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ABSTRACT: Films of polypropylene/organically modi-
fied montmorillonite (PP/OMMT) nanocomposites were
drawn at two different temperatures with various draw
ratios. The effect of OMMT on the orientations of the crys-
talline and amorphous phases was studied using polarized
infrared spectroscopy. It is found that OMMT layers always
retard the orientation of the crystalline phase. The higher
the OMMT loading, the stronger the retardance effect. In
contrast, the effect of OMMT layers on the orientation of
the amorphous phase depends on draw temperature and
OMMT loading. A favorable effect on the orientation of the
amorphous phase is observed at low OMMT loading and
high draw temperature, but the retardance prevails at high
OMMT loading and low draw temperature. The favorable
effect on orientation at high draw temperature is attributed

to the stabilization effect of OMMT layers on the conforma-
tion of amorphous PP chains. Such an effect was further
verified by comparing the crystallization behavior and the
morphologies of drawn PP and PP/OMMT films crystal-
lized from 180°C. Memory effect is observed for crystalliza-
tion of drawn PP/OMMT film, but it is not obvious for the
drawn film of neat PP. Spherulites are formed for orien-
tated neat PP films cooled from 180°C, but cylindrites are
still formed after the drawn PP/OMMT films undergo
melting at 180°C and recrystallization. The stabilization
effect disappears at higher temperature (230°C). © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 123: 3321-3330, 2012
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INTRODUCTION

Polymer/montmorillonite (MMT) nanocomposites
have received many research interests in the past
two decades due to the improved mechanical, ther-
mal, and permeation properties.'® When the poly-
mer is crystallizable, the montmorillonite can also
affect the crystallization behavior and thus the mor-
phology and mechanical properties of the nanocom-
posites. For example, the montmorillonite may exert
a nucleation effect on polymer crystallization, lead-
ing to a faster crystallization rate and a smaller size
of spherulite.””"! However, when polymer chains are
intercalated into the galleries of the montmorillonite
layers, the mobility of polymer chains is reduced
and crystallization is retarded.''™ 14 Moreover, the
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crystal structure in the nanocomposites may be
altered due to the presence of montmorillonite.
Orientated semicrystalline polymer materials usu-
ally exhibit better mechanical properties in the
stretched directions and are widely used. For semi-
crystalline polymer/montmorillonite nanocompo-
sites, there are two methods to obtain the orientated
materials. The first method, which is the most fre-
quently used, involves shearing or stretching the
melt of the nanocomposite followed by crystalliza-
tion.">?* In this case, nanocomposites with orien-
tated cylindrite or “shish-kebab” or even fibrous
morphology are usually prepared.**?” It is found
that shearing the melt of polymer/montmorillonite
nanocomposites can greatly enhance the nucleation
activity of the montmorillonite layers.”® In poly(buty-
lene terephthalate)/multiwalled carbon nanotubes
(PBT/MWNT) nanocomposites, it is also found that
shearing the melt can alter the crystallization kinetics
of the nanocomposites, depending on the temperature
and the concentration of MWNT.* After crystalliza-
tion, the orientation degree of the polymer crystals
also increases due to so-called shear amplification
effect.***® The second method to prepare the orien-
tated semicrystalline polymer/montmorillonite nano-
composites is drawing the nanocomposites below
the melting temperature of the polymer crystals.*™
It is reported that drawing the nanocomposites at
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crystallization state can lead to slipping and exfolia-
tion of the montmorillonite layers.™ A few authors
also found that the nanofillers in the nanocomposites
may inhibit the orientation of polymer crystals,>*®
which is in contrast with the shear of nanocomposite
melt. It should be noted that both the crystalline
phase and amorg)hous phase can be orientated during
tensile drawing,** but the effect of montmorillonite
layers on the orientation of the amorphous phase in
semicrystalline polymer/montmorillonite nanocom-
posites is rarely reported. The phenomenon of strain-
induced crystallization is frequently observed when
rubber is undergoing tensile drawing. It is reported
that the presence of nanofiller in the rubber can pro-
mote strain-induced crystallization.*"**

In the present work, the polypropylene/organi-
cally modified montmorillonite (PP/OMMT) nano-
composite films were drawn at two different tem-
peratures with various draw ratios, and the effect of
OMMT on orientations of both the crystalline and
amorphous phases were investigated with polarized
infrared and optical microscopy.

