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ABSTRACT
In order to meet requirements o f future NASA systems for advanced polymeric
cellular materials, research was undertaken to develop the next generation o f polyimide
foams which could be utilized as a reusable structural insulation on future Reusable
Launch Vehicle (RLV) Programs. This research activity focused on developing
polyimide foam and foam structures which were made using monomeric solutions or salt
solutions formed from the reaction o f a dianhydride and diamine dissolved in a mixture
o f foaming agents and alkyl alcohols. This process produced a precursor solid residuum
which could then be manufactured into foams, friable balloons and microspheres.
Polyimide foams and microspheres were produced from over twenty-five different solid
residuum precursors to densities ranging from 0.008 g/cc to 0.32 g/cc. Polyimide foams
made from the solid residuum and friable balloons were subjected to thermal,
mechanical, flammability, and combined environments testing.
High temperature polyimide microspheres were developed from polyimide solid
residuum by a simple inflation process using a circulating air oven. A geometric model
was developed to help understand the precursor solid residuum inflation mechanism by
using simple geometric rules for an incompressible polymeric material. Microsphere
mesostructure and inflation kinematics were analyzed visually and basic mechanical and
thermal testing was performed to understand the microsphere formation and final
physical properties.
This new foam technology allows for the processing o f polyimide neat or
syntactic foams, foam-filled honeycomb or other shapes, and microspheres, all o f which
could meet future NASA program requirements for advanced polymeric cellular
materials. These products can be used in a variety o f ways: flame retardant materials for
fire protection, thermal and acoustic insulation, gaskets and seals, vibration damping
pads, spacers in adhesives and sealants, extenders, and flow/leveling aids. Finally, data
generated from this research revealed vital information involving foam technology and
the importance o f chemical and cell structure. The degradation studies performed also
gave insight into the parameters most important to the performance o f these materials for
insulation and fire resistant structural components on future vehicles.
The original contribution o f this research has been the development o f synthetic
processes for the design and production o f advanced polymeric cellular materials; the
characterization o f their thermal and mechanical properties as a function o f density and
the development o f a model for cellular formation.

xiv
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CHAPTER I
INTRODUCTION

Foamed materials are widely utilized commodity products that help to improve
the quality o f life for people across the United States and the rest o f the world. High
performance foams are used in aircraft and buildings as thermal and acoustic insulation
and in some cases to prevent fires. More commodity foams are used as sponges and life
preservers. The use for foamed materials is very extensive, however, until recently the
ability for even specialty foams to be used in advanced launch vehicles has been limited
due to the requirements for a 21st Century vehicle. In this study, a recently developed
polyimide foam technology will be discussed from the synthesis o f the precursor through
the fabrication and testing o f the foam products.

History of Polym eric Foams

Foamed polymers, also known as cellular plastics or plastic foams, have been
important since primitive man began to use wood, a cellular form o f the polymer
cellulose [1.1]. Cellulose is derived from the Latin word cellula, which means very small
cell or room, and the polymer in its natural form exists mostly in its cellular form as seen
in wood and straw. The first commercial cellular polymer was sponge rubber, introduced
between 1910 and 1920 [1.2], Low density porous materials, otherwise known as foams,

2
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3
were first developed in the United States and Europe in the mid-to-late 1930’s [1.1]. The
term polymer foam or cellular polymer refers to a two-phase gas-solid system in which
the solid polymer is continuous and the gaseous cells are dispersed throughout the solid
[1.2],

Open-celled foams allow the gaseous cells to be interconnecting while a closed-

celled foam has discrete cells. In most cases the bulk density o f the foam is substantially
lower than the density o f the solid polymer, with low density foams considered to be
approximately 1/10 of the solid polymer density. Depending on the nature o f the cellular
structure and the density o f the foam, many different application needs can be fulfilled
[1.3].
Over the last decade the market for low-density cellular plastics has increased
considerably, the major product sectors being domestic, automotive, aerospace and
industrial [1.3]. Polymeric materials are foamed to meet various application needs, such
as weight-reduction, insulation, buoyancy, energy dissipation, conveyance, and comfort.
The reason for the growth in these areas is cost reduction, improved functional
performance, potential for integrated design, and governmental legislation [1.4]. These
polymeric foams can be produced by several different methods including extrusion,
compression molding, injection molding, reaction injection molding, and solid state
methods [1.2].
Rigid extruded and foamed polystyrene were first produced commercially in the
United States in the mid-1940’s [1.2], The production o f polyurethanes followed
polystyrene.

To produce foamed polystyrene, a solution o f polystyrene in methyl

chloride is heated above the normal boiling point o f the methyl chloride while under
pressure within an extruder barrel. As the material exits the barrel of the extruder, the
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solvent evaporates causing the gas phase to expand, simultaneously foaming the polymer
and cooling it below its glass transition temperature (Tg). Foaming and dimensional
stabilization are thus carried out in one step [1.5], This type o f polymeric foaming
utilizes a physical blowing agent, the methyl chloride, that is introduced into the solution
and allowed to boil off, but does not make a chemical bond to the polystyrene.

Later,

polystyrene foam was fabricated from beads in one o f the first closed mold operations.
The polystyrene was prefoamed into beads and later placed in a closed mold, where the
beads were allowed to expand further and fuse together as the temperature was raised
above Tg. This first example o f a closed mold foaming process allowed foams o f
virtually any shape to be formed as long as a mold could be constructed to form the part.
Concurrently, during the mid-1940’s, phenolic and urea-formaldehyde foams were
developed in Europe, but did not appear in the United States until the mid-1960’s and the
1970’s when the market for construction thermal insulation was expanded by the energy
crises o f the 1970’s [1.2],
Despite the outstanding properties o f the common polymeric foams, such as
excellent thermal and acoustic properties, high strength-to-weight ratios, cost
effectiveness, and availability in various forms (rigid, semi-rigid, flexible, and
reinforced), these materials suffer from certain disadvantages [1.2], Early polymeric
foams have been limited by their low use temperature, poor fire resistance (flammability
and toxic fume generation), inadequate dimensional stability, poor thermal aging
characteristics, friability, and susceptibility to degradation due to thermal cycling and UV
light [1.5],
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Based on a need for more fire resistance, less smoke generation, and higher
operating temperatures, foams o f polyimides, polybenzimidazoles, polypyrrones,
polyureas, polyphenylquinoxalines, and phenolic resins have been developed [1.2],
However, due to their high cost only the polyimide and phenolic foams have seen
commercial success.
One o f the earliest polyimide foam patents is credited to E I DuPont de Nemours,
Inc. (DuPont) in 1966 [1.6]. DuPont's patent describes a process whereby a solution o f a
polyamide acid (e.g. from ODA and PMDA) in the suitable solvent N,Ndimethylformamide (DMF) is prepared. To this solution a dehydrating agent, alone or in
combination with an amine, is added together with a gas-generating acid that, in the
presence of an anhydride / amine mixture, produces carbon monoxide. The gas bubbles
produced are uniformly dispersed mechanically in the solution. This type of foaming
process utilizes a chemical blowing agent, where upon mixing o f the acid to the
polyamide acid solution, bubbles are produced and a foam is formed.

The solution can

be foamed as a wet film on a moving belt or it can be injected into a mold and cured to
form a shaped object. Foam sheets from 0.005 to 10 inches in thickness were produced
with densities ranging from 2.5 to 25 lb/ft3. A follow-on patent in 1967 [1.7] expanded
on the earlier technology by claiming new blowing agents such as the use o f nitrogen gas,
carbon dioxide (CO 2), or mechanically frothing air to expand the polymer and cause a
foam to be produced. In this follow on patent, the inventors work shifted from chemical
blowing agents to the physical blowing agents where better control o f the cell structure
could be obtained due to the uniform distribution o f the blowing agent throughout the
polyamide acid.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

In 1969 Lavin and Serlin of Monsanto patented a process for preparing polyimide
foams by ball milling [1.8]. The ball milling process calls for a mixture to be formed
from a polycarboxylic component and a polyamine which has a volatiles content o f at
least 6.1%. The mixture is sprinkled in a tray and placed in an air oven at 300°C for 10
minutes to form tough, non-compressible, non-flammable foam having a density o f about
22 lb/ft3. The patent describes in detail the critical temperature where volatiles are
generated at a rate great enough to ensure that foaming occurs. It further states that in
order to have foaming at the critical temperature, the melt viscosity and rate o f
polymerization must be ideal. The addition o f pyridine to the ground mixture allows
foaming to occur at 250°C in 10 minutes due to increased rates o f reaction and volatiles
generation.

Lavin and Serlin verified the fundamental issues associated with using a

chemical blowing agent in this patent, as well as decomposition temperature and
minimum viscosity o f the polymer. In order to achieve success, Lavin and Serlin needed
to identify a polymer which, upon heating, decomposed at the temperature where the
polyimide viscosity is a minimum. Situations where this did not occur would result in
neat resin plaques with voids but not a true foam. Lavin and Serlin also verified the
limitation o f this type o f process because they were only able to foam to a density o f 22
lb/ft3. This would indicate that either the material did not maintain a low viscosity for a
long enough period or the blowing agent did not produce a large enough pressure upon
decomposition to reduce the density below 20 lb/ft3 where the foam would have many
more applications.
In 1968, Farrissey, Rose, and Carleton o f the Upjohn Company reported on their
efforts to initiate polyimide foam formation under ambient conditions by the reaction of
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polyisocyanates with difunctional anhydrides [1.2 & 1.9]. The reaction o f these two
components led to a two-part foaming system that yielded a polyimide and CO2 as its
blowing agent. The Upjohn product was never commercialized and it appears the main
focus o f the researchers was to study the effects o f solvents, catalysts, and added alcohol
on imide yields and CO2 generation. In order for foaming to occur the two components
are added together and stirred vigorously. The process was highly exothermic. The
foaming process was followed by volatile removal in vacuum and an additional heating
step at 200 - 230°C was applied. During the second heating step, a considerable reaction
exotherm was observed. Thick samples accounted for a DT o f 80 - 120°C above ambient
with some charring reported [1.9]. Maximum flame resistance o f the foam was not
obtained until the foam had experienced the exotherm and the imidization reaction was
completed.
In 1971 Lavin and Serlin were granted another patent for improvements to their
earlier technology [1.10].

They claimed a foam made from a mixture o f esters o f

3,3 ’,4,4 ’-B enzophenonetetracarboxylic acid (BTA) with poly amines. Two other main
differences were reported in this patent. The first difference was an increase in the
minimum volatiles content from 6% to 9%. The second difference was that the mixture
required heating to a minimum critical temperature which could support foaming and
polycondensation. In this patent Lavin and Serlin realized the shortcomings o f their
earlier patent and the need to reduce the density o f the foam below 22 Ib/f^pcf???. They
tried to accomplish this by increasing the volatile content by 3% and utilizing a blowing
agent that decomposes at the imidization temperature o f the precursor polymer.
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Presumably this would hold the minimum viscosity o f the system and would be the best
chance to obtain a low density foam.
In two reports to the National Aeronautics and Space Administration (NASA) in
1976, J. Gagliani o f Solar Turbines International described a process for making fireresistant polyimide foams [1.11 & 1.12]. Gagliani's foam precursor was made in a
similar manner in both reports. He described a process for forming a precursor from a
mixture o f diamines added to an alcoholic solution o f the half ester o f 3 ,3’,4,4’benzophenonetetracarboxylic acid (BTA) and reacted at 70 - 75°C to form a heavy syrup.
The syrup is heated in a circulating air oven at 82°C for 12 - 16 hours and transferred to a
vacuum oven at 80 - 90°C for 1 - 1.5 hours, thereby producing the polyimide precursor.
The primary difference between the two reports is the addition o f a multi-staged heating
cycle to enhance the foam products. Gagliani found that a lower temperature cure under
vacuum followed by a post cure at 315°C produced foams with the best properties.
During the period 1960 - 1970, most research effort was devoted to developing
technology which could produce polyimide foams over a range o f densities for a variety
o f anticipated applications. The majority o f the work involved the production o f a
polyimide precursor from an essentially equimolar mixture o f aromatic dianhydrides or
their half esters, and one or more primary diamines (usually aromatic) [1.2], In some
cases the polyimide precursors were prepared from physical mixtures o f solids or in
solvents that needed to be removed in order for the foaming to occur [1.8, 1.10, 1.11 &
1.12].

The polyimide precursor would then be subjected to a critical temperature

sufficient to enable the foaming process to begin through the blowing action o f gaseous
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condensation products released during the amidization and / or imidization reactions [1.2]
This heating was usually accomplished in thermal ovens and often under vacuum.
In the late 1970s, John Gagliani began a second program o f development with the
Imi-Tech Corporation. During this time he developed a new process for manufacturing
polyimide foams based on a microwave processing technique [1.13 - 1.15]. Gagliani's
process utilizes a polyimide precursor that is usually in powder form but can vary from a
liquid resin to a spreadable paste.

The microwave process is able to transform

polyimides into cellular structure by exciting the water molecules in the polyimide
precursor mixture and using the evolved gas to expand the polymer into foam.
However, despite a significant effort by Imi-Tech to improve their technology,
numerous process-related difficulties were encountered. The most serious problem was
the inability to achieve consistently high yields o f usable foam from the polyimide
precursors. The foamed polyimide left the oven in the form o f a bun with a rind "crust"
over its surface that was removed to expose the cellular material in the interior. This loss
in material produced a great amount o f waste, as well as blow-holes, striations, and other
physical defects that were often present in the buns. The production process was erratic
and consecutive runs made under the same conditions often gave markedly different
results.
In 1989, a patent was granted to Lee, Broemmelsiek, and Lanier that described
processes for improving the yield of polyimide foam from microwave processing [1.16].
This patent describes several processes to improve the quality o f the polyimide foam. In
one process, the microwave radiation is directed to all sides o f the polyimide precursor
except the underside surface. During the irradiation, the body o f the polyimide precursor
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and the developing foam structure are maintained under a microwave compatible and
vapor - impermeable shroud (e.g., PVC film), which does not impede development o f the
cellular structure. The combination o f these two ideas into a single process led to a
viable method for producing polyimide foam by microwave processing.

This was

possible because the new technique eliminated many o f the inhomogeneous elements in
the cellular structure.
In 1992 Lee, Lanier, Broemmelsiek, and Barringer were issued another patent
which describes a process for making foams o f a desired density [1.17], The patent
claimed that polyimide foams o f desired density can be made by adding to a polyimide
precursor at least one foam - enhancing polar, protic additive o f the formula ROH, (where
R is hydrogen or C l to C12 linear or branched alkyl or cycloalkyl, etc.), and heating the
resultant slurry to a temperature that does not exceed 105°C to form a homogeneous melt.
[1.2] When heated to a greater temperature (microwave radiation), the melt foams and
cures. The density o f the foam is affected by the amount o f foam enhancing additive that
is used.
The 1992 Lee patent, together with the teachings o f the previous patent, describe
in detail Imi-Tech1s microwave radiation technology [1.15]. The patents describe ImiTech's foaming technique as a process utilizing a spray-dried polyimide precursor powder
which is combined with an appropriate amount o f water to form a paste. The water is the
foam's enhancing additive and the correlation between weight percent added water and
resultant foam density is clearly shown [1.2].

Imi-Tech then utilized microwave

technology to excite the water molecules and begin the imidization reaction. To better
reduce the non-homogenous cell structure, Imi-Tech utilized a mixing bar inside their
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microwave to stir the microwave energy and ensure that the precursor paste was evenly
irradiated. The evolution of water vapor causes the paste to rise and form foam. The
range o f foam densities produced, however, encompass only the very low-density range
of about 0.14 to 0.55 pcf [1.2]. To the present date, Imi-Tech's microwave foaming
process is the state-of-the-art for low-density polyimide foams.
As late as 1978, the largest single application o f cellular polymers involved
comfort cushioning, and the market was dominated by flexible open-cell polyurethane
foam and to a lesser extent latex foam rubber. Thermal insulation was the second largest
application and was clearly the largest application for rigid closed-celled materials [1.2].
It is estimated that in 1995 almost 6 billion pounds o f foamed plastics were produced and
consumed in the United States alone, and it was projected that this usage would grow at 3
- 4% annual rate to about 7 billion pounds in the year 2000 [1.4], Currently, polyimide
foams are being utilized by shipbuilders, commercial aircraft manufactures, the space
industry and the market will continue to grow as the quality and variety o f polyimide
foams expands.

Motivation

High performance polyimides are used in the aerospace industry, for example, as
composite matrix materials and as adhesives to join metals to metals or metals to
composite structures. In addition, polyimides are rapidly finding new uses as foam
insulation for cryogenic applications and as structural foam for increased structural
stiffness without large weight increases in aerospace structures. For example, the X-33
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Single Stage to Orbit (SSO) Space Transportation Vehicle requires a lightweight
structural foam which retains its structural integrity at temperatures ranging from -250°C
to 250°C [1.18]. The High Speed Research Program required a low density core splice
material with a density o f 0.50 g/cc and also potting material with a density o f 0.56 g/cc
[1.19]. NASA has begun to develop the next generation polyimide foam which will take
advantage of these applications for such programs as the X-33 and Reusable Launch
Vehicle (RLV) which will replace the aging Space Shuttle fleet.
Polyimide foam materials have a number o f beneficial attributes which will find
application in the next generation o f space vehicles, such as high temperature and solvent
resistance, flame resistance, high modulus, chemical and hot water resistance, and the
like. Another area for application o f polyimide foams is in the manufacture o f low
density insulation and reinforcement for the maritime industry.
U. S. Patents No. 5,147,966 [1.20], 5,478,916 [1.21], 5,866,676 [1.22], 6,166,174
[1.23] and the works o f Jensen et al [1.24] disclose polyimides that can be melt processed
into various useful forms as coating, adhesives, composite matrix resins and films. These
polyimides are prepared from various diamines and dianhydrides in several different
solvents. The use o f anhydrides as endcapping agents are also disclosed in these patents
to control the molecular weight o f the polymer and, in turn, to make them easier to
process in molten form. The use o f ethers to make polyimide adhesives was disclosed in
U. S. Patent No. 4,065,345 [1.25], This patent demonstrates another method to produce
polyimide resin systems. Figure 1.1 shows the method by which the aforementioned
patents are processed into polyimides [1.26].
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Figure 1.1 Standard Imidization Process.

U.S. Patent No. 3,483,144 [1.8] discloses a process for making polyimide foam by
ball milling a mixture o f monomers. In all cases, the foams produced by this approach
are the result of diacids being dissolved by a diamine upon melting. The resultant
reaction produces water and thus foams the molten material. These foams, however, will
lack cell uniformity and will have a high density due to the small amount o f water being
produced during the reaction. Figure 1.2 illustrates the process to make foam by this
patent.
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Figure 1.2 Polyimide Foam by Ball Milling.

State-of-the-art technology for making foams from polyimides is disclosed in U.
S. Patents No. 5,298,531 [1.27], 5,122,546 [1.28], 5,077,318 [1.29], and 4,900,761 [1.30]
that utilized solutions o f diamines and dianhydrides mixed in with a low molecular
weight alkyl alcohol. Polyimide precursor solutions are then processed into foams
through the expulsion o f water and alcohol (R-OH) during the imidization process. In
these cases, the alcohol reacts with the dianhydride and forms a bond between itself and
the polyimide precursor. This resulting species is referred to as a dialkyl-diacid (DADA).
The aforementioned patents also illustrate the use o f blowing agents to aid in the foaming
process. The blowing agents utilized by these patents serve as a separate entity and
usually result in a foam that has a non-uniform cellular structure and has residual blowing
agent within its cell walls.

Figure 1.3 demonstrates the state o f the art in foam

technology.
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In a joint activity between NASA and Unitika LTD, foam and foam structures
were manufactured from a polyimide “salt-like” solution formed from the reaction o f a
dianhydride dissolved in a mixture o f ethers and various alkyl alcohols or tertiary amines
and alkyl alcohols at room temperature. This solution is treated at 70°C for 6 hours in
order to convert the dianhydride into a DADA complexed with ether by hydrogen
bonding. This hydrogen bonding occurs between the ether oxygen and the acid protons.
The resulting solution, DADA with hydrogen bonded ether, is mixed with a diamine and
stirred for 2 hours to yield a homogeneous polyimide precursor resin. In the case o f the
tertiary amine, a salt is formed which is stable at ambient conditions. Likewise, similar
polyimide foam precursors can be formed from tetracarboxylic acid (TA) dianhydrides or
diamines mixed in various ethers and alkyl alcohols. The solution is then charged into a
stainless-steel vat and treated at 70°C for 14 hours in order to evaporate excess solvent
(ether and alkyl alcohol). The resulting material is crushed into a fine powder (~2 to
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-2 0 0 mm). The powder is then heated to a temperature which will allow foaming and
imidization o f the powder. The presence o f the ether complex or the tertiary amine
stabilizes the monomeric reactants and inhibits chain growth and imidization to occur
until an elevated temperature is reached. This temperature will generally exceed the
temperature required for foaming used in the preparation o f state-of-the-art foams.
However, the hydrogen bonding that does occur between the ether and the DADA or TA
or the salt that forms from the tertiary amine causes the component materials to be
homogeneously mixed and thus an excellent cellular structure is obtained. Figure 1.4
illustrates the foaming process utilizing an ether and Figure 1.5 illustrates the foaming
process utilizing a tertiary amine in the current invention.
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Figure 1.4 Polyimide Foam from Ether Containing Monomeric Solutions.
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The need to produce high temperature polyimides into high quality, low density
foams is apparent. Foams o f various densities, strengths, thermal properties, etc., are
now required for future reusable launch vehicles, maritime ships, and commercial
aeronautics applications. The current work affords a technology which can produce high
quality foams o f various chemical make-ups, densities, thermal properties, and strengths,
etc., by utilizing the effects o f hydrogen bonding o f an ether with a DADA in a mixture
with diamines. The polyimide solid residuum can be foamed from a density as low as 0.5
pcf to as high as 20 pcf. In the study described in this dissertation, over twenty-five
different polyimides were foamed and many different blowing agents were utilized to
form a foam system which would meet the needs o f the Space Industry.
In addition to the neat foams, polyimide hollow microspheres and friable balloons
were developed as an added product to the foaming process and numerous beneficial
applications for these materials have been identified.

Several shortcomings o f the
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foaming process were identified and three models were developed to better understand
the foaming process. The culmination o f all o f the models and the numerous unique
polyimide systems has resulted in a polyimide foam system which can be tailored to meet
the needs o f many commercial industries.
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CHAPTER II
M OTIV A TIO N - COMMERCIAL POLYMERIC FOAMS AND LAUNCH
V EH IC L E R EQ U IR EM EN TS

A primary goal for the next generation reusable launch vehicles (RLV) is an order
o f magnitude reduction in the cost o f delivering a payload to orbit [2.1 & 2.2], Future
vehicles require aircraft-like operational turnaround in order to meet this goal, and a
fundamental change in material selection and construction will be necessary to meet the
goals set forth by NASA. One o f the most challenging obstacles for the RLV Program is
the development o f the reusable integral cryogenic propellant tank [2.3]. The integral
tank design for the RLV utilizes a cryogenic fuel tank as the primary structure for the
vehicle and thus it not only holds the fuel for the vehicle but it must support all o f the
structural and flight loads the vehicle w ill experience during a flight cycle.

The

integration of structure, cryoinsulation, and thermal protection system (TPS) for reusable
cryotanks for advanced RLV’s has the potential to reduce vehicle weight and costs while
improving vehicle operability and maintainability [2.4], Under many o f the trade-studies
performed by NASA, and the aerospace industry, the integral cryogenic propellant tank
consists o f as much as 35% o f the dry weight o f the vehicle. Thus the successful flight of
such a vehicle requires utilization o f the lightest possible materials such as polymeric
composites and lightweight cryoinsulation.

21
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Current space shuttle technology utilizes polyurethane foams to insulate the
external fuel tank and prevent cryopumping o f liquefied air onto external surfaces o f the
vehicle. Cryopumping is the condensation o f a gas on a cryogenically cooled surface
thereby producing a vacuum. This vacuum produces a low pressure regime which pumps
moisture and gas to the cryogenic surface [2.5],

However, under the new design

requirements, polyurethane foams are not compatible with low-coefficient o f thermal
expansion (CTE) composite tank materials and would require frequent repair from
cracking [2.6 & 2.7]. In addition, the polyurethane foams currently employed for the
insulation o f liquid hydrogen tanks in expendable launchers and in several industrial
applications are generally unsuitable for a reusable launcher due to their low
decomposition temperature [2.7 - 2.9].

To address this limitation o f the current

technology, a new high performance insulation system is required. The system must be
resistant to cracking, moisture, frost, cryopumping, and be robust enough to survive
hundreds o f missions o f fueling, liftoff, and reentry without significant inspection, repair
and rework [2.6].
Sarries Illera et al. [2.7 & 2.9] have developed an outline by which the
requirements for the next generation insulation could be determined. Table 2.1 illustrates
the requirements considered to be important. The works o f Baillif et al [2.8], Johnson, et
al. [2.1 & 2.3] and Wittman [2.6], also show similar regard for the criteria outlined in
Table 2.1. The most striking o f the requirements is the common desire for materials that
can withstand greater use temperatures than current state-of-the-art materials for a
traditional launch vehicle application. Such a requirement limits the use o f polyurethanes
and other low temperature insulations. High temperature polymeric materials that can be
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considered are the polyimides, polyetherimides, polyisocyanurates, polymethacrylimides,
and under certain circumstances, polyurethanes.

Table 2.1 Material Requirements [2.9]
Property
Operational Temperature
Reusability

Closed Cell Content
Density
Thermal Conductivity
CTE
Compression Strength
Max elongation (at Cryogenic Temp)
Foaming agent

Goal
-253°C to 150°C
Controllable degradation over several
thermo-mechanical cycles. Properties
stable over the range 20 to 420K
>90%
0.040 to 0.110gm/cm3
<0.035 W/mK at RT
<50*10‘6 K'1
>0.1 MPa (for external Insulation)
>0.3 MPa (for internal Insulation)
>2%
CFC excluded

For purposes o f the work presented in ref. [2.9] an insulation was considered
reusable if only a small and controllable degradation in properties is observed after a
given number o f thermo-mechanical cycles and if maintenance, reparation or
refurbishment can be performed after each mission [2.9]. Sarries Illera [2.7 & 2.9] and
Whittman [2.6] came to the same conclusion when utilizing this definition that no
commercial foam meets all the requirements for a reusable launch vehicle [2.6 & 2.9],
However, they did conclude that there are several commercially available polymeric
foams that are adequate choices until a new insulation can be developed.
Commercially produced polymeric foams are available which can meet some of
the requirements outlined in ref. [2.6 & 2.9]. One such foam system is the closed-cell
rigid foams based on the polymethacrylimide polymer. This is an excellent structural
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foam and has found application over a broad range o f industrial applications. Another
foam produced from polyetherimide has many advantageous physical and thermal
properties and is currently utilized in the aerospace industry. Finally, a polyimide foam,
which is an excellent thermal and acoustic insulator, is produced in large quantities for
the marine and aerospace industries. However, the literature shows that each o f these
foam systems fails to meet all o f the requirements for an RLV vehicle and thus another
system is required [2.6 - 2.9],
The work presented in the following chapters describes the approach taken to
develop a polyimide foam system that could potentially meet the requirements outlined
previously. Polyimides as a class o f polymers were chosen to meet this need due to their
superior thermal and acoustic insulation properties over polystyrene, polyethylene, and
other lower performance polymer foams. Commercially available, high-performance
polyimide foams are very limited.

The following sections outline the properties o f

several commercially available polymeric foam systems.

2.1 Polymethacrylimide Foams (PMI)

Polymethacrylimide (PMI) rigid foam is manufactured by hot foaming o f
methacrylic acid/methacrylonitrile copolymer sheets. PMI foams are available in various
grades and within each grade the foam is fabricated to different densities. The industrial
grade, PMI-1, is a closed-cell rigid foam, has a maximum operating temperature o f
121°C and it is available in various densities (0.032 to 0.192 gm/cm3) [2.10], PMI-1
foam has found application in the aircraft, marine, electronics, and radiation industries.
This type o f foam has also found uses in sporting goods as structural stiffeners and in
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freight containers. The aircraft grade, PMI-2, and heat-rated aircraft grade, PMI-3, are
also used for construction applications. PMI-2 and PMI-3 foams are also closed-cell,
rigid foams with densities ranging from 0.048 to 0.304 gm/cm3 and a maximum use
temperature o f 177°C. PMI foams have excellent tensile and shear strengths compared to
other commercial foams. These foams are used in helicopter blades, radomes, antennae,
and nose tips for aircraft. Table 2.2 shows selected data on PMI-2 foams at five different
densities.

Table 2.2 Selected Properties for PMI foams [2.10].

