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ABSTRACT: The use of thermoplastic/liquid-crystalline
polymer (LCP) blends is recognized as a good strategy for
reducing viscosity and improving mechanical properties
relative to pure thermoplastics. This improvement, how-
ever, is only noticeable if the LCP fibrillates, in situ, during
processing and the fibrils are kept in the solid state. In this
article, we report a morphological, rheological, and rheo-
optics study performed with two blends of poly(ethylene
terephthalate) with a LCP, Rodrun LC3000 (10 and 25 wt
% LCP content), and we show that the obtained droplet-
shape relaxation time (the time the deformed droplet took
to regain its spherical form after the cessation of flow)
allowed for the explanation of the morphological observa-

tions. In fact, the droplet-shape relaxation time was higher
for the blend with higher LCP content, for the higher
experimentally accessible shear rates, and still increased at
the highest shear rate, which explained the fibrils of the
LCP dispersed phase observed in this blend, whereas
for the lower LCP content blend, the droplet-shape relaxa-
tion time reached a low-value plateau for higher shear
rates, which explained the absence of fibrillation in this
blend. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 107:
1280–1287, 2008
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INTRODUCTION

Liquid-crystalline polymers (LCPs) are materials that
present exceptional mechanical properties; however,
due to their high cost, they have limited applica-
tions. On the other hand, common thermoplastics
are relatively inexpensive polymers even though
their mechanical strength is much lower than those
of LCPs. Allying the properties of the two kinds of
polymers seems to be a good strategy for obtaining
materials with improved mechanical properties at a
reasonable cost. Motivated by this interesting combi-
nation, blends of these two kinds of materials have
been the subject of intense research in the last 2
decades.1–13

The mechanical improvement and easier process-
ability obtained for these blends are, however, de-
pendent on the in situ fibrillation of the LCP dis-

persed phase during processing, which is due to the
immiscibility of both components and the tendency
of the LCP to orient with the flow.14

While studying the influence of the LCP content
in the morphological and mechanical properties of
poly(ethylene terephthalate) (PET)/Rodrun LC3000
blends, we concluded that the morphology, as stud-
ied by scanning electron microscopy (SEM), of a
blend with 10 wt % LCP content (hereafter referred
to as 90PET/10LCP) did not present any fibrils, con-
trary to what happened with a blend with a higher
content of LCP (25 wt %, hereafter referred to as
75PET/25LCP). To determine the explanation for
these findings, we characterized the rheological and
rheo-optical behaviors of these two blends.

The study of droplet deformation in sheared emul-
sions is a complex subject. Taylor15,16 investigated,
for the first time, the droplet deformation and
breakup under slow shear flow of an isolated Newto-
nian droplet immersed in an immiscible Newtonian
fluid. Some experimental and theoretical analyses
were performed in the following decades and sum-
marized in several reviews.17,18 In these studies, it
was found that an isolated droplet immersed in an
immiscible fluid is spherical at rest; however, when a

Correspondence to: M. T. Cidade (mtc@fct.unl.pt).
Contract grant sponsors: GRICES, Science and Techno-

logy Foundation, Portugal, DST, India (under a bilateral
cooperation project).

Journal of Applied Polymer Science, Vol. 107, 1280–1287 (2008)
VVC 2007 Wiley Periodicals, Inc.



shear field is imposed on the emulsion, a competition
between interfacial tension effects, which tend to
keep the droplet spherical, and shear, which tends to
deform it, appears. The extent of droplet deformation
depends on which of these two phenomena is pre-
dominant. An increase in shear stress (induced defor-
mation) leads to an increase in droplet deformation, and
when the interfacial tension no longer balances the
shear stress, the droplet breaks up. These effects are
accounted for by two dimensionless numbers, the capil-
lary number (Ca ¼ hmR0 _g=r, where hm;R0; _g; and r,
are the matrix viscosity, the undeformed droplet ra-
dius, the shear rate, and the interfacial tension,
respectively) and the viscosity ratio (k 5 hd/hm,
where hd is the viscosity of the dispersed phase).
When the capillary number exceeds a certain critical
value (which is a function of the viscosity ratio),
droplet breakup occurs.