EXPERIMENTAL
Materials

Polypropylene (Brand: T30s) with a melting index of
3.0 was provided by SINOPEC Zhongyuan Petro-
chemical Corp. (Zhengzhou, China) in the form of
pellets. The weight-average molecular mass and the
polydispersity of PP determined by gel permeation
chromatograph (GPC) are 2.7 x 10* and 6.19, respec-
tively. The compatibilizer polypropylene-g-maleic an-
hydride (PP-g-MA) (Brand: HIS-008) powder was
purchased from Honsea Enterprise Co. (Guangzhou,
China). The grafting ratio of MA is higher than 0.8%.
The weight-average molecular mass and the polydis-
persity of PP-g-MA determined by GPC are 5.0 x 10*
and 3.96, respectively. The OMMT nanoclay, Nano-
mer 1.44P, was purchased from Nonocor (Chicago,
IL). The OMMT was prepared by the supplier
through ion-exchanging Na™ MMT with dimethyl,
dehydrogenated tallow. PP, PP-¢-MA, and OMMT
were dried in vacuum for 2 days at 50°C before use.

Preparation of the PP/OMMT nanocomposites

Prescribed amount of PP, PP-g-MA, and OMMT were
first dry mixed. The ratio of PP-¢-MA to PP was kept
constant, 10 wt %. The amount of OMMT is 0, 2, 4,
and 6% relative to neat PP (PP-g-MA was not
included) by weight, respectively. The mixture was
fed into a twin-screw extruder to prepare the PP/
OMMT nanocomposites by melt-blending. Different
screw speeds were tested and better dispersion of
OMMT was observed at 35 rpm. As a result, this
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Figure 1 Picture of the tensile instrument. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

screw speed was applied for all sample preparation.
The barrel temperatures were kept at 165-200°C from
hopper to die. The L/D ratio of the extruder was 25/
1. After extrusion, the extruded samples were pellet-
ized. The nanocomposites with different OMMT con-
tents were denoted as PP-2, PP-4 and PP-6, where the
last numbers correspond to the weight percentage of
OMMT. The PP/PP-g-MA blend used for control
experiment is designated as PP-0.

Tensile drawing

The PP/OMMT nanocomposites were first molded
into films with a size of 20 mm (length) x 6 mm
(width) by thermal compression. The nanocomposites
were placed into the mold with the prescribed size
and were kept at 220°C and 40 atm for 10 min, and
then the compression machine was switched off and
cooled to room temperature slowly. The films were
drawn in a tensile instrument with a heating tank,
which was designed by Beijing Kangsente Sci. and
Tech. Co. The photo of the tensile instrument is
shown in Figure 1. The samples were drawn at 110
and 138°C, respectively, with various draw ratios ().
The draw rate was set as 1 mm/min. Before drawing,
two lines were marked in the middle of the sample.
The draw ratio was calculated from the ratio of the
distances between these two lines after and before
drawing. The areas near the center of the two marked
lines in the drawn films were selected for FT-IR and
optical microscopy characterizations. The thickness of
the drawn films for FT-IR and optical microscopy
characterizations was less than 80 pum.

Characterization

Morphology of the PP/OMMT nanocomposites was
observed by transmission electron microscopy (TEM)
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Figure 2 TEM images PP/OMMT nanocomposites. (a) PP-
2, (b) PP-4, and (c) PP-6. In the images, the character “e”
indicates the exfoliated OMMT layers and “i” indicates the
intercalated OMMT layers.

on a JEOL JEM-1230 instrument (Tokyo, Japan) at an
acceleration voltage of 80 kV. Room temperature
wide angle X-ray diffraction (WAXD) experiments
were carried out on a Rigaku Dmax/2550PC X-ray
diffractometer (Tokyo, Japan) with X-ray wavelength
L = 0.1542 nm, operated at 40 kV and 30 mA. The
range of diffraction angle for investigation was 20 =
2-30° and the scanning step is 0.02°. Hot-press films
were used for WAXD experiments. Differential scan-
ning calorimetry (DSC) experiments were conducted
on a TA Q200 instrument (New Castle, DE). The