Property
Density
(gm/cc)
Thermal
Conductivity
(W/mK)
Tensile
Strength
(MPa)
Flammability
Dielectric
Constant
Compressive
Strength (MPa)
Shear Strength
(MPa)

Test
Method
ASTM D1622-63
ASTM C177-63 @
68°F
ASTM D638-68

PMI
31
0.032

PMI
51
0.051

PMI
71
0.075

PMI
110
0.111

PMI
170
0.170

0.031

0.029

0.030

-

-

0.98

1.86

2.74

3.43

7.38

DIN 4102
@ 2.0
GHz
ASTM D1621-64
ASTM C273-61

class B2
1.08

class B2
1.07

class B2
1.08

class B2

class B2

-

-

0.39

0.88

1.47

2.94

6.37

0.39

0.79

1.28

2.35

4.41

2.2 Polyetherimide Foam

Polyetherimide foams are available in three densities designated by PEI-60, PEI80, and PEI-110. The polyetherimide has a maximum use temperature o f about 160°C
(320°F), which is the main drawback for this particular foam system. The maximum use
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temperature is the highest obtainable temperature allowed for this polymer before a
significant drop in properties is observed. The low use temperature is a drawback for an
RLV because it limits the amount o f thermal energy that can be transferred through the
TPS during re-entry on to the insulation. The effect on the vehicle will be the need for
expensive and less durable TPS to keep the thermal energy from reaching the maximum
use temperature o f the polyetherimide foam. However, the polyetherimide foams have
many attributes that make them an excellent foam system for many applications. The
polyetherimide foam can be thermo formed at elevated temperatures to various shapes
and they have excellent mechanical and thermal properties. Currently, polyetherimide
foam systems are being used in marine, road and rail, aircraft and space, and other
industrial applications. Table 2.3 lists selected physical property data for polyetherimide
foams.

Table 2.3 Selected Properties for Polyetherimide Foams [2.11],
Property
Density
(gm/cc)
Compressive Str.
(MPa)
Compressive Mod.
(MPa)
Tensile Str.
(MPa)
Tensile Modulus
(MPa)
Shear Strength
(MPa)
Shear Modulus
(MPa)
Thermal Conductivity
(W/m*K)

Test
Method
ISO 845

PEI-60

PEI-80

PEI-110

0.06

0.08

0.11

ISO 844

0.70

1.1

1.4

DIN
53421
DIN
53455
DIN
53457
ISO 1922

46

62

83

1.7

2.0

2.2

45

54

64

0.8

1.1

1.4

18

23

30

0.036
@ 23°C

0.037
@ 23 °C

0.040
@ 23°C

ASTM
C393
ISO 8301
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2.3 Commercial Polyimide Foams

Several companies produce four types o f polyimide foams. In all cases, these
foams are manufactured utilizing a thermal oven or microwave processing technique in
which the precursor is a paste composed o f the polyimide precursor, solvent and water.
PI-1 and PI-2 are low density materials, 0.0088 and 0.0054 gm/cm3, respectively, and are
used primarily as light-weight thermal, acoustic insulation where non-flammability, low
smoke generation, and light weight are important factors. Both materials have very high
glass transition temperature (Tg) (~275°C), but can lose a significant amount o f their
initial tensile strength after 1000 hours at 260°C: 60-70% for PI-1 and 25% for PI-2 and,
therefore, these foam products may not be suitable for elevated temperature applications
(350°C). A high temperature version o f the polyimide foam, PI-3, can withstand 260°C
for 1000 hours with only a 4% tensile strength loss. This version o f the polyimide foam
is used primarily for insulation due to its high temperature stability.
Commercial foam producers also offer various densified polyimide foams (DPI),
from 0.032 gm/cm3 to several different customized densities depending on the
application.

However, these foams have primarily found application for thermal

insulation and acoustic cushioning in aircraft interiors.

These densified foams are

fabricated by compressing a thick 0.008 gm/cm3 foam until the desired density is
obtained.

The densified foams have found limited use due to their low strength

capabilities and high material costs. The other drawback o f the densified foam is the very
low closed cell content due to the opening o f cells during the compaction process. Table
2.4 lists selected properties for various commercial polyimide foams.
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Table 2.4 Selected Properties for Commercial Polyimide Foams [2.12].

Property
Density (gm/cc)
Thermal
Conductivity
(W/mK)
Tensile Strength
(MPa)
Friability (% wt.
loss)
Optical Smoke
Density (Dm)
Flaming
Non-Flaming
Dielectric Constant
Compressibility
(MPa)

Test
Method
ASTM D3574 (A)
ASTM C518 @
75°F
ASTM D3574 (E)
ASTM C421
ASTM E662

ASTM D150
ASTM D3574 (C)

PI-1

PI-2

PI-3

DPI

0.0088

0.0053

0.0064

0.0320

0.042

0.050

0.046

0.032

0.069 ±
50%
1

0.048 ±
40%
0.9

0.041 ±
50%

0.317

-

-

5
3
1.015

3
2

3
1
1.013

1.039

-

0.041

0.007 ±
43%

-

-

-

-

The foams discussed in this section are representative o f the commercially
available high performance polymeric foams. Each material has qualities appropriate for
specific applications.

When the properties o f these foams are compared to the

requirements for a reusable launch vehicle (X-33) or commercial supersonic aircraft
(HSR), however, they are found to be insufficient. Polyimide foams require secondary
manufacturing to densify the foam into a material with structural properties.
Polymethacrylimide foams do not have the flammability resistance nor the hydrophobic
qualities required to withstand the harsh environmental conditions necessary in aerospace
applications. Finally, polyetherimide foams have excellent properties but their closed
cell content is insufficient to meet the requirements necessary for all reusable launch
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vehicle configurations.

For this reason, NASA began a program to develop more

advanced polyimides to meet the future needs o f these applications.
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CHAPTER III
FOAM SYNTHESIS

There are two primary types o f polymeric foams: thermoplastic and thermoset.
Thermoplastic foams can be reprocessed and recycled, while thermoset foams are
incapable o f being reprocessed due to their highly crosslinked network. Within these
classes, the polymeric foams are further classified as rigid, semi-rigid, semi-flexible, or
flexible, depending upon their properties as determined by composition, cellular
morphology, thermal characteristics such as the glass transition temperature (Tg), percent
crystallinity, extent o f crosslinking, etc. [3.1].

3.1 Foam Material

The cellular void space in any polymeric foam material is formed through the use
o f blowing agents. There are two types o f blowing agents used to produce foams:
chemical blowing agents and physical blowing agents [3.1]. Chemical blowing agents
produce gas during the foaming process, either due to a polymerization reaction or by
thermal decomposition o f a secondary agent. Physical blowing agents are simply inert
gases such as nitrogen, carbon dioxide, freon, etc. that are added to the polymer in the
liquid phase. The three most important characteristics o f a secondary blowing agent are
the decomposition temperature, the volume o f gas generated per unit weight, and the
32
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nature o f the decomposed residue. To produce uniform cells the blowing agent must be
uniformly dispersed or dissolved in the polymer, uniformly nucleated, and rapidly and
smoothly decomposed over a narrow temperature range. Foam stabilization occurs
through the attainment o f a high viscosity phase transformation or gelation o f the
polymer system [3.2]. If stabilization occurs before the blowing agent has begun to
decompose and release gas, large fissures or holes may form in the polymer. Cells
formed before stabilization may collapse and result in a coarse, weak, spongy material.
Stabilization o f thermoplastic foam occurs when the material is cooled below Tg, while
in a thermoset foam, it occurs when increased crosslink density or gelation rigidizes the
polymer.

3.2 Cell Structure: Open or Closed

Foams may be classified as closed-cell or open-cell. Closed cell foams are generally
rigid, while open cell foams are generally flexible [3.1]. The presence o f cells acts to
substantially decrease both the density and the stiffness the solid polymer. The foam
cells also act as a good heat insulator by virtue o f the low conductivity o f the gas
contained in the system - usually air. Foamed materials have a much higher ratio o f
flexural modulus to density than unfoamed materials due to the cellular structure. For
example, if two beams have the same length, width and weight, one being a foam and the
other an unfoamed material, the foam beam would deflects less under the same load
[3.3]. Finally, foams can have energy-storing or energy dissipation capacity by operating
through a greater displacement than the unfoamed polymeric material [3.2],
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If the cells are discrete and the gas phase o f each cell is isolated from the other
cells, the material is termed closed-celled [3.4]. Closed cells most commonly result when
the decomposition and gelation are carried out in a closed mold almost completely filled
with polymer and blowing agent. The closed mold is raised in temperature and held
under pressure. After the heating cycled is completed, the article is cooled until the
foamed material is dimensionally stable before the pressure is released. The key aspect
to producing a closed cell foam is to ensure that the thin walled cells do not rupture
before stabilization of the polymer system has occurred. The growth of a void or cell in
the molten polymer is controlled by the pressure difference between the inside and the
outside of the cell, the surface tension o f the molten polymer, and the radius o f the cell.
The equation expressing this relationship is;
DP =2(y)/r (3.1)

where DP is the difference between the pressure generated by the blowing agent inside
the cell (qv) and the pressure o f the fluid phase o f the molten polymer, gamma (y) is the
surface tension o f the molten polymer and r is the radius o f the spherical cell [3.4],
Opened-cell foams are foams that have discrete interconnecting pockets that are
porous. Open cells result when a mixture o f polymer and blowing agent are spread on a
substrate and allowed to fuse without a second confining surface present to hinder the cell
formation. Open cell foams are also produced during the foaming process by inflating
the individual cell at a rate much faster than the polymer stabilization process can occur.
The effect o f this on the cellular structure is the rupturing o f cells which would otherwise
be closed. The resultant foam is usually neither completely closed cell nor open cell, but
some percentage o f each.

In general, open cell foams have a greater effect on reducing
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the overall strength o f the material [3.5]. An open-cell foam also acts as a sponge,
soaking up liquid by capillary action. A closed-cell foam can be effectively used as a
buoy or life jacket because the cells do not fill with liquid [3.2]. This ability to resist
permeation by an environmental material makes such foams especially attractive for
many applications.

3.3 Blowing Agents

Blowing agents, otherwise known as foaming agents, produce a gas which is used
to form cells in polymeric materials. Blowing agents are classified into two types,
physical and chemical. Physical blowing agents form cells by a phase change, eg, a
liquid may be volatilized or a gas dissolved in a polymer under high pressure may be
desorbed by decompression.

Chemical blowing agents produce gas by thermal

decomposition and, in some instances, via a chemical reaction with other components of
the polymer system [3.6], No matter which type o f blowing agent is used to foam a
polymeric material, the blowing agent needs to have several characteristic properties.
Typical blowing agents must have a long and stable storage life to ensure that the
polymer will not be foamed differently over time. The blowing agent must have a
decomposition temperature that is similar to the processing temperature o f the polymer
being foamed. Finally, an ideal blowing agent has no negative decomposition products
that produce toxicity, odor, or color. Other properties o f the blowing agents such as their
densities and their effects on the environment are also important.
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3.3.1 Expansion Process

During the foaming process the blowing agent produces a gas which causes the
cell to form and grow to produce the foam. The difference between the cell internal
pressure and atmospheric pressure is balanced by the surface tension in the cell walls.
Since the pressure in the cell of constant temperature is dependant on cell volume, as the
cell radius increases, the pressure decreases. Thus as the cells grow, small cells disappear
or are consumed as larger cells grow due to the migration o f gas into the hollow cavity
[3.1].
The formation o f open or closed cell foam depends on the viscoelastic properties
of the polymer. Thus if a closed cell foam is desired, the polymer must yield or deform
under inflation sufficiently enough to prevent cell rupture during growth, otherwise an
open cell foam will form when cell walls rupture during inflation. The polymer must
prevent the blowing agent from diffusing out o f the system before the cells have
stabilized. Otherwise the foam may collapse and in some extreme cases, will not form.
The stability o f the foam growth is dependent on the solubility and diffusivity o f blowing
gas and also to an extent on the viscosity o f the polymer. Thus in order to obtain a foam
which does not contain collapsed cells it is necessary to maintain cell integrity until the
polymer has fully stabilized. In all situations the blowing agent will diffuse out o f the
system if given enough time. In the case of a thermosetting polymer, the blowing agent
must not diffuse out o f the system before the cross-link density or molecular weight has
increased sufficiently to prevent collapse.
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3.3.2 Physical Blowing Agents

Bubble formation can occur from a physical blowing agent in a liquid polymer by
several sources including heat, vacuum, motion, reaction, and cavitation [3.7], Physical
blowing agents are capable o f foaming a polymer because they act as a gas source by
going through a change in physical state. The two main types o f physical blowing agents
are volatile liquids and compressed gases. The volatile liquids produce the necessary gas
to form a foam during the phase change from a liquid to gas. Compressed gases act as a
foaming agent because the compressed gas is introduced to the system under pressure and
as the pressure on the polymer is released the gas is evolved. This evolution o f gas
represents the mechanism necessary to initiate bubble growth in a polymer system.
The primary advantage o f a physical blowing agent is that during gas evolution no
by-products are produced after the foam has been formed. This is a significant advantage
because solid residues can affect the final properties o f the foam such as the color to the
mechanical strength and thermal stability. Another advantage o f physical blowing agents
is their relatively low cost for the gas or volatile liquid. However, one major drawback is
that expensive equipment may be necessary to introduce the physical agent into the foam.

3.3.3 Chemical Blowing Agents

Chemical blowing agents produce a gas through a chemical reaction.

The

reaction may be a thermal decomposition or a reaction between two components, eg, a
borohydride and a proton source to produce hydrogen gas [3.6]. The selection o f an
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adequate blowing agent to foam a polymer is determined by the thermal decomposition
properties o f the blowing agent as compared to the polymer processing temperature o f the
material to be foamed. Thus it is critical to select a chemical blowing agent that will
decompose at a temperature near the temperature corresponding to the minimum
viscosity o f the polymer to be foamed. It is also essential to select a blowing agent that
will produce enough gas upon decomposing to foam the polymer to the desired target
density.
Table 3.1 displays three candidate chemical blowing agents with high
decomposition temperatures appropriate to foam polyimides. The Thermogravimetric
Analysis (TGA) data were obtained using a Seiko TG/DTA 220 thermogravimetric
analyzer at 2.5°C/min. in flowing (40 ml/min.) air [3.8]. The gas generation data was
obtained using a gas/bomb collector. A measured amount o f blowing agent was placed in
a pressure vessel attached to the sealed collector. The vessel was heated to the blowing
agent’s decomposition temperature and the resulting gas was collected and measured.

Table 3.1. Blowing Agent Characterization [3.8].

TGA

Gas Generation

Blowing Agent
BASF Theic
Tris (2-hydroxethyl) isocyanurate
Espirit Chemicals
Barium Salt o f 5-phenyltetrazole
Polyvel Inc.
25% Barium Salt o f 5-phenyltetrazole
in copolymer carrier

(°C)
280

% wt Loss
100

(°C)
250-300

gas (ml/g.)
105

400

70

350-400

110

420

80

350-450

48
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The TGA data show that the blowing agent, tris (2-hydroxethyl) isocyanurate,
produced 100% conversion to gas as measured by weight loss.

However, the

decomposition temperature o f 280°C was below the glass transition temperature (Tg) o f
many polyimides and it was therefore judged inadequate.

The Barium salt o f 5-

phenyltetrazole, therefore appeared to be the best blowing agent listed in table 3.1. Its
decomposition temperature matched the minimum viscosity temperature o f many
polyimides and it is capable o f generating the same amount o f gas as the Theic. The
Polyvel, 25% Barium Salt o f 5-phenyltetrazole in copolymer carrier, possesses an
appropriate decomposition temperature, but it does not produce enough gas to make it a
viable candidate as a blowing agent for polyimide polymers.
Figure 3.1 is a photomicrograph o f a polyimide and the Theic blowing agent
where a limited number o f micro-voids have formed within the polymer. The lack of
cellular voids within the polymer can be attributed to the Theic decomposing at a
temperature below the minimum melt viscosity o f the material. The Theic blowing agent
decomposed while the polymer was below its Tg and thus the polyimide had not reached
a viscosity low enough to foam. The effect was the suppression o f voids by the polymer
and a non-uniform high density foam was produced.
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Figure 3.1. 90% LARC™-IA and 10% THEIC
Foam Density 0.69 gm/cc from ref. 3.8.

Figure 3.2 shows a closed-cell structure produced by the barium salt chemical
blowing agent. Ten percent barium salt was used to produce the polyimide foam with a
density o f 0.17 gm/cc. The photomicrograph also indicates that a more uniform cellular
size distribution is needed to enhance the quality o f the foam. The cells wide variation in
size within this foam structure could be due to poor distribution o f polymer and blowing
agent or the lack o f a suitable surfactant. A surfactant is used in foam formation to
control cellular growth and help prevent cell rupture [3.5], However, it is clear that the
use o f barium salt can produce a low density foam.
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Figure 3.2. 90% LARC™-IA and 10% Barium Salt
Foam Density 0.17 gm/cc from ref. 3.8.

The blowing agent comprised o f 25% Barium Salt o f 5-phenyltetrazole in
copolymer carrier, mixed with polyimide, shown in figure 3.3, resulted in a relatively
high density foam as compared to the foam fabricated with 100% barium salt. This can
be attributed to the low amount o f gas generated during decomposition, 48 ml/gm.
compared to 110 m l/gm . for the 100% barium salt. As seen in Table 3.2, the density
produced with the 25% Barium Salt blowing agent was nearly double that given by the
100% barium salt blowing agent for all experiments. Figure 3.3 displays a distribution o f
cells throughout the micrograph. Once again the cell size was not uniform and thus the
foam lacked homogeneity.
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♦

Figure 3.3. 90% LARC™-IA and 10% POLYVEL
Foam Density 0.54 gm/cc from ref. 3.8.
Table 3.2. Extruded Polyimide Foam Test Data [3.8].

Powder Mixtures
90% PIXA + 10% Polyvel
90% IAX + 10% Polyvel
90% IA + 10% Polyvel
80% IAX + 10% Polyvel + 10% LV232
90% PIXA + 10% Barium Salt
90% IAX + 10% Barium Salt
90% IA + 10% Barium Salt
80% IA + 10% Barium Salt + 10% LV232
80% PIXA + 10% Theic + 10% LV232
80% IAX + 10% Theic + 10% LV232

Foam Density
(gm/cc)
0.51
0.53
0.54
0.44
0.21
0.17
0.17
0.14
0.75
0.71

Figures 3.1-3.3 show the results o f foams manufactured utilizing a chemical
blowing agent in an extruder.

These data indicate that a low density foam can be

produced as seen in Table 3.2. However, due to the mixing operation and decomposition
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requirements o f the foaming agent in all cases, a non-uniform foam resulted. In order to
improve the cellular structure o f the foams, a different type o f chemical blowing agent
must be identified. The following section will discuss an alternative chemical blowing
agent that can improve the cellular structure o f the foam by hydrogen bonding o f the
blowing agent to the monomers during synthesis.

3.3.4 Ether and Tertiary Amine Blowing Agents

Ether and tertiary amine blowing agents are another type o f chemical blowing
agent that relies on the decomposition or vaporization o f the agent at an elevated
temperature to foam the polyimide. In both cases a stable system is obtained under
ambient conditions that’s uniformly distributed throughout the polyimide precursor
powder. The typical chemical structure for ether and tertiary amine blowing agents is
shown in figure 3.4. After examining the properties o f ethers and tertiary amines
including dioxane, 1,2-dimethoxyethane (glyme) and diethylene glycol dimethyl ether
(diglyme), triethylamine (TEA), tributylamine (TBA), and trioctylamine (TOA),
Tetrahydrofuran (THF) was chosen as the blowing agent for this work.
Polyimide foam and foam structures are formed from ether-containing monomeric
solutions or salt solutions as products o f the reaction o f anhydride dissolved in a mixture
o f ethers and alkyl alcohol or tertiary amines and alkyl alcohol at room temperature. This
solution is heated to 70°C for 6 hours in order to convert the anhydride into a
diaklylester-diacid (DADA) complexed with THF by hydrogen bonding. This hydrogen
bonding occurs between the ether oxygen and the acid protons. A diamine is added to the
resulting solution o f DADA and stirred for 2~6 hours to yield a homogeneous polyimide
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precursor. In the case o f the tertiary amine, a salt is formed which is stable at ambient
conditions. Likewise, similar polyimide precursors can be formed from tetracarboxylic
acid (TA) derivatives o f dianhydrides or from diamines mixed in various ethers and alkyl
alcohols. The hydrogen bonding that occurs between the ether and dianhydrides or the
salt that forms from the tertiary amine provides for the conditions for foam production in
the polyimide.

Ether

Tertiary Amine
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Figure 3.4. Ether and Tertiary Amine Stabilizing Units [3.9].

The presence o f the ether complex or the tertiary amine stabilizes the monomeric
reactants and inhibits chain growth and imidization until the appropriate elevated
temperature is reached. At the appropriate temperature, for THF (~65°C), the chemical
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blowing agent is released from its complexed state and diffuses into and out o f the
polymer. As the temperature rises through approximately 120°C, foaming begins as the
gas expands and a uniform cellular structure can be obtained. Figure 3.5 shows a
scanning electron micrograph (SEM) o f the cellular structure o f a polyimide foam
manufactured from THF blowing agents. The hydrogen bonding that occurred between
the ether and the DADA or the salt that forms from the tertiary amine, causes the
component materials to be homogeneously mixed within the polyimide precursor powder
and thus an excellent cellular structure is produced during the foaming process.

Figure 3.5 SEM o f TEEK Polyimide Foam at 0.032 gm/cc Density.
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3.4 Sum m ary

Foams can be fabricated with an open or closed cell structure depending upon the
method by which the foams are produced. In most cases foams are blow from either a
physical or chemical blowing agent. Physical blowing agents rely on the introduction of
a gas into the liquid polymer which causes the polymer to foam while a chemical blowing
agent decomposes and the decomposition product foams the polymer. In both cases, the
foams must be stabilized either by cross-linking or chain growth to insure the foam has
dimensional stability.
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C H A PTE R IV
EX PER IM EN TA L PR O G R A M FO R SOLID RESID U U M FO RM A TIO N

In the joint research with Unitika LTD over twenty-five different polyimides and
co-polyimides were fabricated into a polyimide solid residuum precursor. The following
sections highlight the procedure used to synthesize these materials and the process used
to dry and verify the quality o f the powder obtained [4.1-4.5],

The results o f this

synthetic work helped to determine the correct blowing agent needed to form a particular
polyimide foam with a specific density. Figure 4.1 shows a balloon chart illustrating the
different types o f foams that can be fabricated from the solid residuum particles.

48
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Figure 4.1 Balloon Chart o f TEEK Foam Products.

4.1 Polyimide Compositions

Nineteen representative chemical structures are listed below. This is a sampling
of the possible combination o f monomers that can be utilized together to synthesize an
acceptable precursor solid residuum. For convenience the following polymers will be
discussed in more detail in the following chapters; 4,4’oxydiphthalic anhydride / 3,4’oxydianiline (designated TEEK-H) and 3,3 ’4 ,4 ’-benzophenone tetracarboxylic
dianhydride / 4,4’-oxydianiline (designated TEEK-L).
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The following abbreviations used through out this chapter are understood to mean:
ODPA = 4,4 ’-oxydiphthalic anhydride
BPDA = 3,3’,4,4’-biphenyl tetracarboxylic dianhydride
BTDA = 3,3 ’,4,4 ’-benzophenone tetracarboxylic dianhydride
DSDA = 3,3’,4,4 ’-diphenylsulfone tetracarboxylic dianhydride
PMDA = pyromellitic dianhydride
BPADA = 2,2-bis(4-(3,4-carboxyphenoxyphenyl)) propane dianhydride
3,4’-OD A = 3,4’-oxy dianiline
4,4’-ODA = 4,4’-oxydianiline
APB = l,3-bis(3-aminophenoxy)benzene
BPB = 1,3-bis(4-aminophenoxy)benzene
m-PDA = m-phenylenediamine
p-PDA = p-phenylenediamine
3,3’-DDS = 3,3’-diaminodiphenylsulfone
4,4’-DDS = 4,4 ’-diaminodiphenylsulfone
4,4-BAPS = bis(4-(4-aminophenoxy)phenyl) sulfone
4,3-BAPS = bis(4-(3-aminophenoxy)phenyl) sulfone
3-BAPB - 4,4 ’-bis(3-aminophenoxy)biphenyl
4-BAPB = 4,4’-bis(4-aminophenoxy)biphenyl
BAPP = 2,2-bis(4-(4-aminophenoxy)phenyl) propane

Chemical formulas 4.1-4.15 represent the aromatic polyimides studied in this
research. Formula 4.1 and 4.3 represent the chemical structure for TEEK-H and TEEK-L,
respectively.

Formula 4.1. ODPA/3,4’-ODA (TEEK-H) [4.6]
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O

Formula 4.2. BPDA/3,4’-ODA

O
ii

o

N
O

Formula 4.3. BTDA/4,4’-ODA (TEEK-L)

n

Formula 4.4. BTDA/4,4’-DDS (TEEK-C)

N

Formula 4.5. BTDA/3,4’-ODA
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S02

Formula 4.6. DSDA/BPB

n

Formula 4.7. BTDA/BPB

■N

Formula 4.8. BPDA/BPB

Formula 4.9 DSDA/3,4’-ODA
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0

0
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Formula 4.10 PMDA/4-BAPB

n
Formula 4.11 ODPA/4,3’-BAPS

N

02

Formula 4.12 BTDA/4,4’-BAPS

n
n
Formula 4.13 BTDA/4,3’-BAPS
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■N

Formula 4.14 BTDA/BAPP

Formula 4.15 BPADA/m-PDA

Formulas 4.16 thru 4.20 represent the following co-polyimides that were
synthesized.

Examples o f the copolyimides include polyimides o f ODPA / 3,4’-

ODA/PDA (0.9/0.1 diamine molar ratio) (Formula 4.16); BPDA / 3 ,4 ’-ODA/APB
(0.85/0.15 diamine molar ratio) (Formula 4.17); BTDA / BPB/4,4’-ODA (0.5/0.5 diamine
molar ratio) (Formula 4.18); BTDA/PMDA (0.8/0.2 anhydride molar ratio) / 4,4’-ODA
(Formula 4.19); and BTDA / 4,4’-DDS/3,3 ’-DDS (1-x diamine molar ratio).

Formula 4.16. ODPA/3,4’-ODA/PDA (0.9/0.1 Diamine Molar Ratio) [4.7]
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Formula 4.17. BPDA/3,4’-ODA/APB (0.85/0.15 Diamine Molar Ratio) [4.8]
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Formula 4.18. BTDA/BPB/4,4’-ODA (0.5/0.5 Diamine Molar Ratio)
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Formula 4.19. BTDA/PMDA (0.8/0.2 Anhydride Molar Ratio) / 4,4’-ODA
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Formula 4.20 BTDA/4,4’-DDS/3,3’-DDS (1-x Diamine Molar Ratio)
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4.2 Solid Residuum Form ation

The foam and foam structures are manufactured into a polyimide from ethercontaining monomeric solutions or salt solutions formed from the reaction o f the
dianhydride dissolved in a mixture o f ethers and alkyl alcohol or a mixture o f tertiary
amines and alkyl alcohol at room temperature [4.9]. This solution is treated at 70°C for 6
hours when an ether is used in order to convert the dianhydride into a diaklylester-diacid
(DADA) complexed with tetrahydrofuran (THF) by hydrogen bonding. This hydrogen
bonding occurs between the ether oxygen and the acid protons. A diamine is added to the
resulting solution of DADA and stirred for 2-6 hours to yield a homogeneous polyimide
foam precursor. In the case o f the tertiary amine containing solution, a salt is formed
which is stable at ambient conditions. Likewise, similar polyimide foam precursors can
be formed from tetracarboxylic acid (TA) dianhydrides or diamines mixed in various
ethers and alkyl alcohols. The hydrogen bonding that occurs between the ether and
dianhydrides or the salt that forms from the tertiary amine allows for excellent foams
irrespective o f the dianhydride or diamine utilized.
A variety o f surface active reagents (~0.1 wt% to - 5 wt%) can be added to the
homogeneous polyimide foam precursor solution in order to improve the uniformity of
cell size. The solution is then transferred into a stainless-steel vat and treated at 70°C for
14 hours in order to evaporate the solvent (ethers and alkyl alcohol). The resulting
material is crushed into a fine powder (-2 to -3 5 0 pm). The polyimide precursor
powders are then treated for an additional amount o f time (10-120 minutes) at 5 0 -1 00°C
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to further reduce the residual solvents (THF and alkyl alcohol) to around 1-10 wt%
depending on the final density desired.

4.2.1

Formation of ODPA / 3,4'-ODA (LaRC-IA) Precursor Residuum from THF
and Methanol

The ODPA (744.53 g, 2.4 mol) was dispersed in a mixture o f 480 g o f THF and
280 g of methanol at room temperature. This solution was treated at 70°C for 6 hours in
order to convert the ODPA into ODP-dimethylester diacid (ODP-DADA) complexed
with THF by hydrogen bonding.

3,4'-ODA (480.58 g, 2.4 mol) was added to the

resulting solution o f ODPA-DADA and stirred for 2 hours to yield a homogeneous
polyimide precursor solution. Figure 4.2 shows the chemical structure for the ODPDADA form. The resulting polyimide precursor solution had a solids content o f 70 wt %
and a viscosity o f approximately 20 poise at 20°C. The solution was transferred into a
stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF
and methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powder was then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to around 1-10 wt% depending on the final density desired. Residual amounts of
THF were determined by measuring proton NMR spectra o f the powders. Figure 4.3
shows a flow diagram o f the imidization process necessary to form a polyimide precursor
residuum. The final thermal step is used to complete the process and form a polyimide
foam.
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where R= methyl, ethyl, propyl, etc.

