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(ABSTRACT)

The overall objective of this work was to enhance the mechanical properties of
thermoplastics by blending with liquid crystalline polymers (LCPs). Injection molding a;nd
sheet extrusion studies of blends of poly(ethylene terephthalate) (PET) with several LCPs were
conducted with an emphasis on blends containing 50 wt % or less of the LCP. It was seen that
significant enhancements (50-350%) in the tensile and flex moduli of PET were achieved by
blending with 0-50 wt % LCPs via injection molding. The level of property enhancements was
lower in the case of-sheet extrusion due largely to processing limitations which made it diffi-
cult to obtain high draw ratios.

Since thermotropic LCPs typically have high melting temperatures it is difficult to blend
several thermoplastics such as polypropylene (PP) with these LCPs in the same extruder or
molding unit. Thus a blending method (hereon referred to as the dual-extruder mixing
method) was developed to overcome this limitation. In this method, the matrix and LCP
polymers were plasticated in two separate extruders, subsequently mixed downstream in a
static mixer (Kenics) and the melt blend than passed through an appropriate capillary or sheet
die to generate strands or sheets, respectively. Using this method, blends of PET and PP with
several LCPs were extruded into strands and sheets. In some cases, for example PP and
Vectra A900 (LCP), the difference in their normal processing temperatures was in excess of
100°C.

Strands of PET/Vectra A900 70/30 composition ratio were observed to have higher moduli
than a blend of the same composition extruded using a single extruder at all the draw ratios

tested. This was determined to be due to the different LCP fibrillar morphology in the two



cases. In the case of the dual-extruder mixing method, the L.CP fibrils were continuous, run-
ning the length of the extrudate, and further devoid of any skin-core structure. In contrast, the
single-screw extruder blend had a distinct skin-core fibril-droplet type of structure and the LCP
fibrils were not continuous. On the basis of other independent experiments, it was confirmed
that the LCP fibrils in the dual-extruder mixing method were generated in the static mixer itself
whereas the LCP fibrils in the case of single-screw extrusion were generated in the converg-
ing section of the die and/or by drawing at the die exit. This difference in the mode of LCP
fibril generation in the two cases was attributed to the distributive mixing mechanism of the
static mixer compared to the dispersive mixing in the extruder. Strands of PP/LCP and
PET/LCP had significantly enhanced tensile moduli compared to the corresponding matrix
tensile modulus. Enhancements of 10-20 times that of the pure matrix were achieved when
blends containing about 20-30 wt % of the LCP were extruded from the dual-extruder mixing
method. The tensile moduli of sheets of PET/LCP and PP/LCP blends were not much higher
than that of the corresponding matrix polymer and this was attributed to the low molecular
orientation achieved in the sheets due to low draw ratios. The tensile strengths of the majority
of the blends were not enhanced to any appreciable degree and poor wetting and adhesion
between the thermoplastic-LCP polymers was believed to be the cause.

Comparison of some of the mechanical properties {tensile modulus, tensile strength,
flexural modulus) of the thermoplastic/LCP blends generated in this study with data from the
literature on thermoplastic/inorganic filler composites showed that when compared on the
basis of equal wt % of the reinforcement in the blend, the LCP composites can yield me-

chanical properties which are in the same range as those obtained using inorganic fillers.
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1.0 Introduction

In view of the fact that the development and commercialization of wholly new polymeric
materials to meet specific applications is often a costly and time consuming process, the
concept of tailoring a polymers’ properties through blending has long been recognized as a
viable alternative. Consequently, the concept of composites, multilayer extrusion, lamination
etc., which combine the advantages of two or more materials to achieve specific properties,
has received considerable attention in recent years. In particular, fiber-reinforced polymer
composites offer substantial improvement of the engineering performance of various polymers
and have found tremendous application in aircraft, automotive and marine industries (1).

