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1 Introduction

Recently, research on polymer/layered silicate nanocomposites has been received
great interest because they often show superior property improvements with respect
to pristine polymers or conventional composites [1-11]. The extent of enhancement
in properties depend on the interfacial interaction between the polymer matrix and
the layered silicate layers. There are many types of silicate layers which have been
used for the filling in polymers, such as montmorillonite (MMT), hectorite, sapo-
nite, laponite, halloysite, and kanemite, etc [9]. Unlike traditional filled polymer
systems, nanocomposites require relatively low filler loadings to achieve significant
improvements in the properties. These materials are called nanocomposites because
of the finely dispersed nanometer thickness clay sheets in the polymer matrix. In
addition to their properties, the discovery of simple processing methods such as
melt compounding provided a potentially commercially viable method to produce
nanocomposite materials on a large scale [12].

Isotactic polypropylene (PP) is one of the most important commodity polymers
and has been extensively used in several applications, including as interior and
exterior decoration materials of automobiles, home electric appliances, etc. PP has
a simple chemical structure (—[CH,-CH(CH3)],—) and is one of the most basic and
important polymers from both the industrial and scientific points of view [13]. From
the commercial perspective, PP is one of the most important members of the
polyolefin family due to its outstanding combination of low cost, low weight,
moderate heat distortion temperature of about 100 °C, along with extraordinary
usefulness in terms of properties applications and recycling [14-30]. To improve
the range of its applicability, it is essential to improve its toughness and thermal
resistance so that it meets the demands of engineering products. Therefore, it is
proposed that the uniform dispersion of layered silicates in the polymer matrix must
enhance its mechanical performance [19-30].

This chapter briefly describes the advancement in this area, along with possible
future developments. The chapter mainly focuses on the preparation methods of
polypropylene clay nanocomposites (PPCNs) and their significant aspects in terms
of properties, structure, and morphology behaviors will be discussed.

2 Polypropylene/Layered Silicate Nanocomposites

In the layered silicate nanocomposites, the most commonly used clay is MMT
(a smectite type), which contains 1-nm-thick layers, where alumina is located in the
center as an octahedral sheet sandwiched between two silica tetrahedral sheets. The
clays have negative charges generated on the surface by isomorphic substitution,
balanced by cations, which is known as the cation-exchange capacity (CEC).
Layered silicate clays are good candidates for the preparation of inorganic—organic
hybrid nanocomposites because they are abundant in nature, inexpensive chemi-
cally, and thermally stable. The parallel-organized sheets exist in the form of stacks
with regular van der Waal’s gaps, called the interlayer space of the gallery where
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Fig. 8.1 Schematic representations of different states of clay dispersion and their
corresponding  WAXD profiles. (a) Phase-separated microcomposite. (b) Intercalated
nanocomposite. (¢) Exfoliated nanocomposite

the cations are located. The replacement of inorganic exchangeable cations with
organic onium ions on the gallery surfaces decrease the attractive force between the
clay galleries and enhance the compatibility between the clay and the polymer matrix
[9, 31, 32]. Another method to improve the compatibility between the clay and the
polymer matrix is that the polymer matrix can be functionalized either by grafting or
by the incorporation of functionalized monomers in the main chains during the
synthesis of the polymer. In particular, for non-polar polymers like PP, in addition
to those primary modifications, many special efforts have been made, such as etching
with acids, plasma modification, irradiation, etc. The use of a functionalized polymer
as a master batch is another common method during the melt intercalation method.
Maleic anhydride (MA) grafted on polyethylene (PE) or PP (MA-g-PP/PE) has been
extensively used as a compatibilizer during nanocomposites preparation in the
presence of peroxide as the initiator. This grafted material enhances the dispersion
of clay in the polymer matrix and improves the interfacial adhesion between the filler
and the polymer matrix, which ultimately helps in enhancing the material properties.

The ultimate aim of nanocomposites preparation is to attain the best properties by
achieving a homogeneous and uniform distribution of silicate layers in the polymer
matrix. As mentioned earlier, the layered silicates have a layer thickness on the order of
1 nm and very high aspect ratio (e.g., 10—1,000 nm), therefore, creating a large surface
area between polymers and clay platelets, and enhancing the polymer—filler interaction
more than in conventional microcomposites. Based on the extent of the layered silicate
distribution in the polymer matrix, i.e., depending on the strength of the interfacial
interaction between the polymer matrix and the layered silicate, three different types of
structures are expected: phase-separated nanocomposites (microcomposites), interca-
lated nanocomposites, and exfoliated nanocomposites (Fig. 8.1).

In the phase-separated nanocomposites, the polymer chains are confined in the
clay and remain as tactoids. These tactoids act as stress concentrators, causing
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cartographic failure of the matrix and the properties of the resulting hybrids are
either similar or reduced with respect to pristine polymers. In an intercalated
nanocomposite, the polymer chains penetrate into the clay galleries. As a result,
the clay galleries swell, but the clay still preserves its crystallographically regular
structure, irrespective of the polymer to silicate layer ratio. The properties of such
nanocomposites are similar to those of ceramic materials. In an exfoliated
nanocomposite, the individual silicate layers separated in the polymer matrix by
an average distance. In general, polymer clay nanocomposites often exhibit a mixed
morphology, in which the three above-mentioned types of dispersion states coexist
within the same composite material.

The degree of clay dispersion in the polymer matrix is established using wide-
angle X-ray diffraction (WAXD) analysis and transmission electron microscopy
(TEM) image observations. WAXD is the most commonly used technique because
of its ease of use and possibility to probe the interlayer spacing of the clay in
pristine clays, as well as in the composite materials. By measuring the diffraction
angle (26), one can calculate the average interlayer spacing (d) of a clay using
Bragg’s equation 4 = 2d sin 0, where 4 is the wavelength of incident X-ray
radiation. By knowing the position and shape of the clay’s basal peaks, the extent
of clay dispersion in the nanocomposites can be quantified. For example, in the case
of exfoliated nanocomposites, the clay layers are homogeneously dispersed in the
polymer matrix, which results in the absence of any coherent X-ray diffraction from
the silicate layers. On the other hand, in the intercalated nanocomposites, the clay
galleries are expanded due to the intercalation of polymer chains into the
clay galleries, which result in the appearance of a new reflection or shift of
the diffraction peak to the lower 20 side in the WAXD profiles. In this way,
WAXD is, undoubtedly, a convenient and precise method to determine the
interlayer spacing of the silicate layers in polymer silicate nanocomposites. More
often, TEM is used as a complement to WAXD to directly observe the level of clay
dispersion in the intercalated nanocomposite, although how small a specimen area
under examination can explain the dispersion states of silicates inside the
matrix remains a significant area of research. More recently, small-angle X-ray
scattering and Fourier transform infrared spectroscopy (FTIR) measurements
have been used to reveal the extent of clay galleries dispersion in the polymer
matrix [33, 34].

3 Preparation of Polypropylene/Layered Silicate
Nanocomposites

Many efforts have been made to develop PP nanocomposites with organic silicates
by utilizing various appropriate preparative methodologies. The preparation
methods used for PPCNs are broadly classified into three main categories:

1. In situ polymerization

2. Melt compounding

3. Solution blending
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In addition to these common processing methods, there have been several
published reports on some special preparative methods. The most common methods
used in the preparation of PP nanocomposites have been extensively reviewed. In
this chapter, the discussion is limited to the various popular approaches that have
been used for the preparation of PP nanocomposites.