drawn films were cut into small pieces for DSC meas-
urements. The sample weight was 3-5 mg and the
samples were sealed in aluminum pans. The melting
traces were recorded by heating the sample to 180°C
at a rate of 10°C/min. For nonisothermal crystalliza-
tion experiments, the drawn films were first held 180
or 230°C for 5 min, and then were cooled to room
temperature at a rate of 10°C/min. An Olympus BX-5
(Tokyo, Japan) microscopy equipped with a hot-stage
and a digital camera was used to observe the mor-
phology of the drawn films. The drawn films were
placed between two glass plates and heated to differ-
ent temperatures (180 or 230°C) and held at these
temperatures for 5 min. The morphology in the melt
was recorded. Then the films were cooled to room
temperature at a rate of 2°C/min and the morphol-
ogy during nonisothermal crystallization was
recorded. Polarized FT-IR experiments of the drawn
films were carried out on a Nicolet 6700 spectrometer
(Waltham, MA) with a transmission mode. The scan
range was from 4000 to 400 cm ™' at an interval of 4
cm . A polarizer was placed in front of the sample
and the spectra at polarization angles of 0° (polariza-
tion vector parallel to the draw direction) and 90°
(polarization vector perpendicular to the draw direc-
tion) were recorded for the same samples.

RESULTS AND DISCUSSION
Morphology of nanocomposites

After preparation of the PP/OMMT nanocomposites,
the morphology of the bulk nanocomposites was first
characterized to see the dispersion of the OMMT pla-
telets. Figure 2 shows the TEM images of the nano-
composites. Both well-dispersed thin OMMT layers
and aggregated OMMT layers can be observed for all
the three PP/OMMT nanocomposites. This shows the
coexistence of exfoliated and intercalated OMMT
layers in the nanocomposites. One can also see that,
with increase of the OMMT, the fraction of the inter-
calated OMMT layers increases. Figure 3 shows the
WAXD patterns of the neat OMMT and PP/OMMT
nanocomposites in the range of 20 from 1° to 9°. As
can be seen from Figure 3, the diffraction peak due to
the stack of OMMT layers is very weak in PP-2 and
PP-4, indicating that higher fraction of exfoliated
OMMT layers are present in these two samples. The
diffraction peak due to the stack of OMMT layers is
strong for PP-6, but the position of this peak shifts to
smaller angle as compared with the peak position of
the neat OMMT. As a result, in PP-6 there exist lots
of intercalated OMMT layers, which is in accordance
with TEM observation.

Polarized FT-IR of the drawn films

When polarized FT-IR spectra with polarization vec-
tor both parallel and perpendicular to draw

Journal of Applied Polymer Science DOI 10.1002/app



3324

OMMT

Intensity (a.u.)

PP-4

lpp-2
NN
1 2 3 4 5 6 7 8 9
Two theta (°)

Figure 3 WAXD patterns of PP/OMMT nanocomposites
and neat OMMT.

direction were obtained, the dichroic ratio (R) for a
specific IR band can be calculated:

R=A) /AL, )

where A and A, are the integrated areas of the
selected band parallel and perpendicular to draw
direction, respectively.

The relationship between the Hermans orientation
function (f) and dichroic ratio (R) can be expressed as™:

f:(R 1)(R0+2)’ )
(R+2)(Ro—1)

where Ry = 2cot?p and ¢ is the angle between the

helix axis of polymer chains and IR transition

moment.

Here we chose the bands at 841 and 2725 cm ™ for
evaluation of orientation of the crystalline and amor-
phous phases, respectively.**** The values of ¢ for
the bands at 841 and 2725 cm ' are 0° and 90°,
respectively.** This means that the crystalline
band at 841 cm ™' A is larger than A, and the orien-
tation degree increases with R of the crystalline
band, while for the amorphous band at 2725 cm '
A| is smaller than A, and the orientation degree
increases with 1/R of the amorphous band, as exem-
plified in Figure 4.

We tried to plot f versus draw ratio. However, it
is found that the difference in f between the PP-0
and PP/OMMT nanocomposites is not so evident,
especially at higher draw ratios. This is in contrast
with the larger difference of the IR spectra. In fact,
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one can see from the expression of the orientation
function, f will minish the difference of R. At higher
draw ratios, a large difference of R only leads to a
slight change in f. As a result, we still use R (for the
crystalline band) or 1/R (for the amorphous band)
to plot against draw ratio. Figure 5 shows R of the
crystalline band at 841 cm ' and 1/R of the amor-
phous band at 2725 cm™' for PP-0 and PP-4 as a
function of draw ratio after drawing at 110°C. It is
found that at lower draw ratios (A < 4), addition of
OMMT has little effect on the dichroic ratios of both
the crystalline and amorphous bands. In contrast, at
higher draw ratios, R of the crystalline band in PP-0
is larger than R of the crystalline band in PP-4, and
1/R of the amorphous phase PP-0 is larger than 1/R
of the amorphous band in PP-4. This indicates that
OMMT layers can hinder the orientation of both the
crystalline and amorphous phases at this draw tem-
perature. The phenomenon that nanofillers with
high aspect ratio could retard orientation of polymer
crystals was also previously reported for polyethyl-
ene/OMMT and polyethylene/inorganic whisker
nanocomposites.”’** One can also see from Figure 5
that the dichroic ratios of the crystalline phase are
far larger than those of the amorphous phase in the
same samples. Figure 6 shows R of the crystalline
band at 841 cm ™' and 1/R of the amorphous band
at 2725 cm ™' for PP-0 and PP-4 as a function of
draw ratio after drawing at 138°C. For the orienta-
tion of the crystalline phase, the effect of OMMT is
similar to that at the draw temperature of 110°C,

