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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to provide
a mechanism for publishing symposia quickly in book form. The
purpose of this series is to publish comprehensive books developed
from symposia, which are usually “snapshots in time” of the current
research being done on a topic, plus some review material on the
topic. For this reason, it is necessary that the papers be published as
quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to the topic
and for comprehensiveness of the collection. Some papers are
excluded at this point, and others are added to round out the scope of
the volume. In addition, a draft of each paper is peer-reviewed prior to
final acceptance or rejection. This anonymous review process is
supervised by the organizer(s) of the symposium, who become the
editor(s) of the book. The authors then revise their papers according to
the recommendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors, who
check that all necessary revisions have been made.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of
previously published papers are not accepted.

ACS BOOKS DEPARTMENT
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Preface

FOAMED POLYMERS ARE USED BY THE MODERN WORLD in a variety

of applications for attributes including weight reduction, insulation, buoyancy,
energy dissipation, convenience, and comfort. A vast amount of research and
development data on the use of foamed resins has been amassed over the last 50
years. Surprisingly, the area of foams continues to be enriched with new ideas as
our understanding of the science and technology of foaming as well as the uses
of foamed polymers continue to be challenged by the advent of new polymers,
foaming technologies, and applications never imagined before.

This volume was developed from an international symposium presented at
the 212th National Meeting of the American Chemical Society, titled “Recent
Advances in Polymeric Foam Science and Technology”, sponsored by the ACS
Division of Polymer Chemistry, in Orlando, Florida, August 25-29, 1996. The
chapters of this book are the contributions of symposium participants. The
participation and attendance at this symposium, and the interactive scientific
discussions that took place after each presentation, attest to the escalating
interest and research and development efforts in this field. At the meeting, the
need for this volume was apparent. Although it is not possible to cover the topic
completely in a book of this nature, an attempt has been made to solicit
manuscripts that highlight some of the main areas in this field.

The 15 chapters in this volume represent recent developments in different
areas of polymeric foam science and technology. The first chapter is an
overview of the field of polymeric foams and their markets. Each of the next 14
chapters is organized so that a comprehensive review of the respective field
precedes the discussion of new results. The first five chapters (2-6) discuss new
developments in the areas of siloxane, carbon, polyimide, polyester, and
polyisocyanurate foams. Chapters 7 and 8 focus on the newly emerging area of
microcellular polymeric foams produced via solid-state and extrusion foaming
techniques, respectively. The next three chapters (9-11) discuss some recent
advances in the area of polyurethane foam. Chapter 12 deals with important
issues in the study of the morphology of cellular solids. Chapters 13 and 14
discuss some physical and theoretical aspects of foams and foaming processes.
Finally, Chapter 15 discusses modeling studies of inherently foamable (upon
exposure to heat) intumescent polymers used as fire retardants.

vii
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This volume is intended to be useful to all academic and industrial
scientists, engineers, and technicians who work in research and development in
the field of polymers and polymeric foams. It is the sincere hope of the
contributors of this volume that the work presented here will spawn new ideas,
technologies, and applications in this exciting field.
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Chapter 1

Polymeric Foams: An Overview

Kishan C. Khemani

Research Laboratories, Eastman Chemical Company, 200 South Wilcox Drive,
Kingsport, TN 37662

It is difficult to go through a whole day without coming in contact with something
which does not contain a foamed plastic part somewhere within. The most common
examples perhaps are the foamed polyurethane seat cushion of the sofa or chair or
the car-seat that you sat on this morning, or the polystyrene foam cup in which you
had your morning coffee or tea or some other hot drink! Or the foamed polystyrene
take-out boxes or trays which are used extensively at restaurants and cafeterias
everywhere.

Since the first introduction of foamed rubber, phenol-formaldehyde and urea-
formaldehyde resins in the early twentieth century, the foam industry has come of
age, so to speak, in terms of the knowledge gained and the understanding of the
fundamentals and principles governing this technology. So much so, that the science
and technology of foaming of several specific polymers (for example, polyurethane,
polystyrene, phenolics, polyvinyl chloride etc.) have literally become stand-alone
research and development areas in themselves.

As a result of the years of research and development work in the field of
polymeric foams in general, nowadays it is possible to foam virtually any polymeric
material since a lot of the basic principles governing this technology and its
processes are applicable to most resins. Of course, the fitness-for-use requirements,
the ease or difficulty of production, and most importantly, the cost-of-goods-sold
dictate the industry’s choice of resins and manufacturing processes for specific
applications.

Several types of polymeric materials are foamed to various low densities for
applications that derive from attributes such as weight-reduction, insulation,
buoyancy, energy dissipation, convenience and comfort. There are two major
classes of polymeric foams: thermoplastic and thermoset foams.  While
thermoplastic foams can be reprocessed and recycled, thermoset foams are
intractable since they are generally heavily crosslinked. Within these classes, the
polymeric foams are further classified as rigid, semi-rigid, semi-flexible, or flexible,
depending upon their compositions, cellular morphology and other physical and
thermal characteristics such as Tg, %crystallinity, extent of crosslinking, etc.).

© 1997 American Chemical Society 1
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2 POLYMERIC FOAMS

Furthermore, a solid polymeric foam can either consist of closed or open
cells. Closed cell foams have a cellular structure in which contiguous air bubbles are
entrapped within a continuous macromolecular phase. The foam polystyrene coffee
cup, for example, consists entirely of closed foam cells. Open cell foams, on the
other hand, have a cellular network in which continuous channels are available
throughout the solid macromolecular phase for air to flow through at will. The
polyurethane seat cushion is a very good example of an open cell foam. Closed cell
foams are generally rigid, while open cell foams are generally flexible. All of the
aforementioned attributes of foamed polymers is a direct result of the presence of
these so called voided architecture.

Most polymeric foams are produced by one of the several known foaming
techniques which include, extrusion, compression molding, injection molding,
reaction injection molding, solid state method (where pressurized gas is forced into a
solid polymer at room temperature followed by depressurization and heating to
above its Tg), etc..

The gaseous phase in any polymeric foam material derives from the use of
blowing agents in the foam manufacturing process. There are two types of blowing
agents used to produce foams: chemical blowing agents and physical blowing agents.
As the name implies, the first type are chemical compounds which give-off gases
under the foam processing conditions, either due to chemical reactions or due to
thermal decomposition. The second type of blowing agents are simply inert gases,
such as nitrogen, carbon dioxide etc.; volatile hydrocarbons having boiling points
between -40°C to +45°C, such as propane, butane, i-pentane etc.; and low boiling
chlorofluorocarbons (CFC’s), hydrofluorocarbons (HFC’s) and hydrochlorofluoro-
carbons (HCFC’s).

For some applications, it is a common practice to coextrude or laminate a
thin layer of solid unfoamed polymer onto the surface(s) of the foamed material in
order to improve certain physical characteristics such as the cut-through resistance,
modulus, barrier to various gases, extractables, printability, and finally aesthetics.

Several excellent textbooks and handbooks have been published over the
years which give good details of various foam technologies, foaming processes, and
foam characterization and properties. Some such recent publications are listed in
references /-4, and are highly recommended.

The foam industry on the whole has been challenged in recent years by
issues ranging from waste disposal, recyclability, flammability, and the depletion of
earth’s ozone layer by the chlorofluorocarbon blowing agents. This has been further
compounded by the issuance of numerous regulations and codes by the government
agencies. As a result, the industry has imposed a certain level of self-regulation in
several of these areas.

Although the polymeric foam market is growing worldwide, the leading
producers and consumers of these products are in North America, Europe and
Japan. Some Latin American and other Asian countries (such as Argentina, Mexico,
Brazil, India, Taiwan, South Korea etc.) have also been developing foam products
and markets in more recent years.

Specific examples of uses of polymeric foams include films, cups, food trays,
containers, flooring, decorative items (ribbons, etc.), insulation boards, sound
dampening, transportation, bedding, carpet padding, furniture parts, chair cushions,
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1. KHEMANI  Polymeric Foams: An Overview

toys, fibers, automobile parts (seats and back-rests, bumpers, headliners, etc.),
sporting goods (helmets, clothing, , etc.), flotation (boat parts, surf boards, life-
vests, etc.), footwear parts (soles, inserts, etc.), insulation for appliances, and in
packaging of just about all types of non-food items as well.

The statistical data reported hereafter in this overview is derived from a
combination of this author’s interpretation, extrapolation and interpolation of the
data/information reported and published over the past ten years. This author is
therefore solely responsible for any inadvertent errors in estimating these values and
projections. The numbers are intended merely to give a general feeling of the
markets and their trends. In addition to the past issues of various excellent plastics
news magazines such as, the Plastics World, Packaging Week, Plastics Business
News, Asian Plastics News, European Plastic News, Packaging News, Plastics
News, Modern Plastics, Plastics Technology, Materials Engineering, Plastics
Engineering, Plastics Packaging, Plastic Trends, etc., the publications listed in
references /-9 are also recommended to the readers interested in broader in-depth
analyses of various foamed polymer products, and their applications / markets.

It is estimated that in 1995 close to 6 billion pounds of foamed plastics was
produced and consumed in the United States alone, and it is projected that this usage
will grow at 3 - 4% annual rate to about 7 billion pounds by the year 2000. Most of
this growth will probably come in the automotive, construction, packaging, and
consumer products markets. The three major resins used in these markets are
polyurethane, polystyrene, and polyvinyl chloride.

Foamed and unfoamed polyurethane is used in a very wide range of
commercial applications. The main applications in the foam area are those requiring
cushioning and insulation. Flexible polyurethane foam uses include, for example,
seat cushions, furniture, carpet underlayment, mattress padding, appliances etc., and
those of rigid polyurethane foams include insulation material for construction (as
boards) and in appliances (injection molded). About 3 billion pounds of foamed
polyurethane was used in these markets in 1995, and it is estimated that this number
will grow to over 3.5 billion pounds by 2000. A large part of this growth might be
in the newer area of reaction injection molded (RIM) polyurethanes for automotive
components. Polyurethane has seen some market erosion in the past 10 years due
to the shift from chloroflurocarbon (CFC) blowing agents which were extensively
used in the past. However, it is no longer used in most places and presently more
than 75% of the volume is blown with water and carbon dioxide. The three current
largest producers of polyurethanes are Bayer, Dow, and BASF.

Polystyrene is another very widely used resin for the manufacture of foamed
products. However, it is heavily dependent on packaging markets, although demand
in construction markets as boardstock used in insulation is poised to take off. In
1995, about 1.7 billion pounds of polystyrene was consumed in these markets. In
the packaging markets, general concerns related to waste disposal and recyclability
are considered as impediments for this resin, and thus its growth potential is
somewhat diminished as compared to polyurethanes. It is expected that the market
share for this resin will grow to about 1.8 - 2.0 billion pounds by the year 2000.
Foamed polystyrene products are typically manufactured by either molding of the
expandable polystyrene (EPS) beads, or the extrusion foaming and thermoforming
technology. The major producers of EPS are ARCO, BASF, and Huntsman, and
those of extruded polystyrene foams are Amoco, ARCO, and BASF.
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4 POLYMERIC FOAMS

Foamed vinyl (polyvinyl chloride) is perhaps the first thermoplastic foam
commercialized during World War II and was soon followed by the polyurethane
and polystyrene foams. However, it ranks third in terms of volume as compared to
the latter two, but still has a strong market share. It topped 300 million pounds in
1995, and is growing ata 2 - 2.5% rate. Some of the major current markets for this
product are the construction (flooring, fittings, wire insulation, molding and pipe,
conduit, etc.) and the automobile industry (mainly seat covers), with two major
suppliers being BF Goodrich and 3M. Both flexible and rigid foamed vinyls are used
in these markets.

As mentioned above, a large growth rate is forecast in the reaction injection
molded polyurethane foam area. In 1995, about 250 million pounds of this material
was consumed. And it is expected to grow at a rate of 7% or better over the next
few years mainly due to high demand from the automobile industry where it has
found uses in exterior body panels, trims and bumpers.

Foamed polyethylene (low and high density), phenolics, polypropylene,
ABS, acrylics, cellulose acetate, urea-formaldehyde (UF), polyimides,
polyetherimides, polyphenylene oxide (PPO), polychloroprene (PCP), silicones,
epoxy foams, etc. all added up to over half a billion pounds of volume in 1995.
Growth for these niche players is expected at anywhere between 4 - 6% per annum
for the next few years, with perhaps the most growth being in the phenolics area due
to their flame retarding capabilities. The markets served by these resins are quite
diverse and include: packaging (HDPE), insulation (cellulose acetate, UF, silicones,
polyetherimides), construction (HDPE, LDPE, phenolics, ABS); household
products (HDPE, LDPE, acrylics); toys (HDPE, LDPE, ABS, PP), sporting goods
(HDPE); floatation (UF), office products (LDPE, PPO), aircraft (phenolics,
polyimides, PPO, PCP, silicones); electrical (epoxy, silicones), furniture (HDPE,
ABS, PP); appliances (ABS); bottle labels (LDPE, PP); decorative items (LDPE,
PP, UF); medical products (PP, UF)); artificial wood (UF, epoxy), etc..

Finally, there has been some progress in the recent years in the development
of biodegradable foam materials for several of the same applications as described
above. Different approaches developed by various groups include the use of a wide
range of resin/material compositions. Some examples include, the compounding of
non-degradable polymers such as the polyolefins with degradable materials such as
starch, woodflour, jute, hemp, etc., and/or the use of inherently degradable materials
such as the partially substituted cellulosics, starch, aliphatic polyesters, aliphatic-
aromatic polyesters, polylactic acid, plasticized polyvinyl alcohol, polyesteramide,
polycaprolactone, etc.. However, large scale commercial applications in these areas
are still years away as much more work is needed. Recently, EarthShell Corporation
of Santa Barbara, CA, has been test marketing a potato-starch/cellulose-
fiber/calcium-carbonate based foamed food-packaging material (molded into clam-
shells, cups, plates and trays, etc.) through McDonald’s, which is claimed to degrade
readily into its natural ingredients in a compost environment (/0).

As mentioned in the beginning, foamed polymers offer unique advantages
over non-foamed polymers in terms of specific properties such as weight-reduction,
heat-transfer characteristics, buoyancy (for closed cell foams), physical force
dissipation via cushioning, and comfort. On the other hand, the technology and
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1. KHEMANI  Polymeric Foams: An Overview 5

process of foaming a polymer is a challenging one and encompasses the effective
utilization of the knowledge base of several different scientific fields including
polymer, materials and organic chemistries, physics, chemical and mechanical
engineering, process engineering, equipment design and operation, and so on.

This volume deals with some recent developments in several of the different
areas of polymeric foam science and technology in fourteen independent chapters.
Each chapter is organized such that a comprehensive review of the respective field
precedes the discussion of the new results.

The first five chapters (2 through 6) discuss some new developments in the
areas of Siloxane foams, Carbon foams, Polyimide foams, Polyester foams and
Polyisocyanurate foams. The next two chapters (7 and 8) focus on the newly
emerging areas of microcellular foams produced by solid-state and extrusion foaming
techniques respectively. The next three chapters (9, /0 and /1) discuss some recent
advances in the polyurethane foams area. Finally, chapters /2 through /5 discuss
some physical and theoretical aspects of foams and foaming processes.

Specifically, chapter 2 discusses two different approaches to producing
injectable elastomeric siloxane foams. The first, a synthetic approach, utilizes a
reversed emulsion technique, and the second consists of blending thermally labile
particles into the crosslinkable elastomer followed by curing and forced degradation
of the labile particles to generate voids.

Interest in carbon foams has been high due to its potential in a wide range of
specialized applications. Chapter 3 discusses several of these applications and
reports the preparation of carbon foams by the pyrolysis of a series of rigid
hypercrosslinked polyaromatic polymers such as the ones obtained from benzene,
biphenyl, m-terphenyl, diphenylmethane, and polystyrene monomers and p-
dichloroxylene as the crosslinking agent.

In chapter 4, polymerization of nadimide end-capped oligobenzhydrolimide
(BBN) blended with 3% of a linear thermostable polymer to produce rigid
thermostable foams is described. During the thermal curing of the BBN, a reverse
Diels-Alder reaction takes place with the evolution of cyclopentadiene which acts as
an in-situ blowing agent. The resulting cellular network has good mechanical
properties and other interesting features.

