A Study of Processing Methods for Producing Biaxial
Orientation in Thermotropic Liquid Crystalline Polymers

by
Kent @ordon Blizard

Dissertation submjgted to tl@g Graduate Faculty of the Virginia
Polytechnic Institute and State University in partial
fulfillment of the regquirements for the degree of

DOCTOR OF PHILOSOPHY
in -
Chemical Engineering

APPROVED:
Donald G. Baird, Chairman
é;rth L.‘;ilkes —_;homas ;T-ﬁ;;d "
w;iliaé L:Wé;;é;;” Daniel Frederick

February, 1988
Blacksburg, Virginia



PROCESSING METHODS FOR PRODUCING BIAXIAL ORIENTATION
IN THERMOTROPIC LIQUID CRYSTALLINE POLYMERS
by

Kent G. Blizard

Abstract

Four methods of biaxial deformation were considered in
an attempt to obtain biaxial orientation and properties in
two thermotropic copolyesters: hydroxybenzoic acid-co-
polyethylene terephthalate (HBA/PET) and hydroxybenzoic
acid/2,6 hydroxynaphthoic acid (HBA/HNA). They consisted
of solid phase forming, extrusion blow molding, biaxial
stretching, and film blowing. Some measure of biaxial
properties and orientation was obtainable in all four
processes, from the layered structure apparent in the blow
molded bottles to the wuniplanar orientation in the
stretched £ilm. Tensile and flexural properties were
exceptional in the blown film in comparison to the other
processes considered: tensile strengths of 300 to 400 MPa
and moduli of 13 GPa were observed in the axial direction,
for example. This result is believed due to the absence
of a skin-core texture in which the core often remains

relatively unoriented.



A second objective of this work was to determine the
feasibility of using Doi's theory for anisotropic solu-
tions of rigid rods to predict the structure develcped
during the deformation processes for these thermotropic
systems. Doi's theory of nematics, although limited to
monodomains and containing numerous mathematical approxi-
mations in order to obtain a closed form for the kinetic
equation, was used to predict the orientation development
in the blown film process. Although qualitative agreement
with experiment was found, quantitative agreement could
not be expected.

Since Doi's theory was developed by examining an
isolated rigid rod in solution and modifying the resultant
equations to account for interactions of . neighbors,
transient predictions on a lyotropic solution were also
made and compared to experimental results. In particular,
stress growth on the inception of a steady simple shear
flow was examined for the system of poly(p-phenylene
terephthalamide)/ 100% sulfuric acid. Comparisons to
Doi's theory were made for both isotropic and anisotropic
solutions. Quantitatively the theory was found to be
unacceptable, particularly at higher shear rates in which
the equilibrium stress was at least an order of magnitude
lower than experimental results showed. It did, however,
predict an overshoot in the shear stress, which increases

with deformation rate.
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1. INTRODUCTION

Over the past two decades a new class of polymers has
been developed which has received a great deal of atten-
tion in the literature. Frequently termed liquid crystal-
line polymers (LCPs), these macromolecules have a struc-
ture intermediate between a liquid and a solid. The
liquid crystalline mesophase may exist in polymers either
in solution, in which case they are referred to as lyo-
tropic, or in the melt state, in which instance they are
designated as thermotropic. Although LCP fluids possess
anisotropic optical properties 1like some solids, their
molecules are relatively free to move about like a liquid;
hence the term mesophase, meaning intermediate structure,
has been applied to them.

Experimental observations have shown that the moities
responsible for liquid crystalline behavior typically form
elongated rigid rod molecules which exhibit a high degree
of orientation within a domain. Flory has justified these
observations from thermodynamics; the phase change from a
ligquid crystal to an isotropic solution could be attrib-
uted solely to the shape of the molecule [1]. Early work
primarily was concerned with the lyotropic systems, of

which poly(p-phenylene terephthalamide) (PPT), spun from



sulfuric acid solution to form Kevlar, is the most well
known [2]. Because of the processing difficulties and
limitations inherent in solution-spun fibers, melt-
processable thermotropic LCPs have of late received great
industrial interest. By combining the ease of processing
found in most industrially important thermoplastics with
potentially outstanding properties associated with highly
oriented materials, thermotropic LCPs should play an ever
more important role in the high performance plastics
industry.

Much research and development remains, however, if the
potential of the thermotropes is to be exploited. These
systems should find a niche in applications where proper-
ties such as high strength and modulus, superior chemical
resistance, high use temperatures, or specific electrical
capabilities are required. Property-processing relation-
ships are still rather vague and 1ill-defined in most
instances. The importance of thermal and deformation
history cannot be exaggerated when the process engineer
tries +to optimize the properties of the material. Tradi-
tional processing steps, particularly in the fabrication
of multi dimensional articles, do not in general by them-
selves yield the optimal properties that one would desire.

The thermal and rheological properties exhibited by
some thermotropic LCPs, though, permit processing options

that may substantially enhance their physical and mechani-




cal properties. These processes in one way or another
utilize the "orientability" of the domains and the mole-
cules themselves in order to give the outstanding proper-
ties required in the competitive high performance materi-~
als market. For example, the long relaxation times asso-
ciated with orientation in the thermotropic mesophase
coupled with the phenomenon of superccoling permit pro-
cessing below the usual flow temperature of the material.
This research looks at two aromatic systems, p-hydrox-
ybenzoic acid, and 2,6 hydroxynaphthoic acid (HBA/HNA)
system marketed by Celanese and hydroxybenzoic acid/
poly(ethylene terephthalate) (HBA/PET) thermotropic copo-
lyester produced by Tennessee Eastman. This work attempts
to answer the criticisms associated with these and other
thermotropic LCPs. In particular, although properties in
one direction may be outstanding, the anisotropy usually
present is such that transverse properties are grossly
inferior. Hence, 1if one were capable of predicting and
producing biaxial or multiaxial orientation without exces-
sive deterioration of properties in the machine direction,
the polymers would have a wider range of applications.
Several processes for producing biaxial orientation
in the melt or solid phase are discussed. Specifically,
blow molding, a biaxial stretching process, sqﬁeezing
flow, and free film blowing will be examined, the last

both experimentally and theoretically (using Doi's



theory). The correlations of processing variables with
orientation and properties in each instance will be under-

taken.

In order to place this research in an appropriate
framework, the recent technical literature concerned with
the orientation and properties of thermotropic LCPs and
the systems of interest in particular, will be reviewed in
Chapter 2. An exhaustive review of the liquid crystalline
literature is not contemplated; several such reviews are
available [3-8]. The governing equations for free film
blowing will also be summarized in preparation for the

proposed theoretical work.




2. LITERATURE REVIEW

For one to comprehend the subtleties of the develop-
ment of anisotropic properties in polymeric 1liquid crys-
tals (LCPs), some phenomonological background is requi-
site. Section 2.1 thus gives an introduction, albeit
brief, to the subject of 1liquid crystalline order in
polymers. Second, the orientation and properties of
thermotropic systems in general are considered, with
emphasis on processing routes to achieving desired orien-
tations. In section 2.3 the optical properties and domain
orientation in thermotropic LCPs are then considered. The
gross structure of 1liquid crystalline polymers from a
mechanics viewpoint, including composite theory, is then
considered in the next section. After that, in section
2.5 the thermal and flow properties of the systems of
interest are considered. Points of contradiction of
various research will be brought out, to emphasize the
less than perfect state of fundamental knowledge in this
rapidly developing field.

In view of the objective of this research to develop
biaxial orientation in the copolyesters of interest, the
next two sections will review the process of free film

blowing. Following a theoretical development of the




governing equations in section 2.6, the following section
concerns the practical considerations of the experimental
techniques and methods used by other researchers. It
should be emphasized that, although the equations pre-
sented were specific to film blowing, other processes to
achieve biaxial orientation, such as blow molding, thermo-
forming, or a biaxial stretching process, could also be
analyzed from such a perspective if the kinematics are
known. This work will consider only film blowing from a
modelling approach, although other processes will be
studied in the laboratory.

It is one objective of this work to determine whether
Doi's theory can be extended to thermotropic systems and
used to predict orientation in the film blowing process.
To this end his theory of polymer nematics will be summa-

rized in the last section.




2.1 Liquid Crystalline Order in Polymers

Besides the distinctions made between lyotropic and
thermotropic systems, liquid crystalline polymers may be
further differentiated based on the type of molecular
ordering exhibited in the liquid crystalline phase, which
is a function of the molecular structure. Rigid rod
molecules, helical molecules, and block or comb-like
molecules each tend to form a specific mesophase type, of
which there are three chief ones: nematic, cholesteric,
and smectic.

A schematic representation of these three mesophase
types is shown in Fig. 2.1. The nematic mesophase is that
of lowest order and consists of aggregates of rod-like
molecules. Within each aggregate, or domain, the mole-
cules have a distribution about a common axis. No order
exists, however, concerning the center of gravity of the
individual molecules in a domain; they are free to slide
over each other, maintaining their relative orientations.
The cholesteric mesophase 1is c¢losely related to the
nematic, and thus has been termed a twisted or chiral
nematic. Molecules are arranged 1in layers, each one
resembling a nematic mesophase. The orientation in suc-
cessive layers differs by a certain amount, the twist. The
chiral nature of the substituent molecules gives rise to

this helical packing, and results in the Bragg scattering
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NEMATIC SMECTIC CHOLESTERIC

Figure 2.1 Schematic representation of the three

mesophase types




frequently observed from these materials [60]. In the two
dimensional smectic mesophase, the molecules reside in
stratified layers separated by well-defined distances
which can be detected by x-ray scattering. Unlike the
nematic mesophase, there is an ordering of the centers of
gravity of the molecules and they are not free to slide
over one another. Both interactions between main chain
and side chain groups may determine the ordering of the
mesophase. Severél reviews consider the chemistry of
thermotropic LCPs [4,9], which is beyond the scope of the
present work, concerned as it is primarily with orienta-

tion and properties.
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2.2 Orientation and Properties of Thermotropic LCPs

The orientation and concomitant properties of numerous
thermotropic systems, as well as various processing steps
to generate these properties, have been reported in the
literature [10-24]. Before examining these results,
however, it is instructive to briefly review the concept
of an order parameter, a good explanation of which was
recently given by Ericksen [58].

A schematic representation of a single rod oriented at
some angle in a Cartesian coordinate system is reproduced
in Fig. 2.2. For rigid rod molecules having indistin-
guishable ends, odd moments of the orientation distribu-

tion disappear. In liquid c¢rystal research the second

moment is routinely used:

Mij = <mimj> (2.2-1)
with m a unit vector and the brackets indicating the
integral of the distribution function over a solid angle.
The eigenvalues of M, Mp, n=1,2,3 must satisfy: 0<Mp<1;
M14+M24M3=trM=1. More common is to use the deviator of M,
S = M - 1/3trMé with the eigenvalues Sp gatisfying:
~1/3<Sn¢2/3, S1+52+S3=0. In terms of the eigenvalues of
S, three possibilities may exist. If all are egual, $=0,
and an isotropic phase is defined. If two are equal,

axial symmetry exists and S can be represented by

Sij = S(ninj-1/36i7) (2.2-2)
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Figure 2.2 Schematic representation of a rigid rod

oriented in a Cartesian coordinate system.
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with n being a unit vector corresponding to the distinct
eigenvalue (the director). 1In this case a nematic phase
is defined. S, the order parameter, provides a scalar
measure of how well the molecules are aligned and is

defined such that -

N~

<8<1 with S=0 corresponding to random
orientation. For perfect orientation along the director
S=1l. For S=-3%, the molecules are confined to a plane
perpendicular to n. Common measurements on nematic polym-
ers place S in the range of .3 to .7; thus, alignment is
usually far from perfect. Many theories have considered S
to be characteristic of a given material. External
fields, such as flow and magnetic fields, were used to
control the director, n. The assumption of a constant S
may not be valid for polymeric thermotropes because of
chain flexibility, molecular weight distribution, and a
polydomain structure, however, and an obvious compromise
is'to regard S as spatially variable and predict how its
variations relate to an imposed field.

This remainder of this section will summarize some
recent research findings concerning the orientation and
properties of several thermotropic systems. with the
above background on the definition of the order parameter,
experimental results can be understood more readily and
comparisons drawn between the often disparate findings.

Several authors have examined melt spun thermotropic

systems in terms of the effect of processing variables
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on orientation and mechanical properties of the fiber
(10-16]. In most respects their findings are in agree-
ment, but some differences should be pointed out.
Acierno, et al. [10] studied fiber extrusion into air at
room temperature of two compositions of the HBA/PET copo-
lyester: 30/70 and 60/40. Only the latter exhibited the
nematic phase. Among other results, they found mechanical
properties, specifically tensile modulus, to decrease with
increasing extrusion temperature for the 60/40 system. 1In
particular, the highest value (30 GPa) was obtained at a
temperature of only 225°C. At the highest temperature,
285°C, the initial modulus was only 1/10th of its maximum
value. Material was extruded through a 2 mm orifice at
0.1 m/min with take-up velocities in the range of 10 to

300 m/min. Modulus increased with the take-up ratio,

VE/vo, to an asymptotic wvalue for each processing

temperature. Their results are summarized in Fig. 2.3.

The values of tensile strength, op, also increased with
take-up rate, but exhibited a discontinuity which was not
fully accounted for. At high draw ratios (Vf/yv0=2500),

the tensile strength reached a maximum of about 300 MPa.

Ide and Ophir [12] described the melt extrusion of a

naphthalene-containing terpolymer. The polyester was
extruded through a 0.76 mm orifice at 340°C. Drawdown
ratios of 1.1 to 50 were wused. Tensile strengths

increased from 0.1 to 0.7 GPa with drawdown ratios up to



E, GPa

14

30k
20 F
10+
0 , ‘
0 1000 2000
Vf /Vo
Figure 2.3 Elastic modulus for as spun T2/60 vs. the

VE£/V0 ratio.

Extrusion temperatures are indicated [10].



15

11, then decreased to about 0.5 GPa above draw ratios of
50. Tensile strengths were unaffected by increasing
extrusion or shear rates. Tensile moduli decreased with
shear rate from 5 GPa to 3.5 GPa at low draw ratios, but
increased from 5 to 50 GPa at high draw ratios. These
results are depicted in Fig. 2.4. The authors concluded
that elongational, and not shear flow, contributed to the
high degree of orientation observed in melt-spun fibers,
and only small elongational strains were required for
exceptional properties.

Sugiyama and coworkers [13] also reported on the melt
spinning of the 60% HBA/PET copolyester. Although tensile
properties were not reported, the effect of extrusion
temperature and take-up ratio on fiber orientation were
discussed. Fibers were melt spun between 230°C and 300°C
through a 0.74 mm diameter capillary at 0.085 to 0.85
m/min with take-ups in the range of 500 to 1124 m/min. The
authors did not report on how the fibers were cooled.
Orientation, measured by x-ray scattering and determined
by Hermans' orientation function,

fy =[3<cos28> - 1]/2 (2.2-3)
increased from 0.2 to 0.65 with no take-up as the tempera-

ture was increased from 230°C to 280°C. (Random orienta-

tion gives an fy of zero, and perfectly aligned molecules

an  fy of unity). A similar trend was noted at higher

extrusion rates. This temperature dependence of orienta-
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tion 1is summarized in Fig. 2.5. The limiting nature of
Hermans' orientation function was interpreted as the
result of '"plug" flow in the capillary. The authors did
not specify what exactly they meant by plug flow, how they
determined its existence or how this would relate to the
development of orientation in the extrudate. However, the

flow curves indicated that no plug flow occurred. Little

change of fy yith draw ratio was observed in contrast to
the results of Ide and Ophir. Thus, Sugiyama and cowork-
ers concluded that almost all of the orientation developed
in the capillary itself.

Chung [11] has also conducted studies of the fiber
extrusion of a nematic mesophase. The extrudate was run
through a sizing ring and quenched. Various draw-down
ratios were used, but the author does not specify these
nor relate them to the orientation. Examining fy for the
HBA/HNA system, he correlated the modulus with the orien-
tation function. He found that only a slight improvement
in domain alignment led to a great enhancement in modulus.
In Fig. 2.6, these results are seen. The initial tensile

modulus increased from less than 2 MPsi to more than 10

MPsi if fy yas increased from approximately 0.8 to 0.95.

Muramatsu and Krigbaum [14] have recently reported
their results on fiber spinning of 60% HBA/PET from the

melt. The material was spun into a silicone o0il below the

die exit. Wide angle x-ray (WAXS) patterns showed better
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orientation in the crystalline phase when the fibers were
spun from the melt at 260°C or above where no HBA crystal-
lites would remain. 1In contrast to Sugiyama's findings,
some spin draw was required to improve the modulus. Fig.
2.7 gives the initial modulus as a function of take up
ratio. Modulus increases with capillary length to diame-
ter (L/D) ratio, but only between the short and intermedi-
ate capillary is the trend pronounced. The initial modu—
lus as a function of Vf/yg for various temperatures is
reproduced in Fig. 2.8. The authors (incorrectly) con-
cluded that the modulus increases with draw at a more
rapid rate above 250°C than at 240° or 250°; actually, the
reverse, bésed on these data, is more nearly correct. The
authors conclude, that orientation is primarily developed
through shear in the capillary, although some spin draw
was required to avoid losing this orientation. Judging by
their results in Figure 2.8, this conclusion should also
be questioned. Draw appears to increase the modulus of
the extrudate significantly in the limited region of vg/y
which they considered. How they attribute the orientation
of the undrawn extrudate to shear in the capillary barrel
and not to the converging extensional flow at its entrance
is unclear.

Tealdi, Ciferri, and Conio [15] have recently pub-
lished their melt spinning findings on the 60% HBA/PET

system. The authors did not specify whether the extrudate
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was quenched before take-up onto the bobbkin. They found
that, contrary to Acierno, modulus did not increase with

extrusion temperature. It did, however, increase to a

limiting value with draw-down ratio, as shown in Fig. 2.9.
Also, unlike Acierno's findings, fiber could not be spun
below 245°C: the other researcher had managed to process
the copolyester as low as 225°C. A final difference
between the two studies was that the modulus determined by
Tealdi, et al. was not found to decrease with increasing
temperature. With a relatively small draw, the modulus
became quite large, and did not increase further with
VE/v0. One possible explanation for differences reported
in the literature for this system is batch-to-batch varia-
tions, which appear as differences in intrinsic viscosity
(IV). This explanation alone, attributing the contradic-
tions to molecular weight variations seems inadequate.
Finally, Lewis and Fellers [16] have recently reportéd
their studies on HBA/PET. They employed an isothermal gap
below their spinneret analogous to a dry jet in solution

spinning, and examined fy 459 tensile properties as a

function of this parameter in addition to the variables of
processing temperature and Vg/yq. They found that
Hermans' orientation function decreased with increasing
extrusion rate (at a constant draw ratio), particularly at
temperatures greater than 250°C. They interpreted this

finding as indicating that a maximum in orientation occurs
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at low shear rates. With the presence of the isothermal
gap, of orientation decreased relative to "nonisothermal"
extrusion. Although the authors were surprised that their
dry jet analogy failed, in view of possible relaxation of
orientation at the melt temperature, this result might
have been expected. Drawdown ratio did not have a signif-
icant effect on fy  especially above a v£/v0 of about 200.
Indeed, the conclusion they reached is that the extrusion
temperature was the most effective processing variable for
altering the extrudate orientation. The melting transi-
tion at 255°C appears to allow the level of orientation to
increase since short segments of crystalline HBA are able
to become involved in the orientation process. They

further concluded that orientation is primarily developed

by the flow in the die, and only marginally enhanced by
the elongational flow outside the die.

The disparate results discussed above seem to indicate
that there exists a maximum degree of orientation possible
in the fiber drawing process and that this is not usually
achieved in the die alone, but rather some post draw is
required. The degree of orientation obtained in the die
itself varied among the researchers, but seemed to depend
on the thermal history (temperature, whether the fibers
were gquenched or supercooled, etc.) to a large extent.
Thus it appears that control of the thermal history, along

with the flow history enables one to orient thermotropes
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to a high degree in the fiber process.

Injection molding of thermotropic liquid crystalline
polymers has also been reported in the literature [17-20].
These results are among the earliest and best known con-
cerning the orientation and mechanical properties of ther-
motropes and have in part spurred on recent work in the
area. One of the first thermotropic systems studied was
HBA/PET, reported by researchers at Tennessee Eastman [17]
in 1976. Jackson and Kuhfuss examined mechanical proper-
ties of the copolyesters as a function of composition,
mold thickness, and temperature profile in the molding
machine. For the 60% HBA polymer, which exhibited some of
the most encouraging properties as well as liquid crystal-
line behavior, further investigation was conducted on
injection molded plagques. In particular, the high degree
of anisotropy and the dependence of mechanical properties
on mold thickness was noted. In Fig. 2.10 these results
are shown. As can be seen, the flexural modulus along the
flow direction increased ten-fold if the mold thickness
was reduced from 1/2" to 1/16". The transverse direction
modulus, in contrast, remained essentially constant,
irrespective of mold thickness.

Mold filling studies of HBA/PET were conducted by
Baird and coworkers [19]. Microtomed sections from end-

gated plagues were examined under the electron microscope
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(SEM) . A skin/core morphology was observed and confirmed
by x-ray scattering (WAXS), which showed a relatively
unoriented center and an edge consisting of highly
oriented fibers. The radial flow in the center-gated
specimens resulted in a more uniform degree of orientation
in both the r and © directions.

Ophir and Ide [20] investigated the injection molding
of naphthalene thermotropic polyesters (NTPs). They
noticed a skin/core structure similar to that reported by
Baird and coworkers and attributed it to fountain flow
into the end-gated mold; the extensional flow near the
surface, coupled with the more rapid cooling there, pro-
duced a far greater degree of orientation than was present
at the center of the mold, in which shear flow and slower
polymer cooling prevailed. The polymer exhibited superior
mechanical properties, but transverse properties were not
commented upon. Tensile strengths were up to 300 MPa and
flexural moduli around 15 GPa were reported.

