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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 nanotechnologys; 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
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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. LEvVCHIK
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.!~® 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,* which would probably result
in a loss of consciousness in 4 minutes.> 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.*

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.’
Moreover, the same study showed that blood carbon monoxide loadings in fire
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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.® There is evidence suggesting’
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.® 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.® Although fire
problems are less severe now, U.S. fire casualties are still higher than in most
developed nations.!® 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.!!
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.!

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.!> 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.'!

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.!?> 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 x 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 x 65 x 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
NIST' 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 x 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.> 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.! '3

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.'® 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."” 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.'® 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.!” 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-linking?® 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.?! 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.'® 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.?’

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.”?> 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.?®>* 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).?> 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.?®?’ 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.”® 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 —— R + Br (1.1)

Br + CH,—CH, —— CH—CH, + HBr (1.2)
) “H

CH-CH,——>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 CO, [reaction (1.8)], which is a highly exothermic
reaction and is responsible for the larger part of the heat generation in the flame.

HBr+H — H, + Br (1.4)
HBr + OH — H,0 + Br (1.5)
Br+RH —> HBr+R (1.6)
H+0, — OH+O0 (1.7)
OH +CO — CO,+H (1.8)

In some other reactions, the more reactive radicals (H*, OH®, CH3") are replaced
by the less active Br® radicals.? If Br* meets H* 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 H®, OH®, and HCO® radicals, whereas there is an increase
in the content of the diradicals C,"* 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 established?! that Sb,0s 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 HCI or HBr in the condensed
phase, forming SbCl; or SbBr3, respectively, both of which are relatively volatile.
SbCl; boils at 223°C and SbBr3; boils at 288°C. Halogenation of Sb,O3; may or
may not proceed through a number of intermediate oxyhalides Sb,0,,X,,, some
of which can go into the gas phase as well.** It is also well established that Sb,O5
catalyses dehalogenation of the flame retardant,?! 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)].

. —HBr . -HBr . -HBr
SbBr; + H—— SbBr, + H——SbBr + H——Sb (1.9)
Sb+ 0 —> SbO (1.10)
Sb + OH — SbOH (1.11)

Interference with the antimony—halogen reaction will affect the flame retardancy
of the polymer.*> 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.>? The physical effect of halogen
halides is comparable to that of inert gases, CO,, 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.'® 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,> 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.>-*¢ 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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~n CH— CH, — CH — CH, _ B~ {—CH,—CH—CH,~
| | | |
CH; CH; CH; CH;
B-scission
~vne CH, — CH
|
CH

v CH,—CH, + CH=CH, =~ 2 e C—CH, + $H—CH2~w«
| |

termination |

CH; CH; CH;3 CH3

(1.12)
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.’” 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.”!

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.®® 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.*® 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.*’ 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 esters*' [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.*?

(6]
I

Yo O

(1.13)

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.**** The chemistry of formation
of the intumescent chars was described thoroughly by Camino et al.*>: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 H*
or OH’ radicals. Volatile phosphorus compounds are among the most effective
inhibitors of combustion. A recent study showed*’ 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.** The most abundant phos-
phorus radicals in the flame are HPO,®, PO°, PO,°, and HPO?®, in decreasing
order of significance. Some examples of radical scavenging with participation of
HPO," and PO" radicals are shown in reactions (1.14) to (1.18). A third body is
required in the reactions involving PO*® radicals.

HPO, + H — PO + H,0 (1.14)
HPO, + H — PO, + H, (1.15)
HPO, + OH — PO, + H,0 (1.16)
PO+H+M —> HPO+M (1.17)
PO + OH + M — HPO, + 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 agree*”-> 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,®'? there is also strong evidence that red phosphorus

can react directly with polyesters or polyamides in an inert atmosphere’* and
in the absence of moisture.’* There is also some evidence in favor of a free-
radical mechanism of interaction between red phosphorus and polyamide-6.7°
Red phosphorus shows relatively weak flame retardant effects in hydrocarbon
polymers (e.g., polyolefins or polystyrene). It is believed® 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 efficiencys;
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,’® whereas in
upward combustion the additive quickly evaporates, yielding a high concentration
of nonflammable flame retardant gases which extinguish the flame.>’

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.’® 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.>®>°

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.?® 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 melamine®!; 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), type of structure known as phosphorus
oxynitride is formed.%> Phosphorus oxynitride is very thermally stable and in
some polymers can contribute to condensed-phase mechanisms.®

Melamine cyanurate is used primarily in unfilled polyamides.®* 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.®>® 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.®’

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.®® An extensive review of manu-
facturing, properties, and uses of ATH and other inorganics has been published
by Horn.® Mechanisms of fire retardant action of the mineral fillers and their
effect on polymer properties have been reviewed by Hornsby and Rothon.””

ATH begins to release water at about 220°C with an endotherm of 1.17 kl/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.*® 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),. (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),. (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,®® boron com-
pounds, nanoclays’! (treated montmorillonites), and charring agents have been
explored.”? 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.”*
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 - 3B,03 - 3.5H,0, 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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Z 90+
K]
(0]
=
85 Firebrake® ZB
(2Zn0+3B,04+3.5H,0)
80 | | | | | |

0 100 200 300 400 500 600 700
Temperature (°C)

FIGURE 1.4 Thermogravimetry of commercial zinc borates. (From Ref. [76], copyright
© 2001, American Chemical Society, with permission.)
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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 hydrocarbons” or the
oxidation of graphite structures in the char,*® 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 shown’’ 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.”®

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.”?8 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.}! 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.4-32

The two mostly common examples of synergism, halogens with antimony and
phosphorus with nitrogen, were discussed earlier. Apart from Sb,0Os3, halogen-
containing flame retardants are synergistic with other metal oxides, including
Bi,03, SnO,, Mo0Os, Fe,03, and ZnO. In some formulations these metal oxides
can substitute for Sb,O3 partially or completely. Zinc borates or zinc sulfide can
be used in the same role of partial substitution of Sb,O3. 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.®*=3¢ and by Lewin et al.}’~%° Later,
similar effects were noted in systems containing ammonium polyphosphate and
zeolite.”*°! 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.*> 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.”’ 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.”
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1.3.3 Criteria for Selection of Flame Retardants
Criteria for the selection of flame retardants are usually based on:

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

o The processing conditions of the polymer

Compatibility and the ability to preserve valuable physical properties

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-um size Sb,O3, which helps not only with
good flame retardancy but also with good pigmentation of PVC.?? Colloidal-size
(0.03 pm) antimony pentoxide, which has a much lower refractive index than
Sb,03, can be used in transparent PVC applications.”® In transparent polycarbon-
ate applications, very small amounts (in the range of 0.02 wt%) of halogenated
sulfonate salts, also of submicron particle size,”* are used. Very fine particle metal
oxides can also be used in the flame retardancy of polycarbonate®, 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.

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 ATH”%® or MH.” 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.”’” 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.'% 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
study!'®" 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.'® 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.!%? 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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2.1 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,! = from where

Flame Retardant Polymer Nanocomposites, edited by Alexander B. Morgan and Charles A. Wilkie
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most of our examples will be drawn, and layered double hydroxides'®), and to
a smaller extent to pseudo-one-dimensional fillers (such as carbon nanotubes'!).
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 properties!?~!4).

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 silicates'
or 1 vol% for single-walled nanotubes'®). 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.!'> 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,!”!8 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.'® 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.'%2°=2> Where the property enhancements originate from
the nanocomposite structure, these improvements are generally applicable across
a wide range of polymers.% !0

In contrast, carbon nanotubes were discovered much more recently, first
observed by lijima,>* 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.'!