Figure 4.2. Oxydiphthalic Dialkylester-Diacid (ODP-DADA)
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Figure 4.3. TEEK Polyimide Foam Imidization Reaction.

4.2.2 Formation of ODPA / 3,4’-ODA (LaRC-IA) Precursor Residuum from Glyme
and Methanol

One mole o f ODPA (310.22 g) was dispersed in a mixture o f glyme and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
ODPA into ODP-dimethylester diacid (ODP-DADA) complexed with glyme by
hydrogen bonding. Figure 4.2 shows the chemical formula for ODP-DADA. One mole of
3,4'-ODA (200.24 g) was added to the resulting solution o f ODP-DADA and stirred for 2
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hours to yield a homogeneous polyimide precursor solution. The resulting polyimide
precursor solution had a solids content o f 50 - 80 wt % and a viscosity o f approximately
20 poise at 20°C. The solution was transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (glyme and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powder was then treated for an additional amount o f
time (0 to 300 minutes) at 80°C to further reduce the residual solvents to around 1-10
wt% depending on the final density desired. Residual amounts o f glyme were determined
by measuring proton NMR spectra o f the powders.

4.2.3 Formation of ODPA / 3,4'-ODA (LaRC-IA) Precursor Residuum from THF
and Ethanol

One mole o f ODPA (310.22 g) was dispersed in a mixture o f THF and ethanol at
room temperature. This solution was treated at 70°C for 6 hours in order to convert the
ODPA into ODP-DADA complexed with THF by hydrogen bonding. Figure 4.2 shows
the chemical formula for ODP-DADA. One mole o f 3,4'-ODA (200.24 g) was added to
the resulting solution o f ODP-DADA and stirred for 2 hours to yield a homogeneous
polyimide precursor solution. The resulting polyimide precursor solution had a solids
content of 50 - 80 wt % and a viscosity o f approximately 20 poise at 20°C. The solution
was transferred into a stainless-steel vat and treated at 70°C for 14 hours in order to
evaporate the solvent (THF and ethanol). The resulting material was crushed into a fine
powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide precursor
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powder was then treated for an additional amount o f time (0 to 300 minutes) at 80°C to
further reduce the residual solvents to around 1-10 wt% depending on the final density
desired. Residual amounts o f THF were determined by measuring proton NMR spectra
o f the powders.

4.2.4 Form ation o f ODPA / 3,4'-O DA (LaRC-IA) Precursor Residuum from
Dioxane and M ethanol

One mole o f ODPA (310.22 g) was dispersed in a mixture o f dioxane and
methanol at room temperature. This solution was treated at 70°C for 6 hours in order to
convert the ODPA into ODP-DADA complexed with dioxane by hydrogen bonding.
Figure 4.2 shows the chemical formula for ODP-DADA. One mole o f 3,4'-ODA (200.24
g) was added to the resulting solution o f ODP-DADA and stirred for 2 hours to yield a
homogeneous polyimide precursor solution. The resulting polyimide precursor solution
had a solids content o f 50 - 80 wt % and a viscosity o f approximately 20 poise at 20°C.
The solution was transferred into a stainless-steel vat and treated at 70°C for 14 hours in
order to evaporate the solvent (dioxane and methanol). The resulting material was
crushed into a fine powder (2 to 500 pm) and separated by a sieve if necessary. The
polyimide precursor powder was then treated for an additional amount o f time (0 to 300
minutes) at 80°C to further reduce the residual solvents to around 1-10 wt% depending
on the final density desired. Residual amounts o f dioxane were determined by measuring
proton NMR spectra o f the powders.
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4.2.5 Formation of BTDA / 3,4'-ODA Precursor Residuum from THF and Methanol

One mole o f BTDA (322.23 g) was dispersed in a mixture o f THF and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
BTDA into BTD-dimethylester diacid (BTD-DADA) complexed with THF by hydrogen
bonding. Figure 4.4 shows the chemical structure for the BTD-DADA form. One mole
of 3,4'-ODA (200.24 g) was added to the resulting solution o f BTD-DADA and stirred
for 2 hours to yield a homogeneous polyimide precursor solution. The resulting
polyimide precursor solution had a solids content o f 50 - 80 wt % and a viscosity o f
approximately 20 poise at 20°C. The solution was transferred into a stainless-steel vat
and treated at 70°C for 14 hours in order to evaporate the solvent (THF and methanol).
The resulting material was crushed into a fine powder (2 to 500 pm) and separated by a
sieve if necessary. The polyimide precursor powder was then treated for an additional
amount of time (0 to 300 minutes) at 80°C to further reduce the residual solvents to
around 1-10 wt% depending on the final density desired. Residual amounts o f THF were
determined by measuring proton NMR spectra o f the powders.

O

ROO
HOO

OOR
OOH
where R= methyl, ethyl, propyl, etc.

Figure 4.4. Benzophenone Dialkylester-Diacid (BTD-DADA)
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4.2.6 Formation of BPDA / 3,4'-ODA Precursor Residuum from THF and Methanol

One mole of BPDA (294.22 g) was dispersed in a mixture o f THF and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
BPDA into BPD-dimethylester diacid (BPD-DADA) complexed with THF by hydrogen
bonding. Figure 4.5 shows the chemical structure for the BPD-DADA form.

One mole

of 3 ,4 '-ODA (200.24 g) was added to the resulting solution o f (BPD-DADA) and stirred
for 2 hours to yield a homogeneous polyimide precursor solution. The resulting
polyimide precursor solution had a solids content o f 50 - 80 wt % and a viscosity of
approximately 20 poise at 20°C. The solution was transferred into a stainless-steel vat
and treated at 70°C for 14 hours in order to evaporate the solvent (THF and methanol).
The resulting material was crushed into a fine powder (2 to 500 pm) and separated by a
sieve if necessary. The polyimide precursor powder was then treated for an additional
amount of time (0 to 300 minutes) at 80°C to further reduce the residual solvents to
around 1-10 wt% depending on the final density desired. Residual amounts of THF were
determined by measuring proton NMR spectra o f the powders.

OOR

where R= methyl, ethyl, propyl, etc.

Figure 4.5. Biphenyl Dialkylester-Diacid (BPD-DADA).
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4.2.7 Formation of DSDA / 3,4'-ODA Precursor Residuum from THF and Methanol

One mole of DSDA (248.30 g) was dispersed in a mixture o f THF and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
DSDA into DSD-dimethylester diacid (DSD-DADA) complexed with THF by hydrogen
bonding. Figure 4.6 shows the chemical structure for the DSD-DADA form.

One mole

of 3,4'-ODA (200.24) was added to the resulting solution o f DSD-DADA and stirred for
2 hours to yield a homogeneous polyimide precursor solution. The resulting polyimide
precursor solution had a solids content of 50 - 80 wt % and a viscosity of approximately
20 poise at 20°C. The solution was transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powder was then treated for an additional amount of
time (0 to 300 minutes) at 80°C to further reduce the residual solvents to around 1-10
wt% depending on the final density desired. Residual amounts o f THF were determined
by measuring proton NMR spectra o f the powders.

ROO
HOO

COOR
OOH
where R= methyl, ethyl, propyl, etc.

Figure 4.6. Diphyenylsulfone Dialkylester-Diacid (DPS-DADA).
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4.2.8 Formation of PMDA / BAPB Precursor Residuum from THF and Methanol

One mole o f PMDA (218.12 g) was dispersed in a mixture o f THF and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
PMDA into PMD-dimethylester diacid (PMD-DADA) complexed with THF by hydrogen
bonding. Figure 4.7 shows the chemical structure for the PMD-DADA form. One mole of
BAPB (368.44 g) was added to the resulting solution of PMD-DADA and stirred for 2
hours to yield a homogeneous polyimide precursor solution. The resulting polyimide
precursor solution had a solids content of 50 - 80 wt % and a viscosity of approximately
20 poise at 20°C. The solution was transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powder was then treated for an additional amount of
time (0 to 300 minutes) at 80°C to further reduce the residual solvents to around 1-10
wt% depending on the final density desired. Residual amounts o f THF were determined
by measuring proton NMR spectra o f the powders.

COOR
COOH
where R= methyl, ethyl, propyl, etc.

Figure 4.7. Pyromellitic Dialkylester-Diacid (PMD-DADA).
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4.2.9 Formation of BPADA / m-PDA Precursor Residuum from THF and Methanol

One mole o f BPADA

(336.30 g) was dispersed in a mixture o f THF and

methanol at room temperature. This solution was treated at 70°C for 6 hours in order to
convert the BPADA into BPAD-dimethylester diacid (BPAD-DADA) complexed with
THF by hydrogen bonding. Figure 4.8 shows the chemical structure for the BPADDADA form. One mole o f m-PDA (108.14 g) was added to the resulting solution of
BPAD-DADA and stirred for 2 hours to yield a homogeneous polyimide precursor
solution. The resulting polyimide precursor solution had a solids content o f 50 - 80 wt %
and a viscosity o f approximately 20 poise at 20°C. The solution was transferred into a
stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF
and methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powder was then treated for
an additional amount of time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to around 1-10 wt% depending on the final density desired. Residual amounts of
THF were determined by measuring proton NMR spectra o f the powders.
CH3

where R = m ethyl, ethyl, propyl etc.

Figure 4.8. Bisphenol-A Dialkylester-Diacid (BPAD-DADA).
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4.2.10 Formation o f ODPA / 3,4'-ODA and p-PDA (diamine mole ratio ©.9:0.1)
(LaRC-IAX) Precursor Residuum from THF and Methanol

One mole o f ODPA (310.22 g) was dispersed in a mixture o f THF and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
ODPA into ODP-DADA complexed with THF by hydrogen bonding. Figure 4.2 shows
the chemical formula for ODP-DADA. One mole o f 3,4'~ODA (180.22 g, 0.9 mol) and
p-PDA (10.81 g, 0.1 mol) was added to the resulting solution o f ODP-DADA and stirred
for 2 hours to yield a homogeneous polyimide precursor solution. The resulting
polyimide precursor solution had a solids content o f 50 - 80 wt % and a viscosity o f
approximately 20 poise at 20°C. The solution was transferred into a stainless-steel vat
and treated at 70°C for 14 hours in order to evaporate the solvent (THF and methanol).
The resulting material was crushed into a fine powder (2 to 500 pm) and separated by a
sieve if necessary. The polyimide precursor powder was then treated for an additional
amount o f time (0 to 300 minutes) at 80°C to further reduce the residual solvents to
around 1-10 wt% depending on the final density desired. Residual amounts o f THF were
determined by measuring proton NMR spectra o f the powders.

4.2.11 Form ation o f BTDA / 4,4'-O DA Precursor Residuum from THF and
Methanol

One mole o f BTDA (322.23 g) was dispersed in a mixture o f THF and Methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
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BTDA into BTD-DADA complexed with THF by hydrogen bonding. Figure 4.4 shows
the chemical formula for BTD-DADA. One mole of 4,4'-ODA (200.24 g) was added to
the resulting solution o f BTD-DADA and stirred for 2 hours to yield a homogeneous
polyimide precursor solution. The resulting polyimide precursor solution had a solids
content o f 50 - 80 wt % and a viscosity o f approximately 20 poise at 20°C. The solution
was transferred into a stainless-steel vat and treated at 70°C for 14 hours in order to
evaporate the solvent (THF and methanol). The resulting material was crushed into a fine
powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide precursor
powder was then treated for an additional amount o f time (0 to 300 minutes) at 80°C to
further reduce the residual solvents to around 1-10 wt% depending on the final density
desired. Residual amounts o f THF were determined by measuring proton NMR spectra
o f the powders.

4.2.12 Formation o f BTDA / 4,4’-DDS Precursor Residuum from Glyme and
Methanol

One mole of BTDA (322.23 g) was dispersed in a mixture o f glyme and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
BTDA into BTD-DADA complexed with glyme by hydrogen bonding. Figure 4.4 shows
the chemical formula for BTD-DADA. One mole o f 4,4'-DDS (248.30 g) was added to
the resulting solution o f BTD-DADA and stirred for 2 hours to yield a homogeneous
polyimide precursor solution. The resulting polyimide precursor solution had a solids
content o f 50 - 80 wt % and a viscosity o f approximately 20 poise at 20°C. The solution
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was transferred into a stainless-steel vat and treated at 70°C for 14 hours in order to
evaporate the solvent (glyme and methanol). The resulting material was crushed into a
fine powder (2 to 500 pm) and separated by a sieve if necessary.

The polyimide

precursor powder was then treated for an additional amount o f time (0 to 300 minutes) at
80°C to further reduce the residual solvents to around 1-10 wt% depending on the final
density desired. Residual amounts o f glyme were determined by measuring proton NMR
spectra of the powders.

4.2.13 Formation of ODPA / 4,3-BAPS Precursor Residuum from THF and
Methanol

One mole of ODPA (310.22 g) was dispersed in a mixture o f THF and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
ODPA into ODP-DADA complexed with THF by hydrogen bonding. Figure 4.2 shows
the chemical formula for ODP-DADA. One mole of 4,3-BAPS (432.48 g) was added to
the resulting solution o f ODP-DADA and stirred for 2 hours to yield a homogeneous
polyimide precursor solution. The resulting polyimide precursor solution had a solids
content of 50 - 80 wt % and a viscosity o f approximately 20 poise at 20°C. The solution
was then charged into a stainless-steel vat and treated at 70°C for 14 hours in order to
evaporate the solvent (THF and methanol). The resulting material was crushed into a fine
powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide precursor
powder was then treated for an additional amount o f time (0 to 300 minutes) at 80°C to
further reduce the residual solvents to around 1-10 wt% depending on the final density
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desired. Residual amounts o f THF were determined by measuring proton NMR spectra
of the powders.

4.2.14 Formation o f BPDA / 3,4'-ODA and APB (diamine mole ratio 0.85:0.15)
(LaRC-8515) Precursor Residuum from TH F and Methanol

One mole o f BPDA (294.22 g) was dispersed in a mixture o f THF and methanol
at room temperature. This solution was treated at 70°C for 6 hours in order to convert the
BPDA into BPD-DADA complexed with THF by hydrogen bonding. Figure 4.5 shows
the chemical formula for BPD-DADA. One mole of 3,4'-ODA (170.20 g, 0.85 mol) and
APB (43.85 g, 0.15 mol) were added to the resulting solution o f BPD-DADA and stirred
for 2 hours to yield a homogeneous polyimide precursor solution. The resulting
polyimide precursor solution had a solids content o f 50 - 80 wt % and a viscosity of
approximately 20 poise at 20°C. The solution was then transferred into a stainless-steel
vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF and
methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powder was then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to around 1-10 wt% depending on the final density desired. Residual amounts of
THF were determined by measuring proton NMR spectra o f the powders.
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4.2.15 Form ation o f ODPA / 3,4'-O DA Precursor R esiduum from THF and
Methanol (Utilizing the Tetra-acid of ODPA)

The 3,4'-ODA (220.26 g, 1.1 mol) was dissolved in a mixture of 1120 g o f THF
and 280 g o f methanol at room temperature. To the stirring 3,4'-ODA solution, 176.83 g
(0.57 mol) o f ODPA was added gradually at 15°C over 40 min. The resulting mixture
was stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 197.36 g
(0.57 mol) o f ODP-TA (tetra-acid form of ODPA) was added gradually and the mixture
was stirred for 24 hr at 30°C to yield a homogenous precursor solution. Figure 4.9 shows
the chemical structure for the ODP-TA form.

Solid contents and viscosity o f the

resulting solution were 30 wt% and 0.2 poise, respectively. The solution was then
transferred into a stainless-steel vat and treated at 70°C for 14 hours in order to evaporate
the solvent (THF and methanol). The resulting material was crushed into a fine powder (2
to 500 pm) and separated by a sieve if necessary. The polyimide precursor powder was
then treated for an additional amount o f time (0 to 300 minutes) at 80°C to further reduce
the residual solvents to around 1-10 wt% depending on the final density desired.
Residual amounts o f THF were determined by measuring proton NMR spectra o f the
powders.

HOO

OOH

HOO

OOH

Figure 4.9. Oxydiphthalic Tetracarboxylic Acid (ODP-TA)
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4.2.16 Form ation of BTDA / 4,4'-BA PS Precursor Residuum from THF and
Methanol (Utilizing the Tetra-acid of BTDA)

The 4,4’-BAPS (337.33 g, 0.78 mol) was dissolved in a mixture o f 1120 g o f THF
and 280 g o f methanol at room temperature. To the stirring 4,4’-BAPS solution, 125.67 g
(0.39 mol) o f BTDA was added gradually at 15°C over 40 min. The resulting mixture
was stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g
(0.39 mol) o f BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture
was stirred for 24 hr at 30°C to yield a homogenous precursor solution. Figure 4.10
shows the chemical structure for the ODP-TA form. Solid content and viscosity o f the
resulting solution were 20 - 40 wt% and approximately 0.2 poise, respectively. The
solution was then transferred into a stainless-steel vat and treated at 70°C for 14 hours in
order to evaporate the solvent (THF and methanol). The resulting material was crushed
into a fine powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide
precursor powder was then treated for an additional amount of time (0 to 300 minutes) at
80°C to further reduce the residual solvents to around 1-10 wt% depending on the final
density desired. Residual amounts o f THF were determined by measuring proton NMR
spectra of the powders.

O

HOO

OOH

HOO

OOH

Figure 4.10. Benzophenone Tetracarboxylic Acid (BTD-TA)
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4.2.17 Formation of BTDA / 4,3'-BAPS Precursor Residuum from THF and
Methanol (Utilizing the Tetra-acid of BTDA)

4,3’-BAPS (337.33 g, 0.78 mol) was dissolved in a mixture o f 1120 g o f THF and
280 g o f methanol at room temperature. To the stirring BAPS solution, 125.67 g (0.39
mol) o f BTDA was added gradually at 15°C over 40 min. The resulting mixture was
stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g (0.39
mol) o f BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture was
stirred for 24 hr at 30°C to yield a homogenous precursor solution. Figure 4.10 shows the
tetra-acid form o f BTDA. Solid content and viscosity o f the resulting solution were 20 40 wt% and approximately 0.2 poise, respectively. The solution was then transferred into
a stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent
(THF and methanol). The resulting material was crushed into a fine powder (2 to 500
pm) and separated by a sieve if necessary. The polyimide precursor powder was then
treated for an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the
residual solvents to around 1-10 wt% depending on the final density desired. Residual
amounts of THF were determined by measuring proton NMR spectra o f the powders.

4.2.18 F orm ation of BTDA / BAPP P re c u rso r Residuum from THF and Methanol
(Utilizing the Tetra-acid of BTDA)

BAPP (320.21g, 0.78 mol) was dissolved in a mixture o f 1120 g o f THF and 280
g o f methanol at room temperature. To the stirring BAPP solution, 125.67 g (0.39 mol)
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o f BTDA was added gradually at 15°C over 40 min. The resulting mixture was stirred
for 2 hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g (0.39 mol)
of BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture was stirred
for 24 hr at 30°C to yield a homogenous precursor solution. Figure 4.10 shows the tetraacid form o f BTDA. Solid content and viscosity of the resulting solution were 20 - 40
wt% and approximately 0.2 poise, respectively. The solution was then transferred into a
stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF
and methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powder was then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to around 1-10 wt% depending on the final density desired. Residual amounts of
THF were determined by measuring proton NMR spectra o f the powders.

4.2.19 Formation o f BTDA / 4,4'-DDS and 3,3'-DDS (diamine mole ratio 0.5:0.5)
Precursor Residuum from THF and Methanol (Utilizing the Tetra-acid of BTDA)

The 4,4'-DDS (96.84 g) and 3,3'-DDS (96.84 g) totaling 193.68 g (0.78 mol)
(diamine mol ratio: 0.5/0.5) was dissolved in a mixture o f 1120 g o f THF and 280 g of
methanol at room temperature. To the stirring DDS solution, 125.67 g (0.39 mol) o f
BTDA was added gradually at 15°C over 40 min. The resulting mixture was stirred for 2
hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g (0.39 mol) of
BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture was stirred for
24 hr at 30°C to yield a homogenous precursor solution. Figure 4.10 shows the tetra-acid
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form o f BTDA. Solid content and viscosity of the resulting solution were 20 - 40 wt%
and approximately 0.2 poise, respectively. The solution was then transferred into a
stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF
and methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powder was then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to around 1-10 wt% depending on the final density desired. Residual amounts of
THF were determined by measuring proton NMR spectra o f the powders.

4.2.20 Formation of BTDA / 4,4'-DDS and 3,3'-DDS (diamine mole ratio 0.8:0.2)
Precursor Residuum from THF and Methanol (Utilizing the Tetra-acid of BTDA)

The 4,4'-DDS (154.94 g) and 3,3’-DDS (38.74 g) totaling 193.68 g (0.78 mol)
(diamine mol ratio: 0.8/0.2) was dissolved in a mixture o f 1120 g o f THF and 280 g of
methanol at room temperature. To the stirring DDS solution, 125.67 g (0.39 mol) of
BTDA was added gradually at 15°C over 40 min. The resulting mixture was stirred for 2
hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g (0.39 mol) of
BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture was stirred for
24 hr at 30°C to yield a homogenous precursor solution. Figure 4.10 shows the tetra-acid
form of BTDA.

Solid content and viscosity o f the resulting solution were 20 - 40 wt%

and approximately 0.2 poise, respectively. The solution was then transferred into a
stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF
and methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
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separated by a sieve if necessary. The polyimide precursor powder was then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to around 1-10 wt% depending on the final density desired. Residual amounts o f
THF were determined by measuring proton NMR spectra o f the powders.

4.2.21 Formation of BPDA / 3,4'-ODA and APB (diamine mole ratio 0.85:0.15)
Precursor Residuum from THF and Methanol (Utilizing the Tetra-acid of BPDA)

The 3,4’-ODA (132.76 g) and APB (34.20 g) totaling 167.00 g (0.78 mol)
(diamine mol ratio: 0.85/0.15) was dissolved in a mixture o f 1120 g o f THF and 280 g o f
methanol at room temperature. To the stirring 3,4’-ODA / APB solution, 114.75 g (0.39
mol) of BPDA was added gradually at 15°C over 40 min. The resulting mixture was
stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 128.79 g (0.39
mol) o f BPD-TA (tetra-acid form o f BPDA) was added gradually and the mixture was
stirred for 24 hr at 30°C to yield a homogenous precursor solution. Figure 4.11 shows
the chemical structure for the BPD-TA form. Solid content and viscosity o f the resulting
solution were 20 - 40 wt% and approximately 0.2 poise, respectively. The solution was
then transferred into a stainless-steel vat and treated at 70°C for 14 hours in order to
evaporate the solvent (THF and methanol). The resulting material was crushed into a fine
powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide precursor
powder was then treated for an additional amount o f time (0 to 300 minutes) at 80°C to
further reduce the residual solvents to around 1-10 wt% depending on the final density
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desired. Residual amounts of THF were determined by measuring proton NMR spectra
of the powders.

COOH
COOH
Figure 4.11. Biphyenyl Tetracarboxylic Acid (BPD-TA)

4.2.22 Form ation of BTDA / 4,4'-D D S Precursor R esiduum from THF and
Methanol (Utilizing the Tetra-acid of BTDA)

The 4,4’-DDS (193.67 g, 0.78 mol) was dissolved in a mixture of 1120 g of THF
and 280 g of methanol at room temperature. To the stirring DDS solution, 125.67 g (0.39
mol) of BTDA was added gradually at 15°C over 40 min. The resulting mixture was
stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g (0.39
mol) of BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture was
stirred for 24 hr at 30°C to yield a homogenous precursor solution. Figure 4.10 shows
the tetra-acid form o f BTDA. Solid content and viscosity o f the resulting solution were
20 - 40 wt% and approximately 0.2 poise, respectively. The solution was then transferred
into a stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent
(THF and methanol). The resulting material was crushed into a fine powder (2 to 500
pm) and separated by a sieve if necessary. The polyimide precursor powder was then
treated for an additional amount of time (0 to 300 minutes) at 80°C to further reduce the
residual solvents to around 1-10 wt% depending on the final density desired. Residual
amounts of THF were determined by measuring proton NMR spectra o f the powders.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

77

4.2.23 Formation of ODPA / 3,4'-ODA Precursor Residuum from THF and MeOH
(Utilizing the Dimethyl ester of ODPA)

The 3,4'-ODA(220.26 g, 1.1 mol) was dissolved in a mixture o f 1120 g o f THF and
280 g o f methanol at room temperature. To the stirring 3,4'-ODA solution, 176.83 g
(0.57 mol) o f ODPA was added gradually at 15°C over 40 min. The resulting mixture
was stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 197.36 g
(0.57 mol) o f ODPA dimethyl ester was added gradually and the mixture was stirred for
24 hr at 30°C to yield a homogenous precursor solution. Solid contents and viscosity of
the resulting solution were 20 - 40 wt% and approximately 0.2 poise, respectively. The
solution was then transferred into a stainless-steel vat and treated at 70°C for 14 hours in
order to evaporate the solvent (THF and methanol). The resulting material was crushed
into a fine powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide
precursor powder was then treated for an additional amount o f time (0 to 300 minutes) at
80°C to further reduce the residual solvents to around 1-10 wt% depending on the final
density desired. Residual amounts o f THF were determined by measuring proton NMR
spectra o f the powders.
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4.3

Solvent Removal

The solid residuum was further treated after the synthesis o f each polyimide
precursor to reduce the amount o f residual solvent in the powder. This was done so that a
specific density could be obtained from a solid residuum powder. Depending upon the
final desired density the precursor solid residuum would be held at 100 - 140°C from 0 to
120 minutes and then cooled.

4.3.1

Solvent Removal of ODPA / 3,4'-ODA P recu rso r Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.15
were further treated at 100°C to dry the powders without thermal imidization so that the
apparent density o f the precursor powders was decreased.

4.3.2

Solvent Removal of BTDA / 4,4'-BAPS Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.16
were further treated at 140°C to dry the powders without thermal imidization so that the
apparent density of the precursor powders was decreased.
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4.3.3

Solvent Removal of BTDA / 4,3'-BAPS Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.17
were further treated at 120°C to dry the powders without thermal imidization so that the
apparent density o f the precursor powders was decreased.

4.3.4

Solvent Removal of BTDA / BAPP Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.18
were further treated at 120°C to dry the powders without thermal imidization so that the
apparent density o f the precursor powders was decreased.

4.3.5

Solvent Removal of BTDA / 4,4'-DDS and 3,3'-DDS (diamine mole ratio

0.5:0.5) Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.19
were further treated at 110°C to dry the powders without thermal imidization so that the
apparent density o f the precursor powders was decreased.
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4.3.6

Solvent Removal o f BTDA / 4,4’-DDS and 3,3'-DDS (diamine mole ratio

0.8:0.2) Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.20
were further treated at 110°C to dry the powders without thermal imidization so that the
apparent density o f the precursor powders was decreased.

4.3.7

Solvent Rem oval o f BPDA / 3,4'-O D A and APB (diam ine mole ratio

0.85:0.15) Precursor Residuum

Polyimide precursor powders obtained the by procedure o f the Example 4.2.21
were further treated at 130°C to dry the powders without thermal imidization so that the
apparent density of the precursor powders was decreased.

4.3.8

Solvent Removal of BTDA / 4,4'-ODA Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.11
were further treated at 10Q°C to dry the powders without thermal imidization so that the
apparent density o f the precursor powders was decreased.
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4.3.9

Solvent Removal of BTDA / 4,4'-DDS Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.22
were further treated at 110°C to dry the powders without thermal imidization so that the
apparent density of the precursor powders was decreased.

4.3.10 Solvent Removal of ODPA / 3,4’-ODA Precursor Residuum

Polyimide precursor powders obtained by the procedure o f the Example 4.2.32
were further treated at 100°C to dry the powders without thermal imidization so that the
apparent density o f the precursor powders was decreased.