3.1 In situ Polymerization

In this method, generally, the organic modified layer silicate (OMLYS) is swollen in
the monomer or a monomer solution, so that the polymer formation occurs in
between the clay galleries. Polymerization can be initiated by either heating or
radiation using a suitable initiator, or catalyst is fixed via the cation exchange
process inside the inter layer before swelling the clay galleries with monomer.
It is believed that an in situ polymerization is an effective method to obtain
exfoliated PPCNs compared with melt and solution blending methods. Many
efforts have been made to obtain PP nanocomposites via in situ polymerization
[20, 35-44]. The in situ polymerization methods used for the preparation of PE
nanocomposites can be extended to prepare PP nanocomposites. Mainly, two
approaches have been reported for obtaining polyolefin nanocomposites by using
the in situ polymerization method. The first route is the direct synthesis of the PP
nanocomposites in the presence of the nanosheets/particles, where the clays are
placed in contact with the catalytic system (metallocene catalyst/MAQO) [35]. In
the second route, the catalytic system is fixed on the surface of the clay prior to the
initiation of the polymerization reaction [36—38]. Sun and Garces [39] proposed an
original method for the preparation of high-performance PP nanocomposites, where
no external activators, such as methylaluminoxane or perfluoroarylborates, are
needed to initiate the olefin polymerization and high pressures or high temperatures
during processing are also not required. The methodology can be readily extended
to make other polyolefins, like PE and poly(1-butene) clay nanocomposites. Tudor
and co-workers [40] demonstrated the in situ polymerization method. They showed
that a soluble metallocene catalyst is intercalated into the layered silicates, followed
by polymerization reactions. First, a synthetic hectorite was treated with methylalu-
minoxane (MAQO) (a common cocatalyst used in metallocene catalyst-based
polymerizations) in order to remove all acidic protons (acidic protons are also
known to be poisonous to the catalyst), which enables the interlayer spacing to
receive metallocene catalysts. By the addition of metallocene catalyst ([Zr(n-CsHs)
Me(THF)]"), a cation exchange reaction occurs between Na* in MAO-treated
hectorite and the metallocene catalyst; as a result, an increase in the interlayer
spacing of silicate clay is possible. In another attempt, by using synthetic
fluorinated mica-type clay with a negligible proton in the clay galleries, the catalyst
was intercalated directly with clay galleries without the need for MAO treatment.
Yang et al. [20] demonstrated the effect of in situ polymer chain functionalization
on the stability of the nanocomposite structure by copolymerizing a propylene
monomer with 5-hexenyl-9-borabicyclo[3.3.1]nonane (5-hexenyl-9-BBN) with
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a Ziegler—Natta catalyst which was intercalated initially with organically modified
montmorillonite (OMMT) and diphenyldimethoxysilane (DDS) as the external
donor. The resultant hydroxyl-functionalized PP/MMT nanocomposites exhibit
enhanced structural stability against processing conditions as compared with pris-
tine or unfunctionalized PP nanocomposites. In a further attempt by He et al. [44]
alkyltriphenylphosphonium-modified montmorillonite (PMMT) was used to pre-
pare PP exfoliated nanocomposites in the presence of a heterogeneous compound
catalyst TiCl,/MgCl,/PMMT. Before initiating the polymerization reaction, the
compound catalyst system was pretreated with toluene, followed by AlEts,
dipenyldimethoxylsilane, and, finally, pretreated catalyst slurry or powder were
added successively to the monomer to initiate polymerization. Thus, the resulting
PP/PMMT nanocomposites were found to be exfoliated (based on XRD and TEM
experiments) with improved thermal stability.

3.2 Melt Compounding

This method became popular since its invention by Giannelis et al. in 1993
[13]. It has been the most popular way to prepare PP nanocomposites due to its
flexibility with the existing processing techniques, like extrusion, blow, and
injection molding. Melt blending involves mixing of the clay or modified clay
with PP at above the melting temperature of PP, in an extruder or mixer, preferably
under shear. The level of clay dispersion in the nanocomposite depends on
the mixing conditions and the compatibility between the polymer and the layer
silicates. Favorable enthalpy of mixing between the polymer and layered silicates
can be expected when the polymer—clay interactions are more enhanced than the
surfactant—clay interactions. In order to improve the polymer—clay interaction in PP
nanocomposites, many modifiers or compatibilizers have been reported [16, 21-30,
45-54]. Moad et al. [54] used various copolymers as dispersants/intercalants/
exfoliants in PP clay composites without clay modification. Polyethylene oxide
(PEO)-based nonionic surfactants and amphiphilic copolymers based on a long
chain (meth)acrylate (e.g., octadecyl acrylate) and a more polar comonomer (e.g.,
N-vinylpyrrolidone, methyl methacrylate) were applied during melt mixing.
Nanocomposites were prepared by melt mixing in a twin-screw extruder by first
forming a master batch having 10-70 wt% clay and other components, which was
then melt-blended with PP to obtain a composite of the required clay content. The
properties of nanocomposites were found to depend strongly on both the level of
dispersant and its overall composition. The tensile modulus increased up to 40 % in
comparison to organically modified clays. The additives provide substantially
improved clay dispersion and cause partial exfoliation. Cui and Paul [23]
prepared a PP-g-NH;* functional compatibilizer from PP-g-MA by reacting
with 1,12-diaminododecane and followed nanocomposite preparation by the
melt mixing method. In the prepared nanocomposites, the NH, or ionic -NH;*
groups do not induce a better interaction for a better clay dispersion than the usual
PP-g-MA compatibilizer. The PP-g-MA/organoclay and PP/PP-g-MA/organoclay
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hybrids showed the most substantial increases in mechanical properties and clay
dispersion as compared to other polymer clay hybrids. In another attempt,
Mulhaupt et al. [55] suggested that octadecylamine reaction with the anhydride
group facilitates strong hydrogen bonds between silanol groups of the clay surface.
They also discussed the effect of carbon chain length on the clay dispersion.
Among the many compatibilizers, maleic anhydride grafted polypropylene
(PP-g-MA) is the most widely used for the development of PP nanocomposites
[16, 21-30, 45-53]. This is due to the strong hydrogen bonding formation between
the maleic anhydride (or COOH groups generated after hydrolysis) and the oxygen
groups of the clay surface. The interaction between PP-g-MA and clay layers help
to expand clay galleries; as a result, the interaction between clay layers weakens. In
many approaches, first, a master batch with high clay loadings of PP-g-MA is
prepared, which is then mixed with PP to form a composite with the required clay
content. In this process, when the PP-g-MA intercalated clay contacts with PP
under processing, due to a strong shear fields, delamination of the clay layers may
be facilitated if there is a great enough interaction strength existing between the PP
and PP-g-MA to form a molecularly dispersed clay nanocomposite (Fig. 8.2).
Manias et al. [6] reviewed the preparation of PPCNs with the coexistence of
exfoliated and intercalated MMT layers by the melt compounding method. In
their approach, they applied two steps to prepare the nanocomposites: (i) by
introducing functional groups in PP and the use of common alkylammonium
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MMTs, and (ii) by using neat/unmodified PP and a semi-fluorinated surfactant
modification for the MMT. The PP nanocomposites showed better concurrent
improvement in several properties, including tensile characteristics, higher heat
deflection temperature, high barrier properties, better scratch resistance, and
increased flame retardancy. Okamoto et al. [56] prepared PP nanocomposites
using PP-g-MA (0.2 wt% MA) and C18-MMT in a melt extrusion method using
a twin-screw extruder at 200 °C. The prepared nanocomposites with 2 wt%
clay showed an exfoliated structure; with 4 wt% clay, a disordered intercalated
structure; and with 7.5 wt% clay content, the nanocomposite showed an ordered
intercalated structure.