@ lorgemt |
]
I
—_ | [
S A// I
8 I [
=2 ' '
" | |
c
() | I
e
£ I I
' I
A I
1 |
A
1
N N B
2760 2720 2680880 840 800 760

Wavernumber (cm™)

Figure 4 Polarized IR spectra with polarization vector
parallel (A||) and perpendicular (A,) to the draw direc-
tion for neat PP (PP-0) after drawing at 138°C with A =
3.5. (a) The amorphous band at 2725 cm ™, (b) the crystal-
line band at 841 cm ™.
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Figure 5 Dichroic ratios of the crystalline band at 841
cm ' (a) and inversion of dichroic ratios of the amorphous
band at 2725 cm ™' (b) for PP-0 and PP-4 as a function of
draw ratio at a draw temperature of 110°C.

since the values of R for PP-4 are smaller than those
for PP-0 at the same draw ratio. However, for the
orientation of the amorphous phase, the effect of
OMMT becomes reverse as compared with the result
at draw temperature of 110°C. At higher draw
ratios, 1/R of PP-4 is larger than that of PP-0. This
shows that at higher draw ratios, OMMT Ilayers
hinder the orientation of the crystalline phase, but
facilitate the orientation of the amorphous phase.
Figure 7 shows the dichroic ratios of the crystal-
line band at 841 cm ' and inversion of dichroic

3325

ratios of the amorphous band at 2725 cm ™' as a

function of OMMT loading at a draw temperature of
138°C and a draw ratio of 7. It is found that for the
crystalline band, the dichroic ratio decreases monot-
onously as the OMMT content increases, indicating
that the retardance effect of OMMT on orientation of
the crystalline phase becomes more and more
severe. On the other hand, one can see from Figure
7 that at lower OMMT loading (<4 wt %) the orien-
tation degree of the amorphous phase increases with
the OMMT content. However, when the OMMT
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Figure 6 Dichroic ratios of the crystalline band at 841
cm ! (a) and inversion of dichroic ratios of the amorphous

band at 2725 cm™! (b) for PP-0 and PP-4 as a function of
draw ratio at a draw temperature of 138°C.
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Figure 7 Dichroic ratios of the crystalline band at 841
cm ' and inversion of dichroic ratios of the amorphous
band at 2725 cm ™! as a function of OMMT loading at a
draw temperature of 138°C and a A = 7.

loading is beyond 4 wt %, the orientation degree of
the amorphous phase falls down. This shows that at
high draw temperature (138°C), addition of a small
amount of OMMT in PP is advantageous to the ori-
entation of the amorphous phase, but at high
OMMT loading the retardance effect on orientation
becomes evident, resulting in decreases of the orien-
tation degree of the amorphous phase.

The polarized IR results show that the montmoril-
lonite layers retard the orientation of the crystalline
phase at both low and high temperatures. This
observation is different from result obtained by

PP-6 _
2 o
w | PP-2 161.9°C 1094 C
l PP-0 \\[
170.6 °C
! | ) | 1 |
120 140 160 180

o
Temperature ("C)
Figure 8 DSC melting traces of the drawn PP and PP/
OMMT films. The films were drawn at 138°C witha L =7
and the heating rate was 10°C/min.
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shearing the nanocomposite melt. Many authors
observed that shearing of polymer/montmorillonite
nanocomposite melt can enhance the orientation of
polymer crystals, as compared with shearing the
neat polymer melt.***® On the other hand, OMMT
layers hinder the orientation of the amorphous
phase at low draw temperature, but facilitate its ori-
entation at high draw temperature and low OMMT
loading. In both cases, temperature plays a key role.
As a result, we try to interpret the effect of OMMT
on orientation of the crystalline and amorphous
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Figure 9 Nonisothermal crystallization DSC curves after
the drawn PP and PP/OMMT films were held at 230°C (a)
or 180°C (b) for 5 min and then cooled to room tempera-
ture at a rate of 10°C/min. The films were drawn at 138°C
witha A =7.
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Figure 10 POM micrographs of the drawn PP and PP/OMMT films at 180°C for PP-0 (a), PP-2 (b), PP-4 (c), and PP-6 (d).