4.4

Expandability of Precursor Powders

4.4.1 Precursor Residuum Analysis for ODPA / 3,4'-ODA

Polyimide precursor powder prepared by the process o f the above examples was
expanded to form foam as follows: 0.5 g o f polyimide precursor powder was charged
into a standard glass tube (diameter 16 mm/ length 180 mm). The glass tube was placed
in an oven set to 140°C, and the material was held up to 15 minutes at this temperature.
The hold at 140°C allowed the foaming agent to gradually evaporate from the system.
Once the hold was completed the test tube was returned to ambient conditions and the
height of the resulting foam was measured (Table 4.1).
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Table 4.1. Precursor Residuum from ODPA / 3,4’ODA

Polyimide

ODPA / 3,4'-ODA

ODPA / 3,4'-ODA
ODPA / 3,4'-ODA
ODPA / 3,4'-ODA

Sample

4.2.1a
4.2.1b
4.2.1c
4.2. Id
4.2.le
4.2.2
4.2.3
4.2.4

Solvent
Content
(wt%)
2.7
3.5
3.2
2.8
1.9
6.1
4.1
5.8

Average
Particle size
(mm)
155
400
300
200
100
140
130
140

Apparent
Density
(pcf)
43
37
37
42
36
41
38
40

Expansion
(mm)
32
60
55
45
17
83
85
82

4.4.2 Precursor Residuum Analysis for all other polyimides

Polyimide precursor powder prepared by the process o f the above examples was
expanded to form foam as follows: 0.5 g o f polyimide precursor powder was charged
into a standard glass tube (diameter 16 mm/ length 180 mm). The glass tube was placed
in an oven set to 140°C, and the material was held up to 15 minutes at this temperature.
The hold at 140°C allowed the foaming agent to gradually evaporate from the system.
Once the hold was completed the test tube was returned to ambient conditions and the
height of the resulting foam was measured (Table 4.2).
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Table 4.2. Precursor Residuum from other polyimides

Average
Particle size
(mm)
150
140
160
150
150
120

Apparent
Density
(pcf)
37
39
40
40
41
36

Expansion

4.2.5
4.2.6
4.2.7
4.2.8
4.2.9
4.2.10

Solvent
Content
(wt%)
4.2
3.9
4.0
3.8
4.0
3.3

4.2.11a
4.2.11b
4.2.11c
4.2.1 Id
4.2.1 le
4.2.1 If
4.2.12a
4.2.12b
4.2.13

4.0
4.3
4.1
3.9
3.7
3.2
6.4
6.7
4.6

80
300
200
100
50
50
150
150
150

26
30
31
27
26
25
48
49
41

95
105
91
80
40
20
84
100
81

4.2.14a

4.3

140

36

35

4.2.14b

4.7

140

37

70

Polyimide

Sample

BTDA/ 3,4’-ODA
BPDA/ 3,4’-ODA
DSDA/ 3,4’-ODA
PMDA/ BAPB
BPADA/ m-PDA
ODPA/ 3,4’ODA,
p-PDA(0.9/0.1)
BTDA/ 4,4’-OD A

BTDA/ 4,4’-DDS
BTD A /4,3’BAPS
BPDA/ 3,4’ODA,APB
(0.85/0.15)

(mm)
82
80
85
82
84
81

4.4.3 Precursor Residuum Analysis for polyimides formed from a tetra-acid or
dimethyl ester

Polyimide precursor powder prepared by the process o f the above examples was
expanded to form foam as follows: 0.5 g o f polyimide precursor powder was charged
into a standard glass tube (diameter 16 mm/ length 180 mm). The glass tube was placed
in an oven set to 140°C, and the material was held up to 15 minutes at this temperature.
The hold at 140°C allowed the foaming agent to gradually evaporate from the system.
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Once the hold was completed the test tube was returned to ambient conditions and the
height o f the resulting foam was measured (Table 4.3).

Table 4.3. Precursor Residuum from Polyimides formed
from the tetra-acid and dimethylester

Polyimide

ODPA73,4 ’-OD A

BTD A/BAPS
BTD A/4,3 ’-BAPS
BTDA/BAPP
BTD A/4,4’-DDS,
3,3’-DDS(0.5/0.5)
BTD A/4,4’-DDS,
3,3’-DDS(0.8/0.2)
BPDA/3,4’ODA,APB
(0.85/0.15)
BTD A/4,4 ’-DD S
ODPA/3,4 ’-OD A

Average
Particle size

Apparent
Density

Expansion

(mm)

(pcf)

(mm)

4.2.15a
4.2.15b
4.2.15c
4.2.16
4.2.17
4.2.18
4.2.19

Solvent
Content
(wt%)
13.5
12.0
10.2
12.3
11.5
12.1
10.2

400
200
200
150
150
150
150

29
31
30
22
25
29
31

140
120
70
100
110
105
95

4.2.20

10.5

150

29

100

4.2.21

12.0

140

31

120

4.2.22
4.2.23

14.8
10.3

150
150

33
36

110
130

Sample

4.4.4 Precursor Residuum Analysis for all polyimides after solvent removal

Polyimide precursor powder prepared by the process o f the above examples was
expanded to form foam as follows: 0.5 g o f polyimide precursor powder was charged
into a standard glass tube (diameter 16 mm/ length 180 mm). The glass tube was placed
in an oven set to 140°C, and the material was held up to 15 minutes at this temperature.
The hold at 140°C allowed the foaming agent to gradually evaporate from the system.
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Once the hold was completed the test tube was returned to ambient conditions and the
height o f the resulting foam was measured (Table 4.4).

Table 4.4. Precursor Residuum for all polyimides after solvent removal

Polyimide

ODPA/3,4 ’-OD A

BTD A/BAPS
BTD A/4,3 ’-BAPS
BTDA/BAPP
BTD A/4,4’-DDS,
3,3’-DDS(0.5/0.5)
BTD A/4,4’-DDS,
3,3’-DDS(0.8/0.2)
BPDA/3,4’ODA,APB
(0.85/0.15)
BTDA/4,4 ’-OD A
BTDA/4,4’-DDS
ODP A/3,4 ’-OD A

4.5

Average
Particle size
(mm)
1000
300
300
400
400
400
400

Apparent
Density
(pcf)
2.4
3.7
2.4
3.7
2.5
3.1
2.1

Expansion

4.3.1a
4.3.1b
4.3.1c
4.3.2
4.3.3
4.3.4
4.3.5

Solvent
Content
(wt%)
11.2
10.7
7.0
9.1
8.6
9.0
7.2

4.3.6

7.9

400

2.6

70

4.3.7

9.8

300

3.9

40

4.3.8a
4.3.8b
4.3.9
4.3.10

3.1
2.5
9.1
8.5

800
300
400
500

3.4
3.0
3.2
4.1

55
70
60
48

Sample

(mm)
125
90
74
45
80
60
90

Summary

Through the course of this research over twenty-five different polyimides and copolyimides were fabricated into a polyimide solid residuum precursor. The foaming
process is a state o f the art mixture o f a dianhydride and a diamine in a mixture o f
foaming agents and alkyl alcohols. The foaming process was achieved due to the
complexing of the foaming agent to the monomer reactants which ensures homogeneous
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foaming to specific densities ranging from 0.5 PCF to 8.0 PCF. The removal o f solvent
during the drying process was determined to be the critical step in being able to produce a
foam.

Specifically, the amount o f residual solvent left in the precursor powder

determines the final density o f the foam in an unrestrained foaming process.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

87

REFERENCES
4.1

U.S. Pat. 6,180,746 (Jan. 2001), “Polyimide Precursor Solid Residuum,” Weiser,
et.al.

4.2

U.S. Pat. 6,133,330 (Oct. 2000), “Aromatic Polyimide Foam,” Weiser, et.al.

4.3

U.S. Pat. 5,994,418 (Nov. 1999), “Hollow Polyimide Microspheres,” Weiser,
et.al.

4.4

U.S. Pat. 6,084,000 (Jul. 2000), “Hollow Polyimide Microspheres,” Weiser, et.al.

4.5

U.S. Pat. 6,235,803 (May 2001), “Hollow Polyimide Microspheres,” Weiser,
et.al.

4.6

T. H. Hou, N. J. Johnston, E. S. Weiser, and J. M. Marchello, Processing and
Properties o f I-M7 Composites Made From LaRC™-IAX Polyimide Powders,
Soc. Adv. Matl. Proc. Eng. Series. 27. 135, (1995).

4.7

T. H. Hou, N. J. Johnston and T. L. St. Clair, “IM7/LARC ™-IA Polyimide
Composites”, High Performance Polymers. 7(2), 105-124, 1995.

4.8

Jensen, B. J.; Hou, T. H. and Wilkinson, S. P.: "Adhesive and Composite
Properties o f LARC™-8515 Polyimide." High Performance Polymers Journal. 7
(1), 11 (1995).

4.9

Weiser, E. S., Johnson, T. F., St. Clair, T. L., Echigo, Y., Kaneshiro, H., and
Grimsley, B. W.; Polyimide Foams for Aerospace Vehicles. Journal o f High
Performance Polymers, pp. 1-12. Vol. 12, No. 1. March 2000.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER V
FRIABLE BALLOON FORMATION

In the previous chapter the formation o f the polyimide solid residuum or precursor
powder was discussed. Figure 5.1 shows a balloon chart detailing the three possible uses
for the solid residuum in the fabrication o f completely imidized polyimide foams.

As

can be seen from the diagram, the solid residuum can be foamed directly to make neat
foams. The solid residuum can also be foamed in a fluidized bed or other device to make
friable balloons or microspheres [5.1]. Friable balloons are an intermediate product
obtained during the inflation process when the solid residuum is allowed to inflate but not
imidize. This intermediate product can be used to form microspheres by continuing the
heating cycle and allowing imidization to occur or they can be inflated in a closed system
to form a foamed object with varying density [5.2],

Friable balloons allow the

manufacture of complex shapes without the need for large amounts o f expansion due to
their inherent physical and chemical state. Typically, the friable balloons will occupy
five times more volume than the same mass o f solid residuum.

88
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Figure 5.1 Chart o f TEEK Foam Products - Friable Balloons.

Friable balloons are synthesized by the same method used to produce the
precursor solid residuum. Figure 5.2 shows a flow diagram outlining the synthetic
method used. The main difference between the friable balloons and the solid residuum
comes from the follow on step where the balloons are inflated but not imidized. At this
step in the process the friable balloons are brittle and the slightest amount force applied to
them can cause fracture o f the balloon. The significance of the brittle “friable” balloon
that is obtained after the initial inflation step comes from the balloons ability to continue
inflating during subsequent heating steps. This is possible because the balloons do not
completely diffuse all o f the blowing agent which is bound to the system. Typically the
solid residuum has a maximum o f 10% residual blowing agent before processing whereas
the inflated friable balloons have less than 5%. This allows the balloons to continuing
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inflating during subsequent processing and in turn does not place restraints on the
complexity o f the final part because the balloons fill the cavity to be fabricated. The
solid residuum must inflate to the cavity dimensions and thus complex shapes are
normally difficult to obtain. When energy is imparted to friable balloons in the form o f
heat the balloons will continue to expand and form a foam by bonding together and
filling their interstitial spaces [5.3]. Once imidization has occurred, the foams will show
an increase in glass transition temperature and molecular weight and a strong rigid foam
will have been formed.

Dianhydride

z

*
Alkyl Alcohol
Friable
Balloons

Alcohol

Dialkvlester-Diacid
alt with A gent

A gent

lamine
Stable Salt at
Ambient Conditions

Agent, Water, &
Alcohol By-Products

(Stablized by the Agent)

Figure 5.2 TEEK Friable Balloon Formation Diagram [5.4],
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5.1 Preparation o f an Aromatic Polyimide Precursor Solid Residuum for use in
friable balloon manufacture

The preparation o f friable balloons from the precursor solid residuum is straight
forward following the process outlined in the previous chapter. The main difference lies
in the formation o f the balloons during the foaming step. The following subsections give
examples o f the precursor formation and the friable balloon forming process.

5.1.1 Formation of ODPA / 3,4'-ODA friable balloons from THF and Methanol
utilizing the tetra-acid of ODPA

The 3,4’-ODA (228.26 g, 1.14 mol) was dissolved in a mixture o f 1120g o f THF
and 280g o f methanol at room temperature. To the stirring 3,4’ODA solution, 176g
(0.57mol) o f ODPA was added gradually at 15°C to yield a homogenous solution. To
this solution, 197 g (0.57mol) o f ODP-tetraacid was added gradually and the mixture was
stirred for 24 hr at 30°C to yield a homogenous precursor solution. Solid contents and
viscosity o f the resulting solution were 30wt% and approximately 0.2 poise, respectively.
The solution was then transferred into a stainless-steel vat and treated at 70°C for 14
hours in order to evaporate the solvent (THF and methanol). The resulting material was
crushed into a fine powder (2 to 500 pm) and separated by a sieve if necessary. The
polyimide precursor solid residuum was then treated for an additional amount o f time (0
to 300 minutes) at 80°C to further reduce the residual solvents to about 1-10 wt %
depending on the final foam density desired. Residual amounts o f THF were determined
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by measuring proton NMR spectra o f the powders. The polyimide precursor powders
were further treated at 100°C to expand the powders without thermal imidization so that
the apparent density o f the precursor was decreased without thermal imidization and
friable balloons resulted.

5.1.2 Formation of BTDA / 4,4’BAPS friable balloons from THF and M ethanol
utilizing the tetra-acid o f BTDA

The 4,4’BAPS (336 g, 0.78mol) was dissolved in a mixture o f 1120g of THF and
280g o f methanol at room temperature.

To the stirring 4 ,4 ’BAPS solution, 125 g

(0.39mol) o f BTDA was added gradually at 15°C over 40 min. The resulting mixture
was stirred for 2 hr at 15°C to yield a homogenous solution. To this solution, 139 g
(0.39mol) o f BTD-tetraacid was added gradually and the mixture was stirred for 24 hr at
30°C to yield a homogenous precursor solution. Solid contents and viscosity o f the
resulting solution were 30 wt % and approximately 0.2 poise, respectively. The solution
was then transferred into a stainless-steel vat and treated at 70°C for 14 hours in order to
evaporate the solvent (THF and methanol). The resulting material was crushed into a fine
powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide precursor
solid residuum was then treated for an additional amount o f time (0 to 300 minutes) at
80°C to further reduce the residual solvents to about 1-10 wt % depending on the final
foam density desired. Residual amounts o f THF were determined by measuring proton
NMR spectra o f the powders. The polyimide precursor powders were further treated at
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140°C to expand the powders without thermal imidization so that the apparent density o f
the precursor was decreased without thermal imidization and friable balloons resulted.

5.1.3 Formation of BTDA / 4,4'ODA friable balloons from THF and M ethanol
utilizing the tetra-acid of BTDA

The 4,4’ODA (156g, 0.78) was dissolved in a mixture o f 1120g of THF and 280g
of methanol at room temperature. To the stirring 4,4’ODA solution, 125g (0.39mol) o f
BTDA was added gradually at 15°C to yield a homogenous solution. To this solution,
139 g (0.39mol) o f BTD-tetraacid was added gradually and the mixture was stirred for 24
hr at 30°C to yield a homogenous precursor solution. Solid contents and viscosity o f the
resulting solution were 30wt% and approximately 0.2 poise, respectively. The solution
was then transferred into a stainless-steel vat and treated at 70°C for 14 hours in order to
evaporate the solvent (THF and methanol). The resulting material was crushed into a fine
powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide precursor
solid residuum was then treated for an additional amount o f time (0 to 300 minutes) at
80°C to further reduce the residual solvents to about 1-10 wt % depending on the final
foam density desired. Residual amounts o f THF were determined by measuring proton
NMR spectra o f the powders. The polyimide precursor powders were further treated at
100°C to expand the powders without thermal imidization so that the apparent density o f
the precursor was decreased without thermal imidization and friable balloons resulted.
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5.1.4 Formation of BTDA / 4,4'DDS & 3,3’DDS (diamine mole ratio 0.8.-0.2) friable
balloons from TH F and methanol utilizing the tetra-acid of BTDA

The 4,4'-DDS (154.94 g) and 3,3'-DDS (38.74 g) totaling 193.68 g (0.78 mol)
(diamine mol ratio: 0.8:0.2) were dissolved in a mixture o f 1120g o f THF and 280g o f
methanol at room temperature. To the stirring 4,4’DDS and 3,3’DDS (diamine mol ratio:
0.8:0.2) solution, 125 g (0.39mol) o f BTDA was added gradually at 15°C over 40 min.
The resulting mixture was stirred for 2 hr at 15°C to yield a homogenous solution. To
this solution, 139 g (0.39 mol) o f BTD-tetraacid was added gradually and the mixture
was stirred for 24 hr at 30°C to yield a homogenous precursor solution. Solid contents
and viscosity o f the resulting solution were 30 wt % and approximately 0.2 poise,
respectively. The solution was then transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor solid residuum was then treated for an additional
amount of time (0 to 300 minutes) at 80°C to further reduce the residual solvents to about
1-10 wt % depending on the final foam density desired. Residual amounts o f THF were
determined by measuring proton NMR spectra o f the powders. The polyimide precursor
powders were further treated at 110°C to expand the powders without thermal

imidization so that the apparent density o f the precursor was decreased without thermal
imidization and friable balloons resulted.
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5.1.5 Formation of BPDA / 3,4'ODA & APB (mole ratio 0.85:0.15) (LaRC-8515)
friable balloons from THF and Methanol utilizing the tetra-acid of BPDA [5.5]

The 3,4’-ODA (194.03 g) and APB (63.0 g) totaling 257.03 g (1.14 mol) (diamine
mol ratio: 0.85/0.15) was dissolved in a mixture o f 1120 g o f THF and 280 g o f methanol
at room temperature. To the stirring 3,4’ODA and APB (diamine mol ratio: 0.85/0.15)
solution, 167.71 g (0.57m ol) o f BPDA was added gradually at 15°C to yield a
homogenous solution. To this solution, 188.23 g (0.57mol) o f BPD-tetraacid was added
gradually and the mixture was stirred for 24 hr at 30°C to yield a homogenous precursor
solution. Solid contents and viscosity o f the resulting solution were 30wt% and 0.2
poise, respectively. The solution was then transferred into a stainless-steel vat and treated
at 70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor solid residuum was then treated for an additional
amount of time (0 to 300 minutes) at 80°C to further reduce the residual solvents to about
1-10 wt % depending on the final foam density desired. Residual amounts o f THF were
determined by measuring proton NMR spectra o f the powders. The polyimide precursor
powders were further treated at 130°C to expand the powders without thermal
imidization so that the apparent density o f the precursor was decreased without thermal
imidization and friable balloons resulted.
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5.2 Expandability of Friable Balloons

Polyimide friable balloons prepared by the process o f the above examples were
expanded to form foam as follows: 0.5g o f polyimide friable balloons were charged into
a standard glass tube (diameter 16mm / length 180mm). The glass tube was placed in an
oven set to 140°C and the material was held up to 15 minutes at this temperature. The
hold at 140°C allowed foaming to occur. Once the hold was complete, the test tube was
returned to ambient conditions and the height o f the resulting foam was measured. In
Table 5.1 values o f the height are summarized as well as properties o f the polyimide
friable balloons. The data displayed in table 5.1 shows that not all o f the friable balloons
tested exhibit the same properties. The friable balloons synthesized from the ODPA /
3,4’ODA and BTDA / 4,4’DDS, 3,3’DDS (8/2 molar ratio) had the largest expandability
and thus resulted in the lowest density foams. Another observation that can be made is in
the comparison o f the two ODPA / 3,4’ODA examples in which example 5.1.1b has a
lower amount o f ether blowing agent and thus results in a smaller amount o f
expandability and a higher density. Another factor in the resultant higher density and
lower expandability can be attributed to the smaller particle size that allows the blowing
agent to diffuse out o f the particles faster.

In the case o f example 5.1.3 and 5.1.5 the

balloons expanded and then shrunk in size. This can be attributed to the blowing agent
being released from the system faster than the imidization reaction could take place.
Thus the balloons inflated and did not have the toughness (high molecular weight)
necessary to stabilize the balloons. In both cases the balloons did not adhere to each
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other. This may be attributed to the high glass transition temperature of these materials
and their inability at this low temperature to soften.

Table 5.1 Friable Balloon Expandability.
Polyimide

ODPA/3,4’ODA
BTDA/4,4BAPS
BTDA/4,4’ODA
BTDA/4,4’DDS,
3,3’DDS(8/2)
BTDA/3,4’ODA,
APB (85/15)

Apparent
Density

Expansion

(wt%)
7.0
4.5
9.1
7.6
7.9

Average
Particle
size
pm
300
150
400
200
400

(pcf)
2.4
4.3
3.7
3.8
2.6

(mm)
74
55
45
50
70

9.8

300

3.9

40

Example
no.

Ether
Contents

5.1.1a
5.1.1b
5.1.2
5.1.3
5.1.4
5.1.5

5.3 Summary

Friable balloons are an intermediate product obtained during the inflation process
when the solid residuum was allowed to inflate but not imidize. Friable balloons were
made by placing the solid residuum in a fluidized bed or by thinly dispersing on a flat
tray. The precursor was then heated to 100°C and 160°C for several hours to cause the
solid residuum to expand into a partially imidized balloons. The balloons inflate but do
not bond together to form a foam.

Expandability and foaming experiments were

performed and the data indicated that not all o f the friable balloons that were fabricated
would form a foam. The ODPA / 3,4’ODA and the BTDA / 4,4’DDS, 3,3’DDS (8/2
molar ratio) had the largest expandability and thus resulted in the lowest density foam.
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CHAPTER VI
M IC R O S PH E R E FO RM A TIO N

In the previous two chapters the formation o f the polyimide solid residuum and
friable balloons was discussed. Figure 6.1 shows a balloon chart detailing the three
possible uses for the solid residuum in the fabrication o f completely imidized polyimide
foams.

As can be seen from figure 6.1, the solid residuum can be foamed using a

fluidized bed or oven to make microspheres. Polyimide microspheres are similar to
friable balloons, however, microspheres have been fully imidized and will not continue to
inflate upon re-heating [6.1-6.3]. Polyimide microspheres are formed by the growth o f
bubbles that are entrapped inside the solid residuum. As the solid residuum is heated to
an elevated temperature, the blowing agent diffuses from the precursor and inflates the
balloons. Once the balloons have been imidized and become polyimide microspheres,
both the molecular weight and toughness will increase.
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Figure 6.1 Chart o f TEEK Foam Products - Microspheres.

Polyimide microspheres can be fabricated to varying sizes depending upon the
initial particle size and percentage o f residual blowing agent. Micro spheres have been
inflated to diameters ranging from several hundred microns to several thousand microns.
In several cases the microspheres are multi-lobed hollow objects.

Figure 6.2 shows

several different microspheres that can be formed depending upon the initial
concentration o f blowing agent, the heating rate and the number o f microcavities within
the precursor powder [6.4].
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;

Figure 6.2 Single microsphere (a), multiple sphere (b), and rib-like structure (c) [6.4].

Polyimide microspheres have many potentially unique applications due to their
low density and varying sizes. Microspheres can be bonded together to form a foam or
they can be adhered together by a suspending phase to form a syntactic foam.
Microspheres can be loosely bundled together and utilized for acoustic damping or
thermal insulation. In some cases different types o f polyimide microspheres can be
mixed to form gradient foam structures that will allow different physical properties to be
present through the thickness o f the foam system.

6.1 Preparation of an Aromatic Polyimide Precursor Solid Residuum for use in
microsphere manufacture

This chapter describes the process by which the polyimide solid residuum is
synthesized and then inflated to form polyimide microspheres. This process is similar to
the process used to synthesize friable balloons, which was described in the previous
chapter. The synthetic process follows the flow diagram found in figure 6.3 and is
described in detail below.
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Figure 6.3 TEEK Friable Balloon Formation Diagram.

6.1.1 Formation of ODPA / 3,4’-ODA (LaRC-IA) Precursor Residuum from THF
and Methanol for use in microsphere formation

The ODPA (744.53 g, 2.4 mol) was dispersed in a mixture o f 480 g o f THF and
280 g o f methanol at room temperature. This solution was treated at 70°C for 6 hours in
order to convert the ODPA into ODP-DADA complexed with THF by hydrogen bonding.
3,4’-ODA (480.58 g, 2.4 mol) was added to the resulting solution o f ODPA-DADA and
stirred for 2 hours to yield a homogeneous polyimide precursor solution. The resulting
polyimide precursor solution had a solids content o f 50 - 80 wt % and a viscosity o f
approximately 20 poise at 20°C. The solution was then transferred into a stainless-steel
vat and treated at 70° C for 14 hours in order to evaporate the solvent (THF and
methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powders were then treated for
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an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to about 1-10 wt % depending on the final density desired. Residual amounts of
THF were determined by measuring proton NMR spectra o f the powders.

6.1.2 Formation of BTDA / 3,4'-ODA P rec u rso r Residuum from T H F and Methanol
for use in microsphere formation

The BTDA (756 g, 2.4 mol) was dispersed in a mixture o f 480 g o f THF and 280g
of methanol at room temperature. This solution was treated at 70°C for 6 hours in order
to convert the ODPA into ODP-DADA complexed with THF by hydrogen bonding. The
3,4’-ODA (488 g, 2.4 mol) was added to the resulting solution o f ODP-DADA and
stirred for 2 hours to yield a homogenous polyimide precursor solution. The resulting
polyimide precursor solution had a solids content o f 50 - 80 wt % and a viscosity o f
approximately 20 poise at 20°C. The solution was then transferred into a stainless-steel
vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF and
methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powders were then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to about 1-10 wt % depending on the final density desired. Residual amounts o f
THF were determined by measuring proton NMR spectra o f the powders.
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6.1.3 Formation o f BTDA / 4,4'-ODA Precursor Residuum from TH F and Methanol
for use in microsphere formation

The BTDA (756 g, 2.4 mol) was dispersed in a mixture o f 480 g o f THF and 280g
o f methanol at room temperature. This solution was treated at 70°C for 6 hours in order
to convert the ODPA into ODP-DADA complexed with THF by hydrogen bonding. The
4,4’-ODA (488 g, 2.4 mol) was added to the resulting solution o f ODP-DADA and
stirred for 2 hours to yield a homogenous polyimide precursor solution. The resulting
polyimide precursor solution had a solids content o f 50 - 80 wt % and a viscosity o f
approximately 20 poise at 20°C. The solution was then transferred into a stainless-steel
vat and treated at 70° C for 14 hours in order to evaporate the solvent (THF and
methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powders were then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to about 1-10 wt % depending on the final density desired. Residual amounts of
THF were determined by measuring proton NM R spectra o f the powders.

6.1.4 Formation of BTDA / 4,3-BAPS Precursor Residuum from THF and Methanol
for use in microsphere formation

The BTDA (322.23 g, 1.0 mol) was dispersed in a mixture o f 480 g o f
THF and 280 g o f methanol at room temperature. This solution was treated at 70°C for 6
hours in order to convert the ODPA into ODP-DADA complexed with THF by hydrogen
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bonding. One mole o f 4,3-BAPS (432.48 g) was added to the resulting solution o f BTDDADA and stirred for 2 hours to yield a homogeneous polyimide precursor solution. The
resulting polyimide precursor solution had a solids content o f 50 - 80 wt % and a
viscosity o f approximately 20 poise at 20°C. The solution was then transferred into a
stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF
and methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powders were then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to about 1-10 wt % depending on the final density desired. Residual amounts of
THF were determined by measuring proton NMR spectra o f the powders.

6.1.5 Formation o f BPDA / 3,4'-ODA and APB (diamine mole ratio 0.85:0.15)
(LaRC-8515) Precursor Residuum from THF and Methanol for use in microsphere
formation

One mole of BPDA (294.22 g, 1.0 mol) was dispersed in a mixture of
THF and methanol at room temperature. This solution was treated at 70°C for 6 hours in
order to convert the BPDA into BPD-DADA complexed with THF by hydrogen bonding.
Figure 4.5 shows the chemical formula for BPD-DADA. One mole o f 3,4'-ODA (170.20
g, 0.85 mol) and APB (43.85 g, 0.15 mol) were added to the resulting solution o f BPDDADA and stirred for 2 hours to yield a homogeneous polyimide precursor solution. The
resulting polyimide precursor solution had a solids content o f 50 - 80 wt % and a
viscosity o f approximately 20 poise at 20°C. The solution was then transferred into a
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stainless-steel vat and treated at 70°C for 14 hours in order to evaporate the solvent (THF
and methanol). The resulting material was crushed into a fine powder (2 to 500 pm) and
separated by a sieve if necessary. The polyimide precursor powders were then treated for
an additional amount o f time (0 to 300 minutes) at 80°C to further reduce the residual
solvents to about 1-10 wt % depending on the final density desired. Residual amounts o f
THF were determined by measuring proton NMR spectra o f the powders.

6.1.6 Formation of ODPA / 3,4'-ODA Precursor Residuum from THF and Methanol
(Utilizing the Tetra-acid of ODPA) for use in microsphere formation

The 3,4'-ODA (220.26 g, 1.1 mol) was dissolved in a mixture of 1120 g of
THF and 280 g o f methanol at room temperature. To the stirring 3,4'-ODA solution,
176.83 g (0.57 mol) of ODPA was added gradually at 15°C over 40 min. The resulting
mixture was stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution,
197.36 g (0.57 mol) o f ODP-TA (tetra-acid form o f ODPA) was added gradually and the
mixture was stirred for 24 hr at 30°C to yield a homogenous precursor solution. Solid
content and viscosity o f the resulting solution were 30 wt % and approximately 0.2 poise,
respectively. The solution was then transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powders were then treated for an additional amount
o f time (0 to 300 minutes) at 80°C to further reduce the residual solvents to about 1-10
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wt % depending on the final density desired. Residual amounts o f THF were determined
by measuring proton NMR spectra o f the powders.

