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Abstract

Polypropylene/layered silicate nanocomposite
fibers are prepared by melt spinning in the presence
or absence compatibilizer in order to examine the
influences of dispersion state and interaction force
on rheological properties of the nanocomposite.
The results of compatibilized nanocomposite fiber
performed in the same spinning conditions were
compared to polypropylene and uncompatibilized
nanocomposite fiber. The tensile properties of as-
spun and drawn fibers were measured and related to
the melt spinning conditions, organoclay and
compatibilizer contents, and the results of structural
characterization. The nanocomposite fibers with
organoclay and compatibilizer did not show
improved tensile strength and elongation at break.
The counter effect of PP-g-MAH compatibilizer
played key role in internal structure and tensile
property of nanocomposite fibers. The positive effect
makes more effective exfoliated structure of
organoclay in polymer matrix and has higher
crystallinity. On the contrary, negative effect is that
nanocomposite fiber has lower molecular weight
than  pure  polypropylene  fiber  because
compatibilizer has Ilow molecular weight. The
presence of PP-g-MAH compatibilizer gives more
effective exfoliation of organoclay in nanocomposite
fiber during drawing process. The tensile properties
of nanocomposite fibers can be understood in terms
of drawing which produces additional exfoliation of
organoclay during the fiber spinning and drawing.

1 Introduction

Reinforcing fillers are inert and solid materials
which are dispersed in the polymer matrix, without

significantly affecting the molecular structure of the
polymer matrix. Recently, there has been interest in
the development of polymer composites to improve
the properties of polymer matrix by reinforcement
with fillers, such as carbon nanotubes or layered
silicates clay. Generally nanocomposites are defined
by the filler size of the dispersed phase, with at least
one dimension less than 100 nm. If the dispersion at
the nanoscale level is homogeneous, it leads to
physical properties of the material that are difficult
to attain from individual components. These
nanocomposites have potential for applications as
functional materials [1-2].

While polymer/layered silicate nanocomposites
were first reported in 1960s, researches were not
studied further until 1990s because suitable
applications were not invented. However, hybrid
nanocomposites comprising organically modified
layered silicates dispersed in selected polymer
matrices have attracted attention with the advantage
that they are efficient at concentrations of 5 wt% or
less [3-4]. Several kinds of fillers can be used to
enhance the mechanical properties of polymer
matrix, such as modified montmorillonite and
titanium dioxide. Of these all, the ion-exchanged
montmorillonite is the most common one because of
its superior geometry characteristics and low price.
To improve dispersion within an organic polymer,
however, these sodium cations in montmorillonite
must be replaced by cations that are sufficiently
organophilic. This usually requires the use of an
ammonium or phosphonium salt that contains at
least one alkyl chain which is 14 or 16 carbons in
length. Also, the other substituents on the onium salt
may be freely chosen in order to enhance some
particular property of the nanocomposite [5].

Especially PP/layered silicate nanocomposites
are attractive systems that can lead to new materials
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for engineering applications and widen the
versatility of polypropylene based materials.
However, there has been a limitation on the polymer
used for layered silicate reinforced nanocomposites.
The homogeneous and fully exfoliated dispersion of
the silicate layers could be achieved in case that such
as polymers with polar functional groups. This is
mostly due to the fact that the silicate layers of the
organoclay have polar hydroxy groups and are
compatible with polymers containing the functional
groups [6-7]. On the other hands, poor adhesion
between the filler surface and the polymer matrix
prevents necessary wet-out by molten polymer to
help break up aggregates of particles, resulting in
poor dispersion, insufficient reinforcement, and poor
mechanical properties. To overcome these problems,
first method is to make the surface more hydrophilic
by treating the filler with a surface treatment.
Another approach is to modify the chemistry of the
PP matrix by attaching polar group, such as maleic
anhydride based polymer.