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,! > numerous
compilations of relevant symposia and conference proceedings, and recent review
articles.®~%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.>3~27 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,?® 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:

AFsas = _2)/514 = _2(\/ VALW IR, VL,LW)Z - 4(\/)/7 - \/V?)(\/VT - ya_)
2.1)
when assuming additivity of apolar [Lifschitz—van der Waals (LW)] and polar
[electron donor—acceptor, or Lewis acid—base (AB)] interaction terms,”® and

using standard geometric combination rules:

P = Y - 2 2.2)
R NI o T TR 7S N

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

vij = v +yi®  with
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converted into the Hamaker constant formalization by setting 'V = A, /247[>
with [, = 1.58 A. 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

A —12712AFy

P = = 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 least*? 10° to 10* 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 mixing? and have used this to predict
miscibility of polystyrene with alkylammonium—modified silicates?® (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.>). Consequently, small per-monomer favorable enthalpic interactions

— 10Tk 1105
Material Yy g \ E
Water2? 218 255 255 o 10°F 3104 o
Montmorillonite®® 66 0.7 36 < N\ )
Alkane?® (C,»-Cig) 26 0 0 ‘g 101k \\ 1o 2
Polypropylene?® 26 0 0 ] . 8
Polyethylene® 33 0 0 & X
Polystyrene2? 42 0 1.1 2 102 {102 ¢
PMMA?29 406 O 12 'g 2
Carbon nanotube* 30 18.4 12 12 s, .l 1.5
PET3! 435 0.01 6.8 < 10 10" <
Nylon 6, 62° 36.4 0.02 21.6 , , ,
0 4 8 12 16

Organic interlayer film thickness [nm]

FIGURE 2.1 (Left) Various surface tension components y (mJ/m?) for materials dis-
cussed in the text (*from y“B ~ 24 mJ/m? assuming that y*/y~ = 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 maxima3? (much higher than the dashed line) which correspond to
integer numbers of monomer layers.



FUNDAMENTALS OF POLYMER NANOCOMPOSITES 35

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 x 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 approximated” by AH ~ €ps + €pa — (€qq + €45), Where
€;j 1S 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)
formulations®®-32]. For most polymers and surfactants €,, — €44 < €5 — €45, 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 (y,s — ). For an apolar (yai =~ 0) alkyl surfactant (e.g., dode-
cane to nonadecane,” yV ~ 26 mJ/m?) used to organically modify a typical
silicate (e.g., montmorillonite, with?® y™V ~ 66 mJ/m?, y;* ~ 0.7 mJ/m?, and
¥, = 36 mJ/m?), miscibility would be achieved with any polymer for which

yil = (Y — V66)* + 2(\/E - «/0._7)(\/E —+/36) —9.1 mJ/m? < 0

(2.4)
This is satisfied for most polymers (e.g., Table XIII-5 in van Oss’ book?®) except
perfluorinated polymers and most of the polyolefins (polypropylene, polyisobuty-
lene, etc). Miscibility is also promoted for all apolar polymers (ypjE =~ 0) with
26 mJ/m* < yi¥ < 125 mJ/m*, and for polar polymers with yLV ~ 26 mJ/m’
and y;fsB <0 (i.e., as Vaia®® states, vy > 0.7 mJ/m? and y, <36 mJ/m?, or
ylj' < 0.7 mJ/m® and Y, > 36 mJ/m?). 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,?’ 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)*3 in the absence of excess enthalpic interactions (i.e., yp' = 26 mJ/m* =~
YW and y5 =0, and eq. (2.4) yields ¥4 =~ 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.?” 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.?® 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 nm?), and still provide only approximate
values or criteria. A more detailed discussion is provided elsewhere.?

2. In the case of polypropylene (PP), the approach described above yields
a zero excess enthalpic interaction for an alkyl-modified silicate [since®
vV =257 mJ/m? ~ y™V and y55 ~ 0, eq. (2.4) yields /%2~ 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 by?®

AFtotal AFLW + AFAB (y — ’}/ll;w — J/SLW) + (VIA;\SB - V;B - VsAB)

(2.5)
Substituting 5 and y,® from eq. (2.2) yields

AFlolal 2\/7W — \/)/;Vs_ + \/)/p_)/s+ ) (2.6)

which for a strictly apolar polymer becomes

AFtotal ) / LWVYLW

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 forces®?), 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,*~37 or dynamic
packing injection molding?®).
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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),* polyurethanes,**-#!
and polyamide-6*>=*4]. 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.*’
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.*¢ 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).*® 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.!® This approach provides the
best route to test?® 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,*’*3 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 (0-MMT), so as to elucidate how the thermo-
dynamics of mixing can be tested.’>* 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 (y% '~ 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 (yAB # 0) functional groups, such as methyl-
styrene, hydroxyl, and maleic anhydride, can promote PP/o-MMT miscibility*
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, yhy 4 = 0, but yins = 40 > y2V =~ 26 mJ/m?), 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 achieved®® when this
group possesses sufficiently strong interactions for the filler (as, e.g., an ammo-
nium group®). 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., B =0 and y"V < y5¥ ~ 26 mJ/m?); such surfac-
tants are, for instance, fluorinated or semifluorinated alkyls (y]}ﬁN ~ 18 mJ/m2).
This strategy has also been proven experimentally.*’

2.2.2.3 Melt Processing This is a very frequently used approach®® 1 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.*® 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,3*~374630 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
improvements3+36:37:46.30 5 o00d dispersions and better-performing hybrids.??
Obviously, an MA—polypropylene pretreatment with very low maleic anhydride
content does not promote nanocomposite formation,® and very high maleic
anhydride content makes the masterbatch so robust that MMT does not mix
further with neat PP.3*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.!”-!® 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
article®). 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 nanocomposite!” with pure
polyamide-6 or an in situ poly(e-caprolactone)/montmorillonite hybrid>!>? with
pure poly(e-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)'® 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,”>>* 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.!'* 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)>® and polystyrene.'® 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 nanotubes®*~6°]. 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 dyo; 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.>
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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 pm) 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 data®® in the low 26 range, coupled with careful sample preparation
and use of model reference samples, can yield substantially more information
about the nanocomposite structure,’® 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, simple®’ and more realistic®®
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,%” 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.®® 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,%® 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 TEM®® 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.”-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,®’ such as mean number of layers per stack and “projected”
lateral dimension of layers, while through more realistic models and analysis,®®
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 (dgo;: d, da, d3), distortion in d (Ad), and
mean number of layers per stack (V). Distribution of stacks parameters: mean particle—
particle distance between center of mass of stacks (/), relative particle—particle orien-
tation [¢ (n;, n})], and fraction of layer stacks consisting only of individual layers (x).
(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 1t 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 y-crystal phase of polyamide is promoted next to the
fillers.*>=#* This behavior originates from the strong hydrogen bonding of the
amide groups with the silicate (SiO,) surfaces, and is, for the same reason,
also observed in poly(vinyl alcohol)/MMT nanocomposites.>’! 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)’? and syndiotactic polystyrene (sPS).”?
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)/Nat —montmorillonite nanocomposites, the polymer—Na™ interac-
tions are favorable to mixing but not conducive to crystallinity.”* 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 (7.°) is not affected by the nanocomposite for-
mation. For example, as shown in Figure 2.4, the T,S 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 value [T°(PP-g-MA) = 183.8°C, T2(PET) =
260.1°C, T,S(PEO) = 69.7°C]. These results are consistent with the literature
reported earlier® 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

