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ABSTRACT

The remarkable mechanical properties and thermal stability of fibers fabricated from liquid
crystalline polymers (LCPs) have led to the use of these materials in structural applications where
weight savings are critical. Advances in processing of LCPs could permit the incorporation of
these polymers into other than uniaxial designs and extend their utility into new areas such as
nonlinear optical devices. However, the unique feature of LCPs—iatrinsic orientational
order—is itself problematic, and current understanding of processing with control of orientation
falls short of allowing manipulation of macroscopic orientation (except for the case of uniaxial
fibers). This report reviews the current and desirable characteristics of LCPs and identifies
specific problems and issues that must be addressed so that advances in the use of these unique
polymers can be expedited.
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PREFACE

The subject of liquid crystalline polymers (LCPs) transcends classical polymer chemistry
and physics, and it extends the conventional boundaries of rheology and processing. Properties of
these new materials are, on the one hand, reminiscent of amorphous metals, while simultaneously
exhibiting attributes of organic single crystals. In this report we attempt to evaluate the potential
of LCPs in selected areas, pointing out obstacles to further progress and suggesting where efforts
in research and development might expedite LCP utilization in current and new technologies.

Because the subject touches on a wide range of topics, we have attempted to make this
report accessible by adhering to a parallel presentation scheme. Thus, insofar as possible, the key
chapters of the report are divided into the following headings:

Macromolecular Design and Synthesis
Understanding and Theory
Processing

Mechanical Properties

Blends and Composites

Nonlinear Optical Properties

When useful, the headings are subdivided further into sections on lyotropic (solution processed)
and thermotropic (melt processed) LCPs. Occasionally, one of these sections may bte partitioned
into separate subsections, e.g., mainchain and sidechain LCPs. We have also tabulated a glossary
of abbreviations and acronyms (Appendix B).

The report is intended to enable persons unfamiliar with the field to obtain a general
appreciation of LCPs in the context of conventional polymers (see Chapter 2, Background) and to
proceed to contemporary issues associated with specific topics (e.g., nonlinear optical
characteristics of LCPs). We include an appendix indicating approximate current federal funding
levels for research on these new classes of polymers (Appendix A).
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EXECUTIVE SUMMARY

The unique feature of liquid crystalline polymers (LCPs)—high local
(microscopic) orientational order, which is retained in the solid state—has
significant implications in a range of DOD applications utilizing polymers.
The remarkable mechanical properties and thermal stability of fibers from
precursor liquid crystalline solutions (lyotropic spimnning dopes) are the
principal driving forces that launched these materials and encouraged efforts
to place LCPs in structural applications where weight savings are critical.

It would appear that advances in processing the lyotropic polymers could
allow the incorporation of LCPs into other than uniaxial designs—multiaxially
oriented items. Moreover, novel processing might make thermotropic LCPs
eligible for critical structural applications. However, the unique feature of
LCPs is itself problematic—the current understanding of processing with
control of orientation falls short of permitting deliberate manipulation of
macroscopic orientation (with the exception of uniaxial fibers). Even
carefully designed applications that exploit other features of liquid
crystallinity (anisotropic thermal expansivity, transport anisotropy, optical
characteristics, etc.) will be retarded until there is an in-depth
understanding of how processing promotes morphology in conjunction with how
molecular structure affects the mechanical and the unusual physical properties
of these new classes of polymers.

The principal conclusions of the committee are as follows:

o New cost-effective synthetic efforts and stabilization techniques are
required to manipulate and maintain seque~ce distribution and thereby control
polymer properties.

o Theories of LCP behavior must address polymer flexibility to
realistically predict blending, rheological, and chain dynamical properties of
ordered polymer phases.

¢ Processing protocols must go beyond conventional methodologies, e.g.,
explore solid-state forming of LCPs in efforts to achieve multiaxial order and
obviate macroscopic heterogeneity.
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¢ Compressive tailure mechanisms must be understood in order to suggest
solutions to current mechanical limitations of LCP applications:
simultaneously, new nonstructural applications of LCPs (e.g., as barrier
materials) should be explored.

¢ LCPs may find extensive applicability in blends and composites.
However, the roles of LCPs as the dispersed phase or as the matrix phase,
filler shape and adhesion (and self-adhesion) are complex and poorly
understood issues.

¢ Lowering the cost of LCP in products through lower cost monomer,
polymerization and fabrication processes will catalyze the overall acceptance
and range of applications of LT?s by the user community.

e An interdisciplinary effort is required to exploit the anisotropy of
LCPs in nonlinear optical applications.

¢ The current annual Federal funding level for LCP research is almost
$10 million.

e LCPs and their unique advantages as structural polymers were
discovered and developed in U.S. industrial research laboratories in the 1960s
and 1970s. A cursory glance at the following table suggests that current
research and manufacturing effort has now become worldwide.

Companies Engaged in LCP Development
United States Western Europe Japan
Allied-Signal Akzo Asahi
Amoco (Dartco) BASF Denki Kagaku
DuPont Bayer Idemitsu
Eastman DSM Kuraray
Hoechst Celanese Hoechst Mitsubishi Chemical
Monsanto?! ICI Mitsubishi Gas
Montedison Mitsui Toatsu
Rhéne-Poulenc Nippon Petrochemical
Polyplastics
Sumitomo
Teijin
Toray
Toyobo
Unitika
'Has stopped research
Source: Qutlook for Advanced Engineering Materials: Plastics, Composites and Ceramics. November
1986, R861101. Cambridge, Masa.: Arthur D, Little Decision Resources.
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Committee discussions frequently returned to economic and geopolitical
topics, about which it sas collectively agreed that members were ill-equipped
to make meaningful recommendations. Nevertheless, two of these issues deserve
attention:

¢ There was a consensus that meaningful evaluation of new (and
potential) LCP systems is severely hampered by a limited number of facilities
in the United States wherein intermediate-scale monomer and polymer synthesis
[between the lab-bench scale (~100 g) and pilot plant (100 to 1000 ib)] can k.
carried out.

¢ Although many companies are market developing LCPs, large volume use
awaits lower cost polymers.

Therefore, LCPs are a fertile area warranting intensive study. The
findings will have an impact on a wide range of problems that include
mechanical and optical properties of polymers. Moreover, it is anticipated
that the findings on LCPs will lead to a more comprehensive understanding of
conventional polymers and their fabrication techniques.



1

CONCLUSIONS AND RECOMMENDATIONS

The following are the major conclusions and recommendations. More
detailed information can be found in the following chapters of the report.

MACROMOLECULAR DESIGN AND SYNTHESIS
Thermotropic LCP inchain

Conclusions

* Among the serious molecular design issues affecting copolyester
syntheses are the elucidation and control of the mer sequence along the
polymer backbone. Until these are accomplished, the structure-property
relationships associated with backbone sequence will be unclear and subsequent
design of improved polymers will be severely hampered. Future challenges
facing widespread utilization of thermotropic LCPs are economic in nature. It
is necessary to develop higher-temperature properties utilizing lower-cost
monomers, i.e., to develop locw-cost syntheses of key (naphthalene- and
biphenyl-based) monomers or to develop new low-cost (aromatic) monomers.

Recommendations

¢ Develop new polyester polymerization techniques with the associated
catalysts and transesterification inhibitors that yield and maintain specific
mer sequences.

¢ Continue efforts to measure mer sequence distribution, e.g., by
multinuclei NMR.

¢ Develop high-temperature properties utilizing lower-cost aromatic
monomers, e.g., hydroquinone.

¢ Develop efficient direct coupling of simple monoaromatic functional
molecules to prepare low-cost biphenyl A-A and A-B monomers, e.g., A = -COOH,
B = -OH.



Thermotropic L.CPs (Sidechain)

Conclusion

¢ Sidechain LCPs have great potential as functional polymers.
Development of properties dependent on noncentrosymmetric structures such as
certain nonlinear optical effects, piezoelactricity, and pyroelectricity is
possible via selective chemistry. Ferroelectric behavicr has been observed in
smectic C sidechain LCPs. Since surface-stabilized ferroelectric liquid
crystals are in a sense "self-poling," a combination of ferroelectric and, for
example, nonlinear optical properties in a single material would be
attractive. In addition, sidechain LCPs as elastomers and as high-performance
coatings warrant more consideration.

Recommendations

e (Create opportunities that exploit novel functional sidechain LCPs via
the interplay of function and chemical structure in these anisotropic systems,
particularly in areas where their structural anisotropy and elastomeric and/or
glassy mesophase formation can lead to new applications and enhanced
performance, e.g., optical storage and waveguide media.

®* Encourage design and synthesis of sidechain LCPs for nonlinear optical
properties in integrated programs of characterization and evaluation.

¢ Develop synthesis of sidechain LCPs that exhibit novel properties such
as ferroelectricity, ferromagnetism, and elasticity.

¢ Evaluate sidechain LCPs as coatings on substrates and as films for use
as potential high-performance materials.

