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PREFACE

Since the early 1990s, the subject of polymer nanocomposites has expanded
greatly, to its current status as a major field of polymer materials research. It is
now realized that polymer nanocomposites, as a class of materials, were in use
long before this field of research was officially named in the early 1990s. Indeed,
work published as early as 1961, and patents going back to the 1940s, have
shown that layered silicates (or clays) can be combined with polymers in low
amounts to produce new materials with greatly improved properties. However, it
was the work in the 1990s that properly identified these clay-containing materials
as polymer nanocomposites and kindled today’s interest in these materials. One
could argue that polymer nanocomposites are just part of the nanotechnology
boom, but there is more to it. The fundamental understanding of how two dis-
similar materials interface at the nanometer scale has tremendous implications for
performance and properties at the macro scale. Therefore, the study of polymer
nanocomposites is not just about capturing the buzz from nanotechnology; it is
about understanding structure–property relationships and interfacial science at
the molecular and macromolecular scale.

With the recent understanding that the addition of clays or other nanoparti-
cles to a polymer forms a polymer nanocomposite, these materials have been
investigated for many potential applications. One of the first well-publicized
commercial uses was in polyamide-6 [poly(hexamethylamide) or nylon-6] for
automotive applications developed by Toyota. Specifically, the improved heat
distortion temperature of the nanocomposite allowed it to be used as part of the
engine, resulting in a weight savings in a car. Additional early applications for
nanocomposite technology have included improved gas barrier properties (bever-
age and food packaging), electrical conductivity for electromagnetic applications,

xiii



xiv PREFACE

and improved mechanical strength and toughness for engineering use. Flamma-
bility applications for polymer clay nanocomposites were discovered a little later,
and only recently has the material found its way into commercial use. Polymer
nanocomposites for flammability applications are attractive because the formation
of a nanocomposite not only improves the fire properties but can also improve
other properties (e.g., mechanical properties), and it has the potential to bring
true multifunctionality to materials.

Multifunctionality has the great potential to simplify materials science and
engineering by having one material do the work of several. For example, a plas-
tic case for an electronic device can have several requirements. It will require
particular mechanical properties (e.g., modulus, impact strength), thermal proper-
ties (not melt or sag under normal use conditions), flammability properties (meet
regulations depending on the fire risk scenario), and electromagnetic properties
(frequency shielding). Also, cost, density, color, and recyclability will need to be
considered if it is a commercial product. With such a long list of requirements,
it can be very difficult to find one material that can meet all needs. For example,
polycarbonate can be used to achieve the desired mechanical and thermal proper-
ties, and with the right additives, flammability, density, and color can be obtained
as well. For cost-effectiveness, polycarbonate is usually mixed with acryloni-
trile–butadiene–styrene terpolymer in consumer electronics. Another feature not
often obtained in the casing for electronic devices is electromagnetic shielding.
To obtain this shielding requirement, such as in the use of a laptop case, special
paints are used, and not surprisingly, this solution increases cost, limits color
choices, and can make recycling difficult. An acceptable combination of materi-
als can be difficult to find during typical research and development operations,
and frequently, the choice made by the engineer is a compromise that can lead
to other problems. If just one material could meet all requirements, fabrication
of parts and goods would become easier, costs might decrease, and innovation
could be enabled. The class of materials that has the greatest chance of obtaining
true multifunctionality is that of polymer nanocomposites.

Polymer nanocomposites have shown great improvements over traditional
composites in mechanical, thermal, gas barrier, conductivity, flammability, elec-
tromagnetic shielding, and other properties, and this has spawned a huge amount
of research. There are already several key references and books that look at the
polymer nanocomposite field as a whole, and even focus on particular areas,
but no book to date has focused on the improvements in materials flamma-
bility. As indicated previously, it has only recently been understood that the
nanocomposite structure is responsible for the improvements in material proper-
ties, especially flammability, and so only now is there enough research to warrant
a book focused on polymer nanocomposite flammability. Significant changes in
fire safety regulations and perceptions of existing flame retardant additives have
served as catalysts for increased emphasis on polymeric material flammability
reduction. This increased emphasis demands not only lowered flammability but
also improvements in environmental impact for the final flame-retarded part,
as well as maintaining the difficult balance of properties discussed previously.
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Since a polymeric material can reduce flammability and improve mechanical
and thermal properties and possibly other properties as well, there is a great
deal of promise that polymeric nanocomposites will not just meet this need for
flammability reduction, but also exceed it, thus providing fire safety and improved
properties for a wide range of consumer goods.

This book focuses on polymer nanocomposites for flammability applications
and includes supporting information important to this subject. The information
is divided into sections for specific topic searching, and the book is divided into
three parts to help those new to the fields of materials flammability research
and polymer nanocomposites: theory and fundamentals, specific flame retardant
systems, and current applications and future work.

On the subject of theory and fundamentals, there are five chapters: flamma-
bility fundamentals, nanocomposite fundamentals, the impact of nanocomposite
formation on flammability, modeling of thermal degradation by fire, and the
flammability of specific polymers.

The chapters on specific flame retardant systems are meant to serve as detailed
sources of information, allowing the reader to gather essential facts on very spe-
cific flame retardant and polymer systems. Since flame retardant solutions can
vary greatly depending on polymer chemistry and intended application or regula-
tory test, it can be difficult to organize all available knowledge on flame retardant
nanocomposites. This information is organized by flame retardant classes; within
each classification there is extensive discussion of the various combinations of
nanocomposites with flame retardants as solutions. The chapters are devoted to
the combination of nanocomposite formation with intumescent systems, mineral
additives, and halogen- and phosphorus-based fire retardants. The last chapter
dealing with specific flame retardant systems focuses on thermoset flame retardant
nanocomposites. This chapter is separated from the others because thermosets are
prepared much differently than thermoplastics and behave quite differently under
fire conditions.

The final chapters of the book are designed to show the newest advances in the
field as well as to show practical uses for polymer nanocomposites in flammabil-
ity application and to provide insight into the future direction of the field. Since
the field of polymer nanocomposite research is rather new, new results are pub-
lished regularly, including work with new types of nano-dimensional materials.
The majority of work in this book refers specifically to polymer layered-silicate
(clay) nanocomposites, but as shown in Chapter 10, results with carbon nan-
otubes, nanofibers, and colloidal inorganic particles that have shown reductions
in flammability are reviewed. Chapter 11 focuses on the use of polymer nanocom-
posites for specific applications and their successes and pitfalls to date. In the
last chapter what is known today is summarized and where the field is heading
is indicated. This chapter can perhaps be viewed as a forward-looking state-
ment concerning the types of work that must be carried out in the future. Some
of the fundamental unknowns behind this technology are addressed in detail,
showing the researcher ways to proceed for nanocomposite solutions to flamma-
bility issues.
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1
INTRODUCTION TO FLAME
RETARDANCY AND POLYMER
FLAMMABILITY

SERGEI V. LEVCHIK

Supresta U.S. LLC, Ardsley, New York

1.1 INTRODUCTION

Together with numerous advantages that synthetic polymeric materials provide
to society in everyday life, there is one obvious disadvantage related to the high
flammability of many synthetic polymers. Polymers are used in manufacturing
not only bulk parts but also films, fibers, coatings, and foams, and these thin
objects are even more combustible than molded parts.

Fire hazard is a combination of factors, including ignitability, ease of extinc-
tion, flammability of the volatile products generated, amount of heat released on
burning, rate of heat release, flame spread, smoke obscuration, and smoke toxic-
ity, as well as the fire scenario.1 – 3 Fire fatalities are usually reported as resulting
from the lethal atmosphere generated by fires. Carbon monoxide concentrations
measured in real fires can reach up to 7500 ppm,4 which would probably result
in a loss of consciousness in 4 minutes.3 Other components of acute toxicity
found in real fires play a secondary role: Hydrogen cyanide was measured at
levels between 5 and 75 ppm, and for irritants such as hydrogen chloride and
acrolein, 1 to 280 and 0.3 to 15 ppm were found, respectively.4

A recent statistical study covering almost 5000 fatalities showed that the vast
majority of fire deaths are attributable to carbon monoxide poisoning, which
results in lethality at concentrations much lower than believed previously.5

Moreover, the same study showed that blood carbon monoxide loadings in fire

Flame Retardant Polymer Nanocomposites, edited by Alexander B. Morgan and Charles A. Wilkie
Copyright  2007 John Wiley & Sons, Inc.
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2 INTRODUCTION TO FLAME RETARDANCY AND POLYMER FLAMMABILITY

victims did not change significantly with the advent of synthetic polymers. Carbon
monoxide yields (but not concentrations) in big fires are almost independent of
the chemical composition of the material burning.6 There is evidence suggesting7

that there may be longer-term effects from exposure to fire atmospheres that are
currently not completely understood.

According to fire statistics, more than 12 million fires break out every year in
the United States, Europe, Russia, and China, killing some 166,000 people and
injuring several hundreds of thousands. Although calculating the direct worldwide
losses and costs of fire is difficult, $500 million is an estimate based on some
national data.8 Despite the increased use of synthetic polymers, U.S. residential
fire deaths have declined steadily over the years, from about 6000 in 1977 to
about 3500 in 1993, even though the population has increased.9 Although fire
problems are less severe now, U.S. fire casualties are still higher than in most
developed nations.10 The decrease in the rate of casualties is a result of many
factors, including better design of appliances, electronic equipment, cars, heating
equipment, houses, and so on, and ending with changes in the habits of people,
such as a drop in the smoking population. The role of flame retardant polymeric
materials is also a very important contributor.

In 1988, the National Bureau of Standards [now the National Institute of
Standards and Technology (NIST)] ran room combustion tests comparing flame
retardant with non–flame retardant plastics used in printed wiring boards, tele-
vision set and business machine enclosures, cables, and upholstered furniture.11

The results showed that flame retardant materials allow more than a 15-fold
longer escape time, 75% less heat release, significantly less smoke, and a lower
concentration of toxic gases. Fire retardants decrease toxicity in fires. The effect
is due to a decrease in the amount of burning material.1

Statistical analysis shows that the fire fatality rate in the UK is much lower
than that in the United States for fires where upholstered furniture is the item first
ignited. The decrease in fire fatalities per capita in the UK was very rapid during
the first decade following passage of UK fire safety regulations on upholstery,
and is continuing. The U.S. fire fatality rate for the same types of fires has been
decreasing much more slowly.12 The Consumer Products Safety Council (CPSC)
in the United States is in the final stage of introducing federal standards for
upholstered furniture and mattresses, which should increase fire safety in homes
in the United States and bring them into line with the UK.

In 1998, the fire safety of television sets and computer monitors manufactured
in various countries was studied by a group of flame retardant experts asso-
ciated with the European Chemical Industry Council. Various ignition sources
were utilized, from simulation of a household candle to a trash basket full of
paper. The results showed that TV sets purchased in Germany and the Nordic
countries ignited easily, even with the smallest ignition source. Normally, these
sets did not contain any flame retardant, in order to pass “green” labeling, or
contained minimal amounts of flame retardant, to meet the European IEC 60065
test. In contrast, TV sets purchased in the United States or Japan, which were
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designed to meet UL-1410 or UL-1950 (analogous to IEC 60950) tests, were
self-extinguishing even after exposure to a more severe ignition source.

It is clear that flame retardants are an important part of polymer formulations
for applications in which polymers have a significant chance of being exposed
to an ignition source (electrical and electronic goods), where polymers are easy
ignitable (upholstered furniture), or where fast spread of a fire may cause serious
problems (associated with building materials and transportation) when evacuating
people. This chapter provides a short introduction to the principles of polymer
combustion and a short overview of the mechanisms of action of the major classes
of commercial flame retardants. Although intended to be especially useful for
people new to these topics, experts may also find some new information.

1.2 POLYMER COMBUSTION AND TESTING

In many respects the combustion of polymers is similar to the combustion of
many other solid materials; however, the tendency of polymers to spread flame
away from a fire source is critical because many polymers melt and tend to
produce flammable drips or flow. Therefore, it is always important to test the
combustability of polymeric products under conditions close to those of the final
applications or even in assembly with other materials. For example, flame spread
can be measured in both the vertical and horizontal positions, but for almost all
plastic materials the vertical test is more severe than the horizontal.11

1.2.1 Laboratory Flammability Tests

Flammability of polymers is assessed primarily through ignitability, flame spread,
and heat release. Depending on the application of the polymeric material, one or
more of these flammability criteria should be measured in appropriate flamma-
bility tests. Numerous flammability tests are known and are performed either on
representative samples or on an assembled product. Tests can be small, intermedi-
ate, or full scale. Although similar trends in the rating of materials can be found
based on small- and large-scale tests, in general there is no direct correlation
between these tests.

International and national standards have been developed based on various
flammability tests, and they are reviewed elsewhere.13 Some relatively simple
and inexpensive laboratory tests have found broad application. These tests are
used primarily in industrial laboratories for screening of materials during product
development or quality control, or in the academic community for studies of
polymer flammability. In this chapter we describe some of the commonly used
laboratory test methods.

Underwriters’ Laboratories UL-94 test is designed to assess the “flammabil-
ity of plastic materials for parts in devices and appliances.” The test measures
ignitability and flame spread of polymeric materials exposed to a small flame. It
is accepted for standardization in many countries and also internationally. Five
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classifications are included in this test, but we introduce only the V-0, V-1, and
V-2 classifications, because they are cited most often in the flame retardant liter-
ature. To assess this classification, a bar shape specimen of plastic 120 × 13 mm
is positioned vertically and held from the top. Depending on the intended use of
the plastic, bars may be 3.2, 1.6, or 0.8 mm thick. Thinner specimens are usually
more flammable. Some surgical cotton is placed 300 mm below the specimen
to detect combustible drips that will ignite the cotton. A Bunsen burner flame
(ca. 19 mm high; calibrated) is applied to the specimen twice (10 s each). After
each application the time of self-sustained combustion is recorded. A second
application of the flame follows immediately after self-extinguishment of the
specimen in the first application. A V-0 classification is given to material that is
extinguished in less than 10 s after any flame application. The mean combustion
time for the five specimens tested (10 flame applications) should not exceed 5 s,
and no combustible drips can be observed. A V-1 classification is received by a
sample with maximum combustion time < 50 s and mean combustion time for
five specimens < 25 s. No combustible drips should be observed. The sample is
classified V-2 if it satisfies the combustion time criteria of V-1, but flammable
drips igniting the cotton are allowed.

Another test commonly used in laboratory practice is the limiting oxygen index
(LOI) test. This method has been included in some national and international
standards (e.g., ASTM D2863 and ISO 4589). The specimen size and shape is not
strictly specified in the LOI test, but bars of about 100 × 65 × 3 mm are generally
used when testing rigid plastics. The specimen is positioned vertically in a glass
chimney and is held from the bottom. The chimney is purged continuously with
a mixture of nitrogen and oxygen. The flame of a Bunsen burner is applied to
the top of the specimen until the entire surface is ignited. If the specimen did not
ignite after 30 s, the concentration of oxygen is increased. Ideally, the specimen
should show stable candlelike combustion. If the specimen continues burning
more than 3 min after removal of the ignition source or if more than 5 cm of the
length of the sample is consumed, a new specimen should be installed and tested
at a lower oxygen concentration. The LOI value is the limiting concentration of
oxygen at which the sample tested self-extinguishes in less than 3 min with less
than 5 cm of the material consumed. The LOI test does not represent a real fire
scenario, but it is good as a screening tool because it gives a numerical value
instead of a discrete classification (e.g., V-0, V-1, V-2).

The cone calorimeter test is a bench-scale (medium-sized) test developed at
NIST14 which quickly gained popularity in the academic community as well as
for standardization purposes (e.g., ISO 5660-1, ASTM E-1354). It is also used as
a tool for fire protection engineering because it allows prediction of large-scale
test results. A cone calorimeter measures consumption of oxygen from a burning
sample 100 × 100 mm in area and up to 50 mm thick. The heat release is calcu-
lated from the oxygen consumption data. The specimen is exposed to a constant
heat flux from a conical-shaped irradiation source, which serves to simulate a
variety of fire scenarios. The combustion is initiated by a small sparking igniter,
which ignites gases evolved from the heated specimen. In addition to the heat
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release rate, the cone calorimeter apparatus can monitor time to ignition, weight
loss of a sample during combustion, rate of smoke generation, carbon monoxide,
carbon dioxide, and optionally, some corrosive gases, such as HCl and HBr.

1.2.2 Polymer Combustion

All polymer fires start with an ignition event, where a source of heat comes into
contact with a fuel generated by the heating of the polymer. This event initiates a
flow of flammable degradation products, which react with oxygen from the air to
produce a flame and heat. Some of the heat is transferred back to the surface of
the fuel, maintaining the flow of flammable volatile degradation products.3 Low
ignitability of the polymers is the first line of defense against fire. Although all
organic polymers do ignite, the higher the temperature that a material has to reach
before it ignites, the safer it is. For most materials, the ignition temperature is in
the range 275 to 475◦C. Ignitability is assessed via time to ignition or minimum
heat input for ignition. Fire performance improves if either of these increases.1,15

Ignitability depends to a large extent on how quickly the surface can be raised
to the ignition temperature. Special consideration has to be given to polymers that
melt before thermal decomposition. Usually, at a low heat exposure, melting pre-
cedes ignition and the polymer can flow or drip, removing heat from the surface.
This phenomenon is beneficial for flame retardancy of uncharrable polymers. On
the other hand, at a higher heat exposure, ignition may occur before the surface
is heated to sufficient depth for the melted material to flow, and such polymers
may ignite relatively easy.

Polymeric foamed materials are very specific in terms of ignitability and flame
spread. It has been shown that differences in the surface area of foamed polymers
and cell size have a larger effect on flammability than do density or differences in
chemical structure.16 The chemical structure, of course, may dictate the surface
area or porosity in the formation of foam. For example, flexible polyurethane
foams can be ignited by a smoldering cigarette. A textile material normally
used to enclose the foam, as is common in upholstered furniture and mattresses,
actually helps ignition if suitable flame retardant–treated textiles are not used.

The possibility of extinguishing a polymer flame depends on the mechanism of
thermal decomposition of the polymer. Whereas ignition of a polymer correlates
primarily with the initial temperature of decomposition, steady combustion is
related to the tendency of the polymer to yield a char, which is produced at the
expense of combustible volatile fragments. Therefore, the dependence of steady
combustion on the amount of char seems to be simple, and in an early study it
was established that the oxygen index shows a very good correlation with the
char yield.17 In reality, char also serves as a physical barrier for heat flux from
the flame to the polymer surface, as well as a diffusion barrier for gas transport
to the flame.18 Therefore, the contribution of the char can be more significant
than is expected from a simple reduction in combustible gases.

Four general mechanisms are important for thermal decomposition of poly-
mers: (1) random chain scission, in which the polymer backbone is randomly split
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into smaller fragments; (2) chain-end scission, in which the polymer depolymer-
izes from the chain ends; (3) elimination of pendant groups without breaking
of the backbone; and (4) cross-linking.19 Only a few polymers decompose pre-
dominantly through one mechanism; in many cases a combination of two or
more mechanisms is in effect. For example, polyethylene and polypropylene tend
primarily to decompose via random chain scission, which in the case of polyethy-
lene is also accompanied by some cross-linking. Poly(methyl methacrylate) and
polystyrene tend to depolymerize, poly(vinyl chloride) primarily undergoes elimi-
nation of pendant groups (dehydrochlorination), and polyacrylonitrile cross-links.
In terms of flammability, random scission and depolymerization polymers are
usually more flammable than polymers that cross-link or remove pendant groups.
Cross-linking20 leads to precursors of char and as a result, to lower flammabil-
ity. Elimination of pendant groups results in double bonds, which can also give
cross-links or lead to aromatization.

In general, polymers with aromatic or heterocyclic groups in the main chain
are less combustible than polymers with an aliphatic backbone.21 Polymers with
short flexible linkages between aromatic rings tend to cross-link and char. These
polymers are thermally stable and show relatively good flame retardancy. For
example, bisphenol A–based polycarbonate, phenol formaldehyde resins, and
polyimides are self-extinguishing and show either a V-2 or V-1 rating in the UL-
94 test. On the other hand, polymers with relatively long flexible (aliphatic) link-
ages are still relatively combustible despite aromatics in the backbone. Examples
of these polymers are poly(ethylene terephthalate), poly(butylene terephthalate),
polyurethanes, and bisphenol A–based epoxy resin.

Charring of polymers proceeds through various stages: (1) cross-linking, (2)
aromatization, (3) fusion of aromatics, and (4) graphitization.18 The ability of a
polymer to perform in one or several of these stages leading to char formation
depends primarily on the polymer structure. However, this performance can be
improved significantly by the use of flame retardants, which are discussed later in
the chapter. Although many polymers tend to cross-link at early stages of thermal
decomposition, this does not necessarily result in char formation. Char is formed
only if the cross-linked polymer contains aromatic fragments and/or conjugated
double bonds and is prone to aromatization during thermal decomposition.20

Fused aromatic rings in the char tend to assemble into small stacks, which are
precursors of graphite. These pregraphitic domains are embedded in the amor-
phous char. This type of char, called turbostratic char, is usually formed at 600
to 900◦C, temperatures typically found on the surface of burning polymers. Char
that contains more pregraphitic domains is more stable to thermal oxidation and
therefore less likely to burn away and expose the polymer surface to the heat
of the flame. On the other hand, highly graphitized chars are rigid and may
have cracks, which do not retard diffusion of combustible materials to the flame.
The best-performing char would be amorphous uncracked char with a requisite
pregraphitic domain content.
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1.3 FLAME RETARDANCY

1.3.1 General Flame Retardant Mechanisms

Although flame retardants may differ from one another in terms of chemi-
cal structure, certain general mechanisms of action are applicable to various
classes of flame retardants. The first line of separation normally distinguishes
gas-phase-active and condensed-phase-active flame retardants. Gas-phase-active
flame retardants act primarily through scavenging free radicals responsible for
the branching of radical chain reactions in the flame. This is the chemical mech-
anism of action in the gas phase. Other flame retardants generate large amounts
of noncombustible gases, which dilute flammable gases, sometimes dissociate
endothermically, and decrease the temperature by absorbing heat. This slows
combustion and may eventually result in extinguishment of the flame. This is the
physical mechanism of action in the gas phase.

Condensed-phase mechanisms of action are more numerous than the gas-phase
mechanisms. Charring, discussed briefly above, is the most common condensed-
phase mode of action. Again, charring could be promoted either by chemical
interaction of the flame retardant and the polymer or by physical retention of the
polymer in the condensed phase. Charring could also be promoted by catalysis
or oxidative dehydrogenation.

Some flame retardants show almost exclusively a physical mode of action.
Examples are aluminum hydroxide and magnesium hydroxide. On the other hand,
there is no single flame retardant that will operate exclusively through a chemical
mode of action. Chemical mechanisms are always accompanied by one or several
physical mechanisms, most commonly endothermic dissociation or dilution of
fuel. Combinations of several mechanisms can often be synergistic.

1.3.2 Specific Flame Retardant Mechanisms

1.3.2.1 Halogen-Containing Flame Retardants Halogen-containing flame
retardants represent the most diversified class of retardants.22 To be effective,
halogen-containing flame retardants need to release halogen in the form of rad-
ical or halogen halide at the same temperature range or below the temperature
of decomposition of the polymer.23,24 Theoretically, four classes of chemical
compounds can be used as halogenated flame retardants: those containing fluo-
rine, chlorine, bromine, or iodine. Fluorinated organics are normally more stable
than any other polymers and do not release fluorine radicals or hydrogen fluo-
ride. Nevertheless, there are a few examples of the commercial use of fluorinated
flame retardants operating differently from all other halogenated flame retardants,
and they will be discussed later. By contrast, iodinated organics have very low
thermal stability and cannot be processed with most commercial polymers. In
addition, fluorine and iodine are more expensive than chlorine or bromine, which
also limits development of flame retardants based on these two halogens.

Chlorinated aromatic products are relatively stable and therefore not very
efficient, but chlorinated aliphatic and cycloaliphatic flame retardants are well
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known. The chlorine content in some chlorinated paraffins can reach 70%, and
some improved grades can be used in polyolefins and in high-impact polystyrene
(HIPS).25 A broad range of brominated flame retardants are commercially avail-
able. Brominated flame retardants help maintain a good balance of physical
properties, such as good impact and tensile strength and a high heat distor-
tion temperature. These flame retardants are generally suitable for many plastics;
however, their principal use is in engineering plastics and epoxy resins.26,27 In
this case the emphasis is on aromatic products. Although aliphatic brominated
flame retardants are often more efficient than aromatics, their use has been lim-
ited to certain polymers.28 For similar structures there is usually a correlation
between degree of bromination and thermal stability. Fully brominated aromat-
ics have low volatility and are used in engineering resins with a relatively high
processing temperature. Polymeric and oligomeric brominated aromatic flame
retardants are also widely used. In addition to good thermal stability, they show
better physical properties. One of the main disadvantages of many brominated
aromatic flame retardants is their low resistance to ultraviolet (UV) light; how-
ever, there are specially designed commercial flame retardants that show good
UV stability.

Figure 1.1 compares the flame retardant efficiency of aliphatic brominated
flame retardant and aromatic brominated flame retardant. Because the thermal
decomposition of the aliphatic flame retardant starts at temperatures below the
thermal decomposition of polypropylene, it shows very good performance in
polypropylene. In contrast, because the aromatic brominated fire retardant is sig-
nificantly more stable, optimum debromination is not achieved at the temperature
of decomposition of polypropylene, and this flame retardant shows inferior per-
formance.
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FIGURE 1.1 Dependence of total flaming time of polypropylene measured in a UL-94
test on bromine content for an aliphatic brominated flame retardant and an aromatic bromi-
nated flame retardant. (From Ref. 23, copyright  2001, Routledge/Taylor & Francis
Group, with permission.)
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It is generally accepted that the main mechanism of flame retardant action of
halogenated flame retardants is in the gas phase, and it is primarily the chemical
mode of action. The reaction begins with the abstraction of halogen radical from
the flame retardant. This halogen immediately abstracts hydrogen from either
the flame retardant additive or the polymer. An example of such a sequence of
reactions, with the participation of bromine and an aliphatic polymer, is

R−Br −−−→ Ṙ + Ḃr (1.1)

Ḃr + CH2−CH2 −−−→ ĊH−CH2 + HBr (1.2)

ĊH−CH2
−Ḣ−−−→CH=CH (1.3)

In the absence of a synergist, hydrogen halides volatilize and enter the flame.
Hydrogen halides will quickly react with hydrogen or hydroxyl radicals and
regenerate the halogen. Examples of such reactions with HBr are shown below
in reactions (1.4) and (1.5). Further bromine radicals will react with hydrocarbons
in the gas phase and regenerate HBr as shown in reaction (1.6), with the process
repeating until bromine leaves the flame.

Atomic hydrogen and hydroxyl radicals are very important for sustaining com-
bustion. The hydrogen radical is responsible for the chain-branching free-radical
reactions in the flame [reaction (1.7)], whereas the hydroxyl radical is responsible
for the oxidation of CO to CO2 [reaction (1.8)], which is a highly exothermic
reaction and is responsible for the larger part of the heat generation in the flame.

HBr + Ḣ −−−→ H2 + Ḃr (1.4)

HBr + ȮH −−−→ H2O + Ḃr (1.5)

Ḃr + R′H −−−→ HBr + Ṙ (1.6)

Ḣ + O2 −−−→ ȮH + O (1.7)

OḢ + CO −−−→ CO2 + Ḣ (1.8)

In some other reactions, the more reactive radicals (Hž, OHž, CH3
ž) are replaced

by the less active Brž radicals.29 If Brž meets Hž in the presence of a neutral
molecule (third body), HBr is regenerated. It has been found by spectroscopy that
the introduction of halogen-containing inhibitors into the flame clearly reduces
the concentration of Hž, OHž, and HCOž radicals, whereas there is an increase
in the content of the diradicals C2

žž and soot. As the concentration of inhibitor is
increased, the flame temperature decreases. Small additions of halogen inhibitors
(on the order of a few mol%) can reduce the rate of flame propagation up to 10-
fold and have a marked effect on the ignition limits. On the other hand, halogens
accelerate the formation of soot in the flame.

It is well established21 that Sb2O3 is synergistic with halogen-containing flame
retardants because it facilitates delivery of halogen atoms in the gas phase and
prolongs residence of the halogens in the flame zone so that more “hot” radicals
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can be scavenged. Antimony trioxide reacts with HCl or HBr in the condensed
phase, forming SbCl3 or SbBr3, respectively, both of which are relatively volatile.
SbCl3 boils at 223◦C and SbBr3 boils at 288◦C. Halogenation of Sb2O3 may or
may not proceed through a number of intermediate oxyhalides SbnOmXp, some
of which can go into the gas phase as well.30 It is also well established that Sb2O3

catalyses dehalogenation of the flame retardant,31 so halogens can be moved into
the flame at a lower temperature. In the flame, antimony trihalide (e.g., SbBr3) is
reduced step by step to metallic antimony [reaction (1.9)], which could be further
oxidized by the oxygen [reaction (1.10)] or hydroxyl radical [reaction (1.11)].

SbBr3 + Ḣ
−HBr−−−→ SbBr2 + Ḣ

−HBr−−−→SbBr + Ḣ
−HBr−−−→Sb (1.9)

Sb + O −−−→ SbO (1.10)

Sb + ȮH −−−→ SbOH (1.11)

Interference with the antimony–halogen reaction will affect the flame retardancy
of the polymer.32 For example, metal cations from color pigments or an inert
filler such as calcium carbonate or talc may lead to the formation of stable metal
halides, rendering the halogen unavailable for reaction with antimony oxide. The
result is that neither the halogen nor the antimony is transported into the vapor
zone. Silicones have also been shown to interfere with the flame retardant action
of halogenated flame retardants.

It is also believed that the large heat capacity of hydrogen halides and their
dilution of the flame results in a decrease in the mass concentration of com-
bustible gases and the temperature of the flame.33 The physical effect of halogen
halides is comparable to that of inert gases, CO2, and water. There is no contra-
diction between the radical trap theory and the physical theory; apparently, they
complement each other. The contribution of each mechanism depends on the
temperature of decomposition of the flame retardant additive and the polymer.

As mentioned earlier, the halogen radicals evolved from the flame retardant in
the condensed phase abstract the hydrogen from the polymer and produce unsat-
uration [reactions (1.2) and (1.3)]. The double bonds are known to be precursors
of char formation through either cross-linking or aromatization.18 If hydrogen is
abstracted from the aromatic ring, this ring has a chance to couple with another
ring and start forming polyaromatic structures, which are precursors of graphitic
domains in the char. This char formation is an important condensed-phase con-
tribution of halogen-based flame retardants,34 which is often overlooked.

There is another condensed-phase mode of action that is specific for aliphatic
bromine, and it is the opposite of char formation. Bromine radicals generated
thermally at low temperature in the polymer melt can cause chain scission at
tertiary C atoms.35,36 Examples of polymers where this mechanism is operational
are polystyrene (foams) and polypropylene (preferably thin parts, films, or fibers).
The decreased molecular weight causes fast dripping of the hot polymer, which
cools the flame and eventually extinguishes it:
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Poly(tetrafluoroethylene) (PTFE) is used at a very low level (0.01 to 0.5 wt%)
in combination with other flame retardants to suppress flaming drips. The flame
retardant action of PTFE is not related to any chemical reaction of fluorine or
halogen fluoride. During polymer processing at 200 to 300◦C, PTFE particles
soften, the shear force of extrusion elongates the particles up to 500%, and
microfibrils are formed. Upon combustion the microfibrils shrink back when
the polymer melts and a network that prevents dripping is formed. This flame
retardant action of PTFE is a physical phenomenon.

Potassium perfluorobutanesulfonate is added to polycarbonate at a low loading
of 0.05 to 0.2 wt% which allows preservation of transparency and clarity of the
polymer. Even at such a low concentration, perfluorobutanesulfonate provides a
V-0 rating to the polycarbonate.37 In this case the sulfonate group is primarily
responsible for the flame retardant effect of the product, whereas the perfluorobu-
tane group, due to its strong electron-withdrawing effect, increases the acidity of
the sulfonate group. No contribution of hydrogen fluoride is known for potassium
perfluorobutanesulfonate.

1.3.2.2 Phosphorus-Based Flame Retardants Phosphorus-based flame retar-
dants are the second most widely used class of flame retardants. Recent efforts in
the development of new flame retardants have shifted strongly toward phospho-
rus and other halogen-free systems. Among phosphorus-based flame retardants,
one should distinguish (1) elemental red phosphorus, (2) inorganic phosphates,
(3) numerous organic phosphorus-based products, and (4) chlororganophos-
phates. Although many phosphorus flame retardants exhibit general modes of
action, there are specifics for each class mentioned above.

It is generally accepted that phosphorus flame retardants are significantly more
effective in oxygen- or nitrogen-containing polymers, which could be either
heterochain polymers or polymers with these elements in pendant groups. Effec-
tive phosphorus flame retardants are more specific than halogen-based products
to certain polymers. This relates to the condensed-phase mechanism of action,
where the phosphorus flame retardant reacts with the polymer and is involved in
its charring.21

The flame retardancy of cellulose has been studied in great detail, which gave
good insight for understanding the interaction of phosphorus flame retardants
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with polymers containing hydroxyl groups.38 Phosphorus flame retardants, in
the form of either acids derived from decomposition of ammonium phosphate
salts or of phosphate esters, react (esterify or transesterify) with the hydroxyl
groups of the cellulose.39 Upon further heating, phosphorylated cellulose under-
goes thermal decomposition and a significant amount of char is formed at the
expense of combustible volatile products that would be produced by virgin cel-
lulose. Some nitrogen-containing compounds, such as urea, dicyandiamide, and
melamine, will accelerate phosphorylation of cellulose through formation of a
phosphorus–nitrogen intermediate, and thus synergize the flame retardant action
of phosphorus.40 Phosphorus–nitrogen synergism is not a general phenomenon
but depends on the structure of the phosphorus and nitrogen flame retardants as
well as the polymer structure.

Similar to cellulose, phosphate esters can transesterify other polymers. For
example, polycarbonates can undergo rearrangement during thermal decompo-
sition, where phenolic OH groups are formed which then become the target
for attack by aromatic phosphate esters41 [reaction (1.13)]. Thus, phosphorus is
grafted on the polymer chain. Char will be formed upon thermal decomposi-
tion of this grafted polymer. Similar phosphorylation chemistry was found for
polyphenylene ether (PPE; a component of a PPE/HIPS blend), which also tends
to rearrange upon heating and form phenolic OH groups.42
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If the polymer cannot be involved in the charring because of the absence
of reactive groups, a highly charring coadditive is used in combination with the
phosphorus flame retardant. The coadditive is usually a polyol, which can undergo
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phosphorylation similar to that of cellulose; pentaerythritol is a typical example
of such a polyol. Melamine can be used in conjunction with this system as well.
These combinations of flame retardants are called intumescent systems because
they form a viscous swollen char on the surface of the burning polymer. The char
impedes the heat flux to the polymer surface and retards diffusion of volatile
pyrolysis products to the flame. This mechanism of action is mostly physical
because the polymer itself is not necessarily involved in the charring process,
but its volatilization is retarded significantly. Intumescent systems for various
polymers have been reviewed by Bourbigot et al.43,44 The chemistry of formation
of the intumescent chars was described thoroughly by Camino et al.45,46

Phosphorus flame retardants can remain in the solid phase and promote char-
ring or volatilize into the gas phase, where they act as potent scavengers of Hž

or OHž radicals. Volatile phosphorus compounds are among the most effective
inhibitors of combustion. A recent study showed47 that phosphorus at the same
molar concentration is, on average, five times more effective than bromine and
10 times more effective than chlorine. The mechanism of radical scavenging by
phosphorus was suggested by Hastie and Bonnell.48 The most abundant phos-
phorus radicals in the flame are HPO2

ž, POž, PO2
ž, and HPOž, in decreasing

order of significance. Some examples of radical scavenging with participation of
HPO2

ž and POž radicals are shown in reactions (1.14) to (1.18). A third body is
required in the reactions involving POž radicals.

HPȮ2 + Ḣ −−−→ PO + H2O (1.14)

HPȮ2 + Ḣ −−−→ PO2 + H2 (1.15)

HPȮ2 + OḢ −−−→ PO2 + H2O (1.16)

PȮ + Ḣ + M −−−→ HPO + M (1.17)

PȮ + OḢ + M −−−→ HPO2 + M (1.18)

If conditions are right, phosphorus-based molecules can volatilize and are oxi-
dized, producing active radicals in the flame. On the other hand, phosphorus
flame retardants tend to react with the polymer or to oxidize to phosphoric acid
in the condensed phase. This favors mostly condensed-phase mechanisms. It is
challenging to design a phosphorus-based flame retardant that will volatilize into
the flame at relatively low temperatures but will not be lost during polymer
processing.

Red phosphorus is the most concentrated source of phosphorus for flame
retardancy. In fact, it is very effective in some polymers, such as thermoplastic
polyesters or polyamides, where self-extinguishing UL-94 V-0 performance can
be achieved at loadings of less than 10 wt%. Despite the apparent chemical
simplicity of this additive, its mechanism of action is not completely understood.
Most researchers agree49,50 that in oxygen- or nitrogen-containing polymers, red
phosphorus reacts with the polymer and induces char formation. Although there
is a belief that red phosphorus is oxidized and hydrolyzed by water before it
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reacts with the polymer,51,52 there is also strong evidence that red phosphorus
can react directly with polyesters or polyamides in an inert atmosphere50,53 and
in the absence of moisture.54 There is also some evidence in favor of a free-
radical mechanism of interaction between red phosphorus and polyamide-6.50

Red phosphorus shows relatively weak flame retardant effects in hydrocarbon
polymers (e.g., polyolefins or polystyrene). It is believed55 that in these polymers
red phosphorus depolymerizes to white phosphorus, P4, which volatilizes and
provides gas-phase action.

Chloroalkyl phosphates, [e.g., tri(1,3-dichloroisopropyl) phosphate or tri(2-
chloroisopropyl) phosphate or dichloroneopentyl tetrakis(2-chloroethyl) diphos-
phate] are used primarily in polyurethane foams. It would be logical to assume
that chlorine and phosphorus both contribute to the flame retardant efficiency;
however, this will depend on the configuration of the test (e.g., upward versus
downward or horizontal combustion). The chloroalkyl phosphates are relatively
volatile and tend to evaporate when heated with a flame. In downward com-
bustion, the additive, in addition to evaporation, has a chance to react with the
polymer, which provides a tarlike residue on the top of the foam,56 whereas in
upward combustion the additive quickly evaporates, yielding a high concentration
of nonflammable flame retardant gases which extinguish the flame.57

1.3.2.3 Melamine Flame Retardants Melamine is a unique product with 67
wt% nitrogen in the molecule and fairly high thermal stability. Melamine also
forms thermally stable salts with strong acids. Melamine itself, melamine cya-
nurate, melamine phosphate, melamine pyrophosphate, and melamine polyphos-
phate are commercially available for various flame retardant applications. The
mechanism of flame retardant action of melamine is different from the mecha-
nism of melamine salts or may be part of the mechanism of action of the salts. In
addition, melamine phosphates have specific advantages because of the presence
of phosphorus in the molecule.

Melamine is most commonly used in flexible polyurethane foams in combina-
tion with chloroalkyl phosphates and in intumescent coatings in combination with
ammonium polyphosphate and pentaerythritol. Nevertheless, there is extensive
patent literature on the use of melamine in thermoplastics and elastomers, which
was reviewed by Weil and Choudhary.58 The review gives good insight into the
mechanism of flame retardant action of melamine. It is known that melamine does
not melt, but sublimes at about 350◦C (actual volatilization starts at a lower tem-
perature). Upon sublimation, significant energy is absorbed, which decreases the
surface temperature of the polymer. This is especially important for polyurethane
foams having very low thermal inertia. In a hot flame, melamine may decompose
further, with creation of cyanamid, which is also a very endothermic process.58,59

Upon heating, to whatever extent it does not sublime away, melamine can
undergo progressive condensation with evolution of ammonia and formation of
thermally stable condensates, known as melam, melem, and melon.60 This reaction
competes with melamine volatilization and is more pronounced if the volatiliza-
tion of melamine is impeded: for example, by trapping in the charred polymer.
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Formation of the residue is considered to be a condensed-phase contribution of
melamine, whereas ammonia evolution dilutes the flame with noncombustible
gases.

Upon heating, melamine-based salts dissociate, and re-formed melamine vola-
tilizes in a manner similar to pure melamine. However, in the case of melamine
salts, a larger portion of melamine undergoes progressive condensation than
does pure melamine61; therefore, the condensed-phase contribution of the salts is
larger. If the anion contains phosphorus, the phosphoric acid released will phos-
phorylate many polymers and produce a flame retardant effect similar to that of
other typical phosphorus-based additives (see above). Melamine condensates and
phosphoric acid react further at temperatures above 600◦C, where triazine rings
are opened and cross-linked. A (PON)x type of structure known as phosphorus
oxynitride is formed.62 Phosphorus oxynitride is very thermally stable and in
some polymers can contribute to condensed-phase mechanisms.63

Melamine cyanurate is used primarily in unfilled polyamides.64 Upon thermal
decomposition, melamine is partially volatilized, whereas cyanuric acid catalyzes
chain scission of polyamides. This leads to a decrease in melt viscosity and
enhanced melt flow and dripping, which removes heat from the polymer and
the polymer is extinguished.65,66 The vaporizing melamine probably prevents
drips from flaming. The fire retardant effect of melamine cyanurate deteriorates
significantly in glass-filled polyamides because glass fibers prevent free melt
flow.67

1.3.2.4 Inorganic Hydroxides Flame Retardants Inorganic hydroxides or
mixed hydroxide–inorganic salts that can release water upon heating above 200◦C
can be used as flame retardants in many types of polymers. The two most com-
monly used products are aluminum hydroxide (ATH) and magnesium hydroxide
(MH). In fact, ATH is, by weight, the largest commercially manufactured flame
retardant, its main use being in wire and cable insulation and other elastomeric
products, synthetic marble and synthetic onyx, latex for carpet back-coatings,
phenolics, epoxies, and unsaturated polyesters.68 An extensive review of manu-
facturing, properties, and uses of ATH and other inorganics has been published
by Horn.69 Mechanisms of fire retardant action of the mineral fillers and their
effect on polymer properties have been reviewed by Hornsby and Rothon.70

ATH begins to release water at about 220◦C with an endotherm of 1.17 kJ/g,
whereas MH starts releasing water at about 330◦C with an endotherm of 1.356 kJ/g.
Thermogravimetric and differential scanning calorimetry curves obtained on heat-
ing of ATH and MH are shown in Figures 1.2 and 1.3, respectively. There is little
doubt that the main mechanism of fire retardant action of these hydroxides is
heat absorption and dilution of the flame with water vapors. Another mechanism
could be the catalytic effect of anhydrous alumina, which will help acid-catalyzed
dehydration of some polymers and as a result can enhance charring.38 Since both
anhydrous alumina and magnesia are white highly refractory powders, they provide
heat insulation by reflecting heat when they accumulate on a surface.
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FIGURE 1.2 Thermogravimetry of ATH and Mg(OH)2. (From Ref. 69, copyright 
2000, Routledge/Taylor & Francis Group, with permission.)
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FIGURE 1.3 Differential scanning calorimetry of ATH and Mg(OH)2. (From Ref. 69,
copyright  2000, Routledge/Taylor & Francis Group, with permission.)

ATH and MH are used primarily in wire and cables in poly(vinyl chloride)
(PVC), polyethylene, and various elastomers. There is also some limited appli-
cation of MH in polyamide-6. To pass flame retardancy tests, 35 to 65 wt% of
metal hydroxide is required. Decreasing the loading of metal hydroxides will
result in a significant gain in physical properties, especially low-temperature
flexibility; therefore, combinations with red phosphorus, silicones,69 boron com-
pounds, nanoclays71 (treated montmorillonites), and charring agents have been
explored.72 Surface treatment of metal hydroxides also helps to improve physical
properties and sometimes improves flame retardancy, due to better dispersion.

1.3.2.5 Borate Flame Retardants Water-soluble borates such as sodium borate
(borax) and boric acid have long been used to flame-retard cellulosic materi-
als (e.g., paper boards, wood, and some technical textiles). On the other hand,
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water-insoluble and more thermally stable zinc borates have found use in ther-
moplastics. The mechanism of fire retardant action of these two types of borates
is quite different.

It is believed that soluble borates can esterify the OH groups of cellulose and
promote char formation similar to that of phosphorus. For example, a comparison
of the performance of ammonium pentaborate, which decomposes and releases
boric acid, and ammonium polyphosphate, which releases polyphosphoric acid,
showed some similarity.73 Borates and boric acid also release some water, which
provides a heat sink. Sodium borate and boric acid or anhydride or their mixtures
are low-melting solids. Their viscous glassy melts can cause intumescence by
evolved decomposition gases, mostly water, or they can just cover the surface of
the pyrolyzing polymer or char, healing cracks and providing a barrier to heat
and decomposition products.

Several grades of zinc borates are commercially available, which release dif-
ferent amounts of water. Although in formulas for borates, water is often shown
as a water of hydration, in fact, borates are rather complex hydroxide salts.74

Upon heating and polymer combustion, zinc borates dehydrate endothermically,
and vaporized water absorbs heat and dilutes oxygen and gaseous flammable
components.75 For example, zinc borate 2ZnO · 3B2O3 · 3.5H2O, known as Fire-
brake ZB (U.S. Borax), loses about 13.5 wt% water at 290 to 450◦C and absorbs
503 J/g. Thermogravimetric curves of thermal decomposition of various borates
are shown in Figure 1.4. Zinc borates are often used in halogen-containing sys-
tems and most often in PVC. In PVC, zinc borates significantly increase the
amount of char formed during combustion. Zinc borates react with hydrogen
chloride released from the thermal decomposition of PVC. Then zinc chloride cat-
alyzes dehydrohalogenation and promotes cross-linking. This leads to an increase
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in char yield, and, even more important, a significant decrease in smoke forma-
tion. At sufficiently high temperatures, zinc borate can melt to produce a glassy
layer, but this usually does not happen in small flames. Instead, zinc borate sin-
ters and helps improve the insulating properties of the char and inhibits afterglow
combustion.

Zinc borate can also change the oxidative decomposition pathway of halogen-
free polymers. It is not completely clear if this is happening because of an
inhibition effect of boron oxides toward the oxidation of hydrocarbons75 or the
oxidation of graphite structures in the char,38 or is due purely to the formation
of a protective sintered layer. In combination with ATH, zinc borate creates
a porous ceramiclike residue, which has much better insulative properties than
those of pure anhydrous alumina. It was shown77 that zinc borate accelerates
dehydration of magnesium hydroxide and creates a ceramiclike structure with
dehydrated MgO.

1.3.2.6 Silicon Flame Retardants Under the heading here we include any
chemical compound containing Si. For a long time silicons were considered as
useful coadditives in flame retardant systems, but recent developments, especially
with polycarbonates have again drawn significant attention to silicon. The flame
retardancy of silicons has been reviewed by Kashiwagi and Gilman.78

Talc is a naturally occurring magnesium silicate which is finding broad appli-
cation as a filler in polyolefins. Apparently, it provides a moderate flame retardant
effect, but because talc is inexpensive, it is used as a partial substitute for more
expensive flame retardants. Fumed silica is used as a filler in epoxy resins for
the encapsulation of electronic devices at a relatively high loading, up to 80
to 90 wt%. Because of the relatively small amount of combustible resin, this
composition can be flame retarded by the addition of a very small amount
of a conventional flame retardant. It is not clear if the silica contributes to
the flame retardancy by any mechanism other than heat dispersion. Nanodis-
persed clay, which is one of the main topics of this book, is an aluminosilicate.
The mechanism of its flame retardant action is discussed in other chapters of
the book.

Octaphenylcyclotetrasiloxane in combination with potassium of sulfonated
diphenylsulfone is used commercially in polycarbonate, where clarity of the
polymer is important. Recently, some specific branched methylphenylsiloxanes
were found particularly effective in polycarbonate (PC) and in PC/acrylonitrile–
butadrene–styrene (ABS) blends with a low (ABS) content.79,80 It is believed that
due to the inclusion of aromatic groups in the siloxane, it becomes significantly
more soluble and more easily dispersed in PC than straight polydimethylsilox-
ane. It was shown that these siloxanes tend to migrate from the inside of the PC
resin to the surface during combustion and accumulate quickly on the surface.
Such movement resulted from differences in viscosity and solubility between
the siloxane and the PC at high temperatures. The branched methylphenylsilox-
anes showed a higher thermal stability than that of linear dimethylsiloxanes and
a greater tendency to induce charring. In contrast, Nishihara et al.81 showed
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that linear polysiloxanes are more advantageous flame retardants in PC than are
branched polysiloxanes because of higher mobility in the molten plastic.

1.3.2.7 Synergism The concept of synergism is very often used in the opti-
mization of flame retardant formulations; however, synergism is sometimes mis-
interpreted. By definition, synergism means enhanced performance of the mixture
of two or more components compared to the simple additive performance of the
components at the same concentration. Synergism in flame retardancy, and the
general concept of synergism, have been reviewed extensively by Weil.40,82

The two mostly common examples of synergism, halogens with antimony and
phosphorus with nitrogen, were discussed earlier. Apart from Sb2O3, halogen-
containing flame retardants are synergistic with other metal oxides, including
Bi2O3, SnO2, MoO3, Fe2O3, and ZnO. In some formulations these metal oxides
can substitute for Sb2O3 partially or completely. Zinc borates or zinc sulfide can
be used in the same role of partial substitution of Sb2O3. In many instances these
metal oxides also provide additional advantages of smoke suppression.

A very sharp synergistic effect between ammonium polyphosphate (APP) and
some inorganic minerals, salts, and oxides in a narrow concentration range was
discovered independently by Levchik et al.83 – 86 and by Lewin et al.87 – 89 Later,
similar effects were noted in systems containing ammonium polyphosphate and
zeolite.90,91 Although different speculative mechanisms of catalysis of charring
(e.g., by zeolites), or thermal oxidative promotion of charring by manganese
dioxide were proposed, these mechanisms probably play a minor role. The prin-
cipal mechanism appears to be interaction of polyphosphoric acid formed during
thermal decomposition of APP and metal-containing compounds. Since only diva-
lent and higher-valency metals show this effect, it is reasonable to assume that
metal cations help to cross-link polyphosphoric acid and increase its viscosity.
This, in turn, helps to create a more thermally insulative char structure. If the
mineral compound is added in large quantities, solid crystalline phosphates are
formed, and this results in cracking of the char and the loss of insulating proper-
ties. This also explains why this synergistic effect is observed in a very narrow
concentration range.

Because of increased attention to halogen-free systems in recent years, there
has also been a significant effort to enhance the fire retardant performance of
aluminum hydroxide (ATH) and magnesium hydroxide (MH), because these addi-
tives are used at very high loading levels. It is interesting that just a simple
combination of ATH and MH can be synergistic.40 This probably relates to the
extension of the temperature interval for the elimination of water. Combinations
of MH and zinc borate were found to be synergistic in poly(ethylene-co-vinyl
acetate), (EVA) according to a cone calorimeter study.77 It was found that zinc
borate catalyzes dehydration of MH. In addition, zinc borate helps to sinter par-
ticles of MgO together, which, in turn, leads to better retention of combustible
polymer in the condensed phase and eventual charring. Further addition to MH
and zinc borate to nanoclay and low-melting glass allowed achievement of a V-0
rating in the UL-94 test.72
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1.3.3 Criteria for Selection of Flame Retardants

Criteria for the selection of flame retardants are usually based on:

ž The efficiency of a particular type of flame retardant in a particular polymer
system

ž The processing conditions of the polymer
ž Compatibility and the ability to preserve valuable physical properties
ž The cost–performance trade-off

As mentioned above, halogenated flame retardants are more universal than
phosphorus-based flame retardants because the halogenated retardants are effec-
tive primarily in the flame zone, which is chemically similar for many polymers.
However, other criteria listed above require halogenated flame retardants to be
tailored to specific polymers. For example, aliphatic halogenated flame retardants
are used primarily in thermoset resins or in expandable polystyrene, because of
their limited thermal stability. Flame retardants that are soluble in polystyrene
are not good for HIPS, because solubility results in plasticization and a dramatic
decrease in the heat distortion temperature. On the other hand, partially soluble
additives (e.g., decabromodiphenyl oxide) are very suitable for HIPS because
they help keep an acceptable heat distortion temperature and good impact prop-
erties. Although ABS is chemically similar to HIPS, additives that are soluble
in polystyrene (e.g., tetrabromobisphenol A or brominated epoxy oligomers) are
preferable. Because ABS has a higher rubber content than HIPS, the use of
insoluble additives is detrimental for polymer toughness.

Phosphorus-based flame retardants are usually more suitable for engineering
plastics that undergo charring than for commodity polymers. In some plastics,
such as PC–ABS or poly(phenylene oxide)–HIPS blends, phosphorus-based
flame retardants are more effective then halogenated flame retardants. Antimony
trioxide, which is a part of halogen-containing formulations, is a Lewis acid and
may destabilize some condensation polymers. Furthermore, the impact properties
of engineering polymers may suffer due to the presence of powdery antimony
trioxide.

Inorganic hydroxides are used at very high loading levels. Only certain poly-
mers, e.g., polyolefins, can tolerate such high loading without a significant loss
of physical properties. Furthermore, relatively low thermal stability, especially
of ATH, significantly limits the use of inorganic hydroxides. Other polymeric
systems in which ATH is used are PVC, unsaturated polyesters, and latex back-
coatings of polyamide or polyester carpets.

1.3.4 Highly Dispersed Flame Retardants

Flame retardants of very small particle size were always of great interest. As men-
tioned earlier, fumed silica, which apparently has some flame retardant action,
is widely used in epoxy formulations for encapsulation of electronic elements.
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Another example is use of 0.1- to 2.0-µm size Sb2O3, which helps not only with
good flame retardancy but also with good pigmentation of PVC.92 Colloidal-size
(0.03 µm) antimony pentoxide, which has a much lower refractive index than
Sb2O3, can be used in transparent PVC applications.93 In transparent polycarbon-
ate applications, very small amounts (in the range of 0.02 wt%) of halogenated
sulfonate salts, also of submicron particle size,94 are used. Very fine particle metal
oxides can also be used in the flame retardancy of polycarbonate95, however,
apparently this use did not find commercial application. A significant amount of
melamine of micrometer and submicrometer particle size which is dispersable in
the polyol is used in the flame retardancy of polyurethane foams.96

It was always thought that flame retardants of submicrometer particle size
would have an essential advantage over flame retardants of regular particle size
(micrometer and above) in terms of efficiency. Practice proved that this is true
only to a certain extent and depends very much on the type of flame retardant and
the flame retardant test used. For example, some phosphate esters and brominated
flame retardants are soluble in a polymer matrix. Obviously, it is impossible to
achieve better than this distribution for any solid flame retardant, and it is known
that these soluble flame retardants do not show extraordinary efficiency compared
to their solid counterparts dispersed in the polymers. There is a large class of
flame retardants that will melt before they start interacting with the polymer and
provide a flame retardant effect. It is clear that little can be achieved by using very
fine particles of such flame retardants. A similar comment applies to flame retar-
dants that decompose and totally disintegrate before interacting with the polymer.

A number of publications have shown the advantages of using highly dis-
persed ATH97,98 or MH.99 The average size of the particles of these specially
prepared hydroxides is in the range 100 to 300 nm and the authors qualify them
as nanofillers. Usually, no or very little advantage is seen with these nanoscale
hydroxides in terms of the LOI and UL-94 tests, but some advantages are
observed in cone calorimetry. In another study, an attempt was made to flame-
retard poly(methyl methacrylate) with fumed silica.97 Even at relatively high
loadings of the silica, only marginal improvement in LOI values was observed.
A decrease in the heat release rate measured in cone calorimetry is the commonly
seen advantage of nanoscale particles, including nanoclays (discussed in detail
in other chapters). Although many mechanistic studies on flame retardancy of
nanocomposites are in progress, there is an often accepted point of view that
because of their small size, nanoparticles can sinter and create a ceramic–carbon
coke on the surface of a polymer which insulates it from heat. Because the
flames are small in the LOI and UL-94 tests, they do not provide enough heat
for sintering, and that effect of nanoparticles is not seen.

There is another physical mode of action of micro- or nanoscale particles, often
overlooked, which is related to the change in rheology of the polymer melt. Even
a few percent loading can decrease melt flow significantly. This change in melt
viscosity does not itself make it possible to pass the flame retardant test, but in
combination with other flame retardants it can be an important tool for improving
performance. For example, formulations passing the UL-94 test with a V-2 rating
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can be upgraded to V-1 or even V-0 with the addition of < 1 wt% of a nanofiller.
The effect in the LOI test could be negative or positive. If melt flow contributes
to high LOI numbers and will be suppressed by the presence of a nanofiller, the
LOI value may actually decrease. This is just an example of a controversy that
often appears in the literature and sometimes leads to erroneous conclusions.

1.4 CONCLUSIONS AND FUTURE OUTLOOK

Without a doubt, many chemical substances of high toxicity are released in large-
scale fires.100 But if the occupants have a chance to escape the fire, these toxicants
become irrelevant. If the occupants do not escape, they will be victims regardless
of the relative toxicity of the flame retardants. The ability of flame retardants to
delay fire spread must be recognized as being more important than the relative
toxicities of these chemicals when they are decomposed in a fire situation. A
study101 using the life-cycle assessment model, incorporating the emissions from
fires, has been applied to furniture. It was found that the largest environmental
impact comes from non–flame retardant furniture because of the extensive evolu-
tion of polyaromatic hydrocarbons (PAHs), which are strong carcinogens. On the
other hand, the environmental impact due to the evolution of chlorinated or bromi-
nated dioxins is much less significant. Numerous studies confirm that there is no
significant difference in the toxicity of combustion gases from flame-retarded
and non-flame-retarded materials.19 The difference is in the concentration. Since
flame retardant materials burn more slowly and often self-extinguish, they gen-
erate less toxic gases. Therefore, a true environmental benefit can be achieved
only if there are fewer and smaller fires.

The most publicized issue in flame retardants nowadays is the potential replace-
ment of some brominated flame retardants with nonhalogenated flame retardants
due to environmental concerns with some halogenated materials.102 There is also
a belief, especially in Europe and the Far East, that halogen-containing flame
retardant can evolve small amount of dioxins or dibenzofurans when heated and
that plastics containing these flame retardants are therefore not suitable for recy-
cling or incineration. Because of lack of alternative flame retardants, the use
of halogen-containing flame retardants has been restricted in Europe and Japan.
This has led some manufacturers to eliminate voluntarily the use of flame retar-
dants: mostly because of “environmental” reasons and but because of cost saving
as well. Thus, the drive to reduce cost and be more competitive while hav-
ing a “green” image led to badly compromised fire safety. Considerable loss of
life occurred from small ignition sources causing severe burning of non-flame-
retarded TV sets. The European regulation regarding electrical and electronic
device waste disposal, which requires separate treatment of halogen-containing
parts, is another driver for the use of nonhalogen flame retardants or the complete
avoidance of flame retardants.

It is clear that there is a great demand for environmentally friendly
(usually construed to mean halogen-free) and easily recyclable flame
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retardant thermoplastics. However, this requirement is in conflict with
another environmental requirement, biodegradation. Normally, thermally and
hydrolytically stable products, which are required for multiple recycling, tend
to be persistent in nature. Therefore, for the future design of flame retardants it
is important to make a distinction between one-time short-period-use products,
which are biodegradable, and long-term stable products, which are subject
to recycling. However, even very thermally and hydrolytically stable flame
retardants should eventually be destroyed, either thermally or chemically, under
controlled conditions. Newly developed flame retardants should comply with
these requirements.
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2
FUNDAMENTALS OF POLYMER
NANOCOMPOSITE TECHNOLOGY

E. MANIAS, G. POLIZOS, H. NAKAJIMA, AND M. J. HEIDECKER

Pennsylvania State University, University Park, Pennsylvania

2.1 INTRODUCTION

The term nanocomposite is widely employed to describe an extremely broad
range of materials, where one of the components has a dimension on the submi-
cron scale. A better and far more restrictive definition would require that a true
nanocomposite be a fundamentally new material (hybrid) in which the nanometer-
scale component or structure gives rise to intrinsically new properties, which are
not present in the respective macroscopic composites or the pure components.
The latter definition necessitates that the nanostructure has dimensions smaller
than a characteristic scale that underlies a physical property of the material. For
example, for the electronic properties of a conductor or semiconductor, this scale
would relate to the de Broglie wavelength of the electron (ranging from a few
nanometers for a metal to hundreds of nanometers for a semiconductor), for the
mechanical properties of a polymer it would relate to the size of the polymer
coil or crystal (again ranging from a few nanometers to hundreds of nanometers),
and for the thermodynamic properties of a polymer glass it would relate to the
cooperativity length (a few nanometers).

In this chapter we restrict our discussion even further, focusing on one sub-
class of polymer–inorganic nanocomposites, where the polymers are typically
thermoplastics and the inorganic component is a high aspect ratio nanoscale
filler. Particular emphasis will be given to principles that apply to pseudo-two-
dimensional layered inorganic fillers (such as 2:1 aluminosilicates,1 – 9 from where
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most of our examples will be drawn, and layered double hydroxides10), and to
a smaller extent to pseudo-one-dimensional fillers (such as carbon nanotubes11).
In these systems, concurrent improvements across multiple properties are typi-
cally achieved—with simultaneous enhancement of the mechanical, thermal, and
thermomechanical response—in addition to new properties—such as improved
barrier, flammability, and biodegradability behaviors—compared to the unfilled
polymer. Consequently, the resulting nanocomposite material is better described
by the term hybrid (denoting large-scale changes in multiple material characters)
rather than polymer composite (a term traditionally associated with an incremental
improvement in one or two key properties12 – 14).

For these nanocomposite systems, the fundamentally new properties typically
originate from the change in the polymer nature in the vicinity of the filler, such
as polymers adsorbed on filler surfaces or confined in between fillers, and as
such, they depend strongly on the effective surface area of the fillers (i.e., the
surface area of a single filler when completely dispersed or the surface area of
the typical filler cluster). Thus, good dispersions of fillers would result in a true
nanocomposite at rather low filler loadings, close to the percolation threshold of
these high aspect ratio fillers (cf. below 3 vol% for typical layered silicates15

or 1 vol% for single-walled nanotubes16). On the other hand, in the absence
of dispersion, neither the nanometer-scale geometry of these fillers nor their
ultrahigh surface area is exploited, and the resulting composite falls into the
class of conventional composites despite the nanometer size of the individual
inorganic fillers.

In the case of nanometer-thin layered inorganic fillers, it has long been known
that polymers can effectively disperse clay minerals when the minerals are appro-
priately modified.1,2 The field has recently gained considerable momentum, due
mainly to two major findings that pioneered the revival of these materials: First
was the report of a nylon-6/montmorillonite (MMT) material from Unitika and
Toyota researchers,17,18 where very moderate inorganic loadings resulted in con-
current and remarkable enhancements of thermal and mechanical properties.
Second, Giannelis et al. found that it is possible to melt-mix polymers with clays
without the use of organic solvents.19 Since then, the high promise for indus-
trial applications has motivated vigorous research, which revealed concurrent
dramatic enhancements in polymers by the dispersion of various nanometer-thin
inorganic layered fillers.10,20 – 23 Where the property enhancements originate from
the nanocomposite structure, these improvements are generally applicable across
a wide range of polymers.6,10

In contrast, carbon nanotubes were discovered much more recently, first
observed by Iijima,24 and since then they have been the focus of considerable
research activity. This pseudo-one-dimensional form of carbon has remarkable
physical and mechanical properties, such as structure-tunable electronic
properties, ultrahigh thermal conductivity, and unmatched mechanical properties
(e.g., stiffness, strength, and resilience). These characteristics, combined with
recent advances enabling high-volume production of multi- and single-walled
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nanotubes, offer tremendous opportunities for the development of ultrahigh-
performance nanotube-reinforced nanocomposite materials.11

At this point we should also mention that this chapter is not intended to
provide an extensive review of the polymer nanocomposites field. The reader
interested in such reviews can refer to a number of related books,1 – 5 numerous
compilations of relevant symposia and conference proceedings, and recent review
articles.6 – 8,10,11 This chapter is, rather, an attempt toward a brief eclectic overview
of topics highlighting the fundamentals that underlie the materials discussed in
the remainder of the book.

2.2 FUNDAMENTALS OF POLYMER NANOCOMPOSITES

2.2.1 Thermodynamics of Nanoscale Filler Dispersion

As for polymer blends, the thermodynamics of mixing for polymers and nano-
fillers can be described through a balance of entropic and enthalpic factors, which
determines whether a pristine or organically modified filler will be dispersed in
a polymer.25 – 27 Especially for nanoparticles, favorable thermodynamics of mix-
ing are essential since these ultrasmall particles are held together with very high
apparent attractive forces [cf. eq. (2.3)] when immersed in liquid or polymeric
media, and purely mechanical methods of mixing are not expected to be effec-
tive. Moreover, given the extensive amount of surface area that imposes entropic
penalties for adsorbed, physisorbed, or intercalated macromolecules, the disper-
sion of nanofillers necessitates sufficiently favorable enthalpic contributions to
overcome the entropic penalties.

For example, following the interfacial tension formalization of van Oss–
Chaudhury–Good,28 we consider two flat filler [e.g., layered silicate (s)] lay-
ers separated by an organic layer [e.g., alkyl surfactant film (a) or an intercalated
polymer film]. In this case, successive layers are held together with an adhesive
energy:

�Fsas = −2γsa = −2(
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when assuming additivity of apolar [Lifschitz–van der Waals (LW)] and polar
[electron donor–acceptor, or Lewis acid–base (AB)] interaction terms,28 and
using standard geometric combination rules:
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The i and j subscripts correspond to the various system components (layered
silicate s, alkyl surfactant film a, and polymer p) and the LW and AB superscripts
to the nature of interactions (apolar LW and polar AB). These relations can be
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converted into the Hamaker constant formalization by setting γ LW
i = Ai/24πl2

o

with lo = 1.58 Å. In the case of 2:1 aluminosilicates organically modified by
alkyl surfactants, the attractive interaction energy of eq. (2.1) would correspond
(Figure 2.1) to an adhesive pressure between the parallel flat surfaces of

P = A

6πd3
= −12πl2

o�Fsas

6πd3
(2.3)

where d is the thickness of the organic interlayer film. Given that typical alkyl
surfactant modifications—butyl to dioctadecyl—correspond to a surfactant layer
thickness of 0.5 to 1 nm, the corresponding adhesive pressure between succes-
sive silicate layers is at least32 105 to 104 bar (cf. Figure 2.1). Thus, favorable
enthalpic interactions are absolutely necessary for filler dispersion and nanocom-
posite formation.

Focusing on polymer nanocomposites based on organically modified layered
silicates, Vaia et al. published a tractable approach to calculate the entropic and
enthalpic contributions to the free energy of mixing25 and have used this to predict
miscibility of polystyrene with alkylammonium–modified silicates26 (montmoril-
lonite and fluorohectorite). According to this model, the entropic contributions are
unfavorable and rather small: Specifically, the conformational entropy penalty of
polymer confinement is compensated by an increase in conformational freedom
of the tethered surfactants upon dispersion for gallery increases of up to 0.7 nm,
and adopts small unfavorable values for larger gallery increases (see Figure 4 of
Vaia et al.25). Consequently, small per-monomer favorable enthalpic interactions
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Carbon nanotube*, 30

PET31

Nylon 6, 629

FIGURE 2.1 (Left) Various surface tension components γ (mJ/m2) for materials dis-
cussed in the text (∗from γ AB � 24 mJ/m2 assuming that γ +/γ − = 1). (Right) Adhesive
pressure versus interlayer thickness as predicted by eq. (2.3) for two flat montmorillonite
surfaces separated by apolar organic films (e.g., an olefin). For small film thicknesses
(<2.5 to 3 nm) this continuum approach is not valid; rather, the adhesive pressure has
discontinuous stable maxima32 (much higher than the dashed line) which correspond to
integer numbers of monomer layers.
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can drive dispersion of these nanofillers in the polymer and promote the for-
mation of a nanocomposite. These favorable enthalpic interactions are an excess
enthalpy, akin to the χ parameter definition in Flory–Huggins theory; for silicate
(s) modified by a surfactant (a) and a polymer (p), this excess enthalpic inter-
action per area can be approximated25 by �H ∼ εps + εpa − (εaa + εas), where
εij is a measurement of the pairwise interaction between components i and j

[which can be quantified through pairwise atomic interaction parameters, cohesive
energy densities, solubility parameters, or interfacial tension (Hamaker constants)
formulations29,32]. For most polymers and surfactants εpa − εaa � εps − εas , and
to a first approximation for polymer/surfactant-modified inorganic nanocom-
posites, favorable enthalpy for mixing is achieved when the polymer–inorganic
interactions are more favorable than the surfactant–inorganic interactions.

Following our prior nomenclature, dispersion would dictate a negative inter-
action energy change (upon mixing), which corresponds to a positive interfacial
tension difference (γas − γps). For an apolar (γ ±

a � 0) alkyl surfactant (e.g., dode-
cane to nonadecane,29 γ LW

a � 26 mJ/m2) used to organically modify a typical
silicate (e.g., montmorillonite, with26 γ LW

s � 66 mJ/m2, γ +
s � 0.7 mJ/m2, and

γ −
s � 36 mJ/m2), miscibility would be achieved with any polymer for which

γ total
excess = (

√
γ LW

p − √
66)2 + 2(

√
γ +

p − √
0.7)(

√
γ −

p − √
36) − 9.1 mJ/m2 < 0

(2.4)

This is satisfied for most polymers (e.g., Table XIII-5 in van Oss’ book29) except
perfluorinated polymers and most of the polyolefins (polypropylene, polyisobuty-
lene, etc). Miscibility is also promoted for all apolar polymers (γ ±

p � 0) with
26 mJ/m2 < γ LW

p < 125 mJ/m2, and for polar polymers with γ LW
ps � 26 mJ/m2

and γ AB
ps < 0 (i.e., as Vaia26 states, γ +

p > 0.7 mJ/m2 and γ −
p < 36 mJ/m2, or

γ +
p < 0.7 mJ/m2 and γ −

p > 36 mJ/m2). Thus, for most polymers the commonly
used organic modification by alkyl-cationic surfactants is adequate to create
sufficient excess enthalpy and promote nanocomposite formation with montmo-
rillonite.

In a different approach,27 a longer macromolecular “surfactant” that would
increase the layer separation to 5 to 10 nm necessitates much smaller favorable
enthalpic contributions since the adhesive pressure to be overcome is about a thou-
sand times smaller. This last theoretical prediction has been verified for polypropy-
lene (PP)33 in the absence of excess enthalpic interactions (i.e., γ LW

PP = 26 mJ/m2 �
γ LW

a and γ ±
PP = 0, and eq. (2.4) yields γ total

excess � 0), which in turn implies that
for short surfactants the entropic penalties from the physisorbed PP will hinder
spontaneous miscibility, whereas the entropic gains from longer surfactants would
promote miscibility.27 At this point, we would like to make three more comments:

1. It should be obvious that free energy calculations cannot be done on a per
molecule basis, but rather, the free energy of the system or the free energy
per volume must be calculated. Thus, certain parameters that were omitted
herein [such as the monomeric volumes of polymer and surfactant and the
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grafting density of the surfactant on the filler—in the case of silicates this
would be proportional to the cation exchange capacity (CEC)] must also
enter the calculations.26 The arguments above [e.g., eq. (2.4)] can be used
when there is a substantial fraction of both polymer and surfactant in con-
tact with the filler surface: for example, in the case of 2:1 aluminosilicates
0.65 < CEC < 1.7 meq/g (or equivalently, surfactant grafting densities of
one surfactant per 2 < A < 0.8 nm2), and still provide only approximate
values or criteria. A more detailed discussion is provided elsewhere.26

2. In the case of polypropylene (PP), the approach described above yields
a zero excess enthalpic interaction for an alkyl-modified silicate [since29

γ LW
PP = 25.7 mJ/m2 � γ LW

a and γ ±
PP � 0, eq. (2.4) yields γ total

excess � 0], which
implies that the entropic factors, albeit small in magnitude, will hinder spon-
taneous miscibility.

3. Under the approximations and assumptions mentioned above and without
considering any entropic contributions, the interfacial (adhesive) energy per
area of a polymer and a silicate is given by28

�F total
ps = �F LW

ps + �F AB
ps = (γ LW

ps − γ LW
p − γ LW

s ) + (γ AB
ps − γ AB

p − γ AB
s )

(2.5)

Substituting γ LW
ps and γ AB

ps from eq. (2.2) yields

�F total
ps = −2

√
γ LW

p γ LW
s − 2(

√
γ +

p γ −
s +

√
γ −

p γ +
s ) (2.6)

which for a strictly apolar polymer becomes

�F total
ps = −2

√
γ LW

p γ LW
s

2.2.2 Synthetic Routes for Nanocomposite Formation

For traditional composite materials, high performance requires, in a first approach,
homogeneous and thermodynamically stable dispersion of the fillers in the
polymer matrix. To this end, the two major hurdles to be overcome are
(1) deaggregation of the filler assemblies (clusters of fillers often containing
tens, hundreds, or even millions of filler particles, associated with very strong
interparticle forces32), and (2) achieving sufficiently strong polymer–filler
interfaces, required for good mechanical coupling between the matrix and
the filler. Both these requirements are also necessary in polymer-based
nanocomposites, and depending on the nanofiller, there exist additional hurdles
that need to be overcome toward nanocomposite formation. Examples of such
challenges include entropic effects of polymers in nanoscopic confinements
between two-dimensional fillers, as discussed in Section 2.2.1; deaggregation
of intertwined one-dimensional filler clusters, as in carbon nanotube bundles
or ropes; and overcoming the much faster kinetics (compared with colloidal
micrometer-sized fillers) of nanofiller reaggregation.
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As for the thermodynamic consideration in Section 2.2.1, we attempt to
highlight these challenges by describing in some detail the most common
synthetic routes for nanocomposite formation employed for polymer/layered-
inorganic hybrids. Most examples are drawn from layered-silicate fillers, but
the conclusions are general across most nanofillers, and one should be able to
envision similar strategies for nanocomposite formation based on other types of
nanofillers.

2.2.2.1 Solution-Aided Dispersion and Brute-Force Melt Processing In most
cases, polymer–inorganic systems that do not possess favorable thermodynamics
for nanocomposite formation can be “trapped” in dispersed—even exfoliated—
structures through solvent casting, sonication, or high-shear-rate/high-
temperature extrusion. Such trapped structures are usually easy to achieve∗ but in
most cases are neither thermodynamically stable nor amenable to further process-
ing: for example, in Figure 2.2, x-ray diffraction (XRD) of precipitated PP–MMT
hybrids from a co-suspension of polypropylene and o-MMT (organically modi-
fied montmorillonite) in trichlorobenzene (similar structures can be obtained from
aggressive melt processing, such as high-shear-rate extrusion,34 – 37 or dynamic
packing injection molding38).
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FIGURE 2.2 Structure evolution–stability of (a) neat-PP/2C18–MMT and (b) PP-g-
MA/2C18-MMT nanocomposites that were initially (0 min) trapped apart. XRD studies
of compression-molded samples are shown. The neat-PP/2C18–MMT very fast collapses
to intercalated–immiscible tactoids, whereas for the MA–functionalized PP, the trapped
dispersed structure is maintained even under prolonged high-temperature processing. This
suggests that the MA groups have sufficiently strong interactions with the MMT to pre-
vent the polymer from sliding away from the inorganic layers. (Adapted from Ref. 49,
copyright  2001, American Chemical Society, with permission.)

∗Easy or successful brute-force melt processing in the case of layered inorganic fillers is obviously
limited to fillers of relatively small lateral size, given the very strong adhesive forces per area between
such particles (Figure 2.1).
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However, upon subsequent processing by compression molding (at 180◦C, 15
tons) of these hybrids, the polymer melts and the trapped hybrid structure relaxes
toward a thermodynamically favorable state. If the o-MMT dispersion is not
thermodynamically favorable, the layers will collapse in low d-spacing parallel
stacks (e.g., neat-PP/dimethyldioctadecylammonium–MMT; Figure 2.2a) during
high-temperature processing, leading to a conventionally filled “macro” com-
posite. However, when there exists favorable free energy for o-MMT/polymer
mixing, the exfoliated filler structures are retained [e.g., polypropylene contain-
ing maleic anhydride (MA) functional groups and dimethyldioctadecylammonium
MMT; Figure 2.2b]. Typically, this approach can yield stable dispersions only
for polymers with strong specific interactions with MMT [e.g., polymers that
hydrogen-bond to the silicates, such as poly(vinyl alcohol),39 polyurethanes,40,41

and polyamide-642 – 44]. It is striking that only 0.5 mol% of MA can have the
same effect in PP. As expected, mechanical shear markedly reduces the time
necessary for structure relaxation, and the structure of Figure 2.2b is recovered
after 8 min of mixing (extrusion at 180◦C). In concert, even after very moderate
mixing (1 to 3 min at 180◦C) trapped systems of neat-PP/2C18–MMT result
in an immiscible or intercalated structure with a wide XRD reflection, extend-
ing from 1.8 to 2.7 nm in d-spacing. Along the same lines, when sonication
is employed in polymer–nanofiller co-suspensions, instead of aggressive melt
processing of the polymer with the nanofiller, similar trends can be observed
and a well-dispersed structure can be stable when favorable interactions are
present, as for example in polystyrene/imidazolium–montmorillonite systems.45

The sonication approach is, in general, a highly successful route for polymer
nanocomposites based on carbon nanotubes, since the sonication can effectively
disperse the nanotube bundles in solvent and subsequently in polymer matrix,
and is commonly employed despite criticisms that sonication may cause tube
breakdown.

This approach is qualitatively similar to the swelling agent approach, as for
example, by Wolf et al.46 In such approaches an alkylammonium-exchanged
montmorillonite is intercalated by an organic swelling agent such as ethylene gly-
col, naphtha, or heptane (all with boiling points below the processing or extrusion
temperature).46 Subsequently, the swollen organo-modified clay is compounded
with PP in a twin-screw extruder at 250◦C. At this processing temperature,
the swelling agent evaporates, leading to the formation of a nanocomposite
that is XRD silent. In principle, this is the same as the solution intercalation
approach, where a solvent is employed to mix the o-MMT with the polymer,
and a mostly exfoliated structure is trapped upon evaporation of the solvent. For
fillers that cannot be surface-modified by grafted surfactants (such as graphite),
the swelling agent approach is probably the most effective route for achieving
filler dispersions.

In all the cases above and in the absence of polymer cross-linking or favor-
able thermodynamics to retain the dispersion achieved (by solvent, mechanical
shear/vibration, swelling agent, etc.), the fillers will reaggregate upon further
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processing, and all the high-performance character due to nanoscale filler disper-
sion will be lost.

2.2.2.2 Static Melt Intercalation This method involves the mechanical mix-
ing of a polymer with an appropriately modified filler and subsequent annealing
above the softening temperature of the polymer.19 This approach provides the
best route to test26 with sensitivity the thermodynamic arguments detailed above
and to yield well-defined systems for fundamental studies. However, due to the
quiescent processing conditions (absence of external shear), which eliminate any
mechanical contribution for the dispersion of fillers, and to the very slow interca-
lation–exfoliation kinetics,47,48 such methods are typically very slow, thus having
very limited applicability in industry.

We mention only one example for this method, polypropylene (PP) in organi-
cally modified montmorillonite (o-MMT), so as to elucidate how the thermo-
dynamics of mixing can be tested.33,49 The challenge with PP is to design
systems where the polymer–MMT interactions are more favorable than the sur-
factant–MMT interactions. As mentioned above, for an alkyl surfactant used
as the organic modification in o-MMT, there is no excess enthalpy for mix-
ing with PP (γ total

excess � 0), or in other words, the polymer–MMT interactions
are equal to the surfactant–filler interactions. In agreement with the thermody-
namic arguments presented above, minute amounts (0.5 to 1 mol%) of randomly
incorporated polar or polarizable (γ AB �= 0) functional groups, such as methyl-
styrene, hydroxyl, and maleic anhydride, can promote PP/o-MMT miscibility49

under static melt intercalation. Also, small blocks (1 to 5 mol%) of poly(methyl
methacrylate) (PMMA) added to PP were shown to be sufficient to drive misci-
bility (in this case, γ AB

PMMA = 0, but γ LW
PMMA � 40 > γ LW

a � 26 mJ/m2), since the
favorable thermodynamics for the PMMA can overcome the purely entropic bar-
rier for the PP intercalation. Even in the extreme case, where the miscible block
becomes as short as a single group, miscibility can still be achieved33 when this
group possesses sufficiently strong interactions for the filler (as, e.g., an ammo-
nium group33). On the other hand, if mixing is to be promoted for nonfunctional-
ized PP, a surfactant must be chosen with poorer interactions with the filler than
the olefinic polymer (i.e., γ AB = 0 and γ LW < γ LW

PP � 26 mJ/m2); such surfac-
tants are, for instance, fluorinated or semifluorinated alkyls (γ LW

FE � 18 mJ/m2).
This strategy has also been proven experimentally.49

2.2.2.3 Melt Processing This is a very frequently used approach6,8,16 in which
the polymer and the (usually organically modified) filler are incorporated together
in a traditional polymer processing method, most commonly, extrusion or knead-
ing, and less frequently, injection molding. In concert with the principles of static
melt intercalation, favorable thermodynamics for mixing are introduced by the
design of functionalities on the polymer and by the choice of the organic modifi-
cation for the fillers. In addition to any thermodynamic contributions, mechanical
shear provides a kinetic driving force for further dispersion of the fillers in the
polymer matrix and accelerates substantially the kinetics of filler dispersion.
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The latter effect is particularly important for polymers that possess very high
attractions for the filler surfaces and can be kinetically arrested under static melt
intercalation.48 In many cases, end users of polymer nanocomposites are hesitant
to incorporate nanofillers directly (in the form of ultrafine powders) in their cur-
rent processing practices, and the concentrate or masterbatch two-step approach
is preferred. In this case, first a polymer nanocomposite (concentrate) is formu-
lated at relatively high filler loadings of about 25 wt%, which can be processed
and palletized to look like a normal polymer resin. This concentrate is subse-
quently diluted (i.e., let down) to the desired filler loading by pure polymer resin
(cf. below).

2.2.2.4 Masterbatch Approaches Beyond any industrial reservations for
incorporating nanoparticles directly into the final stages of processing, there
also exist in some cases scientifically justified reasons to follow the concentrate
or masterbatch approach. For example, in the first studies aiming to develop
PP/o-MMT materials,34 – 37,46,50 polypropylene oligomers modified with either
maleic anhydride (MA) or hydroxyl groups (OH) were first mixed with
octadecylammonium-exchanged montmorillonite, creating a masterbatch at high
filler loadings which was subsequently blended with neat PP, usually assisted
by strong mechanical shear in an extruder or mixer. In this way, the
MA–polypropylene disperses the o-MMT, given the favorable thermodynamics,
and in the second step PP and PP-g-MA are effectively at theta conditions,
and the extrusion is promoting mixing due only to entropic reasons (cf.
morphologies of miscible polymer blends). Although at first glance, this
approach may seem similar to the one denoted above as “brute force,” in the
masterbatch case there do exist favorable thermodynamics for mixing, which
not only result in more effective dispersions, but also stabilize the dispersed
nanocomposite structure. However, the structure and properties of the resulting
hybrid materials still depend strongly on the processing conditions, and in the
case of PP, for example, they range from very moderate dispersions and property
improvements34,36,37,46,50 to good dispersions and better-performing hybrids.35

Obviously, an MA–polypropylene pretreatment with very low maleic anhydride
content does not promote nanocomposite formation,36 and very high maleic
anhydride content makes the masterbatch so robust that MMT does not mix
further with neat PP.34,37 Furthermore, the PP-g-MA can have marked effects
on PP crystallization and, consequently, cause the mechanical properties to
deteriorate, especially when the PP-g-MA is of substantially lower molecular
weight or isotacticity than the PP matrix, or contains high levels of branching.
Therefore, it is frequently necessary to develop several variants of a masterbatch
[based on functional polymers with varied characteristics: e.g., in the case of PP
with various molecular weights of PP-g-MA or in the case of polyethylene (PE)
with various polymer microstructures (LDPE, LLDPE, HDPE, etc.)], depending
on the specific characteristics of the polymer matrix for which they are intended.

2.2.2.5 In Situ Polymerization Schemes One of the cornerstone studies, and
probably the single most important study in pioneering the revival of the polymer/
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layered-silicate nanocomposites field, was the work by the Toyota group in
which they polymerized polyamide-6 in the presence of, and end-tethered on, the
surfaces of montmorillonite layers.17,18 Since then, the strategy of in situ polymer-
ization of a monomer in a co-suspension with inorganic filler has been employed
successfully for a variety of polymers, with and without end tethering the macro-
molecules on the filler surfaces, and through various polymerization reactions,
for a variety of polymers and fillers (detailed examples are discussed in a review
article8). In most cases, nanocomposites formed by in situ polymerization result
in structures that are kinetically trapped (cf. the solution approach above) in a
well-dispersed structure. In general, these structures do possess favorable ther-
modynamics to retain the filler dispersion upon subsequent processing (such as
compression or injection molding of the hybrid after polymerization), since this
method requires that the monomer initially disperses the inorganic particles suffi-
ciently. However, if more polymer is added in the subsequent processing step (cf.
an attempt to use the in situ polymerized hybrid as a masterbatch), in most cases
there occurs a loss of the exfoliated structure achieved during the in situ poly-
merization step, and typically a less dispersed structure is obtained. For example,
attempts to dilute the polyamide-6/montmorillonite nanocomposite17 with pure
polyamide-6 or an in situ poly(ε-caprolactone)/montmorillonite hybrid51,52 with
pure poly(ε-caprolactone) result in collapse of the mostly exfoliated in situ struc-
ture. Typically, this well-dispersed in situ structure becomes intercalated upon
addition of the homopolymer, where the inorganic fillers adopt a parallel stack-
ing with a polymer bilayer (an intercalated layer about two monomers thin) in
the interlayer gallery.

2.2.2.6 Extension to Other Fillers These ideas can be extended to other high
aspect ratio fillers when taking their idiomophies into account. The ideas can
be transferred almost as stated above to other two-dimensional and pseudo-two-
dimensional layered fillers [e.g., layered double hydroxide (LDH)10 or graphite]
when addressing their differences from layered aluminosilicates; for example,
LDH would require anionic surfactants, whereas graphite is not amenable to
grafted modifications and an intercalated swelling agent is needed (cf. the mas-
terbatch or solution approaches above).

