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Abstract

We have prepared the intercalated nanocomposites of polypropylene (PP)/clay (PPCN5s) successfully using maleic anhydride modified PP
(PP-MA) and organophilic clay via melt extrusion process. The hierarchical structure of the PPCNs from the structure of confined PP-MA
chains, in the space a few nanometer width between silicate galleries to crystalline lamellae of 7—15 nm thickness and spherulitic texture of
10 pwm diameter, were probed using a wide-angle X-ray diffraction, small-angle X-ray scattering, transmission electron microscope, polar-
izing optical microscopy and light scattering. After crystallization had taken place at 80°C, the PPCNs formed rod-like crystalline texture in
the 10 wm length scale which consisted of the inter-fibrillar structure including y-phase crystallite caused by the reduction of the PP-MA
chains mobility due to the intercalation of the PP chains in the space between silicate galleries and the narrow space surrounded by the
dispersed clay particles. The intercalated PPCNs showed an enhancement of moduli compared with PP matrix without clay. The necessity of
the intercalating degree of PP-MA chains on the enhancement of the mechanical properties are discussed. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Development of the polymer/clay nanocomposites is one
of the latest evolutionary steps of the polymer technology.
The nanocomposites offer attractive potential for diversifi-
cation and application of conventional polymeric materials
[1-5]. Since the possibility of direct melt intercalation was
first demonstrated by Giannelis et al. [6], the melt intercala-
tion method has become a main stream for the preparation
of the intercalated polymer nanocomposites without in situ
intercalative polymerization. It is a quite effective technol-
ogy for the case of polyolefin-based nanocomposites [7,8].

In recent years, intensive studies have been devoted to the
complete exfoliation of the stacked silicate layers in the
polymer matrix under the advanced preparation method
[9,10]. We have successfully prepared well-ordered inter-
calated polypropylene (PP)/clay nanocomposites (PPCN)s
[7] via direct melt intercalation in an extrusion process,
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where the layered clay particles were dispersed homoge-
neously in the PP matrix and intercalated by extended PP
chains. The PP-based intercalated nanocomposites have
attractive potentials for continuous expansion of application
versatility [11]. Although the dispersed morphology of the
clay particles, the excellent mechanical properties [7,8] and
the rheological behavior [12,13] of the intercalated PPCNs
were investigated, the hierarchical structure for PPCNs
viewed on scale from nm to pm length, i.e. from the struc-
ture of confined PP chains in the space of the silicate
galleries of a few nm width to crystalline lamellae of
about 10 nm thickness and spherulitic texture of several
wm diameter, has not been identified in detail. For innova-
tion of PPCNs, we have to understand the structural details
and create a technology of controlling the hierarchical struc-
ture of the PPCNG.

In this study, we prepared the intercalated PPCNs using
maleic anhydride modified PP and organophilic clay via
melt extrusion processing and conducted identification of
the hierarchical structure in detail. We also discuss here
the structure—property relationships of the intercalated
PPCNs having different clay content.

0032-3861/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
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Fig. 1. TMDSC scan for organophilic clay, PP-MA, and PPCN4: (a) non-
reversing heat flow; (b) reversing heat flow; and (c) total heat flow.

2. Experimental
2.1. Materials and preparation

The organophilic clay used in this study, which was
synthesized by an ion exchange reaction between Na®-
montmorillonite with a cation exchange capacity of
110 meq/100 g and stearyl ammonium chloride, was
supplied by Nanocor Inc. The PP modified by 0.2% maleic
anhydride (MA) (PP-MA) was a commercial product from
Exxon Chemical. The weight average molecular weight M,,
(=19.5X% 104) and polydispersity index M,/M,(=2.98)
were determined by high temperature gel permeation chro-
matography (GPC: Tosoh HLC-8121 GPC/HT) using o-
dichlorobenzene carrier at 145°C with polystyrene (PS)
elution standards. The PPCNs with three different clay
content (inorganic parts) of 2, 4 and 7.5 wt%, which were
correspondingly abbreviated as PPCN2, PPCN4 and
PPCN7.5, respectively, were extruded at 200°C using a
twin-screw extruder (TEX30wa-45.5BW, Japan Steel
Works Ltd). The extruded and pelletized strands were

dried under vacuum at 70°C to remove water. The pellets
were pressed into sheets under pressure of ~1 MPa in hot
press for 3 min at 180°C (above melting temperature of PP-
MA). Then molded sheet of ~2 mm thick was quickly
quenched in ice-water and annealed at 80°C for 1h to
crystallize isothermally before being subjected to all
measurements.