Lyotropics

Conclusion

e Perhaps the biggest challenge in the future of advanced high-
performance materials from lyotropic polymers will be the development of low-
cost synthetic routes to these more complex polymer precursors, and subsequent
facile polymerization schemes. Both factors are essential for a consistent
and ample supply of polymer from commercial sources. Reliable and
reproducible supply is, in turn, a prerequisite for evaluating processing
procedures that are directed toward fabricating bulk sample alternatives to
uniaxial materials.

Recommendations
e Seek compositional modifications of aramid and benzobisoxazole

(thiazole) polymers that enhance solubility in innocuous solvents while
maintaining properties of the polymers in the solid state.
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¢ Pursue compositional concepts that lower rigid monomer costs and/or
facilitate polymerization of rigid rod polymers.

THEORETICAL UNDERSTANDING

Single Polymer Systems

Conclusion

e Rigid-rod theories have been extended to include the influence of
macromolecular flexibility on the order parameter and phase transitions in
both lyotropic and thermotropic systems.

Recommendations

e Test predictions with unequivocal data from polymer systems that
conform to the theoretical assumptions.

¢ Extend the theories to deal with other, perhaps dominant features of
LCPs, such as polydispersity, the onset of gelation/aggregation, and
macroscopic heterogeneities.

Blends

Conclusion

¢ Blends of LCPs with LCPs and of LCPs with flexible polymers are of
potential importance. An adequate theoretical framework of blends to guide
experimental work is lacking. For example, the extent to which miscibility
would be enhanced or decreased because of differences in rigidity in the
component chains is not understood.

Recommendation

e Perform further theoretical and experimental'investigations of phase
equilibria of LCP-containing blends.

Nynamics

Conclusion

e Chain dynamics dominate both phase transitions and the development of
structure during processing. Although there has been progress on the theory
of diffusion and rheology of rigid-rod polymers in dilute and semidilute
solutions, very little is known about these properties in liquid crystalline
solutions and bulk polymers. This lack of understanding of chain dynamics has
an impact ca processing and property issues, such as adhesion, phase
decomposition and nucleation, and orientation developnent in complex molded
parts.



Recommendations
¢ Investigate incensively the dynamic behavior of the anisotropic phase.

® Encourage theoretical studies of the rheology of LCPs.

PROCESSING

Lyotropics

Conclusion

¢ The technology for the formation of highly oriented fibers from
anisotropic polymers is well established, but fabrication processes for
biaxially oriented films and other multiaxially o..ented shapes are still
under development. Process development appears to be feasible with existing
commercial lyotropic LCPs (e.g., Kevlar®); these processes should carry over
to new polymers with little modification.

Recommendation

e Continue process development (with better and more volatile solvents)
for high-performance multiaxially oriented shape formation using commercially
available LCPs, including post forming and/or other modifications for specific
applications.

Thermotropics

Conclusion

e Melt spinning of highly oriented fibers is under commercial
development by a number of companies. However, such efforts in injection
molding face problems because of the tendency to form highly oriented local
regions. This in turn leads to poor uniformity of macroscopic properties and
weak weld lines. The current meager understanding of melt flow precludes
systematic advances in mold design to overcome these problems. Solid-state
processing is one area offering promise for overcoming the problems associated
with flow-induced anisotropy.

Recommendations

¢ Increase effort to understand the flow of LCPs; place emphasis on
efforts to overcome macroscopic heterogeneity and on studies that yield
sufficient background to design molds with uechanical solutions to the weld
line problem.

¢ Encourage research on solid-phase processing.

¢ Fund on a case-by-case basis specific fabrication processes to exploit
unique properties, e.g., poling in electro-optical applications.



MECHANICAL PROPERTIES

Conclusions

¢ The general consensus is that poor compressive strength of uniaxial
LCP materials is a major limitation in their utilization in structural
materials. The situation is exacerbated by a poor understanding of how the
anisotropic strength (longitudinal covalent and lateral dispersion and/or
hydrogen bonding) manifests itself throughout the morphological hierarchy in
the solid state—macromolecule to bundling of fibrils. Efforts to fabricate
stronger materials via cross-linking are inconclusive. As with conventional
composites, adhesion of LCP fibers to the matrix is problematic.

¢ The influence of temperature on mechanical properties is more
important in melt-processible LCPs than in the case of the thermally stable
lyotropic LCPs,

¢ Since self-adhesion in LCPs is poor, the weld line problem in
injection-molded parts is exaggerated and may be insurmountable at the
molecular level. This also manifests itself as a tencency for fibrillation in
uniaxial films and limits their usefulness; efforts to superimpose biaxial
order on films are being pursued. Advances could be expedited by pursuing
film processing studies on readily available LCPs.

¢ Environmental exposure, whether natural or application-imposed, can
lead to deterioration of LCP-based structures and articles. This concern is
not fatal because adequate protection can be provided if the need is
recognized. For military materiel, the chemical warfare (CW) scenario is
considered to be part of the application-imposed environment and, although
some LCPs exhibit excellent barrier properties, exposure to CW liquids must be
included in any screening protocol during materials selection and
qualification.

Recommendations (in addition to recommendations cited under Processing
et al.)

* Encourage research directed toward identifying the compressive failure
mechanism in LCPs, in particular delineating the level (microscopic versus
macroscopic) at which the failure is initiated,

¢ Screen LCP materials to establish resistance to natural and end-use
environments that include exposure to CW liquids.

o Encourage the evaluation of diffusion and permeability in LCPs that
may be utilized as barrier materials.
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BLENDS AND COMPOSITES

Conclusion

¢ The combination of LCPs with other materials to control the balance of
properties and improve cost-effectiveness is clearly an important technology
area for increasing the overall utility of LCPs. The problems inhibiting the
rapid development of this technology are the same as those slowing LCP
acceptance in other areas. These include high property anisotropy in finished
parts, poor compressive strength, and poor adhesion to conventional and
mesogenic materials. This is not in contradiction to the observations that
fillers and blending can mitigate many of these effects but, is rather an
important hint into what the underlying controlling parameters of the science
must be. Hence, from both the scientific and technological points of view,
investigations of the behavior of LCPs in multicomponent systems should be
strongly supported.

Recommendations

¢ Investigate the effect of shape, surface chemistry and properties of
filler particles, as well as processing methods, on the orientation and
properties of the LCP phase.

¢ Understand and improve LCP adhesion to fillers, to conventional
polymers, and to other LCPs.

¢ Understand the dynamics anc equilibrium of phase shapes, sizes, and
properties of multicomponent systems that include LCPs.

NONLINEAR OPTICAL PROPERTIES

Conclusion

¢ Liquid crystallinity in combination with the unique electronic
properties that can be achieved in organic molecular solids and polymers may
lead to useful polymeric materials for second- and third-order nonlinear
optical applications. The advantageous property associated with liquid
crystallinity is anisotropic order, which is either essential to or enhances
nonlinear coefficients and imparts stability to the critical orientation of
chromophores in the films. The complex issues associated with the range of
properties that must be achieved will require substantial intevdisciplinary
efforts.

Recommendations
e Support initiatives aimed at understanding and achieving stable,

uniform polar alignment in polymeric materials for second-order nonrlinear
optical applications.
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e Support polymeric design, synthesis, and processing studies aimed at
the unique properties of waveguide structures for third-order nonlinear

optics.

e Focus research support in polymer nonlinear optics on
interdisciplinary progrars where molecular and polymer design and synthesis,
waveguide design and fabrication, and physical characterization are combined.
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BACKGROUND

Relatively unhindered rotation about the single bonds in the backbone of
most macromolecules means that a random trajectory for the polymer chain is
the most common polymer conformation. Features of some special monomers
(resonance, stereochemistry, etc.), however, restrict internal degrees of
freedom in the polymers such that the mainchain is extended in space along an
almost linear trajectory. Extended polymer chains or chain segments can,
through excluded volume interactions, lead to long-range orientational
ordering of the macromolecules—liquid crystallinity—in concentrated solution
or in the melt. Liquid crystals (LCs}, sometimes also called mesophases, were
first recognized in low-molar-mass compounds a century ago, and they enjoy
widespread technological applications because of their unique electro-optical
properties. Low-molar-mass LCs are highly anisotropic fluids that exist
between the boundaries of the snlid state and the conventional isotropic
liquid state and exhibit features of both states. In the case of
macromolecules, orientational ordering of extended polymer chains is
sufficient to impart some crystal-like orientational ordering to their fluid
phases—melts or polymer solutions. Although this orientation is very subtle
on a local scale (it is masked by the rapid and complex molecular dynamics
characteristic of all fluid phases), time-averaged attributes of these fluids
are anisotropic and therefore dramatically different from those same
attributes in ordinary isotropic liquids. Figure 2.1 exaggerates the
cifferences between the melt of a conventional random coil polymer (top) and
that of a liquid crystalline polymer (LCP) (bottom) in order to pictorially
show the long range order in a fluid phase of the LCP. 1In LCP melts or
solutions this average anisotropy has dramatic consequences. When macroscopic
uniform alignment cf local directors exists, such fluids exhibit bulk
anisotropic dizlectric, magnetic, optical, transport, etc., properties.
Materials formed from pclymers that are orientationally organized in the fluid
state retain this anisotropy in the solid state and frequently exhibit
ultrahigh strength and stiffness (modulus) along the machine direction
(parallel to the extended chains) because the organization and conform:: ic .al
preferences of the chain promote an extended-chain crystal habit. For these

13
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reasons, LCPs are bcing increasingly utilized in specialty and high-
performance applications. Historical reviews (Economy, 1989; Jackson, 1989;
Samulski, 1985; and Dobb and McIntyre, 1984), general introductions (Browstow,
1988; Chapoy, 1985; Finkelmann, 1987; and Samulski, 1982), and contemporary
reviews of LCP properties (Calundann et al., 1988; and G. E. Williams, 1987)
abound.

