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ABSTRACT A Blend of thermoplastic, polypropylene, with a thermotropic liquid crystalline polymer
(TLCP), copolyester comprising 60 mol% of p-hydroxybenzoic acid and 40 mol% ethylene terephthalate
was prepared, using a twin screw extruder. Polymer blend pellets were extruded through a microtruder
as thin films, using different draw ratios. Effect of film drawing on molecular orientation and properties
was investigated. The order parameter of liquid crystalline domain evaluated from polarized infrared
spectra was found to increase with increasing film draw ratio. Morphology of the film observed under
an optical microscope revealed increasing TLCP fibre aspect-ratio. Young’s modulus of the film measured
in the machine direction was found to increase significantly with increasing TLCP fibre aspect-ratio and
molecular ordering. Young’s modulus of TLCP fibres embedded in PP matrix was estimated using the
Halpin-Tsai equation and found to correlate linearly with the fibre aspect-ratio and the order parameter.
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INTRODUCTION

Main chain thermotropic liquid crystalline
polymers (TLCPs) are known to possess good
thermal and mechanical properties and high
dimensional stability.! Blends of TLCPs with various
kinds of thermoplastics to improve processability
and properties of the latter have been intensively
investigated.>® These are incompatible blend systems
comprising a dispersed phase, ie droplets of TLCP,
which deform into fibres by elongational force during
melt processing. Following melt solidification, the
TLCP fibres are frozen in the matrix and hence
reinforced the product in a similar manner as the
short-fibre reinforced composites. Therefore the
name "in situ composite" was coined for such a self-
reinforced system.’

TLCP was found to improve the mechanical
properties of the matrix to various degrees depending
on processing procedures and conditions which
affect morphology and molecular orientation of the
blends.®? For a thick product like an injected bar,
the skin-core effect was found to occur.’ The skin of
the moulded part exhibited longitudinally oriented
TLCP fibrils, whereas droplets were formed in the
core region. Morphology of the product developed

in the mould depends very much on mould thickness,
processing temperature and speed of injection. This
in turn results in composites with different mechanical
properties. Other forms of composites such as
filaments'"'? and films>'* have also been investigated.
For these thin-wall specimens the skin-core effect is
minimized. However, in the case of blown or extruded
films, there is a major problem of anisotropy in
physical properties , ie the properties measured in the
direction along the flow path (machine direction, MD)
are different from that in the transverse direction (TD).
This problem has been solved to some extent by using
a counter-rotating die for thin film extrusion."

Correlation of the processing conditions to
molecular orientation and mechanical properties of
pure TLCP produced as extruded rod and fibres has
been investigated.'*'® The increase in drawn-down
ratio was found to increase birefringence, ie the
difference of refractive indices measured in directions
parallel and perpendicular to the fibre axis, which
indicated the improvement of molecular orientation."
For the in situ composite, the elongational flow field
was not sufficient to increase the orientation function
of TLCP* Greater TLCP fibril elongation could be
achieved at the exit of the die during spinning of the
blend.
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In this work, a blend system of polypropylene
and TLCP (Rodrun LC3000, a copolyester comprising
60 mol% of p-hydroxybenzoic acid and 40 mol%
ethylene terephthalate) was investigated. It is of
interest to improve the properties of a commodity
polymer like polypropylene. Rodrun LC3000 is
chosen to reinforce PP because of their overlapping
windows of processing temperature. The specimen
was prepared as an extruded film. Thin film has
advantages over an injection-moulded specimen, due
to the absence of skin-core effect and weld line. For
thin film, it is quite simple to evaluate the molecular
orientation from the measurement of transmission
spectra in the infrared region. Particular attention
has focused on the effect of film drawing on the
molecular orientation in TLCP fibres and their aspect
ratio, and consequently, tensile modulus of the
composite.

EXPERIMENT AL

Materials

A thermoplastic polymer matrix used in this
study was injection grade polypropylene (PP6331
HMC, Thailand), density = 0.903 g cm, measured
melt flow rate (MFR) 17 g/10 min at 230°C, 2.16 kg
loading). Thermotropic liquid crystalline polymer
(TLCP) was a copolyester comprising 60 mol% p-
hydroxybenzoic acid and 40 mol% ethylene
terephthalate (Rodrun LC3000), density 1.4 g cm?,
mesophase range from 220 to 280°C, purchased from
Unitika Company. TLCP pellets were vacuum dried
at 60°C for 12 h before use.