4
Vi = gnpncﬁf (2.7)
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FIGURE 2.4 (Left) Hoffman—Weeks plots of neat polymers and their nanocomposites;
the TA(} 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 G are slowed down in all systems shown.
For both panels: PP-g-MA (top), PET (middle), PEO (bottom).
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where V7 is the total crystal volume (crystallinity), p, the nuclei density, G
the linear crystal growth rate, and ¢ the crystallization time. When ij is 0.5,
the corresponding crystallization time ¢ is defined as the half-time of crystal-
lization (#;/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, p,, 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 (7is,). As
expected, the overall crystallization rate increases with clay or filler addition, as
denoted by the decrease in 71, 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 p, 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 #;,,, when the increase in nuclei den-
sity is accounted for, all systems show a G decrease of 0.25 to 0.5 upon MMT
addition (for PP the nanocomposite G 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. (7Top) 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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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.!1:36:64.75-78 Eor example, polypropylene crystallization in the presence of
nanotubes shows increased crystallization temperature and rate of crystallization
with the introduction of varying concentrations of nanotubes,’-% with no change
in the crystalline structure or the melting point. Furthermore, the PP crystallite
size decreases in the presence of nanotubes,*7>7¢ 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.”®-3° 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.®! Similarly, polyamide-6 and polyamide-12 matrices reinforced
with nanotubes exhibit crystallization similar to that of the unfilled polymer.’%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.®> 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 (¢ymr)- 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 materials®® is observed: Namely, there is a sharp increase in
Young’s modulus for very small inorganic loadings (¢o—mmT <4 Wt%), followed
by a much slower increase beyond ¢o_ymr = 5 wWt%. With increasing ¢y,
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 (B*°), C18—-MMT (v*), and 2C18-MMT
(0*). 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 (M*’) and PP hybrids formed via various PP-g-MA pre-
treated o-MMT master batches: C18—MMT (>**) and C18—MMT (O, A>). 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 (v, (0*)]
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 '#),
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 mlJ/m?; see also Sec. 11.2 in
Israelachvili*?]. 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,!7-18:42-44.84 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,* 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 (M%), v, O A%l)

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—Tsai®® and Mori—Tanaka®” 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 effort®® 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.®® The main shortcoming in the previous
approach is attributed® 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 modifications®®-*
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.”® Even in the most focused approach,
when a mechanical model is developed to describe a single polymer—inorganic
nanocomposite’ —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 calculated®® 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:

¢ Mechanical properties are determined by the effective filler aspect ratio and
effective filler volume fraction when incomplete dispersion is accounted
for®8°! (rather than on the absolute filler loading and the aspect ratio of
the individual fillers).

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

¢ The correct enumeration of the interfacial strength is crucial for correct esti-
mation of the composite’s mechanical properties,”’* 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 °>° of 10 to 90 MPa, depending on
the nanotube radius. These experimental interfacial strength values correlate well
with interfacial forces calculations, 3° 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:

e For polypropylene—montmorillonite interfaces, ignoring all necessary
functionalizations for PP would yield an interfacial adhesive energy of
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~83 mJ/m?, corresponding to an interfacial strength of ~10 MPa (cf. 3
to 7 MPa from tensile measurements*®).

¢ For PDMS—montmorillonite, the same approach yields an interfacial energy
of ~91 mJ/m? or an interfacial strength of ~11 MPa (cf. 2 to 8 MPa from
theoretical models®!).

e For polyamide—montmorillonite nanocomposites, and ignoring all
crystalline-phase changes that may be caused by silicate fillers,*~** an
adhesive interfacial adhesion of ~107 mJ/m?, corresponding to an interfacial

strength of ~14 MPa.

e For carbon nanotube—polypropylene yields an interfacial energy of
~49 mJ/m? (cf. 47 mJ/m?> from AFM experiments °2) or an interfacial
strength* of ~6.2 MPa (cf. 20 to 40 MPa from multiwalled nanotubes,”
and 2 MPa from computer simulations®*).

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., y*V and y*), 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
(y™V ~ 26 mJ/m? and y* = 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 y-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.
VL1 in Van Oss?®). 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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nanocomposites*?~**; 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.”

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 R, 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.”’ 1% 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 Nielsen®” 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 _ l_¢

= (2.8)
Ppoly 1+ag

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

*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,”® 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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FIGURE 2.9 Comparison of theoretical models quantifying the effect of path tortuosity
on the permeability of a composite: Nielsen model®’ [eq. (2.8)], Friedrickson—Bicerano
[eq. (2.10)], modified Nielsen [eq. (2.9)], and Cussler—Aris [eq. (2.11)].

has modified this equation to account for nonaligned fillers by introducing an
order parameter S for the filler orientation:

1 || surface
P 1— 1
comp _ , ¢ 1 with § =—-(3cos’d—1)=1 0 random
Pooty 1 +ap3(S+3) 2 —% 1 surface
(2.9)

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

Peomp 1( 1 1 )2 . {/31 = (7/Ina)(2 — v/2)/4
= - + with
Pty 4 \1+agpi 1+agp Br = (7/Ina)2+ v2)/4
(2.10)

which can cover a wider ¢ range, from dilute to semidilute, than the modified
Nielsen and modified Cussler—Aris relations (as presented in the same work,”
modified to address circular fillers):

Peomp 1 (modiﬁed) 1 ( modified )
Ppoly o 1 +ag¢n/Ina \ Nielsen |’ 14 [a¢pm/(4Ina)]? \ 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 /7/2 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 ¢ < 15 vol%), we henceforth use the much
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simpler Nielsen model, including the addition of the orientation term [egs. (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:

« 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 ¢ =~
2 vol% has comparable permeability with a partially exfoliated montmoril-
lonite (a = 200) at ¢ >~ 3%, or a mostly intercalated montmorillonite (a =
100) at ¢ >~ 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.

o 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 ¢ = 1.5% results
in the same barrier performance as that of the same filler when randomly
oriented at ¢ ~ 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 ¢ = 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¢).

o 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 @ = 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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permeabilities in various polymer—montmorillonite nanocomposites. (From Refs. 39-41.)

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 Nat-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.

24 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.

Acknowledgments

Experimental data, theoretical arguments, conclusions, and opinions presented
in this chapter have been developed through our research in this field over the
last few years. These efforts were supported financially by the Pennsylvania
State University, the National Science Foundation, the Office of Naval Research,
the ACS/Petroleum Research Fund, the National Research Council, and various
industrial projects, including Projects from Sumitomo Chemical, Air Products,
Coca-Cola, and Bayer MaterialScience.

REFERENCES

1. Theng, B.K.G. Formation and Properties of Clay—Polymer Complexes. Elsevier,
Amsterdam, The Netherlands, 1979.

2. Theng, B.K.G. Chemistry of Clay—Organic Reactions. Wiley, New York, 1974.

3. Pinnavaia, T.J.; Beall, G.W., Eds. Polymer—Clay Nanocomposites. Wiley, Chich-
ester, West Sussex, England, 2000.

4. Utracki, L.A. Clay-Containing Polymeric Nanocomposites. Rapra Technology,
Shawbury, Shrewsbury, England, 2004.

5. Mai, Y.; Yu, Z., Eds. Polymer Nanocomposites. Woodhead Publishing, Cambridge,
England, 2006.

6. Alexandre, M.; Dubois, P. Polymer-layered silicate nanocomposites: preparation,
properties and uses of a new class of materials. Mater Sci. Eng. R Rep. 2000, 28,
1-63.

7. Giannelis, E.P.; Krishnamoorti, R.K.; Manias, E. Polymer—silicate nanocomposites:
model systems for confined polymers and polymer brushes. Adv. Polym. Sci., 1998,
138, 107-148.

8. Ray, S.S.; Okamoto, M. Polymer/layered silicate nanocomposites: a review from
preparation to processing. Prog. Polym. Sci. 2003, 28, 1539-1641.

9. LeBaron, P.C.; Wang, Z.; Pinnavaia, T.J. Polymer-layered silicate nanocomposites:
an overview. Appl. Clay Sci. 1999, 15, 11-29.

10. Leroux, F.; Besse, J.P. Polymer interleaved layered double hydroxide: a new emerg-
ing class of nanocomposites. Chem. Mater. 2001, 13, 3507-3515.

11. Thostenson, E.T.; Ren, Z.F.; Chou, T.W. Advances in the science and technology
of carbon nanotubes and their composites: a review. Compos. Sci. Technol. 2001,
61, 1899-1912.

12. Solomon, D.H.; Hawthorne, D.G. Chemistry of Pigments and Fillers. R.E. Krieger,
Malabar, FL, 1991.

13. Al-Malaika, S.; Golovoy, A.; Wilkie, C.A., Eds. Chemistry and Technology of Poly-
mer Additives. Blackwell Science, Oxford, England, 1999.