Another phenomena observed in concentrated
sheared emulsions is coalescence, which results from
the collision of two droplets and gives rise to a big-
ger droplet. Coalescence may be the only pheno-
mena present when one deals with low capillary
numbers and in processes where the shear rate is
suddenly decreased or even suppressed, such as in
relaxation processes.

Until the 1990s, only isolated, nonconfined (drop
radius/gap width � 1) Newtonian droplets, dis-
persed in Newtonian fluids, observed in the velocity
gradient direction, were studied. In recent years,
there has been a great development in the field of
deforming droplets in immiscible fluids. Guido
et al.19,20 introduced a method that allows observa-
tion of sheared droplets in two perpendicular direc-
tions; along the velocity gradient direction (top
view) and along the vorticity axis of shear flow (side
view), which allows for three-dimensional observa-
tions of the droplets. The extension of the two
Newtonian components to an emulsion composed of
an isolated Newtonian droplet dispersed in a visco-
elastic fluid (Boger fluid) was performed by Guido
et al.,21 and an isolated viscoelastic droplet immer-
sed in a Newtonian fluid was studied by Sibillo
et al.22 The influence of confinement on the steady-
state microstructures of emulsions sheared between
parallel plates in a regime where the average droplet
dimension is comparable to the gap width between
the confining walls was studied by Pathak et al.23

and Vananroye et al.,24 among others.
To our knowledge, a system composed of two

viscoelastic fluids under high deformations in con-
fined regimes has never been investigated in detail,
and it was not our intention to do so in this study.
Our only purpose was to find an expedited method
that would allow us to explain the different micro-
structures observed in our two PET/Rodrun LC
3000 blends.

EXPERIMENTAL

Materials

PET (Reliance Industries, Mumbai, India) and
Rodrun LC3000 (Unitika, Japan) were used to pro-
duce LCP/thermoplastic blends. The thermoplastic
used for the preparation of the blends was a commer-
cial polymer with an intrinsic viscosity of 0.8 dL/g.
The LCP was an aleatory copolyester of 60 mol % p-
hydroxybenzoic acid and 40 mol % PET. The melting
temperatures of the matrix and dispersed phase as
determined by differential scanning calorimetry (DSC
92, Setaram, Lyon, France) at a heating rate of 38C/
min were 257 and 1898C, respectively.

The zero-shear viscosity of PET was about 30 Pa s
at 2608C, and Rodrun LC 3000 did not present any
zero-shear viscosity for the lower experimentally
accessible shear rate, which means that it was not
possible to determine the viscosity ratio for this
blend. However, for the lower shear rate proved, the
viscosity ratio was about 0.15, which showed that
the viscosity ratio must have been lower than unity.

Processing

PET was processed in a single-screw extruder
(described later), and the blends were prepared in
two steps; in the first one, the two polymers were
mixed in a Rheocord mixer (Thermo-Haake, Karls-
ruhe, Germany) at 2608C, and in the second step, the
mixture was processed in a single-screw extruder
(Rheomex 252P, Karlsruhe, Germany) with a die tem-
perature of 2608C. The screw had a length/diameter
ratio of 25 and a compression ratio of 3. The screw
rotation speed was 20 rpm for PET and 25 rpm for
the blends. The die of the extruder was a sheet and
ribbon die with a diameter of 25 mm.

Two contents of LCP, 10 and 25 wt %, were used
for the blends. Before processing, the materials were
dried in an oven for 24 h at 908C.

Morphological characterization

The morphological characterization was performed
by SEM with a Zeiss DSM 962 scanning electron
microscope (Oberkochen, Germany). All of the cryo-
genically fractured samples were previously coated
with a Polaron SC502 (Fisons Instruments, Rodanio,
Italy) and then examined by SEM at an accelerating
voltage of 10 kV. These observations were performed
for cryogenically longitudinal and transversal cuts of
the final extrudates.

Rheological characterization

The rheological behavior of the PET/Rodrun LC3000
blends was studied for the pure components and for
the two blends.
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All of the samples were premolded into disclike
shapes with diameters of 25 mm and thicknesses of
1 mm at 2608C subject to the application of a 5-ton
pressure in a heated press from SPEAC (London, UK).