6.1.7 Form ation o f BTDA / 4,4'-BA PS Precursor R esiduum from THF and
Methanol (Utilizing the Tetra-acid of BTDA) for use in microsphere formation

The 4,4’-BAPS (337.33 g, 0.78 mol) was dissolved in a mixture o f 1120 g
o f THF and 280 g o f methanol at room temperature. To the stirring 4,4’-BAPS solution,
125.67 g (0.39 mol) o f BTDA was added gradually at 15°C over 40 min. The resulting
mixture was stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution,
139.71 g (0.39 mol) o f BTD-TA (tetra-acid form o f BTDA) was added gradually and the
mixture was stirred for 24 hr at 30°C to yield a homogenous precursor solution. Solid
content and viscosity o f the resulting solution were 30 wt % and approximately 0.2 poise,
respectively. The solution was then transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powders were then treated for an additional amount
of time (0 to 300 minutes) at 80°C to further reduce the residual solvents to about 1-10
wt % depending on the final density desired. Residual amounts o f THF were determined
by measuring proton NMR spectra o f the powders.
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6.1.8 Form ation o f BTDA / 4,3'-BA PS Precursor R esiduum from THF and
Methanol (Utilizing the Tetra-acid of BTDA) for use in microsphere formation

4,3’-BAPS (337.33 g, 0.78 mol) was dissolved in a mixture o f 1120 g of
THF and 280 g o f methanol at room temperature. To the stirring BAPS solution, 125.67
g (0.39 mol) of BTDA was added gradually at 15°C over 40 min. The resulting mixture
was stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g
(0.39 mol) o f BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture
was stirred for 24 hr at 30°C to yield a homogenous precursor solution. Solid content and
viscosity o f the resulting solution were 30 wt % and approximately 0.2 poise,
respectively. The solution was then transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powders were then treated for an additional amount
of time (0 to 300 minutes) at 80°C to further reduce the residual solvents to about 1-10
wt % depending on the final density desired. Residual amounts o f THF were determined
by measuring proton NMR spectra o f the powders.

6.1.9 Formation o f BTDA / BAPP Precursor Residuum from THF and Methanol

(Utilizing the Tetra-acid of BTDA) for use in microsphere formation

BAPP (320.21 g, 0.78 mol) was dissolved in a mixture of 1120 g o f THF
and 280 g o f methanol at room temperature. To the stirring BAPP solution, 125.67 g
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(0.39 mol) o f BTDA was added gradually at 15°C over 40 min. The resulting mixture
was stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g
(0.39 mol) o f BTD-TA (tetra-acid form o f BTDA) was added gradually and the mixture
was stirred for 24 hr at 30°C to yield a homogenous precursor solution. Solid content and
viscosity o f the resulting solution were 30 wt % and approximately 0.2 poise,
respectively. The solution was then transferred into a stainless-steel vat and treated at
70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powders were then treated for an additional amount
o f time (0 to 300 minutes) at 80°C to further reduce the residual solvents to about 1-10
wt % depending on the final density desired. Residual amounts o f THF were determined
by measuring proton NMR spectra o f the powders.

6.1.10 Formation of BTDA / 4,4'-DDS and 3,3'-DDS (diamine mole ratio 0.8:0.2)
Precursor Residuum from THF and Methanol (Utilizing the Tetra-acid of BTDA)
for use in microsphere formation

The 4,4'-DDS (154.94 g) and 3,3'-DDS (38.74 g) totaling 193.68 g (0.78
mol) (diamine mol ratio: 0.8/0.2) was dissolved in a mixture o f 1120 g of THF and 280 g
of methanol at room temperature. To the stirring DDS solution, 125.67 g (0.39 mol) o f
BTDA was added gradually at 15°C over 40 min. The resulting mixture was stirred for 2
hr at 15°C to yield a homogeneous solution. To this solution, 139.71 g (0.39 mol) o f
BTD-TA (tetra-acid form of BTDA) was added gradually and the mixture was stirred for
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24 hr at 30°C to yield a homogenous precursor solution. Solid content and viscosity o f
the resulting solution were 30 wt % and approximately 0.2 poise, respectively. The
solution was then transferred into a stainless-steel vat and treated at 70°C for 14 hours in
order to evaporate the solvent (THF and methanol). The resulting material was crushed
into a fine powder (2 to 500 pm) and separated by a sieve if necessary. The polyimide
precursor powders were then treated for an additional amount o f time (0 to 300 minutes)
at 80°C to further reduce the residual solvents to about 1-10 wt % depending on the final
density desired. Residual amounts o f THF were determined by measuring proton NMR
spectra o f the powders.

6.1.11 Formation of BPDA / 3,4’-ODA and APB (diamine mole ratio 0.85:0.15)
Precursor Residuum from THF and M ethanol (Utilizing the Tetra-acid of BPDA)
for use in microsphere formation

The 3 ,4’-ODA (132.76 g) and APB (34.20 g) totaling 167.00 g (0.78 mol)
(diamine mol ratio: 0.85/0.15) was dissolved in a mixture o f 1120 g o f THF and 280 g o f
methanol at room temperature. To the stirring 3,4’-ODA / APB solution, 114.75 g (0.39
mol) o f BPDA was added gradually at 15°C over 40 min. The resulting mixture was
stirred for 2 hr at 15°C to yield a homogeneous solution. To this solution, 128.79 g (0.39
mol) o f BPD-TA (tetra-acid form o f BPDA) was added gradually and the mixture was
stirred for 24 hr at 30°C to yield a homogenous precursor solution. Solid content and
viscosity o f the resulting solution were 30 wt % and approximately 0.2 poise,
respectively. The solution was then transferred into a stainless-steel vat and treated at
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70°C for 14 hours in order to evaporate the solvent (THF and methanol). The resulting
material was crushed into a fine powder (2 to 500 pm) and separated by a sieve if
necessary. The polyimide precursor powders were then treated for an additional amount
of time (0 to 300 minutes) at 80°C to further reduce the residual solvents to about 1-10
wt % depending on the final density desired. Residual amounts o f THF were determined
by measuring proton NMR spectra o f the powders.

6.2 Precursor Residuum Analysis for Polyimide Microspheres

The polyimide precursor solid residuum described in the above examples is
illustrated in Table 6.1.

Three simple tests were performed on the precursor solid

residuum before foaming occurred so that differences in the foamed microspheres could
be better understood. The percentage o f residual blowing agent was determined by
thermal gravimetric analysis (TGA), by measuring the weight loss with respect to
temperature and by viewing the proton NMR spectra o f the powder. The average particle
size was determined by sieving the powders.

Finally, the density was obtained by

following the procedure in ASTM 3574-A [6.4]. These polyimide precursors were then
utilized in the manufacture of the hollow microspheres.
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Table 6.1 Properties o f Polyimide Precursor Solid Residuum
Example

Polyimide

6.1.1
6.1.2
6.1.3
6.1.4
6.1.5
6.1.6
6.1.7
6.1.8
6.1.9
6.1.10

ODPA/3,4 ’-OD A
BTDA/3,4’-ODA
BTDA/4,4’-ODA
BTDA/4,3 BAPS
BPDA/3,4’-ODA
ODPA/3,4’-ODA
BTD A/BAPS
BTDA/4,3-BAPS
BTDA/BAPP
BTDA/4,4’-DDS,
3,3’-DDS (0.8/0.2)
BPDA/3,4’-ODA, APB
(0.85/0.15

6.1.11

Solvent
Content
(wt%)
2.8
4.2
3.9
4.6
4.3
12.0
12.3
11.5
12.1
10.5

Average
Particle size
(pm)
200
150
100
150
140
200
150
150
150
150

Apparent
Density (pcf)

12.0

140

31

42
37
27
41
36
31
22
25
29
29

6.3 Preparation of Hollow Polyimide Microspheres

An appropriate amount o f a polyimide precursor solid residuum described in
examples 6.1.1 - 6.1.11 and in Table 6.1 above was individually charged into a separate
open stainless steel container. The containers were placed in an oven set at 100°C and
the precursor powders were held at this temperature for approximately 2 hours. The
temperature of the oven was then increased to 200°C, and maintained for 15 hours. The
containers were then returned to ambient conditions, and hollow polyimide microspheres
were removed for testing.
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6.4 Relative Compressive Strength of Hollow Polyimide Microspheres

Basic properties o f these hollow polyimide microspheres are summarized in Table
6.2 below. The average particle size was determined by optical microscopy as seen in
figure 6.4. The apparent density was measured by closely following ASTM D -1895-96
test method C. This test method will only give an approximate value for the density of
the microspheres due to the inherent void space between interstitials.

1 8 0 um

2 0 0 lit?.

25°C

180 °C

Figure 6.4 Microsphere growth o f a 180 mm precursor particle.

A non-ASTM standard compressive test was run to determine the apparent
compressive strength o f the microspheres. The procedure used three grams o f hollow
polyimide microspheres that were transferred into a closed container, and the volume was
measured. Nitrogen gas at a pressure o f 30 psi was then applied to the microspheres for
10 minutes at room temperature. Following this, the pressure was released and the
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volume o f the microspheres in the container was measured. The volume change in
percent is recorded in table 6.2.

Table 6.2 Properties o f Hollow Polyimide Microspheres
Example

Average Particle size
(jim)

Apparent Density
(pcf)

Volume change by Pressure
Treatment (%)

6.1.1
6.1.3
6.1.4
6.1.5
6.1.6
6.1.7
6.1.8
6.1.9
6.1.10
6.1.11

300
300
200
200
300
300
400
300
400
400

3.5
2.6
3.0
3.6
1.8
2.5
2.1
1.9
1.6
2.4

-5
-11
-11
-9
-7
-8
-18
0
-1
-16

6.5 Summary

Polyimide microspheres were fabricated from the solid residuum particle by
inflating the powder until the microsphere was fully inflated. The polymer comprising
the fully inflated balloon was then allowed to build molecular weight and chain extend so
that a fully cured microsphere would be formed. Polyimide microspheres were fabricated
to varying sizes depending upon the initial particle size and percentage o f residual
blowing agent.

Microspheres could be inflated to diameters ranging from several

hundred microns to several thousand microns. In several cases the microspheres were
multi-lobed hollow objects. In all cases, the microspheres were fully cured and would
not continue to expand like the friable balloons o f the previous section. However, the
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microspheres could be bonded together by adhering them above the glass transition o f the
polyimide chosen or by using a matrix material to form a syntactic foam.
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CHAPTER VH
FOAMING PROCESS

Introducing gas bubbles into the polymer melt and allowing the bubbles to inflate
the liquid polymer produces foam.

The gas bubbles can also be added through

mechanical stirring or by mixing a blowing agent into the polymer [7.1]. In either case,
several different foaming techniques are used to generate foam o f the desired dimensions
and density. Most polymeric foams are produced by one o f the several known foaming
techniques which include: extrusion, compression molding, injection molding, reaction
injection molding, or a solid state method [7.2]. The most common foaming technique is
extrusion foaming which can mechanically stir the required blowing agent into the
polymer melt and then extrude the foam through the desired die. Extrusion equipment
however, was not available for this work and a closed mold process was chosen as the
best option. A closed mold allows the foam to be inflated into a confined area and thus a
specific density and size can be produced if the inflation properties o f the foam are
understood. The following sections describe the closed mold method used to develop
foam solid residuum and friable balloon precursor materials.

117
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7.1 Neat Foams from Solid Residuum

Polyimide foams from the solid residuum were fabricated using a closed mold
thermal cure.

Two different thermal cure processes were used to inflate the solid

residuum. The first process utilized conductive heat transfer from two hot surfaces onto
the mold surface. Figure 7.1, shows the cross-section o f the mold concept used in the
preparation o f foam from the aromatic polyimide precursor solid residuum utilizing
conductive heat transfer. The mold included a mold chamber bounded by an upper
graphite plate and lower graphite plate. Heating o f the mold is accomplished by means o f
heat plates at the top and bottom o f the mold. The heat plates allowed the conductive
heat transfer into the mold and inflation o f the solid residuum. The second method
utilized a closed mold similar to figure 7.1 except that the bottom graphite plate was
replaced with a steel plate bolted to the sidewalls and the mold was placed in a
convection oven. In this situation, the solid residuum was heated by convection through
the steel mold walls and graphite top plate and thus the entire mold is heated evenly and
not just on the top and bottom surfaces. Both foaming techniques produced a foam with
an excellent cellular structure.
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Heat Plate

■

Upper Graphite Plate
m

- Mold Cham ber
Expandable Powder
Lower Graphite Plate
Heat Plate

Figure 7.1. Mold Concept for TEEK Foaming [7.3].

In both processing approaches, a desired amount o f aromatic polyimide precursor
solid residuum was transferred into the mold chamber.

This aromatic polyimide

precursor solid residuum was one o f the powders obtained during the synthesis reported
in chapter 4. The mold was then heated to a temperature o f 140°C for 60 minutes during
which time the foaming occurred. Foaming ratio could be increased or decreased by
adjusting the heating rate and the foaming temperature.

Following this, the mold

temperature was raised to 300°C, where it was held for 60 minutes to affect imidization.
In certain experiments the mold was transferred to a nitrogen convection oven set at
300°C to affect imidization. No appreciable difference was identified between the two
environments, there was no effect on the final foam properties and thus the nitrogen oven
was discontinued. The mold was then cooled to room temperature, following which the
resultant foam was post cured for several hours at an elevated temperature to remove all
trace volatiles that might be present. Figure 7.2 shows a graphical representation o f the
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cure cycle used to foam the solid residuum. The foam was then removed and ready for

use.
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Figure 7.2. Cure Cycle for TEEK Foam made from Solid Residuum [7.3],

7.1.1 Processing

o f O D P A / 3 ,4 ’ - O D A S o lid R e s id u u m in t o a P o ly im id e F o a m

One hundred and twenty-five percent o f the necessary amount o f ODPA / 3,4’ODA solid residuum (14.75 grams) was placed into a 7.62 cm by 7.62 cm by 2.54 cm
(inside dimensions) stainless steel mold with a graphite plate top o f 2.54 cm. thick.
Twenty-five percent excess solid residuum is used to compensate for the loss o f the
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blowing agent during inflation and water during the condensation reaction that occurs
during imidization. The mold was placed in an air convection oven with five kilograms
o f weight placed on the mold top to hold the graphite plate in place. The temperature in
the oven was increased to 140°C at an oven heat rate o f 20°C per minute. At 140°C the
temperature was held constant for one hour and the solid residuum inflated and filled the
entire mold cavity. After one hour at 140°C the oven temperature was raised to 280°C
and the foam was held at this temperature for one hour to allow the imidization reaction
to take place. After the one hour hold at 280°C, the temperature was lowered to 25°C
and the foam was allowed to cool in the oven. Finally, the mold was removed and the
final weight o f the foam was measured to be 11.80 grams or 0.08 gm/cc. Table 7.1 and
7.2 show data that was generated from foam made by this example.

7.1.2 Processing of BTDA / 4,4’-ODA Solid Residuum into a Polyimide Foam

One Hundred and twenty-five percent o f the necessary amount o f BTDA / 4,4’ODA solid residuum, 5.9 grams, was placed into a 7.62 cm x 7.62 cm x 2.54 cm (inside
dimensions) stainless steel mold with a graphite plate top o f 2.54 cm. thickness. Twentyfive percent excess solid residuum is used to compensate for the loss o f the blowing agent
during inflation and water during the condensation reaction that occurred during
imidization. The mold was placed in an air convection oven with five kilograms o f
weight placed on the mold top to hold the graphite plate in place. The temperature in the
oven was increased to 160°C at an oven heat rate o f 20°C per minute. At 160°C the
temperature was held constant for one hour and the solid residuum inflated and filled the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

122
entire mold cavity. After one hour at 160°C, the oven temperature was raised to 300°C
and the foam was held at this temperature for one hour to allow the imidization reaction
to take place. After the one hour hold at 300°C, the temperature was lowered to 25°C
and the foam was allowed to cool in the oven. Finally, the mold was removed and the
final weight o f the foam was measured to be 4.72 grams to yield a density o f 0.032
gm/cc. Table 7.1 and 7.2 show data that was generated from foam made by this process.

Table 7.1 Properties o f Neat Foams

4.2.1
4.2.1
4.2.1
4.2.1
4.2.1
4.2.2
4.2.5
4.2.6
4.2.7
4.2.8
4.2.9
4.2.10

Apparent Density,
gm/cc
0.080
0.032
0.048
0.064
0.1601
0.032
0.032
0.032
0.032
0.032
0.032
0.032

Compression
Strength, MPa
0.841
0.034
0.172
0.379
1.276
0.097
0.103
0.103
0.124
0.117
0.090
0.097

Tg,
°C
237
237
237
237
237
237
260
261
273
250
215
242

4.2.11
4.2.11
4.2.11
4.2.11
4.2.11
4.2.12
4.2.12
4.2.13
4.2.14

0.032
0.016
0.048
0.128
0.192
0.032
0.016
0.032
0.032

0.097
0.014
0.145
1.069
1.765
0.035
0.021
0.090
0.097

297
297
297
297
297
320
320
241
250

4.2.14

0.016

0.048

250

Polyimide

Sample

ODPA / 3,4’-ODA
ODPA / 3,4’-ODA
ODPA / 3,4’-ODA
ODPA / 3,4’-ODA
ODPA / 3,4’-OD A
ODPA / 3,4’-ODA
BTDA / 3,4’-ODA
BPDA / 3,4’-ODA
DSDA / 3,4’-ODA
PM DA/BAPB
BPADA / m-PDA
ODPA / 3,4’ODA, p-PDA
(0.9/0.1)
BTDA / 4,4’-ODA
BTDA / 4,4’-ODA
B T D A /4,4’-ODA
BTDA / 4,4’-ODA
BTDA / 4,4’-ODA
BTDA / 4,4’-DDS
BTDA /4 ,4 ’-DDS
BTDA/4,3-BAPS
BPDA / 3,4’-ODA,APB
(0.85/0.15)
BPDA / 3,4’-ODA,APB
(0.85/0.15)
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Table 7.2 Properties o f Neat Foams
Polyimide

Sample

Limiting oxygen index

ODPA / 3,4’-ODA
ODPA / 3,4’-ODA
BTDA / 4,4’-ODA

4.2.1
4.2.1
4.2.11

51
42
49

Thermal Stability
(% wt. Loss at 200°C)
0.6
1.07
0.0

7.2 Friable Balloon Foaming Process

The process o f foaming the friable balloons into a neat foam or a foam filled
honeycomb is accomplished by a closed mold foaming technique. Figure 7.3 displays the
method by which the friable balloons are placed in a mold containing a piece o f
honeycomb core. The mold, core and friable balloons are sealed on the top surface by a
porous graphite plate and placed in an air convection oven for curing. In order to obtain a
specific foam density for the friable balloons a simple back calculation is utilized. The
desired density is multiplied by the mold volume and the friable balloon weight is
obtained. To this weight an additional twenty percent is added to account for solvent
removal and water formation during precursor imidization. The mold is placed in the
oven and restrained with weights on the top surface. The oven temperature is raised to
250°C and held for one hour. After the first hold, the temperature is raised for a second
hold at 300°C. Once the second one-hour hold is complete, the oven is cooled to room
temperature and the mold is removed. Figure 7.4 shows the cure cycle that fully imidizes
the friable balloons and forms a well-consolidated foam filled core insulation.
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Figure 7.4 Cure Cycle for Polyimide Friable Balloon Foams [7.4]

Figure 7.5 displays samples o f the foam filled honeycomb made from the friable
balloon precursor. Visual inspection o f the foam specimen located in the central portion
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of Figure 7.5 indicates a uniform cellular structure. Similar results were obtained for all
foam specimens made with friable balloons.

In general, the friable balloons are

fabricated to produce a foam with a density o f 0.04 gm/cc. In order to obtain densities
greater than 0.04 gm/cc, friable balloons can be crushed to reduce the initial volume
which they occupy. The fragmented friable balloons allow more material to be placed
into the mold before the entire cavity is filled. The balloon fragments are uniformly
mixed to ensure a homogeneous size distribution during processing. However, inspection
of foams fabricated at densities above 0.04 gm/cc indicated the formation o f a variable
density layers within the foams. Further, the increase in density does not translate into an
increase in closed cell content due to the balloon fragments allowing more interstitial
space to be present. Section 7.3 within this chapter details the process o f obtaining and
analyzing closed cell content o f these polyimide foams.

Another method can be

employed to increase density and not sacrifice closed cell content in friable balloon
foams. The development of a smaller friable balloon with about half the size of the lower
density friable balloons can be fabricated.

These balloons are identical to earlier

geometries in all ways except size. The result is a foam which when inflated in a manner
similar to that previously described will produce a foam with an average density o f 0.096
gm/cc. The following subsection highlights specific processing techniques used to
fabricate foams from friable balloons.
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Figure 7.5 Photograph o f Several Foam Filled Honeycomb Specimens [7.4]

7.2.1 Processing of Friable Balloons made from ODPA / 3,4’-ODA into Neat
Polyimide Foam with a density of 0.04 gm/cc

Friable balloons designed to produce a 0.04 gm/cc foam made from the polymer
ODPA / 3,4’-ODA and weighing 42.48 grams were placed into a stainless steel mold.
This weight was twenty percent more than required so that the loss o f volatiles would not
affect the desired final density o f the part.

The stainless steel mold had interior

dimensions o f 3.81 cm by 15.24 cm by 15.24 cm and the friable balloons completely
filled the interior mold cavity. The mold and friable balloons were capped by a graphite
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plate and placed in an air convection oven. The mold was heated to 250°C for 60
minutes to allow foaming to occur, followed by heating at 300°C for 60 minutes. After
the 300°C hold the mold was brought to room temperature and the foam was removed.
The foam was well consolidated with a final weight of 35.40 grams and a density o f 0.04
gm/cc. Basic properties of the resulting foam are summarized in Table 7.3.

7.2.2 Processing of Friable Balloons made from ODPA / 3,4’-ODA into Neat
Polyimide Foam with a density of 0.096 gm/cc

Friable balloons designed to produce a 0.096 gm/cc foam made from the polymer
ODPA / 3,4’-ODA and weighing 101.94 grams were placed into a stainless steel mold.
This weight was twenty percent more than required so that the loss o f volatiles would not
affect the desired final density o f the part.

The stainless steel mold had interior

dimensions o f 3.81 cm by 15.24 cm by 15.24 cm and the friable balloons completely
filled the interior mold cavity. The mold and friable balloons were capped by a graphite
plate and placed in an air convection oven. The mold was heated to 250°C for 60
minutes to allow foaming to occur, followed by heating at 300°C for 60 minutes. After
the 300°C hold the mold was brought to room temperature and the foam was removed.
The foam was well consolidated with a final weight o f 84.95 grams and a density o f
0.096 gm/cc. Basic properties o f the resulting foam are summarized in Table 7.3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

128

7.2.3 Processing of Friable Balloons made from ODPA / 3,4’-ODA into Neat
Polyimide Foam with a density of 0.06 gm/cc

Friable balloons designed to produce a 0.04 gm/cc foam and a 0.096 gm/cc foam
made from the polymer ODPA / 3,4’-ODA and weighing 21.24 grams and 42.48 grams
respectively were placed into a container and mixed thoroughly. The mixture was then
placed into a stainless steel mold. This weight was twenty percent more than required so
that the loss of volatiles would not affect the desired final density o f the part. The
stainless steel mold had interior dimensions o f 3.81 cm by 15.24 cm by 15.24 cm and the
friable balloons completely filled the interior mold cavity. The mold and friable balloons
were capped by a graphite plate and placed in an air convection oven. The mold was
heated to 250°C for 60 minutes to allow foaming to occur, followed by heating at 300°C
for 60 minutes. After the 300°C hold the mold was brought to room temperature and the
foam was removed. The foam was well consolidated with a final weight o f 53.10 grams
and a density o f 0.06 gm/cc. Basic properties o f the resulting foam are summarized in
Table 7.3.

7.2.4 Processing of Friable Balloons made from ODPA / 3,4’-ODA in Nomex™
Aramide Honeycomb into Polyimide Foam Filled Honeycomb

Nomex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension o f 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Nomex™ honeycomb
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core was placed in the stainless steel mold and filled completely with friable balloons
made from the polymer ODPA / 3,4’-ODA. The total weight o f friable balloons used
was 42.48 grams. This weight was twenty percent more than required so that the loss o f
volatiles would not affect the desired final density o f the part. The mold and filled
honeycomb was capped by a graphite plate and placed in an air convection oven. The
mold was heated to 200°C for 30 minutes to cause foaming, followed by heating at
250°C for 90 minutes. After the 250°C hold the mold was brought to room temperature
and the foam was removed. The cure cycle was modified from example 7.2.1 because
the Nomex™ honeycomb was not designed to reach temperatures above 235°C for long
periods of time. The foam filled honeycomb exhibited strong adhesion between the foam
and the honeycomb core. Basic properties o f the resulting foam-filled honeycomb cores
are summarized in Table 7.3.

7.2.5 Processing of F riable Balloons made from BTDA / 4,4-BAPS in Nomex™
Aramide Honeycomb in to Polyimide Foam Filled Honeycomb

Nomex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions of 15.24 cm by 15.24 cm, and honeycomb hexagonal dimensions of 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Nomex™ honeycomb
core was placed in the stainless steel mold and filled completely with friable balloons
made from the polymer BTDA / 4,4-BAPS. The total weight o f friable balloons used
was 42.48 grams. This weight was twenty percent more than required so that the loss of
volatiles would not affect the desired final density o f the part. The mold and filled
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honeycomb was capped by a graphite plate and placed in an air convection oven. The
mold was heated to 200°C for 30 minutes to cause foaming, followed by heating at
250°C for 90 minutes. After the 250°C hold the mold was brought to room temperature
and the foam was removed. The cure cycle was modified from example 7.2.1 because
the Nomex™ honeycomb was not designed to reach temperatures above 235°C for long
periods o f time. The foam filled honeycomb exhibited strong adhesion between the foam
and the honeycomb core. Basic properties o f the resulting foam-filled honeycomb cores
are summarized in Table 7.3.

7.2.6 Processing o f Friable Balloons made from BTDA / 4,4’-DDS and 3,3’-DDS
(Diamine M olar Ratio 0.8/0.2) in Nom ex™ Aramide Honeycomb into Polyimide
Foam Filled Honeycomb

Nomex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension of 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Nomex™ honeycomb
core was placed in the stainless steel mold and filled completely with friable balloons
made from the polymer BTDA / 4,4’-DDS and 3,3’-DDS (diamine molar ratio o f
0.8/0.2). The total weight o f friable balloons used was 42.48 grams. This weight was
twenty percent more than required so that the loss o f volatiles would not affect the
desired final density o f the part. The mold and filled honeycomb was capped by a
graphite plate and placed in an air convection oven. The mold was heated to 200°C for
30 minutes to cause foaming, followed by heating at 250°C for 90 minutes. After the
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250°C hold the mold was brought to room temperature and the foam was removed. The
cure cycle was modified from example 7.2.1 because the Nomex™ honeycomb was not
designed to reach temperatures above 235°C for long periods o f time. The foam filled
honeycomb exhibited strong adhesion between the foam and the honeycomb core. Basic
properties of the resulting foam-filled honeycomb cores are summarized in Table 7.3.

7.2.7 Processing of BPDA / 3,4’-ODA and APB (Diamine Molar Ratio 0.85/0.15) in
Nomex™ Aramide Honeycomb

Nomex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension of 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Nomex™ honeycomb
core was placed in the stainless steel mold and filled completely with friable balloons
made from the polymer BPDA / 3,4’-ODA and APB (diamine molar ratio o f 0.85/0.15).
The total weight o f friable balloons used was 42.48 grams. This weight was twenty
percent more than required so that the loss o f volatiles would not affect the desired final
density of the part. The mold and filled honeycomb was capped by a graphite plate and
placed in an air convection oven. The mold was heated to 200°C for 30 minutes to cause
foaming, followed by heating at 250°C for 90 minutes. After the 250°C hold the mold
was brought to room temperature and the foam was removed. The cure cycle was
modified from example 7.2.1 because the Nomex™ honeycomb was not designed to
reach temperatures above 235°C for long periods o f time. The foam filled honeycomb
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exhibited strong adhesion between the foam and the honeycomb core. Basic properties of
the resulting foam-filled honeycomb cores are summarized in Table 7.3.

