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ABSTRACT

STRUCTURAL PROPERTIES OF HIGH PERFORMANCE POLYMER FIBERS
AND THEIR EFFECTS ON FIBER-MATRIX ADHESION

by
Javad Kalantar

During the past three decades, many important types of high-strength and
high-modulus polymer reinforcing fibers have been developed. These fibers possess
combinations of stiffness, high strength, high toughness, and low density that rival the
properties of inorganic reinforcing fibers such as glass and carbon fibers. However,
these polymer fibers generally exhibit weak adhesive and interfacial properties. This
study sought to develop a fundamental understanding of structural and chemical
properties of polymer fibers that influence their adhesive and interfacial behavior. This
knowledge is critical for developing approaches to improve the engineering performance
of these fibers.

Several physical and chemical treatments of polymer fibers that produce different
extents of structural and chemical alterations were examined in this study. Polymer
treatments with coupling agents (titanium and zirconium organometallic complexes),
polymer coatings (butadiyne, Parylene-N, Parylene-C), chemical treatments (fluorination,
sulfonation), plasma treatments (0,, CF,, He, CO,, NH;, N,O0, Ar, H,0), ion
implantations (Ti*,Ar*,N*,He*), and structural modifications (sol-gel infusion, Friedel-
Crafts chain crosslinking) were examined. The study concentrated on polyaramid fibers
(Keviar® 29, 49, 149, and Technora®), aromatic heterocyclics (p-Phenylene
Benzobisoxazole), and ultra-high-modulus polyethylene fibers (Spectra® 1000) as well as



model polycarbonate and polyethylene in sheet and bulk forms. The knowledge
developed, however, should be applicable to other high performance polymer fibers.

Examinations of plasma treatments and coupling agents provided insights to the
interfacial limitations of fiber-matrix adhesion. Ion implantation, sol-gel, Friedel-Crafts,
and sulfonation treatments were examined because of their ability to affect the inter-fiber
cohesive interactions. Results show that the skin-core morphology and/or wetting
properties of high performance polymer fibers can limit their adhesive and interfacial
load transfer properties. However, once these limitations are overcome, fiber lateral
cohesive properties become the limiting factor. Therefore, the key to improving the
fiber-matrix interfacial load transfer of high performance polymer fibers is both to
improve the wettability, and to increase the fiber lateral cohesive strength.

The study also developed a new sample preparation and spectroscopic analysis
method to quantify the composition of the polymer interphase at high resolution. This
method significantly facilitates atomic and chemical analysis of the polymer interphase.
The application of the method to determine sulfur distribution in sulfonated polycarbonate
samples provided experimental data for mass-transfer modeling of the sulfonation surface

treatment.
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CHAPTER 1

Introduction

1.1 HIGH PERFORMANCE POLYMER FIBERS

The term “high performance polymer fibers" refers to organic fibers that posses high
axial tensile properties comparable to those of the inorganic reinforcing fibers (Deteresa
1985). These fibers have tensile properties that are at least an order of magnitude greater
than more common textile fibers. High performance fibers possess a unique combination
of stiffness, high strength, high toughness, and low density that makes them an attractive
alternative to inorganic reinforcing fibers such as glass and carbon fibers. Zahr er al.
(1989) have presented an overview discussion of the unique properties of aramid fiber
polymer composites. In general, on a per weight bases, high performance polymer fibers
have a significant advantage over other inorganic reinforcing materials. Figure 1.1
shows a plot of specific tensile strength and modulus of some reinforcing fibers as well
as some conventional materials (Agrawal ef al. 1980, Kumar 1989). Tensile properties
of the high performance polymers fibers approach their theoretical maximums, which is
achieved by a high degree of polymer chain alignment and reduction of defects in the

1



2
fiber structure. However, the high performance polymer fibers, generally exhibit weak
adhesive properties. The level of fiber-matrix adhesion controls many properties of
fiber-reinforced composites such as transverse strength, shear strength, and flexure. The
weak adhesive properties of high performance polymer fibers significantly limits their
structural applications.

