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ABSTRACT

This dissertation addresses the crystallization, melting and morphological characteristics of
selected high temperature poly(arylene ether) based polymers. The first part deals with
the studies carried out on a series of biphenol and hydroquinone based novel poly(ether
ether sulfide)s which were investigated with respect to their crystallization and
morphological behavior. The biphenol based poly(ether ether sulfide)s (T, = ca. 142 °C,
Tn = ca. 347 °C, Tn” =371 °C), and the hydroquinone based poly(ether ether sulfide)s (T,
=ca. 100 °C, Ty, = ca. 243 °C, T,,° = 292 °C) were studied to evaluate the crystallization
characteristics and to compare the observed behavior with that displayed by commercial
polymers like PEEK and PPS. Isothermal melt crystallization kinetic studies of the

sulfides were carried out and analyzed using the Avrami formulation. The results were



used to compare the behavior of the polymers at different crystallization temperatures and
for the different molecular weights. Non-isothermal crystallization kinetics of the same
polymers were investigated from the melt; in all cases, the Ozawa analysis could not
describe the evolution of crystallinity. The non-isothermal data were hence analyzed using
the conventional form of the Avrami equation, which yielded good fits to the data. The
Avrami parameters obtained in this analysis do not, however, have the same physical
significance as in the case of isothermal crystallization. Still, this approach is shown to be
useful as a means of comparing the rates of crystallization. Spherulitic growth rate and
morphological studies were carried out on the hydroquinone based poly(ether ether
sulfide)s. At all crystallization temperatures, distinct populations of two kinds of
spherulites were formed, with a population of coarse textured spherulites exhibiting a
higher growth rate (Type II) than a population of fine textured spherulites (Type I). The
morphology of these spherulites have been studied here using a variety of techniques, in
conjunction with growth rate studies under a variety of conditions, in order to explain the
occurrence of such phenomena. The differences in the growth rate and morphology have
been attributed to differences in film thickness; the causes behind such effects, however,
still remain unclear.

The second part of this dissertation involves the study of a series of high
performance polyimides. Semicrystalline polyimides based on an all para-linked diamine,
1,4-bis(4-aminophenoxy)benzene (TPEQ diamine) and oxydiphthalic dianhydride
(ODPA), endcapped with phthalic anhydride (PA) (T, = ca. 230 °C, T,, = ca. 420 °C), and

based on a PA endcapped meta-linked diamine, 1,3-bis(4-aminophenoxy)benzene (TPER



diamine) and 3,3’, 4,4’-biphenyltetracarboxylic dianhydride (BPDA), (T, = ca. 215 °C, Tn,
= ca. 395 °C) were investigated. The thermal stability of these polymers above T,, was
investigated by studying the effect of time and temperature in the melt on the
crystallization, melting and rheological behavior of these polymers. The TPER polyimide
was shown to display exceptional thermal stability as evidenced by the fact that residence
in the melt at temperatures as high as 430 °C for times up to 30 min did not result in any
loss of crystallizability or degree of crystallinity of the sample. The nature of the
endgroups was found to play a critical role in determining the thermal stability of these
polyimides under extreme conditions. In this investigation, the thermal stability of these
polyimides has been compared to that of a commercial polyimide “New TPI”. The TPER
based polyimide displayed considerably superior stability and crystallizability
characteristics compared to New TPI.

The last section of this dissertation deals with the structural changes accompanying
cold-crystallization in New TPI, as a function of crystallization temperature and time. The
changes in the glass transition, melting behavior and morphology accompanying the
crystallization process were followed by a combination of thermal analysis, dynamic
relaxation methods, and x-ray scattering. Increasing crystallization temperatures caused a
decrease in the glass transition temperature, an increase in the degree of crystallinity, and
increases in both the average lamellar and amorphous layer thicknesses. Increasing
crystallization time at a given crystallization temperature produced an increase in T, an

increase in the degree of crystallinity, and a decrease in the average lamellar thickness.



The results have been rationalized based on secondary crystallization occurring in the

polymer leading to the formation of a bimodal distribution of lamellar thicknesses.
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Introduction

The growing demand for polymeric materials that possess thermal and dimensional
stability has led to the development of high performance polymers. High performance
polymers are defined as materials that can be used in applications where the material
experiences extreme conditions of load, temperature, and environment. Such polymers,
both thermoplastic as well as thermoset systems, are increasingly being considered for
applications as replacements for metals and ceramics, due to their ease of processing and
high stiffness and/or strength to weight ratio.

Examples of thermoset polymers in use today include epoxy, bismaleimide, and
polyimide resins. There has, however, been interest in replacing the thermoset resins by
thermoplastic polymers, motivation for such development being based on the fact that
thermoplastic polymers are often more ductile and therefore tougher than the brittle
thermosets. Other advantages of thermoplastic polymers include a longer shelf life and ease of
processability, i.¢. unlike thermosets, they can be compression molded, injection molded and
extruded using conventional equipment. Thermoplastics can also be recycled or reused, i.e.
they can be reformed at higher temperatures, and used again. Even among the thermoplastic
polymers in use, semicrystalline polymers have the advantage over their amorphous
counterparts in that they possess higher stiffness, greater solvent and moisture resistance, and
improved thermal and radiation stability. The disadvantage of using high performance

semicrystalline thermoplastics is that often the processing temperatures have to be high enough



that chemical degradation may occur during processing. Therefore improved thermal stability
of such polymers is of extreme importance. Due to the combination of the above mentioned
advantages, these polymers are being used in a variety of applications such as composite matrix
materials, adhesives, and electrical and electronic applications such as cable insulation,
packaging and interlayer dielectric applications.