Blending

Melt blending of polypropylene (PP) and 10 wt%
TLCP was performed using a co-rotating twin screw
extruder (PRISM TSE-16TC) with a screw diameter
of 16 mm, L/D 25, intermeshing, at a fixed screw
speed of 150 rpm. The processing temperature profile
was 180/220/220/225/225°C, representing
temperatures at hopper zone, three barrel zones, and
heating zone in die head, respectively. Strand exiting
the extruder was immediately quenched in a water
bath and subsequently pelletized.

Film Extrusion

TLCP/PP blend pellets were extruded using a 16-
mm mini-extruder (Randcastle RCP-0625) equipped
with a cast film line. The temperature profile was
190/220/230/240°C for the hopper zone, two barrel
zones, and slit-die, respectively. Screw speed was 70
rpm. The gap of the die lip was adjusted at 0.65 mm
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and the width fixed at 152 mm. Extruded film was
drawn as molten blend exiting the die outlet, then
quenched on a water-cooled roll and collected by a
film assembly with adjustable take-off speed. The
film was drawn at the draw ratio (slit width-to-film
thickness ratio) of 9, 19 and 33 by adjusting the take-
off speeds at 1.6, 3.8 and 6.4 m/min respectively.
Film thickness was varied from approximately 20
to 70 pm.

Morphology

Morphology of the thin composite films was
directly observed under a polarized optical
microscope (Olympus) at the magnification range
of 100 to 200 times. Fibre distribution as well as
the texture of TLCP phase was also observed.
However, for the film thicker than 25 pm, it was
quite difficult to see the real domain size, because of
the overlapping of fibres in different layers, and
hence some areas were out of focus. In order to
observe the fibres more clearly, a small piece of each
film specimen was extracted with boiling xylene and
the TLCP fibres were filtered through a sieve of 200
mesh. The extracted fibres were observed under an
optical microscope and the distribution of the fibre
aspect-ratio (length-to-diameter ratio) was determined
from at least one hundred fibres.

Order Parameter

The order parameter or orientation function (S)
of the nematic liquid crystalline phase is defined as
the following equation,

S = 0.5 <3co0s%0 - 1> @D)
where 0 is the angle between the axis of mesogenic
unit and the preferred direction of the nematic phase.
S = 1 for a phase comprising perfectly aligned
molecules and S = 0 for the case of random
alignment. Infrared dichroism is one of the simple
techniques often used to determine the order
parameter of liquid crystalline phase.17-18.22-24
Absorbance values were measured: A, and A; for
plane polarized light with the electric vector parallel
and perpendicular to the preferred direction (the
machine direction), respectively. The dichroic ratio
R, defined as R = A/A, for a particular absorption
band is used to calculate the order parameter from
the following equations:

(R-1) 1
(R+2)0.53cos*a-1)

S= @)
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Fig1. Polarized IR absorption spectra of TLCP/PP recorded at
the positions of polarizer parallel (------ ) and perpendicular
(—) to machine direction of the film.

where d is the angle between the transition moment
and the major molecular axis. This equation is
reduced to

S = (R-1)/(R+2) whereR>1 3)
for a band whose transition moment is parallel to
the major molecular axis (parallel transition
moment) and

S = 2(1 -R)/(R +2) whereR< 1 )
for a band whose transition moment is
perpendicular to the major molecular axis
(perpendicular transition moment).

The order parameter of the TLCP phase in TLCP/
PP blend was evaluated from the IR absorption
spectra measured using Perkin-Elmer FTIR (system
2000) with an aluminium wire-grid polarizer placed
in the sample compartment, next to the film
specimen. FTIR spectra were recorded at the
polarization directions of the polarizer parallel and
perpendicular to the machine direction of the film
(see Fig 1). Areas under two peaks, the parallel band
at 1601 cm™ and perpendicular band at 726 cm™
(corresponding to C-C stretching vibration and C-
H out-of-plane bending of para-substituted benzene
ring), were used to determine order parameters of
TLCP utilizing equations (3) and (4), respectively.