For one-dimensional nanofillers, however, there are important differences that
may necessitate different choices for nanocomposite formation. For example,
in the case of carbon nanotubes, polymer–matrix nanocomposites can be fabri-
cated using almost all of the schemes discussed above, but the effectiveness and
importance of these schemes are very different from those of polymer/layered-
inorganic nanocomposites. Dispersion of nanotubes is hindered not only by their
high affinity for one another, but also by their ability to intertwine with one
another, forming bundles or ropes. These often-large agglomerations are typ-
ically formed during synthesis of the nanotubes (especially for single-walled
carbon nanotubes), which need to be well unbundled before attempting disper-
sion in a polymer matrix. At the same time, the reactive bonding of surfactants
on the nanotube surfaces, although possible via multiple chemistries,53,54 most
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often causes deterioration of their remarkable physical properties (more so for
single-walled than for multiwalled carbon nanotubes), in particular their thermal
and electron conductivities, as well as their stiffness and strength.∗

After these thoughts, and following our earlier discussion of polymer–silicate
nanocomposites, it seems obvious that the nanocomposite formation schemes
that depend on favorable thermodynamics (e.g., melt blending) or brute-force
mechanical mixing are of limited use here, whereas the solution mixing and
the in situ polymerization schemes should be much more effective.11,56 In fact,
the most common approach for polymer–nanotube composite formation involves
first unbundling the nanotube aggregates in solvent (most often aided by soni-
cation and physisorbed surfactants, and centrifugal separation) and subsequent
solution-aided dispersion in a polymer matrix. These solution-aided dispersions
can effectively trap the nanotubes in a well-dispersed morphology after solvent
evaporation (see, e.g., Refs. 57 and 58). Alternatively, instead of employing a
physisorbed surfactant and two steps of solution dispersion, nanocomposites can
be formed in a one-step solution process (much like their polymer–silicate coun-
terparts, by co-dissolving the host polymers and nanotubes in a common solvent),
as, for example, with poly(vinyl alcohol)59 and polystyrene.16 For the same reason
(i.e., employing ‘solvent’ to unbundle the nanotubes), in situ polymerization has
also proven to be an effective method for producing well-dispersed nanocompos-
ites. A characteristic example of this approach is the polymerization of PMMA in
the presence of solution-dispersed nanotubes, leading to high-molecular-weight
polymers and very good nanocomposite morphologies (see, e.g., Refs. 60–62).

Finally, unlike polymer/layered-silicate nanocomposites, melt processing is far
less common for nanotube-reinforced nanocomposites. Melt processing relies on
mechanical shear and thermodynamics to unbundle the nanotubes and disperse
them further in a polymer matrix. Since neither of these two processes is expected
to be very effective for ordinary polymers and nanotubes, typically the nanocom-
posites produced in this fashion have significant filler aggregation and com-
parably poor performance [e.g., high-density polyethylene, polypropylene, and
polyamide-6/acrylonitrile–butadiene–styrene (ABS) have been melt-processed
with nanotubes63 – 65]. Since direct melt processing is inherently ineffective in
dispersing nanotubes into polymers, melt processing will probably remain limited
in practice except for those systems for which polymer–nanotube masterbatches
can be developed at reasonable cost and with good nanotube dispersion.

2.2.3 Dispersion Characterization: Common Techniques and Limitations

Due to its ease of use and availability, simple Bragg-reflection powder x-ray
diffraction is most commonly used to probe nanocomposite structure, especially
for polymer/layered-inorganic filler hybrids where the d001 basal reflection is

∗This does not automatically imply that the respective nanocomposites are also characterized by dete-
riorated properties. For example, where good dispersions and/or covalent bonding occurs between the
polymer matrix and the functionalized nanotubes, the nanocomposites can have very good mechanical
property enhancements.55
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indicative of filler–filler separation. However, the XRD can only detect the
distance of periodically stacked layers; disordered (bunched together but not par-
allel stacked) or exfoliated layers are not detected, and large d-spacings (higher
than 50 nm) are sometimes not detectable by powder XRD. In general, for
medium (ca. 1 µm) lateral size platelets, such as those in natural clays, even
with favorable thermodynamics for nanocomposite formation, the structure is
characterized by the coexistence of exfoliated, intercalated, and disordered lay-
ers. Thus, a silent XRD may hide a large number of disordered tactoids, whereas
an XRD with an intercalated peak does not reveal the extent of exfoliation.
In both cases, the nanocomposite properties are commonly affected dramati-
cally by structures that are not manifested in the XRD, and thus XRD can be
highly misleading when employed as a single tool for quantifying nanocompos-
ite structure or even filler dispersion. Although detailed quantitative analysis of
such XRD data66 in the low 2θ range, coupled with careful sample preparation
and use of model reference samples, can yield substantially more information
about the nanocomposite structure,66 powder XRD is insufficient to capture and
characterize the nanocomposite structure. Furthermore, when polymer–inorganic
nanocomposites are based on fillers that are not two-dimensional in geometry
(and thus do not have basal spacings, as for example carbon nanotubes and
spherical or ellipsoidal nanoparticles), XRD is completely incapable of even a
first-order qualitative determination of dispersion or structure.

Small-angle x-ray scattering (SAXS) is probably the most informative widely
available technique to characterize nanocomposite structure. The main hurdle
with this method is converting the information collected in the k-space quantita-
tively into parameters that describe the real space morphology of the hybrids. As
an example, for polymer/layered-inorganic fillers, simple67 and more realistic68

models of discoid scatters in organic matrices have been proposed that can be used
to interpret scattering data into real space parameters for such nanocomposites.
In a simple approach,67 after relatively simple analysis of the scattering data,
average descriptors of the structure can be obtained which are of some value
for quantifying the hybrid structure. A more complete description of structure
necessitates much more careful design and implementation of scattering studies
and more tedious analysis.68 Even where models for specific structures have been
developed and methods for an experimental approach and analysis have been out-
lined, as for example in the case of layered inorganic nanoparticles,68 the amount
of work involved to implement such approaches in real polymer nanocomposite
systems has proven to be a barrier to the widespread use of SAXS as a common
morphology characterization practice.

Transmission electron microscopy (TEM) is also widely employed, in its sim-
plest bright-field mode, as a tool for direct visualization of the nanocomposite
structure of polymer nanocomposites. This is possible because there exists suffi-
cient contrast for the transmitted electrons between the polymer matrix and most
fillers (inorganic particles, carbon in nanotubes or graphite, and almost all oxides)
without polymer staining. In the extreme case, high-resolution TEM69 can even
provide a qualitative picture of the inorganic filler crystal structure, or can be
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combined with point electron diffraction to interrogate crystal structures in spe-
cific filler or polymer regions. Although TEM does not suffer from the same short-
comings as XRD, since it can visualize nanoscale fillers directly without the need
for parallel stacking, it does have other limitations: First, it is very painstaking
to obtain quantitative information about any of the characteristic parameters that
describe the nanocomposite morphology. Such information can only be derived
from image analyses of many and independent TEM images, so as to ensemble
typical structures in the composite with some statistical importance. Second, since
TEM is essentially a projection method, it is difficult to characterize structures
normal to the large surface area of fillers; for example, almost all TEMs pub-
lished for polymer/layered-silicate nanocomposites show images with the silicates
positioned on the image edge-on, since layers parallel or oblique to the sample
surface project as extended dark areas in a TEM image. Despite these limitations,
we believe that informative TEMs should, at a minimum, complement XRD or
other morphology studies, even if only to capture the hierarchical structures of
the hybrid qualitatively at various length scales. Probably the additional informa-
tion provided by TEMs is crucial when accompanying featureless XRD structures
such as silent (no basal reflections) polymer/layered-nanofiller nanocomposites
(which in most cases are wrongfully interpreted as exfoliated structures), poly-
mer–nanotube hybrids, and polymer–nanoparticulate composites.

Finally, morphological information can also be obtained indirectly from meth-
ods that reflect the composite morphology into other macroscopic properties.
Within the focus of this book, two examples of such methods can be men-
tioned: rheological measurements and cone calorimetry flammability methods.
Both methods can sensitively detect well-dispersed nanofillers in a polymer
matrix and can distinguish them from the respective conventional composites
based on the same polymer and fillers but without nanometer-scale dispersion of
the latter. We shall not provide further details on this; we just point the interested
reader discussions of the cone calorimetry approach in subsequent chapters, and
to a few representative references for the rheology.7,16,70

In summary, in lieu of providing a recipe for the characterization of nanocom-
posite morphology, we illustrate the limitations of the foregoing characterization
techniques through an example of the plethora of parameters needed to describe
the morphology of a polymer/layered-silicate nanocomposite (Figure 2.3). Even
in this case, which can actually be interrogated by XRD characterization, only
the distribution of basal (layer–layer distances within parallel stacked clusters)
spacings can be obtained by XRD. SAXS can, in addition, provide some addi-
tional parameters,67 such as mean number of layers per stack and “projected”
lateral dimension of layers, while through more realistic models and analysis,68

only approximate values can be obtained for the rest of the important param-
eters (Figure 2.3). In almost all cases, a representative set of TEM structure
observations should also be obtained (in addition to diffraction or scattering char-
acterization), which should provide a qualitative description of structure, although
there may be shortcomings in quantifying the various morphological parameters
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FIGURE 2.3 Relevant parameters needed to describe the morphology of a polymer/
layered-silicate nanocomposite. Layer parameters: layer thickness (H ), lateral contour
size (2R′), and corresponding projected lateral size (2R). Layer stack parameters: distri-
bution of layer–layer distances within a stack (d001: d1, d2, d3), distortion in d (�d), and
mean number of layers per stack (N). Distribution of stacks parameters: mean particle–
particle distance between center of mass of stacks (I ), relative particle–particle orien-
tation [φ( 	ni, 	nk)], and fraction of layer stacks consisting only of individual layers (χ).
(Adapted from Ref. 68.)

(due to the local-only observation of morphologies, even by numerous TEM
images).

2.3 EFFECTS OF NANOFILLERS ON MATERIAL PROPERTIES

2.3.1 Effects on Polymer Crystallization

2.3.1.1 Polymer-Specific Effects It is expected that the incorporation of nano-
particles in a semicrystalline polymer matrix would substantially affect the crys-
tallization behavior of the polymer. Depending on polymer–filler interactions,
three types of behavior can develop.

(a) Development of New Crystal Structures Where strong specific interactions
exist between a filler and a polymer, a new crystal structure can develop in
the vicinity of the filler, which is often not the same as the crystal struc-
ture of the unfilled polymer under normal crystallization conditions. The best
example of such behavior is the case of polyamide-6/montmorillonite nanocom-
posites, in which the γ -crystal phase of polyamide is promoted next to the
fillers.42 – 44 This behavior originates from the strong hydrogen bonding of the
amide groups with the silicate (SiOx) surfaces, and is, for the same reason,
also observed in poly(vinyl alcohol)/MMT nanocomposites.39,71 A less frequent
case, where new crystal structures are promoted by nanoscale fillers, also exists
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for polymers that develop nonbulk crystal phases when the polymer chains are
aligned parallel to the filler’s solid surfaces; two examples of such nanocompos-
ites are polyvinyldene fluoride (PVDF)72 and syndiotactic polystyrene (sPS).73

In all cases where the inorganic surfaces promote growth of a different crystal
phase, the nanocomposite mechanical and thermal properties can be enhanced
through this mechanism when the surface-nucleated crystalline phase has bet-
ter mechanical and thermal characteristics than those of the bulk crystal phase.
Fillers with a large surface area maximize these filler-induced enhancements of
the material properties; a dramatic manifestation of such a response is found in
polyamide-6/montmorillonite nanocomposites.

(b) Polymer Amorphized by Filler In very few cases, such as poly(ethylene
oxide) (PEO)/Na+ –montmorillonite nanocomposites, the polymer–Na+ interac-
tions are favorable to mixing but not conducive to crystallinity.74 Specifically,
the crystallization of PEO nanocomposites based on alkali-cation bearing fillers
is found to be inhibited, exhibiting a decrease in spherulite growth rate and crys-
tallization temperature. Although the overall crystallization rate increases with
silicate loading as a result of the extra nucleation sites that occur in the bulk
PEO matrix (i.e., far from the silicate surfaces), PEO is highly amorphized near
the montmorillonite surfaces. This behavior is attributed to the specific way that
PEO interacts with Na+ montmorillonite, where strong coordination of PEO to the
surface Na+ cations promotes noncrystalline (ether crown) PEO conformations.

(c) Heterogeneous Nucleation by Fillers For the vast majority of polymers, the
effect of nanofillers on polymer crystallization relates only to crystal nucleation
by the fillers (which typically increases proportionally to the number of individ-
ual filler clusters) and to changes in the kinetics of crystallization (which are
typically characterized by a two- to fourfold decrease in the linear growth rate
of crystallization). In these cases, and for filler loading below ca. 10 wt%, the
equilibrium melting temperature (T 0

m) is not affected by the nanocomposite for-
mation. For example, as shown in Figure 2.4, the T 0

m of PP-g-MA, PET, and
PEO nanocomposites and the respective bulk polymers were estimated based on
Hoffman–Weeks plots, and it is shown that moderate (below 10 wt%) MMT
addition does not change the T 0

m value [T 0
m(PP-g-MA) = 183.8◦C, T 0

m(PET) =
260.1◦C, T 0

m(PEO) = 69.7◦C]. These results are consistent with the literature
reported earlier8 and make it possible to compare the crystallization kinetics of
neat polymers and their nanocomposites at the same isothermal crystallization
temperature. To further elucidate the effect of MMT on the crystallization kinet-
ics of these polymers, isothermal crystallization measurements can be carried
out with differential scanning calorimetry (DSC) and complemented by direct
imaging of the crystallites [cross-polarization optical microscopy and atomic
force microscopy (AFM)] for systems crystallized under the same conditions
(Figure 2.4). Initially (crystals grow in three dimensions and the crystallites have
not yet impinged), crystallization kinetics can be expressed as

V c
f = 4

3
πρnG

3
Rt3 (2.7)
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FIGURE 2.4 (Left) Hoffman–Weeks plots of neat polymers and their nanocomposites;
the T 0

M of the polymers is not affected by the nanocomposite formation. (Right) Half-time
of crystallization for the same neat polymers and their nanocomposites; the overall crys-
tallization rate is reduced for PET and PEO upon incorporation of an inorganic nanofiller,
and is not affected for PP-g-MA. When accounting for changes in the nuclei density with
filler incorporation, the linear growth rates GR are slowed down in all systems shown.
For both panels: PP-g-MA (top), PET (middle), PEO (bottom).
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where V c
f is the total crystal volume (crystallinity), ρn the nuclei density, GR

the linear crystal growth rate, and t the crystallization time. When V c
f is 0.5,

the corresponding crystallization time t is defined as the half-time of crystal-
lization (t1/2) and denotes the time necessary to reach 50% of the total enthalpy
of crystallization under isothermal differential scanning calorimetry conditions
(Figure 2.4). When the nuclei density, ρn, is measured by cross-polarized opti-
cal microscopy and/or AFM, the crystal linear growth rate can be estimated.
The half-times of crystallization for neat polymers and their nanocomposites is
shown in Figure 2.4 for various isothermal crystallization temperatures (Tiso). As
expected, the overall crystallization rate increases with clay or filler addition, as
denoted by the decrease in t1/2 upon the addition of nanofillers (this effect is
rather small for PP-g-MA). However, accounting for the nuclei density increase
in the nanocomposites (for PP-g-MA, the ρn increased ca. six- to eightfold at 5 to
10 wt% o-MMT content; for PET, more than 500-fold at 3 to 6 wt% o-MMT; and
for PEO, 20- to 50-fold for 5 to 10 wt% MMT), linear crystal growth is slowed
down due to the introduction of clay across all systems. Despite the qualitative
differences between PEO, PP, and PET crystallization when reinforced by MMT,
and despite the quantitative differences in t1/2, when the increase in nuclei den-
sity is accounted for, all systems show a GR decrease of 0.25 to 0.5 upon MMT
addition (for PP the nanocomposite GR value is 0.5 of the bulk polymer value,
for PET it is 0.25, and for PEO it is 0.33 of the respective bulk polymers). This
agreement between such different systems strongly indicates that the geomet-
ric constraints associated with the dispersion of MMT fillers is determining the
effect (decrease) on the linear crystal growth rate in these systems rather than the
polymer–MMT interactions. In the latter case, one would expect a qualitatively
different effect in PET and PP compared to PEO, and also substantial quantitative
differences between PET and PP. All these effects manifest themselves in dif-
ferential scanning calorimetry studies, especially when the behavior of the neat
(i.e., unfilled) polymer is compared against that of the respective nanocomposite
(Figure 2.5).

2.3.1.2 General Effects Across Polymers Despite the variety of the nanofiller
effects on polymer crystallinity, which originate from the various polymer–filler
interactions, there also exist important common effects on the crystallinity due to
the nanocomposite structure. The most important of these general effects is proba-
bly a general reduction in the size of the polymer crystallites upon nanocomposite
formation. For example, in Figure 2.6 we compare the spherulites observed for
unfilled polymers and their respective 3 wt% montmorillonite nanocomposites.
Independent of how the fillers affect the nucleation and/or kinetics of crystal-
lization, there is in all cases a substantial decrease in the spherulitic size. This
behavior originates from the discontinuity of space caused by the inorganic fillers,
which forces spherulites to have sizes comparable with the filler–filler separation,
independent of the bulk polymer spherulite size. This effect is also independent of
whether crystallization in the nanocomposite is nucleated homogeneously (PEO)
or heterogeneously (PP, sPS), and of whether the fillers hinder crystallization
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FIGURE 2.5 Differential scanning calorimetry comparison of unfilled polymers and
their respective nanocomposites with montmorillonite layered silicates. (Top) Heating DSC
scans: The crystalline melting point is markedly unaffected by the addition of fillers since
the polymer crystal structure (e.g., the crystal unit cell) is not affected by the filler. A
notable exception are those polymers where a new crystal structure is promoted near the
filler surface, such as PVA, syndiotactic-PS, and polyamide (not shown here). (Bottom)
Cooling DSC scans: The crystallization point is strongly affected by the fillers, bearing
traces of heterogeneous nucleation (PP, sPS, PVA), crystallization of new crystal structures
(PVA), or hindering of crystallization near a filler (PEO).

(PEO), promote new crystal structures (sPS), or simply act as heterogeneous
nucleating agents (PP).

2.3.1.3 Effects of One-Dimensional Nanofillers Like layered-inorganic fil-
lers, carbon nanotubes influence polymer crystallization when incorporated as
filler in the polymer matrix; however, these effects do not have as wide a variety
as the layered silicates discussed above. In the vast majority of reports, carbon
nanotubes act simply as heterogeneous nucleating agents in crystallizable polymer
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100µm

FIGURE 2.6 Comparison of cross-polarized optical microscopy pictures of unfilled
polymers (top) and their respective nanocomposites (bottom) with 3 wt% of montmo-
rillonite fillers; PEO (left), PP-g-MA (middle), and sPS (right).

systems.11,56,64,75 – 78 For example, polypropylene crystallization in the presence of
nanotubes shows increased crystallization temperature and rate of crystallization
with the introduction of varying concentrations of nanotubes,79,80 with no change
in the crystalline structure or the melting point. Furthermore, the PP crystallite
size decreases in the presence of nanotubes,64,75,76 in agreement with the general
behavior observed in polymer/layered-inorganic nanocomposites.

When nanotubes interact strongly with the host polymer, as for example with
conjugated and ferroelectric polymers, polymer crystallization is altered, develop-
ing higher-order structures and increased degrees of crystallinity.79,80 However,
the crystallization effects discussed above for layered silicates due to polymer
coordination with alkali cations (for PEO) and due to extensive hydrogen bond-
ing (for amides) are, as expected, absent in nanotube-reinforced nanocomposites.
Namely, PEO does not have any amorphous regions near nanotubes, and it
follows bulklike crystallization, with the overall percent crystallinity, crystal-
lization point, and melting point remaining unaffected, even at loadings of 7
wt% nanotubes.81 Similarly, polyamide-6 and polyamide-12 matrices reinforced
with nanotubes exhibit crystallization similar to that of the unfilled polymer.78,82

Finally, the one-dimensional geometry of nanotubes provides exciting oppor-
tunities for controlled nucleation and growth of single crystals along individual
fibers, as for example with polyamide-6,6 and polyethylene crystallized from
solution, allowing for control of crystallite periodicity and molecular-level archi-
tecture.83 This unique capability of nanotubes can conceivably lead to special
types of “functionalization” of individual nanotubes, which can be exploited to
improve interactions (see our discussion of better interfacial coupling) and control
dispersion in selected polymer matrices.
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2.3.2 Effects on Mechanical Properties

Most polymer–clay nanocomposite studies report tensile properties as a function
of MMT content (φMMT). As a typical example, in Figure 2.7 we compare tensile
moduli from various studies of neat PP/o-MMT and MA-functionalized–PP/o-
MMT nanocomposites. The characteristic behavior for polymer/layered-inorganic
nanocomposite materials6,8 is observed: Namely, there is a sharp increase in
Young’s modulus for very small inorganic loadings (φo−MMT <4 wt%), followed
by a much slower increase beyond φo−MMT � 5 wt%. With increasing φMMT,
the yield stress does not change markedly compared to the neat-polymer value,
and there is only a small decrease in the maximum strain at break. PP systems
filled conventionally (i.e., no nanometer-level dispersion) by the same fillers
(e.g., 2C18–MMT) do not exhibit as large increases in their tensile modulus
(Figure 2.7a).
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FIGURE 2.7 Tensile moduli (relative to bulk value) for various PP–MMT nanocom-
posites. (a) neat-PP hybrids: with f-MMT (�49), C18–MMT (
35), and 2C18–MMT
(Ž49). In the absence of favorable thermodynamics, the dispersion and thus the mechanical
properties are a strong function of the processing conditions. (b) PP-g-MA/2C18–MMT
melt-processed nanocomposite (�49) and PP hybrids formed via various PP-g-MA pre-
treated o-MMT master batches: C18–MMT (�34) and C18–MMT (Ž, �35). Given the
well-defined thermodynamics of mixing, there is a small variation of dispersion and
mechanical properties across different systems and various research groups. Slight changes
in the thermodynamics [e.g. when a different surfactant is employed C8–MMT (
, �35)]
result in moduli changes. (Adapted from Ref. 49, copyright  2001, American Chemical
Society, with permission.)
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This mechanical reinforcement is expected and not too exciting at first glance,
especially considering that the montmorillonite filler platelets have a very high
intrinsic stiffness (tensile modulus of 140 to 180 GPa). However, there are some
points that can be made: The tensile results obtained from thermodynamically
stable hybrids are not affected by processing conditions (since the nanocompos-
ite structure remains the same), whereas in the absence of favorable PP/o-MMT
thermodynamics, the structure and tensile properties vary strongly with the pro-
cessing conditions (Figure 2.7b). Similar improvements in mechanical properties
can also be achieved by other layered particulate fillers; however, much higher
filler loadings are required (e.g., by loading 30 to 60 wt% of talc or mica 14),
since such particles are not well dispersed and the effective filler surface area is
orders of magnitude smaller. Finally, for PP/o-MMT, the relative improvement
in the moduli compared to the unfilled polymer is rather small (barely reaching
60% for PP and 100% for PP-g-MA), whereas in other systems, such as elas-
tomers or polyethylene, improvements of 400 to 1200% in the Young’s modulus
can be achieved by the same o-MMT fillers. The origin of this behavior is traced
to two effects:

1. The relatively poor interaction of polyolefins with o-MMT [cf. eq. (2.6);
interfacial adhesion energy of ∼83 mJ/m2; see also Sec. 11.2 in
Israelachvili32]. As the polymer–inorganic adhesion is improved (e.g., when
MA functional groups are added to the polymer), the stresses are much more
effectively transferred from the polymer matrix to the inorganic filler, and
thus a higher increase in Young’s modulus is achieved (Figure 2.7b).

2. The relatively high modulus of the original polymer (for the PP reported,
0.6 to 1.3 GPa). The latter effect becomes clearer when this behavior is
contrasted with nanocomposites formed by the same filler in a “softer”
matrix, such as elastomers or PEs that have tensile moduli in the range 0.1
to 0.3 GPa.

As further evidence of the last two points, we also show the tensile moduli
of polyamide–MMT systems (Figure 2.8a), where substantial improvements in
mechanical properties can be achieved, despite the relatively high stiffness of the
polymer matrix, due to the very effective stress transfer from the polymer to the
filler, mediated by strong hydrogen bonding. In the case of polyamide-6/MMT
nanocomposites, independent of the original polyamide-6 matrix characteristics
and of whether the hybrids were formed by in situ polymerization or melt
blending,17,18,42 – 44,84 there seems to be considerable agreement on the enhance-
ment achieved in the tensile modulus that spans research groups, methods, and
materials. We postulate that due to the strong interfacial adhesion (i.e., every
amide group of the polymer can hydrogen bond to the silicate surface), the
interfacial strength and maximum interfacial shear stress are dictated by the
polymer–MMT interactions and overwhelm all other parameters that relate to
processing and dispersion, polymer matrix characteristics, and/or stiffness of the
filler.
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FIGURE 2.8 Tensile moduli (relative to bulk value) for various nanocomposites: (a)
polyamide-6/MMT nanocomposites,84 with low-, medium-, and high- molecular weight
polyamide-6 matrix, as an example of high improvement in mechanical properties due
to effective stress transfer from polymer to filler; (b) polyurethane and polyurethane
copolymers/MMT nanocomposites, as an example of high improvement in mechanical
properties due to a “soft” original polymer (�85, 
40, Ž �41.)

2.3.2.1 Theoretical Insights in to Mechanical Properties Even from the very
brief discussion above, it becomes obvious that a priori prediction of the mechan-
ical properties of polymer–inorganic nanocomposites is rather involved, and to
date the design of such nanocomposites is based mostly on Edisonian approaches.
Theoretical models developed for the prediction of mechanical properties of
conventional composites, such as the Halpin–Tsai86 and Mori–Tanaka87 mod-
els, fail in their “straightforward” application to nanocomposite systems. There
are numerous physical phenomena that need to be included in such models so
as to better describe the mechanical behavior of polymer–matrix nanocompos-
ite materials. Again drawing examples from polymer/layered-silicate nanocom-
posites, recent theoretical models have been developed that attempt to capture
the behavior of these materials by accounting for the high aspect ratio of the
fillers: for example, an effort88 that modifies the Halpin–Tsai model to account
for the buckling of filler platelets, incomplete dispersion, and nonbiaxial in-
plane filler orientation; despite its additional complexity and improvements, this
modified Halpin–Tsai model does not seem to be highly successful in predict-
ing the mechanical properties of polymer/layered-silicate nanocomposites for
a wide range of polymer matrices.88 The main shortcoming in the previous
approach is attributed89 to the insufficient modeling of a “constrained region”
of polymeric material surrounding the nanoscopic filler; this interfacial poly-
mer is expected to differ in properties and morphology from the bulk polymer
matrix, as has been observed experimentally. However, accounting for such a
constrained region, as for example by introducing appropriate modifications89,90

in the Mori–Tanaka model, still has a limited predictive power when applied
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across various polymer matrices and necessitates adjustment of the model’s
parameters for each nanocomposite system.90 Even in the most focused approach,
when a mechanical model is developed to describe a single polymer–inorganic
nanocomposite91 —while accounting for the imperfect interfacial coupling and
the effective aspect ratio and filler volume fraction due to varied dispersion with
filler loading—such a model necessitates calculation of an interfacial strength
parameter (in this case an interfacial shear stress, which was calculated91 to be
2 to 8 MPa for a poly(dimethyl siloxane) (PDMS)/MMT system).

Despite any shortcomings and approximations, these theoretical endeavors
offer valuable insights in important design parameters for the mechanical perfor-
mance of polymer nanocomposites. Specifically:

ž Mechanical properties are determined by the effective filler aspect ratio and
effective filler volume fraction when incomplete dispersion is accounted
for88,91 (rather than on the absolute filler loading and the aspect ratio of
the individual fillers).

ž Filler-specific mechanisms of deformation and fracture can have a consid-
erable contribution to the mechanical properties of the nanocomposite.88

ž The correct enumeration of the interfacial strength is crucial for correct esti-
mation of the composite’s mechanical properties,91,90 and its small value
compared to the modulus of the filler can dramatically limit a filler’s rein-
forcing effectiveness.

In particular for the last item, interfacial strength at the polymer–filler inter-
face can be experimentally measured directly in very few cases; for example,
carbon nanotubes have been pulled out from a polymer [poly(ethylene–butene)]
matrix by AFM, yielding interfacial strengths 92,93 of 10 to 90 MPa, depending on
the nanotube radius. These experimental interfacial strength values correlate well
with interfacial forces calculations, 30 such as those described earlier [eq. (2.6)].
Thus, one may expect that the same approach used for predicting miscibility of
polymers and layered fillers may be helpful in estimating the polymer–filler inter-
facial strength. Given the continuum character and the assumptions behind such
calculations, and the very approximate numbers available for the surface tension
components of the materials involved, this approach can only provide a first-order
estimation of the interfacial strength for polymer and various nanofillers. Albeit
its uncertainty, this theoretical value of the polymer–filler interfacial strength may
be an important design element for the mechanical properties of nanocomposites,
especially since it is very difficult to envision approaches able to determine this
interfacial strength experimentally.

Some examples of the application of eq. (2.6) for polymer/layered-inorganic
nanocomposites could be:

ž For polypropylene–montmorillonite interfaces, ignoring all necessary
functionalizations for PP would yield an interfacial adhesive energy of
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∼83 mJ/m2, corresponding to an interfacial strength of ∼10 MPa (cf. 3
to 7 MPa from tensile measurements49).

ž For PDMS–montmorillonite, the same approach yields an interfacial energy
of ∼91 mJ/m2 or an interfacial strength of ∼11 MPa (cf. 2 to 8 MPa from
theoretical models91).

ž For polyamide–montmorillonite nanocomposites, and ignoring all
crystalline-phase changes that may be caused by silicate fillers,42 – 44 an
adhesive interfacial adhesion of ∼107 mJ/m2, corresponding to an interfacial
strength of ∼14 MPa.

ž For carbon nanotube–polypropylene yields an interfacial energy of
∼49 mJ/m2 (cf. 47 mJ/m2 from AFM experiments 92) or an interfacial
strength∗ of ∼6.2 MPa (cf. 20 to 40 MPa from multiwalled nanotubes,93

and 2 MPa from computer simulations94).

To the extent that they are valid, the observations above bear significant impli-
cations for the possibilities of mechanical property improvements via nanocom-
posite formation. Specifically:

1. Given the nature of a polymer (i.e., γ LW and γ ±), the maximum mechanical
reinforcement by a completely dispersed nanofiller will be limited by the
polymer–filler interfacial strength. For example, in the case of PE and PP
(γ LW � 26 mJ/m2 and γ ± = 0) and layered silicates, there would be a
common limit of about 2 to 4 GPa for the maximum tensile modulus that
can be achieved through nanocomposite formation. This is in agreement with
experimental studies for these systems, which show a similar absolute value
for the maximum tensile modulus obtained by PE and PP [albeit reflected in
much bigger relative improvements of 400 to 1200% for the softer LDPE,
compared to 60 to 100% for the stiffer i-PP (Figure 2.7)].

2. The addition of a small number of functional groups (e.g. addition of maleic
anhydride groups in PP) would increase the interfacial adhesion only mod-
erately, and would similarly increase the tensile moduli only moderately
(Figure 2.7b).

3. The addition of large numbers of strongly interacting (with the filler) groups
along the chain, such as hydrogen-bonding groups densely across the poly-
mer backbone, would result in larger relative improvements in mechanical
properties (Figure 2.8), but still below the upper limits set by the interfa-
cial adhesions calculated. (The use of polyamide-6 as an example in this
case is questionable, given the promotion of the γ -phase crystal for the

∗Equation (2.6) is independent of geometry; however when estimating interfacial strength, the filler
geometry (i.e., contact geometry) must be considered (see, e.g., Sec. 11.1 in Israelachvili 32 or Sec.
VI.1 in Van Oss29). The value provided for the nanotube–polyethylene here (6.2 MPa) is based
on the interaction of two semi-infinite flat surfaces. Calculation for a cylinder in contact with a
semi-infinite flat surface yields an interfacial strength of 4.6 MPa, whereas the interaction between
a cylinder emerged in a polymer should be somewhere between these two values.
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nanocomposites42 – 44; however, the favorable comparison of polyamide-6
behavior with the behavior of urethane–urea systems may a posteriori jus-
tify this choice.)

4. Finally, although chemical bonding of the polymer to the filler may seem
the ultimate route to reinforce the polymer–filler interface, if such covalent
bonds are not introduced densely across the length of the polymer, they will
result in only a limited interfacial reinforcement and a respectively moderate
improvement in the mechanical properties. This has been shown in cross-
linked systems with reactive (via the cross-linking groups) dispersion of
silicate layered fillers.95

2.3.3 Effects on Barrier Properties

The permeability of small penetrant molecules through an organic matrix is deter-
mined by the solubility and diffusivity of the small molecule in the matrix as
well as by the mean-square displacement (total path length traveled) divided by
the sample thickness. In principle, the addition of a filler in the polymer matrix
is expected to affect the solubility and diffusivity of a penetrant molecule, espe-
cially in the vicinity of the filler (i.e., in the filler–polymer interfacial region
and at least one polymer Rg away from the filler surface). Also, it is expected
that fillers will affect the path tortuosity (mean-square displacement of pene-
trant versus film thickness) directly, when penetrants are forced to travel around
impermeable fillers, and indirectly, when fillers induce polymer chain alignment
or alignment and modification of polymer crystallites.∗

Theoretical approaches on the barrier properties of nanocomposites treat fillers
as impermeable nonoverlapping particles and assume no permeability changes in
the polymer matrix.97 – 100 Effectively, this means that the permeability of the
composite will be smaller than the permeability of the matrix (unfilled polymer)
by a factor equal to path tortuosity in the composite (simply assuming that the
penetrant path cannot cross any filler particles). This path tortuosity was cal-
culated by Nielsen97 for completely aligned filler particles (all fillers have their
larger surface parallel to the film surfaces, but there is no order in the filler center
of mass), and its contribution to the composite permeability was derived to be

Pcomp

Ppoly
= 1 − φ

1 + aφ
(2.8)

with a being the filler aspect ratio (for square fillers of length/width L and
thickness W, a = L/2W ) and φ the volume fraction of the filler. Bharadwaj100

∗The first mechanism, associated with chain alignment and the related diffusive anisotropy of a small
molecule within aligned chains, has a relatively weak effect on permeability,96 whereas the second
mechanism, associated with crystallite alignment and changes in the crystal morphologies, causes
rather strong changes in permeability and is commonly employed in strain-hardened semicrystalline
polymers for barrier applications.
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has modified this equation to account for nonaligned fillers by introducing an
order parameter S for the filler orientation:

Pcomp

Ppoly
= 1 − φ

1 + aφ 2
3 (S + 1

2 )
with S = 1

2
〈3 cos2θ − 1〉 =




1 || surface
0 random

− 1
2 ⊥ surface

(2.9)

which reduces to Nielsen’s equation for perfectly aligned fillers (S = 1). In
a more detailed approach, Friedrickson and Bicerano99 derived the same path
tortuosity effects for circular fillers (radius R and thickness 2W ) and an aspect
ratio a = R/2W :

Pcomp

Ppoly
= 1

4

(
1

1 + aφβ1
+ 1

1 + aφβ2

)2

with

{
β1 = (π/ ln a)(2 − √

2)/4
β2 = (π/ ln a)(2 + √

2)/4
(2.10)

which can cover a wider φ range, from dilute to semidilute, than the modified
Nielsen and modified Cussler–Aris relations (as presented in the same work,99

modified to address circular fillers):

Pcomp

Ppoly
= 1

1 + aφπ/ ln a

(
modified
Nielsen

)
,

1

1 + [aφπ/(4 ln a)]2

(
modified

Cussler–Aris

)

(2.11)

Nevertheless, eq. (2.10) generally gives results similar to those using the Nielsen
approach [eq. (2.8)], when a geometric correction of

√
π /2 is applied to the

filler aspect ratio (i.e., comparing equal area fillers, square for Nielsen and cir-
cular for Friedrickson–Bicerano). A comparison of the theoretical models is
illustrated in Figure 2.9. Given that all models (except the Cussler–Aris) give
similar behavior for the range of parameters relevant to polymer/layered-inorganic
nanocomposites (10< a <1000 and φ ≤ 15 vol%), we henceforth use the much
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simpler Nielsen model, including the addition of the orientation term [eqs. (2.8)
and (2.9)]. According to this model, the obvious expectations can be quantified:
higher aspect ratio fillers provide substantial lower permeabilities for a given
filler volume fraction (Figure 2.10a), and aligned fillers are more effective barri-
ers for a given aspect ratio and filler loading (Figure 2.10c). Additionally, some
not-so-obvious conclusions can also be drawn:

ž Beyond the filler aspect ratio, the composite permeability is also controlled
by the filler volume fraction and/or by filler alignment [e.g., eq. (2.9)]:
Thus, low aspect ratio fillers can be as effective as higher aspect ratio
fillers, although at slightly higher loadings. For example, for aligned fillers
(Figure 2.10a), a completely exfoliated montmorillonite (a = 500) at φ �
2 vol% has comparable permeability with a partially exfoliated montmoril-
lonite (a = 200) at φ � 3%, or a mostly intercalated montmorillonite (a =
100) at φ � 5%. This observation has important implications in designing a
barrier nanocomposite: For the same example, instead of completely exfoli-
ating a given filler, a task that is usually difficult to achieve, the same filler
in a partially exfoliated or mostly intercalated morphology could achieve
the same barrier performance at slightly higher filler loadings.

ž Perfectly aligned fillers result in similar permeabilities with randomly ori-
ented fillers of higher aspect ratio and/or at higher loading. For example
(Figure 2.10b), for an a = 300 filler, perfect alignment at φ = 1.5% results
in the same barrier performance as that of the same filler when randomly
oriented at φ � 4.3%; and for an a = 500 filler, perfect alignment at 1.5
vol% is comparable in permeability with a 4.5 vol% composite with random
filler orientation. Along the same lines, a perfectly aligned filler nanocom-
posite with a = 300 at φ = 1% has similar barrier performance as a = 500
at 2%. This observation also provides important guidance on how to avoid
the difficult task of perfectly aligning the fillers parallel to the film surface
(Figure 2.10c).

ž The effect of filler orientation on permeability decreases in importance with a
higher filler aspect ratio (Figure 2.10c). For example, permeability improve-
ment for a = 1000 is only 5% better with perfect alignment (S = 1) than
with a random orientation (S = 0), and for a = 500 this difference is about
10%.

Additionally, the favorable comparison of these theoretical predictions with
experimental data (Figure 2.10d) gives some credibility to the conclusions above.
In Figure 2.10d we plot experimental water vapor permeabilities of various sol-
vent cast nanocomposite films. The experimental behavior follows closely the
theoretical trend and is enclosed between the response of exfoliated systems
(especially for low filler loadings) and that of intercalated systems (for mod-
erate and higher loadings). This reflects the same effective filler aspect ratio
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discussed before in relation to mechanical properties. This agreement persists
for all systems that have good filler dispersion (as achieved by solvent cast-
ing) and disappears for the same polymer and filler when dispersion is poor
(cf. PDMS/dimethyldialkyl–montmorillonite with intercalated versus exfoliated
composite structures). Finally, this agreement is rather independent of poly-
mer and filler hydrophillicity, ranging from very hydrophillic poly(vinyl alco-
hol) reinforced by Na+-montmorillonite, to moderate poly(urethane-co-ureas)
to rather hydrophobic poly(dimethyl siloxane) and dialkyl-modified montmoril-
lonite. This agreement is also independent of polymer crystallinity: ranging from
semicrystalline poly(vinyl alcohol) with filler-induced crystallinity effects, to
segmented semicrystalline poly(urethane-co-ureas), to amorphous poly(dimethyl
siloxane). Thus, it seems that the path tortuosity effects may in fact overwhelm
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other important parameters (such as permeant solubility changes∗ and polymer
crystallinity effects) when it comes to predicting permeability changes upon
nanocomposite formation.

2.4 FUTURE OUTLOOK

Nanocomposites, in the sense of hybrid materials with novel properties beyond
the realm of unfilled polymers and conventional composites, bear high promise
for enabling new uses and applications of polymer materials. In the simplest
approach, they can expand the window of applications of a given polymer,
and in the best case they can enable the use of polymer–matrix composites
in applications where metal or ceramic materials are currently used. One of
the first untapped challenges in the field is to go beyond the simple dispersion
of fillers and move toward the development of methods to create well-defined
three-dimensional morphologies of nanofillers: morphologies that contain highly
aligned fillers, house-of-cards structures, edge-connected (starlike) formations,
and alternating two- and one-dimensional fillers.

The highest benefit of the hybrid character of nanocomposites comes from
overcoming the property trade-offs associated with conventional composites: For
example, nanocomposites can improve stiffness without sacrificing toughness,
can enhance barrier properties without sacrificing transparency, can bestow flame
retardancy without sacrificing mechanical properties, and can enhance mechani-
cal performance and biodegradability simultaneously. When such behaviors are
enhanced synergistically with effects from other additives or fillers, they can
effectively push the envelope of the current state of the art. Such approaches will
develop particularly exciting systems where synergistic combinations of multiple
nano- and macrofillers are properly combined in a multifiller composite material.

Although it currently engages an overwhelming number of research groups,
the field desperately needs well-designed scientifically-based studies to explore
the fundamentals of these materials. Since barriers to entering the field are really
low (no need for special equipment or expensive materials; studies can be pub-
lished even when reproducing results from previous works or making minor
incremental advances), the temptation is high to simply mix polymers with
off-the-shelf nanofillers and just report x-ray diffraction and mechanical measure-
ments. The real potential of these materials will remain untapped, however, until
the nanoscale mechanisms responsible for macroscopic properties are unveiled
and are further exploited to make radically new materials. New horizons need
to be explored, especially outside the “comfort zone” of traditional polymer or
materials scientists. If one considers the numerous examples of biological organic
and inorganic nanostructures with unparalleled performances and combinations

∗We should point out that barrier or permeability properties relate to the rate of permeant molecule
diffusion through a polymer or nanocomposite material and cannot be extended to make predictions
for ultimate water uptake or more general solvent uptake. If water or solvent uptake is of inter-
est, an independent experiment is required, and for this property, the changes in solubility upon
nanocomposite formation are the determining factor.
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of properties that transcend any synthetic material, one can only start to imagine
the limitless possibilities of this field.
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FLAME RETARDANT MECHANISM
OF POLYMER– CLAY
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3.1 INTRODUCTION

For more than a decade potential environmental problems associated with organo-
bromine flame retardant systems have motivated the search for non-halogen-based
approaches to reduce polymer flammability. Initially, research focused on devel-
opment of new phosphorus-based flame retardants, and numerous publications
and patents have been issued in this area.1 – 8 Similarly motivated research has
also produced nonhalogen flame retardant approaches based on other elements,
such as boron9 and silicon.10 At the same time, work on the use of additives, or
fillers, with nanometer-scale primary particle sizes, produced polymer nanocom-
posites. These materials exhibit enhancement in a variety of physical properties
at one-tenth the loading required when micrometer-size additives are used.11

∗This work was carried out by the National Institute of Standards and Technology (NIST), an
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publications, and to provide statements of uncertainty for all original measurements. In this document,
however, data from organizations outside NIST are shown, which may include measurements in
nonmetric units or measurements without uncertainty statements.
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Activity at the intersection of these two fields has produced a new class of flame
retardants based on nanocomposites.

3.1.1 Initial Discoveries

In this section we briefly review the initial development of clay nanocomposites
and present initial work on their flammability properties. In the next section
we review several studies aimed at determining the flame retardant mecha-
nism of polymer–clay nanocomposites. This is not intended as an exhaustive
review of all nanocomposite flammability research; instead, an attempt is made
to present an objective view of the mechanism proposed for how clay nanocom-
posites reduce polymer flammability, based on data from NIST and other research
groups.

The study of polymers combined with layered silicates at the nanoscale to
form nanocomposites appears to have begun in the late 1940s with a patent
application by Carter et al.12 in 1947, and again in the early 1960s with patents
from Nahin and Backlund.13 Publication of papers from Blumstein,14 Dekking,15

and Freidlander16 also appeared during this period. The later papers focused on
in situ polymerization of vinyl monomers in the gallery between montmorillonite
lamella. Most of this early work involved intercalated polymer–clay nanocom-
posites comprised of much higher loadings of clay (50% mass fraction) than are
used today in nanocomposites (5% mass fraction). However, they opened the
door on a new field of study, which shows no signs of diminishing.17

Polymer–clay nanocomposites with lower loadings (1 to 10% mass fraction)
characterize the types of materials that are the focus of more recent studies, such
as those disclosed in initial patents from General Motors (GM),18 Imperial Chem-
ical Industries (ICI),19 and DuPont20 in the 1970s and mid-1980s. The GM patent
primarily claims the use of clays as substitutes for antimony oxides, while the ICI
patent teaches the use of “delaminated vermiculite” to impart self-extinguishing
and charring properties to expanded polystyrene beads. The DuPont patents also
discuss the flame retardant properties of polymer–clay nanocomposites, but only
as antidrip additives to formulations heavily filled with conventional flame retar-
dants. The inventors note an increase in char formation, but they attribute this
to the polyester. Kamigato and co-workers at Toyota also filed patents as early
as 1981 on the in situ polymerization of styrene, isoprene, vinyl acetate, and
caprolactam.21 One claim in the patent is that clay-rich polymer composites are
flame retardant, but no data are provided. A similar unsupported statement appears
in a 1976 Japanese patent application from Unitika.22 Although some of these
patents show that organoclays enable self-extinguishing properties, or a V-0 rat-
ing in the UL-94 test, and that they may pass other fire tests, such as the UL-910
Steiner tunnel test, no other study of char-forming flame retardant properties of
nanocomposites appeared in the literature until the mid-1990s.

Groups at NIST and Cornell both reported that nanocomposites alone,
with no other flame retardant, reduced the parent polymer’s flammability
and enhanced char formation. Giannelis et al.23,24 found self-extinguishing
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properties for polycaprolactone (PCL) and aliphatic–polyetherimide layered-
silicate nanocomposites when the nanocomposites were exposed to small open-
flame tests. Researchers at NIST used cone calorimetry and radiative gasification
to show that polyamide-6 (PA6), polystyrene (PS), and maleated polypropylene
(PP-g-MA) montmorillonite (MMT) nanocomposites had enhanced char
formation and gave up to 75% lower flammability, as measured by the peak
heat release rate or peak mass loss rate.25 – 27 In most cases the carbonaceous
char yield was limited to 2 to 5% mass fraction; consequently, the total heat
release rate (THR) was not affected significantly. In addition, ignition times were
either not improved or sometimes shorter. However, the unique character of this
new approach to flame retardant polymeric materials was the dual benefit of
reduced peak heat release rate and improved physical properties, a combination
not usually found with conventional flame retardants. A significant number of
papers have since been published on this topic, and some have shed light on the
mechanism28 – 42 by which clay nanocomposites have reduced flammability.

3.2 FLAME RETARDANT MECHANISM

3.2.1 Polystyrene Nanocomposites

In 1998 a government and industry consortium carried out a detailed study of
the flame retardant mechanism of polymer–clay nanocomposites.43 A goal of
this consortium was to determine the effects of varying specific parameters on
the flammability properties of polymer–clay nanocomposites and to use this
information to elucidate the flame retardant mechanism. One devise used to study
the flame retardant mechanism of nanocomposites was the radiative gasification
apparatus. The gasification apparatus is used to study condensed-phase pyrolysis
processes under firelike heat fluxes. The use of nitrogen pyrolysis allows the
sample to be viewed during pyrolysis without interference by the flame normally
present during combustion. A diagram of the gasification apparatus is shown in
Figure 3.1. Details of the experimental methods and validation of the correlation
between the mass loss rate (MLR) measured in the gasification apparatus and the
heat release rate (HRR) measured in a cone calorimeter have been published.26,44

The initial results published indicated that a clay-reinforced carbonaceous char
formed during combustion (or pyrolysis) of nanocomposites. This is particularly
significant for systems whose base resin normally produces little, or no, char when
burned alone (PS, PP-g-MA, PA6, and EVA [poly(ethylene-co-vinyl acetate)]).
The char formation in PS clay nanocomposites is easily seen in the images from
nitrogen atmosphere gasification shown in Figure 3.2.

Sonobe and co-workers reported the use of montmorillonite clay as a template
to prepare pregraphitic materials from non-char-forming polymers in 1990.45 – 47 It
is presumably the same confinement and “coking” phenomena that give the addi-
tional carbonaceous char during burning in a variety of polymer–clay nanocom-
posites. It should be noted that although the peak heat release rate is reduced
by 75%, the total HRR is not reduced significantly. Therefore, the carbonaceous
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FIGURE 3.1 Radiative gasification apparatus.

char and clay combine to form an insulator that slows the heat transfer and the
rate at which pyrolysis occurs.

A detailed study of the char formation process in PS clay nanocomposites was
performed by Morgan et al., using the NIST radiative gasification apparatus.48

The gasification apparatus is equipped with a water-cooled shutter which is used
to interrupt the pyrolysis at specific times and consequently, allows preparation
of a series of PS–clay nanocomposite samples with a range of pyrolysis histo-
ries. Mass loss rate data are gathered during the experiment. The mass loss rate
behavior of a material is an excellent guide to predict the heat release rate; MLR
represents the amount of fuel released as a function of time. The more mass
released, the more fuel released, which in turn will lead to heat release upon
combustion with oxygen. Of course, not all mass released is combustible; certain
flame retardants (such as halogens) can release a substantial amount of mass that
is nonflammable. In the case of the polymer–clay nanocomposites, the volatile
pyrolyzed mass is assumed to be completely flammable, since no gas-phase flame
retardants are present in the sample.

Figure 3.3 shows the mass loss rate data for PS, PS with micro-dispersed
sodium-MMT, and PS–MMT (mass fraction 10%) nanocomposite with a
mixed intercalated–delaminated structure [for a transmission electron micrograph
(TEM), see Figure 3.4a]. The times at which samples were exposed to pyrolysis
were 82, 95, 200, 400, and 1150 s. These times correspond to particular events in
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FIGURE 3.2 Images of PS and PS clay nanocomposite [5% mass fraction of organoclay
(MMT)] at three points during the radiative gasification of the samples. This pyrol-
ysis, done in a nitrogen atmosphere, reveals the extensive charring of PS due to the
nano-dispersed clay.

the pyrolyzing and burning behavior of the PS–polymer nanocomposite. The 82 s
sample corresponds to events shortly after ignition. The 95-s sample reflects the
peak MLR, which can be related to the peak heat release rate. The next sample,
collected at 200 s, relates to the start of the plateau of steady burning behavior.
The following sample at 400 s then corresponds to the end of this plateau of
steady burning behavior, beginning to lead toward eventual extinguishment and
exhaustion of mass loss for the sample. The final sample collected at 1150 s
reflects the end of burning behavior and represents a fully combusted sample.

Images of the five pyrolysis samples are shown in Figures 3.5 to 3.9. These
images show that initially the clay–carbonaceous char layer is thin, but as
the pyrolysis times increase, the samples are comprised of a greater fraction
of char until the char dominates the structure in the 400 s and 1150 s sam-
ples. Pyrolysis residues were collected from three regions on each of the five
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FIGURE 3.3 Mass loss rate data for PS, PS with micro-dispersed NaMMT, and a
PS/mass fraction 10% MMT nanocomposite with a mixed intercalated–delaminated struc-
ture. The times at which partially pyrolized samples were exposed to pyrolysis were 82,
95, 200, 400, and 1150 s.

pyrolysis samples: surface, middle, and bottom (see Figure 3.10). These 15 sam-
ples were characterized using x-ray diffraction (XRD) and thermogravimetric
analysis (TGA).

A summary plot of the XRD data [d-spacing (001 peak)] of sample versus
pyrolysis time is shown in Figure 3.11. The XRD data reveal that the pyrolysis
of the PS–clay nanocomposite yields a clay–char whose structure is indepen-
dent of pyrolysis time after some minimum exposure. As the total pyrolysis
time increases, clay–char is formed deeper and deeper into the sample; this is
confirmed by the increasing char thickness observed in Figures 3.5 to 3.9 and
with the XRD data in Figure 3.10. After this initial pyrolysis, the clay–char has
a d-spacing of 1.3 nm. This dense spacing of MMT layers in the clay–char
is confirmed in the TEM of the 1150 s residue sample, shown in Figure 3.4b.
Similar XRD results were reported in initial studies of PS nanocomposite and
PA6 nanocomposite chars25 and in recent work by Kashiwagi et al. on PA6
nanocomposites.30

Morgan48 also performed TGA characterization (shown in Figure 3.12) of the
PS nanocomposite residue samples; these data revealed additional details about
the characteristics of the clay–char. The mean mass fraction loss from the TGA
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(a) (b)

FIGURE 3.4 TEM images of MMT layers in a PS/mass fraction 10% MMT nanocom-
posite (a) before and (b) after pyrolysis.

FIGURE 3.5 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
82 s. The image on the right shows a cross section and has had the surface char partially
removed. (See insert for color representation of figure.)

in air was 28.7 ± 6.2% (σ ), for all four of the longer exposure time samples
(95 s, 200 s, 400 s, and 1150 s). Assuming that the remaining material (mass
fraction 71.3%) is clay and correcting for the higher density of clay relative to
carbonaceous char (2.1 g/cm3 versus 1.0 g/cm3), a 1 : 1 volume ratio of clay to
carbonaceous materials was observed in the clay–char. This agrees qualitatively
with the TEM of the 1150 s residue sample shown in Figure 3.4b.

Comparison of the TGA data in N2 to that in air revealed other information
about the clay–char (Figure 3.12). The mean mass fraction loss from the TGA in
N2, averaged over 95 s, 200 s, 400 s, and 1150 s exposures, is 17.5 ± 6.8% (σ ),
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FIGURE 3.6 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for 95 s.
The image on the right shows a cross section and partial removal of the surface char. (See
insert for color representation of figure.)

FIGURE 3.7 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
200 s. The image on the right shows a cross section and partial removal of the surface
char. (See insert for color representation of figure.)

FIGURE 3.8 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
400 s. The image on the right shows a cross section and partial removal of the surface
char. (See insert for color representation of figure.)
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FIGURE 3.9 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
1150 s. The image on the right shows a cross section and partial removal of the surface
char. (See insert for color representation of figure.)

Surface Char
High Decomposition

Middle Region
Some Decomposition

Bottom Region
No Decomposition

FIGURE 3.10 Three regions (surface, middle, and bottom) of a pyrolysis sample that
were sampled for analysis using XRD and TGA.

considerable less than the 28.7% from the measurement in air. The difference
between these mass losses suggests that there are two types of carbonaceous
materials in the carbon part of the clay–char: a carbonaceous material that can
be gasified by heating in N2, and a second fraction of material which requires
more aggressive conditions, that is, heating in the presence of air, which allows
for oxidative degradation and complete removal of the carbonaceous material.
From the TGA data the mass fraction ratio of these two types of carbon is 1.5 : 1,
with the more stable form of char in the minority.

In summary, the XRD and TGA data revealed that the clay–char formed
during pyrolysis of the PS–MMT nanocomposite has a layered structure with
an invariable 1.3-nm d-spacing (Figure 3.11). The clay–char contains a mass
fraction of 28% carbonaceous material, of two types, which differ primarily in
their thermooxidative stability. Although this char characterization study revealed
little about the mechanistic details of how the clay–char forms, it did result in a
more complete picture of the nature of the clay-reinforced carbonaceous char.

3.2.2 Polypropylene– Clay Nanocomposites

In contrast to the results above for PS–MMT nanocomposite chars from pure
maleic anhydride, grafted PP (PP-g-MA) nanocomposites produce a featureless
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FIGURE 3.11 Clay–char d-spacings versus gasification time and sampling region,
revealing a step decrease in d-spacing, from 3.27 nm (the d-spacing of the PS–AMMT
nanocomposite) to 1.3 nm with increased exposure time. (See insert for color
representation of figure.)
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FIGURE 3.12 Mass fraction (%) loss in TGA (in N2 and air) for surface region
clay–chars at various gasification exposure times. (See insert for color representation
of figure.)

XRD pattern; TEM (Figure 3.13) confirms the disordered structure of clay layers
in the char. The charring process associated with PP–clay nanocomposites was
also studied using the radiative gasification apparatus in the same way as the
PS nanocomposite described previously in this chapter. This research was also
part of the same NIST consortium work mentioned with the PS nanocomposite
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200 nm

FIGURE 3.13 TEM of the combustion char of a PP-g-MA/MMT clay nanocomposite
(4% mass fraction MMT), revealing the disordered structure of the clay in the residue.

(a) (b) (c)

FIGURE 3.14 Digital images of nitrogen gasification residues from three nanocompos-
ites: (a) PP/mass fraction 5% MMT; (b) PP/mass fraction 15% PP-g-MA/mass fraction
2% MMT; (c) PP/mass fraction 15% PP-g-MA/mass fraction 5% MMT.

system. In this case the PP-g-MA was added as a compatibilizer to improve the
exfoliation of the organoclay in the PP. This approach was used successfully by
Toyota researchers to prepare PP–clay nanocomposites with enhanced mechan-
ical properties.49 The nitrogen gasification images in Figure 3.14 illustrate the
effect of adding PP-g-MA (mass fraction 15%) to the PP clay nanocomposites.
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The PP–MMT (mass fraction 5%) (Figure 3.14a) nanocomposite (without PP-
g-MA) had an intercalated structure and produced no black carbonaceous char.
Only the residual MMT remains after pyrolysis in nitrogen. However, both of the
PP nanocomposites that contain PP-g-MA (mass fraction 15%) show extensive
charring, and as the mass fraction of MMT is increased from 2% to 5%, the
quality of the char improves; fewer cracks and a more continuous structure are
observed. It appears that the loading level of MMT and the presence of PP-g-MA
in the formulation is critical to the formation of a carbonaceous char with few
cracks.

On possible hypothesis for this improvement could be due to the improve-
ment in exfoliation brought by the PP-g-MA. However, it is more likely that the
PP-g-MA plays a dual role of improving clay dispersion and forming char dur-
ing polymer combustion. Data that support the theory that PP-g-MA is working
directly with the clay to form the char comes from a related unpublished study
of PP nanocomposite flammability by Manias. In this study, PP copolymers that
contained polar comonomers50 were combined with organoclay; this produced
excellent delaminated structures without the use of PP-g-MA. However, only a
weak reduction in flammability was observed for the resulting PP–clay nanocom-
posites: thus illustrating the important role that PP-g-MA plays, presumably as a
char former, in reducing the flammability of PP–clay nanocomposites.

Additional important mechanistic distinctions associated with nanocompos-
ite flammability have recently been identified by Kashiwagi et al. in a study
of both clay and carbon nanotube (CNT) nanocomposites.30,51 Previous work
using radiative gasification has reported the aggregation of surface char on the
top of polyamide-6/clay nanocomposites during pyrolysis.26 Kashiwagi recently
reinvestigated this process and proposed that the homogeneous coverage of the
surface occurs by a complex dynamic process involving recession of the poly-
mer, surfactant degradation, bubble migration, and bubble bursting.30 In this study
and a similar one on poly(methylmethacrylate) (PMMA)–CNT nanocomposites,
Kashiwagi et al. proposed that a homogeneous distribution of nanoparticles in the
polymer melt during pyrolysis must be maintained. The stability of the disper-
sion is believed to prevent aggregation, or phase separation, of the nanoparticles,
thereby preventing formation of cracks in the residue and promoting continuous
coverage of the surface by residue. Using viscoelastic measurements, they found
that the production of a continuous char residue was correlated directly with
gel behavior at low frequencies in the CNT nanocomposites.52 Presumably, this
behavior not only prevents phase separation of the nanoparticle (CNT, clay, etc.)
but also reduces the rate of gas escape from the melt and would prevent dripping
during burning of vertically mounted samples, such as in a UL-94 V test.

Data from the NIST consortium work also supports the assertion that a homo-
geneous residue is critical for providing the most effective heat-transfer barrier.
Comparison of the mass loss rate data for three different PP/PP-g-MA/clay
nanocomposites and pure PP-g-MA is shown in Figure 3.15. As the images of
the residues show, little or no carbonaceous (black) material is present after gasi-
fication. The fluorinated synthetic mica (FSM) has the lowest mass loss rate; this
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FIGURE 3.15 Effect of clay type on MLR of PP (84.6%)/PP-g-MA (7.7%)/clay (7.7%)
at 50 kW/m2 in N2.

is attributed to the more continuous crack-free residue that formed relative to the
other samples (see Figure 3.18 compared to Figures 3.16 and 3.17; see the color
insert). This is similar to results from Morgan, where a synthetic clay produced
a more continuous char than MMT in EVA nanocomposites when burned in a
cone calorimeter.53

From the above it appears that in PS–and PP–clay nanocomposites, both the
homogeneity of the clay residue and the presence of additional carbonaceous char
are important mechanistically in providing a continuous coverage of effective
heat-transfer material and thereby reducing the flammability. It should be kept in
mind that since the carbonaceous char yield is low, the primary modes in which
char affects the flammability are by prevention of reagglomeration of the clay
particles and to provide additional insulating properties to the porous char.

Inan and co-workers’ study of the flammability of PA6–clay nanocomposites
provides an elegant illustration of the dominant heat transfer roll that the char
plays in controlling nanocomposite flammability.54 In these experiments PA6
nanocomposite samples were placed atop pure PA6 samples, these compression-
molded “composite” samples were burned in a cone calorimeter, and the reduction
in peak heat release rate for the composite sample was found to be 77% of that
expected if the entire sample had been nanocomposite. Since only half of the
composite contained clay, this magnitude of effect is surprising. Furthermore,
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FIGURE 3.16 Gasification residue of PP/PP-g-MA/MMT with 7.7% PP-g-MA and
MMT. (See insert for color representation of figure.)

FIGURE 3.17 Gasification residue of PP/PP-g-MA/synthetic hectorite with 7.7%
PP-g-MA and hectorite. (See insert for color representation of figure.)

by using thermocouples implanted in the back of the composite sample, global
heating rates were calculated during the cone experiments and a 30% lower
heating rate was obtained for the composite sample than for pure PA6. This
shows that once the nanocomposite portion of the composite sample had burned
and clay-reinforced carbonaceous char was present on the top of the sample,
even the underlying pure PA6 had its flammability reduced significantly by the
insulation effect of the char. Inan and co-workers’ study of PA6 nanocompos-
ites also provides insight into the source of shortened ignition times sometimes
observed in nanocomposites. Inan found that when no surfactant was used, and
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FIGURE 3.18 Gasification residue of PP/PP-g-MA/synthetic mica with 7.7% PP-g-MA
and mica. (See insert for color representation of figure.)

six PA nanocomposites were prepared by in situ polymerization of caprolactam,
longer ignition delay times were observed relative to PA6–clay nanocomposites
prepared using surfactant-treated clay and melt compounding methods.

Morgan et al. also studied the effect of surfactant on ignition delay times in
PP/PP-g-MA/clay nanocomposites. In this study, careful extraction of surfactant-
treated montmorillonite, which removed excess surfactant, produced 17% longer
ignition delay times in the cone calorimeter relative to nanocomposite samples
that contained the excess surfactant in organo-modified clay.55

3.2.3 Thermal Analysis of Polymer– Clay Nanocomposites

In Section 3.2.2, data were presented which show that char formation, possibly
from a catalytic reaction between the polymer (PS, PA6, or a polymer compati-
bilizer, PP-g-MA) and the clay, is often present when low peak HRRs (or mass
loss rates) are observed. However, data were also presented which show that in
the absence of any substantial charring there can still be a 50 to 60% reduction in
peak HRRs; if synthetic mica is used in PP/PP-g-MA nanocomposites. It appears
that at least two mechanisms may be important to the function of nanocomposites:
one involving char formation and a second involving the inorganic residue alone.
This dual mechanism may explain why the effectiveness of clay nanocomposites
varies from polymer to polymer.

In an effort to fashion a unified mechanism for clay nanocomposites, Wilkie
et al. have studied the effect that clay has on the thermal degradation behavior of
more than 11 different polymers. This work also attempts to correlate the thermal
analysis data with flammability properties measured in a cone calorimeter.35,56 – 60

In this work TGA degradation products were cryogenically trapped and analyzed
using gas chromatography/mass spectroscopy (GC-MS); the thermal degrada-
tion pathways of the polymers with and without clay were investigated. Wilkie
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and co-workers35,56 – 60 found a potentially interesting connection between the
thermal degradation behavior and the fire retardancy of polymer–clay nanocom-
posites. Specifically, they found that if the clay produces a significant change in
decomposition products, as measured by TGA/GC-MS, there is a larger flame
retardancy effect. Furthermore, for polymers that decomposes via radical path-
ways, they find a direct relationship between the stability of the radical produced
upon degradation and the magnitude of reduction in the peak heat release rate
measured in a cone calorimeter. Presumably, this is a “cage effect,” resulting from
the slightly longer residence time that the decomposition products have in the
condensed phase of the nanocomposite relative to the pure polymer. This is due
to both the higher viscosity of the melt from the presence of the clay and from the
cross-linking reactions. In the case of PS and EVA, the enhanced residence time,
coupled with longer-lived, more stable radicals, allows secondary reactions that
form char, thus the lower peak HRR. In the case of PA6, the enhanced residence
time allows formation of a greater number of degradation products with molec-
ular mass larger than that of caprolactam, the primary decomposition product of
both pure PA6 and PA6 with MMT.

This work agrees with a number of studies where, in the presence of clay,
enhanced cross-linking reactions or char-forming reactions have been observed:
for example in the work of Gilman,27 Kashiwagi,30 and Bourbigot,61 where PA6,
in the presence of nano-dispersed clay, is shown to produce enhanced char yield.
As discussed above, PS nanocomposites, also show this behavior. EVA nanocom-
posites studied by Camino and co-workers,36 were also reported to char; this was
proposed as the source of antidrip properties. However, Ferriol and co-workers’34

results on PMMA organo-MMT nanocomposites contradict the data by Wilkie on
PMMA, where Ferriol found char formation and a 50% reduction in peak HRR.
Additional information that would complement the TGA/GC-MS work needs to
be obtained to fully connect these small-scale experiments to bench-scale flamma-
bility performance. For example, the effects of scale (TGA : 10 mg versus cone
calorimeter: 100 g) and heating rate (TGA heating rate: 20◦C/min, fire heating
rate: >500◦C/min) need to be studied. Lyon has studied some of these issues in
the development of a microcalorimetry devise and shown that a connection exists
under certain conditions (i.e., when evaluating the relative flammability of pure
polymers). However, the effects of scale are difficult to predict; for example, in
charring systems there is always some minimum thickness of material that must
be sacrificed to form the protective char; if the sample thickness is not signif-
icantly above this minimum thickness, no material will remain after the initial
char forms for the char to protect, and the flame retardant effect is consequently
reduced or nonexistent.

3.3 CONCLUSIONS AND FUTURE OUTLOOK

Several conclusions may be drawn from the discussion above. A definite flame
retardant effect appears in the form of a reduction in the peak HRR of polymers
that contain nano-dispersed clay. This is generally true for most thermoplastic
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polymers studied to date: PS, PA6, PP, PE, EVA, PA12, and PMMA; however
it appears that different mechanisms are operative in different polymers. Pre-
sumably, this is because, depending on the polymer, the clay may change the
decomposition products; it may cause cross-linking and ultimately catalyze car-
bonaceous char formation. In some cases, however, no char is formed and it is
only the quality of the clay char that controls the flame retardant effect. Of the
clays examined so far, all are effective, although synthetic clays in some cases
may perform better than MMT. It appears that the maintenance of the homo-
geneous dispersion of the nanoplatelets in the polymer melt during pyrolysis
is critical in producing a homogeneous residue. This is true whether carbona-
ceous char forms or if only clay makes up the residue. This reduces the rate of
gas escape from the melt and prevents dripping during burning. The conditions
required for this may include: meeting or exceeding the minimum clay load-
ing (5%), a good initial dispersion, and a high-viscosity gel behavior in the melt
(due to strong interfacial interactions between the clay and polymer, and the high
aspect ratio of the clay) and cross-linking or carbonaceous char formation. These
factors contribute to different extents in different polymer systems, and this is
presumably the reason that the effectiveness varies from polymer to polymer.

Since this approach to reducing flammability reduces the peak HRR but not
the THR, does not improve the ignition properties, and often may shorten the
time to ignition, it is necessary to combine the nanocomposite with other flame
retardant additives to pass regulatory flammability tests where ignition properties
dominate. A variety of successful uses of this combined method have resulted in
development of formulations that pass small-scale fire tests such as the UL-94
V63 and pass far more aggressive tests, such as the UL-1666 riser test for wire and
cable.31,34 Morgan has recently reviewed a combination of conventional flame
retardants with polymer–clay nanocomposites that yielded success in various
regulatory flammability tests.53

Continued improvement in our ability to prepare polymer–clay nanocompos-
ites coupled with a careful investigation of the interaction of the large number
of other additives with clay nanocomposites should yield more flame retardant
products that are cost-effective and fire safe. Candidate systems for studying the
interactions of clays should not be limited to conventional flame retardants; it
should include other nanoscale inorganic and metallic additives that can provide
new catalytic pathways for cross-linking and char formation. Examples of promis-
ing such approaches include Ferriol et al.’s work with oxide nanoparticles,34 Hu
et al.’s work with iron–MMT,64 and Tang and co-workers’ interesting combina-
tion of clays with catalysts that form carbon nanotubes.41
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4.1 INTRODUCTION

It is has been demonstrated that the addition of small quantities of carbon
nanotubes (CNTs) can dramatically improve the thermal and mechanical proper-
ties of polymers.1 – 6 In many cases, however, this enhancement of properties is
limited by the degree to which the CNTs can be dispersed uniformly within the
polymer matrix. This appears to be particularly true for flame-retarding applica-
tions. For example, Kashiwagi and co-workers demonstrated that the heat release
rates from burning well-dispersed nanocomposites consisting of single-walled
CNTs (SWCNTs) in poly(methyl methacrylate) were significantly lower than
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those from poorly dispersed samples.7 Unfortunately, CNTs do not mix sponta-
neously with most polymers. Instead, they tend to form aggregates consisting of
tens or even hundreds of discrete tubes that can become entangled in long rope-
like structures.6 At the source of the problem are the very properties from which
the benefits of CNTs derive. Thus, CNTs reinforce the polymer matrix because
they are inherently more rigid and less mobile than the polymer molecules they
replace, but these attributes also limit their miscibility. Indeed, it is known that
the excluded volume, which accompanies the introduction of CNTs in a poly-
mer matrix, restricts the motion of the polymer, thereby decreasing the entropy
of mixing.8

In recent years, some progress has been made in obtaining well-dispersed
polymer–nanotube composites using a variety of approaches. These include
in situ polymerization,9 the addition of surfactants and compatibilizers,10 poly-
mer wrapping,11 and functionalizing the ends and sidewalls of the tubes.12,13

The widespread implementation of these methods, however, is limited by the
absence of a quantitative understanding of the thermodynamics associated with
the breakup of the nanotube bundles and accommodation of the discrete tubes
within the polymer matrix.

In this chapter we introduce a simple methodology based on molecular
mechanics that can be used to estimate the free energy of mixing nanotubes
with polymers and apply it to predicting the thermodynamic stability of
polystyrene–CNT composites as a function of nanotube radius. We anticipate
that this approach can be adapted to other systems of interest by tailoring
the constituent molecular models to represent the polymers, surfactants, and
functional groups under consideration as part of a rational strategy to determine
the best approach to the preparation of well-dispersed and stable polymer–CNT
composites.

4.2 BACKGROUND AND CONTEXT

Molecular mechanics has been used extensively to investigate the structures and
mechanical properties of CNTs. By employing this technique, thermodynamically
stable structures for molecules and nanostructures can be obtained as minimum
energy points on the multidimensional surface that represents the potential energy
as a function of the atomic coordinates. In this section we review some previous
studies involving molecular mechanics, which are especially relevant to our own
work directed at the elucidation of factors that control the thermodynamics of
polymer–CNT composites.

Typically, the potential energy of the system of interest is represented by a set
of analytical functions referred to collectively as a force field. Associated with
each of these functions are parameters that are specific for each type of atom
accommodated by the force field. In many force fields, the atom types depend
on the bonding environment, so there can be multiple atom types for the same
element. In principle, this facilitates a more realistic description of the potential
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energy: For example, the force field may assign unique atom types to sp, sp2, and
sp3 hybridized carbon atoms to account for the differences in electronic structure,
which, in turn, affect the nature (bond length, angle, and dissociation energy) of
the bonds formed by these atoms.

In our calculations, we used the PCFF force field,14 which has the form

V =
nbonds∑

ij

Vbond(rij ) +
nangles∑

ijk

Vangle(θijk) +
ntorsions∑

ijkl

Vtorsion(φijkl) +
npairs∑

ij

Vnb(dij )

(4.1)

The component terms Vbond, Vangle, Vtorsion, and Vnb, represent the variation of
the potential energy with bond distance (r), bond angle (θ ), torsional angle (φ),
and the distance between nonbonded atoms (d). Although a variety of force
fields have been used in the calculations described in this section, they are all
based on the assumption that the variation of potential energy with geometry
can be represented by simple analytical functions (Figure 4.1). The parameters
(Db, α, re, kθ , θe, kφ , n, φe) that govern the variation in potential energy with
internal coordinates (r , θ , φ,) are usually determined by fitting the analytical
expressions for Vbond, Vangle, and Vtorsion to energies from quantum calculations.
The parameters for the nonbonded interactions (ε, r∗, δ) in Vnb are adjusted
so that the calculated densities and cohesive energies agree with experimental
measurements on volatile liquids.

Some of the first molecular mechanics calculations on CNTs were reported by
Robertson et al. in a paper published in 1992.15 By computing the energies for
a series of SWCNTs with various diameters (D < 0.9 nm) and chiralities, these
authors found that the strain energy per carbon atom (relative to an unfolded,
planar sheet of graphite) varied as D−2. Several years later, molecular mechanics
calculations by Tersoff and Ruoff demonstrated that the energy of interaction per
unit surface area between adjacent nanotubes (and consequently, the cohesive
energy of a CNT bundle) varied as D−1/2. 16 This dependence was verified in

Vbond = Db[1 − exp(−a(r − re))]2

Vangle = k q(θ − θe)2

Vtorsion = kf [1 + cos(nf − fe)]

+∑

∑

+∑

+∑
dij

r ∗

dij

r ∗

dij

didjVnb = eij  2 − 3[ [( ( ))9 6

+

FIGURE 4.1 Component terms in the PCFF force field.
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a study by Girifalco et al.17 Tersoff and Ruoff also observed that the walls of
SWCNTs in a hexagonal lattice had a tendency to flatten when their diameters
exceeded about 2.5 nm.

A similar effect was reported in a paper by Gao et al.,18 who performed
molecular mechanics calculations on separated SWCNTs. They indicated that for
diameters of less than about 2 nm, only the cylindrical (circular cross section)
geometries are stable, whereas a collapsed structure, which is flattened at the cen-
ter with circular bulges at both ends, becomes more stable when the diameter of
the CNTs exceeds about 6 nm. For diameters between 2 and 6 nm, both cylindri-
cal and flattened structures were found to be stable. The authors pointed out that
the flattening of the SWCNTs was actually due to the van der Waals attraction
between the opposing walls. At some point (D ∼ 6 nm), this attractive interaction
becomes sufficient to overcome the increase in (angular) strain due to the circular
bulges at the ends, which must form when the tubes collapse in the center.

A study by Hertel et al. demonstrated that the walls of SWCNTs also tend to
flatten when they are adsorbed on a planar substrate. They observed that the extent
of this distortion is reduced for multiwalled carbon nanotubes (MWCNTs),19

which consist of multiple concentric tubes. A straightforward extension of this
observation is that MWCNTs should also tend to retain their cylindrical shapes
(better than SWCNTs do) when they are bundled together in ropes.

Although most past investigations employing molecular mechanics have focu-
sed on the properties of CNTs in the absence of polymers, the interfacial charac-
teristics of polymer–CNT composites were examined in a more recent paper
by Liao and Li. 20 The authors of this study used molecular mechanics to
calculate the energy required to extract a CNT from polystyrene. The value
they reported (80 kJ/mol · nm2) is in reasonable agreement with the average
value (�ES

np + �ES
pp = 71 kJ/mol · nm2) obtained from our own calculations (see

Table 4.2).
None of the aforementioned studies focused directly on the problem of predict-

ing the thermodynamic stability of polymer–CNT composites. This possibility
was, however, explored in a recent paper by Maiti et al. 21 These authors com-
puted Hildebrand solubility parameters for CNTs (from the cohesive energy
densities of nanotube bundles) as a function of their diameters. By comparing
these to accepted values of the solubility parameters for a series of polymers,
they were able to make predictions about the diameters required for miscibility.
It should be noted, however, that their analysis was based on the Flory–Huggins
theory for regular solutions, which does not account for structural changes that
can affect the nature of the interactions between solute (nanotube) and solvent
(polymer) that can result in an exothermic enthalpy of mixing.22 Our results,
which are presented in the following sections of this chapter, are not limited in
this way.

Since molecular mechanics calculations consist of minimizing the potential
energy, without consideration of kinetic energy, they cannot account for the
effects of temperature. Thus, the energies obtained from them correspond to
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hypothetical structures at 0 K. In principle, the temperature dependence of the
properties of interest can be investigated by performing molecular dynamics sim-
ulations. In these calculations, atomic trajectories are computed by numerical
integration of the classical equations of motion. The thermal motion is initiated
by providing the component atoms with random momenta from a Boltzmann dis-
tribution consistent with the temperature specified. As the simulation progresses,
the molecular structures are perturbed from their initial equilibrium geometries
(typically, obtained from molecular mechanics and/or x-ray crystallography) in
the presence of restoring forces that are computed from the gradients of the
potential energy, which can be represented by a force field or even, for smaller
systems, computed on the fly from electronic structure calculations.

It should be noted, however, that since molecular dynamics is based on the
classical equations of motion (as opposed to the time-dependent Shrödinger
equation), it does not account for quantum effects such as zero-point energy
and the discrete nature of vibrational states. For example, in a molecular dynam-
ics simulation the C−H stretching modes of a polymer are active (and therefore
contribute to the heat capacity) at temperatures much lower than would be pre-
dicted by a more rigorous quantum calculation. Furthermore, although molecular
dynamics offers a mechanism to incorporate kinetic energy (and temperature),
the accuracy of the results are limited by the degree to which the relevant phase
space is explored in the simulations. This is problematic for polymer–CNT com-
posites because the high viscosity of the polymer matrix and the low mobility of
the nanotubes ensure that the relaxation times will be long.

Currently, the computational demands dictated by the number of atoms needed
to describe polymer–CNT composites restrict these simulations to nanosecond
time scales, whereas the actual mixing process conducted in a laboratory requires
several minutes (at a minimum). Because of this disparity, there are no assur-
ances that the structures that evolve in the molecular dynamics simulations are
representative of those that characterize the initial and final states of the actual
materials. By employing molecular mechanics (together with a little intuition and
some trial and error), it is possible to identify low-energy structures for the initial
and final states that are at least as representative as those generated in molec-
ular dynamics simulations. In the final analysis, however, the only assurance
that either approach is capable of providing a realistic description of the mixing
process is agreement between calculated properties (and/or predicted trends) and
experimental measurements.

4.3 DESCRIPTION OF THE METHOD

The increase in entropy that accompanies the formation of a mixture is an impor-
tant factor in determining the miscibilities of small molecules. However, we
suspect that entropic effects are much less significant for mixtures involving large
immobile molecules such as CNTs and polymers. This presumption is consistent
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with standard treatments of polymer miscibility based on lattice theory and is
a consequence of the dramatic reduction in the number of lattice configurations
(representing the mixture) due to the constraints on the contiguity of the com-
ponent monomers (and nanotube segments).22 The gain in entropy for mixtures
of CNTs and polymers is probably even smaller than it is for polymer blends
because nanotubes are inherently less flexible than polymer chains. Because of
their inherent rigidity, nanotubes are less efficient in occupying the available
space (in the polymer matrix) than are (more flexible) polymer chains, thereby
reducing the number of possible arrangements (combinatorial entropy) in the
mixture. Moreover, the small contribution that entropy changes make to the free
energy of mixing should be relatively insensitive to changes in the physical
(diameter and chirality) and chemical (i.e., functional groups) structures of the
component nanotubes. Thus, it should be possible to predict trends in the ther-
modynamic stability of nanocomposites directly from their enthalpies of mixing
(�Hmix). Furthermore, since the nanotubes do not occupy any more volume when
they are dispersed in the polymer than they do when they are bunched together,
the volume change accompanying the formation of the composite should also be
very small, implying that �Hmix ≈ �Emix.

Unfortunately, an explicit calculation of the energy of mixing (�Emix) is pre-
cluded because of the computational demands of evaluating all of the interactions
between the atoms in an actual nanocomposite, which might contain nanotubes
many microns in length and as many as 1000 carbon atoms in the polymer
for every carbon atom in the nanotubes (i.e., a loading of approximately 0.1%).
Instead, the approach we adopted makes use of localized molecular models of the
polymer, nanocomposite, and the exfoliated and bundled nanotubes to estimate
the relative magnitudes of the energies associated with the polymer–polymer
(pp), CNT–CNT (nn), and CNT–polymer (np) interactions. The energy of mix-
ing is then evaluated in terms of a simple path in which the nanotubes are
exfoliated from a bundle and dispersed in a distorted polymer with cylindrical
cavities to accommodate the nanotubes. In the laboratory, this is realized by melt
blending or dissolving the polymer (to reduce the viscous forces that impede
the dispersion of the nanotubes) and applying a shear force (via extrusion or
sonication) to exfoliate and disperse the nanotubes. From this perspective, the
energy of mixing is the difference between the energy required to exfoliate the
nanotubes from a bundle and the energy needed to extract the nanotubes from
the polymer matrix relative to the relaxed polymer without any nanotubes. The
component processes are depicted in Figure 4.2.

Following the logic of this scheme, the energy of mixing can be evaluated from

�Emix = [�ES
nn − (�ES

np + �ES
pp)]S (4.2)

where

�ES
nn = �Enn

Sn

, �ES
np = �Enp

Sn

, �ES
pp = γ�Epp

Sn

(4.3)
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FIGURE 4.2 Processes involved in the formation of a PS–CNT composite from a
nanotube bundle and polymer.

are calculated from the energy differences of the model reactions depicted in
Figure 4.2, and γ is a correction factor that is discussed in Section 4.4.

In these equations, �Enn is the energy required to exfoliate a nanotube from
a bundle. The magnitude of this term reflects the strength of the interaction
between nanotubes. The second term, �Enp, is the energy needed to extract a
nanotube from a polymer–CNT agglomerate that represents the environment of
the nanocomposite in the vicinity of the nanotube. This term accounts for the
interactions between the nanotube and polymer. The last term, �Epp, is the energy
lowering that results from closing the cylindrical cavity occupied by the nanotube
in the polymer–nanotube agglomerate. This results in a decrease in surface area
and a corresponding decrease in energy (relative to the value obtained when there
is a cavity) due to the increase in the number of attractive polymer–polymer
interactions. It is determined from the energy difference between the relaxed
polymer (optimized in the absence of the nanotube) and the polymer matrix in
the nanocomposite (optimized in the presence of the nanotube). The origin of
the negative sign with respect to the contribution of (�ES

np + �ES
pp) in eq. (4.2)
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is simply that in the formation of the nanocomposite, the nanotube is inserted in
(rather than extracted from) the polymer matrix.

The individual terms in eq. (4.3) are normalized by dividing by the surface
area of the model nanotube, Sn, to facilitate the extrapolation of the results
obtained from the atomic length scales of the molecular models to the much
larger dimensions that prevail in real materials (i.e., moles of atoms). Thus, as
indicated in eq. (4.2), the sum of these component energies is multiplied by the
total surface area of nanotubes, S, in calculating the energy of mixing associated
with the formation of a real nanocomposite.

4.4 APPLICATION TO PS– CNT COMPOSITES

The method described in Section 4.3 was applied in an attempt to understand the
factors that determine the thermodynamic stability of polystyrene–CNT compos-
ites. Polystyrene (PS) was chosen for the first application because it has aromatic
rings which should interact favorably with the aromatic rings that comprise the
nanotubes based on the premise that “like dissolves like.” The calculations were
performed on molecular models of PS, PS–CNT agglomerates, nanotube bundles,
and separated nanotubes using a commercial software package (Material Studio)∗
with the PCFF force field.14 Energy-optimized structures were determined by
minimizing the energy using a cutoff of 1.5 nm for the nonbonding interactions,
which were represented by a Lennard-Jones 6–9 potential (see Figure 4.1).

Molecular models of uncapped (7,0) nanotubes with radius R = 0.28 nm were
used in the calculations. From them we constructed three models to represent the
nanotube bundles. The largest one, which is depicted in Figure 4.2, consisted of
ten 3.6-nm-long nanotubes arranged in a closest-packing structure. Comparable
results were obtained from the smaller model, consisting of seven 3.6-nm-long
nanotubes, which is shown in Figure 4.3. The third model was identical to the
one in Figure 4.3 except that the nanotubes were approximately twice as long
(7.3 nm). The polymer–CNT agglomerates were constructed by minimizing the
energies of the intermediate structures obtained by adding successive polymer
chains. The structure of one of these polymer–nanotube agglomerates is depicted
in Figure 4.2. On this basis, it was determined that 12 chains were sufficient to
achieve convergence of the polymer–nanotube interaction energies to the limit of
infinite dilution. The lengths of the polymer chains, which were adjusted to ensure
that they covered the full surface of the nanotube, were 17 and 34 monomers
for agglomerates containing the 3.6- and 7.3-nm nanotubes, respectively. The
density of the polymer matrix in these polymer–CNT agglomerates was about
1000 kg/m3.

The effects of increasing the lengths of the model nanotubes from 3.6 nm to
7.3 nm can be seen in the data presented in Tables 4.1 and 4.2. These results
seem to justify the intuitive notion that for a specified diameter, the energies of

∗Certain commercial equipment, instruments, materials, or companies are identified in this chapter
to specify the experimental procedure adequately. This in no way implies endorsement or recom-
mendation by NIST.
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FIGURE 4.3 Smallest of the bundled nanotube models used for computing �ES
nn.