The shortcomings observed in traditional injection
molding have provided the impetus to find other processing
options to improve the properties of the thermotropic LCP
systems. In particular, the elimination of an unoriented
core 1is expected to improve mechanical properties. 1In
order to better understand the effects of thermal and
deformation history, some fundamental work on the develop-

ment of molecular orientation and texture in HBA/PET has
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also been published [21,22]. The effect of flow history,
in particular simple shear, extensional flow, and biaxial
squeezing flows, were examined by Baird and coworkers [21]
using SEM and WAXS. Shear flow between the plates of a
Rheometrics Mechanical Spectrometer (RMS) imparted little,
if any, orientation and a spongy morphological texture was
observed when the sample was etched with n-propylamine.
If the specimens were simultaneously cooled while being
sheared, however, a greater degree of orientation was
observed.

By far the most effective method o¢f inducing uniaxial
orientation, though, was to draw ribbons of the material.
With this extensional flow field the resulting WAXS pat-
terns showed an exceptionally high degree of azimuthal
intensity associated with uniaxial alignment of the mole-
cules. The morphological texture of the etched specimens
was fibrillar, reflecting the high degree of alignment
shown by WAXS.

Finally, if compression molded samples were squeezed
between lubricated plates, biaxial orientation c¢ould be
seen, as suggested by the presence of four high intensity
lobes on the diffraction patterns. However, this result
could not be reproduced. Squeezing flow did, however,
tend to produce a uniplanar orientation in which the
molecules has a high degree of preferential orientation

normal to the squeezing direction {23].
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The differences in molecular orientation produced in
shear versus extensional flow were explained in terms of
the flow kinematics. The rotational (non-zero vorticity
tensor) nature of shear flow may cause the domains to
tumble rather than align themselves along one specific
direction. If the material is cooled while it is being
sheared at high rates, these domains may actually break up
and molecular orientation occur. In extensional flow the
material is stretched along one axis, resulting in the
elongation of the domains and hence a high degree of
orientation and fibrillar texture.

One final study relating to orientation of thermo-
tropes was conducted by Farell and Fellers [24] and con-
sisted of examining the orientation in cellulosic deriva-
tives induced by rotating an annular die during a tube
extrusion process. Some tubes were then inflated with
nitrogen. Several techniques, including WAXS, SEM, and
mechanical property measurement, were used to determine
the 1level of biaxiality present. The authors concluded
that the rotating annular die process is more effective in
controlling orientation in thermotropic LCPs than in
polyolefins due to the longer relaxation times. By con-
trolling the angular velocities of the rotating surfaces,
the average polymer chain axis, as determined from Whi-
te-Spruiell biaxial orientation factors, could be placed

anywhere between the machine and transverse directions (MD
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and TD). These factors, calculated in both the MD and TD,
may be conveniently represented by a +triangular orienta-
tion diagram (see Fig. 2.11). For hydroxyproply cellulose
extrudates these values ranged from 0.8 to 0.17 for fip
(MD) and from 0.021 to 0.71 for fjp (7p). The direction-
ality of the mechanical properties could 1likewise be
controlled; however, the properties in the transverse
direction increased only at the expense of those in the
MD as was expected.

Although fiber orientation and properties in thermo-
tropes have been fairly extensively reported on, 1little
work has been done concerning the optimization of pro-
perties in these systems in the form of f£ilm and other two
and three dimensional articles. The effect of thermal and
deformation history on properties and orientation is still
not completely clear.

In the next section the optical properties and orien-
tation of these materials will be examined. Research in
this area has primarily been concerned with correlating
optical textures with molecular orientation and mechanical

properties.
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2.3 Optical Properties and Orientation

The determination of mesophasic transitions, mesopha-
sic structure, and optical orientation in thermotropic
liquid crystalline polymers has been thoroughly investi-
gated by Viney, Donald, Mitchell, and Windle, who colla-
borated on a series of publications in the past few years
[25-31]. Mackley and coworkers [32], and Zacchariades and
Logan [33] have also contributed to the literature. This
section will focus on optical orientation in thermotropic
LCPs, both in the quiescent and deformed states, and to
what extent this orientation and the observed optical
textures correlate with molecular orientation. This
section does not intend to review the use of the micro-
scope, or details of domains, walls, and structures that
have been observed as Viney has recently published a very
thorough account of the technique [34].

Mackley, Pinaud, and Siegmann [32] published the first
work on the observations and optical anisotropy of a
mesomorphic copolyester, 60 mole% HBA/PET. They noticed
complex anisotropic effects in the quiescent melt which
subsequently became frozen into the material at room
temperature. By ordering the material in a magnetic
field, disclinations typical of a 1liquid crystalline
mesophase were observed. The actual molecular trajectory

associated with these disclinations could not be identi-
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fied, however.

In 1983, Donald et al. [25] reported on the appearance
of banded structures in several thermotropic LCPs that had
been drawn as fibers or shear-oriented as thin films. The
60% HBA/PET system, as well as HBA/HNA systems, exhibited
bands or striations perpendicular to the shear or fiber
axis direction. The authors noted that this structure
closely resembled that observed in lyotropes, suggesting
that, although the details were not understood, the bands
were characteristic of oriented LCPs in general.

The presence of banded structures in sheared specimens
was attributed by Zacchariades [33] to the ordering of the
macroscopic domains. These structures arose if the mate-
rial was heated to 265-295°C and then sheared while cooled
to 200°C. Bands were only present in thin sections of the
specimens, which also gave better mechanical properties.
The banded texture has recently been attributed to the
twisting of molecules about the chain axis with the period
of the bands ([26]. This interpretation alludes to the
presence of an out-of-plane component of molecular orien-
tation. Specifically, twisting of the plane of the phenyl
rings may occur.

These findings further support +the view that the
molecular axis cannot be taken as synonymous with the
local optical director. The anomaly that led +to this

proposition was reported by Viney et al. [27]. They
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noticed that although WAXS diffraction patterns showed a
pronounced uniaxial orientation, optical patterns of two
thermotropes showed no preferred orientation when observed
between crossed polars. This contradictory observation
led them to the conclusion that either the optical indi-
catrix was not wuniaxial or that its unique axis was not
aligned with the local chain axis, or both. Either way,
the implication was that a rotational correlation about

the long axes of adjacent molecules exists.

Even 1if the structure of thermotropic LCPs is
explained satisfactorily from optical microscopy, permit-
ting one to grasp fundamentally what 1is occurring, its
limitations from an applications perspective become appar-
ent when one tries to correlate mechanical properties on
this basis. The materials approach in analyzing the
structure of LCPs through property correlation schémes
such as composite theory, may, on the other hand, be more
helpful in correlating and explaining observed properties.
The next section will take this approach in contrast to
the molecular interpretation of optical textures of this

section.
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2.4 The Structure of Thermotropic Copolyesters

The materials approach in analyzing the structure of
LCPs through property correlation schemes such as compos-
ite theory will be examined in this section in terms of
some recent literature on the subject. In this regard,
Ide and Chung considered thermotropic polymer sheets as
macromolecular composites [35]. Tsai and Hill have devel-
oped a failure theory for anisotropic materials [36].
According to them, the tensile strength of a unidirec-
tional sheet with reinforcing fiber obeys the relation-
ship:

1/02(8) = X-2cos4@ + Y-2s5ind® + (S-2-X-2)sin2@cos2©
(2.4-1)
where o(@) is the tensile strength at an angle © from the
flow direction; X is o(0), Y is o(n/2), and S is the shear
'strength. Lees simplified a similar equation for the

angular dependence of the tensile modulus [37]:

E(®) = E1E7/[E1-(E1-E2)cos48] (2.4-2)

where Ej and E2 are the Young's moduli in the flow and

transverse directions, respectively. Ide and Chung
reported excellent agreement of both ¢ and E with the
equations, as shown in Fig. 2.12 and Fig. 2.13. These
results suggest that highly oriented 1liquid crystal
domains may be thought of as reinforcing fibers in the

extruded articles, and their mechanical properties are
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then predictable from existing composite theories.
Although this theory sounds reasonable, more thermotropic
systems need to be studied in this regard.

The structure of thermotropic copolyesters containing
naphthalene rings was recently reported on by Sawyer and
Jaffe [38]. Extensive characterization (SEM, TEM, optical
microscopy, among others) of these materials resulted in
the deliniation of a fibrillar, hierarchical structural
model to account for the morphology seen in a broad range
of fibers, extrudates, and molded articles. Three dis-
tinct fibrillar species, shown in Fig. 2.14 as an artists
perception were identified: microfibrils of about 50 nm
diameter, fibrils of about 500 nm diameter, and macrofi-
brils of about 50 um diameter. Orientational wvariations,
layering, and skin/core structures were viewed as the
effect of local flow fields on the basic structural units
during the deformation process. They did, however, fail
to recognize the importance of thermal history on the
resultant structure.

The authors have observed the same basic hierarchy
for both lyotropic and thermotropic systems. The microfi-
brillar structure of all highly oriented polymers, includ-
ing polyethylene, appeared similar to them. They specu-
lated that once the orientational distribution in the
layers of processed articles is elucidated, mechanical

properties may be better understood in terms of composite
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theory. They neglected do discuss, though, how one gets

to these properties.

Having discussed the orientation and properties in
thermotropes in general, the focus will now center on the
copolyesters being studied in the present work. The
thermal and flow properties of both materials studied will
be examined in some detail in the next section to provide

a framework for processing these materials.
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2.5 Thermal and Flow Properties of HBA/PET and HBA/HNA

Thermal transitions, frequently measured by differen-
tial scanning calorimetry (DSC), vary so widely in the
literature for these materials due to their small magni-
tude, different scan rates, processing histories, and
possibly molecular weight variations, that they will not
be considered in this review. Annealing of both systems
results 1in sharper first order transitions in comparison
with the virgin sample [39]. Annealing of some thermo-
tropic polymers may drastically improve the physical
properties [40], particularly stress at break. For the
HBA/PET system, however, no such improvement has been
seen, even after 5 days of heat treatment ([10]. For
HBA/HNA, WAXS showed an amorphous material if quenched and
some crystallinity upon subsequent annealing. DSC thermo-
grams, however, did not change appreciably. Blundell
concluded that microcrystals may develop on annealing that
are too small to be seen by x-rays [41].

A review of the rheology of thermotropic systems is
beyond the scope of the present survey. Several such
articles have been published over the past decade [23,
42-44,76]. Some intriguing flow properties of both copo-
lyesters Dbeing studied do, however, give direction to the
processing possibilities which exist, and thus will be

discussed in this section.
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Done and Baird [45] have studied the effect of thermal
history on the rheological properties of 60% and 80%
HBA/PET and an NTP ("LCP 2000"). In particular, the
possibility of deforming them below their normal melting
points was examined. 1In Fig. 2.15 the complex viscosity
is shown for two different thermal histories for the 60%
HBA/PET copolyester. The viscosity was significantly
reduced at 240°C if the material was cooled from 275°C
prior to shearing. These data were taken in the range of
0.1 to 100 Hz. Time sweeps at 275°C showed no decrease in
viscosity over twenty minutes, suggesting that the
decrease in rheological properties was not due to degrada-
tion, but perhaps a supercooling of the nematic state.
Crystallinity changes on heating to 275°C were not dis-
cussed, but may be of some importance.

In order to determine whether the solidification point
could be observed, the samples were cooled while the small
strain dynamic properties were measured. The data
obtained are shown in Fig. 2.16. The G' values for 60%
HBA/PET and 80% HBA/PET remained unchanged down to 200°C
and 270°C, respectively. These nearly constant values of
G' were obtained over a time span of 4 to 5 minutes and
occurred 20-40° below the materials' normal flow tempera-
‘tures.

By monitoring the value of G' as a function of time

for these LCPs below their melting points, the authors
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obtained the results in Fig. 2.17 showing that a true
equilibrium state was not present. However, the Kkinetics
of the rate of solidifaication are slow, réquiring several
minutes before the modulus reaches values beyond which
deformation 1is difficult. The fact that the recovery of
the solid phase occurred so slowly indicates that there
may be another mechanism besides transesterification
responsible for the super-cooling [46]. The higher elas-
ticity of the super-cooled state as indicated by the
increase in G' also promised some processing advantages
such as increased melt strength relative to the "normal"
melt state.

Recent work in processing thermotropic liquid crystal-
line polymers has been reviewed. One process that permits
some control of the deformation is film blowing. By
varying the blow up and draw, the kinematics will vary,
and the resultant properties and structure of the polymer
will thus change. Because this process permits a range of
deformation histories and holds possibilities relative to
the processing of thermotropic LCPs, it will now be
reviewed. First, the theoretical development 1is pre-
sented, followed by experimental and numerical consider-

ations.
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2.6 Film Blowing: Theoretical Development

Various researchers over Ehe past two decades have
tackled the problem of free film blowing from a theoreti-
cal perspective [47-53]. The governing equations of
continuity, energy, and momentum have been developed in
the literature to the point that the greatest difficulty
lies in the implementation of an appropriate numerical
scheme with corresponding boundary conditions to solve the
analytically intractable equations. This section will
develop logically the governing equations, noting any
assumptions made, for the general case and for the spe-
cific simplifications of isothermal Newtonian flow and a
non-isothermal power 1law approximation. The choice of a
constitutive equation may often severely complicate the
resulting system since the material parameters for many
materials of current interest are not known.

Pearson and Petrie [47] have developed a mathematical
model for Newtonian isothermal flow between the annular
die exit and the freeze line. Three other major assump-
tions, common to all development in the area, are axisym-
metry, homogeneity, and a thin £ilm. In addition, <they
also limited that early work by ignoring gravity, surface
tension, air drag, and inertia. (Of these forces, gravity
in particular should not be ignored). Pearson and Gutter-

idge [48] have extended that work to include non-
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isothermal effects and have employed Funt's elastic model,
applicable to their solid phase blowing of polypropylene.
Petrie has also compared ; non-isothermal Newtonian and
isothermal Maxwell model to experiments, including gravity
and inertia terms. Han and Park [51,52] have attempted to
determine elongational viscosity with a blown film appara-
tus. They derived +the elongational viscosities from
theory primarily following Pearson and Petrie. They also
extended Petrie's work to non-isothermal power law fluids.
Both gravity and temperature dependence of the physical
properties were accounted for (although the former incor-
rectly). ULastly, Pearson has reviewed film blowing in his
recent text, perhaps the most concise treatment to date

[54]. It is from this last reference that the following

developments are in large part abstracted.

Film blowing is a method for economically producing
thin sheets of thermoplastics with biaxial properties and
cylindrical geometry by simultaneocusly stretching and
inflating a moving tube of polymer melt extruded through
an annular die. The blowing bubble of molten polymer is
cooled while this process is occurring and crystallizes or
vitrifies at a frost line beyond which no further deforma-
tion takes place (see Fig. 2.18).

The prime goal in blowing film is usually to maintain

a uniform sheet thickness, and therefore axisymmetry and a
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Figure 2.18 General view of melt film-blowing process
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steady flow in the molten portion of the bubble are
assumed. The final film thickness is given by
hf = ho/(Bu*Dr) (2.6-0)

for the assumption of constant density where hg jg the die
gap, usually 1-2 mm, Bu is the blow ratio, usually from
1.5 to 3, and Dr is the draw ratio, typically in the range
of 5 to 15. The film thickness will thus be on the order
of 50 um, and hence is everywhere small compared to the
bubble dimensions, Jjustifying the flat sheet approxima-
tion. The film is usually assumed to be of uniform tem-
perature throughout its thickness since for a flight time
of 10 seconds in a molten section which cools 75 K, the
Fourier number will be on the order unity for most conven-
tional polymers [54].

General formulation of the governing equations must be
founded on a careful consideration of the geometry of the
moving surface. Far easier, avoiding complex co- and con-
tra-variant tensors in two and three dimensions, is to use
special coordinate systems that exploit any symmetries
inherent in the problem. The simplest representation of
this problem is the circular cylindrical coordinate system
(r, ¢, =2) shown in Fig. 2.19. The z axis is the machine
direction, frequently vertically upward. The position of
the inner surface of the bubble is given by

r = alop,z,t).
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tangent plane to blowing sheet [54].
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For steady, axisymmetric flow, r becomes a function of z

only. A local Cartesian coordinate system (¥l y2) may be

described by the 1local values of (z,9), orthogonality
existing when a is not a function of ¢. 1In this case, the
physical component representation

viz,t) = (V1,v2,v3)
for the velocity in the (yl,y2,y3)-directions, with y3
normal to the surface, can be used; V3 = o0 unless the die

is rotating, and Vv3 = (0 for steady flow. The metric

tensor is given for the (yl,y2) system by

911 0 1+(da/dz)?2 0

0 922 0 a2

where ds? = gj31(dyl)2 + g22(dy2)2? is the square of a
differential 1line element along the surface (dyl,dy2).
Inertial forces are generally negligible, Re being on the
order of 10-2 or less. Surface tension forces, which are

the order of the inverse of the capillary number times as

large as viscous forces, can likewise be shown to be
negligible [54]. Gravity may be significant depending on
the choices of 1length, viscosity, and velocity and have
been included in the analysis. This treatment has the
effect of including body force terms in the mechanical

force balance equations:

VUsurf:T + Ft = 0 (2.6-1)




>4

AN N
t1/R1 = t2/R2 =Ap + Fn (2.6-2)

where Fy js the tangential force vector, Fn is the normal

component, and Ap is the air pressure difference across

the film. Rj and R2 are the principal radii of curvature:
Rl = -1/(cosydy/dz) and R2 = a/cos¥
where ¢/is the angle between the yl and z axes and
tan{y = da/dz (2.6-3)
The mass conservation equation is simply:

2MPV] ah = M (2.6-4)

where M is the constant mass flow rate. For MD vertically

upward, an axial force balance yields:

A
2natjcosY - na®A\p = F(1lf) (2.6-5)

where df/dz = 2npgah/cos¥ . F(lf) is the net axial force

on the nip rolls. Equation 2.6-5 thus replaces 2.6-1 and

2.6-2 becomes:

Op + poh sin Y = &) cosfya - t1 cos\dy/dz (2.6-6)
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Completion of the model requires knowledge of the
temperature of the film as a function of 2z so that the
rheological and physical properties can be correctly
incorporated into the computations. The knowledge of the
position of the freeze line is crucial, for the boundary
conditions involve assumptions about the freeze line as
well as the die exit region. The energy equation may be

written [55]:

M d(yT)/dz = ~{h(T-Tc) 4+ eo(T4-Tad)} * 2nr/cosy (2.6-7)

where T(z) is the film temperature, ) is the specific

heat, T; is the temperature of the cooling air, h is the

heat transfer coefficient, € is the emissivity of the

molten polymer, ¢ is the Stephan-Boltzmann constant, and
T3y is the ambient temperature. 1In writing this equation,
the heat transfer to the interior of the bubble is
ignored; the dominant mechanism for cooling the £film is
the external forced convection, so h must be known or
estimated. Radiative cooling may account for up to 20% of
the heat transfer, and € is typically taken to be in the
range of 0.4 to 0.6. Freeze line height will be that
value of z at which the film temperature reaches the point
where solidification takes place. This might occur sig-
nificantly below the actual melting point of the material,

so care must be used in its estimation.
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The unknown principal stresses

t11 = 1 /h and t22 = t2 /h

will be given by the constitutive equation in terms of the

histories of the principal strains

€1 = v1/vi(0); e2 = a/a0; e3 = h/h0 (2.6-8)

(or by the rates of strain) where the ej are the elements
of the Finger tensor. As expected from equation 2.6-3, it
follows that for constnat density
€le2e3 = constant (2.6-9)
The boundary conditions on the flow field also need to
be considered. The inlet to the bubble flow is taken to

be at, or very near, the exit of the die, z=0, where

, h=h0, T =T0, and vl = v10. (2.6-10)

Shear deformation will cease at the frost line, as yet
unspecified, which is the exit from the bubble flow. The
in-line velocity is wusually specified at this point,
neglecting shrinkage farther on:

Vi(1lf) = v1f = Dr*vio (2.6-11)

while

1

da/dz = tany (lg) = 0 (2.6-12)
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For commercial processes, a(lf) = agBu will be specified.
Thus, inlet and outlet requirements on the bubble flow
specify eight boundary conditions 1f the freeze 1line
temperature is estimated. These conditions are applied to
the five equations, 2.6-3 to 2.6-7; the system is made

determinate by suitably choosing M, lf’ Ff£, and Ap If Op

is specified, Bu will be determined from the solution; if
Ff 1is specified, Dr will be determined from the solution;
M is effectively given by the product of ho, ag, and vi0.

Several constitutive equations have been substituted
into the governing equations in the literature in order to
compute the solutions. The following paragraphs will
consider two cases: isothermal Newtonian and non-
isothermal power law approximations.

For an isothermal Newtonian fluid [47] with constant

density, the rheological equations become:

*1 = 27mg(é1-e3)h; £2 = 27mg(e2-é3)h (2.5-13a)
or,

L1 = 2nv1 cosy(2 dh/dz + h/a da/dz)

t2 = 2nv1 cosqﬂh/a da/dz - dh/dz) (2.6-13Db)

using equations 2.6-4 and 2.6-8. Using dimensionless par-

ameters to define the effects of internal air pressure and

gravity, V1 can be eliminated and the problem becomes a

two point boundary value problem. One weakness of the
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viscous approach is that elastic effects become prominent
near the frost line as evidenced by the rheology of the
HBA/PET system, for example [45]. Elasticity cannot
realistically be ignored under such conditions.