14. Karian, H.G., Ed. Handbook of Polypropylene and Polypropylene Composites. Mar-
cel Dekker, New York, 1999.

15. Lu, C.; Mai, Y.-M. Influence of aspect ratio on barrier properties of polymer—clay
nanocomposites. Phys. Rev. Lett. 2005, 95, 088303.



62

16

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

FUNDAMENTALS OF POLYMER NANOCOMPOSITE TECHNOLOGY

. Mitchell, C.A.; Bahr, J.L.; Arepalli, S.; Tour, J.M.; Krishnamoorti, R. Dispersion of
functionalized carbon nanotubes in polystyrene. Macromolecules 2002, 35, 8825—
8830.

Kojima, Y.; Usuki, A.; Kawasumi, M.; Okada, A.; Fukushima, Y.; Kurauchi, T.T.;
Kamigaito, O. Synthesis and mechanical properties of nylon-6/clay hybrid. J. Mater
Res. 1993, 8, 1179-1184, 1185-1189.

Kojima, Y.; Usuki, A.; Kawasumi, M.; Okada, A.; Kurauchi, T.T.; Kamigaito, O.
Synthesis of nylon-6/clay hybrid by montmorillonite intercalated with e-caprolactam.
J. Polym. Sci. A Polym. Chem. 1993, 31, 983-986.

Vaia R.A.; Ishii, H.; Giannelis, E.P. Synthesis and properties of 2-dimensional nanos-
tructures by direct intercalation of polymer melts in layered silicates. Chem. Mater.
1993, 5, 1694-1696.

Lan, T.; Kaviratna, P.D.; Pinnavaia, T.J. Mechanism of clay tactoid exfoliation
in epoxy—clay nanocomposites. Chem. Mater. 1995, 7, 2144-2150. Wang, M.S.;
Pinnavaia, T.J. Clay polymer nanocomposites formed from acidic derivatives of
montmorillonite and an epoxy-resin. Chem. Mater. 1994, 6, 468—474. Pinnavaia,
T.J. Intercalated clay catalysts. Science 1983, 220, 365-371.

Giannelis, E.P.; et al. Structure and dynamics of polymer/layered silicates nanocom-
posites. Chem. Mater. 1996, 8, 1728—1764. Polymer layered silicate nanocomposites.
Adv. Mater. 1996, 8, 29-35. Nanostructure and properties of polysiloxane-layered
silicate nanocomposites. J. Polym. Sci. B Polym. Phys. 2000, 38, 1595-1604.

Vaia, R.A.; Jandt, K.D.; Kramer, E.J.; Giannelis, E.P. Microstructural evolution of
melt intercalated polymer—organically modified layered silicates nanocomposites.
Chem. Mater. 1996, 8, 2628—-2635. Vaia, R.A.; Price, G.; Ruth, P.N.; Nguyen, H.T.;
Lichtenhan, J. Polymer/layered silicate nanocomposites as high performance ablative
materials. Appl. Clay Sci. 1999, 15, 67-92.

Kanatzidis, M.G.; Wu, C.-G.; Marcy, H.O.; DeGroot, D.C.; Kannewurf, C.R. Con-
ductive polymer—oxide bronze nanocomposites: intercalated polythiophene in V,0s
xerogels. Chem. Mater. 1990, 2, 222-224. Intercalation of poly(ethylene oxide) in
vanadium pentoxide xerogel. Chem. Mater. 1991, 3, 992—-994. Synthesis, structure,
and reactions of poly(ethylene oxide)/V,0s intercalative nanocomposites. Chem.
Mater. 1996, 8, 525-535.

Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56—58.

Vaia, R.A.; Giannelis, E.P. Lattice model of polymer melt intercalation in organi-
cally-modified layered silicates. Macromolecules 1997, 30, 7990-7999.

Vaia, R.A.; Giannelis, E.P. Polymer melt intercalation in organically-modified lay-
ered silicates: Model predictions and experiment. Macromolecules 1997, 30, 8000—
8009. Equation (2.2) in this chapter differs from equation (6) in Ref. 26. Private
discussions with R.A. Vaia clarified that Equation (2.2) as provided here is cor-
rect, and is the same as the authors used for their calculations in Refs. 26 and 25.
Equation (6) in Ref. 26 was wrongly put in press due to a typographical error.

Balazs, A.C.; Singh, C.; Zhulina, E. Modeling the interactions between polymers
and clay surfaces through self-consistent field theory. Macromolecules 1998, 31,
8370-8381.

van Oss, C.J.; Chaudhury, M.K.; Good, R.J. Interfacial Lifschitz—van der Waals and
polar interactions in macroscopic systems. Chem. Rev. 1988, 88, 927-941.



REFERENCES 63

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

van Oss, C.l.; Interfacial Forces in Aqueous Media. Marcel Dekker, New York,
1994.

Nuriel, S.; Liu, L.; Barber, A.H.; Wagner, H.D. Direct measurement of multiwall
nanotube surface tension. Chem. Phys. Lett. 2005, 404, 263-266.

Wu, W.; Giese, R.F.; van Oss, C.J.; Evaluation of the Lifshitz—van der Waals/acid-
base approach to determine surface tension components. Langmuir, 1995, 11, 379—
382.

Israelachvili, J. Intermolecular and Surface Forces. Academic Press, San Diego, CA,
1991.

Wang, Z.-M.; Nakajima, H.; Manias, E.; Chung, T.C. Exfoliated PP/clay nanocom-
posites using ammonium-terminated PP as the organic modification for montmoril-
lonite. Macromolecules 2003, 36, 8919—-8922.

Hasegawa, N.; Kawasumi, M.; Kato, M.; Usuki, A.; Okada, A. Preparation and
mechanical properties of polypropylene—clay hybrids using a maleic anhydride—
modified polypropylene oligomer. J. Appl. Polym. Sci. 1998, 67, 37-92.

Reichert, P.; Nitz, H.; Klinke, S.; Brandsch, R.; Thomann, R.; Miilhaupt, R. Polypro-
pylene/organoclay nanocomposite formation: influence of compatibilizer functional-
ity and organoclay modification. Macromol. Mater. Eng. 2000, 275, §—17.

Kato, M.; Usuki, A.; Okada, A. Synthesis of polypropylene oligomer—clay interca-
lation compounds. J. Appl. Polym. Sci. 1997, 66, 1781-1785.

Kawasumi, M.; Hasegawa, N.; Kato, M.; Usuki, A.; Okada, A. Preparation and
mechanical properties of polypropylene—clay hybrids. Macromolecules 1997, 30,
6333-6338.

Wang, K.; Liang, S.; Du, R.N.; Zhang, Q.; Fu, Q. The interplay of thermody-
namics and shear on the dispersion of polymer nanocomposite. Polymer 2004, 45,
7953-7960.

Strawhecker, K.; Manias, E. Structure and properties of poly(vinyl alcohol)/Na*
montmorillonite hybrids. Chem. Mater. 2000, 12, 2943-2949.

Xu, R.; Manias, E.; Snyder, A.J.; Runt, J. New biomedical poly(urethane urea)—
layered silicate nanocomposites. Macromolecules 2001, 34, 337-339.

Xu, R.; Manias, E.; Snyder, A.J.; Runt, J. Low permeability polyurethane nanocom-
posites. J. Biomed. Mater. Res. 2003, 64A, 114-119.

Lincoln, D.M.; Vaia, R.A.; Wang, Z.G.; Hsiao, B.S.; Krishnamoorti, R. Temper-
ature dependence of polymer crystalline morphology in nylon 6/montmorillonite
nanocomposites. Polymer 2001, 42, 9975-9985.

Lincoln, D.M.; Vaia, R.A.; Wang, Z.G.; Hsiao, B.S. Secondary structure and ele-
vated temperature crystallite morphology of nylon-6/layered silicate nanocomposites.
Polymer 2001, 42, 1621-1631.

Lincoln, D.M.; Vaia, R.A.; Krishnamoorti, R. Isothermal crystallization of nylon-
6/montmorillonite nanocomposites. Macromolecules 2004, 37, 4554—4561.
Morgan, A.B.; Harris, J.D. Exfoliated polystyrene—clay nanocomposites synthesized
by solvent blending with sonication. Polymer 2004, 45, 8695-3703.