2.2. Characterization methods

The melting temperature, 7,,, and the degrees of crystal-
linity, x. of the intercalated PPCNs were determined by a
temperature-modulated differential scanning calorimeter
(TMDSC) (MDSC", TA2920, TA Instruments) operating
at a heating rate of 5°C/min with a heating/cooling cycle
of modulation period 60 s and an amplitude of +0.796°C.
To estimate y. in the test specimens, before performing the
DSC analysis, we have to subtract the extra heat absorbed
by the crystallites formed during heating process from the
total endothermic heat flow due to the melting of the whole
crystallites. This can be done using TMDSC. The principles
and procedures are found in the relevant literatures, for
example, by Wunderlich [14]. A brief description of
TMDSC applied to semicrystalline syndiotactic polystyrene
was reported in our previous publication [15]. In the
TMDSC experiments, shown in Fig. 1, the endothermic
heat flow AHg of the initially existing crystallites can be
easily calculated as AHgy = AHoy — AHpoprey, Where
AH,, is the endothermic melting (reversing) enthalpy
from the reversing heat flow profile and AH, ., is the
exothermic ordering/crystallization (nonreversing) enthalpy
from the nonreversing heat flow profile appearing in the
temperature range 70—150°C. One illustrating calculation
that can be shown here is the case of the PP-MA. The
observed enthalpies were AH,, =88.32J/¢g and
AH, ey = 16.16 J/g. The x. was thus calculated as
AH/AH® = 43.73% with AH® = 165 J/g, which is the
melting enthalpy of 100% crystalline PP [11]. In the case
of intercalated PPCNs, the reversing and nonreversing
enthalpies obtained from TMDSC experiments were recal-
culated for the crystallization originating from only matrix
polymer. The estimated values of y. in the case of nano-
composites thus estimated are shown later in Table 1. In the
TMDSC scan for the organophilic clay, a broad peak
appeared at the temperature range 50—90°C. This peak is
attributed to the melting of stearyl ammonium intercalated
in the silicate layers.

Wide-angle X-ray diffraction (WAXD) experiments were
performed for the organophilic clay and intercalated PPCNs
using a MXlabo diffractometer (MAC Science Co.), which
has an X-ray generator of 3 kW, a graphite monochromator,
CuKa radiation (wavelength, A = 0.154 nm) and operating
at 40 kV and 20 mA. The samples were scanned at a scan-
ning speed of 2°/min under the diffraction angle 2@ in the
range of 1-70°.

Small-angle X-ray scattering (SAXS) experiments were
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Table 1
Characteristic parameters of organophilic clay, PP-MA, and PPCNs

Property Organophilic clay PP-MA PPCN2 PPCN4 PPCN7.5
Clay content (vol%) 0 0.75 1.54 2.95

T, (°C) 30-100* 138.6 139.5 143.2 143.9

Xc (%) 43.7 40.4 47.2 48.7

TEM

dejay” (nm) 52+04 7.9 £0.6 102+ 1.8
Loy (nm) 193.3 £ 25.0 158.9 =248 1273 £21.4
(Lclay/dclay) 37.2 20.1 12.5

£ey” (nm) 61.7 + 20.0 495+ 10.8 346+ 124
SAXS

d]amellae (nm) 7.12 7.21 7.24 7.36
Liameliae (nm) 15.0 14.8 15.0 15.0

d’c( = dlamellae/Llamellﬂe) (%) 47.5 48.7 48.3 49.0
Osaxs 4.90 4.50 4.85 5.35
WAXD

d o1y (nm) 2.31 3.24 3.03 2.89

Xy (%) 0 0 6.7 10.5

a

® Average thickness of the dispersed clay particles.

¢ Average length of the dispersed clay particles.
Correlation length of the dispersed clay particles.
Relative percentage content of the y-phase crystallite.

d

e

also conducted to characterize the crystalline morphology
for the nanocomposites. The SAXS profiles were obtained
by a MO6XCE instrument consisting of a 6 kW rotating-
anode X-ray generator (MAC Science Co.) with CuKa
radiation (wavelength, A = 0.154 nm) and operating at
50 kV and 24 mA. This apparatus includes a Ge monochro-
mator, a point focusing optics, and a vacuum chamber for
the incident beam path and scattered beam path and a two-
dimensional imaging plate detector. The distance between
the sample and the detector was set as 550 mm. The correc-
tion for slit-width smearing was not needed due to the fine
cross-section (0.Imm X Imm) of the primary X-ray beam
used in this study, but the obtained data were corrected for
sample absorption. The exposure time for measuring each
sample was 1 h.