Polyester foams form the content of chapter 5. Some new approaches for
rendering linear polyesters and copolyesters foamable are discussed in this chapter.
These include the use of monomeric branching agents, polymeric branching agents,
and polymeric concentrates containing monomeric multifunctional branching agents,
in order to enhance the rheological properties of the linear resins which is necessary
for extrusion processing of foams from these materials. A good discussion of the
basic requirements for foaming of a polymeric material in general, is also presented in
the background review section of this chapter, and the readers may find Scheme 3 of
this chapter particularly useful for this purpose.

Chapter 6 deals with novel polyisocyanurate foams which are modified by
the incorporation of thermally stable linkages such as amide, imide or carbodiimide.
This yields foams which exhibit improved thermal stability, smoke generation
characteristics and have higher inherent flame retarding capacity.

Solid-state microcellular foams typically have cells which are 10 microns in
diameter; consequently these materials have a very high cell density as compared to
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6 POLYMERIC FOAMS

a more conventional foam of equal density in which the cell diameters range from 50-
500 microns. Since their discovery in early 1980’s at the Massachusetts Institute of
Technology, a lot of development work has been done at other academic and
industrial institutions and several different plastics have been foamed via this
technique to relative densities of 0.1 to 1.0 and containing 10° to 10" cells per cm’.
Very simply, the method involves impregnating and saturating a solid plastic
material with a suitable gaseous blowing agent under high pressures at below its Tg
(glass transition temperature), and followed by releasing the pressure and heating the
gas-saturated plastic to a temperature higher than its Tg. Chapter 7 discusses the
pros and cons, and various other issues surrounding this new technology in some
detail.

More recently, it has been demonstrated that microcellular foams can also be
produced by an extrusion process. Whereas the solid-state process must by its
nature be a batch process or a semi-continuous process at best, the extrusion process
is a continuous one. It is therefore perhaps more cost effective, and consequently
has been the focus of a lot of the recent attention and research and development
effort. The technique simply involves the continuous formation of a polymer/gas
solution inside an extruder followed by the nucleation of a large number of bubbles
using rapid pressure drop and the control of the foaming step via pressure control in
order to induce a desired volume expansion. Chapter 8 describes some intricacies
involved in such a process in the extrusion of microcellular high impact polystyrene
foams (HIPS).

Some recent advances in polyurethane foams is covered in Chapters 9, 10
and /1. In chapter 9, stabilization of the bubbles during the foaming of flexible
polyurethane foams using polymeric silicone surfactants is reported. The structure
of the silicone surfactant used has significant effect on the final air flow through the
foam. A relationship between the surfactant structure and foam openness is
provided which suggests some basic noteworthy trends.

Chapter 10 deals with an in-situ study of structure development during the
reactive processing of water blown polyurethanes. The kinetics of the reaction-
induced phase transformation, its mechanism, and the resultant cellular morphology,
all suggest that microphase separation in polyurethane foam occurs via spinodal
decomposition at a critical conversion of isocyanate functional groups.

Imaging of the three-dimensional cellular network of flexible polyurethane
foams is done using a new technique, the laser confocal microscopy, in chapter /1.
This technique acquires sharp 2D images which are then used for 3D reconstruction
of the cellular structure. Use of this technique for studying foam compression under
different mechanical compressions is also discussed in this chapter.

Chapter 12 discusses the relationships between foam properties and foam
cellular morphology and cautions against the inherent limitations and pitfalls of the
various methods of quantifying the cellular structure.

Chapters /3 and /4 deal with the fundamental aspects of the key areas of the
extrusion foaming processes. Whereas chapter /3 looks at the overall foaming
process using the physical blowing agents, chapter /4 focuses on the dynamics of
the bubble growth.

Finally chapter /5 discusses the modeling of mechanisms that determine the
fire-resistant properties of intumescent polymers, which are designed to swell into
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1. KHEMANI  Polymeric Foams: An Overview

thick robust foams upon exposure to heat and thus protect the underlying materials
from fire.

The foam densities reported in this volume are either in g/cm® or Ib/ft* or
kg/m® units. The interconversion of these units is related by 1 g/em® or g/cc = 62.37
Ib/ft® or pef = 1000 kg/m? or kem.
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Chapter 2

Siloxane Elastomer Foams

A. Della Martina', J. G. Hilborn", J. Kiefer', J. L. Hedrick’, S. Srinivasan’,
and R. D. Miller’

'Polymers Laboratory, Materials Department, Swiss Federal Institute
of Technology, CH-1015 Lausanne, Switzerland
*IBM Almaden Research Center, 650 Harry Road, San Jose, CA 95120-6099

New approaches to produce injection moldable elastomeric
foams with porosities in the micrometer range have been developed. In
the first approach, water is dispersed within the siloxane network by
first preparing a reverse emulsion in the presence of an appropriate
surfactant. Porosity is then generated by evacuation of the water.
Supercritical drying was used to avoid surface tension effects and
prevent collapse during drying. The measured porosities were in good
agreement with the water incorporated into the initial emulsion. The
second approach surveyed as a means of generating controlled porosity
in elastomers involves blending thermally labile particles into the
siloxane resin. Upon network formation, the particles can be selectively
degraded to leave voids, the size and shape of which should be identical
to that of the initial dispersion morphology. PMMA particles with
deliberate low thermal stability were synthesized using a combination of
dispersion polymerization and chain transfer. The resulting particles
showed a significant decrease in degradation temperature. These two
techniques for the preparation of elastomeric foams are described.

Elastomer foams are generally produced using gas blowing techniques. By such
techniques, it is very difficult or even impossible to produce narrow pore sizes
distributions and to control pore compositions, due to coalescence and ripening
phenomena. New applications demand a precise control of both the volume fraction of
porosity and pore size. It is also often necessary to injection mold which is not
compatible with the gas blowing techniques requiring vented molds to allow for
expansion. Based on these considerations it is necessary to find new ways to produce
injectable elastomer foams with controlled porosity. The purpose of this paper is to
present a new approach to synthesize porous siloxane elastomers with a controlled
porosity in the pm-range.

Despite the numerous existing techniques to prepare polymeric foams, few are
suitable to prepare porous elastomers with the desired closed porosity. It is not in the
scope of this paper to review in detail the existing techniques to porous polymers, but
the general strategies of the most important techniques to prepare porous polymers will

*Corresponding author
8 © 1997 American Chemical Society
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2. DELLA MARTINA ETAL.  Siloxane Elastomer Foams 9

be discussed as possible routes to porous elastomers. One can distinguish three main
routes to prepare porous polymers. The first involves the use of dissolved gases as the
void forming medium. The second route is based on emulsion derived foams, as the
generation of a controlled two phase morphology is realized through the intermediate of
tailored surfactants. The porous morphology is subsequently achieved by selective
removal of the inner phase, which consists of a low molecular weight liquid or
alternatively of a thermally labile polymer. The third category involves the use of a
phase separation process to generate a two phase morphology. One of the two phases
is successively removed to result in a porous structure. These three routes are
illustrated in Figure 1.

a) P Gas
saturated e, (@) o O
@ polymer, A (o] O Oo (o) O
above Tg O O O O
0 O o (o BN(¢) (o)
Expansion allowed Demolding
b) Emulsion:
% O Polymerizable % #,
monomer
% Solvent % %
o Surfactant u
Polymerization Drying
c) Initial
homogeneous
mixture @ O

—_ A A

Phase separation eventually Drying /
with simultaneous or Evacuation of
followed by polymerization second phase

Figure 1:  Schematic illustration of the three major routes to produce foams.

A wide variety of microcellular thermoplastic foams are prepared via gas
nucleation (/, 2) . This method consists of a two step procedure. In the first step the
polymer is saturated with a non reactive gas at fairly elevated pressures. Upon
saturation, the polymer is removed from the pressure reactor in order to produce a
supersaturated sample. This supersaturated polymer is then heated to a temperature near
Tg, thus inducing nucleation and growth of gas bubbles resulting in a porous structure.
Carbon dioxide or nitrogen are mostly used as blowing agents. The bubble growth is
arrested by quenching the samples in water at room temperature (3).

Gases can also develop in situ during the network formation either as a result of
the heat development due to the exothermic curing reaction or as a product of a side
reaction thus resulting in polymeric foams (4). For example flexible polyurethane
foams are commercially produced using CO; as the blowing agent, that is liberated as a
reaction product of the isocyanate monomer with water. Due to the high diffusion rates
of gases in polymers, the above techniques provide foams with a large pore size
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10 POLYMERIC FOAMS

distribution ranging over several orders of magnitudes. Besides the development of
interconnected pores in the mm-range, a microphase separation leads to urea hard
segments in the nm-range which are responsible for the mechanical properties such as
stiffness and compressibility (5).

The second class of techniques that also provides the formation of polymeric
foams is based on emulsion technologies. An emulsion consists mainly of three
different parts, the continuous or outer phase, the dispersed or inner phase and the
surfactant. The surfactant is an amphilic moiety, that ensures the miscibility between
the inner and outer phase. A special type of emulsions are microemulsions, which are
thermodynamically stable and have nm size domains. If the outer phase is a
polymerizable monomer, a rigid matrix will form upon polymerization. A foam is
obtained after removal of the inner phase, that is most often a low molecular weight
liquid such as water. We will discuss this technique more in detail later in this chapter.

Fréchet and coworkers have applied the emulsion polymerization technique for
the preparation of porous PS beads (6, 7). In this approach the inner phase consists of
a mixture containing the reactive styrene and divinylbenzene monomers as well as an
unreactive polymeric fraction. After polymerization, the soluble polymeric fraction is
washed out, leaving behind macroporous beads with pore sizes of around 100 to
500nm, thus serving as chromatography media.

In contrast to the highly interconnected pores reported previously, closed pores
can also be obtained by microemulsion polymerization, if the initial volume fraction of
the dispersed phase is lower than 30%. Recently two systems have been reported,
where the polymerization of the continuous phase and the subsequent removal of the
liquid dispersed phase resulted in the formation of porous thermoplastic materials, such
as PS (8) or PMMA (9). However both groups observed independently, that the initial
nanosized morphology has been destroyed, as the final pore size was several microns.

The third category of techniques involves the intermediate of a phase separation
process. One example is phase inversion membranes, which have been produced
commercially for more than 30 years based on a phase inversion process (10). In this
strategy a polymer-solvent mixture is immersed in a non-solvent. Precipitation leads to
the formation of a polymer rich and solvent rich phase. The morphology of the
membranes can be varied from a sponge-like structure to a finger-like structure,
depending on the preparation parameters (11, 12).

Amazingly regular porous structures can be obtained from the self-assembly of
tailor-made copolymers. Hedrick and coworkers (13-17) have explored a general
methodology, enabling for the synthesis of nanoporous polyimides with a well
controlled porosity, resulting from the self-assembly of triblock copolymers consisting
of a thermally labile and thermally stable block. Thermal degradation of the thermally
labile inner phase leads to a well controlled porosity. SAXS measurements revealed
closed pores with sizes of around S to 20nm, depending on the block length of the
thermally labile block. This nanoporous structure lead to materials with significant
lower density and dielectric constant, thus offering great potential for applications in
microelectronics.

Alternatively porous polymeric materials can be derived based on a phase
separation process by carrying out a temperature quench. Therefore, this method has
been termed thermally induced phase separation (TIPS) (18, 19). Porous PS foams
with densities as low as 0.02-0.2g/cm3 are produced by such a phase separation
starting from a PS-cyclohexane system (20, 21). The phase diagram of this particular
system is well known and exhibits an upper critical solution temperature. The two
components are mixed above the critical solution temperature, where the cyclohexane
and polystyrene are miscible. A phase separation is initiated by cooling below the
binodal or spinodal line, thus resulting in a two phase morphology. Controlling the
morphology requires a detailed knowledge of the phase diagram, as well as the kinetics
and thermodynamics of the different phase separation mechanisms. Depending on the
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2. DELLA MARTINA ETAL.  Siloxane Elastomer Foams 11

quench rate, the phase separation proceeds either via nucleation and growth or via
spinodal decomposition, resulting in different morphologies. Thus the pore size can be
varied from less than 1 micron up to around 100 microns. The low volume fraction of
the polymeric phase leads to a highly interconnected, porous structure. This technique
allows only for the preparation of films with less than 1mm in thickness, that can be
used as membranes. This is in principle limited to thermoplastic polymers as it requires
a sufficient mobility of the polymeric phase below its Tg.

Recently a new method enabling a controlled porosity in highly crosslinked
polymers has been developed (22-24). In this strategy the precursor monomers
forming the polymeric network are cured in the presence of a low molecular weight
liquid, which turns into a non-solvent upon curing, thus initiating a phase separation.
This process results in the formation of liquid droplets, spherical in shape due to
thermodynamic reasons. The size of the liquid droplets depends on the competing
effects between the growth of these domains and the continuous buildup of a highly
crosslinked network. The generation of a porous morphology is subsequently achieved
by diffusion of the liquid through the crosslinked matrix without any alteration in the
size and distribution of the dispersed phase. This technique has been termed chemically
induced phase separation (CIPS), as the phase separation process results from a
chemical quench (25). These macroporous thermosets are characterized by a very
narrow size distribution in the pm-range and a significant lower density without any
lowering in thermal stability.

It is our aim to understand the underlying mechanism for small pore foams to
broaden this group of materials. Furthermore we aim to guide the process to give
closed pores and a precise control of the morphology. To this end, we have eliminated
the use of gases, directly leading to a porous structure, since large size distributions
and high degree of interconnectivity is obtained. Therefore a two phase morphology is
envisaged, where the inner phase, which might consist of a liquid or a degradable solid
which can be removed easily. For processing, it becomes crucial to select liquids,
which fulfills the requirements of pressure in the pores, diffusion through the matrix,
solubility in the matrix etc.. Indeed, the only of the above mentioned process suitable
would be the emulsion derives foams, however, any attempt to produce elastomer foam
ngthis technique have failed due to the inherent material properties as will be described

ow.

Results and Discussion

To produce an injectable foam, it is necessary to create an incompressible morphology,
but to achieve the final desired compliant deformation, the incompressible dispersed
phase has to be removed to leave compressible voids. These considerations allow two
choices for the incompressible dispersed phase: liquid droplets or solid spheres. Using
the first choice, foams can be produced by preparing an emulsion in which the
continuous phase consists of the elastomer precursors, cure the elastomer and finally
remove the dispersed phase. The second choice can be exercised by mixing thermally
labile microspheres in the elastomer precursors, effect network formation then heat the
material to degrade the microspheres in order to leave voids (26).

Emulsion Derived Foams. This approach is industrially used to produce foams
with highly interconnected pores and very low densities (as low as 0,02g/cm3) with
narrow pore sizes distributions resulting from a stable system. The principle is to create
an emulsion with an internal phase fraction higher than 74%, which is the volume
fraction of close packed monodispersed spheres. In this sort of emulsion, the droplets
are distorted to dodecahedrons whose walls are made of the polymerizable monomers.
This type of morphology is known as high internal phase emulsion (27, 28) or
concentrated emulsion (29, 30). During the polymerization of the monomer, holes form
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in the thin walls resulting in a final open structure from which the originally dispersed
phase is easily removed. This technique allows the synthesis of organic (Polyhipe by
Unilever) as well as inorganic foams, that offer a wide range of applications (28).

For many new applications, the use of siloxane elastomers demand closed pores
and a perfect control of the morphology (26, 31). The use of gases, directly leading to
a porous structure, is not appropriate for these purposes because of the large size
distributions and the high degree of interconnectivity. Therefore a two phase
morphology is envisaged, where the inner phase, which might consist of a liquid, can
be easily removed. Our attempt is based on reversed emulsion polymerization as
described below.

Foam Production. In emulsions the volume fraction of the dispersed phase
is readily determined by the amount of second phase used and, assuming that all the
surfactant is accommodated at the interface, the size of the droplets is controlled by the
amount of surfactant, usually quantified as a fraction of the second phase. It is
therefore possible to control the total volume fraction and the size of the porosity
separately.