Another approach in the literature 1is a power law
empiricism of the Generalized Newtonian Fluid model
incorpeorating non-isothermal effects. Since the materials
can usually be determined for this case, the theoretical
predictions, however simplified, can be compared to the
experimental results. Han [52] proposed the following

semi-empirical expression for the material function:

7 = Nyexp[E/R(L/T - 1/Tq); 11572 (2.6-14)

where IIZ is the second invariant of the rate of defor-
mation tensor, E is the activation energy for elongational

flow, R is the gas constant, 7);is the viscosity at refer-

ence temperature Tg apnd n is the material constant. Two

weaknesses of Han's development were that his selection of

1f appeared unjustified and he did not calculate T(z).

Next, some experimental considerations of the blown
film process will be reviewed since the modeling of the
process requires relatively complicated analysis of the

laboratory results.




59

2.7 Film Blowing: Experimental Considerations

In this section some practical aspects of film blowing
and the experimental results and correlations other
researchers have found will be discussed. Farber and
Dealy have developed techniques to measure strain and
thermal history of the fluid elements between the die and
freeze line ({56]. A radiation pyrometer was used to
measure the temperature of the film. Videos were analyzed
to determine rates of extension in the machine and trans-
verse directions. The maximum extensional strain rates in
the MD and TD were 0.15 to 0.6 sec-1 for the blowing of
polyethylene. Bubble shape, strain history, and thermal
history were each determined for a series of mass fluxes
and blow ratios, the latter ranging from 1.8 to 3. The
authors concluded that, at least for their system with
fast relaxation times, the melt rheology did not play an
important role in the generation of orientation in the
films; more important by far was the change in the mor-
phology near the freeze line.

Petrie [50] compared his theoretical predictions
(non-isothermal Newtonian and isothermal elastic) with
published experimental results. Bubble shape could be
reproduced quite well, falling intermediate between elas-
tic and viscous predictions. Velocity and strain rate

predictions were more sensitive to the details of tempera-
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ture profile and melt rheology. Although gravity and
inertia were included, comparisons of his wvelocity and
strain rate predictions with experiment were only fair.
The main lines of improvement Petrie suggested were the
modeling of the heat transfer along with a viscoelastic
constitutive equation.

As mentioned earlier, Han and Park [51] used £film
blowing with an isothermal chamber to calculate elonga-
tional viscosities of three different thermoplastics: PP,
LDPE, and HDPE. One major difficulty they encountered was
the fact that elongation rate is not constant over the
length of the melt. Also, only unequal biaxial and uniax-
ial (no Bu) extension was possible. From the practical
standpoint, Han and Park found it virtually impossible to
control the elongation rate; the draw ratio, vj/vqg, was
much easier to specify.

In order to anal&ze the experimental results of the
blown £film process, some constitutive equation is
required. The next section will outline one such theory,

that of Doi for monodomains of rigid rods.




61

2.8 Development of Doi's Theory

In this work the temporal evolution of Sy will be
studied by adapting Doi's theory of nematic solutions. The
theory as has been presented in the literature will now be
outlined. As it 1is not the intent of this review to
present a detailed derivation of Masaoc Doi's theory, only
a cursory development with the major assumptions and
results will be presented. For a more detailed develop-
ment, one should consult Doi [59,60].

Doi's theory for the dynamics of rod-like polymers in
concentrated (anisotropic) solutions is an extension of
Doci and Edwards' theory [61,62] which predicts the dynam-
ics of an isotropic phase of rigid rods of 1length L and
diameter d. Nonlinear viscoelasticity of both the iso-
tropic and nematic phases, as well as the phenomonological
coefficients from molecular parameters are determined by
the theory. An important limitation of the theory, how-
ever, 1is that 1t fails to consider spatially variant
systems; that is, the director is independent of location
in an homogeneous flow field.

Choosing one rod in the solution, let u be a unit
vector parallel to it, and f(u,t) be 1its distribution
function. In very dilute solutions (c<<L-3) the rota-

tional motion of the rods 1is independent and can be

described by the theory of Kirkwood and Auer (63]:
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0£/8t = Dro Vu-Vuf + Vu-uf (2.8-1)
where  Dyg = kTln(L/d)(3musL3)-1, us is the solvent
viscosity, Vu is the gradient operator on the surface of
an arbitrary sphere |u|=1 through which rods diffuse, and
u is the rate of change of u due to macroscopic flow:

u=K-u - (u-K-uju (2.8-2)
where is the velocity gradient tensor.

For c>>L-3 the rotational motion of the rods becomes
restricted by other rods; consequently, Dy becomes quite
small. If one views the rod as being confined in a tube
of radius a, it may change its direction a small amount,
Ne,if it escaped the tube by a translational motion. For
® small, sin® = 6, andA® = a/L. Since a rod will repeat

this process Dyp times in unit time, the rotational

diffusion coefficient may be expressed as:
Dr = prone)z (2.8-3)
Estimating the tube radius from the distance to its near-

est neighbor, Doi and Edwards [62] obtained the value of

Dr from Dro, ¢, L, u, £(u,t), and an undetermined
constant, V :

Dy = DrOV(cL3)-2(4/nfd2u'f(u',t')sin(u,u'))—2 (2.8-4)
With this modified diffusivity expression, one may use Dy
in the kinetic equation:

0£/0t = Vu-Dyuf + Qu-uf (2.8-5)
This equation 1is limited only to the semi-dilute concen-

tration region since the only equilibrium solution is the
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isotropic one.

Doi then proceeds to generalize the equation for
regions of higher concentration. He employs Onsager's
expression for the free energy of a solution based on the
packing of rods [64], retaining only the first two terms
in an infinite power series; with the constraint that the
free energy should be a minimum at equilibrium, he
obtains:

f(u) - const-exp(-V(u)/kT) (2.8-6)
where V(u) 1is the mean field potential which acts on the
test rod by the surrounding rods:

V(u) = 2ch2kT_jé2u'f(u')sin(u',u) (2.8-7)

Since the rod will feel the same potential in the
presence of Brownian motion, the kinetic equation was
generalized by Doi:

0£/0t =Vu'Dr(Quf + £/(kTVuv) + Vu-af  (2.8-8)

To simplify this equation, which is only semi-quantitative
due to the numerous physical and mathematical approxima-
tions made, sin (u,u') may be written in terms of irreduc-
ible tensors by employing the properties of spherical
harmonics:

sin(u,u') = n/4[1'15/16(UGUB—5aB/3)(ua'uﬁ'-6a5/3) + ..

(2.8-9)

By neglecting tensors of fourth rank and higher, Doi

obtained

V(u) = -3/2CkT(uqup-8qp/3)Sap(t) (2.8-10)
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where C = const-cdL2 and
Sa(t) =.J;2uf(u,t)(uaus - 8ap/3) (2.8-11)
is the orientational order parameter tensor. This poten-
tial is that used by Maier and Saupe in their theory of
the phase transition of thermotropic liquid crystals [65].
Doi obtained the stress tensor by considering a
hypothetical small deformation. After some mathematics,
he obtained the stress tensor using the Maier~Saupe poten-~
tial:
%aB = 3ckT{SaB-C[San(SPu+sBu/3) - <uauBuuur>Suv]}
(2.8-12)
In this equation, ¢ represents only the deviatoric portion
of the stress tensor; its symmetry arises from the fact
that the system was assumed uniform and no external field
was present (Doi derived & for the presence of a magnetic

field in reference [66]). In order to proceed and obtain

a closed form for Syg, the author first manipulated the

kinetic equation to obtain ésaﬁ/ dt explicitly and then

decoupled the term <uguguyuy> arbitrarily to obtain:

0Sqp/dt = Fap(S) + Gap($s) (2.8-13)
where 8§ is a traceless symmetric tensor. Here,
Fap(S) = -6Dr[(1-C/3)SaB-C(SauSPu-Sur28as/3) + CSapSuv2]
(2.8-14)
and Ggg(s) = 1/3(kap+kBa )+ (KauSup+xpusSua-2/38afKursSuy) -
2KLyspysap

(2.8-15)
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Hence, the equation for the stress tensor becomes
%aB = 3ckT[SaR(1-C/3)-C(SauSup-(8aB/3)S2UV)+ CSaRS32LV]
(2.8-16)
Equations 2.8-13 and 2.8-16 are the rheological con-
stitutive equations for the Doi model. One method of
solution 1is to input the velocity field and deformation
rate, as well as the parameters C and Dy, One then
calculates the components of the orientation order parame-
ter tensor from 2.15, and finally the stress tensor compo-
nents from 2.16. Such a strategy was followed in the
present work, which is the subject of the next chapter.
In it the transient predictions of Doi's theory are stu-
died in some detail by following the path of a particle

during the deformation.

In Chapter 2 the published work in the literature
concerning the orientational behavior of thermotropic
ligquid crystalline polymers, specifically HBA/PET and
HBA/HNA, has been reviewed. Their characterization by
DSC, WAXS, SEM, and optical microscopy was discussed. 1In
sections 2.6 and 2.7 the free film blowing problem was
reviewed from both a theoretical and experimental perspec-
tive. Finally, Doi's theory for nematics was examined 1in
section 2.8.

In Chapter 3 <the predictions of Doi's theory in the

transient state will be analyzed, and the theory adapted
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to thermotropic systems undergoing extensional deforma-
tions in order to predict the development of orientation
during the process and make comparisons with experimental
results. Transient shear flow predictions will also be
made, to compare to PPT solution rheology with the RMS.
Since the major thrust of this work is to compare the
orientational order predictions of Doi with experimental
results in extensional deformations, the predictions of

S(t) in the next chapter are particularly relevant.




3. PREDICTIONS OF DOI'S THEORY

Masaco Doi's theory was summarized at the end of the
previous chapter. Although he developed it to account for
the rheological behavior of solutions of rigid rods in the
nematic state, with some further assumptions and general-
izations, it may also be useful to predict the flow behav-
ior of thermotropic systems. It should be noted that some
of Doi's recent work has attempted to extend his theory to
low molecular weight thermotropes [66].

This chapter is divided into three sections. In the
first section the assumptions and simplifications made in
applying Doi's theory to polymeric thermotropes are
examined. Section 3.2 then gives the predictions of the
simplified theory in extensional flows. The final sec~
tion, 3.3, gives the predictions of Doi's theory for

shearing flows.

67
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3.1 Justification

In this chapter predictions of equations 2.8-13 and
2.8-16 for the order parameter tensor components and the
components of the deviatoric stress tensor were calculated
by employing the IMSL differential equation solver DGEAR.
For these polymeric thermotropes, Fggz was found to be
negligible in comparison to the flow term, Ggg (see
Appendix B). The following paragraphs outline these
calculations.

The term Fug contains, in addition to SaB, the rota-
tional diffusivity constant, Dy, and the parameter C:

C =VcdL? -(3.1-1)
where ¢ is the concentration of rods, d and L characterize
the molecular dimensions of the rods, and V represents a
conglomeration of constants on the order of wunity [59].
For these systems, there is no good way to determine the
value of v experimentally, hence the equations' predic-
tions are only semi-quantitative, even given the wvalidity
of all the assumptions made. If one Kknows the Trouton
ratio at low deformation rates, though, an equilibrium
value of S can be obtained from the theory, and hence a
dimensionless concentration can be found. As extensional
viscosity data on these systems are virtually nonexistent,
another method of estimating C must be found. To solve

equation 2.8-16 one can either pick a value of C>Cqorit to




69

assess the importance of Fyg and determine the stress in

that manner, or one can choose a value of C to fit exper-
imental results such as shear stress growth. This latter
method is shown for the HBA/PET system in Appendix B.

It should be noted that the calculations for c on the
60% HBA/PET system gave a value almost identical to those
for lyotropes - 4.0 at 523K (see Appendix B). Despite the
general agreement, the approximate nature of the calcula-
tions indicated that several values of C should be chosen

to gauge the effect of this parameter on the equations.

Since the Fgp term is a collection of terms all
multiplied by Dy, this value needs to be first determined.
Although one experimental method to obtain Dy ;g4 through a
Trouton ratio or zero shear rate viscosity, the paucity of
data generally precludes such an option. Particularly for
thermotropes, the zero shear rate viscosity may not be
possible to determine anyway. Hence a method to calculate
Dr will be presented.

The rotational diffusivity constant for dilute solu-
tions was given by Doi as [60]:

Dro = 3kT/(nL3us)[1n(L/d)-5] (3.1-2)
where L/d 1is the length to diameter ratio, 6=0.8, k is
Boltzmann's constant, and ug jis the solvent viscosity.
Since one can estimate L and d given the number average
molecular weight and molecular information (bond angles,

lengths, atomic radii) and the temperature T is known, the
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important experimental parameter that must be determined
is the shear viscosity of the solvent.

This diffusivity is extended by Doi to account for
concentrated solution dynamics and a nematic environment.
For example, in Appendix B calculations for the HBA/PET
copolyester extruded at a temperature of 250°C show that
Dr (for a concentrated isotropic solution) is on the order
of 10-3. These estimates ignore the effects of supercool-
ing which occur under realistic processing conditions in
which the material is extruded with a die temperature
significantly below the DSC endotherm. At these tempera-
tures the time constant for relaxation is orders of magni-
tude longer than the processing time (see Chapter 2).

The caiculations for shear flows in section 3.3
include the Fg term with different values of Dr in order
to determine how large the diffusivity needs to be to
affect the predictions of the equations. It will be seen
that the Fgg term is not important in shear flow for
thermotropic systems. The 1,1 component of Fgqg and Ggg
was calculated (see Appendix B) for uniaxial extension
with an extension rate of 1.0 sec-l, which is typical of
many processing operations. For all input values of Sq;

except for perfect orientation, in which case the G term

vanishes, the flow term Gjj yag at least 250 times larger

than F11 at a temperature of 250°C and C=4 for the HBA/PET

System- In these Calculations, Dr was determined from
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Doi's equations as outlined in the preceding paragraphs.
These results show that for the thermotropes considered
here under the given flow fields, only the flow term GaB
need be considered in predicting the orientation and
stress development. However, for the calculations on

transient behavior of solutions, the full equations will

need to be utilized.
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3.2 Extensional Flow Predictions

In this section predictions of the development of both

SGB and o©aBf on the inception of shearfree flows will be

made. The effect of an inhomogeneous flow field will also
be evaluated.

By considering only the flow term, Ggg, and following
the path of the particle, one obtains the derivative of
Sgp with respect to time equal to a function of the
kinematics of the flow field and Sq@ only. This system of
first order ordinary differential equations may be solved
by choosing various initial values of Saf and incrementing
over time, thus determining the temporal evolution of the
components of the orientation order parameter tensor. For
extensional flow, only the terms S331, S32, and S33 are
present. For a nematic two of these are equal to =~% of
the third as mentioned in section 2.8.

Appendix A contains the source listing of the program
for shear and shearfree flows. The kinematics of the
deformation and the extension rates are the only inputs to
the equations, from which the components of the orienta-
tional order parameter tensor S are obtained. If the FaB
term is retained, in contrast, a dimensionless concentra-
tion and diffusivity must also be input. The initial
value of the orientational order components must be speci-

fied also; the effect of changing this parameter will be
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examined closely.

The solution of the differential equation system
required the selection of various parameters which were
held constant. These parameters are contained in the

source listing, but may be summarized as follows:

METH: Gear's method of backward differentiation

MITER: The chord iteration method was used with the
Jacobian calculated internally by finite differences.
TOL: The relative error bound was set at 0.0001.

H: The step size of incrementation was 0.00001

The several figures included here summarize the
results. In all cases of uniaxial extension, 1 was the
stretch direction; for other shearfree flows, the 3-direc-
tion was compression. First the uniaxial case will be

considered. With no initial orientation (Fig. 3.1) one

can see that S33  the component of the orientation
parameter tensor in the deformation direction, saturates
at its predicted value at approximately 1% strain units
(S.U.) regardless of extension rate, and is shown over
four orders of magnitude, from 0.01 to 10.0 sec-1l. These
saturation values by definition indicate perfect uniaxial
alignment in the direction of the deformation axis.

In Fig. 3.2 similar results for S, the direction

perpendicular to the deformation, are shown. This com-
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Orientation Predictions—- UNIAXIAL, S11(0)=S22(0)=0
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Figure 3.1 Orientation development (S331) for uniaxial

extension with Sgg(0)=0 as a function of extension rate.
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Orientation Predictions— UNIAXIAL, S22 (0)=0
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Figure 3.2 Orientation development (S22 for uniaxial

extension with Sgp(0)=0 as a function of extension rate.
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ponent of the orientation parameter tensor saturates at
-1/3, representing perpendicular orientation to the 2-d4i-
rection. Further analyses of Doi's predictions for the
uniaxial case were made at a constant extension rate of
1.0 sec-1 for varying initial orientations with the
constraint that the order parameter tensor be traceless.

In Fig. 3.3 the results for Sll(O)={0,l/3,‘l/3} are shown.

For the extreme of Sy7(0)=2/3, Doi predicts the solution

to remain stable at that wvalue as expected. For the

perpendicular extreme, Sj33(0)=-1/3, saturation takes about

4 s.U. With an isotropic initial condition, 1% S.U. are
required, and only 1 strain unit is required if
S11(0)=1/3.

A comment on the assumption of an initial state with
no preferential orientation needs to be made. Doi's
theory fails to account for the multidomain structure
present. It is physically meaningless, however, to start
with an isotropic condition unless the material is not in
the nematic state. These systems are in fact nematic,
although globally they may be isotropic. Therefore, the
assumption of no initial orientation is a formalism wused
to show the behavior of orientation and stresses. (An
infinitesimal perturbation in orientation from the iso-
tropic state would result in near identical predictions,
although in that case a nematic phase would be defined).

Thus, although not physically meaningful, Sa5(0)=o does
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Figure 3.3 Orientation development (S711) for uniaxial

extension at 1.0 sec-1l for different Sqp(0)=0
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provide a '"composite" or average of all orientation, and
thus is a convenient way to view the predictions of the
equations.

The results for the equal biaxial extension case
(extension occurs in the 1- and 2-directions) with no
initial preferential orientation and stretch rates of 0.01
to 1.0 sec-1 are summarized in Fig. 3.4. Sji saturates in

about 7 S.U. at a value of 1/6. The orientation develop-

ment of S;; for equal biaxial flow for different Sqg(0) is

shown in Fig. 3.5. 1If S§1(0) is either 2/3 or -1/3 (the

extrema) it is predicted to remain constant; otherwise it
will tend to reach a plateau at some value 0<S7yq(w)<2/3
for.Sll(O)>0. Likewise, for S11(0)<0, S11 will saturate

at some value approaching -1/3 as S11(0) approaches that

value. As can be seen in Fig. 3.6, S33(t) shows corre-

sponding behavior, increasing in all but the extreme case

of S22(0)=-1/3, more dramatically and to a higher equili-
brium value as S33(0) is increased.

Equal biaxial deformation results in unique predic-
tions of orientational behavior, as seen in Fig. 3.7 in
which eight different ratios of 1- to 2-direction exten-
sion rates, ranging from uniaxial to planar extensional to
equal biaxial, are shown. With no initial orientation all
other shearfree flows give an ultimate value for Sq;7 of
2/3, and the <closer they approach uniaxial flow, the

guicker they saturate. For equal biaxial deformatiocn,
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Orientation Predictions- EQUAL BIAXIAL, S11(0)=0
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Figure 3.4 Orientation development for equal biaxial

extension with Sgp(0)=0 as a function of extension rate

(S11)
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Figure 3.5 Orientation development (S11) for equal

piaxial extension at 1.0 sec-1 with different Sgg(0)
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Figure 3.6 Orientation development (S33) for equal

biaxial extension at 1.0 sec-1 with different Sgg(0)
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Figure 3.7 Orientation development (S11) for shear-

free flows in the 1,2 plane with Sgg(0)=0
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however, Sj) reaches a plateau at 1/6, the same as S22.

In Fig. 3.8 the corresponding behavior of S5, jg

shown.  S33 approaches -1/3 except for equal biaxial

extension, in which case it saturates at 1/6 along with

S11. An interesting phenomenon is that if the ratio of
extension rates is greater than zero, S33(t) will increase
from 0 before decreasing to its equilibrium value; this
increase becomes more pronounced the nearer the flow is to
equal biaxial extension.

The development of orientation in extensional flows
where the extension rate is not constant (inhomogeneous
flows) was also determined. The development of S37 ig
shown in Fig. 3.9 when the extension rate may arbitrarily
given by the increasing function 2t/(1l+t) as well as by a
constant value of unity. The overall effect of such an
extension is seen to be minor in the case of equal biaxial
extension and somewhat more pronounced for uniaxial
extension. In both instances the time for saturation of
S11 increases slightly because the initial extension rate
is quite 1low, but of course the saturation value remains
constant as expected.

In Fig. 3.10 the interesting case of an extensional
flow in which the transverse rate increases, while the
machine direction rate simultaneously decreases to a value
less than that of the TD rate, is shown. 1In this instance

the orientation in the machine direction (Sj71) goes
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Figure 3.9 Orientation development for equal biaxial
extension and uniaxial extension - the effect of an inho-

mogeneous flow field
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Figure 3.10 Orientation development (S11) for
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through a maximum before decreasing to its ultimate wvalue
of -1/3. The corresponding trends for S22 may be seen in
Fig. 3.11, in which the orientation goes through a minimum
before increasing monotonically to its steady state value
of 2/3.

The transient stress predictions (011_033) for various
extensional flows are summarized in Figs. 3.12 to 3.16.
In these graphs the stress has been made dimensionless by
dividing by ckT. In Fig. 3.12 the initial state of
orientation was assumed to be random. The growth of

O11-033 follows that of the orientation with the
difference that, apart from equal biaxial extension, o
passes through a minimum within 4 second from the incep-
tion of flow before increasing to its steady state
value.