TABLE 4.1 Models of Nanotube Bundles

Number of
Nanotubes

Length of
Nanotube

(nm)

Surface Area
of Nanotube

(nm2)

Number of
Carbon

Atoms/Area (nm−2)
b0

(nm)
�ES

nn

(kJ/mol · nm2)

7 3.6 6.3 39.8 0.32 159
7 7.3 12.9 39.1 0.32 163

10 3.6 6.3 39.8 0.32 162

TABLE 4.2 Models of Polymer–Nanotube Agglomerates

Length (nm) Rpn (nm) Rc (nm) γ �ES
np(kJ/mol · nm2) �ES

pp(kJ/mol · nm2)

3.6 1.75 0.525 0.87 176 −95
7.3 1.90 0.525 0.88 160 −99

interaction per unit area are almost independent of the lengths of the nanotubes.
Moreover, �ES

nn appears to be independent of both the length and number of
nanotubes in the bundle.

The dependence of these energies on the radius of the constituent nanotubes,
however, is more complicated. Consider first the �ES

nn term. If the number of
atoms per unit surface area is independent of the radius of the nanotube (which is
tantamount to assuming that the aromatic rings have the same structures), it can
be shown that the energy of extraction of a CNT from a bundle (per unit surface
area of the nanotube) will decrease approximately in accordance with16,17

�ES
nn = k′

nnl
√

R

2πRl
= knn√

R
(4.4)
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Here R is the radius and l is the length of the component nanotubes. The decrease
in �ES

nn arises from the simple fact that the average distance, b, between two
parallel cylindrical surfaces (with the same radius) increases from their distance
of closest approach, b0, with increasing radius (Figure 4.4). Since the atoms that
comprise each of the two interacting nanotubes are on average farther apart in
large-diameter nanotubes (assuming that their distance of closet approach remains
the same), the attraction between them diminishes, thereby reducing the cohesive
energy per unit surface area of the bundle.

A similar analysis can be applied to both �ES
np and �ES

pp. The latter of these
two terms is proportional to the surface energy of the polymer (see the discussion
above), which increases linearly with the number of atoms that are brought from
the interior to the surface. The area of the nanotube cavity in the polymer matrix
is 2π(R + d)l, where d = 0.25 nm is the average distance between the polymer
and the surface of the nanotube. Of course, the outer surface of the polymer must
also expand to accommodate the nanotube. The correction factor,

γ = Rc

Rc + Rpn −
√

R2
pn − R2

c

(4.5)

represents the fraction of the total increase in surface area due to the formation
of the cylindrical cavity. In eq. (4.5), Rc = R + d is the radius of the cylindrical
cavity and Rpn is the radius of the polymer–nanotube agglomerate, which is also
assumed to be cylindrical in shape. This correction is needed to extrapolate the
results from the model calculations, where the change in the outer surface of the
cylinder representing the polymer–nanotube agglomerate is significant (because
the models are relatively small), to realistic dimensions, where this contribu-
tion is negligible. The values of this correction factor for the polymer–CNT
agglomerates corresponding to the 3.6- and 7.3-nm-long nanotubes are listed in
Table 4.2.

b(x)

b0R
x

d

2R
1

3
b0

81
Rb =b(x) = b0 + 2(R − d) ≈ b0 +

R
x2

(R >> x), b(x)dx = ⌠
⌡

R/3

−R/3

+

FIGURE 4.4 How the distance between opposing points on two cylindrical surfaces
depends on the radius.
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Consider next the �ES
np term. From Figure 4.2, it appears that the polymer

effectively encircles the nanotube. The distance between the surface of the nan-
otube and the polymer (d) is determined by the van der Waals radii of the
interacting atoms and should be relatively independent of the diameter of the
nanotube. Therefore, the nature of polymer-nanotube interaction is similar to the
case of two parallel sheets, for which the energy of interaction per unit surface
area is constant. This is, in fact, the limiting behavior of �ES

np as R → ∞.
However, because of their concentric arrangement, the number of interactions
between atoms on the cylindrical surface of the polymer and atoms on the sur-
face of the nanotube (per unit area of the nanotube) increases as the ratio of the
surface areas. Thus, we infer that both �ES

np and �ES
pp scale the same way with

nanotube radius so that

�ES
np + �ES

pp = k′
np+pp · 2π(R + d)l

2πRl
= knp+pp

(
1 + d

R

)
(4.6)

The averages of the values of �ES
nn and (�ES

np + �ES
pp) reported in Tables 4.1

and 4.2 were extrapolated as a function of nanotube radius using eqs. (4.4) and
(4.6). The results of these extrapolations are plotted in Figure 4.5. At R = 4.5 nm,
the energy needed to exfoliate the nanotubes falls to the point where it is offset
by the energy released by the attractive interactions between the nanotubes and
polymer and thermodynamic neutrality of the mixing is attained. Substituting the
surface area of a single nanotube for S (i.e., S = 2πRl) in eq. (4.2), we obtain
the enthalpy of mixing of 1 mol of nanotubes having the dimensions speci-
fied. Unlike the surface-normalized enthalpy, which (according to Figure 4.5)
decreases monotonically with increasing nanotube radius, the enthalpy normal-
ized by the number of nanotubes goes through a maximum at about R = 1.5 nm,
as indicated in Figure 4.6. For the purpose of comparing thermodynamic stabil-
ities of polymer–CNT composites, the molar (per mole of nanotubes) enthalpy
may be more appropriate than the surface-normalized enthalpy. The difference in
the molar enthalpy of two systems containing tubes of the same length is likely to
represent the difference in the molar free energy. This is the case because (as has
already been discussed) even if the change in the molar entropy due to mixing is
not negligibly small, it should be close in value for nanotubes with similar flexi-
bility. Thus, on the basis of our calculations, we predict that it should be possible
to obtain stable, exfoliated nanocomposites by blending CNTs having diameters
greater than about 9 nm with polystyrene. Since SWCNTs are typically much
smaller than this (1.0 to 1.4 nm in diameter23), we conclude that thermodynamic
neutrality is never attained when SWCNTs are added to PS. On the other hand,
our results do indicate that it should be possible to make thermodynamically
stable PS–CNT nanocomposites from MWCNTs, which have diameters ranging
from about 10 nm to almost 100 nm.24

The conclusion that enthalpy of mixing becomes exothermic for sufficiently
large diameters presumes that the relationship expressed in eq. (4.4) continues to
be valid as R becomes arbitrarily large. However, as mentioned above, Tersoff
and Ruoff found that the walls of SWCNTs packed in a hexagonal lattice tend
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FIGURE 4.5 Variation of the nanotube–nanotube and the sum of the nanotube–polymer
and polymer–polymer energies as a function of nanotube radius.
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FIGURE 4.6 Variation of the energy of mixing as a function of radius for CNTs that
are 10 nm long.

to flatten once their radius exceeds about 2.5 nm.16 This is consistent with the
intuitive notion that the structural integrity of a nanotube should diminish as
its radius gets larger. However, MWCNTs, which are comprised of concentric
tubes, are more likely to resist distortion19 as their diameters approach the point
of thermodynamic neutrality.

4.5 UNCERTAINTIES AND LIMITATIONS

There are a number of considerations that limit the accuracy and reliability of
the approach outlined in this chapter. To begin with, as indicated above in the
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background section, we have not considered the effects of temperature on the
energy of mixing. Thus, we assume that the temperature-dependent terms cancel
in taking the difference between the initial (polymer + CNT bundle) and final
(nanocomposite) states. To facilitate a more detailed analysis of this hypoth-
esis, it is convenient to categorize the contributions to the derivative of the
energy of mixing with respect to temperature (heat capacity) as vibrational and
conformational. The latter arises from the differences in the populations of the
conformational structures of the polymer (each corresponding to a minimum in
the potential energy) resulting either from the interactions with nanotubes or tem-
perature, whereas the former is associated with the vibrations of these conformers
and nanotubes about their equilibrium geometries. We think that the vibrational
contribution will be close to zero because the interactions between the nanotubes
and polymer chains in the nanocomposite are not sufficiently different from the
polymer–polymer and CNT–CNT interactions (Tables 4.1 and 4.2) to affect the
nature of the vibrations (i.e., the distribution of the density of states of the vibra-
tors) of the nanotubes and polymer chains. Thus, the contribution of vibrational
energy to the heat capacity cancels because it is the same for the initial and final
states.

This may not be a good assumption with respect to conformational heat
capacity because there is evidence suggesting that polymers adapt different con-
formations (which may have different energies) in the vicinity of nanotubes.25

Our calculations do account for this possibility because the structure of the poly-
mer was optimized independently with and without the nanotube, but we did
not investigate whether these conformations change as a function of temper-
ature. Thus, we are assuming that the structures obtained from our molecular
mechanics calculations are representative of the structures that are populated at
the processing temperature of the mixture. The reasonableness of this assumption
was discussed in Section 4.2.

The difficulty in obtaining representative structures of the polymer has addi-
tional ramifications that can affect the accuracy of our calculations. Thus, as
indicated above, the definition of �ES

pp requires that independent optimizations
of the initial (polymer–nanotube agglomerate) and final structures (relaxed poly-
mer after removing the nanotube) be performed. A comparison of the optimized
structures before and after removing the nanotube indicated that significant struc-
tural changes to the polymer did occur. However, it is not clear whether all of
these changes can be attributed to the presence of the nanotube. For example, in an
effort to assess the convergence of �Emix with respect to the number of polymer
chains, we performed another set of calculations on a nanotube surrounded by 18
(17 monomer) chains depicted in Figure 4.7. From these calculations, we obtained
the following results: �ES

np = 176 kJ/mol · nm2 and �ES
pp = −153 kJ/mol · nm2.

Although the value for �ES
np is in excellent agreement with the results obtained

with 12 chains (Table 4.2), which implies that the limit of infinite dilution has
been reached, the value for �ES

pp is much different (the absolute value is almost
60% too large) than the values we obtained from the smaller models (Table 4.2).
The source of the disparity is that in these calculations (i.e., on the models with
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FIGURE 4.7 Nanotube (3.6 nm long) surrounded by 18 PS chains, each consisting of
17 monomers.

18 polymer chains), the structure of the model polymer optimized in the absence
of the nanotube was much more compact than the polymer optimized in the
presence of the nanotube. Unfortunately, it is not clear whether this change in
conformation was induced by the presence of the nanotube or whether it is merely
an artifact of the minimization process. In fact, we suspect that the latter explana-
tion is more correct. That is, the polymer (in the polymer–nanotube agglomerate)
adopted an artificially high-energy conformation, corresponding to a local mini-
mum on the potential energy surface. The implication of this observation is that
it is very difficult to ensure that the energy differences used in determining �ES

pp
only reflect the effects of accommodating the nanotube, and this can result in
significant errors.

In general, it is more difficult to find optimal structures for large molecules
than for small molecules (because there are more degrees of freedom), so it is
not surprising that this discrepancy became more apparent when we attempted to
include more polymer chains in our calculations. This problem, however, is not
insignificant in the values reported in Table 4.2. For example, if we renormalize
the average value of −�ES

pp so that it represents the energy needed to increase
the surface area of the polymer, we obtain 51 kJ/mol · nm2, which overestimates
the accepted value of the surface tension of PS (25 kJ/mol · nm2)26 by more than
100%. This disparity seems too large to be due entirely to errors in the force
field (see below). Thus, we feel that the problems associated with the optimiza-
tion discussed in the preceding paragraph must be responsible for a significant
part of this discrepancy. On this basis, we think that the approach presented in
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earlier sections should be modified to provide a more accurate estimate for this
contribution to the energy of mixing. Recognizing that �ES

pp can be determined
from the surface tension of the polymer, we recommend substituting a simpler
calculation that does not involve reoptimization of the initial and final states of the
polymer. One possibility, suggested by analogy to the graphite calculations dis-
cussed below, might be to compute the energy (per unit area) required to separate
a layer from a polymer agglomerate comprised of several identical layers.

The accuracy of the force field may also be an issue. In fact, the validity of
using the PCFF force field to evaluate the energies of graphitic structures has
not been established. To examine this issue, we performed calculations of the
cohesive energy of graphite for which there is an accepted experimental value.27

The energy of the model of graphite depicted in Figure 4.8 was subtracted from
the energy of the model obtained by moving the top sheet far enough away that the
potential energy of its interaction with the remaining two sheets was effectively
zero. Assuming a surface density of 39.8 atoms/nm (Table 4.1), we obtained
230 kJ/mol · nm2, whereas the experimentally determined cohesive energy is only
160 kJ/mol · nm2. On the basis of this comparison, we infer that the PCFF force
field overestimates the interaction energies between graphite sheets by a little
more than 40%.

The force field errors can be reduced by adjusting the parameters correspond-
ing to the (polymer–polymer) nonbonding interactions such that this energy is
consistent with the accepted value (assuming that the experimental measure-
ments have been performed) for the surface tension of the polymer of interest.
Similar adjustments should also be made in the parameters that determine the
nanotube–nanotube interactions to ensure that the accepted value for the cohesive
energy of graphite is also obtained. Since the parameters that govern the van der
Waals interactions between the polymer and nanotube are typically determined
from the geometric mean of the parameters for the nn and pp interactions, we
would expect to see a comparable improvement in the accuracy of this contribu-
tion (np) to the enthalpy of mixing at the same time.

Unfortunately, the calculation of the diameter for which the energy of mixing
nanotubes in PS becomes exothermic is extremely sensitive to the errors in the
component terms discussed above. Thus, when we attempted to correct for the
errors in the forcefield by scaling the calculated values for �ES

nn and �ES
np by 0.7

FIGURE 4.8 Molecular model used in the calculation of the cohesive energy of graphite.
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(based on the error in the PCFF value for the cohesive energy of graphite) and for
the (energy optimization and force field) errors reflected in �ES

pp by multiplying
our calculated value by 0.5, we found that exothermic neutrality occurred at a
diameter of 2 nm. This is considerably different (smaller) than the value obtained
directly from our calculations. For this reason we do not place much credibility
on the actual value reported above. The basic observation that the surface energy
of mixing should become more exothermic with increasing nanotube diameter,
however, is a real effect that does provide useful guidance.

It should be kept in mind that even if we could remove all of these errors
from our calculations, thermodynamic stability may actually be less important
than kinetics in determining whether a nanocomposite will be stable, or even if it
is possible to attain one in the first place. Thus, by employing sonication and other
high-energy mixing techniques, it may be possible to obtain a nanocomposite with
good dispersion even if the free energy of mixing is positive. Furthermore, even
if they are thermodynamically unstable, nanocomposites can be effectively stable
if the transport of nanotubes through the polymer matrix is sufficiently slow that
they cannot aggregate during the service life of the material. The converse is
also true. That is, it may be impossible to disperse the nanotubes even if the
nanocomposite, once formed, is thermodynamically stable.

4.6 SUMMARY AND CONCLUSIONS

A method for estimating the free energy of mixing CNTs with polymers was for-
mulated and presented in this chapter. The formation of the nanocomposite was
analyzed in terms of a simple path in which the nanotubes are exfoliated from a
bundle and dispersed in a distorted polymer with cylindrical cavities to accommo-
date the nanotubes. From this perspective, the energy of mixing is the difference
between the energy required to exfoliate the nanotubes from a bundle and the
energy needed to extract the nanotubes from the polymer matrix relative to the
relaxed polymer without nanotubes. These energy components were evaluated by
performing molecular mechanics calculations on individual localized models rep-
resenting the polymer, nanotube bundles, nanotube–polymer agglomerates, and
the separated nanotubes. This method was applied to polystyrene–CNT compos-
ites and the factors that determine their thermodynamic stability were identified.

To a first approximation, the interaction energies (per unit surface area of
the nanotubes) were shown to be independent of the lengths but dependent on
the diameters of the component nanotubes. On this basis it was determined that
a thermodynamically stable nanocomposite could be obtained by mixing CNTs
with diameters greater than about 9 nm in polystyrene. This may explain why it
is so difficult to obtain good dispersion of SWCNTs in PS, since they rarely grow
to have diameters greater than about 3 nm. On the other hand, since the diameters
of MWCNTs typically exceed 10 nm, we would expect them to disperse much
better than SWCNTs in polystyrene. Although the errors in our calculations are
of sufficient magnitude that the precise value is questionable, it is clear from
our analysis that the energy of mixing nanotubes with PS (and, by extension,
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all polymers) will become more exothermic as the diameters of the component
nanotubes increase beyond a critical value. This suggests that in the absence
of any treatment (i.e., functionalization of the nanotubes and/or the addition of
compatibilizers), MWCNTs will provide better dispersion than that provided by
the much smaller SWCNTs.

The approach outlined in this chapter should be applicable to other poly-
mer–nanotube systems provided that the molecular models used in the calcu-
lations are modified to reflect their chemical natures. Although the results may
not offer a definitive answer to the question of whether or not it is possible to
obtain a well-dispersed nanocomposite from a given set of components, they do
provide a quantitative basis for assessment of the relative stability of various
compositions. We hope to be able to demonstrate this in the future by using this
approach to examine the effects of the nature and degree of functionalization of
SWCNTs on the thermodynamic stability of nanocomposites.
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CONSIDERATIONS REGARDING
SPECIFIC IMPACTS OF THE
PRINCIPAL FIRE RETARDANCY
MECHANISMS IN NANOCOMPOSITES

BERNHARD SCHARTEL

Federal Institute for Materials Research and Testing, Berlin, Germany

5.1 INTRODUCTION

In the preceding chapters the use of nanocomposites to increase the fire retar-
dancy of polymers was introduced as an interesting scientific topic, but also as
a promising nanotechnology for industrial application. Polymer nanocomposites
are made available with established and thus economical preparation tools such
as extrusion and injection molding, but also in situ polymerization or solvent-
aided methods. Indeed, their commercial use in mass products has become an
accepted method of improving mechanical1 – 3 and fire properties.4,5 In compar-
ison to established flame retardants, they are competitive due to their positive
impact on mechanical properties. Furthermore, because they are eco-friendly,
they are discussed as a halogen-free alternative in thermoplastics and thermosets.
Therefore, it is not surprising that layered silicate polymer nanocomposites have
been proposed as an up-and-coming approach to improve the fire retardancy of
polymers.6 Comparing nanocomposites with microcomposites makes clear that
this technology aims beyond “simple” further miniaturization. It is based on the
exploitation of new effects that arise from nanostructured materials.7 – 9 Further-
more, in the preceding chapters the concept of nanocomposite was presented in
detail and the principal mechanisms, such as barrier formation and changing the
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viscosity, were discussed, whereas in succeeding chapters special systems and
current trends are discussed.

The reason for this chapter is to address the discrepancy between the rather
enthusiastic point of view proposing nanocomposites as the fire retardants of the
future, and the fact that some systems—and especially, performance in some fire
tests—raise a question as to whether nanoscaled inert additives should be called
flame retardants at all. It becomes clear that even though the main concept and
mechanisms seem established, the details of the structure–property relationship
are still a subject of ongoing discussion. First of all, there is no simple property
fire performance, but rather ignitability, flammability, flame spread, total heat
evolved (THE), and so on, which are influenced quite differently by the various
flame retardancy mechanisms reported for polymer nanocomposites. Hence, the
resulting efficiency may be quite different in different fire tests and fire scenarios.
Second, polymer nanocomposites can show several mechanisms, whose impor-
tance is strongly dependent on the specific interactions between the polymer
matrix and the nanoscaled additive. Third, the nanoscaled morphology controls
the properties and hence each of these mechanisms as well. Unfortunately, most
sources on the fire behavior of polymer nanocomposites merely emphasize the
well-established general concepts rather than trying to evaluate specific effects
of the system being investigated. It is also quite common to communicate the
advantages transparently, without annotating any limits of the concept. An aim
of this chapter is to provide a better understanding of the impact on different fire
test–and material-specific characteristics of the various mechanisms in polymer
nanocomposites. Rather than giving a comprehensive overview, the focus is on
the main general mechanisms and conclusions, illustrated by means of selected
representative examples. Rather than summarizing what has happened so far,
some key ideas and details are sketched systematically to clarify the potential
future directions in the field.

5.2 INFLUENCE OF NANOSTRUCTURED MORPHOLOGY

5.2.1 Intercalation, Delamination, Distribution, and Exfoliation

The strong influence of morphology on fire behavior is shown by a variety of
studies on layered-silicate nanocomposites.10 – 12 Figure 5.1 displays the results
from cone calorimeter readings on the heat release rate (HRR) taken from a
study on poly(propylene–graft–maleic anhydride) (PP-g-MA, Aldrich Chemi-
cal Company, Milwaukee)12 and on an epoxy resin (Epoxy) based on bisphenol
A diglycidyl ether and 4-methyl hexahydrophthalic anhydride.13 The thermo-
plastic noncharring PP-g-MA is compared to two corresponding, rather well
exfoliated 5 wt% modified montmorillonite nanocomposites, both compounded
using a twin-screw extruder. The quality of exfoliation differs since two different
clays were used: montmorillonite modified with dimethyl dehydrogenated tal-
low ammonium (Cloisite 20A, Southern Clay Products, Gonzales, Texas), here
called A, and montmorillonite modified with methyl tallow bis-2-hydroxyethyl
ammonium (Cloisite 30B, Southern Clay Products), noted below as B. These
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FIGURE 5.1 Heat release rate monitored in cone calorimeter experiments (irradiance
= 70 kW/m2): (a) PP-g-MA, PP-g-MA/5 wt% A, PP-g-MA/5 wt% B; (b) Epoxy, Epoxy/5
wt% C, and Epoxy/5 wt% D.

PP-g-MA/modified clay systems were chosen to illustrate the difference in nano-
composite formation due to different interactions between the modified clay used
and the polymer. Of course, these interactions are material specific, since they are
controlled by the chemical structure. Indeed, the PP-g-MA enables well-exfoliated
structures, due to its decided polar character (Figure 5.2a). The epoxy resin
nanocomposites were obtained by curing in the presence of 5 wt% tetraphenyl-
phosphonium-modified montmorillonite. The only difference between the two
tetraphenylphosphonium-modified montmorillonite systems (called C and D) was
that they were prepared using different drying procedures. The different drying
procedures resulted in different particle morphology, which can be characterized
by a specific surface area (BET) of 45 m2/g (C) and a BET of 175 m2/g (D).
The different modified clay particle morphologies resulted in a different quality
of exfoliation. The epoxy resin/modified clay systems were chosen to illustrate
the difference in nanocomposite formation due to preparation procedures, such
as the morphology of the substances used. The in situ polymerization of epoxy
resin and modified clay resulted in systems between close to and far away from a
good nanocomposite (Figure 5.2c and d). The PP-g-MA and epoxy resin systems
chosen, in particular PP-g-MA/5 wt% A, PP-g-MA/5 wt% B, and Epoxy/5 wt%
D, represent the entire range or kind, respectively, of morphologies that are typ-
ically discussed as nanocomposites for fire retardancy, whereas Epoxy/5 wt% D
marked the changeover from a nanocomposite to a microcomposite behavior.

The HRR curves for PP-g-MA and Epoxy were typical for a noncharring
material, with behavior very close to that of a thermally intermediate thick
regime.14 After ignition the HRR increases to the averaged (steady-state) HRR,
which can barely be seen as a shoulder, whereas the peak at the end of the
experiment is the dominant characteristic. With increasing quality of nanocom-
posite formation, these characteristics took on increasingly plateaulike behavior
for the nanocomposites. For both systems the nanocomposite showed increas-
ing burning times, resulting in only minor changes in the THE, which indicates
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FIGURE 5.2 TEM images: (a) PP-g-MA/5 wt% B showing well-exfoliated (= high
degree of delamination into single layers and homogeneous dispersion) clay layers;
(b) Epoxy/5 wt% D (low resolution); (c) Epoxy/5 wt% D (high resolution) showing rather
good exfoliated (= significant intercalation and delamination and homogeneous disper-
sion) clay layers; (d) Epoxy/5 wt% C (low resolution) showing hardly any exfoliation.

the total fire load of the specimen. The peak of HRR (PHRR) that corresponds
to the fire growth was strongly reduced to values between one-third and one-
half of the original values with increasing quality of exfoliation. It equaled the
averaged (steady-state) HRR. Neither a significant quantitative change nor this
change in principle in the HRR curves were found for corresponding microcom-
posites. It becomes clear that as a general result, the system-specific optimization
of nanocomposite formation is crucial in terms of fire retardancy. Apart from
chemical and morphological variations of the additive systems, the processing
parameters and the polymeric materials used are also key factors.15 The nanocom-
posite formation was reported to be influenced further by the polarity of the
polymer and its molecular weight.16 Furthermore, processing parameters such as
shear rate, temperature, and resident time during a thermoplastics melt blending
process control the morphology.17 Results similar in principle to the ones shown
in Figure 5.1 were obtained by different variations, all proving that the quality
of the nanoscaled structure significantly determines the magnitude of the fire
retardancy effect.

The quantitative assessment of nanocomposite formation is quite a challenge.
The terms generally used, such as tactoid (= microcomposites), intercalated, and
exfoliated, are rather oversimplifying models for some typical characteristics of
different morphologies. The intercalation of silicate structures by polymer chains,
the delamination of silicate layers, the mixing of the various compounds, and the
distribution of particles or single layers in the matrix are mechanisms that are
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controlled kinetically, interact in a quite complex manner with each other, and
are influenced by the preparation conditions beyond time and temperature, such
as shear stress. Hence, nanocomposite preparation rarely ends up in a thermody-
namically stable state or perfectly homogeneous samples.18 Often, intermediate
states of nanocomposite formation are reached. Partially exfoliated or strongly
inhomogeneous materials were obtained. Regions with a low concentration of
exfoliated silicate layers and regions with a higher concentration of intercalated
and partially delaminated stacks of several silicate layers were observed at the
same time. However, it should be noted that such systems are clearly closer to a
perfect nanocomposite than to a microcomposite.

X-ray diffraction and transmission electron microscopy (TEM) are the meth-
ods used predominantly to characterize nanocomposite formation.18,19 The effects
used in x-ray diffraction are the disappearance of the Bragg peak due to a dis-
turbed periodicity and the shift in the Bragg peak to changed periodicity in
electron density allocation. Although interpretation of delamination and inter-
calation may make sense for layered-silicate nanocomposites, strictly speaking,
x-ray investigation fails to monitor exfoliation (delamination + distribution) since
the quality of distribution is not detected. Consequently, x-ray diffraction is
particularly insufficient when rather good nanocomposites are compared with
each other quantitatively.20 TEM results are very convincing at first glance, due
to their imaging character, but are accompanied by a small and often unrep-
resentative area illuminated. Hence, TEM investigations also show a lack in
terms of quantitative evaluation. However, both systems presented in Figure 5.1,
for instance, show a clear correspondence between reduction in the PHRR and
increased nanocomposite formation monitored qualitatively by x-ray and TEM
(Figure 5.2).12,13,21 Promising approaches to tackling the problem of quantitative
characterization of delamination and exfoliation have been reported recently:
for example, the use of nuclear magnetic resonance (NMR) techniques22,23 or
rheology.24,25. Indeed, for the thermoplastic PP-g-MA system, a quantitative cor-
respondence was found between the reduction in PHRR and the melt viscosity
for low shear rates and temperatures, since both are controlled by the quality of
nanocomposite formation.12

Choosing and optimizing the systems, such as the polymer matrix, nanoscaled
additive, and compatibilizer, as well as the preparation of nanocomposites, are
key challenges for the successful development of nanocomposites. The control
and exploration of the specific properties and interactions are the main tasks that
have to be tackled by further screening to develop suitable tools and a better
understanding of the structure–property relationships.

5.2.2 Orientation

Silicate layers show an extreme anisotropic shape, strong interactions due to
their polar–ionic character, and high stiffness compared to conventional poly-
mers. These extraordinary properties resulted in extraordinary phase, orientation,
and rheological behavior that is probably comparable discotic or sanidic liq-
uid crystals.26,27 Shear rates, which are common in the standard or industrial
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processing of thermoplastics, resulted in a strong orientation of the silicate layers
in nanocomposites.25 Since the orientational relaxation times of silicate plates can
be large,28,29 especially in comparison with polymer chains, a certain orientation
order is quite often frozen in during the cooling step of injection molding or
extrusion.18 Furthermore, exfoliation processes based on intercalation and sub-
sequent delamination resulted in the distribution of delaminated layers with a
clear orientation. Delamination due to an intercalation of more and more poly-
mer chains can be kinetically more favorable than orientational relaxation of the
silicate plates. Hence, terms such as exfoliated ordered and exfoliated disordered
were proposed to describe these morphologies so often obtained.18 Furthermore,
complex and anisotropic morphologies known from smectic systems were pro-
posed to explain the rheological behavior of nanocomposites.18,30 – 33 Obviously,
self-organization and preparation resulted in anisotropic systems and special
phases due to thermodynamics and kinetics. However, specific influence of ori-
entation on the fire retardancy mechanisms has yet to be addressed. Perhaps
the role of orientation is irrelevant, or perhaps it is a fully integrated part of the
morphology and formation of nanocomposite that cannot be discussed separately.

5.2.3 Morphology During Combustion or Barrier Formation

As described above, nanoscaled morphology influences the fire performance of
nanocomposites. Some sources even proposed that the reduction in PHRR is
a measure for nanocomposite formation.34 Furthermore, both intercalated and
exfoliated nanocomposites were proposed for fire retardancy. Comparing both
phases for various specific systems did not result in any general conclusion
favoring one of the morphologies over the other.7,8,35 It should be noted that
strictly speaking, all of these ideas are oversimplifying. The morphology mon-
itored for the intact polymer material in the solid state at room temperature
does not control fire behavior directly. The interactions between silicate layers
and polymer decomposition, as well as barrier formation during pyrolysis, con-
trol the fire retardancy effect. Hence, although the nanoscaled distribution is the
essential starting point for fire retardancy in nanocomposites, it is not the entire
story. Indeed, the morphology of the nanocomposites changes strongly due to an
ablative reassembly.8,36

A combination of different physical and chemical mechanisms probably causes
the formation of a silicate barrier layer at the sample surface, including demixing,
layered silicate phase formation, charring, migration, and bubbles of decom-
position products.37,38 Even though silicate barrier formation seems to be the
typical general mechanism that plays an important role for all nanocomposites,
it becomes clear that the formation is a quite specific process for each system.
Mechanisms such as demixing, migration, and layered silicate phase formation
are controlled by the specific molecular interactions between polymer, silicate,
and the organic compatibilizer. The surface energies of the various composites
influence not only nanocomposite formation but also barrier formation. Further-
more, nearly all of the processes are activated thermally, so that the pyrolysis
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temperature influences the decomposition rates, demixing force, viscosity, diffu-
sion, and so on.

Demixing, migration, and bubbling are influenced by the melt viscosity. Hence,
barrier formation may be quite different for thermoplastics and thermosets, for
instance. Some mechanisms can be ambivalent. Bubbles of decomposition prod-
ucts support the transport of silicate layers to the surface but are also reported
to result in nonclosed surface layers since they stabilize cracks and holes. The
different mechanisms take place at the same time. Some of them even influence
each other and interact with the pyrolysis of the polymer. It was reported that
especially, the formation of a carbon char–silicate layer resulted in surface layers,
which act as a barrier for mass and heat transport.36,39 Obviously, interactions
between silicate and polymer play an important role in the formation of such
an organic–inorganic layer; in other words, physical and chemical processes are
important. Furthermore, the barrier formation may be quite different for non-
charring and charring polymers. Recently, an essential influence of oxygen was
reported for the formation of a char–silicate layer.40 Moreover, the formation of
a surface layer as closed as possible was reported to be essential for high effi-
ciency of the barrier properties. The synergistic effect between layered silicate
and carbon nanotubes was reported to be based on the formation of closer surface
layers.41 The formation of a closed surface layer is controlled by bubbling and
by layered-silicate phase formation. Hence, a large set of parameters, including
molecular interactions, viscosity, and mechanical stability of the surface layer,
influences this characteristic. It becomes clear that the general mechanism of sil-
icate surface layer formation is a feature whose details are quite specific to the
different systems.

Obviously, the accumulation of the sample surface layer is rather complex dur-
ing combustion and is not well described in detail. This is also true for the influ-
ence of increasing clay content. As a typical result, considerably reduced PHRR
was observed with increasing content from 0 up to 10 wt%, but the decrease
was not proportional for higher amounts (>7 wt%) of clay added (Figures 5.3
and 5.4b).12 The reduction in PHRR converged to a limiting value. The enrich-
ment in layered silicates on the surface seems to be a specific process rather
than statistical precipitation or migration. For instance, increasing thickness of
the residue layer was observed with increasing clay content but not the closing
of cracks, resulting in incomplete prevention of the release of pyrolysis gases.12

It is concluded that an arbitrarily high amount of clay makes no sense in terms
of barrier formation, but adding clay of 5 to 7.5 wt% seems to be sufficient to
prepare nanocomposites with an improved PHRR.

5.3 FIRE RETARDANCY EFFECTS AND THEIR IMPACT
ON THE FIRE BEHAVIOR OF NANOCOMPOSITES

5.3.1 Inert Filler and Char Formation

Organically modified silicate clays are typically used to obtain a suitable nanoco-
mposite formation. The content of organic compounds for a typical modified clay
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FIGURE 5.3 Heat release rate monitored in a cone calorimeter for PP-g-MA/A nanoco-
mposites (irradiance = 30 kW/m2), varying the filler content between 0 and 10 wt%.
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FIGURE 5.4 Cone calorimeter experiments for PP-g-MA/A nanocomposites (irradiance
= 30 kW/m2), varying the filler content between 0 and 10 wt%: (a) total heat evolved
(squares); (b) PHRR rate (circles).

results in a decomposition mass loss of about 15 to 30 wt% in thermogravimetric
measurements. The inorganic silicate does not decompose at temperatures rele-
vant during the pyrolysis of polymeric materials. Hence, the modified layered
silicate functioned in part as an inert filler. Indeed, hardly any residue was
obtained above the inert filler content—not only in thermogravimetric experi-
ments but also in fire experiments for noncharring polymer systems. Even if the
interaction between silicate and polymer leads to a char–silicate surface layer, the
additional carbonic is typically rather small (0 to 5 wt%) for noncharring poly-
mers such as polypropylene (PP) and polystyrene (PS). Such a change in char
formation is not relevant to reduce the THE. In such systems the THE reduction
is of the same order of magnitude as the replacement of polymer with layered
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silicate. Figure 5.4a illustrates this inert filler effect using a layered-silicate/PP-
g-MA nanocomposite as a model system for a noncharring thermoplastic. This
influence was investigated on PP-g-MA/A nanocomposites by adding 0, 2.5, 5,
7.5, and 10 wt% layered silicate.12 No significant difference between different
montmorillonite nanocomposites was found for this system in terms of THE.
The THE decreased linearly, corresponding to increasing replacement of the
polymer. The effective heat of combustion was unchanged. A relevant gas-phase
mechanism such as flame inhibition was absent. The residues corresponded to
the amount of A used. No significant additional carbonic char formation was
found for this system. Layered silicate acted as an inert filler. Furthermore, when
amounts of only around 5 wt% were used, the flame retardancy effect remained
of the same order of magnitude as the error of the data in terms of THE.

Metal hydroxides are widespread flame retardants and are also discussed as
inert fillers.42 They show endothermic decomposition into an inorganic residue
accompanied by the release of water. Water is a very effective cooling agent
and dilutes the fuel gases. Unlike montmorillonite, metal hydroxides provide an
additional significant heat-sink mechanism. Hence, the use of compounds such as
hydrotalcite was proposed instead of montmorillonite. However, metal hydroxides
are typically used in amounts of 40 wt% up to 65 wt% to obtain flame-retarded
polymers. The conclusion is confirmed that small amounts of layered silicates fail
to make a crucial impact on fire behavior, due to their inert filler characteristic.
Small amounts of additives can only improve the THE by specific interactions
changing the decomposition pathway in the condensed phase or the oxidation in
the gas phase. Such fire retardancy mechanisms are indicated by increased char
formation or reduced effective heat of combustion. Unfortunately, most polymer
nanocomposite systems are characterized by mainly physical effects, whereas
chemical interactions play a minor role. The effective heat of combustion is rarely
influenced significantly and the char formation increase is mostly on a rather
disappointing scale between 0 and 10 wt%. Promising systems that show a crucial
influence on effective heat of combustion or carbonic char formation are quite
rare. Nevertheless, the formation of inorganic residue can result in an efficient
barrier layer at the surface, thus influencing other important characteristics, such
as the HRR (Figures 5.3 and 5.4b). Such barrier effects are discussed below.

5.3.2 Decomposition and Permeability

The results reported on the thermal and thermooxidative decomposition of layered
silicate nanocomposites are rather contradictory and do not lead to unambiguous
or consistent conclusions. The results vary from enhanced decomposition, to no
significant influence, to a strong improvement depending on the source and sys-
tem discussed.21,43 – 46 The influence on thermal decomposition differs strongly
from nanocomposite to nanocomposite. What is more, often the product release
is changed rather than the primary decomposition reactions. The diffusion of the
products is hindered by the decreased permeability for nanocomposites; 5 wt%
layered silicate–polymer nanocomposites show a reduction in gas permeabil-
ity of around 40 to 60%, even for small gas molecules such as nitrogen and
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oxygen.47,48 The reduction in oxygen diffusion results in higher decomposition
temperatures for thermooxidative thermogravimetric investigations with a con-
stant heating rate.21,46 Segmental or chain conformation changes necessary for
decomposition or product release can also be reduced significantly, especially in
intercalated systems or systems with strong interactions between the polymer
and silicate layers. Even large effects were reported. Poly(methyl methacry-
late) (PMMA) intercalated in montmorillonite showed a 40 to 50 K increase in
decomposition temperature,49 and an even higher increase of 140 K was reported
for poly(dimethyl siloxane) (PDMS) intercalated in montmorillonite.45 For both
systems the restricted thermal motion of segments or decomposition products
was concluded to be the principal mechanism. Adding modified clay may also
change the chemical decomposition reactions. Layered silicate can act as an acid
buffer, change the water content, or even catalyze chemical reactions, whereas
the decomposition of the organic modifier may trigger decomposition. Recently,
a series of papers was published reporting different changes in pyrolysis prod-
ucts for different nanocomposites.50,51 The influence on thermal decomposition is
determined by specific interactions with the nanoscaled additive during polymer
decomposition. The influence on the thermal and thermooxidative decomposition
is a specific characteristic for each system.

A relevant change in thermal and thermooxidative decomposition is not a gen-
eral mechanism for all layered silicate nanocomposites. For all scenarios based on
a stable flame zone, the fire behavior is controlled by an anaerobic pyrolysis. The
changes reported for thermal and thermooxidative decomposition are of minor
importance for most layered silicate–polymer nanocomposites. Product changes,
such as from monomer to oligomers, some additional carbonic char (1 to 5 wt%),
or decomposition temperature shifts typically around 5 to 25 K hardly cause rele-
vant changes in effective heat of combustion or total amount of volatiles, but may
influence the time to ignition. Hence, the changes in thermal and thermooxidative
decomposition are ruled out as the main fire retardancy mechanism in terms of
essentially decreased flame spread. Neither does it improve flammability as mon-
itored by the UL-94 classification. For instance, PDMS nanocomposites showing
a strong enhancement in thermal stability failed to achieve an UL-94 V-0 classi-
fication similar to that of PDMS.45 The changed monomer–oligomer distribution
for PS did not change significantly in the heat of combustion.52 Only a few sys-
tems have a potential for essential fire behavior improvements due to changes
in their thermal or thermooxidative decomposition. Most of the nanocomposite
systems show only a negligible or small increase in carbonic char formation.
An essential decrease in fuel production due to increased char formation is not
found. Systems that show a crucial increase in residue are rather rare. However,
such systems would be extremely promising since they would combine chemical
and physical mechanisms. Remarkable effects on the chemical reactions were
reported for epoxy systems. Adding layered silicates transformed a three-step
decomposition into a two-step decomposition.40,53 In principle, such effects open
the potential for essential improvement of fire behavior.
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5.3.3 Viscosity and Mechanical Reinforcement

Changing the decomposition pathway resulting in charring, and influencing the
chemical reactions in the gas phase resulting in flame inhibition, are not the only
ways to improve the fire behavior; physical mechanisms such as cooling, barrier
formation, and changing the heat capacity, the thermal conductivity, or the viscos-
ity also have a relevant influence on the fire behavior. The melt viscosity for the
pyrolysis zone is not only important for barrier formation, as discussed above,
but also controls the dripping behavior. Dripping behavior is crucial in many
fire scenarios. Polymer nanocomposites based on anisotropic additives such as
layered silicate or nanotubes showed a strong increase in viscosity for even low
filler contents, especially when low shear rates were applied. The nano-dispersion
resulted in structures that strongly reduce melt dripping, such as physical network
structures. Indeed, the influence on the melt flow is proposed as one of the main
general mechanisms in nanocomposites. Preventing dripping can be good or bad,
depending on the scenario in question. High melt flows are suitable strategies
to pass the glow wire test or to reach a V-2 classification in UL-94 vertical
burning tests. In such cases nanocomposites may show a worse performance.
For example, the thermoplastic PP-g-MA material used as an example above
received a V-2 classification, but only an HB classification was achieved by the
nanocomposites PP-g-MA/5 wt% A and PP-g-MA/5 wt% B.12 Adding layered
silicate prevented extinguishing through dripping in this system, since more com-
bustible material remained in the pyrolysis zone. Nanocomposites using fibrous
nanotubes in noncharring thermoplastics even tended to effects similar to wick-
ing, as indicated by a dramatic decrease in the limiting oxygen index (LOI) for
polyamide-6 (PA6)/multiwall carbon nanotube (MWNT) systems from to 26.4 to
23.7%,54 which is similar to the known effect of glass fiber reinforcement. Such
rather negative results on flammability performance were found especially for
noncharring thermoplastic, for which dripping is quite common and often con-
trols flammability. Of course, different systems and fire tests are affected very
specifically by the changed melt viscosity, and this mechanism is not the only
one that may influence the performance.

However, the examples given illustrate that the changed viscosity can have a
crucial impact on the fire performance, in particular in case of noncharring ther-
moplastics. Similar obvious changes are not observed for charring materials since
they may not show dripping anyway. For charring materials a decent mechani-
cal reinforcement of the char or a changed deformation behavior were observed
instead. Nanocomposites using the same MWNT systems in the charring ther-
moplastics PC did not result in a worsening in LOI (PC: 25 ± 0.1%; PC with 2,
4, and 6 wt% MWNT 25.0 ± 0.4%), and the main influence in cone calorimeter
results seems to be the reduced deformation during burning.55 Especially for intu-
mescent systems, significant influences can be expected, since viscosity is one of
the main parameters controlling formation of the multicellular structure. Recently,
synergistic effects were reported for nano-distributed layered silicate in intumes-
cent systems based on a mechanical stabilization of char.56 Furthermore, apart
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from the typical flammability test, the prevention of dripping is essential in many
fire scenarios and corresponding fire tests that favor the use of nanocomposite.

5.3.4 Barrier for Heat and Mass Transport

Specific aspects of barrier formation were discussed above. A silicate or silicate–
char surface layer acting as a barrier for heat and mass transport is probably the
main general fire retardancy mechanism of all layered-silicate nanocomposites.
Most sources claim that this mechanism is responsible for the strongly improved
performance in a cone calorimeter test. In particular, the strong reduction in
PHRR is used to propose that layered silicates are the most promising approach
for fire retardancy of polymers. However, the barrier effects and their influ-
ences on cone calorimeter results are not described in detail, so that the specific
characteristics of these mechanisms are unclear.

The cone calorimeter characterizes the fire behavior of a horizontal specimen
for forced flaming combustion. The PHRR corresponds to the fire growth in
a fire. Figures 5.1, 5.3, and 5.4 show typical results for polymer nanocompos-
ites in a cone calorimeter. Large reductions in PHRR up to 75% and increased
burning times are found. The shape of the HHR curves changed in compar-
ison to the polymer. Nanocomposites show a more plateaulike behavior with
increasing amounts of layered silicate or improved nanocomposite formation,
respectively. The HRR curve changes into a shape that is typical for char- or
residue-forming materials.14 After ignition the HRR increases to the averaged
(steady-state) HRR, which also became the PHRR with increasing quality of
exfoliation. The HRR subsequently decreased slightly until flame-out. Nanocom-
posites showed increasing burning times such that THE shows only minor reduc-
tion or no change. The total fire load of the specimen is often not influenced
significantly, whereas the PHRR is reduced drastically. Without any significant
chemical impact on burning behavior, such as flame inhibition or charring of
the polymer, physical barrier effects became obvious as the main general fire
retardancy effects of nanocomposites.12,57 This conclusion corresponds with the
inert filler behavior of most of the systems without any pronounced chemical
impact on decomposition and burning behavior. However, the rather physical
barrier formation need not be the entire story, but can be accompanied by
chemical mechanisms taking place at the same time or can be strongly influ-
enced chemical processes. These additional processes are not general for all
nanocomposites but are clearly material specific and often the key for promising
materials.

Switching the characteristics of the HRR curve of noncharring polymers to
the characteristics of residue-forming polymers means that the type of PHRR is
changed. The PHRR due to the increasing thermal feedback from the back side of
the specimen at the end of the burning vanishes, and the averaged (steady-state)
HRR reached at the beginning of the burning became dominant for nanocom-
posites. A vanishing of the PHRR at the end of the burning can also be reached
experimentally by measuring a noncharring polymer specimen using a modified
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FIGURE 5.5 Heat release rate monitored in cone calorimeter experiments (irradiance
= 50 kW/m2): (a) PP-g-MA, PP-g-MA measured with the modified sample holder and
PP-g-MA/5 wt% E; (b) Epoxy, Epoxy measured with the modified sample holder, and
Epoxy/5 wt% F.

sample holder that reduces the thermal feedback from the back of the specimen.58

Obviously, the barrier formation in nanocomposite at the surface and the use of a
thermal conducting sample holder at the back side of the specimen are different
approaches to influence the heat impact on the pyrolysis zone, but remarkably,
both result in the same effect on the HRR curve. In Figure 5.5, PP-g-MA and
Epoxy measured with a standard and a modified sample holder are compared
with the nanocomposites PP-g-MA/5 wt% Nanomer I.28E (Nanocor, Arlington
Heights, Illinois) and Epoxy/5 wt% tetraphenylphosphonium-modified montmo-
rillonite, respectively.13,58 Nanomer I.28E is an octadecyltrimethyl ammonium–
modified montmorillonite, here called E. A spray-dried tetraphenylphosphonium-
modified montmorillonite was used with a BET of 100 m2/g (called F). It becomes
clear that the change in heat transport, especially the smaller effective heat impact
on the pyrolysis zone at the end of the test, is a main reason for the reduction
in PHRR.

The qualitative change in the origin of the PHRR also has a specific
quantitative impact. The ratio between PHRR at the end of burning and the
averaged (steady-state) HRR is different for noncharring polymers. The ratio is a
specific characteristic of the material under consideration. Table 5.1 summarizes
the ratio of averaged (steady-state) HRR/PHRR for polymers such as PA6, PS,
acrylonitrile–butadiene–styrene (ABS), poly(methyl, methacrylate) (PMMA),
and so on. at low irradiation using percentages. The data are estimated from
published HRR curves for an irradiation of 35 kW/m2.12,59,60 The averaged
(steady-state) HRR was determined roughly according to the procedure proposed
by Lyon.61 The ratios between averaged (steady-state) HRR and PHRR are
compared with the typical reduction in PHRR published for the corresponding
nanocomposites using an irradiation of 35 kW/m2.35,12 The correspondence is
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TABLE 5.1 Comparison of the Typical Reduction in PHRR for Nanocomposites
with the Ratio of Averaged (Steady-State) HRR/PHRR Using 35 kW/m2 Irradiation

Reduction of PHRR Ratio Between Averaged (Steady-
for Well-Prepared State) HRR and PHRR

Nanocomposite Nanocomposites (%) (%)

PA6 63a ∼70b

PS 57a ∼55b

PP-g-MA 54,a 46–57c 50–60b

ABS 45a ∼45b

HIPS (high-impact PS) 40a 40–45d

PMMA 25a ∼20b

a From Ref. 35.
b From Ref. 59.
c From Ref. 12.
d From Ref. 60.

convincing. Not only does the order and order of magnitude for the different
polymers correspond, but even the specific values between 20 and 70% match
each other. The reduction in PHRR is controlled not only by the specific barrier
properties of the surface layer, but also by the specific fire behavior of the
polymer.

The PHRR or the flame spread, respectively, is better characterized as a spe-
cific property of a certain specimen in a specific fire scenario than as a material
property such as the effective heat of combustion. Hence, the PHRR and the cor-
responding fire retardancy effect depend on the specifics of the scenario, such as
the sample holder, sample thickness, and the irradiance used in a cone calorimeter
test. Materials showed decreased time to ignition, decreased burning time, and
enhanced PHRR with higher irradiance, since the energy impact per unit of time
was increased. It was proposed that the barrier mechanisms are also indicated
by special characteristics of varying the irradiance.62 The influence of irradiance
on PHRR becomes less pronounced when it is determined by the formation of
a physical barrier for heat and mass transport. Consequently, the relative flame
retardancy effect of a physical barrier increased with increasing irradiance. In
Figure 5.6 the PHRR values are compared for PP-g-MA and PP-g-MA/5 wt%
A for 30 up to 70 kW/m2 and for Epoxy and Epoxy/5 wt% D.12,13 The PHRR
was reduced up to 75% and up to 50%, respectively, at 70 kW/m2, whereas the
flame retardancy effect seems to vanish for lower irradiance. Hence, fire tests
with low irradiance such as flammability tests (UL-94, LOI, etc.) may be influ-
enced less by the main general mechanism, which is discussed in detail below.
The influence of the sample thickness of the specimen was also reported on the
fire retardancy effect of nanocomposites.63 The fire retardancy effect vanished
for thermally thin samples. This is probably due to the fact that for thermally
thin specimens a different type of PHRR occurs. The PHRR becomes more and
more dependent on the total heat evolved, which has not significantly changed.64
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FIGURE 5.6 Peak of heat release rate plotted against irradiance: (a) PP-g-MA and
PP-g-MA/5 wt% A; (b) Epoxy and Epoxy/5 wt% D.

5.4 ASSESSMENT OF FIRE RETARDANCY

5.4.1 Differentiated Analysis with Regard to Different Fire Properties

The most important fire risks are:

ž Ignitability
ž Flammability
ž Heat release rate/flame spread
ž Total heat evolved
ž Fire penetration
ž Smoke obscuration/smoke toxicity

The fire retardancy of real products means that one or several of these fire
risks must be under control in case of a specific fire scenario. For electronic
and electrical products, flammability in the glow wire test or in the UL-94 test
must be ruled out. Delay or prevention of the start of a fire is the goal when
an ignition source such as a glowing wire or small candlelike flame is applied.
Fire tests for building products such as the new European SBI (single burning
item) apparatus bring out the response of materials when they encounter a single
burning item such as a wastepaper basket. The reduction or the prevention of
flame spread during a developing fire is the main objective. Protection elements
such as fire doors and the like are tested using a standard time–temperature curve.
The fire penetration in case of a fully developed fire is the main target. Indeed,
the pairs ignitability/flammability–ignition, flame spread/fire growth–developing
fire, and THE or fire penetration–fully developed fire are crucial for fire testing.
The three fire scenarios are different with respect to ventilation, temperature,
involved length scales, and irradiation.

Most polymer nanocomposites show rather minor influences on decomposition
of the polymer. Apart from a few exceptions, neither decomposition temperatures
nor effective heat of combustion of the volatiles change relevantly. Consequently,
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the time to ignition is not improved. Neither is the initial increase in HRR
typically changed for nanocomposites. These minor effects on the beginning of an
HRR curve are a quite general characteristic for surface layer–forming systems.
The fire retardancy effects become dominant only with preceding burning. In
addition, for some nanocomposites, the time to ignition is even decreased.
Earlier decomposition of the organic modifier or a changed heat absorption in
nanocomposites are among the probable reasons for this observation. It must
be concluded that nano-dispersed layered silicates by themselves are a rather
disappointing fire retardancy approach in terms of fire property ignitability.
Such a disappointing performance was also often found for the flammability of
nanocomposites.12,65,66 Typical HRR values of most nanocomposites investigated
were clearly above about ∼150 kW/m2 when low irradiances such as 30 to
35 kW/m2 were used in a cone calorimeter. The nanocomposites do not show
a convincing tendency for self-extinguishing behavior. The LOI results often
did not differ significantly between polymer and polymer nanocomposites, or
showed only small changes.12,65,66 In some systems, even a worsening of the
LOI values was reported.54 Corresponding results were found for UL-94 testing.
It becomes clear that it is a common feature of the main general fire retardancy
mechanisms in nanocomposites to provide considerable improvement in terms of
fire growth and flame spread, but not in terms of preventing or delaying the onset
of a fire, such as reducing the ignitability or flammability. Again, only specific
systems may be really promising in this area, with additional mechanisms of
flame retardancy.

Figure 5.7 illustrates the typical fire performance of layered-silicate nanocom-
posites for various irradiances. Corresponding results were reported for other
nanocomposites.12,65,66 The data are shown for 5 wt% phosphonium bentonite
epoxy resin nanocomposites (Epoxy/E).13 THE is plotted against the fire growth
rate (FIGRA). Comparable plots were proposed to give a good graphical assess-
ment of the fire behavior of various materials.67,68 Advanced fire retardancy yields
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FIGURE 5.7 Total heat evolved plotted against FIGRA (peak heat release rate/time to
peak heat release rate). Results are shown for an epoxy resin and epoxy resin/5 wt% D
nanocomposite at various irradiances (30, 50, and 70 kW/m2).
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improvements in both THE and FIGRA. Layered silicate–polymer nanocom-
posites result in a remarkable decrease in fire growth, particularly for high
irradiances, whereas the impact on THE remains limited. It should be noted that
this limitation must not remain unchallenged. Recently, promising approaches
have been discussed: combination with established flame retardants5,69 (see also
Chapters 6 to 9) or the search for systems in which the char formation of the poly-
mer is also enhanced significantly by additional more chemical mechanisms.36

Polymer nanocomposites seem to have some remarkable advantages in
terms of mechanical and ecological considerations. Layered silicates show
significant reinforcing, whereas many common flame retardants act as plasticizers.
Furthermore, they are discussed as a promising approach to halogen-free fire
retardants. Their price hinders their commercialization to some extent, but does
not rule it out. However, the prerequisite of a nanoscaled structure may demand
advanced technology for preparation. The rather physical mechanisms proposed
for nanocomposites do not significantly affect pyrolysis and combustion reactions.
Nanocomposites do not significantly increase fire hazards such as CO or smoke
production.70,71

5.4.2 Different Fire Scenarios Highlight Different Effects of
Nanocomposites

Adding nanoparticles influences the fire behavior of polymers by different mecha-
nisms. The role and importance of these mechanisms are quite different in various
fire scenarios. The irradiance was observed as a major parameter controlling fire
retardancy efficiency (Figure 5.7). It should be noted that the results of extrap-
olation to small irradiances correspond to flammability scenarios such as LOI
and UL-94 tests.61 The fire retardancy diminished with decreasing irradiance.
Consequently, comprehensive cone calorimeter results indicate that no signifi-
cant improvement can be expected for nanocomposites in terms of flammability
tests based on the main general fire retardancy mechanisms. This conclusion
corresponds to observations that most nanocomposites do not show relevantly
improved self-extinguishing behavior in tests such as LOI and UL-94. The strong
fire retardancy observed at high irradiance in terms of fire growth and flame
spread, respectively, and the rather disappointing performance in flammability
are not contradictory. The incombustible residue of nanocomposites built up a
surface layer capable of reducing the HRR significantly, but rarely of extinguish-
ing the fire. Fire scenarios highlight the barrier effect of nanocomposites when
they are controlled by the fire growth and flame spread, respectively, at higher
heat fluxes.

Nanocomposites rarely built up surface layers efficient enough to result in a
relevant decrease in flammability, except in combination with conventional fire
retardants. However, the extinction behavior in flammability tests such as LOI
and UL-94 is also strongly influenced by the dripping behavior of the materials
under investigation. Adding highly anisotropic nanoscaled particles has a strong
influence of the melt viscosity of the polymers. They can work as antidripping
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agents, result in a reinforcement of char, or induce wicking. Consequently, for
some systems the flammability test results highlight the change in viscosity.

Ecological considerations and investigations of fire hazards such as CO and
smoke production target the inert filler characteristics of nanocomposites. The
rather physical mechanisms proposed for nanocomposites are advantageous for
such considerations. Nanocomposites appear to be a promising eco-friendly appr-
oach to fire retardancy in polymers.

5.5 SUMMARY AND CONCLUSIONS

This chapter illuminated the specific aspects of fire retardancy in polymer nanoc-
omposites. In particular, it focused on the main general mechanisms. The fire
behavior of nanocomposites was discussed comprehensively and assessed. Apart
from the effect of nanocomposite formation and other influences, two main
general mechanisms are worked out: (1) formation of a surface layer during com-
bustion, and (2) change in melt viscosity during pyrolysis. The fire retardancy
mechanisms occurring in nanocomposites have, first, a very specific impact on
various fire tests, and second, show material-specific characteristics. Furthermore,
the rather physical main general mechanisms may be accompanied or strongly
affected by specific chemical processes in distinct systems.

The surface layer works as a barrier for pyrolysis gases and heat, whereas the
change in melt viscosity influences dripping during combustion. The efficiency
of these mechanisms is specific with respect to different systems and different
fire tests. The influence of these mechanisms on different fire properties and for
different fire scenarios is sketched in detail. High fire retardancy potential was
reported for barrier layers in terms of fire growth and flame spread, respectively,
under forced flaming conditions. Other important fire characteristics, such as
ignitability, flammability, and THE, however, are not improved in any relevant
way by most of the barrier layers observed. The strongly changed melt viscosity
efficiently prevents dripping.

In the majority of cases, the physical main general fire retardancy mechanisms
of nanocomposites are not sufficient to pass some of the important fire tests for
polymeric materials. Hence, compounds such as organically treated layered sili-
cates are not convincing stand-alone flame retardants. Indeed, for most systems
a convincing potential is concluded only in combination with established flame
retardants (Chapters 6 to 9). This may change when systems are developed that
combine the physical with chemical mechanisms such as those that trigger rele-
vant additional char formation. Different concepts have been proposed to tackle
this target, such as using silicate layers as catalysts, changing the decomposition
pathway, or using layered structures as microreactors.

Nanocomposite formation is a key prerequisite of efficient fire retardancy and
shows a strong structure–property relationship. Major mechanisms controlling
morphology are known. However, the specific optimization of the preparation
for each polymer nanocomposite system persists as a major challenge in the
future.
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For the time being, nanocomposites are not considered to harbor potential as
possible flame-retarded polymers. So far, nanocomposite formation has been used
successfully as a synergist in some polymers in combination with established
flame retardants. Indeed, in such systems, they have already been commer-
cialized very successfully.4 The possible combinations of nanocomposites with
other flame retardants are countless. They are and will continue to be under
consideration.56,69,72 – 76 Some of them even show remarkable synergisms.
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6.1 INTRODUCTION

Today, the probability of a catastrophic fire razing an entire town in peacetime
is remote. Due to the plethora of mainly governmental legislation, fire protection
plays an extremely important role in reducing fire risk. Nevertheless, the develop-
ment of science and technology provides the availability of sophisticated products
but, concurrently, increases the use of combustible materials.1 Various methods
can be used to protect materials more effectively against attack by fire. An effi-
cient way is to use flame retardants and/or particles (micro- or nano-dispersed)
incorporated directly in the materials (e.g., thermoplastics or thermosets) or in a
coating covering their surface (e.g., structural steel or textiles).2 This approach
(incorporation of flame retardant either directly in the polymer or in a coating) is
chosen in this work to provide low flammability to polymeric materials because
it is an acceptable compromise between cost and properties and because it brings
great flexibility to design materials with multifunctional properties.

Demand for designing materials with novel functionalities and also to be
multifunctional is growing for many applications. They should possess unique
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mechanical, thermal, thermal–mechanical, electrical, and thermal–electrical
properties and low flammability, with sustainability in a variety of harsh
environments for space, automotive, electronic, and infrastructure elements. This
is an important challenge in the materials science and engineering industry. Due
to this evolutionary change in the materials science and engineering research
focus, the integration of many conventional materials, such as carbon, clay,
ceramic, aluminum particles, and so on, at the nanoscale to make nanocomposites
has emerged to build new blocks of revolutionary materials with superior and
optimized properties.

The pioneering work of Gilman et al. has demonstrated that the presence
of nano-dispersed montmorillonite clay in polymeric matrices produces a sub-
stantial improvement in fire performance.3 – 5 Gilman and other groups have
described this approach and developed hybrid polymeric materials, including
organo-modified clays,6 – 9 nanoparticles of TiO2,10 nanoparticles of silica,11 lay-
ered double hydroxides (LDHs),12,13 carbon nanotubes (CNTs),14,15 or polyhedral
silsesquioxanes (POSSs).16 – 18 All these materials exhibit low flammability along
with other properties, such as enhanced mechanical properties. Typically, the
peak heat release rate (HRR) is decreased by 50 to 70% in a cone calorimeter
experiment. However, UL-94 and the limiting oxygen index (LOI) of poly-
mer nanocomposites are poor. As an example, the peak HRR of polyamide-6
(PA6)/clay nanocomposites is decreased by 63% compared to virgin PA6 at
35 kW/m2, while UL-94 test fails (no rating) and the LOI is only 23 vol%.19

Cone experiments are made in a horizontal position; thus, dripping cannot occur
and accumulation of clay at the surface can play its role in forming a protective
barrier. On the contrary, the low viscosity of the materials when heated leads to
dripping when they are in a vertical position (LOI and UL-94) and the protec-
tive barrier flows away from the flame. The substrate is no longer protected and
burns; that is why the nanocomposite approach needs to be enhanced. It is the
main goal of this chapter to survey the combination of traditional flame retar-
dants, in particular intumescent flame retardants, with nanofillers. It is expected
that this approach will provide the opportunity to design fire-safe materials that
meet the specifications required by legislation and show enhancements in other
properties, such as mechanical properties.

The chapter is organized in four parts. In Section 6.2 we review intumescence
briefly to provide a basic understanding of the mechanism of action by intumes-
cence. This is followed by the use of zeolites as synergists in intumescent systems
(Section 6.3). The reason that combining intumescence systems with zeolites pro-
vides superior performance and why clay should also be a candidate to provide
synergistic effect in intumescent systems are explained. The mechanism of action
is described and the discussion is focused on the role of the chemical structure
of zeolite and why clay should be a crucial ingredient in intumescent formula-
tions. Section 6.4 is an investigation of the performance of intumescent systems
containing organo-modified clay. A few formulations are examined in terms of
flame retardancy using LOI, UL-94, and cone calorimetry, and mechanical prop-
erties are also considered. The role of organoclay, nano-dispersed in a polymeric
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matrix, on intumescent fire retardancy is addressed and a mechanism of action
is proposed. In Section 6.5 we investigate the potential use of nanofillers other
than clay in intumescent systems. The influence of the chemical nature of these is
addressed. In Section 6.6 we survey recent published works and provide a critical
view regarding the use of nanofillers combined with intumescent fire retardants.

6.2 BASICS OF INTUMESCENCE

The word intumescence comes from the Latin intumescere, which means “to
swell up.” It is an apt description of an intumescent material, which when heated
beyond a critical temperature begins to swell and then to expand. The result
of this process is a foamed cellular charred layer on the surface which protects
the underlying material from the action of the heat flux or flame.20. Intumescent
flame-retarding polymers or textiles are essentially a special case of a condensed-
phase mechanism.21 – 25 Intumescent systems interrupt the self-sustained combus-
tion of the polymer at its earliest stage (i.e., the thermal degradation with the
evolution of gaseous fuels). The intumescence process results from a combina-
tion of charring and foaming at the surface of the burning polymer. The resulting
foamed cellular charred layer, whose density decreases as a function of temper-
ature, protects the underlying material from the action of the heat flux or of the
flame. So the charred layer acts as a physical barrier that slows heat and mass
transfer between the gas and condensed phases.

A typical example of an intumescent system is polypropylene (PP) containing
ammonium polyphosphate (APP)/pentaerythritol (PER) (intumescent additives:
ammonium polyphosphate [APP: (NH4PO3)n, n = 700]/pentaerythritol (PER) =
3 : 1 (wt/wt) at 30 wt% loading) or an intumescent commercial additive (Exolit
AP750, Clariant [ammonium polyphosphate with an aromatic ester of tris(2-
hydroxyethyl)-isocyanurate26 at 30 wt% loading]). Evaluation of the fire perfor-
mance shows that the formulation containing AP750 performed better than that
with APP–PER (Table 6.1) but that in both cases a V-0 rating was achieved in
the UL-94 test.

These results are confirmed by cone calorimetry27 (Figure 6.1). The presence
of intumescent systems in PP causes strong decreases in the rate of heat release
(RHR) values compared to those of the virgin polymer (the peak RHR of PP
is about 1800 kW/m2). Moreover, the RHR curve of PP–AP750 is very flat,
and the RHR values reach only 80 kW/m2 while those of PP–APP/PER reach

TABLE 6.1 LOI Values of PP-Based Intumescent
Systems Compared to Virgin PP

Formulation LOI (vol%) UL-94 Rating (3.2 mm)

PP 18 No rating
PP–APP/PER 32 V-0
PP–AP750 38 V-0
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FIGURE 6.1 RHR curves of PP–APP/PER and PP–AP750 versus virgin PP (exter-
nal heat flux = 50 kW/m2). (From Ref. 27, copyright  1997, Sage Publications, with
permission.)

400 kW/m2. It is noteworthy that the RHR curve of PP–APP/PER is typical
of intumescent systems exhibiting two peaks. The first peak is assigned to the
ignition and to the flame spread on the surface of the material, and then, when
the RHR values become constant, to the protection by the intumescent coating.
During this time period, the polymer is protected by the intumescent shield. The
second peak is explained by the destruction of the intumescent structure and the
formation of a carbonaceous residue.

A direct application of the intumescence phenomenon is the protection of
metallic materials in the construction industry. In the case of fire, these materials
lose their mechanical strength, leading to the collapse of building structures. The
use of intumescent paint acts as a heat barrier to protect the material of inter-
est. Recent work from our laboratory28 shows that good thermal protection of
metallic substrate can be achieved using intumescent coatings based on a ther-
moset epoxy–amine resin system into which the fire retardant agents boric acid
and ammonium polyphosphate derivatives have been incorporated. The coatings
were evaluated on a large scale in an industrial furnace according to the UL-1709
standard. Figure 6.2 shows the evolution of temperature as a function of time on
the back side of steel plates coated with various formulations. Steel usually loses
its main structural properties at around 500◦C. For safety reasons and because
the thermocouple is on the back side of the steel plate, 400◦C was chosen as the
failure temperature (horizontal line on Figure 6.2).

The time to failure of the steel plate covered with thermoset resin (curve B)
is close to the time to failure of the steel plate alone (curve A). When the APP
derivative is added to the thermoset resin (curve C), an improvement in per-
formance is observed (time to failure of 11.3 min compared to 5 min for the
uncoated steel). Intumescence and charring take place, but the char falls off the
plate before the end of the experiment (change of slope at 610◦C). Addition of
boric acid (curve D) to the resin also leads to improved performance; the time of
failure is increased to 18.2 min. Development of intumescence is also observed;
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FIGURE 6.2 Evolution of temperature as a function of time on the back side of a
steel plate coated with various intumescent coatings: A, virgin steel plate; B, virgin
thermoset epoxy resin; C, thermoset resin containing APP derivative; D, thermoset resin
containing boric acid; E, thermoset resin containing APP and boric acid. Specification of
the test (OTI 95 634) was to burn a given volume of propane (0.3 kg/s) at a given heat
flux (200 to 250 kW/m2) and at a given distance (1 m) from a test piece. The burning
conditions fit as close as possible the ramp of temperature of a hydrocarbon fire heating
curve (about 200◦C/min). Five thermocouples are used on the back side of each plate,
and only the average temperature is reported on the plot. Plates were mounted vertically
in the furnace.

however, the char falls off the plate (rapid change of slope at 400◦C). When APP
and boric acid are incorporated together in the thermoset resin (curve E), the time
to failure increases very significantly, up to 29.5 min, and the resulting intumes-
cent char adheres strongly to the plate, exhibiting a regular hemispherical shape.

The examples above show that a large improvement in flammability prop-
erties can be achieved using an intumescent system in bulk polymers and in
coatings. Thermal protection is the main purpose of using intumescent materi-
als; heat transfer is limited by the formation of an intumescent shield. Swelling
is central to the fire-protective capabilities, and a fundamental understanding of
the mechanisms that cause expansion is important. Temperature gradients and
heat transfer play a central role in intumescent behavior. In particular, the effect
on the temperature gradients of the growing bubbles cannot be neglected. The
sizes of the bubbles may be quite different, due to the large temperature gradi-
ents within the intumescent melt. Considering this, a three-dimensional model
was developed at the National Institute of Standards and Technology (NIST)29
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that incorporates bubble and melt hydrodynamics, heat transfer, and chemical
reactions. In this model, the intumescent system is represented as a highly vis-
cous incompressible fluid containing a large number of expanding bubbles. The
bubbles obey equations of mass, momentum, and energy on an individual basis
according to the values of the local parameters, and their collective behavior
is responsible for the swelling and fire retardant properties of the material. This
model provides a good basis for understanding and describing the physical aspect
of intumescence.

In the previous discussion the chemical aspects were not addressed, but they
are crucial. To make an intumescent system, three ingredients are necessary: an
acid source (precursor for catalytic acidic species), a char-forming agent, and a
blowing agent. Table 6.2 provides some example of components of intumescent
formulations. In the case of PP–APP/PER, the reaction of the acidic species
(APP and its degradation products into orthophosphates and phosphoric acid)
with the char-former agent (PER) takes place in the first stage (T < 280◦C)
with formation of ester mixtures. The carbonization process then takes place
at about 280◦C (mainly via a free-radical process33). In the second step, the
blowing agent decomposes to yield gaseous products (i.e. evolved ammonia from
the decomposition of APP) which cause the char to swell (280 ≤ T ≤ 350◦C).
The intumescent material then decomposes at higher temperatures and loses its
foamed character at about 430◦C. Concurrently, the heat conductivity of the
char decreases between 280 and 430◦C, and the insulation of the substrate is
enhanced.34

TABLE 6.2 Examples of Components of Intumescent Coatings

(a) Inorganic acid sources (b) Polyhydric compounds
Phosphoric Starch
Sulfuric Dextrins
Boric Sorbitol, mannitol

Ammonium salts Pentaerythritol, monomer, dimer, trimer
Phosphates and polyphosphates Phenol–formaldehyde resins
Borates Methylol melamine
Sulfates
Halides (c) Amines and amides

Phosphates of amine or amide Urea
Products of reaction of urea or Urea–formaldehyde resins

Guanidyl urea with phosphoric Dicyandiamide
acids Melamine

Melamine phosphate Polyamides
Product of reaction of ammonia

with P2O5 (d) Others
Organophosphorus compounds Charring polymers (PA6, PA6–clay

Tricresyl phosphate nanocomposite PU, PC, . . .)
Alkyl phosphates
Haloalkyl phosphates

Source: Date from Refs. 30 to 32.
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The material resulting from the degradation of an intumescent formulation is a
heterogeneous material. It is composed of “trapped” gaseous products in a phos-
phocarbonaceous cellular material (i.e., the condensed phase). This condensed
phase is a mixture of solid phase and liquid phase (acidic tars) possessing the
dynamic properties of interest which allows the trapping of gaseous and liquid
products resulting from degradation of the polymer. The carbonaceous fraction
of the condensed phase consists of polyaromatic species that are organized in
stacks characteristic of a pregraphitization stage (Figure 6.3).35

The phosphocarbonaceous material constitutes crystalline macromolecular
polyaromatic stacks bridged by polymer links and phosphate (poly-, di-, or
orthophosphate) groups, crystalline additive particles, and an amorphous phase
that encapsulates the crystalline domains. The amorphous phase is composed of
small polyaromatic molecules, easily hydrolyzed phosphate species, alkyl chains
formed via the degradation of additives, and the fragments of the polymer chain.
It governs the protective behavior of the coating: This phase has to be voluminous
enough to coat the crystalline domains perfectly and should exhibit appropriate
viscoelasticity36 (this aspect is discussed further below), which yields the dynamic
properties of interest (avoiding dripping and accommodating the stress induced
by solid particles and gas pressure).

FIGURE 6.3 Intumescent coating resulting from PP–APP/PER heat treated at 350◦C.
(From Ref. 35, copyright  1995, Elsevier, with permission.)
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In this section we have demonstrated that intumescent systems provide efficient
fire retardant properties to polymeric materials, both in bulk and as a coating.
The mechanisms of action have been discussed and we have seen that the chem-
istry of such systems offers some flexibility in the synthesis of the char (e.g.,
potential reactivity of phosphates and oxidized functions). We can then expect to
enhance the performance of the intumescent char by the addition of other reactive
compounds in the formulation, which is the purpose of the next section.

6.3 ZEOLITES AS SYNERGISTIC AGENTS IN INTUMESCENT
SYSTEMS

Several interesting developments have occurred recently that involved unexpected
“catalytic” effects in various intumescent systems. Performance in terms of LOI,
UL-94, or cone calorimetry was enhanced dramatically by adding small amounts
of an additional compound, leading to a synergistic effect. In the following we
use the following definition of synergy: A synergistic effect occurs when the
combined effects of two chemicals are much greater than the sum of the effects
of each agent given alone.

Work done in our laboratory has shown that by adding small amounts of
minerals such as zeolites,37,38 natural clays,39 and zinc borates40 to intumescent
systems, the flame retardant performance can be enhanced enormously, Levchik
et al. proposed the use of small amounts of talc and manganese dioxide combined
with APP in PA6 to promote charring and to enhance the insulative properties
of the intumescent coating, leading to a significant improvement in flammability
performance.41,42 Another approach using borosiloxane elastomer also shows a
very large synergistic effect in intumescent systems.43,44

Here, only zeolites are considered. Zeolites are tectosilicates characterized
by a three-dimensional framework of AlO4 and SiO4 tetrahedra (Table 6.3).45

The framework contains channels and interconnected voids that are occupied
by the cation and water molecules. Negative charges due to AlO4 are bal-
anced by cations. The size of the voids or the channels (apperture size in
Table 6.3) is approximately the size of the usual organic molecules. Never-
theless, zeolites are not nanoparticles, but their internal nanostructure makes it
reasonable to discuss their effect in this chapter. The ideal chemical formula is
Mx/n[(AlO2)x ,(SiO2)y]·zH2O. The part in brackets is the framework of the zeolite
with a y/x ratio ≥ 1, and M is the charge-balancing cation.

In previous work37 we have combined the intumescent APP–PER system with
zeolites in an ethylene–butyl acrylate–maleic anhydride terpolymer (hereafter
called LRAM3.5) and we have observed (in particular with 4A zeolite) a high
degree of improvement in fire-proofing properties (Figure 6.4).

Table 6.3 shows that zeolite exhibits different structures, and we can expect
that flammability properties might depend on this. In Figure 6.5 we investigate the
influence of the Si/Al ratio using the sodium zeolites Y (Si/Al = 2.43), mordenite
(Si/Al = 5), and ZSM-5 (Si/Al = 140). The trends observed are similar, with
maxima for the LOI reached at 1.5 (Y) or 2 wt% (mordenite and ZSM-5) of
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FIGURE 6.4 LOI versus zeolite level in a technical ethylenic terpolymer (ethylene–
butylacrylate–maleic anhydride, Lotader P3200 from Elf-Atochem). The additive level is
kept constant at 30 wt%, and the synergistic effect exhibits a maximum at 1.5 wt% 4A
zeolite level.

TABLE 6.3 Chemical Characteristics of Zeolites

Building
Units Formula

Structure
Type

Si/Al
(at/at)

Aperture Size
(nm)

D4R K9Na3[(AlO2)12(SiO2)12],27H2O KA (3A) 1 0.32
D4R Na12[(AlO2)12(SiO2)12],27H2O NaA (4A) 1 0.35
D4R Ca4,5Na3[(AlO2)12(SiO2)12],27H2O CaA (5A) 1 0.42
D6R Ca21,5Na43[(AlO2)86(SiO2)106]2,76H2O CaX (10X) 1.23 0.8
D6R Na56[(AlO2)86(SiO2)106],276H2O NaX (13X) 1.23 0.9–1
D6R Na86[(AlO2)56(SiO2)136],250H2O Y 2.43 1
T6O16 Na8[(AlO2)8(SiO2)40],24H2O Mordenite 5 0.67–0.7
— Na0.7[(AlO2)0,7(SiO2)95.3],16H2O ZSM-5 140 0.52–0.58

Source: After Ref. 45.

zeolite. These values demonstrate significant differences (LOI = 40% with Y
zeolite and LOI = 36% with ZSM-5 zeolite). It suggests to us that low Si/Al
ratios might help achieve the best performance.

Zeolites are aluminosilicates, and considering this, an aluminosilicate
composed of silica sheets (Si2O5) bonded to aluminum oxide/hydroxide layers
[Al2(OH)4] (China clay with kaolinite composition) is compared with zeolites
in LRAM3.56–PP/PER formulations (Figure 6.6). The curves exhibit the same
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FIGURE 6.5 LOI values versus Y, mordenite, and ZSM-5 zeolite level of formulations
LRAM3.5–APP/PER–zeolites (additive level remaining constant at 30 wt%).

behavior; an LOI maximum is always reached at 1.5 wt% of aluminosilicate in the
formulations, but LOI measured with kaolinite is lower than that measured with
Y and 4A zeolites. This result suggests therefore that an aluminosilicate with a
zeolite structure should be used to obtain the best flame retardancy performance.
In other work,39 using different clays as synergistic agents, we proposed that
the resulting LOI classification depended on the content of exchangeable cations
of the clay (LOI values increase when the number of exchangeable cations per
unit cell increases). Kaolinite-type minerals do not have such cations, whereas
zeolites do. It was suggested that the flame retardant performance depends on
the exchange properties of the aluminosilicates.

Cone calorimetry experiments confirm the enhancement of performance using
zeolite.37 Figure 6.7 shows the curves of RHR versus time of the formulation
LRAM3.5–APP/PER with and without zeolite 4A. A significant decrease in the
RHR maxima in the flame-retarded polymers is observed comparison with that of
the virgin polymer. In the case of intumescent formulations, the RHR decreases
strongly after ignition. It is noteworthy that the RHR behavior of the intumes-
cent polymers is similar. The three maxima curves of intumescent materials are
explained as follows:

ž First, the formulations degrade and the intumescent shield forms.
ž These coatings then degrade, and consequently, the residual materials

degrade and form a new intumescent coating.
ž Finally, the entire of mass residual material degrades.
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FIGURE 6.6 LOI values versus 4A, Y, and China clay’s level of formulations LRAM3.5
–APP/PER–aluminosilicates (additive level remaining constant at 30 wt%).
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FIGURE 6.7 RHR versus time of the systems LRAM3.5, LRAM3.5–APP/PER, and
LRAM3.5–APP/PER–4A (external heat flux = 50 kW/m2). (From Ref. 37, copyright 
1996, Elsevier, with permission.)

The maxima of RHR are different. These differences become very significant at
longer times. As an example, at t = 600 s the RHR value is only 150 kW/m2 for
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the system with zeolite, whereas it is 300 kW/m2 for the system without zeolite.
This means that the intumescent shield developed with the system containing
zeolite can resist longer in severe thermooxidative conditions than that without
zeolite (visual observations of small flames at the surface of the samples as well
as glowing spots indicate that the materials undergo thermooxidative degradation
rather than pyrolysis).

The combination of zeolites with APP/PER or diammonium pyrophosphate
(PY)/PER systems also leads to a high degree of improvement in the fire retar-
dant properties in other polymers (Table 6.4).37 The efficiency of zeolite depends
on the polymer, but the synergistic effect is always observed, suggesting that
zeolites should be used as an additional ingredient in intumescent formulations.
The role played by the zeolite in the particular system LRAM3.5–APP/PER
was explained earlier using spectroscopic studies of additive systems and of
polymer-additive formulations.46 – 50 When the temperature increases, an intu-
mescent structure develops. At 280◦C, stacks of polyaromatic species linked
principally by phosphohydrocarbonated bridges are formed. These bridges pro-
vide dynamic properties to the structure to accommodate the stresses (assuming
that the number of bridges and the dimension of polyaromatic structures are simi-
lar for the two systems). At this time, the structures developed from formulations
with and without zeolite are distinguished by the organization of the carbon, the
zeolite slowing its process of organization.48

The condensation of aromatic species and the decrease in phosphocarbon-
ated species by scission of P−O−C bonds are observed when the temperature
increases (T > 280◦C). Consequently, enlargement in the size of the polyaro-
matic stacks drastically increases the viscosity of the material and thus leads to
a loss of the properties of the coating. The addition of zeolite in the formula-
tion maintains a large number of polyaliphatic links in the structure stabilized by

TABLE 6.4 FR Performance of Intumescent Formulations with and Without
Zeolitea

Systemb
LOI

(vol%)

UL-94
Rating

(3.2 mm) Systemb
LOI

(vol%)

UL-94
Rating

(3.2 mm)

PP–APP/PER 30 V-0 PP–APP/PER/13X 45 V-0
LDPE–APP/PER 24 V-0 LDPE–APP/PER/4A 26 V-0
PP–PY/PER 32 V-0 PP–PY/PER/13X 52 V-0
PS–APP/PER 29 V-0 PS–APP/PER/4A 43 V-0
LRAM3.5–APP/PER 29 V-0 LRAM3.5–APP/PER/4A 39 V-0

Source: After Ref. 37.
a The additives’ loading is kept at a constant equaling 30 wt%, and the synergistic effect exhibits a
maximum at 1 or 1.5 wt% zeolite loading.13

bPP, isotactic polypropylene; LDPE; low-density polyethylene; PS; polystyrene; LRAM3.5; ethy-
lene–butylacrylate–maleic anhydride terpolymer (Lotader P3200, Elf-Atochem).
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organic aluminosilicophosphate complexes and reduces the scission of P−O−C
bonds and therefore the increase in the size of the polyaromatic stacks.49

Moreover, pyridinic nitrogen (it was reported that ammonia evolving from
APP reacts with carbon–carbon double bonds to yield nitrogenated heterocycles)
is observed at all temperatures in the case of zeolite and only up to 350◦C in the
case of a system without zeolite.50 It was proposed that the delay in condensation
of the polyaromatic network allows the retention of pyridinic nitrogen to partici-
pate in improvement in the mechanical properties and therefore to improvement
in the fireproofing properties of the material.

Intumescent systems develop a phosphocarbonaceous structure which is ther-
mally stabilized by zeolite. Blocks of polyethylenic units link by means of the
formation of organic phosphates and/or organic aluminophosphates, and this lim-
its depolymerization (i.e., the evolution of small flammable molecules able to feed
the fire as “fuel”). Moreover, it was shown that zeolite allows the formation of a
more “coherent” structure. The formation of a coherent macromolecular network
and the participation of polyethylenic links seem to be favorable for obtaining fire
retardancy. Indeed, development of an intumescent shield in a structure consisting
of polyaromatic species creates a rigid material (e.g., the LRAM3.5–APP/PER
formulation). On the other hand, the stabilization of polyethylenic links in an
intumescent structure able to bridge polyaromatic species by means of alumino-
and/or silicophosphate groups and/or because the free radicals in the intumescent
structure may provide the mechanical properties of interest in the intumescent
coating48 —they provide flexibility to the carbonaceous shield. Under fire condi-
tions, this shield delays the creation and propagation of cracks in which oxygen
diffuses to the polymeric matrix and through which small molecules can be
released as fuel.

Zeolite does not need to be a true catalyst, because it reacts (zeolite is a
crucial reactant of the intumescent reaction) with the other ingredients of the
intumescent formulation (reaction of phosphate with the aluminosilicate). The
latter reaction permits the formation (in situ and in the conditions of fire) of
species that stabilize the intumescent structure. So it can be expected that the
use of species such as aluminosilicate, able to react with phosphate, should also
provide enhanced flammability properties.

6.4 INTUMESCENTS IN POLYMER NANOCOMPOSITES

The char formers commonly used in intumescent formulations for thermoplastics
are polyols such as pentaerythritol, mannitol, and sorbitol.33,51 However, exuda-
tion and water solubility are problems associated with these additives.51 More-
over, these additives are often not compatible with the polymeric matrix, and the
mechanical properties of the formulations are then very poor. We have developed
intumescent polyolefin-based formulations using charring polymers [thermoplas-
tic polyurethane (TPU) and polyamide-6 (PA6)] as carbonization agents.52 – 56

These formulated blends have improved mechanical properties compared with
polymers loaded with classical flame retardants, and they avoid the problems
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of exudation and water solubility. As TPU–and PA6–clay hybrid nanocompos-
ites exhibit superior performance in terms of mechanical properties, the idea has
been to combine those polymer nanocomposites as an ingredient of intumescent
formulation to improve both flame retardancy and mechanical properties of the
polymer.

As mentioned above, montmorillonite (MMT) clay is one of the most com-
monly used nanofillers. It is a member of the general mineral group of the clays,
and its general chemical formula is (Ca,Na,H)(Al,Mg,Fe,Zn)2(Si,Al)4O10(OH)2−
xH2O. It is an aluminosilicate, so we can expect an enhancement of flamma-
bility properties when it is incorporated in intumescent material. The con-
cept is evaluated with a combination of APP–PA6 and APP–PA6–clay hybrid
(hereafter called PA6nano: PA6 containing organomodified MMT clay nanodis-
persed in PA6 and exhibiting an exfoliated structure) as intumescent systems in
poly(ethylene-co-vinyl acetate) (EVA) (EVA24: EVA containing 24 wt% vinyl
acetate). Figure 6.8 shows the mechanical properties of EVA24-based materi-
als in comparison with virgin EVA24 and EVA24 loaded with a classical flame
retardant [EVA24 loaded with 60 wt% aluminum trihydroxide (ATH) coated with
silanes]. Among the flame-retarded polymers, stress and elongation at break are
highest for the formulation containing PA6nano.

When burning EVA24–APP/PA6 and EVA24–APP/PA6nano formulations,
the formation of an intumescent char that smothers the flame is observed.
Figure 6.9 shows that a synergistic effect on LOI is observed in both
EVA24–APP/PA6 and EVA24–APP/PA6nano formulations with APP/PA6 mass
ratios equaling 3. One can observe that the use of PA6nano improves the values
from 32 vol% without exfoliated clay to 37 vol% with clay at APP/PA6 =
3 (wt/wt). A V-0 rating is achieved for 13.5 ≤ APP ≤ 34 wt% without clay
and for 10 ≤ APP ≤ 34 wt% with clay (the total loadings in APP–PA6 and
APP–PA6nano remain equaling 40 wt%). This result shows that the use of
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FIGURE 6.8 Mechanical properties of the formulations EVA24–ATH, EVA24–APP/
PA6, and EVA24–APP/PA6nano (PA6nano = PA6 clay hybrid from UBE Industries; ratio
APP/PA6 and APP/PA6nano = 3 wt/wt) compared with virgin EVA24. From PA6 clay
nanocomposite hybrid as a char-forming agent in intumescent formulations. (From Ref.
32, copyright  2000, John Wiley & Sons, Ltd., with permission.)
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FIGURE 6.9 LOI values versus APP content in the intumescent formulations
EVA24–APP/PA6 and EVA24–APP/PA6nano. From PA6 clay nanocomposite hybrid as
a char-forming agent in intumescent formulations. (From Ref. 32, copyright  2000, John
Wiley & Sons, Ltd., with permission.)