Significant amounts of research have been devoted to the study of the interfacial
properties of glass and carbon fibers and many surface treatment techniques and coupling
agents have been developed. For glass and carbon fibers these surface treatment
techniques can double or triple the interfacial bond strength (Riggs et al. 1982, Wu 1982,
Bjorksten ez al. 1952). For the liquid crystalline polymer fibers, many workers have
attempted to obtain similar adhesion improvements with interfacial treatment methods but
they have been generally unsuccessful.

>
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X ®
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Figure 1.1 - Specific tensile properties of reinforcing fibers and conventional bulk
materials.



3
Cooke (1987) and Allred (1983) have documented various attempts on the

development of surface treatment techniques for the Kevlar aramid fibers. These works
assume that the low adhesive properties of the aramid fibers are mainly the result of a
chemically inert fiber surface (Penn et al. 1985) and to a lesser degree mechanical
properties of the fibers (Drzal 1983). Despite many efforts, promising coupling agents
have not been developed (Penn er al. 1983) and surface treatments such as surface
oxidation techniques and plasma treatments improve adhesion but are usually
accompanied by significant loses in fiber tensile strength (Wertheimer er al. 1981).
There have been approaches that suggest forming chemically active groups on the aramid
fiber surface can double the interfacial bond strength (Allred ez al. 1985, Wu ez al. 1986)
without tensile strength losses but these results have not been substantiated. A previous
study of aramid-epoxy adhesion by the Kalantar and Drzal (1990*) has shown that the
morphology of the aramid fibers and not the surface chemistry of the fiber is limiting
their adhesive properties.

This study examines five approaches to chemical and morphological modification of
surface and bulk properties of the high performance polymer fibers. Table 1.1 lists the
examined approaches and their expected effects on the fiber morphological and chemical
properties. These approachu systematically explore structure-property relations of the
high performance polymer fibers. Each treatment technique produces different extent of
fiber chemical and morphological alterations that allow a particular aspect of fiber
adhesive behavior to be examined. - Effects of these techniques on structure-property
relations of high performance polymer fibers are detailed in their respective chapters.
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Table 1.1 - Effects of different approaches on the morphology and chemistry of high
performance polymer fibers.

Coupling Agents, Fiber Coatings

Plasma and Corona Treatments

Chemical Treatments

Ion Implantation

Structural Modifications

1.2 Dissertation Overview

The goals of this study are: to investigate structural properties of high performance
polymer fibers that affect their adhesive behavior; to develop a fundamental
understanding of the fiber structural limitations; to evaluate several novel techniques that
can enhance the fiber adhesive performance properties; and to suggest ways to improve
adhesive properties of the high performance polymer fibers.

An experimental overview of the dissertation is shown in Figure 1.2. Although, the
main theme of this dissertation is the relations between the adhesive and structural
properties of the high performance polymer fibers, the study also investigates several
important polymer treatments that merit their own particular discussion. Hence, the
dissertation is organized into several chapters, each containing a discussion of a specific



Structure-Property Relations of
High Performance Polymer Fibers

/I\

Materials Property Treatment
Evaluations Techniques

Kevlar 29, 49, 149 ‘

Technora

PBO

Spectra 1000 (PE)
hemical Treatmel
Fluorination
Sulfonation (gas, solu.)

AS4 (carbon)
E-glass

Matri
Epoxy (four curing
conditions)

Ion Implantations
Ti*, Ar*, N*, Hc*

Intctfacml Shear
Mass-Transfer

(Sol-Gel, Epoxy)
Chemical Cross-linking
(Friedel-Crafts)

Figure 1.2 - Overview of the experimental plan.
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type of polymer treatment. Conclusions at the end of each chapter mainly address the

examined treatment, but the relevancy of the conclusions to the main theme of the
dissertation is also discussed. The main conclusions of the dissertation are finally
coalesced in the last chapter to provide a comprehensive overview of the structure-
property relations of the high performance polymer fibers.

