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ABSTRACT: This paper is concerned with properties and processing performance of two
thermotropic liquid crystalline polymers (TLCPs) produced by DuPont (HX6000 and
HX8000) with widely varying melting points and blends of these two TLCPs. This work
was carried out in an effort to develop a TLCP suitable for generating poly(ethylene
terephthalate) (PET) composites in which the melting point of the TLCP was higher
than the processing temperature of PET. Strands of the neat TLCPs and a 50/50 wt %
TLCP–TLCP blend were spun and tested for their tensile properties. It was determined
that the moduli of the HX8000, HX6000, and HX6000–HX8000 blend strands were
47.1, 70, and 38.5 GPa, respectfully. Monofilaments of PET–HX6000–HX8000 (50/
25/25 wt %) were spun with the use of a novel dual extruder process. The strands had
moduli as high as 28 GPa, exceeding predictions made using the rule of mixtures and
tensile strengths around 275 MPa. The strands were then uniaxially compression
molded at 270°C. It was found that after compression molding, the modulus dropped
from 28 GPa to roughly 12 GPa due to the loss of molecular orientation in the TLCP
phase. However, this represents an improvement over the use of HX8000. © 1999 John
Wiley & Sons, Inc. J Appl Polym Sci 73: 2209–2218, 1999
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INTRODUCTION

The use of thermotropic liquid crystalline poly-
mers (TLCPs) to reinforce commodity thermo-
plastics has attracted considerable interest since
the mid to late 1980s.1–5 One reason for this in-
terest has been due to the fact that when blends of
a thermoplastic and a TLCP are subjected to ex-
tensional deformation, the TLCP phase is de-
formed into fibrils. These TLCP fibrils are found

to provide mechanical reinforcement to the ma-
trix, producing lightweight, wholly thermoplastic
composites. Because the reinforcing fibrils are
formed during the melt processing step, Kiss3

called the resulting materials in situ composites.
There are several reasons that TLCPs are po-

tentially viable alternatives to traditional rein-
forcing materials like glass fiber. One significant
reason is their combination of low-density and
high mechanical properties. It has been shown
that neat TLCPs can possess moduli of up to 100
GPa and strengths of 1 GPa and greater when
they are highly oriented, while having densities of
only around 1.4 g/cm3.6–9 These properties are
competitive with other forms of reinforcement,
such as glass fiber, which has a tensile modulus of
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69 to 83 GPa, a tensile strength from 1.72 to over
2.07 GPa, and a density of 2.52 to 2.61 g/cm3.10–13

Therefore, if the full reinforcing potential of the
TLCP is realized, it would be possible to produce
wholly thermoplastic composites, which would
have mechanical properties matching or exceed-
ing those obtained with glass and even aramid
fiber reinforcement. Other important reasons
cited for using TLCPs as reinforcement rather
than glass fiber are as follows.

1. The composite melt requires less energy;
2. There is less wear on the processing equip-

ment;
3. The ability to use compatibilization to pro-

vide interfacial adhesion between the two
phases;

4. Their recycling potential.14

Therefore, TLCPs possess several key features
that make them a possible alternative to more
conventional reinforcing materials.

However, one problem in producing in situ
composites are the high temperatures at which
many TLCPs need to be processed. Lin and Win-
ter15,16 have shown that for Vectra A900, it is

necessary to take it up to temperatures of 320 to
330°C to remove all high melting crystallites.
Likewise, many TLCPs, such as Xydar, have
melting temperatures well in excess of 300°C.17,18

With such high melting temperatures, these ma-
terials can only be combined with select engineer-
ing thermoplastics, such as polyphenylene sul-
fide, polysulfone, and polyetheretherketone.
Therefore, finding methods of overcoming this
limitation are essential for being able to blend
TLCPs with high melt processing temperatures
with lower melting thermoplastics, such as
polypropylene (PP) and poly(ethylene terephthal-
ate) (PET).

To overcome this need for overlapping melt
processing temperatures, a patented dual ex-
truder system, shown schematically in Figure 1,
was developed by Sukhadia and coworkers.19,20

In this process, the matrix and TLCP are plasti-
cated in separate extruders. The TLCP is then
cooled and introduced into the matrix as contin-
uous streams, using a phase distribution system
at the tee connecting the two extruders. Immedi-
ately following the phase distribution system, the
blend is passed through a mixing head containing
static mixers to further divide the TLCP into

Figure 1 Schematic of the dual extrusion processing scheme.
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smaller continuous streams. The composite melt
leaving the mixing head is then extruded through
a capillary die (L/D , 1) and drawn to orient the
TLCP. Because the dual extruder process intro-
duces continuous TLCP streams into the matrix,
the final composite strands contain TLCP fibrils
with essentially infinite aspect ratios, helping
maximize the reinforcing potential of the TLCP.