PA6nano in the formulation allows a V-0 rating to be achieved at relatively low
loading in APP (10 wt% in comparison with 13.5 wt%). This is a real advantage
because it permits a decrease in the amount of APP in the formulation; additional
APP can sometimes lead to a blooming effect and to migration throughout the
polymer. The lowered amount of APP also permits the preservation of mechanical
properties.

The RHR values of the intumescent EVA-based polymers are strongly reduced
compared with the virgin EVA24 (Figure 6.10). The use of the PA6nano improves
flame retardancy: the RHR peak = 320 kW/m2 with PA6 and the RHR peak =
240 kW/m2 with PA6nano. Visually, a char layer is formed and intumescences
after ignition of the material. The height of the intumescent shield is about 1.5 cm,
compared to 0.3 cm for the unburned material. Nevertheless, after combustion,
the intumescent residue of the formulation containing PA6nano looks less fragile
than that without PA6nano.

Using different spectroscopic techniques, the mechanism of action has been
elucidated.32,57 Upon heating in air, the two systems form a phosphocarbonaceous
material; this structure is needed to get good fire performance.57 In clay–nano-
composite formulations, the clay reacts with APP and forms aluminophosphate
species (and probably silicophosphate species as well). These species thermally
stabilize the phosphocarbonaceous structure up to 310◦C. At higher temperatures,
the phosphocarbonaceous structure is degraded because of the collapse of the
aluminophosphate species. An amorphous “ceramiclike alumina” containing (or
trapping) orthophosphoric and polyphosphoric acid species is then created. This
can act as a protective barrier in addition to the intumescent shield, which can
limit oxygen diffusion to the substrate and/or inhibit the migration of liquid
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FIGURE 6.10 RHR values versus time of the formulations EVA24–APP/PA6 and
EVA24–APP/PA6nano compared with virgin EVA24 (external heat flux = 50 kW/m2).
From PA6–clay nanocomposite hybrid as a char-forming agent in intumescent formula-
tions. (From Ref. 32, copyright  2000, John Wiley & Sons, Ltd., with permission.)

or gaseous decomposition products into the “hot zone”. This barrier can also
hinder the formation of cracks. For a formulation without nanocomposite, no
phosphocarbonaceous structure is observed whatever the temperature, and only
a layer of orthophosphoric acid is observed in the intumescent char.

As in the case of zeolite, the mechanism of action looks similar. No direct
comparison can be made because MMT is a layered silicate compared to the
cage structure of zeolite, and also because the carbonization agent is no longer
a polyol but a char-forming polymer (PA6). Nevertheless, the main conclusion
we can draw is that the action of the synergist (nanoclay or zeolite) is to sta-
bilize in a first step the carbonaceous structure forming aluminophosphates and
silicophosphates. With the nanoclay, this effect is only effective up to 310◦C,
whereas it is still efficient at 560◦C with zeolite. To keep its protection efficient
at high temperatures, the nanoclay permits the formation of protective cerami-
clike material after collapse of the phosphocarbonaceous structure. Note that we
did not detect any specific influence of the surfactant of the nanoclays, probably
because of its low amount in the formulation.

In the study above, MMT was only incorporated in the char-forming poly-
mer. The effect of MMT might be different if it is incorporated in the polymeric
matrix. We have incorporated MMT both in EVA (EVA containing 19 wt% vinyl
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FIGURE 6.11 Heat release rate versus time for intumescent EVA–APP/PA6 formula-
tions with and without clay.

acetate) and PA6 to make EVA nanocomposite (EVAnano) and PA6 nanocom-
posite (PA6nano), and then an EVA-based intumescent system.58 EVA and PA6
nanocomposites exhibit a mixed intercalated–exfoliated morphology and an exfo-
liated structure, respectively, as revealed by transmission electronic microscopy
(TEM) and x-ray diffraction (XRD).

Curves of heat release rate (HRR) versus time for intumescent EVA-based
formulations (Figure 6.11) exhibit two peaks assigned to the development of
intumescence. The first corresponds to formation of a protective layer, and the
second corresponds to its destruction or failure. It clearly appears that when a
nanocomposite is included in the formulation (in the matrix, in the carbonization
agent, or in both), the first peak heat release rate (PHRR) is reduced (from
about 340 kW/m2 to 200 kW/m2). However, the second peak decreases only
when EVAnano is used, suggesting the formation of a stronger char. Work is in
progress to explain these phenomena.

6.5 NANOFILLERS AS SYNERGISTS IN INTUMESCENT SYSTEMS

According to our previous discussion and as a general rule, we suggest that
all nanofillers able to react with phosphate could be used as a synergist in
intumescent formulations. A rapid survey of the literature indicates that other
nanofillers might be candidates as synergists in intumescent systems, including
layered double hydroxides (LDHs), nanoparticles of TiO2 and SiO2, polyhedral
oligomeric silsesquixonanes (POSSs), or carbon nanotubes. As a typical example,
we will only examine the role of LDHs and nanoparticles of silica compared to
organomodified MMT in intumescent EVA.

The intumescent system is a combination of APP–PA6 containing organo-
modified LDH (hereafter called OLDH; LDH was synthesized in our laboratory
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and the nitrate ions were exchanged by dodecyl sulfate according to the usual
procedure59), nanoparticles of silica (hereafter called NPSi, Aerosil 200 supplied
by Degussa, average primary particle size = 12 nm, SiO2 content > 99.8%),
and organo-modified MMT (hereafter called OMMT, Cloisite 30B supplied by
Southern Clay Products San Antonio, Texas) in EVA (EVA containing 19 wt%
vinyl acetate).

The thermooxidative degradation of the intumescent formulations takes place
in four apparent steps (Figure 6.12). TGA curves of the intumescent formula-
tions containing the nanofillers are similar to that of the formulation without
nanofiller from ambient temperature up to 480◦C. In this temperature range,
three steps of degradation are observed. The first, between 250 and 400◦C,
is attributed to deacetylation of the EVA matrix, leading to the formation of
unsaturated carbon–carbon bonds along the polymer chain. At the same time,
thermal degradation of the ammonium polyphosphate begins. In the temperature
range 420 to 480◦C, two degradation steps overlap. Those two degradation steps
lead to the formation of 35 wt% carbonaceous residues for EVA–APP/PA6 and
EVA–APP/PA6–OLDH and 40 wt% for EVA–APP/PA6–OMMT and EVA–
APP/PA6–NPSi. They result from phosphorylation reactions between the poly-
mer or its degradation products (EVA and PA6) and the additives leading to the
formation of a phosphocarbonaceous structure, as shown earlier (for OLDH and
NPSi we assume a similar mechanism). The amount of residue for EVA–APP/PA6
–OMMT and EVA–APP/PA6–NPSi is higher than the mineral content added in
the formulation (2.2 wt% of OMMT and 3.2 wt% of NPSi). As a consequence,
it may be assumed that the particles play a role in degradation of the formulation
that leads to thermal stabilization of the systems.
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TABLE 6.5 Cone Calorimeter Data of the Intumescent Formulations

EVA–APP/PA6
EVA–APP/

PA6–OMMT
EVA–APP/
PA6–OLDH

EVA–APP/
PA6–NPSi

Peak HRR, t1 (kW/m2) 267 270 233 336
Peak HRR, t2 (kW/m2) 299 202 284 261
Total heat release (MJ/m2) 68 69 74 68
Time to ignition (s) 36 76 44 61
Total CO emission (kg/kg) 0.04 0.03 0.03 0.03
Total CO2 emission (kg/kg) 2.0 2.2 2.1 1.8
Total smoke release (m2/m2) 1422 1392 1367 1407
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FIGURE 6.13 Heat release rate of intumescent formulations containing various nano-
fillers (external heat flux = 50 kW/m2).

In the high-temperature range 480 to 800◦C for EVA–APP/PA6–OMMT and
EVA–APP/PA6–NPSi and between 600 and 800◦C for EVA–APP/PA6–OLDH,
an important stabilization of the system is observed (between 15 and 20 wt%
compared to EVA–APP/PA6). This cannot be attributed to the mineral content.
A reaction takes place between the mineral particles and the intumescent system.
In this range of temperature, it may be assumed that a ceramiclike structure is
formed from a reaction between the mineral (e.g., SiO2, Al2O3, MgO) and the
phosphate, as mentioned in Section 6.4.

The flame retardancy performance of intumescent formulations is evaluated
by cone calorimetry (Table 6.5 and Figure 6.13). For each sample, an intu-
mescence phenomenon is observed. HRR curves exhibit two peaks: the first
(t1) before 200 s and a second (t2) between 300 s (EVA–APP/PA6) and 500 s
(EVA–APP/PA6–OMMT); this behavior is typical of intumescent systems.57
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The first peak is attributed to formation of a intumescent protective shield that
leads to a decrease in heat and mass transfer between the flame and the material.
When the intumescent shield is formed, HRR decreases and a pseudoplateau is
observed. The second peak corresponds to destruction of the intumescent layer,
leading to a sharp evolution of flammable gases: The higher the time for the
second peak, the higher the thermal and mechanical stability of the intumescent
shield. Then a thermally stable residue is formed (about 30 wt% of the initial
mass of the sample).

When OMMT is incorporated in the intumescent system, the first peak HRR
is narrower. However, its value is similar to that of the formulation without
nanofiller. An increase in the time to ignition is observed. The second peak
HRR is sharply reduced (decreased by 30% compared to the formulation with-
out nanofiller) and appears around 200 s later. It suggests that formation of the
intumescent shield is modified when OMMT is added in EVA–APP/PA6 and
that the intumescent shield might be thermally and/or mechanically more stable.
The formulation containing OLDH exhibits a decrease in the first peak HRR
(decrease by 12% compared to the formulation without nanofiller), and the sec-
ond HRR peak is delayed, appearing 150 s after that of EVA6–APP/PA6. The
other parameters are not affected by the presence of the mineral filler. Finally,
the addition of silica to the intumescent system leads to a sharp increase in the
first peak HRR (26% increase compared to the formulation without nanofiller),
showing a decrease in performance when using this mineral. The delay in the
second peak HRR when inorganic particles are used in the intumescent system
suggests that the thermal (as demonstrated in the high-temperature range during
TGA experiments) and mechanical stability of the intumescent shield should be
increased. Note that the dispersion of all fillers is reasonable.

The performance of intumescent formulations according to LOI and UL-94
standards is reported in Table 6.6. An intumescent phenomenon is observed what-
ever the materials. LOI values of the intumescent systems containing OMMT
or OLDH are higher than that of the reference (EVA–APP/PA6). A UL-94 V-0
rating can be achieved using OMMT, and LOI increases from 28 to 32 vol% com-
pared to the formulation without nanofiller. This confirms the results of Section

TABLE 6.6 Fire Retardant Performance of EVA–APP/PA6 Containing OMMT,
OLDH, and NPSi According to LOI and UL-94 Tests

EVA–APP/PA6
EVA–APP/

PA6–OMMT
EVA–APP/
PA6–OLDH

EVA–APP/
PA6–NPSi

Maximum after flame time (s) 60 4 28 >60
Total after flame time for five

specimens (s)
126 15 60 —

Flaming drops Yes No Yes Yes
Time before first drop (s) 1 — 5 20
UL-94 rating NC V-0 V-2 NC
LOI (vol%) 28 32 29 26
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6.4 even if the nanocomposite was prepared in a different way. In this case, the
nanocomposite was prepared by melt blending in a Brabender mixer (dispersion
of OMMT in EVA and PA6), whereas in Section 6.4, PA6nano was synthesized
in situand further incorporated as an ingredient. OMMT therefore plays its role
of synergist whatever the method of preparation.

Fire retardant performance is lower when LDH rather than OMMT is used.
An explanation might be the different thermal stability between the two fillers,
but further investigations are in progress to explain the difference. The addition
of NPSi to an intumescent system leads to a dramatic decrease in performance.
This result is the opposite of that in a study by Wei et al.,60 in which a synergistic
effect is observed for low silica loading (1 to 4 wt%) while an antagonist effect
is observed for high loading (>6 wt%). However, in this study the carbon source
was pentaerythritol, and the total additive amount was lower. Under the conditions
of UL-94 testing, the sample burns totally after the first flame application, while
for the formulation without nanofiller, the sample never burns totally, but because
of a long combustion time, nonclassification (NC) is achieved. The change in the
flammability properties of the intumescent system by addition of silica (NPSi)
or of layered nanoparticles (OMMT and OLDH) can be explained partially by
the viscoelastic properties of the char. The addition of mineral particles in EVA
increases the viscosity of the material, as suggested by the increase in time before
the first droplet observed during UL-94 tests (Table 6.6) and visual observation
of the sample after UL-94 tests (Figure 6.14).

Viscosity is a key parameter of intumescence because the intumescence coat-
ing must adhere to the substrate and not drip. At the same time, the expansion
(swelling) of the char has to be high enough to limit heat transfer (formation of
a low-density foamed char), and the char strength has to accommodate stresses
coming from the flame and internal pressure. The addition of nanofiller increases
the viscosity of the char, but the expansion and the char strength should be

Le
ng

th
 b

ef
or

e 
te

st

(a) (b) (c)

FIGURE 6.14 EVA–APP/PA6 (a), EVA–APP/PA6–OMMT (b), and EVA–APP/PA6
–OLDH (c) after UL-94 tests. (Note that swelling is not very high but real intumescent
behavior was observed.)
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FIGURE 6.15 Expansion as a function of temperature of intumescent formulations.
(Measurements were made with a rheometer in a parallel-plate configuration measuring
the distance between the two plates when intumescent swelling pushed up the upper plate.)

measured to have a complete understanding. In our laboratory we have developed
novel experiments to measure char strength and expansion of intumescent mate-
rials as a function of temperature using a high-temperature rheometer.61 The
expansion of the intumescent materials starts at 250◦C for all intumescents
and reaches 325% for the formulation without a nanofiller (Figure 6.15). It is
lower for the formulations containing nanofillers and lies between 175% for
EVA–APP/PA6–OMMT and 250% for EVA–APP/PA6–OLDH, with a value
of 200% for EVA–APP/PA6–NPSi. The intumescent barrier begins to swell at
250◦C and reaches its maximum expansion at 350◦C for the formulation without
a nanofiller, and at a lower temperature, 300◦C, for the others. All expanded chars
are stable up to 500◦C. This result suggests that a certain level of expansion is
required to get low flammability, but that the highest expansion does not provide
the highest efficiency.

Char strength is a crucial parameter because it has to accommodate inter-
nal pressure and external stresses to avoid the formation of cracks. Figure 6.16
describes the evolution of the force applied on the top of the intumescent char as a
function of the gap between the rheometer plates (Figure 6.16a). EVA–APP/PA6
–OMMT exhibits better char resistance than the other formulations, those of
EVA–APP/PA6–NPSi and EVA–APP/PA6 are significantly lower, and EVA
–APP/PA6–OLDH exhibits intermediate behavior. This suggests that high char
strength should be required to get the best performance associated with reasonable
expansion.

The expansion is related to the formation of an expanded foamed material
with the role of limiting heat transfer, and the char strength permits cohesion of
an insulative coating on the substrate and avoids the formation of cracks. The
better flammability properties of formulations containing a nanofiller might be
explained on the basis of the particular chemistry of the system. Reaction between
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FIGURE 6.16 (a) Typical experiment for measuring the resistance of an intumescent
char (sample (h = 1 mm), 10◦C/min from 20 to 500◦C, strength = 0, no strain). The
upper plate is put in contact with the material and goes down linearly (0.02 mm/s) after
reaching 500◦C. The force is followed versus the distance between the two plates (gap).
(b) Gap as a function of temperature of the intumescent formulations.

the phosphate and the nanofiller (aluminosilicate, silicate, and potentially other
reactive particles) permits the stabilization of phosphate species at high temper-
atures as well as the intumescent char. It is not clear if the nanodispersion is
absolutely necessary to obtain the best performance because our studies on intu-
mescent systems combining zeolite (microdispersion) and organo-modified clay
(nano-dispersion) show similar results in terms of fire performance. According to
our results, nano-dispersion is essential only to get enhanced mechanical proper-
ties and/or to design further multifunctional materials. Further investigations on
this topic are necessary to confirm the results.

6.6 CRITICAL OVERVIEW OF RECENT ADVANCES

Large synergistic effects are observed when nanofillers are incorporated in intu-
mescent formulations. The presence of nanofillers modifies the chemical (reac-
tivity of the nanofiller versus the ingredients of the intumescent system) and
physical (expansion, char strength, and thermophysical properties) behavior of
an intumescent char when undergoing flame or heat flux leading to enhanced
performance. In a recent paper, Lewin describes this phenomenon as a catalytic
effect.62,63 It is noteworthy that the catalyst (the nanofiller) is a crucial ingre-
dient (reactant) in the development of intumescence, forming additional species
stabilizing the structure and enhancing the rheological behavior. The nanofiller
is incorporated at amounts as low as 1 wt% (sometimes less, as in the case of
the incorporation of nanoparticles of copper at an amount as low as 0.1 wt% in
epoxy resin containing APP64), and it permits the formation of active species
selecting chemical reactions in the condensed phase and yielding to char with
the dynamic properties of interest. These are the typical roles of a catalyst. So
we may speak of the catalytic mechanism or catalyst, but we must remember
that the catalyst is also an essential reactant and reacts with the other ingredients
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of the formulation to form the final intumescent char. Of course, this statement
cannot be extended to all nanocomposite systems, especially those composed of
only polymer and clay, in which the mechanism of action is the accumulation of
clay platelets, which form a protective barrier at the surface of the material.6

Many papers have been published on intumescent polypropylene because intu-
mescent systems are well adapted to processing temperatures and are efficient
(see Section 6.2).21 – 23,26,27,31,43,60 Marosi et al.65 combined an APP-based intu-
mescent system in PP with OMMT and borosiloxane elastomer. The addition of
a small amount of OMMT (1 wt%) in the formulation permits one to achieve a
V-0 rating in the UL-94 protocol, but the increase in LOI is only 2 points. The
authors also developed a novel approach using borosiloxane as a carrier of flame
retardant and ceramic precursor. The combination of OMMT with borosiloxane
increases the LOI by 8 points compared to the reference, and a V-0 rating is
still achieved. These beneficial effects are confirmed by cone calorimetry. They
explain the improvement in flame retardancy by the increase in viscosity under
fire conditions, permitting to achieve a V-0 rating (addition of OMMT), which
is consistent with our results in EVA–APP/PA6. No comment was offered on
the potential reaction between APP and OMMT, as we have suggested above.
A possible role for nanofillers in controlling the activity of flame retardants was
also suggested: The flame retardant might promote exfoliation of the clay at the
earliest stage of degradation and provide the first protective barrier (the con-
cept of expandable nanocomposite).66. A similar explanation is reported with
borosiloxane; here its main benefit is to make a flexible char rather than a fragile
charred structure (Figure 6.17). It is claimed that borosiloxane-coated OMMT
acts as a carrier of OMMT and delivers OMMT at the surface of the char,
creating additional protection. No evidence of a reaction between APP and/or
borosiloxane and/or OMMT is detected by heat treatment at 250 and 300◦C.
According to our previous work on intumescent systems,48 phosphosilicate is
formed only above 350◦C, which may be a why it was not detected by Marosi
et al. Our understanding is that borosiloxane should act as a carrier in the same

(a) (b)

FIGURE 6.17 Intumescent chars formed under the conditions of a cone calorimeter
(a) without and (b) with borosiloxane. (From Ref. 65, copyright  2003, Elsevier, with
permission.)
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way that zeolite forms phosphosilicate and probably borophosphate,28 reinforcing
the efficiency of the intumescent structure.

Tang et al.67,68 also examined the incorporation of MMT in intumescent PP
with a compatibilizer which is commonly used as a surfactant for making OMMT;
evidence for nanocomposite formation is shown with and without the intumes-
cent system. Cone calorimetry shows a large improvement in the flammability
properties when using OMMT, similar to the results shown in Section 6.5. The
mechanism of action postulated suggests the formation of an aluminophosphate
structure, but no evidence was given. The same group69 investigated the use
EVA–PA6nano as a char former in a PP intumescent system,52, as we have done
in EVA.32. The benefit of using OMMT is once again proven by cone calorimetry.

Wilkie et al. prepared vinyl ester (PVE) nanocomposites using different
OMMTs and POSSs.70 As expected, significant reduction in peak HRR was
observed. The goal was to strongly reduce the flammability of PVE. With
the nanocomposite approach, the reduction was not enough for military
applications on ships. They added phosphorus-containing flame retardants such as
tricresylphosphate (TCP) and resorcinol diphosphate (RDP), selected using high-
throughput techniques.71 It is not mentioned in the paper whether the samples
exhibit intumescent behavior, but according to the chemical nature of PVE and
TGA results suggesting a condensed-phase mechanism, we may assume that there
is formation of charred protective materials under the conditions of fire. Synergy
between phosphorus-containing fire retardants and PVE nanocomposites (OMMT
and POSS) is shown through cone calorimetry by reductions in the peak heat
release rate, total heat release, and mass loss rate; there is no improvement in
time to ignition. With this resin, the type of clay used showed different effects
on the flammability of the nanocomposites formed. As far as we know, this is
the first paper demonstrating the advantage of using POSS as a synergist. In this
study, no mechanism of action is postulated, but we may assume that interactions
should take place between the synergist (OMMT or POSS) and the phosphate
that enhance the properties of the char.

One of the main applications of intumescent systems is as a coating to pro-
tect steel against collapsing in the case of fire.61 Wang et al.72 used OLDH as
a nanofiller combined with an intumescent system in acrylate resin. The intu-
mescent paints were evaluated on steel plate, measuring the temperature on the
back side of the steel plate as a function of time as the temperature increased
(standard ISO 834) (Figure 6.18). It can be observed that with the incorporation
of 1.5% OLDH, the time to reach 300◦C increases to 100 min, compared to
60 min without OLDH (virgin coating). It is also noteworthy that the thickness
of the char layer of a formulation with 1.5% OLDH is similar to that of a formu-
lation without. This confirms our results suggesting that the highest expansion is
not necessary to get the best performance. The improvement in performance is
partially explained by the char strength and the specific heat of the char layer.

The morphology of the char layer exhibits interesting features (Figure 6.19).
Holes can be distinguished on the two pictures, but the diameters of holes in
the char containing OLDH are much smaller (10 to 30 µm) than those of the
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FIGURE 6.18 Temperature curves as a function of time for an intumescent coating
containing different amounts of OLDH. (From Ref. 72, copyright  2005, Elsevier, with
permission.)

(a) (b)

FIGURE 6.19 SEM image of the inner surface of a char layer of a formulation (a)
without OLDH and (b) with 1.5 wt% OLDH. (From Ref. 72, copyright  2005, Elsevier,
with permission.)

char without OLDH. Wang suggests that small holes reinforce the char strength
and avoid the formation of cracks at the surface of the char. Indeed, the forma-
tion of cells in the char structure, as in an evenly dispersed foam, reduces heat
transfer and increases the efficiency of the char. When the cells are too large,
the char strength is reduced and cracks can appear. The mechanism postulated
is that OLDH catalyzes the esterification between the phosphate and the char
former (polyol), but no evidence is given for this. From our previous work,73

we know that metal hydroxides can also react with phosphate, and the forma-
tion of aluminophosphate and magnesium phosphate might be responsible for the
development of an enhanced intumescent structure.
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Intumescence also has a role in the flame retardancy of textiles.74,75 Recently,
Horrocks et al. investigated the inclusion of nanoparticles in combination with
intumescent flame retardants in polyamide-6 and polyamide-6,6.75,76 They sug-
gest that the incorporation of nanoclay does not necessarily increase the LOI value
when evaluated as film samples, but they showed the benefit of using nanoclay
in polyamides when combined with APP-based formulations. The efficiency is
increased by an average factor of 2.

From the literature, we demonstrated earlier that nanofillers are synergists for
intumescent formulations. In this section we focused on the flammability of the
materials—there was no mention of other properties. Nevertheless, we can expect
enhancement in different ways to design multifunctional materials.

6.7 SUMMARY AND CONCLUSION

In this chapter we considered recent developments that have tried to increase the
efficiency of intumescent system for polymeric materials using nanofillers, includ-
ing organo-modified clays, layered double hydroxides, polyhedral silsesquioxane,
and nanoparticles of silica as synergists. Intumescent nanocomposites exhibit
superior flammability properties as well as enhancing properties, such as mechan-
ical properties.

The mechanism of action is not completely elucidated, but we have identified
a reaction that takes place between the nanofiller and the phosphate in order to
stabilize the charred structure thermally. This reduces melt dripping and slows
degradation of the material and thus the evolution of flammable molecules. This
reaction does not significantly modify expansion of the intumescent coating, but
it permits reinforcement of the char strength and avoids the formation of cracks.
The char looks like a foam with evenly dispersed close-packed cells, ensuring
the limitation of heat transfer between the flame and the substrate. Further inves-
tigations should study the influence of the chemical reaction and identify species
such as alumino- or silicophosphate and their role on the physical properties
of the intumescent char. Synergists such as nanofillers for making intumescent
nanocomposites offer exceptional promise for making fire-safe polymers that
meet legislative requirements. As a bonus, it should enable researchers to succeed
in designing efficient multifunctional materials.
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7.1 INTRODUCTION

Fire risks and fire hazards are mainly the result of the combination of factors,
including ignitability, ease of extinction, flammability of volatiles generated,
amount of heat released on burning, rate of heat release, flame spread, smoke
obscuration, and smoke toxicity. The most important fire risks and fire haz-
ards are the rates of heat release, smoke production, and toxic gas release.1 An
early high rate of heat release causes fast ignition and flame spread, controls a
fire’s intensity, and is much more important than ignitability, smoke toxicity, or
flame spread. The time for people to escape a fire is also controlled by the heat
release rate.2

Once a fire starts in a room containing flammable materials, it will generate
heat, which can ignite additional combustible materials. As a consequence, the
rate at which the fire progresses increases, because more and more heat is released
and a progressive increase in room temperature is observed. The radiant heat and
the temperature can rise to such an extent that all materials within the room will
be ignited easily, resulting in an extremely high rate of fire spread. This point in
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time, termed flashover, leads to a fully developed fire. Escape from the room will
then be nearly impossible, and spread of the fire to other rooms is very likely.
When a fire goes to flashover, every polymer will release roughly 20% of its
weight as carbon monoxide, resulting in too much toxic smoke. Therefore, most
people die in big fires, and 90% of fire deaths are the result of fires becoming
too big, resulting in too much toxic smoke.3

Each year about 5000 people are killed by fires in Europe and more than
4000 people in the United States. Direct property losses by fires in the United
States are roughly 0.2% of the gross domestic product, and the total costs of
fires are around 1% of the gross domestic product.4 Therefore, it is important to
develop well-designed flame retardant materials to decrease both fire risks and
fire hazards.

Polymers are used in more and more fields of applications, and specific
mechanical, thermal, and electrical properties are required. One further impor-
tant property is the flame retardant behavior of polymers, which can be fulfilled
traditionally by using intrinsically flame retardant polymers such as poly(vinyl
chloride) (PVC) or fluoropolymers and by flame retardants like alumina tri-
hydrate, magnesium hydroxide, organic brominated compounds, or intumescent
systems based on nitrogen- or phosphorus-based compounds to prevent the burn-
ing of such polymers as polyethylene, polypropylene, or polyamide. These flame
retardant systems sometimes exhibit serious disadvantages. Use of alumina trihy-
drate (ATH) and magnesium hydroxide (MDH) in flame retardant cables requires
a very high portion of these fillers for the applied polymers poly(ethylene-co-
vinyl acetate) (EVA), polyethylene (PE), or polypropylene (PP); filling levels of
more than 60 wt% are necessary to achieve suitable flame retardancy. Clear dis-
advantages of these filling levels are the high density and the lack of flexibility of
end products, the poor mechanical properties, and the problematic compounding
and extrusion steps. In Europe, there are, at a minimum, reservations about the
general use of brominated compounds as flame retardants. Intumescent systems
are relatively expensive, and electrical requirements can restrict the use of these
products.

A new class of materials, nanocomposites, avoids the disadvantages of tra-
ditional flame retardant systems. Generally, the term nanocomposite describes
a two-phase material with a suitable nanofiller [usually modified layered sili-
cates such as montmorillonite (organoclays) or carbon nanotubes] dispersed in
the polymer matrix at the nanometer scale. Compared with pure polymers, the
corresponding nanocomposites show tremendous improvements; the content of
nanofillers within the polymer matrix is usually between 2 and 10 wt%. The
most important improved properties are mechanical properties such as tension,
compression, bending, and fracture, barrier properties such as permeability, and
solvent resistance, translucence, and ionic conductivity. Ray and Okamoto’s
review5 covers these improvements in detail. Other highly interesting prop-
erties exhibited by polymer nanocomposites concern their increased thermal
stability and flame retardancy at very low filler levels.6 – 8 The low filler con-
tent in nanocomposites for improved thermal stability is highly attractive for
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the industry because the end products can be made cheaper and are easier to
process.

Several research groups have reported on the preparation and properties of
EVA-based nanocomposites. EVA nanocomposites were prepared by Camino
et al.9 in a Brabender mixer and the thermal degradation was investigated. Hu
et al.10 prepared intercalated EVA nanocomposites; only 5% of filler content
improved the flame retardancy of the nanocomposites. Camino et al.11 described
the synthesis and thermal behavior of layered EVA nanocomposites; the nanofiller
was a synthetic modified fluorohectorite, which is a layered silicate, and protec-
tion against thermal oxidation and mass loss was observed in air. The modified
silicates accelerated the deacetylation of the polymer but slowed thermal degra-
dation of the deacetylated polymer due to the formation of a barrier at the surface
of the polymer. Zanetti et al.12 mixed modified fluorohectorite with EVA in an
internal mixer and indicated that the accumulation of filler on the surface of
a burning specimen created a protective barrier to heat and mass loss during
combustion. There was suppressed dripping of burning particles in the vertical
combustion in the case of nanocomposites, reducing the hazard of flame spread to
surrounding materials. Melt-intercalated and additionally gamma-irradiated high-
density (HDPE)/EVA nanocomposites were prepared by Hu et al.13 – 14 based on a
modified montmorillonite; increasing the clay content from 2% to 10% was bene-
ficial, improving the flammability properties. Thermogravimetric analysis (TGA)
data showed that nanodispersion of the modified montmorillonite within the poly-
mer inhibited the irradiation degradation of the HDPE–EVA blend, which led
to nanocomposites with better irradiation-resistant properties than those of the
nonfilled blend. Other authors described the preparation of EVA-based nanocom-
posites in more detail. Sundararaj and Zhang15 used a twin-screw extruder and
found intercalation of modified montmorillonite with EVAs differing in melt flow
index and vinyl acetate content. The use of maleated EVA obviously improved
the exfoliation, probably due to chemical interaction between the maleated EVA
and the filler. Camino et al.16 studied the effect of the compounding apparatus on
the properties of EVA nanocomposites. A discontinuous batch mixer, a single-
screw extruder, and a counter-rotating and co-rotating intermeshing twin-screw
extruder were used. Hu et al.17 prepared EVA nanocomposites on a twin-screw
extruder and a twin-roll mill. Morgan et al.18 compared natural and synthetic
clays to improve polymer flammability. The natural clay was a montmorillonite
mined and refined in the United States; the synthetic clay was a fluorinated syn-
thetic mica. Both clays were converted into organoclays by ion exchange with
an alkyl ammonium salt and were then used to synthesize polystyrene(PS)-based
nanocomposites by melt blending. Both nanocomposites showed very similar
reductions in the peak of heat release rate. The major differences between the
natural and synthetic clay were improved color and better batch-to-batch consis-
tency, with higher costs for the synthetic clay.

Concerning the reaction mechanism of degradation and fire retardant behavior
of EVA nanocomposites, Wilkie et al.19 found that in the early EVA degrada-
tion, the loss of acetic acid seemed to be catalyzed by hydroxyl groups which
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were present on the edges of the montmorillonite. The thermal degradation of
EVA in the presence and in the absence of the modified clay showed that the
formation of reaction products differed in quantity and identity. He found that
the products were formed as a result of radical recombination reactions that
could occur because the degrading polymer was contained within the clay lay-
ers long enough to permit the reactions. The formation of these new products
explained the variation of heat release rates. In cases with multiple degradation
pathways, the presence of the modified montmorillonite could promote one of
these at the expense of another and thus led to different products and hence
a different rate of volatilization. From his investigations of polyamide-6 (PA6),
PS, poly(methyl methacrylate)(PMMA), styrene–acrylonitrile (SAN), acryloni-
trile–butadiene–styrene (ABS), high-impact PS (HIPS), PE and PP, Wilkie et al.20

proposed a more general explanation of the fire retardant properties of nanocom-
posites. Since the clay layers acted as a barrier to mass transport and led to
superheated conditions in the condensed phase, extensive random scission of the
products formed by radical recombination was an additional degradation path-
way of polymers in the presence of clay. The polymers that showed good fire
retardancy upon nanocomposite formation exhibited significant intermolecular
reactions, such as interchain aminolysis and acidolysis, radical recombination,
and hydrogen abstraction. In the case of polymers that degraded through a radical
pathway, the relative stability of the radicals was the most important factor for
prediction of the effect that nanocomposite formation had on the reduction in the
peak of the heat release rate. The more stable was the radical produced by the
polymer, the better was the fire retardancy, as measured by the reduction of the
heat release rates of the polymer–clay nanocomposites.

Other nanostructured fillers have also been described as flame retardants.
Frache et al.21 investigated the thermal and combustion behavior of PE–hydrotal-
cite nanocomposites. Hydrotalcites were synthesized and then intercalated with
stearate anions, because of the compatibility of the long alkyl chain with the PE
chains. The presence of the inorganic filler shielded PE from thermal oxidation,
and a reduction of 55% for the peak of the heat release rate was observed. Nelson
et al.22 generated various nanocomposites using modified silica; PMMA–silica
and PS–silica nanocomposites were obtained by single-screw extrusion. Although
these nanocomposites exhibited higher thermal stabilities and oxygen indices,
they burned faster than the virgin polymers according to horizontal burning tests,
suggesting that nanocomposites themselves cannot be considered as flame retar-
dant materials. In combination with traditional flame retardant additives, flame
retardancy and better mechanical properties could be achieved using less flame-
retardant additives in the presence of nanofillers. Zammarano et al.23 studied the
flame retardant properties of modified layered double hydroxide (LDH) nanocom-
posites, which can be more effective than modified montmorillonites in the reduc-
tion of heat release rates. This may be related to the layered structure of LDHs
and their hydroxyl groups and water molecules. Zammarano et al.24 reported on
synergistic effects for LDHs in particular with ammonium polyphosphate.



INTRODUCTION 167

Several papers from Kashiwagi et al.25 – 27 described single- and multiwall
carbon nanotubes enhancing the thermal stability of polymers without using any
organic treatment or additional additives. The carbon nanotubes were at least
as effective flame retardants as organoclays. PP and PMMA were investigated
and the dispersion of the nanotubes within the polymer matrix was important for
good flame retardancy. Kashiwagi reported that the ideal structure of a protective
surface layer (consisting of clay particles and some char) was netlike and had
sufficient physical strength not to be broken or disturbed by bubbling. The pro-
tective layer should remain intact over the entire burning period. The requested
formation of a continuous, network-structured protective char was easiest with
high-aspect-ratio nanoscale particles. Kashiwagi et al.28 pointed out that in gen-
eral, a variety of highly extended carbon-based nanoparticles, such as single-
and multiwall carbon nanotubes as well as carbon nanofibers, will form this type
of network if the nanofillers formed a jammed network structure in the poly-
mer matrix such that the material as a whole behaves rheologically like a gel.
Also, Schartel et al.29 reported on the flame retardancy of multiwall carbon nan-
otubes in PA6; again, the increased melt viscosity of the nanocomposites and
the fiber-network character were the dominant mechanisms influencing the fire
performance.

Leroy et al.30 investigated the influence of the aspect ratio of fillers on flame
retardancy for the system EVA, magnesium hydroxide (MDH), and talc. Talc
particles of different lamellarity and specific surface area were tested, lead-
ing to the conclusion that for highly lamellar talc particles the fire-retarding
behavior became similar to that of EVA–MDH–modified montmorillonite–based
nanocomposites but with a significant intumescence. This intumescence, which
occurred during the preignition period in cone calorimeter tests, may to be related
to three phenomena caused by the lamellar particles (modified montmorillonite or
talc): heterogeneous bubble nucleation, increased viscosity, and charring promo-
tion. Ferry et al.31 described similar results on the intumescence effect of talc in
EVA–MDH–zinc borate–talc; zinc borate acted as a binder in EVA–MDH–zinc
borate formulations, as shown by Le Bras et al.32

Jho et al.33 pointed out that modified montmorillonites alone are not suffi-
cient as flame retardants used in cable applications. Also, Wilkie34 gave a clear
statement: “It is apparent that nanocomposite formation alone is not the solu-
tion to the fire problem, but it may be a component of the solution. We, and
others, have been investigating combinations of nanocomposites with conven-
tional fire retardants.” Charring polymers such as PA6 and PA6 nanocomposites
were used by Bourbigot et al.35 to improve the flame retardancy of EVA. The
organoclay increased the efficiency of the char as a protective barrier by thermal
stabilization of a phosphorocarbonaceous structure in the intumescent char and
additionally, the formation of a “ceramic” layer. Hu et al.36 used a blend of PA6
and EVA–nanocomposite to improve the flame retardancy of PP.

Often, combinations of nanofillers with traditional micro-sized traditional
flame retardants demonstrated synergistic effects. A halogen-free flame retardant
nanocomposite was reported by Hu et al.37 using PA6, modified montmorillonite,
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MDH, and red phosphorus. This system showed higher mechanical and flame
retardant properties than those of a classical flame-retarded PA6 and therefore
a synergistic effect for all three fillers. Ferry et al.38 partially substituted MDH
in flame retardant EVA by organoclays; improvements in self-extinguishability
were reported, and the main mechanism was connected to a phenomenon
of intumescence leading to the formation of a foamlike structure during the
preignition period. Horrocks et al.39 demonstrated that the combination of
organoclays with ammonium polyphosphate or polyphosphine oxide showed
synergistic effects in flame retardancy for PA6. Whaley et al.40 investigated
blends of EVA and ethylene-co-octene copolymers with MDH and modified
montmorillonites for cable compounds. The time dependence of the char layer
formation in such systems suggested that optimal loadings for the montmorillonite
could be different for applications with different cable jacketing thickness, and
therefore the true performance of nanocomposite-based jacketing compounds
needs to be assessed in actual cable constructions.

Shen et al.41,42 reported on flame retardant improvements by using a filler
combination of modified montmorillonites, MDH, and zinc borate in EVA. A
modified montmorillonite with a smaller particle size gave a better UL-94 per-
formance than one of a larger particle size, and a stronger char was formed during
the presence of zinc borate with a very fine particle size.

Ristolainen et al.43 used modified montmorillonite as a partial substitute for
ATH in PP–ATH composites and observed enhanced flame retardancy with com-
posites containing both fillers. Wilkie and Zhang44 studied the fire behavior of
PE combined with ATH and a modified montmorillonite. The combination of
PE with 2.5% modified montmorillonite and 20% ATH gave a 73% reduction
in the peak heat release rate, which was the same as that obtained when 40%
ATH alone was used. A further increase in the montmorillonite loading did not
improve the fire properties. Mechanical properties such as elongation at break
could be improved in comparing compounds with or without montmorillonite at
the same reduction in peak heat release rate.

Cusak et al.45 found that zinc hydroxystannate greatly enhanced the per-
formance of an ATH–organoclay synergistic fire retardant system in an EVA
formulation that allowed reductions in the overall filler level with no or little
compromise in terms of flame retardant or smoke suppressant properties.

In this chapter we review results of nanocomposites based on organoclays
and carbon nanotubes and the synergistic effects of these fillers with micro-sized
alumina trihydrate as a traditional flame retardant for cables.

7.2 EXPERIMENTAL PROCESS

7.2.1 Materials

Poly(ethylene-co-vinyl acetate)(EVA) from Exxon with different weight
percentages of vinyl acetate were used. Such types of copolymers demonstrated
their ability to promote nanocomposite formation by melt blending with



ORGANOCLAY NANOCOMPOSITES 169

organoclays.46,47 Low-density polyethylene (LDPE) BPD 8063 from Innovene
(formerly, BP Petrochemicals) was used as a nonpolar polymer matrix for
carbon nanotubes. Alumina trihydrate (ATH) Martinal OL 104 LE from
Albemarle was used as a conventional flame retardant. A commercially available
organoclay (Nanofil 15) based on a layered silicate (montmorillonite modified
by dimethyldistearylammonium cations) from Süd-Chemie AG was used. The
content of the quaternary ammonium compound was 38 ± 2 wt%. Pure and
crude multiwall carbon nanotubes (MWCNTs) and single-wall carbon nanotubes
(SWCNTs) from the research group of Janos B. Nagy at the University of Namur
and 1.5 kg of MWCNTs from Nanocyl S.A. (Belgium) were used.

7.2.2 Compounding

Mixing was performed on several different compounding machines. For EVA
organoclay-based nanocomposites, a laboratory twin-roll mill and an internal
mixer at 145◦C were used and additionally a co-rotating twin-screw extruder
from Leistritz in Germany with a 27-mm screw diameter and an aspect ratio
of 40 L/D. The mass temperature was 190◦C at the extruder die. A Brabender
mixer as a discontinuous compounding machine was used at 45 rpm and 180◦C
processing temperature to generate LDPE filled with MWCNTs and SWCNTs as
well as EVA filled with organoclay or MWCNTs at 160◦C. A laboratory twin-
roll mill at 160◦C was used to compound different MWCNT/organoclay-based
formulations to optimize their fire properties. A Buss Ko-kneader (with a rotat-
ing and simultaneously oscillating screw, 11 L/D, 46-mm screw diameter) was
used as a continuous compounding machine to generate 60 kg of an optimized
MWCNT–organoclay compound and different EVA–organoclay nanocompos-
ites; in both cases the processing temperature was 160◦C. A 20-L/D single-screw
cable extruder with a 80-mm screw diameter was used to produce an insulated
flexible 2.5-mm2 copper wire with a wall thickness of 0.86 mm for flame retar-
dant insulations.

7.2.3 Analyses

Cone calorimeter tests were carried out at 35 or 50 kW/m2 heat flux with hor-
izontal orientation of the samples [plates (100 × 100 × 3 mm) or cut cables]
according to ASTM E1354. The data reported were the average of three mea-
surements for each sample, with a standard uncertainty of the measured heat
release rates of ±5%. Thermogravimetric analyses were done under helium or
airflow at a 20◦C/min heating rate.

7.3 ORGANOCLAY NANOCOMPOSITES

7.3.1 Processing and Structure of EVA/Organoclay-Based Nanocomposites

Depending on the nature of the filler distribution within the matrix, the mor-
phology of nanocomposites can evolve from the intercalated structure with a



170 FR PROPERTIES OF ORGANOCLAYS AND CARBON NANOTUBES

regular alternation of layered silicates and polymer monolayers to the exfoliated
(delaminated) structure with layered silicates randomly and distributed homoge-
neously within the polymer matrix. The easiest and technically most attractive
way to produce these types of materials is kneading a polymer in the molten
state with a modified layered silicate such as montmorillonite, with the native
Na+ interlayer cation exchanged by a quaternary alkylammonium cation; the
modified filler, called an organoclay, is much more compatible with the polymer
matrix.

Information on the nanocomposite morphology was obtained by transmission
electron microscopy (TEM) and x-ray diffraction (XRD) observation. Compound-
ing was done on a twin-roll mill, and exfoliated silicate sheets were observed
together with small stacks of intercalated sheets.47 This structure may be descri-
bed as a semi-intercalated semi-exfoliated structure that did not change principally
with the vinyl acetate content of the EVA matrix, even a larger number of stacks
were observed for EVA with lower vinyl acetate contents.47 There were no great
differences within the morphology of these nanocomposites.

7.3.2 Thermal Stability of EVA/Organoclay-Based Nanocomposites

Thermogravimetric analysis (TGA) is widely used to characterize the thermal sta-
bility of polymers. The mass loss of a polymer due to volatilization of products
generated by thermal decomposition is monitored as a function of a tempera-
ture ramp. Nonoxidative decomposition occurs when the heating of the material
is done under an inert gas flow such as helium or nitrogen, while the use of
air or oxygen allows investigation of oxidative decomposition reactions. The
experimental conditions highly influenced the reaction mechanism of the degra-
dation. EVA is known to decompose in two consecutive steps. The first step was
identical under both oxidative and nonoxidative conditions, occurring between
350 and 400◦C and involving the loss of acetic acid. The second step involved
the thermal decomposition of the unsaturated backbone either by further radi-
cal scissions (nonoxidative decomposition) or by thermal combustion (oxidative
decomposition) (Figure 7.1).

In helium, the EVA nanocomposite showed a negligible reduction in ther-
mal stability compared to pure EVA or EVA filled with Na-montmorillonite
(microcomposite). In contrast, when decomposed in air, the same nanocomposite
exhibited a rather large increase in thermal stability because the maximum of the
second degradation peak was shifted 40◦C to higher temperatures while the max-
imum of the first decomposition peak remained unchanged47 (Table 7.1). In this
case the explanation for the improved thermal stability was char formation occur-
ring under oxidative conditions. The char acted as a physical barrier between the
polymer and the superficial zone where the combustion of the polymer occurred.
The optimum thermal stabilization was obtained at an organoclay level of 2.5 to
5.0 wt%, as indicated by the results in Table 7.1 on the maximal temperatures
for the main degradation peak for EVA nanocomposites.
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FIGURE 7.1 TGA of EVA, EVA microcomposite with 5 wt% Na+-montmorillonite,
and EVA nanocomposite with 5 wt% organoclays under (a) helium and (b) airflow.
Heating rate, 20◦C/min; EVA, Escorene UL-00328 with 28 wt% vinyl acetate content.
Organoclay, Nanofil 15. (From Ref. 48, copyright  2001, John Wiley & Sons, Ltd., with
permission.)

7.3.3 Flammability Properties of EVA/Organoclay-Based Nanocomposites

From an engineering point of view, it is important to identify the principal fire
hazard associated with products so that relevant properties can be measured.
Extensive research at the National Institute for Standards and Technology in the
United States led to an important conclusion that allows significant simplifica-
tion of the problem. The heat release rate, in particular the peak of heat release
rate, is the single most important parameter in a fire and can be viewed as the
“driving force” of the fire.49 Therefore, today the universal choice of an engi-
neering instrument to measure flame retardant properties of polymers is the cone
calorimeter. The measuring principle is the oxygen depletion with a relationship
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TABLE 7.1 Maximum Temperature at the Main
Degradation Peak Measured by TGA Under Airflow
at 20◦C/min for EVA and EVA-Based
Nanocomposites with Different Organoclay Contentsa

Organoclay Content
(wt%)

Maximum Temperature at the Main
Degradation Peak (◦C)

0 452.0
1 453.4

2.5 489.2
5 493.5

10 472.0
15 454.0

a EVA, Escorene UL-00328 with 28 wt% vinyl acetate content;
organoclay, Nanofil 15

between the mass of oxygen consumed from the air and the amount of heat
released. In a typical cone calorimeter experiment, polymer samples placed in
aluminum dishes are exposed to a defined heat flux (typically, 35 or 50 kW/m2).
Simultaneously, the following properties are measured: heat release rate, peak
heat release rate (PHRR), time to ignition, total heat released, mass loss rate,
mean CO yield, mean specific extinction area, and others.

The flame retardant properties of the EVA nanocomposites were determined
by a cone calorimeter with a heat flux of 35 kW/m2 (Figure 7.2). Under such
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FIGURE 7.2 Heat release rate at heat flux = 35 kW/m2 for various EVA (Escorene
UL-00328 with 28 wt% vinyl acetate content)–based materials: A, pure EVA matrix and
EVA matrix with 5 wt% Na+-montmorillonite; B, EVA + 3 wt% of organoclay Nanofil
15; C, EVA + 5 wt% of organoclay Nanofil 15; D, EVA + 10 wt% of organoclay Nanofil
15. (From Ref. 48, copyright  2001, John Wiley & Sons, Ltd., with permission.)
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EVA => no material
present !

EVA + nanofiller
=> char present !

FIGURE 7.3 Samples of pure EVA and EVA nanocomposite with 5 wt% organoclays
by cone calorimeter combustion after 200 sec; heat flux = 35 kW/m2; polymer plates of
100 × 100 × 3 mm within aluminium dishes. EVA, Escorene UL-00328 with 28 wt%
vinyl acetate content; organoclay, Nanofil 15. (From Ref. 48, copyright  2001, John
Wiley & Sons, Ltd., with permission.)

conditions, simulating a developing fire scenario, the effect of the organoclay was
already observed at 3 wt% clay. A decrease by 47% of PHRR compared to virgin
EVA, as well as a shift toward longer times, was detected for a nanocompos-
ite containing 5 wt% of the organoclay. Increasing the filler content to 10 wt%
did not significantly improve the PHRR reduction. As a decrease in PHRR indi-
cates a reduction in burnable volatiles generated by degradation of the polymer
matrix, such a decrease clearly showed the flame retardant effect due to the pres-
ence of the organoclays and their “molecular” distribution throughout the matrix.
Furthermore, the flame retardant properties were improved by the fact that the
heat release was spread over a much longer period. The flame retardant properties
were due to the formation of a char layer during nanocomposite combustion. This
char acted as an insulating and nonburning material and reduced the emission of
volatile products (fuel) into the flame area. The silicate layers of the organoclay
played an active role in the formation of the char but also strengthened it and
made it more resistant to ablation.

Cone calorimeter experiments at a heat flux of 35 kW/m2 showed that virgin
EVA was burned completely, without any residue. In contrast, very early strong
char formation was found for an EVA nanocomposite with an analogous cone
calorimeter experiment; this char was stable and did not disappear by combustion
(Figure 7.3). Finally, compared to a pure EVA matrix, the nanocomposite burned
without producing burning droplets (UL-94 vertical procedure),50 a characteristic
feature that also limits the propagation of a fire. Burning droplets will be an impor-
tant additional characteristic for cables to be classified within the Euroclasses B1ca,
B2ca, Cca, or Dca, defined by a draft for the European standard EN 50399.

7.3.4 NMR Investigation and Fire Retardant Mechanism of EVA
Nanocomposites

The degradation of EVA and EVA nanocomposites was investigated by solid-
state cross-polarization magic angle opening 13C-NMR spectroscopy; Bourbigot
et al.51 described the measurement method in detail. EVA (Escorene UL-00112
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with 12 wt% vinyl acetate content) and a nanocomposite of EVA with 5 wt% of
the organoclay were degraded in a cone calorimeter with a heat flux of 50 kW/m2.
Samples were removed from the heat flux after 50, 100, 150, 200, and 300 s,
and the presence of EVA and the char formation was measured by the shift (in
ppm) of the signals related to the signal from the standard tetramethysilane. The
following results were obtained52:

ž Before irradiation of EVA and EVA nanocomposite: 33 ppm => −CH2−,
polymer backbone of EVA; 75 ppm => −CH3, acetate group of EVA;
172 ppm => −C−O, acetate group (small signal) of EVA

ž After irradiation of EVA: 50 s, new signals at 130 ppm (char: aromatics
and polyaromatics) and 180 ppm (−C=O with start of oxidation), EVA
signals still present; 150 s, no signals => no organic material present

ž After irradiation of EVA nanocomposite: 50 s, new signals at 130 ppm
(char: aromatics and polyaromatics) and 180 ppm (−C=0 with start of oxi-
dation), EVA signals still present; 100 s, char formation and EVA signals
still present; 200 s, char formation and EVA signals still present; >300 s,
no signals => no organic material present

Obviously, the formation of nanocomposites clearly promoted char formation
and delayed the degradation of EVA.

7.3.5 Intercalation Versus Exfoliation of EVA Nanocomposites

Often, it is reported in the literature that exfoliation is the most effective structure
for maximal enhancements of properties improved by nanocomposites. Therefore,
it was of interest to shift the ratio of the mixed intercalated–exfoliated structure
that was observed within EVA nanocomposites by twin-roll mill compounding47

to the only exfoliated structure. This was done by melt compounding EVA
(Escorene UL-00328) with 5 phr (parts per hundred parts resin) of organoclay by
a co-rotating twin-screw extruder (27-mm screw diameter, 40 L/D). Two screw
designs were used: a first screw for maximal mixing using mixing elements, and
the second screw for maximal dispersion using kneading blocks. The screws were
used from 300 up to 1200 rpm. TEM and XRD demonstrated that for the highest
shear rate (1200 rpm) and highest friction (second screw), the mixed structures
were shifted to the exfoliated structure. However, cone calorimeter data showed
that there were no changes in the PHRRs for all the melt-compounded nanocom-
posites. Obviously, the mixed intercalated–exfoliated structures within the EVA
nanocomposites already had maximal reductions in PHRR. This result is impor-
tant for companies using EVA-based nanocomposites as a flame retardant system,
because it simplifies the task of organoclay dispersion as a main processing step.

7.3.6 Combination of the Classical Flame Retardant Filler Alumina
Trihydrate with Organoclays

Cable compounds must be flame retardant to achieve a low flame spread, defined
by the widely used international cable fire test (IEC 60332-3-24).53 A combination
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of 65 wt% ATH and 35 wt% of a high filler level accepting polymer matrix such
as EVA must often be used for cable outer sheaths.54

The performances of two compounds were compared. Both compounds were
prepared on a Buss Ko-kneader (46-mm screw diameter, 11 L/D). One com-
pound was made from 65 wt% ATH and 35 wt% EVA (28% vinyl acetate
content), and a second compound was made from 60 wt% ATH, 5 wt% organ-
oclay, and 35 wt% EVA. Both compounds were investigated with TGA in air
and by a cone calorimeter at 50 kW/m2 heat flux. TGA in air clearly showed a
delay in degradation by the small amount of organoclays (Figure 7.4).

The char of the EVA–ATH–organoclay compound generated by the cone
calorimeter was very rigid und showed only very few small cracks; but the char
of the EVA–ATH compound was much less rigid (lower mechanical strength) and
with many big cracks. This could be why for the nanocomposite the PHRR was
reduced to 100 kW/m2, compared to 200 kW/m2 for the EVA–ATH compound.
To obtain the same decrease for the PHRR by the flame retardant filler ATH
only, the content of ATH must be increased to 78 wt% within the EVA–ATH
system.

The great improvements in flame retardancy by the organoclays also opened
the possibility of decreasing the level of ATH within the EVA–polymer matrix.
To maintain 200 kW/m2 as a sufficient peak heat release level, the content of
ATH could be decreased from 65 wt% to 45 wt% by the presence of only 5 wt%
organoclay within the EVA–polymer matrix. The reduction in the total amount
of these fillers resulted in improved mechanical and rheological properties of the
EVA-based nanocomposite.
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FIGURE 7.4 TGA in air of a compound with 35 wt% EVA and 65 wt% ATH in relation
to a nanocomposite compound with 35 wt% EVA, 60 wt% ATH, and 5 wt% of organ-
oclays. EVA, Escorene UL-00328 with 28 wt% vinyl acetate content; organoclay, Nanofil
15; ATH, Martinal OL 104 LE. (From Ref. 48, copyright  2001, John Wiley & Sons,
Ltd., with permission.)
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7.3.7 Coaxial Cable Passing the UL-1666 Fire Test with an
Organoclay/ATH-Based Outer Sheath

There are many applications for indoor cables passing the large-scale fire test
UL-1666 (riser test for cables) with a 145-kW burner in a two-story facility.
This very severe fire test defines the following important points of measure-
ments: (1) maximal temperature of fire gases at 12 ft: 850◦F, and (2) max-
imal height for flames: 12 ft. Compounds with halogenated flame retardants
are often used to pass this test, but more and more flame retardant nonhalo-
gen (FRNH) cables are requested by the market for the riser test. Cables based
on nanocomposite compounds demonstrate their promising performance for this
fire test.

An example of FRNH cables passing UL-1666 is shown in Figure 7.5.
The outer sheath was based on a nanocomposite with an industrial
EVA–ATH–organoclay composition. The analogous coaxial cable was tested
with an outer sheath based on EVA–ATH. In both compounds the relation of
polymer to filler was the same and Table 7.2 presents the results. The improved
flame retardant properties were due to the formation of a char layer during

FIGURE 7.5 FRNH coaxial cable (1/2-in. diameter) with a nanocomposite-based outer
sheath passing the UL-1666 cable fire test. (From Ref. 52, copyright  2005, Sage Pub-
lications, with permission.)

TABLE 7.2 Fire Performance of FRNH Coaxial Cables with EVA–ATH and
EVA–ATH–Organoclay Outer Sheathes

UL-1666 Requirement
EVA–ATH
Compound

EVA–ATH–Organoclay
Compound

Maximal temperature at 12 ft:
<850◦F

1930◦F 620◦F

Maximal flame height:
<12 ft

>12 ft 6 ft
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nanocomposite combustion. This insulating and nonburning char reduced the
emission of volatile products from polymer degradation into the flame area, and
thus minimized the maximal temperature and height of the flames.

7.4 CARBON NANOTUBE NANOCOMPOSITES

7.4.1 General Properties of Carbon Nanotubes

Carbon nanotubes (CNTs) are tubular derivatives of fullerenes. They were first
observed in arc discharge experiments and exhibit properties which are quite
different from those of closed-cage fullerenes such as C60, C70, and C76. Special
topologies are responsible for the unique and interesting properties of CNTs. As
novel carbon materials the CNTs are of great interest within the field of mate-
rial science research. Due to their high mechanical strength, capillary properties,
and remarkable electronic structures, a wide range of potential uses is reported.
Typical applications for CNTs are supports for metals in the field of heteroge-
neous catalysis, material for hydrogen storage, as composite materials in polymer
science,55,56 and for immobilization of proteins and enzymes. Several techniques,
such as arc discharge, laser ablation, catalytic methods, and others, have been
developed for the production of CNTs.57 Many material science researchers are
working on the development of methods for large-scale production of CNTs to
realize their speculated applications.

CNTs can consist of one (SWCNTs) or more (MWCNTs) cylindrical shells of
graphitic sheets. Each carbon is completely bonded to three neighboring carbon
atoms through sp2 hybridization to form a seamless shell. CNTs can have a very
high aspect ratio, above 1000. It is reported58 that polymer degradation can be
retarded by CNTs as indicated by thermogravimetric analysis. In PVOH a loading
level of 20 wt% MWCNTs shifts the beginning of the polymer degradation and
the single degradation peak to higher temperatures.

7.4.2 Synthesis and Purification of Carbon Nanotubes

Crude MWCNTs and SWCNTs were produced by catalytic decomposition of
acetylene on Co–Fe/Al(OH)3 catalysts. The CNTs contained used catalysts and
other by-products. The catalysts and support contents of the CNTs samples are
shown in Table 7.3. Crude MWCNTs contain Co, Fe, and alumina. Purified
MWCNTs were synthesized from crude MWCNTs by dissolution of the catalyst
support in concentrated NaOH, dissolution of the metal catalyst in concentrated
HCl, drying at 120◦C in an air oven and additional drying at 500◦C under vac-
uum. Crude SWCNTs contain Co and MgO. Purified SWCNTs were synthesized
from crude SWCNTs by dissolution of the catalyst support in concentrated HCl,
purification by air oxidation at 300◦C and then drying at 120◦C in an air oven.

7.4.3 Flammability of EVA–MWCNT and EVA–MWCNT–Organoclay
Compounds

It was possible to investigate for the first time worldwide the flame retardant
properties of carbon nanotube compounds by cone calorimeter at 35 kW/m2.59,60
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TABLE 7.3 Properties of MWCNTs

Nanotubes Catalyst Support

Sample
Length
(µm)

Diameter
(nm)

Co
(wt%)

Fe
(wt%)

Al2O3

(wt%)
MgO
(wt%)

Crude MWCNTs ca. 50 5–15 0.3 0.3 19 —
Purified MWCNTs ca. 50 5–15 0.2 0.3 0.2 —

TABLE 7.4 Peak of Heat Release Rates at Heat Flux = 35 kW/m2 for Various
Compounds with Organoclays and Multiwall Carbon Nanotubes

MWCNT (phr)

Sample
EVAa

(parts resin) Purified Crude
Organoclayb

(phr)
PHRR

(kW/m2)

EVAa 100.0 — — — 580
1c 100.0 2.5 — — 520
2 100.0 5.0 — — 405
3 100.0 — — 2.5 530
4 100.0 — — 5.0 470
5c,d 100.0 2.5 — 2.5 370
6ac 100.0 — 5.0 — 403
6be 100.0 — 5.0 — 405

a Escorene UL-00328 with 28 w% vinyl acetate content.
b Nanofil 15.
c The screw velocity was 45 rpm and the mass temperature was 136◦C.
d The nanotubes and the organoclay were premixed before addition.
e The screw velocity was 120 rpm and the mass temperature was 142◦C.

All compounds were melt-blended in a Brabender mixing chamber. It is evident
from the results in Table 7.4 that all the filled polymers had improved flame retar-
dant properties. For EVA and EVA-based nanocomposites containing 2.5 phr of
filler, the PHRR decreased as follows: EVA > organoclays ∼ purified MWC-
NTs. For EVA and EVA-based composites containing 5.0 phr of filler, the PHRR
decreased as follows: EVA > organoclays > purified MWCNTs = crude MWC-
NTs. Crude MWCNTs were as effective in the reduction of PHRR as purified
MWCNTs! Increasing the filler content from 2.5 phr to 5.0 phr caused an addi-
tional flame retardant effect that was most significant when purified or crude
MWCNTs were used.

A synergistic effect for flame retardancy between MWCNTs and organoclays
was observed for a nanocomposite containing 2.5 phr of purified MWCNTs and
2.5 phr of organoclays (Figure 7.6). The latter sample was found to be the best
flame retardant compound. The variation of the screw velocity from 45 rpm
(sample A) to 120 rpm (sample B) did not change the flame retardant prop-
erties for composites containing 5.0 phr of crude MWCNTs. There was also
no reduction in time to ignition for the MWCNT-based EVA composite, in
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FIGURE 7.6 Heat release rates at heat flux = 35 kW/m2 for various EVA-based mate-
rials: A, EVA + 5.0 phr organoclays; B, EVA + 5.0 phr pure MWCNTs; C, EVA + 2.5
phr organoclays + 2.5 phr pure MWCNTs. EVA, Escorene UL-00328 with 28 wt% vinyl
acetate content; organoclay, Nanofil 15. (From Ref. 59, copyright  2002, John Wiley &
Sons, Ltd., with permission.)

contrast to the organoclay-based EVA composite, which undergoes an early ther-
mal degradation of the quaternary ammonium compound within the galleries of
the organoclay.61

7.4.4 Crack Density and Surface Results of Charred MWCNT
Compounds

For flame retardant EVA-based composites containing 5 phr of fillers (Table 7.4),
the crack density increased in the order purified MWCNTs < organoclays. A very
important synergistic effect reducing the crack density to a very low level was
observed for nanocomposite containing both 2.5 phr of purified MWCNTs and
2.5 phr of organoclays (Figure 7.7). The synergistic effect for improved flame
retardancy by the filler combination MWCNTs and organoclays can be explained
by the improved closed surface. The char acted as an insulating and nonburning
material with reduction of emission of volatile products (fuel) into the flame
area. The fewer cracks present, the better was the reduction in fuel emission
and therefore the reduction of PHRR. The fillers played an active role in the
formation of this char, but obviously the MWCNTs, with their long aspect ratio,
could strengthen it and make it more resistant to mechanical cracking.

7.4.5 Flammability of LDPE Carbon Nanotube Compounds

Compounds of SWCNTs and MWCNTs in LDPE BPD 8063 were melt blended
in a Brabender mixing chamber according to the formulations indicated in
Tables 7.5 and 7.6. The corresponding cone calorimeter measurements are shown
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(a)

(b)

FIGURE 7.7 (a) EVA with 5 phr organoclays after combustion; (b) EVA with 5 phr
pure MWCNTs after combustion; (c) EVA with 2.5 phr pure MWCNTs and 2.5 phr organ-
oclays after combustion. EVA, Escorene UL-00328 with 28 wt% vinyl acetate content;
organoclay, Nanofil 15. (From Ref. 59, copyright  2002, John Wiley & Sons, Ltd., with
permission.)
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(c)

FIGURE 7.7 (continued )

TABLE 7.5 SWCNTs in LDPE

SWCNT (wt%)

Sample
LDPE
(wt%) Purified Crude

BPD 8063 100.0 — —
5 SWCNT 95.0 5 —
10 SWCNT 90.0 10 —
5 crude SWCNT 95.0 — 5
10 crude SWCNT 90.0 — 10

TABLE 7.6 MWCNTs in LDPE

MWCNT (wt%)

Sample
LDPE
(wt%) Purified Crude

BPD 8063 100.0 — —
5 MWCNT 95.0 5 —

10 MWCNT 90.0 10 —
5 crude MWCNT 95.0 — 5

10 crude MWCNT 90.0 — 10
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FIGURE 7.8 Heat release rates for SWCNTs in LDPE, Heat flux = 35 kW/m2. (From
Ref. 62, copyright  2005, John Wiley & Sons, Ltd., with permission.)

0

100

200

300

400

500

0 100 200 300 400 500 600
Time (s)

R
H

R
 (

kW
/m

2 )

BPD 8063

10 MWCNT

5 crude MWCNT

5 MWCNT

10 crude MWCNT

FIGURE 7.9 Heat release rates for MWCNTs in LDPE. Heat flux = 35 kW/m2. (From
Ref. 62, John Wiley & Sons, Ltd., with permission.)

in Figures 7.8 and 7.9. The results from the cone measurements of different
carbon nanotubes in LDPE demonstrated that SWCNTs did not act as flame
retardants in LDPE. MWCNTs acted as flame retardants in LDPE with no
reductions in time to ignition (in contrast to organoclays), and crude MWCNTs
showed similar reductions for the PHRR as purified MCNTs.

7.4.6 Cable with the New Fire Retardant System
MWCNTs–Organoclays–ATH

It was of interest to transform the results for the synergistic filler-based fire retar-
dant system MWCNTs–organoclays to real products.62 Therefore, the carbon
nanotube supplier Nanocyl S.A. synthesized 1.5 kg of MWCNTs. To produce
a flame retardant insulated wire by a real cable production extruder, a mini-
mum of approximately 60 kg of compound was needed to fill the extruder and
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TABLE 7.7 Blends of MWCNTs and Organoclays
in Cable Compound Formulations

Compound Composition

1 Technical cable compound
(EVA–PE–ATH–organoclay
–processing additives)

2A Same formulation as compound 1,
but substitution of 50% organoclay
by the same amount of MWCNTs

2B Same formulation as compound 1, but
substitution of 100% organoclay by
the same amount of MWCNTs
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FIGURE 7.10 Heat release rates for compounds made by twin-roll mill with various
filler blends of MWCNTs and organoclays. Heat flux = 35 kW/m2. (From Ref. 62, copy-
right  2005, John Wiley & Sons, Ltd. with permission.)

to run a small insulated wire production. It was checked whether the MWC-
NTs–organoclay filler blend system can be transformed to a real cable com-
pound without problems from the polymer EVA investigated.59 A well-running
organoclay-based cable compound named compound 1 was used, and the weight
ratio between these two fillers was changed stepwise. The sum of both fillers
always remained constant (Table 7.7) within the cable compounds. Compound-
ing was done on a twin-roll mill, and the reductions in PHRRs for the three
compounds were measured (Figure 7.10). The results clearly indicated that for
the filler blend and the MWCNT-only-based compounds, the first PHRR was
reduced maximally. The second PHRR was observed at the longest times for the
two compounds 2A and 2B, indicating that the chars were less cracked (more
stable in time). Therefore, a 1:1 blend of MWCNTs and organoclays (compound
2A; see Table 7.7) for the cable compound was used. This allowed production of
the required quantity of the cable compound. Compounding of the formulation
2A was done on an 11-L/D Buss Ko-kneader with a 46-mm screw diameter, and
60 kg was produced without any processing problems. Processing on the Buss
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FIGURE 7.11 Heat release rates for cable compound 2A with the filler blends of MWC-
NTs and organoclays by twin-roll mill and Buss Ko-kneader. Heat flux = 35 kW/m2.
(From Ref. 62, copyright  2005, John Wiley & Sons, Ltd., with permission.)

Ko-kneader improved the PHRRs compared to those with the corresponding
twin-roll mill compounding (Figure 7.11).

Two insulated wires with identical geometric parameters were produced on a
20-L/D single-screw cable extruder with a 80-mm screw diameter. The diam-
eter of the copper wire was 1.78 mm, and the wall thickness for the insulation
was 0.8 mm. For one wire the insulation was compound 1 (filler combina-
tion by ATH–organoclay) and for the other wire the optimized compound 2A
(filler combination by ATH–organoclay–MWCNTs) was used as insulation. The
MWCNT-based compound 2A showed a remarkably increased viscosity over that
of the standard nanocomposite compound 1, as indicated by reduced revolutions
per minute of the screw and increased power takeup by the extruder motor; a
high-pressure capillary viscosimeter showed a higher viscosity for compound 2A
for all shear rates up to 3000 s−1.

A small-scale fire test according to IEC 60332-1 (the insulation was exposed
to a Bunsen burner ignition source) was very similar for both insulated wires. No
dripping of burning polymer was noted, and the charred lengths were identical.
But the char of the insulation made with compound 2A was much less cracked
than the char generated from compound 1. This may be the result of the strength-
ening effect by the MWCNT, with its very large L/D ratio; a proposal of such
a mechanism for the function of carbon nanotubes was published recently.63

Heat release rates and times to ignition of the two insulated wires were mea-
sured using a cone calorimeter. The wires were cut in samples of 10 cm, and the
standard cone sample holder was filled with the cables pieces. Twenty-six wires
were mounted by building up a single layer of wires with no gap between them,64

and the ends of the wires were not sealed; this mounting was called a single-layer
design. Also, four cut wires with no sealing of the ends, simulating an unjack-
eted cable,64 were put together. An aramid fiber binder was used to maintain
the integrity of the bundles; this mounting with 24 wires per layer and a total
of two layers was called a bundle design (Figure 7.12). Both mounting designs
demonstrated quite different cone calorimeter results (Figures 7.13 and 7.14). For
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single layer design bundle design

FIGURE 7.12 Various insulated wire mounting designs for cone calorimeter tests: sin-
gle-layer design and bundle design (From Ref. 62, copyright  2005, John Wiley & Sons,
Ltd., with permission.)

0

20

40

60

80

100

120

140

160

0 100 200 300 400 500 600 700 800 900 1000 1100

Time (s)

R
H

R
 (

kW
/m

2 )

Compound 2A

Compound 1

FIGURE 7.13 Heat release rates for a single-layer design. Heat flux = 35 kW/m2.
(From Ref. 62, copyright  2005 John Wiley & Sons, Ltd., with permission.)
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the single-layer design the cone tests were finished within 20 minutes. This is
the flame application time for cables as defined in the new European proposal
for flame tests of cables (EN 50399). Wires insulated with compound 1 had a
higher PHRR value within the first 5 min. For the bundle design, the duration of
the cone calorimeter tests was very long, due to the insulation effect of the first
charred layer on those located underneath in the second layer; therefore, the tests
were stopped after 20 minutes. This mounting design is representative for many
end-product applications. Wires insulated with the filler-blended compound 2A
did not show any increase for the PHRR within the first 10 minutes compared
to the wires insulated with the only organoclay-based compound, 1.

7.5 SUMMARY AND CONCLUSIONS

Nanocomposites made by melt-blending poly(ethylene-co-vinyl acetate) (EVA)
with modified layered silicates are used for halogen-free flame retardant cables.
Combinations of organoclays and traditional flame retardants on basis metal
hydroxides must be used for proper flame retardancy, as outlined for a coax-
ial cable fulfilling the UL-1666 riser test. MWCNTs act as very efficient flame
retardants at low filler contents in EVA. An optimized formulation for flame
retardant insulated wires was developed based on filler-blend multiwall carbon
nanotubes/organoclays. Small-scale fire tests according to IEC 60 332-1, with
flames of a Bunsen burner attacking the insulation of the wire, showed that the
char was strengthened by the long L/D ratio of the MWCNTs. The improved
char results in better flame retardant performance by the wires.
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8.1 INTRODUCTION

8.1.1 Polymer–Organoclay Nanocomposites

Since the twentieth century, natural and synthetic polymeric materials have been
used to replace many natural materials in several applications, such as con-
struction, electrical and electronics components, household, and transportation.
Although these polymeric materials provide many benefits, most of them are
unfortunately more flammable than the materials that have been replaced. There-
fore, the use of flame retardants to reduce the flammability of these replacement
polymers and production of smoke or toxic products during their combustion has
become an important aspect of the research, development, and application of new
materials.1,2

In the past two decades, many academic or industrial researchers have paid
attention to polymer/layered-silicate nanocomposites (PLSs), especially to poly-
mer/organically modified clay (organoclay) nanocomposites. These PLS materials
often exhibit remarkable improvement in properties over those of both virgin
polymer and conventional filled systems, and many represent a better choice
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than the latter system. Therefore, nanotechnology has been described as the next
great frontier of materials research because nanocomposite formation brings about
improved material performance, including enhanced mechanical, thermal, opti-
cal, dimensional, and barrier performance properties.3 – 7 Moreover, these PLS
nanocomposites have considerably improved flame retardant properties.8 – 16 It
has become clear that one of the most promising aspects of PLS materials is
the concomitant improvement in both flammability and physical properties,3 – 16

most notably attributed to specific interactions occurring on the nanometer scale.
Therefore, some researchers suggest that PLS nanocomposites will provide a
totally new and promising approach to flame retardancy of polymers without
compromising their desirable service properties.

8.1.2 Conventional Halogen and Nonintumescent Phosphorus-Containing
Flame Retardants

Conventional flame retardants act either in the vapor or condensed phase through
a chemical and/or physical mechanism to interfere with the combustion process
at various stages of the process (e.g., during heating, decomposition, ignition, or
flame spread).2 Halogenated flame retardants, arguably one of the most widely
used classes of flame retardants, act in the vapor phase through a radical chain
reaction to interrupt the combustion reaction.17 Brominated or chlorinated flame
retardants can be employed, although the former is more useful for a variety of
reasons, such as cost versus performance. Also, the addition of metal oxides,
such as antimony trioxide (AO), as coadditives to halogenated flame retardants
further increases halogenated additive efficiency through the formation of anti-
mony trihalide.18 The antimony trihalide possesses even greater volatility under
conditions of combustion whereby it can interfere with and retard the propagating
radical chain reactions in the flame, even though the oxide itself has no effect.15

The polybrominated aromatics, such as decabromdiphenyloxide (DB) and AO,
are the most commonly used additives that provide a good flame retardant effect
(i.e., high-temperature resistance, good processability, and excellent compatibility
with the polymer formulation, such as fiber-reinforced materials).19 – 21 Although
halogenated flame retardants are used widely, in particular for polymers compos-
ites or in materials for electronics, they can impart dangerous effects. Specifically,
they may give rise to toxic, acidic, and dense smoke,22 which can threaten people
and damage costly equipment. Both the European Union (EU) and the United
States (U.S.) government have expressed concern about the toxicity and envi-
ronmental impact of the primary halogenated additives in used today. The EU
has proposed to restrict the use of brominated diphenyloxide flame retardants
because highly toxic and potentially carcinogenic brominated furans and dioxins
may form during combustion.23 The World Health Organization (WHO) and the
U.S. Environmental Protection Agency (EPA) also recommend exposure limit and
risk assessment of dioxins and similar compounds.24,25 As a result of the grow-
ing concern regarding the adverse effects inherent during thermal degradation in
the halogenated additives used currently, a significant amount of research has
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been devoted to the development of nonhalogenated additives for flame retardant
polymer formulations.

Phosphorus-containing flame retardants (PFRs) have been used as effective
flame retardants; the range of PFRs is extremely wide and diverse, since the
element exists in several oxidation states. Phosphines, phosphine oxides, phos-
phonium compounds, phosphonates, elemental red phosphorus, and phosphates
have all been studied as flame retardants,2,26 – 30 with varying degree of success.
The PFRs are usually divided into two categories: (1) inorganic derivatives: for
example, ammonium polyphosphate (APP) and red phosphorus; and (2) organic
derivatives such as aromatic phosphates: for example, triphenyl phosphate; alkyl-
substituted triaryl phosphates such as cresyl diphenyl phosphate, isopropylphenyl
diphenyl phosphate, tert-butylphenyl diphenyl phosphate, tricresyl phosphate,
trixylyl phosphate, and so on, and oligomeric phosphates such as resorcinol
bis(dipheny1 phosphate) (RDP).

By analogy, nitrogen-containing flame retardants may also be considered as
environmental friendly since they are less toxic, do not produce dioxin- and
halogen acid–containing by-products, and give a low release of smoke during
combustion. The most important nitrogen containing flame retardants (NFRs) are
melamine and its derivatives.31,32 Melamine phosphates and pyrophosphates are
another distinct type of flame retardant combining a nitrogen element with a
phosphorus element, which may give rise to synergistic effects in flame retar-
dant polymeric materials. The action of both PFRs and NFRs in the vapor
phase is best described as a radical mechanism to interrupt and thus suppress
the exothermic processes of combustion. Both may also act in the condensed
phase by promoting carbonaceous residue or char formation. To date, two char-
forming mechanisms have been reported: (1) redirection of the chemical reactions
involved in decomposition in favor of reactions yielding carbon rather than CO
or CO2, and (2) formation of a surface layer of protective char. The char acts as
a barrier to inhibit gaseous products from diffusing to and feeding the flame and
to shield the polymer surface from heat and air.2,26 – 32

Several patents and literature since the 1990s have reported the combi-
nation of thermoplastic polymer–organoclay nanocomposites and commercial
flame retardant additives to obtain simultaneously reduced flammability and
improved mechanical properties. The commercial flame retardant additives
used include halogenated,33 – 37,41,46,49,56 – 59 phosphorus,36 – 40,55,60 nitrogen,38,50,60

metal hydroxide,61 – 65 intumescent,66 – 70 and other flame retardant additives.71,72.
The goal in this chapter is to review the recent development of thermoplastic poly-
mer–organoclay nanocomposites with halogenated, nonintumescent phosphorus
and nitrogen flame retardant additives.

8.2 PREPARATION METHODS AND MORPHOLOGICAL STUDY

Generally, a polymer–organoclay with flame retardant additives may be pre-
pared either by a blending process through melt or solution blending, or by an
in situ polymerization process, depending on starting materials and processing
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techniques. Prior to preparation, the clay is organically modified with an appro-
priate surfactant (e.g., alkyl ammonium salt) by ion exchange in water to obtain
organically modified clay: namely, organoclay. These preparation methods are
described briefly here in the context of different polymer resin formulations.

8.2.1 Melt Compounding and Solution Blending

In the solution blending method, the organoclay is first swollen in a solvent.
Then a flame retardant additive and polymer are added to the organoclay solu-
tion. The polymer dissolves in the solution, and the polymer molecule chain can
intercalate into the gallery of the organoclay. Upon solvent removal, a nanocom-
posite is obtained. The solvent must be compatible with polymer, organoclay,
and flame retardant additives. It can be difficult to select an appropriate sol-
vent for this method. Therefore, solution blending is not often used to prepare
flame retardant nanocomposites. In the melt-blending method, the flame retardant
polymer–organoclay nanocomposites are prepared by mixing the flame retardant
additive, the organoclay, and the polymer at above the softening or melting point
of the polymer through mechanical mixing and shearing introduced by an inter-
nal mixer or twin-screw extruder. Generally, organic modification of the clay
can be achieved prior to the nanocomposite preparation. However, it can also
be achieved by adding both pristine clay and surfactant to the flame retardant
polymer formulation during melt blending, thus eliminating some preparation
steps.73 This method is environmentally benign, due to the absence of organic
solvents, is compatible with current industrial processing, and provides a poten-
tially economical and convenient way of imparting and promoting superior flame
retardancy for commercial polymers.

Recently, our group reported several types of flame retardant polymer–
organoclay nanocomposites with either halogenated-antimony or halogen-
free flame retardant additives34 – 36 prepared using melt-blending methods.
For example, flame retardant acrylonitrile–butadiene–styrene (ABS)/organoclay
nanocomposites were prepared by blending ABS, organoclay (OMT), and
flame retardant additives [decabromodiphenyloxide (DB)–antimony oxide
(AO)] using a twin-roll mill to obtain ABS/OMT/DB–AO nanocomposite.35

Flame retardant polyamide-6 (PA6)/organoclay nanocomposite was prepared
by blending PA6, OMT, and either DB–AO or magnesium hydroxide–red
phosphorus (MH–RP) using a twin-screw extruder to obtain PA6/OMT/DB–AO
and PA6/OMT/MH–RP nanocomposites.34,36

X-ray diffraction (XRD) and transmission electron microscopy (TEM) anal-
yses revealed the morphology of each melt-blended nanocomposites formula-
tion.34 – 36 Figure 8.1 shows that the d-spacing of the OMT increases after organic
modification by hexadecyltrimethylammonium bromide (C16) from 1.3 nm to
2.2 nm. The d-spacing increase suggests that the C16 intercalates into the gallery
between the individual silicate sheets of MMT. Upon formation of the ABS–OMT
and PA6–OMT nanocomposites, the d-spacing increases further, from 2.2 nm to
3.1 and 3.3 nm, respectively, and the diffuse diffraction peak for the nanocompos-
ite indicates the formation of an intercalated–exfoliated morphology. Clearly, the
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FIGURE 8.1 XRD patterns for pristine clay (MMT), organoclay (OMT), ABS–OMT
(ABS/5% OMT), ABS/OMT/DB–AO (ABS/5% OMT/15% DB–3% AO), PA6–OMT
(PA6/2% OMT), and PA6/OMT/MH–RP (PA6/2% OMT/6% MH–5% RP). (Adapted
from Refs. 34 to 36.)

50nm

FIGURE 8.2 HREM of ABS–OMT nanocomposite. (From Ref. 35, copyright  2004,
Elsevier, with permission.)

addition of flame retardant additives, either DB–AO or MH–RP, in the nanocom-
posite formulation during melt blending has a minimal effect on the position and
shape of the (001) plane diffraction peaks, and therefore no further exfoliation
occurs. This result is probably attributable to both DB–AO and MH–RP being
stable solid particles. High-resolution electron microscopy (HREM) micrographs
(Figure 8.2) for ABS–OMT further confirm that a mixed morphology forms in
the polymer matrix during melt processing,35 yielding some tactoids contain-
ing only two to four clay sheets along with single clay sheets. The generally
accepted opinion is that both exfoliated and intercalated morphologies impart
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measurable improvement in both mechanical and flame retardant properties, but
the exfoliated morphology imparts greater improvement in mechanical properties
than does the intercalated morphology.13 There does not appear to be a signif-
icant difference between the intercalated and exfoliated morphologies in flame
retardant performance for polymer nanocomposites.41 When both intercalated
and exfoliated morphologies exist in a polymer matrix, increasing the exfolia-
tion level probably benefits the improvement of the mechanical properties for
polymer nanocomposites. The exfoliated morphology formation depends on the
nature and interactions between the surfactant, the clay, and the polymer matrix.
Until now, the relationship between the morphology and properties of the poly-
mer–organoclay nanocomposites has not been completely revealed, but with
further research and development on the nanocomposites, this may be resolved.

Zanetti et al.33 reported the preparation of brominated-antimony flame retar-
dant polypropylene–graft–maleic anhydride/organoclay (PP-g-MA/OMT/DB–
AO) nanocomposites by mixing the polymer, the commercial organoclay, and
DB–AO in a Brabender internal mixer. It was found from analysis of this sys-
tem that intercalated and exfoliated morphologies coexist in the polymer matrix.33

The literature56,57 discloses that flame retardant polypropylene (PP)–organoclay
nanocomposites containing either DB–AO or chlorinated paraffin wax (CPW)
were prepared by melt blending with a twin-screw extruder. Organoclay is diffi-
cult to exfoliate in the PP matrix because of the poor compatibility between PP
matrix and organoclay. In the preparation of these flame retardant PP–organoclay
nanocomposites, maleic anhydride–grafted PP (PP-g-MA) was used as a com-
patibilizer to assist in the exfoliation of organoclay in the PP matrix. XRD and
TEM analyses show that intercalated and exfoliated morphologies coexist in the
polymer matrix.

Kim37 reported a complicated melting blend method much different from those
mentioned above. First, a mixture of triphenyl phosphate (TPP) and organoclay
was mixed to obtain nano TPP.37 Then an epoxy resin and silane-coupling agent
were added to the mixture to obtain the final flame retardant mixture. Finally,
this mixture and ABS was blended in a Haake Plasti-Corder mixer to obtain the
flame retardant ABS–OMT–TPP nanocomposites. The epoxy resin and silane-
coupling agent act as flame retardant synergists. XRD analysis shows that the
d-spacing of organoclay increases by intercalation of TPP.37 The intercalated
TPP can escape from nano TPP upon heating to 300◦C37; there is no chemical
bond between TPP and clay. However, the intercalation of TPP into the gallery
space of the organoclay could reduce the volatility and suppress the evaporation
rate of TPP. Alkyl-substituted triaryl phosphates (ArPs) such as cresyl diphenyl
phosphate, isopropylphenyl diphenyl phosphate, tert-butylphenyl diphenyl phos-
phate, tricresyl phosphate, and trixylyl phosphate have very limited application
in engineering plastics because of their high volatility and relatively low flame
retardancy. The organoclay can probably be used to increase the thermal stabil-
ity and flame retardant properties of these aromatic phosphates by forming an
intercalated ArP–organoclay hybrid.
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The literature40 described a type of flame retardant organoclay combining
flame retardant elements with organoclay. The flame retardant organoclay
(OLP–clay) was modified by oligomeric phosphate ammonium salt. In a two-
step synthesis, the oligomeric phosphate was prepared from the polymerization of
diphenyl 4-vinylphenyl phosphate (DPVPP), styrene, and 4-vinylbenzylchloride
followed by ammonium salt introduction through reaction of pendant benzyl
chloride groups with dimethylhexadecylamine.40 Two OLP–clays were reported,
with the oligomeric phosphate ammonium cation containing 55 and 75% DPVPP,
respectively, and the corresponding polystyrene–organoclay nanocomposites
(PS/OLP–clay) were prepared by melt blending. The literature also provided
several OLP–clays with the oligomeric phosphate ammonium cation containing
different substituted vinyl phosphates, such as diphenyl-4-vinylbenzylphsophate
(DPVBP), 1-vinylphosphonic acid (VPA), and 1-phenylvinylphosphonic acid
(PVPA). In another report,41 the flame retardant organoclay (OLB–clay)
with an oligomeric bromine ammonium cation (OLB) and the corresponding
polystyrene–organoclay nanocomposites (PS/OLB–clay) were prepared. XRD
and TEM analysis40,41 reveals that an intercalated morphology is obtained in
these PS nanocomposites. Typically, a significant amount of either bromine or
phosphorus is incorporated in the clay, and these flame retardant elements will
be well mixed with the clay. If the clay is nano-dispersed in the polymer matrix,
these flame retardant elements also will be well dispersed throughout the polymer
matrix along with the clay, and this should facilitate the improvement in the flame
retardancy of the polymer.