The experiments were carried out in an AR500N
stress-controlled rotational rheometer from TA
Instruments. All of the measurements were obtained
with a cone-and-plate geometry, with a diameter of
25 mm, an angle of 28, and a gap of 58 lm at 2608C.

The flow curve for the shear viscosity as a func-
tion of the shear rate under steady-state conditions
was obtained with the following procedure: preshear
of shear rate � 10 s21 for 300 s, followed by an
equilibration of 300 s, and followed by a step shear
stress increment procedure, ranging from 10 to
15000 Pa (for PET and the blends) and from 1 to
1000 Pa (for pure LCP).

The oscillatory experiments, used to characterize
the elastic modulus and loss modulus as a function
of the angular frequency, were carried out by the
application of a strain of 10% at an angular fre-
quency range between 0.06283 and 251.3 rad/s.

Rheo-optical characterization

Optical observation of the blends under shear was
performed with a Linkam CSS 450 shearing system.

The blends were premolded in discs of appropriate
diameter and thickness before they were onto the
two parallel glass plates used as geometry.

To observe the dispersed phase (LCP), the samples
were heated to 2808C and then cooled back to 2608C,
the measuring temperature, and the gap was set to
50 lm, which created a confined environment (droplet
size to gap ratio of 0.28 and 0.36 for the two blends).
Thermal equilibration was allowed for 10 min more.

We conducted microscopic observations under
cross-polarized light, by placing the cell on an opti-
cal microscopy stage (Olympus BX40 microscope,
Middlesex, UK). The observations were performed
along the velocity gradient direction (top view). The
images were analyzed with image analysis software
(PCTVision (Braunschweig, Germany)).

RESULTS AND DISCUSSION

Morphology

To study the morphology of the two blends (90PET/
10LCP and 75PET/25LCP), SEM was performed for
the extrudates. In addition to the typical transversal
cuts, longitudinal cryogenic fracture was performed
to better clarify whether there was formation of LCP
fibrils.

Figure 1 SEM microphotographs of 90PET/10LCP (a) transversally fractured and (b) longitudinally fractured (magnifica-
tion 50003) and 75PET/25LCP (c) transversally fractured and (d) longitudinally fractured (magnification, 20003).
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Figure 1 presents the SEM microphotographs ob-
tained. Figure 1 shows that, in fact, the existence of
fibrils was easier to observe in samples that were
longitudinally fractured [cf. Figure 1(c,d)] as ex-
pected, but more important than this, it shows that
for the lower LCP content blend (90PET/10LCP), no
fibrillation occurred [Fig. 1(b)]. On the other hand,
for the higher LCP blend (75PET/25LCP), fibrillation
occurred, which is clearly shown in Figure 1(d),
where the LCP fibrils were dispersed in the PET
matrix.

Rheological characterization

The influence of LCP addition to a thermoplastic
polymer in the rheological behavior of thermoplas-
tic/LCP blends has been widely studied,8,25–29 and
in general, it has been observed that the increase of
LCP content leads to a decrease in the viscosity and
complex modulus when viscosity ratios are smaller
than unity, as was the case in the blends examined
in this study.

The flow curve of pure components and blends is
presented in Figure 2. The LCP presented a three-
region flow curve, which started with a slow shear-
thinning region for low shear rates, was followed by
a Newtonian plateau at intermediate shear rates, and
finished with a stronger shear-thinning region for
high shear rates, the common three-region flow
curve for LCPs. As shown in Figure 2, the LCP pre-
sented the smallest viscosity values in the entire
shear-rate range when compared with the PET and
the PET/LCP blends.

On the contrary, the thermoplastic matrix, PET,
presented a flow curve with the highest viscosity
values in the same shear-rate range, starting with a
Newtonian plateau, followed by a shear-thinning
region for high shear rates, which is common behav-
ior for thermoplastics.

The 90PET/10LCP and 75PET/25LCP blends pre-
sented viscosity values between those of the pure
components. The increase in LCP content in the
blends led to an increase in the internal friction and,

consequently, to an increase in the shear viscosity at
low and intermediate shear rates in the Newtonian
plateau region. For high shear rates, the opposite
effect occurred, which led to a crossover between
the two curves. This crossover was attributed to the
fact that for the lower shear rates, the orientation of
the LCP was restricted by the matrix, whereas for
higher shear rates, the matrix itself was oriented by
the flow, and the orientation of the LCP was now
free to occur. This behavior has also been reported
in other works with similar blends.26,27,30

In the oscillatory shear measurements performed
in the linear regime, we found that the pure thermo-
plastic was the material with the higher elastic mod-
ulus, whereas the LCP had the lowest one. The same
results were observed for the loss modulus, as
shown in Figures 3 and 4.