The utility of the dual extruder system in pro-
ducing in situ composite strands and fibers has
been shown in several studies.19–25 Sukhadia and
colleagues20 demonstrated the advantages of us-
ing this approach in generating strands of PET–
Vectra A900 (70/30 wt %) relative to using a sin-
gle-screw extruder. For blends prepared in a sin-
gle-screw extruder, it was only possible to reach a
tensile modulus of 13.39 (60.45) GPa at a draw
ratio of 49 (standard deviations given in paren-
theses). Meanwhile, at the same draw ratio, the
dual extruder process yielded strands with a mod-
ulus of 18.99 (60.17) GPa. This difference in stiff-
ness was attributed to the morphology of the com-
posite strands. Strands produced using the dual
extruder system had no visible skin-core morphol-
ogy and possessed fibrils with essentially infinite
aspect ratios. Meanwhile, the strands prepared in
a single-screw extruder did have a skin-core mor-
phology and did not have axially continuous Vec-
tra A900 fibrils in the PET matrix. Another sig-
nificant factor contributing to the higher stiffness
was the ability to spin the strands at a lower
temperature than was possible when using just a
single extruder.

Still, this processing scheme is limited by the
supercooling behavior of the TLCP, that is, by
how much the TLCP can be cooled below its melt-
ing temperature before its viscosity begins to dra-
matically rise. It would be desirable to be able to
modify the supercooling behavior of the TLCP so
that the maximum difference in processing tem-
perature between the TLCP and matrix could be
used without encountering either solidification of
the TLCP or degradation of the matrix. This
would allow the dual extruder process to utilize
the supercooling ability of TLCP to its fullest ex-
tent.

One possible method of controlling how a TLCP
behaves as it is cooled is by blending it with a
second TLCP with a lower melting temperature
and similar molecular structure. Baird and co-
workers26,27 used dynamic rheological measure-
ments to study the solidification behavior of co-
polyesters composed of 60 mol % 4-hydroxyben-
zoic acid (HBA) and 40 mol % PET and HBA–PET

(80/20 mol %). For these two polymers, HBA–PET
(60/40 mol %) had a melting temperature of ap-
proximately 250°C, while HBA–PET (80/20 mol
%) had a melting temperature roughly 50°C
higher, at 300°C. By blending these two copolyes-
ters together, the melt could be cooled to lower
temperatures than were possible with HBA–PET
(80/20 mol %) before a sudden increase in complex
viscosity was observed.

Recently, McLeod and Baird28,29 reported sim-
ilar supercooling behavior when HX6000, with a
melting temperature of 332°C, was melt blended
with HX8000, with a melting temperature of
272°C. It was found by measuring the complex
viscosity of the blends as the melt was cooled that
a linear relationship existed between composition
and solidification temperature. This was also con-
firmed using differential scanning calorimetry
(DSC), where the onset of crystallization was low-
ered relative to that of HX6000 as more HX8000
was added to HX6000.

The supercooling behavior of the blends of
HX8000 and HX6000 is important because of its
potential to be used with the dual extruder pro-
cess. Neat HX6000 cannot be readily processed
with PET because it cannot be cooled to below
300°C before solidifying. Meanwhile, HX8000 can
be directly processed with PET but cannot be
reheated to melt the PET without substantial
losses in the reinforcing ability of the TLCP
phase. Therefore, using the dual extruder pro-
cessing scheme with HX6000–HX8000 blends,
the potential exists to produce composite strands
that have the greatest possible difference in pro-
cessing temperature between the TLCP and ma-
trix resins. This is important because it increases
the likelihood that properties generated in the
spinning step can be retained in any post-process-
ing scheme.

The objective of this work is threefold. First, it
needs to be determined how blending HX8000
with HX6000 affects the spinnability of the TLCP
melt. Second, it needs to be determined if the
TLCP–TLCP blend can be used to produce in situ
composite strands with PET as the matrix resin.
In particular, it needs to be shown that the mod-
ification in supercooling behavior observed in
rheological cooling scans can be used to produce
in situ composite strands using the dual extruder
processing scheme. Third, the effect that consoli-
dation of the composite strands at high tempera-
tures has on mechanical properties has to be de-
termined. This is necessary to reveal if the poten-
tial for post-processing operations exists.
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EXPERIMENTAL