Two patents reported flame retardant polymeric materials derived from the
incorporation of flame retardant clays.50,60 A Japanese patent50 reported that
PA6, poly(butylene terephthalate) (PBT), poly(oxymethylene) (POM), and poly
(phenylene sulfide) (PPS), respectively, were prepared as polymer/clay–triazine
nanocomposites using the synthetic silicate, fluorohectorite (FSM), by melt blend-
ing. Various melamine salts were used either to treat the FSM directly or added
to the polymer formulation in the range 8 to 15 wt%. The inventors state that
the nanometer-scale dispersion of FSM additive is very important for the flame
retardant properties of the resulting nanocomposite. Another patent60 described
flame retardant polypropylene–clay nanocomposites in which the clay was prein-
terclated with an amine-based flame retardant melamine phosphate (MP) either
alone or together with an alkyl ammonium compound. The flame retardant clay
was then mixed with a polypropylene–graft–maleic anhydride material using a
solution blending technique to give a flame retardant master batch. In a final
step, the flame retardant master batch was melt-blended with polypropylene to
prepare the corresponding flame retardant polypropylene-clay nanocomposites. It
is obvious that clay can be modified not only by organic surfactants but also by
inorganic amine-based flame retardant additives through ion exchange in water
to obtain flame retardant clays. These clays can either be used separately or com-
bined with other flame retardant additives to obtain the flame retardant polymer
formulation.
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8.2.2 In Situ Polymerization Method

In the in situ polymerization method, flame retardant additives and organoclay
are dispersed within a liquid monomer or monomer solution. Then the mixture
is polymerized and initiated either by heat, radiation, or the addition of a suit-
able initiator. An initiator that may diffuse into the clay can be incorporated into
the clay galleries as a result of a cation exchange. In this method, miscibility
between the monomer and the organoclay is better than that between the poly-
mer macromolecule and organoclay. Therefore, this method facilitates organoclay
dispersion and exfoliation in the polymer matrix.

Our group recently reported the formation of halogen-free flame retardant
polyurethane nanocomposites (PU) [polyurethane–OMT–MPP] synthesized via
in situ polymerization.38 The polyurethane is polymerized with monomers [poly-
ether and toluene diisocyanate (TDI)], a chain extender (diglycol), and a cross-
linking agent (glycerin). Upon PU nanocomposite formation, the organoclay
(OMT) and melamine polyphosphate (MPP) mixed with polyether form an inter-
calated polyether–OMT–MPP mixture, and the reaction with TDI gives a pre-
polymer. The prepolymer is then mixed with glycerin and diglycol to synthe-
size the flame retardant PU–OMT–MPP nanocomposites. The XRD patterns of
MMT, OMT, PU–OMT, and PU–OMT–MPP are shown in Figure 8.3. The basal
spacing (d001) of MMT and OMT are 1.3 and 2.1 nm, respectively. Figure 8.3
shows that the (001) diffraction peaks of PU–OMT and PU–OMT–MPP both
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FIGURE 8.3 XRD patterns for pristine clay (MMT), organoclay (OMT), PU–OMT
(PU/5% OMT), PU–OMT–MPP (PU/5% OMT/6% MPP). (From Ref. 38, copyright 
2005, Elsevier, with permission.)
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FIGURE 8.4 HREM for PU–OMT–MPP (PU/5% OMT/6% MMP) nanocomposite.
(From Ref. 38, copyright  2005, Elsevier, with permission.)

shift from 2.1 nm to 4.8 nm, thus increasing the gallery height by 2.7 nm. This
result indicates an intercalated morphology. Apparently, addition of MPP nei-
ther alters this intercalated morphology nor facilitates any further exfoliation, as
supported by HREM (Figure 8.4).

Chigwada39 reported the preparation of polystyrene–organoclay nanocom-
posites containing various aromatic phosphates [PS–OMT–aromatic phosphate
(ArP)]. The nanocomposites were prepared via in situ polymerization by mixing
styrene, ArP, organoclay, and initiator. An intercalated morphology is formed
in the polystyrene nanocomposite.39 Moreover, addition of ArP again neither
affected the d-spacing nor facilitated further clay sheet exfoliation in these poly-
styrene nanocomposites, a result consistent with other reports employing similar
small-molecule flame retardants.

A halogenated flame retardant ABS–organoclay nanocomposite was prepared
using a two-step method.59 Initially, the organoclay was swelled with both mono-
mers, acrylonitrile and styrene followed by polymerization to give SAN–organo-
clay nanocomposites. Then the SAN–organoclay nanocomposite was blended
with polybutadiene rubbers and halogenated flame retardant additives in a twin-
screw extruder to give flame retardant ABS–organoclay nanocomposites; XRD
analysis and TEM observation confirm an intercalated morphology.
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In the polymerization method, the organoclay is swollen with the liquid mono-
mer or a monomer solution. The clay is a type of layered aluminosilicate, so it
is hydrophilic and possesses high polarity. Although the organoclay is modified
organically, it still shows high polarity. The attractive forces between the organ-
oclay sheets and the monomer can facilitate the intercalation of monomer into
the gallery space of the organoclay. The intercalation efficiency depends on the
nature of the organic groups of the surfactant on the surface of the clay sheet and
the chemical structure of the monomer used. This method facilitates organoclay
dispersion and exfoliation in the polymer matrix.

8.2.3 Summary of Synthetic Methods

In summary, flame retardant polymer–organoclay nanocomposites can be pre-
pared using melt blending, solution blending, or the in situ polymerization method.
Intercalated, exfoliated, or intercalated–exfoliated morphology is formed in the
polymer matrix. Addition of flame retardant additives hardly affects nanocom-
posite formation. Specifically, flame retardant additives are introduced into the
polymer nanocomposite formulation by three approaches:

1. A flame retardant additive can be added during nanocomposite prepara-
tion. Generally, both inorganic and organic flame retardant additives can
be added to the formulation by this approach; and their presence is not
expected to affect the nanocomposite morphology.

2. Flame retardant additives are incorporated into the organoclay through ion
exchange or physical adsorption before nanocomposite preparation.

3. An organic group or oligomer containing flame retardant elements such as
bromine or phosphorus can be grafted to the surfactant used to modify the
clay.

It is well known that the miscibility between flame retardant additives and the
polymer matrix in a flame retardant formulation restricts the properties of the
flame retardant polymer. Poor miscibility between flame retardant additives and
the polymer matrix often causes a decrease in the mechanical and other properties
of the base polymer used in a flame retardant formulation. However, the addition
of organoclay may bring about simultaneous improvement in the flame retardant
and mechanical properties, thereby offsetting any adverse effects imparted by
the flame retardant additives. Moreover, the latter two approaches both impart
a flame retardant performance to organoclay by incorporating the flame retar-
dant additive into the gallery space of the organoclay. When the organoclay is
nano-dispersed, the flame retardant additives will also be well dispersed in the
polymer matrix during nanocomposite preparation, which facilitates dispersion
of the flame retardant additives in the polymer nanocomposite. Moreover, addi-
tion of the organoclay may lead to a significant reduction in the amount of the
flame retardant needed, while maintaining or even improving the flammability
performance and physical properties of the flame retardant polymer.
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8.3 THERMAL STABILITY

Thermogravimetric analysis (TGA) is used routinely to study the thermal stabil-
ity of polymeric materials that have been carried out in inert atmosphere or in
air. Generally, the addition of organoclay to the polymer enhances the thermal
stability by acting as a superior insulator and mass transport barrier to volatile
by-products generated during decomposition, thereby suppressing combustion.2

TGA analysis of MPP, PU, OMT, PU–OMT, PU–MPP, and PU–OMT–MPP
nanocomposites are shown in Figure 8.5. The PU degradation process usually
includes three stages48:

1. Depolymerization of polyurethane leads to the formation of alcohols and
isocyanates.

2. Isocyanates dimerize to carbodiimides, which react with the alcohol groups
to give relatively stable cross-linked substituted ureas. Trimerization of
isocyanates may also occur under certain conditions to yield thermally
stable isocyanurate rings.

3. High-temperature degradation of these stable cross-linking structures yields
volatile products and charred carbonaceous structure. From TGA, the onset
of MPP thermal degradation occurs at about 360◦C, volatilizing melamine
and generating polyphosphoric acid.68
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FIGURE 8.5 Comparison of the TGA curves of PU, PU–MPP (PU/6% MPP),
PU–OMT (PU/5% OMT), PU–OMT–MPP (PU/5% OMT/6% MPP), OMT, and MPP.
N2 atmosphere, a heating rate of 15◦C/min. (From Ref. 38, copyright  2005, Elsevier,
with permission.)
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The thermal degradation of OMT begins at about 200◦C and proceeds accord-
ing to the generally agreed upon Hofmann degradation mechanism42 typical of
ammonium-based systems. The ammonium cation (C16) loses an olefin through
β-hydrogen elimination, thus producing a free amine and an acid proton. To bal-
ance charge, the acid proton remains on the surface of the MMT while the amine
and olefin volatilize. The acid proton probably has a catalytic effect on the initial
stages of decomposition of polyurethane within the OMT. Therefore, the onset
degradation temperature of PU–OMT is slightly lower than that of pure PU. In
the presence of MPP, the degradation temperature and rate of PU increase, due
to the catalytic effect of the polyphosphoric acid.32 In the presence of both OMT
and MPP, the onset degradation temperature is decreased further. These results
show that both OMT and MPP impart catalytic effects during the initial stages
of PU decomposition. In contrast, the formation of carbonaceous char residue is
enhanced (Table 8.1), which is probably attributable to the barrier effect gener-
ated by clay sheets, which delays the escape of volatile decomposition products
from the nanocomposite. Also, a possible synergistic effect occurs between the
OMT and MPP to enhance the formation of carbonaceous char residue.

Table 8.2 shows TGA data for PS–OMT–ArP nanocomposites prepared by
the in situ polymerization method, including the onset degradation temperature at
which 10% of the sample was lost (T10%), the midpoint of the degradation (T50%),
and the fraction of material that was nonvolatile at 600◦C (char). Addition of
organoclay to PS led to an increase in T10% from 351◦C to 401◦C. However, the
addition of both tricresylphosphate (TCP) and trixylylphosphate (TXP) led to a
decrease in T10% and a smaller decrease in the corresponding T50% value.39 The
reduced thermal stability of the flame retardant nanocomposite may be attributed
to the low thermal stability and high volatility of the TCP and TXP flame retar-
dants as described in the literature.39 The authors think that the T50% value is less
depressed because TCP and TXP are degraded and volatilized completely by the
time the midpoint of the degradation is reached. Because the thermal stability

TABLE 8.1 TGA Results for PU, PU–OMT,
PU–MPP, and PU–OMT–MPPa

Solid Residue at 630◦C (wt%)

Sample Total Char Residue

PU 0 0
OMT 74 74
MPP 42 42
PU/5% OMT 9 5
PU/6% MPP 6 4
PU/5% OMT/6% MPP 16 9

Source: After Ref. 38.
a PU, polyurethane; OMT, organoclay modified with hexadecyl-
trimethylammonium bromide; MPP, melamine polyphosphate.
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TABLE 8.2 TGA Data for Polystyrene–Organoclay Nanocomposites Containing
Various Aromatic Phosphatesa

Sample T10% (◦C) T50% (◦C) Char (%) P Content (%)

PS 351 404 0 0
PS + 3% organoclay 401 454 4 0
15% TCP 353 419 2 1.3
15% TCP, 3% organoclay 374 439 6 1.3
15% TXP 370 437 3 1.1
15% TXP, 3% organoclay 376 443 6 1.1
15% RDP 417 447 2 1.6
15% RDP, 3% organoclay 387 438 8 1.6
15% RDP, 5% organoclay 404 446 8 1.6

Source: After Ref. 39.
a TCP, Tricresylphosphate; TXP, trixylylphosphate; RDP, resorcinol diphosphate; organoclay, organ-
ically modified montmorillonite, dimethylbenzyl hydrogenated tallow ammonium (hydrogenated
tallow is a mixture of 65% C18, 30% C16, 5% C14) substituted clay.

of resorcinol diphosphate (RDP) is greater than that of TCP and TXP, the T10%

value is correspondingly increased. The presence of both ArP and organoclay
apparently does not have an observable effect on char formation.

The thermal stability was also determined by TGA for a polymer–organoclay
nanocomposite in which the organoclay contains oligomeric phosphate or
bromine materials. Specifically, the TGA results for OLP–clays with 55 and 75%
DPVPP and the corresponding PS nanocomposites are shown in Table 8.3. The
OLP–clays show good thermal stability, with a T10% value ranging from 330 to
340◦C, higher thermal stability than that of traditional organoclay modified with
C16 ammonium cations that degrade at about 200◦C. Furthermore, the onset
temperature, T10%, increased from 331◦C to 345◦C, with the content of DPVPP
increasing from 55% to 75%. Moreover, the melt blending of OLP–clays with PS

TABLE 8.3 TGA Data for PS/55% DPVPP–Modified Clay and PS/75%
DPVPP–Modified Clay Nanocomposites Prepared by Melt Blendinga

Sample
T10%

(◦C)
T50%

(◦C)
Char (%)
at 600◦C

P Content
(%)

Commercial PS 389 434 0 0
55% DPVPP modified clay 331 — 60 5.6
PS/55% DPVPP modified clay (5%) 425 465 11 0.28
75% DPVPP modified clay 345 455 40 7.7
PS/75% DPVPP modified clay (3%) 430 470 9 0.23
PS/75% DPVPP modified clay (5%) 421 472 12 0.39

Source: After Ref. 40.
a PS, polystyrene; DPVPP, diphenyl-4-vinylphenylphosphate.
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led to increases in both the T10% and T50% values and the char upon nanocomposite
formation; and increasing clay content slightly decreases the T10% values.
The thermal stability of oligomeric phosphate is higher than that of aromatic
phosphate. The corresponding flame retardant nanocomposite shows the same
regularity. TGA studies41 of the oligomeric brominated ammonium–modified
clay (OLB–clay) and corresponding polymerized nanocomposite show that the
bromine content does not affect the thermal stability of OLB–clay regardless
of the presence of various ammonium salts. Clearly, the thermal stability of
PS/OLB–clay nanocomposites increases with increasing OLB–clay content. It
appears that the degree of thermal stability of the nanocomposite is dependent
on the identity of the flame retardant additive used.

It is concluded, therefore, that the combination of organoclay with oligomeric
phosphate or bromine leads to an increase in thermal stability of both the modified
clay and the corresponding polymer nanocomposite. The role of the flame retar-
dant element is entirely different. The combination of a phosphate flame retardant
with OMT enhances char formation. However, the addition of brominated flame
retardant additives appears not to affect char formation. Thus, a general trend
may not exist (i.e., in some cases bulk polymerization apparently gives enhanced
thermal stability, whereas in others, melt blending may give a better result).40,41

8.4 MECHANICAL PROPERTIES

Table 8.4 lists the data of the mechanical properties of PP-g-MA/OMT/DB–AO
nanocomposites that were prepared by melt blending. Included in the table are
the stress yield, elongation at break, and storage modulus. Consistent with poly-
mer–clay nanocomposites, the addition of only 5% OMT leads to a 100%
increase in the modulus, a 1% decrease in the elongation at break, and a 19%
increase in the yield stress.33 The subsequent and sequential addition of both
DB and AO in the nanocomposite formulation does not have any obvious effect,
beneficial or adverse, on the mechanical properties of the material after pro-
cessing. The addition of DB leads to a storage modulus increase, but storage

TABLE 8.4 Mechanical Properties of PP-g-MA/OMT/DB–AO Nanocompositesa

Sample
Yield Stress

(MPa)
Elongation at

Break (%)
Storage Modulus

(MPa)

PP-g-MA 16.9 5.4 462
PP-g-MA/22% DB 15.1 4.2 628
PP-g-MA/5% OMT 20.1 4.2 955
PP-g-MA/5% OMT/22% DB/6% AO 23.3 3.8 950

Source: After Ref. 33.
a PP-g-MA, polypropylene–graft–maleic anhydride; DB, decabromodiphenyl oxide; OMT, organ-
oclay modified with the ammonium cation on the clay contained a methyl group, tallow (containing
70, 25, 4, and 1 mol% of C18, C16, C14, and C12 carbon chains, respectively), and two hydroxyethyl
groups; AO, antimony trioxide.
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modulus increases are governed more by OMT than by DB. In a recent patent
report, the addition of both a halogenated flame retardant and organoclay to an
ABS matrix led to excellent flame retardancy while maintaining the desirable
mechanical properties in the product nanocomposites.59

While evaluating the mechanical properties of the PS–OMT–TCP nanocom-
posites prepared by polymerization,39 a content of 15 wt% TCP appeared to be
a transition point for the mechanical properties derived. Both the remarkable
plasticization effect of TCP and the enhancement of OMT probably affected
the mechanical properties. Below 15 wt% TCP, the strength was enhanced by
the addition of organoclay, whereas above 15 wt% TCP, the strength was not
affected by the presence of organoclay. In contrast, below 15% TCP the elon-
gation was not significantly dependent on the presence of organoclay, whereas
above 15%, the elongation was slightly improved by the presence of organoclay.
Up to about 15% TCP, the mechanical properties of the nanocomposite were not
affected significantly by the presence of a flame retardant. Above 15 wt% TCP,
the mechanical properties were sufficiently compromised that the flame retardant
nanocomposite could not be utilized successfully in typical applications,39 due
primarily to the excessive plasticization effect of such a large amount of TCP.
In the case of PS–organoclay nanocomposites in which oligomeric phosphate
was incorporated in the clay by ion exchange, different mechanical property
behavior was observed, including Young’s modulus, stress at break, and strain
at break of PS/OLP–clay nanocomposites. As the OLP–clay content increased
there was some decrease in mechanical properties, probably due to the excessive
plasticization effect of such a large amount of oligomeric phosphate.40

The mechanical properties of pure PA6, PA6/OMT, PA6/MH–RP, and
PA6/OMT/MH–RP are given in Table 8.5.36 The tensile strength of PA6/MH–RP
decreased with the addition of MH–RP. This reduction was attributed primarily
to agglomeration and phase separation of flame retardants from the bulk PA6.
However, in the presence of OMT, the tensile strength of both PA6/OMT (PA6-1)

TABLE 8.5 Mechanical Properties of PA6 and PU Materialsa

Sample Composition Tensile Strength (MPa)

PA6 Pure nylon 6 80.5
PA6-1 PA6 + OMT 2 wt% 103.4
PA6-2 PA6 + MH 8 wt% + RP 5 wt% 71.1
PA6-3 PA6 + OMT 2 wt% + MH 6 wt% +

RP 5 wt%
98.2

PU Pure PU 1.53
PU–OMT PU + OMT 5 wt% 2.91
PU–MPP PU + MPP 6 wt% 2.11
PU–OMT–MPP PU + OMT 5 wt% + MPP 6 wt% 3.58

Source: Data from Refs. 36 and 38.
a PA6, nylon-6; PU, polyurethane; OMT, organoclay modified with hexadecyltrimethylammonium
bromide; MPP, melamine polyphosphate; MH, magnesium hydroxide; RP, red phosphorus.
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and PA6/OMT/MH–RP (PA6-3) increased compared to that of pure PA6. Specifi-
cally, more than a 25% increase in strength was achieved at only a 2 wt% loading
of the OMT to the formulation. The reinforcement effect of the OMT appears
to offset any adverse effects brought about by the addition of flame retardant
and to enhance tensile properties even at very low loading levels, as shown in
Table 8.5.

The mechanical properties of PU, PU–OMT, PU–MPP, and PU–OMT–MPP
are also given in Table 8.5.38 Interestingly, the tensile strength of PU–OMT,
PU–MPP, and PU–OMT–MPP is higher than that of pure PU. In the PU case,
more than a 90% increase in the tensile strength was achieved by the addition
of only 5 wt% of the OMT. Apparently, the OMT and the MPP together inter-
acted synergistically to enhance the tensile strength of PU. As a result, the tensile
strength of PU–OMT–MPP increased from 1.53 MPa to 3.58 MPa, about 134%
increase compared with that of pure PU. The observable positive effect of MPP on
tensile strength was probably due to hydrogen bond formation between MPP and
the polyurethane molecule and also to chemical bonds formed in the polymeriza-
tion process between the amino group of MPP and the isocyanate group of TDI.

Clearly, the effects of flame retardant additives on the mechanical properties
of polymer–clay nanocomposites are highly dependent on the identity of the
flame retardant additive and polymer matrix. In general, the addition of a flame
retardant usually decreases the mechanical properties, due to the poor miscibility
between the flame retardant additives and the polymer matrix.36,39 – 41 For a given
clay content, the mechanical properties decrease as the content of flame retardants
increases. Therefore, a good flame retardant polymer formulation should employ
the minimal content of the flame retardant additive. Moreover, some organic flame
retardant additives cause plasticization of some polymers.40 An appropriate plas-
ticization effect enhances the mechanical properties, but excessive plasticization
compromises the mechanical properties of the flame retardant polymer. In the
case of these flame retardant additives, a good flame retardant polymer formu-
lation should employ the appropriate content of the flame retardant. However,
incorporation of reactive flame retardants into the polymer matrix through typical
organic transformation may facilitate completely different behavior.38

8.5 FLAMMABILITY PROPERTIES

Without question, the cone calorimeter instrument and technique is one of the
most effective bench-scale methods used for systematic study of the flamma-
bility properties of materials under firelike conditions.8 – 16 Sample plates 100 ×
100 mm in size are investigated under forced-flaming conditions.74 The sample
size is of the smallest order of magnitude discussed in fire engineering and of
the largest used in polymer analysis.74 It is also a universal approach to ranking
and comparing the fire behavior of materials. Therefore, the cone calorimeter is
used as a characterization tool in the research and development of flame retardant
polymeric materials. Typical parameters of analysis include the time to ignition
(tign), heat release rate (HRR), peak heat release rate (PHRR) and time to the peak
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heat release rate, total heat release (THR), mass loss rate (MLR), and specific
extinction area (SEA). The heat release rate, in particular the peak HRR (PHRR),
has been found to be the most important parameter to evaluate the fire safety
of natural and synthetic materials.21 A cone calorimeter provides comprehensive
insight into not only fire risks, such as the heat release rate, total heat release,
and time to ignition, but also fire hazards such as smoke release and CO produc-
tion. Polymer–organoclay nanocomposites8 – 16 are reported to possess improved
flame retardant properties through characterization of the flammability perfor-
mance as measured by a cone calorimeter. A reduction in PHRR values from
that of base polymer is a typical characteristic of polymer–organoclay nanocom-
posites, a property that is widely believed to be universal across many polymer
classes.8 – 16 These results demonstrate primarily a significant decrease in the
peak heat release rate, a change in the char structure, and a decrease in the rate
of mass loss during combustion in a cone calorimeter.8 – 16 However, for poly-
mer–organoclay nanocomposites, the time to ignition, tign, is usually lower than
that of base polymer, while the total heat released is unchanged.41 The decrease
in tign suggests that formation of a nanocomposite upon the incorporation of
organically modified clay into a base polymer facilitates ignition and degradation
of the polymer; a constant THR value for the base polymer and the nanocom-
posite indicates complete combustion of the polymer, even in the presence of
completely exfoliated clay sheets.41 Under conditions of complete combustion,
the solid residue left is merely the inorganic clay added after complete degrada-
tion of any organic modifier of clay sheet surfaces. These studies demonstrate
that polymer–organoclay nanocomposites eventually burn and cannot be used
alone as a flame retardant system.

The goal in research of polymer–organoclay nanocomposites is to advance
nanocomposites into commercial end products that can pass various fire safety
regulations by means of certain fire standard tests without reducing other desir-
able material properties critical to practical application. In addition to the cone
calorimeter, other conventional bench-scale fire tests are the limiting oxygen
index (LOI) and the UL-94 test, widely used as industrial standards to determine
the ignitability and flammability of polymeric materials. Therefore, to impart rel-
evance to our discussion of conditions of industrial evaluation and application, we
also evaluated these samples according to the LOI and UL-94 tests as well as the
prototypical, more fundamental evaluation methods, which include TGA, XRD,
and cone calorimetry. However, experiments show that nanocomposites did not
perform better than virgin polymer in these tests and sometimes even showed
poorer performance.15 Therefore, a need exists for a routine experimental method
that can assess accurately whether the combination of conventional flame retar-
dants and polymer nanocomposites can give rise to beneficial flame retardant
performance, such as the cone calorimeter test supported by other conventional
fire tests.

The LOI measures the minimum oxygen concentration required to support can-
dlelike combustion. The LOI method simply tests the ease at which combustion
is extinguished for downward-burning materials. Therefore, the method describes
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the effectiveness of flame retardant additives during early stage of research and
development. Many researchers consider the LOI to be very useful for research
work and in connection with small fire situations. On the other hand, the UL-94
vertical test gives insight into the ease with which a polymer may burn upward
or self-extinguish. There is a difference in the measuring method. The LOI is
measured by downward burning, whereas the UL-94 vertical test is by upward
burning. Generally, the LOI values of UL-94 V-1 and V-0 rated materials were
higher than those of materials rated HB. However, it does not mean that higher
LOI values will give better UL-94 V ratings.74,75 These three methods (cone
calorimeter, LOI, UL-94) give very different information, however, this infor-
mation is important to describe fully and properly the flame retardant behavior
of a given material. Therefore, given the added complexity of flame retardant
nanocomposite systems, the question arises of how to ascribe flame retardancy
properly to nanocomposite-based systems based on cone calorimeter, LOI, and
UL-94 tests. To solve this problem depends not only on the identity of base
polymer and flame retardant system but also on application of the end product.
A study74 showed that LOI and UL-94 were not closely related, since upward
and downward burning are quite different, especially with regard to heat trans-
fer. Weil et al.75 reported that the LOI value might be leveled to some degree
in certain conditions with UL-94 or cone calorimeter data, but it was difficult to
show close relations between LOI and UL-94 or cone calorimeter data because
of the downward-burning test condition of the LOI.75 Further effort is needed to
determine the correlation between these tests.

8.5.1 Cone Calorimetry

Figure 8.6 shows the plots of heat release rate (HRR) data for pure PA6, PA6-
n (PA6–OMT), PA6/DB–AO, and PA6-n/DB–AO (PA6/OMT/DB–AO). Also,
Figures 8.7 and 8.8 show the plot of the HRR data for pure ABS, ABS–DB,
ABS–DB–AO, and ABS–DB/OMT, and ABS–DB–AO/OMT nanocomposites.
The data in Figures 8.6 and 8.8 show the effect of the addition of DB and AO
on pure polymer and polymer–organoclay nanocomposites on the HRR values
observed. The addition of 18% DB to pure ABS reduces the PHRR to 534 kW/m2

from 1078 kW/m2 for pure ABS, while combining 18% DB and 5% OMT with
ABS reduces the PHRR further, to 350 kW/m2. In the case of DB–AO flame
retardant systems, addition of 15% DB–3% AO to ABS reduces the PHRR value
from 1078 kW/m2 to 349 kW/m2, while combining 15% DB–3% AO and 5%
OMT with ABS further reduces the PHRR to 235 kW/m2. Owen and Harper
previously reported that a synergistic effect exists between Sb2O3 and halo-
genated flame retardant additives such as DB.43 Analogously, the PHRR values
obtained for PA6/DB–AO/OMT and ABS/DB–AO/OMT are lower than those
for the respective flame retardant polymer in the absence of OMT. Using cone
calorimetry as the evaluation tool, Zanetti et al.33 showed that the flame retar-
dant halogen–antimony–clay synergism also exists in PP-g-MA/OMT/DB–AO
nanocomposites. However, in their system the presence of DB–AO did not sig-
nificantly affect the HRR behavior observed for pure PP-g-MA, a result that
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FIGURE 8.6 Comparison of the heat release rate plots for PA6, PA6-n (PA6/5% OMT),
PA6/DB–AO (PA6/15% DB–5% AO), and PA6-n/DB–AO (PA6/5% OMT/15% DB–5%
AO). Heat flux: 50 kW/m2. (From Ref. 34, copyright  2003, Wiley-VCH Verlag GmbH
& Co., with permission.)
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ABS/DB–AO (ABS/15% DB–3% AO), and ABS/OMT/DB–AO (ABS/5% OMT/15%
DB–3% AO). Heat flux: 50 kW/m2. (From Ref. 35, copyright  2004, Elsevier, with
permission.)

contradicts those obtained with the above-mentioned PA6 and ABS34,35 flame
retardant nanocomposites. In general, those polymer–organoclay nanocomposites
show a lower PHRR value than that for pure polymer, whose value is reduced
further when DB is added to the formulation. However, both DB and AO are
present in the nanocomposites, the PHRR decreases even more.

Analysis of PA6,34 ABS,35 PP-g-MA,33 and PP56,57 nanocomposites shows
that addition of both organoclay and halogenated flame retardants to flame retar-
dant polymer formulation leads to superior flame retardant performance in the
cone calorimeter that can meet minimal criteria for flame retardancy. It is an
enabling technology that gives materials with far superior properties and per-
formance. Clearly, a synergistic effect exists between nanocomposite formation
and halogenated flame retardants additives. It is likely that the organoclay could
be used to replace a part of the halogenated flame retardant needed to reach a
satisfactory degree of retardancy. From a practical point of view, the negative
effects introduced by the addition of halogenated flame retardant additives (i.e.,
toxicity, smoke, and corrosiveness) would also be reduced significantly.

Melamine cyanurate (MCA) is an efficient flame retardant for polyamide, as
it facilitates thermal decomposition of polyamide, probably because it not only
interferes with the hydrogen-bonding network of the polymer but also catalyzes
base hydrolysis of the polymer macromolecule chains.44,45 Figure 8.9 shows
plots of HRR data for PA6, PA6–MCA, PA6–OMT, and PA6–MCA–OMT
materials.34 The addition of MCA to PA6 caused a small decrease in the PHRR
and hardly changed the MLR. However, when MCA was added to PA6–OMT,
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the PHRR decreased significantly. The most likely explanation is the formation
of carbonaceous–silicate char in the condensed phase that retards degradation of
the PA6 matrix.

Cone calorimetric data for PA6 materials is shown in Figure 8.10 and
Table 8.6.36 The addition of either 2% OMT or 8% MH (magnesium hydroxide)–
5% RP (red phosphorus) to pure PA6 decreased the PHRR values by 39% or
59% from that of pure PA6 (Figure 8.10 and Table 8.6). Moreover, when 6%
MH–5% RP was added to PA6/2% OMT, the PHRR decreased further, again
suggesting a synergistic effect between the additives. The difference between
PA6/2% OMT/6% MH–5% RP and PA6/8% MH–5% RP was replacement of
2 wt% MH with an equivalent amount of OMT, with the PHRR value decreasing
by 73% from that of pure PA6. It is likely that more of the MH can be replaced
by OMT to improve properties further. That is dependent on the synergistic
effect between the organoclay and flame retardant additives and the polymer
class. Similar trends are obtained for the MLR and HRR data, thus suggesting
that the MH–RP–OMT additives impart their flame retardant effects primarily
in the condensed phase. The observed flame retardant behavior in these PA6
nanocomposites is attributed to a barrier effect arising from the formation of
char in the presence of organically modified exfoliated clay sheets. Apparently,
synergistic effects exist between the clay, the MH–RP, and the PA6 components,
as suggested by the data in Table 8.6.
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TABLE 8.6 Peak Heat Release Rate and Peak Mass Loss Rate of PA6 Materialsa

Sample
Peak HRR
(kW/m2)

Char Residue
(wt%)

Peak MLR
(g/m2·s)

PA6 1120 0.65 0.38
PA6-1 681 4.80 0.20
PA6-2 463 6.28 0.18
PA6-3 308 9.88 0.14

Source: After Ref. 36.
a PA6, polyamide 6; PA6-1, PA6/2% OMT; PA6-2, PA6/8% MH–5% RP; PA6-3, PA6/2% OMT/6%
MH–5% RP; OMT, organoclay modified with hexadecyltrimethylammonium bromide; MH, magne-
sium hydroxide; RP, red phosphorus.

Figure 8.11 shows that the addition of either OMT or MPP to PU results
in a sharp decline in the HRR. For PU/5% OMT material with 5 wt% OMT,
the PHRR value was reduced by nearly 57% from that of pure PU. On the other
hand, when 6% MPP was added to PU, the HRR value was reduced by only 39%,
and a plot of the data shows a curve that has two peaks. In the literature, MPP
has been reported to alter the thermooxidative degradation mechanism through
which degradation of PU occurs.38 For PU/5% OMT/6% MPP material with
5 wt% OMT and 6 wt% MPP, the PHRR value was reduced by nearly 74%
from that of pure PU, and a plot of the HRR data for the PU/5% OMT/6% MPP



FLAMMABILITY PROPERTIES 213

0 50 100 150 200 250 300

0

200

400

600

800

1000

H
ea

t r
el

ea
se

 r
at

e 
(k

W
/m

2 )

Time (s)

 PU
 PU/OMT
 PU/MPP
 PU/OMT/MPP

FIGURE 8.11 Comparison of HRR plots of PU, PU–OMT (PU/5% OMT), PU–MPP
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(From Ref. 38, copyright  2005, Elsevier, with permission.)

material shows only one broad peak, in contrast to the two peaks observed for
the PU–MPP material, suggesting that OMT alters the PU/6% MPP combustion
process. Consistency is obtained between the PHRR and the MLR data, a result
that also indicates that the flame retardancy of MPP–OMT occurs predominantly
via a condensed-phase mechanism.

Cone calorimetric data for PU and corresponding flame retardant nanocompos-
ites are listed in Table 8.7. The data include the peak heat release rate (PHRR),
mass loss rate (MLR), specific extinction area (SEA), amount of CO released,

TABLE 8.7 Cone Data for Flammability of PU, PU–OMT, PU–MMP, and
PU–OMT–MMPa

Sample

PU PU–OMT PU–MMP PU–OMT–MPP

Peak heat release rate (kW/m2) 923 472 563 243
Mass loss rate (g/·sm2) 0.4 0.24 0.27 0.14
Specific extinction area (m2/kg) 1399 473 488 415
CO release amount (kg/kg) 2.33 0.37 2.33 0.33
CO2 release amount (kg/kg) 3.67 1.91 3.67 1.71

Source: After Ref. 38.
a PU, polyurethane; OMT, organoclay modified with hexadecyltrimethylammonium bromide; MMP,
melamine polyphosphate.



214 PLSN WITH HALOGEN AND NON-IFR PHOSPHORUS FR

TABLE 8.8 Cone Calorimetric Data for PS–OMT–TCP Nanocompositesa

Sample
tign

(s)
tPHRR

(s)
PHRR [kW/m2

(% reduction)]
THR

(MJ/m2)
MLR

(g/m2·s)
Average SEA

(m2/kg)

PS 62 124 1419 109.7 17 1097
PS + 3% clay 57 85 610 (56) 85.5 14 1695
15% TCP + PS 59 108 1122 (20) 63.4 14 1560
15% TCP + 3% clay 59 109 495 (65) 59.1 14 1803
30% TCP + 3% clay 43 60 378 (74) 49.5 14 2401
30% TCP + 5% clay 53 87 342 (76) 45.8 14 2310
30% TCP + 10% clay 55 119 324 (79) 47.3 14 2285
10% TCP + 3% clay 49 101 485 (65) 62.4 15 2159

Source: After Ref. 39.
a PS, polystyrene; TCP, tricresylphosphate; clay, organically modified montmorillonite, dimethylben-
zyl hydrogenated tallow ammonium (hydrogenated tallow is a mixture of 65% C18, 30% C16, 5%
C14) substituted clay.

and amount of CO2 released. The maximum values of HRR, MLR, and SEA
decrease in the presence of OMT or MPP. With the addition of both OMT and
MPP, the HRR, MLR, and SEA decrease even more. The maximum amount of
CO and CO2 released decreases with the addition of OMT regardless of whether
or not MPP is added, whereas they remain invariant with MPP addition alone.
The addition of OMT reduces the amount of flammable small decomposition
products released during combustion. Clearly, synergistic effects between clay,
MPP, and PU exist that tend to retard the heat release rate, suppress the release
of smoke, and decrease the amount of potentially toxic gas released during the
combustion of PU-derived materials.

Cone data for PS–OMT–ArP nanocomposites are shown in Table 8.8, again
showing synergistic effects. The author used three types of ArP: TCP, TXP, and
RDP.39 Table 8.8 lists cone data only for PS–OMT–TCP composition. When
TCP and organoclay are both present, the time to ignition is highly variable, with
no clear trend emerging. The THR is reduced significantly with the addition of
either TCP or clay, but more so with the addition of both TCP and organoclay.
The THR decreases correspondingly, but the SEA increases significantly. The
presence of both clay and TCP appears to give rise to a substantial reduction in
the PHRR and a significant reduction in the THR compared to the values obtained
for pure polymer and a nanocomposite containing only clay. Similar behavior is
observed for PS blends of either TXP or RDP as that of TCP discussed here.39

The combination of conventional flame retardants, aromatic phosphate, and clay
again appears to interact synergistically to improve flame retardancy and thermal
degradation above that obtained for polystyrene.

Table 8.9 gives the cone data for flame retardant polystyrene nanocompos-
ites (PS/OLP–clay) prepared using clay modified with an oligomeric phosphate
ammonium salt (OLP) containing both ammonium salt and phosphate-pendant
groups placed randomly along the polymer backbone. The HRR data for the



FLAMMABILITY PROPERTIES 215

TABLE 8.9 Cone Calorimetric Data for PS Nanocomposites Prepared Using 55%
DPVPP–Modified Clay and 75% DPVPP–Modified Clay, Respectively, via Melt
Blendinga

Composition

PS 5% clay 3% clay 5% clay 10% clay

tign (s) 36 ± 5 40 ± 5 54 ± 2 43 ± 3 44 ± 3
PHRR (kW/m2) 1411 ± 18 837 ± 32 638 ± 10 416 ± 12 268 ± 1
tPHRR (s) 87 ± 4 93 ± 7 71 ± 3 69 ± 6 100 ± 4
Average HRR (kW/m2) 755 ± 11 571 ± 20 380 ± 4 234 ± 2 158 ± 2
THR (MJ/m2) 102 ± 1 58 ± 11 76 ± 3 58 ± 5 54 ± 0
SEA (m2/kg) 1134 ± 24 1323 ± 28 1481 ± 11 1492 ± 46 1475 ± 27
Average MLR (g/m2) 29 ± 0 25 ± 1 20 ± 1 13 ± 1 10 ± 1

Source: After Ref. 40.
a DPVPP, diphenyl-4-vinylphenylphosphate.

various compositions employ two loading levels of the phosphate component,
55% and 75% (Table 8.9). Upon incorporation of the OLP–clay into PS, the
THR is reduced by nearly 50% from that obtained for pure PS. In general, the
time to ignition for polymer–organoclay nanocomposites is shorter than that
for pure polymer. Interestingly, addition of OLP–clay to a PS nanocomposite
increases the time to ignition, possibly attributable to the high thermal stability
of the OLP. It was suggested that the OLP may behave differently from classic
clay surfactants and phosphate flame retardants and may be intimately involved
in retarding combustion in this system. The absolute increase is greater than that
which one could obtain with addition of the components at the same loading level
as small aromatic phosphates (ArPs). The reduction in PHRR suggests that this
system has a potential for the formation of flame retardant polymeric systems,
with practical applications. The MLR decreases and the SEA increases, which is
similar to that of PS–OMT–ArP. The literature describes the effect that increas-
ing phosphorus content typically has on the results of a cone calorimeter test.40

A reduction in PHRR correlates rather well with increasing phosphate content
in PS systems.40 For constant clay content, the reduction in PHRR is greater for
increasing phosphorus content.

PS/OLB–clay nanocomposites prepared using novel oligomeric bromine
ammonium–modified clay (OLB–clay) were discussed earlier in the chapter.41

The authors studied the relationship between nanocomposite formation and low
levels of bromine on the flame retardancy of polystyrenes (PSs) using cone
calorimetry. Specifically, the effects of bromine content and the identity of the
oligomeric ammonium on the cone calorimetry behavior of PS nanocomposites
were studied.41 Consistent with most other polymer nanocomposite materials,
addition of the OLB–clay to PS decreased the tign. The OLB–clay contained only
30% inorganic clay, whereas commercial organically modified clay contained
about 70% inorganic clay. No reduction in the PHRR and the average MLR
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occurred until 10% organically modified clay was added. The THR was also
not affected significantly, probably due to the low amounts of added inorganic
clay and to the fact that complete combustion still occurred. Above 10%
OLB–clay, there is a significant reduction in PHRR and THR and a slight
reduction in average MLR for the nanocomposites. The THR clearly decreases
as the bromine content increases. The poor results observed for PS/OLB–clay
nanocomposites at less than 10 wt% loading are probably due to the low amounts
of inorganic clay present. The authors suggest that nanocomposite formation
affects the PHRR and that the presence of bromine is important in the reduction
of the THR.41 The addition of each component contributes to a different effect
on the cone calorimetric parameters. A comparison between the oligomeric
trimethyl, oligomeric triethyl, and oligomeric dimethylhexadecylammonium salts
shows that the first salt gives a larger reduction in the PHRR observed.41

Interestingly, the bromine content at less than 4 wt% is far less than that of
the conventional halogenated flame retardant additives. Therefore, it appears
that bromine-containing nano-dispersed clays may be useful as flame retardant
additives.41

A Japanese patent issued to Sekisui Chemical Co. Ltd.47 describes cone
calorimeter data for polyethylene (PE)-derived nanocomposites in which
organically modified layered silicates (OMTs) were combined with a variety
of conventional flame retardant additives. The ammonium salt–modified silicate
(SBAN-400) was incorporated into the PE compositions at 10 phr (Table 8.10).
The PHRR results for the PE nanocomposite materials are 50% lower than the
PHRRs for pure PE and PE with 10 phr pristine clay (MMT). These results
suggest that without suitable organic treatment of the clay, the addition of MMT
has little effect on flame retardant properties. Due to the favorable interactions
arising from the organic surface treatment of the clay, the OMT forms a nano-
dispersed structure in the PE matrix, while the PE–pristine MMT material is an
immiscible or conventional composite. At 10-phr loading levels, where the OMT
reduces the PHRR substantially for PE nanocomposite, DB–AO has little effect
and APP alone has only a weak effect on PHRR of PE, respectively. Addition
of either 15 phr of DB–AO or 15 phr of APP to pure PE decreases the PHRR
values by only 10 to 20% from that of pure PE. However, addition of 5 phr of
APP to a PE–SBAN N-400 nanocomposite with 10 phr of SBAN N-400 causes
a 63% reduction in the PHRR. The addition of 5 phr of phenylphosphate and 10
phr of SBAN N-400 also reduces the PHRR by 60% (Table 8.10).

8.5.2 LOI and UL-94 Tests

Table 8.11 data show that addition of 5 wt% OMT in the various flame retardant
ABS formulations with DB–AO increased the LOI about 0.5. The LOI increased
by 0.5 with the addition of 2 wt% OMT to PA6. However, the LOI increased
by 2.0 with the combination of 2 wt% OMT with MH–RP. The LOI of the
PU–OMT–MPP increased by 3.5 from that of PU–MPP, while the LOI of
PU–OMT increased by 1.5 compared to pure PU. Also, the ABS–DB/OMT
nanocomposite achieves an UL-94 V-0 rating, whereas the ABS–DB material
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TABLE 8.10 Cone Calorimeter Data for PE Materialsa ,b

Example

1 2 3 4 5 6 7 8

Composition (phr) Polyethylene 100 100 100 — 100 100 100 100
SBAN N-400 — 10 — — — — 10 10
Bengal (pristine MMT) A — — 10 — — — — —
APP — — — 10 — 15 5 —
DBDPO — — — — 7.5 — — —
Sb2O3 — — — — 2.5 — — —
Phenyl phosphate — — — — — — — 5
PHRR (kW/m2) 1327 687 1067 1272 1309 989 493 543

Source: After Ref. 47.
a Sample size, 100 × 100 × 3 mm; heat flux; 50 kW/m2; phr, parts per hundred parts resin.
bSBAN N-400, type of organically modified clay provided by Hojun Kogyo Co., Ltd.; APP, ammo-
nium polyphosphate; DBDPO, decabromodiphenyl oxide; Sb2O3, antimony oxide.

does not under UL-94 test conditions. LOI and UL-94 test results suggest that
beneficial synergistic effects may exist between the polymer, the flame retar-
dant (DB–AO, MH–RP, and MPP), and the OMT. As discussed previously, the
improved performance of the flame retardant nanocomposites may probably be
attributed to the barrier effects imparted by the OMT.

Interesting, unexpected results are obtained for both organoclay and MCA
incorporated in PA6 matrix prepared using melt blending in the UL-94 test.34

Table 8.11 shows data in which the PA6–MCA composite obtains a V-0 rating in
the UL-94 test, whereas the PA6–OMT–MCA material burns and therefore fails
under the same conditions. Even when 25 wt% MCA is added to the PA6–OMT
nanocomposite, a V-0 rating cannot be obtained. Increased MCA content, which
aids heat removal by accelerating melt dripping in the vertical burning test,
becomes antagonistic to the nano-dispersed clay layers, which enhance the for-
mation of char, which in turn suppresses melt dripping. The mechanism by which
each of these two components contributes to flame retardancy explains the result
observed in the UL-94 test.

Wilkie used a UL-94 test to study whether any synergy exists between aromatic
phosphate flame retardants and PS nanocomposite formation,39 the results of
which are shown in Table 8.12. At 30% ArP content, various V ratings are
obtained that improve as the clay content increases.

A patent46 discloses glass fiber–reinforced poly(1,4-butylene terephthalate)
(PBT) with organically modified clay (organoclay) and flame retardant additives.
The PBT, glass fibers, brominated flame retardant, and Sb2O3 were processed
using a laboratory Ko-kneader. In a second step, the organoclay and an alkali
metal salt were then blended with the PBT mixture prepared in the first step using
a gyratory mixer to prepare the final samples. The flammability and mechanical
properties of the samples were then evaluated, the results of which are shown in
Table 8.13. The results of these two flammability tests show the samples to be
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TABLE 8.11 Flame Retardant Properties of ABS, PA6, and PU Materialsa

Sample Composition LOI UL-94 Test

ABS Pure ABS 18.7 Burning
ABS/OMT ABS + OMT 5 wt% 21.5 Burning
ABS/DB ABS + DB 18 wt% 22 Burning
ABS/DB/OMT ABS + DB18 wt% + 5 wt% 22.6 V-0
ABS/DB–AO ABS + DB 15 wt% + AO 3 wt% 27 V-0
ABS/DB–AO/OMT ABS + OMT 5 wt% + DB 15 wt%

+ AO 3 wt%
27.5 V-0

PA6 Pure nylon-6 Burning
PA6-n PA6 + OMT 5 wt% Burning
PA6/DB–AO PA6 + DB 15 wt% + AO 5 wt% V-0
PA6-n/DB–AO PA6 + OMT 5 wt% + DB 15 wt%

+ AO 5 wt%
V-0

PA6/MCA PA6 + 15 wt% MCA V-0
PA6-n/MCA PA6 + OMT 5 wt% + 15 wt% MCA Burning
PA6 Pure nylon-6 21 Burning
PA6-1 PA6 + OMT 2 wt% 21.5 Burning
PA6-2 PA6 + MH 8 wt% + RP 5 wt% 29 V-0
PA6-3 PA6 + OMT 2 wt% + MH 6 wt% +

RP 5 wt%
31 V-0

PU Pure PU 19.0
PU/OMT PU + OMT 5 wt% 20.5
PU/MPP PU + MPP 6 wt% 24.0
PU/OMT/MPP PU + OMT 5 wt% + MPP 6 wt% 27.5

Source: Data from Refs. 34 to 36 and 38.
a ABS, acrylonitrile–butadiene–styrene; PA6, polyamide-6; PU, polyurethane; OMT, organoclay
modified with hexadecyltrimethylammonium bromide; MPP, melamine polyphosphate; MH, mag-
nesium hydroxide; RP, red phosphorus; MCA, melamine; DBDPO, decabromodiphenyl oxide; AO,
antimony oxide.

TABLE 8.12 UL-94 Results for PS–OMT–ArP Materialsa

Sample UL-94 Test

30% TCP + 5% organoclay + PS V-1
30% TCP + 10% organoclay + PS V-1/V-0?
30% TCP + 3% organoclay + PS V-2
30% RDP + 5% organoclay + PS V-2?
30% RDP + 10% organoclay + PS V-0/V-1?
30% TXP + 5% organoclay + PS V-2

Source: After Ref. 39.
a TCP, tricresylphosphate; TXP, trixylylphosphate; RDP, resorcinol diphosphate; organoclay, organi-
cally modified montmorillonite, dimethylbenzyl hydrogenated tallow ammonium hydrogenated tallow
is a mixture of 65% C18, 30% C16, 5% C14) substituted clay.
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TABLE 8.13 Properties of Brominated Flame Retardant PBT–Organoclay
Nanocompositesa

Example

1 2 3 4 5

Composition
(wt%) PBT

55.0 55.1 55.0 55.2 55.2

Glass fibers 30.0 30.0 30.0 30.0 30.0
Decabromodi- 9.0 9.0 9.0 9.0 9.0

phenyl ether
Sb2O3 4.5 4.5 4.5 4.5 4.5
Claytone 34 1.0 — — — —
Claytone 40 — 1.0 — — —
Bentone 27 — — 1.0 — —
Bentone SD-1 — — — 1.0 —
Bentone 500 — — — — 1.0
Potassium oleate 0.5 0.4 0.5 0.3 0.3
UL-94 (1.6 mm V-0 non- V-0 non- V-0 non- V-0 non- V-0 non-

thick) dripping dripping dripping dripping dripping
Impact strength

(kJ/m2)
25.9 25.8 22.5 32.2 29.9

Source: After Ref. 46.
a PBTP, poly(1,4-butylene terephthalate); Claytone 34 and Claytone 40, dimethyldioctadecylammo-
nium betonite; Bentone SD-1, smectite modified with organic compounds; Bentone 27 and Bentone
500, montorillonite modified with organic compounds. Claytone and Bentone are registered brand
names of China-Clay Handelsgesellschaft and NL Chemicals, respectively.

self-extinguishing with a V-0 rating and nondripping. It is likely that the identity
of the organoclay affects the synergistic effect on the flame retardant properties
between the organoclay and the brominated flame retardants, probably due to the
degree of dispersion and exfoliation of the organoclay in the polymer matrix.

In another patent, a flame retardant poly(butylene terephthalate) (PET) nano-
composite49 was prepared using PBT, an organically modified clay (organoclay),
a fluorocarbon polymer, polytetrafluoroethylene (PTFE), a brominated flame
retardant, and a stabilizer by the melt blending method. The patent states that
a combined organoclay and PTFE, dispersed in a styrene–acrylonitrile (SAN)
copolymer (50% PTFE), could replace up to 40% of the brominated polycarbon-
ate–Sb2O3 flame retardant in the PBT (Table 8.14). The flame retardant blends
containing either the organoclay or PTFE do not obtain a V-0 rating, but when
both are added together to the nanocomposite, a V-0 rating can be achieved
(example 4). The addition of PTFE and organoclay together enables a significant
reduction in the brominated flame retardant content required to achieve a V-0
rating. The fact that the behavior is observed only when they are added together
indicates a synergistic effect between PTFE and organoclay on flame retardant
properties. Without both PTFE and organoclay present, the PBT nanocomposite
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TABLE 8.14 PBT Fire Retardant Blend Dataa

Example

1 2 3 4 5 6

Composition (%) Valox 315 76.74 81.32 81.32 84.37 81.4 84.37
BC-58 15 12 12 10 12 10
Sb2O3 7.88 6.3 6.3 5.25 6.3 5.25
T-SAN 0.08 0.08 0.08 0.08 — 0.08
Zn phos. 0.3 0.3 0.3 0.3 0.3 0.3
Clayton HY (% of PBT) — — 2 1 2 0.25
UL-94 test V-0 F V-0 V-0 F V-0
Total flame-out time (s) 10.6 — 10.2 15.9 — —

Source: Data from Refs. 49 and 74.
a Valox 315, poly(butylene terephthalate) (weight average molecular weight = 105, 000); BC-58,
brominated bisphenol A polycarbonate oligomers (58% bromine); T-SAN, polytetrafluoroethylene
dispersion in styrene–acrylonitrile copolymer (>50% PTFE); Zn phos., zinc phosphate, ester-
interchange inhibitor; Clayton HY, MMT [dimethyl di(hydrogenated tallow) ammonium ion]; PBT,
poly(1,4-butylene terephthalate).

material cannot be classified as flame retardant polymer according to the UL-94
test, even if either the PTFE or organoclay content increase two- to threefold.
Moreover, the data in Table 8.14 indicate the benefits of adding both PTFE and
organoclay, even at very low levels, for the latter to give rise to a synergis-
tic effect that further improves flame retardancy over that obtainable for any
individual component alone.

A Canadian patent61 discloses the application of organoclay on the flame retar-
dant formulation used in telecommunication cable based on polyolefin. In general,
either chlorine or bromine flame retardants are used in the telecommunication
cable even though they can release significant amounts of toxic smoke during
combustion. The addition of only 3 to 8% added organoclay and 0.5 to 40%
PTFE microparticles leads to a significant reduction in the amount of halogenated
flame retardants added while providing equivalent flame retardant properties and
improved performance in terms of smoke emissions in a UL-910 test.

Inoue and Hosokawa of Showa Denko reported in a patent50 the use of
silicate–triazine intercalation compounds in the flame retardant polymeric com-
posites listed in Table 8.15. Various melamine salts were used to treat a synthetic
silicate [fluorinated synthetic mica (FSM)] prior to flame retardant nanocom-
posite formation. Specifically, 8 to 15 wt% of the melamine as well as other
melamine salts were also added to the polymer using melt blending. FSM is
chemically similar to MMT, but the aspect ratio of the individual FSM silicate
layers is 5 to 10 times larger than that of MMT. By combining the melamine
and the polymer–organoclay nanocomposites, a V-0 rating is obtained in the
UL-94 test, while simultaneously increasing both the modulus and the heat dis-
tortion temperature. The inventors state that the flame retardant properties of the
nanocomposites derived are highly dependent on the ability to achieve nanoscale
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TABLE 8.15 UL-94 Data for FSM Nanocomposites

Example Compositea Silicate (%) Additiveb % Added Exfoliation UL-94

1 PA6/O-FSM 5 MA 3.3 80 HB
2 PA6/M-FSM 5 — — 80 V-2
3 PA6/M-FSM 5 MA 3.3 80 V-2
4 PA6/M-FSM 5 MA 10 80 V-0
5 PA6/M-FSM 5 MCA 3.3 >50 V-2
6 PA6,6/O-FSM 5 MCA 3.3 >50 HB
7 PA6,6/M-FSM 5 MA 3.3 >50 V-0
8 PA6,6/M-FSM 5 MCA 3.3 — V-0
9 PA6,6/M-FSM 3 MA 5 >50 V-0

Source: After Ref. 50.
a PA6, nylon-6 (relative viscosity is 2.37); PA6,6: nylon-6,6 (relative viscosity is 2.61); O-FSM,
dioctadecyl dimethyl ammonium fluorinated synthetic mica; M-FSM, fluorinated synthetic mica
modified by melamine.
bMA, melamine; MCA, melamine cyanurate.

TABLE 8.16 Properties of Polypropylene–Clay Nanocomposites

Example

1 2 3 4 5 6

Compositiona (%) Polypropylene 86.6 86.6 79.9 100 93.3 94.6
MMT1 6.7 — 6.7 — — —
MMT2 — 6.7 — — 6.7 —
MMT3 — — — — — 5.4
PP-g-MA 6.7 6.7 13.4 — — —
d-spacing (nm) 5.5 4.8 5.8 — 1.5 1.2
Dispersibility good good good — poor poor
Flexural modulus (MPa) 2270 2150 2440 1360 1760 1720
Limited oxygen index (LOI) 22.3 23.0 21.9 17.5 19.9 18.4

Source: After Ref. 50.
a MMT1, octadecyl ammonium and melamine phosphate–modified montmorillonite (d-spacing:
1.8 nm); MMT2, melamine phosphate–modified montmorillonite (d-spacing: 1.5 nm); MMT3,
sodium montmorillonite.

dispersion of the FSM clay. They found that without a uniform dispersion of the
clay layers in the PA6,6 (>50% exfoliation; Table 8.16, example 6), only an HB
rating (self-extinguishing in a horizontal burn) could be obtained in the UL-94
test. They also established that the melamine compounds had to be added to both
the FSM and the resin to obtain the V-0 ratings (Table 8.15). Such dual-addition
behavior contrasts the results obtained for melt-blending PA6–OMT–MCA,34

probably due to the correlation between the OMT and melamine. In the PA6
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case, the organoclay modified with C16 and MCA and PA6 are blended simulta-
neously to prepare the PA6–OMT–MCA. The interaction between tethered MCA
and the clay probably gives rise to the flame retardant behavior observed.

Another patent60 describes a preparation of flame retardant polypropylene–clay
nanocomposites. Prior to nanocomposite preparation, the clay was modified with
either melamine phosphate (MP) or a mixture of MP and alkylammonium salt
to obtain flame retardant clay. The flame retardant clay was then incorporated
into a polypropylene–graft–maleic anhydride copolymer prior to blending with
pure polypropylene. The results of mechanical and flame retardant properties of
the virgin polymer and various polypropylene–clay nanocomposites are given
in Table 8.16. Apparently, PP–clay nanocomposites in which the clay modified
with MP alone or together with alkylammonium compound combined with PP-
g-MA possess better dispersion, mechanical, and flame retardant properties than
those of pure polymer (example 4), PP–clay nanocomposites without PP-g-MA
(example 5), or PP–sodium MMT composite (example 6). XRD analysis suggests
that MP can intercalate in the clay and addition of PP-g-MA can cause nanocom-
posite formation. The maleic anhydride group and the amino group of the MP on
the clay surface probably form a chemical bond during nanocomposite formation.
Moreover, the presence of both PP-g-MA and organic ammonium facilitate the
greater clay sheet exfoliation and improve mechanical properties. Clearly, exfoli-
ation of the organoclay must give rise to a nano-dispersed structure in the polymer
matrix in order to achieve significant improvement in both the mechanical and
flame retardant properties of the resulting materials. The MP, organic ammonium
and the PP-g-MA may all impart positive effects through favorable interactions
with either inorganic or organic cations on the clay sheet surfaces. Similar results
were observed by Okada et al. in flame retardant polyolefin nanocomposites.47

In summary, the presence of both appropriate organoclay and flame retardants
can facilitate a significant reduction in the flammability of the parent poly-
mers. However, the organoclay must form either highly intercalated or exfoliated
nanoscale structures in the polymer matrix to achieve significant improvement in
the flame retardant properties discussed in this review. Across several polymer
families, several groups observe a synergistic effect between the various organic
cations, flame retardants, both standard and novel, and the clay itself used in
the preparation of these enhanced flame retardant materials. Moreover, recent
data by several of these same authors suggest that the addition of an organoclay
to a flame retardant composition may also help in reducing the amount of the
conventional flame retardants required to achieve a satisfactory level of flame
retardant property, thus rendering such flame retardant nanocomposite materials
feasible for a myriad of potentially significant industrial applications.

8.6 FLAME RETARDANT MECHANISM

The generally accepted mechanism that has been suggested40 to explain the
reduction in flammability for polymer–organoclay nanocomposites containing
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intercalated or exfoliated clays is based on barrier effects. During combustion,
the polymer matrix is heated to thermal degradation temperature, and volatile
thermal degradation products are generated in the polymer matrix. Because the
boiling temperatures of most of the volatile products are much lower than the
thermal degradation temperatures of the polymer, the products are superheated as
they are generated.29 Then bubbles nucleate and grow below the heated polymer
surface and are released into the gas phase as fuel vapor. These bubbles agitate
the melt polymer surface and can interfere with the formation of a carbonaceous
char layer, heat-transfer barrier at the polymer surface.29 The literature8 – 16 sug-
gests that the reduced flammability of polymer–organoclay nanocomposites can
best be explained by enhanced char formation in the condensed phase. Specif-
ically, the presence of nanoscale clay sheets in the polymer matrix retards the
vigorous bubbling process and facilitates the formation of a continuous protec-
tive charred layer made of clay and carbonaceous char on the burning polymer
surface that insulates the underlying polymeric substrate. Specifically, the car-
bonaceous–silicate char slows heat and mass transfer between the gaseous and
condensed phases, thereby retarding further the thermooxidative degradation of
the polymer. Therefore, successful nano-scaled dispersion or exfoliation of the
individual clay sheets appears to influence reaction kinetics, thermal decompo-
sition by-product migration, volatilization, and char formation in the polymer
matrix under conditions of combustion. The presence of the protective layer is
clearly important in the flammability reduction by these additives, but these clay
sheets tend to develop large lateral surface cracks in which vigorous bubbling
still occurs.66 The individual organoclay is not enough to be used as a flame
retardant additive. The combination of organoclay and flame retardant additives
improves the effectiveness of flame retardant systems.

If the ammonium cation that was used to modify the clay sheet surface
has β-hydrogens, the onset thermal decomposition of organoclay occurs around
200◦C via the generally accepted Hofmann elimination process.42 The ammo-
nium cations will lose an olefin and an amine in a base-catalyzed process. To
maintain charge balance, a proton is left on the surface of the MMT, as illus-
trated in reaction (8.1). The proton probably serves as a catalyst that facilitates
further decomposition of polymer within the gallery space of the OMT. The
amine and olefin are combustibles that fuel the combustion in the flame. As
an example, thermal degradation of polyamide can be efficiently catalyzed by
acids, even in trace amounts. This catalytic effect may contribute to greater
heat release rates in the early stage of nanocomposite combustion than observed
for pure polyamide, such as PA6,16 and decrease the thermal stability of the
polyamide.

LS N
CH2(CH2)14CH3

CH3

CH3

CH3

∆
H3C N

CH3

CH3

CH2 CH (CH2)13CH3+LS H ++− +−

(8.1)
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8.6.1 Combination of Nanocomposites and Halogen Flame Retardant
Additives

Decabromodiphenyl oxide is one of the halogenated flame retardant additives that
act in the vapor phase through a radical chain reaction to interrupt the combustion
reaction. Also, the addition of metal oxides such as antimony trioxide (AO) as
coadditives to halogenated flame retardants further increases the efficiency of
the halogenated additive through the formation of antimony trihalide, a volatile
product that can interfere with and slow the propagating radical chain reactions
in the flame, even though the oxide itself has no effect.15 During combustion,
DB decomposes and releases hydrogen bromide. Then the HBr reacts with AO to
form antimony tribromide, a vapor-phase flame retardant that inhibits the radical
chain reaction in the flame [reaction (8.2)]. When DB–AO is combined with
a nanocomposite, the reaction between AO and sodium bromide34 present as
an impurity in the OMT as a residue of clay modified with ammonium cation
yields antimony tribromide [reaction (8.3)]. This reaction may be catalyzed by the
proton formed during reaction (8.1) on the clay sheets dispersed in the polymer
matrix:

6HBr + Sb2O3 −−−→ 2SbBr3 + H2O (8.2)
− +

3LS H + 6NaBr + Sb2O3
�−−−→ − +

3LS Na + 2SbBr3 + 3H2O (8.3)

When DB–AO was incorporated into PA6, three distinct processes have been
suggested19,20: (1) generation of free-radical chain-terminating agents (i.e., anti-
mony tribromide, (2) promotion of char formation through dehydrogenation reac-
tions, and (3) formation of a blanket of hydrogen bromide, which acts as a barrier
between the fuel gas and condensed phases. However, even though DB–AO
is a very effective flame retardant additive, it can facilitate polyamide chain
degradation and give rise to combustible monomers or similar species [reaction
(8.4)]20,21. The thermal degradation of PA6 can be catalyzed efficiently by the
protons formed during reaction (8.1) on the clay sheets dispersed in the poly-
mer matrix as illustrated in reaction (8.5). While combining DB–AO with a
PA6–OMT nanocomposite, AO may react with any amine hydrobromide present
to form an antimonate complex [reaction (8.6)] that is believed to be respon-
sible for the condensed-phase activity of the bromine–Sb2O3 flame retardant
additives34.
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The slower thermal decomposition observed for the PA6/OMT/DB–AO
nanocomposite has been ascribed to barrier effects arising from the nano-dispersed
clay sheets. Synergetic effects between the OMT and DB–AO probably occur
to augment PA6 flame retardancy [reactions (8.1)–(8.6)].19,20,33,34,51 Moreover,
evaluation of flame retardant nanocomposites by conventional testing methods
such as the UL-94 vertical burning test indicates that compatibility and synergy
exists between DB–AO, OMT, and the polymer matrix. In the case of PP and
ABS, similar synergetic effects between DB–AO, OMT, and the polymer matrix
occur and increase flame retardancy.

8.6.2 Combination of Nanocomposites and Nonintumescent Phosphorus
Flame Retardant Additives

Considering the flame retardant behavior observed for an MH,52,53 OMT, and
phosphorus species flame retardant composition,54 synergistic effects probably
take place between the OMT and the MH–RP.36 If the ammonium cation used
to modify the clay sheet surface contains β-hydrogen atoms, the alkylammonium
cation will lose an olefin and an amine and generate a proton adsorbed on the clay
surface to maintain a charge balance around 200◦C. These deposited, catalytically
active protons promote the endothermic conversion of magnesium hydroxide
(MH) to magnesium oxide and water.

Simultaneously, the dispersed silicate sheets of the clay tend to retard volat-
ilization of the water vapor liberated from the MH conversion. Both the water
vapor and the acid can then accelerate the thermooxidative degradation of RP,
which leads to the formation of a highly cross-linked polyphosphoric acid (PPA).
This PPA may then facilitate either further thermooxidation degradation of the
PA6, indiscriminate cross-linking reactions, or charring. During combustion, the
polyphosphoric acid reacts with thermal degradation products of PA6, MgO, and
OMT to form a stable carbonaceous charred layer with a glassy coating. This
stable, physically protective barrier on the surface of the polymer material can
then insulate the underlying polymer substrate from further combustion events
and subsequently, slow the heat and mass transfer between the gaseous and
condensed phases.

SEM studies36 show that in the case of PA6/MH–RP containing only flame
retardants, the charred residue forms a loose porous network structure after
burning (Figure 8.12a). The charred residue of PA6/OMT/MH–RP containing
both organoclay and MH–RP (Figure 8.12b) is more compact than that of
PA6/MH–RP (Figure 8.12a). Moreover, the microstructure of the PA6/OMT/MH
–RP charred residue shows greater homogeneity and compactness (Figure 8.12d)
than that of PA6/MH–RP (Figure 8.12c). It is well known that the presence of
the protective charred layer is clearly important in flammability reduction during
combustion. As discussed above for the clay sheet barrier effect, the presence
of nanoscale clay sheets in the polymer matrix inhibits the vigorous bubbling
process and facilitates the formation of a continuous compact protective charred
layer made of clay and carbonaceous char on the burning polymer surface. This



226 PLSN WITH HALOGEN AND NON-IFR PHOSPHORUS FR

(a)

(c)

(b)

(d)

FIGURE 8.12 Scanning electron micrograph of charred residue of (a, b) PA6/MH–RP
(PA6/8% MH–5% RP) and (c, d) PA6/OMT/MH–RP (PA6/2% OMT/6% MH–5% RP).
(From Ref. 36, copyright  2004, Elsevier, with permission.)

protective layer more effectively protects the underlying polymeric substrate
from combustion and reduces heat and mass transfer between the gaseous
and condensed phases. The scanning electron microscopy (SEM) observation
demonstrates this result, and subsequently, observable and significant changes
occur in the experimental HRR and MLR values.

Consistent with the behavior observed, discussed previously, a mechanism
through which flame retardancy is imparted by OMT–MPP addition may be38

that during the combustion of the PU–OMT–MPP composition, the MPP can
degrade to form highly cross-linked polyphosphoric acid with concomitant release
of melamine, CO2, and H2O. The polyphosphoric acid derivatives and the protons
deposited on the clay sheets can then promote thermooxidative degradation, cross-
linking, and charring of the PU matrix. The exfoliated H+-bearing clay sheets
both retard the release of melamine, CO2, and H2O and improve the cross-linking
reaction of the PU matrix. Similarly, during combustion, the polyphosphoric



SUMMARY AND CONCLUSIONS 227

acid again reacts with the decomposition products of PU and OMT to form a
stable carbonaceous char with a glassy coating. This stable protective barrier
on the surface of partially combusted polymer materials that may insulate the
underlying polymeric substrate from further compromising combustion and mass
transfer events as described in prior cases such as PA6. The presence of the OMT
serves to augment the barrier effect imparted by the char residues formed on the
surface of the PU matrix. Again, as mentioned previously for other systems,
synergistic effects probably exist between the organoclay, the flame retardants,
and the polymer matrix that tend to retard the heat release rate, suppress the
release of smoke, and decrease the release of toxic gas during the combustion of
the polymeric material.

The organophosphate flame retardants, including aromatic phosphate and ogli-
meric phosphate, have both vapor- and condensed-phase flame retardant effects.
When organophosphate was used in noncharring polymer such as a polyolefin,
it can be considered that vapor-phase flame retardant action is the main fire
retardant mechanism, which is identical to the free-radical termination mecha-
nism of halogen flame retardants, capturing the hydrogen and hydroxy radicals
that contribute to combustion reactions.77 If phosphates are used in char-forming
polymers such as polyester and polyurethane, the condensed-phase mechanism
plays a significant role. The condensed-phase mechanisms are explained primar-
ily by the migration of organophosphates to the surface, then decomposition to
phosphoric acid and these acids, forming a molten viscous surface layer that pro-
tects the underlying polymer substrate from flame and oxygen; organophosphates
can react with the degraded products to promote and enhance char formation.78

By incorporation of organophosphate and OMT, the nanoscale clay sheets can
increase the efficiency of vapor-phase flame retardant action, enhance the molten
viscous surface layer formed by phosphoric acid, and enhance char formation
through retarding the volatilization of organophosphate, migrating to the molten
polymer surface, and inhibiting the degraded products.

In summary, a possible mechanistic explanation has been set forth to explain
the synergistic effect observed in several flame retardant polymer nanocomposite
formulations as reviewed herein. Specifically, barrier and catalytic effects aris-
ing from the incorporation of both an organoclay and flame retardants change
the chemical reactions to favor those that yield protective char residues rather
than CO or CO2. Moreover, those additives facilitate those favorable chemi-
cal reactions to occur at earlier stages of decomposition, thereby suppressing
decomposition and imparting enhanced flame retardancy to such materials. The
char layer that forms is facilitated by the incorporation of the organoclay and
flame retardants, acting as a barrier to insulate the underlying polymeric sub-
strate and inhibiting heat and mass transfer between the gaseous and condensed
phases.

8.7 SUMMARY AND CONCLUSIONS

The choice of an appropriate flame retardant polymer formulation frequently
depends on the end-product application. The variables that one must consider in
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choosing flame retardant compositions, specific additives, and means of incor-
poration include the material to be flame retarded, the fire safety standards with
which the product must comply, toxicity, and cost considerations. The literature
and patents reviewed herein reveal that the combination of polymer–organoclay
nanocomposites and conventional flame retardant allows successful synergistic
improvements of both the flammability and mechanical properties of many poly-
mer systems. Many factors influence the improvement in mechanical and flame
retardant properties, such as the formation of a nanostructure, the dispersibility of
nanoscale clay, and the interaction between nanoscale clay and flame retardants.
In fact, fundamental to enhancing flame retardancy successfully in nanocomposite
materials, organoclay must form either an intercalated or an exfoliated nanoscale
structure in the polymer matrix prior to exposure to the combustion conditions.
Synergistic effects have been observed to occur between the organoclay and
conventional flame retardants on the flame retardant properties of materials that
drastically alter the decomposition kinetics, mass and energy transfer, and the
volatilization of the degraded product in the polymer matrix during combustion.
Moreover, due to the barrier and char formation–promoting effects observed upon
incorporation of OMT, the amount of the necessary conventional flame retardants
added, to achieve a satisfactory flame retardancy can be reduced significantly.

Therefore, it appears that a combination of organoclays and conventional flame
retardants possesses significant potential to be useful flame retardant systems. A
more detailed understanding of the flame retardant mechanism by which such
an additive combination exerts its positive effects may further improve its per-
formance and safety and reduce overall additive loading and cost. Moreover,
the development of feasible and relevant manufacturing methods based on the
intercalated flame retardant clays described here which facilitate the dispersion
of flame retardant additives and increase flame retardant efficiency foretells of a
promising future for flame retardant polymer nanocomposite materials in every-
day applications.
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THERMOSET FIRE RETARDANT
NANOCOMPOSITES∗

MAURO ZAMMARANO

Building and Fire Research Laboratory, National Institute of Standards and Technology,
Gaithersburg, Maryland

9.1 INTRODUCTION

Thermoset polymers are used in a variety of applications, including construction
and transportation, where they are generally preferred to thermoplastics because
of their greater strength and better resistance to creep, especially at high operative
temperatures. However, like all organic materials, they are flammable, and their
use in replacing traditionally nonflammable materials (e.g., metals or ceram-
ics) has increased the fire hazard in the past years. Evolved smoke and toxic
gases from these fires create hazards for both people and the environment. For
these reasons it is necessary to develop thermoset resins with reduced flamma-
bility. This can be achieved by a modification of the polymer (e.g., increase in
the cross-link density or insertion of flame retardant moieties in the network)
or by the use of fire retardant additives. Halogen-based flame retardants are
extremely effective, but there are many concerns about their use, especially

∗This work was carried out by the National Institute of Standards and Technology (NIST), an agency
of the U.S. government and by statute is not subject to copyright in the United States. The identi-
fication of any commercial product or trade name does not imply endorsement or recommendation
by NIST. The policy of NIST is to use metric units of measurement in all its publications, and to
provide statements of uncertainty for all original measurements. In this document, however, data
from organizations outside NIST are shown, which may include measurements in nonmetric units
or measurements without uncertainty statements.
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in Europe, due to the potential release of corrosive and toxic chemicals.1,2

Therefore, there is a trend to replace them with halogen-free flame retardants.
Unfortunately, the efficiency of traditional halogen-free flame retardants such
as aluminum or magnesium hydroxide is low, and filling levels of 50 wt%∗ or
even more are usually required to comply with the current fire safety standards.
The high filler load dramatically decreases the mechanical properties, and due
to the elevated viscosity, also the processability of the formulations. Polymer
nanocomposites, on the other hand, have attracted research attention because 5
to 10 wt% loading of nanofiller is sufficient to reduce the maximum rate of heat
release by 50 to 70%.3 Furthermore, nanocomposites exhibit better physical and
performance properties than do pristine polymers and conventional composites.4

Improved tensile and thermal properties,5,6 reduced permeability,7 reduced sol-
vent uptake,8 and increased heat distortion temperature have been reported for
these materials in the literature. The improvements are mainly a consequence
of the unique interfacial effects that result from the dispersion of nanoparti-
cles with high specific surface area and high aspect ratio.9 – 11 A few weight
percent of reinforcing agent that is properly distributed in the polymer matrix
creates significantly more surface area and polymer–filler interactions than do
conventional composites.12

This characteristic also greatly affects the flammability of polymeric nanocom-
posites through three main mechanisms:

1. Extended particle–particle and polymer–particle interactions increase the
viscosity of the melt through the formation of a jammed network structure
in the polymer matrix, such that the material as whole behaves rheologically
like a gel.13 This phenomenon limits flame propagation through the inhi-
bition of dripping14 and the decrease in the rate of release of combustible
gases emitted by bubbling.15

2. High-aspect-ratio nanoparticles, reassembling on the polymer surface dur-
ing combustion, create an intercalated carbonaceous–silicate residue3 that
lowers the rate of diffusion of the degradation products by a “labyrinth”
effect.16

3. The large surface area for nanofiller–polymer contact enhances catalytic
effects such as the catalysis of charring reactions17,18 or radical trapping
mechanisms.19

At present, clays are by large the most investigated nanofillers in flame retar-
dancy. In this chapter we focus on thermoset nanocomposites based on layered
silicates and a lately emerging class of layered crystals known as layered double
hydroxides (LDHs). The use of polyhedral oligomeric silsesquioxanes and nan-
otubes nanocomposites is discussed in Chapter 10. The preparation of thermoset
nanocomposites based on spherical nanosilica is also reported in the literature.
It is shown that while being heated in the nanocomposite, nanosilica, migrates
to the surface of the material, due to the relatively low surface potential energy

∗wt%, meaning mass fraction percent, is used as such throughout this chapter.
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of silicon.20 The silica accumulated on the surface creates a protective barrier
that greatly improves char stability in oxidative conditions. Thermoset nanocom-
posites based on nanosilica are not further discussed here, due to the lack of
flammability data for these systems.

Epoxy nanocomposites are used here as a case study. This is because epoxy
resins are, by large, the most investigated resins for the preparation of nanocom-
posite systems. The principles illustrated for this specific system (e.g., parameters
affecting the dispersion and the strategies for its improvement, and the influence
of the nanofiller and its surface modifier on cross-linking, thermal stability, and
flame retardancy) can be generalized for other thermosetting resins. The data
available on flammability of other thermoset nanocomposites are barely enough
to discuss. However, some data on polyurethane and vinyl ester nanocomposites
are reviewed briefly in Sections 9.6 and 9.7, respectively.

9.2 CLAYS

Clays are among the most common minerals on Earth’s surface. They may be
divided into two broad groups: cationic clays and anionic clays. Both of them
have a layered structure in which the layers exhibit a residual electrical charge
that is compensated by intercalated exchangeable ions. In particular, cationic
clays have negatively charged silicate layers with cations in the interlayer space
to balance the charge, whereas anionic clays have positively charged metal
hydroxide layers with charge-balancing anions in the gallery region. Cationic
clays are widespread in nature and are generally isolated from the minerals,
whereas anionic clays are rarer in nature but relatively simple and inexpensive
to synthesize.

9.2.1 Cationic Clays

Cationic clay layers are obtained by the combination of two basic building blocks,
the Si(O,OH) tetrahedra and the M(O,OH)6 octahedra (where M = Al3+, Mg2+,
Fe3+, or Fe2+). The combination of a tetrahedral sheet with an octahedral sheet
such way that the oxygen ions of the octahedral sheet also belong to the tetrahe-
dral sheets gives rise to 1 : 1 minerals (e.g., kaolinite or serpentinite M = Al3+ or
Mg2+, respectively) with layers about 0.7 nm thick.21 Similarly, 2 : 1 phyllosil-
icate minerals are obtained with an octahedral sheet sandwiched between two
tetrahedral sheets (Figure 9.1a). The most commonly used clays for the prepara-
tion of nanocomposites (i.e., montmorillonite, hectorite, and saponite) belong to
this group. They exhibit a layered structure with 1 nm thickness and extremely
high aspect ratios (i.e., 50 to 1000).

9.2.2 Anionic Clays

Anionic clays are a family of lamellar mixed metal hydroxides, also called
hydrotalcite-like compounds (HTlcs)∗ or, more often, layered double hydroxides

∗Hydrotalcite is actually the name of a specific mineral whose formula is Mg6Al2(OH)16CO3
2− ·

nH2O.
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(a) (b)

FIGURE 9.1 Comparison between the layered structures of (a) 2 : 1 phyllosilicates and
(b) layered double hydroxides.

(LDHs). LDH lamellae are formed by edge-sharing octahedral units where each
octahedron is formed by a cation coordinated with six hydroxyl groups (Figure
9.1b). The general formula to describe the chemical composition for an octahedral
unit is

[M1−xMIII
x (OH)2]q [An−

q/n · mH2O]
intralayer composition interlayer composition

where M = M2+, a divalent cation (Mg2+, Zn2+, Ca2+, Co2+, Cu2+, Mn2+), or
M = M+ monovalent cation (Li+)†; M3+ is a trivalent cation (Al3+, Cr3+, Fe3+,
Co3+, Ni3+, Ga3+, Mn3+); An− is an exchangeable interlayer anion; and q is the
value of the layer charge for an octahedral unit: q = x for M bivalent cation and
q = 2x − 1 for M monovalent cation. Important features of LDHs are the highly
tunable intra- and interlayer compositions that allow one to fit the properties
of the clay to applications in a large number of fields (e.g., catalysis and their
supports, adsorbents, ceramic precursors, electrochemical reactions, stabilizers,
gene therapy).22

The layer charge q and therefore the anion exchange capacity (AEC) can be
tuned by adjusting the ratio ρ = (1 − x)/x between the monovalent–divalent
cation M and the trivalent cation M3+. Typically, LDH exchange capacities
vary in the range 200 to 470 meq per 100 g and are higher than the cor-
responding cation exchange capacity (CEC) of silicate clays such as sodium
montmorillonite (exchange capacity = 80 to 145 meq per 100 g). The aspect
ratios of lamellae are similar to, or even higher than, those observed for cationic
clays. LDH layers are 0.48 to 0.49 nm thick,23,24 and their planar dimensions
can be tuned between 0.06 and 20 µm by properly adjusting the synthesis
conditions.25,26

†The Li–Al LDH is the only known example of a M+ –M3+ LDH. Li–Al LDH structure is obtained
by insertion of Li+ ions in the octahedral vacancies of gibbsite [γ -Al(OH)3].
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LDHs are the most investigated anion-exchangeable layered materials, but
other examples of crystals belonging to this family are layered hydroxide (or
basic) salts27 and layered hydroxy double salts.28 Layered phosphate29 and phosp-
honate30 can also be used for the preparation of layered organo-modified deriva-
tives through topotactic exchange reactions with anionic moieties.

9.3 THERMOSET NANOCOMPOSITES

There are several factors that must be taken into account when investigating
thermoset nanocomposites:

ž Their properties are related to the complex interaction between the level of
dispersion of the nanoparticles and the network formation of the polymer.
In fact, the spatial arrangement of the nanoparticles disrupts the cross-link
density of the matrix, and this effect is much more severe as the dispersion
of the particle improves.31 The reduced cross-link density may hasten the
thermal degradation and decrease the char yield.32

ž The nanoparticles can play a catalytic role33 and/or modify the chemistry of
the resin. For example, the epoxy monomer diglycidyl ether of bisphenol A
(DGEBA) self-polymerizes due to the catalytic effect of protonated alkylam-
monium cation in the first stage of curing (Figure 9.2).34 This phenomenon,
together with the restricted accessibility to the confined polymer in the inter-
gallery region, promotes the formation of a linear rather than cross-linked
structure and the presence of unreacted primary amine that may act as a
plasticizer.

ž The different affinity between the clay surface and the components of
the formulation (i.e., curing agent, monomer, catalyst, initiator, accelera-
tor, additives, etc.) can cause segregation and heterogeneous distribution
of the components by preferential intercalation or adsorption on the clay
surface.35 This phenomenon can affect the polymeric network formation by
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FIGURE 9.2 Catalytic effect of alkylammonium in the curing of DGEBA. (From Ref.
34, copyright  1996, Elsevier, with permission.)
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changing the curing kinetics14 or by promoting a plasticizing effect due to
the presence of unreacted monomers.34

ž The thermal history during curing dramatically affects the glass transition
temperature Tg; for fully cured DGEBA system differences up to 30◦C in
Tg where observed.36 This effect is much more relevant than the one due to
the presence of layered silicate and/or the variation in its level of dispersion
in epoxy nanocomposites.31

Therefore, one should be very careful comparing the properties between the
pure thermosetting resins and their relative nanocomposites, and all the previously
effects must be taken in account.

9.4 EPOXY NANOCOMPOSITES BASED ON CATIONIC CLAYS

Epoxy resins are, by and large, the most investigated resins for the preparation
of nanocomposite systems, and for this reason they are used as a case study in
this chapter. The principles illustrated for this specific system can be generalized
for other thermosetting resins.

9.4.1 Preparation Procedures

Epoxy–clay nanocomposites are prepared by in situ polymerization with
organo-modified clays. In this technique, the prepolymer intercalates between
the layered crystals during swelling, a process in which heat, stirring, and/or
sonication is applied to favor prepolymer diffusion into the clay gallery. Then
polymerization can be initiated between the intercalated sheets either by heat,
radiation, or a suitable initiator. A variant of in situ polymerization is the
exfoliation–adsorption technique, in which the organo-modified clay is first
dispersed in a solvent before starting the standard in situ polymerization.