Long time stress behavior for different Sy7(0) for
equal biaxial extension is shown in Fig. 3.13. Except for
the extreme case of Sj)(0)=2/3, in which case the stress
remains essentially constant at its extreme positive
value, the stress growth follows this pattern: the
greater the initial orientation, the 1less the stress
difference tends to increase or decrease during the
deformation. The value of 011-033 reaches a plateau at
some value between zero and unity for all except the one
extreme value of initial orientation.

For determining stress growth using the Doi equations,
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Figure 3.12 Stress development (011-¢33) in shearfree

flows with Sap(0)=0 and C=4



90

Transient Stress Predictions
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one must input a value for the parameter C, a dimension-
less concentration. For egqual biaxial extension, the
effect of increasing C from the critical value of 3 to 4,
a more typical value for anisotropic solutions, to 6, or
even to 100, is shown in Fig. 3.14. (For C<3 there exists
more than one solution to the equations). Subsequent
calculations in this chapter arbitrarily chose C=4. As
can be seen from reasonably small values of C, the affect
on stress growth of varying C is similar to its affect on
orientation: the larger the value of €, the 1longer the
time required to achieve steady state at a given deforma-
tion rate. The case of C=100 is included since prelimi-
nary calculations indicated that C may be on that order
for thermotropic systems (see Appendix A). More reason-
able estimates can be obtained by considering a thermo-
tropes response in simple shear, the subject of the next

section.
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Figure 3.14 Stress development (0711-533) for equal

biaxial extension with S4g(0)=0 and different C values
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3.3 Simple shear Flow Predictions

The remainder of this chapter concerns orientation and
stress development on the inception of simple shear flow:

y-y (%8)

000

Four components of the orientation order parameter are
present for simple shear flow: the three from extensional
flow and Si3. as with extensional flow, S22 and S33 are
equal for a nematic. The orientation development from an
initial isotropic state in simple shearing flow with no
diffusivity (Fgp=0) is shown in Fig. 3.15. S11 reaches a
plateau of 2/3 in about 6 S.U., at which time S35 and s33
(not shown) reach their minima of -1/3. The component Sjj
increases to a maximum at about 14 strain units, and then
is predicted to gradually decrease to zero as time
approaches infinity. Physically, S1) may be viewed as the
orientation in the 1,2 plane, which from the product of
the direction sines and cosines, is a maximum when the
director lies midway between the 1- and 2-directions.

The effect of increasing values of Dy o the order
parameter tensor (and hence stresses) may be seen for the

S11 component in Fig. 3.16. Here, Dr for a concentrated

isotropic solution is vwvaried from O to 10 sec-1. The

effect of Dy on the development of the orientation in

simple shear is only noticeable if Dy = 0(0.1) or more.
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Figure 3.15 Orientation development in simple shear

for Sgp(0)=0 and Dr at 1.0 sec-1
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Figure 3.16 Orientation development in simple shear

for different Dy for SaR(0)=0 at 1.0 sec-1
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Typical values encountered for rod-like solutions are of
the order unity. Thermotropes, on the other hand, seem to
have diffusivities several orders of magnitude less, as
would be expected. With diffusivities on the order of
unity or more, the effective plateau of S;;1 jigs lowered
from 2/3 to as little as 3 (for Dy=10), although the
initial slope versus time remains unchanged since the flow
term still dominates in this region.

The effect on the order parameter development of
starting with a non-isotropic orientation is identical to
the case of extensional flows, and is shown in Fig. 3.17.
The closer the initial orientation is to the steady state
value, the more gradual is the increase, although satura-
tion does still tend to occur slightly earlier. Satura-
tion does still occur in the 6~-8 S.U. range, which is much
greater than the 1-1%{ for extensional flows of the same
magnitude.

Transient stress predictions of Doi's theory in simple
shear give trends similar to the orientation predictions,
as seen in Figs. 3.18 and 3.19. Normal and shear stresses
tend to take longer (10-16 or more S.U.) to stabilize than
do the corresponding orientation components. As with the
orientation, diffusivity tends to depress the value of
shear stress noticeably if Dyyqg.1. Indeed, the initial

overshoot observed in 031 Gisappears entirely if the

diffusivity is on the order of unity. Although the
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Figure 3.17 Orientation development in simple shear
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Figure 3.18 Shear stress development, 012, in simple

shear at 1.0 sec-1, C=4, and different Dy
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Figure 3.19 Normal stress development (011-g22) in

simple shear at 1.0 sec-1l, C=4, Sqg(0)=0, and different Dr
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equilibrium value of N1, the first normal stress differ-
ence (011-022), appears to remain unchanged, the time to
approach this value becomes extremely long for high values
of Dy,

As with the extensional stress predictions, a value of
C=4 was chosen for convenience to make predictions for the
nematic state. The stresses saturate at approximately
the same amount of strain, independent of +the initial

orientation, as can be observed 1in Fig. 3.20. For

Sll(O)<0, a small amount of undershoot occurs in the first

normal stress difference, N1.

Finally, in Fig. 3.21, one may see the effect of
varying the parameter C on the stress growth in simple
shear with isotropic initial orientation. The plateau.
value is seen to be highly dependent on the parameter C,
increasing from 1less than unity (made dimensionless by

dividing by ckT) for C=3 to around 3 for C=6.

In this chapter the predictions of Doi's theory for
the development of orientation and stress after the
inception of extensional and shear flows were made, con-
sidering the effect of the diffusivity on the equations.
Although only the flow term was necessary for the thermo-
tropic systems of interest, the full set of equations was
required when studying the responses of concentrated

solutions.
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Figure 3.20 Normal stress development (011_022) in

simple shear at 1.0 sec-1l, C=4, Dr=0, and different S11(0)
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Figure 3.21 Normal stress development in simple shear

at 1.0 sec-l, Dy=0, S11(0)=0, and different C
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Next, the theoretical predictions for thermotropes
will be compared to experimental results from a blown film
line and the shear flow equations will be compared to the

transient rheology of PPT/H2SO4 solutions. In Chapter 4

the experimental apparatus and technigques for this as well
as other biaxial deformations studied will be examined.
Results and discussion will then follow in the fifth

chapter.



4. EXPERIMENTAL INVESTIGATION

The experimental plan of investigation used to study
the 1liquid crystalline polymers is discussed in this
chapter, which is divided into six sections. The materi-
als used and preparation techniques are described in
section 4.1. Then in the following four sections the
processing methods are described. First the "solid phase
forming" apparatus is discussed. Next, f£ilm stretching is
described, followed by extrusion blow molding and finally
in section 4.5 the film blbwing apparatus 1is detailed.
Lastly, characterization techniques, such as rheological
and mechanical testing, scanning electron microscopy, and
wide angle x-ray are discussed in section 4.6. The diffi-
culties encountered and methods to overcome them are
elaborated upon in the appropriate sections. The results
of the experimental investigation and the pursuant calcu-

lations will then be discussed in Chapter 5.

104
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4.1 Materials and Preparation

The polymers wused in this work were an experimental
aromatic copolyester of 60 mole% p-hydroxybenzoic acid
(HBA) and 40 mole$% polyethylene terephthalate (PET) made
by Tennessee Eastman Company in pellet or chip form. In
the latter case the material was pelletized to facilitate
further processing. Molecular weight (number average) was
about 20,000. Celanese' Vectra A900, which consisted of
73 mole% HBA and 27 mole% 6-hydroxy-2-naphthoic acid
(HNA), was supplied as pellets. The preparation and
physical properties of these copolymers have been
described in detail elsewhere [9,17].

Both anisotropic and isotropic solutions of poly-
(p-phenylene terephthalate) (PPT) in 100% sulfuric acid
were used in this study. The acid was prepared by mixing
the correct amounts on a molar basis of an aqueous solu-
tion consisting of 96.5% Hys04 with Oleum (30% free SO3).
The PPT polymer was supplied in the form of Kevlar
fiber by Monsanto Corporation, and had a weight average
molecular weight of 40,100 and an My/Mp of about 2.

The preparation of the solutions of 4, 8, and 12
weight percent PPT consisted of a series of steps. First,
the fiber was chopped into inch-long pieces which were
then placed in a Soxhlet apparatus. The extraction in

acetone took six hours, fecllowing which the fibers were
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dried in vacuo overnight at 60°C. The mixing of the
fibers with the acid was then accomplished under pre-
purified nitrogen in a jacketed Helicone mixing bowl, also
maintained at 60°C. Up to six hours were required to
homogenize the solution, which was subsequently maintained
in a vacuum oven at ambient temperature until needed for
rheclogical measurements. The oven was then opened under

nitrogen to reduce exposure to the humid air.
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4.2 Solid Phase Forming

Injection molded plagques of both LCPs (1/8"x2.5"x2.5"
end-gated plaques molded in an Arburg Allrounder Model
221-55-250) were pressed with an hydraulic press (Pasadena
Hydraulics, Inc.) at 25,000 pounds force. As the materi-
als studied were hydroscopic, they were dried for 24 hours
under 30" of vacuum at 110°C prior to any processing.

Samples pressed isothermally were done so at 190°C and
205°C for the HBA/PET and at 210° and 240°C for the
HBA/HNA. Plagques were also pressed non-isothermally.
These samples were removed from <the hot press after
equilibrating at one of the above temperatures and placed
in a cold press (water cooled to 10°C) and then pressed
with 25,000 lbs. force. Steel shims were made to provide
10% and 26% reductions in the nominal thickness of the
plaques. In all cases the sample was pressed between
sheets of Teflon. The lubrication o0il, when used, was a

Dow Corning 1000 c¢s. oil.
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4.3 Film Stretching

Films of 60% HBA/PET were extruded through a 6" film
die with die temperatures ranging from 210°C to 230°C and
taken up on chill rolls at 125°C (at Tennessee Eastman).
These films were then stretched on a 4x4 T.M. Long
stretcher in the transverse direction. No additional
stretch could be imparted in the machine direction because
of slippage from the grips. The stretch ratio varied from
1.5 to 3. Preheat time was one minute to stretch temper-
atures of 90° or 100°C. Grip pressure was approximately
350 psig., and was chosen to reduce the material's propen-
sity to either tear or be pulled out during the stretch
process.

The copolyester was also compression molded in the-
hydraulic press (260°C, 600 psi.) and the resulting
unoriented film stretched biaxially to 1.5 X 1.5. Despite
varying the stretch rate from 2 to 14 inches/sec., some
tearing invariably resulted. Even soak times of three
minutes at 130°C were insufficient to resolve this diffi-
culty. Thus, the results will not be included. Results
of 1independent research at the University of Tennessee
(Fellers) confirmed this difficulty for the HBA/PET copo-
lyester. Similarly, compression molded samples of HBA/HNA
could not be stretched, even at 200°C, the 1limit of the

heaters on the T.M. Long.
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4.4 Extrusion Blow Molding

The copolyesters to be blowmolded were extruded
through a 3/4" single screw extruder and then vertically
downward through a 1/16" annular die. Barrel temperatures
(single zone) were either 220, 260, or 275°C and the die
temperatures either 180, 190, or 200°C for the HBA/PET
material; 300 and 320°C barrel temperatures were used for
the HBA/HNA, with die temperatures of 290 and 300°C,
respectively. The die temperatures were limited pri-
marily by freeze off at the lower end and a decreased melt
strength at the upper extreme. Blowing pressure was 30
psig. for most runs, but could be varied to control the
time required to blow the bottle. The time to form a
parison was clocked with a stopwatch and a temperature
probe was used to check the temperature of the lower end

of the parison. The mold was air cooled to 25°C.
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4.5 Film Blowing

Both the HBA/HNA and HBA/PET copolyesters were pro-
cessed in a blown film line. Figure 4.1 is a photograph
of the experimental setup, showing the laboratory extruder
(1" Killion) with the blown film die (hg = 0.63 mm, ag =
2.45 cm) attached, adjustable height £ilm tower with
takeoff rolls, and the torgque winder onto which the sheet
was wound.

For each copolyester two different barrel temperatures
were used. Melt temperatures for the HBA/PET system were
267°C and 247°C with a die profile of 215°C-195°C (initial
and final zones) in both instances. For the naphthoic
system final barrel zone temperatures of 338°C and 319°C
were employed. A die profile of 275°-250°C was used for
both barrel temperatures. As with the extrusion blow
molding, the die temperature could not be varied to any
large extent.

Screw speed was held constant at 46 RPM for both
copolyesters, generating pressures of about 250 psi in the
barrel. Nip roll speed was not varied, but held constant
for a given polymer. Thus, the major adjustable parameter
was the pressure of the nitrogen blown into the bubble,
which could be increased up to 30 psig. Blow up ratios of
1 to about 3.1 were obtained. No air ring was required to

cool these materials because of the supercooling that
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Figure 4.1 Photograph of experimental setup for the

blown film process.



112

occurred in the die itself.

A video camera coupled to a VHS recorder was used to
record the shape of the bubble under different conditions.
In addition, a black permanent marker was used to provide
a point of reference on the bubble from which to calculate
the velocity of a particle in the axial direction on

playback of the video.
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4.6 Characterization

Once processed, several characterization techniques
were utilized in order to measure the properties of the
resulting material. The following subsections explain the
methods used to measure the rheological and mechanical

properties, texture, and molecular orientation.

4.6.1 Rheological Measurements

Transient, steady shear, and dynamic rheological
measurements on the PPT solutions were conducted with a
cone-and-plate geometry (0.04 radian angle, 25 mm diame-
ter) on the Rheometrics Mechanical Spectrometer (RMS 605).
In steady shear the viscosity and first normal stress
difference were obtained from standard equations, as were
the dynamic viscosity, storage, and loss moduli in the
dynamic oscillatory mode ([71]. A description of the
measurement technique for the transient response exper-
iments, however, is provided.

Transient rheological measurements include a number of
tests 1in which the non-steady response of the shear and
normal stresses are investigated. Typically these expe-
riments consist of stress growth and relaxation tests,
although such a jump strain and interrupted stress growth

are possible. In a stress growth experiment the fluid is
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assumed to be at rest for all times prior to t=0. At that
point steady shear flow is initiated at a constant known
value ofj’. In a stress relaxation experiment the mate-
rial 1is assumed to have achieved steady state in shear
flow for t<0. At time t=0 the shearing is stopped and the
stresses are monitored as they relax to a constant
value.

For all transient tests the data can be represented in
terms of four time-dependent viscosity and normal stress

functions:

MH(E) = T12(e)/y

N1+(t) = T11(t)-122(t)

Ho(E) = T12(t) /y

N1-(t) = T11(t)-T22(t)
where by convention the + sign signifies the stress growth
behavior and the - sign the stress relaxation behavior of
the material.

Specific data gathering technigques were employed on
the transient experiments to ensure that an accurate
measure of the response of the material was obtained. The
RMS was equipped with a digital storage oscilloscope
{Gould model 0S4100) to which torgque and normal force
measurements were directly sent. After storage the sig-
nals were dumped onto a strip chart recorder. This

arrangement avoided the effect of a slow pen response time

which would exist if the measurements were directly
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recorded on the plotter. Pre-purified nitrogen was used
instead of air for all tests to eliminate the effects of

moisture of the PPT solutions.

4.6.2 Mechanical Testing

Samples to be mechanically tested were obtained in
both the machine and transverse directions (where pos-
sible). Tensile tests of 1 cm dumbbells and three point
flex tests of rectangular strips were carried out on an
Instron Mechanical Tester (model 1122) at equilibrium with
the laboratory surroundings. In some instances it was not
possible to obtain dumbbell samples for tensile testing:

highly oriented thin film tended to splinter when the

dumbbell cutter was used. Rectangular strips were cut for
testing in these cases. Crosshead speeds were 0.5 mm/min
for tensile and 5.0 mm/min for flex tests. The arithmetic
average and standard deviation of the strength, modulus,
and elongation to break were calculated for several spe-

cimens taken from the same film, bottle, or plaque.

4.6.3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was done with

either a Jecl microscope (JSM-35C) with an accelerating

voltage of 15kV or a Cambridge instrument (Stereoscan 200)
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with an accelerating voltage of 25kV. Samples of the
HBA/PET copolyester were either selectively etched of
their PET-rich regions with n-propylamine and rinsed with
water or were fractured under 1liquid nitrogen prior to
mounting. The Vectra samples had to be etched with sul-
furic acid (96.5%, agueous solution) to enhance their
texture for viewing. The samples were mounted with silver
conducting paint and coated with 100-150 angstroms of gold
prior to analysis. Photomicrographs on the JEOL instru-
ment were taken with Polaroid type 55 film, primarily at
480x magnification. On the Cambridge instrument type 52
film was employed in preference to the type 55 because of
the higher resolution, particularly at the higher magnifi-

cations used (sometimes greater than 20,000x).

4.6.4 Wide Angle X-Ray Scattering

Wide angle =x-ray (WAXS) diffraction patterns were
obtained from a Philips x-ray generator (model PW 1720) at
40kV and 20 milli amperes. A Wahrus camera was used to
photographically record the scattering.patterns. Samples
were exposed from 4 to 24 hours, depending on their
thickness. The impingement direction was perpendicular to
the surface of the bottle, f£ilm, or plaque, except where

noted.
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In Chapter 4 the experimental portion of the investiga-
tion was detailed, with emphasis on the processing methods
employed. The results obtained from the theoretical and

experimental studies are discussed in the next chapter.



5. DISCUSSION

This study was conducted to determine whether thermo-
tropic 1liquid crystalline copolyesters could be processed
in a manner that would result in biaxial orientation and
properties in the final product. Also of importance to
this work was determining whether the molecular orienta-
tion could be successfully predicted by adapting Doi's
theory of anisotropic solutions to the processing of
thermotropes. Doi's theory predicts the stresses and
orientation present in such solutions, but with appropri-
ate modifications may be applicable to the melt state, as
shown in Chapter 3. This chapter is broadly divided into
two parts: the first part considers the experimental
results on the thermotropic copolyesters. The second
portion of the discussion focuses on the transient predic-
tions of the Doi theory. The shear flow predictions of the
theory are examined through the rheology of PPT/HZSO4
solutions and shearfree predictions are analyzed in terms
of the film blowing results.

The chapter has been divided as follows. The process-
ing methods are first discussed: solid phase forming in
section 5.1, extrusion blow molding in section 5.2, £ilm

stretching in section 5.3, and film blowing in section

118



119

5.4. The processing and characterization results are
included for each processing method with a discussion of
the results at the end of each section. The transient
orientation predictions of the theory for bkiaxial flows
are then discussed 1in section 5.5 and compared to the
results obtained from film blowing the two copolyesters of
interest. In section 5.6 the transient rheological behav-
ior of the PPT/Hjso4 solutions is discussed, followed by
the predictions of Doi's theory for the anisotropic solu-

tion subjected to transient shear flows.



120
5.1 Solid Phase Forming

Mechanical properties of injection molded end-gated
plagques do not approach those reported for fibers and
films. It has been well documented that for relatively
thick plagques, such as the 1/8" thick ones examined here,
the core is mostly unoriented and amorphous in texture
although the skin region may be highly oriented in the
flow direction [72]. Thus, not only are the properties
poor 1in the transverse direction, but they are less than
ideal even in the machine direction. This deficiency
provides the impetus for further processing of plaques of
HBA/PET and HBA/HNA to improve the mechanical prdpefties,

either in one direction or by imparting biaxial properties

and orientation.

Initial modulus and strength values have been deter-
mined for a variety of pressing conditions for the HBA/PET
copolyester. Tables 5.1 and 5.2 summarize these results
for the tensile and flexure modes, respectively. No
significant change in the transverse direction properties
can be seen under the range of processing conditions
studied: tensile and flexural moduli remained below 2 GPa
and stress at break was approximately 20-30 MPa. These
values indicate an orientation perpendicular to the trans-
verse direction. For the isothermal pressing of the

HBA/PET copolyester even when the modulus increased sig-
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TABLE 5.1: Tensile Calculations - HBA/PET Plaques

Conditions Direction ET (MPa) oBreak (MPa)
As molded MD 3285 (148) 84.0 (2.76)
190, no press MD 3106 (277) 71.9 (12.3)
205, no press MD 3285 (249) 79.1 (6.66)
190,NL,10% MD 3712 (328) 56.6 (19.6)
190,L,10% MD 4054 (393) 55.4 (6.09)
190,NL, 26% MD 4436 (445) 58.3 (12.0)
205,NL,10% MD 3793 (127) 51.0 (13.9)
205,L,10% MD 4130 (212) 44.5 (6.81)
205CP,NL,10% MD 3679 (348) 81.2 (5.98)
205Cp,L,10% MD 4018 (80) 79.9 (4.69)
205CP,NL, 26% MD 4326 (211) 77.9 (8.89)
205CP,L,26% - MD 4188 (481) 74.9 (9.92)
As molded TD 1681 - 34.8 -
190, no press TD 1226 (146) 24.2 (1.57)
205, no press TD 1364 (111) 23.8 (1.86)
190,NL,10% D 1395 (301) 22.0 (9.64)
190,NL,26% TD 1594 (115) 21.3 (3.44)
205,NL,10% TD 1359 (40) 21.4 (1.84)
205,L,10% TD 1489 (165) 19.7 (2.39)
205CP,NL,10% TD 1447 (103) 24.6 (1.51)
205¢CP,L,10% TD 1522 (107) 26.1 (2.80)
205CP,NL, 26% ™D 1633 (42) 25.8 (4.57)
205CP,L,26% TD 1668 (224) 24.1 (2.36)

Here, CP indicates cooled-while-pressing, L and NL
indiate 1lubricated and not lubricated, respectively. The
percentage nominal reduction 1is also given. Standard
deviations are given in parentheses.



