
was employed, where the melt is firstly injected into the
mold and then 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. Our work indicates that the competition
between the external shear force and the internal jamming
force of the filler network determines the overall orientation
of clay along the sample thickness.

2. Experimental

2.1. Materials

A commercially available isotactic polypropylene (trade
marked as T30S, Yan Shan Petroleum China) with Mn¼
29.2�103 g/mol and a melt flow index (MFI) of 0.9975 g/
min (190 �C, 2.16 kg) and a density of 0.91 g/m3, was used
as the basal polymer. The compatiblizer, PP grafted maleic an-
hydride (PP-MA) (MA content¼ 0.9 wt%, MFI¼ 6.74 g/min
at 190 �C), was purchased from Chen Guan Co. (Sichuan,
China). Sodium montmorillonite with a cation exchange ca-
pacity (CEC) of 68.8 mmol/100 g (RenShou, Sichuan, China)
was organically modified through ion-exchanged reaction with
dioctadecyl dimethylammonium bromide and the detailed pro-
cedure could be found in our previous publication [22]. There-
after, the organically modified MMT was abbreviated as
OMMT.

2.2. Preparation of injection-molded bars

The compatibilized nanocomposites of iPP/PP-MA/OMMT
(90/10/x wt%, x¼ 1,3,5,10) were melt-mixed in a TSSJ-2S
co-rotating twin-screw extruder. After pelletized and dried,
composites were injected into a mold with the aid of a SZ
100 g injection-molding machine with barrel temperature of
190 �C and injection pressure of 900 kg cm�2. Then dynamic
packing injection molding (thereafter was abbreviated as
DPIM) technology was applied. Its main feature was to intro-
duce shear on the cooling melt during packing stage by two
pistons that moved reversibly with the same frequency
(1.0 Hz). The processing parameters and the characteristics
and detail experimental procedure of DPIM were described
in Ref. [23]. Compared with the conventional static samples
which usually comprised skin zone and core zone, a triple-
zone complex structure divided into skin, oriented zone and
core along the depth was formed due to the temperature
difference between the mold cell and the melt, and due to the
oscillatory shear applied during solidification. And this triple-
region structure is schematically illustrated in Sketch 1.

2.3. 2D-wide-angle X-ray scattering (2D-WAXS)

The two-dimensional wide-angle X-ray scattering experi-
ments (2D-WAXS) were conducted using a Bruker D8 diffrac-
tometer with a GADDS 2D detector. The wavelength of the
monochromated X-ray from Cu Ka radiation was 0.154 nm
and reflection mode was used. For identifying both orientation
structures of OMMT platelets and PP lamellae, the detected 2q

range was adjusted from 0.6� to 23�. The pieces of skin, ori-
ented zone and core were cut apart from the injection-molded
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bar along the sample thickness direction. In order to obtain the
3D-analysis of orientation microstructure, the X-ray beam was
irradiated on the pieces from three projection directions de-
fined as THR, EDGE and END, as shown in Sketch 1. Mean-
while, in Sketch 1, FD, TD and ND represent the flow
direction, the transverse direction and the normal direction,
respectively.

3. Results and discussion

As a typical example, the oriented behaviors of OMMT
particles and PP lamellae of iPP/OMMT nanocomposite

THR

EDGE

END

TD

FD

ND

Oriented region Core

Skin

Sketch 1. Schematic illustration of triple complex structure in the dynamic

injection-molded bar and spatial relationship between three irradiation planes

of X-ray.
(5 wt% OMMT) in various regions of dynamic bar have
been demonstrated through 2D-WAXS analyses in the 3D
spacing, as shown in Fig. 1. FD is vertical in the THR view
and EDGE view, TD is horizontal in the THR view and
END view, and ND is horizontal in the EDGE view whereas
is vertical in the END view. Furthermore, the integrated inten-
sity vs. 2q patterns and the azimuthal scans of OMMT (001)
plane are also plotted in Figs. 2 and 3, respectively, to quanti-
tatively evaluate the variation of OMMT orientation along the
depth of molded bar. Within the skin region, a pair of tri-level
spots near the stopper, representing the d-spacing of OMMT
stacks, focus on the equator of EDGE view and the meridian
of END view. In the THR view, on the other hand, no obvious
reflection corresponding to the ordered stacking of OMMT
particles can be observed. These scattering characteristics sug-
gest that a high degree ordering of assembly of OMMT
tactoids along the FD has formed in the skin, which is a unipla-
nar-axial orientation of OMMT tactoid with the tactoid surface
parallel to the molded bar surface (FDeTD plane). Such uni-
planar-axial orientation of layered silicate seems to be easily
formed in the presence of intensive shear and dramatic temper-
ature gradient and has also been found in the nanocomposite
films [12,24,25] and some other injection-molded composites
[17,26]. To quantify the difference of OMMT scattering inten-
sity between the EDGE view and the THR view, it should be
noted that the maximal intensity of OMMT tactoids in the
THR EDGE END