33 Solution Blending

In this method, the layered silicate or organic modified silicate is first swollen in
solvent in which the polymer also soluble. The swollen clay enables the polymer
chains to intercalate in between the clay layers by replacing the solvent molecules
in the galleries. When the solvent is removed under vacuum, the intercalated
structure remains to form intercalated nanocomposites. There are several reports
published on the preparation of PP nanocomposites based on the solution blending
method [57-61]. Avella et al. [57] prepared nanocomposites by dissolving PP in
O-dichlorobenzene at 180 °C in a specially made cylindrical flask. The modified
organoclay (OMMT) was dispersed in O-dichlorobenzene by ultrasonic mixing,
followed by mixing of the PP solution. The PP/organoclay nanocomposites were
separated by precipitation in cold ethanol, and the solvent was removed in a
separating funnel. It was found that, in the nanocomposites with high clay contents
(5 %), the clay tactoids remain as clusters in some regions, which cause inhomoge-
neity, poor adhesion, and, as a result, deterioration of mechanical properties. In
another attempt, Chiu and Chu [58] prepared nanocomposites by dissolving PP and
clay in 1,2,4-trichlorobenzene (TCB). The solutions were kept at high temperature
until clear solutions were formed, and these solutions were cast onto stainless dishes
that were kept around 140 °C to evaporate the TCB solvent. XRD and TEM results
revealed that the clay layers were dispersed finely (at the nano level), even without
using compatibilizer. In another attempt, Oya and Kurokawa [60] demonstrated
another somewhat complex procedure to prepare hydrophobic PPCNs. In addition to
the solution technique, diacetoneacrylamide was polymerized prior to the addition
of PP solution in toluene. However, the expected clay dispersion was not achieved,
but, still, the formed nanocomposites had excellent mechanical properties.

34 Other Methods

In addition to those common methods to prepare PP nanocomposites, there are
several other methods incorporating specially designed instruments and accesso-
ries. Nowicki and coworkers [26] introduced radiation-induced modification of
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MMT to improve the compatibility between inorganic fillers and the polymer
matrix, where the filler was modified with MAH, followed by irradiation with an
electron beam. It has been demonstrated that the method is an effective approach
in overcoming the organophobic character of inorganic fillers. In polymeric
composites, the radiation treatment generates stable carbon-centered free radicals
in the organic modifier, which induce filler-matrix linkages. Kato and co-workers
[62, 63] developed a direct compounding method for the preparation PP
nanocomposites, in which a specially designed twin-screw extruder, equipped with
four geometrical sections and a much longer length-to-diameter (L/D) ratio (77:1), is
used. In the first section of the extruder, all the materials, comprising PP, PP-g-MA,
pristine clay, and alkylammonium salt, are fed and premixed. In the second stage,
water is injected into the extruder to disperse the clay into PP in a slurry state,
followed by the evaporation of water in the third and fourth sections. With this
method, it was found that the clay was dispersed finely in an exfoliated structure. The
PP nanocomposites prepared by this method showed better improvement in the
properties as compared to composites prepared by the conventional method.
Lapshin and Isayev [64] demonstrated an ultrasound-aided extrusion process
for the preparation of PPCNs. The nanocomposites were prepared using a co-rotating
twin-screw extruder followed by a single-screw extruder equipped with an ultrasonic
die. The thus formed nanocomposites showed enhancement in the properties. Wang
et al. [65] prepared the PP nanocomposites using a dynamic packing injection
molding technique. It was found that, in the nanocomposites prepared by this
method, the exfoliation structure increase from the skin to the core.

Marchant and Jayaraman [66] quantitatively studied the role of compatibilizer in
the preparation of PPCNs. They found that a significant exfoliation of clay in the
composites occurs at an optimum compatibilizer concentration of 10 wt%. Wang
and co-workers [67] synthesized end-functionalized PP that contained a functional
group (like Cl, OH, COOH, etc.) at the chain end. The ammonium (PP-t-NH;3")-
terminated PP is directly compounded with clay. The resultant nanocomposites had
an exfoliated structure.

4 Structure and Crystallinity of PP Nanocomposites

Semicrystalline polymers are unique among engineering materials, since they
are the only common technological materials in which a complicated higher-
order structure consists of stacks of lamellar crystals, with amorphous and
intermediate regions intercalated between them. For semicrystalline polymers,
this structure plays an important role in controlling the mechanical properties of
the product. PP has a simple chemical structure (—[CH,-CH(CH3)],,—) but compli-
cated higher-order structure, which may be because it exhibits polymorphism.
By adding nanoclay to the PP matrix, the situation becomes more complicated.
In this section, the structure and properties exhibited by PP nanocomposites and the
mechanism for the formation of such structures will be discussed. That is to say, it is
essentially important to reveal the crystal structure, morphology, and orientation of
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polymer chains developed in the crystalline state, as well as the orientation of
silicate layers in the amorphous state, because these microstructures sensitively
affect the properties.

4.1 Crystal Structure of PP and Its Effect on Nanofiller Dispersion

The crystalline structure of PP is complex because it crystallizes in several crys-
talline modifications, depending on the crystallization conditions. It crystallizes in
four different crystalline modifications of monoclinic (o, o), trigonal (), ortho-
rhombic (y), and hexagonal (smectic) systems (Fig. 8.3) [68]. In all of the crystal
structures, the chains are packed in the crystal lattice as left- or right-handed
(or both) (3/1) helix conformation with upward or downward directions of methyl
groups. The disordered o is obtained by slow cooling of the melt. The o form
exhibits the crystal structure of space group C2/c or Cc, in which the (3/1) helical
chains with (TG); conformation are packed upward and downward randomly with
50 % probability, where T and G are frans and gauche bonds, respectively
[68—71]. When the o; sample is annealed at higher temperatures, it transforms
into the o, form with a structure in which the (3/1) helices are packed regularly
upward and downward with the space group P2,/c (Fig. 8.3) [69, 71]. The y form is
obtained relatively easily for the iPP sample polymerized with Ziegler—Natta
catalyst under high pressure [72, 73], for the low-molecular-weight compounds at
atmospheric pressure [74, 75], and for the ethylene—polypropylene copolymers
[76, 77]. The y form (with space group F,,; and orthorhombic unit cell) can also
be obtained from the iPP samples polymerized with the metallocene catalyst system
and contains the regio and stereo defects [77, 78]. The B form (with space groups
P3; or P3, and trigonal unit cell) can be obtained by adding special nucleating
agents [79]. In the actual structure, these crystal forms are created in a mixed
fashion at different ratios, depending on the sample preparation conditions.
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4.2 Crystalline Morphology and Crystallization Behavior

Zheng and co-workers [80] studied the effect of clay on the polymorphism of PP in
PPCNs. They found that, in both extruded PP and PP nanocomposite samples, only
a-form crystallites were formed. They also prepared the samples of PP and PPCNs
under compression. It was found that, in the pure PP samples which were compressed
at 200 °C and crystallized at various temperatures and times, the maximum amount of
B crystallites were formed. This indicates that the crystallization temperature has a
significant effect on the formation of B-phase crystallites in neat PP. In the compressed
films of PPCN, prepared under the same thermal and processing conditions, no
B-phase crystals were detected. This reveals that the clay galleries significantly inhibit
the formation of B-phase PP crystallites in the nanocomposites (Fig. 8.4). The results
also indicated that the clay might support the formation of y-phase crystallites in PP
nanocomposites, as the y-phase crystallites are nucleated on the o-phase lamellae,
which is similar to the case of y-phase crystal formation in neat PP under pressure. In
fact, Nam et al. [56] observed an enhancement in the formation of y-phase crystals in
PP nanocomposites. However, they proposed a different mechanism of y-phase
formation, which is due to the narrow space in the clay galleries of the nanocomposite.