122

TABLE 5.2: Flexure Calculations - HBA/PET Plaques

Conditions Direction Eg (Mpa) OBreak (MPa)

As molded MD 10580 (1470) 98.8 (6.96)
190, no press MD 12680 (513) 103.8 (1.97)
205, no press MD 9690 (325) 101.5 (1.22)
190,NL,10% MD 8357 (995) 50.0 (22.3)
190,L,10% MD 9443 (676) 56.3 (15.3)
190,NL,26% MD 7303 (336) 50.7 (18.1)
205,NL,10% MD 9142 (898) 76.2 (10.0)
205,L,10% MD 9913 (1756) 75.8 (5.71)
205CP,NL, 10% MD 12800 (365) 106.9 (0.68)
205Cp,L,10% MD 11330 (580) 94.2 (3.14)
205CP,NL, 26% MD 11570 (167) 93.3 (6.55)
205CP,L,26% MD 13490 (897) 93.6 (15.8)
As molded TD 1728 (264) 31.3 (3.57)
190, no press D 1534 (59) 27.2 (1.89)
205, no press TD 1400 (87) 25.8 (1.19)
190,NL,10% TD 1541 (236) 24.6 (3.19)
190,L,10% ™D 1572 (152) 3.1 (4.61)
190,NL,26% TD 1732 (250) 25.2 (4.00)
205,NL,10% D 1524 (503) 21.4 (7.50)
205,L,10% TD 1132 - l6.1 -
205CP,L,10% TD 1689 (97) 27.1 (1.27)
205CP,NL, 26% TD 1353 (165) 22.2 (2.92)
205Cp,L,26% TD 1982 (106) 30.2 (0.85)

Here, CP indicates cooled-while-pressing, L and NL
indiate lubricated and not lubricated, respectively. The
percentage nominal reduction is also given. Standard
deviations are given in parentheses.
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nificantly in the MD, the strength was adversely affected,
being reduced up to 50% compared to the as molded speci-
mens. For the samples that were cooled while they were
pressed, however, enhancement in the tensile modulus was
observed with no corresponding reduction in the stress at
break of the material. The flexure results follow the
same trend: here again, loss of strength was detected only
if the plagues were pressed isothermally.

Pressed plagques of HBA/PET were examined by means of
electron microscopy (SEM). Fracture specimens taken
parallel to the flow direction were examined edgewise.
Thus, the horizontal direction in Figs. 5.1-5.3 1is the
thickness direction and the vertical is the flow direc-
tion. Plaques examined "as molded" revealed a 0.3 mm skin
at each edge, as shown in Fig. 5.1. The remainder of the
plague, shown in the same figure, was lacking in fibrous
texture. When the plague was deformed isothermally at
190°C and then quenched the samples changed considerably.
The micrographs 1in Fig. 5.2 indicate that the center
became slightly more oriented than before the deformation,
but the edge no longer appeared to be fibrous in texture.
Some localized melting at the surfa¢e in which the previ-
ous orientation was permitted to relax out may be respon-
sible for this phenomenon; annealing effects at this
temperature and time are negligible and thus cannot

account for the decrease in properties and structure [76].
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EDGE CENTER

Figure 5.1 Morphology of fracture surface of injec-
tion molded plaque before deformation (x480). Flow direc-

tion is vertical, thickness direction is horizontal.
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EDGE

Figure 5.2 Morphology of fracture surface of injec-
tion molded plague pressed isothermally at 190°C to 74% of
its original thickness without lubrication. The left of

the micrograph is the edge of the sample (x480).
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EDGE CENTER

Figure 5.3 Morphology of fracture surface of injec-
tion molded plaque after being cooled from 205°C during
deformation to 74% of its original thickness with lubrica-

tion (x480).
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In contrast, when the plagque was cooled from 205°C as
it was pressed, the morphology shown in Fig. 5.3 resulted.
The edge remained highly aligned in the flow direction and
the core for the most part showed the same fibrous tex-
ture. Thus the deformation occurred primarily in the
center region and not at the outer surface. Because of
the heat transfer, the outer surface would be guenched
immediately on contact with the c¢old platens, but the
center was shown (see Appendix B) to cool to approximately
155°C by the end of the deformation, which required about
0.5 second. This finding correlates well with Fig. 2.15
in which one can see that the elastic modulus is still in
the processible region at 160°C on the cooling curve for
this material.

These morphological results correlate well with the
mechanical properties of the samples. By increasing the
fraction of the plaque that is fibrous and.aligned in the
flow direction, the modulus in the MD is improved. When
the orientation at the surface is destroyed the flexure
properties, which predominantly reflect the outer edge
structure, likewise decrease. Clearly, thermal as well as
deformation history is critical in determining the struc-
ture and properties of these materials.

Two additional comments should be made concerning the
mechanical property and SEM results. First, no general

trend was found in regard to the effect of 1lubrication.
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Although the plaques tended to deform only along the MD
without lubrication and more uniformly with the o0il (the
purpose of the oil was to ensure a biaxial deformation),
no difference in the morphology or properties could be
noted. Second, pressing the samples 26% instead of 10% did
not significantly alter their morphology or properties.
Thus, no more than 10% reduction in thickness is required
to alter the structure and properties if the plaques are
non-isothermally deformed.

Injection molded plaques of HBA/HNA were also pressed
10% and 26% under isothermal and nonisothermal conditions.
Isothermal pressing was done with and without lubrication
at 265°C; nonisothermal processing occurred while cooling
from 295°C for the same nominal thickness reductions. The
tensile and flexure results are shown in Tables 5.3 and
5.4, respectively. Although the pressed plagues showed an
increase in tensile modulus in the MD from 3.0 to about
3.5 GPa, this change was not significant. However, for
the 26% reduction, the maximum stress in the MD declined
by 50% or more, from about 150 MPa to 50-75 MPa for both
the isothermal and nonisothermal cases. The smaller
reduction in thickness resulted in no appreciable change
in the strength of the material. Likewise, transverse
direction modulus and strength showed no significant
change from initial values of 1.6 GPa and 47 MPa, respec-

tively, for the nonisothermal pressings. However, if the
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TABLE 5.3: Tensile Properties - HBA/HNA Plaques

Conditions Direction Er (MPa) oBreak (MPa)
As molded MD 2980 (230) 147 (15.5)
295°, no press MD 2730 (120) 145 (16.0)
295°CP,NL, 26% MD 1730 (100) 62.2 (10.5)
295CP,L, 26% MD 3050 (300) 75.3 (18.3)
295CP,NL, 10% MD 3220 (510) 149 (23.0)
295Cp,L,10% MD 3560 (410) 126 (38.9)
265,NL, 26% MD 3800 (630) 51.2 (9.76)
265,L,26% MD 3580 (440) 51.2 (27.7)
265,NL,10% MD 3760 (250) 74.0 (31.8)
265,L,10% MD 3310 (30) 122 (22.5)
As molded TD 1580 (136) 46.9 (4.46)
295°, no press TD 1400 (60) 48.6 (3.65)
295°CP,NL, 26% TD 1930 (320) 58.7 (13.9)
295CP,L,26% D 2050 (140) 71.3 (5.70)
295CP,NL, 10% TD 1650 (160) 54.1 (3.92)
295CP,L,10% TD 1760 (190) 70.9 (9.81)
265,NL, 26% TD 1210 (290) 4.68 (1.07)
265,L,26% TD 1960 - 4.72 -
265,NL,10% TD 1480 (210) 11.0 (12.2)
265,L,10% TD 1790 (430) 11.7 (9.20)

Here, CP indicates cooled-while-pressing, L and NL
indiate lubricated and not lubricated, respectively. The
percentage nominal reduction 1is also given. Standard
deviations are given in parentheses.
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TABLE 5.4: Flexure Properties - HBA/HNA Plaques

Conditions Direction Eg (MPa) OBreak (MPa)
As molded MD 13000 (820) 165 (3.5)
295°, no press MD 7210 (310) 122 (7.8)
295°CP,NL, 26% MD 2990 (190) 44.2 (10.7)
295CP,L,26% MD 5110 (300) 78.9 (5.67)
295CP,NL,10% MD 7100 (50) 109 (1.53)
295CP,L,10% MD 9470 (710) 125 (4.58)
265,NL,26% MD 7020 (185) 72.1 (14.2)
265,L,26% MD 8910 (350) 105 (13.7)
265,NL,10% MD 10280 (185) 106 (27.9)
265,L,10% MD 10070 (920) 105 (12.0)

Here, CP indicates cooled-while-pressing, L and NL
indiate lubricated and not lubricated, respectively. The
percentage nominal reduction is also given. Standard
deviations are given in parentheses.
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LCP was deformed isothermally at 265°C, the transverse
direction strength declined by an order of magnitude.
Importantly, no change in tensile properties was observed
if the plaque was simply heated to 295°C without any
deformation.

Flexural results were uniformly poor, with modulus and
strength in the machine direction declining under all
presssing conditions. Moduli of undeformed plaques of 13
GPa and strength of 165 MPa were reduced by as much as
50%. These effects were exacerbated for the 26% reduction
as compared to the more mild deformation of 10%. Unlike
the tensile results, the plagque that was heated without
being subjected to deformation showed a significant
decrease in both modulus and strength from 13 GPa to 7.2
GPa and from 165 MPa to 122 MPa, respectively. Causes for
these adverse effects will now be examined in terms of SEM
and WAXS results.

The next several figures contain micrographs of frac-
ture surfaces of injection molded plagques of HBA/HNA. 1In
all cases the flow direction in the mold is horizontal and
the thickness direction 1is vertical. The "as molded"
plaque is seen in Fig. 5.4. Both the edge {(a) and center
(b) are fibrillar in texture with fiber diameters on the
order of one micrometer. The onlyAdifference between the
center and the edge is that the center shows fibers that

seem to have less of a preferred orientation. The £fibers
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Figure 5.4 SEM micrographs of the edge (a) and center
(b) of plagques of HBA/HNA as molded. MD 1is horizontal,

thickness is vertical.
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at the edge, on the other hand, appear to be highly
aligned in the flow direction.

In Fig. 5.5 the micrographs of the edge and center of
the plaque that was heated without being pressed are
shown. Although the edge still has some firbrillar tex-
ture, the fibers do not appear to be as well-aligned as
the "as molded" sample. The center has also changed to an
isotropic collection of droplets ranging in size from one
to tens of microns.

The next two figures, 5.6 and 5.7, contain micrographs
of samples which were pressed to 74% of their original
thickness nonisothermally. The top figure (a) in these
and succeeding figures was taken at the very edge of the

plagque, the middle (b) from one photo width in from the
edge (about 150um), and the bottom (c) from the center of
the plagque. With no lubrication (Fig. 5.6), the edge loses
its fibrillar character altogether, being replaced by a
rather amorphous looking texture. The fibers do remain to
some extent in b and ¢, but are not as prominant as in the
undeformed sample. Under this particular deformation, the
bending modulus, which reflects the structure of the
outermost fibers, is reduced to only about 25% of its
undeformed value (to 3 GPa).

In contrast, the photos in Fig. 5.7 show only a modest

reduction in "fibrosity." Partially mutilated fibers are

in evidence at the ocutermost edge (a), and they seem to be
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Figure 5.5 SEM micrographs of HBA/HNA plague heated
to 295°C without deformation: top is the edge and bottom

is the center of the plaque.
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Figure 5.6 SEM micrographs of plagques of HBA/HNA
pressed 26% from 295°C nonisothermally without lubrica-
tion: a) top edge; b) 150um in from the edge; c) center.

MD is horizontal and thickness is vertical.
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Figure 5.7 SEM micrographs of plaques of HBA/HNA
pressed 26% from 295°C nonisothermally with lubrication:
a) top edge; b) 150um in from the edge; c¢) center. MD is

horizontal and thickness is vertical.
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relatively undisturbed 150um in from the edge. The center
remains a mat of relatively unoriented fibers. Here the
modulus 1is over 5 GPa, still less than half the initial
modulus before deformation but significantly better than
under the same deformation without lubrication (Fig. 5.6)
in which the outer structure was wholly destroyed.

The nonisothermal pressings of 10% thickness reduction
were not as catastrophic in terms of structural changes as
were the 26% thickness reductions. In Figs. 5.8 and 5.9
these results may be seen. In both cases the very edge of
the samples show mutilated fibers, which are relatively
undisturbed 150um in from the surface of the plagque. The
center in both instances was 1little changed from the
undeformed state. The decrease in modulus and strength,
although significant, was not as severe as for the samples
which underwent the greater thickness reduction.

The structure of the isothermally pressed specimens
was somewhat different. The outermost fibers (about
30-50um) appear to be melted or fused together, as shown
in Figs. 5.10a, 5.11la, and 5.12a. The micrograph taken
about 150um in from the edge shows fibers similar to those
at the edge of the undeformed samples (Figs. 5.11lb and
5.12b). The center remained largely fibrillar (Figs.
5.10b and 5.12¢), but portions tended to lose their struc-
ture as viewed under the electron microscope (Figs. 5.10c

and 5.11c). This phenomenon might be associated with
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Figure 5.8 SEM micrographs of plagues of HBA/HNA
pressed 10% from 295°C nonisothermally without lubrica-
tion: a) top edge; b) 150um in from the edge. MD is hori-

zontal and thickness is vertical.
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Figure 5.9 SEM micrographs of plagques of HBA/HNA
pressed 10% from 295°C nonisothermally with lubrication:
a) top edge; b) 150um in from the edge; c) center. MD is

horizontal and thickness is vertical.
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Figure 5.10 SEM micrographs of plaques of HBA/HNA
pressed 26% from 265°C isothermally without lubrication:
a) top edge; b) center (some); c) center (most). MD is

horizontal and thickness is vertical.
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Figure 5.11 SEM micrographs of plagques of HBA/HNA
pressed 10% from 265°C isothermally without lubrication:
a) top edge; b) 150um in from the edge; c) center. MD is

horizontal and thickness is vertical.
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Figure 5.12 SEM micrographs of plagues of HBA/HNA
pressed 10% from 265°C isothermally with lubrication: a)

top edge; b) 150um in from the edge; c) center. MD is

horizontal and thickness is vertical.
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localized melting of the core 1in some instances. The
smaller amount of structural disruption evident in the
isothermally pressed samples is reflected in better flexu-
ral modulus values, particularly for the 10% reduction.
Strength values were inferior for all pressing conditions
compared to the unpressed samples, but this was most
probably due to small surface imperfections which caused
premature failure of the specimens.

Wide angle x-ray results normal to the surface of the
pressed plaques are shown in Figs. 5.13-5.15. In the
first of these three figures the pattern of the as molded
plaque is shown (machine direction vertical and transverse
direction horizontal). A significant degree of molecular
alignment in the flow direction in the mold is evidenced
by the equatorial scattering from the specimen. The non-
isothermally pressed plaques were characterized by WAXS in
Fig. 5.14. For the 10% reduction some preferential orien-
tation in the machine direction remains (¢ and d), but
that order is removed upon further pressing. The top two
patterns (a and b) were obtained from plagues squeezed to
74% of their initial thickness. With lubrication (b) no
significant degree of azimuthal intensity dependence is
noticeable. If the sample is squeezed with a lubricating
oil, however (a), a slight transverse direction orienta-
tion becomes noticeable. The tensile properties reflect

the molecular orientation: the less machine direction
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Figure 5.13 WAXS diffraction pattern for plagues of

HBA/HNA as molded. MD is vertical, TD is horizontal.
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Figure 5.14 WAXS patterns for plagques of HBA/HNA
pressed while cooling from 295°C: a) 26%, no lube; b) 26%,

lube; c¢) 10%, no lube; d4d) 10%, lube.
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Figure 5.15 WAXS patterns for plagues of HBA/HNA
pressed isothermally at 265°C: a) 26%, no lube; b) 26%,

lube; c¢) 10%, no lube; d) 10%, lube.
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orientation present, the less different the MD and TD
modulus and strength. For the 26% reduction in thickness
without lubrication, the transverse properties are identi-
cal (within error) to those in the machine direction.

The x-ray results for the isothermally pressed plagques
show no significant change in molecular orientation with
pressing (Fig. 5.15). Mechanical properties confirm this
finding, showing no increase in transverse properties as
with the nonisothermally pressed plaques. Hence the
mechanical properties may be correlated with molecular
orientation as well as structural and textural changes
observed with electron microscopy.

The difference in the microscopy and medhanical
results between the two copolyesters is intriguing. For
the HBA/PET system, the properties and structure became
more uniaxial in nature, whereas for the naphthoic copo-
lyester a balance of properties was observed, particularly
when the sample was nonisothermally pressed. This differ-
ence may be attributed to the fact that in the former case
no fibrillar texture was present 1in the center of the
sample prior to deformation. Thus, during the nonisother-
mal pressing, this region tended to deform without dis-
turbing the surrounding fibrils: in other words parallel
to their 1long axes. The result was an increase in the
uniaxial nature of the plagque. In contrast, the ‘HBA/HNA

material was initially fibrous <throughout <the plaque,
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although the center region did not appear to be as highly
aligned. Even before +the nonisothermal deformation at
295°C occurred, though, the thermal treatment tended to
decrease the order present in the outermost fibers as well
as radically alter the structure of the core. Thus, some
degree of biaxiality could be imparted during the deforma-
tion. Overall the mechanical properties declined signifi-
cantly more than would be expected based solely on the
orientation of the molecules. The electron microscopy
results chronicled the adverse effect the deformation had
on the structure of the fibers.

Some of the difference between the two copolyesters
may be explained by the fact that for the HBA/PET system,
the deformation occurred below the melting point for this
material where annealing effects were minimal for the time
of the deformation. 1In contrast, the temperature to which
the material was initially heated for nonisothermal defor-
mation had to be greater than the melting point in order
to induce any deformation while cooling. Thus, the iso-
thermal results, which took place at a temperature below
Tm, were superior to those of the nonisothermally deformed
plaques. Calculations similar to those for the HBA/PET
polymer indicated that the temperature reached 215°C by
the conclusion of the deformation process, also in agree-
ment with the cooling curves in Fig. 2.15 (see Appendix

B).
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In this section the experimental results obtained from

pressing injection molded plagques were analyzed in terms

of the effect of deformation and thermal history on

structure and properties of the material. Next,

effect of varying the thermal history on properties

the
the

and

orientation of extrusion blow molded bottles of both

copolyesters will be examined.
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5.2 Extrusion Blow Molding

Another method of imparting biaxial orientation in
polymers during processing is blow molding. In this
process a parison is extruded through an annular die, a
mold clamped around it, and air blown into the mold,
expanding the parison against the mold walls. Although it
was difficult to accurately control the deformation and
thermal histories with the laboratory setup employed, this
method proved effective in obtaining a variety of struc-
tures and orientations in the final product - a bottle.

Wide angle x-ray (WaXS) diffraction patterns, SEM
micrographs, and tensile property data were obtained on
extrusion blow molded bottles of both copolyesters under
consideration. First the Instron results will be pre-
sented, followed by the microscopy and x-ray data together
to facilitate comparisons between the two techniques.

All data points reproduced in Table 5.5 for blow
molded bottles of HBA/PET represent the average of at
least three samples and sometimes as many as five. Trans-
verse (hoop direction) values could not be obtained for
all barrel and die temperatures because of gross non-
uniformity in thickness in some instances. It should be
noted that all specimens were taken from the midsection of
the bottle; although SEM and WAXS were done on other

portions of each bottle, mechanical test specimens could
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TABLE 5.5

Tensile Properties of
Extrusion Blow Molded Bottles of HBA/PET

(Axial Direction)

Barrel/Die Temp. Ep Omax Elongation
°C MPa MPa s
220/180 2800 (336) 50.5 (6.70) 10.9 (3.5)
220/190 1760 (134) 38.5 (6.23) 33.0 (4.7)
220/200 2620 (356) 54.0 (2.50) 10.2 (4.6)
260/190 5150 (668) 81.5 (16.6) 6.6 (3.1)
260/200 3490 (338) 58.7 (23.7) 7.1 (4.2)
275/190 6130 (1039) 98.2 (37.9) 7.5 (4.2)
275/200 4000 (907) 73.2 (16.0) 7.8 (1.7)

(Transverse or Hoop Directibn)

220/190 4260 (660) 84.9 (24.4) 7.4 (1.4)
260/200 1750 (111) 43.7 (2.89) 16.1 (2.0)
275/190 1390 (283) 29.8 (13.3) 19.4 (11.2)

Standard deviations are given in parentheses.
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only be obtained from the midddle of the blow molded
bottle (see Fig. 5.16 for a schematic representation of a
blown bottle).

When the barrel temperature was either 260 or 275°C
the tensile properties of the resulting bottle were indic-
ative of uniaxial orientation in the direction of the long
axis of the parison (z direction). The properties of the
bottle obtained with a barrel temperature of only 220°C
were gquantitatively different. The axial modulus was
about half that of the high temperature extruded bottles,
at about 2.50 GPa. A strength of 50 MPa was somewhat less
also, but the difference was not as dramatic.

The notable exception to the above results of bottles
extruded at 220°C occurred with a 190°C die temperature,
at which point the bottle tended to show Dproperties much
greater in the hoop direction than in the axial direction.
Modulus and strength in the axial direction were in the
same range as those obtained in the transverse direction
at the two highest barrel temperatures, about 1.75 GPa and
40 MPa, respectively.

Scanning electron microscopy and X-ray analysis rein-
forced the mechanical property data. The orientation
observed in the diffraction patterns and the morphology
seen under the microscope are also in gqualitative agree-
ment with each other. The axial, or z direction, is

vertical in both SEM and WAXS diffraction patterns. SEM



153
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Figure 5.16 Schematic representation of a blown
bottle, showing the locations from which SEM and WAXS

samples were taken.
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photographs were taken of both the inside and the outside
surfaces of the bottle (see Fig. 5.15). Also shown are
the neck and bottom regions from which additional samples
for analysis were taken in some instances. WAXS patterns
were taken through the thickness of each bottle (no micro-
toming), and thus represent an average orientation.