LCs and LCPs may be divided into two broad categories, according tc the
principal means of achieving fluidity. Lyotropic LCPs result from the action
of a solvent and hence are multicomponent polymer solutions—polymer plus
solvent(s). Thermotropic LCPs are produced by heat and may be single (neat
polymer) or multicomponent melts.

Within each category, three distinctive supramolecular organizational or
structural classes of LCs have been identified: the nematic, smectic, and
twisted nematic or cholesteric phases. Structural differentiation of these
phases is related to the packing aspect and dimensionality of the
translational organization of the molecules. In the examples of these phases
we limit consideration to mainchain LCPs. Nematic LCs are distinguished by a
unique director (optic axis) in the fluid; the nematic director is established
by the parallelism of the long ax:s of molecules ([average] polymer chain
axes). There is no translational order in this nominally uniaxial fluid
(Figure 2.2).

Chain parallelism also characterizes the smectic phase, but translational
order is also present in the form of long-range stratification normal to the
chain axes (Figure 2.3). Mobility of the entire chain within the smectic
layers is possible, although this increased translational organization lowers
chain mobility relative to nemai.c phases. (In low-molar-mass LCs bulk
fluidity in the smectic structure involves the layers gliding past one
another; such a transport mechanism would be sharply attenuated in polymeric
analogs, wherein a single semiflexible chain traverses more than one layer;
smectics formed from rigid rod polymers with the layer spacing equal to the
rod length might exist.) {(Wen et al., 1989) In nematic phases chain ends
(defects) are randomly distributed in the ordered fluid; there may be a
tendency for such defects to segregate between layers in smectic fluids
composed of semiflexible chains. Cholesteric LCs are similar to nematics in
organization. with the additional feature of a cumulative twist between
molecules, a result of the asymmetry of intermolecular forces. This asymmetry
is due to the presence of chiral centers in these mesogens. As a result, the
local nematic director twists into an inherently biaxial, helicoidal
supramolecular structure (Figure 2.4). Although there is a large number of
applications of cholesterics in low-molar-mass LCs that exploit their optical
properties (temperature sensors, notch filters, etc.), there is little
evidence of widespread use of this biaxial superstructure in LCPs.
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FIGURE 2.3 Smectic stratification (lateral reg_stration) in a polymer
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FIGURE 2.4 Helicoidal cholesteric structure in a mainchain LCP.
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MACROMOLECULAR DESIGN AND SYNTHESIS

Thermotropics

Mainchain (linear) LCPs are generally synthesized by condensation
polymerization involving transesterification (Jackson, 1989) (Figure 2.5).
The growth step is an acidolysis reaction yielding an ester connecting link
accompanied by the loss of acetic acid. The polymerization is usually
conducted in the melt, although in some cases the use of an inert suspending
medium is reported. The reaction in the melt is carried out either to
completion or first to low molecular-weight-oligomer followed by solid state
polymerization to high molecular weight. This general approach is employed
for the important high-temperature all-zromatic polymers such as Xydar®
(Amoco), Vectra® (Hoechst-Celanese), Victrex® SRP (ICI), and presumably the
recent polymers announced by Du Pont and Granmont/Montedison.

o —

CH4 o-/L__—\>—-<_/>—ogcu3 + cn,goggou + 3030-3011
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Polyester

FIGURE 2.5 Condensation polymerization involving acidolysis.

In one commercial case of an aliphatic-aromatic thermotropic LCP—the
lower-use-temperature polymer X7G (Eastman)—this condensation step is
preceded by the reaction of acetoxybenzoic acid with poly(ethylene
terephthalate) (PET) in an acidolysis reaction in which the PET chain is
cleaved. This results in one chain capped with a carbophenyl carboxylic acid
moiety and the other capped with an acetoxyphenyl moiety. This is then
followed by the acidolysis reaction of the acetoxy and carboxyl end groups,
with loss of acetic acid accompanied by other acidolysis reactions. This
sequence in short rebuilds the molecular weight with accompanying insertion of
oxyphenylcarbonyl mer sequences.
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Typical copolyester LCPs are shown in Figure 2.6,

Patented Aromatic LCP Polyesters

Amoco
(Cardorundum )
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FIGURE 2.6 Representative potential thermotropic copolyesters.
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Lyotropics

The lyotropic LCPs are prepared by solution polycondensation (Figure
2.7). For many of the extended chain polyamides, solution polymerization in
amide solvents is the preferred method. For example, poly(p-phenylene
terephthalamide) is synthesized by reacting the appropriate aromatic diamine,
p-phenylenediamine in this case, with terephthaloyl chloride in an amphoteric
solvent, such as N-methyl-2-pyrrolidone containing a solubility-enhancing
salt. Lyotropic LC polyamides, depending on their composition, may be spun
directly from their reaction media, or they may be isolated, redissolved, and
spun from solutions containing strongly interacting acids, such as sulfuric
acid, oleum, etc. The use of a phosphorylation method for the preparation of
aromatic polyamides involves the direct condensation of aromatic amino acids
or aromatic diamines with aromatic diacids in the presence of an aryl
phosphite and organic base. Typical unit structures that yield polyamide
lyotropic LCPs are shown in Figure 2.8.

FIGURE 2.7 Synthesis of polyarylamides.
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FIGURE 2.8 Lyotropic polyamide unit structures.

Foly(p-phenylene-2,6-benzobisthiazole) (PBZT) (Figure 2.9) and poly(p-
phenylene-2,6-benzobisoxazole) (PBO) were initially prepared at the Air Force
Materials Laboratory at Wright-Patterson Air Force Base (see Wolfe, 1988, for
a review). PBZT was prepared by the reaction of 2,5-diamino-1,4-benzene-
dithiol dihydrochloride with terephthalic acid in polyphosphoric acid. PBO i=
similarly derived from 4,6-diamino-1,3-benzenediol dihydrochloride. The
procedure also works well for A-B type monomers, such as 3-amino-4-
mercaptobenzoic acid and 3-amino-4-hydroxybenzoic acids (Chow et al., 1989),
The preparation of "molecular complexes" frow blends of polymers derived from
A-A+B-B monomers and polymers derived from A-B types has also been reported
(Wolfe, 1988).




22

HX NH, o __ O
+ woéd Mlon
e O

>. 4 N — _
|< A X=0,5

Poly(»phenylene-2,6-benzobis" X"azole) [PBX]

FIGURE 2.9 Synthesis of PBX polymers.

Sidechain Thermotropic LCPs

While most of the interest in LCPs is focused on mainchain polymers, an
important class of LCPs contains the mesogenic groups as an appendage
(mesogenic core) on the polymer—sidechain LCPs (see Attard and Williams,
1986, for a review). Synthetic routes to sidechain LCPs have traditionally
involved polymerization of a vinyl monomer (e.g., acrylate or methacrylate)
under free radical conditions in solution (Figure 2.10). (The only real
difficulty with this reaction is encountered when radical reactive groups are
located elsewhere in the monomer.)

It is also possible to produce sidechain LCPs through polycondensation.
For example, malonate monomers can be converted to polyesters in a
polyesterification reaction (Figure 2.11). This reaction ic¢ of special
interest for radical reactive groups such as nitroaromatics and stilbenes,
which have application in nonlinear optics. Polycondensation of combined
sidechain and mainchain LCPs can also be utilized.
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FIGURE 2.10 Preparation of sidechain LCPs by free radical polymerization.

FIGURE 2.11 Preparation of sidechain LCPs by polyesterification.
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Reactions on preformed polymer chains allow derivatization of a reactive
polymer by attachment of a spacer and a mesogen (Figure 2.12).

Me Pt catalyst
I —

—[—Si~4)]—- +
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Polysiloxanse

ll§j5?
X
Cl \Eh

Polypaosphazene

FIGURE 2.12 Examples of preparation of sidechain LCPs by derivatization of
preformed polymers.