To have visual control of the morphologies created, we opted for a transparent
siloxane elastomer. To perform the initial emulsion, we had to choose an appropriate
second phase and an adapted emulsifier. As the second phase, water was considered
appropriate because it is completely non miscible with the hydrophobic siloxane,
allows for the use of commercially available emulsifiers, and is a small molecule with a
high diffusion rate in the siloxane matrix allowing for easy further processing. To
chose the emulsifier, the scale based on the hydrophilic and respective lipophilic power
of the head and tail of the surfactant, the hydrophilic-lipophilic balance, HLB, is
commonly used. A low HLB corresponds to a molecule being more soluble in the oil
phase, i.e. in our case more soluble in the siloxane. If the molecule is more soluble in
the siloxane, a bigger part of the total chain will be in the siloxane and with the steric
hindrance, this will give an interface concave against the siloxane. The emulsifier was a
dimethylsiloxane ethylene oxide block copolymer with 25wt% ethylene oxide. As the
dimethylsiloxane is quite hydrophobic, the resulting low HLB is optimal to produce a
water in siloxane emulsion. This emulsion is shown in Figure 2.

N <
T O Siloxane rubber precursors:
base, curing agent & catalyst
Water
e~ Dimethylsiloxane ethylene
oxide block copolymer
\ ) HLB <9

Figure 2:  Initial emulsion used to create the morphology.

The emulsions were prepared using the following procedure. We first mixed the
siloxane base, the curing agent, the catalyst, then we added the water and the surfactant
and finally the complete mixture was stirred at high speed. The final white and opaque
stable emulsion was homogenized using an ultrasonic bath.

The emulsions were then degassed under vacuum to extract the air trapped in
the emulsion by the high speed stirring. This operation is very important to avoid the
formation in the material, during the curing step, of uncontrolled bubbles produced by
the thermal expansion of the air pockets. The emulsions were then molded into closed
flasks and cured at 70°C, resulting in a final opaque white rigid material. This
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temperature was found to be the right compromise between fast cure and low water
evaporation. The network formation is achieved via a platinum catalyzed
hydrosilylation reaction between the vinyl end groups and the multiple hydrosilyl
functionalities of the curing agent. This reaction is shown in Figure 3.

?Hs CHs Siloxane
HC=CH Sli—o S§—CH=CHp H——s;—cua
CHa
Ptvinylsiloxane Si|o>3<ane
complex HaC=CH s|——o Sl——CHg—CHg—?—CH:;
70°C

Figure 3:  Network formauon reaction

The siloxane base already contains enough catalyst to fully cure the siloxane
resin, but, since water is known to slightly inhibit this crosslinking reaction,
approximately 2wt% (of the siloxane base weight) Pt/vinylsiloxane complex was added
to reach full cure of the emulsified samples.

Water had to be removed to produce the final foam. Our initial attempts gave
unfortunately disappointing results. Drying in an oven, in air using desiccants or under
vacuum successfully removed the water but the morphology was lost and the final
density was equivalent to the density of the non-foamed reference siloxane. This
collapse of the domains is due to surface tension effects as described below.

To evaporate the water inside the pores with conventional techniques as the
above, it is necessary to follow a nucleation and growth process. The free energy of a
system made of a liquid with a growing bubble depends on two terms, a term AG;
arising from the interface created and a term resulting from the volume of liquid
transformed from liquid to gas. The interface term AG; is directly proportional to the
amount of interface created and this amount can only be positive. If the system is
heated above the evaporation temperature of the liquid, the most stable form for the
substance will be the gas and the volume term AG, will be negative, the difference
between the free energy of the liquid and of the gaseous phase being proportional to
amount of overheating. These considerations are expressed by equations 1 and 2.

— 2
AGi =Y4m-r m

4
AG, = (g -gL)3 ™ T 2]

Summing these two contributions gives the total free energy variation AG,,
expressed by equation 3.

4
AG, =(gg —-g,_)gn-r3 +y4n-r? 3]

We can see that, when the system is heated above the evaporation temperature,
the interface term dominates when the radius tends towards zero, giving a positive AG,
at first and the volume term becomes more important for larger radiuses resulting in a
negative AG;. This is illustrated by Figure 4.
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14 POLYMERIC FOAMS

As a consequence, an activation energy AG(r*) has to be overcome to nucleate
a stable bubble. The bubble created by this process will then eventually grow and
completely replace the water inside the domain as the water diffuses out of the sample.

It follows from these considerations that the effective surface tension inside the
domains in the siloxane has to be close to that of the nucleating water vapor - water
interface. Given the low modulus of the siloxane and the high surface tension of the
very small bubble with the high interface energy of water, the pressure inside the
domains is likely to render the domains mechanically unstable. At low temperatures,
i.e. low overheating and thus low free energy difference, the activation energy is not
reached. And it is energetically favorable for the water to diffuse out of the sample and
for the domains to collapse.

gA AG;j
01 *
r Radius of the bubble
AGt
AGy

Figure 4:  Typical free energy curves for the nucleation and growth process of a
bubble in a liquid. AG; is the free energy arising from the creation of liquid-gas
interface. AG, is the free energy resulting from the volume transformed from liquid
to gas. AG, = AG; + AG,.

A bar-shaped sample cured in a gradient oven illustrates these results. The idea
of the gradient oven is to dry the sample in a wide range of temperatures. We noticed
that when the samples were dropped on a very hot plate, the samples were dried but
completely cracked due to the very high pressure produced by the boiling water inside
the pores. On the other hand, the structure of samples dried at low temperatures,
collapsed. If some intermediate conditions would give an equilibrium pressure inside
the domains, i.e. enough pressure to keep the domains open but not enough to crack
the sample, a part of the sample should be white and opaque, without being cracked,
indicating a successfully foamed structure.

The oven was set to produce a gradient from 100 to 200°C and the sample
containing water domains was let in overnight. Figure 5 shows part of the sample after
drying.

The micrograph shows no homogeneously white and opaque part in the sample,
and the observable white, pellet-shaped objects inside the transparent material are
cracks. This tells us that the nucleation is the limiting process. Where the temperature is
high, the nucleation rate is high but the overheating necessary for this nucleation
induces a too violent bubble growth leading to the observable numerous small cracks
(left end of Figure 5). Where the temperature is not high enough to nucleate the
bubbles, the sample is completely transparent (right end of Figure 5). As the nucleation
is a random process all the intermediate results in terms of number of cracks (i.e.
number of nucleated bubbles that led to cracks) are present (see isolated cracks in the
middle of Figure S5), but no homogeneous foam resulted.
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Figure 5:  Micrograph of the sample, containing initially 20wt% water and
10wt% (of water mass) surfactant, cured in the gradient oven. This visible part of
the sample was dried between 197°C (end of the sample) and 170°C (right end of
the figure).

A method to avoid this collapse of the domains, due to surface tension effects,
is to evacuate the water without creating a surface. This is only possible by using a
processing route which circumvents the critical point of the dispersed solvent. This
technique is currently used to dry ceramic aerogels produced by the sol-gel technique
(32-34). In that case, the sizes of the structures created are small enough to induce
surface tension collapse upon drying even with very rigid materials as silica, alumina or
zirconia.

The idea of supercritical drying is to gradually transform the liquid into the gas
without crossing the evaporation/liquefaction line. If this line is not crossed, the phase
transformation will not undergo a nucleation and growth process, no interface will be
created and consequently surface tension will not play a role. Starting from the liquid
phase, the pressure is first raised above the critical pressure of the solvent. Then the
system is heated above the critical temperature at constant pressure. Finally the system
is isothermally depressurized and then cooled down and purged with air to exchange
the vapor of the solvent inside the sample.

In the case of ceramic aerogels, carbon dioxide is currently used as the solvent
for this processing because it has a very low critical point and is miscible with the
alcohol based solvents used for the sol-gel. In our case we had to adapt this to a
different solvent because the carbon dioxide would swell the siloxane and the desired
porous morphology would therefore be lost. As a consequence, we opted for acetone
that is a poor solvent for the siloxane, is miscible with water and has a reasonably low
critical point (temperature and pressure). The water inside the domains was exchanged
for the acetone using a soxhlet extractor before the supercritical processing.

The supercritical drying used here is similar in principle to the one used for the
aerogels and is shown in Figure 6.

Starting from the liquid phase (point "i" in Figure 6), following the steps
described above (route through points "1" and "2" in Figure 6), we reached the gas
phase without phase transformation (point "3" in Figure 6). At this point, the pores
contain only gaseous acetone. To accelerate the gas exchange, that has to be achieved
by diffusion through the siloxane because the porosity is closed, we decided to perform
it at high temperature. As the critical point of the acetone is 235,5 °C and 47 atm, we
had to preclude air to prevent autoignition. For these reasons we decided to exchange
(at point 3 in Figure 6) the acetone with helium and then let the system cool down to
room temperature.

This procedure gave white opaque samples, presumably porous. Surprisingly
these samples turned transparent after approximately half an hour in ambient
conditions, resulting from a self-collapse of the porosity. This may be easily
understandable by considering the osmotic pressure driving the equilibration of the
concentrations between the ambient atmosphere and the inside of the pores. The
helium, being a noble monoatomic gas diffuses faster than the diatomic molecules of
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the air (N2, Oy, Hy) so that the foam collapses under the external pressure. This was
resolved by exchanging the acetone directly with air after a slight cooling to avoid fire
hazards (point "E" in Figure 6). As the air purged the pressure chamber, the system
was allowed to cool down slowly. The samples were taken out of the chamber when
ambient temperature was reached. The resulting opaque foamed samples were stable.

EA
a
2 2
-y
S
3
>
Temperature

Figure 6:  Schematical representation of the supercritical drying process. S is the
solid phase, L is the liquid phase, G is the gas phase and C is the critical point. In

the processing route, i is the initial state and E the gas exchange point when air was
used.

To evaluate the efficiency of this processing and to be sure that all of the water
was evacuated we performed a TGA test that resulted in a weight loss of 0.27% at
300°C (curve a) of Figure 7). This can be compared to the weight loss of the same
sample prior drying, illustrated by curve b) of Figure 7 (total weight loss of 9.65%).
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Figure 7:  TGA under N; curve of samples containing initially 10wt% water and
5% (of water mass) surfactant. Curves: a) foamed sample, b) sample prior drying.

The initial siloxane used is transparent so that the white appearance of the
samples is the result of light scattering caused by the presence of different refractive
index domains inside the samples. This aspect has been very useful to determine
success or failure of the different techniques. Figure 8 shows a transparent reference
sample of the siloxane without any porosity, an oven dried translucent sample with
collapsed porosity and finally a successfully foamed opaque white sample obtained
with by the supercritical drying described above.
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Figure 8:  Siloxane samples. a) Transparent reference. b) Translucent sample,
collapsed by conventional drying. c) Opaque sample, foamed by supercritical
drying (scales shown are millimeters).

Foam Characterization. To determine the generality of this approach to
samples with varying porosities, we prepared samples with varying initial water and
surfactant contents. Pictures of cryo-fractured samples are shown by Figure 9.

b)1eun

Figure 9:  Scanning electron micrographs of a) sample containing initially
10wt% water and 5% (of water mass) surfactant b) sample containing initially
20wt% water and 5% (of water mass) surfactant.

Equivalent pictures were used for image analysis (software: Optilab Pro 2.6) to
establish the pore sizes distributions for all the samples. An example of these pore sizes
distributions is given by Figure 10.

It is very important when discussing the pore sizes to talk about the amount of
surfactant calculated as a fraction of the dispersed phase. Assuming that all the
surfactant is accomodated at the interface, the amount of surfactant to amount of
dispersed phase ratio, i.e. the surface to volume ratio, gives an equilibrium size for the
domains. The high speed stirring and the subsequent ultrasounds produce droplet sizes
smaller that the equilibrium size. However, some random coalescence takes place
during the beginning of the curing, while heating the emulsion prior the gelation of the
siloxane. The big droplets have a surface to volume ratio smaller than that of the
equilibrium size droplets, so the still very small droplets have to accommodate the
excess of surfactant and can not grow to the equilibrium size. These considerations
explain the dispersion of the sizes shown by Figure 10.
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Figure 10: Pore sizes distribution of the sample containing initially 10wt% water
and 5% (of water mass) surfactant. Class diameter range: 0.1pm.

From the pore sizes distributions, mean pore sizes for all the samples were
calculated as the number average of the distribution. The resulting mean pore sizes,
plotted in Figure 11, clearly shows the decrease of the pore size with an increase of the
amount of surfactant.
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Figure 11:  Average pore sizes of the different samples.

Density measurements have also been performed on the different samples. The
results were compared to the density of the non porous reference to calculate the
amount porosity of the foamed samples.

Figure 12 gives the porosities of the samples as a function of their initial water
contents. The porosity is directly proportional to the initial amount of water. This
result, together with Figure 11, indicates that the final porosity is controlled by the
characteristics of the initial emulsion. We also notice that the final porosity decreases
with increasing surfactant content (calculated as a fraction of the water contents). That
10 to 50% decrease in volume fraction is probably due to the surface tension at the
surface of the domains according to equation 4.

p=2t

r 4
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Therefore, the smaller pores, created by higher surfactant concentrations,
experience a higher pressure and tend to collapse more. For example, assuming a
surface tension of 20-10-3 J/m2, the pressure exerted on a pore of 200 nm in diameter
would be of 0.4 MPa. In a case of uniaxial tension, this would result in a strain of 20%
for a linear material having the Young's modulus of polysiloxane. Such a stress can
easily force the collapse of the pores as the processing and the storage temperatures are
above the T, of the foamed elastomer. However, even if these arguments suggest that
the effects of the internal pressure is not negligible, an estimate of these effects on the
external dimensions of the foams would require complex and detailed numerical
calculations beyond the scope of this chapter.

15
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Figure 12: Final porosity versus the initial water contents. The porosity in
volume % is based on density measurements compared to a non-foamed reference
as: 100-(1-(Pfoam/Preference))-

When the samples are extensively compressed, the opaque foams turn
translucent and their density reaches the density of the non-porous reference, indicating
a loss of the porosity. This porosity is not recovered even if the compression-collapsed
foams are annealed in an oven at high temperature. This behavior arises from tacky
internal pore surfaces due to the presence of water inside the domains during the curing
of the siloxane. Water being known to be an inhibitor for the platinum catalyzed
hydrosilylation, the siloxane pores surfaces are unlikely to be fully crosslinked.
Indeed, a test sample cured under water using the same conditions as the emulsion
showed a surface with a high degree of tack. In the case of the foams, the surfaces
pressed together adhered strongly via chain interpenetration and the elastic energy
stored in the matrix was insufficient to force them to reopen when the samples were
unloaded.

Foams via Thermally Labile Particles. Our second approach to generate
elastomeric foams was to compound the crosslinkable elastomer with preformed,
thermally-labile polymethylmethacrylate (PMMA) particles. The elastomer is
subsequently thermally crosslinked. Foam formation is further accomplished by a
subsequent heat treatment to thermally decompose the PMMA particles, and leave
behind microvoids similar in size and shape to those of the PMMA particles. The key
features of this technique are twofold:

1. Balance the degradation rate so as to give enough pressure to nucleate and stabilize
the pores but avoid the instantaneous conversion for solid to gas (which would lead to
cracks shown earlier).
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2. Assure particles degradation at sufficiently low temperature to avoid matrix
degradation

Dispersion polymerization is a heterogeneous technique used to polymerize
vinylic monomers in an organic diluent in the presence of an amphipathic graft or block
copolymer to form insoluble micronsized polymer particles. The graft of block
copolymer, commonly called a stabilizer, lends colloidal stability to the insoluble
polymer. Dispersion polymerizations are characterized by the solubility of both the
monomer and the initiator in the continuous phase and the insolubility of the resulting
polymer in the continuous phase. The presence of the stabilizer allows the
polymerization to proceed to a higher degree than is possible in the analogous
precipitation polymerization. In addition, dispersion polymerization results in spherical
particles typically ranging from 100 nm to 10 microns (35-39).