To clarify the nanoscale structure of the intercalated
PPCNs, a transmission electron microscope (TEM) (H-
7100, Hitachi Co.) was also used, and operated at an accel-
erating voltage of 100 kV. The ultrathin sections with a
thickness of 100 nm were microtomed at —80°C using a
Reichert Ultracut cryoultramicrotome with staining.'

To investigate the spherulitic texture, the PP-MA and
nanocomposites were subjected to light scattering (LS)
measurement under Hv scattering mode and polarizing opti-
cal microscopy (POM) observation. The details of LS
measurement systems were described in our previous
paper [16].

' Due to high gas barrier property of the PPCNs, the staining with an
RuO, vapor at 5°C for long time (~48 h) was not sufficient to distinguish
the crystalline lamellae.

Melt temperature range of stearyl ammonium intercalated in silicate galleries.

intensity /A.U.

Fig. 2. WAXD patterns for organophilic clay, PP-MA, and PPCNs. The
dashed lines indicate the location of the silicate (001) reflection of organo-
philic clay. The asterisks indicate a remnant shoulder for PPCN2 or a small
peak for PPCN4.



9636 P.H. Nam et al. / Polymer 42 (2001) 9633—-9640

.‘y P ———

‘& 200nm

Fig. 3. TEM micrographs showing PPCNs for: (a) PPCN2, (b) PPCN4, and
(c) PPCN7.5. The dark lines are the cross-sections of silicate layers and the
bright areas are the PP-MA matrix.

Dynamic mechanical properties of the intercalated
PPNCs were measured by using a Reometrics Dynamic
Analyzer (RDAII) in the tension—torsion mode. The experi-
ments of the temperature dependence of dynamic storage
(G"), loss (G") and their ratio, tan & were conducted at a
constant frequency w of 6.28 rad/s with strain amplitude of
0.05% and in the temperature range —50 to 160°C, with a
heating rate of 2°C/min.

3. Results and discussion
3.1. WAXD patterns and TEM observation

Fig. 2 shows the results of XRD patterns in the range of
20 = 1-10°. The mean interlayer spacing of the (001) plane
(doory) for the organophilic clay solid obtained by WAXD
measurements is 2.31 nm (20 = 3.82°). The pattern of PP-

Fig. 4. Polarized optical micrographs ((a) and (b)) and the corresponding
Hv-LS patterns ((a') and (b)) for PP-MA and PPCN4 isothermally crystal-
lized at 80°C for 1 h, respectively.

MA is displayed as a baseline to compare the existence of
diffraction peaks coming from the dispersed clay in the
polymeric matrix. For PPCN2 and PPCN4, a small remnant
shoulder is observed around 260 = 2.7° and a small peak at
20 = 2.9° respectively, corresponding to the (001) plane of
silicate layers in the PP-MA matrix. In the PPCN7.5, the
strong diffraction peak is observed as a well-defined peak at
20 = 3.05° (= 2.89 nm), implying that the ordered inter-
calated nanocomposite was formed. For the case of PPCN2
and PPCN4, we can also conclude that the PP-MA polymer
chains were intercalated in the silicate galleries and the
coherent order of the silicate layers is much lower compared
to that of PPCN7.5. These features are clearer in the results
of TEM bright field images corresponding to the WAXD
experiments as shown in Fig. 3. For each PPCN, we
observed fine and uniform dispersion of the clay particles
in the polymer matrix where most of the clay particles
(edges of the silicate layer) exhibit perpendicular alignment
to the sample surface. Obviously, for PPNC4 and PPNC7.5,
the stacked silicate layers are observed. We summarized the
form factors obtained from TEM pictures, i.e. length L,y
and thickness d,, of the dispersed clay particles and the
correlation length &, between the dispersed layers in
Table 1. With increasing clay content, L,, decreases in
the range 193—127 nm accompanied with stacking of indi-
vidual silicate layers, which have an original thickness of
~1 nm and an average length of ~150 nm. &;,, value of the
PPCN7.5 becomes half compared to that of PPCN2,
suggesting the spatial-linked like structure of the dispersed
clay particles is formed. Dividing the value of d,y by doo)
value of each PPCN, we can estimate the number of the
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Fig. 5. SAXS data for PP-MA and PPCNs: (a) scattering profile where the
data in the y-axis direction was shifted by a factor of 10 to avoid the over-
lap; and (b) normalized one-dimensional electron density correlation func-
tion K(z) obtained from Eq. (1).