Chapter 2 details the experimental techniques used in this dissertation. Some
discussions on background literature for the examined techniques are also presented.
Chapter 3 provides general discussion and observation on the adhesive properties of high
performance polymer fibers. Data presented in this chapter are used as the baseline data
throughout the dissertation. Chapter 4 examines effects of coupling agents and fiber
coatings on adhesive properties of the high performance polymer fibers. Chapter §
concentrates on the plasma and corona surface treatments of PBO and Spectra-1000
fibers. Chapter 6 presents a discussion of sulfonation surface treatment and a brief
examination of the fluorinated Kevlar-49 fibers. Sulfonation of polymers both in fiber
and sheet forms are also investigated to develop an understanding of mass-transfer
phenomena that may limit the extent of polymer treatment penetrations. In Chapter 7,
effects of ion implantation on mechanical and chemical properties of the aramid and
polyethylene ﬁbexs.are investigated. Chapter 8 examines approaches to infiltrate the high
performance polymer fibers and reinforce transverse cohesive properties of the fiber.
Chapter 9 presents the conclusions of this dissertation and proposes some
recommendation for further developments.



CHAPTER 2

Experimental

2.1 MATERIALS
Aramid fibers examined in this study were Kevlar-20©, Keviar49", Kevlar-149"

fibers (E.L du Pont, Wilmington, DE) and Technora® fibers (Teijin Limited, Japan).
Polyethylene fibers were the ultra-high-modulus Spectra -1000 (Allied Signal,
Morristown, NJ). To eliminate possible interference by fiber sizing, the fibers were
soxhlet extracted in absolute ethanol for 24 hours and then dried overnight at 125°C.
PBO (p-Phenylene BenzobisOxazole) fibers were provided by Dow Chemical (ref. #
XV-0383-C8700975-008). These PBO fibers contained no sizing and were used “as
received®. Other examined fibers were AS-4" carbon fibers (Hercules, Magna, UT),
and E-glass fibers (Pittsburgh Paint Glass, Pittsburgh, PA).

' The epoxy resin was D.E.R. 331 which is a Diglycidyl Ether of Bisphenol A
(DGEBA) epoxy (Dow Chemical, Midland, MI). Four different curing conditions,
ambient, 75-100°C, ‘75-125°C and 175°C curing were selected for this study.
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For the ambient curing condition, the curing agent was DiEthyleneTriAmine (DETA)

(Aldrich, Milwaukee, WI). The D.E.R.331/DETA system contained a 11.0/100 mass
ratio of curing agent to epoxy. The mixture was degassed in a vacuum oven for 15
minutes at -29 in.Hg (gauge pressure). DETA is highly reactive and its epoxy mixture
was degassed only at room temperature to avoid gelling. At low curing temperatures this
epoxy system was still too brittle for the critical length testing. Subsequent post-curing
of the DETA systems was required to increase its fracture strain. The post-curing time
and temperatures were determined by the glass transition temperature (T,) of the matrix.
During the post-cure, the oven temperature was maintained below the T, of the matrix.
This was to avoid building up thermal stresses. At each post-curing temperature, initially
the T, was only a few degrees above the oven temperature. After a certain time the glass
transition temperature was increased allowing the oven temperature to be raised in steps
of 10°C. For the DETA systems, the curing schedule was: 25°C for 48 hours, followed
by 4 hours post-curing at 40°C, 50°C, 60°C, 70°C, and 80°C. Subsequent TMA
examinations showed only ~0.1% post-curing shrinkage for this epoxy system (Kalantar
et al. 1990°).

For the 75-100°C and 75-125°C curing, the curing agent was m-PhenyleneDiAmine
(mPDA) (Aldrich, Milwaukee, WI). For the D.E.R.331/MPDA system, a 14.5/100
mass ratio of MPDA and epoxy were combined. The 75-100°C curing was used for the
droplet test and involved curing for 24 hour at ambient temperature followed by 2 hours
at 75°C and 3 hours at 100°C. The 75-125°C curing was used for fragmentation and

single fiber compression tests, and consisted of curing at 75°C for 2 hours and post-



curing post-curing at 125°C for 2 hours.