First, the results obtained from the midsection of
each bottle will be discussed, followed by the patterns
obtained from the neck and bottom regions, unblown pari-
sons, and free blown specimens (in the latter case no mold
was used and the material was permitted to air cool).

In Fig. 5.17 SEM photos and the corresponding WAXS
patterns are shown for the bottles extruded at a 275°C
barrel temperature and a 190°C die temperature. The
orientation is wuniaxial along the z direction, which is
vertical in all instances. The morphology is fibrillar,
particularly at the outer surface. The results from the
bottle with the same barrel temperature and a 200°C die
temperature were somewhat different, as may be seen in
Fig. 5.18. The lower degree of orientation present may be
due to greater relaxation of structure at the higher exit
temperature.

Similarly, die temperature had only a slight effect on
the morphology and oriéntation of bottles extruded with a
barrel temperature of 260°C. The higher barrel tempera-

ture resulted in a sample with with a slightly more dif-
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INSIDE OUTSIDE

Figure 5.17 SEM micrographs of etched surfaces and

WAXS patterns of blow molded bottles of HBA/PET 60/40;

Tb=275, Td=190°cC. Micrographs (x480) and WAXS patterns

have z direction vertical.
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Inside Outside

Figure 5.18 SEM micrographs of etched surfaces and

WAXS patterns of blow molded bottles of HBA/PET 60/40;

Tb=275, Td=200°C. Micrographs (x480) and WAXS patterns

have z direction vertical.
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fuse diffraction pattern, but no noticeable difference in
the texture of the samples (compare Figs. 5.19 and 5.20).
As with the 275° barrel temperature, the bottles showed a
higher degree of 2z direction orientation on the outside
than on the inside, probably due to more relaxation occur-
ring during extrusion of the parison on the inside because
of the guenching effect of the cold mold walls on the out-
side of the bottle.

While the wuniaxial orientation shown by WAXS was not
guite as strong at the intermediate barrel temperature as
it was at a 275°C extrusion temperature, the results
obtained at the lowest barrel temperature were strikingly
different. With a 220°C barrel and 200°C die temperature,
the specimens exhibited biaxial orientation, as shown by
the four lobes of high intensity on the WAXS photo in Fig.
5.21. The SEM micrographs show a fibrous texture on the
outside and a "transversely stretched" fibrous texture on
the inside surface. Almost identical results may be seen
in Fig. 5.22 at the 180°C die temperature and the low
barrel temperature. Here the inner surface SEM photo is
magnified only 200x instead of 480x as are each of the
other micrographs to better show the long range texture of
the bottle.

The bottles extruded at a die temperature of 190°C

(Tg=220°C) are startlingly different, as seen in Fig.
5.23. The WAXS pattern for a thick sample shows a pro-



158

INSIDE QUTSIDE

Figure 5.19 SEM micrographs of etched surfaces and

WAXS patterns of blow molded bottles of HBA/PET 60/40;

Tp=260, Td=190°C. Micrographs (x480) and WAXS patterns

have z direction vertical.
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Inside Outside

Figure 5.20 SEM micrographs of etched surfaces and

WAXS patterns of blow molded bottles of HBA/PET 60/40;

Tp=260, Td=200°C. Micrographs (x480) and WAXS patterns

have z direction vertical.
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INSIDE OUTSIDE

Figure 5.21 SEM micrographs of etched surfaces and

WAXS patterns of Dblow molded bottles of HBA/PET 60/40;

Tb=220, T4=200°c. Micrographs (x480) and WAXS patterns

have z direction vertical.
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INSIDE OUTSIDE

Figure 5.22 SEM micrographs of etched surfaces and

WAXS patterns of blow molded bottles of HBA/PET 60/40;

Tp=220, T4=180°cC. Micrographs (x480) and WAXS patterns

have z direction vertical.
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INSIDE OUTSIDE

Figure 5.23 SEM micrographs of etched surfaces and

WAXS patterns of blow molded bottles of HBA/PET 60/40;

Tp=220, Td=190°cC. Micrographs (x480) and WAXS patterns

have z direction vertical.
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nounced orientation in the hoop (8) direction. The micro-
graph of the inside surface reinforces the x-ray result,
showing a fibrous texture perpendicular to the axial
direction. The micrograph of the outside surface shows
relatively 1little preferential alignment of the copolyes-
ter.

Wwide angle xX-ray micrographs were taken parallel to
the surface of the bottle in the midsection region in
order to determine whether there existed a planar molecu-
lar orientation. In Fig. 5.24 these results are shown for
three different thermal histories. As can be seen, there
is a fairly high correlation of orientation in the plane
of the surface in all cases, irrespective of the order
shown when the =x-rays impinge normal to the surface.
Hence samples with biaxial or uniaxial alignment in either
the transverse direction or the machine direction have
a high degree of orientation in the plane of the surface
of the bottle.

The mechanical property data, shown in Table 5.5,
agree well with the microscopy and the x-ray results. The
lowest axial direction modulus and strength occur where
the orientation was seen in the hoop direction. The
biaxially oriented specimens have significantly higher
modulus and strength, and those that gave a uniaxial
diffraction pattern indicating 2z direction orientation

have the highest values. Among these latter, the bottles
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Figure 5.24 WAXS micrographs of extrusion blow molded
bottles taken parallel to surface: a) T, = 220°C, T4 =
190°; B) Tp = 220°, T4 = 200°; c) Tb = 260°, Td = 190°.
Thickness (r) direction is vertical, z direction is hori-

zontal.
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extruded through the 190° die exhibit the most fibrillar
structure and the narrowest bands of azimuthal intensity,
and have modulus values over 5 GPa and strengths approach-
ing 100 MPa. Likewise, the transverse direction tensile
properties agree well with the SEM and WAXS results.

To explain the results summarized in detail above, one
must account for the effects of both the thermal and
deformation histories on the bottles. 1In extrusion blow
molding these bottles, the deformation history was not
varied so that the effects of differing thermal histories
could be more readily analyzed. Given the similar defor-
mation history in each case (see experimental chapter),
the effect of changing the temperature in both the barrel

and die heating zones was studied. Despite the limita-

tions on the die temperatures, a complete spectrum of
structures resulted in the bottles.

The question ramained, however, whether the structure
observed had been imparted during or prior to blowing the
parison into the mold. To answer that question, further
work was done on unblown parisons and on other portions of
each bottle (see Fig. 5.16).

For bottles extruded at a 220°C barrel temperature,
WAXs and SEMS were taken on unblown parisons and on the
bottoms of the bottles in order to compare the structure
and orientation with the midsection of the bottle. At a

190°C die temperature, the results in Figs. 5.25 and 5.26
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Figure 5.25 WAXS patterns and SEM micrographs of
unblown parisons for the 220°-190° extrusion blow molded
bottles: top micrograph is inside surface, bottom is

outside surface. MD is vertical, © direction horizontal.
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Figure 5.26 WAXS and SEM results of the bottom of the
220°-190° extrusion blow molded bottles: top micrograph is
outside surface, bottom is inside surface. R direction is

vertical, © direction is horizontal.
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were obtained. The unblown parison showed a relatively
high degree of z-direction orientation as indicated by
WAXS and a fibrillar texture in that direction, particu-
larly on the outside, but it was also noticeable on the
inside of the specimen (Fig. 5.25). Thus, the hoop
direction orientation and texture observed for the midsec-
tion of this bottle must be imparted during the blowing
process. The bottom of the bottle showed an orientation
intermediate between the r and ® directions, as seen 1in
Fig. 5.26. This structure is especially evident on the
inside of the bottle.

Similarly, the orientation present in the midsection
of the Dbottle extruded through a 200°C die appears to.be
imparted during the blowing process itself - essentially a
planar extensional deformation. In Fig. 5.27 the orienta-
tion of the unblown parison is seen to be fairly high in
the z (vertical) direction. Thus the biaxial structure in
evidence in Fig. 5.19 must arise during blowing into the
mold. The bottom of the bottle, seen in Fig. 5.28, shows
an orientation intermediate between the r and © direc-
tions, similar to the bottle extruded through a 190°C die
(Fig. 5.26). The difference between the two morphological
textures and molecular orientation may be due to the
higher stress developed at the 1lower die temperature
causing a greater amount of molecular and structural

change: hence the transverse orientation can develop.
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25KV WD:8M

Figure 5.27 WAXS patterns and SEM micrographs of
unblown parisons taken normal to the surface for the
220°-200° extrusion blow molded bottles: top micrograph is

inside surface, bottom is outside surface. MD is vertical,

®© direction is horizontal.



170

Figure 5.28 WAXS and SEM results of the taken normal
to the bottom of the 220°-200° extrusion blow molded
bottles: top micrograph is outside surface, bottom is
inside surface. R direction is vertical, © direction is

horizontal.
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Parisons of HBA/PET were also free blown in order to
analyze the effect of that deformation compared to blowing
into a cold mold. 1In Table 5.6 the tensile properties of
both this material and the Vectra copolyester which
resulted from this process are shown. Machine and trans-
verse direction values were not significantly different:
the modulus and strength were about 5 GPa and 110 MPa,
respectively. These values approach uniaxial properties,
possibly because the film was only on the order of 0.1 mm
in thickness, and hence contained little core structure.
In Fig. 5.29 the resulting SEM and WAXS patterns are
shown. The electron micrographs, particularly on the
outside surface of the blown bubble, show 1little struc-

tural order. The WAXS pattern corresponds to this tex-~

ture, with only a slight ordering of the molecules pre-
sent, as shown by a nominal amount of azimuthal intensity
dependence in a direction intermediate between the machine
and transverse directions. This elimination of z-direc-
tion order possible in blown LCPs gave impetus to examin-
ing the structural development arising during free film
blowing, the topic of section 5.4.

The HBA/HNA system was also blow molded under differ-
ent barrel and die temperatures. Tensile results in both
the machine and hoop directions are given in Table 5.7.
The modulus and strength, although higher in the machine

than in the transverse direction, was only 4.1 GPa and
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TABLE 5.6

Tensile Properties of Free Blown Copolyesters

Copolyester

HBA/PET
HBA/PET
HBA/HNA

HBA/HNA

Standard deviations are given in parentheses

(220°/200°)
(220°/200°)
(300°/290°)
(300°/290°)

Direction

MD

TD

MD

TD

ET (GPpa)

4.34
6.09
5.94
6.47

(1.18)
(0.62)
(0.14)
(0.68)

amax

101
125
157
139

(MPa)

(28)
(6.6)
(30)
(38)
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Figure 5.29 WAXS and SEM taken normal to the surface
of free blown bubble of HBA/PET (220°-200°): top micro-
graph is outside surface, bottom is inside surface. MD is

vertical, © direction is horizontal.
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TABLE 5.7

Tensile Properties of HBA/HNA Bottles

Temp.,°C (Barrel/Die) Direction E7 (GPa) omax (MPa)
300/290 MD 5.69 (.62) 130 (21.9)
320/300 MD 4.11 (0) 97.1 (8.2)
300/290 TD 4.50 (.89) 97.0 (4.9)
320/300 TD 3.00 (.69) 68.4 (4.7)

Standard deviations are given in parentheses.
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97 MPa for the 320°C barrel temperature (300°C die temper-
ature). Hoop direction values were somewhat less, but
this difference was usually not significant. For the
300°C barrel temperature (290°C die), the properties
improved somewhat, to 5.7 GPA and 130 MPa in the machiné
direction and 4.5 GPa and 97 MPa in the transverse direc-
tion. These values in the transverse direction are quite
respectable and are supported qualitatively by SEM and
WAXS results.

Figs. 5.30-5.33 summarize the results of the micro-
scopy and the x-ray diffraction on the Vectra bottles. For
both processing conditions given in Table 5.6, the midsec-
tions of the bottles give little preferential orientation

as evidenced by WAXS. Similarly, the etched micrographs

show a texture that is for the most part directionally
independent, as shown in Figs. 5.30 and 5.32. In con-
trast, the specimens taken from the unblown parisons and
the bottoms of the bottles show for both thermal histories
a 2z direction texture (r direction for the bottoms). The
WAXS data (Figs. 5.31 and 5.33) support the SEM results
qualitatively, showing some (although not a high degree
of) azimuthal intensity dependence of the diffraction
patterns.

The tensile property results, even where significantly
different, indicate only slight machine direction orienta-

tion in the midsection of each bottle. Characterization
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Figure 5.30 SEM and WAXS normal to the surface of

blow molded HBA/HNA bottles (Typ = 300°c; Tq = 290°): top

micrograph is outside surface, bottom is inside surface.

MD is vertical, © direction is horizontal.
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Figure 5.31 SEM micrographs and corresponding WAXS
patterns for the unblown parisons (top) and the bottoms
(bottom) for the same bottles as in Fig. 5.30. MD is
vertical, © direction horizontal for the unblown parisons.

MD is vertical and R direction horizontal for the bottoms.
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Figure 5.32 SEM and WAXS results of blow molded

HBA/HNA bottles (Th = 320°C; Td = 300°): top micrograph is

outside surface, bottom is inside surface. MD is vertical,

© direction is horizontal.
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Figure 5.33 SEM micrographs and corresponding WAXS
patterns for the unblown parisons (top) and the bottoms
(bottom) for the same bottles as in Fig. 5.32. Taken

normal to the surface.
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by WAXS and SEM is not capable of resolving this slight
difference, except to show that no high degree of orienta-
tion is present with either thermal history.

The HBA/HNA was also free blown as mentioned pre-
viously. The mechanical property results are shown in
Table 5.6. Both axial and hoop direction properties are
identical: the modulus is about 6.5 GPa and stress at
break is about 150 MPa. Wide angle x-ray patterns (not
shown) revealed no preferential orientation of the mole-
cules. The promising results on the free blown bubbles,
although not showing biaxial orientation with WAXS, indi-
cated that processing uniaxial material in this manner
could result in a product with superior properties in more
than one direction.

Comparing blown bottles of the two copolyesters stu-
died under the limited conditions that were possible, one
sees both similarities and differences. The parisons took
about 17 seconds to hang for the HBA/PET system, during
which time the temperature of the bottom portion cooled to
141°C and 156°C for the 190°C and 200°C die temperatures,
respectively. Likewise for +the HBA/HNA hang times of
about 14 seconds resulted in final temperatures of 214°C
and 223°C for die temperatures of 290°C and 300°C, respec-
tively. - These temperatures agree well with the cooling
curve presented in the literature review (Fig. 2.15). The

deformation tends to occur at the point on the curve where
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the elastic modulus increases to 104 Pa.

For both materials the outside of the bottle tended
to be more highly aligned in the 2z-direction than the
inside due to the quenching effect of the mold walls.
Or ientation of all but the outside skin, though, was
imparted in both materials during the blowing process
itself. The lower the processing temperature employed,
the greater the reorganization which occurred, perhaps
because of the higher stress levels that developed and the
greater elasticity exhibited by the copolyesters. Also,
bubbles that were free blown showed similar diffraction
patterns and mechanical property results for both materi-
als. With this process, most of the orientation present
in the parison could be removed and yet the mechanical
properties remained relatively high.

Despite these similarities, a major difference
remained. Under no temperature profile studied could any
semblance of biaxial orientation (as evidenced by WAXS) be
imparted to the blown bottles of Vectra. Since lower
temperatures could not be used due to freeze off in the
die, it 1is doubtful that such a structure was possible
with this material and the limitations of the equipment.

In this section the experimental results of blow
molded bottles of HBA/PET and HBA/HNA were presented and
analyzed in terms of the effect of varying the thermal

history on the properties and orientation of the resulting
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bottles. Although biaxial orientation and properties were
possible, the complex deformation kinematics were not
possible to define nor vary precisely. Thus, film
stretching was chosen as a biaxial deformation in which
the kinematics are better known. These results will be

presented in the next section.
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5.3 Film Stretching

Extruded film of the 60 mole% HBA/PET was stretched on
a T.M Long device as an alternative method of producing
biaxial orientation. Since the material was already
oriented in the machine direction, stretching was per-
formed in the transverse direction. The stretched film
was analyzed with WAXS and SEM as well as by measuring the
resulting film properties. The results for the HBA/PET
system are discussed in the next few paragraphs.

In Table 5.7 the tensile results for both the £film
originally extruded with a 230°C and with a 220°C die tem-
perature are summarized. The average and standard devia-
tion of five samples were calculated for each stretch
condition; the findings are similar for both film die
temperatures. Properties as a function of transverse
stretch ratio are shown in Figs. 5.34 and 5.35. Up to a
stretch ratio of 2.5 (150% elongation) the machine direc-
tion modulus (Fig. 5.34) and strength (Fig. 5.35) remained
relatively constant while the stress at break and initial
modulus in the transverse direction increase gradually.
With a 1X3 stretch, however, the tensile properties became
biaxial in nature, with a significant deterioration in the
MD: under these conditions decreased from 7 GPa to about
3.5 GPa. The decrease of strength in the MD is not as

dramatic, but still is significant.
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TABLE 5.8 Tensile properties of HBA/PET extruded films

Stretch (MDXTD) Dir. ET (MPa) omax (MPa)

Die Temp. = 230°C

1 X1 MD 6150 (900) 120 (6.7)

1X1.5 MD 5820 (530) 131 (8.3)

1 X2 MD 5900 (420) 126 (6.4)

1 X 2.5 MD 7220 (390) 139 (9.1)

1 X3 MD 3110 (400) 100 (9.4)

1 X1 TD 1340 (150) 22.1 (0.6)

1 X 1.5 TD 1500 (230) 27.2 (4.1)

1 X2 TD 2030 (290) 35.9 (4.9)

1X2.5 1D 2710 (360) 47.7 (6.6)

1 X3 TD 3880 (1000) 73.0 (10.3)
Die Temp. = 220°C

1 X1 MD 6980 (490) 128 (11.3)

1 X 1.5 MD 6340 (800) 142 (4.4)

1 X2 MD 6690 (570) 152 (4.1)

1 X 2.5 MD 7580 (510) 156 (4.4)

1 X1 TD 1090 (100) 18.8 (2.5)

1 X 1.5 TD 1440 (110) 30.3 (1.4)

1 X2 TD 2600 (270) 47.2 (3.3)

1 X 2.5 TD 2470 (350) 47.7 (7.5)

Standard deviations are given in parentheses.
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Tensile Modulus of Stretched Film
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Figure 5.34 Tensile modulus as a function of trans-
verse stretch ratio on the T.M. Long device for 60%

HBA/PET
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Tensile Strength of Stretched Film
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Figure 5.35 Tensile strength as a function of trans-

verse stretch ratio on the T.M. Long device for 60%

HBA/PET
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The x-ray patterns in general support the mechanical
property results. In Fig. 5.36 the WAXS patterns for the
film extruded with a die temperature of 230°C and then
stretched are shown. The as-extruded sample appears to be
fairly highly oriented in the machine direction; the
azimuthal intensity is not reduced significantly until the
200% elongation. This tinal pattern indicates no prefer-
ential MD or TD orientation in the film.

The electron micrographs of stretched film that was
etched and then examined normal to the surface of the film
is shown in Fig. 5.37. Viewed at about 450x magnification
the texture 1is sponge-like for all stretch ratios. Only
for the case of no transverse stretch being applied does
the texture show any anisotropy. In this instance some
preferential alignment in the machine direction appears,
and is noticeable at low magnification.

The WAXS and SEM results indicate that the orienta-
tion induced in this material is random within what is
essentially the same plane for sufficient transverse
strains. The biaxial orientation seen in the blown
bottles, on the other hand, was the result of a laminated
structure where the orientation wvaried throughout the
layers of the material.

In the next section the effect of kinematics and
thermal history on the orientation and properties of blown

film of the copolyesters will be discussed.
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1xX1 1X1%

1X 2% 1x3

Figure 5.36 WAXS diffraction patterns as a function of

stretch ratio on the T.M. Long device for 60% HBA/PET



189

Figure 5.37 SEM micrographs of HBA/PET extruded and
stretched on the T.M. Long device as a function of trans-

verse ratio: a) 1xl; b) 1x1.5; c) 1x2; d) 1x2.5; e) 1x3.
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5.4 Film Blowing

In order to more fully characterize the effect of
deformation history, in particular biaxial deformation, on
the orientation development of these copolyesters, the
materials were blown as thin films (see experimental chap-
ter for details). The present section 1is essentially
restricted to the mechanical property results since the
wide angle x-ray results on the film will be presented
along with the predictions of Doi's theory in section 5.5.

Tensile measurements were made both parallel and
perpendicular to the machine (or axial) direction for a
variety of Dblow up ratios (BUR) and different barrel
temperatures for both of the thermotropes studied. In
Fig. 5.38 three typical BURs are shown for the HBA/PET
copolyester and in Fig. 5.39 three different BURs are
shown for HBA/HNA. The mechanical property results are
reproduced 1in tabular form in Table 5.9. In Figs.
5.40-5.43 the modulus and maximum stress are plotted as a
function of the blow up ratio in each material to better
observe the effect of that parameter on the mechanical
properties.

