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Abstract

This review is designed to be a comprehensive
source for polymer nanocomposite research,
including fundamental structure/property
relationships, manufacturing techniques, and
applications of polymer nanocomposite materials.
In addition to presenting the scientific framework
for the advances in polymer nanocomposite
research, this review focuses on the scientific
principles and mechanisms in relation to the
methods of processing and manufacturing with a
discussion on commercial applications and
health/safety concerns (a critical issue for
production and scale-up). Hence, this review offers
a comprehensive discussion on technology,
modelling, characterization, processing,
manufacturing, applications, and health/safety
concerns for polymer nanocomposites.
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Introduction

Nanocomposites are composites in which
at least one of the phases shows
dimensions in the nanometer range. These
are high performance materials that exhibit
unusual property combinations and unique
design possibilities and are thought of as
the materials of the 21st century. With an
estimated annual growth rate of about 25%
and huge demand for engineering
polymers, their potential is so promising
that they are useful in several applications
ranging from packaging to bio-medical.
Literature survey reveals that about 18,000
publications, including papers and patents,
have been published on nanocomposites in

the last two decades. It has been reported

that at the nanoscale (below about 100
nm), a material’s property can change
dramatically. With only a reduction in size
and no change in the substance itself,
materials can exhibit new properties such
as electrical conductivity, insulating
behaviour, elasticity, greater strength,
different colour, and greater reactivity-
characteristics that the very same
substances do not exhibit at the micro- or
macro scale.
Preparation of
composites
Preparation of good quality polymer nano
composite samples using a proper
processing method is critical to achieve
high performance of polymer nano
composites. The processing techniques
developed for preparation of polymer
nanocomposites include: melt mixing,
solution mixing, in situ polymerization, in-
situ  particle processing and other
approaches. Creation of one universal
technique for preparing all types of
polymer nanocomposites is impossible due
to the physical and chemical differences
between polymers and various available
types of facilities. Each polymer system
needs specific processing conditions based
on processing efficiency, nano-scale filler
type and desired properties. In general,
different processing technologies do not
yield equivalent results

Properties of polymer nanocomposites
Polymers have relatively insufficient
modulus and strength as engineering

polymer nano
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materials. Inorganic inclusions such as
fibers, whiskers, platelets or particles are
often employed to improve their
mechanical  properties.  Traditionally,
polymer composites are reinforced with
micron-sized inclusions. In recent years,
the inclusion size is allowed to go down to
nanoscale. Research work is still ongoing
and a definite conclusion is not yet clear
on the effect of nano filler size on
properties of polymer systems. The
properties of polymers that can be
enhanced dramatically by inctroducing
nanoscale  fillers at fairly low
concentration include mechanical
properties, thermal stability, heat distortion
temperature, fire retardancy, gas barrier
properties, ionic  conductivity and
magnetic properties etc. In this section, the
effects of nanoscale filler incorporation on
these properties of polymer
nanocomposites are discussed.

Mechanical properties

Layered nanofiller/polymer
nanocomposites

Clay minerals have a layer structure with a
typical thickness of ~1nm. If properly
exfoliated, clay can reach to platelets
having a high aspect ratio (an average
length of 120 nm reported).
Organoclay/nylon 6 nanocomposites are
made via direct melt compounding using a
conventional twin screw extruder. The
strength  of the nanocomposites is
significantly increased and shows much
higher values than that of glass fiber
composites [155]. The yield strength of
nylon-6/organoclay nanocomposites
increases dramatically with the increase of
organoclay content and has a higher value
than the nylon-6/glass fiber composites
with a higher weight percentage as shown
in Table 2, [155]. Moreover, the modulus
of nylon 6/organoclay nanocomposites

increases dramatically with the increase of
organoclay content as.This can be
explained in terms of platelet aspect ratio.
The platelets resulting from exfoliation of
clay minerals have a high aspect ratio in
the nanocomposites. As shown previously
for short fiber reinforced polymer
composites, the composite strength and
modulus generally increases with the
increase of filler aspect ratio [156,157]. So
a high aspect ratio of clay platelets is
important to the achievement of the high
strength and modulus. Table 3 shows that
the tensile strength and Young's modulus
of clay/nylon 1012 nanocomposites
increases dramatically with increasing the
particle content [158]. Similar results are
obtained for polyurethane/clay
nanocomposites