Materials

The following two TLCPs produced by DuPont
were used in the study: HX6000 and HX8000.
HX6000 is a semicrystalline TLCP with no clearly
discernible glass transition temperature, two
melting endotherms (one at 275.5°C and the sec-
ond at 331.9°C), and a density of 1.38 g/cm3. A
melt temperature of at least 350°C is generally
needed for processing. HX8000 is a semicrystal-
line TLCP with a glass transition temperature of
110°C, two melting endotherms (one at 228.9°C
and the second at 271.8°C), and a density of 1.38
g/cm3. To process this TLCP, a melt temperature
of at least 290°C is usually required. It is believed
that these TLCPs are composed of unspecified
ratios of terephthalic acid, 4-hydroxybenzoic acid
(HBA), hydroquinone, and hydroquinone deriva-
tives, with HX6000 having a high ratio of
HBA.7,18,30–37

For spinning the in situ composite strands, PT
7067, a grade of PET manufactured by DuPont,
was used. It is a high-molecular-weight grade of
PET, with a glass transition temperature of 84°C,
a melting temperature of 255°C, and a density of
1.33 g/cm3.38

Neat Strand Processing

Neat strands of HX6000, HX8000, HX6000–
HX8000 (50/50 wt %), and PT 7067 were spun
using a Killion KL-100 extruder with a screw
diameter of 1 in. and a L/D 5 24. The melt
conveying zone was set at 350 to 360°C for
HX6000 and HX6000–HX8000 (50/50 wt %) and
330°C for HX8000. Meanwhile, the PT 7067 was
processed at a maximum temperature of 280°C.
The melt leaving the mixing head was extruded
through a capillary die (L/D , 1; diameter 5 1.3
mm) and drawn, quenched in a water bath, and
collected on a take-up roll. The take-up speed was
varied to produce TLCP strands with draw ratios
ranging from under 10 to over 40 and draw ratios
up to 190 for the PT 7067. Note that all polymers
were dried in a vacuum oven set at 110°C for at
least 24 h before being processed.

Composite Strand Processing

Composite strands of PT 7067 and HX6000–
HX8000 (50/50 wt %) were generated using a
patented dual extrusion process, which has been
extensively described elsewhere.19,20,22 Strands

were spun with two loadings of TLCP, either 20
wt % TLCP or 50 wt % TLCP. The equipment
consisted of two Killion KL-100 extruders, each
having a screw diameter of 1 in. and a L/D 5 24.
Regardless of the loading level of TLCP in the
composite strands, the HX6000–HX8000 (50/50
wt %) blend was processed in one extruder with
the melt conveying zone set at 350 to 360°C, while
the PT 7067 was plasticated in the second ex-
truder with the melt conveying zone set at 275 to
285°C. The mass flow rate of the TLCP was pre-
cisely metered by using a Zenith gear pump
(Model HD-556, 1.725 cm3/rev), with the strand
composition determined from the total mass flow
rate of the blend and the controlled mass flow rate
of the TLCP. After passing through the gear
pump, the TLCP stream was cooled to 300°C be-
fore being introduced into the PT 7067 using a tee
connecting the two extruders. Immediately fol-
lowing the tee, the HX6000–HX8000–PT 7067
blend was passed through a mixing head contain-
ing three helical Kenics elements and four Koch
elements to further divide the TLCP into smaller
continuous streams. The composite melt leaving
the mixing head was then extruded through a
capillary die (L/D , 1; diameter 5 1.8 mm) and
drawn to orient the HX6000–HX8000 phase,
quenched in a water bath, and collected on a
take-up roll. The take-up speed was varied to
produce composite strands with draw ratios rang-
ing from under 15 to over 50. Note that the poly-
mer pellets were dried in a vacuum oven set at
110°C for at least 24 h before being processed.

Dynamic Rheological Testing

Rheological measurements were conducted using
a Rheometrics RMS-800 with 25-mm-diameter
parallel plate tooling. Dynamic oscillatory mea-
surements were carried out using 5% strain and a
gap of 1.0 mm. The test specimens were circular
disks cut from injection-molded plaques. These
were dried in a vacuum oven at 110°C for at least
24 h prior to testing. Each sample was brought to
the starting test temperature and held at that
temperature until thermal equilibrium was es-
tablished between the tooling and the melt. This
generally took 3–5 min, with the temperature
being monitored using a thermocouple located in
the center of the bottom plate. For the duration of
the tests, each sample was exposed to a continu-
ous nitrogen atmosphere.

To monitor the rheology of the supercooled
TLCPs, the complex viscosity (uh*u) of the melt
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was measured as the TLCP was cooled. An angu-
lar frequency (v) of 10 rad/s was used in each test.
The specimen was heated to the starting test tem-
perature, then cooled at a fixed rate of 2.3°C/min.
The test was stopped once the torque exceeded
500 g cm.