Tensile T esting

Tensile testing was conducted using an Instron
mechanical tester (Model 4301), with a grip length
of 25 mm, crosshead speed of 50 mm/min, and a full-
scale load of 10N. Tensile properties of the dumbbell-
shaped specimens (70 mm x 4 mm) were measured
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in the machine (MD) and transverse (TD) directions,
according to ASTM D412. Each data point was an
averaged value obtained from at least ten specimens.

ResuLts AND Discussion

Morphology

The optical micrographs shown in Figs 2 - 3 are
obtained from the TLCP/PP films produced at the
draw ratios of 9, 19 and 33. Figs 2a - 2c are
photographs of the films, while Figs 3a - 3c are those
of TLCP fibres extracted from the films, using hot
xylene. The optical micrograph shown in Fig. 2a was
taken from the film prepared at the lowest draw ratio.
This film is quite thick (ca. 70 pm) and therefore
shows some regions that are out of focus. It can be
clearly seen that the apparent aspect ratio of TLCP
fibres in this figure is the shortest compared to Figs.
2b and 2c. In addition, it shows a typical schlieren
texture of nematic phase which reveals the
inhomogeneity of molecular orientation. On the
other hand, the texture of TLCP fibres (bright lines)
in Fig 2¢, which produced at the highest draw ratio,
is the most homogenous. This suggests the highest
degree of molecular orientation of TLCP domains
in the film. In order to see the size and shape of
TLCP fibres more clearly, the composite films were
extracted with boiling xylene. Photographs of
extracted fibres are shown in Figs 3a - 3c. From
several photographs, the fibre length (1) and width
(d) were measured, and the fibre aspect-ratio (I/d)
were calculated. Distribution curves of TLCP fibre
aspect-ratio, measured from about one hundred
fibres for each specimen of different draw ratios, are
presented in Fig 4. From the film of draw ratio 9,
the mean fibre aspect-ratio obtained is about 10, with
rather narrow range of distribution. Fibres with very
small aspect ratio may be filtered out through the
sieve. TLCP Fibres extracted from the film of draw
ratio 19 and 33 show broader range of distribution
and the mean aspect ratio of about 40 and 80,
respectively. However, short fibres are also found in
the last two cases, which may arise from breakage of
long fibres. In general, it can be clearly seen that as
the film draw ratio increases, TLCP fibres are more
elongated, ie the fibre aspect-ratio increases. These
results agree with the increase of tensile modulus of
the films, discussed in the next section.

Order Parameter

The molecular orientation in polymer specimen
is known to determine its strength and stiffness.
Hence the order parameter is related to the modulus
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Fig2. Optical micrographs of TLCP/ PP films produced at  Fig3. TLCP fibres extracted from films produced at different
different draw ratios, draw ratios,
(@ 9 (b) 19 (o) 33. @ 9 (b) 19 (c) 33.
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Fig4. Distribution of aspect-ratio of TLCP fibres obtained from
film produced at draw ratios: = 9, ¢ 19 and O 33.

of the polymer. The molecular ordering in TLCP
phase embedded in PP matrix ought to be one of
the parameters determining the strength the fibres
which contributes to the composite properties. For
thin film specimens, it is rather simple to determine
molecular orientation from the anisotropy of
absorption spectra (dichroism), especially in the
infrared region. Since the selected absorption bands
used to measure the dichroic ratio belong to the
benzene ring in TLCP molecule, the calculated order
parameters, therefore, represent only the molecular
orientation of the TLCP phase. The order parameters
of TLCP in the composite film plotted as a function
of draw ratio are illustrated in Fig 5. The order
parameter of TLCP phase is found to increase from
0.37 t0 0.52 as the draw ratio increases from 9 to 33.
Assuming that without drawing, S = 0, ie TLCP
appears as spherical droplets, the curves start from
the origin. The order parameters calculated from two
peaks, at 1601 and 726 cm™, yield the same results.

Tensile pr operties

Young’s moduli of pure PP and TLCP/PP films
prepared at different draw ratios are shown in Fig.
6. The reported results are obtained by measuring
in the machine direction (MD) and transverse
direction (TD).

Pure polypropylene film, produced using the
same processing condition as TLCP/PP composite,
exhibits nearly isotropic modulus, i.e., the moduli
in both MD and TD are nearly equal. Increasing of
draw ratio has no significant influence on the
modulus of PP. This might be due to the high
flexibility of PP polymer chain and rapid relaxation
of these molecules.