For the 90PET/10LCP and 75PET/25LCP blends, a
similar behavior to the steady-state results was
observed but only in the elastic modulus depend-
ence. For low angular frequencies, the 75PET/25LCP
blend showed a higher elastic modulus, which was
inverted at about 0.8 rad/s, where the 90PET/10LCP
blend curve started to present higher elastic modu-

Figure 2 Flow curves for the 90PET/10LCP and 75PET/
25LCP blends and for the pure components at 2608C.

Figure 3 Evolution of the storage modulus (G0) with the
angular frequency for blends 90PET/10LCP and 75PET/
25LCP and for the pure components at 2608C.

Figure 4 Evolution of the loss modulus (G00) with the
angular frequency for the 90PET/10LCP and 75PET/
25LCP blends and for the pure components at 2608C.
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lus values. For high angular frequencies, both elastic
moduli showed basically the same value.

Rheo-optical characterization

Samples of the 90PET/10LCP and 75PET/25LCP
blends were observed under shear for shear rates
ranging from 5 to 50 s21 and after the cessation of
shear. The same sample was used for observations
under different shear rates, starting with the lower
shear rate and then increasing the shear rate by steps
until the higher shear rate was reached. The increase
in the shear rate was only performed after the relax-
ation of the sample subject to the previous shear
rate, which led to the coalescence phenomena.

During the observations, photos were taken and
videos were recorded after the evolution of different
droplets in the same sample. The procedure was
repeated for at least four different samples of the
same blend, which allowed us to determine the
mean values to characterize the droplet evolution as
a function of the applied shear rate and after the ces-
sation of shear.

Figure 5 shows an example of the evolution of the
droplet size and deformation with shear rate for the
lower and higher LCP content blends, 90PET/10LCP
and 75PET/25LCP, respectively.

Observations of the photos presented in Figure 5,
along with other similar photos not presented here,
led us to conclude that both blends presented a big

Figure 5 Example of the evolution of the droplet size and deformation with the shear rate for (I) 90PET/10LCP and (II)
75PET/25LCP: (a) 10, (b) 20, (c) 30, (d) 40, and (e) 50 s21 (magnification, 2203).
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dispersion of droplet sizes, that no big differences
were found for the droplet sizes of both samples (for
the same shear rate), and that an increase in the
droplet size and deformation extent, as measured by
the ratio between the longest and the shortest axis
sizes, was observed with increasing shear rate.

In addition, Figure 5 shows that no breakup
occurred, which means that the critical capillary
number was not exceeded. This conclusion may be
explained by the fact that in confined droplets and
with viscosity ratios lower than unity, which was
our case, breakup of individual droplets can be sup-
pressed, as reported by Vananroye et al.,31 for a
model system of two transparent Newtonian poly-
mers, polydimethylsiloxane (PDMS) dispersed in
polyisobutylene (PIB). On the contrary, coalescence
phenomena were present, which was anticipated
because of the relaxation that took place between the
two consecutive shear rates applied, which was re-
sponsible for the increase in droplet size with
increasing shear rate.

Figure 5 also shows that the droplets organized
themselves in only one layer, even for the smaller
droplets (low shear rates), where the ratio of droplet
size to gap spacing was 0.28 and 0.36 for 90PET/
10LCP and 75PET/25LCP, respectively. A critical
ratio of 0.5 was determined by Pathak et al.23 for
concentrated blends (up to 35 wt % of the dispersed
phase) of the model system PDMS dispersed in PIB
to be the value for which the transition from two
layers to one layer, due to confinement, occurred.
However, Vananroye et al.24 found, for a dilute
blend (up to 10 wt % of the dispersed phase) of
PIB dispersed in PDMS, that a single layer was
still observed for 2R0/d � 0.25 (where d is the gap
spacing).