Mechanical Properties

All of the tensile properties of the individual
strands were measured using an Instron Mechan-
ical Tester (model 4204) equipped with a 1 kN
load cell. At least 30 strands of each material
were tested to determine the relationship be-
tween draw ratio and mechanical properties. Ten
measurements of the strand diameter were made
for each sample to establish both the average and
smallest diameter. The gage lengths were approx-
imately 250 mm for all strands, except where
noted otherwise, with the fiber ends wrapped in
masking tape to help provide uniform gripping of
the strands. Because of the difficulty in spinning
HX6000 strands with a uniform diameter,
strands 40 mm long had to be tested to ensure a
fairly consistent diameter for the entire length of
the strand. Also, for comparative purposes, both
40 and 250 mm long strands of HX8000 were
tested. The crosshead speed was set at 1.27 mm/
min. For calculating the tensile modulus, the av-
erage strand diameter was used. Meanwhile, for
calculating the tensile strength, the smallest
strand diameter was used. This was done because
it was the point with the lowest cross-sectional
area, so the strands generally failed at this loca-
tion.

RESULTS AND DISCUSSION

In order to process the TLCPs using the dual
extruder processing scheme, the TLCPs needed to
be evaluated for their ability to remain molten as
they were cooled. This was done by measuring the
complex viscosity of the neat TLCPs and the
TLCP–TLCP blends as they were cooled at a fixed
rate. By doing this, it was possible to determine
what the composition of the HX6000–HX8000
blend had to be in order for it to be cooled well
under 300°C. This is the temperature above
which the PET will undergo rapid degradation.

As shown in the plot of complex viscosity ver-
sus temperature (Fig. 2), it was possible to modify
the solidification behavior of the HX6000 by melt
blending it with HX8000. By adding HX8000, the

temperature at which the viscosity of the HX6000
began to rise dramatically could be shifted down-
ward with increasing levels of HX8000. Based on
these data, it appears that a 50/50 wt % blend of
HX6000–HX8000 would be appropriate to use
with PET, as the blend remained deformable
down to approximately 280°C. This was believed
to provide a wide enough processing temperature
range (280 to 300°C) in which to combine the
TLCP–TLCP blend with PET without having to
be concerned with premature solidification of the
TLCP stream or degradation of the matrix. Also,
over the 280–300°C range, the HX6000–HX8000
(50/50 wt %) blend was less viscous than the PET
matrix, which may be important for processing.17,39

Having demonstrated that the HX6000–
HX8000 (50/50 wt %) blend possessed the desired
supercooling behavior, it was then necessary to
spin strands of neat fiber to show the effects of
composition and draw ratio on mechanical prop-
erties. Strands of HX6000, HX8000, and
HX6000–HX8000 (50/50 wt %) were extruded and
drawn to determine the spinnability of the three
materials. Comparing the spun strands of
HX6000–HX8000 (50/50 wt %) to the strands of
the neat TLCPs, it was shown that the blend
exhibited better spinnability than neat HX6000
by the maximum draw ratio attained and the
standard deviations in the draw ratios (Table I).
For HX6000, it was observed that it had limited
melt strength and fluctuated dramatically in di-
ameter. Specifically, as the HX6000 melt was

Figure 2 Complex viscosity (uh*u) as a function of
temperature for polymers cooled at a rate of 2.3°C/min:
(h) PT 7067, (■) HX8000, (F) HX6000–HX8000 (25/75
wt %), (Œ) HX6000–HX8000 (50/50 wt %), (�) HX6000–
HX8000 (75/25 wt %), and (}) HX6000.
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drawn, it would not deform uniformly. Rather, it
would neck, producing lengths with very small
diameters, followed by lengths with very large
diameters. This necking phenomenon was so pro-
nounced that a few test samples had draw ratios
exceeding 150, while most of the strands had a
draw ratios of just over 20. Meanwhile, the neat
HX8000 and HX6000–HX8000 (50/50 wt %)
strands both showed the capacity to be drawn to
draw ratios over 40. Also, the standard deviations
throughout the range of draw ratios produced
were appreciably lower than what were seen for
the HX6000 strands. From this it can be con-
cluded that adding HX8000 to HX6000 improved
the spinnability of the TLCP melt by preventing
the melt from periodically necking as it was
drawn down.