Fiber melt spinning involves preparation of a
spinning fluid by melting polymeric material or
direct polymerization, extrusion of the melt through
spinnerets into a cooling chamber, and winding of
the resulting filaments. New technologies have been
developed in the past years with the goal of
integrating as many production steps as possible into
a single continuous process. However, most of
macron scale fillers are unsuitable for fiber spinning
because they can easily lead to spinline failures due
to their size that approach the order of the diameter
of the fibers themselves. Because of reduced
thickness and extremely large aspect ratio, the
interaction between the reinforcing filler and
polymer matrix is maximized due to the increase in
contact area. Consequently, the nanofiller loading
could be reduced to 1-5 wt% while providing similar
property enhancement as the macrocomposites at
high concentrations [8-10].

Mlynarcikova et al. [11] investigated that fiber
spinning characteristics of nanocomposites prepared
from syndiotactic polypropylene and layered silicate
organoclay with octadecylammonium chains and
reported that only using with the compatibilizer high

draw ratio of the nanocomposite fibers was achieved.

According to their reports, most experimental results
indicate that the counter effects of the low molecular
weight of compatibilizer prevails over positive effect
of the organoclay on tensile properties of PP/layered
silicate nanocomposites. Also, Zheng et al. [12]
examined the internal structure and mechanical
properties of the PP/clay nanocomposites and hybrid
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nanocomposite fibers using various characterization
methods. The nanometer scaled organoclay layers
dispersed in the PP matrix actually played the role of
heterogeneous nuclei species in the process of PP
crystallization and increased the nucleation speed of
the nanocomposites, leading to the increase of
crystallization rate of the as-spun fibers. Meanwhile,
it was found that the crystallinity of nanocomposite
fibers is much higher than that of pure PP fiber at the
same draw ratio, whereas the orientation of hybrid
fibers is much lower than that of pure PP fiber at the
same draw ratio.

In this study, exfoliated polypropylene/layered
silicate nanocomposites are prepared using malated
polypropylene  (PP-g-MAH) and investigated
morphological and rheological properties. Then,
fiber melt spinning is performed to evaluate effects
of spinning conditions on formation of internal
structure and tensile property of nanocomposite
fibers. Finally, their nanocomposite characteristics
are explained through the correlation among the
spinning condition, organoclay and compatibilizer
content, and structural parameters such as the degree
of exfoliation and crystallinity in nanocomposite
fibers.

2. Experimental

2.1 Materials

The nanocomposites consisted of isotactic
polypropylene (iPP), which is used as a matrix,
layered silicate orgarnoclay (OLS), and PP-g-MAH
compatibilizer. The PP resin was obtained from
Polymirae (MOPLENE HP552N). It had a melt flow
rate (MFR) of 12.0 g/10min and melting point of
162°C. Na'-based montmorillontie with a cation-
exchange capacity value (CEC) of 125 mmol/100g
and organoclay were prepared in Southern Clay
Products  (Cloisite®15A, USA). PP-g-MAH
compatibilizer supplied from Crompton (Polybond®
3150, USA) to promote the interaction due to
hydrogen bonding between PP matrix and
organoclay layers. Its MFR was 50 g/10min and
grafted maleic anhydride (g-MAH) content was 0.5
wt%.

2.2 Melt compounding and fiber formation

All  samples were prepared via melt
compounding at 210°C and at a screw speed of 350
rpm by using a twin-screw extruder (Werner &
Pfleiderer, ZSK-25 type). The compounded melt
was water quenched and pelletized. Before melt
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spinning, the pure polypropylene and nanocomposite
pellet were dried in a vacuum oven for 4 hrs at 80C.
Melt spinning was performed on a single screw
extruder (Length/Diameter=30, Polymirae, KOREA)
with a spinneret containing 60 holes, each 0.5 mm in
a diameter and 1.0 mm in a length. The extruder was
set with four different temperature zones of 190, 210,
230C, and 240C at feed, metering, melting, and
spinneret sections, respectively. The as-spun
filaments were collected at a take-up speed of 500-
1,250 m/min and drawn (draw ratio A = 1 - 4) at
120°C. The processing machine is presented in Fig.

Fig. 1. Melt spinning machine used in this study.