Until recently, composites usually referred to the fiber- reinforcement of thermoset ma-
trices with inorganic fillers such as glass, graphite, or polyaramide fibers. However, more
recently the term has also been used more loosely to define blends of two polymers in which
some kind of reinforcing effect is present. Thus throughout this manuscript the terms com-
posites and blends will be used interchangeably.

Both thermosetting and thermoplastic composites exhibit some disadvantages. For ex-
ample, thermoset matrices suffer from several disadvantages such as long processing times,
moisture sensitivity and brittieness. Further, they are non-recyclable. On the other hand,

thermoplastic matrices reinforced with inorganic fillers leads to some processing problems
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(2). The addition of these fibers to a polymer melt results in a .substantial increase in viscosity,
which makes processing more difficult and energy intensive. Additional problems include
wear on the processing equipment due to abrasion and difficulties in compounding. Forthese
and other reasons, it would be highly desirable to find an approach in which the reinforcing
species is not actually present before the processing of the resin, but comes into existence
during the processing. The in situ formation of the reinforcing species has led to the term in
situ composite to describe materials of this type.

In order to accomplish the aforementioned goal of generating polymeric composites in
situ, researchers have worked with a variety of systems in the last few years (3,4,5,6,7). In
these studies, the reinforcing species is a special kind of thermoplastic - a thermotropic liquid
crystalline polymer (LCP). Thermotropic LCPs (TLCPs) are long-chain organic molecules,
usually fully aromatic polyesters, that possess sufficient chain stiffness to give extremely high
stiffness and strength, and yet are flexible enough to melt. These materials exhibit more than
a single transition in passing from the solid to the liquid state. Thus there exist one or more
intermediate phases with molecular ordering, known as “mesophases”, between that of a
solid and that of an isotropic fluid (89). In these mesophases, the molecules show some de-
gree of rotational order (and sometimes partial translational order also) even though the
crystal lattice has been destroyed. It is a lack of this lattice structure that gives the
mesophases or liquid crystals their fluidity and yet they are ordered fluid phases. It is this
combination of liquid-like (fluidity) and solid-like (molecular order) character in a single phase
that makes liquid crystals unique and gives rise to a host of interesting properties. More will
be said about some specific LCPs and in particular about their rheological and mechanical
properties in a later section.

Interest in liquid crystalline polymers has grown in recent years primarily due to their
inherent stiffness and strength, high use temperatures and low melt viscosity (4). Despite an
extensive flurry of research and development activities, however, established commercial
markets of LCPs are relatively few. The high cost of the monomer has resulted in LCPs being

much more expensive than “conventional” thermoplastics. As a consequence of this high cost
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of LCPs, blending of LCPs with engineering thermoplastics off‘ers the possibility for developing
new materials with desirable properties, but at a reduced cost. |n fact, one of the primary
areas of research involving LCPs today is in the generation of in situ reinforced composites.
The properties of such reinforced blends are similar to that of conventional short-fiber rein-
forced composites (2).

A fair amount of work has been done on the formation of in situ composites to date. The
works thus far have been successful in establishing that certain features of these systems e.g.,
reduction in viscosity of the blend upon addition of LCP, enhancement in mechanical proper-
ties in the machine direction etc. are apparently common to most LCP/thermoplastic blends
investigated. These will be treated in more detail later. Much of the work done in that respect
has been almost repetitive without bringing forth any substantially new information. Conse-
quently, there are still many problems and unanswered questions regarding the development
of these complex systems. One of the biggest drawbacks of TLCPs is that they have high
melting temperatures. This results in rather high processing temperatures, which are often
near or above the thermal degradation temperatures of common thermoplastics. Also, the
presence of an LCP dispersed phase frequently results in a low viscosity of the blend at
processing temperatures. This in turn leads to low melt strengths, making processing difficult
and any post-extrusion drawing nearly impossible for some LCP blend systems. Drawing, as
will be shown later, is essential to imparting molecular orientation in the polymer and thus the
inability to draw poses a major problem in obtaining high strength composites.