stacked individual silicate layers of about two for PPCN2
and about four for the case of PPCN7.5. The coherent order
of the stacked layers strongly depends on the clay content.
From WAXD and TEM analyses, the extent of exfoliation
and/or stacking of the clay particles in this system are
controlled by the amount of clay. The grafted polar-groups
(maleic anhydride) in the PP-MA chains promoted the inter-
action with clay particles by diffusion of PP chain into the
space between silicate galleries (intercalating sites) [7,8],
therefore, the decrement of intercalating sites leads to the
exfoliation toward the individual silicate layers.

3.2. Crystallite morphology

Fig. 4 shows the typical example of the POM micro-
graphs [(a) and (b)] and the corresponding LS patterns
[(a") and (b")] under Hv optical alignment for PP-MA and
PPCN4, respectively, isothermally crystallized at 80°C for
1 h, for which the crystallization had been completed. The
clear spherulites with positive birefringence appeared in
POM and the four-leaf-clover patterns of Hv-LS were
seen for the crystallized PP-MA. It is well known that at
low crystallization temperature (~85°C), neat PP crystal-
lizes to form positive spherulites which consist of cross-
hatch lamellae branching, i.e. subsidiary lamellae grows
tangentially to the radiating primary lamellae [17]. The
clear four-leaf-clover pattern is due to the high ordering of
both tangential and radial lamellae in the spherulite [17].

In contrast, for PPCN4, the diffuse maltese cross patterns
with very weak positive birefringence is seen in Fig. 4b and
the rod-like pattern is observed clearly in Fig. 4b’ rather than
four-leaf-clover pattern. The rod-like scattering pattern is
ascribed to the parallel arrangement of radiation primary
lamellae and the disordered arrangement of crosshatch
lamellae, while the weak positive birefringence is attributed
to the low density of the crosshatched lamellae. The forma-
tion of the crosshatch lamellae may be restricted due to
small space surrounded by the dispersed clay particles
(=£&qay) in the PPCN matrix. These interesting features
may be related to the formation of y-phase crystallite [11]
of the crystallized PPCNs. This will be discussed later.

Other interesting features are the crystallization kinetics
of the intercalated PPCNs and a potential of the dispersed
clay particles for nucleating agents under isothermal crystal-
lization condition. Such discussion is beyond the objective
of this paper, and we will report it separately [18].

Fig. 5a shows the one-dimensional SAXS patterns
obtained from the crystallized PPCNs, and Fig. 5b is the
corresponding normalized one-dimensional correlation
function calculated by the method of Strobl [19]. The
normalized correlation function K(z) is given by Ref. [20] as

Jw s? j(s)cos(2mzs) ds
K@) = ~— )
J szj(s) ds
0

where s, A, 20, and j(s) are the reciprocal-space coordinate
(s = 2sin 0/A), the X-ray wavelength, the scattering angle,
and the scattering intensity units per unit volume, respec-
tively. In Fig. 5a, the scattering intensity of each profile
decreases monotonously with scattering vector g(= 2s)
and no clear scattering peaks are observed. In order to calcu-
late the morphological parameters, such as the long period
Lizmelnae, the average lamellar thickness djypeiqe and the invar-
iant Qg the correlation function method was used. The
details of this method have already been reported in a
previous paper [21]. For the ideal two-phase system, the
invariant is defined as

Osaxs = de(1 = d)(pe — po)’ 2)

where ¢, is the volume fraction of crystalline phase, which
is given by

d’c = ilamellae (3)
lamellae
and (p. — p,) is the electron-density difference between the
crystal and the amorphous phase. Of course, we have to take
into account the electron-density of clay particles. However,
owing to the small volume fraction of the clay in the range
of 0.75-2.95%, it has a negligible effect on the electron-
density difference. The obtained morphological parameters
are summarized in Table 1. The value of ¢, is in good
agreement with y. calculated from TMDSC analysis.
Interestingly, both djymeize and Lizpenae are in same order of
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Fig. 6. The illustration for dispersed clay structure and the inter-fibrillar
structure for: (a) PPCN2; and (b) PPCN7.5.