2.3 Characterization

2.3.1. Morphology

Small angle X-ray scattering by Rigaku Max-3 Cg
X-ray diffractometer with Cu-Ko radiation
(A=0.154184 nm) was used to determine the
interlayer spacing of clays for PP/layered silicate
nanocomposites. The wide-angle X-ray diffraction
patterns of the polypropylene nanocomposite fibers
were obtained by using X-ray diffraction (BRUKER
AUX D8 Advance with GADDS, 40 kV, 40 mA,
Cu-Ko) in a scanning range of 0 - 40° (26).

2.3.2. Rheological properties

Dynamic oscillatory shear flow measurements
were conducted using a rotational rheometer (AR-
2000, Rheometric Scientific) with parallel plates.
Frequencies of 0.01 - 200 rad/s were used at the
strain amplitude of 10% in order to be within the
linear viscoelastic region. The viscosity growth
during uniaxial elongational flow at a constant
elongation rate was measured using a Meissner-type
rheometer (RME, Rheometric Scientific). The

constant elongation rates, £, , were applied at

elongation rates of 0.05, 0.1, 0.3, 0.5 and 1.0 s™". The
MFR of various samples was measured by weighing
the run for 10 minutes under 2.16 kg at 230 C using
a melt flow indexer (Melt Flow Rate, Gottfert).

2.3.3. Tensile properties

The fiber's linear density of fibers was
determined at ambient temperature using a Zweigle
L232. The tensile strength and elongation at break of
the non-filled and isotactic PP nanocomposite fibers
were determined at an ambient temperature using an
Uster Tensorapid-4 (Zellweger Uster). Gauge length
was 200 mm and deformation rate was 100 mm/min
for as-spun and drawn fibers. The tensile strength
and elongation at break of fibers were calculated
from the stress-strain curve. The tensile strength was
determined from the top of the stress-strain curve
and elongation at break was determined from the
distance between the start and the point of break.

3 Results and discussion

3.1. Morphology of compounded nanocomposites

Figure 2 shows the SAXS for organoclay
powders, uncompatibilized, and compatibilized
nanocomposites. The SAXS pattern of the original
organoclay shows the peak of intensity at the
diffraction angle of 26 = 2.65° and the equivalent
distance between silicate layers is 34.46A. The
SAXS pattern of PP-g-MAH compatibilized
nanocomposites does not show the characteristic
basal peak of the organoclay. It is indicated that the
strong interaction between polar group of
compatibilizer and functional group of the silicate
layer had formed and polypropylene chains had
intercalated into the galleries of organoclay.

However, SAXS spectra patterns of the
organoclay filled PP nanocomposites display a slight
increase in the intensity at lower 20 values when
compared with that of the unfilled polymer matrix.
As can be seen from Fig. 2, both uncompatibilized
and compatibilized nanocomposite systems with
organoclay shows weak (002) plane peaks at about
26 = 3.32°. This is probably that thermal degradation
of ion-exchanged organoclays had been occurred
during melt compounding. Otherwise, it is assumed
that there was insufficient shear stress to exfoliate
the organoclay during melt compounding because of
low molecular weight of PP matrix (MFR 12.0
g/10min) [6-7, 13].
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Fig. 2. SAXS patterns of organoclay powder, pure
PP, uncompatibilized nanocomposite, and PP-g-
MAH compatibilized nanocomposite.

X-ray scattering is useful for the measurement
of the distance spacing of ordered intercalated
nanocomposites with organoclay, but it may be
insufficient for the measurement of disordered and
exfoliated materials that give no peak. The
organoclay dispersion in polypropylene matrix was
crosschecked further by using the TEM and
rheological results. To observe the exfoliated
structure of the silicate layers, TEM images for
uncompatibilized and PP-g-MAH compatibilized
nanocomposites are shown in Figs. 3 (a) and (b). In
the case of uncompatibilized composites the silicate
layers were aggregated with a size of several
hundreds of nanometers in the polypropylene matrix.
The micrograph of the PP-g-MAH compatibilized
nanocomposites shows that individual exfoliated
platelets are embedded in the polymer matrix resin.
Each layer of the organoclay is dispersed
homogeneously in the polypropylene matrix,
although a small amount of intercalated layers still
exists. It is apparent that the PP-g-MAH
compatibilizer improved the dispersity and
homogeneity of layered silicates in PP matrix.