7.2.8 Processing o f BTDA / 4 ,4 ’ODA in Nomex™ Aramide Honeycomb into
Polyimide Foam Filled Honeycomb

Nomex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions of 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension o f 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Nomex™ honeycomb
core was placed in the stainless steel mold and filled completely with friable balloons
made from the polymer BTDA / 4,4’-ODA. The total weight o f friable balloons used
was 42.48 grams. This weight was twenty percent more than required so that the loss of
volatiles would not affect the desired final density o f the part. The mold and filled
honeycomb was capped by a graphite plate and placed in an air convection oven. The
mold was heated to 200°C for 30 minutes to cause foaming, followed by heating at
250°C for 90 minutes. After the 250°C hold the mold was brought to room temperature
and the foam was removed. The cure cycle was modified from example 7.2.1 because
the Nomex™ honeycomb was not designed to reach temperatures above 235°C for long
periods of time. The foam filled honeycomb exhibited strong adhesion between the foam
and the honeycomb core. Basic properties o f the resulting foam-filled honeycomb cores
are summarized in Table 7.3.
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7.2.9 Processing of ODPA / 3,4’-ODA in Korex™ Honeycomb into Polyimide Foam
Filled Honeycomb

Korex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension of 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Korex™ honeycomb core
was placed in the stainless steel mold and filled completely with friable balloons made
from the polymer ODPA / 3,4’-ODA. The total weight o f friable balloons used was
42.48 grams. This weight was twenty percent more than required so that the loss of
volatiles would not affect the desired final density o f the part. The mold and filled
honeycomb was capped by a graphite plate and placed in an air convection oven. The
mold was heated to 200°C for 30 minutes to cause foaming, followed by heating at
250°C for 90 minutes. After the 250°C hold the mold was brought to room temperature
and the foam was removed. The cure cycle was modified from example 7.2.1 because
the Korex™ honeycomb was not designed to reach temperatures above 235°C for long
periods of time. The foam filled honeycomb exhibited strong adhesion between the foam
and the honeycomb core. Basic properties o f the resulting foam-filled honeycomb cores
are summarized in Table 7.3.
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7.2.10 Processing of BTDA / 4,4-BAPS in Korex™ Honeycomb into Polyimide Foam
Filled Honeycomb

Korex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension of 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Korex™ honeycomb core
was placed in the stainless steel mold and filled completely with friable balloons made
from the polymer BTDA / 4,4-BAPS. The total weight o f friable balloons used was
42.48 grams. This weight was twenty percent more than required so that the loss o f
volatiles would not affect the desired final density o f the part. The mold and filled
honeycomb was capped by a graphite plate and placed in an air convection oven. The
mold was heated to 200°C for 30 minutes to cause foaming, followed by heating at
250°C for 90 minutes. After the 250°C hold the mold was brought to room temperature
and the foam was removed. The cure cycle was modified from example 7.2.1 because
the Korex™ honeycomb was not designed to reach temperatures above 235°C for long
periods of time. The foam filled honeycomb exhibited strong adhesion between the foam
and the honeycomb core. Basic properties o f the resulting foam-filled honeycomb cores
are summarized in Table 7.3.
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0 .8 /0 .2 )

H o n e y c o m b in to F o a m F ille d H o n e y c o m b

Korex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension o f 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Korex™ honeycomb core
was placed in the stainless steel mold and filled completely with friable balloons made
from the polymer BTDA / 4,4’-DDS and 3,3’-DDS (diamine molar ratio o f 0.8/0.2). The
total weight o f friable balloons used was 42.48 grams. This weight was twenty percent
more than required so that the loss o f volatiles would not affect the desired final density
o f the part. The mold and filled honeycomb was capped by a graphite plate and placed in
an air convection oven. The mold was heated to 200°C for 30 minutes to cause foaming,
followed by heating at 250°C for 90 minutes. After the 250°C hold the mold was brought
to room temperature and the foam was removed. The cure cycle was modified from
example 7.2.1 because the Korex™ honeycomb was not designed to reach temperatures
above 235°C for long periods o f time. The foam filled honeycomb exhibited strong
adhesion between the foam and the honeycomb core. Basic properties o f the resulting
foam-filled honeycomb cores are summarized in Table 7.3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

136
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H oneycom b

Korex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension o f 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Korex™ honeycomb core
was placed in the stainless steel mold and filled completely with friable balloons made
from the polymer BPDA / 3,4’ODA and APB (diamine molar ratio o f 0.85/0.15). The
total weight o f friable balloons used was 42.48 grams. This weight was twenty percent
more than required so that the loss o f volatiles would not affect the desired final density
o f the part. The mold and filled honeycomb was capped by a graphite plate and placed in
an air convection oven. The mold was heated to 200°C for 30 minutes to cause foaming,
followed by heating at 250°C for 90 minutes. After the 250°C hold the mold was brought
to room temperature and the foam was removed. The cure cycle was modified from
example 7.2.1 because the Korex™ honeycomb was not designed to reach temperatures
above 235°C for long periods o f time. The foam filled honeycomb exhibited strong
adhesion between the foam and the honeycomb core. Basic properties o f the resulting
foam-filled honeycomb cores are summarized in Table 7.3.
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7.2.13 Processing of BTDA / 4,4’-ODA in Korex™ Aramide Honeycomb into Foam
Filled Honeycomb

Korex™ aramide honeycomb cores with a cell height o f 3.81 cm, overall
dimensions o f 15.24 cm by 15.24 cm, and honeycomb hexagonal dimension of 0.318 cm
were provided having an apparent density o f 0.048 gm/cc. The Korex™ honeycomb core
was placed in the stainless steel mold and filled completely with friable balloons made
from the polymer BTDA / 4,4’-ODA. The total weight o f friable balloons used was
42.48 grams. This weight was twenty percent more than required so that the loss of
volatiles would not affect the desired final density o f the part. The mold and filled
honeycomb was capped by a graphite plate and placed in an air convection oven. The
mold was heated to 200°C for 30 minutes to cause foaming, followed by heating at
250°C for 90 minutes. After the 250°C hold the mold was brought to room temperature
and the foam was removed. The cure cycle was modified from example 7.2.1 because
the Korex™ honeycomb was not designed to reach temperatures above 235°C for long
periods of time. The foam filled honeycomb exhibited strong adhesion between the foam
and the honeycomb core. Basic properties o f the resulting foam-filled honeycomb cores
are summarized in Table 7.3.
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Table 7.3 Properties o f Foam-filled Honeycomb Cores
Example
7.2.4
7.2.4a
7.2.5
7.2.6
7.2.7
7.2.8
7.2.9
7.2.9a
7.2.10
7.2.11
7.2.12
7.2.13

7 .3

Polyimide
ODPA/3,4 ’-OD A
ODPA/3,4 ’-OD A
BTDA/4,4-BAPS
BTDA/4,4’-DDS,
3,3’-DDS (0.8/0.2)
BPDA/3,4’-ODA,
APB (0.85/0.15)
BTDA/4,4'-ODA
ODPA/3,4 ’-OD A
ODPA/3,4’-ODA
BTDA/4,4-BAPS
BTDA/4,4’-DDS,
3,3’-DDS(0.8/0.2)
BTD A/3,4 ’-OD A,
APB (0.85/0.15)
BTD A/4,4'-ODA

Apparent Density
gm/cc
0.089
0.106
0.107
0.091

Compression Strength
MPa
2.23
2.59
2.74
2.16

0.110

2.79

-

-

0.091
0.125
0.106
0.091

3.39
3.55
3.03
3.30

0.128

3.59

-

-

C lo s e d C e ll C o n t e n t T e s t in g

The ratio o f closed to open cells in a given foam material is important because it
quantifies the foam’s resistance to the flow o f gases and thereby its insulation
characteristics. A high percentage o f closed cells within a foam structure is important ot
prevent cryopumping. Cryopumping occurs when a void in a material or structure is at a
temperature where the contained volume o f gases condenses [7.5].

Further,

“cryopumping” that occurs during thermal cycling acts to pump fluids into the foam and
condense to the gas phase as the temperature rises to ambient.

This increase in

temperature can damage the foam structure. However cryopumping is retarded by the
increase in the percentage o f closed cells within a foam. Figure 7.6 gives a schematic of
cryopumping in an open cell foam [7.6],

Open cell foams are more susceptible to

damage due to the mass flow and expansion o f the trapped densified gases.
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Cryopumping in the proof test condition for the liquid hydrogen tank for the X-33
contributed to the failure o f the honeycomb tank wall [7.7]. For this reason a study was
performed to determine the percentage of closed to open cells present in the foams made
from the solid residuum, friable balloons and from the densified friable balloons. In each
case the results were compared to an aerospace grade polyurethane foam, SS-1171, which
has been used on the external tank (ET) o f the Space Shuttle.

Cryogen On
G ases

are p u l l e d

e v a c u a te d v o id .

in to a n

G a se s a re

densified

and

P o o le d .

W h e n t h e c r y o g e n is
re m o v e d , th e gases
e v a p o r a t e a n d a r e e x p e lle d .

Figure 7.6 Diagram o f cryopumping in a void [7.6],

Closed cell content measurements were performed according to ASTM D - 6226
utilizing a Quantachrome UltraFoam 1000 [7.4],

Closed cell measurements are

determined by obtaining the open cell content from Boyle’s Law. Boyle’s Law states
that the volume o f a gas at constant temperature is inversely proportional to its pressure
(V~l/P). Therefore, if a known volume is initially pressurized any decrease in pressure
can be correlated to the actual volume and the open cell content can be determined. Once
the open cell content is determined, the closed cell content can be obtained.
Measurements were performed on four different foam samples made from the solid
residuum, seven different polyimide friable balloon foams and several foams made from
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higher density friable balloons. All o f the foams were o f densities ranging from 0.008 to
0.124 gm/cc.

100
_________ G O A L ___________
SSI 171 - Polyurethane Spray Foam
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#

80
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2o> «
©
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50
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£

2°
10
0
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0.032

0.080

0.124

Density, g/cc
Figure 7.7 Closed Cell Content o f TEEK-L Foam from Solid Residuum Powder.

Figure 7.7 shows the results o f the TEEK-L foams made from the solid residuum
powder. Four specimens were tested at densities ranging from 0.008 gm/cc to 0.124
gm/cc. As can be seen from the figure, the closed cell content increased with increasing
density as should be expected with an increase in raw material present. However, the
highest closed cell content o f 29.1% was much lower than the desired target o f 92%
closed cell content achieved by the polyurethane foam. The closed cell contents were
2.5%, 5.2%, 14.2% and 29.1% for the 0.008 gm/cc, 0.032 gm/cc, 0.08 gm/cc and 0.124
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gm/cc foams, respectively. The lower than expected closed cell content can be attributed
to the foaming process which requires the solid residuum to expand more than ten times
to fill the closed mold.

During this process the cells transition from spherical to

elongated in shape. As the cells become elongated, the cell walls will continue to neck
down and become thinner until they either are stabilized in place or fracture. In this case
the stabilization occurred after the cells had fractured, thereby decreasing the closed cell
content o f the foams.

100.00
GOAL

90.00

SS1171 - Polyurethane Spray Foam
^
ox
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60.00

g
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^
Sh
8

40.00

Oh

2 0 .0 0

30.00

10.00

0.00
0.020

0.024

0.032

0.048

0.070

0.081

0.096

Density, g/ec
Figure 7.8 Closed Cell Content o f Friable Balloon Foams [7.4]

Foams were fabricated from the friable balloons to compare the closed cell
content values to the solid residuum foams. Seven different foams were fabricated with
densities ranging from 0.020 gm/cc to 0.096 gm/cc. Figure 7.8 shows that, as the density
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was increased from 0.02 to 0.048 gm/cc, the closed cell content o f the foams increased
from 32% to a maximum of 78%. In all cases, the friable balloons could only expand a
certain percentage o f their original diameter. The amount o f residual blowing agent
within each balloon limited the expansion o f the balloons. As a result, balloons at lower
densities will not be able to fill the interstitial space to the same degree as foams with
higher densities. As the density increased, more material was present and a greater
percentage o f the interstitials were filled.
The point where the maximum closed cell content was obtained corresponded to
the highest density obtained without modifying the balloons. In other words, this was the
point when the maximum amount o f balloons could fit into a mold and still be contained
without spilling out. At this point a foam with the highest possible density would be
achieved and theoretically the highest closed cell content realized. With low density
friable balloons this occurred at a density o f 0.048 gm/cc.
As figure 7.8 also shows, the density o f the foam was further increased from
0.048 to 0.096 gm/cc and the closed cell percentages decreased from 78% to 42%. This
occurred due to the manufacturing o f the foams. In these cases, the friable balloons were
crushed into shards so that a greater mass could be imparted into the mold and thus a
higher density could be achieved. The effect o f this processing change was a decrease in
closed cell content. The result can be explained by the fact that as the shards expanded
they did so in a non-uniform manner, which left a larger number o f interstitial spaces
within the foams. For the foams with a density below 0.048 gm/cc, the friable balloon
experienced the largest degree o f expansion. Given that the initial shape o f the friable
balloon is near spherical, as the multiple friable balloons inflate, the balloon shape
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changed as multiple inflation paths intersected. At the point the spherical elements first
touch, the space not filled by the balloon is open cell space. As the balloons further
expand, the closed cell space increases and the open cell regions decrease.
A higher density friable balloon has been developed and initial test results show
that foams can be formed with densities ranging from 0.096 gm/cc to 0.128 gm/cc with
closed cell content values o f 70% to 85%, respectively. The higher density friable
balloons are composed o f the same raw material, however, they are approximately 25%
smaller in diameter. The ability o f these new foams to produce higher closed cell content
values than those seen in Figure 7.8 will allow the friable balloon foams to come within
8% o f the target goal. Further development on the high density friable balloons is needed
to quantify the results and determine if higher values can be obtained.
In addition, a study needs to be performed to determine whether the smaller size
balloons allow more interstitial space to be filled and thereby increase the closed cell
content of the final foam. If this theory holds true, foams with a closed cell content
greater than 90% could be made by sieving and then foaming the smaller friable balloons.

7.4 Thermal Forming of Polyimide Foams

Thermal forming is the process by which a foam specimen is placed into a heated
tool and pressed into a desired shape. In general, thermoplastic materials are desired for
thermal forming due to their ability to be soften upon heating near their glass transition
temperature.

A study was performed to determine the formability o f the TEEK

polyimide foams [7.3]. It is critical for the TEEK foam to be formed to a specific radius
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because o f the design requirements called out for by the reusable launch vehicle
programs. In all cases a large cylindrical cryotank which must be insulated will be
utilized for space applications. At the present time, the TEEK foam has not been sprayed
in place and therefore, must be made in flat billets. Thus, in order for it to be used by
future launch vehicles it must show an ability to be thermal formed to a desired radius.
A 0.095 m by 0.229 m by 0.0254 m TEEK-LL foam specimen was vacuum
bagged over a 0.0445 m radius cylinder, shown in Figure 7.9. The vacuum bagged
specimen was placed in an oven and heated to 188°C where 127 mm Hg o f vacuum was
applied to shape the foam specimen around the metal cylinder. The specimen was held
under vacuum for one hour at 188°C and then cooled to room temperature.

77 7 r7 / / / 7 ~ / 7 7 7 7 7 // / /
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.
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!.

r

Figure 7.9. Vacuum Bagged Specimen Before and After Thermal Forming has Been
Performed [7.3].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

145

The resultant foam specimen did form to the desired radius, however some spring
back was noticed. A subsequent test was performed at a higher vacuum level, 381 mm
Hg, and the foam began to collapse on the top surface o f the metal cylinder. From this
initial study it was determined that the TEEK foam could be thermal formed, however, it
was limited to radiuses greater than 0.0445 meters when the foam had a thickness o f 2.54
cm.

7.5 Summary

Foams were fabricated from the solid residuum and the friable balloons by a
closed mold foaming process. In both cases, the desired density was determined and then
the required amount o f raw material was back calculated to determine the amount o f
material needed. In general, the solid residuum was heated to 140°C and held for one
hour. The temperature was then raised to between 250 and 300°C (depending on the
polyimide) and held for one hour to allow final molecular weight build-up and chain
extension. In the case of the friable balloons, the foams were heated to 250°C, held for
one hour and then heated to 300°C to initiate the final cure. Examples were also given to
show the process by which honeycomb could be filled and cured at lower temperatures
while maintaining the quality o f the lower use temperature honeycomb and still curing
the polyimide to a high molecular weight.
Data was presented on the closed cell content o f both the solid residuum and
friable balloon foams. In general, the solid residuum foams had a lower closed cell
content compared to the friable balloon foams. The closed cell content for the 0.032
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gm/cc solid residuum foam was 5.2% as compared to the friable balloon foam which was
68%.

The difference in closed cell content was mainly due to the expansion

characteristics o f the two precursors. The solid residuum must grow several hundred
times their original size to completely fill a mold while the friable balloons typically
expand only 5 to 10%. This difference causes many o f the solid residuum particles to
expand and burst during foaming while the friable balloons do not. In addition a new
smaller friable balloon has shown that higher density and higher closed cell content
foams are possible. It bares investigating whether the sieving o f the original friable
balloons would allow higher closed cell content foams to be formed because the smaller
more uniformed balloons would allow for a more closed packed structure to be made.
Finally, several experiments were performed which shows that the TEEK foams
can be thermally formed. In these experiments, the foams were vacuum bagged around a
known radius and heated to just above the glass transition temperature o f the foam. The
material was allowed to relax and take the shape o f the radius. Upon cooling the foam
relaxed away from the tight radius slightly but in all cases the foams did thermally form
to chosen shape.
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CHAPTER VIII
G E O M E T R IC M O D ELIN G AND VISUAL G R O W T H OBSERVATIONS

The polyimide foams discussed in this work are produced from the polyimide
precursor solid residuum by a simple thermal cycle under ambient pressure conditions.
While the mechanisms for the inflation of the present material have not been studied in
detail, it is clear that the blowing agent is hydrogen bonded to the precursor particles and
upon an increase in temperature, is released while the polymer passes through its glass
transition temperature and the particle is transformed into a hollow mesostructure [8.1].
In a confined volume, the microspheres then grow together to produce the foam
microstructure.
This chapter focuses on developing an understanding o f microsphere formation
through simple geometric rules for an incompressible polymeric material and
microscopic observations o f precursor residuum inflation. Inflation kinematics o f the
hollow polyimide microspheres as a function o f time and temperature are discussed.
Finally, a comparison o f potential mesostructures for the inflated particle is discussed.

8.1 Geometric Relationships for Incompressible Polymer

The geometry o f polymeric particles can be idealized as a hollow microsphere of
initial outer radius, bo and initial inner radius, ao. Under the condition of constant volume
of the polymeric material, geometric relations can be developed that can relate the
148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

149

microsphere radii, b and a, as a function o f its initial dimensions. These relationships
assume that the initial particle has an initial inner radius, ao, which is greater than zero but
significantly smaller than the outer radius, bo. Figure 8.1 shows a schematic o f the crosssection o f the initial polymer particle and the final microsphere. Figure 8.1 also outlines
the other assumption with these relationships which is that the system maintains constant
volume as it inflates from a particle to a microsphere. This occurs because the initial
thickness, to, is significantly larger than the final thickness, t, which compensates for the
large increase in the final inner radius with respect to the growth o f the outer radius. The
following are the derivations o f the equations for b/bo, a/bo and t/bo, where t is the wall
thickness o f the microsphere.

Derivation o f geometric relation for hollow micro spheres utilizing conservation o f
volume:
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Figure 8.1 Constant volume assumption for a hollow sphere.
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8.1.1 Microsphere size as a function of a/b at ao/bo= 0.1

Equations 8.7 and 8.8 give the ratio o f the new outer radius to the initial outer
radius, b/bo and the ratio o f the new inner radius to the initial outer radius, a/bo as a
function o f the initial dimensions o f the microsphere and reveal cubic relationships with
the ratios of inner to outer diameter. These results are summarized in Figure 8.2 and
Table 8.1 for an initial radius ratio o f 0.1. Of particular note is the rate o f growth o f the
new outer diameter, b as a function o f the inner radius growth. Note, for example that an
increase in the size of the inner radius ratio, a/bo from 0.1 to 0.523 corresponds to an
increase in outer radius ratio, b/bo o f only 1.0 to 1.045. Therefore, a change in inner
radius of over 500% produces only a 4.5% change in external radius ratio. It is not until
the inner radius ratio has increased by as much as 1300% before an increase o f greater
than 50% in the outer radius ratio can be seen.
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Figure 8.2 Microsphere Size as a Function o f a/b at ao/bo =0.1.

Table 8.1: Results for ao/bo = 0.1.

a/b

b/bo

t/b0

a/b0

0.1
0.2
0.3
0.4
0.5
0.8
0.9
0.99
0.999

1.000
1.002
1.009
1.022
1.045
1.270
1.545
3.228
6.934

0.900
0.802
0.706
0.613
0.523
0.254
0.154
0.032
0.007

0.100
0.200
0.303
0.409
0.523
1.016
1.390
3.196
6.927
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8.1.2 Wall thickness as a function of a/b and ao/bo

The microsphere wall thickness, t can be expressed as a function o f the initial and
final radius ratios as shown in Equation 8.9 and Figure 8.3.

±

a

= h_
l -

V

h

-

bj

1 ~{a0/b0):
(8.9)

1 -(a/by

From Table 8.1 it is also clear that the thickness ratio, t/b0 approaches zero as a/bo
approach unity.

1.000

0.100
O
J2
53

0.010

0

0.2

0.4

0.6

0.8

1

a/b
Figure 8.3 Microsphere Wall Thickness as a Function o f a/b at ao/bo =0.1.
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8.2 Microsphere volume as a function of its initial radius ratio, ao/bo

It is significant that for a large range o f values o f ao/bo the volume o f the

microsphere available for growth changes little from the solid sphere. As shown in
Equation 8.10 and Table 8.2, if ao/bo is less than 0.4, the volume o f the hollow
microsphere is greater than 93% o f the volume o f the solid sphere. Therefore, a hollow
microsphere o f these dimensions has virtually the same volume available for inflation as
that o f a solid micro sphere. Consider the non- dimensional volume o f the hollow
microsphere:

Volume
b0

? / Ka 3 _ a^,3\
0
4 jt
%
,

( ar,Q\

\K,

(8.10)

It is not until ao/bo approaches 0.8 does the volume available for microsphere
growth fall below 50% of the solid sphere. Thus as long as a solid particle contains a
void with an initial inner to outer radius ratio o f less than 0.8%, a microsphere will form
that is nearly equivalent to a solid sphere. As will be seen later, voids and cracks within
the solid particle are the nucleation points for the growth o f a microsphere.
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Table 8.2: Non-dimensional Volume results as a function o f ao/boI

ao/bo
1

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.99
0.999

8 .3

A s y m p to tic

microsphere wall

-

ao

\3

\K /
1.000
0.999
0.992
0.973
0.936
0.875
0.784
0.657
0.488
0.271
0.030
0.003

t h ic k n e s s

Tables 8.3 and 8.4 show the dimensions o f the microsphere as a function o f a/b
for ao/bo = 0.0 and 0.5. These tables illustrate the differences the initial particle geometry,
ao/bo has on the final microsphere geometry for a constant volume process. For the solid
microsphere, the initial inner radius is zero, while for ao/bo = 0.5, the initial radius is 50%
of the initial outer radius. These results show that for an inflation ratio, a/b = 0.999, the
wall thickness ratio, t/b is 0.007 for both the geometries presented while the maximum
radius ratio, b/bo is 6.936 for ao/bo = 0.0 and 6.627 for ao/bo = 0.5. Thus, the initial
volume available is in the ratio o f 0.875 based on Table 8.2, while the maximum radius
ratios differ by only 5%.
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Table 8.3: Results for ao/bo = 0.
a/b

b/bo

t/b0

a/b0

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.99
0.999

1.000
1.000
1.003
1.009
1.022
1.046
1.084
1.150
1.270
1.545
3.229
6.936

1.0000
0.900
0.802
0.706
0.613
0.523
0.434
0.345
0.254
0.154
0.032
0.007

0.000
0.100
0.200
0.303
0.409
0.523
0.651
0.805
1.016
1.391
3.197
6.929

Table 8.4: Results for ao/bo - 0.5.
a/b

b/bo

t/b0

a/b0

0.5
0.6
0.7
0.8
0.9
0.99
0.999

1.000
1.037
1.100
1.215
1.478
3.088
6.634

0.500
0.415
0.330
0.243
0.148
0.031
0.007

0.500
0.622
0.770
0.972
1.330
3.058
6.627

8.4 Microsphere growth observations

In order to evaluate the polyimide microsphere behavior when subjected to an
increase in temperature from 27.5°C to 190°C several experiments were performed to
understand the effect o f particle size distribution on the microsphere inflation size and
geometry. In addition, visual observations were made o f the microsphere growth and
final mesostructure. Finally, conclusions will be drawn on what causes a microsphere to
form as a single sphere, multiple spheres or a rib-like sphere.
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8.4.1 Particle size distribution

In an attempt to determine the relationship between polymer particle size and
microsphere size, particle size distribution within a typical polymer powder was
measured by physical screening. The results presented in Table 8.5 show that almost
90% o f the polymer powder particles ranged in size from 75 to 500 microns. These
results show that the largest dimension o f two-thirds o f the particles falls in the range of
106-300 microns.

Table 8.5: Particle size distribution.

Particle size range,
microns

W eight percent

0-75
75-106
106-180
180-300
300-500

11.6
17.2
28.1
39.4
3.5

8.4.2 Microsphere growth observations

It is instructive to first examine the growth kinetics o f a single 203 micron
microsphere grown from a 123 micron polymer particle in reverse time because the
geometric formation o f the microsphere from the single particle is quite complex. Here
we can begin with the microsphere in its fully inflated state and measure its outer
diameter, wall thickness and inner diameter. Table 8.6 shows data taken from the
photographic images shown in Figures 8.4.
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Table 8.6: Reverse growth kinetics o f a single polyimide microsphere.

Time, min.

Temp,°C

b, 10'3 m

t, 10'3 m

a, 10'3 m

16.26
12.75
12.35
12.25

190
155
151
150

0.2028
0.1752
0.1311
0.1030

0.0064
0.0075
0.0161
0.0191

0.1964
0.1677
0.1150
0.1964

Time, min.

Temp, °C

a/b

Volume, 1 0 12m3

16.26
12.75
12.35
12.25

190
155
151
150

0.968
0.957
0.877
0.814

3.20
2.77
3.07
2.10

Average Volume: 2.785 10'12 m3

As time was observed in reverse from 16.26 minutes to 12.25 minutes, the
diameter o f the microsphere was seen to diminish from 202 microns to 103 microns, a
reduction of approximately 50%. The wall thickness increases during this interval from
6.4 microns to 19.1 microns, a 300% increase. The volume o f the polymer within the
microsphere appears to range from 2.10 to 3.20x 10'12 m3, with an average volume of
2.87 x 10'

12

3

m . This volume for an incompressible polymer would correspond to a solid

particle initial radius of 88.2 microns or a diameter o f 176 microns. For ao/bo = 0.5, the
hollow microsphere would have a diameter o f 349 microns. Clearly, these measurements
fall in the range reported above in Table 8.5.
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Figure 8.4 Microsphere Deflation and Particle Growth.

8.4.3 Microsphere formation

Continuing to observe the microsphere formation in reverse time, it was
instructive to examine the polymer particle as it transitions from a microsphere to its
irregular shape. Table 8.6 and Figure 8.4 illustrate this phenomenon. Note that at time of
12.25 minutes (150°C), the particle has assumed a quasi-spherical shape, while at 11.75
minutes (145°C) the particle shape has become irregular. Indeed, as time was observed
in reverse, from 11.75 minutes to 0, the particle appears to grow in planar dimensions.
Table 8.7 shows that the approximate planar area o f the particle grows from 7.3 to 11.3 x
10'9 m2 as time was viewed from 11.75 to 0 minutes. In other words, the particle planar

dimensions were seen to decrease with increasing time and temperature.
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Table 8.7: Particle dimensional change.

Time, min.

Temp, °C

Max L, 10'3 m

Min L, 10'3 m

Area, 10'9m2

11.75
11.05
9.65
0.00

145
138
124
27.5

0.146
0.150
0.165
0.175

0.099
0.102
0.120
0.130

7.23
7.60
9.90
11.3

Time, min

Temp °C

Avg. L, 10'3 m

0.3xAvg. L, 10'3m

Vol. 10 13 m3

11.75
11.05
9.65
0.00

145
138
124
27.5

0.1225
0.1260
0.1257
0.1229

0.0367
0.0378
0.0377
0.0369

2.65
2.88
3.73
4.17

In the second matrix o f data shown in Table 8.6, estimates o f the particle volume
are made. Here the average lateral dimension o f the particle is multiplied by 0.3 in order
to estimate the thickness dimension o f the particle. Next the plane form area o f the
particle is multiplied by the estimated thickness in order to estimate the particle volume.
The particle volume estimates ranged from 2.65 to 4.14 x 10'

13

3

m . In contrast to the

volume estimate of 2.87 x 10'12 m3 taken from the microsphere geometries, the average
particle volume estimate is only 3.36x10'

13

3

m or a factor o f 8.5 difference - almost and

order of magnitude difference. Clearly the simplifying assumption o f constant volume
throughout the process is not exact.
The data presented in Table 8.6 are compared to the geometric predictions in
Figures 8.5 and 8.6. Here the initial radius ratio o f 0.85 was chosen after comparing the
experimental data to Equation 8.7 and arriving at an average value over the range 0.9230.772. These figures show that the geometric relations for b/bo, a/bo and t/bo are not in
close agreement with the experimental results. Indeed, the results confirm that for the
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microsphere observed, the constant volume approximation is not a good one, even over
the range in geometries wherein the microsphere has taken form. Clearly the observed
deformations o f the irregular shaped particle differ quite substantially from that o f a
constant volume, incompressible solid as well.

100
A b/bo Experiment
□ a/bo Experiment;
■— b/bo Geometric
10

—

©

— a/bo Geometric

©

0.8

0.85

0.9

0.95

1

a/b

Figure 8.5 Experimental results for microsphere size as a function o f a/b at ao/bo =0.85.
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— t/bo Geometric
A t/bo Experiment

9

0.01

0.8

0.85

0.9

0.95

1

a/b
Figure 8.6 Experimental results for microsphere wall thickness as a function
o f a/b at ao/bo= 0.85.

8.4.4 Influence of particle size on mesostructure formation

The influence o f particle size upon the final dimensions o f the mesostructure
formed can be assessed by studying the particles of five distinct average dimensions:
50.4, 76.7, 86.7, 190 and 280 (microns). As shown in Table 8.8, the corresponding
microsphere diameters were found to be 78, 71, 173, 382 and 658 microns. If the
particles are taken to be solid microspheres with the dimensions o f the average particle
size, the volume o f polymer available for inflation can be calculated and an estimate o f
final wall thickness determined as shown in Table 8.8.
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Table 8.8: Particle size effects

Avg. Particle Dim.,
pm
50.4
76.7
86.7
190.0
280.0

1

Microsphere
Radius, pm

(3/4p)Volumexl0‘14

Est. Wall thickness,
pm

38.8
35.5
86.5
191.0
329.0

1.60
5.66
8.18
85.7
274.4

4.0
NA
3.8
13.2
8.7

8.5 Mesostructure forms

There were three different mesostruetures observed in the foaming o f individual
polymer particles. The first is the simple hollow microsphere with wall thickness only a
few percent of the microsphere outer radius. The second mesostructure consists o f two or
more intersecting microspheres and the third mesostructure consists o f a rib-like structure
that bounds spherical segments. These three characteristic mesostruetures are illustrated
in Figures 8.7.