For the 175°C curing condition a mixture of two curing agents MPDA and
DiEthylTolueneDiAmine (DETDA) (Ethyl Corp., Baton Rouge, LA) were combined.
For D.E.R.331/MPDA/DETDA system, a 7.25/100 mass ratio of MPDA and a
11.75/100 mass ratio of DETDA were mixed. The mixture was degassed in a vacuum
oven at 75°C for S minutes at -29 in.Hg to reduce the viscosity of the solution as well

as removing entrapped bubbles. The 175°C system was used for the fragmentation test,

and involved a 3 hour cure at 175°C.

Characterization of the interfacial adhesion was done by fragmentation and droplet
techniques. Drzal ez al. (1991) have presented a comprehensive review of these adhesion
tests. Figure 2.1 shows a schematic of a single fiber fragmentation process. Axial stress
is transferred to the fiber through shear at the interface (A). The fiber axial stress rises
until the fiber fracture strength is reached (B). Continued application of stress to the
specimen results in the repetition of the fragmentation process until all the fragment
length become shorter than the length need to transfer the fracture stress (C). This
maximumﬁagmenﬁﬁonlengﬂ:iscalledﬂlecriﬁmllength(l‘).

For the fragmentation test, a single fiber was embedded in a dogbone shaped polymer
matrix. The dogbone sample was subjected to a tensile load using a tensile testing jig
(Figure 2.2) and the fiber fragmentation process was monitored under an optical
microscope until the critical length was reached. For the polymer fibers that exhibit a
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Figure 2.1 - Schematic of single fiber fragmentation process.
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Figure 2.2 - A sample mold and tensile jig used for the single fiber fragmentation test.
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fibrillar fragmentation, the average critical lengths were obtained by counting the number

of failed regions within a 22 mm fiber length. This 22 length was marked by a glass
slide over the sample. For the carbon and glass fibers the fragmentation process
produces easily distinguishable fiber ends, permitting a direct measurement of each
fragment length. The relation between critical length (/) and interfacial shear strength
(7) is easily obtainable by a force balance between the fiber surface shear load and its
tensile strength (Kelly er al. 1965):
= () (2.1)

where o is the fiber tensile strength and d is the fiber diameter.

For the droplet test, a fiber is embedded in a droplet of a matrix and tensile load
needed to pull the fiber free from the droplet is measured. Plots of each debonding load
verses the fiber-droplet interfacial area provides a measure of their interfacial shear
strength. Figure 5.3 shows the apparatus used for the droplet test. The experimental
procedure for the droplet test has been described by Rao ef al. (1991°). Droplets of
liquid epoxy are deposited on the fiber by lightly passing a syringe of resin over the
fiber. The surface tension of the epoxy pulls the liquid into concentric droplets. To
reduce loss of curing agent form small droplets by diffusion at high temperatures (Rao
et al. 1991°), the droplets are allowed to gel at ambient conditions for 24 hour before
they are cured at 75°C for 2 hour and post-cure at 100°C for 3 hour. About a dozen
droplets were deposited on each fiber sample. Only the droplet with perfect cylindrical
symmetry were used for the measurements. Further discussion of the droplet test have
been presented by Miller ez al. (1987), Gilbert ef al. (1990) and Mcalea er al. (1988).
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Figure 2.3 - Droplet test apparatus.
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2.3 SURFACE ENERGY CHARACTERIZATION

Contact angles of fibers with three liquids, water, ethylene glycol, and methylene
iodide were measured using a Wilhelmy technique. The instrument is similar to the
setup used by Hammer er al. (1980). A single fiber is carefully mounted on an
aluminum hook with a cyanoacrylate adhesive. Fiber and hook are then suspended on
the arm of a Cahn microbalance. A small beaker of the liquid is slowly raised to the
fiber tip. The force before and after contact with the liquid is recorded by a digital data
acquisition system. The instrument (Waterbury 1991) automatically lowers the fiber five
times at 0.5 mm steps and records the force changes after a few seconds of equilibration

time. The measured force (F) is related to the contact angle through use of the equation:

F = 4, nd cos® (2.2)
where v, ' is the total surface free energy of the probing liquid, d is the fiber diameter,
and O is the contact angle. The measured contact angles with the reference liquids are
then converted to polar and dispersive surface energy components using the method
proposed by Kaelble ez al. (1974):

1.(1 + cose) .‘/7,;_+,/'—,;—Il§ (2.3)
2H T

where *, 4, and +* refer to polar, dispersive, and total surface energies, and subscript

L and S refer to liquid and solid material. The measured contact angles of equation (2.2)
were converted into the polar and dispersive components using Program WILHEMY

(Appendix G). This program performs a regression fit to equation (2.3) using the surface
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Table 2.1 - Surface energy components (dyne/cm) of reference liquids used for Wilhelmy
contact angle measurements (Hammer et al. 1980).

Water

Ethylene Glycol

Formamide

Methylene iodide

energy components of the probing liquids. Surface energy components of some reference
liquids are listed in the Table 2.1.

2.4 SURFACE CHEMISTRY CHARACTERIZATION

Baun (1980) has listed more than eighty different surface analysis techniques to study
adhesion. For polymer-polymer interfaces, the number of these techniques is limited
because of the fragile nature of polymer surfaces. Gillberg (1987) has presented an
overview of some of these techniques such as AES, ESCA, and electron microscopy for
polymer surface analysis. Occhiello ez al. (1989) also reviewed spectroscopic techniques
for characterization of polymer composite interfaces. A brief description of several
relevant analytical techniques is presented here.
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2.4.1 X-ray Photoelectron Spectroscopy
Surface analysis by X-ray Photoelectron Spectroscopy (XPS), also known as Electron

Spectroscopy for Chemical Analysis (ESCA), is accomplished by irradiating a sample
with a monoenergetic x-ray beam and analyzing the electrons emitted. Mg Ka x-rays
(1253.6 eV) or Al K x-rays (1486.6 eV) are commonly used. These irradiated photons
cause photoionization of the atoms in the surface region of the sample that results in
emission of two types of electrons, photoelectrons and Auger electrons. Probabilities of
the interactions of these emitted electrons with matter far exceeds those of the irradiated
photons, so while the photons can penetrate the solid sample in orders of 1-10 um,
emitted electrons can escape only tens of Angstroms of solid. Therefore, the electrons
used in XPS analysis of the solids originate within tens of Angstroms of the top surface
region. The emitted electrons have kinetic energies (Exg) given by:

Ep=hy - By - & (2.4)
where hy is energy of the x-ray photons, E g is the binding energy of the atomic orbital
from which the electron originates, and ¢, is spectrometer work function (energy needed
for the electron to leave the spectrometer).

The electrons leaving the sample are detected by an electron spectrometer according
to their kinetic energy. The analyzer is operated to accept electrons that have energies
within a fixed narrow range, this fixed window is called the "pass energy”, hence, the
narrower the pass energy the higher the resolution of the energy scan. Scanning for
different energies is accomplished by electrostatically retarding the electrons before they
reach the detectors. This retardation voltage may be varied from zero up to the photon
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energy (energies of the electrons emitted cannot exceed the energy of the ionizing

photons). The probe for XPS is X-ray photons, which are less disruptive to the surface
than the electron beam of AES. XPS is inherently more sensitive than AES to the
chemical environment of the elements but examines a larger area of the sample surface.

For a typical XPS investigation where the surface composition is unknown, a wide
scan survey spectrum of the surface is obtained first to identify the elements that are
present. Once the elemental composition is determined, narrower detailed scans of the
selected peaks are used for a more comprehensive analysis of the chemical composition.