3.2. Rheological Properties

Characteristic rheological behaviors with
respect to internal structure of the nanocomposites
were investigated from the information on nanoscale
dispersion of clay particles in the nanocomposite.
Rheological behavior of various polypropylene
nanocomposites was investigated in a conventional
melt state rheometer in both shear and elongational
modes. Firstly, Table 1 shows the melt flow rate
(MFR) decreased from 11.56 to 10.55 as the
loadings of compatibilizer increased from 1.0 to 7.0
wt%. This confirms that compounded PP/layered
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silicate nanocomposite melts were fluid enough to
melt spin with conventional spinning machine.

(b)
Fig. 3. TEM images of (a) uncompatibilized
composites and (b) PP-g-MAH compatibilized
nanocomposites.

Table 1. Influence of organoclay and compatibilizer
contents for each nanocomposite system on melt

flow rate (MFR).

Samples MFR(g/10min)
iPP 12.35
iPP/PB05 13.95
iPP/00/OLS03 11.32
iPP/05/0OLS03 10.64
iPP/01/OLS03 11.56
iPP/03/OLS03 11.02
iPP/07/0OLS03 10.55

In Fig. 4, storage modulus and complex
viscosity are compared the difference in shear flow
properties between the two kinds of nanocomposite.
The pure polypropylene shows classical viscoelastic
behavior, a terminal flow regime where storage
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modulus is proportional to @® . The uncompatibilized
nanocomposite shows a small deviation from
classical behavior at lower frequencies. There is a
slight increase of storage modulus with increasing
clay content and only a weak solid-like plateau
behavior is observed at low frequency region [14].
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Fig. 4. Frequency dependence of (a) storage
modulus and (b) complex viscosity for the pure PP,
uncompatibilized, and PP-g-MAH compatibilized
nanocomposites.

However, in case of PP-g-MAH compatibilized
nanocomposite melts, storage modulus shows non-
terminal plateau solid-like behavior and has higher
value in comparison with that of pure polypropylene
or uncompatibilized nanocomposites at low
frequency ranges. The solid-like plateau behavior
becomes distinct as the clay content is increased. As
the amount of well-dispersed clay is increased, a
network structure will be formed due to the close
interaction between clay particles as well as

hydrodynamic interaction between clay particles and
polymer chains.

Figure 5 shows the elongational viscosity
observed for pure PP, uncompatibilized, and PP-g-
MAH compatibilized nanocomposites with different
elongational rates ranging from 0.01 to 1.0 s™. In
pure PP matrix and uncompatibilized composites,
the elongational viscosity increases linearly with
time and strain hardening was not observed. In the
case of PP-g-MAH compatibilized nanocomposite,
the initial part of all the elongational viscosity
growth curves showed simple monotonic growth
that agreed well with the theory of linear
viscoelasticity. After deformation equivalent to the
Hencky strain (e=¢-t) of about 1.0 some of the
growth curves showed increase in the slope as the
viscosity growth rate was accelerated, i.e., strong
strain hardening was occurred. Therefore, it is
expected that spinnability of compatibilized
nanocomposites may be improved at higher
elongational rates in the middle of fiber spinning
[15].
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Fig. 5. Elongational viscosity growth curves of (a)
pure PP, (b) uncompatibilized composites, and (c)
compatibilized nanocomposite melts at different
elongational strain rates (7 =190 C).

3.3. Fiber properties

Polypropylene fibers are produced in a variety
of types with different tenacities to apply varying
market requirements. Fibers for general textile uses
have tenacities in the range of 4.0 - 6.0 g/den. High
tenacity fibers up to 8.0 g/den are produced for the
use in industrial applications such as ropes, nets, and
so on [16-17]. There are two structural parameters
affect on physical properties in case of
nanocomposite fiber: extent of exfoliation and
degree of crystallinity. It is also important since the
tensile properties depend on fiber structure and since
it is sensitive to the spinning condition.