Alkylammonium ions are the most common organomodifiers, but their use is
limited by their low thermal stability.37,38 In addition to promoting intercalation in
the intragallery region of the polymer precursor, the organic compatibilizer can
react and promote the polymerization of the polymer precursor. Both reactive
and unreactive compatibilizers are useful in preloading the gallery region with
epoxide monomer, but only reactive compatibilizer can catalyze the intragallery
polymerization. Based on work by Lan et al.,39 the ratio between intra- and extra-
gallery polymerization rates must be tuned in order to exfoliate the clay. Indeed,
if this ratio is too low, the polymerization rate outside the layers (extragallery
polymerization) will be faster than the polymerization rate between the layers
(intragallery polymerization) and only intercalated nanocomposites will form. On
the other hand, if the ratio is too high (i.e., the intergallery polymerization rate
is much larger than the extragallery rate), the powders are not processable, due
to extremely fast curing and phase segregation. The importance of intragallery
catalysis is shown by the decrease in layer exfoliation with decreasing Brønsted
acidity of the ammonium salt passing from monoalkyl to tetraalkyl onium ions.
Catalyzed homopolymerization of DGEBA is also obtained by base-catalyzed
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oxirane ring-opening reaction of hydroxyl groups in the organic surfactant [e.g.,
bis(2-hydroxyethyl)methyl tallow alkylammonium], as shown in Figure 9.3. 7

However, as observed in previous work,40 the catalytic cross-linking activity of
alkyl primary ammonium salt is higher than the activity of hydroxyl-containing
surfactants and leads to a higher degree of exfoliation. Similar results were found
by Camino et al.33

The length of the chain of the surfactant and the exchange capacity of the clay
control the quantity of epoxy monomer that can be intercalated before the poly-
merization starts. In fact, the aliphatic chain of alkylammonium salts in the range
C8 to C18 assumes a vertical or nearly vertical orientation. So the longer the
chain, the more volume is available for epoxide monomers preloaded in the
gallery.39 Furthermore, high-CEC clays require a large number of gallery onium
ions to balance the layer charge. Therefore, because of the increasing population
density of gallery onium ions, fewer epoxide monomers will be accommodated
inside the clay galleries as the layer charge density is increased. The mech-
anism is illustrated in Figure 9.4. A high density of the surfactant layer can
also limit the intragallery diffusion of epoxy and curing agent, and tend to
form intercalated nanocomposites rather than exfoliated nanocomposites. This
was speculated observing the different behavior of vermiculite, fluorohectorite,
montmorillonite, and hectorite with a CEC of 1.6, 1.2, 0.86, and 0.66 meq/g,
respectively. Hectorite and montmorillonite gave an ordered exfoliated structure,
whereas vermiculite and fluorohectorite gave an intercalated structure.39

A comprehensive description of the forces acting during exfoliation was repor-
ted by Park et al.41 They assumed that the driving force for exfoliation is the
elastic force due to conformational entropy developed in the clay galleries during
epoxy curing. Polymer chains store elastic energy to recoil, and more energy is
stored with growing molecular weight (i.e., with the degree of curing). The recoil
of the cross-linked epoxy chain in the gallery, and therefore exfoliation, is hin-
dered by (1) the electrostatic attractive forces between the intercalated cations and
the negatively charged layers, (2) the van der Waals forces between the organic
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FIGURE 9.3 Base-catalyzed oxirane-ring-opening reaction between hydroxyl groups of
the surfactant and DGEBA. (From Ref. 7, copyright  1994, American Chemical Society,
with permission.)
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FIGURE 9.5 Forces acting on a pair of clay layers during curing. (From Ref. 41,
copyright  2003, American Chemical Society, with permission.)

aliphatic chains of the alkylammonium salts, and (3) the viscous force offered
by the extragallery polymer network (see Figure 9.5). The relaxation process of
curing epoxy chains and the possibility that the clay layers can be pushed out
of the tactoids to yield exfoliation depend strongly on how the viscosity of the
extragallery epoxy molecules evolves with time, as the extragallery epoxy offers
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viscous resistance to separation of the clay layers. Clay layer exfoliation is dif-
ficult if the viscosity of the epoxy in the extragallery region rises quickly. Fast
curing conditions lead to a fast increase in viscosity and do not allow enough
time for recoiling of the cross-linking epoxy molecules.

Epoxy–clay nanocomposites were studied extensively, but only ordered exfoli-
ated nanocomposites were reported with in situ polymerization. Two recent works
showed that disordered and highly exfoliated epoxy–clay nanocomposites can be
prepared using an exfoliation–adsorption process.42,43 In this method the organo-
modified clay is first dispersed in a solvent. It is well known that due to the weak
forces that stack the layers together, layered silicates can easily be swelled and
eventually delaminated in an adequate solvent. The polymer then adsorbs onto
the delaminated sheets, and when the solvent is evaporated, a highly disordered
structure is obtained before starting the standard in situ polymerization.

Under this process are also gathered the nanocomposites obtained through
emulsion polymerization where the layered silicate is dispersed in the aqueous
phase. This approach was used by Ma et al.43 To catalyze intragallery polymeriza-
tion, they prepared a montmorillonite (MMT) modified with a reactive surfactant,
a protonated m-xylylenediamine. A water emulsion of clay and DGEBA was
prepared, and after evaporation of water at 105◦C in vacuo, the curing agent
4-aminophenyl sulfone was added in a stoichiometric amount. Despite the high
CEC (120 meq per 100 g) of the clay, they were able to prepare disordered
exfoliated nanocomposites. The x-ray diffraction (XRD) pattern of the uncured
clay–epoxy system after evaporation of water (epoxy/DM-clay) is shown in
Figure 9.6. Only a broad weak peak is observed at about 5.8◦, showing that the
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FIGURE 9.6 XRD pattern of a clay–epoxy system (epoxy/DM-clay) before and after
curing prepared by the exfoliation–adsorption process, and for comparison, bis(2-hydrox-
yethyl)methyl tallow alkylammonium–modified MMT (Epoxy/clay-30B). (From Ref. 43,
copyright  2004, American Chemical Society, with permission.)



244 THERMOSET FIRE RETARDANT NANOCOMPOSITES

exfoliation-adsorption process allows obtaining a high degree of disorder before
curing. For comparison, the XRD pattern of a MMT modified with a reactive
modifier [bis(2-hydroxyethyl)methyl tallow alkylammonium] prepared according
to Ref. 40, is also shown in Figure 9.6. In this case, first and second orders of
diffraction are observed at 2θ = 2.3◦ and 2θ = 4.7◦, respectively, indicating that
there is an increase in d-spacing up to 3.8 nm, but the clay maintains a regular
parallel alignment.

Chen et al.42 used a similar exfoliation–adsorption process, but acetone was
used instead of water, for preparing the clay slurry. The epoxy monomer
(DGEBA) was cured with methyltetrahydrophtalic anhydride and the clay (MMT
with a CEC of 92.6 meq per 100 g) was modified with an accelerator for
epoxy curing, 2,4,6-tris(dimethylaminomethyl)phenol. In Figure 9.7 transmission
electron microscopy (TEM) micrographs show the final structure obtained after
curing. For comparison, the typical structure of an epoxy–clay nanocomposite
prepared by standard in situ polymerization7 is illustrated in the TEM
micrographs of Figure 9.8. It is evident that in this case the clay tactoids
are mostly preserved, since the layers are swelled (d-spacing between 8 and
12 nm) but maintain their original parallel alignment, whereas the nanocomposite
prepared by the exfoliation–adsorption technique is highly disordered and
exfoliated.

9.4.2 Characterization of the Composite

Epoxy resin–based nanocomposites display a totally different behavior depend-
ing on their glass transition temperature. The best improvements in mechanical
properties are obtained for systems with subambient glass transition temperature.
In elastomeric epoxy matrices a stunning combination of increased tensile stress
at break, elongation, and Young’s modulus is achieved.44 In Figure 9.9 is shown
the strain at break values for an exfoliated epoxy–magadiite∗ nanocomposite pre-
pared from magadiite modified with methyloctadecylammonium ion (C18A1M),
an intercalated nanocomposite prepared from magadiite modified with trimethy-
loctadecylammonium ion (C18A3M), and a conventional composite prepared
from magadiite modified with octadecylammonium ion (C18A). As expected,
the tensile properties improve with increasing degree of nanolayer separation.

In high-Tg epoxy thermosets, neither intercalated nor exfoliated nanosilicates
lead to an improvement in the tensile stress at break.39,45 However, even brittle
epoxy matrices exhibit an increase in Young’s modulus, and the stress inten-
sity factor causes KIc, a measure of the energy dissipation at a crack tip during
fracture, to increase. This effect appears generally to be more pronounced for
exfoliated structures than for intercalated ones. Becker et al.31 investigated the
properties of octadecylammonium-modified montmorillonite-based nanocompos-
ites in di-, tri-, and tetrafunctional epoxy. They observed an increase in KIc and
reduced Tg compared to neat epoxy for all the systems. The reduction in Tg is

∗Magadiite is a cationic clay of formula Na2Si14O29 · nH2O belonging to the family of layered silicic
acids.
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FIGURE 9.7 TEM micrographs of a nanocomposite prepared by the exfoliation–
adsorption technique. The clay is highly disordered and exfoliated. (From Ref. 42, copy-
right  2004, American Chemical Society, with permission.)

higher for epoxies with high cross-link density. It suggests that the spatial arrange-
ment of the nanoparticles disrupts the cross-link density of the matrix and that
this effect is more evident for high cross-link density of the matrix and improved
dispersion of the clay layers. Another possible explanation for the decrease in Tg

is due to the homopolymerization and plasticizing effect catalyzed by the proto-
nated alkylammonium, as discussed previously (Figure 9.2). Messersmith et al.7

obtained a broadening and slight increase in Tg (about 4◦C) for a glassy epoxy



246 THERMOSET FIRE RETARDANT NANOCOMPOSITES

FIGURE 9.8 TEM micrographs of an epoxy–clay (4 vol%) nanocomposite obtained by
standard in situ polymerization. The clay tactoids are mostly preserved since the layers are
swelled (d-spacing between 8 and 12 nm) but maintain their original parallel alignment.
(From Ref. 7, copyright  1994, American Chemical Society, with permission.)

resin by using a mica-type silicate modified with bis(2-hydroxyethyl)methyl tal-
low alkylammonium. It suggests that by using a proper reactive compatibilizer,
the chemical bonding at the interface of the silicate–epoxy matrix can lead to
hindered relaxational mobility in the polymer segments near the interface that
exceeds the effect of cross-link disruption, due to the spatial arrangement of the
nanoparticles.

Dynamic mechanical analysis (DMA) of epoxy nanocomposites shows that the
elastic modulus E′ appears to be substantially enhanced, especially at tempera-
tures above Tg . For example, DGEBA cured with benzyldimethylamine, below Tg
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FIGURE 9.9 Comparison of the strain at break values for an exfoliated epoxy–
magadiite nanocomposite prepared from magadiite modified with methyloctadecylammo-
nium ion (C18A1M), an intercalated nanocomposite prepared from magadiite modified
with trimethyloctadecylammonium ion (C18A3M), and a conventional composite prepared
from magadiite modified with octadecylammonium ion (C18A). (From Ref. 44, copyright
 1998, American Chemical Society, with permission.)

shows a 58% increase in modulus by the dispersion of 4 vol% montmorillonite.7

At 40◦C, E′ equals 2.44 and 1.55 GPa for the nanocomposite and unfilled
cross-linked matrix, respectively. But above Tg (e.g., at 150◦C) the elastic mod-
ulus improvement reaches a 4.5 factor, with E′ values of 11 and 50 MPa for
the unfilled and filled epoxy, respectively. Other interesting features of epoxy
nanocomposite are improved chemical stability and solvent resistance,46 dimen-
sional stability,47 and optical transparency.48

9.4.3 Thermal Stability and Combustion Behavior

9.4.3.1 Thermal Decomposition of Neat Epoxy Resins The thermal decom-
position of neat epoxy resins was investigated by several authors by means of
thermogravimetric analysis and spectroscopic analysis.49 – 51 In nitrogen two main
steps of decomposition are observed. The first process with a maximum rate at
about 300◦C causes the main loss in weight. It involves elimination of water
through dehydration of secondary alcohol groups and the formation of unsatu-
rated structures. The unsaturations generate weak aliphatic C−O and C−N bonds
in the β-position which break down, giving formation of phenolic chain ends
and secondary amine-terminal functions, respectively. The following fragmenta-
tion of the cross-linked structure implies the volatilization of chain fragments,
which is more likely for bifunctional than polyfunctional epoxies. Volatilization
is, however, limited by the development of an antagonistic process that leads to
the condensation of polyaromatic structures. Elemental nitrogen may be impli-
cated in the formation of heat-resistant cyclized structures, which are more stable
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than carbonaceous structures. In the second step of thermal decomposition, with
a maximum rate at about 400◦C, scission of the residual aliphatic C−N and
C−O, together with C–phenyl bonds of bisphenol A, leads to almost complete
volatilization. A small amount of stable charred residue is the product of aromati-
zation reactions involving cyclic and heterocyclic polymerized structures created
in chain scissions occurring at lower temperature and the aromatic ring of the
pristine resin. The amount of residue varies typically between 4 and 30 wt% and
increases with the cross-link density.

In air a thermooxidative mechanism of degradation leads to a higher amount
of polyaromatic structures up to about 500◦C. However, at higher temperatures,
complete volatilization of material occurs, and no residue is observed.

9.4.3.2 Thermal Decomposition of Organically Modified Layered Silicates
The thermal stability of organically modified clays plays a key role in the syn-
thesis and processing of polymer-layered silicate (PLS) nanocomposites.38 The
thermal decomposition of ammonium-treated clays proceeds, schematically, in
four steps:

1. Evolution of absorbed water and gaseous species below 180◦C
2. Evolution of organic substances from 200 to 500◦C
3. Dehydroxylation of the aluminosilicate between 500 and 700◦C
4. Evolution of products associated with residual organic carbonaceous residue

between 700 and 1000◦C

The onset temperature of decomposition of alkyl quaternary ammonium–
modified montmorillonite, in nonoxidative thermal degradation, is about 180◦C.37

Initial degradation of the surfactant follows either a Hofmann elimination or
an SN2 nucleophilic substitution mechanism.37,52,53 Both mechanisms can affect
the performance of high-processing-temperature nanocomposites and, in general,
the thermal stability and combustion behavior of nanocomposites. In particular,
Hofmann elimination generates acidic sites on the layered silicate that can act
as a protonic acid catalyst on polymer decomposition.33,54,55 Imidazolium and
phosphonium salts exhibit improved thermal stability compared to ammonium
salts.14,38 Alkylimidazolium salt–modified layered silicates were used success-
fully to prepare organoclays that exhibit an onset of decomposition temperature
up to 392◦C.

9.4.3.3 Thermal Decomposition of Polymeric Nanocomposites Based on Cati-
onic Clays The low onset of decomposition temperature of onium salts in
most cases limits the thermal stability of polymeric nanocomposites. Figure 9.10
shows the TGA curves in a nitrogen atmosphere for magadiite modified with
methyloctadecylammonium ion (C18A1M), magadiite modified with trimethyloc-
tadecylammonium ion (C18A3M), and the respective nanocomposites containing
20 wt% clay.44 The lower-temperature weight loss for the C18A3M nanocom-
posite is indicative of the decomposition and volatilization of the quaternary
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FIGURE 9.10 Thermogravimetric analysis curves for epoxy nanocomposites containing
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(From Ref. 44, copyright  1998, American Chemical Society, with permission.)

alkylammonium cations in the clay, as is suggested by the analogous weight loss
observed for neat C18A3M–magadiite. By comparison, the C18A1M nanocom-
posite exhibits higher thermal stability. No low-temperature weight loss for the
decomposition of surfactant is observed because the secondary onium ions react
with the oxirane rings and become part of the polymer network. Therefore,
the thermal stability of the epoxy matrix is not affected by the presence of
the organoclay in tethered epoxy nanocomposites. For the preparation of this
nanocomposite, an elastomeric epoxy resin with a relatively low thermal stability
of about 300◦C was used.

Different results are obtained for high-thermal-stability epoxies. In this case the
nanocomposite shows a decrease in the onset of decomposition temperature com-
pared to the neat polymer. Hussain et al.56 showed that the onset of decomposition
of an amino-cured epoxy is 420◦C, whereas a nanocomposite containing 5 wt%
octadecylammonium montmorillonite exhibits, at the same temperature, 420◦C, a
weight loss of 10%. It is obvious that in this case the weight loss in the nanocom-
posite is not only a direct effect of volatilization of the surfactant but is attributed
to the catalytic effect of onium decomposition. Camino et al.33 compared the
effect of different organo-modified montmorillonites on the thermal stability of a
DGEBA cured with methyl tetrahydrophthalic anhydride. They observed that the
octadecylammonium montmorillonite nanocomposite has the lowest onset at 5
wt% loss (288◦C), compared to bis(2-hydroxyethyl)ammonium montmorillonite
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(329◦C) and dimethyl hydrogenated-tallow (2-ethylexyl)ammonium montmoril-
lonite (342◦C). They concluded that this is due to the larger catalytic activity
related to the monoalkyl structure of its organic modifier compared to the di-,
tri-, and tetraalkyl substitution of the other clays.

In nitrogen, a comparison of the residue yields from clay nanocomposites
reveals little improvement in the carbonaceous char yield once the presence of
the silicate in the residue is accounted for.44,57 Instead, in air the char yield
increase is more relevant.33 Hussain and co-workers56 studied the effect of clay
(octadecylammonium montmorillonite) and an organophosphorus epoxy modifier
[9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)] on DGEBA
and tetrafunctional tetraglycidyldiaminodiphenylmethane (TGDDM) epoxies cur-
ed with amine curing agent (an isomer mixture of 3,5-diethyltoluene-2,4-diamine
and 3,5-diethyltoluene-2,6-diamine). They prepared 3 wt% P containing epoxies
by reacting DGEBA or TGDDM with DOPO. Standard and modified epox-
ies were used for preparing clay nanocomposites that show a mixed interca-
lated–exfoliated structure. The clay enhanced char formation in air significantly.
For example, the char yield at 600◦C increases from 14 wt% in the neat DGEBA
to 38 and 42 wt% for 5 wt% clay–DGEBA nanocomposite and 3 wt% P-modified
epoxy, respectively. Similar results were observed for TGDDM-based formula-
tions. The results are summarized in the histogram of Figure 9.11. The presence
of clay increased the oxidation resistance of char during degradation in air. An
increase in the yield and stability of char in oxidative conditions was observed
in epoxy nanocomposites by Camino and co-workers.33 In this case, the max-
imum char yield and barrier effect to oxygen were maximum for exfoliated

40

30

20

10

0

C
ha

r 
yi

el
d%

DGEBA
TGDDM

Cured Epoxy 3% Phos-Epoxy 3% Phos-7.5%
Clay-Epoxy

7.5%Clay-Epoxy

FIGURE 9.11 Histogram of the char yields at 600◦C for DGEBA and TGDDM control
samples, 3% P-modified epoxies, and 7.5% clay nanocomposites. (From Ref. 56, copyright
 2004, John Wiley & Sons, Inc., with permission.)



EPOXY NANOCOMPOSITES BASED ON CATIONIC CLAYS 251

structures and negligible for intercalated or microstructures. Gilman et al.3 char-
acterized polymer nanocomposites by means of a radiative gasification apparatus.
They observed that independent of the chemical structure (thermoplastic or ther-
moset) and nanostructure (delaminated or intercalated) of the nanocomposite, the
clay layers reassemble on the surface of the polymer, forming a carbon–silicate
multilayered structure with an interlayer spacing of about 1.3 nm. The inter-
calated carbon–silicate structure may act as a mass transport barrier, slowing
the escape of volatiles generated by the polymer degradation and the diffusion
of oxygen. It explains the increased oxidation resistance reported in polymeric
nanocomposites.17,58

9.4.3.4 Combustion Behavior of Polymeric Nanocomposites Based on Catio-
nic Clays Layered silicates dispersed at a nanoscale in a polymeric matrix
reduce the maximum rate of heat release up to 50 to 70% with a clay loading of
only 5 wt%. The degree of clay dispersion affects the performance observed. On
the one hand, a nano-dispersion is necessary, as no significant improvement in
terms of the heat of release rate is observed when layered silicates are dispersed
in the polymeric matrix at a micro level.3 On the other hand, exfoliation of clay
is not necessary, and intercalated nanocomposites perform as well as delaminated
nanocomposites.59

Polymer nanocomposites are attracting research attention in the field of flame
retardancy primarily for their low combustion rate. Preliminary results showed
that clays can reduce the amount of traditional flame retardants required to com-
ply with the standards, but so far, the approach to nanocomposites itself is not
sufficient to facilitate passing commercial tests. For example, in terms of the lim-
iting oxygen index (LOI), the improvement achieved by using clays is generally
not relevant. A typical increase between 1 and 2% in LOI values is seen with 5
wt% organoclay.14 Better results were observed by Hussain et al.,56 who found
an increase in LOI values from 25.0% for neat DGEBA to 32.7 and 34.5% for
5.0 and 7.5 wt% nanocomposites, respectively. Similarly, for a tetrafunctional
TGDDM epoxy, the LOI values increase from 26.3% in neat polymer to 35.1
and 36.7% in nanocomposites containing 5 and 7.5 wt% clay, respectively. These
outcomes are quite surprising and could be related to the unusually high char yield
observed in these epoxy systems (see Section 9.4.3.3).

More impressive results and a better comprehension of the mechanism of
action of clays in terms of combustion behavior can be achieved by means of cone
calorimetry. The first study reported on the flammability of epoxy clay nanocom-
posites investigated the effect of dimethyl-ditallow-ammonium montmorillonite
in DGEBA cured with either methylenedianiline (MDA) or benzyldimethylamine
(BDMA).3 The XRD characterization of the MDA- and BDMA-cured nanocom-
posites indicates an intercalated structure with a d-spacing of 3.5 and 4.3 nm,
respectively. Cone calorimeter data show that the peak heat release rate (PHRR)
and the average heat release rate (HRR) are significantly improved with 6 wt% sil-
icate. The HRR plots for DGEBA–MDA and the DGEBA–MDA clay nanocom-
posites are compared in Figure 9.12. The PHRR, HRR, and average mass loss
rate (MLR) decrease by about 40%. The heat of combustion, smoke obscuration,
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and carbon monoxide yields are unchanged. These results suggest that the mech-
anism of action of clay nanocomposites is operating primarily in the condensed
phase. A shorter ignition time is observed in the nanocomposite. This may be
due to the low stability of the unreactive organic modifier.

The difference between tethered and nontethered epoxy nanocomposites pre-
pared with reactive hydroxyethyl-substituted quaternary alkylammonium modifier
and unreactive quaternary alkylammonium modifier, respectively, was investig-
ated.59 A tether was formed by reaction of the anhydride curative (hexahydro-4-
methylphthalic anhydride) with the alcohol group on the hydroxyethyl-substituted
quaternary alkylammonium treatment used on the montmorillonite. The HRR
plots (Figure 9.13) do not show any significant difference between the tethered
and nontethered nanocomposites, also in terms of ignition time. The reduction
in the PHRR was in the range 10 to 20%. Furthermore, the same authors found
even a slight increase in the PHRR for a nanocomposite containing 5 wt% qua-
ternary alkylammonium–modified montmorillonite over neat DGEBA when an
aromatic amine (Curative W, Shell) was used as the curing agent. These results
were lower than expected. In all cases the presence of clay caused a decrease in
Tg of about 14◦C. It suggests that nanoparticles can interfere with the network
formation of a polymer and also hasten the combustion behavior.

The reduction in the PHRR observed by Camino et al.31 in a similar DGEBA–
anhydride system is considerably higher. They used methyl tetrahydrophthalic
anhydride as the curing agent and 10 wt% organoclays. The resulting nanocom-
posites had an ordered intercalated–exfoliated structure. A reduction of 68 and
38% in the PHRR compared to neat epoxy was observed in a nanocomposite



EPOXY NANOCOMPOSITES BASED ON CATIONIC CLAYS 253

1500

1200

900

600

300

0

H
ea

t r
el

ea
se

 r
at

e 
(k

W
/m

2 )

0 50 100 150 200 250 300 350 400
Time (s)

Flux = 50 kW/m2

Peak HRR = 1222 kW/m2

Peak HRR = 1063 kW/m2

Peak HRR = 984 kW/m2

Epoxy/Anhydride - control

Epoxy/Anhydride/MMT (non-tethered) (SCPX 2165)

Epoxy/Anhydride/MMT (tethered) (SCPX 2003)

FIGURE 9.13 HRR plots for epoxy–anhydride control sample, epoxy–anhydride (non-
tethered) nanocomposite (SCPX2165), and epoxy-anhydride (tethered) nanocomposite.
(From Ref. 60.)

prepared with bis(2-hydroxyethyl)ammonium montmorillonite and octadecylam-
monium montmorillonite, respectively. It must be noted that curing in pure epoxy
used as a control sample was different from curing in nanocomposites. In fact,
1 wt% of imidazole was added as catalyzer to the epoxy–anhydride mixture in
the neat resin, whereas no imidazole was used for preparation of the nanocom-
posites since the clay itself exhibits a catalytic effect on the oxirane-ring-opening
reaction. Therefore, it cannot be excluded that the unusually high reduction of
the PHRR was partially related to the different curing conditions. In particular,
as elsewhere reported14 and as confirmed by the results in this work, use of an
acidic initiator decreases the onset of decomposition temperature.

Hartwig et al.14 investigated the influence of external heat fluxes on the fire
behavior of a cycloaliphatic epoxy (3,4-epoxycyclohexylmethyl-3′,4′-epoxycyclo-
hexane carboxylate) nanocomposite based on ammonium (hexadecyltrimethyla-
mmonium)- and phosphonium (hexadecyltriphenylphosphonium)-modified lay-
ered silicates. The resin was cured with poly(tetrahydrofuran) containing hydroxyl
end groups in the presence of benzyltetrahydrothiophenium as initiator. The clay
content in the nanocomposites was 4.7 wt%. In the presence of the clay, the
kinetic of reaction was slower than that of pure polymer, and higher curing
temperatures were used. The authors suggest that the superacid HSbF6, formed
through decomposition of the initiator or reaction of the primarily formed car-
bocation with a proton donor, may be adsorbed on the clay surface. This leads
to a reduced amount of superacid available to initiate the reaction. The pure
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FIGURE 9.14 Influence of external heat flux on the peak heat release rate and time to
ignition (tign). Pure epoxy (E + T), a nanocomposite containing hexadecyltrimethylammo-
nium silicate (E + T + TMA), and a nanocomposite containing hexadecyltriphenylphos-
phonium silicate (E + T + TPP) were characterized by cone calorimetry at different heat
fluxes (i.e., 30, 50, and 70 kW/m2). (From Ref. 14, copyright  2003, Wiley-VCH Verlag
GmbH & Co., with permission.)

epoxy (E + T), the nanocomposite containing hexadecyltrimethylammonium sili-
cate (E + T + TMA), and the nanocomposite containing hexadecyltriphenylphos-
phonium silicate (E + T + TPP) were characterized with cone calorimetry at
different heat fluxes (i.e., 30, 50, and 70 kW/m2). The results for the PHRR
and tign (time to ignition) are summarized in Figure 9.14. The reduction in the
PHRR was more evident at a high external heat flux: 33 and 20% for an exter-
nal heat flux of 70 and 30 kW/m2, respectively. The tign value was higher for
nanocomposites than for neat polymer, especially at low heat flux. This is an
unusual result that can be explained by the particular curing chemistry of the
system. In fact, adsorption of the acidic initiator on the clay surface leads to an
increase in thermal stability for the nanocomposites.

The reduced rate of combustion in nanocomposites can also be observed eas-
ily by a horizontal Bunsen burner test such as the UL-94 horizontal burning test
or the FAR 25.853. The samples are ignited in a horizontal configuration with a
methane flame, and the propagation speed of the flame is recorded. As illustrated
in Figure 9.15, the time necessary for the front flame to reach the 150-mm mark
on the samples increases by up to 78%14 in epoxy nanocomposites containing
4.7 wt% of organoclay. However, all samples burned completely, whereas as dis-
cussed in Section 9.5.3.3, anionic clay–based nanocomposites may also exhibit
self-extinguishing behavior.

The total heat evolved from clay nanocomposites reveals little improvement
once the reduction in combustible organic material due to the presence of sil-
icate is accounted for. A reduction of about 1 to 3% compared to pure epoxy
is observed by cone calorimetry.14 This effect is far below that usually result-
ing from adding traditional flame retardants. For this reason, researchers turned
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(From Reg. 14, copyright  2003, Wiley-VCH Verlag GmbH & Co., with permission.)

their attention to the identification of possible synergistic effects between clays
and conventional flame retardants that might combine the low combustion rate
of nanocomposites with the reduction in the evolved heat of traditional flame
retardants. Formulations containing phosphorus flame retardants (e.g., ammo-
nium polyphosphate) and organoclays had already been investigated and showed
interesting results in intumescent thermoplastic systems.60 The combination of
organophosphorus and clay was also studied in epoxy resins.56 DGEBA and tetra-
functional TGDDM epoxies were modified with P-containing organic moieties.
Standard and P-modified resins were used for preparing 7.5 wt% clay nanocom-
posites. For both TGDDM and DGEBA nanocomposites, P-containing epoxies
showed an antisynergistic effect with clays. For example, the reduction in the
PHRR compared to neat DGEBA was 40, 50, and 38% for the clay–DGEBA
nanocomposite, 3 wt% P-modified epoxy, and 3 wt% P-modified epoxy nanocom-
posite, respectively. The same trend was also observed for TGDDM-based for-
mulations, but in this case the effectiveness of clay was lower (17% reduction in
the PHRR).

9.5 EPOXY NANOCOMPOSITES BASED ON ANIONIC CLAYS

As discussed in Section 9.2.2, the anion exchange capacities of LDH are about
three to four times higher than the corresponding cation exchange capacities of
silicate clays such as sodium montmorillonite. The electrostatic stacking forces
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between layers and intercalated anions increase with the exchange capacity; this
is unfavorable for the exfoliation process61,62 and may explain the relatively low
number of LDH-based nanocomposites reported in the literature.

9.5.1 Preparation Procedures

Usually, only intercalated structures with low d-spacings are obtained with LDH,
as found for poly(styrene sulfonate), poly(vinyl sulfonate), poly(acrylic acid),
poly(ethylene oxide), and dioctyl sulfosuccinate LDH nanocomposites.63 – 66 Ther-
moplastic nanocomposites based on LDH are usually prepared by solution inter-
calation or in situ polymerization. In our previous work we showed that it is
also possible to get delamination of LDH in thermoplastic polymers by melt
compounding when a suitable inter-or intralayer composition of LDH and proper
processing conditions are selected.67

The preparation of thermosetting nanocomposites based on anionic clays is
achieved by in situ polymerization with procedures and principles similar to those
discussed in Section 9.4.1 for cationic clays. In situ polymerization by an exfolia-
tion–adsorption technique in which organo-modified clay is dispersed in a solvent
before beginning standard in situ polymerization does not seem to be effective for
LDH. This is because anionic clays are not as easily delaminated in solvents such
as cationic clays. A complete delamination in formamide of a high-aspect-ratio
LDH in nitrate form has been reported.68 However, the high boiling temperature
(210◦C) of formamide makes extraction of this solvent inconvenient. It is reported
that alcohols or ethylene glycol can also intercalate between LDH layers and pro-
mote swelling and delamination.69 The use of alcohols may even be deleterious
and prevent further expansion of the clay gallery after swelling, as discussed later.

Hsueh and Chen70 reported the preparation of a LDH–epoxy nanocomposite
by standard in situ polymerization. They synthesized an aminolaurate-modified
LDH by the coprecipitation method at a constant pH. The clay (filler content 3 to
7 wt%) was swelled in DGEBA at 55◦C for 3 h; mixed 2 h at room temperature
with the curing agent, a commercial polyoxypropylene diamine (Jeffamine D400,
Huntsman Corp.); and cured at 75◦C for 3 h and 135◦C for an additional 3 h. XRD
patterns showed that during the swelling the d-spacing of LDH increased from
2.1 nm to about 3.0 nm. A further increase in d-spacing was observed during
curing at 75◦C, and after postcuring at 135◦C, no XRD could be detected. TEM
micrographs show stacks of a few ordered exfoliated layers with a d-spacing of
about 8 nm.

Work in our laboratory showed that complete intercalation of DGEBA in
organo-modified LDH can be obtained without using long-chain aliphatic sur-
factants or swelling agents.40 Specifically, three different LDHs modified with
3-aminobenzenesulfonate, 4-toluenesulfonate, and hydroxybenzenesulfonate,
respectively, were synthesized. The organo-modified LDHs were obtained by
ionic exchange in an acid medium of a magnesium–aluminum carbonate LDH
(Pural MG61HT, Sasol Germany GmbH). Its chemical formula for octahedral
unit is:

Mg1−xAlx(OH)2(CO3
2−)x/2 · nH2O
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FIGURE 9.16 Diffraction pattern of the carbonate LDH precursor (Mg61) with its
Miller indexing. The d003 = 0.76 nm is the characteristic basal d-spacing of a carbonate
magnesium–aluminum LDH, in which carbonate is the intercalated exchangeable anion
in the clay gallery. (From Ref. 40, copyright  2005, Elsevier, with permission.)

where x = 0.33 and n ≈ 0.5. Its diffraction pattern with characteristic d-spacings
and Miller indexing is shown in Figure 9.16. Despite the high affinity between
carbonate anions and LDH layers, the exchange with organic sulfonates was
massive. No peak related to the carbonate LDH (d-spacing 0.76 nm) could
be detected in the XRD patterns of the organo-modified LDH as reported in
Figure 9.17. Actually, residue carbonate anions are co-intercalated with the organ-
ic sulfonates as indicated by FTIR and elemental analysis data.40 The lack of
a basal peak at 0.76 nm does not mean that carbonate anions are completely
removed. In fact, a low amount of small carbonate anions can be solubilized
into the interlayer region of the large organic anions without any detectable
change in d-spacing. This behavior is expected for a layered solid with suffi-
ciently rigid layers.

The organo-modified LDHs (6.4 wt%) were swelled in DGEBA 12 h at
80◦C and 2 h at 120◦C. The two epoxyphilic clays Mg61–ABS (modified with
amino-substituted benzene sulfonate) and Mg61–HBS (modified with hydroxy-
substituted benzenesulfonate) showed different results. In fact, no intercalation
was observed for Mg61–HBS, whereas a complete intercalation of the epoxy
monomer was observed for Mg61–ABS. The lack of intercalation with Mg61–
HBS is probably due to thermally activated grafting by condensation reactions
between the OH group of the organic anion (i.e., hydroxybenzenesulfonate) and
the hydroxyl groups of the LDH layer. With Mg61–ABS, instead, the x-ray
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FIGURE 9.17 Powder diffraction patterns of the carbonate LDH precursor after anionic
exchange with 4-toluenesulfonate (Mg61–TS), 3-aminobenzensulfonate (Mg61–ABS),
and hydroxybenzenesulfonate (Mg61–HBS).
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FIGURE 9.18 Liquid x-ray diffraction pattern of the epoxy monomer with 6.4 wt%
Mg61–ABS after swelling. The peaks detected are relative to the first four orders of
basal reflections. (From Ref. 40, copyright  2005, Elsevier, with permission.)
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diffraction of the liquid sample shows four orders of basal reflections (Figure
9.18), indicating a highly ordered intercalated structure with a d-spacing of
3.51 nm. A thin layer of the same liquid epoxy sample was spread on a grid
and observed by TEM (Figure 9.19a). The layers are clearly visible and TEM
outcomes in terms of d-spacing are in agreement with XRD.

After swelling, the formulations were cured with a stoichiometric amount
of poly(propylene glycol)bis(2-aminopropyl) ether (Jeffamine D230, Huntsman
Corp.). The clay content in the final composite was 5 wt%. The x-ray diffraction
patterns of the samples after curing are shown in Figure 9.20. An intercalated
structure was observed with Mg61–TS (modified with 4-toluenesulfonate). The
d-spacing increased from 1.71 nm in the pristine organo-LDH to 2.33 nm. For
the sample containing Mg61–ABS, two weak peaks at 2.84 and 1.86 nm were
detected. It is proposed that these peaks are a second and a third order of
diffraction, respectively. This hypothesis allows an estimated d-spacing of about
5.6 nm, which is in qualitative agreement with the nanostructure observed by
TEM (Figure 9.19b).

(a)

(b)

FIGURE 9.19 TEM micrographs of (a) a liquid epoxy monomer intercalated in MG61–
ABS (6.4 wt%) after swelling and (b) the same sample after curing with D230. (From
Ref. 40, copyright  2005, Elsevier, with permission.)
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FIGURE 9.20 X-ray diffraction patterns of the epoxy nanocomposites cured with Jef-
famine D230 containing 5 wt% Mg61–TS or Mg61–ABS.

The importance of the organic modifier and, in particular, of its reactivity with
the epoxy monomer is pointed out by the different increase in d-spacing in the
nanocomposites based on Mg61–TS (�d ≈ 0.6 nm) and Mg61–ABS (�d ≈
4.0 nm) compared to that of the pristine organoclays. Mg61–TS is modified
with a nonreactive surfactant, whereas Mg61–ABS is modified with an amine-
substituted benzenesulfonate that catalyzes the intragallery polymerization and
enhances the dispersion. Similar outcomes were discussed in Section 9.4.1 for
cationic clay–based nanocomposites.

The influence of the swelling conditions and curing agents on the morphology
of the nanocomposite in the system DGEBA–Mg61/ABS have also been investi-
gated. n-Butanol was used as a swelling agent, and triethylene tetraamine (TTA)
or 4,4′-diaminodiphenyl sulfone (DDS) was used in a stoichiometric amount as a
curative. Mg61–ABS was dispersed in n-butanol and then swelled with DGEBA
2 h at 120◦C and 2 h at 145◦C in vacuo. The LDH content was 5 wt%. Sam-
ples cured with both TTA and DDS showed a d-spacing after curing (3.3 and
3.4 nm, respectively) that was lower than the d-spacing observed after swelling
(3.5 nm). According to Chen et al.,71 a d-spacing contraction of about 0.2 nm
may be related to the stiffness of the extragallery polymer, which during cur-
ing increases faster than the stiffness of the intragallery polymer, such that the
intragallery material becomes compressed. We proposed that bridging reactions
(i.e., the reaction of one epoxy monomer with the amine groups of two facing
lamellae) prevented further expansion of the clay gallery. Indeed, n-butanol dur-
ing swelling promotes bridging reactions due to a chain transfer mechanism that
increases the reactivity of oxirane rings.72 The different behavior of the sample
cured with TTA and DDS from the sample cured with Jeffamine D230 (where
a large increase in the basal distance was observed) could also be explained by
the different diffusion rate (i.e., polarity, mobility) and reactivity of the curing
agents.39,73



EPOXY NANOCOMPOSITES BASED ON ANIONIC CLAYS 261

9.5.2 Characterization of the Composite

Hsueh and Chen70 showed that the use of aminolaurate-modified LDH in DGEBA
cured with polyoxypropylene diamine (Jeffamine D400) enhances the thermome-
chanical properties of a matrix. Dynamical mechanical analysis (DMA) pointed
out a gradual increase in the glass transition temperature, from 48◦C for neat
epoxy to 53◦, 55◦, 58◦, and 61◦C for a nanocomposite with a clay content of
1, 3, 5, and 7 wt%, respectively. The tensile properties were also enhanced, as
reported in Figure 9.21. The tensile strength and Young’s module were monoton-
ically increasing with nano-additive content, whereas the strain at break exhibited
a maximum at 3 wt%. The coefficient of thermal expansion was reduced signifi-
cantly both below and above Tg . The optical transparency of the nanocomposite
was comparable to that of neat polymer.

Gensler et al.74 investigated the water vapor permeability of LDH–epoxy
nanocomposites. They synthesized an LDH modified with stearylic acid anion.
The clay was first dispersed at room temperature for 2 h in a bisphenol A
diglycidyl ether monomer at high shear. After swelling, an anhydride hardener
(hexahydrophthalic anhydride) and an accelerator (not specified) were added to
the mixture. The samples were cured for 2 h at 120◦C and a further 5 h at 140◦C.
During swelling and curing the d-spacing of the LDH increased from 1.65 nm
in the neat organo-modified LDH to about 6.5 nm in the nanocomposite. The
water vapor permeability of epoxy nanocomposite films was measured at 23◦C
and 85% RH according to DIN 53122-1. As shown in Figure 9.22, the water
vapor permeability was reduced by factors of 5 and 10 for an LDH contents of
3 and 5 wt%, respectively.

9.5.3 Thermal Stability and Combustion Behavior

In previous work,40 a magnesium–aluminum carbonate LDH (Pural MG61HT,
Sasol Germany GmbH) was used as a precursor for the synthesis of organo-
modified LDH. This anionic clay was modified by exchange in an acid medium
with 4-toluenesulfonate and 3-aminobenzenesulfonate, and nanocomposites based
on 5 wt% of organo-modified LDH and DGEBA were prepared. In this section
the thermal stability and combustion behavior of these systems are discussed.

9.5.3.1 Thermal Decomposition of Layered Double Hydroxides The decom-
position mechanism of a carbonate LDH is a three-step process (Figure 9.23). The
first step, at low temperature, corresponds to the loss of interlayer water; this step
is reversible.75 The second and third steps, at higher temperatures, correspond
to the condensation of hydroxyls of the octahedral layer, together with decom-
position of the anion CO3

2−. The inorganic residue (≈56.0 wt%) is composed
of magnesium oxide and a spinel-like structure, MgAl2O4. The decomposition
is strongly endothermic: the enthalpies of reactions are 356 J/g for the first step
and 594 J/g for the second and third steps, respectively. The total heat absorp-
tion capacity (950 J/g) is comparable with that of magnesium (1200 J/g) and
aluminum hydroxides (1190 J/g).76
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versus filler content in a LDH epoxy nanocomposite. (From Ref. 70, copyright  2003,
Elsevier, with permission.)



EPOXY NANOCOMPOSITES BASED ON ANIONIC CLAYS 263

0

10

20

30

40

50

60

W
at

er
 v

ap
or

 p
er

m
ea

bi
lit

y 
(g

/m
2 ·

da
y)

EP EP +
3% H1

EP +
5% H1

FIGURE 9.22 Water vapor permeability for pure epoxy (EP) and nanocomposites con-
taining 3 wt% (3% H1) or 5 wt% (5% H1) of LDH modified with stearylic acid anion.
(From Ref. 74, copyright  2002, Wiley-VCH Verlag GmbH & Co., with permission.)

100 200 300 400 500 600 700 800

40

30

20

10

0
208

301
417

TG

DTG

M
as

s 
lo

ss
 (

%
)

Temperature (°C)

0,0

0,1

0,2

0,3
M

as
s 

lo
ss

 r
at

e 
(%

/°
C

)

FIGURE 9.23 Thermogravimetrical analysis of aluminum–magnesium LDH in carbon-
ate form (Pural MG 61HT, Sasol). (From Ref. 40, copyright  2005, Elsevier, with
permission.)

After anionic exchange, the organic-modified LDH presents two main steps
in decomposition. The first step is related to the release of adsorbed and inter-
calated water; in the second step the endothermic decomposition of hydroxyl
layers is overlapped with the exothermic decomposition of organic anions. The
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residue is composed mostly by magnesium–aluminum oxides, but the surfactant
can also contribute to form a high-temperature stable char. As an example, the
thermogravimetric analysis in nitrogen of 3-aminobenzensulfonate/LDH exhibits
a residue of 40 wt% at 900◦C. The theoretical inorganic residue (i.e., MgO and
MgAl2O4) is only 37.6 wt% which means that other species, such as sulfate-
and sulfur-containing organic moieties, are still retained at 900◦C. This is further
supported by an FTIR absorption spectrum of the residue.40

9.5.3.2 Thermal Decomposition of Polymeric Nanocomposites Based on
Anionic Clays The thermal decomposition of DGEBA nanocomposites cured
with polyoxypropylene diamine (Jeffamine D230) and containing 4-toluenesul-
fonate/LDH was investigated by simultaneous thermal analysis (STA) in air.
The LDH nanocomposite (TS/LDH) is compared to the neat epoxy and to a
bis(2-hydroxyethyl)ammonium montmorillonite nanocomposite (30B). The clay
content was 5 wt% for both nanocomposites. In Figure 9.24, differential thermal
analyses obtained by STA are shown. A main exothermic peak is observed at
about 550◦C for neat epoxy. In the LDH nanocomposite this peak is split in two
parts, so the heat release rate is decreased and the heat evolution delayed, where
as no relevant difference is observed between neat epoxy and the cationic clay
nanocomposite.
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FIGURE 9.24 Differential thermal analysis in air of neat epoxy resin (pure epoxy), a
4-toluenesulfonate/LDH nanocomposite (TS/LDH), and a bis(2-hydroxyethyl)ammonium
montmorillonite nanocomposite (30B). The nanoadditive content is 5 wt%. The main
exothermic peak observed in the neat epoxy is split in two parts in the LDH nanocomposite.
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FIGURE 9.25 Thermogravimetrical analysis of a neat epoxy sample (DGEBA cured
with diaminodiphenyl sulfone) and a nanocomposite containing 5 wt% LDH modified
with 3-aminobenzenesulfonate. Reprinted (From Ref. 40, copyright  2005, Elsevier,
with permission.)

TGA of organosulfonate-modified LDH-based nanocomposites pointed out
that the presence of clay promotes char formation. As an example, Figure 9.25
shows the TGA of a neat epoxy sample (DGEBA cured with diaminodiphenyl sul-
fone) and a nanocomposite containing 5 wt% of LDH modified with
3-aminobenzenesulfonate. Compared to pure epoxy, the nanocomposite exhibits
a reduction in the onset of decomposition temperature of about 15◦C and an
increase in the residue at 550◦C of about 36%. Char promotion and a decrease
in thermal stability are also observed for epoxy resins containing phosphorus-
containing flame retardants such as ammonium polyphosphate (APP). APP
decomposes at about 200◦C into polyphosphoric acid and ammonia. The poly-
phosphoric acid catalyzes dehydration of the polymer, which is the first step in
degradation of the epoxy network and promotes the formation of unsaturated
compounds with subsequent charring.49,77 The charring agent precursor in intu-
mescent systems is usually a phosphorus compound, in most cases APP, but
sulfur compounds can also be used. When heated, sulfonates decompose to form
strong mineral acids that catalyze dehydration reactions.78 For this reason we
propose that the organosulfonate used as a surfactant in LDH promotes char-
ring reactions in epoxy nanocomposites. A further clue that charring is related
to the nature of the surface modifier rather than the LDH itself comes from
previous studies. Hsueh and Chen70 prepared an epoxy nanocomposite based
on LDH modified with an aminocarboxylate (12-aminolaurate), and observed,
compared to the pristine polymer, an increase in thermal stability due to the
typical barrier effect of clays but no increase in residue at higher temperatures.
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On the other hand, Chen and Qu79 showed that in polypropylene–graft–maleic
anhydride (PE-g-MA) nanocomposite based on a dodecyl sulfate–modified LDH,
thermal stability is depressed but charring of the polymer is enhanced. So it seems
that the intercalated anion, in particular its acidity, are main factors that influence
the degradation pathway by a charring mechanism.

9.5.3.3 Combustion Behavior of Polymeric Nanocomposites Based on Anionic
Clays LDH used as a conventional filler contributes to the flame retardancy of
polymeric matrix by producing a refractory oxide residue on the surface of the
material and releasing aqueous vapor and carbon dioxide during the decomposi-
tion. The endothermic nature of these processes and the dilution of combustible
gases of pyrolysis increase the ignition time and reduce the heat release during
combustion.76 When LDH is dispersed at a nanolevel, these effects are combined
with the typical effects of nanocomposites. In this work the flame retardant effec-
tiveness of nanodispersed LDH in epoxy resins is compared with nanodispersed
montmorillonite clay and conventional microfiller such as aluminum trihydroxide
and ammonium polyphosphate. The combustion behavior of polymeric nanocom-
posites is studied by means of the UL-94 burning test and cone calorimetry. The
formulations investigated together with their identification names are shown in
Table 9.1.

The UL-94 horizontal burning test points out that LDH-based nanocompos-
ites (epoxy–LDH1 and epoxy–LDH2) show higher flame retardant properties
than those of conventional nanocomposites based on organically modified mont-
morillonite (epoxy–MMT1 and epoxy–MMT2) and of microcomposites con-
taining traditional flame retardants such as aluminum hydroxide (epoxy–ATH)
and carbonate-form LDH (epoxy–LDH/CO3). In fact, only LDH nanocompos-
ites showed self-extinguishing behavior in the horizontal UL-94 HB test; LDH

TABLE 9.1 Epoxy Micro-and nanocompositesa

Sample Filler d-Spacingb (nm)

Epoxy — —
Epoxy + LDH/CO3 Carbonate LDH (Pural MG61HT) 0.8
Epoxy + LDH1 3-Aminobenzenesulfonate–modified LDH 5.6
Epoxy + LDH2 4-Toluenesulfonate–modified LDH 2.3
Epoxy + MMT1 Bis(2-hydroxyethyl)ammonium

montmorillonite (Cloisite 30B)
4.0

Epoxy + MMT2 C14–C18 primary alkylamine montmorillonite
(Laviosa)

7.0

Epoxy + ATH Aluminum hydroxide (Apyral 40D, Nabaltec) —
Epoxy + APP Ammonium polyphosphate (Exolit AP422,

Clariant)
—

a All samples are based on DGEBA cured with polyoxypropylene diamine (Jeffamine D230, Hunts-
man Corp.) for 5 h at 50◦C and 2 h at 110◦C. The filler content is 5 wt%.
b Values determined by XRD or estimated by TEM when no clear diffraction peak was detected.
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FIGURE 9.26 Linear burning rates of epoxy samples obtained according to the UL-94
horizontal burning test; only LDH-based nanocomposites (i.e., epoxy + LDH1 and epoxy
+ LDH2) show self-extinguishing properties (the front flame did not reach the first mark
at 25 mm or extinguished in the first 30 mm of the specimen).

microcomposites and montmorillonite-based nanocomposite samples burned com-
pletely, showing that the unique flame resistance of LDH nanocomposites is
related to both the level of dispersion and the intrinsic properties of the mod-
ified LDH (Figure 9.26). To our knowledge these are the first examples of
self-extinguishing nanocomposites which contain no other flame retardant used
for the nanoadditive.

The combustion of the LDH nanocomposites leads to the formation of an inter-
calated nanostructure of mixed metal oxides (produced by thermal degradation
of LDH) and char. This hypothesis is supported by XRD, due to the presence of
a peak at 1.28 nm in the epoxy–LDH1 and epoxy–LDH2 after the UL-94 test.
It is interesting to note that Gilman et al.3 reported an intercalated structure of
char from montmorillonite nanocomposites, with the same interlayer spacing of
the chars, 1.3 nm, independent of the chemical structure of the polymer (ther-
moplastic or thermosetting) or nanostructure (delaminated or intercalated). The
same value observed in an LDH-based nanocomposite (1.28 nm) shows that the
interlayer spacing in the char may be independent of the nature of the layered
crystal.

Cone calorimetry confirms the higher performance of LDH nanocomposites
compared to montmorillonite nanocomposites (Table 9.2). Epoxy–LDH1 and
epoxy–LDH2 show a reduction in the peak heat release rate (PHRR) of 51 and
40%, respectively, compared to neat epoxy resin. This result is much better than
the one achieved with montmorillonite epoxy–MMT2 (27% reduction in PHRR).
The slow heat release of epoxy–LDH1 and epoxy–LDH2 can be justified by the
formation of a compact continuous residue with intumescent behavior, whereas
the surface of epoxy–MMT2 after a cone calorimeter test is fragmented com-
pletely (Figure 9.27). The residue of epoxy–LDH1 after a cone calorimeter test
shows a thin shell structure. The thickness of this shielding layer is about 1 mm,
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TABLE 9.2 Cone Calorimeter Dataa

Sample

Residue
Yield
(%)

Peak HRR
[kW/m2

(�%)]

Mean HRR
[kW/m2

(�%)]
Mean Hc

(MJ/kg)
Mean MLR

(g/m2· s)
Mean SEA

(m2/ kg)
tign

(s)

Epoxy 3.3 1181 533 26 23 750 109
Epoxy–

MMT2
8.6 862(27) 477(11) 23 21 773 110

Epoxy–
LDH1

8.4 715(40) 382(28) 23 17 724 98

Epoxy–
LDH2

9.5 584(51) 347(35) 22 15 743 112

Epoxy–
APP

90.1 491(62) 105(80) 17 6 720 78

a Heat flux, 35 kW/m2. Hc , specific heat of combustion; SEA, specific extinction area; tign, ignition
time. Peak heat release rate, mass loss rate, and SEA data are reproducible to within ±10%. The
heat of combustion and the time to ignition data are reproducible to within ±15%. The cone data
reported are the average of three replicated samples. The samples are square plates 100 mm large
and 8 mm thick.

(a) (b)

FIGURE 9.27 Comparison of the carbonaceous residues obtained after cone calorimeter
tests: (a) compact char of epoxy–LDH1 (LDH nanocomposite) with intumescent behavior
(char thickness up to 50 mm); (b) fragmented char of Epoxy–MMT2 (montmorillonite
nanocomposite). (From Ref. 40, copyright  2005, Elsevier, with permission.)

and it reaches a maximum height of 5 cm. This structure has good mechanical
strength, integrity, coherence, and adherence to the substrate. The protective shell
formed on the surface of the samples after burning has a bilayer structure: the
internal face, white and porous, is formed by metal oxides, whereas the external
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face, black and compact, is formed by carbonaceous residues (some of which
may be from soot formed in the gas phase).

LDH-based nanocomposites after UL-94 HB presented an intercalated struc-
ture of the residue with an interlayer spacing of 1.28 nm (discussed above),
whereas after cone calorimeter, no peak could be detected by XRD. Actually,
cone calorimetry and UL-94 HB present different testing conditions. In UL-94
the flame on the sample is the only source of heat, so after the flame is extin-
guished the char is not subjected to oxidation. Instead, in the cone calorimeter
the residue is exposed to an external heat flux during burning and after flame
extinction until it is removed from the device (≈2 min). After flame extinction,
LDH-based nanocomposites show a strong incandescent afterglow, which forces
the residual carbon to be at least partially oxidized to CO and CO2. This is
due to the products of decomposition of LDH (i.e., magnesium and aluminum
oxides) that catalyze oxidation reactions to produce afterglowing.80,81 Therefore,
we propose that during the combustion of LDH-based nanocomposites, first an
intercalated structure of char and metal oxides is formed, and then, during after-
glowing, the intercalated carbonaceous residue is oxidized to CO and CO2 by a
reaction that is catalyzed by the metal oxides themselves.

HRR plots are compared in Figure 9.28. It is worth noting that the strong
reduction in heat release rate observed in epoxy–LDH1 and epoxy–LDH2 after
about 160 s is coincident with the rapid expansion of char. Thus, LDH modified
with organic sulfonates act as a nanointumescent system in which the epoxy
resin itself is the source of the char, the sulfonate is the charring agent (see
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FIGURE 9.28 HRR plots for epoxy control sample (epoxy), epoxy–LDH nanocompos-
ites (epoxy–LDH1 and epoxy–LDH2), epoxy–montmorillonite nanocomposite (epoxy–
MMT2) nanocomposite, and epoxy/ammonium polyphosphate (epoxy–APP). The intu-
mescent behavior of LDH-based nanocomposites starts at about t = 160s. Reprinted
(From Ref. 40, Copyright  2005, Elsevier, with permission.)
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Section 9.5.3.2), and water and CO2 (evolved during the thermal decomposition
of hydroxyl layers) are the blowing agents.

In terms of weight loss and heat release, nanocomposites are less effective
than epoxy–APP, but on the other hand, APP reduces the thermal stability and
hence the ignition time by 29%. Epoxy–LDH1 and epoxy–LDH2 show ignition
times comparable to that of neat resin. Furthermore, APP causes a depletion
of mechanical properties of epoxy, whereas LDH-based epoxy nanocomposites
show an increase in tensile strength, Young’s modulus, and strain at break, and
a reduction of thermal expansion and permeability.70,74

Most important, even if the effectiveness of LDH alone is lower than that of
APP, LDH shows a synergistic effect with APP. In fact, to comply with the UL-
94-V-0 standard, for 3-mm-thick samples a 30 wt% loading of APP in epoxy was
necessary, whereas using a 4 wt% of 3-aminobenzenesulfonate/LDH, the APP
content necessary was 16 to 20 wt%.

The thickness of the samples used for the cone calorimeter test is an important
parameter that affects the relative reduction of HRR in nanocomposites compared
to pure polymer. We observed, for example, that the relative reduction in the
PHRR is 45 and 19% for sample thicknesses of 3 and 8 mm, respectively (5 wt%
of 3-aminobenzenesulfonate/LDH in DGEBA cured with triethylene tetraamine).
Therefore, the flame retardant effectiveness of LDH is increased significantly
for thin samples compared to thick samples. Gilman et al.82 reported that the
trend in the function of the thickness of polyamide-6/montmorillonite (5 wt%) is
opposite. The reduction in PHRR compared with neat polymer is about 60% for
8-mm-thick samples and 20% for 1.6-mm-thick samples. This is the usual result
seen in charring systems. The superior performance of thin samples of LDH
nanocomposites indicates that they may have excellent potential for thin-walled
FR products.

For this reason we investigated the use of LDH in epoxy-based FR coatings.
3-Aminobenzenesulfonate/LDH was added to a standard epoxy formulation
(DGEBA–polyoxypropylene diamine, Jeffamine D230) containing ammonium
polyphosphate. The standard formulation, containing 30 wt% APP (Microcoat),
was compared with a nanocomposite formulation containing 3.7 wt% 3-amino-
benzenesulfonate/LDH and 26.3 wt% APP (Nanocoat). The total FR content was
30 wt% in both formulations. A glass-reinforced polypropylene laminate (60
wt% glass fiber) was coated with 1 mm of Microcoat or Nanocoat formulation.
The combustion behavior of the as-prepared samples was investigated by cone
calorimetry at a heat flux of 25 kW/m2. The cone data obtained are the average
of two replicates and are shown in Table 9.3. The use of LDH in the formula-
tions allowed decreasing the PHRR by 45%, the SEA (specific extinction area)
by 55%, and the CO/CO2 ratio by 93%. A stunning effect was also observed
in terms of intumescence, as shown in Figure 9.29. The reductions in SEA and
CO/CO2 ratio are probably due to the catalytic action of the nano-dispersed
magnesium and aluminum oxides81,83 (produced by the decomposition of LDH),
which promotes the oxidation of CO to CO2 and reduces the soot formed in the
gas phase.
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TABLE 9.3 Cone Calorimeter Data at 25 kW/m2 for PP–GF Laminates Coated
with 1 mm of Nanocomposite Formulation (Nanocoat) or Standard
Microformulation (Microcoat)a

tign

(s)
Mass

Loss (g)
HRR

(kW/m2)
PHRR

(kW/m2)
Hc

(MJ/kg)
SEA

(m2/ kg) CO/CO2

Microcoat 95 18.3 37.3 511 17.6 790 0.288
Nanocoat 108 12.7 22.3 280 16.9 355 0.020

a tign, time to ignition; HRR, average heat release rate; PHRR, peak heat release rate; Hc , effective
heat of combustion; SEA, specific extinction area.

FIGURE 9.29 Residue after a cone calorimeter test of laminate PP–GF coated 1 mm
thick: on the left side a standard epoxy–APP formulation (microcoat), and on the right
side an LDH modified formulation (nanocoat). (Courtesy of Consorzio CETMA, Italy.)

9.6 POLYURETHANE NANOCOMPOSITES

Polyurethanes (PUs) represent one of the most useful and widespread families
of commercial polymeric materials. They are obtained by reacting polyols with
polyisocyanate. PUs are available in a large variety of forms: rigid or flexible
foams, adhesives, coatings, elastomers, and rubbers. Their properties can be tuned
to match a wide class of applications by changing the types or proportions among
the reagents, catalysts, surfactants, or curing conditions. The common reactions
involved can be divided into two main groups: reaction of isocyanates with
compounds containing reactive hydrogen (e.g., hydroxyl or amine groups, to give
urethanes and ureas, respectively) and self-addition reaction of isocyanates.84

9.6.1 Preparation Procedures

The preparation of several layered silicate55,85 – 90- or silica91 -based polyurethane
nanocomposites have been reported in the literature. The most common approach
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to forming polyurethane nanocomposites consists of solvation of a nanofiller
by polyols. Wang and Pinnavaia85 found that montmorillonites exchanged with
C12–C18 onium ions are easily solvated by several commercial polyols. The
d-spacing of the clay after solvation is mainly dependent on the chain length
of the onium ion; the influence of clay layer charge or of molecular weight and
functionality of the polyol is not significant. Yao et al.89 showed that by selecting
a proper polyol, use of an organic surfactant is not necessary, and intercalated
nanocomposites can be prepared directly with inorganic Na+-montmorillonite.

9.6.2 Characterization of the Composite

The mechanical properties of PU nanocomposites with a subambient glass tran-
sition temperature are improved notably over those of a pristine polymer.85 At
a loading of only 10 wt% organoclay, tensile strength, tensile modulus, and
strain at break are all increased by more than 100%. Similar results (discussed
in Section 9.4.2), are observed in elastomeric epoxies. These improvements in
mechanical properties are common to different nanocomposite systems when the
testing temperature is above Tg . They can be ascribed to an energy-dissipating
mechanism via orientation and alignment of clay layers under an applied stress
field.92 A remarkable decrease in O2 permeability (about 50%) is observed when
the nanosilicate layers (4 wt%) are dispersed in a polyurethane matrix.90 As
measured for two different vapors (water and dichloromethane), the permeability
decreases with increasing clay loading up to 20 wt% and then levels off at higher
contents.86

9.6.3 Thermal Stability and Combustion Behavior

The thermal decomposition, combustion, and fire retardancy of PU materials
have been reviewed.84 Upon heating, the polymer decomposes primarily by
regenerating the precursor moieties: polyols, isocyanates, and amines. Complete
volatilization of the resulting products is prevented by the formation of thermally
stable isocyanurate rings (produced by trimerization of isocyanates) and the for-
mation of substituted ureas (produced by the reaction of hydroxy compounds
with the carbodiimides generated by dimerization of isocyanates).87

The presence of a flame retardant can modify the pathway of thermal decompo-
sition. In thermoplastic PU, for example, ammonium polyphosphate or melamine
polyphosphate generates polyphosphoric acid that catalyzes dehydration and pro-
motes charring by reacting with urethane groups.84 Organoclays may have a
similar effect on the thermal degradation of PUs. The acidic sites generated on the
surface of the clay by decomposition of the onium salt may, in fact, catalyze
decomposition of the polymer.55 Charring reactions are further enhanced when
inorganic phosphorus-based flame retardants (i.e., ammonium and melamine poly-
phosphate) are used in combination with layered silicates.

The clay also has a synergistic effect on the LOI values of flame retardant
PUs containing melamine polyphosphate (MPP). In fact, the values of LOI
observed are 19.0, 20.5, 24.0, and 27.5% for neat polymer, a nanocomposite
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(5 wt% hexadecyltrimethylammoniumchloride–modified montmorillonite), a
MPP microcomposite (6 wt% MPP), and a nanocomposite containing MPP (6
wt% MPP and 5 wt% organoclay), respectively. The flame retardant perfor-
mance of polyurethane/layered-silicate nanocomposites is improved significantly
over that of pristine polymer in terms of PHRR.55,87,88 A reduction in the PHRR
of 68% is obtained with only 2.5 wt% of organically modified montmorillonite
clay (Cloisite 30B, Southern Clay Products San Antonio, Texas), as shown in
Figure 9.30. However, in the nanocomposite, the time to ignition is similar or
reduced, and the initial rate of heat release is increased. This is consistent with the
mechanism of catalyzed polymer degradation in the presence of clay mentioned
previously.

As discussed in Section 9.4.3.4, clays can reduce the amount of traditional
flame retardants required to comply with the actual standards, but the approach
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 2006, Elsevier, with permission.)
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to nanocomposites, by itself is not sufficient for passing commercial tests. As
an example, when a polyurethane reference material (V-2 ranking in the UL-94
burning test) is used for the preparation of a 2.5 wt% organoclay nanocomposite,
the dripping is strongly suppressed but the specimens burn completely, leading
to an unclassified ranking.87

9.7 VINYL ESTER NANOCOMPOSITES

Vinyl ester resins (VEs) are used largely for the preparation of high-performance
fiber-reinforced composites.93 They are obtained by reacting methacrylated epoxy
with styrene∗ in the presence of a peroxide initiator and a catalyst. Vinyl ester
monomers have several reactive vinyl end groups that provide cross-linking abil-
ity. They are solid or highly viscous materials at room temperature, depending
on their molecular weight. Styrene acts as a solvent and chain extender for vinyl
ester monomers, and is necessary for decreasing the viscosity and increasing
processability.

9.7.1 Preparation Procedures

Vinyl ester/layered silicates nanocomposites are prepared by in situ poly-
merization.3,94,95 Gilman et al.3 obtained intercalated nanocomposites (layer spac-
ing between 4.8 and 6.2 nm) by short mixing (5 min) the resin with organoclay
(dimethyl ditallow ammonium montmorillonite), the catalyst, and the initiator.
No further increase in the d-spacing of the cured nanocomposite is observed for
longer mixing times.94 Therefore, organoclays are easily solvated by VEs dur-
ing a short mixing time at room temperature. Longer swelling times and higher
temperatures are necessary for epoxies.7,36 This is probably due to the high diffu-
sion coefficient of styrene compared to epoxy or vinyl ester monomers.35 Taking
in account the high styrene content in VE resins (40 to 70 wt%) and the dif-
ference in the diffusion coefficients, during mixing the styrene will diffuse into
the clay gallery much faster than will vinyl ester monomers. Thus, a heteroge-
neous distribution of styrene is obtained in the formulation. In such a condition,
styrene homopolymer is produced in the intragallery region mainly during cur-
ing, and cross-link density in the extragallery region is affected by a depletion
of styrene. Such a phenomenon has been investigated thoroughly for unsaturated
polyester resins–layered-silicate nanocomposites in terms of dispersion of the
clay, cross-linking, glass transition temperature, and mechanical properties.35

9.7.2 Characterization of the Composite

The mechanical properties and water diffusivity of vinyl ester/clay nanocom-
posites have been investigated by Shah et al.95 A vinyl ester resin (bisphenol A

∗Methacrylate or acrylate low-molecular-weight monomers (e.g., butyl methacrylate or butyl acrylate)
can be used as an alternative to styrene.
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epoxy-based, mass fraction of 45% in styrene: Derakane 411-350, Dow Chemical
Co.) and two different clays, a benzyl(hydrogenated tallow alkyl)dimethyl quater-
nary ammonium–modified montmorillonite (Cloisite 10A, Southern Clay Prod-
ucts) and a vinylbenzyltrimethylammonium–modified montmorillonite (VMC),
are used. Cloisite 10A gives formation to clay intercalated aggregates with a d-
spacing between 5.4 and 6.0 nm, which is close to results reported previously.3

Instead, VMC gives formation to a microcomposite; in fact, no significant increase
in d-spacing is observed after curing by x-ray diffraction. This is probably due
to cross-linking reactions between unsaturation sites on the surfaces of adjacent
clay layers.

Diffusion tests conducted by immersing the composites in water show, on the
one hand, that a seven-fold decrease in the diffusion coefficient is achieved with
5 wt% organoclay, but on the other, that the equilibrium moisture content has a
three-fold increase with the same amount of clay. These values are only slightly
affected by the type of clay surface treatment. The increment in equilibrium water
content is due to the tendency of clays to adsorb water even after organic surface
treatment.

An increase in the glass transition temperature was observed with both clays
compared to the temperature of neat polymer (see Figure 9.31). The Tg is affected
by the clay concentration for Cloisite 10A, but it is independent of the concen-
tration of VMC. It must be mentioned that when the amount of Cloisite 10A
increases, more styrene may intercalate and segregate in the intragallery region,
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FIGURE 9.31 Glass transition temperature versus clay content for an intercalated vinyl
ester nanocomposite (Cloisite 10A), a microcomposite (vinyl monomer clay), and neat
resin. (From Ref. 95, copyright  2002, John Wiley & Sons, Inc., with permission.)
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so that the cross-link density of the vinyl ester resin in the extragallery region is
increased. The same phenomenon does not occur in the microcomposite.

The mechanism proposed might also explain the trends observed for tensile
strength and impact strength. In fact, the microcomposite shows higher values
than those of the neat polymer and no significant variation when the clay content
varies between 0.5 and 5.0 wt%. On the contrary, in the nanocomposite, both
tensile strength and impact strength decrease when the clay content increases.

9.7.3 Thermal Stability and Combustion Behavior

The thermal stability and combustion behavior of vinyl ester nanocomposites
have been discussed by Chigwada et al.94 They investigated the use of different
nanofillers: organoclays (i.e., modified montmorillonite and magadiite) and POSS
(vinyl-POSS cage mixture, Hybrid Plastics). Thermogravimetric analyses showed
that the formation of a nanocomposite does not affect the onset temperature of
decomposition in nitrogen. However, an increase from 7 wt% for neat resin to
about 13 wt% for 6 wt% nanocomposites was obtained in the char yield at 600◦C.
No significant difference in the char yields was obtained among montmorillonite,
magadiite, and POSS nanocomposites.

Cone calorimetry was used to compare the flame retardant performance of
the various formulations. Montmorillonite modified with either dimethyl dehy-
drogenated tallow ammonium (Cloisite 15A, Southern Clay Products) or an
oligomeric unit of styrene and diphenyl vinylphenylphosphate gave a reduction
of 31% in the PHRR at a loading of 6 wt%. POSS gave a similar reduction in
PHHR (29%) at a loading of 5 wt%. The PHHR did not decrease further when
the POSS content was increased up to 10 wt%. The effectiveness of magadiite,
modified with the same organomodifiers used for montmorillonite, is lower (14%
reduction in PHRR).

Gilman et al.3 found similar reductions in the PHRR of clay nanocomposites.
They prepared 6 wt% intercalated nanocomposites with Cloisite 15A dispersed
in a nitrile rubber–modified bisphenol A epoxy-based vinyl ester (mod-bis-A)
or a combination of bisphenol A and novolac epoxy–based vinyl ester (bis-
A/novolac). The PHRR was reduced by 25 and 39% for mod-bis-A and bis-
A/novolac, respectively. The clay promoted charring; in fact, no residue was
obtained for the neat resins, while in the nanocomposites the residue yields were
8 wt% (mod-bis-A) or 9 wt% (bis-A/novolac). The heat of combustion, specific
extinction area, and carbon monoxide yields were unchanged.

The possible synergy between nanofillers and phosphorus-based fire retardants
such as tricesylphosphate (TCP) and resorcinol diphosphate (RDP), has been
investigated.94 RDP, for example, gave a reduction in PHRR between 47 and
61% at a loading of 30 wt%. No improvement was obtained by combining an
organoclay (Cloisite 15A) with RDP (30 wt%); the reduction in the PHRR was
between 48 and 55%.

A formulation containing phosphorus fire retardant and clay (30 wt% TCP
and 6 wt% clay) gave a PHHR of 299 kW/m2, which is lower than the PHHR
achieved with a standard brominated vinyl ester resin. This trend was inverted
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FIGURE 9.32 Comparison of the heat release rate plot for a standard brominated vinyl
ester resin and vinyl ester nanocomposites (6 wt% Cloisite 15A) additivated with 15 wt%
RDP or 30 wt% TCP. (From Ref. 94, copyright  2005, Elsevier, with permission.).

when glass fiber–reinforced composites were prepared with these two formula-
tions. The values of PHRR observed in the glass fiber–reinforced composites
were 141 and 197 kW/m2 for the brominated resin and the resin containing
TCP and clay, respectively (see Figure 9.32). Similar results were observed for
the formulation containing RDP and clay. Furthermore, the high flame retardant
content affects the mechanical properties of the composite for two main reasons:
(1) reduced mechanical properties of the matrix itself, and (2) reduced wetability
of fibers and matrix–fiber adhesion. From this point of view, intrinsically flame-
retarded systems such as brominated resins, appear to be the best choice for
fiber reinforced composites, but halogen-free systems have advantages in terms
of lower smoke generation, toxicity, and environmental impact.2

9.8 SUMMARY AND CONCLUSIONS

Thermosetting nanocomposites exhibit a reduced rate of heat release compared
to neat polymer. However, the approach to nanocomposites itself is not sufficient
to comply with the actual fire test standards. For this reason, traditional flame
retardants are currently used in combination with nanofillers, and researchers
are focusing on the individuation of synergistic systems. As an alternative to
the most common cationic clays, anionic clays show improved performance in
terms of flame retardancy. Epoxy nanocomposites based on anionic clay exhibit
unique self-extinguishing behavior in a UL-94 horizontal burning test never
observed before in a pure nanocomposite. The formation of a continuous intu-
mescent ceramic layer on the surface of a polymer during combustion reduces
the heat release rate to a higher extent than do montmorillonite nanocomposites.
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Furthermore, anionic clays can be combined profitably with phosphorus-based
flame retardants to enhance intumescence, reduce the heat release rate, and
decrease the production of smoke.
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WITH NEW TYPES OF
NANOPARTICLES∗

TAKASHI KASHIWAGI

Fire Research Division, National Institute of Standards and Technology, Gaithersburg,
Maryland

10.1 INTRODUCTION

Although the incorporation of microscale particles as fillers into polymers has
been well explored scientifically, the decrease in size of particles to nanome-
ters, and the simultaneous increase in interface area, results in extraordinary
new material properties.1 – 4 In one such application, the flammability properties
of polymers have been improved with the addition of nanoscale particles. These
filled nanocomposites provide an attractive alternative to conventional flame retar-
dants. At present, the most common approach to improving flammability is the use
of layered silicates such as clays, as described in Chapter 3. However, there are
many different shapes and types of nanoparticles. (Here, a nanoscale particle is
defined as having at least one dimension on the nanometer scale.) When all three
dimensions are on the order of nanometers, we are dealing with true nanoparti-
cles, such as spherical silica particles, having an aspect ratio of 1. Another type
of nanoparticle has only one dimension on the nanometer scale. Such nanoscale
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America.

Flame Retardant Polymer Nanocomposites, edited by Alexander B. Morgan and Charles A. Wilkie
Copyright  2007 John Wiley & Sons, Inc.
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particles are sheets or layers, such as layered silicate or graphite, which are one
to a few nanometers thick and hundreds to thousands of nanometers in the other
two dimensions. When two dimensions are on the nanometer scale and the third
is larger, the particles form elongated structures such as nanotubes, whiskers, or
rods with a high aspect ratio.

It is of interest to determine the flame retardant effectiveness of shapes or
types of nanoparticles other than layered silicates, to find what shape or type
of nanoparticle is most effective for improving the flammability properties of
commodity polymers. In this chapter, flammability properties of nanocomposites
containing nanoscale oxides such as nanoscale silica particles and metal oxides,
polyhedral oligomeric silsesquioxanes (POSSs), and carbon-based nanoparticles
such as graphite, single-walled carbon nanotubes (SWNTs), multiwalled carbon
nanotubes (MWNTs), and carbon nanofibers (CNFs) are described and a flame
retardant mechanism of these nanoparticles is discussed.

10.2 NANOSCALE OXIDE-BASED NANOCOMPOSITES

10.2.1 Nanoscale Silica Particles

Nanoscale silica particles can have a huge interfacial area as long as the diameter
of the particles is in the range of nanometers. Although they do not have the nar-
row gallery structure of a layered clay, an improvement in physical properties5 – 8

and an improvement in thermal stability9, 10 by the addition of nanoscale sil-
ica particles to polymer were reported. The latter improvement was attributed
to the formation of tightly packed particles in various polymers that signifi-
cantly reduced both heat-bound and loosely bound polymer chains around the
particles.11 It was also reported that the addition of mesoscale silica to vari-
ous polymers significantly reduced the heat release rate of the polymers.12, 13

Flammability properties of poly(methyl methacrylate) (PMMA)–nanoscale sil-
ica nanocomposites14 – 16 and polyimide–nanoscale silica nanocomposites17 have
been reported. Samples have been prepared by solvent blending,14, 17 melt blend-
ing utilizing single-screw extrusion,16 or in situ polymerization15 in order to
obtain well-dispersed nanoscale silica particles in the sample.

Dispersion of the particles in a polymer is critical for obtaining better flame
retardant performance, as described in earlier chapters. Transmission electron
microscopy (TEM) was used to determine the dispersion. The example shown
in Figure 10.1 indicates well-dispersed particles having an average diameter of
about 12 nm. Roughly a 50% reduction in the peak heat release rate was reported
with the addition of a 13% mass fraction of silica particles,15 as shown in
Figure 10.2. Little to no improvement was reported in a limiting oxygen index
(LOI) measurement14 with up to a 10% mass fraction of silica particles of diam-
eter as small as 7 nm (the dispersion of these particles was not shown). Although
the LOI values increased from 36 to 44, the addition of a 28% mass fraction of sil-
ica particles (diameter 50 to 300 nm) was required. In the heat release rate curves
shown in Figure 10.2, the addition of nanoscale silica particles hardly reduced



NANOSCALE OXIDE-BASED NANOCOMPOSITES 287

FIGURE 10.1 TEM image of a PMMA–nanosilica nanocomposite (left), analyzed im-
age (middle), and a histogram distribution of diameter (right). (From Ref. 15.) (See insert
for color representation of figure.)
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FIGURE 10.2 Effects of the addition of nanosilica on the heat release rate of PMMA
at 50 kW/m2.

the heat release rate at the early stage of burning, and it was demonstrated that
the addition of nanoscale silica particles did not significantly modify the UL-94
rating.16 Therefore, the overall flame retardant effectiveness of nanoscale silica
particles appears to be less than that of clay particles, as described in earlier
chapters.
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FIGURE 10.3 Residue of a PMMA–nanosilica nanocomposite after a gasification test
in nitrogen at 40 kW/m2. (From Ref. 15.)

Observation of sample behavior during gasification in a nitrogen atmosphere
at an external radiant flux of 40 kW/m2 reported the formation of many small
bubbles, followed by the formation of many rigid white islands.15 Vigorous burst-
ing of small bubbles was observed around the islands. The islands appeared to be
made of coarse granular particle clumps. Since the sample surface was covered
only partially by these loose granular particles or clumps, part of the sample sur-
face was still exposed to the external heat between the coarse particles, and the
barrier performance of the layer to slow the evolution of the degradation products
of PMMA was not effective. Similar behavior was observed with polycarbonate
containing 15 nm coated silica particles.18 At the end of the test, a dark, coarse
powdery layer was left at the bottom of the sample container (Figure 10.3).
No network-structured protective layer covering the entire sample surface was
formed. One possible approach to forming such an in situ silica network during
gasification would be to enhance the formation of cross-links among the particles
by appropriate surface treatments on the surface of nanoscale silica particles, but
no work along these lines has been reported.

10.2.2 Metal Oxides

The flammability properties of nanocomposites consisting of nanoscale titanium
oxide (TiO2 with a median diameter of 21 nm) and iron oxide (Fe2O3 with a
median diameter of 23 nm) in PMMA were measured.19 The nanocomposites
were prepared by melt blending. A morphology study of the nanocomposites
showed that the particles were well distributed in the sample but had some
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FIGURE 10.4 Effect of particle size on the heat release rate for PMMA–TiO2 at
35 kW/m2. (From Ref. 19, copyright  2005, Elsevier, with permission.)

tendency to aggregate since no surface treatment was done on the oxides. The
effect of particle size was studied by comparing the heat release rate of a
nanocomposite with nanoscale TiO2 particles to that of a microcomposite with
micrometer scale TiO2 (0.2 µm); the comparison is shown in Figure 10.4. The
peak heat release rate of the nanocomposite was about 10% lower than that of
the microcomposite. A similar result was observed for PMMA–Fe2O3 samples.
An increase in nanoparticle TiO2 concentration reduced the heat release rate of
PMMA, as shown in Figure 10.5, but the amount of the reduction is not as sig-
nificant as with other types of nanoparticles, such as clay or carbon nanotubes,
as described later. The combination of these nanoparticles with organo-modified
montmorillonite (OMMT) was used to determine the synergistic effect on a reduc-
tion in the heat release rate of PMMA; the results are shown in Figure 10.6. The
improvement observed via the incorporation of oxide particles was explained
by several effects: (1) TiO2 to act as a “heat shield,” which can limit the ther-
mal conduction into the sample, (2) limitation of evolved gas release due to an
increase in melt viscosity, and (3) enhanced wetting of mineral particles by the
molten polymer.

10.2.3 Polyhedral Oligomeric Silsequioxanes

With the recent development of nanostructured chemical feedstocks based on
polyhedral oligomeric silsequioxane (POSS),20 – 22 POSS-based hybrid nanocom-
posites have received increasing attention because of the unique three-dimensional
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structure of the POSS macromonomer,23 as shown in Figure 10.7. POSS rep-
resents an intermediate structure between that of silicone and that of silica,
explaining its excellent oxidation stability and reaction to fire. It consists of
an inorganic silicalike core (Si8O12) surrounded by eight organic groups at the
corners to enhance compatibility with organic polymers. Its nanoscale enables the
POSS segment to reinforce polymer chain segments effectively and to control
polymer chain motion at the molecular level through maximizing the interface
area and chemical interactions of reinforcement with polymers. Early examples
were presented with siloxanes,24, 25 followed by numerous applications showing
enhancement of thermal stability and improving the flammability properties of
polymers.

POSS macromers generally sublime at high temperatures provided that they
contain functionalities that do not readily undergo cross-linking reactions. Once
incorporated into a polymeric form, POSS macromers do not sublime; rather, they
decompose primarily through partial loss of their organic substituents without
significantly affecting the degradation of the matrix polymers26 or with subse-
quent cross-linking reactions, which incorporates the remaining composition into
the SiOxCy network (residue) in a POSS–siloxane copolymer.24 Thermal gravi-
metric analysis of these nanocomposites shows that the initial decomposition
temperatures and residue (ceramic and/or char) yield increased with increasing
POSS concentration.24, 26 – 28 In terms of the initial decomposition temperature
and residue yield, the thermal stability of the nanocomposites was enhanced
significantly with increasing inorganic component.

The thermal analysis study above demonstrated the enhanced thermal stabil-
ity of POSS–polymer nanocomposites and suggested that there is a potential
to improve the flammability properties of matrix polymers. However, studies
clearly demonstrating such improvement by means of the use of POSS-based
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nanocomposites are rather limited. One study29 is of nanocomposites consisting of
polytetramethylene ether-glycol-b-polyamide-12, 1% polyimide-12 (PTME–PA),
polystyrene–polybutadiene–polystyrene (SBS), and polypropylene (PP) prepared
with POSS (the structure is described in Figure 10.8) ranging from 10 to 20%
via solution blending in tetrahydrofuran (THF). For comparison purposes, com-
posites based on other silicone compounds, such as polycarbosilane (PCS) and
polysilastyrene (PSS), were also prepared by solution blending. The flammabil-
ity properties of these blends were characterized using a cone calorimeter. The
results, shown in Figure 10.9 and Table 10.1, reveal that both PCS (although
twice as high in concentration as POSS) and POSS are reasonably effective for
reducing the heat release rate measured at 35 kW/m2. However, the total heat
release (integrating the heat release rate with respect to time) of the nanocompos-
ites was not significantly reduced from that of the matrix resins. Furthermore, the
residue yields are about the same as the theoretical yields shown in parentheses
in Table 10.1. This means that the addition of POSS to the nanocomposites does
not significantly increase the yield of carbonaceous char. The residue is mainly
the inorganic component of the POSS.

Simultaneous significant reduction of heat release rate and total heat release
was achieved with polyurethane (PU) POSS nanocomposites (POSS 10% mass
fraction) used as a coating on poly(ethylene terephthalate) (PET) knitted fabric,30

as shown in Figure 10.10. Two different POSSs were used in this study. One
was octamethyl POSS (POSS MS) with R = methyl in the structure described
in Figure 10.7, and the other was poly(vinylsilsequioxane) (POSS FQ) with R =
vinyl in the structure described in Figure 10.8 (all ends are vinyl). For comparison
purposes, clay (Closite 30B) was also used as a nanocomposite filler. It was
observed that a significant reduction of heat release rate and total heat release of
the PET knitted fabric was achieved with POSS FQ2 (“2” indicates incorporation
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FIGURE 10.9 Heat release rate curves of PTME–PA with siloxane and the POSS at
35 kW/m2. (From Ref. 29.)

TABLE 10.1 Summary of Cone Calorimeter Data of PP, PTME–PA, and SBS
with Siloxanes and POSS at 35 kW/m2a

Sample

Residue
Yieldb

(%)

Mean Mass
Loss Rate
(g/m2·s)

Peak
HRR

[kW/m2 (�%)]

Mean
HRR

[kW/m2 (�%)]
Hc

(MJ/kg)
SEA

(m2/kg)

Mean
CO Yield
(kg/kg)

PP 0 25.4 1466 741 34.7 650 0.03
PP/POSS 80/20 17 (16) 19.1 892 (40%) 432 (42%) 29.8 820 0.03
PTME–PA 0 34.2 2020 780 29.0 190 0.02
PTME–PA/PCS

80/20
15 (15) 14.8 699 (65%) 419 (46%) 28.5 260 0.02

PTME–PA/POSS
90/10

6 (8) 19.8 578 (72%) 437 (44%) 25.2 370 0.02

SBS 1 36.2 1405 976 29.3 1750 0.08
SBS/PCS 80/20 20 (15) 18.5 825 (42%) 362 (63%) 26.4 1550 0.07
SBS/POSS 90/10 6 (8) 31.2 1027 (27%) 755 (23%) 26.9 1490 0.07

Source: After Ref. 29.
aHc = mean heat of combustion; SEA, specific extinction area (smoke measurement). Uncertainties:
±5% of reported value for residue yields for heat release rate (HRR) and Hc data; ±10% for carbon
monoxide and SEA data.
bTheoretical residue yields in parentheses.

of the nano additives in the second stage during sample preparation), but no
reduction was observed with POSS MS2. The thermal stability of coated knitted
fabric containing POSS MS2 was lower than that of fabric coated with virgin
PU in the TGA measurement. Destabilization of the fabric at 200◦C by POSS
MS2 and sublimation of POSS MS2 at around 300◦C could explain the lack of
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FIGURE 10.10 Heat release rate curves of PU nanocomposites on PET knitted fabrics
at 35 kW/m2; incorporation of nanoadditives in the second stage of sample preparation.
(From Ref. 30, copyright  2002, John Wiley & Sons Ltd., with permission.)

FR performance shown in Figure 10.10. On the other hand, POSS FQ showed a
remarkable thermal stability without mass loss up to 380◦C, and a mass loss of
only 6% occurred at 700◦C, due to the formation of cross-links.

In the case of the PU–POSS FQ2 coating, the residue (consisting of car-
bonaceous char and possible preceramic components) was more uniform, and
only small cracks were observed on the surface. This residue was more resis-
tant and could suppress the flame.30 The formation of a hard uniform bar-
rier over a polycarbonate surface was also reported with polycarbonate–coated
POSS nanocomposites.18 However, PP–POSS multifilament yarns prepared from
PP–POSS FQ nanocomposites did not show either any reduction of the heat
release rate or total heat release, but the ignition delay time was much longer
that that of PP, as shown in Figure 10.11.31 These results suggest that POSS
FQ did not act as a flame retardant for PP, only as a thermal stabilizer. These
results reveal that flammability of polymer–POSS nanocomposites depends on
the type of polymer matrix, the structure of POSS, and incorporation of POSS
into the polymer structure. If a certain POSS structure significantly enhances
cross-links with a matrix polymer to form a significant amount of SiOxCy net-
work, not only reduction of the heat release rate but also reduction of the total
heat release could be achieved. Another important factor for the previous incon-
sistent flame retardant performance of POSS could be due to difference in the
dispersion of POSS in the matrix polymer. The importance of the dispersion of
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35 kW/m2. (From Ref. 31, with permission from the Royal Society of Chemistry.)