Wolf, D.; Fuchs, A.; Wagenknecht, U.; Kretzschmar, B.; Jehnichen, D.; Hiussler, L.
Nanocomposites of polyolefin clay hybrids, in: Proceedings of Eurofiller’99, Lyon-
Villeurbanne, France, 1999, pp. 6-9.



64

47

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

FUNDAMENTALS OF POLYMER NANOCOMPOSITE TECHNOLOGY

. Vaia, R.A.; Jandt, K.D.; Kramer, E.J.; Giannelis, E.P. Kinetics of polymer melt
intercalation. Macromolecules 1995, 28, 8080—8085.

Manias, E.; Chen, H.; Krishnamoorti, R.K.; Genzer, J.; Kramer, E.J.; Giannelis,
E.P. Intercalation kinetics of poly(styrene)/silicate nanocomposites. Macromolecules
2000, 33, 7955-7966.

Manias, E.; Touny, A.; Wu, L.; Strawhecker, K.; Lu, B.; Chung, T.C. Polypropy-
lene/montmorillonite nanocomposite materials: a review of synthetic routes and
materials properties. Chem. Mater. 2001, 13, 3516-3523.

Oya, A.; Kurokawa, Y.; Yasuda, H. Factors controlling mechanical properties of
clay mineral/polypropylene nanocomposites. J. Mater. Sci. 2000, 35, 1045-1050.
Messersmith, P.B.; Giannelis, E.P. Polymer-layered silicate nanocomposites: in situ
intercalative polymerization of e-caprolactone in layered silicates. Chem. Mater.
1993, 5, 1064—1066.

Messersmith, P.B.; Gianellis, E. Synthesis and barrier properties of poly(e-caprolac-
tone)—layered silicate nanocomposites. J. Polym. Sci. Polym. Chem. 1995, 33, 1047—
1057.

Bahr, J.L.; Tour, J.M. Covalent chemistry of single-wall carbon nanotubes. J. Mater.
Chem. 2002, 12, 1952—1958.

Sinnott, S.B. Chemical functionalization of carbon nanotubes. J. Nanosci. Nanotech-
nol. 2002, 2, 113-123.

Ramanathan, T.; Liu, H.; Brinson, L.C. Functionalized SWNT/polymer nanocom-
posites for dramatic property enhancement. J Polym. Sci. B Polym. Phys. 2005, 43;
2269-2279.

Xie, X.L.; Mai, Y.-W.; Zhou, X.P. Dispersion and alignment of carbon nanotubes
in polymer matrix: a review. Mater. Sci. Eng. R Rep. 2005, 49, 89—112.

Wise, K.E.; Park, C.; Siochi, E.J.; Harrison, J.S. Stable dispersion of single wall
carbon nanotubes in polyimide: the role of noncovalent interactions. Chem. Phys.
Lett. 2004, 391, 207-211.

Moon, S.; Jin, F.; Lee, C.-J.; Tsutsumi, S.; Hyon, S.-H. Novel carbon nanotube/
poly(/-lactic acid) nanocomposites; their modulus, thermal stability, and electrical
conductivity. Macromol. Symp. 2005, 224, 237-295.

Paiva, M.C.; Zhou, B.; Fernando, K.A.S.; Lin, Y.; Kennedy, J.M.; Sun, Y-P. Mechan-
ical and morphological characterization of polymer—carbon nanocomposites from
functionalized carbon nanotubes. Carbon, 2004, 42, 2849-2854.

Putz, K.W.; Mitchell, C.A.; Krishnamoorti, R.; Green, P.F. Elastic modulus of single-
walled carbon nanotube/poly(methyl methacrylate) nanocomposites. J. Polym. Sci.
B Polym. Phys. 2004, 42, 2286—-2293.

Jia, Z.; Wang, Z.; Xu, C.; Liang, J.; Wei, B.; Wu, D.; and Zhu, S. Study on
poly(methyl methacrylate)/carbon nanotube composites. Mater. Sci. Eng. A 1999,
271, 395-400.

Costache, M.C.; Wang, D.; Heidecker, M.J.; Manias, E.; Wilkie, C.A. The ther-
mal degradation of poly(methyl methacrylate) nanocomposites. Polym. Adv. Technol.
2006, In press.

Tang, W.; Santare, M.H.; Advani, S.G. Melt processing and mechanical prop-
erty characterization of multi-walled carbon nanotube/high density polyethylene
(MWNT/HDPE) composite films. Carbon 2003, 41; 2779-2785.



REFERENCES 65

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

Manchado, M.A.L.; Valentini, L.; Biagiotti, J.; Kenny, J.M. Thermal and mechanical
properties of single-walled carbon nanotubes: polypropylene composites prepared by
melt processing. Carbon 2005, 43, 1499-1505.

Meincke, O.; Kaempfer, D.; Weickmann, H.; Friedrich, C.; Vathauer, M.; Warth,
H. Mechanical properties and electrical conductivity of carbon-nanotube filled poly-
amide-6 and its blends with acrylonitrile/butadiene/styrene. Polymer 2004, 45, 739—
748.

Vaia, R.A.; Liu, W.D. X-ray powder diffraction of polymer/layered silicate nanocom-
posites: model and practice. J. Polym. Sci. B Polym. Phys. 2002, 40, 1590—1600.
Hanley, H.J.M.; Muzny, C.D.; Ho, D.L.; Glinka, C.J.; Manias, E. A SANS study of
organo-clay dispersions. Int. J. Thermophys. 2001, 22, 1435—1448.

Vaia, R.A.; Liu, W.D.; Koerner, H. Analysis of small-angle scattering of suspensions
of organically modified montmorillonite: implications to phase behavior of polymer
nanocomposites. J. Polym. Sci. B Polym. Phys. 2003, 41, 3214-3236.

Drummy, L.F.; Koerner, H.; Farmer, K.; Tan, A.; Farmer, B.L.; Vaia, R.A. High-
resolution electron microscopy of montmorillonite and montmorillonite/epoxy nano-
composites. J. Phys. Chem. B. 2005, 109, 17868—-17378.

Krishnamoorti, R.; Giannelis, E.P. Strain hardening in model polymer brushes under
shear. Langmuir 2001, 17, 1448—-1452.

Strawhecker, K.; Manias, E. AFM studies of poly(vinyl alcohol) crystallization next
to an inorganic surface. Macromolecules 2001, 34, 8475-8482.

Giannelis, E.P. unpublished data.

Wang, Z.M.; Chung, T.C.; Gilman, J.W.; Manias. E. Melt-processable syndiotactic
polystyrene/montmorillonite nanocomposites. J. Polym. Sci. B Polym. Phys. 2003,
41, 3173-3137.

Strawhecker, K.; Manias, E. Crystallization behavior of poly(ethylene oxide) in the
presence of Na™ montmorillonite fillers. Chem. Mater. 2003, 15, 844-849.
Bhattacharyya, A.R.; Sreekumar, T.V.; Liu, T.; Kumar, S.; Ericson, L.M.; Hauge,
R.H.; Smalley, R.E. Crystallization and orientation studies in polypropylene/single
wall carbon nanotube composite. Polymer 2003, 44, 2373-23717.

Valentini, L.; Biagiotti, J.; Kenny, J.M.; Santucci, S. Morphological characterization
of single-walled carbon nanotubes—PP composites. Compos. Sci. Technol. 2003, 63,
1149-1153.

Grady, B.P.; Pompeo, F.; Shambaugh, R.L.; Resasco, D.E. Nucleation of polypropy-
lene crystallization by single-walled carbon nanotubes. J. Phys. Chem. B 2002, 106,
5852-5858.

Sandler, JK.W.; Pegel, S.; Cadek, M.; Gojny, F.; Es, M.V.; Lohmar, J.; Blau;
W.J. Schulte, K.; Windle, A.H.; Shaffer, M.S.P. A comparative study of melt spun
polyamide-12 fibres reinforced with carbon nanotubes and nanofibres. Polymer 2004,
45, 2001-2015.