In their report, Medellin-Rodriguez and co-workers [81] studied the effect of
nanoclays on the nucleation, crystallization, and melting mechanism of PP. The
prepared nanocomposites had tactoid-like morphology because no compatibilizer is
used. After the isothermal crystallization of samples, an inverse relationship
between nanoclay concentration and the formation of the B-crystalline structure
(Fig. 8.5) was observed. These results are not comparable with the results observed
by Zheng et al. [80]. It was, therefore, proposed that the exfoliated individual layers,
which are present at relatively high amounts at low nanoclay concentrations, must
meet the crystallographic requirements for the nucleation and formation of the
B-structure of PP in PP nanocomposites. Further increase in the amount of clay in
the nanocomposite inhibits the formation of B-crystalline structure. In another
attempt, Dong and Bhattacharya [82] studied the effect of clay content and
maleated PP content on the PP crystalline structures in nanocomposites. It was
found that the presence of clay enhanced the preferred orientation of PP crystals,
which is believed to have contributed to the enhancement of tensile and flexural
properties of nanocomposites with increase in clay content. It was also observed
that MA-g-PP hinders the growth of a-phase crystals, reducing the tensile proper-
ties of nanocomposites with high MA-g-PP contents.

Misra and co-workers [83] discussed the effect of silicate layers on the pressure-
induced crystallization of PP. It was found that, in neat sample at high pressures
exceeding 60 MPa, y-phase crystal formations are promoted. In the presence of
nanoclay, y-phase is formed, even at a low crystallization pressure of 0.1 MPa,
implying the ability of nanoclay to encourage y-phase nucleation [84]. Maiti
and co-workers [49] discussed the effect of crystallization temperature on the
morphology of PPCNs. The dispersed clay nanocomposites acted as a nucleating
agent for the PP-g-MA matrix. As a result, the spherulite sizes decreased
with the increase of clay content known from the light scattering experiments.
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The clay particles are well dispersed in the PP composites crystallized at low
crystallization temperature (T.) and the segregation of silicate layers occurs
at high T.. It was also observed that the equilibrium melting point was not affected
by the clay content.

The crystallization behavior of PPCNs using differential scanning calorimetry
(DSC) in the isothermal crystallization process has been studied by several authors.
The crystallization process of pure PP itself is complex, due to the presence of
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various crystalline modifications in the final product. So, it is very important to
reveal the structural evolution process in the presence of nanoclays in the crystal-
lization process from various points of view. It was reported by several authors that
the presence of clay layers enhance the crystallization rate of PP in the PP
nanocomposites [85, 86]. This is due to the nucleation (heterogeneous nucleation)
effect of clays in the crystallization process PP in nanocomposites.

Hegde et al. [87] studied the effect of clay on the crystallization mechanism of
PP in PPCNs using a combination of DSC, scanning electron microscopy (SEM),
TEM, and polarized optical microscopy (POM). The nanocomposites, prepared
with varying clay contents in the range 1-15 wt%, showed intercalated and floc-
culated morphology for all concentrations. At low wt% (1-5 wt%), well-dispersed
clay platelets act as the antinucleating agent (or diluent) and reduced polymer chain
mobility, as known from the longer half-time of crystallization or maximum time
for crystallization. On the other hand, in the nanocomposite samples with higher
(10-15 wt%) clay loadings, due to the high nucleation effect of clay platelets,
the polymer chain mobility increased and, as a result, the crystallization rate
increased. The phase segregation and phase separation of clay is observed in the
inter-spherulite region of samples with a larger amount of clay sample.
Solomon et al. [88] studied the flow-induced crystallization phenomenon of PP
nanocomposites with intercalated structure using time-resolved small-angle light
scattering measurements. It was observed that there was a significant increase in the
flow-induced crystallization kinetics for the polymer nanocomposite at applied
strain rates. However, a similar flow rate has only a modest effect on pure PP
crystallization. Nowacki et al. [89] observed similar results for the crystallization of
PP nanocomposites with OMMT and MA-g-PP in isothermal conditions. It was
found that the nucleation ability of MMT was enhanced in shear-induced crystal-
lization as compared to the static crystallization conditions.

4.3 Orientation

Wang et al. [90] observed highly oriented structure with both PP and clay platelets
along the shear flow direction of PP nanocomposite samples obtained via dynamic
packing injection molding. A much higher degree of orientation of PP was observed
in the composites as compared with pure PP based on the analysis of the 2D WAXD
results. The fibers made from PP and PP nanocomposites (intercalated structure)
were studied by Ajji et al. [91]. It was observed that the [001] (normal to the clay
platelets plane) plane of clay was oriented perpendicular to the machine direction.
The orientation of the c-axis of PP in the fibers was slightly higher in
the nanocomposite fibers. Preferential orientation of the PP chains is observed in
the films of PP nanocomposites (extruded film) based on the XRD studies
[92]. The uniaxial drawing in PP nanocomposites induced the silicate surface to
align parallel to the sheet surface. The ¢ and a* axes of PP crystals were oriented
bimodally to the flow direction (draw direction), and the b-axis was oriented to the
thickness direction of the specimen [93].
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5 Properties of PP Nanocomposites
5.1 Thermal Properties

It is believed that the presence of a small amount of clay can extraordinarily
improve the properties of polymers if the clay platelets are dispersed finely. Due
to their very high aspect ratio, the silicate layers are capable of dissipating energy
rapidly if the silicate layers and the host matrix have interphases at nano-level
thickness. It was proposed that the thermal resistance of PP increases by filling
with clay, which brought about an increase of thermal stability in oxidizing
atmosphere [48, 94-105]. The thermo-oxidative degradation of PP nano-
composites was widely investigated using thermogravimetric analysis (TGA).
The TGA traces in oxidizing atmosphere showed a shift of the weight loss curves
of nanocomposites towards higher temperatures with respect to neat polymer.
These results are attributed to the nanoclays bringing about significant improve-
ments in the thermal stability of the PP matrix in oxidizing atmosphere
[99]. The shift towards higher temperatures was attributed to the formation of
a high-performance carbonaceous silicate char that builds up on the surface,
which insulates the underlying material and slows down the escape of volatile
products generated during decomposition.

The thermomechanical properties of a polymer material are studied using
dynamic mechanical analysis (DMA). The dynamic mechanical behaviors of PP
nanocomposites have been studied in order to discover the effect of clay on the
viscoelastic behavior of the polymer matrix. It is predicted that, with the increase
in the confinement of polymer chains, the viscosity and mechanical properties of
the system increases. Maiti et al. [49] measured the dynamic behavior of PP
nanocomposites and found that that the storage modulus G’ of a nanocomposite
with 4 wt% of clay is higher than that for pure PP samples. Also, with an increase
of T., G’ increases, wherein the enhancement is maximal (30 %) for a
PP nanocomposite with 4 wt% clay content. For further increases in the
clay content, the G’ decreases and is found to be 13 %. They attributed that the
greater increase of the storage modulus is related to the extent of clay dispersion
(amount of intercalation). Kawasumi et al. [50] discussed the temperature depen-
dence of the storage modulus of PPCNs in the presence of PP-g-MA as a
compatibilizer.

5.2 Mechanical Properties

The enhancement of the mechanical properties of polymer clay nanocomposites is
mainly dependent on the dispersion state of clay, the reinforcing effect, and the
interfacial interaction between the clay and the polymer matrix. PPCNs have been
investigated in terms of their mechanical properties [106—116] and have been
examined by taking into consideration the effect of the extent of clay exfoliation
on nanocomposite properties [109]. PP nanocomposites often exhibit improved
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strength and stiffness by incorporating clay platelets into the PP matrix. To
investigate the role of silicate modification and compatibilizer addition on the
mechanical properties, clays were synthesized with varying modifier alkyl chain
lengths [115]. In order to examine the effect of the alkyl chain length of the
silicate modifier on the morphological and mechanical properties, the content of
the organophilic layered silicates MECn was varied from 0 to 10 wt% at
a MAH-g-PP compatibilizer content of 20 wt%. The significant impact of both
MAH-g-PP compatibilizer content and alkyl chain length on the Young’s modu-
lus was observed, where MAH-g-PP compatibilizer addition afforded substan-
tially higher stiffness. Silicate modification with C12 amine gave much greater
stiffness with respect to that obtained using C8 ammonium-modified silicate
MECS. In the absence of compatibilizer, both the Young’s modulus and yield
stress were very similar, a result of which improved the exfoliation and stabili-
zation of uniformly dispersed anisotropic nanoparticles. It was concluded that
a uniform distribution of clay was the most important for property enhancement.
Joshi and Viswanathan [107] observed that the PP clay composite filaments
produced by the melt spinning method displayed a substantial improvement in
the tensile and dynamic mechanical properties, as well as creep resistance, over
neat PP filaments.