Figure 8.7 Single microsphere (a), multiple sphere (b), and rib-like structure (c).

8.6 Influence of particle size on mesostructure

The influence o f particle size on mesostructure is best achieved by observing the
inflation kinetics o f two polymer particles that differ only in size: 75, 106, 180 and 300
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microns. In Figure 8.8 and 8.9 the 75 and 106 micron particles are seen to inflate into a
mesostructure o f a single microsphere. In contrast the 180 and 300 micron particles
shown in Figures 8.10 and 8.11 develop a rib like structure with multiple spherical
segments. In addition, the 300 micron particle results presented in Figure 8.11 show that
the larger particle contains enough polymeric volume to fill large amounts o f space and
thereby develop the desired foam structure.

r ;

"Ci139 °C

23.9°C

')

;

161 °C

^

182 °C

Figure 8.8 Inflation o f the 75 micron particle from 23.9°C to 182°C.

x

Figure 8.9 Inflation o f the 106 micron particles at 200°C.
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Figures 8.8 and 8.9 show how the 75 and 106 micron particles inflate into single
spheres. This is due mainly to two factors; the particle size and heating rate. As
mentioned in chapter four, the solid residuum is made in solution and dried to solid
precursor which is later crushed and ground into particles o f varying sizes. During the
drying process, solvent is evolved from the solution and at a certain point the solution
solidifies when the solvent drops below approximately 10%. As the solution solidifies,
bubbles are entrapped in the solution and act as nucleation sites for the microspheres to
form [8.2]. It has also been shown in a paper by Cano et al, [8.2] that cracks within the
particles can act as nucleation sites. In either case, the voids or cracks allow solvent to
diffuse into those regions and inflate the particles into microspheres during heating. In
addition, the heating rate o f the particles will effect the diffusion o f the solvent into and
out o f the polymer particle. If the heating rate is fast enough, the large surface area
associated with smaller particles can be overcome and enough solvent can diffuse into the
voids or cracks to allow them to inflate. The heating rate must be greater than 10°C/min
to overcome the diffusion out o f the particle or only a small fraction o f the particles will
inflate [8.1].

Figure 8.10 Inflation o f the 180 micron particles at 145°C

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

166

18.5 °C

Figure 8.11 Inflation o f the 300 micron particles from 18.5°C to 150°C.

In the case o f figure 8.10 and 8.11, the particles are significantly larger and thus
multiple voids and cracks are present within the particles. In this situation, several
different locations can begin to inflate as the temperature is increased. As multiple sites
begin to inflate, rib-like structures can form or competition between voids can cause
elimination o f certain sites as they are engulfed by other voids or cracks.

8.7 Summary

The results o f this preliminary study provide an insight into the inflation kinetics
o f a polyimide foam wherein the polyimide particle contained trapped blowing agent and
an increase in temperature resulted in the inflation o f individual polyimide particles. A
constant volume geometric analysis showed that the polymer volume available for the
creation o f micro spheres is limited by the particle size, and inflation ratios (a/b) o f 0.9
corresponded to a hollow sphere diameter o f approximately 1.5 times the particle
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diameter for both hollow and solid particle geometries. It was also observed that the wall
thickness o f a microsphere o f a polymer o f constant volume achieves a value o f
approximately 0.15 times the equivalent solid particle radius at an inflation ratio o f 0.9.
Thus, one can estimate the diameter and wall thickness o f microspheres by this simple
rule.
The particle size distribution was measured and almost two-thirds o f the particles
were found to fall between 106-300 microns. The average observed volume in the
microsphere phase was shown to correspond to a solid spherical particle o f diameter
equal to 176 microns.
Experimental data were presented for the inflation o f a single polyimide particle
containing blowing agent by raising the temperature at a rate o f 10° C/min. from 27.5 to
190° C. By observing photographic images taken at known time and temperature
intervals, the inflation kinetics could be separated into two phases. The first phase was
found to be simple dimensional changes o f a hollow microsphere with approximately
constant polymer volume. The second phase was the transformation of the particle from
an irregular shape to a microsphere. In this phase, the particle appeared to shrink as time
and temperature were increased. Indeed, the estimated volume o f the irregular polymer
precursor particle appeared to be an order o f magnitude less than that o f the final
microsphere.
The assumption o f conservation o f volume throughout the particle transformation
and inflation processes has been shown to be an approximation, and the need for a more
rigorous treatment o f the multiple stages o f this process is clearly evident.
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Three distinct polymeric mesostruetures were described and illustrated: single
sphere, multiple intersecting spheres and the rib and spherical element structures.
Inflation kinetics was observed for polymer particles ranging in size from 75 to 300
microns and the mesostructure developed was shown to be a function o f particle size.
The most desirable mesostructure wherein the maximum space was filled with the rib like
structure was developed by particles o f 180 microns and greater.
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CHAPTER IX
PROPERTIES OF NEAT FOAMS FROM SOLID RESIDUUM

The polyimide foams fabricated from the solid residuum powders were tested for
thermal, mechanical and flammability properties to help understand the physical
characteristics o f the foams developed within this work. It was essential to understand
the physical properties o f the foams to better understand how each polyimide would
perform as a foam when used in NASA program applications. This research involved the
fabrication o f more than twenty different polyimide foams. However, only three different
foams were characterized in detail. In addition to the three different polyimides, several
different foam densities were studied to help create a complete picture o f the physical
state of these foams.

9.1 Thermal Testing

Thermal property testing was performed for three different polyimides at several
different foam densities. The thermal properties that were measured included: glass
transition temperature by DSC, thermal stability by TGA, and thermal conductivity by
ASTM C-518. These three properties give a good initial indication o f how the foams will
perform at extreme temperatures.

In the case o f the thermal conductivity, testing

170
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was performed at a single set-point and over a range o f temperatures from -250°C to
+350°C.

9.1.1 Thermal Stability and Glass Transition Temperature

Thermal stability properties o f the polyimide foams were studied in a comparative
process using a TA Instruments Hi-Res Model 2950 Thermogravimetric Analyzer
(TGA). TGA measures the loss in weight o f a sample as it is heated or as it is held at
elevated temperature and measures the amount o f volatiles released versus temperature
[9.1]. Data reported in Table 9.1 were obtained in air with a heating rate o f 50.0 °C/min
from room temperature to 800 °C. Analyses in nitrogen versus air indicate stability in a
nitrogen environment, which corresponds to reported data for polyimide films [9.2].
Data was also generated for weight loss at a specific temperature o f 204°C, where the
temperature was held for one hour and the weight loss was measured.

These

measurements were performed on a Seiko TG/DTA 220 TGA at a heat-up rate o f
2.5°C/min in flowing (40 ml/min) air. All values were normalized for water content due
to inherent water adsorption that could occur during storage and handling o f the foams.
A TA Instruments Differential Scanning Calorimeter Model (DSC) 2920 was
used to determine the glass transition temperature, Tg (see Table 9.1) o f the polyimide
foams. Results were obtained by heating the foam samples at 20.0 °C/min to 350 °C,
holding at 350 °C for 10 min, cooling to 25.0 °C, and heating at 20.0 °C/min to 350 °C,
using the second ramp curve to calculate the Tg at the inflection point o f the endotherm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

172

The TGA results indicated that all three polyimides had excellent thermal stability
at 204°C. Both the TEEK-HL and TEEK-HH foams showed acceptable thermal stability
with weight loss values o f 0.6% and 1.07%, respectively. The TEEK-L series foams
showed the best values with no appreciable weight loss after 1 hour at 204°C. The
TEEK-CL foam also performed very well with a weight loss o f 0.5%. The data indicates
that at 50% weight loss the TEEK-CL series has the highest thermal stability with the
other foams very similar in stability. The TEEK-CL also has the highest Tg with a value
o f 321°C. The TEEK-L series has the next highest thermal stability and glass transition
temperature (-281 °C). The TEEK-H series showed the lowest thermal stability and Tg at
237 °C o f all the polyimides tested. Previous polyimide film research indicated that
although the dianhydride structure does not have a profound impact on the polyimide
stability, some trends in the ranking o f the dianhydrides have been seen. Depending upon
whether thermogravimetric analysis was carried out dynamically or isothermally, the
diamine structure appears to have a greater influence on the stability, with the ranking
being S 0 > S 0 2>CH2> 0 [9.2],
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TEEK-L8

TEEK-CL

Thermal
Stability, %
Glass
Transition
Temperature,
Tg, °C

TEEK-LH

0.032

0.08

0.128

0.032

267
522
578

518
524
580

516
524
561

520
524
627

522
525
630

528
535
630

0.6

1.07

0.0

0.0

0.0

0.5

DSC

237

237

281

278

283

321

i

TEEK-LL

0.08

i

Density
(g/cc)
Thermal
Stability, °C

TEEK-HH

0.032

TEEK-HL

ASTM
D-3574(A)
10% wt. Loss
50% wt. Loss
100% wt.
Loss
TGA, weight
loss at 204°C

Test
Method

Property

Table 9.1 Thermal Properties for TEEK Polyimide Foams

9.1.2 Thermal Conductivity

In general, thermal conductivity o f foamed systems are lower than solid materials.
This is due to the weak van der Waals bonds which produce low moduli and weak
coupling, and the disordered structure characteristic o f virtually all polymers, gives a
mean-free-path which is only three or four atom-diameters in length [9.3]. Thermal
conductivity was measured to determine if these new polyimide foams had comparable
thermal conductivity to other foamed materials. The test is also necessary to qualify the
system for use as an insulator on future reusable launch vehicle fuel tanks. Thermal
conductivity is measured for all specimens using ASTM standard C-518 at temperatures
from-150°C to 350°C.
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The overall heat transfer in foams occurs through four mechanisms when
combined make up the thermal conductivity o f any foam system. The four contributing
factors are: the conduction through the solid polymer, conduction through the gas inside
foam

cells, convection within the cells, and radiation through the cell walls and across the

cell voids [9.3-9.5]. Conduction through the gas is the largest contributor to the overall
thermal conductivity as reported by Gibson [9.3]. This is due to the gas that circulates
through a foam’s cellular structure. If air is taken as the medium that interpenetrates the
foam cells with a thermal conductivity o f 0.025 W/m-K, then using the relationship
derived in Gibson which takes the product of the air conductivity and the volume fraction
o f the air in the foam, then the gaseous conduction in a foam system should be
approximately 0.024 W/m-K which constitutes the majority o f the thermal conductivity
measured in Figures 9.1 and 9.2 at room temperature. For closed cell foams, the heat
transfer coefficient in the cell will change as the blowing agent is replaced by air over
time due to diffusion o f the gas from the cell. In most situations where the thermal
conductivity o f the blowing agent is less than air, the thermal conductivity o f the system
can rise as the blowing agent diffuses out o f the system [9.5]. Finally, for the open cell
foams, the overall thermal conductivity o f the system can increase due to the open
transfer of air into the cells thereby promoting convection within the cells.
Figure 9.1 shows thermal conductivity data for the polyimide foams from -100°C
to 350°C. The conductivity data for the TEEK-HH, TEEK-HL, and TEEK-CL exhibit
acceptable values at room temperature and show decreasing values at sub-ambient
temperatures which indicates that these foams could serve as cryogenic insulators. The
cryogenic temperatures are -253°C for liquid hydrogen and -193°C for LOx. The outer
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surface o f exterior insulated cryogenic tanks must be at a temperature high enough to
prevent air liquefaction, frost build-up, or the formation o f moisture. Foam conductivity
data demonstrate that the tank would be sufficiently insulated to prevent frost build-up
and air liquefaction with a relatively small thickness (<0.025 m). The elevated thermal
conductivity is greater than the room temperature and sub-ambient values indicating that
these foams are better suited for cryogenic insulation than elevated temperature
insulation. However, in the case o f next generation launch vehicles, Thermal Protection
System (TPS) will be the primary high temperature insulator and the foam will provide
adequate protection of the cryotank wall.

T E E K -H L
T E E K -L L
T E E K -C L

0.08
0.06

0.02

-200

-100

0

100

200

300

400

Temperature, °C
Figure 9.1. Thermal Conductivity o f TEEK Polyimide Foams at 0.032 gm/cc.
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-200
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200
100
Temperature, °C

0

300
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Figure 9.2. Thermal Conductivity o f TEEK-H and -L Series Polyimide Foams.

9.2 Mechanical Testing

Polymer foams are not commonly known for their outstanding mechanical
properties, but during the past decade several polymer foams have become available for
structural applications due their high mechanical properties [9.6 & 9.7], The works o f
Sarries Illera et al. and Johnson et al., as well as two NASA reports, have shown that the
thermal insulator for future cryogenic fuel tanks will require some structural integrity in
order to survive the life o f the vehicle [9.8 - 9.11]. In the present research, polyimide
foams were developed for use as a thermal insulator on cryogenic fuel tanks. However,
unless a minimum structural integrity is met, these materials will not be considered for
their intended use.
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Foams in general exhibit one o f three characteristic behaviors when exposed to
loading in either compression or tension. These behaviors can be described as being
elastomeric, ductile or brittle [9.3], Most polymer foams fail in either the elastomeric or
ductile regime. However, under certain processing conditions, a brittle polymer foam is
produced. In almost all cases, foams tested in tension w ill fail due to a flaw which
materializes as a crack and grows. The compression failure is more complex and is
dependent on the open / closed cell character o f the foam. In general, compression
failure progresses through three regimes: the first is the linear elastic region, followed by
elastic buckling or plastic yielding, and finally, densification occurs where the cellular
structure is compressed [9.3]. Figure 9.3 shows a cartoon o f this behavior for foams
tested in compression.
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Figure 9.3 Stress vs. Strain Curve for a Typical Foam Under Compression.
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Mechanical testing o f these polyimide foams was essential to qualify them as
structural, as well as insulating foams. Several different polyimide foams were tested for
flatwise tensile, compressive strength and modulus, flexural strength and shear strength
and modulus using ASTM standards C-297-94, C-365-00, D-790-97, and C-273,
respectively [9.12-9.15], At least five samples were tested for each specimen to ensure
statistical accuracy in the data that was generated. When specimens were available, tests
were performed at 23°C (room temperature), 150°C, and -65°C. The ability to test these
materials under extreme temperatures helped to determine the viability of their use within
a space environment.

9.2.1 Flatwise Tensile Strength

Tensile specimens were cut to dimensions o f 51 mm x 51 mm x 25 mm as
described in ASTM C-297-94. The specimens were bonded to support blocks utilizing a
low temperature epoxy adhesive. The epoxy adhesive used was EA9394, manufactured
by Hysol Inc., which has an ultimate strength greater than the foams so that the foams
would fail in the bulk and not at the interface. Each support block had a circular hole
machined into it to allow for attachment to a 9000 Kg Instron test stand. See figure 9.4,
for an example o f a typical specimen and support block. The specimens were loaded in
tension until failure. In some cases the elongated cells o f the low density foams would
cause the specimen to fail due to partial shear. These specimen results were thrown out
and another specimen was fabricated and tested in its place. Shear failure occurred when
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the failure mode was not parallel to the loading direction and was directed at an angle
away from the loading direction.
Threaded Hole for
Instron Support Rod

Support Block Adhesive -------

Polyimide Foam
Adhesive -------

Support Block -

Figure 9.4. Flatwise Tensile Specimen and Support Fixture.

Flatwise tension testing was performed for four different TEEK-L series foams
and two TEEK-H series foams. Foams were placed in a 9000 Kg Instron test stand and
loaded to failure. All foams failed due to an initial crack that propagated until failure
occurred. Some o f the foams failed at lower than expected tensile strengths due to poor
specimen preparation or due to shear induced failures. Specimens at lower densities were
more likely to fail due to shear because o f the elongated cellular structure that is present.
At the higher densities crack propagation was more likely to dominate the failure than
shear due to elongation o f cells. This was the case because at the higher densities the
cellular structure o f the foam cells were more spherical and as would be expected, more
material was present which would allow the foam to be less flexible. Both o f these
conditions allowed for a foam that would not shear when loaded slightly o f axis as was
the case on several specimens due to poor specimen preparation. Figure 9.5, shows the
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tensile strength vs. density for the TEEK-L series foams at -65°C , room temperature
(23°C) and 150°C. The tensile strength for the TEEK-L foams at -65°C ranged from
0.153 MPa to 2.055 MPa, for the 0.008 gm/cc to 0.128 gm/cc foams, respectively. The
values were slightly lower than the room temperature values of 0.147 MPa for the 0.008
gm/cc foam to 2.27 MPa for the 0.128 gm/cc foam at room temperature. At 150°C the
0.008 gm/cc foam showed a tensile strength o f 0.095 MPa which was a 64% retention in
tensile strength. The 0.128 gm/cc foam had a significantly larger reduction in tensile
strength with a value o f 0.884 MPa or a 39% retention in properties. The 0.032 gm/cc
foam had a higher than expected tensile strength when compared to the 0.128 gm/cc
foam. The tensile strength at 150°C was 1.24 MPa or a 54% retention in properties
compared to 0.884 MPa for the 0.128 gm/cc.

This unexpected difference may be

attributed to the surface area and cellular structure o f the foams as was reported by
Williams, Et al. [9.16].
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Figure 9.5 Tensile Strength vs. Density for TEEK-L Series Polyimide Foams
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Figure 9.6, compares the tensile strength properties for two different densities
between the TEEK-H and L series foams. The data shows that the tensile strength o f
TEEK-L foam was much stronger than the TEEK-H foam for both o f the densities tested.
This results from the difference in cellular structure between the TEEK-H and TEEK-L
foams. The TEEK-H foam has a more elongated cellular structure, it has larger cells and
was less rigid than the TEEK-L foams. This allows the TEEK-H foam to fail at lower
loading levels as compare to the TEEK-L foams.
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Figure 9.6 TEEK-H vs. TEEK-L Series Foams in Flatwise Tension at Room Temperature

9 .2 .2

C o m p r e s s iv e

Strength

ASTM C-365-00 determined the compressive strength and modulus o f the TEEKH and TEEK-L foams. Compression specimens were machined to 51 mm x 51 mm x 25
mm dimensions and placed in a 9000 Kg Instron testing machine. The TEEK-L foam
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specimens were tested at -65°C , 25°C, and 150°C, while the TEEK-H foam specimens
were only tested at 25°C. Foam specimens were loaded to at least 50% deflection and the
ultimate load was determined from the graph o f load vs. deflection.

Compressive

strength (a) and compressive modulus (E) were determined according to equations 9.1
and 9.2, respectively.

p
o = —

P _ s *t
(9.1)

a

(9 2 )

Where P was the ultimate load on the specimen, A was the cross-sectional area, t
was the thickness o f the specimen and S was the slope o f the load vs. elongation curve in
the elastic region.
Figures 9.7 and 9.8 represent the data that was obtained for two o f the polyimide
foam specimens. Figure 9.7, displays the stress versus strain curve for the TEEK-LL
(0.032 gm/cc) foam and the apparent plastic yielding which took place. The TEEK-LL
was the only one o f the six foams tested which exhibited this elastic-plastic characteristic.
The TEEK-HL, in figure 9.8, better represents the rest o f the foams tested in
compression. The only difference that was identified between these five polyimide
foams was a steeper linear elastic region, which indicates a higher elastic modulus, and a
steeper plateau as the density increased in the foams that were tested.
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Figure 9.7 TEEK-LL (0.032 gm/cc) Stress vs. Strain Curve in Compression

Figure 9.9 shows the data for compressive strength versus density for all o f the
TEEK-L series foams tested. The TEEK-L foams were tested at three temperatures, 65°C, RT (23°C and 150°C. The data obtained from the three temperatures tested
resulted in trends that would be expected. The -65°C compressive strength values were
the highest, followed by the RT and 150°C values. This was expected because at cold
temperatures polymeric materials have reduced molecular motion and higher modulus.
At elevated temperatures the reverse occurs and a thermoplastic polymer would be more
likely to exhibit lower values. In the case o f the -65°C data, the foams had compressive
strength values ranging from 0.047 MPa to 1.96 MPa for 0.008 gm/cc and 0.128 gm/cc
foam respectively. At 150°C, the strength o f the foams ranged in values from 0.012 MPa
to 1.12 MPa for the 0.008 gm/cc and 0.128 gm/cc foam respectively. In general, as the
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density was increased, the foam retains a larger portion o f their room temperature
strength.

At a density o f 0.128 gm/cc, the foams retained -70% o f their room

temperature strength however, as the density decreased to 0.008 gm/cc the percentage
dropped to a low of 30% retention.
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Figure 9.8 TEEK-HL (0.032 g/cc) Stress vs. Strain Curve in Compression
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Figure 9.9 Compressive Strength vs. Density for TEEK-L Series Polyimide Foams

Figure 9.10 shows a comparison o f compressive strength properties for the
TEEK-H and TEEK-L series foams at 0.032 gm/cc and 0.08 gm/cc. The data indicates a
significant increase in compressive strength o f the TEEK-L over the TEEK-H foams at
0.08 gm/cc. This could be potentially attributed to the cellular structure o f the foams.
Further investigation is necessary to better understand the reason for the significant
difference in compressive strength at this density.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

186

m 1.600 y
2 1.400 -

i

1.200

§

1.000 -

-

w 0.800 I

0.600 -

£ 0.400 £
O

0.200

-

0

-

. 0

0

0

0 .0 3 2

0 .0 8

g m /c c

g m /c c

Figure 9.10 TEEK-H vs. TEEK-L Series Foams in Compression at Room Temperature

Figure 9.11 shows the compressive modulus for both the TEEK-H and TEEK-L
foams at room temperature. The data shows an increasing modulus with increasing
density for both foams.

These results were anticipated, including the substantial

difference in modulus between the TEEK-H and TEEK-L. All previous data indicates
that the TEEK-L foams produce a much more uniform cellular structure and thus a more
mechanically sound foam than the TEEK-H foams.

The TEEK-L foams had

approximately a 50% increase in modulus over the TEEK-H foams for both the 0.032
gm/cc and 0.08 gm/cc densities.
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Figure 9.11 Compressive Modulus o f the TEEK-H and TEEK-L Foams at Room
Temperature

9.2.3 Flexural Testing

Flexural strength testing was performed for three TEEK foams at room
temperature according to ASTM D-790 [9.15]. The specimens were 12.7 cm long by
1.27 cm wide by 2.54 cm thick. The specimens were placed in a 100 kN servo-hydraulic
test frame equipped with a digital controller and data acquisition system and loaded in
three point bending with a cross-head speed o f 0.625 cm/min.

Flexural Stress

measurements were made according to equation 9.3.

3p * L
Of =

o

2b* dr

(9.3)
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Figure 9.12 shows the flexural strength data for the TEEK-HL, -LL and HH,
respectively. As anticipated, due to the higher density o f the TEEK-HH, it had the
greatest flexural strength at room temperature with a value o f 0.275 MPa.

The

unanticipated value was the very low value for the TEEK-HL as compared to the TEEKLL. The TEEK-HL flexural strength was o f 0.048 MPa while the TEEK-LL flexural
strength was 0.17 MPa. Both materials are o f the same density however, upon visual
inspection o f the foam specimens it was clear that the TEEK-HL was significantly less
rigid as compared to the TEEK-LL foam.

This difference can be attributed to the

manufacturing process o f the two foams where the TEEK-HL foam developed a larger
cellular structure than the TEEK-LL foam. This difference in cellular structure resulted
in lower values seen in the previous section for flatwise tension and compressive strength
and thus the low flexural strength values help to correlate those findings.
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Figure 9.12 Flexural Strength at 0.381 cm. Deflection for TEEK-H and TEEK-L Foams.
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9.2.4 Shear Testing

Shear strength and shear modulus were measured on four TEEK-L foams
specimens with densities ranging from 0.008 gm/cc to 0.128 gm/cc. The shear testing
was conducted according to ASTM C-273 [9.14], The specimens were 5.08 cm wide by
22.86 cm long and 2.54 cm thick. Each specimen was bonded to metal adherents with
EA9394 room temperature cure epoxy adhesive. The specimens were tested on a 100 kN
servo-hydraulic test frame equipped with a digital controller and data acquisition system
[9.17].

The shear stress (x) and shear modulus (G) were calculated according to

equations 9.4 and 9.2 below, where P is the load on the specimen, S is the slope o f the
initial portion o f the load deflection curve, L is the length, b is the width and t is the
thickness of the specimen [9.5].

p

T = U

n

b ( 9A)

^

S * f

G = U

b

{ 95)

Figure 9.13 shows a typical load vs. extension curve from which the shear
strength and shear modulus can be calculated.
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Figure 9.13 TEEK-L at 0.128 gm/cc Load vs. Deflection Curve in Shear.

The results o f the shear strength and modulus testing are shown in figures 9.14
and 9.15. The results show an increasing shear strength and modulus with increasing
density. The length was 7.62 cm less than required by the ASTM standard, however, all
of the specimens failed 100% in shear and not by either a cohesive or adhesive failure.
An adhesive failure would result if there was a foam-to-adherend adhesive failure and a
cohesive failure would result if 100% o f the failure were in the adhesive bond line itself.
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9.3 Flammability Testing

Several tests were performed to determine the feasibility o f using these materials
in an oxygen rich, flammable environment. The tests performed included oxygen index
and glow wire ignition, vertical bum, radiant heat panel and cone calorimetry. The
results from each o f these tests, when viewed as a single entity, help to determine the
feasibility o f these new materials in an oxygen rich flammable environment.

9.3.1 Oxygen Index and Glow Wire Ignition

The first test performed was the limiting oxygen index test that determines the
relative flammability of a foam material by measuring the minimum concentration o f
oxygen in a flowing mixture o f oxygen and nitrogen that w ill support flaming
combustion. The test was performed using ASTM D-2863 [9.18] by placing a specimen
vertically in a chamber and allowing a gas mixture to flow upwards past the specimen.
The specimen was exposed to an ignition flame at its top and if no ignition occurs at the
starting concentration, the oxygen concentration was increased until ignition occurs. The
volume percentage o f oxygen that was required to cause ignition was reported as the
limiting oxygen index (LOI). In general, LOI’s lower than 20.8 (the volume % o f oxygen
in normal air) are obtained with plastics that are easy to bum. Phenolic foam, which is
difficult to bum, has an LOI o f about 30-40 (9.1). Several TEEK foams were tested for
LOI and the results are reported in Table 9.2. All the TEEK Foams had a LOI o f 42% or
greater with the TEEK-LH and -L 8 having the highest value o f 51%.
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In comparing different polymers, ASTM D6194, glow-wire ignition o f materials,
measures the flame ignition behavior o f insulating materials using a glowing heat source
which bums at a temperature o f 960°C [9.19]. The six TEEK samples did not ignite
when contact was made with the heat source, but the depth o f penetration is reported in
table 9.2. The TEEK-HL (0.032 gm/cc) had the most penetration when compared to all
of the other foams, while the TEEK-L8 (0.128 gm/cc) foam had the least amount o f
penetration.

In general, the TEEK-L foams performed the best o f three different

polyimides tested.

Table 9.2. Oxygen Index and Glow Wire Ignition

Density
Oxygen
Index
Glow Wire
Depth of
Penetration

TEEK-HL
2.0 pcf.
42%

TEEK-HH
5.0 pcf.
49%

TEEK-LL
2.0 pcf.
49%

TEEK-LH
5.0 pcf.
51%

TEEK-L8
8.0 pcf.
51%

TEEK-CL
2.0 pcf.
46%

Most

Less than
HL

Less than
HH

Less than
LL

Least, less
than LH

Compares
to HH

9.3.2 Vertical Burn Test

The second test performed was the vertical bum test, NASA-STD-6001, which
tests a materials resistance to smoke generation and combustion [9.20]. The specimens
had dimensions o f 0.051 m by 0.305 m by 0.025 m and were placed in a fixture vertically
above an igniter.

The igniter was lit and burned for 25 seconds ± 5 seconds at a

temperature of 1093°C. The bum length must be less than 0.152 m for the specimen to
pass the test. Visual inspection was used to determine the amount o f smoke that was
generated during this test.
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Table 9.3 shows the data obtained from the vertical bum test for three different
TEEK specimens, TEEK-HH, TEEK-HL and TEEK-LL. All three foam specimens
performed exceptionally well. The TEEK-HL foam had the largest vertical bum o f 0.015
m, which was significantly less than the minimum requirement o f 0.152 m. All three

specimens did not produce any smoke generation during the test. Figure 9.16 shows the
three foam specimens after the test.

Table 9.3. Flammability Data for Select TEEK Foams.