Ryan, K.P.; Lipson, S.M.; Drury, A.; Cadek, M.; Ruether, M.; O’Flaherty, S.M.;
Barron, V.; McCarthy, B.; Byrne, H.J.; Blau, W.J.; Coleman, J.N. Carbon-nanotube
nucleated crystallinity in a conjugated polymer based composite. Chem. Phys. Lett.
2004, 391, 329-333.

Zhang, S.; Zhang, N.; Huang, C.; Ren, K.; Zhang, Q. Microstructure and electrome-
chanical properties of carbon nanotube/poly(vinylidene fluoride—trifluoroethylene—
chlorofluoroethylene) composites. Adv. Mater. 2005, 17, 1897-1901.



66

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

FUNDAMENTALS OF POLYMER NANOCOMPOSITE TECHNOLOGY

. Goh, HW.; Goh, S.H.; Xu, G.Q.; Pramoda, K.P.; Zhang, W.D. Crystallization and
dynamic behavior of double-C60-end-capped poly(ethylene oxide)/multi-walled car-
bon nanotube composites. Chem. Phys. Lett., 2003, 379, 236-241.

Liu, T.; Phang, 1.Y.; Shen, L.; Chow, S.Y.; Zhang, W.-D. Morphology and mechan-
ical properties of multiwalled carbon nanotubes reinforced nylon-6 composites.
Macromolecules 2004, 37, 7214-7222.

Li, C.Y,; Li, L.; Cai, W.; Kodjie, S.L.; Tenneti, K. Nanohybrid shishkebabs: peri-
odically functionalized nanotubes. Adv. Mater. 2005, 17, 1198-1202.

Fornes, T.D.; Yoon, P.J.; Keskkula, H.; Paul, D.R. Nylon 6 nanocomposites: the
effect of matrix molecular weight. Polymer 2001, 42, 9929-9940.

Pattanayak, A.; Jana, S.C. Properties of bulk-polymerized thermoplastic poly-
urethane nanocomposites. Polymer 2005, 46, 3394—-3406.

Halpin, J.C.; Tsai, S.W. Environmental factors estimation in composite materials
design. AFML Trans. 1967, pp. 67—423. Halpin, J.C. Primer on Composite Materials
Analysis, 2nd ed. Technomic Publishing, Lancaster, PA, 1992.

Mori, T.; Tanaka, K. Average stress in matrix and average energy of materials with
misfitting inclusions. Acta Metall. 1973, 21, 571-574.

Brune, D.A.; Bicerano, J. Micromechanics of nanocomposites: comparison of tensile
and compressive elastic moduli, and prediction of effects of incomplete exfoliation
and imperfect alignment on modulus. Polymer 2002, 43, 369-337.

Wang, J.; Pyrz, R. Prediction of the overall moduli of layered-silicate reinforced
nanocomposites, I: Basic theory and formulas. Compos. Sci. Technol. 2004, 64,
925-934.

Wang, J.; Pyrz, R. Prediction of the overall moduli of layered-silicate reinforced
nanocomposites, II: Analyses. Compos. Sci. Technol. 2004, 64, 935-944.

Shia, D.; Hui, C.Y.; Burnside, S.D.; Giannelis, E.P. An interface model for the
prediction of Young’s modulus of layered silicate elastomer nanocomposites. Polym.
Compos. 1998, 19, 608-617.

Barber, A.H.; Cohen, S.R.; Wagner, H.D. Measurement of carbon nanotube—polymer
interfacial strength. Appl. Phys. Lett. 2003, 82, 4140—4142.

Barber, A.H.; Cohen, S.R.; Kenig, S.; Wagner, H.D. Interfacial fracture energy mea-
surements for multi-walled carbon nanotubes pulled from a polymer matrix. Compos.
Sci. Technol. 2004, 64, 2283-2289.

Frankland, S.J.V.; Caglar, A.; Brenner, D.W.; Griebel, M. Molecular simulation of
the influence of chemical cross-links on the shear strength of carbon nanotube—
polymer interfaces. J. Phys. Chem. B 2002, 106, 3046—-3048.

Huh, J.Y.; Manias, E. unpublished data.

Chassapis, C.S.; Petrou, J.K.; Petropoulos, J.H.; Theodorou, D.N. Analysis of com-
puted trajectories of penetrant micromolecules in a simulated polymeric material.
Macromolecules 1996, 29, 3615-3624.

Nielsen, L.E. Models for the permeability of filled polymer systems. J. Macromol.
Sci. (Chem.) 1967, A1, 929-942.

Cussler, E.L.; Hughes, S.E.; Ward, W.J.; Aris, R. Barrier membranes. J. Membr. Sci.
1988, 38, 161-174.

Fredrickson, G.H.; Bicerano, J. Barrier properties of oriented disk composites. J.
Chem. Phys. 1999, 110, 2181-2188.

Bharadwaj, R.K. Modeling the barrier properties of polymer-layered silicate nano-
composites. Macromolecules 2001, 34, 9189-9192.



FLAME RETARDANT MECHANISM
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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.!~8 Similarly motivated research has
also produced nonhalogen flame retardant approaches based on other elements,
such as boron® and silicon.!® 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.'!

*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.
Certain commercial equipment, instruments, materials, or companies are identified in this paper
in order to adequately specify the experimental procedure. This in no way implies endorsement
or recommendations 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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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.'> in 1947, and again in the early 1960s with patents
from Nahin and Backlund.'? Publication of papers from Blumstein,'* Dekking,'?
and Freidlander'® 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.!”

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),'® Imperial Chem-
ical Industries (ICI),'” and DuPont 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.?! 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.?? 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.>*?* 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.”>~2’ 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
mechanism?®~4? 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.** 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.?®**

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 1990.4~47 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.*®
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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PS (100%) PS (95%) + MMT (5%)

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 chars®® and in recent work by Kashiwagi et al. on PA6
nanocomposites.>

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

| PS(90%6)+SCPX2197(10%0). 82  exposure

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% (o), 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/cm? versus 1.0 g/cm?), 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 N, to that in air revealed other information
about the clay—char (Figure 3.12). The mean mass fraction loss from the TGA in
N, averaged over 95 s, 200 s, 400 s, and 1150 s exposures, is 17.5 & 6.8% (o),



74 FLAME RETARDANT MECHANISM OF POLYMER-CLAY NANOCOMPOSITES

). 95 5 expusure

ps(ga-,/.)q-:i('l-'xll')'.l'll!

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.)

S(0%%)-SCPXII97(10%s). 200 s~ cxpimurs

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.)

e “-

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 N,, 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 N, 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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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.

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.*’ 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 comonomers> 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.’®3! Previous work
using radiative gasification has reported the aggregation of surface char on the
top of polyamide-6/clay nanocomposites during pyrolysis.?® 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.** 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.’> 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/m? in N,.

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.>?

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.>* 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.>

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.3>36-60
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-workers®>=%0 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,?’ Kashiwagi,® and Bourbigot,®' 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,*® were also reported to char; this was
proposed as the source of antidrip properties. However, Ferriol and co-workers’3*
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
VO3 and pass far more aggressive tests, such as the UL-1666 riser test for wire and
cable.*!** Morgan has recently reviewed a combination of conventional flame
retardants with polymer—clay nanocomposites that yielded success in various
regulatory flammability tests.>?

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,** Hu
et al.’s work with iron—-MMT,* and Tang and co-workers’ interesting combina-
tion of clays with catalysts that form carbon nanotubes.*!
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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.!~® 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

*This article is a U.S. government work and as such is in the public domain in the United States of
America.
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those from poorly dispersed samples.” 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.® 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.?