In this study, two types of PP nanocomposite
fibers were prepared to investigate the correlation
among mechanical properties, crystallization, and
exfoliation structure. They were prepared in the
presence or absence of PP-g-MAH compatibilizer
having low molecular weight at the same loadings of
organoclay. The tensile strength and elongation at
break of pure polypropylene and its nanocomposites
are plotted versus spinning speed in Fig. 6. The
tensile strength of pure PP fiber increased up to
1,000 m/min and decreased thereafter. Both
nanocomposite fibers, however, increased through
experimental speed ranges, and extent of increase in
compatibilized fiber was bigger than that of
uncompatibilized nanocomposite fiber. Although
elongational at break values of pure PP fiber
gradually decreased at total experimental ranges,
value of two types of nanocomposite fibers remained
constant. It is probably that crystallinity and crystal
orientation of nanocomposite fibers increased as
spinning speed are increased.
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Fig. 6. Effects of spinning speed on (a) tenacity and
(b) elongation at break of pure polypropylene,
uncompatibilized, and PP-g-MAH compatibilized
nanocomposite fibers.

The effect of organoclay and compatibilizer on
crystalline morphology and exfoliation structure of
pure PP and two types of nanocomposites was
characterized and analyzed to connect their tensile
properties. In Fig. 7, the WAXD study illustrates
that the addition of organoclay and compatibilizer
greatly affect the crystalline form and extent of
exfoliation of as-spun nanocomposite fibers. It was
found that PP fiber and nanocomposite fibers exhibit
different crystalline diffraction peak intensities.
However, the peak position of every crystal plane
did not shift just because of addition of clay and
compatibilizer, which indicated that crystallization
types of nanocomposites did not change, still being
a monoclinic crystal type [18].
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Fig. 7. Effects of organoclay loadings on the WAXD
patterns of (a) uncompatibilized fibers without
compatibilizer and (b) nanocomposite fibers with
PP-g-MAH compatibilizer of 5.0 wt%.

An important observation from Fig. 7 is that
relative to the intensity of the (110) peak the
intensities of the other « -phase peaks, that is, (040),
(130), and (041) increased with the addition of
organoclay. A possible reason is that the addition of
organoclay promotes the nucleation and growth of
polypropylene crystals and perfects the o -phase
crystallite [19-20]. The intensities of the (040) peaks
were much higher than that of the (111) peak at the
organoclay loading of 2.0 wt%. This fact implies
that the surface of the organoclay platelets may
induce a preferred orientation of the « -form
crystallites. At lower organoclay contents,
organoclay is well exfoliated so that the organoclay
platelets can be easily oriented with fiber spinning
because of their large aspect ratio. The orientation of

organoclay may lead to the orientation of the
crystallites if they are initialized on the organoclay
surface in a certain direction. However, when the
organoclay content becomes 5.0 wt% the organoclay
orientation is more difficult because of the reduced
aspect ratio of organoclay, which would lead to
more isotropic arrangement of crystallites [3, 21-22].

Tensile properties of nanocomposite fibers
were also investigated to evaluate the reinforcing
effect of the organoclay and PP-g-MAH
compatibilizer. Figure 8 shows effects of organoclay
loadings on the tensile properties of nanocomposite
fiber with or without compatibilizer. At the below of
2.0 wt% of organoclay, the nanocomposite fibers
with compatibilizer have a similar tensile strength
compare to that of without compatibilizer. The
tenacity and elongation at break values of both
nanocomposite fibers remain at the level of pure PP
fiber up to organoclay of 2.0 wt% and then abruptly
decrease with content of organoclay. This is because
the presence of PP-g-MAH compatibilizer gives
more effective exfoliation of organoclay particles
than in its absence. There are also reports that the
extent of exfoliation of an organoclay in a polymer
matrix should relate to the basal spacing of the
organoclay. For example, Reichert et al. [23]
indirectly showed a gradual increase in tensile
properties with organoclay d-spacing, caused by the
increase in the carbon number of the alkyl
substituent on the onium ion, for a nanocomposite
system. They found a gradual increase in tensile
properties as alkyl chain length was increased from a
carbon number of four to eight carbons. Increasing
the alkyl length from 8 to 12 carbons resulted in a
significant increase in d-spacing and a step increase
in modulus. However, modulus leveled off beyond a
carbon number of 12.
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Fig.8. Effects of (a) organoclay and (b) PP-g-MAH
compatibilizer loadings on tensile properties of
uncompatibilized and compatibilized nanocomposite
fibers.