A lack of sufficient data in the literature, on some aspects of the formation of in situ
composites, has added to the above processing complications. For example {and as will be
further elucidated in the literature review), given a particular system of a thermoplastic matrix
polymer and a reinforcing LCP, it is not yet well understood under what conditions the
thermotropic LCPs will form a reinforcing phase. In particular, knowledge of the processing
conditions by which specific fibritlation of the LCP phase can be achieved is still quite limited.
Furthermore, an understanding of which factors and to what extent they influence the forma-

tion of a truly reinforced composite is still quite obscure. The effects, if any, of the "miscibility”
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and interfacial surface tension of the two phases in determini'ng the morphology and end
properties of the composite system are little known at this time. A high degree of orientation
of the LCP phase is imperative to the formation of high strength composites. However, even
if good orientation of the LCP phase in the matrix is obtained, the question still remains as to
what level of optimization of properties is possible with a given system and what has actually
been attained. A better understanding of the deformation of polymer droplets, suspended in
another polymer melt, is indeed of fundamental importance. Properties of polymer blends
depend to a large extent on the size. shape and the degree of dispersion (i.e., morphology)
obtained by different polymer processing operations. This complex interconnection between
processing conditions, morphology and change in the blend (or composite) properties, re-
mains a matter of empirical importance.

One other comment that needs to be made is the fact that all of the work on blends of in
situ composites and blends reported in the literature to date have been limited to systems in
which the two components have some degree of overlap of their processing temperature
range. The fact that many of the LCPs of interest have quite high melting temperatures, has
seriously inhibited the number of thermoplastics that can be successfully blended with LCPs.

With the above in mind, the main objectives of this research are briefly outlined as fol-
lows. An extensive discussion of the research objectives is deferred till after the literature
review. The principal objectives of this work are: to design and develop a new processing or
mixing method which will allow the blending of higher melting LCPs with commodity or engi-
neering thermoplastics whose nominal processing temperatures are much lower than those
of the LCP; to establish the rheological properties of the polymer melts and the design pa-
rameters (number of mixing elements, residence time, etc.) necessary to predict a priori the
feasibility of blending a given polymer pair; to determine the differences, if any, in the
morphology and mechanical properties of blends extruded via the mixing method described
below and from single-screw extrusion; and to determine if the blends processed by the mix-
ing method may be further processed by injection molding, solid phase forming and

thermoforming without a loss in their mechanical properties.
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A general description of the proposed mixing method is és follows. The process involves
the extrusion of the two components in two separate extruders. The melts will then be brought
together and mixed in a motionless (static) mixer and the melt blend then passed through ei-
ther a flat sheet die or a capillary die to produce flat films or rods, respectively. Some pre-
requisites implicitly involved in this design are a thorough knowledge of the melt rheology of
the two components and an analysis of the governing heat transfer processes. Much of the
rheological data will be generated as part of this study. Two matrix materials will be used in
this study, poly(ethylene terephthalate) (PET) and polypropylene (PP). Several different LCPs
will be used to varying degrees in this study. A wholly aromatic copolyester of p-
hydroxybenzoic acid (PHB or HBA) and hydroxynaphthoic (HNA) in the molar ratio of 73/27
HBA/HNA, commercially known as VECTRA A900 and marketed by Hoechst-Celanese is one
of the main LCPs that will be used. Further, two copolyesters of PET and hydroxybenzoic acid
(HBA or PHB) in the composition ratios of 40/60 mole % and 20/80 mole % will also be used
extensively.

As was mentioned earlier, the biggest motivation in making in situ composites is to
produce high strength materials. Thus the measurement of the mechanical properties of both
the flat films and rods will form an integral part of this study. Of particular interest are the
tensile strengths and the shear and tensile moduli of the films and rods. Also, the correlation
of processing variables with orientation, morphology and properties in each case will be
undertaken.