XPS analyses were conducted on a Perkin-Elmer PHI 5400 ESCA system using an
Al Ka toroidal monochromatic source (PHI 10-410). Spectra were collected at a base
pressure of approximately 10® torr and electron take-off angle of 65° using a position
sensitive detector (PSD) on a 180° hemispherical analyzer set at 44.75 eV pass energy
for the survey scans (0-1000 eV) and 35.75 eV for the narrow scans of the elemental

regions used for composition analyses. Size of the analysis area was 1 X3 mm.

2.4.2 Auger Electron Spectroscopy

The Auger Electron Spectroscopy (AES) technique for the chemical analysis is based
on the similar process as the XPS technique, except in AES the analysis surface is
irradiated with a beam of electrons. The incident electrons ionize atoms of the surface
creating vacancies in their inner electron shell. The ionized atoms relax to a lower
energy state by filling the inner shell vacancies by the electrons from the lower energy
shells. This relaxation process release characteristic " Auger electrons” as well as x-ray



18
photons that can be used to identify the excited atoms. Auger transitions are typically

denoted by three capital letters such as KLL, KLM, LMM, etc. The letter on the left
refers to the electron shell in which the initial vacancy occurred; the middle letter refers
to the shell from which an electron comes to fill the initial vacancy; and the letter on the
right refers to the shell from which the Auger electron is emitted. Therefore, kinetic
energy of an emitted KLM Auger electron (E g ) is given by:

Epu =Ex - E, - By - & (2.5)
where Ey, E,, and E ,, are the binding energies of the atomic orbital from which the
electrons originate, and ¢ g is the spectrometer work function.

Similar to the XPS, the AES technique only examines the electrons that originate
within the tens of Angstroms of the top surface region. The principle advantage of the
AES over XPS technique is the ability to focus and scan the probing electron beam, and
obtain information on the spatial distribution of surface elements at high magnifications.
However, to analyze the surface composition in practical time scales requires AES to
utilize a fast electron spectrometer. Therefore, AES technique is less sensitive to the
chemical environment of the elements than the XPS technique.

All AES analysis were carried out using a Perkin-Elmer PHI 660 Scanning Auger
Microprobe. Samples were analyzed at 1000 to 30000 X magnifications. AES beam
conditions for analyses were 1.5 to 10 nA beam current and 3 to 10 kV beam energy.
For the surfaces of unknown composition, initially a survey spectrum was obtained to
determine the surface composition. The spatial distribution of the interested element was
then monitored by its AES sxgnalpakhught Signal intensities were plotted in line-scan
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or map fashions.

For some samples, a short (> 50 nm) ion beam sputtering of the analysis surface was
conducted to remove the surface contaminates. However, longer sputtering times were
avoided because a high dose sputtering of polymers would preferentially remové the non-
carbon surface elements and produces a carbonized surface composition (see Chapter 7).

2.5 Microscopic Characterizations

Microscopic techniques such as light microscopy, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM), are useful in the study of
interfacial microstructure. Light microscopy requires little sample preparation and is
non-destructive, but its magnifications are low. SEM microscopy can deliver higher
magnification and resolution than light microscopy but provides only topographical
information. TEM is the most useful microscopic method for interfacial investigations.
Samples as thin as 50-60 nm can be shaved from the interface by ultra-microtoming.
TEM can show the details of the interface up to 500,000 X magnifications. A procedure
for ultra thin microtomy of composite material is presented in Appendix F.

Observation of fiber-matrix interfacial morphology was obtained by transmission
electron microscopy (TEM) using a JEOL CX100 TEM. In the TEM micrographs
presented in this dissertation, direction of the sectioning is shown by an arrow and
designated magnifications are shown by scale bars. Topography of sample surface were
characterized by scanning electron microscopy (SEM) using a JEOL JSM-T330 SEM.



CHAPTER 3

Adhesive Properties of

High Performance Polymer Fibers

This chapter presents some discussions on the adhesive and structural properties of
high performance polymer fibers. Tensile and adhesive behavior of the untreated fibers
are examined and compared to their predicted values. These discussions provide valuable
insights to mechanisms that control the adhesive properties of high performance polymer
fibers. The data presented in this chapter also serve as the reference properties for other
results of this dissertation.