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,” the addition of surfactants and compatibilizers,'® poly-
mer wrapping,'! and functionalizing the ends and sidewalls of the tubes.!>!3
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, sp?, and
sp> 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,!* which has the form

nbonds nangles ntorsions npairs
V=" Voond(i) + Y Vange@ijt) + Y Viorsion(bije) + Y Van(diy)
ij ijk ijkl ij

4.1)
The component terms Vionds Vangle> Viorsion» and Vi, represent the variation of
the potential energy with bond distance (), bond angle (6), torsional angle (¢),
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
(Dy, o, 1,, kg, O, kg, n, ¢.) that govern the variation in potential energy with
internal coordinates (r, 6, ¢,) are usually determined by fitting the analytical
expressions for Viond, Vangles and Vigrsion to energies from quantum calculations.
The parameters for the nonbonded interactions (g, r*, §) in V,, 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.!1> By computing the energies for
a series of SWCNTSs 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~'/2. ' This dependence was verified in

Y &"e Vbona = Dpl1 — exp(—a(r - r))

+z W Vangle =Ky(0 - er—;)2
+z (V\ Viorsion = Ky [1 +c0S(np — ¢¢)]

9 6
Py i I i I
dj dj) g

FIGURE 4.1 Component terms in the PCFF force field.
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a study by Girifalco et al.!” 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 a 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),"
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 SWCNTSs 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. ?° 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 - nm?) is in reasonable agreement with the average
value (AElfp + AEgp = 71 kJ/mol - nm?) 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. 2! 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.?> 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

1"18
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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 Shrodinger
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).>?> 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
(A Hyix). 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 A Hpix & A Eqix-

Unfortunately, an explicit calculation of the energy of mixing (A Eyx) 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

AEnix = [AEy, — (AEy, + AE)]S 4.2)
where

AE AE yAE
S nn S np S pp
MEy == AEp=—g AE, =

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 y is a correction factor that is discussed in Section 4.4.

In these equations, AE,, 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, AE,,, 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, A Ey,,, 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 (AElfp + AEgp) 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, §,, 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."* 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/m?.

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 AE;fn.

TABLE 4.1 Models of Nanotube Bundles

Length of  Surface Area Number of
Number of Nanotube  of Nanotube Carbon by AE;fn
Nanotubes (nm) (nm?) Atoms/Area (nm~2) (nm) (kJ/mol - nm?)
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) Ry, (nm) R, (nm) AElfp(kJ/mol -nm?) AE IS,I, (kJ/mol - nm?)

3.6 1.75 0525  0.87 176 -95
73 1.90 0.525  0.88 160 -99

interaction per unit area are almost independent of the lengths of the nanotubes.
Moreover, AE> 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 AES 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 with!6:7

s kJVR  knn

AE, = =
M 27 RI R

4.4)
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Here R is the radius and / is the length of the component nanotubes. The decrease
in AEIfn 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, by, 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 AEIfp and AEgp. 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 2w (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,

R,
y =
Re + RPD Y. Rgn - Rcz

represents the fraction of the total increase in surface area due to the formation
of the cylindrical cavity. In eq. (4.5), R, = R +d is the radius of the cylindrical
cavity and Rp, 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.

4.5)

bx)

b
x? - 1 by | R
= —8) = = =— [bx)dx=-2+ -
b(x) = by +2(R~8) = by + 5 (R>>X), b 29,,{,3()())( 3+ a1

FIGURE 4.4 How the distance between opposing points on two cylindrical surfaces
depends on the radius.
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Consider next the AEnSp 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 AErf as R — oo.
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 AEHSP and AESP scale the same way with
nanotube radius so that

k 2w (R + d)l
AES + AES = —2T2 2;11;1 ' Kp-+pp (1 + %) (4.6)

The averages of the values of AES and (AEHSp + AElfp) reported in Tables 4.1
and 4.2 were extrapolated as a function of nanotube radius using eqgs. (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 § (i.e., S = 27w RI) 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 diameter?®), 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.>*

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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to flatten once their radius exceeds about 2.5 nm.!® 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 distortion!® 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.?’
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 AEgp 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 A E; 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: AES = 176 kJ/mol - nm* and AE5, = —153 kJ/mol - nm®.
Although the value for AE[fp 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 AElfP 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 AE[fp
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 —AEgp so that it represents the energy needed to increase
the surface area of the polymer, we obtain 51 kJ/mol - nm?, which overestimates
the accepted value of the surface tension of PS (25 kJ/mol - nm?)?® 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 AEIf 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.?’
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 - nm?, 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

s

errors in the forcefield by scaling the calculated values for AE; and AErfp 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 AEgp 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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PRINCIPAL FIRE RETARDANCY
MECHANISMS IN NANOCOMPOSITES
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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 mechanical' =3 and fire properties.*> 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.® 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.”~® 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.'’~!? 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)'? and on an epoxy resin (Epoxy) based on bisphenol
A diglycidyl ether and 4-methyl hexahydrophthalic anhydride.!®> 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/m?): (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 m?/g (C) and a BET of 175 m?/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 5.2¢ and d). The PP-g-MA and epoxy resin systems
chosen, in particular PP-g-MA/S 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.'* 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); (¢) 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.!> The nanocom-
posite formation was reported to be influenced further by the polarity of the
polymer and its molecular weight.'® Furthermore, processing parameters such as
shear rate, temperature, and resident time during a thermoplastics melt blending
process control the morphology.!” 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.!® 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.'3!° 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.’> 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).'%132! 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) techniques?>?* or
rheology.’*?%. 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.'?

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 lig-
uid crystals.?®?” 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.?> Since the orientational relaxation times of silicate plates can
be large,?®?° especially in comparison with polymer chains, a certain orientation
order is quite often frozen in during the cooling step of injection molding or
extrusion.'® 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.'® Furthermore,
complex and anisotropic morphologies known from smectic systems were pro-
posed to explain the rheological behavior of nanocomposites.'®3=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.>* 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.”-33 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.536

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.’’-3 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.’®3° 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.*! 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 O up to 10 wt%, but the decrease
was not proportional for higher amounts (>7 wt%) of clay added (Figures 5.3
and 5.4b).'?> 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.!?
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/m?), 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/m?), 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



FIRE RETARDANCY EFFECTS AND THEIR IMPACT ON FIRE BEHAVIOR 115

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.'”> 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.*” 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.?!"*3=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.*”*® The reduction in oxygen diffusion results in higher decomposition
temperatures for thermooxidative thermogravimetric investigations with a con-
stant heating rate.?!#6 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,*” and an even higher increase of 140 K was reported
for poly(dimethyl siloxane) (PDMS) intercalated in montmorillonite.*’ 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.’®>! 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.* The changed monomer—oligomer distribution
for PS did not change significantly in the heat of combustion.’> 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.*>:33 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.'? 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%,* 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.>> 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.’® 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.'* 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.'>>’ 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/m?): (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.>®

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 1.28E (Nanocor, Arlington
Heights, Illinois) and Epoxy/5 wt% tetraphenylphosphonium-modified montmo-
rillonite, respectively.'®3® Nanomer 1.28E is an octadecyltrimethyl ammonium—
modified montmorillonite, here called E. A spray-dried tetraphenylphosphonium-
modified montmorillonite was used with a BET of 100 m?/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/m?2.!%3%60 The averaged
(steady-state) HRR was determined roughly according to the procedure proposed
by Lyon.®' 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/m?.3!2 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/m? Irradiation

Reduction of PHRR Ratio Between Averaged (Steady-

for Well-Prepared State) HRR and PHRR
Nanocomposite Nanocomposites (%) (%)
PA6 63¢ ~70b
PS 574 ~55b
PP-g-MA 54,4 46-57¢ 50-60°
ABS 457 ~45b
HIPS (high-impact PS) 40¢ 40-45¢
PMMA 25¢ ~20°

¢ From Ref. 3.
b From Ref. *.
¢ From Ref. 2.
4 From Ref. .

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.®” 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/m? and for Epoxy and Epoxy/5 wt% D.'>!* The PHRR
was reduced up to 75% and up to 50%, respectively, at 70 kW/m?, 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.®® 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.%*
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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:

Ignitability

Flammability

Heat release rate/flame spread
Total heat evolved

Fire penetration
e 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.'>%% Typical HRR values of most nanocomposites investigated
were clearly above about ~150 kW/m? when low irradiances such as 30 to
35 kW/m? 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.'>%%:% In some systems, even a worsening of the
LOI values was reported.>* 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.'>6-6 The data are shown for 5 wt% phosphonium bentonite
epoxy resin nanocomposites (Epoxy/E).!* 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.®”-% 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/m?).
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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 retardants>% (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.3¢

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.”®7!