The MD modulus of the composite TLCP/PP
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Fig5. Effect of draw ratio on order parameter of TLCP fibres calcu-
lated from the peaks at 1601 cm™ (1) and 726 cm™ =),

film markedly improves with increasing draw ratio.
The MD modulus of the composite produced at the
draw ratio 33 increases by about 30% from that of
the composite film produced at the draw ratio 9 and
by about 77% from that of pure PP prapared at draw
ratio 33. The results are apparently due to the
reinforcement of TLCP fibres and the higher fibre
aspect ratio formed at higher degree of film drawing.

For short fibre-filled composites, the longitudinal
moduli of the composite (E) is related to the fibre
modulus (E) and matrix modulus (E,) and fibre
aspect-ratio by the well-known equation of Halpin-
Tsai®.

E.  1+ABX
E.  1-BX )
where X is the fibre volume fraction and
E E
- i Lf
B [E 1]/[E +A] ©6)

m m

The quantity A is equal to 2(l/d), where I/d is the length
to diameter ratio (aspect ratio) of the fibres. We predict
the modulus of TLCP fibres embedded in PP matrix
by rearranging the Halpin-Tsai equation as,

E - E.(A+X)+AE,(X-1) %

%(X-l)+(XA+1)

From our results, using the measured values of E_,
E,,and l/dand X = 0.07, the calculated E ; atthe film
draw ratio of 9, 19 and 33, are 2.99, 6.64 and 7.86
GPa, respectively. The highest value of the modulus
is close to the value of flexural modulus of pure TLCP
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Fig6. Youngs moduli of PP and TLCP/PP films prepared at
different draw ratios, measured in machine direction (MD)
and transverse direction (TD).

O pp(TD) M PP(MD) E PP/TLCP(TD) [ PP/TLCP(MD)

reported by the manufacturer, ie 9.3 GPa. However,
it is much lower than elastic modulus of pure TLCP
as spun fibre, prepared at a every high draw ratio of
100, which was reported by Dibenedetto!® at about
35 GPa. The reason for this large difference could
be due to the broad distribution of fibre aspect ratio
in our sample. The calculated values of E,are found
to correlate linearly with fibre aspect-ratio and also
with the order parameter of TLCP phase.

On the other hand, the TD moduli of pure PP
and TLCP/PP composite are not significantly affected
by increasing film draw ratio. In accordance with
the composite theory,>?> the TD modulus of the
composite can be estimated by the inverse rule of
mixture :

1 X d-X

E = E_[ + E—m (8)
For small X, the TD modulus of the composite is
dominated by that of the matrix and independent of
fibre aspect ratio.

Yield stresses of PP and TLCP/PP films, produced
at different draw ratios, measured in both directions
are shown in Fig 7. Yield stresses in MD direction of
the composite are slightly higher than that of pure
PP at draw ratio 9 and 19, but are about 34%
improved in the composite at draw ratio of 33. The
difference in MD and TD yield stresses of the
composite film is larger than that of PP film because
of the different morphology of the two systems.
When the composite is being stressed perpen-
dicularly to the fibre axis of the dispersed phase, the
ends of TLCP fibres with small radius of curvature
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Fig 7. Yield stresses of PP and TLCP/PP films prepared at different
draw ratio, measured in machine direction (MD) and
transverse direction (TD).
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could act as stress concentrators.” Consequently,
anisotropy of yield stress of composite films is
expected to be higher than that of PP

It can be concluded that increase of film draw
ratio provided an increase in order parameter of
TLCP phase and fibre aspect ratio, which match the
mechanical results, ie the enhancement of MD
Young's modulus. This summarized that better
molecular orientation in TLCP phase translates to
the better mechanical properties of TLCP'"** and
hence better composite properties.

CONCLUSION

In situ composite films of 10 wt% TLCP/PP were
prepared at different draw ratios by extrusion cast
film technique. Order parameter of TLCP phase was
determined from infrared dichrosim. Film morphology
was observed under optical microscope and their
tensile properties were measured. It was found that
as the film draw ratio increased, the fibre aspect ratio
increased and so did the order parameter. These
results are in good agreement with the enhancement
of the film modulus. The modulus of TLCP fibres
embedded in PP matrix estimated from the Halpin-
Tsai equation was found to correlate well with the
order parameter and the aspect ratio of TLCP phase.
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