Skin

Core

Fig. 1. 2D-WAXS patterns illustrate the spatially oriented microstructure in the dynamic injection-molded bar of iPP/OMMT nanocomposite (5 wt% OMMT).
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EDGE view is 14 times higher than that in the THR view,
which can be calculated through comparing with the peak
intensities located at about 2q¼ 2.3� between Fig. 2(a) and
(b). In the oriented zone, a pair of intensive spots emerge on
the equator of THR and EDGE images, correspondingly,
a pair of broaden streaks appear on the meridian of END im-
age. The azimuthal scans of OMMT (001) plane in the EDGE
view and the END view are presented in Fig. 3(a) and (b),
respectively. The half width at maximum height (HWMH) in
azimuthal scanning pattern could be regarded as a criterion
to evaluate the orientation level [25], whose value increase
implied a decrease of orientation degree. For the EDGE
view, the HWMH of peak located at 90� azimuth (equator)
changes from 9.5� in the skin to 14.1� in the oriented zone;
whereas, a remarkable increase of HWMH of peak located
at 0� azimuth (meridian) from the skin to the oriented zone
is detected in the END view, which changes from 13.1� to
30.5�. In the EDGE view, the ordering level of OMMT align-
ment somewhat decreases from the skin to the oriented zone,
implying that the preferential orientation of OMMT tactoids
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Fig. 2. Intensity vs. 2q patterns at various regions of the dynamic injection-

molded bar of iPP/OMMT nanocomposite (5 wt% OMMT): (a) EDGE

view; (b) THR view.
parallel to the flow direction can be maintained within the ori-
ented zone. On the other hand, the ordering degree of OMMT
assembling in the END view decreases significantly from the
skin to the oriented zone, thus a random alignment of OMMT
nanoparticles within the oriented zone is observed. This indi-
cates a different oriented structure of OMMT tactoid in this
zone compared with that in the skin: the planes of some
OMMT tactoid have tumbled around the flow axis of the
molded bar, simultaneously, remained preferentially oriented
along the flow direction. The core is formed at last after the
cessation of shear, where the melt is freely cooled down and
relaxed, thus a random orientation of tactoid is expected in
the plane perpendicular to the shear flow direction. It should
be noted that the intensity of d-spacing reflection of OMMT
tactoids is very weak in the core. The reflection intensity of
OMMT becoming feint doesn’t come from inhomogeneous
distribution of OMMT along the depth of molded bar because
the contents of inorganic filler ash at various regions, obtained
after heating the pieces of composite samples at 600 �C for
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Fig. 3. Azimuthal scans of OMMT (001) plane (2q within 1.5�e3.6�) in the

dynamic injection-molded bar of iPP/OMMT nanocomposite (5 wt%

OMMT): (a) EDGE view; (b) END view.
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1 h, are almost equal. In one of our publications [23], we
found that the exfoliation level of OMMT tactoids was consid-
erably increased from the skin to the core in the dynamic
molded bar through combination of WAXD and TEM analy-
ses. And the enhanced exfoliation level was attributed to the
gradually increased viscosity of the melt during solidification
that occurred from the cold wall to the core. Almost complete
exfoliation has been evidenced in this core. Thus the number
of residual tactoid contributing to the intensity of spot nearby
the stopper is significantly decreased, resulting in a weak
intensity of reflection. By careful examination, a pair of spots
focused on the equator of THR and EDGE patterns still can be
recognized, indicating that OMMT nanoparticles are still pref-
erentially oriented parallel to the flow direction with turning
their surfaces around the flow axis in the core. As shown
in Fig. 2, the peak area of OMMT tactoids dramatically de-
creases from the skin to the core in the EDGE view; neverthe-
less, in the THR view, such area in the core is larger than that
in the skin, indeed suggesting that the tumbling of OMMT
planes around the flow axis can take place even in the core.