Varieties of polymer nanocomposites
Almost all types of polymers, such as
thermoplastics, thermosets and elastomers
have been used to make polymer
nanocomposites. A range of
nanoreinforcements with different shapes
have been wused in making polymer
nanocomposites. An important parameter
for characterizing the effectiveness of
reinforcement is the ratio of surface area
(A) of reinforcement to volume of
reinforcement. A plot of A/V against
aspect ratio [defined as the ratio of length
() to diameter (d)]. It can be seen from
figure 1 that the predicted optimum shape
for the cylindrical reinforcement to
maximize A/V is

* a»l (a fiber), and

* a«l (a platelet).

Therefore, it can be understood that the
two main classes of nano reinforcement
are fibers (e.g., carbon nanotubes) and
platelets (e.g., layered silicate clays).
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Fig. 1. Surface area to volume ratio A/V of
a cylindrical particle of given volume,
plotted versus aspect ratio a=l/d (from
McCrum et al., 1996) Polymer-layered
inorganic platelet nanocomposites are bio-
inspired materials. Mother of pearl (nacre)
is a bio-nanocomposite made of: 95
percent aragonite (calcium carbonate), a
brittle ceramic, and 5 percent flexible
biopolymer (conchiolin). But, it is several
times stronger than nylon; its toughness is
almost equal to silicone. It is built like a
"brick-and- mortar" structure, where
millions of ceramic plates stacked on top
of each other with each layer of plates
glued together by thin layers of the
biopolymer (Figure 2). Mixture of brittle
platelets and the thin layers of elastic
biopolymers make the material strong and
resilient. The “brickwork" arrangement
also inhibits transverse crack propagation.
Synthesis of nanocomposites

Basically there are three methods to
prepare  nanocomposites. They are:
solution casting, melt blending and in-situ
polymerization. In solvent casting, a
polymer, a solvent and nanoreinforcement
are combined and thoroughly mixed by
ultrasonication and the solvent is allowed
to evaporate leaving behind the
nanocomposite typically as a thin film.
The solvent chosen should completely

dissolve the polymer as well as disperse
the nanoreinforcement. The solvent used
will help in the mobility of the polymer
chains which in turn helps in the
intercalation of the polymer chains with
the layered nanoreinforcement. In the case
of melt blending, extruder or an internal
mixer is used. Polymer and nano
reinforcement are added in the extruder
and subjected to intensive mixing for some
time and nanocomposite comes out from
the die. In this method, polymer mobility
simply comes from thermal energy. In case
of in-situ polymerization, which is widely
used for PLS nanocomposite synthesis,
initially  the  monomer and nano
reinforcement are mixed. The monomer is
allowed to intercalate between the silicate
layers. Once the monomer is intercalated it
is polymerized .The polymerization may
be due to some surface modification at
silicate  surface or due to any
functionalities present which catalyze the
reaction (Alexandre and Dubois, 2000).
There have been numerous reports on the

synthesis ~ of  conducting  polymer
nanocomposites (Fang et al., 2008;
Gangopadhyay and De, 2000). In an

interesting work by polypyrrole coated
imogolite was synthesized by exposing
FeCl3.6H20 absorbed imogolite to pyrrole
vapor under ambient conditions.
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imogolite in a doping state with an
acceptor dopant (FeClI3)

Properties of polymer nanocomposites
Barrier properties and flame retardancy
The search for non-halogenated flame
retardants has led to nanoclays, one nm
thick by 1000 nm diameter. Initial research
showed that the addition of as little as 5%
of nano-sized clay particles could produce
a 63% reduction in the flammability of
nylon-6. More recent studies have shown
that flame retardancy in many other
polymers can be boosted by dispersing
clay at the molecular level. Clays are
believed to increase the barrier properties
by creating a maze or ‘tortuous path’
(Scheme 8) that retards the progress of the
gas molecules through the matrix resin
(Neilson, 1967). For example,
polyimide/layered silicate nanocomposites
with a small fraction of O-MMT exhibited
reduction in the permeability of small
gases, e.g. 02, H20, He, CO2, and ethyl
acetate vapours.