Property
Density
Vertical Bum

Smoke
Generation

Test Method
ASTM
D-3574 (A)
Flame Time
Bum Length
Dripping
Visual
Inspection

TEEK-HH
0.08 g/cc

TEEK-HL
0/032 g/cc

TEEK-LL
0.032 g/cc

25 seconds
0 m.
none
None

25 seconds
0.015 m.
none
None

25 seconds
0 m.
none
None
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Figure 9.16. FAR 25.853 (a) Vertical Bum Specimens
(left to right) TEEK-LL, TEEK-HL, & TEEK-HH

9.3.3 Radiant Heat Panel

Radiant Heat Panel testing was performed according to ASTM E-162-98 [9.21] in
order to measure the surface flammability o f the polyimide foams in a controlled
laboratory environment. The Radiant Heat Panel test was designed to measure both
critical ignition energy and rate o f heat release, the reporting value being the flame spread
or radiant panel index, Is. Flame spread is defined as the rate at which a flame spreads
across a surface. Since irradiance decreases along the length o f the specimen, the time
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progress o f ignition down the sample serves to measure the central ignition energy.
Thermocouples placed in the stack above the sample measure the heat release rate [9.16
and 9.22], The point o f flame contact with the foam specimen was used to measure
shrinkage in the foam [9.23]
Six different polyimide foams were tested. Each specimen was cut so the final
dimension was 15 cm. by 46 cm. The specimens were then placed in the test stand at a
30° angle such that the ignition was forced near the upper edge o f the panel and the flame
front is forced down along the panel. The flame was set to bum at a constant temperature
o f 670°C. Figure 9.17 shows the radiant heat testing in progress and a close-up o f a
TEEK foam specimen.

Figure 9.17 Radiant Heat Panel Test (left) and a Close-up o f the TEEK-L0.5 foam (right).

Radiant heat panel analyses o f the six polyimide foam specimens showed little to
no flame spread for any o f the foams.

The average heat release for the panels as

measured in the stack was an increase in temperature o f 10-20°C over the approximately
20 minute test. All o f the specimens had charring and shrinkage that was isolated to the
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point o f flame contact. The large amount o f charring produced by the TEEK foams was
due to the aromatic structure o f the polyimide which makes up the backbone o f these
polymers. The TEEK polyimides are composed o f aromatic rings (opposed to aliphatic
chains) which allows them to cross-link simultaneously with chain scission reactions in
the presence o f a high temperature flames and thus produce a large amounts o f char
compared to other polymers [9.24]. In all six specimens no flame spread index, Is could
be calculated so the value was considered to be close to zero.
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Figure 9.18. Percent Shrinkage from Radiant Heat Panel Samples [9.24].

The radiant heat panel data did show that the TEEK foams had excellent flame
resistance and had only minimal shrinkage. However, as seen in Figure 9.18 it was
nearly impossible to correlate the data between two different polyimides or two different
densities. Considering the low density materials, 0.032g/cc, the TEEK-CL showed the
least amount o f shrinkage, and TEEK-HL has the most. In comparing the same chemical
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structure, more shrinkage and degradation are observed in the TEEK-HL (0.032g/cc)
versus TEEK-HH (0.08g/cc), see also Figures 9.19 and 9.20. Figures 9.19 and 9.20 are
photographs of duplicate 15.24 cm. by 45.72 cm. foam samples exposed to Radiant Heat
Panel testing. This data was to be expected, however, when it was compared to the
TEEK-LH to the TEEK-L8 the opposite occurs and the TEEK-LH has less shrinkage. It
was therefore determined that density alone was not responsible for the radiant heat panel
results. Figure 9.21 shows the shrinkage data plotted again with surface area overlaid on
top. The introduction o f the surface area data to Figure 9.21 shows reasonable correlation
to the shrinkage data at each density [9.25].

...

Figure 9.19. Duplicate Samples, 15 cm. by 45 cm. Foam TEEK-HL (0.032 gm/cc)
Exposed Radiant Panel.
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Figure 9.20. Duplicate Samples, 15 cm. by 45 cm. Foam TEEK-HH (0.08 gm/cc)
Exposed Radiant Panel.
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Figure 9.21 Comparison o f Foam Shrinkage to Surface Area [9.24]
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9.3.4 Cone Calorimetry

Cone calorimetry analysis was performed per ASTM E1354 [9.26].

Each

specimen was cut to a final dimension o f 10 cm by 10 cm by 2.5 cm. Cone calorimetry
analysis measures oxygen consumption during combustion as a measure o f heat release.
Table 9.4 presents cone data, including time to ignition (Time ig), peak heat release rate
(PHRR), average heat release rate (ave. HRR), total heat release rate (THR), smoke as
specific extinction area (SEA), carbon monoxide production (CO), average mass loss rate
(MLR), and initial and final masses [9.14]. A heat flux o f 35 kW/m2 would be used for
polymeric foams. However, due to the excellent flammability properties o f these foams
greater heat fluxes were necessary. Therefore, all o f the foams were tested at three heat
fluxes; 35 kW/m2, 50 kW/m2 and 75 kW/m2.
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g ^
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Initial
Mass(g)

Final Mass
(g)

TEEK-HL
35 kW/m2
TEEK-HL
50 kW/m2
TEEK-HL
75 kW/m2
TEEK-HH
35 kW/m2
TEEK-HH
50 kW/m2
TEEK-HH
75 kW/m2
TEEK-LL
35 kW/m2
TEEK-LL
50 kW/m2
TEEK-LL
75 kW/m2
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50 kW/m2
TEEK-LH
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The cone calorimetry analyses showed that no ignition occurred at 35 W/m2 and
incomplete combustion occurred at 50 and 75 kW/m2. At 50 kW/m2, the TEEK-CL
showed the longest time to ignition at 133 seconds, followed by the TEEK-H series
foams. However, at 75 kW/m2, the times to ignition were similar for all o f the materials
tested. The average heat release rate data (ave. HRR) are similar for all the samples, with
TEEK-CL slightly lower at the 50 kW/m2 heat flux. The total heat release data (THR)
appear to correlate well with densities o f the samples. The mass loss data (MLR) are
similar throughout the samples. The specific extinction area (SEA, smoke) data for the
samples at 35 kW/m2 are greater (due to the non-flaming pyrolysis), with the higher
density materials giving lower values at 75 kW/m2 (flaming). Table 9.5 summaries the
PHRR data observed at the different heat fluxes for all o f the samples analyzed along
with the measured surface areas.

Table 9.5. Peak Heat Release Rate (PHRR) and Ignition (Sec) Data from Cone Analysis

(gm/cc)

m2/gm

TEEK-HL

0.032

19.1

PHRR
75 kW / m2
154

TEEK-HH

0.08

5.5

80

TEEK-LL

0.032

12.9

54

0.08

3.6

44

TEEK-L8

0.128

5.2

58

TEEK-CL

0.032

5.0

69

Sample

Density

Surface Area

PHRR

PHRR

50 kW / m2
55

35 kW / m2
11

14ig

89ig
51

8
55ig

Big
40

17
33ig

9ig
TEEK-LH

31

“

44ig

18ig
36
16ig

-

38ig
6

26

lOig

133ig
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W hen comparing the different PHRR values for each foam, no correlation
between data could be obtained. For instance, comparing the TEEK-HL, -LL, and -CL
foams of the same density, the TEEK-HL showed the greatest PHRR value at 75 kW/m2
with a PHRR o f 154 kW/m2 compared to the TEEK-CL, which has a value 69 kW/m2,
and the TEEK-LL which has the lowest value at 54 kW/m2. This would indicate that the
chemical composition and surface area had an effect on the flammability properties o f the
foams. When analysis o f the TEEK-L series foams was performed, it became apparent
that chemical composition was not the dominant property responsible for the difference
in cone calorimetry analysis data. The reason for this difference was the unanticipated
increase in PHRR for the TEEK-L8 foams as compared to the TEEK-LH foams at 75
kW/m2 of 58 and 44 kW/m2, respectively. In addition, the non-linear drop in PHRR at 75
kW/m2 for both the TEEK-H and TEEK-L series foams was observed as the density was
increased from 0.032 gm/cc to 0.08 gm/cc. In Figures 9.22 and 9.23, PHRR was plotted
against surface area to see if a correlation exists. In comparing the data in Figure 9.22
and 9.23 it was easy to see that surface area gives a relatively direct correlation with the
PHRR rates at 75 kW/m2 and 50 kW/m2. In Figure 9.22 only the TEEK-LL did not
follow the trend o f the data and in Figure 9.23 only the TEEK-HH differed. In general,
data from these figures indicate that surface area measurements were essential to
understanding the significance o f the cone calorimetry data.
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9.4 LOx Mechanical Impact Testing

LOx mechanical impact testing was performed on several TEEK foam specimens
because o f the possibility that these foams may be used to insulate the interior o f the
composite cryogenic fuel tank. The advantage to an interior insulated fuel tank would be
the ease in instillation o f thermal protection system (TPS) to the outside o f the tank. This
would reduce the amount o f TPS integration structure and thus reduce the overall weight
of the vehicle. The other main advantage o f an interior insulated cryogenic fuel tank
would be the ability o f the foam to insulate the composite tank wall as well as the
cryogen. This is a significant advantage because it allows the composite tank structure to
avoid the extreme thermal temperature changes the exterior insulated tank would see,
thereby providing a tank that does not microcrack. Cryogen permeation is a fundamental
issue with composite fuel tanks and the added risk o f microcracking should be avoided
[9.9, 9.11 & 9.27]. However, there is a risk when using a material in a liquid or gaseous
oxygen environment. Many materials bum or explode when mechanically impacted in an
oxygen environment and this is a possibility when using interior insulated foams. To
help determine if these foams will be able to perform in a LOx environment, LOx
mechanical impact testing was performed according to ASTM D-2512 [9.28].
In the test apparatus shown in Figure 9.24, a 9.07 Kg weight is dropped from a
height of up to 1.17 meters and strikes a cylindrical flat tipped steel pin resting on a
sample disk about half an inch in diameter placed at the bottom o f a small aluminum cup
filled with liquid oxygen [9.29]. Upon impact, the specimen either exhibits no reaction
or it could display a flash, audible report, or charring, all o f which are considered a
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reaction. In order for a material to pass the test, 20 tests on separate specimens at a drop
height o f 1.10 meters (an energy o f 72 ft-lb or 10 kg-m) must have no reaction.
Additionally, one reaction in 60 tests is considered a passing result.

Pointar

Plummet

Assembly

Magnetic Plate

Guide Bar (3).

Timer Pickup
Holder

Figure 9.24. LOx Mechanical Impact Test Stand and Specimen Holder [9.29].

This test has the appearance o f a “go / no go” because it has very little room for
failure. However, the test has widely been criticized for its strict requirements and is
only used to rate materials against each other. The data in Table 9.6 shows the results
from the LOx impact test.

The results indicate that the TEEK-LL and TEEK-CL

performed the best with no reactions on the first run and only one reaction on the TEEK-
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LL second run. The TEEK-HL and TEEK-HH performed much worse with a high
percentage o f failures. Additional testing that could be carried out with these foams
would be to reduce the drop height and thereby reduce the impact energy. The test could
be run until each specimen passed the test at a certain maximum energy. In summary, the
test results indicate that these foams could potentially be used as an interior insulation on
Reusable Launch Vehicles (RLV), however, more testing should be done.

Table 9.6 LOx Mechanical Impact Data
Sample
TEEK-HL

# Of Reactions
1

# o f Samples
2

TEEK-HH 1st Test
2
3
1
5
TEEK-HH 2nd Test
20
TEEK-LL 1st Test
0
TEEK-LL 2nd Test
1
13
0
20
TEEK-CL*
* TEEK-CL was not re-run due to insufficient test specimens

Observations
Flashing / Noise /
Charring
Charring
Charring
None
Flashing / Charring
None

9.5 Uniaxial Tension Test

Combined cyclic thermal and mechanical tests o f cryogenic tank wall concepts
simulating ring and stringer tanks were performed on two flat 0.30 m x 0.60 m panel
specimens. A flat specimen closely approximates a tank wall due to the large radius o f
curvature. These tests were developed from earlier tests o f a cryogenic insulation tile
developed for the Advanced Launch System (ALS) [9.10]. The purpose o f the tests was
to simulate both the thermal and mechanical loads experienced in an RLV mission from
launch to orbit and to re-entry. The cryogenic tanks in an RLV, shown in Figure 9.25,
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must endure biaxial tension loads associated with internal pressurization, as well as
maximum thermal and mechanical flight loads.

However, for these tests, the only

mechanical load applied was a uniaxial tension load simulating circumferential pressure
loading shown in Figure 9.25. This combined cyclic, thermal-mechanical test verified
the durability o f the cryogenic insulation when subjected to cyclic mission-profile
conditions, the bond line integrity between cryogenic insulation and the structure, and the
performance of cryogenic tank fabrication technologies on a small scale.

Figure 9.25. Location o f the Cryogenic Propellant Tanks for Lockheed-Martin’s X-33
and the Simulated Circumferential Hoop Load.

Specialized test fixtures [9.9] have been developed that allow a test specimen to
be thermally cycled according to pre-defined temperature profiles between a minimum
temperature o f -253°C and a maximum temperature o f 372°C. Figure 9.26 shows a
specimen mounted in the fixture with the cryogenic chambers mounted on the surface of
the inner tank wall o f the specimen and a convective heating chamber adjacent to the
external surface o f the foam insulation. Tension load and temperatures for the cryogenic
and high temperature chambers were independently controlled in a test cycle. A typical
cycle lasted 30 to 50 minutes. An example o f a thermal-mechanical load profile for a
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LH2 tank specimen is shown in Figure 9.27. This figure displays the complex tension
loading and temperature profiles on the high temperature side and cryogenic side o f the
panel over a period o f time.

Cross-Section
of fixture
Structural
wall

NRA 8-21 Panel #2

Heater
chimney

C ryogenic foam
LaRCTEEK-HH“
Gr-Ep (IM7/977-2)

Fiber op tic sen so r

C onvective
heater
cham ber

LHe/LN2

Fan

C ryogenic
cham bers
LN2
inlet

C ryogenic
Insulation

/

Supporting
framework-^

Load
introduction
structun

Finned strip
heater

Strain gage lead
Thermocouple

Figure 9.26. Schematic and Assembled View o f the Test Fixture for the Uniaxial Tension
Test.
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Figure 9.27. Typical Thermal-Mechanical Cycle for a Liquid Hydrogen Tank Specimen
in the Uniaxial Tension Test.

Uniaxial tension panels were tested to simulate the hoop stress in a cryogenic
tank. The panels utilized IM7/977-2 Gr-Ep [±45 °2 , 90°2, OTsJs substrate with TEEK-HH
and fiber optic temperature and strain sensors. The foam was bonded to the Gr-Ep
substrate with room temperature cure epoxy shown in Figure 9.26. The panel was
subjected to 50 thermomechanical cycles.

The maximum temperature o f the high

temperature side (outer or upper surface o f foam) was 177°C for panel No. 1 and
increased to 207°C for panel No. 2. The temperature on the cryogenic side (tank inner
wall) was below -253°C .

After the 50 cycles, panel No. 1 displayed no signs o f

degradation except for a slight darkening o f the upper surface on the foam. Panel No. 2
was darkened and had a slight blistering on the upper surface after 50 cycles, indicating
that the foam outgassed volatiles at high temperatures.
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9.6 Summary

Polyimide foams fabricated from the solid residuum powders were tested for
thermal, mechanical and flammability properties.

These tests were performed to

determine whether these new foams could be used as a structural, non-flammable
member on future aerospace vehicles.
Several different polyimides were tested thermally for maximum use temperature,
glass transition temperature and thermal conductivity.

The testing results showed

excellent thermal stability with less than 1% weight loss for the polyimides tested at
204°C. The glass transition temperature was found to vary from 237°C to 321°C and the
thermal conductivity at room temperature was between 0.025 and 0.04 W/m-K for the
0.032 gm/cc foams.
Flatwise tensile strength, compressive strength, flexural and shear strength o f
several polyimide foams were tested to verify the ability o f these foams to perform as a
structural material. The results o f the mechanical testing indicated excellent strength
properties with increasing density. Several foams were tested at elevated (150°C) and
cryogenic (-65°C) temperatures. The results were as expected for the compression testing
with the cryogenic properties being slightly higher than the room temperature properties
while the 150°C temperature properties showed as much as 40% decrease compared to
the room temperature data. However, when comparing the tensile strength properties the
cryogenic and elevated properties were both lower than the room temperature. In the
case o f the flexural and shear testing the strength values increased with increasing
density.
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Flammability testing was performed to determine the feasibility o f using these
materials within an oxygen rich, flammable environment. The tests performed included
oxygen index and glow wire ignition, vertical bum, radiant heat panel and cone
calorimetry.

The test results indicate that all o f the polyimides are non-flammable

materials which do not sustain a flame in an oxygen environment, nor do they drip or
produce harmful gases upon introduction o f a flame. In the case o f the cone calorimeter
testing, the polyimides were so inflammable that the standard 35 kW/m2 would not
produce an ignition so a higher heat flux o f 50 kW/m2 and 75 kW/m2 was used. Even at
the higher heat fluxes these polyimides showed excellent resistance to combustion. This
is due mainly to the aromatic chains o f the polyimide which tend to inhibit burning and
cause the material to char when placed in contact with a flame. In addition, the surface
area o f the foams has shown that a smaller surface area would help retard flame
production.
Finally, the polyimide foams from the solid residuum were tested for LOX
mechanical impact and uniaxial tension. The LOX mechanical impact testing showed
that these foams could be used in an oxygen rich environment with the TEEK-LL and
TEEK-CL performing the best with no reaction in 25 tests. Uniaxial tension testing
showed that these foams could be used at extreme temperatures without debonding or
cracking when placed under uniaxial tension. Each specimen was tested for 50 cycles
and no damage was identified.
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CHAPTER X
PROPERTIES OF FOAMS FROM FRIABLE BALLOONS

The polyimide foams fabricated from the friable balloons were tested for
mechanical properties to help understand the difference in physical properties between
the friable balloon foams and solid residuum foams. It was necessary to understand the
difference between the two starting materials because both foams rely on distinctly
different foaming mechanisms. The solid residuum is a powder which must go through a
one hundred percent expansion to fill a mold cavity while the friable balloons only
require 3-4 percent expansion to fill the same cavity [10.1]. The friable balloons are
essentially partially cured, almost fully inflated solid residuum powder that requires less
process control to produce foam o f high quality. In addition, the friable balloon foams
are hollow spheres that allow foams with higher closed cell contents to be produced. In
this chapter foams produced from the TEEK-H friable balloons will be discussed.

10.1 Mechanical Testing

Mechanical testing o f these polyimide foams from friable balloons were done to
verify whether this form o f polyimide foam could be used as a structural insulation for
next generation reusable launch vehicles. Polyimide foams were tested in two forms, as
neat foam at several densities and foam filled honeycomb structure.
216
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foams were tested for flatwise tension and compression at room temperature. Finally, the
data was compared to the flatwise tension and compression data obtained for the foams
made from the solid residuum.

1 0 .2

M e c h a n ic a l T e s tin g o f N e a t F o a m

S p e c im e n s

Neat foam specimens are fabricated at several densities to be tested for
mechanical properties under tensile and compressive loads. Flatwise tensile specimens
are tested according to ASTM C 297-94 [10.2]. The specimens are cut to a dimension of
51 mm by 51 mm by 25 mm. and are then adhesively bonded to aluminum blocks
utilizing Hysol EA9394. Figure 10.1 depicts the specimen lay-up and mounting blocks.
The specimens are allowed to cure for a minimum of 24 hours at room temperature under
slight compression load to ensure intimate contact between the testing blocks, the
adhesive, and the foam. The foam specimens are then loaded into an instron test fixture
and tested to failure.
Threaded Hole for
Instron Support Rod

Support Block
Adhesive

Polyimide Foam
Adhesive

Support Block

Figure 10.1 Flatwise Tension Specimen Set-Up
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The foam tensile strengths are shown in Figure 10.2 for foams ranging in density
from 0.040 to 0.11 gm/cc. The tensile strength is highest for the 0.074 and 0.081 gm/cc
foam density at 0.88 MPa. A photomicrograph o f the 0.107 gm/cc foam is shown in
Figure 10.3. The foam density clearly varies within the specimen from 0.080 to 0.155
gm/cc. The failure is clearly shown to occur at the interface between the two different
density regions and may have resulted from a stress concentration. Thus, the tensile
strength test results for the 0.107 gm/cc foam should not be taken as representative. It is
also notable that the foaming process can lead to a laminar structure wherein layers o f
different foam densities are developed near the surfaces.
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Figure 10.2 Flatwise Tensile Strength
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I

Figure 10.3 Photomicrograph o f TEEK Friable Balloon Foam at 0.107 gm/cc

Friable balloon foam specimens at several different densities are tested in
compression according to ASTM C 365-00 [10.3]. Compressive specimens are cut to a
dimension o f 51 mm by 51 mm by 25 mm and placed in a Unitech testing fixture. The
foam specimens are compressed at a rate o f 0.1 cm/s until a 50% deflection is obtained
and compressive strength measurements are taken and reported.
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Figure 10.4 Flatwise Compressive Strength (50% Deflection)

Figure 10.4 displays the compressive strength data. The compressive strength
properties were measured for samples o f ten different densities, r, ranging from 0.039 to
0.097 gm/cc.

These results show that as the density is increased, the compressive

strength, Xc also increased. A linear fit to these data provides the following relationship:

Xc = -0.17 + 9.26 p

This result shows a linear relationship between foam compressive strength and
density as opposed to the results obtained by Gibson et al. [10.4] where foam strength is
shown to be a cubic function o f density. Values were obtained on foam specimens with
densities ranging from 0.039 gm/cc to 0.097 gm/cc. In all cases, the 50% deflection
strength increased with increasing density from a lower value o f 0.21 MPa to a higher
value o f 0.74 MPa.
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10.3 Mechanical Testing of Foam Filled Honeycomb Specimens

Mechanical testing was performed for two different polyimide foam filled
honeycomb specimens. The foam filled Korex® honeycomb specimens were tested in
flatwise tension, flatwise compression, and plate shear.

The foam filled Nomex®

honeycomb specimens were tested in flatwise compression both completely filled and
with a gap on the top and bottom for improved adhesion to the substrate. All o f the
specimens were tested at room temperature.
Foam filled Korex® honeycomb specimens were cut to a dimension o f 51 mm by
51 mm by 25 mm and adhesively bonded to steel mounting blocks. The specimens were
tested in flatwise tension, flatwise compression and plate shear. Figure 10.5, shows the
results for all o f the tests performed. As expected, the unfilled honeycomb specimen
performed better than the completely filled foam fill specimen only in flatwise tension
due to lack of a good adhesive bond between the foam filled honeycomb and the steel
mounting block. In the case o f the plate shear, the specimens were tested in both the
ribbon and transverse shear directions. If the specimens had been tested with a gap on
the top and bottom to improve the bond between the honeycomb and the steel mounting
blocks, the tension results would be better than the unfilled honeycomb because o f the
adhesive would be ale to form fillets and bond to the sidewall o f the honeycomb. In
compression the results would be slightly better than the unfilled because the foam
prevents the core from buckling under the compressive force, but the slight gap would
cause a reduction in compressive strength over a completely filled core.
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Figure 10.5 Foam Filled Korex® Honeycomb Mechanical Testing Results [10.5]

Foam filled Nomex® honeycomb specimens were cut to a dimension o f 51 mm by
51 mm by 25 mm and adhesively bonded to steel mounting blocks. Three different
specimens were tested in compression; the empty core, foam filled core with a 1.59 mm
gap on each side, and a completely foam filled specimen. The gap specimen was tested
to verify the improved adhesive bond line possible through filleting / wicking o f the
adhesive down the core wall. This type o f specimen would be advantageous when the
loading is in tension but the effects in compression were unknown.

Table 10.1 Foam filled Nomex® Honeycomb - Compressive Strength and Modulus
Specimen
Nomex® Core
Foam / Nomex®
- Gap
Foam / Nomex®
- No Gap

Stress (MPa)
2.0684
2.2865

St. Dev.

2.4945

St. Dev.

0.0538

Modulus (GPa)
0.1379
0.166

0.1173

0.1753

0.0032

—
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Table 10.1 displays the results o f the compression testing to 50% deflection o f the
Nomex® core and Nomex® foam filled cores. The data indicates the introduction o f the
foam into the honeycomb cells improves both the strength and modulus o f the system.
This was to be expected due to the restriction on buckling o f the cell walls by the foam.
The foam filled Nomex® with a gap was only 10% lower in strength and modulus than
the completely foam filled systems. This result was significant when utilizing the foam
filled core systems not only in compression but tension where the filleting / wicking can
enable much higher tensile loads than completely filled core can. Data to support this
concept is in test.

10.4 Summary

Polyimide foams were fabricated with higher closed cell content by using
polyimide friable balloon precursor rather than the solid residuum powder.

The

maximum closed cell content achieved was for a foam o f density o f 0.048 gm/cm with a
closed cell content approaching 80%. Optimization o f the friable balloon content to
achieve maximum interstitial void filling and maximum closed cell content would
increase the closed cell content beyond 80%. This could be accomplished by using a
Gaussian distribution o f balloon sizes that would decrease the size o f the interstitial space
between balloon radii.
Experimental data were presented for both compression and flatwise tensile
strength for polyimide foams fabricated from friable balloons and o f various densities.
The tensile strength was shown to increase with density. An anomaly at a density o f
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0.107 gm/cm3 is observed wherein the foam density varied significantly though its
thickness and the measured tensile strength was lower than expected. Further research
will be needed to develop methodologies to produce uniform density in foams for all
densities required. Experimental results for the foam compressive strength showed a
linear increase with density.

These results were in contradiction with the cubic

relationship between density and compressive strength proposed by Gibson et al [10.4],
Finally, foam filled Nomex® honeycomb was tested in compression and found to exhibit
25% greater strength than the unfilled honeycomb core. When a small gap in thickness
of the honeycomb core was left unfilled by the foam, the increase in tensile strength over
unfilled core is 10%.
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CHAPTER XI
CONCLUSIONS AND FUTURE WORK

Through the course o f this research over twenty-five different polyimides and copolyimides were fabricated into a polyimide solid residuum precursor. The foaming
process was a state o f the art mixture o f a dianhydride and a diamine in a mixture o f
foaming agents and alkyl alcohols. The foaming process was achieved due to the
complexing o f the foaming agent to the monomer reactants which ensures homogeneous
foaming to specific densities ranging from 0.008 gm/cc to 0.32 gm/cc. The removal o f
solvent during the drying process was determined to be the critical step in foam
production. Specifically, the amount o f residual solvent left in the precursor powder
determines the final density o f the foam in an unrestrained foaming process.
Foams were fabricated from the solid residuum and the friable balloons by a
closed mold foaming process. In both cases, the desired density was determined and then
the required amount o f raw material was back calculated to determine the amount o f
material needed. In general, the solid residuum was heated to 140°C, held for one hour
and then the temperature was raised to between 250 and 300°C (depending on the
polyimide) and held for one hour to allow final molecular weight build-up and chain
extension. However, the friable balloons were taken directly to 250°C and held for one
hour so that chain extension could occur. It was determined that the friable balloon
precursor would produce foams which had significantly higher closed cell contents when
226
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compared to those foams made from the solid residuum. In general the mechanical
properties o f the friable balloons were lower than the foams made from the solid
residuum. In both cases these results were explained by the foaming process which
allowed the friable balloon foams to form a foam that had more o f a spherical layered
structure while the foams made from the solid residuum appeared to be more o f a rigid
rod structure. Future research should examine the process by which these foams form in
greater detail to determine if foams made from the solid residuum particles could be
produced with a higher percentage o f closed cells and foams made from the friable
balloons could have greater mechanical strength.
A geometric model was developed to help understand the mechanisms by which
the solid residuum particles inflate. The results o f the model provide a good basic
understanding o f the process by which the balloons form into a single sphere, a multi
sphere or a rib-like structure. Through visual observation it was determined that one
possible nucleation point for the solid residuum particles could be micro-voids or cracks
that are found within particles.

In addition, final microsphere shape appears to be

dependent on the initial particle size and the number of potential nucleation sites. In the
future, research should be designed to better understand the process by which the
microsphere nucleation takes place through more detailed modeling and visual
observations. By understanding the process by which the microspheres form, a better
understanding would be gained toward the mechanisms that are involved in forming a
foam. Finally, a study on how the microspheres adhere together and form a complex
microstructure should be studied so that a better understanding o f the final foam

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

228
properties could be determined. This knowledge would help explain the process by
which the friable balloons expand and adhere together to form a closed cell foam.
The foams developed in this research proved to have excellent mechanical
strength, performed well as a thermal insulator at cryogenic temperatures and were non
flammable.

All these tests proved that these foams could be used as a cryogenic

insulation for future reusable launch vehicles. In the future testing should be performed
to show how these foams perform when used as an acoustic insulator or when used as a
structural dampener. In addition, research should be performed to develop a process by
which the fully cured microspheres are used in a syntactic foam which can be sprayed in
place. The foams developed in this research must be bonded to the structure that they
will insulate in order to be used efficiently.

If a sprayed polyimide foam could be

manufactured based on this work, a significant advancement in the utilization o f this
technology would occur.
Finally, the results and ideas presented in this final chapter represent only a
portion of the knowledge that was gained during the several years that this work was
performed. In addition, many other research topics could be identified which would lead
to worthwhile research in the area o f polyimide foams.

The author hopes that the

research performed here will inspire others to continue work on polyimide foams and
plans to continue research efforts into many o f the ideas mentioned above.
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