POSS on the flame retardant performance was described for the formation of an
oxidatively stable, uniformly covered nonpermeable surface char layer.32 Some
previous studies demonstrated reasonably effective flame retardant performance
of POSS, but a recent study with trisilanol phenyl POSS in PMMA did not show
any flame retardant performance as measured in a cone calorimeter.33 It was
suggested that POSS has the potential to reduce the heat release rate, but one
must be careful in selecting the POSS material to be evaluated.

10.3 CARBON-BASED NANOCOMPOSITES

There are several different types of carbon-based nanoparticles. One is graphite,
a layered material having a thickness of a nanometer, similar to that of clay par-
ticles, and others are based on a tubular shape having a diameter of nanometers.
Since expandable graphite (an intumescent material) is discussed in Chapter 6,
it is not discussed in this chapter.

10.3.1 Graphite Oxide

The graphite structure consists of carbon layers in a stacked configuration. The
carbon atoms are bonded covalently in a hexagonal arrangement within each
layer, and these layers are weakly bonded by van der Waals forces between
the layers, which makes intercalation possible. Graphite does not undergo any
ion exchange process, but graphite oxide (GO) can add organophilic ammonium
cations between the layers. Molecular dynamic simulations of the thermal degra-
dation of a series of PP–graphite nanocomposites at 873 K were performed as
a function of the distance of separation between the graphite sheets.34 The mass
loss curves obtained from these simulations indicate that there is a pronounced
stabilization of the polymer at a distance of 3.0 nm that results from both PP–PP
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and PP–graphite interactions. Below a distance of 2.5 nm, the van der Waals
repulsions between atoms destabilize the polymer due to high density in the nar-
row space between the graphite sheets. However, at a larger spacing between the
sheets, interactions with the polymer melt do not provide sufficient resistance to
prevent the rapid escape of the degradation products from the spaces between
the sheets.

Motivated by the foregoing study, Uhl and Wilkie studied the thermal stability
and flammability properties of polystyrene (PS)–graphite nanocomposites.35, 36

Nanocomposites with graphite concentrations of 1, 3, and 5% were prepared by
two different methods: in situ polymerization in the presence of graphite oxide
and melt blending. Graphite oxide was organically modified using three differ-
ent surfactants (GO-C14, GO-10A, and GO-VB16), the structures of which are
shown in Figure 10.12. The x-ray diffraction (XRD) data showed that no peaks
were observed at 1% for all three modified graphite oxides, indicating their exfo-
liation, and also for two of the three modified graphite oxides at 3% loading;
at 5% loading, XRD peaks were clearly seen, with the d-spacing (plate-to-plate
spacing) much larger than that in the GO (nonmodified). Intercalation of graphite
oxide plates was suggested for those samples having XRD peaks. Similar results
were observed for melt-blended samples with narrower d-spacing than for those
observed in in situ polymerized samples. The reduction in peak heat release rate
ranged from 27 to 54%, as shown in Figure 10.13; the reduction increased as the
loading of GO increased. It was also observed that GO as well as modified GOs
gave qualitatively similar reduction (from 1 to 27%) in the peak heat release rate.
The time to ignition was decreased drastically for in situ polymerized nanocom-
posites compared to pristine PS. The amount of reduction in time to ignition for
the melt-blended samples was less than that for the in situ polymerized nanocom-
posites. Since there were no significant difference in thermal stability among all
samples (actually, there was a slight increase in thermal stability for both in situ
polymerized nanocomposites and melt-blended samples), the reduction observed
in time to ignition must be due to some other reason. Some other works claimed
a more significant increase in thermal stability for epoxy–graphite composites37
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FIGURE 10.13 Heat release rate curves for in situ polymerized PS–GO nanocompos-
ites at 35 kW/m2. (From Ref. 36, copyright  2004, Elsevier, with permission.)

and poly(vinyl alcohol)/graphite oxide nanocomposites.38 One possible reason
for the reduction in time to ignition by graphite-based nanocomposites is dis-
cussed in Section 10.4.1. The reduction in peak heat release rate observed for
in situ polymerized PS–graphite nanocomposites is comparable to the roughly
50% reduction for PS–clay nanocomposites with 3 and 5% clay content.39

Mixed flame retardant performance of polymer–graphite samples was reported
for phenolic–graphite and epoxy–graphite composites compared to fiberglass
and aramid as a filler. Phenolic–graphite had the highest flame resistance, but
epoxy–graphite had the lowest flame resistance.40 Since the dispersion of graphite
in the polymers was not discussed, it is not clear whether the samples studied
were nanocomposites or microcomposites.

Very effective flame retardant data were obtained with styrene–butyl acrylate
copolymer/graphite oxide (St–BA/GO) nanocomposites.41, 42 The GO was pre-
pared by oxidation of expandable graphite, and the St–BA/GO nanocomposites
(GO content of up to 4% mass fraction) were synthesized by exfoliation– adsorp-
tion of monomer followed by in situ emulsion polymerization. The distribution
of the GO particles was examined by XRD, TEM, and electron diffraction; exfo-
liated GO layers in crystalline structures were observed. The thermo-gravimetric
analysis (TGA) data show a slight increase in thermal stability (up to 15◦C with
a 3% mass fraction of GO). Significant reduction in heat release rate by increas-
ing GO content has been reported; all nanocomposites reduced about 40% of total
heat released compared with that of St–BA, as shown in Figures 10.14 and 10.15.
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However, ignition delay times for the nanocomposites were shorter than that of the
pristine sample, and it was suggested that this could be caused by thermal degrada-
tion of its organic emulsifier, resulting in the formation of volatile combustibles43

or a catalytic effect on the initial stages of thermal degradation brought by Lewis
or Brønsted acid sites on the GO layer. The proposed flame retardant mechanism
of the addition of GO is that the formation of a char layer consisting of GO acts as
a thermal insulator and a mass transport barrier, slowing the escape of the volatile
products generated from the degradation of St–BA.

10.3.2 Carbon Nanotubes

Since carbon nanotubes were first synthesized in 1991,44 there have been numer-
ous studies on the preparation of carbon nanotubes and their many different
applications which take advantage of their unique physical properties, such as
high thermal conductivity (more than 3000 W/mK45) and high electrical conduc-
tivity. There are two different types of carbon nanotubes: single-walled (SWNT)
with small diameters (1 to 2 nm) and multiwalled (MWNT) with larger diameters
(10 to 100 nm). The manufacturing processes of the nanotubes include direct-
current arc discharge,46 laser ablation,47 thermal- and plasma-enhanced chemical
vapor-growth deposition,48, 49 and flame synthesis.50 After the synthesis of these
nanotubes, the tubes contain various impurities, such as residual catalysts, amor-
phous carbons, and fullerenes. Therefore, these tubes are generally purified by
various processes, such as oxidation in concentrated acids,51 wet air oxidation,52

or high-temperature treatment.53 Detailed studies of the effects of cleaning on
the characteristics of carbon nanotubes have been reported over the last several
years.51, 54 – 57 Cleaning of the tubes is critical for obtaining thermal stability and
for the preparation of nanocomposites with well-dispersed tubes.

10.3.2.1 SWNT A TEM picture of SWNTs is shown in Figure 10.16. Gener-
ally, SWNTs form bundles (or ropes) due to van der Waals forces between the
tubes. The black spots in the picture are residual catalyst particles. There have
been many studies on the enhancement of physical properties of polymers by
polymer–SWNT nanocomposites such as electric conductivity59, 60 and mechan-
ical strength.61 – 63 There are also several papers reporting on the thermal sta-
bility of nanocomposites,60, 63 – 65 but as far as this author is aware, only two
papers reporting on the flammability of polymer–SWNT nanocomposites.58, 66

Significantly enhanced thermal stability in air was reported for PMMA–SWNT
nanocomposites.60 However, a decrease in thermal stability in nitrogen was reported
for epoxy-fluorinated SWNT nanocomposites compared to pristine epoxy, and no
significant change in thermal stability in nitrogen was observed for PMMA–SWNT
nanocomposites58, 63 compared to pristine PMMA.

SWNTs for the flammability study of PMMA–SWNT nanocomposites were
synthesized by the high-pressure carbon monoxide method (HiPCO)48 and the
coagulation method was used to produce PMMA–SWNT nanocomposites60 in
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FIGURE 10.16 TEM image of SWNT ropes. (Scale bar, 10 nm.) (From Ref. 58.)

order to control dispersion of the SWNTs in the nanocomposites. In the coagula-
tion method, dimethylformamide (DMF) was chosen to dissolve the PMMA and
to permit dispersion of the SWNT by bath sonication. The nanotube dispersion
in the nanocomposites was controlled by changing the nanotube concentration in
DMF. The effects of nanotube dispersion in the nanocomposites on the flammabil-
ity properties of the nanocomposites were investigated by comparing the flamma-
bility properties of those nanocomposite with poor nanotube dispersion to those
with good tube dispersion. The global nanotube dispersion was determined by
optical microscopy; images are shown in Figure 10.17. Figure 10.17a indicates
that the nanotubes are relatively uniformly distributed within the polymer matrix
on a micrometer scale. By using a higher concentration of SWNT in the DMF
suspension, the sample in Figure 10.17b shows regions of nanotube aggregation.
The former sample is designated as having good dispersion and the latter sample
is designated as having poor dispersion. A TEM image of the purified original
SWNT shows many nanotube bundles with a small amount of amorphous carbon
and large carbon fullerenes with many iron particles in the nanotubes from the
residual catalyst (see Figure 10.16).

Heat release rate histories of three different samples—PMMA, PMMA–SWNT
(0.5%, good dispersion), and PMMA–SWNT(0.5%, poor dispersion)—were mea-
sured in a cone calorimeter at an external radiant flux of 50 kW/m2; the results are
shown in Figure 10.18. The heat release rate of the sample with good nanotube
dispersion is much lower than those of pristine PMMA and of the sample with poor
nanotube dispersion. The heat release rate of the sample with poor nanotube dis-
persion is not reduced appreciably from that of pristine PMMA. However, the total
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(a) (b)

FIGURE 10.17 Optical microscopy images of PMMA–SWNT(0.5%) with two differ-
ent dispersion of nanotubes with numerous agglomerates: (a) good dispersion; (b) poor
dispersion. (From Ref. 58.) (See insert for color representation of figure.)
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FIGURE 10.18 Effect of SWNT dispersion on heat release rate of PMMA–SWNT
(0.5%) nanocomposites at an external radiant flux of 50 kW/m2. (From Ref. 58.)
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heat release values of all samples are comparable. This indicates that the sample
with relatively good nanotube dispersion burns much slower than that with poor
nanotube dispersion, but both samples eventually burn almost completely at an
external radiant flux of 50 kW/m2.

In order to understand how the difference in dispersion of the nanotubes affects
the heat release rate of the nanocomposite, the behavior of the two samples during
a gasification test in nitrogen atmosphere at an external radiant flux of 50 kW/m2

was observed by taking video images. Selected pictures from the video images are
shown in Figure 10.19. For the sample with good nanotube dispersion, numerous
small bubbles formed initially, and their bursting was observed at the surface.
This was followed shortly by formation of a solidlike behavior with no overt fluid
motion. The final residue was a continuous dark layer covering the entire sample
container. The sample with poor nanotube dispersion initially formed many small
bubbles, and their bursting at the surface was followed by the formation of many
small black islands. Vigorous bubbling was subsequently observed between the
islands. Later, the islands coalesced into a connected structure, and their size
gradually increased during the course of the test. The mass loss rate curves of
samples with good and poor nanotube dispersion in the gasification tests have
very similar trends, as shown by the heat release rate curves in Figure 10.18.

(a) (b)

t = 50 s 

t = 90 s 

t = 120 s 

FIGURE 10.19 Selected video images of PMMA–SWNT(0.5%) during gasification
tests at 50 kW/m2 in nitrogen: (a) with good nanotube dispersion; (b) with poor nanotube
dispersion. (From Ref. 58.)
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FIGURE 10.20 Effects of SWNT concentration on the heat release rate curve of
PMMA–SWNT at 50 kW/m2.

The effects of SWNT concentration on flammability properties of the nanocom-
posites were determined by measuring the heat release rate curves of PMMA–
SWNT nanocomposites that have good dispersion of the nanotubes at levels
from 0.1 to 1% prepared by the coagulation method. The results are shown in
Figure 10.20. The addition of a 0.1% mass fraction of SWNT did not signifi-
cantly reduce the heat release rate of PMMA. The most reduction in heat release
rate was achieved by a 0.5% mass fraction. The amount of the reduction with
0.5% SWNT (about 60% reduction) is much larger than that with clay (about
28% reduction) even at 3% loading.67 The behavior of the nanocomposite sample
with 0.2% SWNT during a gasification test in nitrogen atmosphere was similar
to that of PMMA–SWNT(0.5%, poor dispersion) (i.e., formation of many small,
black discrete islands after initial numerous small bubbles and their bursting at
the surface). Bubbling was observed between islands. It appeared that bubbling
pushed nanotubes to the islands, the size of islands gradually became larger,
and eventually some of the islands were connected to each other. The connected
black islands were left behind at the end of the test, as shown in Figure 10.21b.
Samples with 0.5 and 1% both appeared to be solidlike throughout their gasifica-
tion; a network structured layer covered the sample surface during the entire test
period and was left behind as a residue without any major open cracks, as shown
in Figure 10.21c and d. An SEM image of the residue of PMMA–SWNT(1%)
shows a network structure consisting of bundled, interwined carbon nanotubes,
as shown in Figure 10.22. The residue was strong enough to be handled readily
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(b)(a) (c) (d)

FIGURE 10.21 Residues of PMMA–SWNT after gasification tests in a nitrogen atmo-
sphere at 50 kW/m2: (a) PMMA; (b) PMMA–SWNT(0.2%); (c) PMMA–SWNT(0.5%);
(d) PMMA–SWNT(1%). (See insert for color representation of figure.)

FIGURE 10.22 SEM image of the residue of PMMA–SWNT(1%) collected after gasi-
fication test in nitrogen.
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without breaking. The amount of each residue collected after the gasification test
was measured. The results indicate that the addition of the nanotubes increases
only slightly the amount of the residue from PMMA.

Despite an effective flame retardant performance in the previous study,58

another recent study shows no flame retardant effectiveness for PE–SWNT sam-
ples with SWNT concentrations of 5 and 10%.66 These samples were prepared
by melt blending, and dispersion of SWNTs in the sample was not determined.
Considering the difficulty of the dispersion of SWNTs in a polymer, the results
could be due to poor dispersion of the SWNTs.

10.3.2.2 MWNT TEM images of MWNT are shown in Figure 10.23. The
lower maginification picture in the figure shows that the tubes appear to be flex-
ible and have more of an appearance of noodles than of rods. Many studies have
been published on the enhancement of electric conductivity68 – 71 and of mechan-
ical properties72 – 75 of polymers by polymer–MWNT nanocomposite, and on the
flammability of polymer–MWNT nanocomposites.76 – 81 It was also reported that
the oxidation of PS, PP, and poly(vinylidene fluoride) is retarded by the addition
of carbon nanotubes.82

PP–MWNT nanocomposite samples with MWNT loading of 1, 2, and 4%
by mass were melt-blended in a shear mixer. The MWNTs were prepared by
chemical vapor deposition using xylene as a carbon source and ferrocene as a
catalyst at about 675◦C.83 The distribution of nanotubes in the blended samples
was examined by two different methods and magnifications. A scanning elec-
tron micrograph (SEM) picture of the MWNT dispersion in PP–MWNT(4%)
nanocomposites after solvent removal is shown in Figure 10.24a. An optical
microscopy image of PMMA–MWNT(1%) is shown in Figure 10.24b, which
shows globally well-dispersed nanotubes in PP at large scales and a wide range
of diameters and lengths of nanotubes, as shown in Figure 10.24a. The residual
catalyst particles (iron) are encapsulated at various locations inside the nanotubes

FIGURE 10.23 TEM images of MWNT: (a) scale bar 5 nm; (b) scale bar 140 nm.
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(b)(a)

FIGURE 10.24 (a) SEM picture of PP–MWNT(4%) after solvent removal of PP;
(b) optical microscopy image of PP–MWNT(1%) nanocomposite in the melt.
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FIGURE 10.25 Effects of concentration of MWNT in PP on the heat release rate of
PP–MWNT nanocomposites at 50 kW/m2.

and at the nanotube tips, as shown in Figure 10.24a. Nanoparticulate iron is
pyrophoric and could reduce the thermal oxidative stability of MWNT, as well
as possibly acting as a catalyst during oxidative degradation of the PP–MWNT
nanocomposites. Since the heat release rate curves of the PP–graphitized MWNT
nanocomposites (with iron particles removed by high-temperature annealing53, 84)
were similar to those of PP–MWNT (with iron particles), it was concluded that
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residual iron particles did not have significant effects on the heat release rate of
PP–MWNT nanocomposites during flaming combustion78 (little oxygen reaches
the sample surface because oxygen is consumed by gas-phase oxidation reac-
tions). However, strong glowing combustion (smoldering) of the sample residues
(PP–MWNT with iron) was observed after flaming combustion was over (oxygen
could then reach the residue surface) during cone calorimeter tests. (Smoldering
was not observed with the residue of PP–graphitized MWNT under the same
conditions.)

The effects of the concentration of MWNTs in PP on the heat release rate
curves of the nanocomposites are shown in Figure 10.25. The results show two
distinct characteristics brought on by the addition of MWNTs; first, there is
a shortened ignition delay time with the PP–MWNT(0.5%), followed by an
increase in ignition delay time with an increase in the concentration of MWNT;
second, there is a gradual increase in peak heat release rate above about 1% by
mass of MWNT. A similar trend was observed for PMMA–SWNT nanocompos-
ites (less obvious for PMMA–SWNT, due to a lower concentration of SWNT,
as shown in Figure 10.20). The lowest heat release rate curve for PP–MWNT
is achieved with about 1% by mass of MWNT compared to about 0.5% by
mass of SWNT. The increase in peak heat release rate with concentration of
MWNT above 1% appears to be due to an increase in thermal conductivity of
the nanocomposite.78

The physical behavior of PP–MWNT nanocomposites was significantly differ-
ent from that of PP during a gasification test in a nitrogen atmosphere, as shown
in Figure 10.26. The PP sample behaved like a liquid, with a fine frothy top
layer generated by the bursting of numerous small bubbles at the sample surface.
No char was left at the end of the test. However, all the PP–MWNT samples
behaved like a solid without any visible melting except at the very beginning
of the test, and the shape of the sample or size of the sample did not change
significantly during the test. The residue of each sample was collected. No cracks
were observed in any residue of the PP–MWNT nanocomposites. The network-
structured layer of the PP–MWNT samples covered the entire sample surface
and extended to the bottom of the residue, as shown in Figure 10.27. The residue
consisted of tangled and roped carbon nanotubes. The tubes in the residue were
more interwined and larger than those in the original sample. The network layer
was porous but had physical integrity and did not break when picked lightly
using one’s fingers. The structure of the residue of PP–MWNT was very sim-
ilar to that of the residue of PMMA–SWNT nanocomposites. The mass of the
network-structured layer was very close to the initial mass of carbon nanotubes in
the original nanocomposites. This indicates that the network-structured layer did
not enhance char formation from PP. The importance of the formation of a net-
work structure and of melt viscosity on flame retardant effectiveness was reported
for PA6–MWNT nanocomposites prepared from a commercially available master
batch sample.80

Since carbon black (CB) has been used as a filler to enhance the physical
properties of rubbers, the flame retardant performance observed for MWNTs and
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(a) (b)

FIGURE 10.26 Sample behavior in a gasification test at 50 kW/m2 in nitrogen: (a) PP;
(b) PP–MWNT(1%).

FIGURE 10.27 Cross section of the residue of PP–MWNT (1%). (See insert for color
representation of figure.)

SWNTs could possibly be due to the addition of carbon alone, independent of size
or/and shape. To test this hypothesis, two different carbon blacks having different
surface areas were compounded with PP at the same level of carbon concentra-
tion in PP as those of the PP–MWNT nanocomposites. The surface area of the
carbon black designated as N299 was 102 m2/g, and that designated as N762 was
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FIGURE 10.28 Effects of addition of carbon black on mass loss rate of PP at 50 kW/m2

in nitrogen.

27.3 m2/g. The mass loss rate curves of the PP–CB measured at 50 kW/m2 in a
nitrogen atmosphere were compared with that of PP in Figure 10.28. The addition
of either carbon black increased the initial mass loss rate compared to that of PP.
This trend is similar to the addition of MWNTs to PP, as shown in Figure 10.25
(the trend of the heat release rate was very similar to the mass loss rate76), but the
reduction in the peak mass loss rate was much less than that for PP–MWNT(1%).

During the gasification test in a nitrogen atmosphere with the PP–CB samples,
the sample behaved like a viscous liquid, with the formation of large bubbles
which frequently burst at the sample surface. The residue of the PP–MWNT(1%)
was a smooth layer filling the sample container without any cracks (almost the
same size as the original sample). However, both residues of the PP–CB samples
consisted of dispersed, aggregated granular particles left at the bottom of the
sample container, as shown in Figure 10.29.

Three studies66, 77, 79 investigated the synergistic flame retardant performance
of combined organoclay–MWNT/EVA [poly(ethylene-co-vinyl acetate)] nano-
composites prepared by melt blending. The MWNTs were prepared by catalytic
decomposition of acetylene with cobalt and iron as catalysts supported on alu-
mina. The synthesized MWNTs were used directly as a crude sample, and
purified MWNTs were also made by boiling concentrated sodium hydroxide
water solution and removing mainly alumina in concentrated hydrochloric acid
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FIGURE 10.29 Residue of PP–CB(N299)(1%) after a gasification test at 50 kW/m2 in
nitrogen.

water solution. For same filler content, either the purified or crude MWNTs act
as better flame retardants than organoclays do, with a larger reduction in the
peak heat release rate and no significant influence on the time of ignition, as
shown in Table 10.2. The crude MWNT was as effective as the purified MWNT
in the reduction of the peak heat release rate. The peak heat release rate of the
ternary nanocomposites, filled with 2.4% of an organoclay and 2.4% of puri-
fied MWNTs, was slightly less than that of nanocomposites with either purified
MWNT(4.8%) or crude MWNT(4.8%). A comparison of the heat release rate
curves for EVA–clay(4.8%), EVA–MWNT(4.8%), and VA–clay(2.4%)–MWNT
(2.4%) is shown in Figure 10.30. It was speculated that the formation of graphitic
carbon in char is enhanced when both carbon nanotubes and clay particles are
applied, and this may contribute directly to the reduction of the peak heat release
rate. The nanotubes also tend to reduce surface cracks of chars, as demonstrated
above, leading to an increase in barrier resistance to the evolution of flammable
volatiles and oxygen ingress to the condensed phase.81

TABLE 10.2 Properties of Samples with MWNT at 35 kW/m2

MWNT
Organoclay Ignition PHRR

Sample (% by Purified Mass) (% by Crude Mass) (% by mass) Time (s) (kW/m2)

1 — — — 84 580
2 2.4 — — 85 520
3 4.8 — — 83 405
4 — — 2.4 70 530
5 — — 4.8 67 470
6 2.5 — 2.5 71 370
7 — 4.8 — 83 403

Source: After Ref. 77.
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FIGURE 10.30 Heat release rate curves of EVA–clay(4.8%): A, EVA–MWNT(4.8%);
B, EVA–clay(2.4%)/MWNT(2.4%); C, at an external flux of 35 kW/m2. (From Ref. 77,
copyright  2002, John Wiley & Sons, Ltd., with permission.)

FIGURE 10.31 TEM images of CNF at two different magnifications.

10.3.2.3 Carbon Nanofibers Another type of nanoscale carbon-based particles
is vapor-grown carbon nanofibers (VGCNFs) [or carbon nanofibers (CNFs)].
These diameters are in the range 60 to 200 nm and lengths are tens to hundreds
of micrometers, which are much larger than those of SWNTs and MWNTs. They
are commercially readily available at the kilogram level and with different levels
of purified samples. TEM images of these nanofibers are shown in Figure 10.31.
Many polymer nanocomposites were prepared with CNFs by melt blending for
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rheological studies,85 – 87 reinforcement of physical properties,88 and enhancement
of electric conductivity.85, 89 However, published studies on the flammability
properties of polymer–CNF nanocomposites are rare. Since enhancement of the
physical properties by polymer–CNF has been demonstrated, it was expected
that flame retardant performance by the addition of CNF could be as effective as
that of SWNTs and MWNTs, probably with a higher loading level of CNF than
of SWNT or MWNT. Our recent results of PMMA–CNF nanocomposites and
PP–CNF are discussed in this chapter.

The PMMA–CNF nanocomposites were prepared by the coagulation method
using DMF as a solvent. The method was the same as that used for the PMMA–
SWNT discussed in Section 10.3.2.1. Two different CNFs were used: PR-1 and
PR-24LHT. TEM images of PR-24LHT are shown in Figure 10.31. According to
the manufacturer of the CNFs (Applied Science Inc.), PR-1 is as-grown material
with a diameter of 100 to 200 nm containing amorphous carbons, and PR-24LHT
is fiber graphitized by heat treatment, with diameters of 60 to 150 nm without
amorphous carbons. The flame retardant effectiveness of these nanofibers was
investigated by measuring heat release rates of PMMA–CNF nanocomposites at
50 kW/m2. The results are shown in Figure 10.32. An increase in loading of the
PR-24 reduced the heat release rate of the nanocomposites up to 4% by mass
(although the reduction in heat release from a 2% mass fraction to a 4% mass
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FIGURE 10.32 Mass loss rate curves of PMMA–CNF nanocomposites at 50 kW/m2

in nitrogen.
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(a) (b) (c) (d)

FIGURE 10.33 Residues after the gasification tests at 50 kW/m2 in nitrogen: (a) with
PR-24(1%); (b) with PR-24(2%); (c) with PR-24(4%); (d) with PR-1(4%). (See insert for
color representation of figure.)

fraction becomes less than that from a 1% mass fraction to a 2% mass fraction).
The PMMA/PR-24(1%) nanocomposite showed muddy liquidlike behavior fol-
lowed by the formation of many small black islands during the test. The islands
gradually coalesced as the test progressed, and a thin connected mass of black
islands was left on the bottom of the sample container at the end of the test,
as shown in Figure 10.33a. Similar behavior was observed for the PMMA/PR-
24(2%) nanocomposite, but it appeared to be more viscous, with the formation
of large islands followed by a rugged solidlike appearance accompanied by large
bubbles and their bursting. A rugged layer without any cracks was left at the
end of test, as shown in Figure 10.33b. The PMMA/PR-24(4%) nanocomposite
appeared to be solidlike, accompanied by several large bubbles and their bursting,
followed by small swelling. A slightly rugged surfaced solid layer without cracks
was left at the end of the test, as shown in Figure 10.33c. On the other hand,
the PMMA/PR-1(4%) nanocomposite remained solidlike with a smooth surface,
without forming any significant number of bubbles over the entire duration of
the test. The shape of the residue was nearly the same as that of the original
sample, as shown in Figure 10.33d.

The heat release rate of PMMA/PR-1(4%) is much less than that of PMMA/PR-
24, as shown in Figure 10.32. Considering the high-purity nature of PR-24 (without
amorphous carbons) compared to PR-1, which contains amorphous carbons, it is
surprising to observe better flame retardant effectiveness PR-1 than with PR-24 in
PMMA. The heat treatment for PR-24 could remove any defects and −COOH and
−OH from the fibers if they existed on the nanofibers.51 If so, the PR-24 could be
less polar than the PR-1. Then PR-24 in polar PMMA may not be dispersed as well
as PR-1dispersed in PMMA. Optical microscopy image of the PMMA/PR-24 (2%)
shows well-dispersed nanofibers with some agglomerated nanofibers, as shown in
Figure 10.34a. However, the image of the PMMA/PR-1(2%) shows well-dispersed
nanofibers without agglomerates, as seen in Figure 10.34b. Another possibility to
explain the difference in flame retardant effectiveness of the two nanofibers is the
difference in the size of the two nanofibers. The images indicate that the PR-24
might be much smaller in diameter and have much shorter fibers than the PR-1.
Therefore, the better flame retardant performance observed for PR-1 in PMMA
than for PR-24 could be due to better dispersion of PR-1 in PMMA and to the
difference in the size of the nanofibers.
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(a) (b)

50 µm 50 µm

FIGURE 10.34 Optical microscopy images: (a) PMMA/PR-24(2%); (b) PMMA/PR-1
(2%).
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FIGURE 10.35 Comparison of mass loss rate curves for PP, PP–MWNTs, and PP/PR-1
nanocomposites at 50 kW/m2 in nitrogen.

Another example of the excellent flame retardant performance by PR-1 could
be seen with PP. A PP/PR-1(4%) nanocomposite was prepared by melt mix-
ing. The mass loss rate of the PP/PR-1(4%) nanocomposite was measured at
50 kW/m2 in a nitrogen atmosphere. The nanocomposite appeared to be solid-
like with a smooth surface without cracks during the most of the test period
except for an initial, brief period of formation of numerous small bubbles and
their bursting at the surface. The size of the residue collected at the end of the
test was nearly the same as that of the original sample. The measured mass loss
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rate curve is compared with those of PP–MWNT nanocomposites described in
Section 10.3.2.2 and the comparison is shown in Figure 10.35. The mass loss
rate of the PP/PR-1(4%) is slightly less than those of PP–MWNT(0.5%) and
PP–MWNT(1%). Thus, the heat release rate curve (Figure 10.32) and the mass
loss rate curve (Figure 10.35) show effective flame retardant performance by an
appropriate CNF as long as CNFs are well dispersed without agglomerates. The
flame retardant effectiveness of such CNFs appears to be as good as those of
SWNT and of MWNT except that CNF requires higher loading (roughly four to
eight times by mass). This indicates that the use of CNF is much more economical
(at least 1/1000) than SWNT to obtain a similar FR performance.

10.4 DISCUSSION OF RESULTS

10.4.1 Flame Retardant Mechanism

It appears that the flame retardant mechanism for the nanoparticles discussed
in this chapter is the formation of a continuous protective layer consisting of
a network of the nanoparticles, and the layer appears to act as a heat shield.
All data shown in this chapter show that the peak heat release rate could be
reduced significantly using nanoscale tube-shaped particles as long as these par-
ticles are well dispersed in a polymer matrix as a filler. Recent study indicates
a direct relationship between viscoelastic measurement (storage modulus) and
reduction in heat release rate.90 This suggests that we might be able to screen
for promising flame-retarded polymer nanocomposites by performing viscoelastic
measurements on the initially fabricated samples. Although heat release rate is
the key parameter for fire growth,91 total heat releases of these nanocomposites
are not reduced significantly except in the results shown in Figure 10.15. This
means that the burning rate or flame size of these nanocomposites would be low
or small, but they would burn slowly for a longer time, and eventually most
of the matrix would be thermally decomposed to provide flammable gaseous
products. Furthermore, ignition delay times of the nanocomposites based on car-
bons measured in a cone calorimeter tend to be shorter than those of polymer
matrixes, despite little difference in thermal stability between the nanocomposite
and the polymer matrix. (In some cases, the thermal stability of the nanocompos-
ite is slightly higher than that of the matrix.) This shorter ignition delay time for
carbon-based nanocomposite can be explained using PP–MWNT as an example.

In a cone calorimeter test, ignition is initiated by thermal radiation from an
electrically heated element at a temperature of about 750◦C. It is expected that
the emission spectra from the heater element is that of a gray body covering the
visible to the far infrared but peaking at about 2.7 µm. Therefore, there might
be a significant difference in the absorption characteristics of the external emis-
sion by PP–MWNT compared to that of PP. The measured infrared transmission
spectra of a PP sample was compared with that of PP–MWNT(1%) nanocom-
posite (see Figure 10.36). The PP shows many absorption bands based on various
vibrational modes, but there is substantial transmission between these bands. This
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FIGURE 10.36 Comparison of transmission spectra of PP and PP–MWNT (1%) through
200-µm-thick film. (From Ref. 78.).

indicates that the external thermal radiant flux of 50 kW/m2 is absorbed by the
PP sample over some depth. On the other hand, the PP–MWNT nanocomposite
shows no significant transmission bands and all of the 50-kW/m2 flux is absorbed
very near the sample surface, within a distance of 200 µm. Therefore, a narrow
layer in the vicinity of the PP–MWNT sample surface is heated rapidly and its
temperature becomes high enough to initiate thermal degradation of PP and to
generate evolved degradation products of monomer dimer, trimer, and oligomers
to initiate ignition. On the other hand, the PP sample is heated over a greater
depth, and it thereby takes longer to heat the sample to initiate degradation.
Thus, the ignition delay time of PP–MWNT, in particular at low concentrations
of MWNT, tends to be shorter than that of PP. This explanation applies to any
polymer/carbon-based nanocomposites because of absorption of incident radiant
energy by discrete bands based on the polymer structure.

10.4.2 Morphology

The dispersion of nanoparticles in polymer nanocomposites has a significant
effect on their flammability properties, as shown in Figure 10.18. Many studies
used TEM and/or SEM images to demonstrate the quality of the dispersion of
the nanoparticles in the nanocomposites. However, these images tend to observe
an extremely small area of the samples, on the order of 100 × 100 nm. These
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images show the shape, size, and interaction of the nanoparticles, but they do
not show the overall dispersion of the nanoparticles in the samples. Furthermore,
there are two aspects that affect the effectiveness of TEM analysis. First is the
sample preparation. The sample prepared is extreme small (as described above)
and the observed area may not represent overall dispersion characteristics. The
people preparing the sample may select the “good” region to cut. The second is
the fact that we are all prone to look at what we want. So with the TEM technique,
there is some concern that the images selected may not be fully representative
of the actual sample. Researchers using TEM are therefore encouraged to collect
multiple images of their samples at multiple magnfications and from multiple
sections. This is indeed more work, but is essential to ensure uniform and accurate
analysis when using TEM.

Looking at the dispersion on a micrometer scale (e.g., on the order of 100 ×
100 µm) it appears that the formation of agglomerates of the nanoparticles
tends to be more appropriate for flame retardant effectiveness. Such measure-
ments could be made with confocal microscopy or optical microscopy at various
locations in the sample. An image by confocal microscopy of the polyamide-6
nanocomposite with 2% clay particles is shown in Figure 10.37 as an example.
This image was constructed from 300 images taken from the surface of a 200 −
µm-thick sheet looking inside the sample in 0.1 µm steps. This image shows a
large-scale distribution pattern of clay particles, including several agglomerates,
which cannot be determined by TEM or SEM. Ideally, a statistical analysis should
be conducted on these images to quantify the dispersion of the nanoparticles
instead of the qualitative image observation that has commonly been used.

FIGURE 10.37 Confocal microscopy image of PA6/clay(2%). The image dimension is
about 100 × 100 µm with a thickness of 30 µm.
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10.4.3 Thermal Gravimetric Analysis

Measurement of the thermal stability of the polymer nanocomposites by TGA
is useful for understanding their flame retardant mechanism. Since oxygen is
consumed primarily by gas-phase oxidation reactions during flaming burning
of the nanocomposites, oxygen hardly reaches the thermally degrading sample
surface beneath the evolved gaseous products. Therefore, it is recommended
that TGA be conducted in an inert atmosphere instead of air. The results of
TGA conducted in air would apply to smoldering combustion instead of flaming
combustion. Heating rates in TGA are generally at least one to three orders of
magnitude slower than heating rates in fire conditions. The composition of the
degradation products can be modified significantly by the heating rate of the
sample. Furthermore, a TGA sample is generally very small (a few milligrams).
Then, secondary reactions of degradation products passing through the sample
(the real material is thicker than that for TGA) are not encountered. Therefore, one
needs to be cautious in extrapolating the TGA results, in particular, degradation
products, to fire conditions.

10.5 SUMMARY AND CONCLUSIONS

It is observed that the heat release rates of the nanocomposites during the early
stage of burning from the onset of ignition (until the establishment of a protec-
tive layer) are not significantly different from those of the matrix. A similar trend
was observed with polymer nanocomposites with nanoclay particles as a filler.
However, it appears that the flame retardant effectiveness of carbon nanotubes
determined by the reduction in heat release rate is better than those with nanoclay
particles per unit mass base at low concentration.92 This might be why these par-
ticles might not be considered as an all-around fire retardant since they fail to
pass the UL-94 type small ignition test.80 However, a performance-based fire
safety approach instead of a single go/no go type of test is becoming considered
increasingly in many countries, looking at material flammability characteristics
of ignition, heat release rate, CO production rate, and so on, as inputs. There-
fore, these nanocomposites can help to reduce heat release and slow fire growth,
but further improvement in their flame retardant effectiveness is needed for a
wider application of these nanoparticles. An improvement in flame retardant
effectiveness could be achieved by enhancing the formation of char significantly
by making numerous cross-links from specifically functionalized nanoparticles
(more carbons in the polymer matrix remain in the condensed phase) or by a
combined use with conventional flame retardant additives.
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11.1 INTRODUCTION

Demonstration of the beneficial effects of including dispersed nanoclay particles
as reinforcing species originated with a disclosure by the Toyota research group
in the 1980s that increases in tensile strength and modulus were possible.1,2 In
addition to superior mechanical properties, these structures have also been shown
to exhibit improved barrier behavior, ablation performance, and thermal and fire
stability.3,4 However, this improved fire performance is usually concerned with
reduction in heat release properties only, and ease of ignition and times to self-
extinguish are usually affected adversely. In fact, use of simple techniques such
as limiting oxygen index show that the addition of nanoclays and other nanopar-
ticles such as fumed silica alone do not significantly increase limiting oxygen
index (LOI) values5,6 unless their presence modifies the burning behavior and
melt-dripping character of a polymer as observed with various montmorillonite
clays dispersed in polyamide-6 and polyamide-66 polymers.7 Consequently, as
shown in earlier chapters, the flame retardant potential of nanodispersed parti-
cles in polymeric matrices lies in their ability to function additively and even
synergistically with other flame retardants or the matrix itself, if inherently
flame retardant. In this way, nanodispersed flame retardant formulations may
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be more effective than conventional formulations or as effective but at signif-
icantly reduced overall additive concentrations. This is particularly important
when conventional flame retardant concentrations may be required in concentra-
tions as high as 60% w/w, yet as Chapters 7 and 8 have shown, and discussed
further in this one, the presence of between 1 and 5% nanoparticles may enable
significant reductions to be achieved. This has real consequences for fire retar-
dant polymer applications in terms of possible reduced additive costs, improved
physical and mechanical properties, and environmental sustainability as well as
improved overall fire performance. Such advantages will obviously have possible
applications across the entire spectrum of polymer product types but will have
special relevance to those applications where flame retardant minimization and
polymer physical and mechanical property optimization are of crucial impor-
tance. Prime examples will be fibers (and textiles), films, foams, and composites
where not only are high specific surfaces often evident but product physical and
mechanical properties are also of major importance to their success in a variety
of applications.

11.2 REQUIREMENTS FOR NANOCOMPOSITE
SYSTEM APPLICATIONS

Since it is evident from discussions in previous chapters that nanodispersed,
functionalized, largely inert particles such as clays and synthetic alternatives
cannot promote sufficient flame retardant activity alone but only in the presence of
more conventional flame retardants, their potential usefulness will be determined
by their ease of processing and the manner in which they influence both process
and end product. Essential issues to be considered and resolved are nanoparticle
compatibility with the polymer matrix and other additives present, the ability
to maintain a nanodispersion during all processing stages, their influence on
rheology, and the possible compromise between effective concentrations levels
and optimization of these.

Currently, there is a number of methods of major significance for the prepa-
ration of nanocomposites in polymeric matrices, including sol-gel formation,8 in
situ polymerization,9 intercalative polymerization,1 solution blending, and melt
intercalation.2 In all of these, the process-dependent factors above will be crucial
in enabling successful small-scale systems to be scaled up to full commercial
levels. Not least of these, compatibility is largely determined by the nature of
the functionalizing groups present, and so in the case of clays, for example,
hydrophobic long-chain aliphatic substitutents within the quaternized function-
alizing complex will encourage nanoclay intercalation and exfoliation within a
nonpolar polymer matrix typified by the polyolefins and polystyrene. Substituents
with variously polar side groups, such as −OH, −NH−, or NH2, will encourage
nanodispersion in polar [e.g., poly(methyl methacrylate)] and hydrogen-bonded
polymers [e.g., polyamide-6(PA6) and polyamide-6,6(PA6,6) and poly(vinyl alco-
hol)]. Typical examples of functionalizing groups used by Southern Clay Products
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TABLE 11.1 Typical Characteristics of Commercial (Southern Clay Products) Clays

Clay Treatmenta

Modifier
Concentration
(meq/100 g

clay)
d-Spacing

(Å)
Density
(g/cm3)

Compatible
Polymer

Examplesb

Cloisite Na+ None 93 11.7 2.86 PVOH, PA6,
and PA6,6

Cloisite 10A N+CH3 CH2

HT

CH3

125 19.2 1.90 PET, PBT,
PS

Cloisite 15A N+CH3 HT

HT

CH3

125 31.5 1.66 PLA, EVA,
PS

Cloisite 25A N+CH3 CH2·CH (C2H5)·(CH2)3·CH3

HT

CH3

95 18.6 1.87 PLA, PMMA,
PS

Cloisite 30B N+CH3 T

CH2CH2OH

CH2CH2OH

90 18.5 1.98 EVA, epoxy,
PC, PBT

a HT, hydrogenated (∼65% C18; ∼30% C16; ∼5% C14), anion: sulfate; T, tallow (∼65% C18; ∼30% C16; ∼5% C14),
anion: chloride in 10A, 15A, and 30A, sulfate in 25A.
b PVOH, poly(vinyl alcohol); PBT, poly(butylene terephthalate); PLA, poly(lactic acid); EVA, poly(ethylene-co-vinyl
acetate); PMMA, poly(methyl methacrylate); PC, polycarbonate.

are shown in Table 11.1 along with polymers with which they are respectively
compatible. The respective densities listed show how the presence of function-
alizing species, especially those with bulky side groups, reduce clay density by
increasing gallery spacings. Similar ranges of functionalized clays are commer-
cially available from companies such as Süd-Chemie in Germany and Nanocor
in the United States. Surprisingly, even unfunctionalized clays may nanodisperse
in very polar polymers, and recent work in our own laboratories suggests that
this may be possible with polyamide-6 and polyamide-6,6.7,10

However, as noted by Gilman and co-workers,11,12 quaternized ammonium
salts with aliphatic side chains tend to decompose at temperatures in the range
200 to 250◦C and so will degrade during the compounding and processing of most
conventional melt-processed polymers such as PA6, PA6,6, poly(ethylene tereph-
thalate) (PET) and polystyrene (PS). From our own recent studies, Figure 11.1a
and b show the respective thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) responses in air for the unfunctionalized Cloisite Na+
and functionalized Cloisite 10A, 15A, 25A, and 30B clays having functionalizing
group structures defined in Table 11.1. As expected, the unfunctionalized sodium
montmorillonite shows very little weight loss until above 600◦C, when some
dehydroxylation occurs, as shown in Figure 11.1a. However, there is still a
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FIGURE 11.1 (a) TGA and (b) DTA responses for selected Cloisite clays in air. (From
Ref. 13, with permission from the Royal Society of Chemistry.)

high residual mass at 800◦C, and the related DTA response is featureless (see
Figure 11.2b). All the organically modified clays, however, show two stages of
weight loss, the first represented by double-peaked DTA maxima (in the tem-
perature range 235 to 293 and 307 to 348◦C) and the second by single-peaked
DTG maxima (575 to 605◦C) reflected by the respective DTA exotherms in
Figure 11.1b. The first stages are probably due to decomposition and oxidation
in air of respective organic components of the clays, and the second, single stage
is due to dehydroxylation of the clay layers as noted above.14 Although the TGA
data shown are in air, and the behavior under nitrogen might be expected to
indicate some improved thermal stability, it is clear that functionalizing groups
of these clays would most likely be degraded during normal melt polymer pro-
cessing, as suggested previously.
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That this is indeed the case has prompted the need to generate more stable
functionalities. As a consequence, Gilman and his co-workers11,12 subsequently
showed that layered-silicate nanoparticles functionalized with higher-temperature
stable groups, such as imidazolium derivatives and crown ethers, can increase
stability to temperatures in the range 262 to 343◦C under nitrogen compared
with a typical alkylammonium–based salt such as dimethyldioctadecylammo-
nium bromide, which starts to degrade at 225◦C. Figure 11.2 reproduces the
TGA responses in nitrogen of dimethylhexadecylimidazolium (DMHDIM) salts
with different anions (Cl−, Br−, BF−

4 , PF−
6 ) and montmorillonite (MMT) clay

ion-exchanged with dimethylhexadecylimidazolium (DMHDIM) salt.12 Here a
dramatic increase in the thermal stability of dimethylhexadecylimidazolium–
intercalated montmorillonite clays is evident, as is a dependence of salt sta-
bility on the type of anion present. Halide ions obviously destabilize salts, so it
is important to remove all halide residue that may contaminate the intercalated
product after ion exchange. On the other hand, thermal stabilities of the inter-
calated tetrafluoroborate and hexafluorophosphate salts are similar. However, for
polymers that may be compounded and processed below 200◦C, such as EVA,15

the more simple quaternary ammonium functionalizing groups may be used (e.g.,
using dimethyldistearylammonium salts) to generate nanocomposite polymers.

Generally, the addition of a nanodispersed phase will increase the viscos-
ity of a polymer melt under a given shear stress and temperature, although
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dimethylhexadecylimidazolium (DMHDIM) salt [12] (From Ref. 12, copyright  2004,
Elsevier, with permission.)
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FIGURE 11.3 Shear rate dependence of melt viscosity of polyamide-6 in the presence
and absence of a nanoclay. (From Ref. 16, copyright  2000, John Wiley & Sons Ltd.,
with permission.)

shear stress sensitivity may be increased as noted for polyamide-6 and shown in
Figure 11.3.16 Similar behavior has been reported by Sihna Ray and Okamoto17

for molten polylactide (PLA)/layered-silicate nanocomposites at 175◦C. These
changes have implications on processability rates for high-throughput processes
such as melt extrusion of filaments; thus, if nanodispersed clays and similar parti-
cles are present, there may have to be an upper limiting concentration determined
by the need to compromise between added property and reduced extrusion rate.
Furthermore, the increase in melt viscosity will reduce the ease of melt blending,
although the increased sensitivity of melt viscosity to increased shear stresses at
higher extrusion rates may offset this factor as well as partially restoring process
efficiency.18 However, while the presence of nanoclays has a physical effect, in
some polymers [e.g., poly(ethylene terephthalate)], sensitized degradation may
occur. Matayabas et al.19 have shown that during melt compounding the inherent
viscosity of a high-molecular-weight PET decreased from 0.98 dL/g to 0.48 dL/g
as clay increased from 0.36% to 6.7% (expressed as ash %). Davies et al.20 have
also noted that for in situ polymerized polyamide-6 in the presence of a mont-
morillonite clay, significant thermal degradation occurs when the compounded
melt is subjected to injection molding processes. Clearly, the effects of adding
nanoparticulates to a polymer melt or indeed a solution are quite complex and
so will have an impact on the processability of nanocomposites designed to have
desired improvements in property, including fire performance.

Dispersion at the nano level, is of course, essential if fire performance prop-
erties are to be optimized, so the challenge of introducing functionalized clays
in a suitable manner to a particular polymer process may be considerable. For
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instance, the products Nanomer I.30P for film grade and I.44 PA for engineering-
grade applications are Nanocor’s commercial products and are quaternized ammo-
nium ion–modified montmorillonite, designed for maximum compatibility and
dispersion in a polyolefin matrix. They are available as free-flowing powders
with mean dry particle sizes of 15 to 25 µm or as master batches containing 40
and 50% w/w clay contents, and they are capable of dispersion to the nanoscale
in conventional twin-screw compounders.

Rheological effects have also been observed in our own laboratories during
the formulation of aqueous copolymeric emulsions for use in textile back-coating
formulations.21 In this work the addition of either a nanoclay [5% w/w Cloisite
15A (Southern Clay Products; see Table 11.1) with respect to coating solids] or
fumed silica (up to a maximum of 17% w/w with respect to coating solids) mod-
ifies the paste rheology, with the latter especially producing significant viscosity
changes and hence difficulty of maintaining uniform and reproducible coating
applications. High concentrations of silica were used because of the need to
introduce assumed high levels of flame retardancy, which in fact proved to be
false (see Section 11.3.3). However, this does illustrate one adverse effect of
nanoparticle concentration, as has the work of Matayabas and Turner18 on PET
degradation.

11.3 POTENTIAL APPLICATION AREAS

11.3.1 Bulk Polymeric Components

Although the patent literature is populated with claims of the effectiveness of
nanofilled polymeric formulations offering improved fire performance, at present
few commercial products are available. The best known example uses nanocom-
posite technology specifically to improve the fire performance of electrical cable
sheathings. Kabelwerk Eupen AG now markets cables that incorporate nanoclays
within ethylene-co-vinyl acetate (EVA)–based sheathings, which have the advan-
tage of requiring reduced levels of conventional flame retardants, such as alumina
trihydrate.15,22 To achieve normal flame retardancy requirements, up to 65% w/w
alumina trihydrate (ATH) is required, which means that the overall cable sheath-
ing physical properties may be reduced significantly. By incorporation of up
to 5% of a functionalized nanoclay (with dimethyldistearylammonium salts),
the ATH content may be reduced to about 45%, with a consequent improve-
ment in sheath properties and saving on flame retardant costs. Furthermore, the
char formed by the nanofilled ATH-containing formulation is far more rigid and
less prone to crack development than is the conventional analog. Later work
by Beyer23 has shown that introduction of multiwalled carbon nanotubes on a
weight-for-weight basis (at 5% w/w) into EVA reduces cone calorimetrically
determined peak heat release values to slightly greater levels than when a func-
tionalized nanoclay is present. Extending the inclusion of nanoclays into other
polymers with a potential for use in cables, such as thermoplastic polyurethanes
(TPUs), poly (vinyl chloride) (PVC), and blends of the two, shows mixed results,
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however. For instance, while inclusion of 5-phr organoclay with TPU and TPU
containing a phosphate ester flame retardant again showed reductions in respec-
tive peak heat release rate (PHRR) values, in each case the time-to-ignition values
decreased and burnout times increased.24 However, whereas the time to ignition
of TPU under a 35-kW/m2 heat flux increased from about 70 s to 85 s in the
presence of phosphate flame retardant, it decreased to about 70 s following sub-
sequent addition of organoclay. On the other hand, PVC–EVA and PVC–TPU
polymer blends showed heat release curves little affected by the introduction of
organoclays, apart from decreases in times to ignition. Clearly, whether or not
a useful level of flame retardancy is achieved depends on the polymer type, the
conventional flame retardant present, and the type of nanospecies present.

A second example is the group of nanocomposites for improved flame
retardancy based on Nanocor products (Gitto/Global Corp., Lunenburg,
Massachusetts).25 One of these is for heavy-duty electrical enclosure applications.
These are typically made of injection-molded polypropylene and vary in size up
to 1 m3. By using a nanocomposite, the level of the flame retardant additive
present may be reduced significantly, yielding an overall weight saving of 18%.
Although their original UL-94 V-0 ratings are maintained, both flexural and
tensile moduli are also claimed to increase by about 25% without loss of impact
resistance.

These commercial examples provide evidence that inclusion of nanoparticle
species can indeed reduce the overall flame retardant additive levels required
to achieve a desired fire performance level. To corroborate this, work in our
laboratories10,26 – 28 with PA6 and PA6,6 films and selected phosphorus-containing
flame retardants suggests this to be the case when selected functionalized nanoclays
are also present, and this work is reviewed below.

The situation with other polymers, such as polystyrene, is less clear. Wang
et al.29 have recently shown that introducing nanoclays and brominated species
into polystyrene (PS) produces significant reductions in PHRR values determined
by cone calorimetry. Although times to ignition are slightly reduced, thereby
making the compounded nanocomposites more prone to ignite, their behavior
in a practical burning test such as UL-94 is less straightforward. For example,
the introduction of 3% Cloisite 30B (Southern Clay Products; see Table 11.1)
enables a previously failing compounded copolymeric PS containing 10% dibro-
mostyrene (DBS) to achieve a V-2 pass rating, raising the DBS level to 20% alone
yields a pass of V-2, and introducing Cloisite 30B or a quaternized dimethyl-n-
hexadecyl-4-vinylbenzylammonium (VB16)–functionalized clay produces a fail
or “not classified (NC)” result. These results are listed in Table 11.2. However,
for copolymers containing 40% DBS, which alone maintains a V-2 rating, addi-
tion of Cloisite 30B raises this to the highest pass rating, V-0. Earlier work by
the same group30 investigated the effects of adding a variety of organophosphate
additives and the clay Cloisite 10A (see Table 11.1) to polystyrene and studied
thermal degradative, burning, and cone calorimetric properties. Table 11.2 also
lists some of their results, which show that only when phosphate flame retar-
dants are present at higher concentrations are respective PHRR values reduced
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TABLE 11.2 UL-94 Test Results for Polystyrene Nanocomposites Containing
Either Dibromostyrene Comonomer or Phosphate Additives

Flame Retardant
Comonomer or Additive Clay

PHRR at
35 kW/m2

UL-94
Result

Pure polystyrene Nil 1419 NC
3% Cloisite 10A 310 —

10% Dibromostyrene 3% Cloisite 30B — V-2
20% Dibromostyrene Nil — V-2

3% Cloisite 30B — NC
3% VB16 — NC

40% Dibromostyrene Nil — V-2
3% Cloisite 30B — V-0

15% Tricresyl phosphate Nil 1122 —
30% Tricresyl phosphate 3% Cloisite 10A 378 V-2

5% Cloisite 10A 342 V-1
10% Cloisite 10A 324 V-1/V-0?

30% Resorcinol diphosphate Nil 499 —
5% Cloisite 10A 110 V-2
10% Cloisite 10A 307 V-0/V-1?

30% Trixylyl phosphate Nil 864 —
5% Cloisite 10A 313 V-2

Source: Data from Refs. 29 and 30.

significantly, although the reduction is not as great as that caused by the presence
of 3% nanoclay alone with respect to virgin PS. Furthermore, the presence of both
a clay and a phosphate causes not only a reduction in PHRR values but also a very
significant reduction in total heat released compared to both virgin polymer and
a styrene nanocomposite. In practical UL-94 tests, selected phosphate-containing
samples that showed the best flame retardant effect in terms of their respective
ability not to sustain a flame after ignition are also listed in Table 11.2. Here it
can be seen clearly that not only does the presence of nanoclay together with
a retardant raise the fire performance in terms of the UL-94 V-rating, but also,
increasing the concentration from 3% to 10% promotes a similar increase.

From these studies, although it is clear that nanoclay-flame retardant interac-
tions are not simple and may be dependent on respective concentrations present,
inclusion of nanodispered phases offers the opportunity to reduce overall additive
loadings or to improve fire performance at currently acceptable loadings.

In Chapter 7 the combination of nanocomposites with metal hydroxide flame
retardants has generally been discussed. Since the use of metal hydroxide usually
requires very high concentrations within the polymer matrix (often higher than
50% w/w), to achieve desired levels of flame retardancy as noted above regarding
the work of Beyer,15,22,23 the influence on rheology and hence processability can
be significant. Hornsby and Rothon31 have discussed this issue and they report
that compounded polymer melt viscosities and shear sensitivities, for example,
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are determined by hydroxide type, particle size, surface chemistry, and concen-
tration. Any means of reducing the microparticulate flame retardant content will
have a beneficial effect on both processibility and final polymer properties. It is in
these areas that the inclusion of nanodispersed particles may provide application
opportunities. Lomakin et al.32 have recently described the effects of introduc-
ing nanoparticulate aluminosilicates (i.e., Cloisite 15A, Southern Clay Products,
San Antonio, Texas) into magnesium hydroxide (MgH)–filled polypropylene and
show that a 60% w/w MgH-filled polymer has thermal stability similar to that
of a polymer containing 50% MgH and 10% w/w Cloisite 15A; no effects of
improved processibility were reported. However, work reported by Song et al.33

reports that the mechanical properties of PA6,6 are improved if a nanoclay is
added in the presence of MgH and red phosphorus as flame retardants. Further-
more, the two flame retardants and nanoclay act synergistically, thereby enabling
lower concentrations to be used. A similar flame retardant synergism was reported
by Fu and Qu,34 who noted that addition of fumed silica to MgH-filled EVA not
only enabled low levels of MgH to be used but increased elongation-at-break
values.

The combination of intumescents and nanoparticles (also discussed in
Chapter 6) was reviewed initially by Gilman and Kashiwagi35 and more recently
by Duquesne et al.36 The possible synergies between micro-dispersed intumescent
flame retardants and nano-dispersed species offer obvious opportunities to
reduce overall filler contents, with beneficial effects on polymer processing and
properties, although no such examples worthy of application have been reported
to date. One of the first reported instances of this was by Bourbigot et al.,37 who
showed that inclusion of a polyamide-6/montmorillonite nanocomposite within an
EVA matrix with APP as a conventional flame retardant still enabled a UL-94 test
rating of V-0 to be achieved with only two-thirds of the concentration of the latter
with respect to an equivalent intumescent formulation without nanoclay present.
Subsequently, Vyver-Berg and Chapman38 reported that combining functionalized
clays at 1 to 3% w/w in the presence of intumescent flame retardants such as
melamine phosphate, ammonium polyphosphate, pentaerythritol phosphate, and
zinc borate in appropriate combinations enables lower concentrations than normal
to be used to achieve UL-94 V-0 ratings in polypropylene at total concentrations
just below 20% w/w.

11.3.2 Films, Fibers, and Textiles

The need to minimize flame retardant concentrations is especially important in
synthetic fibers, where additive levels in excess of 10% w/w usually reduce
their ease of extrusion and subsequent processing as well as affecting adversely
their normally desirable textile properties. The major difference between fibers
and bulk polymers, including films and composites, is the small thickness of
individual fibers, typically being 15 to 30 µm in diameter, yielding yarns 50
to 100 µm in diameter, and fabrics having thicknesses varying from as low as
100 µm to several millimeters. As noted previously, although fire performance,
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often using cone calorimetry, of bulk polymers11,35,39 typically shows that the
presence of nanoclays reduces peak heat release rates, they also most often reduce
times to ignition and extend total burning periods while little affecting the overall
heat release of the polymeric substrate. However, while slowing down the burning
process and encouraging more rapid ignition, they also encourage increased char
formation. In fact, in some cases where polymers are not char-formers, some char
development has been reported,35,39 and this is of special importance to extremely
thermoplastic and negligible char-forming fiber-forming polymers such as PET
and polypropylene.

The first fire performance studies of nanocomposite polyamide-6 filaments
reported were by Bourbigot et al.,40,41 and these were converted into fabric hav-
ing an area density of 1020 g/m2 and thickness 2.5 mm. These fabrics were
exposed to 35 kW/m2 heat flux in a cone calorimeter and ignition times of 70
and 20 s and PHRR values of 375 and 250 kW/m2, respectively, for the normal
and nanocomposite polyamide-6 fabrics were recorded. Although the latter rep-
resents a significant 33.3% reduction in PHRR, ignition resistance was reduced
significantly and total heat release was affected little, if any. Thus, flame retar-
dancy in terms of increased ignition resistance was not observed; in fact, the
converse held true. However, thermogravimetric analysis suggested that the pres-
ence of nanoclay had little effect up to 400◦C, but above 450◦C there appeared
higher char formation. One problem with fibers and fabrics with respect to bulk
polymers is their high-specific-surface areas and their thermally thin character,
and it is interesting to note that recent work by Kashiwagi et al.42 suggested
that the effectiveness of polyamide-6 nanocomposites in having reduced PHRR
values and related fire performance may be a function of sample or composite
thickness. Results tabulated from this research for 8- and 1.6-mm polyamide-
6/clay nanocomposites exposed in a cone calorimetry at 50 kW/m2 are shown in
Table 11.3, and the effect reported for nanoclay presence may be expressed as a
percentage retention of PHRR; these are included in parentheses.

The poor performance of the thinner composite, which is corroborated by
data for mass loss rate for composites having intermediate thicknesses (3.2 and
4 mm), may be explained in terms of competition between the formation of a

TABLE 11.3 Tabulated and Calculated PHRR
Results for Polyamide-6/Clay Nanocomposites

PHRR [kW/m2 (% retention)]
for a Thickness of:Nanoclay

Level (%) 8 mm 1.6 mm 220 µma

0 1950 1690 1634
2 1025 (53) 1615 (95.5) 1742 (∼100)
5 690 (36) 1360 (80) 1505 (92)

Source: Data from Refs. 27 and 42.
a Result predicted for 250-g/m2 fabric.
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surface carbonaceous–silica shield and the volatilization to fuel of surrounding
polymer. In thicker composites, the competition favors ceramic barrier formation,
while for thin composites, volatilization dominates.43 This can be considered as
the difference between thick and thin thermal behavior,44 so in similarly “thin”
textile fabrics it is possible that the “shield-forming” mechanism observed for
bulk polymer nanocomposites may be too slow for effective improvement in fire
performance. It is likely, however, that the thickness effect observed by Kashi-
wagi and co-workers will be influenced by the heat flux since both competing
mechanisms are thermally driven, but to different extents.

Assuming Kashiwagi’s results to be reasonably valid and that a simple negative
linear relationship exists between composite thickness and heat release rate, in
a recent paper27 we have shown that these former results for 8- and 1.6-mm
polyamide-6/clay nanocomposites exposed in a cone calorimeter at 50 kW/m2

suggest a minimal reduction in PHRR reduction for a typical polyamide-6 textile
fabric having an area density of about 250 g/m2, which equates to a film with a
thickness of 220 µm (see Table 11.3). Furthermore, we have proposed that the
33.3% reduction in PHRR observed by Bourbigot et al.40,41 for 2.5-mm-thick
1020-g/m2 polyamide-6 fabrics, equivalent to films about 0.9 mm in thickness,
is a consequence of the lower heat flux, 35 kW/m2. This is suggested because
the thickness effect observed by Kashiwagi and co-workers42 will be influenced
by the heat flux since both competing mechanisms are thermally driven but to
different extents, and a lower heat flux will favor the diffusion of clay particles
to the surface and formation of a surface clay layer.

There is a possibility that selection of char-promoting nanoclay or nanoparticle
functionalizing groups may further encourage char formation, but since these are
present at low concentrations within the particle substrate and the functionalized
nanoparticles themselves are introduced only at 2 to 5% w/w loadings, the effec-
tiveness of char-promoting or even vapor-phase-active functional groups might
be questioned when present at very low (�1%) levels in the polymer. How-
ever, since the thermal stability of the functionalizing species during processing
significantly affects the resulting nanoclay behavior as discussed previously,11,12

possible char-promoting or vapor-phase effects at such low levels should not be
ruled out.

Work in our own laboratories has shown, however, that in the presence of con-
ventional flame retardants, nanoclays can promote additive and synergistic effects
in PA6, PA6,6 films that have been used as models for respective fibers.7,10,13,26,27

This work has provided evidence that significant reductions in flame retardant
additive concentrations may be achievable, as has been noted for other poly-
mers in Section 11.3.1. Normally, minimal flame retardant additive contents of
about 15 to 20% w/w are required, which are too high for inclusion in conven-
tional synthetic fibers. This is because for fusible fiber-forming polymers such
as PA6, PA6,6, PET, and polypropylene, flame retardant property trends versus
concentration are not linear but follow an S-shaped curve.45 – 47 This phenomenon
is believed to be a consequence of the need to generate a threshold char level
having an extended coherence throughout the polymer. It follows that this will
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relate to a critically minimal concentration of a given flame retardant that must
be present in a given polymer in order to achieve acceptable flame retardancy.

We have reported both additive or synergistic effects of adding selected
flame retardants based on ammonium polyphosphate (Antiblaze MCM,
Rhodia), melamine phosphate (Antiblaze NH, Rhodia), pentaerythritol (PER),
pentaerythritol phosphate [Chemtura (formerly, Great Lakes) NH 1197], cyclic
phosphate (Antiblaze CU, Rhodia), intumescent mixtures of APP, PER,
and melamine (Amgard MPC, Rhodia), ammonia cross-linked polymer of
a tetrakis(hydroxylphosphonium salt)–urea condensate (Proban CC polymer,
Rhodia), and related formulations into PA6 and PA6,6 polymer films
(∼80 µm thick) in the presence of nanoclay (polyamides supplied by
RTP Plastics).10,13,26,27 Analysis of the flame retardant performance of each
FR–nanoclay–polyamide film compared with respective FR–polyamide films,
for polyamide-6,6 films shows that only for APP, Proban CC, and the intumescent
Amgard MPC does the presence of nanoclay significantly increase LOI values,
and that using Lewin’s synergistic effectivity measure,48 these demonstrate
possible synergy, as reported elsewhere.10,27 The effect of the addition of
nanoclay is seen clearly in the previously published LOI versus FR concentration
plots presented in Figure 11.4.27 Why only a few of the selected flame retardants
show positive effects in the presence of nanoclay is not understood. Suffice it to
say that ammonium polyphosphate is not only the most synergistic but also has
a decomposition temperature in the range 250 to 300◦C, and this overlaps the
melting point of polyamide-6,6 (∼265◦C). It is considered that this will encourage
flame retardant mechanisms to start alongside polymer fusion. Surprisingly,
however, the APP–PER combination does not show synergy and, indeed, shows
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FIGURE 11.4 LOI values for flame retardant/PA6,6 and flame retardant PA6.6 nano-
composite films for flame retardants showing positive behavior in the presence of nan-
oclay. (From Ref. 27, with permission from Interscience Communications.)
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TABLE 11.4 Flame Retardant Concentrations Required to Achieve Defined LOI
Values in Polyamide-6,6 Films

LOI = 23 LOI = 24 LOI = 25

Flame Retardant PA6,6 PA6,6 nano PA6,6 PA6,6 nano PA6,6 PA6,6 nano

APP 23.8 15 28.5 20.1 33.3a 25
MPC 16.3 14.5 20.5 18 30 >30
CC 20.5 10.5 28.5 17.5 36.3a 25

Source: After Ref. 26.
a Extrapolated from Figure 11.4.

slightly less than additive flame retardant effects when both flame retardant
and nanoclay are present. However, the intumescent Amgard MPC does show
evidence of synergy. The pentaerythritol phosphate–derived species [Chemtura
(formerly, Great Lakes) NH 1197] have higher decomposition temperatures than
APP, as does melamine phosphate (Antiblaze NH).49 The curves in Figure 11.4
are variants of the typical S-shaped curve,45 – 47 and from them the reductions in
flame retardant concentration to achieve a specific level of flame retardancy may
be assessed. These concentrations are shown in Table 11.4.

Thus, to achieve LOI values up to 24, the addition of nanoclay (at a 2%
assumed level) enables flame retardant levels to be reduced significantly. At
LOI = 25, similar reductions in concentration are observed for APP and Proban
CC polymer–containing films, but a converse situation was observed for the
Amgard MPC system. Unfortunately, a similar analysis could not be under-
taken for the polyamide-6 film set because the presence of nanoclay significantly
changed the burning manner of cast polyamide-6 films in a manner that ren-
dered simple LOI value comparison difficult, although evidence of synergism
was generated, as indicated above.7,10

Possible effects of a clay functionalizing group have also been investigated
using clays selected from those in Table 11.1, and these were introduced with
selected flame retardants into cast PA6 and PA6,6 films. Clay selection was based
on observing the greatest increase in LOI that each clay alone could promote in
a cast polyamide-6,6 film in the first instance. The Cloisite 30B clay fit this crite-
rion, yielding a cast film LOI value of 28.0, compared with a clear polyamide,-6,6
film value of 21.0. This clay was selected along with the nonfunctionalized
Cloisite Na+ which was found to disperse quite easily in polar polyamide films,
yielding an LOI value of 25.2. The variations in LOI for 2% clay-containing
films were noted to be mainly a consequence of the effect that each clay had
on the burning character of the film in an LOI test vertical geometry. A simi-
lar effect was noted for polyamide-6 films in which previously reported flame
retardant–nanoclay interactions for polyamide-6 formulations appeared to be less
efficient.7,10 It was considered that this lower activity could be a consequence of
the lower melting point of polyamide-6, about 215◦C, a temperature too low for
most flame retardants to start functioning efficiently.
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of various flame retardant/commercial and Cloisite 30B nanoclay combinations;
(a) ammonium polyphosphate; (b) Proban CC polymer; (c) intumescent MPC1000;
(d) ammonium polyphosphate/pentaerythritol; 0% flame retardant values for flame
retardant and nanoclay-containing films are extrapolated. (From Ref. 26, with permission
from the Textile Institute.)

The LOI results for polyamide-6,6 films in the absence and presence of
nanoclays are shown in Figure 11.5 for Cloisite 30B compared with clay-free
and previously reported commercial clay-containing polyamide-6,6 films.7,26,28

Because the clay modifies burning behavior in a way that appeared to be
canceled when flame retardant was added, LOI values for 0% flame retardant
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in nanoclay-containing films were obtained by extrapolating LOI versus flame
retardant concentrations for each flame retardant. These values are included in
Figure 11.5, which shows that all the polyamide-6,6 film samples comprising
each individual flame retardant additive, in the absence of clay, provide lower
LOI values than those of their clay-containing analogs. Furthermore, these
curves exhibit the expected S-shaped curve behavior, with LOI values increasing
significantly only when respective flame retardant concentrations exceed 20%
w/w. Introduction of nanoclays appears to linearize respective LOI versus flame
retardant percentage trends, and generally the nanoclays selected have a positive
effect on the burning behavior of polymer when flame retardant is present.

Similar results are shown in Table 11.5 for polyamide-6 films in which either
Cloisite Na+ or 30B clays were included together with a flame retardant. Again,
as seen for polyamide-6,6 films, the presence of nanoclay alone changed the
burning behavior of polyamide-6 significantly by enhancing char formation and
reducing melt dripping,7 thus giving rise to increased LOI values in the absence
of flame retardant. Hence, 0% flame retardant LOI values were again obtained by
extrapolation and included in Table 11.5. The results obtained for the polyamide-6
films comprising the cyclic organophosphate (Antiblaze CU, Rhodia) and the
control clay are interesting, inasmuch as they yield the highest LOI values at
each additive level, in comparison with the APP and APP–PER flame retardant
systems. However, during testing, these films continued to melt and drip when
exposed to a flame, as opposed to forming a carbonaceous char, irrespective of

TABLE 11.5 LOI Values for Flame Retardant Polyamide-6 in Combination with
Cloisite Na+ and 30B Nanoclays and Selected Flame Retardants

Polyamide-6 Polyamide-6 + Na+ Polyamide-6 + Cloisite 30B

Standard film 22.6 23.0 23.4
0% (extrapolation) 20.9 18.5 17.5
11% APP 23.4 22.6 21.8
15% APP 23.4 23.4 24.2
20% APP 24.2 25.6 26.4
23% APP 26.0 26.8 27.2
27% APP 26.0 28.0 28.8
0% (extrapolation) 23.1 21.7 24.1
11% APP–PER 23.8 23.8 25.0
15% APP–PER 24.2 23.8 25.0
20% APP–PER 24.6 23.8 25.0
23% APP–PER 24.6 25.0 25.0
27% APP–PER — 26.2 26.2
0% (extrapolation) — 19.3 —
11% CU — 24.2 —
15% CU — 26.8 —
23% CU — 30.0 —

Source: After Ref. 26.
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additive loading. Thus, it is proposed that higher LOI values were obtained due
to the difficulty in sample ignition as a consequence of enhanced melt dripping.
It is interesting to note that as with the polyamide-6,6 films, the presence here
of Cloisite Na+ clay had an effect similar to that of the functionalized analog,
Cloisite 30B, which contradicts the expectations that the 30B clay would be more
fully nanodispersed and so should be expected to yield higher LOI values.

For APP < 11%, the order of decreasing LOI at the same FR concentration
appears to be

pure polyamide-6 > Cloisite Na+ > Cloisite 30B > commercial nanoclay

while at higher APP concentrations of 20% and above, the order is

Cloisite 30B > Cloisite Na+ > commercial nanoclay > pure polyamide-6

For an APP–PER system at most concentrations, the decreasing LOI order is

Cloisite 30B > pure polyamide-6 > Cloisite Na+ > commercial nanoclay

This general observation is opposite to that seen for polyamide-6,6 film analogs,
where the LOI order at a given retardant concentration tended to be26,28

Cloisite Na+ > Cloisite 30B > commercial nanoclay > pure polyamide-6,6

The influence of the actual physical morphology of the clay dispersions and the
associated polyamide within each set of films could have a significant influence
on the orders noted above and on whether or not there is a true nanocomposite
effect at all. Cursory work in this respect suggests that films reported previously,
formed from commercially available nanocomposite PA6 and PA6,6 retain their
nanodispersed clay formations.7 However, films containing both Cloisite Na+ and
30B, while promoting spherulitic crystal formation of both PA6 and PA6,6 poly-
mers during film formation, have varying degrees of nano- and micro-dispersed
clay particles present. The formation of spherulitic structures has, of course,
serious implications for resulting fiber-forming characteristics.

Clearly, the presence of each clay significantly reduces the concentration
required of each flame retardant required to achieve a specific LOI value, as
shown in Table 11.3 for commercial nanocomposite polyamide-6,6 films and in
Figure 11.6, where for each flame retardant the percentage reduction is plotted for
each clay type in polyamide-6,6 films. There is an indication that the two clays
used in this study show significant advantages over the commercial nanocom-
posite polyamide-6,6 studied previously, and that for LOI values of about 23,
levels of retardant approaching only 10% w/w may be applicable, and to achieve
LOI = 24, levels of about 15% may suffice. To explain these results, our previous
research has also developed a model26 – 28 that assumes a network of interlinked
domains for an imaginary micro-dispersed flame retardant having an average par-
ticle (nano-, micro-, or a mixture of both) diameter of σ µm and a separation or
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produce an LOI value of 24 when present with an unspecified commercial clay the speci-
fied clays Cloisite Na+ and 30B. (From Ref. 26, with permission from the Textile Institute.)

“reaction zone” of l µm. Any micro- and nano-dispersion would become active
when heated above the temperature at which the flame retardant particles decom-
posed, and in the case of ammonium polyphosphate, this would be in the region
250 to 300◦C where char-forming reactions would also begin.50

This simple model may be used to visualize the mechanisms taking place
in the examples above. For example, Table 11.4 shows that for APP present
without nanoclay, to achieve an LOI value of 24, 26.0% w/w is required in
polyamide-6,6. The model predicts an average APP particle separation l or reac-
tion zone = 8 µm, assuming an average diameter of 25 µm. However, in the
presence of 2% w/w Na+ clay, only 12.3% APP is required, which corresponds
to an increased value of l = 19 µm, alongside which the inter-nanoclay reac-
tion zone separation is on the order of 0.5 µm. This means, in effect, that the
larger interparticle reaction zone distances between the suspended APP particles
are bridged by a large number of nanoparticles which themselves promote char
formation. Clearly, the reduced retardant concentrations illustrated in Figure 11.6
support this hypothesis, although much more detailed work is necessary to sub-
stantiate it more fully. Unfortunately, because of the different burning behavior
of the polyamide-6 films in the presence and absence of clays, a similar analysis
could not be undertaken.

Although there have been other attempts to produce nanoclays in the presence
of flame retardants in other fiber-forming polymers, such as polypropylene51 and
polyester,52 their combined effects in fibers have not been directly observed. In the
case of polypropylene, the addition of nanoclay to a flame retardant formulation
based on a hindered amine stabilizer and a char-promoting ammonium polyphos-
phate at concentrations on the order of only about 5% w/w does enhance char
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formation, although insufficiently to increase the LOI value above 22. A similar
char-enhancing effect of added functionalized montmorillonite clay was observed
by Wang et al.52 in a copolymer of PET and a phosphorus-containing monomer,
in that higher residues above 450◦C were recorded.

Very recent work in our laboratories as yet unpublished53 has shown that
poly(acrylonitrile) copolymer having properties suitable for fibers, when poly-
merized in the presence of a functionalized nanoclay, may absorb ammonium
polyphosphate during filament extrusion and yield fibers with LOI > 35. In
these fibers, a clear synergy between nanoclay and flame retardant is observed,
and filament properties are little changed from those acceptable for normal textile
applications.

11.3.3 Coatings

Examples of the potential for the use of nanoparticulate fillers to enhance the
fire performance of polymer coatings have largely been restricted to coatings
for textile substrates, including back-coatings. Bourbigot et al.40,41,54,55 have
shown that addition of nanoclays and poly(silsosesquioxanes) can reduce the
peak heat release rates in polyurethane-coated knitted polyester fabrics as shown
in Figure 11.7. However, the presence of these nanoparticles alone reduces the
time to ignition and prolongs the time of burning—exactly the opposite of what
is required for flame-retarded coated textiles.

More recently, Horrocks et al.21 have shown that if a back-coating is to be
effective, it must have a transferable flame retardant activity from the coating on
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FIGURE 11.7 Rate of heat release curves of PU-nanocomposite coatings on PET
knitted fabric samples at 35 kW/m2 treated with an octamethyl POSS (POSS MS2), a
poly(vinylsilsosesquioxane) (POSS FQ2), or a nanoclay (Cloisite 30B) at 10% loadings
with respect to PU. (From Ref. 41, copyright  2002, John Wiley & Sons, Ltd., with
permission.)
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the reverse face of the textile when ignited from the front face in tests such as BS
5852 Part 1 1979 and 1990 and EN 8191 Parts 1 and 2.56 The use of purely char-
promoting flame retardants within a coating does not allow this to occur unless
the retardant species becomes mobile and can diffuse through the fabric to the
front face.49 The addition of a nanoclay alone to a back-coating polymeric film
has been shown to have no beneficial effect,21 but when fumed (nanoparticulate)
silica is added with ammonium polyphosphate to the back-coating formulation,
not only was an adverse effect noted with respect to formulation rheology, but the
flame retardant character as determined by the LOI was reduced with increasing
silica content. Using a dispersion of the silica equivalent to a maximum 17% w/w
within a solid coating, a series of Vycar PVC (Noveon, Cleveland) copolymeric
dispersions were prepared comprising a constant total retardant concentration
(250 parts by mass with respect to 100 parts dry resin mass) with silica/APP
molar ratios varying from 1 : 0 to 0 : 1 respectively, in 0.1 increments. Coated
fabric samples at a nominal 30% dry add-on were prepared, but with increasing
silica content and associated degradation in rheology, add-ons decreased to below
10% for SiO2/APP > 0.6 : 1. However, subjecting samples to LOI testing enabled
the results in Figure 11.8 to demonstrate the negative effect that silica has on
the overall flame retardancy of such a coated material. Clearly, the potential
applications of nanocomposites within the coating area, especially with respect
to coated textiles, must be questioned based on the data presently available.

11.3.4 Composites

Within the area of rigid, reinforced composites, the major requirements for accept-
able fire performance are resistance to ignition, minimal flame spread and heat
release rate, and low smoke generation. The bromine-based flame retardants used
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FIGURE 11.8 Effect of ammonium polyphosphate and fumed silica concentrations
present in coatings on cotton fabric on the fabric LOI values. (From Ref. 21.)
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currently, whether as additives or resin comonomeric modifications, present major
challenges posed by their increased smoke-generating propensity, coupled with
questions regarding environmental concerns related to the use of halogenated
flame retardants in general. The search for nonbrominated alternatives has led
to the potential offered by intumescent-based systems on the one hand and by
nanocomposite formation on the other. This entire area has been reviewed,57,58

and Sorathia59 has reviewed the requirements of end users such as the U.S. Navy.
He cites published attempts by Wilkie60 to use nanocomposites in combination
with nanoclays and phosphorus-based flame retardants such as tricresyl phosphate
and resorcinol diphosphate within vinyl ester resin matrices. Interestingly, the lat-
ter work indicated that although the presence of clay did not increase times to
ignition during cone calorimetry, clay introduction at the 6% w/w level reduced
the peak heat release rate relative to the pure resin, and that subsequent decreases
were proportional to the amounts of phosphate added.

Work in our own laboratories has investigated the thermal degradation effects13

of introducing functionalized nanoclays along with phosphorus-containing flame
retardants in vinyl ester resins. Subsequent work has reported the effect of nan-
oclays and flame retardants on cone calorimetric properties.61 In this work,
a typical polyester resin [Crystic 471 PALV (Scott Bader)] was investigated
by DTA–TGA in the presence of a range of clays [Cloisite Na+, 10A, 15A,
25A, and 30B (Southern Clay Products, San Antonio, Texas); see Table 11.1)]
and phosphorus-containing (ammonium polyphosphate (Antiblaze MCM, Rho-
dia), melamine phosphate (Antiblaze NH, Rhodia), dipentaerythritol–melamine
phosphate intumescent mixture (Antiblaze NW, Rhodia), and alumina trihydrate.
Initial results13 reported that in the derived unsaturated resin nanocomposites,
nanoclays reduce thermal stability and the char formation tendency of the resin
up to 600◦C, with no change at higher temperatures. Whereas introduction of dif-
ferent condensed-phase active flame retardants increased char formation of the
resin above 400◦C, when nanoclays were added, char formation was not greatly
affected, and in fact for ammonium polyphosphate–containing resins, the char
was reduced. Figure 11.9 shows this quantitatively as percentage residual mass
differences between resin–flame retardant–clay and respective resin–flame retar-
dant TGA responses. Thus, the introduction of Cloisite 25A clay appears to have
a minimal effect (except for APP) on the thermal degradation of a vinyl ester
resin containing the flame retardants above, suggesting that fire performance may
be little influenced by its addition. Furthermore, in a later publication,61 while
only x-ray diffraction was used as a means of understanding whether or not
each resin–clay composition had a nanocomposite structure, a major conclusion
was that inclusion of flame retardants neither influences the level of clay disper-
sion present nor facilitates nanocomposite formation. The fire performances were
derived by cone calorimetry at 50 kW/m2 incident flux and expressed in terms
of peak heat release rate (PHRR), total heat release (THR), fire growth index
(FIGRA), and smoke evolution. The differences in these parameters with respect
to pure resin behavior as a consequence of adding clays at 5% levels alone to vinyl
ester are shown by revisiting our data61 and plotting as in Figure 11.10a, and
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FIGURE 11.9 Percentage residual mass differences between resin-flame-retardant clay
and respective resin-flame-retardant TGA responses to show the effect of Cloisite 25A
clay on the thermal degradation of a vinyl ester resin containing the flame retardants
ammonium polyphosphate (APP), melamine phosphate (NH), melamine phosphate and
dipentaerythritol (NW), and alumina trihydrate (ATH). (From Ref. 13, with permission
from the Royal Society of Chemistry.)

these may be compared with the effects on cone calorimetric behavior following
addition of each flame retardant at 20% w/w in Figure 11.10b. To a first approx-
imation, each clay has a similar PHRR- and FIGRA-suppressing effect, although
smoke generation is increased generally. The presence of each flame retardant
had a similar beneficial effect in terms of reducing heat release rate parameters,
although again, smoke is generally increased. The effects of adding clays at 5%
w/w and different flame retardants at 20% w/w on cone calorimetric param-
eters with respect to respective flame-retarded resin formulations are shown in
Figure 11.11a for Cloisite 25A with each flame retardant and in Figure 11.11b for
each clay with a single flame retardant, APP. Figure 11.11a shows that whether
a given clay improves the fire performance of an already flame-retarded resin
depends on the latter type. Thus, Antiblaze NW (melamine phosphate and dipen-
taerythritol), and ATH in particular, show further reductions in PHRR and FIGRA
while having little effect on smoke formation, whereas melamine phosphate alone
(Antiblaze NH) shows a reduced fire performance with increases in PHRR and
FIGRA, and particularly with smoke evident. However, all clays behave simi-
larly in the presence of APP (Figure 11.11b) in promoting reductions in PHRR,
FIGRA, and apart from Cloisite 25A, smoke generation.

In conclusion, although their appears to be no general improvement in
fire performance when nanoclays are added to conventionally flame-retarded
resins, there is evidence that in certain formulations, such as those containing
APP and ATH, some benefits are observed, and this opens opportunities for
favorable introduction of nanoclays and other nanoparticles in flame retardant
resin formulations for use in reinforced composites that have improved fire
properties.
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FIGURE 11.10 Cone calorimetric behavior with respect to that of pure vinyl ester
resin of formulations containing (a) different functionalized clays at 5% (w/w) only and
(b) various flame retardants, at 20% (w/w) only. (Plotted from data presented in Ref. 61.)

11.3.5 Foams

The challenge of developing novel flame retardant foams containing nanopartic-
ulates will lie not only in selecting and optimizing a synergistic formulation
itself with respect to improved fire performance but also in accommodating
the increased rigidity that will be expected to accompany the formation of a
nanocomposite structure. This could render any potential suitable exploitation
relevant only to rigid-foam applications, although flexible foams for use in less
critical areas such as packing, as opposed to fillings for upholstered products,
might be feasible. Furthermore, since many foams are based on polyurethane
chemistry produced by in situ polymerizations, including concurrent inflation,
the generation of a truly nano-dispersed phase will be a significant challenge
in itself. There is evidence, however, that nanodispersions can be achieved if
the functionalizing substituents are chosen carefully and contain a significantly
high number of hydroxyl groups.62 Notwithstanding the dispersion issue, recent
research has also shown that in the case of polylactide foams, where high levels
of nanodispersion can be achieved by melt processing and physical inflation with
an inert gas, layered silicates influence cell dimensions and density by nucleating
cell formation.17 This gives rise to foams having a finer and more uniform cell
structure. A similar phenomenon has been observed in clay-filled PS foams,17

where improved fire retardancy has also been reported.
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FIGURE 11.11 Differences in burning behavior of resin formulations containing clays
(5% w/w) and flame retardants (20% w/w) with respect to resins containing flame retardant
only: (a) Cloisite 25A with each flame retardant; (b) each clay with APP. (Plotted from
data presented in Ref. 61.)

11.4 FUTURE OUTLOOK

It is evident that future successful commercial application of nanocomposites
in developing improved fire performance will take the lead from the work of
Beyer15,22 – 24 and Kabelwerk Eupen AG, where the combination of appropriate
nanoparticulates and conventional flame retardants (e.g., ATH) enables a reduc-
tion in the concentration of the latter to be made in EVA-based cable sheathings.
Furthermore, because of synergy between the nano- and micro-dispersed phases,
the total concentration of both components is less than the previous higher con-
centration of the single flame retardant (ATH) necessary to create the desired
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levels of fire performance, and this gives rise to improved mechanical properties.
Evidence from the literature shows that under experimental conditions, simi-
lar nanoparticle–conventional flame retardant synergies are observed in other
polymer matrices. Therefore, although this is by no means a general obser-
vation, opportunities exist for significant reductions in additive concentrations
being made on the one hand to achieve given fire retardancy levels, while on
the other, gaining mechanical performance and cost advantages. These may, of
course, be realized only if inclusion of nanophases can be achieved with min-
imal or controllable effects on polymer rheology during processing. This will
be especially valuable in the film and fiber sectors, where minimal flame retar-
dant concentrations are mandatory if the tensile properties expected are to be
maintained.