magnitude compared to d.y,y and &y, respectively; and both
of the lamellae parameters showed almost same values and
are independent of the clay content. These values seem to be
controlled by the crystallization temperature. After crystal-
lization had taken place, the formation of the lamellae struc-
ture developed presumably in the space surrounded by the
dispersed clay particles. This indicates that the dispersed
clay particles are not located in the inter-lamellar region,
i.e. the formation of the inter-fibrillar structure accompanied
with fragmented lamellae surrounded by the dispersed clay
particles can be speculated. The fragmented lamellae may
be arranged parallel to each other by the surface of silicate
layers. For example, in the space surrounded by the
dispersed clay particles (=£.,y), the developed fibrils of
the crystallized PPCN2 consist of about five lamellae and
the clay particles are located in the space between two
neighbor fibrils in the disordered spherulite. For the case
of PPCN7.5, about three developed lamellae form one fibril.
Thus, the presence of clay particle in the inter-fibrillar posi-
tion makes the whole spherulite a disordered one. From the
POM observation and obtained Hv—LS pattern, the illustra-
tion for dispersed clay structure and the inter-fibril structure
is shown in Fig. 6. Thus, the intercalated PPCNs after
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Fig. 7. WAXD patterns for organophilic clay, PP-MA, and PPCNs in the
range of 26 = 10-30°. The asterisks indicate the (110), (040), (130), and
(111) planes for a-phase crystallite, the (130) plane for the y-phase crystal-
lite, and the (020) plane for silicate layers of organophilic clay. The diffrac-
tion curves are vertically offset for clarity.

crystallization have the hierarchical structure on the scale
from nm to wm length.

3.3. y-phase crystallite

Fig. 7 shows the WAXD patterns in the range of 20 =
10-30° to explain the formation of y-phase crystallite. The
orthorhombic unit cell of the y-phase crystallite consists of
bilayers of two parallel helices with an inclination of 40° to
the lamellar surface [22]. In Fig. 7, the diffraction peaks at
20 =139, 16.7, 18.3, and 21.6° correspond to the planes
(110), (040), (130), and (111) of a-phase crystallite, respec-
tively [11,22]. The diffraction peak of (130) plane of +y-
phase crystallite appears at 260 = 19.3° as reported by
Meille et al. [22]. Both the crystallized PPCN4 and
PPCN7.5 exhibit a small peak around 26 = 19.3° assigned
to the reflection of (130) plane of y-phase crystallite. The
content of y-phase X, is estimated according to Turner Jones
method [23] from the ratio of the integral peak as given by

X, = ot @)
! 17130) + Li30)
where Ié]g()) is the integral peak of the (130) plane for each
phase i. In this estimation, the diffraction peak at 20 =
19.7° corresponding to the (020) plane of the individual
silicate layers of the montmorillonite is observed near the
(130) plane of y-phase. However, an overlap effect of this
diffraction peak is very weak due to the very small amount
of clay as mentioned before. The calculated X, values
increase with the addition of the clay as summarized in
Table 1. The y-phase in neat PP is only formed in some
special cases such as isothermal crystallization under very
high pressure [24] and crystallization of very low molecular
weight fractions [25]. The enhancement of the formation of
the y-phase in neat PP takes place when the chainfolding in
lamellae is forced to be more difficult as reported by
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Fig. 8. Temperature dependence of storage G’, loss G” moduli and tan & for
the PP-MA and PPCNs.

Kressler et al. [26]. Presumably, the clay particles reduced
the PP chain mobility owing to the narrow space surrounded
by the dispersed clay particles (= &,y = 35-50 nm) and
the intercalation of the PP chains in silicate galleries. The
reduction of the PP chain’s mobility might lead to smaller,
less-ordered crystallites. Furthermore, a measurable peak
shift in crystalline chain—chain distance is observed not
only for a-, but also for y-phase with addition of the clay
in WAXD patterns. The larger inter-chain distances may
imply the formation of defect-ridden crystallites due to the
reduction of chain diffusion into the lamellae.

Finally, one more interesting feature in the intercalated
PPCNs is a possibility of the orientation and/or crystalliza-
tion of the intercalated PP-MA chains in the silicate
galleries because of the spatial confinement between very
narrow space (= dgyy). The confined orientation of the PP-
MA chains will be discussed separately [18].