The impact strength of the PPCNs increased at low clay (0.5-2 wt%) loadings,
which may be due to the exfoliated or intercalated clays hindering crack growth
under impact. This effect should increase under more favorable interaction between
the clay and the PP matrix or by adding a compatibilizer. By increasing the clay
concentration further, a reduction in the impact strength is observed, which is
mainly due to poor clay dispersion. Analyses of the fracture and failure mechanisms
of PP nanocomposites have been carried out by Bureau et al. [116] through the
essential work of fracture (EWF), where tensile testing showed 25-50 % improve-
ments corresponding to the nanoparticle reinforcement effects.

5.3 Other Properties

In general, PP exhibits good water vapor barrier properties, but oxygen, carbon
dioxide, and hydrocarbons easily permeate through PP. The presence of the silicate
layers must be expected to decrease the permeability due to the more circuitous
path for the diffusing molecules that must bypass impenetrable clay platelets.
Several authors observed an enhancement in the barrier properties of PPCNs with
respect to pristine PP. Sirousazar et al. [46] concluded that adding organoclay
into the PP matrix enhances the barrier property of the matrix against O,, CO,,
and water vapor. A nanoclay master batch has been used to make PP nanocomposite
films

Upon the burning of nanocomposites, a carbonaceous char layer is formed,
which acts as an excellent insulator to the mass transfer barrier, and, further,
increases the flame retardancy of the resulting product [117]. Char formation
impedes the movement of volatilized polymer from the interior of a plastic matrix,
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denying fuel at the air-surface and interface. A flame-retardant formulation
containing nanoclay (Nanomer®) has been reported [26-29]. Nanoclays are very
effective as a flame-retardant additive as compared to those of the traditional flame
retardation chemical systems. Nanoclay also enables the reduction of traditional
flame-retardant agents, to reduce toxicity, specific gravity, and provides easy
processing for some flame-retardant systems.

6 Degradation of PP Nanocomposites

There are very few reports on the degradation behavior of nanocomposites, in
particular, photodegradation [117-121]. The effect of compatibilizers on the
photostability of PP nanocomposites has been studied. It was observed that the
induction period decreased from 8 to 4 h by using MAH-g-PP as a compatibilizer
and a two-phase degradation mechanism was observed based on the infrared
spectral changes in the hydroxyl and carbonyl regions. In the first stage (up to
40 h), there was no evidence of the hydroxyl band formation in the infrared spectra,
which implied the absence of degradation on the polymer backbone, whereas in the
second phase, a dramatic increase in the rate of photooxidation was found. The
degradation products were the same in both the composite and the neat polymer
[118, 119]. As a whole, PP nanocomposites are less stable against photodegradation
as compared to the neat PP. In another report, Lonkar et al. [120] studied the effect
of layered double hydroxides (LDH) on the photodegradation of PP
nanocomposites under accelerated ultraviolet irradiation. The rates of oxidation
are influenced by the nanofiller, depending on the divalent cations of the LDH
layers. The LDH phases containing Mg®" have a positive effect on the
nanocomposite material, whereas LDH with only Zn** has no influence on the
rate of oxidation of the polymer matrix. Zanetti et al. [121] reported on the thermo-
oxidative degradation of PPCNs by using TGA. They found that the
nanocomposites were more thermally stable (>50 °C) in comparison to neat
polymer. It was speculated that oxygen attacks the carbon radicals within the
chain by H abstraction. Around 200-250 °C, hydrogen abstraction becomes more
likely, thus, resulting in oxidative dehydrogenation. As the temperature
increases, the concentration of chain end radicals increases due to the beta scission
of radicals. Direct thermal scission of carbon—carbon bonds was also possible
above 300 °C.

7 Applications of PP Nanocomposites

PP and its copolymers are important materials for industrial use because of their
combination of properties and light weight as compared to metals, in particular, in
the automotive industry. A decade ago, it was General Motors who first introduced
commercial PP nanocomposites in automotive applications. The presence of
clay enhances not only the mechanical properties but also the heat distortion



8 Polypropylene Clay Nanocomposites 169

temperature (HDT). PPCNss are suitable to replace nylon in applications where high
HDT is needed. The synergistic enhancements (in terms of the flame-retardant
property) of clay nanocomposites for fire safety applications have led to
the development of commercial products: a series of polypropylene + organoclay +
flame-retardant systems (Maxxam™ FR) produced by PolyOne® [122, 123]. Another
important application field is gas barrier materials (packaging materials). Since the
addition of clay improves the gas barrier property, their use in the food and drink
industry as packaging film to keep foods fresher and for longer should increase
tremendously.

8 Future Directions

In this chapter, the author comprehensively summarized reports published on the
preparation, structure, crystallization performance, and application of PPCNss. It has
been found that the material properties sensitively depend on the dispersion of clay in
the matrix. Better clay dispersion in the PP matrix can be achieved through the
introduction of functional groups in the main chain or by blending a compatibilizer
(PP-g-MA) or by choosing suitable clay modifiers. The addition of nanoclays to the
PP matrix not only enhances the crystallization rate and change in the morphology,
but it also enhances the mechanical and thermal properties. Although much research
has been devoted to develop PP nanocomposites for various applications by achiev-
ing fine dispersion of clay platelets, it is still far from addressing various problems
such as filler—polymer interactions. So, it is essentially important to understand
fundamentally the interaction between polymer—compatibilizer, polymer—filler, or
filler—compatibilizer in order to understand structure—properties relationships in PP
nanocomposites. Future research essentially requires focusing on better control over
the structure and morphology of PP nanocomposites, which is key in achieving the
current demands of PP nanocomposites with excellent mechanical properties.

References

1. Usuki A, Kojima Y, Kawasumi M, Okada A, Fukushima Y, Kurauchi T, Kamigaito O (1993)
Synthesis of nylon 6—clay hybrid. J] Mater Res 8:1179

2. Kojima Y, Usuki A, Kawasumi M, Okada A, Fukushima Y, Kurauchi T, Kamigaito O (1993)
Mechanical properties of nylon 6—clay hybrid. J Mater Res 8:1185

3. Ray SS, Okamoto M (2003) Polymer/layered silicate nanocomposites: a review from
preparation to processing. Prog Polym Sci 28:1539

4. Usuki A, Hasegawa N, Kato M (2005) Polymer-clay Nanocomposites. Adv Polym Sci 179:135

5. Alexandre M, Dubois P (2000) Polymer-layered silicate nanocomposites: preparation,
properties and uses of a new class of materials. Mater Sci Eng 28:1

6. Manias E, Touny A, Wu L, Strawhecker K, Lu B, Chung TC (2001) Polypropylene/
montmorillonite nanocomposites. Review of the Synthetic Routes and Materials Properties.
Chem Mater 13:3516

7. Okada A, Usuki A (2006) Twenty years of polymer-clay nanocomposites. Macromol Mater
Eng 291:1449



170

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

KR. Reddy

. Biswas M, Ray SS (2001) Recent progress in synthesis and evaluation of polymer-
montmorillonite nanocomposites. Adv Polym Sci 155:167

. Dubinska E, Wiewiora A (1988) Layer silicates in the contact zone between granite and
serpentinite. Clay Miner 23(4):459—470

. Ray SS, Bousmina M (2005) Biodegradable polymers and their latered silicate

nanocomposites: in greening the 21st Century material world. Prog Mater Sci

50(8):962-1079

Zeng QH, Yu AB, Lu GQ (Max), Paul DR (2005) Clay-based polymer nanocomposites:

research and commercial developement. J Nanosci Nanotechnol 5(10):1574

Pinnavaia TJ, Beall GW (2000) Polymer-clay nanocomposites. Polymer-clay

nanocomposites. Wiley, London

Vaia RA, Ishii H, Giannelis EP (1993) Synthesis and properties of 2-dimensional

nanostructures by direct intercalation of polymer melts in layered silicates. Chem Mater

5:1694

Salamone JC (1996) Polymeric materials encyclopedia. Polymeric materials encyclopedia.