Because the draw ratios of the neat HX6000
strands possessed diameters that fluctuated over
such a wide range, it was necessary to test them
differently than the HX8000 and HX6000–
HX8000 strands. Rather than testing 250 mm
lengths of fiber, only 40 mm lengths were used.
This allowed portions of fiber to be tested, which
had a fairly uniform diameter. However, because
the fiber length was so short, it was necessary to
determine if the difference in strand length would
have an effect on the measured mechanical prop-
erties. To do this, both short and long HX8000
strands were tested to quantify the effect that
strand length may have had on the measure-
ments of modulus.

Comparing the results of testing both short
strand lengths (; 40 mm) and long strand lengths
(; 250 mm) of HX8000 demonstrated that the
strand length had to be considered in the mea-
surements of the tensile modulus. For the short
strands, the maximum tensile modulus was 37.1
GPa, while when 250-mm strands with draw ra-
tios over 40 were tested, the tensile modulus was
47.1 GPa (Fig. 3). The value of 47.1 GPa closely

matches the maximum stiffness of 47 GPa re-
ported by Krishnaswamy and Baird24 for melt-
spun HX8000 fiber. Meanwhile, the short HX6000
strands had a maximum tensile modulus of 70.0
GPa. Based on the effect of strand length on the
modulus for HX8000, 70.0 GPa should be taken as
a conservative value. Specifically, if it was possi-
ble to test longer HX6000 strands, it is likely the
maximum measured tensile modulus would be
slightly higher than 70.0 GPa.

After testing the neat TLCPs, the tensile prop-
erties of the strands of HX6000–HX8000 (50/50
wt %) were evaluated to determine how their
tensile properties compared to those of the neat
resins. For the HX6000–HX8000 (50/50 wt %)
blend, it was found that a modulus of only 38.5
GPa could be reached (Fig. 4), even for strands
with draw ratios in excess of 50. This is lower
than expected for two reasons. First, using the
rule of mixtures to predict the modulus of the
blend, it was calculated that a much higher mod-
ulus of 67 GPa should have been reached. Second,
38.5 GPa is lower than the values for either neat
HX8000, at 47.1 GPa, or neat HX6000, at an
extrapolated stiffness of 87 GPa. This is surpris-
ing because it would not be anticipated that the
TLCP–TLCP blend would be of lower stiffness
than that of either homopolymer. Hence, al-
though blending the two TLCPs together did
achieve the desired goals of improving supercool-
ing behavior and spinnability, the stiffness of the
strands was lower than desired.

Tensile testing was also performed to deter-
mine the effect of composition on strength. As

Figure 3 The tensile modulus of neat HX8000
strands versus the strand lengths of draw ratio: (■) 40
and (F) 250 mm.

Table I Maximum Draw Ratios
of the TLCP Strands

Composition Maximum Draw Ratioa

HX6000 28.32 (67.65)
HX6000–HX8000

(50/50 wt %)
44.12 (8.28)

HX8000 45.84 (10.90)

a These draw ratios are based on the average diameters of
the strands. Standard deviations are given in parentheses.
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shown in Figure 5, the HX6000–HX8000 blend
strands had a tensile strength between those of
the two neat polymers. In particular, at high draw
ratios the tensile strength was about 650 MPa for
HX6000 and about 840 MPa for HX8000. This
tensile strength for HX8000 matches that found
by Krishnaswamy and Baird24 for melt-spun
HX8000 fibers. Meanwhile, the HX6000–HX8000
blend had a tensile strength of approximately 720
MPa. From these results, it can be concluded that
melt blending the TLCPs did not have an adverse
impact on the strength of the strands.

Examining the effect of draw ratio on the me-
chanical properties of the composite strands, it
was clear that the HX6000, HX8000, and
HX6000–HX8000 (50/50 wt %) composite strands
showed the same general behavior. For each of
the TLCPs, the tensile strength displayed a sharp
improvement as the draw ratio was increased,
eventually reaching a maximum once the draw
ratio reached roughly 75 to 100. Meanwhile, al-
though the draw ratio needed to maximize the
tensile modulus differed for each of the TLCPs,
each set of strands showed a similar increase in
modulus to some asymptotic maximum. This be-
havior is commonly observed with melt-spun
TLCPs and has been recognized as being due to
increased molecular orientation from the exten-
sional deformation encountered in fiber and
strand spinning.8,40 Specifically, it has been noted
that no post-drawing process is needed when
spinning TLCP fibers and strands because the
chain orientation developed in the spinning pro-
cess is retained in the final strands.

For the sake of comparison to the properties of
the TLCPs and composite strands, the tensile
modulus and strength were found for PT 7067.
Strands of melt-spun PT 7067 were found to have
a stiffness of approximately 2.24 GPa and a ten-
sile strength of around 51.4 MPa, irrespective of
the draw ratio. Compared to the PET, all of the
TLCPs had much higher strengths and moduli.
Thus, the potential exists that adding TLCP to
the PET could produce composite strands with
both improved strength and modulus relative to
that of the neat matrix polymer.

