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ABSTRACT: The effect of mixing speed of a batch mixer on the properties of liquid
crystalline polymer/polyethylene terepthalate (LCP/PET) blends is investigated
through two techniques: scanning electron micrographs to examine morphological
changes, and tensile testing to determine the mechanical property dependence of the
degree of mixing. The results of the two methodologies are well correlated, indicating
that the increased degree of mixing of the blend, which is a function of the mixing speed,
can be related directly to improved mechanical properties. The results are discussed in
the light of existing theories on polymer mixing. © 2000 John Wiley & Sons, Inc. J Appl
Polym Sci 75: 1783–1787, 2000
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INTRODUCTION

In recent years, interest has grown in an alterna-
tive pathway to new material systems that ex-
ploits the almost infinite variety of alloys, blends,
and composites that can be formed from existing
polymeric materials. In these systems, micro-
structure is as important as the molecular struc-
ture in determining the limits of performance. For
all polymeric materials, microstructure is inti-
mately tied to the material experience enroute to
final fabrication. Proper understanding of the ul-
timate product properties demands a full and
quantitative treatment of the relationship be-
tween material experience and machine environ-
ment during processing.

A liquid crystalline polymer (LCP) is capable of
forming highly oriented crystalline structures

when subjected to shear and/or elongational flow
above its melting point. The mechanical proper-
ties of LCP products are close to those of fiber-
reinforced composites. However, due to high mo-
lecular orientation in the flow direction, their ul-
timate properties in the direction transverse to
flow are usually lower. The addition of LCP to a
second thermoplastic (TP) component may im-
prove its processability1 and reduce its cost—re-
taining however, to a large extent the exceptional
material properties for which LCPs are known.
The LCP/TP blends are referred to variously as in
situ composites,1–3 self-reinforcing composites,4

or molecular composites.5 Recent blending tech-
nology has made it possible to prepare blends
of LCP and thermoplastics to form in situ com-
posites where the mechanical properties are
enhanced,1 well above those of the neat thermo-
plastics.

Polyethylene terepthalate (PET) is a very well-
known engineering thermoplastic that is widely
used in packaging and other applications. Its ad-
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vantages include low cost and ease of processing.
However, it does not compete well with the best
barrier materials, and its tensile properties fall
short in certain applications. Recent research has
shown that the properties of PET can be en-
hanced by a factor of two to five with the addition
of 10–15% LCP.6

There are conflicting reports concerning the
influence of mixing methods on the mechanical
properties of self-reinforcing composites. Accord-
ing to Isayev and Modic,4 the method of mixing
(whether by single screw extruder, or by twin
screw extruder) significantly affects the mechan-
ical properties of the blends. According to these
authors, blends prepared with a static Koch mixer
have superior mechanical properties over those
obtained by mixing in an internal Banbury mixer.
The rpm of the screw extruder was also reported
to have a major influence on the morphology and
mechanical properties of the extrudate.7 Kiss2

and Baird et al.,1 on the other hand, found no
significant improvement in the tensile modulus or
strength of the blend they studied, as a result of
the blending technique.

The main goal of our present study is to inves-
tigate the effect of the mixing speed, on the degree
of mixing and the ultimate mechanical properties
of blends of LCP and PET, using a batch mixer.
Various methods were used to assess the extent of
mixing and its effect on the properties of the
blends. These include scanning electron micros-
copy (SEM) to study mixing-dependent morpho-
logical development, and tensile test to correlate
the mechanical property changes with the degree
of mixing.