As to the PP lamellae, in the THR and EDGE images, the
intensive arcs of (110) reflection of PP a-modification, located
at 2q¼ 14.1�, emerge at both equator and meridian, and the
streaks of (040) reflection, located at 2q¼ 16.9�, only exist
at the equatorial direction in the whole dynamic sample. The
oriented level is, however, gradually decreased from the skin
to the core. To approve this statement, the azimuthal scans
of (110) plane of a-modification in the EDGE view are shown
in Fig. 4. The HWMH of peak located at 90� azimuth (equa-
tor), which represents the crystal of a*-axes orientation frac-
tion, is increased from 9.8� for the skin to 13.3� for the
oriented zone and to 17.5� for the core. The origins of the
gradually decreased orientation level from skin to the core
are related to shear velocity during injection molding, temper-
ature gradient, relaxation kinetics of macromolecules, etc. and
need more profound investigations. Meanwhile only isotropic
reflection circles can be observed in the END images along the
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Fig. 4. Azimuthal scans of PP-crystal (110) plane (2q within 13.4�e14.7�) in

the dynamic injection-molded bar of iPP/OMMT nanocomposite (5 wt%

OMMT).
whole sample thickness. According to the spatially resolved
2D-WAXS analyses, the oriented microstructure of iPP crystal
can be described as anisotropic cylinder within the whole
molded bar. This cylindrical structure consists of such lamel-
lae whose a*- and c-axes are parallel to the long axis of cylin-
der (the flow direction) and b-axes, acted as the growth axes of
lamellae, randomly rotate around the flow axis and align per-
pendicular to the same axis. Such biaxial orientation of iPP
lamella is prevailing when iPP crystallized under shear or
extension flow [24,26], and its formation mechanism has
been elucidated by Fujiyama et al. [27]. It is also valuable
to note that no correlation between the orientation of
OMMT tactoids and the orientation of iPP lamellae has been
detected in the nonpolar polyolefin/OMMT system. Other-
wise, in some polar polymer/clay system, such as nylon/clay
nanocomposites, the lamellae can grow perpendicular to the
surface of clay particles through epitaxial growth [28] or trans-
crystallization [29]. Up to now, the hierarchical structure of
orientations including OMMT platelets and PP lamellae in
the dynamic molded bar has been demonstrated clearly and
is schematically denoted in Sketch 2, which includes: (1) the
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Sketch 2. 3D schematic illustrations of (a) uniplanar-axial orientation of

OMMT tactoids in the skin; (b) partial tumbling of OMMT tactoids around

the flow axis in the oriented zone and the core of dynamic molded bar.
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uniplanar-axial orientation of OMMT tactoid with the tactoid
surface parallel to the molded bar surface (FDeTD plane) in
the skin; (2) the tumbling of partial OMMT planes around
the flow axis in the oriented zone and the core; (3) the biaxial
orientation of PP lamellae within the whole thickness of
molded bar.

The mechanism of the unique orientation behavior of
OMMT nanoparticles in the molded bar can be temporarily as-
cribed to the sensitive response of layered nanoparticles to the
shear [9] and the unusual recovery of clay network after shear
deformation. The layered nanoparticles with high aspect ratio
can easily take preferential orientation under shear field that
the surface normal is parallel to the shear velocity. While the
shear gradient will induce various flow layers with different
rates, the layered particle is difficult to exist simultaneously
in several flow layers with different rates and would rather
to choose alignment parallel to an individual flow layer. Mean-
while the melt in skin is immediately solidified after injection
molding because of the dramatic temperature difference
between the cold molded wall and the hot melt. Consequently,
the uniplanar orientation of layered OMMT particles is re-
served in the skin. In the internal parts, including the oriented
zone and the core, the relaxation of preferentially aligned
nanoparticles will occur more or less. What is the essential
factor determining the observed relaxation of oriented nano-
platelets in the molded bar? As mentioned above, a so-called
clay network can be constructed when the content of layered
clay reaches a threshold value of physical correlation, at which
the silicate sheets are incapable of freely rotating due to phys-
ical jamming and connecting. It has been generally accepted
that silicate sheets possess positively charged edges and nega-
tively charged faces [30,31]. When the percolated clay net-
work is formed, the individual sheets will connect with each
other through electrostatic attraction. As to our speculation,
such electrostatic attraction will be responsible for the struc-
tural recovery of clay network destroyed under shear deforma-
tion. Additionally, it should be mentioned that the structural
relaxation of nanocomposite melt after cessation of shear
could be ascertained by dynamic rheometry, and the detail
description and relevant experimental results will be published
in our next paper [32].

