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(ABSTRACT)

Methods of processing polypropylene (PP)/ liquid crystalline polymer blends to obtain
high mechanical properties from injection molded samples were investigated in this dissertation.
Three liquid crystalline polymers (LCPs), two liquid crystalline (LC) copolyesters and one LC
poly(ester-amide), were used. The PP/LCP blends were compatibilized with a maleic anhydride
grafted polypropylene (MAP) to enhance the mechanical properties. The effect of increasing
MAP content on the mechanical properties, morphology, and interfacial tension of injection
molded tensile bars and plaques made from blends with 30 wt% LCP was investigated. It was
determined that MAP enhances both the tensile strength and modulus, but the tensile strength is
increased to a greater degree than the temsile modulus. For the LC copolyvesters, the tensile
strength appeared to reach a maximum while for the LC poly(ester-amide) the tensile strength
increased without limit in the range of MAP contents studied. Simultaneously, a finer dispersion
was created as the MAP content was increased. Calculation of the interfacial tension from
contact angle measurements indicated that the interfacial tension decreased as MAP was added

to the PP matrix. Analysis of the MAP concentration after blending indicated that MAP did not



react with the LCP, but enhanced tensile properties resulted from physical interaction such as
hydrogen bonding. This mechanism is consistent with the greater property improvements found
in the LC poly(ester-amide) blends where the amide group is expected to undergo stronger
hydrogen bonding than the ester group.

Analysis of the injection molding of these blends found that heat transfer and
solidification significantly affected the flexural modulus of these blends. Injection molding
conditions such as fill time, mold thickness, mold temperature and melt temperature were
investigated in three molds of different thicknesses. Different processing relationships were found
between the LC copolyesters and the LC poly(ester-amide). For the former LCP blends, the
highest moduli were obtained from the thinnest mold in a manner parallel to that of the moduli
of neat LCPs. For the latter LCP blends, the highest moduli were obtained in the intermediate
thickness mold. The differences between the copolyester and LC poly(ester-amide)s processing
/ property relationships were related to the melt rheology of the LCPs. For the LC copolyesters,
maximum mechanical properties were obtained when the melt temperature was selected so that
the storage and loss moduli of the LCP were nearly equal. This equality of storage and loss
moduli could not be achieved with the LC poly(ester-amide). In addition, upon cooling, the
storage and loss moduli of the LC poly(ester-amide) indicated that rapid solidification occurred
while a much lower rate of solidification was indicated for the LC copolyesters. In addition the
mechanical properties were sensitive to the rate of cooling as indicated by the Graetz number.
It was speculated that attainment of the highest mechanical properties was related to the LCP
being deformed during the filling stage followed by rapid solidification of the LCP morphology

upon cessation of flow.
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whether at twenty or eighty.
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1.0 Introduction

Attainment of superior physical properties from polymers has been the focus of both past
and present research. Some of this research has been directed at the synthesis of a more narrow
molecular weight distributions and/or more uniform stereochemical configurations. However,
attempts to improve the tensile properties of homogeneous polymers via a ’cleaner chemistry’ are
limited by the ability of the molecular chain to extend and retain an oriented extended
conformation until a glassy state and/or semicrystalline state is achieved [1]. Thus, with the
exception of gel-spun polyethylene [2,34] most flexible chain thermoplastics can not achieve
significantly higher tensile properties.

An alternate means to enhance physical properties is the inclusion of a second phase. For
enhanced tensile properties, the inclusion should be of a reinforcing nature. Inorganic fillers such
as mica flakes and fiberglass fibers are typically used to increase the tensile properties of
polypropylene, PP, nylon, and poly(ethylene terephthlate), PET. Filled polymers offer a low cost
option for improved tensile properties that are suitable for thermoplastic processes such as
extrusion and injection molding. The disadvantages of processing filled polymer are increased
pressures (and hence energy to convey the melt), poor surface finish, erosion of equipment,
unsuitability for use in processes such as film blowing or blow molding and limited potential for
recycling. In addition, the adhesion between the polymer and filler phases is critical for obtaining
the maximum tensile properties. Reactive modifiers are frequently added to promote adhesion
between the phases via chemical reactions.