phases at different temperatures in terms of mobility
of the two phases. The mobility of polymer crystals
phase is very low before melting because of the or-
dered structure. Upon tensile drawing, the crystals
may deform and reorganize. As a result, OMMT
layers, which are platelets of large size, hinder the
reorganization and orientation of the polymer crys-
tals anyway, irrespective of the draw temperature.
However, for the disordered amorphous phase, the
mobility of the amorphous polymer chains is
strongly dependent on temperature. At low tempera-
ture, the mobility of the amorphous phase is still
lower, thus its orientation is hindered by OMMT
layers. In contrast, at high temperature, the mobility
of the amorphous is quite high, which means that
the relaxation of the polymer chains in the amor-
phous phase is fast and even the relaxation rate of
the amorphous PP chains may prevail against their
orientation rate. When the amorphous phase orien-
tates due to tensile drawing at high temperature, it
is also easy to relax back to the unorientated state.
The presence of OMMT layers can stabilize the
stretched conformation and prevent the orientated
polymer chains from relaxation, as we reported in
electrospinning of PVDF/OMMT nanocomposites,*®
leading to the favorable effect of OMMT on orienta-
tion. When polymer crystals are melted, the polymer
chains also become amorphous. Since melting of
polymer crystals occurs at higher temperature, the
stabilization effect of the OMMT layers becomes
obvious. This is the reason why shearing polymer/
montmorillonite nanocomposite melt leads to higher
orientation degree than shearing the neat polymer

melt. Moreover, when the OMMT loading is high,
intercalated structure becomes the majority, as can
be seen from Figures 2(c) and 3. When polymer
chains are intercalated into the galleries of OMMT
layers, the mobility of polymer chains is greatly
reduced." ™™ This means that increase of OMMT
content is equivalent to decrease of draw tempera-
ture. As a result, at 6% OMMT loading, the OMMT
layers retard the orientation of the amorphous phase
even at the draw temperature of 138°C.

DSC result

To verify the stabilization effect of OMMT on the
conformation of the amorphous phase, the melting
and crystallization behaviors of the drawn films
were characterized by DSC and morphologies of the
drawn PP/OMMT films after melting and recrystal-
lization were observed with POM. Figure 8 shows
the DSC melting curves of the drawn films. The
films were first drawn at 138°C with a A = 7 prior to
DSC characterization. It is observed that PP-0 nearly
exhibits single melting peak with a melting tempera-
ture of 170.6°C, while PP-2 shows a broad melting
peak with the peak temperature located at 165.5°C.
Double melting peaks can clearly be seen from Fig-
ure 8 for the other two drawn samples PP-4 and PP-
6. The low temperature peaks of PP-4 and PP-6 are
located at 161.9 and 163.3°C, respectively, and the
positions of the high temperature peaks are similar
to that of PP-0. The melting behaviors of the drawn
films show that imperfect crystals are formed in the
samples with high OMMT content. This is in

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 POM micrographs of PP and PP/OMMT during recrystallization after the drawn films were held at 180°C for
5 min and then cooled to room temperature at a rate of 2°C/min. The films were drawn at 138°C with a A = 7. (a) PP-0
at 130°C, (b) PP-2 at 134°C, (c) PP-4 at 145°C, (d) PP-6 at 140°C.

accordance with the IR result that OMMT Ilayers
hinder the orientation of the crystalline phase. The
nonisothermal crystallization DSC curves were also
recorded after the drawn films were held at 180 or
230°C for 5 min (Fig. 9). As shown in Figure 9(a),
when the drawn films were cooled from 230°C, all
the four samples have similar crystallization temper-
atures. The crystallization temperatures of the sam-
ples PP-4 and PP-6 are even slightly lower than that
of PP-0. No nucleation effect of the OMMT filler,
which usually increases the crystallization tempera-
ture of semicrystalline polymers, is observed in such
a situation. This is probably due to the presence of

the PP-g-MA compatibilizer, which may weaken the
nucleation effect of the OMMT layers. The melting
curves show that all the drawn films are completely
melted at 180°C. Therefore, the drawn films were
also held at 180°C for 5 min and then cooled to
room temperature. The recorded nonisothermal crys-
tallization DSC curves were illustrated in Figure
9(b). One can see from Figure 9(b) that in this case
the crystallization temperature increases gradually
with the OMMT content in the samples. The sample
PP-0 exhibits similar crystallization temperatures
when cooled from 180 and 230°C, but for the other
three samples containing OMMT the crystallization

Figure 12 POM micrographs of drawn PP-4 film at 230°C (a) and during recrystallization cooled from 230°C at a rate of

2°C/min (b). The PP-4 film was drawn at 138°C with a A = 7.