Having demonstrated that the HX6000–
HX8000 (50/50 wt %) melt was spinnable, the
dual extruder processing scheme was used to
combine HX6000–HX8000 (50/50 wt %) with PT
7067. This was done at two different loading lev-
els, one with 20 wt % TLCP, and a second with 50
wt % TLCP. In both cases, it was found that
composite strands could be extruded and spun to
draw ratios in excess of 40. In particular, PT
7067–HX6000–HX8000 (80/10/10 wt %) strands
were spun with a draw ratio of 74.32 (617.56),
while the highest draw ratio attained with PT
7067–HX6000–HX8000 (50/25/25 wt %) strands
was 61.99 (617.03). Therefore, it was proven that
it was possible to produce in situ composite
strands containing a high melting TLCP, satisfy-
ing one of the objectives of this work.

The relationship between draw ratio and mod-
ulus for HX6000–HX8000–PT 7067 (25/25/50 wt
%) composite strands is shown in Figure 6. Con-
sistently, the moduli of the composite strands dis-
played a positive deviation from rule of mixtures

Figure 5 Tensile strength versus the draw ratio: (■)
HX6000, (F) HX6000–HX8000 (50/50 wt %), and (Œ)
HX8000.

Figure 4 Tensile modulus versus the draw ratio for
HX6000–HX8000 (50/50 wt %) strands: (■) experimen-
tal data.
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predictions. For each of the draw ratios produced,
the tensile modulus was approximately 25 to 28
GPa, versus a maximum modulus of 20 GPa, pre-
dicted using the rule of mixtures. Using the rule
of mixtures to back calculate a tensile modulus for
the TLCP fibrils, it was found that for the com-
posite strand to have a modulus of 28.3 GPa, the
fibrils would have had a modulus of 55.5 GPa.
This is nearly 20 GPa over the highest stiffness
determined for the neat HX8000–HX6000
strands and approaches the theoretical modulus
of 67 GPa predicted for the HX8000–HX6000
blend.

It should be recognized that this positive devi-
ation from the rule of mixtures prediction quali-
tatively matches the observations of Krish-
naswamy and Baird,24 as well as Robertson et
al.21 for TLCP–matrix in situ composite fibers
produced using the dual extruder system. For
example, Robertson and colleagues21 spun fibers
of PP–Vectra B950 (50/50 wt %) to draw ratios
over 200. It was found that at these high draw
ratios, they possessed tensile moduli of 44 GPa.
What made this result striking is that by using
the rule of mixtures, the modulus of the TLCP
phase was back-calculated to be around 100 GPa.
This is much greater than the 75 GPa usually
obtained when neat Vectra B950 is spun, showing
that the dual extruder processing scheme created
a synergistic reinforcing effect. One explanation
given by the authors for this behavior was that by
using the dual extruder system, perhaps it was
possible to orient the TLCP more effectively. In

particular, Yee et al.41 extrapolated a modulus of
110 GPa for a Vectra B950 sample having com-
plete molecular orientation. Therefore, the
polypropylene (PP) matrix may have served as an
insulator, allowing the Vectra B950 fibrils to be
drawn further and oriented prior to solidification
more than is possible when neat Vectra B950
fiber is drawn.

The strengths of the composite strands were
also determined, as is shown in Figure 7. As with
the tensile modulus data, it appears that it was
possible to obtain the maximum mechanical prop-
erties at relatively low draw ratios. Also, by add-
ing 50 wt % TLCP, the strengths obtained were
four to five times greater than that of neat PT
7067. Even with just 20 wt % TLCP, it was pos-
sible to produce composite strands with a average
tensile strength of 114.4 (624.0) MPa, twice that
of neat PT 7067. Therefore, in addition to improv-
ing modulus, adding HX6000–HX8000 to the PT
7067 resulted in producing strands with higher
strengths.

Another point of interest was to determine if
the composite strands could be compression-
molded into uniaxially reinforced composites
without a reduction in properties. Testing the
compression-molded composites, it was observed
that consolidation caused a substantial decline in
stiffness, as shown in Figure 8. The individual
strands possessed a tensile modulus of about 28.4
GPa. However, exposure to 270°C for 4 min
caused the stiffness to fall to 11.4 GPa. Although
this is still significantly above that of neat PET, it
is well below the properties of the individual

Figure 7 Tensile strength versus the draw ratio of
PT 7067–HX6000–HX8000 (50/25/25 wt %) strands:
(■) experimental data.