Finally, Figure 5 also shows that as long as the
droplets were still small enough to observe more
than one droplet at the same time, a tendency for
the droplets to organize themselves into the so-called
pearl necklace structure was observed. This structure
was also observed by Pathak et al.23 and Vananroye
et al.24

Figure 6 shows the average longest and shortest
axis sizes of the deformed droplet, L and D, respec-
tively, as a function of the shear rate. Note that L
and B (or rmax and rmin) usually denote the longest
and shortest axis sizes of the droplet (as determined
with lateral view observations).20,24 In our case, L
was the projection of the longest axis (usually
denoted Lp); however, because it is known that the
angle between the longest axis and the direction of
flow was a decreasing function of the shear rate (or
capillary number; e.g., 20), we expected that our
angle was very small because we were dealing with
high shear rates, which meant that the projection of
the longest axis size had to be similar to the longest

axis size itself. Also, D had to be the same as B
because we considered the droplet to be ellipsoidal.

As shown in Figure 6, we confirmed some of the
findings referred to previously, namely, that the
droplet size increased with shear rate, that no signifi-
cant differences were found for the droplet size of
the two samples, and that a big dispersion in droplet
size was present in both samples.

The average droplet deformation extent, as meas-
ured by the ratio L/D, as a function of shear rate is
presented in Figure 7.

From the analysis of Figure 7, we concluded that
the average droplet deformation extent increased lin-
early with the shear rate, with the 75PET/25LCP
blend being the one that was more affected by the
shear rate; in other words, for this sample, L/D ver-
sus the shear rate presented a higher slope.

After the cessation of shear, time was allowed for
the relaxation of the droplets until they retracted
back to their initial spherical shape. The average
relaxed droplet size as a function of shear rate is

Figure 6 Average droplet size (L and D) as a function of
the shear rate for (a) 90PET/10LCP and (b) 75PET/25LCP
(the bars represent the maximum and minimum values,
not the standard deviation).
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presented in Figure 8, where we can see that it also
increased linearly with shear rate, with a higher
slope for the 75PET/25LCP blend.

By measuring the time elapsed from the moment
of cessation of shear to the moment where the com-
plete relaxation of the droplet was achieved, which
was determined by the measurement of L/D as a
function of time, we calculated the droplet-shape
relaxation time as a function of prior shear rate.
These results are presented in Figure 9.

The analysis of Figure 9 shows that a significant
difference was found for the two blends. For the
blend with the lower LCP content, the relaxation
times were small and tended to a plateau for the
higher shear rates, whereas for the blend with the
higher LCP content, the relaxation times were much

higher for the higher shear rates and were still
increasing at a shear rate of 50 s21. These results
were in accordance with the morphological charac-
terization, which showed that only the 75PET/
25LCP blend presented fibrils in the solid state.
These results explain why the 10PET/90LCP blend
did not present any fibrillation in the solid state.
They show that the fibrils may have formed during
processing, but after exiting the die, the LCP relaxed
faster than it solidified. The fact that the blend was
confined between the two surfaces in the rheo-optic
device may have caused the relaxation to be slower
than when the blend exited the die, which means
that the time for the complete relaxation of the drop-
lets may be even lower than the one determined in
this study for each blend.

Figure 7 Average droplet deformation extent as a function of the shear rate for 90PET/10LCP and 75PET/25LCP.

Figure 8 Average relaxed droplet size as a function of the shear rate for 90PET/10LCP and 75PET/25LCP.
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CONCLUSIONS

SEM images of blends of PET with Rodrun LC 3000
with 10 and 25 wt % LCP (90PET/10LPC and
75PET/10LCP, respectively) showed that the smaller
LCP content blend did not present fibrils, whereas
the blend with the higher LCP content did.

With the preliminary results presented for the
rheo-optic observations, we concluded that the exis-
tence, or not, of fibrils in the extrudates seemed to
be linked to the droplet-shape relaxation time. If the
relaxation time was very small, the fibrils had time
to relax at the die exit before the molten blend soli-
dified, and the LCP appeared as a dispersion of
droplets of irregular size in the PET matrix. On the
contrary, if the droplet-shape relaxation time was
high enough, the fibrils were frozen along with the
molten blend.
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