Catalytic chain transfer to monomer has been previously reported as a means of
effectively controlling molecular weight in free radical polymerizations. The use of
cobalt porphine chain transfer catalysts (Co-CTC) in the free radical polymerization of
PMMA, results in oligomers with vinylic end-groups (PMMA-CH=CH;) and
significantly fewer head-to-head coupling than PMMA polymerized without Co CTC
(40-42). Therefore, this route offers an effective pathway to low molecular weight
PMMA which is also more thermally labile than saturated PMMA (PMMA-H). Thus
employing Co-CTC, low molecular weight PMMA can be prepared via free radical
techniques without the need for high initiator concentrations, elevated polymerization
temperatures (>120°C) or sulfur containing chain transfer agents with their associated
odor problems (42).

The thermal decomposition of PMMA is strongly dependent on the polymer
microstructure and the resulting chain end-functionalities (43-49). For example, it has
been reported that vinyl terminated PMMA is considerably more thermally labile than
saturated PMMA. More specifically, unsaturated PMMA (PMMA-CH=CH},) degrades
between 230 and 300°C, whereas the saturated polymer decomposed between 300 and
400°C (44, 47, 48). Random chain scission and subsequent depolymerization is widely
accepted as the mechanism for the degradation of saturated PMMA. Facile scission of
the weak C-C bond beta to the vinyl group and efficient radical transfer to the vinyl
chain ends has been proposed as the route to PMMA-CH=CH, degradation. Head-to-
head chain likages also thermally destabilize PMMA. The use of dimethylmaleic
anhydride as a comonomer in free radical initiated PMMA synthesis results in the
introduction of additional head-to-head linkages in addition to those formed via
coupling termination.

Earlier studies on the thermal degradation of oligomers containing head-to-head
linkages (PMMA-HH) indicated that they were less stable than PMMA-CH=CH, (40).
However, recent results suggest otherwise: That PMMA with head-to-head linkages
(PMMA-HH) is actually more stable than PMMA-CH=CH; but less stable than
saturated PMMA (45). Those authors observed a significant molecular weight effect
since PMMA with head-to-head defects undergoes more facile degradation than
saturated PMMA only when DP < 100. At higher values, the thermal degradation of
both were comparable, a result attributed to a large cage recombination effects of
radicals in the viscous polymer melt.

The presented work describes the deliberate synthesis of PMMA particles with
lower thermal stability. To achieve this result, a combination of dispersion
polymerization and chain transfer techniques was employed. The PMMA patrticles thus
generated have been used as additives for the generation of crosslinked siloxane
elastomeric foams. For this application, the PMMA serves as a thermally labile organic
filler which is first compounded into the crosslinkable elastomeric network. Upon
subsequent thermal treatment, the organic filler is thermally decomposed leaving behind
pores, with the sizes and shapes of the PMMA filler particles.
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Particles Synthesis. In dispersion polymerization, an initially
homogeneous solution is transformed into an opaque suspension by homogeneous
nucleation of particles from the reaction medium. The molecular weight of the growing
polymer chain and its intrinsic insolubility in the solvent medium are two critical
parameters that influence the formation of the dispersion. The stabilizer primarily
controls the stability of the dispersion. The reaction medium is therefore selected on the
basis of its nonsolvent properties for the growing polymer and the solubility of both the
stabilizer and the monomer.

For free radical reactions employing cobalt porphine chain transfer catalysts, the
concentration of the chain transfer agent is very critical. Very low concentrations result
in inefficient molecular weight control whereas high concentrations limit the formation
of higher molecular weights. It has been shown (41) that after interaction with the
growing polymer radical, the regeneration of the cobalt porphine catalyst occurs very
rapidly and the concentration of the intermediate species is less than 1% of the initial
Co-CTC concentration.

Our efforts have focused on the combination of dispersion polymerization
techniques and cobalt chain transfer catalysis, to synthesize spherical PMMA particles
which are thermally labile. Such a procedure is not trivial and is complicated by the
kinetics of the two processes which are very different. Dispersion polymerization
proceeds rapidly whereas chain transfer occurs relatively slowly. To form a dispersion,
the polymer chains must be of high enough molecular weight so as to phase separate
from the solution. Thus the chain transfer process must allow the formation of a
polymer dispersion while introducing a high concentration of vinyl end-groups that
result in the desired thermal instability.

Our initial experiments involved the copolymerization of the methyl
methacrylate with the 1,200g/mol polydimethylsiloxane (PDMS) macromer as a steric
stabilizer. These experiments did demonstrate that the use of Co-CTC did indeed result
in a significant decrease in molecular weight. Furthermore, the PMMA samples which
were synthesized in the presence of cobalt porphine chain transfer catalyst, were
significantly less thermally stable. However, a major problem in these initial
experiments was that all four PMMA samples were prepared using the 1,200 PDMS as
a steric stabilizer did not form stable dispersions in hexane. The individual particles
tended to aggregate and it was not possible to sterically isolate and stabilize the
individual particles as a dispersion.

Experiments using 25,000g/mol PDMS macromer were significantly more
encouraging. PMMA 13 was synthesized from a mixture of 16g MMA, 2g of 25,000
g/mol PDMS and 0.3g AIBN in 200ml hexane at 70°C. Likewise, PMMA 29 was
synthesized by po%ymerizing a mixture of 16g MMA, 2g of 25,000 g/mol PDMS, 0.3g
AIBN and 6.2-10-°mol of cobalt porphine (0.0042g of Co CTC catalyst in 10ml THF)
in 200ml hexane. Shown in Figure 13 are the dynamic TGA spectra of two different
PMMA samples prepared with the 25,000 PDMS stabilizer with (PMMA 29) and
without (PMMA 13) the Co-CTC chain transfer agent.

The use of the chain transfer agent once again results in PMMA (PMMA 29)
with a significantly lower thermal stability in comparison to PMMA without any chain
transfer agent (PMMA 13). The reported mechanism of cobalt porphine chain transfer
catalysis (42) suggests the formation of a high concentration of vinylic end-groups.
These undergo depolymerization at much lower temperature than saturated PMMA,
thus accounting for the trends shown in Figure 13.

It should be noted however that the concentration of cobalt porphine catalyst in
the mixture is very critical. When 7.7-10-6mol (0.0052g) of cobalt porphine was
employed, the chain transfer was so effective that the low molecular weight PMMA
formed remained soluble in hexane and consequently did not form a dispersion even
after 12 hours at 70°C. On the other hand, when 4.8-10-6mol (0.0032g) of cobalt
porphine was employed, the dispersion formed within 15 minutes, but the thermal
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stability of the resulting polymer was comparable to that of PMMA 13, suggesting that
the chain transfer was ineffective. Unlike the results obtained using 1,200g/mol PDMS
stabilizer, the use of the 25,000g/mol PDMS stabilizer results in stable dispersions of
spherical PMMA 29 particles in hexane (see Figure 14).

Thus we have succeeded in synthesizing PMMA particles with evident lower
thermal stability by a combination of dispersion polymerization and chain transfer
techniques and have demonstrated the need to carefully control the amount of chain
transfer agent.
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Figure 13: Dynamic TGA curve under N; for PMMA 13 and PMMA 29 (with
Co-CTC).
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Figure 14: Scanning electron micrograph of PMMA 29 patrticles.

Foam Formation. The PMMA particles (10wt%) were suspended in a
hexane solution of dimethyldiphenylsiloxane vinyl terminated oligomer with a
conventional oligomeric curing agent and a vinylsiloxane Platinum complex catalyst.
This resin was chosen as the matrix elastomer since it is significantly more thermally
stable than the polydimethylsiloxane resin (50). Films were cast and cured to effect
network formation (200°C, 2 hours). The resulting films were opaque and SEM
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micrography clearly showed an even dispersion of the particles in the matrix, without
the evidence of particle aggregation. The filled network were subjected to a subsequent
thermal treatment (300°C, 1.5 hours) to effect the degradation of the PMMA filler. An
SEM micrograph of the resulting foam is shown in Figure 15. Isothermal
thermogravimetric analysis showed quantitative degradation of the PMMA component
by this treatment. The elastomers show an approximative 8% drop in density by this
treatment, consistent with the formation of a foam. Shown in Figure 15 is the TEM
micrograph of a cold-snap fracture surface after this foaming treatment. Clearly a
porous morphology is formed where the pore size, shape and dispersion are identical to
that of the initial dispersion and particle size and shape.

The use of a dispersion of thermally labile particles is an effective means to
control the porosity in an elastomer. Ease of processing is realized since the labile
component is simply blended or compounded as a filler or co-filler in an elastomeric
resin. The compounded resin is ideally suited for injection molding processing.
Furthermore, control of porosity is simply achieved by varying the PMMA particles
size and concentration in the blend.

Figure 15: Scanning electron micrograph of the foam obtained after thermal
degradation of the PMMA filler.

Conclusions.

Siloxane elastomeric foams with controlled pore sizes in the micron range were
successfully produced. The emulsion derived structures were dried, avoiding surface
tension collapse of the domains, using supercritical drying with acetone. The
reproducibility of the density results proves that the this technique allows good control
of the structure. The produced foams showed a relatively narrow pore size distribution
with mean pore sizes easily controllable with the initial emulsion parameters.

Micron-sized, thermally labile PMMA particles were successfully synthesized
by a combination of dispersion polymerization in hexane and chain transfer employing
cobalt porphine chain transfer catalyst. The dispersion polymerization allowed the
synthesis of pm-sized particles while the chain transfer agent led to the formation of
vinylic end-functionalities that contributed to thermal instability. These thermally
degradable PMMA patrticles have been further employed as modifiers for crosslikable
siloxane rubbers in efforts to generate porous elastomeric networks.
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Legend of Symbols.

Variabl Subscri

g Free energy per unit volume [J/m3] G Gas

r Radius [m2] i Interface

r* Critical radius [m] L Liquid

AG Free energy variation 1) t Total

Y Interface energy [J/m2] v Volume

p Density [g/cm3]
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Chapter 3

Carbon Foams Prepared from Hyper-Cross-Linked
Polymer Foams

Warren P. Steckle, Jr.

Polymer and Coatings Group, MST-7, Materials Science and Technology
Division, Los Alamos National Laboratory, Los Alamos, NM 87545

Carbon foams prepared from hypercrosslinked polymer foams retain
high surface areas as well as tailorable pore size distributions ranging
from under 10 A to 1,000 A. A series of rigid hypercrosslinked foams
has been prepared using simple rigid polyaromatic hydrocarbons such
as benzene, biphenyl, m-terphenyl, diphenylmethane, and polystyrene,
with p-dichloroxylene as the crosslinking agent. Surface areas for
these materials range from 160 m2/g to 1,200 m2/g Unlike current
methods for preparing carbogenic molecular sieves, the resulting
porosity of the foams is determined by the porosity of the starting
material, not the pyrolysis conditions, although pyrolysis conditions do
alter the yield and other properties as well.

Carbon foams have a wide range of applications ranging from fuel cell electrocatalysts,
general catalyst supports, porous adsorbents, foam electrodes for use in batteries and
supercapacitors, to reinforcing matrix in composites, as well as separation of gases.
Porosity of the materials are equally diverse and results from the processes from which
they are derived. Micropores are defined as pores not wider than 20 A, mesopores
have widths between 20 A and 500 A, and macropores consist of pores larger than
500 A by definition in accordance to the International Union of Pure and Applied
Chemistry (IUPAC)(/). Polymers are known to degrade upon heating to high
temperatures, but very few will produce foams upon pyrolysis. Polyvinyl chloride
(PVC), polyvinylidine chloride (PVDC), polyfurfuryl alcohol (PFA), polyacrylonitrile
(PAN), phenol/resorcinol - formaldehyde, and cellulose are known to undergo
molecular eliminations to yield high carbon residues.

The pyrolysis of these polymers is generally broken down into four distinct
stages as a function of temperature. The initial pre-carbonization stage, occurring
below 300°C, usually involves the loss of heteroatoms from the polymer network.
Between 300°C and 600°C the polymer degrades producing small molecules and a
carbogenic solid. It is during these stages where the bulk of the chemical
transformations occur. As temperature is increased from 600°C to 1,200°C,
dehydrogenation occurs. It is through this condensation that polyaromatic cores grow.
Once hydrogens are removed, a rearrangement of carbon atom occurs at temperatures
higher than 1,200°C. Less crosslinked chars tend to undergo graphitization at these
elevated temperatures whereas the structure of highly crosslinked chars tends to be
kinetically frozen as an amorphous carbon (2).

26 © 1997 American Chemical Society
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Carbogenic Molecular Sieves Carbogenic Molecular Sieves (CMS) are
microporous foams predominantly used in the area of separation of nitrogen from air.
CMS differ from activated carbons in that separation occurs on the basis of differing
rates of adsorption rather than on the extent of adsorption. Unlike zeolites, CMS are
globally amorphous and exhibit no long range order. Carbogenic molecular sieves are
commonly made from: PFA (3-6), PAN (7-10), PVDC (9-12): PVC (13-14), as well
as from coal tars (/5-16). PAN and PVC are known as graphite formers whereas
PFA and PVDC are non-graphitizing carbons. Both PFA and PVDC undergo
significant crosslinking during the precarbonization stage. As mentioned earlier, the
pathway to graphite for these highly crosslinked systems is blocked. However, upon
further heating the lightly crosslinked PAN and PVC chars are converted to the more
thermodynamically favored graphite. A dramatic example of this phenomenon is seen
by heating a PVDC derived carbon to 3,000°C and a PVC derived carbon to only
1,700°C. The average number of layers in the graphitic domains in the former system
is only seven or eight verses over thirty-three in the latter, indicating a fully developed
three-dimensional graphitic structure(2).

Surface areas of these material fall in the range of 300 m2/g to over 2,000 m2/g
depending on the precursor as well as the temperature profile used to prepare them.
Nearly monodisperse porosities have been reported for PVDC and PFA derived CMS
with average pore sizes of 5 A and 5.5 A respectively (/7). Pore shapes have been
reported as ranging from cylindrical, slit-like, to bottle-necked. Shapes and diameters
of these pores have also been modified by the deposition of carbon derived from the
pyrolysis of various hydrocarbons onto a carbon substrate (/8-22). These "gate-
keeping" layers are a region near the opening of the pore that further restricts flow
through the pore. Through this chemical vapor deposition process the effective pore
size can be tailored via openings of the pores alone verses the overall size of the pore.

Replica Carbon Foams This class of foams is prepared by compounding a salt
into a polymeric matrix. This polymer/salt composite is then cured at elevated
temperatures to produce an amorphous carbon. The salt is then extracted, leaving a
carbon foam with pores the dimensions of the filler salt particles. These foams are
often subjected to higher temperatures to deactivate the carbon surface and to improve
the mechanical properties (23-24). A carbon replica foam is also produced when a
sulfonated polystyrene/divinylbenzene macroreticular foam is heated in an inert
atmosphere. Rohm and Haas markets these materials under the trade name Ambersorb
(25-27). Sulfonation is one method to increase the yield of carbonaceous product
upon pyrolysis. Oxygenation, chlorination, chloromethylation, amination, and
halosulfonation are amongst other methods which have been investigated to increase
the yield (25-28). Macroporosity of these carbonaceous materials is retained along
with an increase of both meso- and microporosity. The development of this additional
porosity is dependent on both the precursor as well as the pyrolysis temperature which
ranges between 300°C and 1,200°C.

Foams Produced from Pitch Similar to foams prepared from coal tar, foams may
be prepared from pitch by the blowing of an open-celled foam from a carbon fiber
precursor such as mesophase pitch or even PAN (29-30). Although these materials
are known to form high modulus fibers, foams can be prepared by using blowing
agents. Typically, a blowing agent such as S-phenyltetrazole is blended in with the
pitch and is subsequently heated in a pressure vessel beyond its decomposition point.
In a similar fashion a homogeneous nucleation process is performed by saturating the
pitch with nitrogen in a pressure vessel then releasing the pressure. The
thermodynamic instability leads to the formation of uniform pores. Pores prepared by
these methods yield foams ranging from 80um to 100um in diameter. Use of talc as a
nucleating agent results in the formation of larger non-uniform pores (37-32). Upon
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graphitization of these materials the cell walls crack due to shrinkage, yet there tends to
be an overall increase in the mechanical properties of the foams.