Machine direction modulus (Fig. 5.40) was not signi-
ficantly altered from about 10 GPa for the PET copolyester
and 13 GPa for the HNA material as the BUR was increased,

although WAXS patterns do show a slight decrease in the
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TABLE 5.9 Tensile Properties of Blown Film

HBA/PET
Direction Ty (°c) BUR ET (GPa) omax (MPa)
MD 267  1.45 11.2 171
MD 267  2.30 10.6 247
MD 267  3.10 9.16 297
MD 247 1.30 10.7 231
D 267  1.45 1.13 20.6
TD 267  2.30 1.29 25.3
TD 267  3.10 1.86 36.7
TD 247 1.30 1.07 | 19.9
HBA/HNA
MD 337 1.0 13.3 264
MD 337 1.95 14.8 360
MD 337 2.60 12.4 378
MD 319 1.35 12.4 342
MD 319 2.30 12.4 391
TD 337 1.0 1.08 16.1
D 337 1.95 1.71 31.1
D 337 2.60 3.08 69.8
TD 319 1.35 1.32 30.8
TD 319 2.30 1.93 57.5

Average standard deviations were 1.94 and 0.18 for the
MD and TD moduli and 37.0 and 2.37 for the MD and TD

maximum stresses.
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Figure 5.38 Typical blown film of HBA/PET. Top to

bottom are BURs: 1.45, 2.3, and 3.1l. Tp = 267°C.
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Figure 5.39 Typical blown film of HBA/HNA. Top to

bottom are BURs: 1.0, 1.S55, and 2.6. Tp = 267°C.
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Tensile Modulus of Blown Film
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Figure 5.40 Machine direction tensile moduli of blown

film of HBA/PET (Tp = 267°) and HBA/HNA (Tb = 337°).
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degree of axial orientation (see Fig. 5.48). Significant
improvement in the TD modulus, however, may be observed in
Fig. 5.41. The modulus nearly doubled in the case of
HBA/PET and trebled for HBA/HNA as the BUR was 1increased
from 1.45 to 3.1 in the former case and from 1.0 to 2.6 in
the latter instance. Even so, the transverse direction
values remained at best one fourth of those in the machine
direction. Indeed, the WAXS patterns (Fig. 5.49) revealed
that even at the highest BUR preferential axial orienta-
tion remains.

Tensile strength, on the other hand, improved in both
the MD and TD when the BUR was increased, as may be
observed in Figs. 5.42 arnd 5.43. Fifty percent increases
in the axial direction occur, to 300 MPa for HBA/PET and
to almost 400 MPa for HBA/HNA! Similarly, in the TD
values of strength increased from 20 to 37 MPa and from 16
to 70 MPa, respectively, for'the PET and the HNA polymers.
Despite these improvements, though, MD strengths remained
about 5 times those in the transverse direction.

One last note on the mechanical property results is
that the effect of decreasing barrel temperature (while
maintaining a constant die temperature) 1is ambiguous.
Although the kinematics of the deformation change some-
what, as will be seen in the next section, mechanical
property differences were in general not significant (see

Table 5.9).
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Tensile Modulus of Blown Film
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Figure 5.41 Transverse direction tensile moduli of

blown film of HBA/PET (Tp = 267°) and HBA/HNA (Tp = 337°).
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Tensile Strength of Blown Film
HBA/PET and HBA/HNA - Machine Direction
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Figure 5.42 Machine direction tensile strengths of

blown film of HBA/PET (Tp = 267°) and HBA/HNA (Tb = 337°).
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Figure 5.43 Transverse direction tensile strengths of

blown film of HBA/PET (Tb = 267°) and HBA/HNA (Tp = 337°).
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Although the x-ray patterns do not indicate an extre-
mely high degree of axial orientation, the mechanical
properties were exceptional in that direction in compari-
son, for example, to injection molded plagues with similar
x-ray diffraction patterns. The predominant reason for
this result is that since the films were on the order of
0.10 mm in thickness it may be assumed that the skin-core
effect evident in thicker cross sections was absent, and
the mechanical properties were correspondingly increased.

In this section the experimental results of the blown
film process were analyzed. Next the predictions of Doi's
theory for orientation development in the blown film
process will be given, along with WAXS patterns as exper-

imental corroboration.
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5.5 Comparison of Theory to Experiment: Film Blowing

A major thrust of this work has been not only to
produce biaxial orientation and properties in thermotropic
liquid crystalline polymers but also to predict this
through the use of Doi's theory. Toward this end his
theory for monodomain rigid rod nematics was summarized in
the literature review and transient predictions then made
in Chapter 3. At that point it was also proposed to
modify- the theory to acccunt for the behavior of thermo-~
tropes. In the present section the orientation predic-
tions made for general inhomogeneous biaxial flows will be
adjusted to fit the kinematics of the blown film deforma-
tion.

The deformation rates for the blown film process in
the axial and transverse directions were calculated from
equations given in the literature review. The video
camera was used in conjunction with the VHS recorder to
determine the bubble shape as a function of the axial
coordinate and also to determine the velocity of a par-
ticle on the surface as a function of that same coordi-
nate. The process consisted of obtaining both bubble
radius as a function of z and marker position as a func-
tion of time from the video monitor screen. Polynomial
regressions were then employed to provide a means of

calculating surface velocities; the plots are reproduced
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in Appendix C and a source listing of a typical program in
Appendix A.

One difficulty that immediately becomes apparent in
implementing the solution of the differential equations is
what initial wvalue should be chosen for the orientation
parameter tensor components. The initial position of a
hypothetical particle was taken as the outlet from the

annular die: one may suspect that some nonzero value of

Sll, for instance, 1is already present. Experimentally
obtaining this value in situ, however, is no simple task.
Thus, the practical solution of varying this initial value
and thereby determining its effect on the equations was
taken. Although any quantitative value of the theory is

lost, it is questionable (as will be seen for predictions

of the PPT/H3s04 system in section 5.6) whether any

existed in the first place. 1In addition, the nature of
the WAXS diffraction patterns is only qualitative. As
will be seen, the final orientation for different BURs
remained in the same relative order regardless of the
initial orientation chosen. In addition, the shape of the
S11 versus time curve for each deformation remained
essentially unchanged.

The trends shown in Figs. 5.44 and 5.45 occurred for
each thermotrope when the equations were solved with the

arbitrary assumption of Si1(0)=9. The final orientation

at the freeze line (about 6-8 seconds) decreases with an
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Figure 5.44 Transient orientation (S11) predictions
for blown film of HBA/PET at different blow up ratios.

S11(0)=0.
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Doi Orientation Predictions
Blown Film of HBA/HNA
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Figure 5.45 Transient orientation (Sj131) predictions

for blown £film of HBA/HNA at different blow up ratios.

S11(0)=0
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increase in BUR at a given barrel temperature from .62 to
.56 to .41 for the HBA/PET (BURs of 1.45, 2.3, and 3.1)
and from .55 to .29 to .04 for the HBA/HNA. For the
latter material 3-4 seconds were required for a hypotheti-
cal particle to reach the freeze line (the difference in
time between the two materials is due to different nip
roll speeds). The calculations for the naphthoic copo-
lyester indicate that the material becomes transversely
oriented at high BUR, particularly if the barrel tempera-
ture 1is lowered. This finding will be shown to be an
artifact of the assumption of an '"isotropic" initial

orientation in the nematic.

The assumption of Sj)((0)=0.332 was made for comparison
purposes. The resulting orientation development may be
seen 1in Figs. 5.46 and 5.47. The shape and relative rank
of the final orientation present in the films remained
unchanged - only the gquantitative value of the orientation
order parameter tensor components increased when the ini-
tial orientation was increased.

Numerical values of freeze 1line orientation are
plotted as a function of BUR for both materials in Figs.

5.48 and 5.49 for S11(0)=0.332. Also shown are the corre-
sponding x-ray patterns. For HBA/PET (Fig. 5.48) a nomi-

nal reduction in Sj31 from .65 to .56 occurs as the BUR is
increased to 3.1. The corresponding WAXS patterns show

little difference, as would be expected. A slight broad-
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Doi Orientation Predictions
Blown Film of 80Z HBA/PET (S11(0)=.332)
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Figure 5.46 Transient orientation (811) predictions

for blown film of HBA/PET at different blow up ratios.

511(0)=0.332
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Doi Orientation Predictions
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Figure 5.47 Transient orientation (S131) predictions

for blown film of HBA/HNA at different blow up ratios.
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Film Orientation Predictlions
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Figure 5.48 Blown film orientation as a function of

BUR for HBA/PET.
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Film Orientation Predictions
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Figure 5.49 Blown film orientation as a function of

BUR for HBA/HNA.
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ening of the equatorial peak is, however, observed for the
highest BUR film. The orientation for the HBA/HNA film is
predicted by Doi's theory to decrease much more when the
blow up ratio is increased. From S31=0.63 for uniaxially
drawn film the component of the orientation parameter
tensor drops to about 0.20 for BURs greater than 2.
Although the WAXS patterns follow these trends qualita-
tively, they do not seem to show the high degree of orien-
tation predicted at low blow up ratios: the scattering of
the equatorial peak under these conditions is not indica-
tive of such a high degree of orientation. The scattering
at higher BURs does indicate only a small degree of pref-
erential orientation in the axial direction.

One interesting prediction was that if the barrel
temperature was lowered, the other variables remaining
unchanged, the orientation of the resulting film 1is pre-
dicted to decrease. This finding is in agreement with
similar results for blow molded bottles of HBA/PET in
which the axial orientation, as cbserved directly from
WAXS and indirectly evidenced by tensile modulus and SEM
micrographs, showed a similar decrease. 1In particular if
the nominal barrel temperature was decreased from 275°C to
260°C a broadening of the equatorial scattering peak was
observed in blown bottles. Similarly, the WAXS photos of
film blown at lower barrel temperatures in Figs. 5.48 and

5.49 do exhibit 1less preferential orientation than do
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those of blown film extruded at higher temperatures.

These last results may be explained by Fig. 2.16 in
which HBA/PET was preheated above its melt temperature and
then cooled to 190°C, at which point the storage modulus
was measured as a function of time. Without such preheat-
ing the modulus and viscosity values are higher by at
least an order of magnitude [23]. Thus, if the material
is processed without preheating above its melt tempera-
ture, it will have higher rheological properties compared
to processing within a few seconds of cooling to 190°C.
This increase in turn results in higher stresses being
developed during the deformation process, whether it be
blowing into a cold mold or free film blowing. These

higher stresses then cause a greater degree of reorienta-
tion in the material when a transverse deformation is
imposed.

In section 5.5 the blown film results have been com-
pared to the orientation predictions of Doi's theory.
Experimental limitations, however, restricted comparisons
to being only qualitative in nature. In the next section
Doi's predictions for the stress development on the start
up of a steady shear flow will be compared to the exper-
imental results on the lyotropic system of PPT/Hjgoy.
Thus it is hoped to provide a more quantitative comparison
between theory and experiment than is afforded in the case

of the thermotropic systems considered heretofore.
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5.6 Comparison of Theory to Experiment: Transient Shear

Rheology of PPT/Hjs04

As was seen in the previous section, the orientation
predictions of the Doi model for the blown film process
for both thermotropes of interest were at least in quali-
tative agreement with experimental results. However,
because of experimental limitations it was not possible to
examine the transient orientation development. Nor was it
reasonable to expect gquantitative agreement given the
numerous assumptions inherent in the theory. The short-
comings and successes of the theory will therefore be
considered in more detail for a lyotrope in the present
section. In particular, the stress growth predictions of
Doi's theory at the inception of steady shear will be
applied to a nominal 12% (mass) anisotropic solution of

poly(phénylene terephthalamide) in 100% sulfuric acid.

5.6.1 Experiment

Numerous rheological tests were made on both 4 wt% and
12 wt% solutions on the RMS as detailed in the experimen-
tal chapter. The 4% (3.9% by coagulation measurements)
was chosen since it represents a concentrated isotropic
solution, and the 12% (11.1% actual) an anisotropic solu-

tion. Only two results, however, are of interest in this
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section: dynamic (and steady shear viscosity) and the
stress growth after +the imposition of steady shear at
various rates. The frequency sweep of dynamic viscosity
is shown in Fig. 5.50 for both 4% and 12% solutions. The
4% solution shows a zero shear rate viscosity of 1.2E4
Pa-sec., which is in agreement with its steady shear
viscosity at 0.01 sec-l (not shown). No such zero shear
rate viscosity has been deduced from the rate sweeps of
the 12% solution because of instrument limitations at the
lower frequencies.

Shear stress at the inception of steady shear is shown
in Fig. 5.51 for five different shear rates, from 0.5 to
50 sec-l for the anisotropic solution. As may be seen,
the initial overshoot increased dramatically at higher
rates, but even at 0.5 sec-l some overshoot occurred.
Although the shear stress at long time remained about 1000
Pa., as the rate is increased the maximum in the over-
shoot increased from 1200 to about 9000 Pa. This maximum
occurs at about 3 seconds for the lowest rate, and
decreases to one second or less at the higher rates. The
exact point of this maximum is ambiguous, however, since
short time resolution was not good (experiments were
actually carried out to several hundred seconds).

In contrast, stress growth for the isotropic 4% solu-
tion is shown in Fig. 5.52. Shear stress values at a

given shear rate are approximately one half of those for
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Dynamic Viscosity of PPT/H2504 Solutions (60 C)
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Figure 5.50 Dynamic viscosity of 4% and 12% PPT/Hjg504

solutions at 60°C from 0.01 to 1000 Hz.
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STRESS GROWTH FOR 12% PPT IN SULFURIC ACID, 60 C
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Figure 5.51 Stress growth on the inception of steady

shear flow for a 12% solution of PPT/H2504 at 60°C.
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STRESS GROWTH FOR 4% PPT IN SULFURIC ACID, 60 C
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Figure 5.52 Stress growth on the inception of steady

shear flow for a 4% solution of PP‘I‘/HZSO4 at 60°C
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the 12% solution. 1In addition, the degree of overshoot is

substantially less - nonexistent even at the lower rates.
5.6.2 Comparison with Theory

In order to compare Doi's theory with experiment, one

needs two parameters as inputs to equations 2.15 and 2.16

in the literature review: c* the critical concentration
for the formation of an anisotropic phase, and Dy, the
rotational diffusivity constant of a concentrated iso-
tropic solution. The critical concentration for this
solution (Mw = 40,100, Mw/Mn = 2) may be obtained from the
literature as approximately 9.0 wt% [73-75]. Dy can be
obtained from the Doi-Edwards theory for concentrated
isotropic solutions [(62]:
Dr = ckT/1010

at a given absolute temperature and concentration. With
the experimental values of Wg for a 4% solution, Dr was
calculated to be 0.082 sec-1l.

In Figs. 5.53-5.55 the transient shear stress predic-
tions are compared with experiment for 0.5, 1.0, and 10.0
sec-1. As may be readily observed, the predictions of the
theory using the experimentally obtained value of D,
drastically overshoot the experimental results at all

shear rates, although long time shear stress predictions

are similar to experiment at the lower two shear rates.
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Figure 5.53 Stress growth for 12% PPT in sulfuric

acid at 60°C and 0.5 sec-l: comparison with Doi's predic-

tions.
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STRESS GROWTH FOR 12% PPT IN SULFURIC ACID, 60 C
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Figure 5.54 Stress growth for 12% PPT in sulfuric
acid at 60°C and 1.0 sec-l: comparison with Doi's predic-

tions.



SHEAR STRESS (Pa)

219

STRESS GROWTH FOR 12% PPT IN SULFURIC ACID, 60 C
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Figure 5.55 Stress growth for 12% PPT in sulfuric

acid at 60°C and 10.0 sec-1l: comparison with Doi's

predictions.
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At 10 sec-l, however, the shear stress is incorrectly
predicted to rapidly approach zero or a near-zero value
following its overshoot.

Since the shear stress predictions were generally
poor, the input value of Dy was increased arbitrarily to
determine whether the shape of the curve and the amount of
overshoot could be "adjusted" to better fit the experimen-
tal data. A value of 1/3 for the diffusivity was chosen,
and the results are included in the corresponding figures
for each shear rate. With this modification the maximum
values of stress much more closely fit the experimental
ones, particularly at the two lowest rates. However, the
long time predictions at 10 sec-1 remain poor.

Assuming good experimental results, this disérepancy
must be considered a major shortcoming of Doi's theory as
it presently stands. Thus the high rate of shear comple-
tely nullifies the non-zero diffusivity. This effect may
result from dropping higher order terms when decoupling
the orientation distribution in the development of the
theory (see Chapter 2). Although this approximation may
be valid for lower shear rates and weak velocity fields,
a considerable divergence may occur at high rates and
strong velocity fields.

Similarly the predictions of Doi's theory fail for a
concentrated isotropic sclution (4%). In Fig. 5.56 stress

growth predictions are shown using the experimentally
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STRESS GROWTH FOR 4% PPT IN SULFURIC ACID, 60 C
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Figure 5.56 Stress growth for 4% PPT in sulfuric acid

at 60°C and 1.0 sec-1: comparison with Doi's predictions.
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determined diffusivity and for one four times as large, as
was done for the 12% solution. Although the experimental
results exhibit no overshoot at 1.0 sec-1, poi predicts an
extremely high overshoot and near zero steady state value.
The same reasoning used for explaining the discrepancy for
the anisotropic solution holds for the isotropic one since
the identical equations were used except that the diffusi-
vity was not modified to account for the effect of a
nematic environment.

In this section the predictions of Doi's theory have
been compared to experimental results for the transient
stress predictions of a lyotropic system, concluding the
discussion of the experimental and theoretical results. In
the next chapter conclusions of this study and some recom-

mendations for future work in this area will be made.



6. CONCLUSIONS AND RECOMMENDATIONS

An investigation into processing possibilities for
achieving biaxial orientation and properties in thermo-
tropic 1liquid c¢rystalline polymers was undertaken. 1In
addition, the orientation was predicted for these systems
by wutilizing Doi's theory for nematics. The following
conclusions are made with regard to the results presented
in Chapters 3 and 5. They may roughly be divided into two
parts: conclusions from experimental work and conclusions
from the theoretical predictions. Following the conclu-
sions, several recommendations for further work, both

experimental and theoretical, in this area will be made.

223
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6.1 Processing Methods

1. Although all four processing methods considered
involved biaxial deformations, only by blow molding
HBA/PET was a biaxial orientation induced as evidenced by

WAXS patterns.

2. In solid phase forming HBA/PET the resultant plaques
showed improved mechanical properties in the MD when
deformed during cooling and an overall decrease in proper-
ties when deformed isothermally. These results corre-
sponded to the structure present. In particular, the
nonisothermal deformation increased the orientation in the

core and the isothermal deformation, while not affecting

the core greatly, decreased the orientation in the skin

region.

3. In contrast to HBA/PET, solid phase forming the
HBA/HNA resulted in an increase in transverse properties
although the <thermal treatment tended to destroy the
fibrillar texture of the skin region so machine direction

properties declined dramatically.

4, In blow molding HBA/PET at 30 psig. the whole range of
orientations and properties were observed, from uniaxial

in the MD to biaxial to uniaxial in the TD, depending on
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the barrel and die temperatures employed. In particular,
the material tended to reorient during the blowing process
(3:1 diameter change) if the temperatures were below 260°

in the extruder.

5. It was also observed in blow molding HBA/PET that the
cold mold walls had a quenching effect, locking in the
orientation. In contrast to the outer surface, which had
a texture similar to the unblown parison, much of the
structure on the inside surface of the bottles appeared to

have relaxed out.

6. In blow molding HBA/HNA, although the trends were the
same as with HBA/PET, no biaxial orientation (four 1lobe
pattern) was observed in the WAXS patterns. The blowing
process tended to remove the uniaxial orientation of the
parison under all conditions. It can be concluded that
the viscosity and elasticity of the naphthoic copolyester
were sufficient to result in a change in orientation
during this planar extensional process. (Melt tempera-
tures on the order of 220°C prior to blowing place the

elastic modulus at about 104 Pa. according to Fig. 2.15).

7. Transverse stretching of HBA/PET previously extruded
through a film die resulted in a decrease in its MD orien-

tation and concomitant increase in the transverse proper-
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ties. However, no biaxial orientation was observed,
leading to the conclusion that the biaxial orientation
present in the blown bottles was the result of a layered
structure in which different 1layers were oriented in

different directions.

8. Stretching compression molded sheets of either copo-
lyester was not possible with the T.M. Long device because

the sheet invariably tore.

9. It was not possible to induce biaxial orientation in
blown film of either material. Increasing the blow up
ratio from 1.35 to 3.1 for HBA/PET and from unity to 2.6
for HBA/HNA did tend to reduce the uniaxial orientation

and increase the transverse properties significantly.

10. Due to the limited die temperatures which were pos-
sible during the blown film process (195°C 15° for the PET
copolyester and 250°C #5° for the HNA copolyester) the
properties in the transverse direction at best were 1/4th
of those in the MD. Despite these limitations, the prop-
erties were outstanding: modulus was about 10 GPa and
strength nearly 300 MPa for the ethylene terephthalate
copolymer and values for the naphthoic copolyester ‘were
approximately 30% higher than these! Thus, by blowing

film of both thermotropes, mechanical properties have been
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obtained that are approximately 100% higher than those

obtained in injection molding.
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6.2 Predictions of Doi's Theory

1. In extensional flows, the transient equations of Doi,
modified by approximating the diffusivity to be zero for a
melt, predict saturation of orientation in one strain unit
for wuniaxial extension and about four S.U. for equal

biaxial extension, irrespective of the initial wvalues of

SaB input. In the former case, and in inhomogeneous

biaxial flows, S1j is predicted to approach 2/3 and in

equal biaxial extension 1/6 1is the equilibrium wvalue.
The shear free transient stress predictions indicate no
overshoot but some initial undershoot, depending on the

value of dimensionless concentration, C, chosen.

2. In simple shear the Sj;7 component of orientation

requires 6~8 S.U. to reach its plateau value of 2/3 (for

Dy=0). The component S12 as well as the shear stress o2,

show some overshoot and an equilibrium value of zero or
near zero as time approaches infinity. One may conclude
that the higher order terms which Doi discarded are impor-
tant, particularly at higher rates of deformation. If the
value of diffusivity is increased from 0 to 1 sec-1 for
C=4, the overshoot in 013 decreases from about six times
its 1long time wvalue to nothing. The normal stresses
exhibit no overshoot and reach a steady state in 6-8 S.U.