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.%! 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.* The possible combinations of nanocomposites with
other flame retardants are countless. They are and will continue to be under
consideration.’®%%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.! 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).” 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.’~> Gilman and other groups have
described this approach and developed hybrid polymeric materials, including
organo-modified clays,®~° nanoparticles of TiO»,'? nanoparticles of silica,'! lay-
ered double hydroxides (LDHs),'>!? carbon nanotubes (CNTs),'*!> or polyhedral
silsesquioxanes (POSSs).'~!8 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/m?, while UL-94 test fails (no rating) and the LOI is only 23 vol%.""
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.?. Intumescent
flame-retarding polymers or textiles are essentially a special case of a condensed-
phase mechanism.?! =23 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 = 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)-isocyanurate®® 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 calorimetry?’ (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/m?). Moreover, the RHR curve of PP—AP750 is very flat,
and the RHR values reach only 80 kW/m? 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/m?). (From Ref. 27, copyright © 1997, Sage Publications, with
permission.)

400 kW/m?. 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 laboratory®® 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/m?) and at a given distance (I 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)?
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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 process*}). 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.?

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 P,0s (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).%

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
viscoelasticity®® (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,>”*® natural clays,* and zinc borates®® 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.*'"*? Another approach using borosiloxane elastomer also shows a
very large synergistic effect in intumescent systems.*+4

Here, only zeolites are considered. Zeolites are tectosilicates characterized
by a three-dimensional framework of AlO, and SiO, tetrahedra (Table 6.3).4
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
M, /,[(AlO,),,(Si0,),]-zH,0O. 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 work®” 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 Structure Si/Al  Aperture Size
Units Formula Type (at/at) (nm)
D4R KoNaz[(AlO2)12(Si10,)12],27H,O KA (3A) 1 0.32
D4R Na12[(AIOZ)lz(SiOQ)IQ],27H20 NaA (4A) 1 0.35
D4R Cay 5Na3[(AlO7)12(5102)12],27H, 0 CaA (5A) 1 0.42
D6R Ca21,5Na43 [(A102)86(Si02)]06]2,76H20 CaX (IOX) 1.23 0.8
D6R Nasg[(AlO3)s6(S102)106],276H, 0 NaX (13X) 1.23 0.9-1
D6R Nags[(AlO2)56(S102)136],250H, O Y 243 1
T6016 Nag [(AIOQ)g(S102)40],24H20 Mordenite 5 0.67-0.7
—_— Na07[(A102)0,7(5102)953],16H20 ZSM-5 140 0.52-0.58

Source: After Ref. 4.

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 (Si;Os) bonded to aluminum oxide/hydroxide layers
[AL;(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,*® 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.’” 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:

o First, the formulations degrade and the intumescent shield forms.

e These coatings then degrade, and consequently, the residual materials
degrade and form a new intumescent coating.

¢ Finally, the entire of mass residual material degrades.
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FIGURE 6.6 1.OI 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/m?). (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 ¢ = 600 s the RHR value is only 150 kW/m? for
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the system with zeolite, whereas it is 300 kW/m? 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).>7 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.*6=>° 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.*3

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
Zeolite”

UL-94 UL-94
LOI Rating LOI Rating
System” (vol%) (3.2 mm) System” (vol%) (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. 3.

“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.'?

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.*

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.® 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
coating*® —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.**->! However, exuda-
tion and water solubility are problems associated with these additives.’! 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.’2~%°
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),(Si,Al)40,0(OH),—
xH,O. 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/
PAG6, and EVA24 - APP/PA6nano (PA6nano = PAG6 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/m? with PA6 and the RHR peak =
240 kW/m? 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.**->” Upon heating in air, the two systems form a phosphocarbonaceous
material; this structure is needed to get good fire performance.’’ 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/m?).
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



NANOFILLERS AS SYNERGISTS IN INTUMESCENT SYSTEMS 147

350 — = EVA/APP/PAG
§ 300 - — EVA/APP/PAnano
" EVAnano/APP/PAG
o 250
« EVAnano/APP/PA6nano
= 200+
(]
®
T 150
Q
2
8 100
[]
o«
= 50
(]
I
0 T T 1
0 200 400 600 800 1000 1200

Time (sec)

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/m? to 200 kW/m?). 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 TiO, and SiO,, 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
procedure®”), nanoparticles of silica (hereafter called NPSi, Aerosil 200 supplied
by Degussa, average primary particle size = 12 nm, SiO, 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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FIGURE 6.12 Thermogravimetric curves of intumescent formulations containing vari-
ous nanofillers (airflow, 10°C/min).
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TABLE 6.5 Cone Calorimeter Data of the Intumescent Formulations

EVA-APP/ EVA-APP/ EVA-APP/
EVA-APP/PA6 PA6-OMMT PA6-OLDH PAG6-NPSi

Peak HRR, #; (kW/m?) 267 270 233 336
Peak HRR, #, (kW/m?) 299 202 284 261
Total heat release (MJ/m?) 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 CO, emission (kg/kg) 2.0 2.2 2.1 1.8
Total smoke release (m?/m?) 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/m?).

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/PAG6). 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., SiO;, Al,O3, 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 (#,) between 300 s (EVA—-APP/PA6) and 500 s
(EVA—-APP/PA6—-OMMT); this behavior is typical of intumescent systems.>’
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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/ EVA-APP/ EVA-APP/
EVA-APP/PA6 PA6-OMMT PA6-OLDH PA6-NPSi

Maximum after flame time (s) 60 4 28 >60

Total after flame time for five 126 15 60 —
specimens (s)

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.,®® 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

(@ (b) ()

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.)

Length before test

<
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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.®! 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 (A =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.2:6% 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 APP®), 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.®
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 NMarosi et al.%> 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).®. 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,*® 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,?® reinforcing
the efficiency of the intumescent structure.

Tang et al.”-% 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 group®® investigated the use
EVA-PA6nano as a char former in a PP intumescent system,52, as we have done
in EVA.*2. 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.”® 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.”! 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.®! Wang et al.””> 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 pwm) 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.)

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,”?
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.”*7> Recently,
Horrocks et al. investigated the inclusion of nanoparticles in combination with
intumescent flame retardants in polyamide-6 and polyamide-6,6.”>% 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.! 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.’

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.’

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.* 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
review® 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.®~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.” in a Brabender mixer and the thermal degradation was investigated. Hu
et al.!% prepared intercalated EVA nanocomposites; only 5% of filler content
improved the flame retardancy of the nanocomposites. Camino et al.!! 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.'> 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.'*~'% 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 Zhang'> 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.!® 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.'” prepared EVA nanocomposites on a twin-screw
extruder and a twin-roll mill. Morgan et al.'® 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.!” 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.2°
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.?! 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.?? 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.> 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.?* reported on
synergistic effects for LDHs in particular with ammonium polyphosphate.
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Several papers from Kashiwagi et al.>>~%7 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.?® 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.”? reported on the flame retardancy of multiwall carbon nan-
otubes in PAG6; again, the increased melt viscosity of the nanocomposites and
the fiber-network character were the dominant mechanisms influencing the fire
performance.

Leroy et al.”” 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.3' 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.3?

Jho et al.3* pointed out that modified montmorillonites alone are not suffi-
cient as flame retardants used in cable applications. Also, Wilkie’* 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.*> 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.>® 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.’” using PA6, modified montmorillonite,

1.30
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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.’® 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.’® demonstrated that the combination of
organoclays with ammonium polyphosphate or polyphosphine oxide showed
synergistic effects in flame retardancy for PA6. Whaley et al.* 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.*'**? 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.** 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 Zhang** 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.*® 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
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organoclays.**4” Low-density polyethylene (LDPE) BPD 8063 from Inn