Hypercrosslinked Polymeric Foams Polycondensation of polyaromatic
hydrocarbons using rigid aromatic crosslinking agents provides a simple, yet versatile,
method for preparing rigid hypercrosslinked foams. This straightforward
polycondensation, known as Friedel-Crafts polycondensation, has been applied to
similar aromatic systems in an attempt to obtain linear poly(arylene methylenes). In
this early work, researchers were unable to prevent crosslinking and typically
recovered insoluble, infusible polymers (33-35 ). It is this crosslinking process that is
utilized for preparing a series of rigid hypercrosslinked foams. Surprisingly, highly or
hypercrosslinked forms of polystyrene are relatively unknown and are not commonly
used for separations. However, there are several reports describing truly phenomenal
properties in hypercrosslinked polystyrene which suggest that these materials may be
superior to traditional polystyrene resins (36-37). Hypercrosslinked polystyrenes
have extraordinarily high surface areas, swell in thermodynamically unfavorable
solvents, absorb dyes and hydrocarbons, and readily absorb gases. These
phenomena, which are not observed in linear or lightly crosslinked polystyrene resins
and beads, are attributed to the high frequency of rigid crosslinks which do not allow
the polymeric network to collapse. This leaves a true microporous material with
extraordinarily high surface areas and exceptional absorptive capacity.

A simple, three step process from inexpensive raw materials to microporous
hypercrosslinked polymers has been reported earlier (38-39). Transparent gels are
formed suggesting a very small pore size. After supercritical drying, the foams are
robust and rigid. Without supercritical extraction , a zerogel would result. Densities
of the resulting foams can range from 0.15g/cc to 0.75g/cc. Nitrogen adsorption
studies have shown that by judiciously selecting monomers and crosslinking agents
along with the level of crosslinking and the cure time of the resulting gel, the pore size,
pore size distribution, and the total surface area of the foam can be tailored. Surface
areas range from 160 m2/g to 1,200 m2/g with pore sizes ranging from 6A to 2,000A.
These hypercrosslinked polymeric foams provide a material rigid and robust enough to
undergo pyrolysis with retention of shape and pore structure. Carbonization of these
material will be described herein.

Preparation of Carbon Foams from Hypercrosslinked Foams. All of the
polyaromatic hydrocarbons (PAH), crosslinking agents (XL), catalyst, and all
solvents were purchased from Aldrich, except for the three polystyrene precursors
which were purchased from Polysciences. Carbon dioxide and ultra-high purity
nitrogen and helium were purchased from Air Products. All of the reactants, solvents
and catalyst were used as supplied.

Hypercrosslinked samples were typically prepared by first dissolving the PAH
and XL in dichloroethane. The concentrations of PAH and XL varied from 0.10g/cc
to 0.20g/cc in the precursor solution. Tin tetrachloride, used as the Friedel-Crafts
catalyst, was added at this point. This solution was allowed to react for 18 hours at
60°C. Once the gel had cured, any catalyst and unreacted monomers were extracted
from the gel using acetone. In order to retain porosity, the solvent was removed from
the gel via supercritical extraction with carbon dioxide.

Pyrolysis of these polymeric foams was done in a Lindberg single zone quartz
tube furnace equipped with a temperature profile controller. Heating rates ranged from
1°C/min. to 10°C/min. to temperatures as high as 1,000°C. Soak times of 8 hours
were generally used to allow for uniformity throughout the sample. Samples were
cooled down to room temperature before removal from the furnace. Ports on the
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furnace readily allowed for different pyrolysis atmospheres. Samples were suspended
in the furnace on a platinum hangdown to a point where the thermocouple was located.

The following sample designation was used: carbXXYYY/ZZZ. Where carb
denotes that the sample was pyrolyzed, XX denotes the precursor foam, YYY is the
initial pyrolysis temperature , and ZZZ is the second pyrolysis temperature where two
step pyrolysis was employed. Although many different hypercrosslinked samples
have been previously prepared, the following(XX) were chosen for this study: benz -
benzene, BP - biphenyl, TP - m-terphenyl, and PS - polystyrene. A crosslinking ratio
of 1:2 (PAH:XL) was chosen.

Instrumentation and Analysis. Surface area analysis was done using a
Micromeritics ASAP 2010 Surface Area Analyzer. Nitrogen adsorption measurements
were performed at 77°K. Surface areas were calculated according to theory as
developed by Brunauer, Emmett, and Teller (BET) (40 ). Micropore volume and
surface area distributions were calculated according to Horvath - Kawazoe (H-K)
theory (41). The Barrett, Joyner, and Halenda (BJH) (42) method was used in
determining the pore volume and surface area distributions for the mesopores. More
recently, Density Functional Theory (DFT) (43 ) has become a powerful tool in the
area of pore size analysis. This provides a profile of both surface area and pore
volume from 2 A up to 4,000 A in a single analysis, unlike any of the aforementioned
popular techniques.

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker ASX-
300 solid state NMR spectrometer. Data was collected using either high power
decoupling (HPDEC) or cross polarization magic angle spinning (CP-MAS)
experiments. The experiments were generally carried out with a 1 ms contact time and
a delay of 5 sec for the CP-MAS experiments and 10 sec for the HPDEC experiments.
90° pulse lengths were 8 usec for CP-MAS experiments and 12 psec for the HPDEC
experiments. Spin rates of 10 kHz were used to remove spinning sidebands from the
region of interest.

Thermogravimetric analysis (TGA) were performed using a Polymer
Laboratories TGA in air and nitrogen atmospheres with a flow rate of 10 ml/min. and
with a heating rate of 10°C/min. Micrographs were obtained using a Jeol transmission
electron microscope (TEM). Non-pyrolyzed samples were stained with ruthenium
tetraoxide in order to improve contrast. A Fluke 77 multimeter was used to measure
the resistivity of the foams across a two millimeter sample.

Effect of Pyrolysis Conditions

Much valuable information was gained prior to detailed analysis of these foams by
visual inspection. Samples which were heated to too high an initial temperature tended
to form black glassy carbon foams with large voids on the order of millimeters in size.
At temperatures less than 350°C a "tanning” of the sample occurs. Between 350° and
500°C or short soak times, a char would form on the surface and the interior of the
foam would have only discolored. Samples heated directly to 1,000°C tended to
balloon up and were a shiny silver. The exception to this are the biphenyl foams
which will be discussed later. Foams pyrolyzed at the optimum temperature in static
air tended to be more velvety in appearance, although this “velvet” was not easy to
abrade from the surface. These foams were robust in nature and had good mechanical
properties although at this point measurements have not been made. For comparison,
a high internal phase emulsion polystyrene/divinylbenzene foam was pyrolyzed under
similar conditions as carbPS425. This carbon foam was fairy brittle and was easily
abraded.
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Table I. Conditions of Pyrolysis and Properties of Resulting Foams

BET Weight Percent  Resistivity
Sample Surface Area Char (ohms)
2
(m /g)

atmosphere static air
PS:DCX 1,023 oo
carbPS425 769 81.6 oo
carbPS450 58 79.2 oo
carbPS500 44 72.3 oo
carbPS425* 712 76.1 o
carbPS425t 736 75.4 oo
BP:DCX 1,065 oo
carBP450 755 73.2 oo
m-TP:DCX 707 oo
carbTP450 524 70.5 oo
benzene:DCX 671 oo
carbenz500 484 77.7 oo
carbenz500/600 336 94.28§ 2500
carbenz500/700 267 92.8§ 30
carbenz500/800 250 93.18§ 20
carbenz500/900 211 90.7§ 4
carbenz500/1,000 208 89.3§ 3
carbenz1,000 7.6 60.4 3
carBP450/1,000 18.7 90.4 3
carBP450/1,000¥ 1,240 50.5 3
carBP1,000 13.1 55.2 2
carbTP425/1,000 24.6 87.4 3
carbTP425/1,000¥ 174 45.1 3
carbTP1,000 2.2 50.9 2

atmosphere ar

all na <1

atmosphere vacuum
carbenz500 17 53.6 oo
carbPS425 28.3 474 oo
carBP450 18.5 55.2 oo
carbTP450 14.9 48.9 oo

atmosphere nitrogen
carbenz500 23.7 57.2 oo
carbPS425 26.8 46.8 oo
carBP450 32.3 52.8 oo
carbTP450 15.2 50.2 oo

* - heating rate = 5°C/min.

T - heating rate = 10°C/min.

¥ - second pyrolysis stage done in static air
§ - yield based on carbenz500
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Figure 1. TGA of hypercrosslinked precursors.

Pyrolysis temperature was varied from sample to sample as seen in Table L.
Initial attempts at pyrolysis was done at 500°C for all samples under vacuum. It
appears that the optimum temperature for pyrolysis is related to the temperature at
which the initial weight loss occurs in the TGA trace shown in Figure. 1. The closer
the temperature is to this point, the more the precursor volatilizes leaving large voids in
the foam. When the temperature is kept 25°C below this initial weight loss temperature
there is uniform pyrolysis throughout the sample with a maximum retention of
porosity. Much below this temperature there is an incomplete pyrolysis of the sample,
even at longer soak times up to 24 hours. Although some Ambersorb resins are
partially pyrolyzed (28), this avenue was not pursued. Incomplete pyrolysis was
confirmed by both Fourier Transform Infrared (FTIR) analysis and NMR studies.

The atmosphere under which the pyrolysis was conducted was found to have a
profound effect upon the properties of the resulting foam. The BET surface areas
shown in Table I were at least an order of magnitude lower for all those samples that
were pyrolyzed in either vacuum or nitrogen than those pyrolyzed in static air. Those
that were heated in flowing air were reduced to ash. Degradation of crosslinked
styrene/DVB leads to the formation of volatile by-products that are mainly styrene, but
hydrogen, methane, ethylene, benzene, and toluene are also produced (44 ). As the
samples are heated under a dynamic atmosphere the volatile compounds that result
from degradation are then swept away from the foam. Whereas the volatiles that come
off in a static atmosphere have the opportunity to redeposit themselves back onto the
surface of the foam. Although there is a significant loss of surface area and porosity
as the sample loses weight, the overall pore size distribution is retained. In order to
clearly see this, one has to go to a log scale of the surface area as shown in Figure 2
for two carbonized benzene:DCX samples, one pyrolyzed in air and the other under a
vacuum. Although the surface area for a given pore size is nearly two orders of
magnitude lower for the vacuum pyrolyzed sample, the pore size distribution is
comparable between 15 A and 1,500 X

Heating rates of 1°, 5°, and 10°C/min. tended to provide foams with
comparable surface areas and pore size distributions. The surface area for carbPS425,

shown in Table I is a nominal 700 m2/g despite the difference in preparation times of
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Figure 2. Pore size distributions for carbenz500 pyrolyzed
under different atmospheres.

the carbonaceous foam. Similar behavior has is exhibited in the preparation of
CMSfrom PVDC (45). CMS prepared with heating rates of 5° and 10°C/min. had
pores which were nearly indistinguishable.

Two Stage Pyrolysis Preparation of graphitic carbon foams was also of interest.
In order to do achieve graphitization, samples needed to be heated to temperatures in
excess of 1,200°C. Although the temperature for graphitization could not be achieved
in the furnace being used, it was of interest to investigate the dehydrogenation process
of these materials. As mentioned earlier, samples that were heated to too high an initial
temperature tended to form foams with very large pores. At these high initial
temperatures the foam degrades at a rate where the degradation products volatilize
rapidly enough to form these large pores at the expense of the initial architecture.

In an effort to pyrolyze these materials at higher temperatures, the
hypercrosslinked precursor was first heated to a lower temperature where an optimum
retention of pores was found. This generally involved pyrolyzing the foam in static air
before subsequent high temperature pyrolysis. The use of multiple step temperature
ramps is common in the preparation of CMS from PFA (17 ) or PVYDC (46 ) to
provide an optimum porosity. Similarly an oxidative, low temperature step is utilized
to not only increase the porosity of the foam, but also to reduce shrinkage (47 ).

A series of carbenz foams was prepared, starting with carbenz500 pyrolyzed in
static air. Benzene:DCX was initially chosen for high temperature pyrolysis due to its
high char yield as exhibited by TGA. Carbenz500 retains over seventy percent of its
porosity during the first pyrolysis step, as shown by retention of surface area in Table
I. As the temperature of the second pyrolysis stage is increased from 600° to 1,000°C
there is a gradual decrease in surface area from 484 m2/g to 208 m2/g. Char yield for
these foams is high and weight loss alone does not account for the change in porosity.
The DFT pore size distribution as a function of surface area shows a gradual decrease
in the surface area for a given pore size with only a slight shift in overall distribution.
Figure 3 shows transmission electron micrographs for benzene:DCX, carbenz500,
and carbenz500/1,000. The white areas are the actual pores and the dark areas are
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benzene:DCX carbenz500/1,000

Figure 3. Transmission electrom micrographs of carbonized foams and
its precursor. (Scale bar = 3 nm for all micrographs)

either ruthenium tetraoxide stained foam or carbon foam. Upon pyrolysis the size of
the pores increase in size, which is in agreement with nitrogen adsorption data. With
increasing temperature the pores decrease in size by both nitrogen adsorption and
TEM. This is due to a densification process that occurs a the carbon in the foams
undergo rearrangement. At temperatures above 500°C the aromatization process is
thermally driven by a loss of hydrogen thereby producing new carbon-carbon bonds.
As this process occurs there also is a loss in the sp3 character of the system and an
increase in the sp? character. Further evidence of this is seen in the 13C solid state
spectra for the same series of foams, shown in Figure 4.

200 150 100 50 oppm
Figure 4. 13¢ NMR spectra of: a) benzene:DCX, b) carbenz500,
c-g) carbenz500/600, 700, 800, 900, 1,000.
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Acquisition of solid state NMR spectra was less than straight forward. As
pyrolysis temperatures increased the conductance of the sample also increased. Not
only was there a loss of protons to use for cross polarization purposes, but the signal
was also being attenuated by the increased conductivity of sample. Spectra a-c were
acquired using the CP-MAS technique with 1,000 scans. The number of scans was
increased to 4,000 for the carbenz500/700 spectrum and also for the last two spectra
where HPDEC was utilized. Sample response could be further enhanced by diluting
the sample with a non-conductor, i.e. - glass beads.

There are three peaks in the spectrum of the starting material: 38 ppm, 128
ppm, and 138 ppm. The peak at 38 ppm can be attributed to the bridging methylene
unit of the crosslinks. The latter two peaks are due to the aromatic moities of the
foam, the upfield peak being a carbon with an attached proton, and the downfield peak
a carbon attached to a bridging carbon. Two notable differences between the spectra
of the starting material and the sample pyrolyzed at 500°C is the marked decrease in the
intensity of peaks at 38 ppm and 138 ppm. Since these peaks correspond to carbons
attached to hydrogen, this indicates that there is significant dehydrogenation occuring.
Spectra obtained at lower temperatures still show a significant amount of hydrogen
present in the system through 400°C. It is between 400° and 500°C that this
dehydrogenation process occurs. Both the increase of aromaticity and the
densification of the foam leads to the increase in conductance of the foam. Values for
the conductance of these foams is given in Table 1.

The hypercrosslinked biphenyl and its carbonized foams broke the trends
observed in the other systems. The distributions for the biphenyl:DCX shown in
Figure 5 is atypical for the hypercrosslinked system - a multimodal distribution with a
maximum in the microporous regime of 10.4 A and a maximum in the macroporous
regime at 290 A and 700 A. Normally there is only one maximum in the macroporous
region circa 700 A to 1,000 A, depending on the monomers used. As described
earlier, the distribution for the vacuum pyrolyzed carBP450 is typical wherein the
surface areas are two orders of magnitude lower with a fair retention of the pore size
distribution. CarBP450 pyrolyzed in static air was the only low temperature foam to

0.10 —
] - hypercrosslinked BP

_0.08 4 — carBP450 - air - i
)< ] A carBP450 - vacuum '} P
= ] =+« carBP1,000 i
= 0.06 - - - carBP450/1,000 i i =
8

£

3

w

Pore Diameter (A)

Figure 5. Pore size distributions for the hypercrosslinked biphenyl system.
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show a decrease in the diameter of the micropores with a retention in surface area of
the precursor. The corresponding decrease in the meso- and macropore surface area is
typically observed during pyrolysis. The shift to larger pore diameters seen for
carBP450/1,000 is typical during pyrolysis, however the retention of surface area is
unusual. CarBP1,000 was the only sample to be ramped directly up to 1,000°C
without the formation of a shiny silver balloon. This sample shrank only slightly and
had a dull silver luster. The overall surface area and pore retention was greater than
the sample heated to only 450°C in vacuum.