Ringsdorf and co-workers have described a variety of sidechain LCPs (and
combination polymers, i.e., sidechain/mainchain mesogens together) (Ringsdorf
et al., 1989, and references cited therein.) Moreover, these workers have
considered oblate as well as prolate mesogenic cores. Thus far we have only
considered the latter, which form conventional calamitic phases., Oblate
mesogenic cores, on the other hand, form columnar phases wherein the columns
may pack on a hexagonal lattice. Such lattice organizations are stebilized in
the polymeric forms of these oblate mesogens. These ordered arrays of columns
present an interesting and unique state of order in the LC and solid state of
organic polymers.

Sidechain Lyotropi¢c LCPs

For completeness we note that there are examples of sidechain lyotropic
LCPs wherein the mesogenic unit is amphiphilic (Finklenann, 1987). There are
also recent proposed structures of combination LCPs that are derivative of
lyotropic (non-amphiphilic) rigid-rod polymers (Dowell, 1989).
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UNDERSTANDING AND THENRY

Order-Disorder Transitions in Polymer Fluids

For polymers, the influence of molecular anisometry on the propensity of
mesophase formation has been explained mainly on the basis of intermolecular
and intersegmental repulsion—i.e., steric or excluded volume effects (Flory,
1984; Matheson and Flory, 1981). For the case where no attractions are acting
between chains and where the chains are perfectly rigid rods, a statistical
thermodynamical theory was formulated (Onsager, 1%49; Flory, 1956) more than
40 years ago that laid the foundation for much experimental work in lyotropic
systems and for more advanced theories. Today, this is known: For rigid
noninteracting rod-like chains in solution, there exists an isotropic phase at
low concentrations and an anisotropic phase at high concentrations, with a
concentration range of stable biphasic equilibrium in between. The threshold
volume fraction v * for the appearance of an anisotropic phasz is approximated
by

vk = (8/%) [1-(2/x)]

where x is the aspect ratio of the chain. (The aspect ratio is proportiznal
to the molecular weight and can be calculated from estimates of the bulk
density and the length and orientation of the constitutional repeat unit. In
fact, it is the chain's persistence length that is relevant for the
computation of x.) Interacting rigid rod-like chains behave somewhat
differently, but this difference becomes gradually insignificant with
increasing molecular weights (Flory and Ronca, 1979).

Semiflexible chains are highly extended molecules with significant
flexibility that nevertheless impart, unlike their flexible random coiling
counterparts, the potential for the formation of anisotropic phases to their
solutions and melts. For polymers with a uniform (and small) degree of
flexibility along the chain, the "worm-like chain" model is appropriate;
thermotropic and lyotropic systems can be interpreted with this model.
Polymers that consist of rigid segments joined by flexible spacers can be
treated by appropriate modification of the individual rigid rod molecule
approach (Boehm et al., 1986}, and, if the spacers are sufficiently flexible
joints and the rods sufficiently long, they behave roughly as if they were
independent (Flory, 1984).

Mesomorphic Textures and Structures

Mainchain LCPs contain microstructures in their melts and solutions on
both a micrometer and a submicrometer scale. The most prominent feature,
undoubtedly because it can be observed using optical microscopy, is the
micrometer-scale "domain-like" structure, which is a manifestation of high
local molecular orientation. These optically defined domains observed in LCPs
are regions of nearly uniform director orientation. The domain-like texture
is unlikely to represent an equilibrium texture and is not predicted by any
available theory. The character of the submicrometer boundaries between these
apparent domains has not been well characterized; they may consist of strained
nematic fluid with some disclinations (the analogue of dislocation faults in a
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crystal; see, for example Thomas and Wood, 1986) or of more mobile fluid made
up of chain ends or of isotropic fluid of different composition from the bulk
(or both) (Nicely et al., 1987; Amundson et al., 1987).

Heterogeneity on macroscopic levels is also observed. Lyotropic systems
have a biphasic concentration range leading to bulk separated isotropic and LC
phases. Although most thermotropic melts that have been studied appear to be
uniformly mesogenic on all scales, there are exceptions. The copolyester of
60 mole percent p-hydroxybenzoic acid and 40 mole percent poly(ethylene
terephthalate) has been widely studied and is multiphasic with an isotropic
component of different composition from the mesophase. Terminology derived
from semi-crystalline polymers—degree of liquid crystallinity—is sometimes
used to describe such heterogeneity. However, this terminology is
complicated. For example, some thermotropic melts that have been
characterized rheologically also appear to contain a small fraction of actual
crystallites with dimensions of the order of 100 A at the temperatures at
which processing is normally carried out (Amundson, 1989; Kalika et al., 1990;
Lin and Winter, 1988). These crystallites affect the flow, and they are one
likely cause of the observed sensitivity of melt rheology to thermal history.
(Large thermal history effects on rheology may also be a consequence of
annealing textures [reorganization of domains] or, in some cases, chemical
reaction occurring during physical characterization, including decomposition,
polymerization, and transesterification.)

Rheology

The flow of LCPs is affected by the textures described above in a variety
of ways. Moreover, the flow itself changes the microstructure. Nevertheless,
idealized descriptions of (assumed) homogeneous mesophases are useful to gain
insights into flow behavior. Continuum theories of LC rheology developed for
low-molar-mass nematics relate the stress at a point to the deformation and
director field and contain a description of the dynamics of the director field
in cerms of the director, stress, and defo. mation field (Ericksen, 1977;
Leslie, 1979).

Shear flow appears to have little effect on macroscopic director
orientation, either experimentally or in the context of continuum theories for
anisotropic liquids, but flows with an elongational component are very
effective. This is the reason unidirectional orientation (fiber formation) is
achieved easily in LCPs. Typical flow in molds contains regions of
extensional deformation (in the "fountain flow" near the moving front, for
example), so high degrees of orientation are achieved in some "skin" regions
of a molded part. The high degree of orientation translates into anisotropic
mechanical properties. Flow in molding can lead to regions of rapid change in
macroscopic director orientation including high transverse orientation in the
core (Field et al., 1988). The effect can be analogous to layering of
unidirectional sheets. Often the "self-adhesion" of these sheets is poor,
resulting iu poor lateral strength (delamination).
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Theory

In molecules of low molar mass with mesogenic properties, the molecular
anisometry must be appreciable; this asymmetry of shape is a prerequisite for
substances to exhibit liquid crystallinity and has been convincingly
interpreted (Flory, 1984; Chandrasekhar, 1977; and De Gennes, 1971). 1In
addition, intermolecular attractions, especially those strongly dependent on
the mutual orientation of the molecules, play a role, but they usually
contribute less toward the development of a liquid crystalline phase.

Rod-1like polymers, or chains with very limited flexibility and a more-
or-less linear trajectory, pervade much more of space than their flexible
random trajectory counterparts; i.e., they have much larger radii of gyration.
The radius of gyration for a random coil with molecular weight M varies as
M°® at the theta point and as M°® in a good solvent; it is proportional to M
for a rigid rod. As a result, rigid rod-like chains strongly interact with
each other at much lower concentrations than flexible polymers do. This is
reflected in, for instance, by the large dilute solution viscosity, the large
relaxation times, and the small diffusion coefficients exhibited by rod-like
chains. Above a threshold concentration, the strong interactions produce a
mutual orientation about a common local director; this in turn allows for easy
orientation of the rod-like molecules by external influences (e.g., an
electric or magnetic field, a shear field), which facilitate processing of
such materials into products of well-defined orientation—one of the prime
attractions of LCPs. The physical and the transport property differences
between random coil and rigid rod polymers increase with increasing
concentration, but so do the theoretical difficulties associated with
describing their behavior.

PROCESSING

Solid structures that benefit most from the rod-like molecular structure
of LCPs are uniaxial. Easy orientation in the flow field and resistance to
chain folding on solidification lead to fibers w.th outstanding tensile
properties. LCP fibers have a very high specific strength and modulus. 1In
addition, some of the LCP fibers exhibi. che outstanding temperature
performance required for aerospace applications. In this section we consider
processing routes to solid LCPs via both thermotropic and lyotropic phases.

Thermotrepic LCPs

The commercial utilization of thermotropic LCPs is a direct function of
the ability to process these polymers into cost-effective solid parts.
Paramount for achieving this is the understanding and reduction to practice of
methods to control molecular orientation in three dimensions. Historically,
orientation in polymers has been introduced mechanically. Except for the
production of uniaxial shapes with at least one thin dimension (about 4" um or
less), orientation is difficult to control in LCPs. Injection molding, while
successful in producing useful and even unique parts, does not allow
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exploitation of the LCP mechanical property potential. Weak wzld lines
permeate molded parts. They are due to the lack of molecular mixing across
flow-induced interfaces separating director fields with different relative
orientations. These "grain" or domain boundaries present a significant
problem with complex molded shapes. Orientation-inducing processing
techniques other than mechanical (for example, the use of surface epitaxy,
electromagnetic fields, or "crystallization templates") may prove to be
effective new directions for the production of LCP parts and devices with
controlled orientation and stronger weld lines. The potential of new
approaches such as cold-forming processes (see Chapter 4) needs to be assessed
both in terms of technical fearsibility and added manufacturing costs.