Tortuous Path
Exfoliated
/Siliums

/

4——— Polymer Mairix

Film Thickness

Path Model For

Barrier Enhancement Of Nano
Composites
Studied multiwall nano tubes in

polypropylene. A comparison of heat
release rate curves among the three
samples. The results show that the heat
release rates of the PP/MWNT nano
composites are much lower than that of PP
even though the amount of MWNTS in PP

is quite small. This reduction in heat
release rate is at least as much as what was
previously found for clay nano composites
in a maleic anhydride modified PP.
Kashiwagi attributed the performance of
the MWNT more to the presence of the
small amount of iron catalyst in the
MWNT. This iron may form iron oxides
during combustion and iron oxides have
been used as flame retardant additives.
Another  possibility that has been
suggested is that the nanotubes function by
conducting heat away from the flame zone.

Applications of polymer
nanocomposites.
The improvements in  mechanical

properties of nanocomposites have resulted
in major interest in numerous automotive
and general/industrial applications. It
includes potential for utilization as mirror
housing on various types of vehicles, door
handles, engine covers, and belt covers.
More general applications include:
packaging, fuel cell, solar cell, fuel tank,
plastic containers, impellers and blades for
vacuum cleaners, power tool housing, and
cover for portable electronic equipment
such as mobile phones and pagers.
Nanocomposite structure

In general, the degree of dispersion of the
clay platelets into the polymer matrix
determines the structure and the final
properties of the  nanocomposites.
Depending on the nature of the
components used (layered silicate, organic
action and polymer matrix) and the method
of preparation, three main types of
composites may be obtained, when layered
clay is associated with a polymer.

a. Non mixing composites: In this case,
the interactions between the clay particles
and the polymer are very weak and thus,
the polymers cannot enter into clay
galleries. A phase separated composite is
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formed with relatively poor mechanical
properties.

b. Intercalated structures: in which the
polymeric chains are intercalated between
the silicate layers resulting in a well
ordered multilayer morphology, built up
with alternating polymeric and inorganic
layers. Intercalation results a separation of
about 2- 3 nm between the layers, which is
independent of the clay to polymer ratio
(Yeh & Chang, 2008). The properties of
this type of nanocomposites resemble
those of ceramic materials.

c. Exfoliated or delaminated structures:
in which the clay layers are well separated
from one another and individually
dispersed in the continuous polymer
matrix. In this case, the distance between
two platelets may be in the range of 5-10
nm or even more. In such systems, the
polymer—clay interactions are maximised
leading to significant changes in
mechanical and physical properties. It is
generally accepted that exfoliated systems
exhibit better mechanical properties than
intercalated ones.

Conclusion

Among many highly hyped technological
products, polymer nanocomposites are one
of those, which have lived up to the

expectation.  Polymer  nanocomposites
exhibit superior properties, such as
mechanical, barrier, optical, etc. as

compared to micro- or macrocomposites.
Owing to this, polymer nano-composites
have shown ubiquitous presence in various
fields of application. Polymer
nanocomposites for various applications
could be synthesized by proper selection of
matrix, nano reinforcement, synthesis
method and surface modification of either
the reinforcement or polymer (if required).
Many products based on polymer
nanocomposites have been

commercialized. This review has tried to
highlight  various types of nano
reinforcements  and  their  surface
modification procedures, some unique
properties of nanocomposites, various
technological applications of polymer
nanocomposites with  some  specific
examples of commercialized products.
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