A newer method of producing higher property polymers was discovered nearly twenty

years ago with the invention of a synthetic liquid crystalline polymer [3]. This wholy aromatic
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polyamide polymer named Kevlar® is solution spun into a high performance fiber with tensile
strength and modulus of 2.5 GPa and 120 GPa, respectively [2]. These high properties are
attributed to the para aromatic structure that creates a nearly rigid rod polymer. This rigid
architecture by its nature forms the extended molecular conformation that permits extensive
intermolecular hydrogen bonding leading to the high mechanical properties of this polymer.
While high properties are obtained from Kevlar®, the high price resulting from high monomer
costs and multiple steps necessary to convert a fiber into an end use product are distinct
disadvantages. These disadvantages often leave this product as a high cost alternative to

reinforcing fibers such as E-glass, graphite, steel, and carbon.

1.1 Thermotropic Liquid Crystalline Polymers

Since the discovery of Kevlar, researchers have invented thermotropic liquid crystalline
polymers (LCP). These polymers are created by including moieties that disrupt [19] or create
kinks [17] in the otherwise rigid structure. This less than rigid structure leads to a melting point
that is lower than the degradation temperature thus permitting melt processing yet offering higher
use temperatures than conventional thermoplastics. These polymers offer high mechanical
properties, high dimensional stability, and low coefficient of thermal expansion [48]. As a result
there is significant interest in understanding and developing these polymers.

Examination of the rheology of these polymers quickly reveals that the rheology of these
LCPs is dramatically different from that of thermoplastics. It is commonly stated that LCPs in
the mesophase exhibit a three region flow curve that is related to the structure of the mesophase

[21]. The rheology is also complicated by both a shear and thermal history dependence [22-30]
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that is not observed with thermoplastics. Wissbrun [24], for example, has shown that preheating
of a LCP to a temperature higher than the rheological test temperature creates a significant
change in the viscosity relative to a sample tested without preheating.

Another difference for LCPs is the close relationship between the type of flow field and
the orientation of the LCP. While chain extension always exists in LCPs, it is now recognized
that the polymer process must be designed to orient the mesophasic domains. The ability to
orient these domains depends upon both the amount of strain and the type of strain [31,36,37].
It has been shown that elongational flows are far superior to shear flows for obtaining orientation
of the domains. The orientation has in turn been directly related to the elastic modulus [32,33]
as shown in Fig. 1-1. Hence, processes where extensional kinematics can be accentuated should
yield the highest properties from a LCP. A theoretical relationship for drawing of fibers relating
the draw ratio, DR, to the orientation angle, 6, was derived by Kenig [36]. This simply

relationship is shown below

tan6=C,DR A 1-1)
where A is a material constant and its value indicates the relative ease of orienting the polymer.
Kenig and coworkers derived other relationships for various shear flows and combined these in
one of the only known simple mathematical analysis of injection molding of LCPs [37,38].

In one of the earliest reports of a LCP, Jackson and Kuhfuss [18] studied the dependence
of the mechanical properties of a molded copolyester composed of 40 mol% PET and 60 mol %
hydroxybenzoic acid (PET/HBAG60) to the mold thickness. Two dramatic effects were noted and
these results are shown in Fig. 1-2. For moldings of increasingly smaller thicknesses the machine

direction flex modulus increases substantially while the transverse direction properties are reduced
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slightly. Hence, high mechanical anisotropies exist for this LCP and this is a common property
of oriented LCPs. It should also be noted for thick molds that the properties are much lower but
they are nearly isotropic. Thus, there is a strong relationship between the mold thickness and
the orientation in molds, and this creates not only high mechanical properties but also high
mechanical anisotropies.