Journal of Applied Polymer Science DOI 10.1002/app
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temperature is higher when cooled from 180°C.
Since the nucleation effect of OMMT is absent,
which is revealed by the nonisothermal crystalliza-
tion DSC curves cooled from 230°C, the increase of
crystallization temperature with OMMT content for
the drawn films cooled from 180°C can be attributed
to so-called “memory effect.” The memory effect,
which means that the conformation of polymer in
the melts can affect its crystallization behavior, is
widely observed in crystallization of PP and other
semicrystalline polymers.*” It is found that, when
the neat PP films are cooled from 180°C and 230°C,
respectively, the crystallization temperatures are
similar, which are 116°C and 117°C. This shows that
the memory effect is not evident for the neat PP
film. In contrast, the drawn PP/OMMT films cooled
from 180°C always exhibit higher crystallization
temperature than the corresponding samples cooled
from 230°C. Therefore, OMMT layers can intensify
the memory effect. The intensification of the mem-
ory effect by OMMT further supports the conclusion
that OMMT layers can stabilize the amorphous con-
formation with a fast relaxation rate at high temper-
ature. The similar crystallization for the drawn films
cooled from 230°C also shows that such a stabiliza-
tion effect disappears due to the fast relaxation rate
at this temperature.

POM observations

Figure 10 shows the POM micrographs of the drawn
PP and PP/OMMT films at 180°C. For the neat PP
and PP-2, the images are basically featureless
because all the crystals are melted. In contrast, for
PP-4 and PP-6, fibril texture is observed though the
samples are in the molten state and the fibril struc-
ture is more obvious in PP-6. After the drawn films
were held at 180°C for 5 min, the melted films were
then cooled to room temperature at a rate of 2°C/
min for recrystallization and the morphology during
cooling was recorded (Fig. 11). It is found that
spherulites are formed for the drawn film of neat PP
without OMMT. For the drawn PP-2 film, orientated
cylindrites of spherulite together with scattered
spherulites are observed. In the drawn PP-4 film, the
scattered spherulites disappear and only orientated
cylindrites are observed. Moreover, the transverse
size of the cylindrites in the drawn PP-4 film is
much smaller than that in PP-2. In the drawn PP-6
film, the transverse size of the cylindrites becomes
so small that only fibril crystals are observed. Figure
11 clearly reveals that the conformation of PP can be
preserved to some extent by OMMT layers, though
PP chains are melted.

It should be noted that the stabilization effect of
the OMMT layer is limited and depends on tempera-
ture. For example, when the drawn film of PP-4 was

held at 230°C for 5 min and then cooled to room tem-
perature at a rate of 2°C/min, we find that the fibril
texture disappears [Fig. 12(a)], which is in contrast
with the morphology at 180°C [Fig. 10(c)]. After PP-4
is cooled from 230°C to room temperature for recrys-
tallization, only spherulites are formed [Fig. 12(b)]
and no orientated cylindrites are observed [Fig.
11(c)]. This shows that the stabilization effect of the
OMMT layer on the conformation of amorphous
chains disappears at 230°C.

CONCLUSIONS

Above results show that the effects of OMMT layers
on the orientations of the crystalline and amorphous
phases are determined by the competition of the poly-
mer chain mobility (related to temperature and
OMMT loading) and stabilization effect of OMMT
layers. For the crystalline phase with a low mobility,
OMMT layers hinder its orientation at both low and
high draw temperatures. However, for the amorphous
phase, the retardance effect on its orientation prevails
at low draw temperature and/or at high OMMT load-
ing. When the OMMT content is low and the draw
temperature is high, the stabilization effect on the con-
formation of polymer chains plays the major role,
leading to higher orientation degree of the amorphous
phase. The stabilization effect of OMMT on the con-
formation of polymer chains are verified by the noni-
sothermal crystallization behavior of the drawn films
and the morphology of the drawn PP/OMMT films
after melting at 180°C and recrystallization.
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