Lyotropic LCPs

Although the formation of liquid crystalline solutions by ex.ended-
chain, rod-like polymers has been noted in a: least ten classes ol polymers
(Kwolek et al., 1987), only aramids and ordered aromatic heterocyclics have
been extensively examined with respect to LCP-induced, unique solid-state
rroperties. Here we focus on these two classes of polymers as fiber- and
film-forming polymers. Kevlar® aramid polymer has been manufactured by the Du
Pont Company since the early 1270s (Kwolek, 1980), while rigid aromatic
polybenzobisoxazoles (PBO) and polybenzobisbisthiazoles (PBZT) are currently
under consideration for commercialization.

Fibers

The ability of extended-chain, rod-like polymers to form lyotropic
(nematic) mesophases under certain conditions (molecular weight, solvent,
concentration, and temperature) is critical to their processing into solid
parts. Uniaxial sclid fibers dominate the commercial utilization of lyotrepic
LCPs. For example, spinning lyotropic solutions can result in fibers with
very high strengtb and very high modulus and with nearly perfect orientation
without subsequent mechanical processing, i.e., without stretching the
extruded and solidified fibers. With these otherwise intractable polymers,
such fiber properties have not been achieved by other means.

Selection of a spinning method (dry, wet, or dry jet-wet) is determined
primarily by the polymer-solvent system and economic considerations. For
example, Kevlar® aramid fiber utilizes a dry jet-wet spinning process. The
highly ordered nematic phase in a solution with greater than 18 weight percent
of high-molecular-weight poly-p-phenyleneterephthalamide (PPTA) in
approximately 10C percent sulfuric acid is retained and perfected by
elongational forces in the air gap, and by further drawdown in the coagulating
medium. The high (as-spun) chain orientation is directly related to the high
fiber tenacity (> 20 gpd) and high (approaching theoretical values after heat
treatment) modulus. Spinning conditions for lyotropic aramids and structure-
property relationships of the resulting fibers have been studied extensively
and are described in patents and literature reviews (see, for example,
Schaefgen, 1983; Jaffe and Jones, 1985; Schaefgen et al., 1979; Prevorsek,
1982; Dobb, 1985; and Kwolek et al., 1988). Subsequent heat treatment of
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these fibers under tension (but with practically no draw) at 150 to 550°C can
result in further improvement of tensile properties and orientation. The heat
treatment response is dependent on the structure and molecular orientation of
the as-spun fibers and on the method of spinning. Since thermal
polycondsnsation of aromatic diamines and aromatic diacids is at best very
slow, the increase in tenacity anu modulus upon heat treatment is attributed
to increased orientation and crystallization of the polymer chains.

Similar findings apply to solid fibers fabricated from polymeric aromatic
heterocycles. Since PBZT and PBO are soluble only in strongly inter.cting
acids, fiber formation involves removal of the acid solvent and rapid
coagulation of thz polymer by a nonsolvent, such as water. As with Kevlar®,
the optically anisotropic PBZT or PBO-polyphosphoric acid solutions are dry
jet-wet spun into fibers with ultrahigh tenacity and ultrahigh modulus.
Polymer preparation in polyphosphoric acid, spinning conditions, and fiber
properties of these extended-chain rigid heterocyclic polymers are described
in a number of patents and literature reviews (Wolfe, 1988, and references
cited therein). Heat treatment is similar to that of aramids except that the
temperature range is from 375 to 690°C. There is a wide range of properties,
depending on processing conditions.

Films

The very limited published material on films from fabricated lyotropic
polymers may indicate that wet extrusion does not lend itself easily to film
formation. Films produced from anisotropic PPTA-silfuric acid solutic . (by
wet or dry jet-wet extrusion with uniaxial drawdown) exhibit polymer
orientation in the machine direction and highly anisotropic mechanical
properties. PPTA films produced with a lubricated conical mandrel between the
die and the coagulating bath exhibit equal biaxial orientation and balanced
properties. Although heat treatment at 350°C of the latter films results in a
significant enhancement of tensile properties and a reduction in voids, these
improved properties are very inferior to those of the corresponding fiber
(Bodhagi et al., 1984)., Flood and rellers (1987) have used mandrels of
conical, hyperbolic and ogival shapes to obtain a high degree of biaxial chain
orientation in PPTA films. Molecular orientation as well as mechanical
properties were found to be dependent on mandrel shape and presence. Tensile
strength and Youngs modulus were on the order of 30 Kpsi and 1 Mpsi (0.21 GPa
and 6.9 GPa), respectively versus 400 Kpsi and 9 Mpsi (2.8 GPa and 62 GPa) for
Kevlar® 29 fiber. Biaxial films appeared to Le more homogeneous compared to
uniaxially drawn films. Films prepared from PBZT-polyphosphoric acid
solutions by dry jet-wet extrusion also have high axial orientation and high
unidirectional properties (tensile strength and modulus of 1.5 and 240 GPa,
respectively, after heat treatment) but poor properties in the transverse
direction (Feldman et al., 1985). Also, like nther anisotropic films, they
exhibit axial splitting. More recently, biax.ally oriented films of PBT have
been prepared by the use of a specially desigred die that allows for biaxial
orientation to occur during extrusion of the PBZT-polyphosphoric acid solution
(R. Lusignea, presentation to the committee).
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Solid-State Forming

Novel processing of thermoplastics can be defined in many ways but for
the purposes of this report will) be considered to mean any forming method
conducted at temperatures at or below the melting point (solid-to-mesomorphic
transition) o’ the LCP. While such processes are widely used for many
semicrystalline polymers, they account for far less volume than traditional
melt-prccessing. In the case of thermotropic LCPs, the sintering process was
one of the first to be applied to the hvdroxybenzoic acid polymers introduced
by the Carborundum Company (Economy et al., 1970a and 1970b; Economy, 1989).
However, the exploitztion of these techniques has not been noticeable against
the rapid growth in, for example, the injection-molding area.

The explanation for this is probably not in the behavior of the LCP
material itself, rzlative to random-coil, semicrystalline polymers. However,
relatively little information is available to support the hypothesis that the
LCPs can be solid-state formed with the same ease as conventional polymers.
The empirical criterion of Aharoni and Sibilia (1978) that a crystal-crystal
transition must exist may not apply in the case of rigid rod molecules,
although such transitions are thought to be quite common (Field et al., 1988;
Hsiao et al., 1988). It should be noted that transitions that could lead to
mobility in the crystals may be induced at high hydrostatic pressure; thus
some forming processes could succeed while others may fail. Table 2.1
illustrates the more common solid-state forming methods (Shaw, 1980). It
should be remembered, on scanning this table, that many commercial fabrication
processes involve two or more of these, either in sequence or, in effect,
simultaneously. For example, the combination of coining and extrusion will
yield a decorated container in one step. Also, the mandrel technique has been
examined but the results have not been outstanding; modulus values are one to
two orders of magnitude below Kevlar® 29 (see previous section).

Many of the advantages of solid-state forming result from the avoidance
of the penalties of heating a polymer to a high temperature. These penalties
include energy costs, time required for cooling, large volume changes, and
degradation. For many high-temperature LCPs, the latter may be the most
compelling. In addition, it is possible to introduce a high degree of
orientation via solid-state forming, and thereby a substantial improvement in
strength. The high optical clarity of cold-formed semicrystulline polymers is
often cited as an advantage, but it is not known if this will prevail for
LCPs.

MECHANICAL PROPERTIES
Solid State Morphology

The focus herein is on fibers because morphological data on more complex
geometries are incomplete. When one tries to analyze the molecular criteria
for a perfectly aligned uniaxial system, it is not directly applicable to
fibers because of a fiber'’'s fundamental morphological characteristics.