20
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3.1 INTRODUCTION

To produce high performance polymer fibers a highly ordered extended chain
morphology is required. Flaws and cracks that are detrimental to the fiber strength must
also be minimized. The most successful high performance polymer fibers have been
prepared from rigid-rod .liquid crystalline polymers. The liquid crystalline polymers with
their highly ordered liquid morphologies are good candidates to initiate the high order
required for the high performance polymer fibers. Indeed, the commercial synthesis of
high-modulus fibers came about with the advent of rigid-chain polymers and fiber
spinning from their liquid crystalline solutions. Today, the primary commercial high
performance polymer fibers are made from liquid crystalline polymers. An ultra-high-
modulus polyethylene fiber that is spun from a gel solution has also been
commercialized.

A "liquid crystal” is a substance with optical anisotropy like a crystal but with a low
viscosity like a liquid. The liquid crystalline state with one-dimensional order is called
nematic. In nematic solutions, the long axis of molecules are generally parallel, but their
positions may be random. The nematic solutions of polymers usually involve rigid-chain
polymers. The rigid-chain polymers are elongated molecules with flat segments such as
benzene rings and posses high rigidity along their long axis. Monomer structures of
some liquid crystalline polymer fibers are shown in Figure 3.1. These rigid-rod
polymers exhibit extremely high viscosities when melted or tend to decompose before
melting at high temperatures (>250°C). Therefore, to prepare these fibers, organic

solvents or inorganic acids are employed to dissolve them into liquid crystalline solutions
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before spinning. High performance polymer fibers are generally produced from nematic
liquid crystalline polymer precursors.

There are three main types of liquid crystalline polymers which exhibit the rigid-rod
liquid morphology: aramids (aromatic polyamides) such as p-phenylene terephthalamide
(PPTA); aromatic heterocylic polymers such as p-phenylene benzobisoxazole (PBO) and
p-phenylene benzobisthiazole (PBT); and the family of thermotropic aromatic
copolyesters (Sawyer ef al. 1986) such as naphthyl-phenyl copolyesters (NTP). White
(1985) has presented a historical survey of development of liquid crystalline polymers.
It is interesting to note that some of the strongest natural fibers such as silk and cellulose
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Figure 3.1 - Monomer structure of some liquid crystalline polymers used in high
performance polymer fibers.
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also form liquid crystalline states when dissolved in solvents. There are also many

natural fibers such as those present in coconut husk, pineapple, banana, and bamboo,
which exhibit morphologies similar to the synthetic liquid crystalline polymers (Chand
et al. 1988).

A process for the formation of aramid (PPTA) fibers has been reported by Morgan
et al. (1989*). Aramid fibers are produced by the condensation polymerization of
terephthaloyl chloride and p-phenylene diamine. The PPTA is polymerized using a
stoichiometric ratio of the reactants. The HCl formed during polymerization is
neutralized with a NaOH wash. The PPTA polymers are then dissolved in a
concentrated H,SO, solveat to produce low viscosity PPTA liquid crystalline solution for
the fiber fabrication. The solution (~20 wt% PPTA) is extruded at 80°C from spinneret
orifices into fiber form by a "dry-jet wet spinning” process (Blades 1973). The resulting
yams are neutralized with NaOH and water "washed” to remove the resulting Na,SO,
salt. Further drying and drawing treatments increase the fiber stiffness and strength.

Reviews of aramid fiber morphology have been presented by Kalantar ez al. (1990%)
and Panar ef al. (1983). Aramid fibers consist of cylindrical crystallites about 60 nm in
diameter and about 200 nm in length. These rods are aligned in the fiber direction,
longitudinally connected by macromolecules passing through the rods and radially
connected by hydrogen bonding. The fibers have a different morphology between their
interior and exterior regions because of the extrusion and coagulation processes of their
fabrication. This morphology o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>