In a study of the orientation profile through the thickness of the molding it was found that
the orientation profile depended upon the rigidity of the LCP [39]. For rigid LCPs containing
36% HBA moieties, a pronouced variation in the orientation from high orientation at the skin and
subskin to a local minimum beneath the skin and a global minimum at the core were measured.
However, for a more flexible LCP with only 15% HBA a flatter orientation profile was measured
which resembled the profile of a thermoplastic molding. These orientation profiles are illustrated
in Fig. 1-3.  Hence, both experimentally and theoretically, the rigid nature of LCPs leads to
dramatic differences in orientation distributions from that found in thermoplastics. These
differences must be used advantageously when designing a polymer process.

In a key study of molding LCPs, Garg and Kenig [38] related the flex modulus of the
molding to the frozen skin layer where high orientation exists. Using an equation derived by
Dietz et al. [16]

42 1-2)
M iw
where the frozen layer thickness, d, is related to the melt, wall, and solidification temperature
(Tm, Tw, and Ts, respectively) and where «a is the thermal diffusivity and t is the time the

polymer is in contact with the wall during the filling stage. Garg and Kenig varied the mold and
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melt temperature to find that the flexural modulus varied directly with the temperature group
shown in equation (1-2). Thus, the flex modulus scaled directly with the heat transfer
responsible for freezing the orientation created in the fountain flow and high shear stress layers
near the wall of the mold. Hence, heat transfer and solidification are important mechanisms for
obtaining high properties from injection molded articles.

The mechanical behavior of these anisotropic LCPs may be described by composite
theory. The in-plane mechanical properties surprisingly follow simple composite theory for
continous unidirectional fiber reinforced lamina as shown by Ide and Chung [35] for a LCP based
on HBA and hydroxynaphthoic acid (HNA). Blundell [39] showed that a molding may be
mechanically modeled by sectioning a molding into lamina whose properties can be determined
from X-ray data and Ward’s aggregate model [4]. The modulus of these lamina are then
combined using composite theory to match the tensile modulus of the molding. In summary, the
mechanical properties of LCPs in moldings are very anisotropic because of the combined effect
of fluid flow and solidification on the orientation profiles. However, because of the strong
anisotropies the mechanical properties of these materials may be predicted from simple composite
theory.

For thermoplastics, anisotropy has been minimized with the creation of biaxial processes
like blow molding and film blowing. However, for LCPs fabricated in processes like injection
molding, properties are anisotropic with considerably higher properties in the flow direction than
in the direction transverse to flow. One exception, however, was created in moldings by control
of the flow within the mold. Zachariades and Economy [41] designed a mold with a rotating wall
that also translated thus providing a sweezing flow during the filling stage of injection molding.

They showed by directing the flow from a center gated mold with the radially spinning and
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compressing mold wall that triaxial flow and orientation could be obtained. As a result, very
strong parts from both thermoplastics and thermotropic polymers were obtained. A similar study
of film blowing of hydroxypropyl cellulose (HPC), a LCP, and PS made with a rotating annular
film die was reported [40]. This die was capable of producing equal biaxial films of PS.
Although equal biaxial properties were not obtained with HPC, the anisotropy was reduced. In
summary, LCPs possess high mechanical properties in the flow direction and low properties in
the transverse direction. However, if fluid can be forced to flow in multiple directions then this
anisotropy can be reduced. Although anisotropy is still a potential weakness, the high properties

of LCPs are creating interest for their use in not only neat forms but also in blends.

1.2 LCP Blends: In Situ Composites

The high mechanical properties and ease of processing of LCPs have led to their
development as possible replacements for inorganic fillers in thermoplastics resins. This
approach is especially attractive where inorganic fillers are not desired (e.g. poor surface finish
or equipment erosion) or suitable (e.g. film blowing). LCP reinforcement of thermoplastic resins
is accomplished by melt blending during processing with the creation of LCP fibrils within the
resin. This morphology and the enhanced properties of these blends has lead to the phrase in siru
composites to describe these materials.

Many combinations of thermoplastic resins with LCPs have been studied to date. The
majority of these studies use polycarbonate (PC), polystyrene (PS), nylon, polyethylene
terephthalate (PET), polyether imide (PEI) and polyether ether ketone (PEEK) resins with LCPs

commercially obtained from either Hoechst Celanese, Eastman Kodak, or Unitika [42,45-54].
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