The change of clay content in PP matrix will result in
different dispersion morphologies of clay nanoparticles, thus
induce different levels of internal physical jamming force
and structural recovery capability of clay network. According
to the rheological studies, the percolated clay network would
make the polymer/clay melt to exhibit pseudo-solidlike rheo-
logical properties. In our work [32], the pseudo-solidlike rhe-
ological response has been detected in the composites with
higher clay content (more than 5 wt%). For iPP/OMMT nano-
composite with lower clay content, the correlation between
clay sheets was weak and the clay network couldn’t be easily
formed. Unlike the case of 5 wt%, in the oriented zone of
dynamic bar of nanocomposite containing 1 wt% and 3 wt%
OMMT, no or very weak relaxation of uniplanar-axially ori-
ented OMMT sheets tumbling around the shear flow axis is
detected. The spots representing the ordering stack of OMMT
layers are only visible in the EDGE view, as shown in
Fig. 5. Therefore, it can be considered: before the formation
of clay network, very limited interaction exists between clay
nanoplatelets, resulting in a slow kinetics of relaxation of ori-
ented clay nanoplatelets originated by shear deformation;
whereas, after the formation of clay network, the electrostatic
attraction existing between adjacent clay sheets will aid the
relaxation and turning of uniplanar-axially oriented sheets
and accelerate the kinetics of structural recovery of clay
network. At this moment, it is not clear why the tumbling
opposite to the shear axis or around the TD axis is intensively
depressed, which may be related to the complicated mechanical
geometry and processing thermal history. So further investiga-
tion is needed.

On the other hand, with the increasing content of OMMT,
a significantly larger physical correlation of clay network is
expected and the interaction between OMMT nanoplatelets
becomes strong. It will dissipate more energy for breaking
the physical jamming and electrostatic attraction between
clay platelets at high OMMT content than that with low clay
content. As an example, 2D-WAXS patterns of the skin in
iPP/OMMT nanocomposite containing 10 wt% OMMT are
presented in Fig. 6. Compared with the sample containing
5 wt% OMMT, a pair of spots located at the image center
are seen in the THR view and two broaden streaks lie on the
meridian of END view, indicating that the physical jamming
and electrostatic attraction between adjacent nanoparticles
have greatly hindered the tumbling and orientation of nanopar-
ticles under the shear flow. Thus OMMT sheets are not totally
oriented parallel to the surface of molded bar even in the
skin and a low degree of preferential orientation of OMMT
is observed in the TDeND plane. For clear purpose and

THR EDGE

(a)

(b)

THR EDGE 

Fig. 5. 2D-WAXS patterns in the oriented zones of the injection-molded bars

containing (a) 1 wt% OMMT; (b) 3 wt% OMMT.
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THR EDGE END

Fig. 6. 2D-WAXS patterns illustrate the spatially oriented microstructure of skin in the dynamic injection-molded bar of iPP/OMMT nanocomposite (10 wt%

OMMT).

TD

FD

ND

Low OMMT cont. High OMMT cont.Medium OMMT cont.

Skin

Oriented zone

Sketch 3. Schemes represent the orientation of OMMT tactoids within different regions of molded bar at low, medium and high OMMT contents.
facilitation, various orientations of OMMT platelets within
different regions at different contents, are schematized in
Sketch 3. One may note that the gradual decrease of the order-
ing level of OMMT platelets in the END view depends on the
increase of OMMT content and the depth of molded bar.

4. Conclusions

A unique oriented microstructure in the molded bar of iPP/
OMMT nanocomposite has been ascertained clearly through
spatially resolved 2D-WAXS analyses. When the clay content
is low, nanoparticles are found to be uniplanar-axially oriented
parallel to the surface (FDeTD plane) of molded bar along the
whole depth. With increasing the clay content, although the
preferential orientation of nanoparticles along the flow direc-
tion is still kept in the oriented zone, a partial tumbling of lay-
ered clay around the flow axis of the molded bar is observed.
When the content of clay is higher, only a low degree of pref-
erential orientation can be observed even in the skin. The
observed orientation behavior of OMMT nanoparticles in the
injection-molded bars can be temporarily elucidated as the re-
sults of the sensitive response of layered nanoparticles to shear
deformation and the structural recovery of clay network assis-
ted by the electrostatic attraction existing between adjacent
OMMT nanoplatelets. A competition between the external
shear field and the internal jamming force of filler particles
and the kinetics of structural recovery of clay network deter-
mines whether the preferential orientation of clay sheets takes
place or not during shear process, and then maintains oriented
state or adopt partial relaxation after cessation of shear.
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