CRC Press, Boca Raton

Utracki LA (2007) Interphase between nanoparticles and molten polymeric matrix: pressure-

volume-temperature measurements. Compos Interfaces 14(3):229

. Liu HZ, Lim HT, Ahn KH, Lee SJ (2007) Effect of ionomer on clay dispersions in

polypropylene-layered silicate nancomposites. J Appl Polym Sci 104(6):4024

Cerrada ML, Rodriguez-Amor V, Perez E (2007) Effects of clay nanoparticles and electron

irradiation in the crystallization rate of syndiotactic polypropylene. J Polym Sci Part

B Polym Phys 45(9):1068

Shim JH, Joo JH, Jung SH, Yoon JS (2007) Effect of silane-grafted polypropylene on the

morphology of polypropylene and nylon6/clay composites. J Polym Sci Part B Polym Phys

45(5):607

Treece MA, Oberhauser JP (2007) Processing of polypropylene-clay composites: Single-

screw extrusion with in-line supercritical carbon dioxide feed versus twin-screw extrusion.

J Appl Polym Sci 103(2):884

Yang KF, Huang YJ, Dong JY (2007) Preparation of polypropylene/montmorillonite

nanocomposites by intercalative polymerization: Effect of in situ polymer matrix functiona-

lization on the stability of the nanocomposite structure. Chin Sci Bull 52(2):181

Lee SH, Cho ENR, Youn JR (2007) Rheological behavior of polypropylene/layered silicate

nanocomposites prepared by melt compounding in shear and elongational flows. J Appl

Polym Sci 103(6):3506

Lee HM, Park BJ, Chin 1J, Kim HK, Kang WG, Choi HJ (2007) Preperation and character-

ization PP/organoclay nanocomposites with maleicanhydride. Diffus Defect Data Part

B 119:203

Cui LL, Paul DR (2007) Evaluation of amine functionalized polypropylenes as

compatibilizers for polypropylene nanocomposites. Polymer 48(6):1632

Dong Y, Bhattacharyya D, Hunter PJ (2007) Characterization and object-oriented finite

element modeling of polypropylene/organoclay nanocomposites. Key Eng Mater

334-335:841

Moncada E, Quijada R, Retuert J (2007) Comparative effect of metallocene and Zieglar-

Natta polypropylene on the exfoliation of montmorillonite and hectorite clays to obtain

nanocomposites. J Appl Polym Sci 103(2):698

Nowicki A, Przybytniak G, Kornacka E, Mirkowski K, Zimek Z (2007) Radiation-induced

modification of montmorillonite used as filler in PP composite. Radiation Phys Chem

76(5):893

Qian G, Lan T, Fay AM, Tomlin AS (2002) Intercalates formed with polypropylene/maleic

anhydride-modified polypropylene intercalants. US Patent 6,462,122

Qian G, Cho JW, Lan T (2003) Intercalates formed with polypropylene/maleic anhydride-

modified polypropylene intercalants. US Patent 6,632,868



8

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Polypropylene Clay Nanocomposites 171

. Liang Y, Qian G, Cho J, Psihogios V, Lan T (2002) Applications of Plastic Nanocomposites.
Additives 2002, Clearwater Beach, 24-27 Mar

Lee SH, Youn JR (2007) Rheological properties of grafted maleic anhydride based polypro-
pylene composites filled with organoclay and glass fires. e-Polymers 7:411

Oriakhi CO (2000) Polymer nanocomposition approach to advanced materials. J Chem Educ
77:1138

Biswas M, Ray SS (2001) Recent progress in synthesis and evaluation of polymer-
montmorillonite nanocomposites. New polymerization techniques and synthetic methodol-
ogies, Advances in Polymer science, vol 155. p 167

Bandyopadhyay JR, Ray SS (2010) The quantitative analysis of nano-clay dispersion in
polymer nanocomposites by small angle X-ray scattering combined with electron micros-
copy. Polymer 51:1437

Kenneth CC (2008) Use of infrared spectroscopy to characterize clay interaction and
exfoliation in polymer nanocomposites. Macromolecules 41:834

Jongsomyjit B, Panpranot J, Praserthdam P (2007) Effect of nanoscale SiO2 and ZrO2 as the
fillers on the microstructure of LLDPE nanocomposites synthesized via in situ polymeriza-
tion with zirconocene. Mater Lett 61:1376

Zapata PA, Quijada R, Benavente R (2011) In situ formation of nanocomposites based on
polyethylene and silica nanospheres. Journal of Applied Polymer Science 119:1771

Zapata PA, Quijada R, Lieberwirth I, Benavente R (2011) Polyethylene Nanocomposites
Obtained by in situ Polymerization via a Metallocene Catalyst Supported on Silica
Nanospheres. Macromol. Reaction Engineering 5:294.

Zapata PA, Quijada R, Lieberwirth I, Palza H (2011) Synthetic layered and tube-loke silica
nanoparticles as novel supports for metallocene catalysts in ethylene polymerization.
Applied Catalysis A, 407:181

Sun T, Garces JM (2002) High-performance polypropylene—clay nanocomposites by in-situ
polymerization with metallocene/clay catalysts. Adv Mater 14:128

Tudor J, Willington L, O’Hare D, Royan B (1996) Intercalation of catalytically active
metal-complexes in phyllosilicates and their application as propene polymerization
catalysts. Chem Commun 2031:89

Heinemann J, Reichert P, Thomson R, Miilhaupt R (1999) Polyolefin nanocomposites
formed by melt compounding and transition metal catalyzed ethane homo- and copolymer-
ization in the presence of layered silicates. Macromol Rapid Commun 20:423

Nishiwaki T (1997) JP 09118792 N Tetsuo. Chem Abstr 127:51586

Tudor J, O’Hare D (1997) Stereospecific propene polymerization catalysis using an organ-
ometallic modified mesoporous silicate. Chem Commun 603

He A, Wang L, Li J, Dong J, Han CC (2006) Preparation of exfoliated isotactic polypropyl-
ene/alkyl-triphenylphosphonium-modified montmorillonite nanocomposites via in-situ
intercalative polymerization. Polymer 47(6):1767

de Paiva LB, Morales AR, Guimaraes TR (2007) Structural and optical properties of
polypropylene-montmorillonite nanocomposites. Mater Sci Eng A Struct Mater Prop
Microstruct Process 447(1-2):261

Sirousazar M, Yari M, Achachlouei BF, Arsalani J, Mansoori Y (2007) Polypropylene/
montmorillonite nanocomposites for food packaging. E-Polymers Art No 027

Rohlmann CO, Failla MD, Quinzani LM (2006) Linear viscoelasticity and structure of
propylene-montmorillonite. Polymer 47(22):7795

Wang W, Zeng X, Wang G, Chen J (2006) Preparation and properties of polypropylene filled
with organo-montmorillonite nanocomposites. J Appl Polym Sci 100(4):2875

Maiti P, Nam PH, Okamoto M (2002) Influence of Crystallization on Intercalation, Mor-
phology, and Mechanical Properties of Polypropylene/Clay Nanocomposites. Macromole-
cules 35:2042

Kawasumi M, Hasegawa N, Kato M, Usuki A, Okada A (1997) Preparation and mechanical
properties of polypropylene-clay hybrids. Macromolecules 30:6333