As will be shown later, both LCPs and their blends tend to have good mechanical prop-
erties in the machine direction but poor properties in the transverse direction. This limitation
might be overcome if the as extruded sheets are treated as prepregs so that a number of
sheets may be consolidated together to form a ‘composite’ whose properties are strong in all
directions. Having an in situ composite whose matrix has a lower melting temperature than
the reinforcement should offer a special advantage in such a process. Consequently, the po-
tential of the unidirectionally reinforced as extruded sheets to form composites by consol-

idation of several sheets under pressure will be tested. Mechanical properties as well as
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morphological studies will also be carried out. One other pro.cess that can take advantage of
the special feature of these in situ composites is thermoforming. Further processing of the as
extruded films would appear to be possible without significant loss of orientation and structure
of the reinforcement {LCP phase). Thus thermoforming studies on the extruded films will also
be carried out to test the validity of this conjecture.

A brief introduction to the subject of in situ composites was presented in this chapter.
Also, a preliminary introduction to liquid crystalline polymers was also given. Some of the
findings of the literature were briefly outlined and the main research objectives of this study
were given. In the following chapter, an attempt will be made to present the literature as it
pertains to the current research. It is hoped that the literature review will be successful in
bringing the research goals into proper perspective. On the basis of the findings of the litera-

ture review, the proposed research is developed and presented at the end of Chapter 2.
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2.0 Literature Review

It is clear that the field of polymer composites and blends has expanded greatly in the last
twenty or so years. Much of the increased activity in this area can be attributed to the fact that
polymer blends offer uniqgue materials with the desirable features of its constituents. As a re-
sult of the active research pursued in this field, the literature has been literally flooded with
publications from both the theoretical and experimental viewpoint. Thus no exhaustive review
of polymer blends is attempted. Rather, appropriate references are given where deemed
necessary.

To gain any kind of an understanding of the development of in-situ composites, it be-
comes necessary to examine several different aspects of polymer blends. Most of the sub-
jects reviewed later are directly related to the process of specific fibrillation of one polymer
in another. Thus this chapter is divided into several sections. Section 2.1 gives a brief review
of the general area of polymer blends along with a discussion of some of the terminology
currently employed. In Section 2.2, the fundamental aspects of drop deformation are reviewed.
Both experimental and theoretical work from the literature is presented in order to establish
the current status of this very pertinent phenomena. Although no study of the drop deforma-
tion phenomena per se is proposed, it is felt that a review of the subject is nevertheless nec-

essary in understanding the development of in-situ composites. Section 2.3 is a brief
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discussion on the stability of the elongated domains formed Ey the deformation of droplets.
Condition under which the thread-like entities (i.e., fibrils) are unstable and break up into
droplets are outlined. The development of morphology in two-phase polymer blends with an
emphasis on the specific fibrillation process is discussed in Section 2.4. Following that, Sec-
tion 2.5 is devoted to a discussion of some features of liquid crystalline polymers (LCPs) that
are necessary towards the further understanding of this work. A general introduction to liquid
crystais is followed by a review of the rheology of thermotropic LCPs. In particular, the
viscosity behavior, the shear and temperature history dependence, and the processing of
LCPs is discussed. In Section 2.6, specific studies on the generation of in-situ composites
are discussed. The literature is examined critically in order to highlight the areas that are
deficient in any respect. Finally, in Section 2.7 some preliminary resulits of this author are

presented, leading up to the proposed research at the end of Chapter 2.

2.1 Polymer Blends-Some General Considerations

2.1.1 Polymer-Polymer miscibility

Polymer blends may be defined as an intimate mixtures of two (or more) kinds of
polymers, with no covalent bonds between them (8). After blending together, polymer pairs
may be qualitatively considered immiscible, partially miscible or miscible depending on
whether two distinct phases remain, partial mixing of the two polymers takes place at the
molecular level, or a single thermodynamically stable phase is formed.

It is probably appropriate at this stage to digress a little, and distinguish between
miscibility and compatibility since these terms have often been used quite interchangeably in

the literature. “Compatibility” has been used by many investigators of polymer blend behavior
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