(for Dr=q).
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3. Doi's predictions for blown film of HBA/PET show a
relatively uniaxially oriented final £film, even at the
highest BURs obtained in the laboratory. This finding is
in qualitative agreement with experiment. The predictions
of orientation for HBA/HNA indicate less axial orienta-
tion, particularly at higher BURs, than in the PET copo-
lyester. This is also qualitatively corroborated by x-ray
diffraction. The inability to accurately select an ini-
tial orientation (leaving the die) limited the quantita-

tive value of the predictions.

4. It can be concluded that Doi's rheological theory
(equations 2.15 and 2.16) does only a fair job of predict-
ing stress growth in an anisotropic solution of PPT/Hyg504
at lower shear rates. At 10 sec-l and higher the long
time value of stress 1is predicted to approach zero,
whereas the equilibrium value observed on the RMS was

around 1000 Pa.

5. The stress overshoot predictions of Doi's transient
equations were far greater than actually occurred using an
experimentally determined diffusivity. For the isotropic
solution the predictions of stress growth indicated a
large initial overshoot (aboﬁt 10 times its equilibrium
value) although none was seen experimentally at less than

50 sec-1,
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6.3 Recommendations

In view of the foregoing conclusions, the following

recommendations may be made for future work in this area.

1. Although it was not possible to produce biaxial
structure when injection molded plagques were pressed
between platens, 1if the flow were constrained in the
machine direction by a mold, the resulting planar exten-

sion might induce more uniform properties.

2. Blow molding should be conducted on a larger machine
where greater control could be exercised over the temper-
ature profile and thus over the resultant structure and
orientation. In conjunction, the infrared pyrometer could
be employed to measure the parison temperature profile in
situ and thus permit better correlation of thermal history
with Dbottle properties and orientation. More accurate
control over the blow pressure would also facilitate
correlations between different deformation rates and

resultant properties.

3. Microtoming bottles prior to analysis by =x-ray scat-
tering would give a more accurate picture of the layered

texture that resulted.
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4, Film stretching, although limited by the capabilities
of the Long device, could be done in the transverse direc-
tion for HBA/HNA to improve TD properties if wide enough

(4") extruded film could be obtained.

5. Further studies of blown film are recommended in view
of the superior properties that were obtained under the
limited conditions studied so far. 1In particular, barrel
temperatures could be lowered further (in analogy to the
blow molded results with lower extrusion temperatures).
Blow up ratios, although limited by the material wused,
could conceivably be increased further. The difficulty
lies primarily'with the amount. of material required to
achieve a consistent bubble of large diameter. Also, if a
larger die gap could be used biaxial orientation might be

more readily obtained (in analogy to the blown bottles).

6. In order to determine some measure of the development
of orientation in the blown film process, light scattering
through the blown bubble might be possible. If the film
were thin enough and the intervening air space properly
accounted for, it may be possible to measure an aspect
ratio as a function of axial position. As with the previ-
ous recommendation, polymer consumption is a prime consid-
eration here and initial work with polyolefins is strongly

encouraged.
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7. One further method of producing biaxial properties in
these materials should be examined. By laying up oriented
sheet of these materials as prepregs for further process-
ing, superior properties might be attained. Adhesion
between layers is critical and optimizing it might reduce
the resultant properties somewhat, depending on what

temperatures and adhesives are necessary.

8. More work remains to be done on the transient response
of nematic solutions in shearing flows as well as shear
free flows. In order to predict stress growth, viscosity,
and jump strain response, however, some modifications may
need to be made on the present theory. In particular, at
high rates of strain the predictions tend to diverge
radically from experimental results. Doi's decoupling
approximation of the order parameter tensor and the elimi-
nation of higher order terms should be examined in light

of this disagreement.

9. 1In addition, it may be useful to determine the rota-
tional diffusivity by some method other than utilizing
Doi's theory and the zero shear rate viscosity since some
of the discrepancy, especially in the degree of overshoot,

can be attributed to this parameter.
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Appendix A: Source Listings of Programs

o This program calculates the stresses generated at the
C inception of steady simple shear. It calls on the IMSL
o] routine DGEAR to solve the system of differential
C equations.

INTEGER N,METH,MITER, INDEX,IWK(4),IER,K

REAL Y(4),wWK(60),X,TOL,XEND,H,SIGMA(4),C,S,T

EXTERNAL FCN,FCNJ
$DEBUG

N =4
C The initial values of the components of the orientational
C order parameter tensor will be set as the Y(N) where Y(4)
C is the 1,2 component, ¥(1l) the 1,1 component, ¥(2) the 2,2
C component and Y(3) the 3,3 component. Time, X, will also
c be initialized.

X = 0.

¥(1) = 0.

Y(2) = 0.

Y(3) = 0.

Y(4) = 0.0
o The parameters for the routine DGEAR will be set.

TOL = 0.0001

H = 0.00001

METH = 2

MITER = 2

INDEX = 1
o The values of dimensionless concentration, C, and the pro-
c duct ckT, given by T, will be input.

cC = 3.7 .

T = 27928.0
c The routine calling DGEAR follows. DGEAR itself calls the
c subroutine FCN which contains the differential equations
(o} to be solved. At the end of each run through the DO loop,
c the values of stress, SIGMA(N) are calculated and output.
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DO 10 K=1,150

XEND=FLOAT(K)}/10.0

CALL DGEAR (N,FCN,FCNJ,X,H,Y,XEND,TOL,METH,MITER, INDEX, IWK,WK, IER)
IF(IER.GT.128) GOTO 20

SIGMA(1)=T*(Y(1l)*(1.-C/3.)=-C*(Y(1)**2.4+Y(4)**2.)+C*S*
$(1./3.+Y(1)))
SIGMA(2)=T*(¥(2)*(1.-C/3.)-C*(Y(2)**2.+Y(4)**2.)+C*S*(1./3.+Y(2)))
SIGMA(3)=T*(Y¥(3)*(1l.-C/3.)-C*Y(3)**2 . +C*S*(1./3.+Y¥(3)))
SIGMA(4)=T*(Y(4)*(1.-C/3.)-C*Y(4)*(Y(1)+Y(2))+C*S*Y(4))
IOUT = 6

CALL UGETIO(3,NIN,IOUT)

CPEN (UNIT=IOUT,FILE='LPT1l')
WRITE(IOUT,100)X,SIGMA(l),SIGMA(2),SIGMA(3),SIGMA(4)
100 FORMAT(1l0X,5F11.2)

10 CONTINUE

STOP

20 CONTINUE

STOP

END

The subroutine FCN contains the differential equations to

be solved by DGEAR. E is the shear rate input, and DR the
diffusivity. FCNJ is a dummy subroutine required by DGEAR
when it calculates the Jacobian of the matrix.

SUBROUTINE FCN(N,X,Y,YPRIME)

INTEGER N

REAL Y(N),YPRIME(N),X,E,D(4),C,DR,S

E =50.0

DR = 0.820

D(N) = DR/(1.-1.5%Y(N)**2,)**2,

S = Y(L1)**2 . 4+Y(2)**2 +Y(3)**2.+2.%Y(4)**2,
YPRIME(1)=E*(4./3.*Y(4)=-2.*Y(1)*Y(4))+6*D(1)*((C/3.-1.)*¥Y(L)+C*(Y¥Y
$(L)**2.+Y(4)**2.)~-C*S*(1./3.+¥Y(1)))
YPRIME(2)=E*(=2./3.*Y(4)=2.*Y(2)*Y(4))+6*D(2)*((C/3.-1.)*Y(2)+C*(
SY(2)**2.+Y(4)**2.)-C*S*(1./3.+Y¥Y(2)))
YPRIME(3)=E*(=2./3.*Y(4)=-2.*Y(3)*Y(4))+6*D(3)*((C/3.-1.)*¥Y(3)+C*Y
$(3)**2.-C*S*(1./3.4Y(3)))
YPRIME(4)=E*(1./3.-2.*%Y(4)**2.+Y(2))+6*D(4)*((C/3.-1.)*Y(4)+Y(4)*
$C*(Y(1)+¥(2))=C*Y(4)*S)

RETURN

END

SUBROUTINE FCNJ(N,X,Y,PD)

INTEGER N

REAL Y(N),PD(N,N),X

RETURN

END
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This program calculates the orientation parameter tensor
components for inhomogeneous biaxial extension using the
IMSL routine DGEAR to solve the differential equations.

The logic and symbols are identical to the previous program
except that the kinematics are input to FCN for the film
blowing process.

Ao

$DEBUG
IMPLICIT REAL*8 (A-H,0-2)
REAL Y(3),wWK(42),X,TOL,XEND,H
INTEGER N,METH,MITER,INDEX,IWK(3),IER,K
EXTERNAL FCN,FCNJ
N =

H = 0.00001

METH = 2

MITER = 2

INDEX = 1

DO 10 K=1,80

XEND = FLOAT(K)/10.

CALL DGEAR (N,FCN,FCNJ,X,H,Y,XEND,TOL,METH,MITER, INDEX, IWK,WK,IER)
IF(IER.GT.128) GOTO 20

IOUT = 6

CALL UGETIO(3,NIN,IOUT)

OPEN (UNIT=IOUT,FILE='LPT1l')
WRITE{IOUT,100)X,E1,E2,¥(1),¥(2),Y(3)
100 FORMAT(10X,6F10.6)

10 CONTINUE

STOP

20 CONTINUE

STOP

END

SUBROUTINE FCN(N,X,Y,YPRIME)
IMPLICIT REAL*8 (A-H,0-2)
REAL X,Y(N),YPRIME(N)
INTEGER N

The kinematics are calculated from Z, the axial distance,
A, the bubble radius, V1 the local velccity parallel to the
surface, and psi, the angle between the axial direction and
the local tangent to the surface.

QOO

A
A
V1
DA
DVl
PSI

0.07656+0.5962*X+0.1247*X**2.+0.00659*X**3,
2.436-0.1281*2+0.0144*2**2,.-0.00030%*2**3.
0.7527+0.241*2-0.002796*2**2,
-0.1281+0.0288*2-0.0009*2**2,
0.241-0.00559*2
DATAN(DA)
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E1l = DCOS(PSI)*DV1
E2 = V1/A*COS(PSI)*DA
YPRIME(1)=E1*(2./3.+4./3.*Y(1)=2.*%Y(1)**2,)=-E2*Y(2)*(2./3.42.%
$Y(1))+(EL+E2)*Y(3)*(2./3.+42.*Y(1))
YPRIME(2)=E2*(2./3.+4./3.%Y(2)=2.*Y(2)**2.,)=E1*Y(1)*(2./3.4+2.%
$Y(2))+Y(3)*(EL+E2)*(2./3.42.*Y(2))
YPRIME(3)=(E1+E2)*(2.*Y(3)**2.-2,/3.~4./3.*%Y(3))-E1*Y(1)*(2./3.+
$2.*Y(3))=-E2*Y(2)*(2./3.42.*Y(3)) ‘

RETURN

END

SUBROUTINE FCNJ(N,X,Y,PD)

INTEGER N

REAL Y(N),PD(N,N),X

RETURN

END



Appendix B: Calculations

Calculations were made to determine the dimensionless
concentration, C, the diffusivity, Dy, and the ratio of
FaR/Gap for the 60 mole% HBA/PET system. Calculations of
the concentration of the PPT/HZSO4 system (rods/volume)

were alsc made and will be included.

C for HBA/PET

A rigid rod of length L and diameter d was assumed for
each molecule. By using the C=0 linkage as an effective
radius of the rod and ignoring the radius of the oxygen,
the diameter was obtained as:

d = 2{2x1.3+1.23] = 7.7 Angstroms
using bond lengths and atomic radii (CRC Handbook of
Chemistry, 62nd edition). Length was then determined to
be 800 Angstroms from:
L = V/nr?
for rigid rods where the volume of a rod, V, may be given
as:
Mn/Naxdensity

where Mn is the number average molecular weight and Np jg
Avagadro's number. The density of this material 1is
approximately 1.28 g/cc in the melt state (from the

Instron Capillary Rheometer) and Mn=20,000.
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Using the molecular dimensions, the critical concen-
tration for the instability of the isotropic phase may be
obtained from Doi as:

c* =~ 5,1/dL2
Thus a critical concentration of 1.04 E18 molecules/cc was
calculated. Since
c/c* = ¢/3
if the actual concentration of rods is known, it is pos-
sible to obtain a dimensionless concentration. Shear

stress at the start up of simple shear for this system was

given in Viola's thesis. By comparing 1long time wvalues
with Doi's predictions for wvarious C at 1.0 sec-l and
iterating one obtains:
1.0 E3 Pa = 0.1 ¢ (1.38 E-23)(523K)E6
or,
c = 1.38 E18 molecules/cc

where the lefthand side of the above equation is the
experimental wvalue and the righthand side Doi's predic-
tions at the given temperature (.lckT). This concentra-
tion corresponds to a value of C = 4.0, which was sub-
sequently used for the majority of predictions of Doi's

equations.
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Dy for HBA/PET

Using the values of d and L found above and the rele-

vant equations from Doi and Edwards recent book (8.16,

9.16, and 10,53) Dy and Dy may be obtained. First, Dro is

calculated for dilute solutions from 8.16 for a given
temperature if the '"solvent" viscosity is known (see
Chapter 3 for this equation). Dyg was found to be 0.424
for this sytem at 523K using a dynamic viscosity from
Viola's thesis of 122 Pa-sec.
Equation 9.16 is then emploved:
A Dy = Dro B (cL3)-2
where B has been obtained from experiment and is given in
the literature (Doi' as about 1300. By employing the

concentration and rod length already found, Dy = 1.10 E-3
was calculated.

Equation 10.53 corrects for a nematic environment:

Dr = Dri{1-3/2sap2]-2
in which Sgg2 represents the double dot product of the
orientation order parameter tensor components. This
equation was used in the computer programs (Appendix A) to

adjust the diffusivity as the order in the system changed.
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EaB/Gap for HBA/PET

To justify eliminating the Fyg term for thermotropic
systems, one needs to calculate the relative importance of

each of the terms in Doi's equations for orientation

development. The FgR term contains diffusivity and
dimensionless concentration terms whereas the Ggp term
contains the flow kinematics and deformation rates. This
calculation was made for the 1,1 component in uniaxial

deformation at 1.0 sec-1:

F11/6Dy = (C/3-1)S11 - C(S222+S332) - CISii?Si1

G11 = 2/3 + S11 - 385112

where the extension rate has been substituted into the

latter term. For C = 4, the Fll term becomes:

F11 = 6Dy[S11/3 -25112 - 2S5113]

since Sp3 = S33 = -iS11 for a nematic.
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This ratio was then calculated for various orientation

parameter tensor component values:

511 Dr _FoaB/Gap

0 1.1 E-3 0/.667 =0

1/6 0.0012 -.00007/.75 = =-8.87 E-5
1/3 0.0016 -.00017/.889 = -.000198
1/2 0.00282 -.00164/.417 = -.00394
2/3 0.010 -.0402/0 = -

Thus, even for Sj;j33i, Fqp is not important given Dr =

1.1 E-3 and C = 4, except at values approaching perfect

orientation, Si; 2/3.
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c for PPT/H2§94

Assuming a concentration of 4% by weight (which was
subsequently measured to be 3.9% by coagulation of the
solution in water), the concentration in molecules/cc was

determined:

Q
]

(4 g PPT/100 g soln)(1 ml PPT/1.44 g PPT)*
(1.824 g soln/1 ml soln)*[(1.44/20050)*6.022 E23]

molec PPT/ml PPT

Q
i

2.19 E18 molec/cc (4 wt$)

Similarly, other rod concentrations may be determined from

other weight concentrations. At 60°C the ckT product was

calculated:
Concentration, wt$% ckT, Pa.
3.9 9812
11.1 27928

Dr was then calculated from the Doi-Edwards relation:
Dy = ckT/10u0

where WQ jis the zero shear rate viscosity (exp.) to be

0.082 for the 3.9% solution.
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Heat transfer calculations were also made to determine
the centerline temperature at the conclusion of the non-

isothermal deformation of plaques of HBA/PET and HBA/HNA.

Assuming a flat plate analysis for the conduction
problem, one can approximate the centerline temperature in
the pressed plague subject to the boundary conditions of a
constant temperature source imposed at t=0. Neglecting
the conduction through the metal plates in which the
plague is sandwiched, one can use the tables in Appendix F
of Welty, Wicks, and Wilson. The polymer handbock may be

used to arrive at the physical constants (assuming PET):

k = .289 J/mskK
density = 1370 kg/m3

Cp = 1250 J/kgK

From the process, one obtains the following:

H
8
i

10°C

=
o
I

180°C for HBA/PET
To = 250°C for HBA/HNA

t = 0.5 seconds for the deformation

X1 = 0.00075 for a 1.5 ml thick plaque
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Assuming further that the heat transfer due to con-
vection will be small compared to that due to conduction,
the dimensionless parameter m will be zero. The parameter

Y is read off of Figure F.7 for a given value of X:

X = at/xlz

where a is the thermal diffusivity given by:

a = k/density*cp

Substituting into the equations, one obtains ¥ = 0.85

for the centerline. But,

Y = (T-Te)/(T0g-Too)

so for the result is

T(.5 second) 155°C for HBA/PET

T(.5 second) 214°C for HBA/HNA

using the same approximate physical parameters for both

systems.
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Appendix C: Blown Film Analysis

The polynomial regressions for Figs. C.1-C.6 are given

by the following equations:

Figure BUR Equation
c.1l 1.45 2.436-.12812z+.014422-.0003023
2.30 2.436+.18022+.014622-.001223+2.24E~5%z4
3.10 2.449+.25062z+.047922-.004123+8.56E-5*%z4
1.30 2.45-.0866z+.013222-3.44E-4*2z3
Cc.2 1.45 .07656+.5962t+.1247t2+.00659t3
2.30 .300-.207t+.6697t2-,.0334¢t3
3.10 .288+.2774t+.5922t2~-.0301¢3
1.30 ~.0918+1.0609t+.1801t2+9.93E-4*t3
c.3 1.45 .7527+.241z-2.796E~3%*22
2.30 .6972+.6512z~-.041422+8,89E~4*23
3.10 .8363+.64672-.042722+9.29E-4%23
1.30 1.235+.20482-.00314z2 _
C.4 1.00 2.458-.15352+.022422-.0010723+1.675E-5%z4
1.95 2.385+.25492-.0063z2-1.47E-5%23
2.60 2.428+.42032-.01152z2+2.10E-5%*23
1.35 2.405+.0425z+.002822-1.28E-4%*23

2.30 2.268+.6212-.035522+5.21E-4*2z3+5,31E-5*%z4
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C.5 1.00 -.4372+2.912t+.7228t2
1.95 -.3126+3.232t+.625t2
2.60 -.8874+4.977t+.5147¢2
1.35 -.4031+2.182t+.7628t2
2.30 -.5741+4.677t+.4172¢2

C.6 1.00 3.32+.33162-.00427z2
1.95 3.688+.25532-.00233z2
2.60 5.69+.12912z-2.86E-5z2
1.35 2.752+.37772-.0051322
2.30 5.481+.07193z+.0014z2

Error in film bubble shape plots

Measuring off of the TV monitor introduces a .1 cm
error due to accuracy of the ruler wused. Regression
deviations for HBA/PET and HBA/HNA were about .048 cm each

for a total error of +.15 cm.

Error in marker position vs. time plots

Stopwatch error (reflexes) was found from repeated
runs to be .034 seconds for HBA/PET and .109 seconds for
HBA/HNA. Regression deviations were .078 seconds for
HBA/PET and .360 seconds for HBA/HNA. The combined error
is thus t.11 seconds for the former and *.47 seconds for
the latter. This analysis ignores the relatively small

(in this case) error introduced by measurement off the TV.
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Error in film surface velocity plots

The error in this plot is essentially the error in
determining dz/dt. The numerator has an error of .1 cm
(as determined above) and the denominator error is simply
given by the time error off of the marker position vs.
time chart (excluding regression deviations). Thus, for

HBA/PET:

error = * % [(9.9/7.034)-(10.1/6.966)] = +0.043 cm/s

assuming a distance of 10 cm. and a time of 7 seconds to

the freeze line. Similarly, for HBA/HNA:

error = *+ 4 [(9.9/4.109)-(10.1/3.891)] .= +0.186 cm/s

assuming a distance of 10 cm. and a time of 4 seconds to
the freeze line.
The above error estimates are reproduced in the fol-

lowing figures as error bars.
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Film Bubble Radius of HBA/PET
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Figure C.1 Film bubble radius as a function of the

axial distance for HBA/PET with different BUR.
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Marker Position vs. Time - HBA/PET

30

~ BUR = 1.45 (267 C) g

a BUR = 2.30 (267 C) -

| o BUR=3.10 (267 C) - R
2s m BUR = 1.30 (247 C) o "
20— o .
- PN
| ]
15 N R
| |
[m]
a o
10—
o, * .
5 o B s
[ ]
o 4.

P | |

0'+ I 1 T T T
0 2 4 6 8 10
t, seconds

Figure C.2 Marker position as a function of time for

HBA/PET with different BUR.
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Film Surface Velocity - HBA/PET
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Figure C.3 Film surface velocity as a function of

axial distance for HBA/PET with different BUR.
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Film Bubble Shape - HBA/HNA
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Figure C.4 Film bubble radius as a function of axial

distance for HBA/HNA with different BUR.
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Marker Position vs. Time - HBA/HNA
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Figure C.5 Marker position as a function of time for

HBA/HNA with different BUR.
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Film Surface Velocity - HBA/HNA
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Figure C.6 Film surface velocity as a function of

axial distance for HBA/HNA with different BUR.
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