EXPERIMENTAL

Batch Mixing of LCP/PET Blends

An aromatic liquid crystalline polymer (Vectra
A950 RX from Hoechst Celanese) was mixed with
an injection molding grade PET (Shell Chemical)
in a 300 cc Brabender batch mixer, with a rubber
mixing blade. The amount of polymer added to
the mixer for each mixing run was about 250 cc.
The concentration of LCP for all blends was fixed
at 15% by weight, with no addition of a compati-
bilizer. Mixing was conducted at 280°C over a
time period of 3 min. The mixing temperature of
280°C was determined from preliminary tests,
and was found to be the lowest possible temper-
ature needed to ensure minimum degradation,

but high enough to melt the LCP. The compo-
nents were thoroughly dried in a vacuum oven at
around 60°C for 24 h before mixing. Five blends
were prepared by varying mixing speeds from 30
to 90 rpm in 15 rpm increments.

The speed of the mixer was calibrated using a
Mitutoyo digital tachometer before and during
the mixing experiments to ensure accurate and
reproducible mixing speeds from batch to batch.
The prepared blends were dried and kept in sep-
arate sealed plastic bags for further analyses.

Specimen Preparation for Tensile Testing

Mechanical properties may be directly related to
the microstructure developed from different ex-
tents of mixing of LCP in PET as referenced in the
introduction of this paper. The extent of mechan-
ical property change, resulting from the mixing
operation, was investigated by conducting tensile
tests on compression molded test specimens. A
simple plaque mold was designed and constructed
for compression molding. The mold was a two-
piece combination, one piece is a metal sheet (3.18
by 14.65 by 0.5 cm) having a rectangular cut in
the center with the dimensions of 1.27 by 10.16 by
0.01 cm; the other is a solid metal sheet cover. The
compression molded samples were opaque indi-
cating that PET has crystallized. The mechanical
properties of the LCP/PET blends as well as the
pure samples of PET and LCP were measured
using an Instron universal tensile testing ma-
chine. Tensile modulus was measured from the
initial slope of the stress–strain curve.

Viscosity Measurement

Viscosity information is useful in determining the
processability of the PET/LCP blends. The appar-
ent viscosity was measured using a Monsanto
automatic capillary rheometer. Viscosities for the
pure PET and three blends compounded at 30, 60,
and 75 rpm, respectively, were measured at
260°C. The results are shown in Figure 1. All
measurements were conducted in a shear rate
range of 1000–5000 s21. The materials were dried
in the same manner described earlier, before ev-
ery viscosity measurement.

RESULTS AND DISCUSSION

As shown in Figure 1, the viscosities of the blends
are significantly lower than those of the PET com-
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ponent. This is consistent with findings in the
literature, indicating that along with the benefits
mentioned earlier, inclusion of LCP also reduces
melt viscosity, hence enhancing its processability.

The curves for 30 and 75 rpm blends fall to-
gether, indicating that mixing speed does not af-
fect viscosity significantly. The curve for 60 rpm
deviates slightly from those of 30 and 75, but it is
still far below that of pure PET.

SEM Analysis

In theoretical studies,8,9 the term “uniform parti-
cle distribution” is generally accepted as an indi-
cation that a mixture is perfectly random. Prior to
the start of the mixing process, the components
are assumed to be completely separated and the
particles of the individual components are in-
distinguishable from one another. As mixing
progresses, these agglomerates are first ruptured,
followed by separation of the fragments from each
other, and finally the distribution of the ultimate
particles throughout the melt. This is referred to
in the literature as dispersive mixing,10 as op-
posed to distributive mixing,10 which does not
involve the breaking up of particles. Several op-
tical methods have been used to capture various
stages of degree of mixing and miscibility of poly-
mer blends,11 including light scattering, high
power optical microscopy,12 and scanning electron

microscopy. The scanning electron microscopy
technique was used in the present studies to de-
termine, qualitatively, the degree of mixing of the
blends, and hence the effect of mixing speed on
the degree of mixing through changes in morphol-
ogy of the blend. Analyses were conducted for
three different samples prepared at 30, 60, and 90
rpm, respectively. The SEM microphotographs
are presented in Figures 2, 3, and 4, respectively.