In general, it is expected that larger initial layer
spacing may lead to easier exfoliation since platelet-
platelet attractions is reduced. It is implied that
diffusion of polymer chains inside organoclay
galleries is less hindered due to increased spacing
and ultimately leads to improved exfoliation. For the
both nanocomposite fibers with organoclay, there
are small intercalated aggregates as well as well
dispersed domains whose size and distribution
correlate to the concentration of organoclay in the
nanocomposite fibers. Low contents of organoclay
result in small dispersed domains and uniform
distributions, whereas high loadings results in large
size and broad distributions. It is confirmed that
homogeneous dispersion state of organoclay may
bring better properties to the final fibers. In the PP-
g-MAH compatibilized nanocomposite fiber,
however, the extent of decrease is less than that of
uncompatibilized composite fibers [8, 24-25].

The influence of compatibilizer content on
tensile properties of nanocomposite fibers containing
3.0 wt% of organoclay was illustrated in Fig. 8(b).
The tensile strength slightly increased up to
compatibilizer of 3.0 wt% and then decreased
thereafter. The elongation at break decreased up to
3.0 wt% and then increased with increasing
compatibilizer. It is probably that the mechanical
properties can be attributed to homogeneous
distribution of organoclay and to the crystal structure
of polypropylene nanocomposite fibers. From above
results, it is indicated that counter effect of PP-g-
MAH compatibilizer play key role in internal
structure and tensile property of nanocomposite
fibers. The positive effect makes more effective
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exfoliated structure of organoclay in polymer matrix
and has higher crystallinity.

On the contrary, negative effect is that
nanocomposite fiber has lower molecular weight
than pure polypropylene fiber because PP-g-MAH
compatibilizer has low molecular weight. It is
indicated that the positive influence prevails over
negative reinforcing effect of the organoclay up to
3.0 wt% of compatibilizer. However, above 3.0 wt%
of compatibilizer, negative effect predominates over
the positive effect as seen from Fig. 8. The negative
effect of compatibilizer on tensile strength of the
nanocomposite fibers is understood as a result of the
influence of its low molecular weight on the
decrease of polymer chain orientation in
PP/organoclay nanocomposite fibers. From above
experimental  results, tensile properties of
nanocomposite  fiber with  organoclay and
compatibilizer strongly depend on the crystal
structure and extent of exfoliation in PP matrix. It is
also expected that most effective enhancement
realized at range from 1.0 to 2.0 wt% of organoclay
and compatibilizer of 3.0 wt% on the tensile
properties of compatibilized nanocomposite fiber.

4. Conclusion

The experimental results of compatibilized
nanocomposite fiber made in the same spinning
conditions were compared to polypropylene and
uncompatibilized nanocomposite fiber. The tensile
properties of as-spun and drawn fibers were
measured and related to the melt spinning conditions,
organoclay and compatibilizer contents, and the
results of  structural characterization.  The
nanocomposite filaments with organoclay and
compatibilizer did not show improved tensile
strength and elongation at break. The counter effect
of PP-g-MAH compatibilizer played key role in
internal  structure and tensile property of
nanocomposite fibers. The positive effect makes
more effective exfoliated structure of organoclay in
polymer matrix and has higher crystallinity. On the
contrary, negative effect is that nanocomposite fiber
has lower molecular weight than pure polypropylene
fiber because compatibilizer has low molecular
weight. It is indicated that the positive influence
prevails over negative reinforcing effect of the
organoclay up to 3.0 wt% of compatibilizer.

Both nanocomposite fibers have relatively low
tensile strength values in comparison with pure
polypropylene fiber at the same drawing ratio. They
have lower tensile strength and elongation at break
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caused not only by lower compatibility but also by
the fact that organoclay increase the crystallization
rate and decrease crystal size. It is concluded that the
presence of PP-g-MAH compatibilizer gives more
effective exfoliation of organoclay in nanocomposite
fiber during drawing process. The tensile properties
of nanocomposite fibers can be understood in terms
of drawing which produces additional exfoliation of
organoclay during the fiber spinning and drawing.
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