172

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

KR. Reddy

. Perrin-Sarazin F, Ton-That M-T, Bureau MN, Denault J (2005) Micro-and nano-structure in
polypropylene/clay nanocomposites. Polymer 46(25):11624

Reddy CS, Das CK, Narkis M (2005) Propylene Ethylene Copolymer Nanocomposites:
Epoxy resin grafted nanosilica as reinforcing filler. Polym Compos 26(6):806

Utracki LA, Sepehr M, Boccaleri E (2007) Synthetic, layered nanoparticles for polymeric
nanocomposites (PNCs). Polym Adv Technol 18(1):1

Moad G, Dean K, Edmond L, Kukaleva N, Li GX, Mayadunne RTA, Pfaendner R,
Schneider A, Simon G, Wermter H (2006) Novel copolymers as dispersants/intercalants/
exfoliants for polypropylene-clay nanocomposites. Macromolecular Symposia. Macromol
Symp 233:170

Reichertm P, Nitz H, Klinke S, Brandsch R, Thomann R, Mulhaupt R (2000) Polypropylene/
organoclay nanocomposite formation: Influence of compatibilizer functionality and
organoclay modification. Macromol Mater Eng 275:8

Nam PH, Maiti P, Okamoto M, Kotaka T, Hasegawa N, Usuki A (2001) A Hierarchical
structure and properties of intercalated polypropylene/clay nanocomposites. Polymer 42:9633
Avella M, Cosco S, Volpe GD, Errico ME (2005) Crystallization behavior and properties of
exfoliated isotactic Polypropylene/organoclay nanocomposites. Adv Polym Technol
24(2):132

Chiu FC, Chu PH (2006) Characterization of Solution-Mixed Polypropylene/Clay
Nanocomposites without Compatibilizers. J Polym Res 13(1):73

Wang Y, Huang SW (2007) Solution intercalation and relaxation properties of maleated
polypropylene/organoclay nanocomposites. Polym Plast Technol Eng 46:1039

Oya A, Kurokawa Y (2000) Factors controlling mechanical properties of clay mineral/
polypropylene nanocomposites. J Mater Sci 35:1045

Kresge CT, Leonowitz ME, Roth WJ, Vartulli JC, Beck JS (1992) Ordered mesoporous
molecular sieves synthesized by a liquid-crystal template mechanism. Nature 359:710
Hasegawa N, Okamoto M, Kato M, Usuki A, Sato N (2003) Nylon6/Na-montmorillonite
nanocomposites prepared by compounding nylon 6 with Na-montmorillonite slurry. Polymer
44:2933

Kato M, Matsushita M, Fukumori K (2004) Development of a new production method for a
polypropylene-clay nanocomposite. Polym Eng Sci 55:1205

Lapshin S, Isayev AI (2007) Ultrasound-aided extrusion process for preparation of
polypropylene—clay nanocomposites. J Vinyl Addit Technol 13(1):40

Wang ZM, Han H, Chung TC (2005) Synthesis of chain-end functionalized PP and applica-
tions in exfoliated PP/clay nanocomposites. Macromol Symp 225:113

Marchant D, Jayaraman K (2002) Strategies for Optimizing Polypropylene-Clay
Nanocomposite Structure. Ind Eng Chem Res 41(25):6402

Wang ZM, Nakajima H, Manias E, Chung TC (2003) Exfoliated PP/Clay Nanocomposites
Using Ammonium-Terminated PP as the Organic Modification for Montmorillonite. Mac-
romolecules 36:8919

Briickner S, Meille SV, Petraccone V, Pirozzi B (1991) Polymorphism in isotactic polypro-
pylene. Prog Polym Sci 16:361

Natta G, Corradini P (1960) Structure and properties of isotactic polypropylene. Nuovo
Cimento Suppl 15:40

Mencik Z (1972) Crystal Structure of Isotactic Polypropylene. J] Macromol Sci Phys B6:101
Hikosaka M, Seto T (1973) The Order of the Molecular Chains in Isotactic Polypropylene
Crystals. Polym J 5:111

Pae KD, Sauer JA, Morrow DR (1966) Interior Morphology of Bulk Polypropylene. Nature
211:514

Mezghani K, Phillips PJ (1997) The g-phase of high molecular weight isotactic polypropyl-
ene. II: The morphology of the g-form crystallized at 200 MPa. Polymer 38:5725

Morrow DR, Newman BA (1968) Crystallization of low-molecular-weight polypropylene
fractions. J Appl Phys 39:4944



8 Polypropylene Clay Nanocomposites 173

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Lotz B, Graff S, Wittman JC (1986) Crystal morphology of the gamma(triclinic) phase of
isotactic polypropylene and its relation to the alpha-phase. J Polym Sci, Polym Phys Ed
24:2017

Turner-Jones A (1971) Development of the y-crystal form in random copolymers of propyl-
ene and their analysis by DSC and X-ray methods. Polymer 12:487

Mezgahni K, Philiphs PJ (1995) y-Phase in propylene copolymers at atmospheric pressure.
Polymer 36:2407

Fischer D, Mulhaupt R (1994) The influence of regio- and stereoirregularities on the
crystallization behaviour of isotactic poly(propylene)s prepared with homogeneous group
IVa metallocene/methylaluminoxane Ziegler-Natta catalysts. Macromol Chem Phys
195:1433

Alamo RG, Man-Ho K, Maria JG, Jose RI, Mandelkern L (1999) Structural and Kinetic
Factors in the Formation of the Gamma Polymorph of Isotactic Poly(propylene). Macromol-
ecules 32:4050

Zheng W, Lu X, Toh CL, Zheng TH, He C (2004) Effect of clay on polymorphism of
polypropylene in polypropylene/clay nanocomposites. J Polym Sci, Part B: Polym Phys
42:1810

Medellin-Rodriguez FJ, Mata-Padilla JM, Hsiao BS, Waldo-Mendoza MA, Ramirez-
Vargas E, Sanchez-Valdes S (2007) The effect of nanoclays on the nucleation, crystalliza-
tion, and melting mechanisms of isotactic polypropylene. Polym Eng Sci 47:1889

Dong Y, Bhattacharya D (2012) Investigation on the competing effects of clay dispersion
and matrix plasticisation for Polypropylene/clay nanocomposites. Part II: Crystalline struc-
ture and thermo-mechanical behavior. J Mater Sci 47:4127

Yuan Q, Rajan VG, Misra RDK (2008) Nanoparticle effects during pressure-induced
crystallization of polypropylene. Mater Sci Eng B 153:88

Yuan Q, Misra RDK (2006) Polymer nanocomposites: current understanding and issues.
Mater Sci Tech 22:742

Liu X, Wu Q (2001) PP/clay nanocomposites prepared by grafting-melt intercalation.
Polymer 42:10013

Xu W, Ge M, He P (2002) Nonisothermal crystallization kinetics of polypropylene/
montmorillonite nanocomposites. J Polym Sci, Part B Polym Phys 40:408

Hegde RR, Spruiell JE, Bhat GS (2012) Different crystallization mechanisms in polypro-
pylene—nanoclay nanocomposite with different weight percentage of nanoclay additives.
J Mater Res 27:1360

Somawangthanaroj A, Lee EC, Solomon MJ (2003) Early stage quiescent and flow-induced
crystallization of intercalated polypropylene nanocomposites by timeresolved light
scattering. Macromolecules 36:2333

Nowacki R, Monasse B, Piorkowska E, Galeski A, Haudin JM (2004) Spherulite nucleation
in isotactic polypropylene based nanocomposites with montmorillonite under shear. Polymer
45:4877

Wang K, Zhao P, Yang H, Liang S, Zhang Q, Du R, Fu Q, Yu Z, Chen E (2006) Unique clay
orientation in the injection-molded bar of isotactic polypropylene/ clay nanocomposite.
Polymer 47:7103

Ajji A, Denault J, Cote D, Bureau M, Trudel-Boucher D (2007) Polypropylene
Nanocomposite Fibers: Structure and Some Applications. Int Polym Proc 22(4):368
Woods CG. Muzzy JD (2003) 61st Annual Technical Conference-Society of Plastics
Engineers, Nashville, TN, May 4-8 (ANTEC) p. 2205

Koo CM, Kim JH, Wang KH, Chung 1J (2005) Melt-extensional properties and orientation
behaviors of polypropylene-layered silicate nanocomposites. J Polym Sci Part B Polym Phys
43:158

Hao JW, Lewin M, Wilkie CA, Wang JQ (2006) Additional Evidence for the Migration of
Clay upon Heating of Clay-PP Nanocomposites from X-Ray Photoelectron Spectroscopy
(XPS). Polym Degrad Stab 91(10):2482



174

95

96

97

98.