Figure 6 Tensile modulus versus the draw ratio of
PT 7067–HX6000–HX8000 (50/25/25 wt %) strands:
(■) experimental data and (—) rule of mixtures predic-
tion.
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strands. Therefore, the post-processing options
available for these PET–TLCP composite strands
may be limited because the full reinforcing poten-
tial of the TLCP is not realized.

Still, these properties are significantly better
than what would be obtained if neat HX8000 was
used as the reinforcing phase. If PET–H8000
composite strands were compression-molded at
270°C, all of the reinforcing ability of the HX8000
would be lost because 270°C is too close to the
melting temperature of 272°C for the TLCP. This
is further emphasized by the mechanical proper-
ties found when nylon 11–HX8000 (65/35 wt %)
composite strands were consolidated.24 When
these strands were compression-molded into uni-
axial composite plaques at 195°C, the mechanical
properties dropped from 19.8 GPa for the individ-
ual strands to 13.4 GPa. With a 33% decline in
stiffness when consolidated at 195°C, it is clear
that consolidation at 270°C would cause a com-
plete loss in the reinforcing ability of the HX8000
fibrils.

The results from these tests are also important
because they demonstrate that after the initial
reduction in properties, continued exposure to
270°C caused no further damage. Specifically, ex-
posing the uniaxially consolidated strands to
270°C for up to 1 h consistently produced compos-
ites with tensile moduli of over 9 to 14.3 GPa. This

means that if this initial drop in stiffness can be
avoided, many post-processing options may be vi-
able for these composites.

One method which may allow a retention of
properties through the compression-molding pro-
cess is to consolidate the strands at a lower tem-
perature. Although this is not an option with PET
as the matrix resin, it should be possible with
lower melting resins, such as nylon 11 and PP. As
stated earlier, the consolidation of nylon 11–
HX8000 (65/35 wt %) composite strands at 195°C
caused the modulus to drop from 19.8 GPa to
13.4.24 With HX6000 being a stiffer, higher melt-
ing TLCP, it is likely that nylon 11–HX8000–
HX6000 composite strands would be able to with-
stand the compression molding step better than
nylon 11–HX8000 composite strands. Hence, with
the proper matrix resin, it may be possible to
exploit the ability to control the cooling behavior
of the TLCP melt to produce lightweight, wholly
thermoplastic composites with high mechanical
properties, which otherwise could not be pro-
duced.

CONCLUSIONS

By blending HX8000 with HX6000, it was possi-
ble to improve the processability of the TLCP melt
by making it more spinnable, as manifested in the
ability to produce strands with much smaller fluc-
tuations in diameter than were possible with neat
HX6000. Furthermore, it was shown that compos-
ite strands of PET–HX6000–HX8000 could be
spun with high mechanical properties. This over-
came the problems in producing PET–HX6000
composite strands, which were the degradation of
the PET as well as the inability to spin HX6000
to high draw ratios. Also, this was an improve-
ment over consolidating PET–HX8000 composite
strands, where the HX8000 fibrils would lose
their reinforcing ability when taken to 270°C. Al-
though the PET–HX8000–HX6000 strands lost
some of their reinforcing ability upon consolida-
tion into uniaxial composites, using lower melting
matrix thermoplastics may allow the full reinforc-
ing ability of the TLCP fibrils to be realized.

The authors the Army Research Office (Grant No.
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Pont for donating the PET and TLCPs used in this study.

REFERENCES

1. Siegmann, A.; Dagan, A.; Kenig, S. Polymer 1985,
26, 1325.

Figure 8 The effect of exposure time to 270°C on the
tensile modulus of composite strands of PT 7067–
HX6000–HX8000 (50/25/25 wt %) strands with a draw
ratio of 61.99: (1) individual strands, (2) consolidated
strands, (3) consolidation 1 5 min, (4) consolidation
1 15 min, (5) consolidation 1 30 min, and (6) consoli-
dation 1 60 min. Note that all consolidation was at
270°C for 4 min, and the additional time represents the
exposure to 270°C without the application of pressure.

PROCESSING WINDOW OF A TLCP 2217



2. Weiss, R. A.; Huh, W.; Nicolais, L. Polym Eng Sci
1987, 27, 684.

3. Kiss, G. Polym Eng Sci 1987, 27, 410.
4. Isayev, A. I.; Modic, M. Polym Compos 1987, 8, 158.
5. Blizard, K. G.; Baird, D. G. Polym Eng Sci 1987, 27,

653.
6. Acierno, D.; Nobile, M. R. in Thermotropic Liquid

Crystal Polymer Blends; La Mantia, F. P., Ed.;
Technomic: Lancaster, PA, 1993; Chap. 3.