31

TABLE 2.1 Cold-Forming Methods for Polvmers

Typical Closest Simple
Process Products Deformation Schematic
Cold drawing Fibers, Uniaxial
tapes, extension
rods
Bending Angles, Pure shear
channels mx%ﬂ”ﬂ@
\\‘ 3 -
Cold extrusion Rods, Uniaxial e B TR
tapes extension ﬁ\\ e
Hydrostatic Rods, Uniaxial
extrusion tapes extension
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Cold-Forming Methods for Polymers (continued)

Letters

Typical Closest Simple
Process Products Deformation Schematic
Rolling Sheet, Pure shear
tapes
Deep drawing Cups Pure shear
(draw forming
stamping)
Upsetting Knobs, Compression
(cold heating) nails
Matched-die Various Pure shear
forming
(stamping)
Coining Raised
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TABLE 2.1 Cold-Forming Methods for Polymers (continued)

Typical Closest Simple
Process Products Deformation Schematic

Hydroforming Cups Biaxial
extension

Rubber pad Cups

forming

Stretch forming Cups Biaxial NN ¢
extension N

Forging, cold  Gears, !5‘ N e
molding pulleys v \‘\<§§
(compression g 3
molding) AN

Conventional fibers derived from ordinary semicrystalline polymers are a
complex aggregate of strong, highly ordered microfibrils and macrofibrils that
are usually separated by a weak boundary (Peterlin, 1979) (Figure 2.13),
Therefore, polymeric fibers tend to fibrillate or split into these subelements
when bent. Although there are many ways to produce fibers, the final products
always exhibit a well-developed fibrillar substructure., Moreover, this
tendency toward fibrillation appears to be exacerbated in fiber derived from
LCPs, even though extended-chain crystal habits as opposed to thin lamellar
crystallites (see inserts in Figure 2.13) prevail in these new polymers
(Sawyer and Jaffe, 1986).



extended LCP chain polymer
crystal habit A microfibrils chain

Qi

Il

FIGURE 2.13 Hierarchical morphology in fibers.

crystalline
lamellae
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Since the interfibrillar domains are weaker than the fibrils, it is
necessary to determine the consequences of fibrillar structure and
interfibrillar strength on tensile and compressive properties. An extreme
case where the interfibrillar domains are very weak and their volume fraction
is approximately 0.25 illustrates the role of interfibrillar strength in
tension and compression. Note that, regardless of the lateral dimensions of
the microfibrils, the properties in tension would in this case amount to
approximately 75 percent of the fibrillar strength. The compressive strength,
on the other hand, depends on the cross-sectional area of the microfibril and
approaches zero as the macrofibril gets thinner.

In tension, the most important factors controlling the strength are the
strength of the weakest bond of the molecule and its cross-sectional area.
The stronger the ind.. iduezl polymer chain and ~he smailer its cross-scctional
area, the higher is the theoretical strength of the ensemble of perfectly
aligned molecules. The interactions between the molecules are of secondary
importance and affect only the molecular weight dependence of strength
(Termonia and Smith, 1988; Prevorsek, 1988).

In compression, the key factors are the torsional and bending rigidity of
the molecule and the interactions between adjacent molecules (DeTeresa et al.,
1985). The effect of the cross-sectional area in compression is opposite to
the effect in tension. Molecules with large cross-sectional areas usually
offer a higher potential for compressive strength. Consequently, a polymer
molecule designed for optimal performance in tension will generally exhibit
low compressive strength, and vice versa.

When the molecular criteria are taken into consideration, the following
ranking of fibers with respect to their increasing compressive strength
potential is obtained:

PE < thermotropic polyesters < rigid rod polymers (PBZT, PBO)
< aramids < PVA < carbon fibers

Note that polrethylenew{PE), with the highest achieved strength in
tension, is the lowest on this compressive strength scale, and that the
aramids are above thermotropic and rigid-rod polymers because of their
proclivity for interchain hydrogen bonding. Poly(vinyl alcohol) (PVA) fibers
are a step beyond aramids because of the higher hydrogen bond density. The
compressive strength of carbon fibers is high because of their large cross-
sectional area and sheet-like structure of the macromolecule.

Very recent work on compressive strength of ultra-strong PE fibers and
their composites, along with the work on strain rate dependence of PE fiber
properties raises the question whether the reported very low compressive
strength should be attributed to a specific PE fiber or whether it reflects a
true inherent characteristic of uniaxial fibrous PE.

The uncertainties exist for the following reasons:

1. The commercially available ultra-strong PE fibers have irregular,
frequently flattened cross-section
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2. On a close inspection, these fibers already show before testing, some
compressive damage (kink bands), and

3. Poor adhesion between the PE fiber and various rigid matrices.

The first two issues preclude a straightforward determinatlon of the
compressive strength for fibers, and the latter from composites. It has been
observed that even with the most ~ffective treatments, the fracture path in PE
fiber composites never traverses the fibers as is the case in Kevlar® fiber
composites, but follows the fiber-matrix interface.

In addition, PE exhibits well known strain rate dependence of mechanical
properties. While the creep phenomena of PE were well researched and
documernited, the strain rate effects at very high rates of deformation were
discussed only very recently. Recent studies (Prevorsek, 1989) confirmed the
expectation that compressive and tensile properties of PE increased with
increasing rate of deformation. This includes the compressive strength and
modulus that at the rate of ballistic events and high speed impact appear to
exceed the properties of aramids.

BLENDS AND COMPOSITES

The intimate mixing of two or more polymers to form a new material with a
unique property set has emerged as a desirable route to new product
development. The resulting blend or alloy (the terms are usually equivalent),
if consisting of commercially available polymers, greatly reduces the time and
costs associated with new materials development while offering the possibility
of a low-cost product with tailored properties and/or improved processibility.
Miscible (thermodynamically compatible) blends form a single homogeneous phase
and offer the potential for control of transition and processing temperatures.
Properties tend to follow the "rule of mixtures" but, synergies are not
uncommon., One significant commercial example of a miscible polymer blend is
the polystyrene-poly(phenylene oxide) system developed by GE.

Phase-separated (thermodynamically incompatible) blends are much more
common, with "rubber-toughened" thermcplastics the most common and successful
in this class of materials. Phase-separated blend technology is an effective
method for modifying a key resin property (most often toughness) while leaving
the majority of resin properties unchanged. The efficiency of property
modification is a function of the nature of the dispersion of one polymer in
the other (size, geometry) and the degree of adhesion between the phases. 1If
there is sufficient interaction between the blended polymers to cause
transition temperatures of the polyphasic system to shift and/or the adhesion
between the polymers to improve, the polymers are "partially compatible."
So-called compatibilizing agents are third components, often of low molecular
weight, added to immiscible blends to augment dispersion of the included phase
or adhesion between the phases. (Note the term "compatibilize" is often
loosely employed by technologists to denote "fine dispersion" of one polymer
in another one brought about by adding a third component.)
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Interpenetrating network (IPN) is the term used to define co-continuous
phase morphology (coften intimately mixed thermosets). If a thermocet is
cross-linked in the presence of a thermoplastic, the system is described as a
semi-IIN. 1If one phase orients during processing such that the matrix resin
is reinforced, the system may be described as an "in situ composite” or a
"self-reinforcing polymer." "Molecular composite” is the term used to
describe a molecular dispersion (ideally) of rigid rod polymers (e.g., PBZT)
in a conventional polymer matrix (Wang et al., 198.).

Molecular Composites

The concept of molecular composites may be appreciated in the evaluation
by Flory of ternary systems consisting of (a) the polymer rod (single
macromolecule of the PBX type, aramids, copolwvesters, etc.), (b) the
conventional (random coil) polymer, and (c) the solvent. The evaluation
predicts that a critical region will exist wherein there is a single isotropic
phase consisting of rods randomly dispersed in the coils. This region is very
narrow in its stability boundaries, and the retention of this structure in the
solid state depends on "beating the kinetics." Hence, if phase separation can
be avoided on solidification, given the extraordinarily high mechanical
properties of the individual macromolecular rods, products (including fibers)
with excellent tensile and compressive properties should result (a significant
fraction [1/3] of rods in such a solid is always in tension). If the
composite material could be fabricated into three-dimensional parts, these
parts would likely possess the high level of specific mechanical properties
currently achievable with LCP-derived fibers and would be extremely attractive
for aerospace applications.

Many of the motivations for blending LCPs with conventional polymers or
with other LCPs are the same that generally make blending an attractive
polymer modification option. These motivations include cost reducticn,
property tailoring, accelerated new-product development, and improved
processibility. (Improved processibility focuses on utilizing the low
viscosity of the LCP to improve the orocessibility of highly viscous
conventional re.ins.) The cost-reduction objective is to provide an LCP-like
property set at appreciably less than "pure" LCP property prices. Property
tailoring is attractive from two points of view: First, with conventional
polymers, LCPs can function as a high-modulus fibrous (macroscopic)
reinforcement, and, second, with other LCPs or at relatively low levels of
conventional polymer addition, the objective is to mitigate LCP problems such
as poor weld line strength or high anisotropy of properties. 1If a
commercially useful faii_ly of LCP-containing resins can be defined, the rapid
increase of new LCP-containing products will naturally follow. Finally, the
blending of LCPs with other LCPs provides useful data for studying the nature
of the structure, morphology, and chain-to-chain interactions in these new LCP
m:terials, while offering the opportunity of improved property sets (DeMeusse
and Jaffe, 1988).
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ELECTRO-OPTICAL PROPERTIES

Herein the focus is on nonlinear opti~al (NLO) properties of organic
systems involving LCPs. There are, however, a number of recent phenomena
(generally linear electro-optic) that employ conventional polymers or LCPs
together with low-molar-mass LCs. The latter (guest) is dispersed in the host
polymer matrix as a microemulsion and the director responds to an applied
field thereby changing the refractive index difference between the guest LC
and polymer (LCP) host. The phenomena may be adapted to light attenuation and
optical switching (Doan et al., 1986; Drzaic, 1986). In the cases of NLO
phenomena, readers may readily sense the intensity of interest in organic
polymeric systems, in general (Boyd, 1989), and in LCPs (Williams, 1987), in
particular.