REFERENCES

1. Kojima, Y.; Usuki, A.; Kawasumi, M.; Okada, A.; Kurauchi, T.; Kamigaito, O. Syn-
thesis of polyamide 6–clay hybrid by montmorillonite intercalated with ε-caprolactam.
J. Polym. Sci. Polym. Chem. 1993, 34(4), 983–986.

2. Usuki, A.; Kojima, Y.; Kawasumi, M.; Okada, A.; Fukushima, Y.; Kurauchi, T.;
Kamigaito, O. Synthesis of nylon 6–clay hybrid. J. Mater. Res., 1993, 8, 1179.

3. Pinnavia, T.J.; Beall, G.W., Eds. Polymer–Clay Nanocomposites. Wiley Series in
Polymer Science. Wiley, New York, 2000.

4. Vaia, R.A. Structure characterisation of polymer–layered silicate nanocomposites, in:
T.J. Pinnavia and G.W. Beall, Eds., Polymer–Clay Nanocomposites. Wiley Series in
Polymer Science. Wiley, New York, 2000, pp. 229–266.

5. Yngard, R.; Yang, F.; Nelson, G.L. Flame retardant or not: fire performance of polys-
tyrene/silica nanocomposites prepared via extrusion, in: Proceedings of the 14th Con-
ference on Advances in Flame Retardant Polymers, Stamford, CT, 2003.

6. Yang, F.; Nelson, G.L. PETg/PMMA/silica nanocomposites prepared via extrusion,
in: Proceedings of the 5th Conference on Advances in Flame Retardant Polymers,
Stamford, CT, 2004.

7. Padbury, S.A. Possible interactions between char-promoting flame retardants and
nanoclays in polyamide films. Ph.D. dissertation. University of Bolton, Bolton, Lan-
cashire, England, 2004.

8. Carrado, K.A.; Xu, L.; Seifert, S.; Csencsits, R.; Bloomquist, C.A.A. Polymer–clay
nanocomposites derived from polymer–silicate gels, in: T.J. Pinnavia and G.W. Beall,
Eds., Polymer–Clay Nanocomposites. Wiley Series in Polymer Science. Wiley, New
York, 2000, pp. 47–63.

9. Lan, T.; Pinnavaia, T.J. Clay-reinforced epoxy nanocomposites. Chem. Mater. 1994,
6, 2216.

10. Padbury, S.A.; Horrocks, A.R.; Kandola, B.K. The effect of phosphorus containing
flame retardants and nanoclay on the burning behaviour of polyamides 6 and 6.6,
in: Proceedings of the 14th Conference on Advances in Flame Retardant Polymers,
Stamford, CT, 2003.

11. Gilman, J.W.; Awad, W.; Davis, R.; Morgan A.B.; Trulove, P.C.; DeLong, H.C.;
Sutto, T.E.; Mathias, L.; Davies, C.; Chiraldi, D. Improved thermal stability of



350 POTENTIAL APPLICATIONS OF NANOCOMPOSITES FOR FLAME RETARDANCY

crown ether and imidazolium treatments for flame retardant polymer-layered silicate
nanocomposites, in: Flame Retardants 2002. Interscience Publications, London, 2002,
pp. 139–146.

12. Awad, W.H.; Gilman, J.W.; Nyden, M.; Harris, R.H., Jr.; Sutto, T.E.; Callahan,
J.; Trulove, P.C.; DeLong, H.C.; Fox, M. Thermal degradation studies of alkyl-
imidazolium salts and their application in nanocomposites. Thermochim. Acta 2004,
409(1), 3–11.
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12.1 INTRODUCTION

The current state of polymer nanocomposite flammability research should by now
be obvious, but some summary and review is needed to put this information into
perspective. To date, we understand the following to be fundamentally important
to polymer nanocomposite flammability:

1. The type of nanocomposite structure or dispersion is controlled by many
factors, all of which must be considered to produce a polymer nanocom-
posite successfully (Chapters 2 and 4); the extent of flammability reduction
observed in a nanocomposite is due to the nanofiller dispersion and polymer
degradation chemistry (Chapters 3, 5, and 10).

2. Polymer–clay nanocomposites reduce flammability by slowing the mass
loss rate of fuel to the flame, thus keeping the heat release rate (HRR) low
(Chapter 3). However, the material will eventually burn completely, leaving
only a small amount of noncombusted carbon, with very little reduction in
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total heat release, which will not be sufficient to meet existing regulatory
tests (Chapter 5).

3. The flame retardancy observed with polymer–clay nanocomposites also
seems to occur with other nanofillers, such as carbon nanotubes and nano-
fibers, and to some extent with colloidal particles, and the mechanism for
flame retardancy is very similar (Chapter 10).

4. Since polymer nanocomposites have been unable to meet regulatory fire
tests by themselves (Chapters 5 and 11), additional flame retardants
(Chapter 1) have been necessary (Chapters 6, to 9) to allow them into
commercial use and end-use applications (Chapters 6 and 11).

Although nanocomposites have already leapt into commercial use, there are
remaining challenges, and in this chapter we discuss these and explain how
they relate to future trends in the field. It should be noted, though, that all new
technologies have had challenges when moving from the laboratory to commer-
cialization, and in this respect nanocomposites are no different than many other
fields of research.

12.2 POLYMER NANOCOMPOSITE STRUCTURE AND DISPERSION

12.2.1 Synthesis Procedures

With all of the techniques discussed in this synthesis section, the primary goal
is to break up the primary nanoparticle agglomerates, which is one of the most
important steps in producing a polymer nanocomposite. To achieve this, the
experimental conditions must be tailored in such a way that they work with
the polymer chemistry, preferred and accepted processes and engineering prac-
tices, and the nanoparticle chemistry. As detailed in Chapter 2, there are three
main techniques for polymer nanocomposite synthesis: in situ polymerization,
solvent-based blending, and melt compounding. Although it may seem that newer
techniques are being published, in reality all of these newer techniques can fit
into one of these three categories.

12.2.1.1 In Situ Polymerization In situ polymerization involves polymerizing
monomer in the presence of well-dispersed nanoparticles. In the case of clays,
this means exfoliated or well-intercalated clay particles. The in situ polymeriza-
tion process usually yields a polymer nanocomposite in which the clay is well
dispersed, either because the clay was exfoliated in the monomer (and/or solvent)
prior to polymerization or because the polymerization process causes expansion of
the clay galleries, pushing the clay apart to yield the final polymer nanocompos-
ite. In-situ polymerization usually yields nanocomposites that are well dispersed
at both the micro- and nanoscale, but depending on the final interface between
polymer and nanoparticle, these may not be the thermodynamically stable forms,
and during processing they may revert to a different morphology.1 Since there
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have been so many examples of this technique, the reader is encouraged to read
some of the key reviews in this area.1 – 4

One of the techniques frequently used to prepare a polymer–clay nanocompos-
ite is emulsion or suspension polymerization. This is similar to in situ polymer-
ization in that the clay is exfoliated prior to polymerization, but it is exfoliated
in a solvent (or aqueous phase) rather than in a monomer. In some cases the
surfactant used for the polymerization process also becomes part of the final
nanocomposite, either yielding an organoclay as part of the polymerization pro-
cess or serving as a compatibilizer between organoclay and polymer.5 – 8 Emulsion
or suspension processes are being used increasingly as a tool for breaking the
clay particles apart before polymerization. Part of the reason for the increase in
the use of this technique is that bulk polymerization does not always lend itself
to industrial scale-up, whereas emulsion and suspension polymerizations may be
more suitable for this purpose. Ultimately, the choice between those methods
depends on the polymer system in question.

For industrial applications, the commercial polyamide-6 nanocomposite from
Unitika and Ube/Toyota seems to be the only example of an in situ process that
has been scaled up. Since most polymerization reactors that could take advantage
of an in situ process are used to produce base resin constantly, there is concern
about taking plants (pilot or full scale) off-line temporarily for modification to
handle new processes; steps like these are normally not taken, due to profit and
operating expense concerns. More important, if one were to take advantage of
existing capital equipment, the expenses associated with developing a new pro-
cess, and even engineering changes to handle the addition of new nanofillers or
nanocomposite polymerization approaches, may present a large hurdle to com-
mercial application. It might be easier to start the process and reactor from scratch
rather than retrofit an existing polymerization line. The business case for creating
more in situ polymerized nanocomposites, at least at the multiton thermoplastic
scale, is not attracting many new customers at this time. With the right business
model and a targeted market, it may make sense to revisit the in situ polymeriza-
tion process and build a plant to make nanocomposites with polymers other than
polyamide-6. Whoever can get to the economy of scale the fastest will proba-
bly capture the market for these polymer nanocomposites and eventually make
enough profit to pay back the cost of capital—but someone must be willing to
take the risk, and aversion to risk seems to be the key stopping point for most
potential industrial suppliers.

In the preceding paragraph a point was made about the capital concerns associ-
ated with multiton amounts of thermoplastic polymer nanocomposites. The point
about scale needs to be elaborated again here, as the capital issue does not really
come into play with thermosetting resins. For thermoset nanocomposites, the
synthesis process is almost always an in situ polymerization where nanoparticle
and monomer are mixed together. Certainly, there are processing tricks that can
be played (e.g., solvent addition for better mixing) to help this along, but in
situ remains the only feasible technique for thermoset polymer nanocomposites.
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In this case, one does not have to worry about modifying capital equipment to
make specialized monomer or polymerization conditions to make nanocomposite.
A ready supply of monomer and nanoparticles that can be well mixed and then
processed easily to produce the final thermoset part are all that is required. The
processing of thermoset nanocomposites is an issue that continues to plague the
commercialization of these materials, an issue that differs from the commercial
concerns seen with thermoplastics. Many nanoparticles, and clays especially, can
greatly modify the rheological properties of a fluid9 such that a manufacturer who
routinely works with a particular thermoset formulation can be seriously impeded
by characteristics that are quite different from those of virgin polymer. Studies
have looked at ways of solving this with solvent techniques,10 or at a minimum,
have sought a better understanding of the rheology of the clay and nanofiller.11

It may be that this processing problem will be solved through clever engineering
and processing steps rather than through chemical changes. Although this vis-
cosity increase can be a problem, it can also be used to arrange the viscosity
to deliberately set up an ordered, aligned polymer nanocomposite structure. For
example, a magnetic field was used to align clay particles in an epoxy matrix
before final polymerization and cure with interesting results.12

With both thermoset and thermoplastic in situ polymerization techniques,
there are some fundamentals of polymer nanocomposite synthesis that are well
understood. One fundamental to consider is the interface between polymer and
nanoparticle in the final application; without a well-designed interface between
nanoparticle and polymer, no synthetic technique will yield a good polymer
nanocomposite. For in situ polymerization, the focus is on clay nanocompos-
ites, as this field has a wealth of information on structure–property relationships
between clay and polymer. Some factors that must be considered include:

ž Organic treatment interface with polymer: Are the polymer and the treat-
ment miscible?

ž Organic treatment functionality: Is the treatment reactive or passive during
polymerization?

ž Organic treatment thermal stability: Can the treatment handle postpolymer-
ization processing?

ž Organic treatment loading on the nanoparticle: Does the loading level bal-
ance dispersion needs without degrading the final nanocomposite perfor-
mance?

For the purposes of this chapter, the term organic treatment is used to mean
a chemical interface between nanoparticle and polymer. The organic treatment
could be an onium ion which would be ion-exchanged onto a clay surface to
yield an organoclay. It could also be a reactive molecule which coats the outer
surface of a nanoparticle through a covalent reaction, yielding a new surface for
the nanoparticle that allows it to interface with a polymer to create a polymer
nanocomposite. Organic treatment will not refer to the use of processing aids
or compatibilizers that help in dispersing a nanoparticle into a polymer matrix.
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Instead, those materials that help set up a polymer nanocomposite structure but
may not necessarily be part of the interface between polymer and nanoparticle
are described as compatibilizers or processing aids, depending on their mode of
action.

Miscibility with the polymer matrix has typically been addressed by having a
chemical structure similar to that of the polymer matrix, such as the use of a ben-
zyl ammonium treatment for aromatic polymers. There have been a few attempts
to use the solubility parameter to predict the compatibility between a clay and a
polymer.13, 14 However, such factors as the ability of polymer chains to entangle
with the organic treatment or to undergo hydrogen bonding, or the alignment
of the organic treatment on the clay surface are also important.15 – 18 Additional
factors of entropy and enthalpy of mixing between polymeric and organic treat-
ment alkyl chains are also important to consider. For clays, the length of the
alkyl chains plays a role, as longer chains seem to be able to expand the gallery
space far enough to allow for intercalation of polymeric material. Chain lengths
of 12 to 16 carbons seem optimal for this purpose.19 – 21 A final consideration is
the dispersion of the organoclay in the monomer or polymerization solvent. Usu-
ally, an organoclay is miscible with the polymer matrix and will disperse in the
same types of solvents that will dissolve the polymer. There are techniques for
analyzing the degree to which an organoclay disperses in solvent,22 – 25 and these
should be used as a screening method before beginning in situ polymerization.
A simpler but cruder method is to disperse the clay into the solvent with simple
mixing and see if the clay settles out over time.

A closely related consideration in the organic treatment of nanofillers is the
presence or absence of functional groups on the nanofiller surface for the in
situ polymerization process. The presence of functional groups can allow the
polymerization to occur on the nanoparticle surface, so that some amount of
polymer is bound to the nanoparticle. The presence of the functional groups can
also lead to potential cross-linking of the final polymer, with the multifunctional
nanoparticle serving as the cross-link site. Using a treatment without functional
groups will eliminate possible cross-linking, but the interface between nanopar-
ticle and polymer may not be as strong as it would be with the functional group.
The decision as to which route to choose is still open for debate and in some
cases seems to be polymer dependent. For polymer–clay nanocomposites, the
presence of functional groups seems to yield higher amounts of exfoliation in
the final nanocomposite, and functional groups that initiate polymerization on
the particle surface seem to be even better for this purpose.26 – 30 Certainly, this
was the technique used in the original polyamide-6 nanocomposite produced by
Toyota,31, 32 and with this system, the organic treatment used on the clay works
very well and is commercially available. For other polymers, however, potential
clay organic treatments that can act in this way are not commercially available, so
for thermoplastics this approach is currently limited to polyamides. Thermoset-
ting resins, especially polyurethanes and epoxies, can exhibit some reactivity
problems with functionalized organoclays9, 33, 34 such that it becomes difficult
to control polymerization conditions.
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One must also consider the thermal stability of the organic treatment.
This concern over thermal stability has been shown mostly for organoclay
nanocomposites, where the alkylammonium treatment degrades via a Hofmann
elimination reaction between 180 and 200◦C.35 – 38 While in situ polymerization
processes do not usually rise to these temperatures, due to polymerization
temperature or exothermic reaction, some might exceed this value, and this can
result in degradation of the organic treatment.39 Postpolymerization processing
and its effect on the polymer nanocomposite must also be considered, as there
are not many polymers that can be processed below 200◦C. This concern is of
key importance for thermoplastics, which may undergo additional heating during
injection or compression molding processes or postpolymerization extruder
processing. Therefore, organic treatments are needed that are thermally stable and
miscible with the final polymer. There have been some breakthroughs: namely,
with the use of functionalized imidazolium treatments for clays,40 but more work
is needed in this area.

Finally, the effects of organic treatment loading on the clay must be consid-
ered. The exchange capacity can be quite variable from one clay to the next;
for example, that of montmorillonite is close to 100 meq-per 100 g, where as it
is more than twice this value for a layered double hydroxide. This can have a
great effect on the exchange of the inorganic ion for an organophilic ion. Too
much organic treatment may enable better dispersion of nanoparticle in the poly-
mer matrix but could yield losses in mechanical and thermal properties. Not
enough organic treatment would prevent nanocomposite dispersion; the nanopar-
ticles would probably not disperse and break up from their primary particles, as
their interfacial area with the polymer would be limited. The amount of clay that
is used also plays a role; the greater the amount of clay, the less likely that good
dispersion will be obtained. For flammability applications, 5 wt% inorganic con-
tent seems to be optimal for flammability reduction, but other balance of property
issues (thermal, mechanical) may dictate a different loading in the final polymer
nanocomposite. For more details on how the total loading of nanoparticle can
affect nanocomposite properties, see Chapter 2.

12.2.1.2 Solvent Blending Solvent blending for production of polymer–clay
nanocomposites has been perceived as a process to be used only on a research
scale, but in reality it may be more industrially friendly than the in situ process, at
least for primary polymer producers rather than the downstream users. Although
aspects of solvent blending are used in processing thermoset nanocomposites,
this technique is really limited to thermoplastics or to polymers that can swell
extensively in solvent, allowing polymer chains and clay to mix freely.

In industry, many polymerization processes use solvent in one form or another,
either during the polymerization itself (such as free-radical-initiated processes) or
postpolymerization (such as metallocene-based polyolefin processes). The solvent
is then removed through large-scale evaporation distillation and devolatilization
techniques, and the resulting polymer is processed into its final pellet form. There
may be a need for significant engineering changes to handle feeding nanoparti-
cles into the solvent during the polymerization process, and if a polymerization
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reactor is used to produce general-purpose polymer as well as solvent-blended
nanocomposite, there could be concerns about potential nanoparticle contami-
nation from nanocomposite runs in the general-purpose reactor runs. Although
capital equipment concerns are likely to be less with a solvent-blending approach
than with an in situ polymerization approach, they still exist and would have to
be overcome for a product to be commercially feasible.

With solvent blending one must consider three parameters in picking an inter-
face, or organic treatment, between polymer and nanoparticle. These are, again,
the organic treatment structure, its thermal stability, and its miscibility with the
polymer. Thermal stability is important only for post–solvent blending processing
such as molding, or for end-use conditions that may have high thermal exposure.
The organic treatment and its miscibility are more important factors in solvent
blending. Not only must the organic treatment be miscible with the final poly-
mer, it must also be miscible with the solvent chosen to dissolve the polymer.
Some polymers can be blended only under specific solvent conditions which may
attack the nanoparticle treatment (or even the nanoparticle itself) and change the
chemistry of the final nanocomposite. For example, polystyrene can be used with
a variety of solvents, so it is easy to pick a solvent that would be compatible
with both the nanoparticle and the polymer. Polyolefins, on the other hand, often
require high-boiling solvents that could thermally degrade the surfactant, and
polyamides may require acidic solvents, which could react with some organic
treatments.

As mentioned with the in situ approach, breaking apart the primary nanoparti-
cle agglomerates is important for obtaining good polymer nanocomposites. With
the solvent blending approach, the intensity and uniformity of mixing is of key
importance, as is dilution–solids content. Several high–intensity mixing methods
have been employed to break apart the primary nanoparticle agglomerates, with
varying degrees of success.41 – 43 One approach that appears to provide enough
energy to break agglomerates apart is sonication, which has shown success in
polystyrene for clay nanocomposite applications.44, 45 With any mixing tech-
nique, the ability to break up the agglomerates completely (or in the case of
clays, provide nano-dispersion) is limited by the total loading of nanoparticles in
the matrix, which is, in turn, dictated by particle geometry. In the case of clays,
which have been well studied, about 1 to 3 wt% clay (assuming an aspect ratio
similar to montmorillonite) is the maximum amount that can be put into solution
and still have an exfoliated clay structure; this amount is also true for the final
polymer nanocomposite. Therefore, any solvent-blending experiments must be
run at high dilution. To revisit the issue of the commercial feasibility of this
technique: Certainly, high amounts of solvents can be used, although they are
usually fully recovered during the devolatilization step postpolymerization. How-
ever, such a high level of solvent may limit throughput and production rates of
a nanocomposite, and there could be considerable engineering challenges to mix
high quantities of solvent evenly so that the clay is exfoliated. Clearly, this would
be a challenge, but it seems like one that can be overcome with good chemical
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and mechanical engineering research, perhaps including continuous rather than
batch processes.

12.2.1.3 Melt Compounding Of all the approaches used for nanocomposite
synthesis, melt compounding is, to date, the most widely studied. Widespread
use of this technique is due to the ready availability of thermoplastic processing
equipment, which is easily amenable to scale-up, and, relatively speaking, is low
in capital equipment costs. The technique is usually limited to thermoplastics,
but concepts from the melt-compounding process can be used for thermoset
processes, especially if one considers reactive injection molding (RIM) or resin
transfer molding (RTM) processes for final nanocomposite parts.

Melt compounding is an all-encompassing term that includes extrusion (twin
and single screw), roll mixing (heated rollers, also known as two- or three-roll
milling), batch mixing (heated mixing bowls/heads), and static mixing (melting
together nanoparticle and polymer). With any of these techniques, one must again
consider the nanoparticle interface. As with other techniques, the thermal stability
of the organic treatment and its miscibility with polymer are the most important
considerations for melt-blending operations. The need for functional groups that
may covalently link polymer and nanoparticle becomes less important with this
technique, but it can be a factor in synthetic design if there is a desire for
in situ grafting or reaction between polymer and nanoparticle. Along with the
interface design, the intensity of mixing is another consideration; the types of
mixing provided by melt compounding can bring interesting effects to the final
nanocomposite.

Attention will again be focused on polymer–clay nanocomposites as we con-
sider the thermal stability of the organic treatment. As mentioned earlier, the
currently used commercial organoclays, or any organoclay based on alkylam-
monium organic treatments, begin to decompose between 180 and 200◦C35 – 38

(Figure 12.1). It is important to note what will happen if the organic treatment
decomposes, as there can be more than one effect; normally, the clay will reag-
gregate as the clay surface becomes increasingly polar. Therefore, the attempt to
form a nanocomposite structure will fail and the result will be a traditional filled
composite, or microcomposite. The degradation of the organic treatment can also
lead to polymer molecular-weight degradation, as the acid sites formed on the
clay surface are known to be able to break C−C bonds at elevated temperature.
In effect, the acid site can “crack” the polymer into smaller fragments, which
will have an impact on mechanical and flammability properties. The presence
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FIGURE 12.1 Hofmann elimination via beta hydrogen loss on alkyl ammonium.
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of oxygen during extrusion can also have an effect. It was found that when a
nanocomposite was extruded successively, each extrusion brought about a reduc-
tion in the shear viscosity. This has been explained as due to the consumption of
oxygen by the double bond produced in the degradation, leading to polymer chain
degradation.46 This loss of organic treatment has been shown to lead to losses
in flammability improvement,47 and discussion continues about whether early
degradation of the organic treatment may be responsible for the early ignition
seen with polymer nanocomposites48, 49 (see Chapters 3 and 5 for more details).

Some improvements in thermal stability can be obtained from the use of
phosphonium treatments50 or substoichometric amounts of organic treatment on
montmorillonite.36 Extraction of excess surfactant using various solvent washes51

or exhaustive Soxhlet extraction52 can also improve stability for alkyl ammoni-
ums, sometimes with improvements up to 220◦C. However, the C−N bond is the
weak link in the ammonium structure, and it will eventually break with prolonged
heating. Since most thermoplastics are processed above 200◦C, especially under
injection-molding conditions, the organic treatment must be stable under higher
processing temperatures. Further, melt processing temperatures can exceed their
set point by 20 to 30◦C in polymer processing equipment due to shear, which may
accelerate decomposition of the organic treatment. There are significant improve-
ments in thermal stability with the use of imidazolium organic treatments53

(Figure 12.2), allowing successful melt compounding in high-temperature plas-
tics such as syndiotactic polystyrene54 and polyamide-6 (PA6).55 The drawback
to these imidazolium surfactants is that they are not commercially available at
this time. However, several imidazolium materials are beginning to appear in
larger commercial quantities, most commonly as tonic liquids, and in time these
materials may be scaled up and commercialized.

A recent area which has been explored is the use of oligomerically mod-
ified clays where the organic treatment is an oligomeric ion with more than
one cationic group. These, in general, have enhanced thermal stability relative
to the typical organically modified clays. A variety of new oligomeric polyca-
tions have been produced with thermal stability that is, in some cases, sufficient
for them to be melt-blended with poly(ethylene terephthalate), which requires a
temperature of about 280◦C; an example of these oligomeric cations is shown in
Figure 12.3. These systems have been based on styrenic, methacrylate, butadiene,
lauryl acrylate oligomers, and other systems.56 – 62

Assuming that thermal stability has been addressed, the next factor in nano-
composite experimental design using melt-compounding techniques is the choice
of processing equipment. Two roll mill and mixing bowl experiments are batch-
type processes, so can produce only limited amounts of nanocomposite material.
These batch processes are fine for laboratory or prototype work, and they continue
to be workhorse techniques for smaller-scale experiments. However, for com-
mercialization purposes, or even to make enough material for full-scale materials
testing, twin-screw extrusion is the preferred method. An alternative approach to
the use of a twin-screw extruder is to use a single-screw extruder together with
an extensional flow mixer. It has been reported that such a system leads to better
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dispersion of both PA6 and polypropylene (PP) in clay than does a twin-screw
extruder.63 The twin-screw extruder may cause intercalant and matrix degradation
and reaggregation of platelets, and there may be local high-stress zones where
shear heating can lead to a temperature increase of up to 50◦C. Obviously, the
temperature of extrusion has an effect on nanocomposite design, as the temper-
ature must be kept below that at which the organic treatment degrades. Screw
design also plays a role, and several papers have looked at these effects.64 – 67 The
residence time in the extruder can affect degradation of the organic modification
of the clay. Researchers have observed that as the residence time increases,
the intensity of the X-may diffraction (XRD) peak due to the nanocomposite
decreases and a new peak, due to degradation, appears.68 There have been some
interesting new results where significant engineering changes can be implemented
allowing one to feed exfoliated clay directly into the polymer matrix. Specifically,
there has been recent work which demonstrated that a sodium clay in a water
slurry can be fed into an extruder along with PA6 or PP, and exfoliated clay poly-
mer nanocomposites can be produced once the water has been devolatilized using
a custom-made twin-screw extruder with an L/D ratio of 77.69,70 Presumably this
could be done with other solvents or liquids as well if the design controls are
met. One startup company has begun to use a similar process by exfoliating and
dispersing the nanoparticles in solvent, and then extruding this material into an
epoxy master batch from which the nanoparticles can then be easily handled.71,72

12.3 POLYMER NANOCOMPOSITE ANALYSIS

After the nanocomposite is prepared, it must be analyzed to confirm nanocompos-
ite structure and dispersion. Polymer–clay nanocomposites have been described
using the terms exfoliated, mixed intercalated–exfoliated, intercalated, and immis-
cible (or microcomposite); in all of these categories there are both ordered and
disordered versions.

For other nanoparticles, such as nanotubes, nanofibers, and colloidal (spherical
particles), terms for the degree of nanoparticle dispersion have not been clearly
defined. The term exfoliated has been used for nanotubes and nanofibers to describe
unbundling of the primary nanofiber aggregates as well as breakup of colloidal
nanoparticle primary aggregates. Since there is no layered structure in nanotubes,
fibers, or colloidal particles, the intercalated description cannot be used for these
systems. Immiscible and microcomposite descriptions are still applicable to these
types of nanoparticles, and are used to describe examples where the nanoparticles
never disperse from their primary particles into the polymer matrix.

These descriptive terms are used to classify the degree of nanoscale dispersion as
well as global micro- and macroscale dispersion of the nanoparticles in the polymer
matrix. Since no numerical standards exist for rating the degree of nanoparticle
dispersion in the polymer matrix, use of these terms is strictly qualitative and con-
tinues to be area of some controversy, as the classification of dispersion is mostly
the opinion of the user. Unfortunately, not all researchers in the nanocomposite
area use these terms in the same ways. The definition of intercalated comes from an
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XRD measurement in which the clay layers are seen to be still in registry; exfoliated
is defined as the situation when this registry is lost. Some researchers use the term
exfoliated simply to mean well dispersed at the nanometer level, either intercalated
or exfoliated, others mean as stated above. Another problem is that some use the
terms exfoliated and delaminated interchangeably where as others will argue that
delamination is a better state of dispersion than exfoliation. It is unlikely that there
is any near-term solution to this problem, so one must critically evaluate the type
of system that is being described.

Some papers have attempted to provide standard descriptions for levels of clay
dispersion,73,74 and others have used image analysis74 – 76 to try to quantify the
degrees of nanoparticle dispersion, but more work is needed in these areas, as well
as standards for comparison. At the time of this writing, however, there are some
commonly accepted techniques for nanocomposite analysis that are widely used
and accepted and do help in understanding the degree of nanoparticle dispersion.
There are two broad categories, nanoscale and micro/macroscale, that can be used
for nanocomposite analysis, each having its own advantages and disadvantages. It
should become clear from the discussion below that no one technique provides all
the information that a nanocomposite researcher requires. Multiple techniques are
needed to understand the system properly and to develop relationships between
nanoparticle dispersion and the observed (or desired) material properties.

12.3.1 Nanoscale Analysis Techniques

12.3.1.1 X-ray Diffraction (XRD) Two types of XRD or scattering are typi-
cally used: wide-angle x-ray scattering (WAXS) and small-angle x-ray scattering
(SAXS). Each covers a different domain size and degree of nano-dispersion, as
described in key references.25,77 It is important to note about any x-ray technique
that only materials ordered enough to scatter or diffract the x-rays can be detected;
disordered materials (see Figure 12.4) will show no pattern with x-ray techniques.
X-ray scattering and diffraction have been used extensively in the characterization
of polymer–clay nanocomposites, as clays diffract readily and changes in spacing
between clay layers due to polymer intercalation can easily be detected with this
technique. In fact, the terms exfoliation and intercalation were derived from XRD
analysis of clays and are used to describe the degree of clay dispersion in the
polymer matrix. XRD is best suited for polymer–clay nanocomposites rather than
for nanotube or colloidal particle nanocomposites, because clays and other layered
materials (such as layered double hydroxides; see Chapter 9) show changes in the
XRD trace depending on the nanocomposite structure formed, but with nanotubes
and colloidal nanoparticles, these materials maintain a static XRD pattern that does
not change, regardless of interactions with the polymer.

There are some practical experimental details to be considered with XRD
techniques, some of which are listed here:

ž Scattering/diffraction mode (transmission or reflection)
ž Sample form (powder or solid)
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FIGURE 12.4 XRD data for solid and powder samples of a cyanate ester clay nanocom-
posite. (From Ref. [73].)

ž Data collection parameters (2θ step size and count time)
ž Nanofiller diffraction peaks and signals
ž Equipment parameters (e.g., beam intensity, slit size, detection modes)

Details on why these parameters matter can be derived from key references77

as well as from some example books and manuscripts on XRD.78 – 80 To elaborate
on the points above does somewhat distill the references listed in this paragraph,
but it does not properly substitute for them. The reader is strongly advised to
learn more about the technique before definitively stating what XRD data indicate
about a nanocomposite material.

(a) For scattering or diffraction mode, the use of transmission or reflection
can be of great importance. Thick materials will block x-rays from fully
transmitting, and a signal that is present may not be detected. Each poly-
meric material can block x-rays with varying depth, but a thickness of less
than 2 mm seem to be optimal for transmission through a solid polymeric
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nanocomposite. Reflection mode is most often used for powder XRD and
solid samples, but it can lead to some misleading results with solid sam-
ples. Since the x-rays only penetrate a certain depth into a sample in
reflection mode, only ordered particles on the surface of the sample will
yield XRD signals. Several references have shown that clay particles align
along flow fields during injection molding, especially at the surfaces of
the mold.81 – 83 This type of processing yields very aligned and ordered
clay particles at the surface of sample, but disorder deeper in the polymer
sample.2,65,84 Therefore, reflection mode results may not always be repre-
sentative of the whole sample, but it may provide a snapshot of the surface
of the sample. Transmission and powder reflection modes eliminate this
by capturing a global image of the material.

(b) Sample form (solid or powder) relates closely to the diffraction modes
mentioned previously. Powder mode forces the sample to be random-
ized with no preferred order, so XRD data collected on powder samples
do provide a true global overview of scattering materials throughout the
sample; but not all polymer nanocomposites can easily be converted to
powders, including soft materials, elastomers, or materials whose glass
transition temperatures (Tg) are below room temperature. Even cryogrind-
ing these materials rarely produces good powders for XRD analysis from
polymer–clay nanocomposites, which is why solid samples are most often
tested by XRD. When solid samples are used, a rough surface can affect
XRD data quality, so the experimenter should try to ensure a smooth
surface, if possible.

(c) Data collection parameters are important in regard to data quality, espe-
cially when small amounts of clay are present in the sample. At 1 to
3 wt% inorganic clay content, XRD signals can be quite weak; longer
count times to pick up weak signals, as well as smaller step sizes, may be
needed to collect quality data. Sample surface smoothness, powder versus
solid, and other parameters can also play a role in the data collected.73 For
example, a cyanate ester clay nanocomposite containing 10% organoclay
showed no signal with a rough surface solid sample in reflection mode,
but when powdered, a signal was observed that matched the morphology
determined by other techniques (Figure 12.4).

(d) Nanofiller diffraction peaks and signals are another area of consideration.
Clays have their own distinctive patterns that should be observed, but in
the case of crystalline polymers, the signals and peaks from the poly-
mer may overlap and hide the clay signals. Collecting XRD data on the
base crystalline polymer and base clay is always recommended before
attempting to analyze XRD data from a polymer–clay nanocomposite.

It is important to note that the absence of signal with any scattering technique
is simply an absence of signal and is not proof of exfoliation of the nanoparticle.73

Additional analysis is needed to confirm the morphology of a material and the
meaning of the XRD signal.
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On a final note, neutron scattering has been used successfully to investigate
the features of organoclays by themselves in various solvents,22 – 24 which does
help illuminate some basic features of organoclay dispersion in organic matrices.
No scattering on polymeric materials has been collected at this time, but the
technique may prove useful in polymer–clay nanocomposite analysis.

12.3.1.2 Transmission Electron Microscopy (TEM) Next to XRD analysis,
TEM is the most commonly used technique for the determination of morphology.
Unlike XRD, which is used predominantly for clays, TEM can be used for all
nanofiller materials and can yield information about the nanocomposite morphol-
ogy and the level of nano-dispersion. By observing the nanoparticle dispersion
through TEM, the researcher can make a well-informed qualitative decision about
what type of nanocomposite has been made and how well dispersed the nano-
dimensional material is in the polymer. This last point requires elaboration, as
each TEM image is a very small snapshot (length scales of micrometers to
nanometers) of the entire material, so multiple images may be needed to make
an informed decision about the nanoparticle dispersion and morphology. Further,
this decision is only qualitative, not quantitative, since at this time there are no
well-defined standards for exfoliation, intercalation, and other structures, although
TEM examples of these structures do exist in the open literature2,3,39,73 to which
researchers can compare their materials. Some attempts at image analysis have
been used to quantify what has been observed by TEM,74 – 76 but at this time, this
still appears to be a labor-intensive technique and one that requires “training”
the software to quantify the results, especially when unusually shaped nanofillers
(clays, layered structures, tubes/fibers) are present.

Since TEM is only qualitative, it is essential to combine this technique with
others to get a better overall picture of the nanocomposite dispersion and to
confirm nanoscale structures observed with the TEM result. It is recommended
that researchers using TEM collect several images at high and low magnifica-
tions, and several sections from different parts of the nanocomposite sample.
The low-magnification images are particularly important for determining over-
all nanoparticle distribution and dispersion in the polymer matrix. Although this
increases the amount of sample analysis time and cost, it does give the researcher
far more confidence in describing the morphology, especially when combined
with other data, such as XRD or material property measurements, as described
later in this section.

12.3.1.3 Nuclear Magnetic Resonance (NMR) Spectroscopy This techni-
que85 – 89 utilizes solid-state NMR to analyze nanoscale dispersion for the over-
all sample. The iron in the montmorillonite structure facilitates the relaxation of
nearby protons, which provides information on the dispersion of the clay in the
polymer matrix. In the cases reported, a 1H signal in the polymer is identified
and its relaxation time (T1) is measured; the relaxation time depends on how
close the proton is to a paramagnetic iron atom. On average, the protons of the
polymers will be closer to the iron in the clay in a well-exfoliated system and
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this will have the smallest relaxation time; in a microcomposite, the protons will
be farthest from the iron and show the largest relaxation time. This information
can be correlated with TEM and XRD information and can also be used as a
stand-alone technique to ascertain morphology. Since the terminology (exfoli-
ated, intercalated, immiscible) was first described from XRD analysis, it is not
certain if the NMR description is the same as the XRD–TEM description. Only
styrenics and PA6 have been studied, but the technique offers a great capability
as a stand-alone technique for the determination of morphology, and unlike TEM,
it is a rapid technique in which many determinations can be completed in one
day. It also provides a number, so the subjectivity of TEM is removed.90

At this time the technique seems to be limited by a lack of widespread avail-
ability of solid-state NMR equipment and the need to use the same batch of clay
each time. If a different clay is used, it may contain a different fraction of param-
agnetic iron, which will influence the relaxation time. Thus, one cannot compare
samples from different suppliers or even from the same supplier obtained at
a different time. The technique is also limited to those materials that contain
a paramagnetic species, which can facilitate proton relaxation; montmorillonite
and other natural clays that contain iron would be acceptable, but double-layered
hydroxides and synthetic clays (or even layered silicas, such as magadiite or
kenyite) could not be analyzed by this technique.

12.3.1.4 Other Nanoscale Analysis Techniques There are other techniques
that have also been used to better understand polymer nanocomposite structure:
namely, atomic force microscopy (AFM), fluorescence, and dielectric constant
changes.

AFM has been reported by a few researchers,91 – 95 but usually in combination
with other analysis techniques. It has also been used to look at the morphol-
ogy of the nanoparticles themselves,96,97 sometimes yielding great insights on
nanoparticle structure that might be missed by other techniques.

Fluorescence is a recently reported technique98 that measures nanoscale mor-
phology by showing a change in material properties. When a fluorescent molecule
is on the nanoparticle surface, the way that molecule interfaces with the poly-
mer network changes its fluorescent spectra or emission lifetimes, which can
be measured. In the one reported example, a fluorescent tag (Nile Blue A) was
placed on a clay surface, and this clay was melt-compounded in PA6. As the
material exfoliated, the emission wavelength changed, as did the color of the
polymer nanocomposite, from violet (for an intercalated system) to red, indicat-
ing an exfoliated structure. As with AFM, additional techniques were used to
verify the structures deduced by the fluorescence technique. Photographs of the
samples are shown in Figure 12.5; the TEM images that correspond are provided
in Figure 12.6.

The dielectric constant is another measurable property that appears to change
with nanoparticle dispersion and morphology. Changes in dielectric constant were
observed when clay concentration and dispersion changed in a molten polymer
matrix.99 – 101 The original intent was to use the technique to provide nanocom-
posite analysis during melt compounding by monitoring changes at the die of a
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FIGURE 12.5 Polyamide-6 nanocomposite after 1 min of processing (purple, interca-
lated) and 7 min of processing (red, exfoliated). (From Ref. [98].) (See insert for color
represent of figure.)

100 nm 100 nm

(a) (b)

FIGURE 12.6 Polyamide-6 nanocomposite TEM after (a) 1 min and (b) 7 min of pro-
cessing. (From Ref. 98.)

twin-screw extruder, but there may be opportunities for nanocomposite analysis
off-line as well.

12.3.2 Microscale Analysis Techniques

12.3.2.1 Scanning Electron Microscopy (SEM) and Optical Microscopy In
addition to TEM, other types of microscopy can provide details of polymer
nanocomposite morphology. With SEM and optical microscopy, the analysis
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is at much larger length scales: micrometers and millimeters. This can give
some global insight into dispersion in the polymer nanocomposite, provided that
the nanoparticles can be seen at these magnifications. As their name implies,
the nanometer size of most nanoparticles prevents them from being imaged
easily by optical microscopy, and they can just barely be imaged by SEM.
SEM seems to be a good technique for carbon nanotubes and nanofibers but
a poor choice for colloidal particles and a borderline choice for clays. Optical
microscopy and SEM become very useful when one is rapidly screening for
dispersion in a nanocomposite.102 Since the agglomerates for most nanoparti-
cles are in the micrometer size range, they can easily be detected with optical
microscopy and SEM, which may indicate that poor nanoparticle dispersion has
been achieved and that changes are needed in the synthetic procedure to obtain
the desired nanocomposite. More specifically, SEM has been used mainly for
detecting large clay particles, or tactoids, that were either not fully dispersed or
formed due to degradation of nanoparticle organic treatment. Optical microscopy
is useful in analyzing crystalline polymer nanocomposites because the effects the
nanoparticles bring to the crystallite structure can be seen with high-magnification
optical microscopy, yielding useful information to the researcher about how the
nanocomposite is changing the properties of the material.103 – 105

12.3.3 Macroscale Analysis Techniques

12.3.3.1 Thermogravimetric Analysis (TGA) TGA does not appear useful for
ascertaining whether a nanocomposite has been formed. With some polymers, the
onset temperature of the degradation is significantly enhanced (e.g., polystyrene)
while with many other polymers, including PA6, there is no change in the TGA
parameters. It has been observed that the TGA residue does maintain its shape,
which is probably related to the lack of dripping of a nanocomposite, and this
may be used in some crude way as an indicator of nanocomposite formation.

12.3.3.2 Cone Calorimeter The original observation during early nanocom-
posite research was that a microcomposite showed no change in the peak heat
release rate, whereas a nanocomposite, regardless of whether it was intercalated or
exfoliated, did show a reduction.106 Based on this general effect, cone calorimeter
has been used as a tool to identify nanocomposite formation. If the peak heat
release rate is less than the best value that has been observed for a particular
polymer, this can serve as a rough indicator of the presence of a significant
amount of immiscible material in the system.

12.3.3.3 Material Property Tests One way to confirm a polymer nanocompos-
ite morphology is to collect the various properties of interest in the final material
(mechanical, thermal, conductivity, gas barrier, etc.) in relation to a traditional
filled or composite material, or the base polymer, and see how much these prop-
erties have been improved. It can be a successful argument that when normally
X% of an additive is added to a polymer, it yields property improvement Y ,
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but when nanofiller A is added at the same or lower amount, it yields greatly
improved property improvement Y+. There is the danger that the improvement
observed could be an artifact of the experimental procedure, but if the finding has
already been seen in similar systems, or is known for that particular nanofiller
when properly dispersed, chances are good that a nanocomposite has been formed.
Although no single test can provide everything the researcher would like to know,
using a material property test along with one of the nanoscale or microscale tech-
niques can help prove a nanocomposite structure, as well as develop an improved
understanding of the structure–property relationships. Somewhat related to the
material property tests are rheological studies which help us to understand how the
polymeric material flows under heat and shear. Since nanocomposites do affect
rheological properties, this type of analysis has been used not just to understand
the behavior, but also to quantify levels of clay dispersion in regard to the rhe-
ological performance.107 – 111 By studying changes in the frequency sweeps of
lower-frequency regions, one can study how the nanofiller changes the rheologi-
cal behavior of the plastic (or thermoset monomer before polymerization) when
molten. From some studies it appears that organoclay nanocomposites with a
slope in the lower-frequency region nearer to 0◦ are more exfoliated or delami-
nated than those with higher slopes. However, it requires TEM or XRD analysis
up front before conducting this type of analysis to make this determination prop-
erly. Once that correlation has been established, rheology can stand on its own
as a nanocomposite analysis technique.

12.4 CHANGING FIRE AND ENVIRONMENTAL REGULATIONS

Unique to flame retardant and fire-safe materials research is that fire safety codes
and regulations drive the field more than any other phenomena. In addition, there
are new trends, codes, and regulations which appear on the surface to have no
relation to the flammability performance of materials, but are currently driving
the field of flame retardant research. These codes, typically environmental in
nature, can adversely affect fire safety for polymeric materials and, in turn, limit
the existing flame retardant solutions that could yield acceptable fire safety.

There continue to be perception issues over some species of flame retardants,
specifically relating to persistence, bioaccumulation, and toxicity (PBT). Most of
these PBT issues are legislatively mandated in the European Union (EU), but
these issues are beginning to show up at the state level in the United States and
at the national level in Japan and a few other Pacific Rim nations. In addition to
PBT issues, there is an increased requirement for recycling plastics used in com-
mercial products, which is most prevalent in the area of information technology
equipment (ITE). ITE sale and use in the EU is covered by the Waste Electronic
and Electrical Equipment (WEEE) protocol,112 which dictates that plastics used
for ITE need to be either recycled or incinerated after use. Due to the perception
issues behind halogenated flame retardants, some have been deselected for ITE
applications in favor of nonhalogenated flame retardants. So with the emphasis
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on recycling, many non–flame retarded materials are used, which raises the fire
risk.113 – 116 The removal of flame retardants to address recycling results in more
fires, which, in turn, causes higher fire risk and more environmental issues than
would using a flame retardant additive in the same plastic to prevent the fire.91

On the one hand, it seems to be a good idea just to continue to use halogenated
flame retardants, which are very effective, but this is not necessarily a practi-
cal solution, especially in light of the fact that halogenated flame retardants do
release small amounts of very corrosive gases (hydrogen halides). These gases
are not the most toxic gas in a fire (carbon monoxide is always the primary toxic
gas in a fire),117 but after the fire the hydrogen halides, carried away from the
fire in the smoke, can cause damage to sensitive electronics in areas nearby that
were not completely destroyed by the original fire.118,119 Also, halogenated flame
retardants do generate large amounts of smoke,120 which can be an impediment to
firefighters trying to work their way through buildings and to those trying to work
their way out of a building.121 The movement to nonhalogenated flame retardant
technology may prove a boon to the nanocomposite field, since these lower the
total amount of flame retardant required, which is not only good from a cost and
properties perspective, but could also be quite beneficial from an environmental
and life-cycle assessment perspective.

Along with environmental regulatory changes, there have been changes in fire
codes and regulations that are driving advances in flame retardant science. Of
more importance is the increase in use of polymeric materials in many different
areas, combined with new technological advances, which has resulted in signif-
icant increases in fire risk. One of these areas is, again, ITE, where external
ignition may be a problem.122 – 124 Most flame retardants used in ITE today were
designed to handle an internal ignition scenario, where a power source shorts out
and arcs to the plastic casing. The external fire risk would be an open flame (such
as a candle) that falls against the plastic and ignites it. Materials that use flame
retardants and have at least a UL-94 V-1 or better rating seem to handle both
internal and external risk very well125,126 but the external fire risk scenario has
risen again with new types of ITE. One way to address the internal ignition sce-
nario and meet electronic interference regulations is to use a metal shell between
the outer plastic casing and internal powered components. This means that any
plastic (especially one easy to recycle) can be used for the outer casing. Not
surprisingly, often an inexpensive one without flame retardant is chosen, which
will fail to resist external ignition when exposed to a fire source. This external
scenario appears with flat screen and liquid-crystal display (LCD) monitors and
televisions, where most of the power supplies are lower in energy, so the inter-
nal ignition scenario is no longer relevant; potentially, these types of equipment
may not require flame-retardants under existing regulations. It appears that some
sort of flame retarded plastic will always be needed for ITE, but what the final
scenario and regulatory test will be is unknown. Nanocomposites could play a
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role here, especially if multifunctional nanocomposite materials are used that
provide both electromagnetic shielding and flame retardancy.

Another area of change in fire risk and possible regulations is automotive
fire safety. At the moment, plastics used in automobiles in the United States are
covered by Federal Motor Vehicle Safety Standard 302 (FMVSS 302), which
was originally designed to address cigarette-type ignition scenarios. When this
standard originated in the 1970s, a car contained about 10 kg of total plastic,
where as a modern car contains about 150 kg of total plastic;127 recent full-scale
fire testing has shown that a modern car can rapidly go to flashover once ignition
occurs.128,129 It is, therefore, likely that there will be a mandated increase in
fire safety for automotive materials sometime soon, as there is a NFPA working
document on the subject that has been published and may be read by regulators as
guidance.130 Along with a need for improved fire safety with existing automotive
plastics, there is a technological change in automobiles which further changes
the fire risk scenario: A projected increase in automotive electrical systems from
12 V to 42 V to handle hybrid car technology, as well as increased electrical
and electronic components in modern cars. This higher-voltage system has been
shown to rapidly ignite FMVSS 302-rated plastic,127,131 and therefore additional
flame retardants will be needed.127 Since there is a drive to utilize polymer
nanocomposites for automobile applications to save weight and improve fuel
economy (mileage),132 nanocomposites could again provide multifunctionality
by bringing lighter-weight components to cars and improving the fire safety of
plastics used in this application.

Similar to automotive applications, there is an increase in flammability require-
ments for mass transport, especially as polymer composites are used more and
more for interior and structural components to save on weight and improve dura-
bility in these applications. For example, the newest large commercial aircraft
from Airbus (the A-380) and Boeing (787 Dreamliner) both rely heavily on
composites for significant weight and fuel savings. Presumably, the materials
identified by the Federal Aviation Administration as fire safe133 will be used
in construction of these composite aircrafts, but given their high potential cost,
nanocomposites may be a more attractive alternative for these polymer systems.
Multifunctionality also comes into play for these aircraft composites, as they will
need to resist lightning strikes and ignition due to electrically induced thermal
degradation. This may be addressed through the use of conductive nanofillers
(such as carbon nanofibers or nanotubes) that allow the material to conduct the
lightning strike through the composite rather than absorbing it. In the event that
this is not sufficient, the nanocomposite structure would burn slowly. Such a
flame could be extinguished, or would eventually self-extinguish with the addi-
tion of other flame retardant systems. There are stringent requirements in the
EU for smoke and flame spread in subway and rail applications, and polymer
nanocomposites could help reach that goal.
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12.5 CURRENT ENVIRONMENTAL HEALTH AND SAFETY STATUS
FOR NANOPARTICLES

The regulatory topic of the safety of nanoparticles is one that should be addressed.
There have been a few published studies on the health and safety aspects of
nanoparticles134 – 136 but no comprehensive studies for all possible nanoparticles in
all possible exposure scenarios, especially those relating to human health. There is
a strong perception in both scientific and nonscientific circles that nanotechnology
presents health and safety unknowns, and care should be exercised with these
materials, but there are some known factors associated with nanoparticle safety
that can be addressed here.

From most studies it appears that the primary hazard with nanoparticles is
inhalation, and in this case, there are some commonly accepted practices that seem
well suited to handle this potential hazard. It is recommended that any nanopar-
ticle be treated as if it is an organic vapor and to use appropriate engineering
and personal protective equipment accordingly. In their dry form, nanoparti-
cles should be handled in fume hoods with sufficient ventilation enclosures. In
wet form, where dust clouds cannot easily form, the only ventilation controls
needed would seem to be those that would capture any fumes from the wet
form of the nanoparticle (such as solvent in the case of nanoparticle disper-
sions). For personal protective equipment when handling nanoparticles outside
fume hood enclosures, respirators with HEPA dust-type filters have been rec-
ommended. Obviously, safety glasses, goggles or face shields should be utilized
along with laboratory coats and appropriate gloves when handling nanoparticles
inside or outside a fume hood to minimize other possible areas of nanoparticle
contamination or unforeseen absorption or skin irritation issues.

It needs to be stated here that these are recommended practices, not standards
from any official regulatory agency. All researchers are strongly advised to look
at their own process involving nanocomposite synthesis and decide what is appro-
priate for their operations. In the meantime, safety organizations are looking into
handling and the limits of exposure for these materials, and additional guidance
may be forthcoming. For additional resources, consult the National Institute for
Occupation Safety and Health (NIOSH) for more details at http://www.cdc.gov/
niosh/topics/nanotech/

There are also concerns about the safe handling of final parts and compo-
nents that contain nanoparticles. For a polymer nanocomposite, it seems that
the nanoparticle is thoroughly encapsulated within the polymer matrix, so that
it would not appear to be available for later exposure. However, environmental
degradation such as sanding or abrasion may permit nanoparticles to escape from
the polymer matrix. Abrasion or sanding of polymeric components has yielded
studies in the past regarding flame retardant exposure to workers, and the same
argument could be made for exposure to nanoparticles from sanding or abrasion
on a polymeric nanocomposite. It is likely that the nanoparticles would still be
encased in the polymer particles that are removed from the polymeric part, but
this cannot be said with certainty, and so again, caution is recommended.



COMMERCIALIZATION HURDLES 377

12.6 COMMERCIALIZATION HURDLES

Throughout previous sections of this chapter, commercialization hurdles have
been discussed where appropriate. The issues associated with polymerization
techniques or flammability performance will not be readdressed here; rather, in
this section we address regulatory concerns and cost issues that must be overcome
to yield commercial nanocomposite products.

Some of the environmental concerns mentioned previously fall into the realm
of regulatory concerns, and certainly these must be addressed before a polymer
nanocomposite can enter the market. Given that there are commercial polymer
nanocomposites currently available, it appears that these hurdles can be overcome.
At the moment there do not appear to be any specific regulatory requirements
that mandate whether nanoparticles are present in a product, but some of the
existing broad requirements on chemical substances may apply. For example,
the reduction of hazardous substances (RoHS) act in the EU mandates that par-
ticular products be free of various heavy metals or particular elements. This
could be a problem for natural clay nanocomposites, as they may contain trace
amounts of these heavy metals, depending on where they were obtained and
how they were purified after mining. It is important at this point to discuss the
differences between natural and synthetic clays, as these differences may hinder
commercialization.

Natural clays differ from one location to another as local geological forces
shaped them and determined their composition millennia ago. Therefore, natural
clays somewhat prevent the creation of a global polymer nanocomposite product,
as each local source of clay used in nanocomposite production will be different
from batch to batch and mineral vein to mineral vein. This could be overcome
by fine-tuning local formulations to account for the difference, but this adds
greatly to product costs. Color is an additional concern with natural clays. Most
natural clays, especially montmorillonite, have some color that will be imparted
to the nanocomposite; the manufacturer cannot always provide a neutral color.
In some cases, this may not be a problem, but in others, additional pigment may
be needed, which, of course, increases cost and may lead to other problems.
Also, carbon-based nanofillers such as carbon nanotubes and nanofibers allow
only one color in the final nanocomposite: black. Parts can be painted, but this
may present a problem for applications where color and aesthetics are required.
It would seem that using a synthetic rather than a natural clay could solve the
color and batch consistency issue. However, synthetic clays bring along a cost
issue, and this higher cost is a barrier to commercialization.

A final barrier to commercialization with nanocomposite technology relates
to processing changes brought by nanofiller effects on polymer rheology. This is
more of an effect for thermosetting resins than for thermoplastics, as described
earlier. Almost all nanofillers change the rheology of polymeric fluids, especially
with thermoset monomers prior to polymerization. The large increases in viscos-
ity make it difficult to handle the thermosetting resin in normal ways, and also
make it difficult to make nano-reinforced traditional fiber composites. Besides tra-
ditional fiber-reinforced composites, another class of thermoset materials affected



378 POLYMER NANOCOMPOSITE FLAMMABILITY RESEARCH

by these processing conditions are thermoset foams, such as a polyurethane or
polyisocyanurate foams, which may also be adversely affected by processing
conditions. Although the clays may facilitate foaming due to an increase of elon-
gational viscosity, this increase in viscosity may cause problems for existing
processes, such as an inability to fill molds or handle liquid monomers easily.
Processes may need to be modified through clever engineering to address this
viscosity change while still producing the desired density and foam structure.
Since nanofillers cause nucleation during a foaming process,137 – 141 they will cre-
ate high-density foams, which may not be the preferred structure in the final
foam product. This type of high density is preferred for structural foams, which
can be useful materials in applications desiring light weight but some structural
strength, but high foam density may not be preferred for an insulation or flexible
foam product.

There have been reports that polymer nanocomposites, while having some
greatly improved properties, can actually result in a major imbalance of overall
properties for the material or can cause some unintended effect on the final
material. For example, a few papers highlight the fact that the UV degradation of
polymer–clay nanocomposites is greater than that for virgin polymer.142 – 144 This
is apparently due to the absorption of the UV stabilizers on the clay surface, but
other mechanisms may be involved. If additional additives have to be included to
retain the UV stability, this adds cost, which may overwhelm the benefits brought
about by nanocomposite formation. The balance of properties has been an issue
for all polymeric materials in all applications, and it appears to be a theme again
with polymer nanocomposite technology.

There have been some commercial polymer nanocomposite successes in the
areas of automotive, wire and cable, and niche sporting goods.145 Two flame
retardant polymer nanocomposites are reported in the open literature and in Inter-
net searches at this time. The first is a poly(ethylene-co-vinyl acetate)–alumina
trihydrate system from Kabelwerk Eupen which uses clay nanocomposite tech-
nology to obtain better than expected flame spread performance and mechanical
properties,146 described in Chapter 6. The second example is a series of poly-
olefin (PE and PP) systems from PolyOne Corporation, but the exact details
of the systems are not revealed. According to their Web site, halogenated and
nonhalogenated flame retardant nanocomposites with a variety of UL-94 ratings
(HB, V-2, V-0, 5VA) are available, but the type of nanocomposite technology
used and flame retardant system are not identified. It is expected that additional
polymer nanocomposites for flame retardancy applications will be commercial-
ized in the coming years, but at this time, neither the source nor the type is
known.

Since only two examples of flame retardant systems are currently available,
it seems that the technology is still in its commercial infancy. However, even
with the significant improvements in properties brought by polymer nanocom-
posite technology, it is not always a drop-in replacement for existing materials.
Further, there are times when it does not make sense to use a polymer nanocom-
posite for these applications, especially when the existing material is far less
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expensive for the potential application in question. Flammability is only one of
many requirements for a commercial material, and it may be that inadvertently,
enhanced flammability performance materials come to the market as polymer
nanocomposite technology becomes more important for other applications. Since
it is known that almost all polymer nanocomposites will lower the peak heat
release rate, one could argue that even if they do not pass a regulatory fire test,
all polymer nanocomposites have flame retardant properties. They do provide
a significantly reduced peak heat release rate and slower flame spread when
used alone; therefore, a polymer nanocomposite brought to market because of
improved mechanical properties in an automotive application would probably
offer enhanced fire safety compared to the polymeric material it replaced. As
the fire codes change, polymer nanocomposites currently used in those fields
for non-fire-related applications will already have improved flammability perfor-
mance, and thus more commercial polymer flame retardant nanocomposites will
automatically be ushered into commercial use.

12.7 FUNDAMENTALS OF POLYMER NANOCOMPOSITE
FLAMMABILITY

Before discussing the future directions of polymer nanocomposite flammability,
it is important to revisit what is known so that what is still unknown or undecided
can be better defined. The flammability effects brought by polymer nanocompos-
ites have been best studied for layered materials, or clays, followed by carbon
nanotubes and colloidal particles. The flammability reduction mechanism for
clays is the best understood and has been elaborated extensively throughout the
book. As the polymer nanocomposite is exposed to fire and heat, the polymer
is pyrolyzed and either through collapse of the clay layers or through abla-
tion of polymeric material, the surface of the polymer nanocomposite becomes
carbon- and clay-rich, forming an ever-increasing char.47,147 – 150 Eventually, the
heat from the fire fully penetrates the sample, forming a uniform clay-rich char
which usually has the shape of the starting polymer nanocomposite. This process
is illustrated in a simplified manner in Figure 12.7.

Because the release rate of flammable fuel is reduced, the heat release rate is
reduced as well. However, the char–clay barrier only slows the release of fuel—it
does not fully prevent it—so a polymer nanocomposite will slowly burn until
almost all the carbon mass has been pyrolyzed and combusted, which means that
the total heat release for a polymer–clay nanocomposite is unchanged from that
of the base polymer, but the peak heat release and average heat release rates are
lowered.

The mechanism of flammability reduction for polymer nanotube and nanofiber
nanocomposites (Chapter 10) is similar to that for clays: a nanofiller-rich surface
or barrier forms, which slows the rate of mass loss and therefore the rate of
heat release.151 – 153 There is little reduction in the total heat release, indicating
that the carbon nanofibers and nanotubes only reduce the flammability of the
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FIGURE 12.7 Idealized mechanism of polymer–clay flame retardancy.

polymer nanocomposite; they do not eliminate it. For colloidal nanoparticles
the mechanism of flammability reduction is less well defined and appears to be
more polymer- and nanoparticle-specific than the effects seen with clays and
nanotubes. Work is ongoing in this field, and much more information is needed
for the fundamentals of these polymer nanocomposites and their flammability
effects to be understood.

Since polymer–clay nanocomposites are the most heavily studied, most of this
section focuses on those materials, but the other two nanofiller types are discussed
where appropriate. Although it is well understood that for clay nanocomposites,
the clay-rich barrier slows the rate of mass loss, which in turn lowers heat release
rate, why the mass loss is reduced in the first place is not understood. There have
been several hypotheses as to why the polymer–clay nanocomposite reduces
flammability, including strictly physical effects154 – 156 and chemical effects,157,158

but most likely it is a hybrid phenomena of physical effects enabled by chemical
effects. Clays are known to serve as catalysts for carbon–carbon bond break-
age (such as cracking catalysts in refining operations) and for carbon–carbon
bond formation (aromatization or char formation, also in refining operations as
an undesirable process). Also, most clays have edge hydroxyls, which allows the
possibility for hydrogen bonding and rheology modifications in molten organic
liquids. It may be that as the polymer decomposes, smaller fragments have a
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longer residence time in the condensed phase as the clay plates thicken the flow
of the molten polymer, a phenomenon that has been seen in gasification studies
early in the fire exposure of the polymer nanocomposite.150,159 – 161 These smaller
fragments have more time to recombine with other fragments and form stable
bonds since the clay holds them in the condensed phase longer. These fragments
are in turn catalyzed to pregraphitic chars by the clays themselves. Not all of the
fragments have enough time to form char; otherwise, the polymer nanocompos-
ites would self-extinguish and show large amounts of carbon char formation. As
the nanocomposite is exposed to the flame, polymer deintercalates from between
the clay sheets, and the clay organic treatment pyrolyzes as well.150 Polymer
nanocomposite underneath the flame-exposed surface survives for some period
of time before eventually decomposing. Analysis of final polymer nanocompos-
ite chars by XRD shows that the clays collapse to d-spacings similar to those
seen with dehydrated clays,150 but sometimes to d-spacings indicating that small
amounts of carbon are intercalated in the clay galleries.162,163 However, since the
carbon is not seen with all polymer nanocomposite chars, this additional carbon is
probably an effect due to polymer decomposition, modified by the presence of the
clay, which agrees with the belief that a hybrid physical (prolonged condensed-
phase residency for polymer degradation products) and chemical (clays catalyzing
reactions that normally would not have occurred) mechanism is responsible for
the mass loss rate reduction. The chemical products of degradation are changed
by the presence of the clay, and this has been explained as indicating that the
clay either physically or chemically retains the degrading radicals long enough
to permit recombination reactions. A correlation between the stabilization energy
of the radicals produced during the degradation and the possibility of radical
recombination reactions fits this hypothesis.164 – 169

Another topic that must be addressed is the role of morphology in flammability
assessment, in particular the time to ignition and the peak heat release rate in a
cone calorimeter experiment. It is known that microcomposites do not provide
any reduction in the peak heat release rate, while both intercalated and exfoliated
structures provide a significant reduction. The amount of peak HRR reduction has
been shown to be polymer-dependent, but the degree of flammability reduction
due to exfoliated or intercalated structures remains an area where additional
insight is needed. For many purposes, notably enhanced mechanical and barrier
properties, it is felt that exfoliation is required, and there is a temptation to
assume that it is required to obtain enhanced performance for any parameter.
The effect of morphology and clay dispersion on material flammability continues
to be difficult to quantify and, in some cases, to qualify. It does appear that the
more uniformly dispersed the clay is throughout the polymer nanocomposite, the
better the reduction in peak HRR and the more reproducible the flammability
performance. It is also evident that the greatest relative amount of flammability
reduction is obtained around 5 wt% inorganic clay content, regardless of polymer
type,47,147,162 but the effects of other factors, such as the polymer degradation
pathway, clay organic treatment, and interface between polymer and clay on
flammability, are not evident.
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Can specific polymer nanostructures overcome certain drawbacks, such as
the early ignition of clay nanocomposites under cone calorimeter conditions, or
does the entire intercalation–exfoliation issue really matter as long as the clay
dispersion level is uniform? If an ordered aligned exfoliated structure is achieved,
such as in the case of injection molded versus compression molded materials,81 – 83

does this play a role in flammability performance? It may be that exfoliation is
more important for the balance of properties in the final polymer nanocomposite
than for flammability performance. The issue with the early time to ignition in
a polymer nanocomposite may be related to the early decomposition of the clay
alkyl ammonium treatment, as more thermally stable organic treatments appear
to solve this problem, but many flame retardant materials also show earlier times
to ignition than do the base polymers, so the early ignition behavior may be
due to the presence of an additive and unrelated to the organic treatment.170

However, the Toyota PA6 nanocomposite does not show early ignition in the
cone calorimeter,147,162,163 and perhaps this is because when the organic treatment
decomposes on the clay in this system, small molecular-weight fragments are not
volatilized but simply detach from the clay surface and remain as a part of the
polymer backbone (Figure 12.8). Perhaps tethering of clay and polymer will
prevent this early ignition problem, or maybe this is simply a perceived problem
unique to certain polymer–clay combinations and is not universal. It is not known
if 5 wt% inorganic clay in an exfoliated form will reduce flammability more, less,
or the same as 5 wt% inorganic clay in a mixed intercalated–exfoliated form.
The effect may be different for each polymer type, since substantial differences in
flammability reduction have been observed by cone calorimeter, depending on the
chemical decomposition pathway under fire conditions. Papers on poly(ethylene-
co-vinyl acetate) (EVA) nanocomposites have shown that the clay helps catalyze
char formation158,159 and yields substantial reductions in flammability that are
not observed with other polymers, even when the level of dispersion is similar.
The issues are complicated and may never be universally understood, but imply
that multiple factors do play a role in flammability reduction.

The final need is to understand the degree to which a nanocomposite reduces
flammability and its relevance to actual fire risk scenarios. This subject is covered
extensively in Chapter 5, but it is worth revisiting here. To some extent it can be
argued successfully that cone calorimeter results for a polymer nanocomposite
are not relevant to a final fire risk scenario at all, yet cone calorimeter does yield
fundamental flammability performance data for a material. It is necessary to put
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the existing data into context and then decide if that performance is acceptable,
or useful, for the particular fire test at hand. This leads to a question about how
the reduction in peak HRR relates to the use of additional flame retardants and
the occasional flame retardant antagonism.

Observations from cone calorimetry on polymer–clay nanocomposites are that
the peak heat release rate is lowered, with an earlier time to ignition and time
to peak HRR, while the total heat released is unchanged. One might reason
that the lowered peak HRR would yield improved flame spread properties, or
at least lessened rates of fire growth. Indeed, if one calculates the FIGRA171

(fire growth rate: peak HRR/time to peak HRR; units of kW/m2 · s) for most
polymer–clay nanocomposites, the FIGRA is lowered, even with the earlier time
to peak HRR. However, the significance of this lowered FIGRA in relation to
full-scale testing is not clear, and there have been no tests to date looking at the
fire growth rates and rates of flame spread for a polymer–clay nanocomposite.
The combination of polymer nanocomposites with additional flame retardants
provides quite encouraging results: synergistic reductions in the peak and total
heat release rates in the cone calorimeter, but this synergistic performance has
not always been observed with other flammability tests. Polymer–clay nanocom-
posites do little to improve the limiting oxygen index (LOI, ASTM D2863) when
used alone, and only sometimes improve LOI upon combination with other flame
retardants. The same is true with UL-94 V testing, where great improvements in
flammability are sometimes observed with polymer–clay nanocomposites, and
in other cases no improvement is seen. For UL-94 V, there does seem to be one
important observation of flame retardant antagonism between clay nanocompos-
ites and flame retardants which promote polymer dripping as an flame retardant
mechanism. Since clay nanocomposites inhibit polymer dripping,48 materials that
pass flammability tests by dripping are unlikely to work when combined with
nanocomposite technology; this has been observed with a polyamide–melamine
cyanurate example.172 Despite this antagonism example and the lack of consis-
tent synergistic performance across many different fire tests, clay nanocompos-
ites seem to work well with both vapor- and condensed-phase flame retardants
(Chapters 6 to 9). It is unknown if clays will be antagonistic with other systems,
or if there are particular fire scenarios where a clay would be well suited in
combination with other flame retardants.

12.8 FUTURE OUTLOOK

Enough progress has been made in this field to consider the next advances in
technology for polymer nanocomposite flammability. We begin this section with
trends that may be expected in the next 10 years. The section consists of opinion
based on the facts at hand rather than a de facto statement of what will certainly
occur. It is meant to guide researchers as to what appears to be important for
further development of the field.

We think it unlikely that nanocomposites will ever be useful as a stand-alone
fire retardant system, but they may be useful as a component of such systems.
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The combinations of nanocomposite formation with a variety of conventional fire
retardants, including halogen, phosphorus, mineral fillers, and other systems, have
been examined and are reported in other places in this book. We feel that this
combination approach must continue and will involve other nano-dimensional
materials, including other clays, such as the layered double hydroxides, polyhe-
dral silsesquioxanes (POSSs), carbon nanotubes and spherical nanoparticles, and
other putative flame retardants.

POSS additives should be explained here in a little more detail. POSS consists
of an inorganic siloxanelike core, Si8O12, with organic substituents at each of the
silicones. There continues to be some interest in this material for flammability
applications, due to reported results. One patent reports significant reduction in
the peak heat release rate for several polymers that contain POSS.173 A recent
paper examines the possibility of using POSS materials as fire retardants for
textiles and concludes that although the PHRR is not lowered, the time to igni-
tion is increased.174 There have also been some recent studies on the thermal
degradation of POSS materials, which may be a precursor to utilization as fire
retardants.175 – 177 What seems to limit these materials from broader use is their
higher cost and the apparently higher loadings of additives necessary to obtain
good flame retardant performance. It may be that POSS best fits solely as a
nanofiller to be used in addition with other flame retardant additives or nanofillers,
as described in the paragraph above.

In light of the issues with natural clays, one likely trend is an increase in the
use of synthetic clays, such as fluorinated synthetic mica, magadiite, and layered
double hydroxides (LDH). This last clay, since it has the potential to release
water under fire conditions [much like Mg(OH)2 or Al(OH)3], may find even
more use in flame retardant applications. Cost issues and limited sources for
synthetic clays will slow the adaptation of these materials, so most of the work
will probably be seen in the patent or open literature. More work will be seen for
nanocomposites containing nanofillers, such as carbon nanotubes and nanofibers,
and these will probably also be combined with additional flame retardants.

A trend that has already begun to arise is the use of multiple types of nanofillers
in the same polymer to yield a multicomponent nanocomposite. Some workers
have found that some types of nanofillers cannot bring all of the desired prop-
erties to the final material, so clays have been combined with multiwall carbon
nanotubes to bring enhanced properties.178 The observation for most polymer
additives is that they cannot be used for all applications in all polymers, and
the same observation will surely be made about nanocomposites. A clay may
be used to enhance the flammability performance, but it could also be combined
with a conductive nanofiller to impart antistatic aspects or electrical conductivity
in the final system. One potential way to look at the use of multiple nanoparticles
is that each nanoparticle plays a complementary role in flammability reduction.
For example, one could choose a clay for mass loss rate or fuel release reduc-
tion, but then use a colloidal particle to fill in the gaps between clay plates as
the nanocomposite thermally decomposes. Perhaps even more useful, the col-
loidal particle could have catalytic or flame retardant properties that encourage
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char formation, thus protecting the underlying polymer and building a protective
char faster. There have been some papers on nanosized mineral flame retardant
fillers [Al(OH)3 and Mg(OH)2],179 – 181 and perhaps these, combined with clays
or nanotubes, would accomplish the same goal.

Related to the multiple nanofiller type of approach is the use of other additives,
which may not be nanosized, to assist in flame retardancy at the nanoscale level.
One could envision an approach similar to that of colloidal particles mentioned
in the preceding paragraph in which another material can seal the cracks in the
char to set up a glassy barrier that enables the polymer nanocomposite to self-
extinguish. This concept has been elaborated by one group of researchers,182 – 184

where a siloxane or borosiloxane oligomer was used to form an “interlayer”
between polymer and nanofiller, thus forming reinforced chars under fire condi-
tions. One may be able to use a polymeric additive, such as a siloxane or some
other low-melting inorganic oxides, that will rapidly fuse with the clay particles
to form a glassy protective barrier. The approach of forming char faster follows
the understanding of how the polymer–clay nanocomposite provides flame retar-
dancy. In theory, if one can slow the rate of fuel release sufficiently, it becomes
far more likely that the nanocomposite can self-extinguish. The approach of set-
ting up char rapidly works only with additional flame retardants, but perhaps
there will be breakthroughs that allow the polymer nanocomposite char struc-
ture to form faster and prevent fuel release as well as offer additional thermal
degradation protection to the underlying material.

The use of nanocomposites to reinforce traditional composites has also been
increasing and will continue to be a near-term trend. The emphasis for these
applications, however, has been on additional mechanical reinforcement rather
than flammability reduction.185,186 Since more traditional fiber-filled composites
are exposed to fire risk scenarios, it makes sense to use a nanocomposite with
the traditional composite to improve both mechanical and flammability perfor-
mance. Of course, this does create an additional level of complexity, especially
in handling the large increases in viscosity seen with nanocomposites used with
thermoset composites. At this time, most nanocomposite–fiberglass/carbon fiber
composites are used for military and aerospace applications, but the benefit of
lightweight materials may also move these materials into automotive and mass
transportation (e.g., bus, rail), where flammability performance is strongly needed.

There are two areas of focus for future trends: specific nanocomposite struc-
tural design and true multifunctional materials. Specific nanocomposite structural
design is not just exfoliation or perfect dispersion of the nanoparticle, but also
deliberate nanoscale ordering and alignment in such a way as to bring very spe-
cific properties to the final nanocomposite. For example, fiberglass mats used in
traditional composites are woven in particular ways to bring certain properties
(e.g., stiffness, impact resistance) to the final system. If one could order and
align nanoparticles to mimic this macroscale structure on a nanoscale, greatly
improved properties could result. It is not at all clear how to set up these ordered
structures or what specific changes in performance would be brought by these
structures. This type of work is currently under way at the National Research
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Council of Canada.187 While clays and other nanofillers do align in flow and shear
fields during injection molding,81 – 83 this effect is not deliberate. For example, the
ordered nanocomposite structure desired could be set up by utilizing a deliberate
injection molding scheme that takes advantage of these flow and shear fields to
align the nanoparticles into the desired orientation. Such a system has already
been described.188 The only example of deliberate alignment of nanoparticles was
due to magnetic field alignment in an epoxy nanocomposite.12 In this case, the
researchers took advantage of the magnetic effects in the specific type of clay
and used electrical fields to align the clays prior to polymerization. This may
be achievable in thermoplastic melts as well, but due to the viscosity of those
molten fluids, it could be difficult to obtain. The solution to achieving ordered
nanocomposite materials may be a combination of chemistry and engineering,
and it is very likely that more of these proposed solutions will be available in
the future. There is a rich literature on ordering of polymer matrices or nanos-
tructured polymeric materials and blends that may be utilized for this purpose.
It is unknown if this ordering will enhance material performance in regard to
flammability. For example, it is reasonable to assume that aligning all of the
nanoparticles in one direction could permit the char to set up faster as the clay
plates collapse in an orderly fashion. However, since these are one–dimensional
(in terms of nanoscale dimensions, i.e., thickness) materials, flammability per-
formance may be enhanced in only one direction. If the flame impinges on the
sample such that the clay plates are perpendicular to the flame, the char will
probably set up quickly. On the other hand, if the clay plates are parallel to the
flame, the fuel should pyrolyze more quickly (depending on the rate at which fuel
can flow through the slits in the clay), making the sample more flammable. For
carbon nanofibers and nanotubes, a crosshatch pattern would be desired, since
a network structure is preferred for flammability reduction,153 but a structure
aligned only in one direction may result in poorer flammability, or show little, if
any, improvement.

True multifunctional materials continue to be one of the ultimate goals for
materials science. However, this is something that has continued to be elusive
for polymer nanocomposites, despite the great improvements in the properties
observed. Today, a polymer nanocomposite can obtain one or more improved
properties in a general area (such as mechanical or thermal), but not in more
than one area of interest (not mechanical, thermal, and electrical, for example). It
can be argued that these extra properties are not needed in the final application,
but having the ability to impart true multifunctionality is something that will be
desired and therefore should be an area of focus for research. To some extent this
is the natural process for materials science development in that single-component
systems are initially discovered and then applied to a variety of solutions. When it
becomes clear that a single-component system does not have the correct balance
of properties, multicomponent systems are developed. Eventually, the final com-
mercial product is designed through fundamentals rather than discovered through
trial and error. In the polymer nanocomposite field, design through fundamental
understanding is now under way.
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This book has shown multiple examples in which polymer–clay nanocom-
posites replace some of the flame retardant to reduce total loading of flame
retardant in the final system while still maintaining (or exceeding) desired fire
performance and regaining or exceeding some physical properties. An impor-
tant research goal is to design a polymer nanocomposite system that replaces
the flame retardant completely while maintaining fire performance, improving
thermal and mechanical properties, and perhaps, contributing electromagnetic
properties such as conductivity or shielding. A multifunctional material with this
range of properties would be of interest to the aerospace and military markets
and probably also to the area of flame retardant polymer enclosures for electri-
cal and electronic devices. One way to accomplish this goal would be to use
more than one type of nanofiller additive, but another way would be to engi-
neer all of these properties into the same nanofiller. This could be achieved by
placing flame retardant at the interface between nanofiller and polymer or by
creating a better interface for a nanosized flame retardant additive. To a certain
extent this is already achieved with nanofiller-sized mineral hydroxides,179 – 181

but these nanofillers do not bring along additional improved properties (such as
mechanical or thermal). For these types of additives, one would choose an inter-
face that gives good mechanical property reinforcement, and perhaps the same
nanoparticle coating or interface would include conductive nanoparticles (even
smaller than the primary mineral filler) that have the desired electromagnetic
property (such as EMI shielding for consumer electronics). This is essentially
designing a new interface for an existing nanofiller that has the desired function-
ality (i.e., good polymer interface, flame retardant structure, conductive coating)
and synthesizing the polymer nanocomposite accordingly. This could be achieved
through polymer blends rather than through a polymer nanocomposite. One can
envision polymer blends and alloys where the domains of each polymer type are
dispersed and ordered on the nanoscale to achieve the desired multifunctionality.
For example, a polymer blend could be prepared using one polymer for mechan-
ical, another for flame retardant, and another for conductivity properties. Using a
nano-ordered polymer, perhaps one can propose a polymer nanocomposite base
formulation with two other types of polymers present, yielding a hybrid material
where the nanoparticle could be present in more than one phase of the nanos-
tructured polymer, or even located at the interphase between polymer domains,
leading to a variety of possible structures and materials properties. If this is pos-
sible, it may be interesting to use polymer nanocomposite technology to bring
multifunctionality, especially flame retardancy, with another polymer rather than
several different nanosized particles.

In conclusion, polymer nanocomposite flammability has made great strides
and is a well-developed field. We should expect to see more commercial products
utilizing this technology in the coming decade, as well as new advances. There
are areas of research that need to be developed further, especially in nanoscale
ordering and design of nanoparticle dispersion, but some preliminary results in
those areas have already been obtained. We believe that this technology will
greatly advance the flame retardant field as more and more researchers understand
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the advantage of using nanoparticles as a synergist with other flame retardants.
Most important, polymer nanocomposite technology will contribute to improved
fire safety for society in the years and decades to come. Fire safety is only one
small aspect of the effect that the presence of nano-dispersed materials can have
in polymers. As noted above, in some cases a nano-dimensional material may be
incorporated to improve some other property, with the enhanced fire safety being
only one of many potential advantages brought by a polymer nanocomposite.
This is certainly the nano-age, and as research in this area progresses, more
and more materials will be discovered to enhance the various properties of the
polymers.
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combustion behavior, 266–271
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Antiblaze products, 345–346
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oxides, 69
pentoxide, 21
tribromide, 224
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ASTM standards
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Boiling temperature, 223
Boltzmann distribution, 93
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Borates, 16–18, 136
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Boron compounds, 16, 18
Borophosphate, 155
Borosiloxane elastomer, 138, 154
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flame retardants, 8, 22
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Carbon
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char-silicate layer, 113
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266, 269–270
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-polymer interactions, 94
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thermal decomposition of polymeric
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Cellulosic materials, 11–12, 16–17
Ceramics, 132, 235, 238, 277, 336
Chain-end scission, 6
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fire retardancy mechanisms, 112
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134–135, 193, 223, 227–228, 267, 307,
335, 345, 381, 385
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intumescent systems, 134–135
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polymers, 167
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sources of, 69
strength, 151, 155
structure, 19
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corrosive, 236
decomposition, 116
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Cloisite clays, 273, 275, 326, 328, 331–332,
338–341, 345–346, 348

CO
characteristics of, 1–2, 5, 164, 252, 276, 299
production, 207, 318
release, amount of, 213–214
yield, 172

Coadditives, 192, 224
Coatings, 134–136, 140, 142, 155–157, 331,

343–344. See also Back-coatings
Cobalt, 309
Coherent structures, 143
Cohesive energies, 91
Coking, 69
Colloidal particles, 384–385
Combinatorial entropy, 94
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films, fibers, and textiles, 335
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polyurethane nanocomposites, 273



INDEX 405

thermoset fire retardant nanocomposites,
270–271

vinyl ester nanocomposites, 276, 347
viscosity, 117–118

Confocal microscopy, 317
Construction industry, 134
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Copolymers, 168, 344
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corrosiveness, 210

Cost of fire, 2
Cost-performance trade-off, 20
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thermal decomposition, 247–251
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inhibition, 115, 117–118
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general mechanisms, 7
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oxide-based nanocomposites, 286–287, 290,

292–295
polymer-carbon nanocomposites, 89
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Heat-sink mechanisms, 115
Heavy metals, 377
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High-energy mixing, 104
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High-valency metals, 19
Histograms, 287
Hoffman-Weeks plots, 47
Hofmann elimination, 223, 248, 360, 362
Horizontal burning tests, 166
Horizontal combustion, 14
Hot polymer, 10
Hot radicals, 9
Hot zone, 146
Hybrid cars, 375
Hybrid materials, 32, 43, 60, 132, 387
Hydrocarbon(s)
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182–186

carbon nanotubes, 305–311

characteristics of, 92, 99–100, 104–105,
117, 167, 169, 286

charred, crack density and surface results,
179

EVA-MWCNT/EVA-MWCNTY-organoclay
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Noncombustible gases, 7
Nonflammable flame retardant gases, 14
Nonhalogenated additives, 193

Nonhalogenated fire retardant materials, 22, 378
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uncertainties, 100–104

Polymerization, 356, 377. See also specific
types of polymerization

Polymer nanocomposites
analysis techniques, 365–373
characteristics of, 31–33, 236, 311–312
clay, see Polymer-clay nanocomposites
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Polymer-organoclay nanocomposites
characteristics of, 191–192, 227–228
flame retardant mechanism, 222–227
flammability properties, 206–222
mechanical properties, 204–206
preparation methods and morphological

study, 193–200
thermal stability, 201–204

Poly(methyl methacrylate) (PMMA)
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-OMT-ArP nanocomposites, 199, 202,

214–215, 218



INDEX 417

-OMT-TCP nanocomposites, 205
-organoclay nanocomposites, 197, 205, 216
/polyammonium montmorillonite systems, 38
-silica, 166

Poly(styrene sulfonate), 256
Poly(tetrafluoroethylene) (PTFE), 11, 219–220
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FIGURE 3.5 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
82 s. The image on the right shows a cross section and has had the surface char partially
removed.

FIGURE 3.6 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for 95 s.
The image on the right shows a cross section and partial removal of the surface char.

FIGURE 3.7 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
200 s. The image on the right shows a cross section and partial removal of the surface
char.



FIGURE 3.8 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
400 s. The image on the right shows a cross section and partial removal of the surface
char.

FIGURE 3.9 Image of a PS/mass fraction 10% MMT nanocomposite pyrolized for
1150 s. The image on the right shows a cross section and partial removal of the surface
char.
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FIGURE 3.11 Clay–char d-spacings versus gasification time and sampling region,
revealing a step decrease in d-spacing, from 3.27 nm (the d-spacing of the PS–AMMT
nanocomposite) to 1.3 nm with increased exposure time.
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FIGURE 3.12 Mass fraction (%) loss in TGA (in N2 and air) for surface region
clay–chars at various gasification exposure times.



FIGURE 3.16 Gasification residue of PP/PP-g-MA/MMT with 7.7% PP-g-MA and
MMT.

FIGURE 3.17 Gasification residue of PP/PP-g-MA/synthetic hectorite with 7.7%
PP-g-MA and hectorite.



FIGURE 3.18 Gasification residue of PP/PP-g-MA/synthetic mica with 7.7% PP-g-MA
and mica.

FIGURE 10.1 TEM image of a PMMA–nanosilica nanocomposite (left), analyzed im-
age (middle), and a histogram distribution of diameter (right). (From Ref. 15.)
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FIGURE 10.14 Heat release rate curves of St–BA and St–BA/GO nanocomposites.
(From Ref. 41, copyright  2004, Elsevier, with permission.)
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FIGURE 10.15 Total heat released for St–BA and St–BA nanocomposites at 50 kW/m2.
(From Ref. 41, copyright  2004, Elsevier, with permission.)



(a) (b)

FIGURE 10.17 Optical microscopy images of PMMA–SWNT(0.5%) with two differ-
ent dispersion of nanotubes with numerous agglomerates: (a) good dispersion; (b) poor
dispersion. (From Ref. 58.)

(b)(a) (c) (d)

FIGURE 10.21 Residues of PMMA–SWNT after gasification tests in a nitrogen atmo-
sphere at 50 kW/m2: (a) PMMA; (b) PMMA–SWNT(0.2%); (c) PMMA–SWNT(0.5%);
(d) PMMA–SWNT(1%).

FIGURE 10.27 Cross section of the residue of PP–MWNT (1%).



(a) (b) (c) (d)

FIGURE 10.33 Residues after the gasification tests at 50 kW/m2 in nitrogen: (a) with
PR-24(1%); (b) with PR-24(2%); (c) with PR-24(4%); (d) with PR-1(4%).

FIGURE 12.5 Polyamide-6 nanocomposite after 1 min of processing (purple, interca-
lated) and 7 min of processing (red, exfoliated). (From Ref. [98].)
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