99

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

114.

115.

KR. Reddy

. HuY, Tang Y, Song L (2006) Poly(propylene)/clay nanocomposites and their application in
flame retardancy. Polym Adv Technol 17(4):235

. Wang K, Liang S, Deng JN, Yang H, Zhang Q, Fu Q, Dong X, Wang DJ, Han CC (2006) The
role of clay network on macromolecular chain mobility and relaxation in isotactic polypro-
pylene/organoclay nanocomposites. Polymer 47(20):7131

. Chen L, Wang K, Toh ML, Kotaki M, He CB (2005) Polypropylene/clay nanocomposites

prepared by reactive compounding with an epoxy-based masterbatch. Abstr Papers Am

Chem Soc 230:3563, 129-PMSE

Valera-Zaragoza A, Ramirez-Vargas E, Medellin-Rodriguez FJ, Huerta-Martinez BM

(2006) Thermal stability and flammability properties of heterophasic PP-EP/EVA/

organoclay nanocomposites. Polym Degrad Stab 91(6):1319

. Modesti M, Lorenzetti A, Bon D, Besco S (2006) Thermal behaviour of compatibilised

polypropylene nanocomposite: Effect of processing conditions. Polym Degrad Stab 91(4):672

Andersen PG (2006) Society of Petroleum Engineers International Conference on Poly-

olefins 2005, Huston, Texas, USA: The Challenges of Globalization, Vol 1. p.146

Ma XY, Lu HJ, Liang GZ, Yan HX (2004) Preparation and properties of intercalated

rectorite/polypropylene nanocomposites. ACTA Polym Sin 1:88

Hambir S, Bulakh N, Jog JP (2002) Polypropylene/Clay nanocomposites: Effect of

compatibilizer on the thermal, crystallization and dynamic mechanical behavior. Polym

Eng Sci 42(9):1800

Ellis TS, D’Angelo JS (2003) Thermal and mechanical properties of a polypropylene

nanocomposite. J Appl Polym Sci 90(6):1639

Ding C, Jia D, He H, Guo B, Hong H (2005) How organo-montmorillonite truly affects the

structure and properties of polypropylene. Polym Test 24(1):94

Parija S, Nayak SK, Verma SK, Tripathy SS (2004) Studies on Physico-Mechanical Prop-

erties and Thermal Characteristics of Polypropylene/Layered Silicate Nanocomposites.

Polym Compos 25(6):646

Chen L, Wang K, Kotaki M, Hu C, He C (2006) Fracture behavior of polypropylene/clay

nanocomposites. J Nanosci Nanotechnol 6(12):3969

Joshi M, Viswanathan V (2006) High-performance filaments from compatibilized polypro-

pylene/clay nanocomposites. J Appl Polym Sci 102(3):2164

Li JM, Ton-That M-T, Tsai SJ (2006) PP-Based Nanocomposites with Various Intercalant

Types and Intercalant Coverages. Polym Eng Sci 46(8):1060

Peltola P, Valipakka E, Vuorinen J, Syrjala S, Hanhi K (2006) Effect of rotational speed of

twin screw extruder on the microstructure and rheological and mechanical properties of

nanoclay-reinforced polypropylene nanocomposites. Polym Eng Sci 46(8):995

Vladimirov V, Betchev C, Vassiliou A, Papageorgiou G, Bikiaris D (2006) Dynamic mechan-

ical and morphological studies of isotactic polypropylene/fumed silica nanocomposites with

enhanced gas barrier properties. Compos Sci Technol 66(15):2935

Yuan Q, Awate S, Misra RDK (2006) Nonisothermal crystallization behavior of polypro-

pylene—clay nanocomposites. Eur Polym J 42(9):1994

Modesti M, Lorenzetti A, Bon D, Besco S (2006) Effect of processing conditions on

morphologyand mechanical properties of compatibilized polypropylene nanocomposite.

Polymer 46:10237

3. Ljungberg N, Cavaille JY, Heux L (2006) Nanocomposites of isotactic polypropylene

reinforced with rod-like cellulose whiskers. Polymer 47(18):6285

Sukhyy KM, Burmistr MV, Shilov VV, Pissis P, Spanoudaki A, Sukha IV, Tomilo VI
(2005) Synthesis, structure, thermal and mechanical properties of nanocomposites based
on linear polymers and layered silicates modified by polymeric quaternary ammonium salts
(ionenes). Polymer 46(26):12226

Reichert P, Nitz H, Klinke S, Brandsch R, Thomann R, Miilhaupt R (2000) Polypropylene/
organoclay nanocomposite formation: influence of compatibilizer functionality and
organoclay modification. Macromol Mater Eng 275:8



8 Polypropylene Clay Nanocomposites 175

116.

117.

118.

119.

120.

121.

122.

123.

Bureau MN, Ton-That M-T, Perrin-Sarazin F (2006) Essential work of fracture and failure
mechanisms of polypropylene—clay nanocomposites. Eng Fract Mech 73(16):2360

Peneva Y, Tashev E, Minkova L (2006) Flammability, microhardness and transparency of
nanocomposites based on functionalized polyethylenes. Eur Polym J 42(10):2228

Morlat S, Mailhot B, Gonzalez D, Gardett J (2004) Photo-oxidation of polypropylene/
montmorillonite nanocomposites. Chem Mater 16:377

Mailhot B, Morlat S, Gardett J, Boucard S, Duchet J, Gérard J (2003) Photodegradation of
polypropylene nanocomposites. Polym Degrad Stab 82:163

Lonkar SP, Therias S, Caperaa N, Leroux F, Gardette JL (2010) Photooxidation of
Polypropylene/Layered Double Hydroxide Nanocomposites: Influence of Intralamellar
Cations. Eur Polym J 46:1456

Zanetti M, Camino G, Reichert P, Miilhaupt R (2002) Thermal behavior of polypropylene
layered silicate nanocomposites. Macromol Rapid Commun 22:176

Tidjani A (2001) Wilkie. Photooxidation of polymeric-inorganic nanocomposites: chemical,
thermal stability and fire retardancy investigations. C A: Polym Degrad Stab 74:33

Morgan AB (2006) Flame retarded polymer layered silicate nanocomposites: a review of
commercial and open literature systems. Polym Adv Technol 17:206



	8 Polypropylene Clay Nanocomposites
	1 Introduction
	2 Polypropylene/Layered Silicate Nanocomposites
	3 Preparation of Polypropylene/Layered Silicate Nanocomposites
	3.1 In situ Polymerization
	3.2 Melt Compounding
	3.3 Solution Blending
	3.4 Other Methods

	4 Structure and Crystallinity of PP Nanocomposites
	4.1 Crystal Structure of PP and Its Effect on Nanofiller Dispersion
	4.2 Crystalline Morphology and Crystallization Behavior
	4.3 Orientation

	5 Properties of PP Nanocomposites
	5.1 Thermal Properties
	5.2 Mechanical Properties
	5.3 Other Properties

	6 Degradation of PP Nanocomposites
	7 Applications of PP Nanocomposites
	8 Future Directions
	References