Relevant aspects of second- and third-order NLO processes are reviewed
here so that readers may consider the potential of LCPs in this active
research area, one that is anticipated to yield technologically important
advances in the future (Williams, 1987).

Second-Order NLO Processes

There are basically two catege of second-order NLO processes: (a)
the linear electro-ortic or Pockels effect and (b) parametric processes such
as second-harmeondc generation (SHG) and sum or difference frequency
generationn. In the former a d.c. electric field is applied to a medium, which
responds by altering its refractive index in proportion to the applied field.
In the latter the electric field associated with incident light produces
polarization components at other fregquencies, which can act as a source of
electromagnetic radiaticn at tuose frequencies. For a material to exhibit
significant second-order NLO responses it must have a noncentrosymmetxic
structure. In the case of polymers *his implies that a polar symmetry axis
must be introduced into a medium that woull otherwise be nonpolar because of
orientational averaging. Electric field poling of thermoplastic polymers at
elevated temperatures (above the glass transition temperature, T,) leads to
the introduction of a polar axis (by biasing molecular dipoles in the
direction of the applied fi.ld) (Meredith et al., 1982; Le Barny et al., 1987;
DeMartino, 1988). This induced polarity can be retained by cooling the
polymer to well below its T,. The main advantage of introducing liquid
crystallinity into polymers for second-order NLO applications is the
enhancement in the degree of polar molecular aligmnent it can provide; up to a
factor of 5 under certain processing conditions. The origin of this
enhancement is the effect of the local anisotropic potential asscciated with
the liquid crystalline director on the orientational distribution function of
the nonlinear chromophore. Enhanced alignment translates into up to a factor
of 5 larger nonlinear coefficient, which in turn can increase the efficiency
of processes such as second-harmonic generation by over an order of magnitude.
For third-order NLO materials uniaxial alignment associated with the liquid
crystalline director can have a similar enhancement in the coefficient by
removing the spatial averaging effects of an isotropic environment on the
direction of largest nonlinearity in the chromophore. For commercial
applications the stability of retained alignment is of primary concern since



39

critical device characteristics are determined by the stability of parameters
related to alignment. Liquid crystallinity can assist in the retention of
local alignment because of its highly anisotropic contribution to the local
orientational potential energy (D. J. Williams, 1987).

An alternative approach to inducing noncentrosymmetry might be to
introduce cairality and the other structural requirements of the ferroelectric
smectic c* mesophase into a polymeric structure containing chromophores
capable of producing a nonlinear response (Goodby and Leslie, 1984). Because
of its complexity, this approach has not yet been fully examined or exploited,
but it may be fruitful for achieving high degrees of order with excellent
stability.

Most devices designed to take advantage of the Pockels effect operate by
retarding the phase of light propagating through the medium with the field-
induced refractive index change. One figure of merit (FOM) quantifying the
suitability of a material for a particular electro-optic or integrated optic
application (Alferness, 1982) is

FOM « x®/n(e + 1)

where x‘?) is the first nonlinear coefficient, n the refractive index, and ¢
the dielectric constant of the electro-optical material. This FOM determines
the trade-off between the electric field and path length required to achieve a
particular degree of phase retardation. For very-high-speed devices where
electric fields are applied via microwave transmission lines, an additional
factor emerges. Here the velocity of the microwave pulse V, = C/¢¥ must match
that of light V. = C/n, in the medium over the interaction length required
for a given amount of phase retardation to occur (DeMartino et al., 1987).
From these considerations a large refractive index would favor phase
retardation. For high-bandwidth devices operating in the traveling wave mode,
n? approximately equals ¢ of the electrodes at optical frequencies. For
electro-optic materials such as LiNbO,, n? and ¢ are very different, so that
velocity matching can only be achieved over short distances (Lytel et al.,
1988). From a device design point of view, if the phase retardation must be
achieved over short distances, much higher voltages are required. A thorough
discussion of device-dependent requirements for electro-optic materials is
beyond the scope of this report, but a general list of requirements and
desirable characteristics com iared to the properties of currently existing
materials is presented in Chapter 3.

For second-harmonic generation, a separate FOM is required that leads to
additional desirable material characteristics. Consider the fraction of power
converted to the harmonic frequency, P(2w)/P(w), over a certain region in a
crystal. It is proportional to the following factors:

P(2w)/P(w) « [x‘z-‘z/ns(u/s)“z] « P(w)L « f(AKL/2)

where n, 4, and ¢ are, respectively, the refractive index, dipole moment, and
dielectric constant of the nonlinear materials, and f(AkL/2) is a phase
mismatch factor that 1s periodic in character and whose amplitude is reduced
by increasing periodicity, The periodicity of this function is determined by
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thbe mismatch in momentum Ak of the fundamental and harmonic waves. ' FOM for
harmonic conversion is given by

2
FoM = (x®) /n’(p/e)*?

Here it is clear that low-refractive-index materials have a considerable
advantage relative to high-index materials, and the quadratic dependence of
power conversion efficiency on x‘?’ puts a tremendous premium on that factor.
The input power P(w) and inte.a...on length L are parameters to be played off
zgainst the marevial TNM. "~ .aL. tactors such as birefringence and geometrical
optical factors limit the length over which the interaction can be maintained.

In waveguided structures designed for optimized propagation of
fundamental and harmonic fields, the dependence on interaction length L
becomes quadratic, and optical fields can be propagated over long distances,
leading to high conversion efficiencies (Zyss and Chemla, L987). Because of
the lack of materials with suitable properties, as well as processes to
fabricate them into suitable waveguides, the potential technological
advantages of waveguide SHG have yet to be realized.

Third-Order NLO Proc: sses

Third-order nonlinear processes arise from the nonlinearity in the
polarization response of all dielectric media, including conjugated organic
systems. The x-electrons in conjugated organic systems, being loosely bound,
contribute much more strongly to the nonlinear response than the more tightly
bound core electrons (Rustagi and Ducuing, 1974). Third-order processes fall
into two basic categories., The first is analogous to the Pockels effect,
where the refractive index change is quadratically dependent on the applied
field, which can be at d.c. or optical frequencies. This can lead to a
variety of interesting effects that are manifested in various device designs,
including bistable switches, power limiters, and optically driven modulators
(Stegeman et al., 1988). The second category of processes involves the
interaction of optical fields at different frequencies, where energy can be
exchanged between field components in a manner similar to second-order
parametric processes. The fields can all be at the same frequency (in
contrast to second-order processes, where one of the fields must be at the
harmonic, sum, or difference frequency) or at different frequencies. Third-
harmonic generation, degenerate four-wave mixing, and real-time holography are
examples of such effects (Shen, 1984). If one of the frequencies or any
combination of them matches a resonant process in the molecule ¢r medium,
large enhancements in nonlinear response can be achieved. In this case
dissipation of thermal energy and the temporal response of the resonant
process place constraints on the utility of the process. Momentum
conservation must be maintained and can be controlled by the interaction
geometry.

There is no symmetry restriction for third-order processes, unlike the
case for second-order processes, so they are exhibited by all media. In
conjugated polymers, where electron oscillations are much larger in the chain
direction than perpendicular to it, nonlinear responses are extremely large.
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Nonresonant third-order nonlinearities are larger in polymers such as
polyacetylene (Sinclair et al., 1987), polydiacetylene (Sauteret et al.,
1976), and other conjugated polymers than in any other (liass of materials,
including inorganic semiconductors. The response parallel to the chain
direction suggests that macroscopic orientation of the polymer should result
in a considerably larger response than 1 an isotropic system. The
enhancement factor can be shown to be a factor of five. Conjugated liquid
crystalline mainchain polymers are also known to exhibit high degrees of
shear-induced uniaxial alignment, and the expected increases in nonlinear
coefficlents in appropriate directions have been observed (Rao et al., 1986).

All optical signal processing applications based on third-order NLO fall
into two basic categories: parallel and serial. There are two approaches to
parallel processiag that enable the massive parallelism and interconnectivity
of optics to contribute to optical computing and information processing
(Gibbs, 1986). The first of these involves the use of simple spatial patterns
combined with the switching behavior of nonlinear etalon devices to perform
computational functions; these devices are simply miniature resonant cavities
where the thickness, refractive index, and reflectivity of the internal
surfaces are chosen to provide a destructive interference condition and
therefore low transmission through the device. The nonlinear contribution to
the refractive index of the medium, as illustrated by the equations below,
causes the transmission characteristics to be light-intensity-dependent and
capable of exhibiting bistable behavior.

The second approach to parallel processing involves the formation of
transient holograms generated by two counter-propagating beams in a bulk
nonlinear medium to alter the information content of a third beam interacting
with the grating thereby producing a new fourth beam. An example of
information processing by this method is associative memory (Yariv and Kwong,
1986). Here an optical mode of a resonator containing a hologram with many
messages and a nonlinear medium can selectively amplify a particular message,
given ouly partial information from an input beam. For these applications the

primary requirement is for large x‘®’, where

x/a = nynyz,c2°
in MKS units and
n=- no + nzl

where ny is the material refractive index, n; is the light-intensity-dependent
refractive index, and I is the light intensity and a is the absorption
coefficient. A large value of n? maximizes the response of the material to
small amounts of energy. Because of the inherent parallelism, high degrees of
information throughput are generated, and response times in the nanosecond to
millisecond time frame are useful.