Conclusions

Hypercrosslinked polymers provide a matrix that is amenable to carbonization.
Carbonaceous foams can be prepared with a wide variety of surface areas and pore
sizes. These properties can be tailored not only by judicious choice of precursor but
by pyrolysis conditions as well.
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Chapter 4

Preparation of Thermostable Rigid Foams by Control
of the Reverse Diels—Alder Reaction During
the Cross-Linking of Bis-nadimide Oligomers

L. Dutruch', M. Senneron’, M. Bartholin', P. Mison', and B. Sillion"

' Laboratoire des Matériaux Organiques a Propriétés Spécifiques, Centre
National de la Recherche Scientifique, BP24-69390 Vernaison, France
*Institut Frangais du Pétrole, BP3-69390 Vernaison, France

A new chemical approach using the polymerization of nadimide end-
capped oligobenzhydrolimide (BBN) was found to produce rigid
thermostable foams. Two BBNs with a theoretical molecular weight of
1000 and 1500 D were prepared. Under thermal curing (up to 300 °C),
cyclopentadiene evolution takes place through a reverse Diels-Alder
reaction during the gelation of the systeme (cross over of storage and
loss moduli). To obtain good mechanical properties, BBNs were
blended with 3% of linear thermostable polymers. Foams with density
ranging between 50 to 400 kg/m’ (3 to 25 Ib/ft’) were prepared. These
materials exhibit low moisture uptake (2.5%) and an onset of
decomposition at about 350 °C. Other interesting features of these
materials are their insulating properties, non flammable character and
good compressive strength up to 300 °C.

Various experimental approaches have been experimented to combine the thermal
stability of the polyimide with a process leading to structural foams (1,2). Up to now,
however, only linear polyimides have been used to prepare expanded materials
according to different techniques, either based on chemistry or miscellaneous
technologies.

The mechanical properties of such linear systems are limited by the polymer
transitions. So, we aimed at obtaining expanded materials by using thermosetting
polyimides. We found that during the curing of telechelic bis-nadimides, the
cyclopentadiene which evolved from a side reaction can be used as a blowing agent.

The literature survey that follows covers briefly the two main ways used to
prepare linear polyimide foams and the basic chemistry of end-capped nadimide
oligomers used to develop our process.

’Corresponding author
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Chemical reactions used for the preparation of polyimide foams

The cyclization of a polyamic acid can be carried out in solution by treatment with
acetic anhydride and a tertiary amine. Oxalic acid introduced into the reaction medium
is decomposed by acetic anhydride leading to carbon monoxide evolution which gives
an insoluble foam (3).

The condensation of a tetracarboxylic dialkyl diester with a mixture of diamines
in alcoholic solution gives a prepolymer powder after work up. Upon heating, a melt
condensation takes place with water and alcohol evolution in the viscous medium to
give the expanded material (4).

The reaction of a dianhydride with a diisocyanate leads to an unstable cyclic
intermediate which evolves carbon dioxide during the gelation due to polyimide
formation (5).

Copolyimides containing aromatic and aliphatic moieties can be obtained
according to a substitution evolving g-caprolactam during the melt condensation. This
process was claimed for the production of expanded thermoplastic materials (6).

Linear polyimides carrying an hydroxyl group smoothly react with the
tertiobutyl dicarbonate in y-butyrolactone solution. The resulting solution of modified
polyimide with a pending tert-butyl carbonate substituent is casted and the obtained
film is dried. Upon heating to 250 °C, the carbonate group decomposes with evolution
of carbon dioxide and isobutylene, both playing the role of blowing agent (7).

Some copolymers containing a thermostable polyimide block and a
thermolabile block such as poly-a-methylstyrene or polypropylene oxide were prepared
in solution and casted. During the film formation, a phase segregation takes place
between the blocks. Upon heating the thermal decomposition of the labile block occurs
to form low molecular weight products which evolve with formation of nanovoids in
the films (8). Similar results were obtained when a labile phase was grafted on the
polyimide backbone (9).

Polyimide foam formation using miscellaneous technologies

Syntactic foams were obtained when hollow glass microspheres were blended with a
linear polyimide (10). Polyimide foams having non uniform density were chopped into
flakes which were mixed with linear polyimide precursors. The blends were molded
and cured to give another type of syntactic foams (11).

The thermal insulation and flame resistance of polyimide foams were improved
by dispersion of inorganic particles like vermiculite or titane dioxide in the precursor
(12).

An interesting approach is based on the impregnation of a reticulated thermally
degradable foam such as polyurethane by a polyimide precursor in a mould. After
curing of the polyimide, the reticulated thermolabile moiety was decomposed on
heating below the degradation temperature of the polyimide. The low molecular weight
products formed during decomposition of the polyurethane matrix are vaporized with
formation of voids (13).

The formation of foams was also claimed by extrusion at 350 °C of a
thermoplastic polyimide containing a blowing agent such as phthalic anhydride (14).
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Polymerization mechanism of nadimide end-capped oligomers

Since the seventies, telechelic imide oligomers with maleimide, nadimide or acetylene
end caping groups were used as structural materials due to their better processability
than the linear polyimide one (15). For example, bis nadimides (NAD) allow the
preparation of composites with carbon fibers or clothes, which retain their mechanical
properties up to 330 °C.

As early as 1971, Serafini et al (16) suggested that the nadimide
polymerization takes place through a reverse Diels-Alder (rDA) reaction forming
maleimide (MAL) and cyclopentadiene (CDP) which could polymerize together. Later,
Wilson et al. (17) and Ritchey et al. (18) confirmed the rDA mechanism but pointed
out that CPD and MAL do not copolymerize ; they concluded that CPD reacts with
NAD giving dicycloadducts (DCA), so the crosslinked network comes from the
copolymerization of all insaturated species (MAL, NAD and DCA) (Scheme 1).

0 0
DA
N—Ar T—= @ + EiN—Ar
(o} o)
NAD CPD MAL
o} 0
D - O —
o} o)
CPD NAD DCA

Polymerization = MAL + NAD + DCA

Scheme 1

The cyclopentadiene is a very low boiling point liquid and its controlled
evolution during the nadimide thermal polymerization may act as a blowing agent. So,
the thermal behaviour of the nadimide group was investigated in details in our
laboratory. The rDA reaction occurs at temperatures as low as 160 °C (19) and is
governing the endo (N) - exo (X) isomerization of the nadimide. The N-X
isomerization starts as early as 180 °C even in the crystalline state (20). Mass
spectrometry analyses allowed to determine the microstructure of a mononamide
polymer obtained by curing at 310 °C under pressure (21). Each individual polymeric
product contains MAL, NAD and polycycloadduct (PCA) (Scheme 2).
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Scheme 2

From these results it was concluded that maleimide is always the
polymerization initiator (Scheme 3).

DA
NAD — MAL + CPD

T

MAL + MAL CPD + MAL DA Mass
Radicalar <+— NAD NAD —>  increase
copolymerization CA CA Pressure CA
Without
external
pressure
Release
as a gas
Scheme 3

The first step is the rDA reaction. Reaction being carried out under pressure (in
a sealed tube), the CPD recombines either with MAL or with NAD which is the major
constituent of the medium ; but the CPD can also react with the produced cycloadducts
leading to the polycycloadducts. Such a polydiene synthesis is limited by the radical
polymerization initiated by maleimide (at around 200 °C) which is able to coplymerize
in the molten state with all the cycloolefinic species available in the medium (Scheme
3).

In another respect, it was also established that at a given temperature, the CPD
evolution is pressure dependent (20). The main conclusions of these studies are
summarized in Table I.

According to these observations, a CPD evolution can be expected (as a
function of both temperature and pression) during the melt polymerization without
external pressure of an oligomeric bis nadimide.
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Table L Outstanding features of nadimide thermal polymerization mechanism

Temperature (°C) Reaction features
160 rDA-DA equilibrium under kinetic control giving endo-nadimide
alone (19)
180 rDA-DA equilibrium under thermodynamic control: formation

of endo and exo nadimides (19) even in a crystalline state (20)

200 Maleimide coming from rDA initiates the polymerization process
leading to the following structure (MAL)., (NAD), (CA), (21)

210 The cyclopentadiene may evolve with pressure dependent
yields (20)
Experimental
Instrumentation

'H NMR spectra were recorded on a Bruker DRX 400 using DMSO-ds solutions.
Chemical shifts are given in ppm relative to internal tetramethylsilane (TMS). Size
exclusion chromatography (SEC) analyses were carried out on a device equipped with
a Waters 510 pump and a R 410 differential refractometer using THF as a mobile
phase. The stationary phase was PSS gel mixed B (120 cm). Results are given relative
to polystyrene standards. Thermal gravimetric analyses (TGA) were performed on a
TG 209 Netzsch using 10-15 mg of the sample with a 10 °C.min"' heating rate and in
argon atmosphere. The complex viscosity (n*) and shear modulus (G*) were recorded
on resin powders on a RMS 800 Rheometrics viscoelasticimeter equipped with two
parallel plates. The sample thickness was 1.12 mm, the strain was 5 %, the rate was 2
rad.s” and heating rate was 10 °C.min". The curves were recorded in the 200-330 °C
temperature range. Thermomechanical analyses (TMA) were measured on TMA 40
Mettler. Heating rate was 5 °C.min"' and penetrating strength was O.3 N. The scanning
electron microscope (SEM) pictures were carried out with a JSM 35 Jeol at an
accelerating voltage of 20 kV on various BBN foam specimens. Mechanical properties,
such as compressive strength were measured using a 1175 Instron extensiometer.
Flammability of the foams were determined according to the UL 94 standard.

Starting materials

Benzophenone tetracarboxylic dianhydride (BTDA) (Chemie Linz) treated with
methanol at 50 °C for 4 hours gave a regioisomeric mixture of benzophenone
tetracarboxylic diacid dimethylesters (BTDE). This mixture was hydrogenated using
hydrogen and 5% palladium on charcoal (Engelhart) as a catalyst to form benhydrol
tetracarboxylic diacid dimethyl esters (BHTDE) (mixture of isomers). Temperature
was maintained below 30° C and the reaction was HPLC monitored and stopped when
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about 95% of BTDE were transformed (Ca. 4 hrs). After filtration, the BHTDE was
kept in solution, stored in a refrigerator and titrated before use.

4 4'-methylene diamiline (MDA) was used as received from BASF (reagent
grade).Udel P 1700 N, a polyethersulfone was purchased from General Electric.10312
Silicone, a polymethylphenyl siloxane was purchased from Rhone-Poulenc.

Preparation of a,aw-(oligobenzhydrolimide) bisnadimides of theoretical average
molecular weight (M) 1000 and 1500 D
The molecular ratio of the reactants were calculated for both theoretical molecular

weight.

M=1500D BHTDE 2.075 moles M : 388
MDA 3.075 moles M: 198
NE 2.00 moles M: 196
M =1000 D BHTDE 1.047 moles
MDA 2.047 moles
NE 2.00 moles

Nadic anhydride (Fluka) is dissolved into methanol (50% in weight) in a reactor
equipped with a mechanical stirring and a nitrogen circulation. The solution was kept
at 80° C for 4 hrs and after cooling the titrated solution of BHTDE was added. Then,
the MDA was introduced, followed by the solvent (N-methyl pyrrolidone (NMP) or
diglyme, concentation : 60 weight %). The solution was stepwise heated in order to
remove methanol and finally kept at 140 °C (diglyme) or 160 °C (NMP). After cooling,
the solution was poured into water and the precipitate filtered, washed five times with
water. Powder drying was carried out in an oven under vacuum. Temperature and
vacuum were stepwise increased to reach 160 °C and O.1 mbar respectively. Drying
was monitored by '"H NMR (total disappearance of the solvent proton signals at 3.3,
3.4 and 3.5 ppm for diglyme and 1.9, 2.2, 2.7 and 3.3 ppm for NMP.

For preparing the foams, BBNs were blended with 3 weight % of UDEL P
1700 N or 10312 SILICONE. The blending was performed in an NMP solution
followed by precipitation in water and worked up as it was described for the unblended
BBN.

Safety

Preparation of BBN involves the 4,4'-diamino diphenylmethane (MDA) which must be
handled according to the safety rules recommended for aromatic diamines. Toxical
determination concerning the BBN 1500 were performed at International Center of
Toxicology (CET) PO BOX 563 - 27005 EVREUX (France). Tests concerning skin
sensitization, acute toxicity by dermal and oral route, primary eye irritation, reverse
mutation (Ames test) allowed to conclude to the non-toxicity of BBN oligomers.
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Results and Discussion

Bis-(oligobenzhydrolimides)-nadimide : preparation and characterization
The formation of expanded polymeric structure needs an optimal rheological behavior
during the process. If the viscosity is too low, the foaming agent evolves without
foaming effect ; if the viscosity is too high, the foaming agent does not evolve
homogeneously. A thermosetting system creates an additional problem due to viscosity
increase which is a function of the crosslinking extend. So a bis-nadimide candidate
must exhibit a viscoelastic behavior when polymerization starts.

BBN is a soluble fully cyclized bis-nadimide which was used to develop high
performance composites (22). BBN are obtained according to the following
experimental process (Scheme 4).

o)
OH HN, NH,
OCH;
NE MDA

1) Diglyme or NMP / 160°C
l 2) Water precipitation and washing
3) Filtration and drying

,;ﬁ:g Q gjkq

n=0: MDA Bisnadimide 1n=1.047: BBN 1000 n=2.075: BBN 1500

Scheme 4

Benzophenone tetracarboxylic anhydride treated with methanol gave an
isomeric mixture of dimethyl esters which was reduced by hydrogen using 5%
palladium on charcoal as a catalyst. The regio-isomeric mixture of benzhydrol
tetracarboxylic diacid dimethyl ester was then reacted with 4,4'-methylenedianiline and
nadic acid monomethyl ester. The monomeric molar ratios were determined to obtain
two oligomers with a theoretical polycondensation degree (n) of 2.075 (M : 1500
g/mol) BBN 1500 and 1.047 (M = 1000 g/mol) BBN 1000. The condensation and
cyclization reactions were conducted in diglyme or N-methylpyrrolidone (NMP)
solution with a 60 % (weight) concentration.

Structural characterization was done through NMR spectroscopy. Based on the
signals of the methylene of MDA units, 'H NMR spectroscopy allowed to determine
the proportions of n = 0 and n = 1 species in the BBN resins. 'H NMR spectrum of
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Figure 1: Dried BBN 1500 (Endo): '"H NMR spectrum (500 MHz)

BBN 1500 showed that the oligomer mixture contains Ca. 40 % (molar) of bis-
nadimide of MDA. The signal of the proton carried by the nadic groups allows to
determine M, (Figure 1).

Similar analyses were done with BBN 1000 (Figure 2).

These results were confirmed by the size exclusion chromatography (SEC)
analyses which gave an M, of 1492 for the BBN 1500 and an M, of 860 for the BBN
1000 (Figure 3).

It was demonstrated from the thermogravimetric analyses (TGA) (coupled with
a mass spectrometer) of the BBN 1500 powder (Figure 4) that the onset temperature
of the cyclopentadiene evolution is around 270 °C and the maximum one is 300 °C.

The rheological profile of BBN 1500 powder obtained as a function of
temperature (Figure 5) indicates a viscosity minimum around 275 °C and a crossover
of the loss and storage module curves near 300 °C.