Figure 2 shows rather large, nearly spherical
particles of the minor LCP phase dispersed in the
PET matrix. As we increase the mixing speed, we
see further evidence of dispersive mixing, where
the relatively large spherical particles seen in

Figure 1 Log–log plot of viscosity versus shear rate
for LCP/PET blends at 260°C, for different mixing
speeds. For comparison, the results for pure PET are
also plotted.

Figure 2 SEM photo of 15% LCP/PET blend mixed at
30 rpm in a Brabender batch mixer. The figure shows
poor mixing of the LCP and PET components. The
dispersed phase of LCP is seen as spherical particles in
the photo.

Figure 3 Same as Figure 2 at a mixing speed of 60
rpm. In this photo, the sizes of the spherical particles
seen in Figure 2 have decreased.
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Figure 2 are now broken into much smaller sizes
(Fig. 3). As we increase the mixing speed from 60
to 90 rpm, we see that the dispersed particles
have been further reduced to barely discernible
sizes, which are uniformly distributed throughout
the matrix (Fig. 4).

There have been some concerns expressed re-
garding transesterification reaction that might
occur during the mixing process. According to the
available literature, transesterification reaction
could lead to enhanced compatibility between the
polymer blends.13,14 The fact that the blends re-
main incompatible throughout the mixing speed
ranges indicates that no transesterification reac-
tion has taken place. Furthermore, according to
Heino and Sepalla,13 transesterification reaction
between Vectra A950 and PET can occur only in
the presence of certain catalysts, such as Sb2O2,
stanous octoate, or zinc acetate.

Tensile Modulus Dependence of Mixing Speed

Figure 5 shows a plot of tensile modulus as a
function of mixing speed. The figure also shows
two data points corresponding to the pure PET
and LCP. The pure LCP datum was taken from
the design manual of Hoechst Celanese Corpora-
tion.15 This figure clearly shows that the modulus
increases with the mixing speed. Furthermore,
although we do not expect the intensive mixing to
result in the formation of fibers from the LCP
components, which could lead to optimal proper-
ties as one would from extrusion processes, nev-
ertheless Figure 5 shows a gradual increase of the

tensile modulus, and toughness, with increasing
mixing speed.

An alternative method of assessing the effect of
the degree of mixing on the mechanical properties
of the blend is by measuring the toughness of the
blend. This result is also shown in Figure 5. Here,
the toughness is the area under the tensile
stress–strain curve, calculated at 4% strain. In a
similar study but using the number of passes
through a twin screw extruder as a measure of
degree of mixing, Baird et al.1 reported that the
toughness of PEI/LCP (Ultem/LCP) blends in-
creased with the number of passes. Figure 5
shows that increasing the degree of mixing of the
blends also increases the toughness of the mate-
rial, thus corroborating the results of Baird et al.
The toughness for pure PET, molded under iden-
tical conditions as the blend, was about 2250 KJ/
m3; this datum is also shown in Figure 5.

CONCLUSIONS

This work shows that the degree of mixing of
LCP/PET blend can be related directly to the mix-
ing speed of the batch mixer. This effect was
assessed through two methodologies: tensile test-
ing to determine the mechanical property depen-
dence of the degree of mixing, and SEM to exam-
ine morphological changes. The results from all

Figure 5 Figure 5 Tensile modulus and toughness
versus mixing speed for 15% LCP/PET blends. (F) ten-
sile modulus, (E) toughness (area under stress–strain
curve), and (l) tensile modulus for 100% LCP.

Figure 4 Same as Figure 2 at a mixing speed of 90
rpm. Note the improved mixing has resulted in a fine
morphology. The spherical particles seen in Figure 2
are barely discernible.
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the techniques are well correlated, indicating that
increasing the mixing speed increases the degree
of mixing of the blends.

The SEM analyses were performed at Stevens Institute
of Technology using a LEO 982 SEM machine. We are
grateful to Stevens Institute of Technology for permis-
sion to use its SEM.
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