Because of their extremely large resonant nonlinearities, GaAlAs multiple
quantum wells and photorefractive crystals such as BaTi0, have a tremendous
functional advantage for this class of applicatioans. Investigations of NLO
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properties of organic systems, being in a much earlier stage, have not yet
demonstrated similar advantage.

Serial applications of third-order nonlinear optics involve the use of
the intensity-dependent refractive index in waveguided structures to perform
rapid switching of bit streams between two or more optical channels. The
importance of such devices can be appreciated by realizing that optical fibers
:an be utilized to transmit information at rates approaching 1 THz. This rate
is rteyond the capabilities of known light detectors and will require all-
optical signal processing before light signals are :onverted to electrenic
ones. In waveguides, long interaction lengths can be used to generate phase
retardations needed for switching applications so that the premium for
materials is put on the speed of the nonlinear response and the opticsal losses
in the material caused by linear optical processes. [he decay times of
nonlinear responses in semiconductors and quantum well structures, as well as
the response time in photorefractive materials, are in general toc slow for
this type of application. Polymeric materials exhibiting extremely large
nonlinearities (albeit much smaller than the resonant nonlinear responses of
the inorganic materials that makes them more suitable for parallel processing)
may offer the best hope for this important class of applications if additional
gains can be made in their propasrties (Stegeman et al., 1987).
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PROPERTIES OF LIQUID CRYSTALLINE POLYMERS:
CURRENT AND DESIRABLE CHARACTERISTICS

The properties of LCPs are dependent on their final -hysical forms and
their modes of processing. This chapter is divided into sections dealing with
structural and functional properties. These are further partitioned into
subsections dealing with final forms (fibers, films, and processing), function
(electro-optic), and stability of LCPs.

STRUCTURAL PROPERTIES
Fibers

Conventional fibers are prepared either by extrusion of a polymer
solution into an evaporating gaseous stream (dry spinning) or into a
precipitating liquid medium (wet spinning) or by extrusion of a molten polymer
into a cooler gaseous environment (melt spinning). (In wet spinning of
lyotropic LCP solutions, the extruded solution usually passes through an air
(gas) gap before entering the coagulation bath.) The cross-section of the
spin line is attenuated during the spinning process and the molecular and/or
supramolecular orientation in the resulting morphological hierarchy in the
filament (see Figure 2.13) is further increased by stretching (drawing) at
temperatures higher than the glass transition temperature. Ultimately the
molecular orientation in microfibrils composed of high molecular weight chains
is responsible for the desirable unidirectional high tensile strengths and
moduli of fibers. Not only is it costly to achieve high orientation via the
various spinning and processing steps, but the extent of molecular orientation
is severely limited by molecular entanglements and by premature
crystallization resulting in a morphology wherein conventional polymer chains
have a more random conformation—i.e., extensive chain folding and variably
oriented chains between crystalline lamellae. Accordingly, even after
annealing to extend the crystal {paru crystal) component, the classical hard
fibers (e.g., nylons and polyesters) exhibit tensile strengths that are
limited by this basically two-phase (crystal + amorphous) morphology to values
on the order of 5 to 15 gpd (equivalent to about 400 to 1400 MPa) and tensile
moduli or the order of 20 to 250 gpd (about 1.5 to 22 GPa).
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The LCPs, on the other hand, with their rigid, linear chains close-
packed in the fluid nematic domains, orient easily in the converging flow
field of the spinneret and refine their parallel orientation in the
extensional flow field of the spin line, emerging in a highly oriented
morphology (extended-chain crystal habit; see Figure 2.13). The orientational
relaxation times are so long in the melt that solid fibers are readily formed
with minimal departure of the molecular orientation from that in the fluid LC
state. Annealing increases the already high orientation, resulting in
exceptionally high fiber tensile strengths and moduli. For example, Du Ponc’s
Kevlar® exhibits tensile strengths of 2.4 tc 3 GFa and tensile moduli of about
65 to 145 GPa. Since Kevlar® is the most prevalent fiber derived from an LCP,
an extensive tabulation of its properties is given in Table 3.1.

The temperature stability of LCPs is dramatic and may be appreciated by
comparisons with ultra-high st.ength conventional polymers. In recent years,
extremely large tensile values have been attained by "gel-spinning” of
polyethylene (PE), e.g., Spectrao (Allied-Signal). However, because of the
inherent molecular flexibility of PE (facile transitions among gauche and
trans-isomers) and weak intermolecular dispersion forces, its melting point is
low (about 145°C). Present and potentially commzrcial LCP fibers by contrast
exhibit melting points that range from 280 to well over 400°C (decomposition).
These high values are accompanied by retention of useful mechanical properties
at temperatures well above those demonstrated by gel-spun PE. Table 3.2
~ummarizes the propertles of a number of commercial and potentially commercial
LCP fibers; selected Kevlar® data and those of carbon and glass are included
to facilitate comparisons.

In addition to high thermal stability, LCP fibers, in common with other
organic materials, have low densities relative to such inorganics as glass and
metals. This translates into very favorable tensile strength-stiffness-mass
characteristics (Figure 3.1), particularly significant for composites and, in
turn, for use in aircraft and space applications. Note especially the very
high specific strengths and specific moduli of the lyotropic rigid r.d LCPs
such as PBZT and PBO fiber.

The very high orientations of the LCP (and gel-spun) fibers are
accompanied by poor compressive strength. To date, the only practical way to
overcome this serious problem for composites has been to employ mixtures of
the LCP fibers with graphite fibers. (Dow has recently reported that a
developmental PBC fiber may exhibit better compressive strength (H. Ledbetter,
presentation to the committee).
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TABLE 3.1 Properties of Kevlar® Aramid Fibers Derived from Lyotropic LCPs

Yarn tensile strength*

Yarn elongation

Yarn initial wodulus
Yarn secant modulus
to 1% elongation

Epoxy strand tensile
strength**

Epoxy strand elongation

Epoxy strand mecdulus

Refractive index—
" Fiber axis
1 Fiber axis

Equilibrium mcisture
regain (25°C, 65% R.H.)

Yarn creep rate/log
time change

Fiber coefficient of
thermal expansion
(Tongitudinal) m/m/°C

and heat treatment

23 gpd (2.92 GPa)
420 x 10° psi

2.5%

900 gpd (124 GPa)
16.5 x 10° psi

915 gpd (116 GPa)
525 x 10° psi
(3.62 GPa)

2.9%

18-19 x 10° psi
(124-131 GPa)

2.0
1.6

4.3%

0.020% (load 41%
ultimate 7. Str.)

-4.25 x 10°®

Property Kevlar® 49 Kevlar® 149
Density 1.44g/cc (0.052 1b/in®) 1.47g/cc (0.053 1b/in’)
Processing Air-gap wet spinning

18 gpd (2.29 GPa)
340 x 10° psi

i.45%

1110 gpd (141 GPa)
21 x 10° psi

1230 gpd (156 GPa)
500 x 10° psi
(3.45 GPa)

1.9%

25-26 x 10° psi
(172-179 GPa)

1-1.5%

0.011% (load 58%
ultimate T. Str.)

-1.96 x 10°°




TABLE 3.1
(continued)
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Properties of Kevlar® Aramid Fibers Derived from Lyotropic LCPs

Property

Kevlar® 49

Kevlar® 149

Dielectric constant,
K (Fabric/Fiberite® 934
Epoxy Laminate)

Electron radiation
(0-200 megarads)

Shrinkage (permanent)

Flammability
Limiting oxygen index

Thermal decomposition
temperature (TGA)

Long-term use
temperature in air

Tensile properties at
180°C (355°F)

Chemical resistance,
bare yarns

Ultraviolet stability

4.14 at 10° Hz

100% of strength &
modulus retained

< 0.09% after 250°C
exposure

Self-extinguishing
29
500°C (930°F)

160°C (320°F)

> 80% of room temp.
strength <« modulus
retained

Resistant to most
solvents and chemicals
but can be degraded by
strong acids, bases,
and steam

Degrades, but degree
depends on material
thickness since Kevlar®
aramid is a strong
absorber and is self-
screening. In
composites, strength
loss not observed.

3.90 at 10° Hz

> 90% of modulus
retained

{-ore chemically
resistant than Kevlar®
49
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TABLE 3.1 Propertics of Kevlar® Aramid Fibers Derived from Lyotropic ICPs

(continued)
Property Kevlar® 49 Kevlar® 149
Production plant Keviar® in general:
capacity:
Richmond, Virginia 45 million 1b/yr
Maydown, Ireland 15 million 1b/yr

*Yarn properties determined on 10" twisted yarns (ASTM-D885).

**Strand properties determined on untwisted epoxy impregnat