From these two kinds of measurements it is shown that the maximum rate of
cyclopentadiene evolution is taking place at a temperature very close to the gel point
one. So, such a controlled evolution of cyclopentadiene can be used for the preparation
of foams.
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Figure 2: Dried BBN 1000 (Endo): 'H NMR spectrum (400 MHz)
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Figure 3: Size exclusion chromatography of BBN 1500 and BBN 1000
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Figure 5: Rheological analysis of BBN 1500
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Foam formulation and preparation

Foams were prepared in an aluminium mould (Figure 6). The weight of the powder and
the volume of the mould control the foam density. The neat BBNs or the blended
BBNs (with 3 weight % of UDEL or SILICONE) thoroughly dried were put on the
bottom of the mould which is introduced into a preheated oven at 300 °C and left at
this temperature for 7 hrs.

The foams prepared from the neat BBN 1500 and BBN 1000 were very brittle
and it was not possible to measure any mechanical property. The bad toughness of the
highly crosslinked rigid networks is a well known behavior. However, it was
demonstrated that the fracture toughness of a crosslinked nadimide can be improved by
blending with a linear aromatic polymer. The resulting semi-interpenetrated (semi IPN)
network improves the mechanical properties without detrimental effect on the thermal
stability (23).

This concept was applied for the foam preparation but in order to avoid an
important increase in the melt viscosity, both thermoplastic polymers (UDEL and
SILICONE) were used at low concentration. Viscosities determined at 264 °C are
given in Table II.

It can be pointed out that introduction of linear polymers does not affect
significantly the melt viscosity. On the other hand, the lower viscosity of the BBN 1000
can be adjusted by a precure at 255 °C (below the cyclopentadiene evolution).

Foams properties

Different foams with a density ranging from 50 to 400 kg/m® (3 to 25 Ib/f’) were
prepared from BBN 1000 and BBN 1500 blended with a polyether sulfone or a
polysiloxane.

Aluminium plates
4 mm thick
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2 mm thick
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Figure 6: Mould used to prepare BBN foams
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Table IL BBN 1000 and BBN 1500 melt viscosity before curing and glass transition

after curing
BBN Added Viscosity  Viscosity after precure at  Foam glass
type  linear polymer at 264 °C 255 °C transition after
(MPa.s") curing”’
(weight %)  (MPa.s') 1.5 hrs 4 hrs (°C)
1500 - 300 - - 300-310
1000 - 5 - - 320-330
1500 UDEL 380 - - 310
P1700N (3%)
1500 Silicone 160 - - 310
10312 (3%)
1000 Silicone 5 80 300 320
10312 (3%)
“" 300 °C for 7 hrs

The morphologies of the foams can be observed by scanning electron
microscopy. In Figure 7 is shown the picture of three foams with different densities :
the cell size distribution is more homogeneous for the highest foam density. For that
foam, the average diameter cell size is in the range of 200 micrometers.

The foam glass transitions are given in Table II. For each system, only one Tg
was observed ; however due to the low concentration of the linear polymer, it is not
possible to assume that the bis-nadimide thermoset and the linear polymer are miscible.
In another respect, as expected the lowest molecular weight BBN led to the foam with
the highest Tg. The moisture uptake as a function of time (Figure 8) shows that the
equilibrium is reached after less that 2 hrs and only 2.5% of water is absorbed. The
same moisture uptake was observed for the BBN crosslinked powder. The water is
fastly desorbed by heating, as shown by TGA determination (Figure 9) and the onset of
decomposition occurs at about 350 °C. A similar behavior was observed for all types of
foam coming either from BBN 1500 or BBN 1000. The thermal conductivity between
25 and 250 °C of the BBN 1500-UDEL foams are ranging from 0.05 to 0.11 W/(m.K).

A comparison of the compressive strength as a function of the density in the
case of a BBN 1500 toughened either with UDEL or with SILICONE showed a similar
behavior for both materials (Figure 10) and the foam with a density of 300 kg/m3
exhibits an interesting compressive strength up to 300 °C (Figure 11), probably due to
the high Tg of the crosslinked BBN.
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Figure 7: Scanning electronic microscopy of various densities foams (3 %
silicone 10312 BBN 1500)
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Figure 8: Moisture uptake versus time for 3 % silicone 10312 BBN 1500
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Figure 9: Polyimide foam thermogravimetry of 3 % UDEL P1700N BBN 1500
foam (density: 200 kg/m®)
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Figure 10: Compressive strength versus density for 3 % UDEL P1700N (o) and
03 % silicone 10312 (x) BBN 1500 foams
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Figure 11: Compressive strength versus density at 23 °C (o) and 300 °C (x)
for 3 % silicone 10312 BBN 1500 foams
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Figure 12: 3 % silicone BBN 1500 foam (density: 300 kg/m’): backside sample
temperature versus time (flame distance 135 cm)

The flame proof character and the insulating properties of a material with a
density of 300 kg/m® was evidenced, using the following test : a 6 cm thick specimen
was put in front of a burned flame at 850 °C ; after 40 min the face in front of the flame
was black, but unburned, and the backside temperature was only 40 °C (Figure 12).
Using the same conditions, a phenolic foam gave similar results.

Conclusions

The polymerization features of the nadimide end-capped benzhydrolimide oligomers
offer the possibility of preparing thermostable crosslinked foams. A small quantity of
gazeous cyclopentadiene produced by a side reaction evolves during the gelation of the
network and plays the role of an in situ generated blowing agent.

The foams were prepared according to a very simple process based on the
heating of a powder containing 97 % of BBN and 3 % of linear polymer. The density
of the foam is only governed by the weight of the precursor and the volume of the
mould.

The non-flammable foams exhibit nice insulating character and retain their
mechanical properties up to 300 °C.
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Chapter 5

Extruded Polyester Foams

Kishan C. Khemani

Research Laboratories, Eastman Chemical Company, 200 South Wilcox Drive,
Kingsport, TN 37662

An overview of the physical aspects of the fundamental requirements
for extrusion foaming a polyester resin is presented along with a
discussion of the various proven methods as reported in the literature.
This is followed by a discussion of some newer methods of rendering
polyesters foamable developed in more recent years. These include the
use of monomeric and polymeric branching agents, and of polymeric
concentrates containing monomeric branching agents. For foamed
polyesters, the extractable issue which is particularly relevant for food
packaging applications, is also addressed and some ways to reduce the
level of these extractions / migrations of the additives in the food items
are discussed and demonstrated.

Polyester foams have been the subject of intense curiosity and discussion for over a
decade now. As evidenced by increased research and development activity in several
academic and industrial institutions, interest in this field has been steadily growing.
Polyesters such as poly(ethylene terephthalate) (PET) have a much higher
density (e.g. about 1.33 g/cc) than many other polymers. Therefore, it is desirable to
be able to foam polyester materials to decrease the weight of molded parts, films,
sheets, food trays, and the like. These foamed articles would also have better
insulating properties than unfoamed articles. Interest in Polyester foam is also driven
by its potential in niche markets (particularly in the food packaging industry) which
require potential recyclability and high-temperature capabilities that the unfoamed
polyesters provide. Such markets could include current CPET (crystallized PET)
markets (which has lately seen volume erosions to other packaging products such as
the coated paperboard), the deli and meat tray markets requiring ovenability and
microwavability, the bake-in packaging market (for muffins, doughnuts, pizzas, cakes
etc.), and more recently in the modified and controlled atmosphere packaging markets
(for improving the shelf lives of fresh meats, salads, fruits, vegetables, baked goods
and pre-cooked pastas etc.). It is estimated that the total market potential for foamed
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polyester in food packaging may be a moderate 15-20 million pounds per year (I).
Other markets such as the automotive and the construction industries is a distinct
possibility as well, but may be hard to penetrate due to the presence of other well
established products such as foamed polystyrene, polyurethane, polyvinyl chloride,
polyethylene, phenolics and ABS. For the sake of discussion in this paper, two
specific product grades may be arbitrarily defined as the medium density polyester
foam (having a density reduction of 20-55%, i.e. to 0.6-1.1 g/cc) and the low density
polyester foam (having a density reduction of 55-98%, i.e. to 0.03-0.6 g/cc). Of
course, different markets would require one or the other of these grades of foams,
and/or an intermediate grade, or even a combination thereof, as in a co-extruded or
laminated foamed article.

An additional point of interest and importance for polyester foams, made for
food packaging applications in particular, is that these foamable compositions should
be made with any added additives which either do not extract at all or are extracted in
extremely low levels into the packaged food products under the intended use
conditions and thus meet the established regulatory guidelines. Obviously, such
leaching or migration of any chemicals into the food items is extremely undesirable.

Background

General Difficulties. The task of extrusion foaming of any polymeric material is
not easily achieved. It is difficult to foam polyesters in particular because of their
crystalline nature, low melt viscosity and low melt strength. The polyester melt is
thus incapable of effectively retaining the bubbles of an expanding blowing agent. The
high melting points of polyesters is an additional disadvantage, since they do have a
known propensity to thermal (Scheme 1) (2-7) and/or thermo-oxidative degradation
(Scheme 2) (8-11) at very high processing temperatures (temperatures of 260-290°C
is typically used for the extrusion processing of most polyesters). The ultimate
outcome of all of these degradation routes is the loss of molecular weight and the
formation of the various by-products identified in these two schemes. It is therefore
desirable to be able to provide polyester compositions which are more stable and
could be foamed easily and preferably using the conventional foaming systems.

How Does One Approach? Scheme 3 summarizes the overall resin, nucleation,
blowing agent, as well as equipment (extruder, die and screw) requirements for
producing a polymeric foam via the extrusion process (/2). Some important
Thermoforming and Recycle/Regrind issues are also captured in this comprehensive
scheme. Under each heading is listed what are considered the attributes necessary for
successful extrusion foam production. The key properties of the foam which are
directly affected by the materials/processing requirements are listed under the subtitle
Foam Responses. This scheme shows that extrusion foam production and processing
is at best a very complex operation. The material requirements are obviously central
to the whole foaming issue and will be dealt with in some detail for polyesters and
copolyesters in this chapter, following a brief discussion of the other necessary parts
of a foaming technology such as the cell nucleators, blowing agents and of course, the
equipment.
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Scheme 1: Thermal Degradation routes for Polyesters
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Cell Nucleators. The shape, size and distribution of the voided cells in the
foam is a direct consequence of the type, size, and distribution of the cell nucleator
used in foam production, and thus the choice of the cell nucleator is very important.
It is especially so due to the fact that the physical properties of the foam are heavily
governed by its cellular structure. Some examples of cell nucleators more commonly
used in the foam industry are microfine talc, TiO,, fumed silica etc.. Chemical
blowing agents are also often used in conjunction with the gaseous blowing agents,
since their decomposition by-products act as in-situ nucleation sites often resulting in
finer cellular structure in the final product.

Blowing Agents. Choosing the right blowing agent gas is important. The
three key properties to consider with respect to the resin being foamed are the
solubility, permeability and diffusivity of the gas in the polymer being foamed under
the foam processing conditions. Other factors to be considered include the location of
the gas injection port, the gas injection pressure and its ease of dispersion in the melt,
and the operating extruder pressure. The combination of all of these factors dictates
the equilibrium conditions in the gas laden melt at the extrusion temperature. Suitable
physical blowing agents for foaming of polyesters include inert gases, such as N,
CO,; volatile hydrocarbons having boiling points between -40°C to +45°C, such as
propane, butane and i-pentane; and, HFC’s and HCFC’s. Mixtures of blowing
agents can also be used. Blowing agents are typically used in small amounts ranging
anywhere from 0.1 wt% to 5 wt% depending upon the required degree of foaming.
Chemical blowing agents have also been used as discussed later in this chapter.

Equipment Considerations. The three most important parts of any foam
extrusion technique commonly used to foam polymers include a suitable extruder, a
screw and adie. Normally the desired attributes of a particular foam product would
dictate certain specific equipment requirements. Some important processing
parameters with respect to the extruder, screw and die are listed in Scheme 3.

A simple equipment set-up for a foam extrusion process consists of a single
extruder, preferably one having a high length to diameter ratio (L/D of 30:1 or more), a
liquid or gas blowing-agent injection system consisting of a pump or a pressurized gas
cylinder with injector valves, a die to shape the foam, a cooling unit such as a mandrel
and a take-up system to collect the extruded foamed product. In such a process
typically a two-stage screw, and a flat-sheet die is used. A schematic of this set-up is
shown in Figure 1. The polymer and desired additives are metered-in at the feed
section of the extruder. The polymer composition is melted and mixed in the
transition section of the screw and the blowing agent is injected. The polymeric melt
containing a specific mixed-in ratio of dissolved and dispersed blowing agent, which
depends on several factors including the type of resin and blowing gas, temperature,
pressure and other specific extrusion conditions, is then extruded through the die.
Upon exiting the die, the melt expands, and the foam sheet is optionally shaped,
cooled and collected. The temperature profile on the extruder is chosen such that the
polymer is in a molten state prior to the injection of the blowing agent. The
temperatures of the extruder zones past the gas-injection port, the (optional) static
mixer section and the die, are generally set at the cooler side so as to allow for
adequate cooling of the gas-laden melt prior to exiting the die, which is necessary for
cell expansion without coalescence. The flat sheet die permits only a two dimensional
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Figure 1. Schematics of single barrel and tandem foam extruders.
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expansion of the extrudate and thus limits the degree of foaming achievable by this
process. There has been some talk about using an arch die (a half moon shaped die)
and a cooling mandrel with this set-up for obtaining an improved degree of foaming.

From foam industry point of view, however, a more commonly used foam
extrusion process employs two extruders operating in tandem. An annular die is
normally used with this set-up. A schematic is shown in the lower half of Figure 1.
In this process the polymer and any additives are melted and mixed in a primary
extruder, which is typically equipped with a high shear mixing screw. The gas or
liquid blowing agent is injected near the end of this primary extruder. The
melt/blowing agent composition is then transferred by means of a static heated tube
generally referred to as the crossover section, to the feed section of the secondary
extruder. The main purpose of this secondary extruder is to cool the gas-laden melt to
an optimum melt temperature and pressure while transferring it to the annular die for
foam formation without cell-coalescence. For this reason, typically the secondary
extruder is of a much larger diameter than the primary extruder. A cooling mandrel is
used immediately past the die to rapidly quench the expanding melt. The use of the
annular die and the cooling mandrel allows for a three-dimensional expansion of the
extrudate in a controlled manner, thereby allowing for the production of foams of very
low densities. The extruded and expanded circular foam tube is typically slit at one
(or two) point(s) and rolled-up as one (or two) foam sheet(s) using conventional take-
up systems. The tandem extruder set-up normally allows for excellent control of
process variables, and its use is the industry standard for making very low density
polystyrene foams.

For either of these two processes, the key to any polymeric foam processing
is to find and control the processing window in the terms of composition,
temperatures and pressures etc., such as to avoid the foaming to occur inside the
extruder or the die. This is necessary to obtain good surface quality in the foam sheet
or article. If foaming is allowed to occur within the equipment, then the outcome is
generally a very rough surface texture due to extensive corrugation and cell ruptures.
In an ideal situation the clear unfoamed gas-laden melt extrudate can be visually seen
immediately outside the die lips for a fleeting moment just before it starts to foam and
turns opaque.

Polyester and Copolyester Foams

As mentioned above and also shown in Scheme 3, most semi-crystalline polyesters
are generally at a disadvantage from melt strength and melt viscosity point of view.
To get around this deficiency, one needs to consider either reactive extrusion with
branching agents or the use of a pre-branched resin.

However, there have been reports of foaming very high molecular weight
polyesters (inherent viscosity of 0.95 dl/g or more) to an upper medium density range
using external cell nucleating agents and a gaseous blowing agent (e.g. nitrogen) (I3).
A slightly different approach uses a moderate inherent viscosity (0.73 dl/g) polyester
which is first reinforced with glass- fiber via melt-compounding and then foamed using
chemical blowing agents (/4). There is also another report in the literature where
small amounts of a polycarbonate is melt blended with a high molecular weight
polyester, and then the polycarbonate is thermally decomposed to release gaseous
blowing agents (CO,, CO) in-situ whereupon foaming of the polyester occurs to yield
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a medium density foam (15). Unbranched polyesters blended with elastomers have
also been foamed to some extent using chemical and physical blowing agents; the
elastomers reportedly help in the foaming due to their substantial stretchability and
deformability (16-17).