3.4. Mechanical properties and enhancement of modulus

Fig. 8 shows the plot for the temperature dependence of
storage modulus G’, loss modulus G”, and tan & of the

10 :

I ® PPCN2
r A& PPCN4
I ® PPCN7.5

G'PPCN I G'PP—MA

T=25C
® =6.283 rad/s
Strain =0.05 % ]

0.1 . ‘ 1 ‘ 10 100
Vol % of clay

Fig. 9. Plots of G'ppen/G” ppmia V. volume% of clay for PPCNs. The value
of Einstein coefficient, kg, was shown in the box. The theoretical lines show
the results calculated by Halpin—Tai’s expression with various kg.

intercalated PPCNs and PP-MA. The two peaks in tan &
curves are observed at —5°C and at high temperature around
50-90°C as a broad peak, respectively. The former corre-
sponds to the T, of the matrix polymer, and the latter to the
T, of the stearylammonium intercalated in the silicate
gallery as shown in Fig. 1. The melting of the stearylammo-
nium does not lead to a big drop in G’ at this temperature
range. The enhancement in moduli appears in different
magnitudes at various temperature ranges. Below T, the
enhancement of G’ is clear in the intercalated PPCNs. At
the temperature range of —50 to —10°C, the increments in
G’ are 16% for PPCN2, 40% for PPCN4 and 42% for
PPCN7.5 as compared to that of PP-MA. Furthermore, at
the temperature range of 0-110°C, both PPCN4 and
PPCN7.5 exhibit higher enhancement in G’ as compared
to the PPCN2 and PP-MA. At 25°C, PPCN4 and PPCN7.5
show higher increment in G’ of 90 and 100% than that of
PP-MA, respectively, while that of PPCN2 is only 20%
higher.

In Fig. 9, we summarized the clay content dependence of
G’ obtained at 25°C. For comparison, we show the ratio of
GIPPCN/GIPP,MA. GIPPCN and GIPP,MA are the moduli of the
intercalated PPCNs and the PP-MA, respectively. The
large reinforcement in G’ is observed in the figure. As
discussed previously [4], the essential factors governing
the enhancement of mechanical properties is the aspect
ratio of the dispersed clay particles. According to the Halpin
and Tai’s theoretical expression on the enhancement of G’
[27], we estimate that the Einstein coefficient kg is related to
the aspect ratio of the dispersed clay particles. The details
applicable to poly(methyl methacrylate) (PMMA)/clay
nanocomposites was reported in a previous publication
[4]. The kg was estimated by selecting an appropriate
value which best fit the experimentally obtained
Gppen/Ghpma Vs. volume fraction of the clay plots. The
estimated values of kg were about 60 for PPCN4, and
about 31 for PPCN2 and PPCN7.5. In the intercalated
PPCNs, the explanation for the enhancement of G’ by
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only kg factor as discussed in the previous case of PMMA/
clay nanocomposites [4] is hampered because each PPCN
exhibit different values of kg, despite the different clay
content. In the case of intercalated PPCNs, the enhancement
of G’ is probably due to both the degree of the intercalation
and the aspect ratio of the dispersed clay particles. As shown
in Table 1, the two-dimensional aspect ratio of the dispersed
clay particles Lj,y/d..y estimated from TEM observation are
37 for PPCN2, 20 for PPCN4 and 12 for PPCN7.5, respec-
tively. In the PPCN4, despite the lower value of Lj,y/d.1ay
compared to PPCN2 and low addition of the clay compared
to PPCN?7.5, this nanocomposite shows the highest value of
kg, suggesting that much higher efficiency of the intercala-
tion for the reinforcement is attained.

4. Conclusions

In this study, we demonstrated the hierarchical structure
of the intercalated PPCNs viewed on scale from the struc-
ture of confined PP-MA chains in the space of the silicate
galleries (intercalating sites) of 2—3 nm width to crystalline
lamellae of 7—15 nm thickness and spherulitic texture of
10 pm diameter.

With increasing clay content, the PP-MA chains were
intercalated in the space of the intercalating sites accompa-
nied with the stacking of the individual silicate layers. In
other words, the increment of intercalating sites leads to the
limitation of the exfoliation toward the individual silicate
layers. After crystallization had taken place, both dmeiiae
and Ly, enqc €xhibited the same order of magnitude compared
t0 deiay and €.y, respectively. Furthermore, both the lamella
parameters showed almost same values and are independent
of the clay content. The formation of the inter-fibrillar struc-
ture accompanied with fragmented lamellae between clay
particles was speculated.

Owing to the narrow space surrounded by the dispersed
clay particles and the intercalation of the PP chains in the
space between silicate galleries, the formation of the v-
phase took place with the addition of clay.

The enhancement of moduli of the intercalated PPCNs
was observed. To enhance the moduli, both the degree of
intercalation of the PP-MA chains and the aspect ratio of the

dispersed clay particles strongly affected the final mechan-
ical properties of the PPCNS.
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