7. Figuly, G. D. in Polymeric Materials Encyclopedia:
Liquid Crystalline Polymers (Thermotropic Polyes-
ters); Salamone, J. C., Ed.; CRC Press: Boca Raton,
FL, 1996.

8. Yoon, H. N.; Charbonneau, L. F.; Calundann, G. W.
Adv Mat 1992, 4, 206.

9. Baird, D. G. in Polymeric Materials Encyclopedia:
In situ Thermoplastic Composites (from Liquid
Crystalline Polymers); Salomone, J. C., Ed.; CRC
Press: New York, 1996.

10. Kessler, S. in Plastics Additives and Modifiers
Handbook; Edenbaum, J., Ed.; Van Nostrand Rein-
hold: New York, 1992, Chap. 48.

11. Mallick, P. K. in Fiber-Reinforced Composites;
Marcel Dekker: New York, 1988.

12. PPG Industries, Inc., in Modern Plastics Encyclo-
pedia ’92; McGraw-Hill: New York, 1992.

13. Graner, W. R. in Handbook of Composites; Lubin,
G., Ed.; Van Nostrand Reinhold: New York, 1982.

14. Handlos, A. A.; Baird, D. G. J Macromol Sci, Rev
Macromol Chem Phys 1995, C35, 183.

15. Lin, Y. G.; Winter, H. H. Macromolecules 1988, 21,
2439.

16. Lin, Y. G.; Winter, H. H. Macromolecules 1991, 24,
2877.

17. Brown, C. S.; Alder, P. T. in Polymer Blends and
Alloys; Folkes, M. J.; Hope, P. S., Eds.; Chapman
and Hall: London, UK, 1993; Chap. 8.

18. Magagnini, P. in Thermotropic Liquid Crystalline
Polymer Blends; La Mantia, F. P., Ed.; Technomic:
Lancaster, PA, 1993; Chap. 1.

19. Baird, D. G.; Sukhadia, A. M. U. S. Pat. 5,225,488, 1993.

20. Sukhadia, A. M.; Datta, A.; Baird, D. G. Int Polym
Proc 1992, 7, 218.

21. Robertson, C. G.; de Souza, J. P.; Baird, D. G. in
Liquid-Crystalline Polymer Systems: Technologi-
cal Advances; ACS Books: Washington, DC, 1996;
Chap. 6.

22. Sabol, E. A.; Baird, D. G. Int Polym Proc 1995, 10,
124.

23. Sabol, E. A.; Handlos, A. A.; Baird, D. G. Polym
Compos 1995, 16, 330.

24. Krishnaswamy, R. K.; Baird, D. G. Polym Compos
1997, 18, 526.

25. Gray, R.; Baird, D. G. SPE ANTEC Tech Papers
1998, 44.

26. Ramanathan, R.; Done, D. S.; Baird, D. G. SPE
ANTEC Tech Papers 1989, 35, 1716.

27. Done, D.; Baird, D. G. Polym Eng Sci 1990, 30, 989.
28. McLeod, M. A.; Baird, D. G. to appear.
29. McLeod, M. A., Ph.D. Dissertation, Virginia Poly-

technic Institute and State University, 1997.
30. Avakian, P.; Coburn, J. C.; Connolly, M. S.; Sauer,

B. B. Polymer 1996, 37, 3843.
31. Kleinschuster, J. J. U.S. Pat. 3,991,014, 1976.
32. Irwin, R. S. U.S. Pat. 4,487,916, 1984.
33. Irwin, R. S. U.S. Pat. 4,496,712, 1985.
34. Irwin, R. S. U.S. Pat. 4,499,259, 1985.
35. Connolly, M. S. U.S. Pat. 4,664,972, 1987.
36. Samuels, M. R.; Waggoner, M. G. U.S. Pat.

5,466,773, 1995.
37. Samuels, M. R.; Waggoner, M. G. U.S. Pat.

5,525,700, 1996.
38. DuPont Product Information, Typical Properties of

Selart PT; Technology Bulletin H-37071.
39. La Mantia, F. P. in Thermotropic Liquid Crystal

Polymer Blends; La Mantia, F. P., Ed.; Technomic:
Lancaster, PA, 1993; Chap. 5.

40. Calundann, G. W.; Jaffe, M. Proc Robert A. Welch
Found Conf 1983, 26, 247.

41. Lin, Q.; Jho, J.; Yee, A. F. Polym Eng Sci 1993, 33,
789.

2218 MCLEOD AND BAIRD