Amorphous polyesters, such as Eastman Eastar PETG 6763 copolyester,
also have much better rheological properties and thus may also be foamed readily to a
low or medium density foam using chemical and/or physical blowing agents without
any branching treatments. Eastman Eastar PETG is a glycol modified copolyester,
which is a clear amorphous polymer with a glass transition temperature of about 81°C
as determined by DSC. Thus it has been reported that the commercially available
organic acid - carbonate salt containing chemical blowing agents work well with this
copolyester as it is much more tolerant to the water by-product generated from it
(18), as compared to most of the other semi-crystalline polyesters and copolyesters.
Normally the water molecule hydrolyzes the ester linkage of polyesters at the high
(processing) temperatures and results in a reduction of the molecular weight due to
chain cleavage. A scanning electron micrograph of a medium density PETG foam
sample foamed using Hydrocerol HK40B, an organic acid - carbonate salt type
chemical blowing agent, is shown in Figure 2 (19) (the small cell diameter obtained by
this process is notable). There is one report, however, which even discusses the use
of these same types of chemical blowing agents with linear semi-crystalline
polyesters in the presence of polycarbonate polymers, which reportedly counteracts
the water-related degradation in the polyesters to allow successful production of
foamed polyester fibers (20). Use of other types of chemical blowing agents such as,
S-phenyltetrazole, isatoic anhydride, azodicarbonamide, p-toluenesulfonyl
semicarbazide etc., which do not evolve water by-product, with linear polyesters to
produce medium density foams have also been reported (21-23).

Polystyrene is another very good example of an amorphous polymer capable
of producing good quality low and medium density foams without the use of any
branching agents, and several billion pounds of polystyrene foam is produced
worldwide each year.

As mentioned previously, the melt rheological deficiencies of linear semi-
crystalline polyesters can generally be substantially improved by branching. During
the past several years, as a result of research and development work at several
academic and industrial institutions (see below and references 24-46), it has been
found that the polyester polymers can be foamed in the presence of physical and/or
chemical blowing agents when combined with branching agents (for increased melt
viscosity and melt strength) and cell nucleators.

Monomeric Branching Agents. The use of multifunctional (having two or more
functional groups) organic anhydrides, epoxides and isocyanates as branching agents
to enhance the physical properties of polyesters for the production of thick-walled
shaped articles by injection-molding has been reported as far back as 1971 (24). A
listing of several such branching agents used in more recent years for the purpose of
foaming polyesters is given in Scheme 4; however, only a few representative
examples are listed here and the reader is encouraged to look-up individual references,
24-39, for a more comprehensive list. As seen in Scheme 4, most commonly used
monomeric branching agents include tri- and tetra- carboxylic acids and anhydrides
such as tnmesic acid, pyromellitic acid, trimellitic anhydride and pyromellitic
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Figure 2. Scanning Electron Micrograph of a medium density PETG foam
sheet (density = 0.82 g/cc) (1 cm = 20 microns).
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Scheme 5: An example of the branching caused in Polyesters by PMDA
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dianhydride, or polyols such as trimethylolpropane and pentaerythritol, or a hybrid
of hydroxyl and carboxy! functional groups, or a polyepoxy compound.

These branching agents provide polyesters with increased melt viscosity and
melt strengths. Building of the polyester melt viscosity and melt strength with such a
branching agent can be easily achieved by incorporating them in the polyester matrix
by either of the following methods: (a) in a reactor during the polyester production,
or (b) by a combination of melt compounding and/or solid-stating techniques, or (c)
by reactive extrusion using an extruder. Several examples of each of these can be
found in the literature as discussed below. Some such reports mention the use of
branching agents such as trimellitic acid, pyromellitic acid (or their esters and
anhydrides), pentaerythritol, tris(2-hydroxyethyl)isocyanurate etc. in a reactor to
produce a branched polyester with enhanced rheology and foamability (235-28).
Similar branching agents have also been used in a combination of melt-blending and
solid-stating approach (method (b) above) to essentially accomplish the same sort of
results by imparting a level of branching in a linear polyester and thus improving its
melt strength and melt viscosity, and rendering it foamable (29-31). The last reactive
extrusion approach (method (c)) has also been explored intensively and there are
several reports in the literature which discuss using several of the above mentioned
multifunctional monomeric branching agents either in the powder form (32-34) or in
the form of concentrates in a polyester resin itself (35-36). One report even suggests
that a PET/polyanhydride composition is ideally suited for the recycling of PET
waste into panels of rigid foam (37). Along with the branching agents, use of
hydroxyalkyl trimellitic imides as comonomers have also been reported to further
enhance the mechanical and thermal properties of the polyesters produced (38).
Epoxy functional group containing branching agents of different varieties are also
described in the literature (39-40).

All of these various approaches convert the linear polyester into a partially
branched polyester. The branching action is a result of several reaction steps which
include the direct reaction of the polymer end-group with the branching agent, and
subsequent glycol transfer and transesterification reactions. Examples of this using
pyromellitic dianhydride and triglycidyl isocyanate as the branching agents are shown
in Scheme 5 and Scheme 6 respectively.

These branched polyesters have the melt strength and melt viscosity needed to
facilitate in cell formation which is initiated by an external cell nucleator, and in the
expansion necessary for density reduction during foaming. Additionally, in most
instances these modified resins also have an increased melt stability as well as
improved hardening and crystallization kinetics.

As mentioned in the introduction section, any foamable polyester composition
intended for use in food packaging applications should have very low (preferably
zero) levels of free or unreacted branching agent in order to avoid adverse leaching or
extraction into the food products per established regulatory compliance requirements.
Although there has been some conscious effort to address this issue (see for example,
references 35-36 and the following sections of this paper), much more work is needed
to satisfactorily allay these genuine concems. An obvious and easy solution to this
issue might be to co-extrude or laminate a thin solid skin layer of unbranched and
unfoamed food grade polyester onto the surfaces of such foamed packaging products.
As discussed in some detail below, the other approaches might be to use polymeric
branching agents where chain entanglements prevent them from migrations and
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extractions, or to use polymeric concentrates where (apparently) better control of the
branching agent reactivity ensures that all molecules are bound to the polymeric chains
and thus are rendered immobile.

Polymeric Branching Agents. It has been reported in the literature that olefinic
polymers containing anhydride functional groups can be used with advantage to foam
polycarbonates and polyesters using chemical blowing agents (41-42). Another
report makes use of aromatic polymeric branching agents to impart branching in linear
polyesters via transesterification reactions; thus the co-polycarbonate of bisphenol-A
and methyl-2,4-dihydroxybenzoate, for example, have been used, where the ester side
group is reportedly mainly responsible for the branching action (43).

As part of an effort in polyester foams, we have also evaluated the use of
polymeric branching agents such as the copolymers of ethylene with one of the
following functional comonomers: acrylic acid, methacrylic acid, alkyl acrylates, alkyl
methacrylates, vinyl alcohol, etc. (44). Examples of such polymers are shown in
Scheme 7. A combination of melt compounding and solid state polycondensation (i.e.
method (b) mentioned above) is used to accomplish the branching reactions of the
ethylene copolymers with the polyesters forming branched polymeric polyesters
which exhibit increased melt viscosity and melt strengths, and have significantly
improved foamability. As mentioned above, the branching action here is also a result
of several reaction steps which include the direct reaction of the polymer end-group
with the branching agent, and subsequent glycol transfer and transesterification
reactions (examples of this are shown in Schemes 8 and 9).

Thus the process for achieving this involves drying and melt compounding the
ethylene copolymer with the polyester in an extruder at temperatures in the range of
260°C to 290°C. Either a single screw extruder with mixing elements or a twin screw
extruder can be used. The extrudate is cooled and pelletized. These pellets are then
processed in a solid state polycondensation unit by circulating an inert gas, such as
nitrogen, through the pellets at temperatures in the range of about 200°C to 230°C.
The solid state polycondensation reaction is continued until the inherent viscosity
(IV) of the polymer blend reaches a value of >0.75 dl/g. The branched polyester has a
zero-shear melt viscosity (ASTM D4440) of above 5000 poise at 280°C and a melt
strength (ASTM D3835) of above -50%, which are typical values for some linear
polyesters. Depending upon the level and type of the ethylene copolymer used and
the extent of solid-state polycondensation reaction, a polyester treated in the above
manner may have melt viscosities in the range of 20,000 to 100,000 poise and melt
strengths in the range of -25 to +30%. The combination of melt compounding and
solid state polymerization is employed because polymerization in the melt phase to
high MW polyesters is significantly limited by the substantial increase in melt
viscosity of the branched polyesters. The melt eventually reaches a melt viscosity
that is difficult to handle. In conventional extruders used for melt compounding,
generally not enough time lapses to allow for sufficient branching reactions to occur
when using the aforementioned polymeric branching agents. The resulting polymer is
a ready-to-use branched polyester that is in a convenient pellet form for processing
into medium or low density foamed end products. Such branched polyesters may
then be mixed with extemal cell nucleating agents and gaseous blowing agents in an
extruder during foam processing. Typical examples of cell nucleating agents are talc
and TiO;, and of gas blowing agents are nitrogen, HFC's, HCFC's, etc.. We are
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currently in the process of conducting extraction studies to check migrations/
extractions of these additives into approved food simulating solvents.

Polymer Concentrates Containing Branching Agents. In yet another approach,
we have also developed several pre-compounded polymeric concentrates which
contain multifunctional reactive branching agents similar to the anhydrides and
epoxides listed in Scheme 4, and cell nucleating agents (45-46). These concentrates are
designed for convenience and can be easily used with any polyester or copolyester via
the reactive extrusion technique in order to enhance rheological properties for foaming
using externally injected gaseous blowing agents. Additionally, we have also found
that some of these concentrates produce foamed articles which have very low levels of
unreacted or free branching agents present in them (46).

These concentrates can be easily made by a melt-compounding process and
used as an additive in a polyester (e.g. Eastman PET 12440) for preparing a branched
polyester composition having a cell nucleator and increased melt strength and melt
viscosity, improved foamability, and an almost negligible level of the unreacted
branching agent. This approach in essence comprises of (a) the melt compounding of
a carrier resin such as a polyolefin with a cell nucleating agent and a branching agent,
and (b) blending the concentrates produced in (a) with the polyester in an extruder
followed by the injection of a gaseous blowing agent to produce low or medium
density foams. The branched polyester resulting from the use of these concentrates
has a zero-shear melt viscosity of above 5000 poise at 280°C and a melt strength of
above -50% which, as mentioned above, are typical values for some linear polyesters.
Depending upon the level and type of the concentrate used, a polyester/concentrate
melt blend may have melt viscosities in the range of 20,000 to 200,000 poise and melt
strengths in the range of -5 to +60%.

The foamed trays prepared from such polyester/concentrate compositions
have been subjected to extraction tests using food simulating solvents and were found
to contain less than 15 ppb of the unreacted and extractable additives. In order to
illustrate this more clearly, a summary of some representative data points from our
work is tabulated in Table I. In this table, the foam PET samples studied were
prepared using Eastman PET 12440 (IV 0.70 dl/g). This table lists the extraction data
for several of our foam tray samples made using the foam concentrates. The foam
trays produced in these examples were subjected to a complete extraction testing
protocol for evaluation of compliance with European Union (EU) regulations for
global (total) migration, antimony (Sb) migration, and branching agent (BA) migration
into food simulating solvents. The test protocol also provides for evaluation of BA
migration into food simulating solvents consistent with Food and Drug
Administration (FDA) guidelines (1988 Recommendations for Chemistry Data for
Indirect Additive Petitions). The calibration limit of our analytical procedure for the
test of extractable BA in food simulating solvents is 15 parts per billion (ppb).

Experiment 1 in Table I was conducted using a foam tandem extruder (3.5"
Primary and 4.5" Secondary Extruders, of L/D ratio of 30/1 each) and an annular die.
A pelletized polypropylene concentrate containing 20 wt% branching agent
(pyromellitic dianhydride) was used along with the Eastman PET 12440. The foamed
PET sheet made by this equipment was thermoformed in a subsequent step to
prepare the foam trays used in this extraction study. Details of this experiment are
given in the experimental section. Experiment 2 through 7 also used similar polymeric
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concentrates, but a single barrel sheet extruder (3.5" extruder having a L/D ratio of
24/1) modified for N gas injection was used instead of the tandem extruder.
Experiments 2 and 3 used an effective branching agent concentratica of 0.15 wt%, and
were conducted to study the effect of adding regrind to the system. This was done by
adding 30% unfoamed-regrind (typical for the foam industry) into each pass along
with the virgin PET and the foam concentrate in experiment 3; a total of five-passes
were made through the extruder. During the 5th pass, N, gas was injected into the
extruder to make the foamed sheet. The remaining experiments in this table were done
using low (experiments 4 & 6) and high (experiments 5 & 7) levels of a foam
concentrate made on a 83 mm Wemer and Pfleiderer trilobe twin screw extruder; the
effective branching agent level was 0.15 and 0.20 wt% respectively. Experiments 6 &
7 used the same concentrates as experiments 4 & 5, except that they were aged for
two months at room temperature under ambient conditions. The objective of these
experiments was (a) to check to see the scalability of the concentrate manufacturing
process, (b) to set the upper and lower limits of the level of foam concentrate
expected to be used to make foam PET, and (c) to see the effect of aging on the
efficacy of the concentrate. As the data shows, for all of these runs (1 through 7), the
branching agent migration was either undetectable or within the allowed limits, and the
trays complied with total (global) migration and antimony (Sb) migration as well.

Scanning electron micrographs of some PET foam sheet samples made in
experiment 1 are shown in Figures 3-5. As can be seen the cellular structure is fairly
uniform, evenly distributed and consists of closed cells in all three samples produced
which ranged in sheet thickness from 45 to 68 to 110 mils (1 mil = 1/1000 inch), and
had densities of 0.26, 0.24 and 0.30 g/cc respectively.

The Recyclability Question?

As mentioned in the introduction section, one of the attractive features of the
polyester foam might be its potential recyclability, as is well known for unfoamed
polyester products used in several applications. However, the question remains
whether a post-consumer, foamed and branched polyester containing branching agents
and other additives can really be recycled with ease using existing polyester recycle
streams? The possibility of redensifying foamed polyester parts by grinding,
followed by methanolysis to breakdown the polymer chains back into monomers is a
distinctly feasible solution since the technology to do so for unfoamed polyesters is
currently available; however, this has not been proven to work for foamed branched
polyesters. Clearly, much more work needs to be done to truly explore these and
other options before anything can be stated with certainty.

Summary

This article provides a comprehensive overview of the physical aspects of the
fundamental requirements for foaming a polyester resin, and a review of the various
proven methods of foaming polyesters as reported in the scientific and patent
literature over the past several years. This is followed by a discussion of the newer
results, which include the use of monomeric and polymeric branching agents, and of
polymeric concentrates containing reactive branching agents (for reactive extrusion)
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for rendering the polyesters foamable. The concemns around the leaching and
extraction of any additives from foamed polyester packaging trays intended for use in
food packaging applications is also discussed. Preliminary results from our
laboratories have shown that some viable methods of producing foamed polyesters
include the use of polymeric branching agents and the polymeric concentrates, and
also that the adverse migrations/extractions of the additives into the food products
may be curtailed by these approaches as well.

Experimental

Inherent viscosity (IV) is measured in a 60/40 solution of phenol/tetrachloroethane at
a concentration of 0.5 gram polymer per 100 ml, at 25°C. Molecular weight was
measured by size exclusion chromatography (SEC) (or gel permeation
chromatography, GPC). Melting point, % crystallinity, etc. were measured using a
differential scanning calorimeter (DSC) at a scan rate of 20°C per minute. Densities of
the foamed samples were measured using a pycnometer.

The polymeric concentrates discussed in the text were made at Eastman
Chemical Company by melt compounding using either a 30 mm Wemer and Pfleiderer
co-rotating twin screw extruder or a co-rotating 83 mm Wemer and Pfleiderer trilobe
twin screw extruder.

Melt strength was measured according to ASTM D3835 at 280°C by
extruding the molten polymer downward at a shear rate of 20 second’ through a
capillary die 0.1 inch in diameter and 0.25 inches long, using an Instron rheometer and
allowing the extrudate to 