Perhaps the most important category of high performance thermoplastic polymers is
the poly(arylene ether) based system. The poly(arylene ether) polymers are tough, rigid, and
thermo-oxidatively stable polymers in use in a variety of engineering applications. The basic
structure of this polymer is most accurately described by its name; these polymers are
comprised of a rigid phenyl (aromatic) backbone and flexible ether linkages, and may include
other chemical moieties. The rigid nature of the aromatic group provides these polymers with
a stiff backbone leading to relatively high values of transition temperatures (T, and Ty,).
Commercially available poly(arylene ether) based polymers include Udel (polysulfone), Ultem
(polyether imide) and Victrex (poly ether ether ketone). The application of high performance
semicrystalline polymers requires an understanding of the relationship between structure,
processing, morphology, and the resulting properties. Since most of the end use properties for
which the high performance semicrystalline polymers are designed are critically dependent on
the level and type of crystallinity, the study of the parameters governing the crystallization
behavior is essential to tailoring the polymers to attain the required properties.

The objective of this study was to investigate the thermal, morphological, and
crystallization behavior of high performance poly(arylene ether) based semicrystalline polymers,

2



and the parameters governing this behavior, both molecular (molecular weight, chain
architecture) as well as processing (melt history, crystallization time/temperature etc.). The
first three chapters deal with studies carried out on a series of novel poly (ether ether sulfide)s
synthesized at VPI. These polymers are synthesized by the reactions of diphenyl sulfoxide
based dihalides with diphenols (in this case, hydroquinone and biphenol). The reduction of the
resulting amorphous precursor yields the corresponding semicrystalline polymer, leading to a
phenyl or biphenyl! based poly(ether ether sulfide). Chapter 1 discusses the thermal
characterization and preliminary crystallization behavior of these poly(ether ether sulfide)
polymers, and their amorphous precursors, the poly (ether ether sulfoxide)s. Chapter 2 details
the results of studies on the crystallization behavior of the various molecular weights of the
poly (ether ether sulfide)s under isothermal and non-isothermal conditions. Chapter 3 discusses
the results of the spherulitic growth rate studies on the poly(ether ether sulfide)s. An
interesting feature observed during the course of this study was the appearance of dual
spherulitic morphology, the study of which forms a sizable part of this chapter. Chapter 4 deals
with the thermal characterization and investigation of the thermal stability of polyimides based
on 1,4-bis(4-aminophenoxy)benzene (TPEQ) and oxydiphthalic anhydride (ODPA) utilizing
crystallization and rheological studies. Chapter 5 reports on the crystallization, melting,
relaxation and rheological behavior of polyimides based on 1,3-bis(4-aminophenoxy)benzene
(TPER) and biphenyl dianhydride (BPDA). This study also investigates the thermal stability of
this system via crystallizability and rheological studies and compares the results with those of a

commercial polyimide, New TPI. Finally in Chapter 6, using thermal analysis in conjunction



with x-ray scattering behavior, this dissertation addresses the effects of crystallization
conditions (time and temperature) on the evolution of crystallinity in a commercial
thermoplastic polyimide known as New TPI. This material is based on 3,3’-bis(4-
aminophenoxy) biphenyl diamine (BAPB) and pyromellitic dianhydride (PMDA). A summary
of all the results of chapters 1-6 is given in chapter 7 along with some possible avenues to
explore in the future.

The poly(ether ether sulfide)s and the precursor sulfoxides used in this study were
synthesized by Dr. J. R. Babu and Dr. J. S. Riffle, and were supplied in powder form. The
molecular weight information was supplied along with the materials. Some details of the
synthesis of these polymers are presented in Chapter 1. The TPEQ/ODPA polyimide and
TPER/BPDA polyimides used this study were synthesized by Marvin Graham and Dr. J. E.
McGrath. Although the syntheses of these polymers have been described in great detail in
Chapters 4 and 5, it should be emphasized that this author did not perform the synthesis of
these polymers.

The results of these studies have been presented in the form of journal publications,
each of which is presented as a separate chapter following the introduction. It should be
mentioned that each chapter is presented with an abstract, introduction, experimental section,
results and discussion and references. All relevant literature in the areas dealt with in this
dissertation have been referred to in the various chapters. Details of the experimental

conditions used and data analysis methods utilized have also been explained in the relevant

chapters.



Chapter - 1

Thermal Characterization and Crystallization of Novel
Poly(arylene ether ether sulfide)s

1.1 Abstract

Thermal characterization has been carried out on a series of biphenol and
hydroquinone based novel poly(arylene ether ether sulfide) polymers. TGA studies of the
sulfide systems indicated high thermal stability in air as well as in nitrogen. X-ray studies
showed the poly(ether ether sulfoxide) precursor materials to be amorphous and the
poly(ether ether sulfide) materials to be semicrystalline. Based on the number average
molecular weight of the poly(ether ether sulfoxide) materials, and the glass transition
temperatures determined by DSC, the limiting T, has been determined for both
amorphous precursors. The biphenol based precursor sulfoxide had a T, 0f 214 °C and
the hydroquinone based precursor had a T,.. of 179 °C. DSC studies showed the biphenol
based poly(ether ether sulfide) to have a T, of ca. 142 °C and T, of ca. 347 °C, and the
hydroquinone based poly(ether ether sulfide) to have a T, of ca. 100 °C and a T, of ca.
243 °C. The equilibrium melting temperature T,,° has been determined for both sulfide
polymers using the Hoffman-Weeks method. The hydroquinone based poly(ether ether
sulfide) exhibited a T,,° of 278 °C, and the biphenol based poly(ether ether sulfide) showed

a T,° of 371 °C. The effect of time and temperature in the melt on the subsequent









































































































































































































































































































