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SYNOPSIS 

Blends of a thermotropic liquid crystalline polymer, Vectra B950, and a matrix of 
poly (phenylene ether) and polystyrene were extruded through a capillary designed to yield 
a converging flow with a constant elongational rate of strain. Fibril formation of the Vectra 
phase, initially dispersed as spherical droplets, was studied as a function of strain rate and 
blend composition. It was found that for blends with low Vectra contents, i.e., small Vectra 
particles, or below a minimum strain rate, no fibril formation takes place. These phenomena 
could be explained by the balance between interfacial tension and shear stress in the flow 
field. The critical conditions for fibril formation, estimated from these experiments, are 
comparable to the literature data. Furthermore, the elongational viscosity of the blends 
was calculated from the pressure gradient over the capillary. The elongational viscosity 
was found to decrease with Vectra content, to observe power-law behavior, and to be 
three orders of magnitude larger than the shear viscosity of the blends. 0 1993 John Wiley 
& Sons, Inc. 

INTRODUCTION 

In situ composites of a thermotropic liquid crystal- 
line polymer (TLCP)  in a thermoplastic matrix, first 
introduced by Kiss, have received considerable 
interest in the literature over the past few years 
and a number of reviews have recently been pub- 
l i~hed. ' -~ The  processing of in situ composites in- 
volves two essential steps: The first is the dispersion 
of the TLCP in the thermoplastic matrix as fine 
(usually spherical) droplets, e.g., in a twin-screw 
extruder or in a static mixer. The second step is the 
extension of these drops into fibrils with a high as- 
pect ratio in a strong, preferably elongational, flow 
field, e.g., in the die of the extruder or by melt draw- 
ing/spinning. As the mechanical properties, in par- 
ticular the tensile modulus, of in situ composites 
strongly depend on the aspect ratio of the TLCP 
fibrils, the process of fiber formation is of paramount 
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importance to  the final performance of the in situ 
composite. Numerous studies have been devoted to 
the relation between processing conditions and the 
resulting morphology of in situ composites; nev- 
ertheless, there is still a lack of basic understanding 
of the parameters that determine the desired fibril 
formation. In some cases, i t  is found, for instance, 
that a certain minimum TLCP content (10-30 wt %, 
depending on the blend components and the process- 
ing conditions ) is required for fibril formation.%'* 
As will be shown below, such phenomena may, a t  
least qualitatively, be explained by classical micro- 
rheology of multiphase flows. 

In this paper, the deformation behavior of TLCP 
droplets in a thermoplastic matrix is investigated, 
using a capillary designed to  yield an  elongational 
flow with a constant strain rate. Previous experi- 
ments have pointed out that  elongational flows (so-  
called strong flows) are much more effective than 
are shear flows (weak flows) in elongating dispersed 
TLCP droplets into fine reinforcing fibrils.13 The 
blend components for this study are the commercial 
TLCP Vectra B950 and a matrix consisting of 70 
wt % poly (phenylene ether) and 30 wt % polysty- 
rene [ PPE /PS ( 7 0 / 3 0 )  1.  Since PPE and PS are 
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miscible over the entire composition range, the 
blends are in all cases two-phase systems of the 
PPE/PS matrix and the TLCP, which is immiscible 
with the matrix. The processing, morphology, and 
mechanical behavior of Vectra B950-PPE/PS (701 
30) in situ composites have comprehensively been 
studied in our laboratory.13-16 

THEORY: MICRORHEOLOGY 
OF MULTIPHASE FLOWS 

The initial stages of mixing of two polymers, where 
the size of the minor component is still large, are 
governed by the amount of interface created, which 
is proportional to the total shear y applied. The 
amount of interface created strongly depends on the 
number of reorientations, introducing an exponen- 
tial increase with y.17 During mixing, the extended 
particles continuously decrease in diameter and the 
interfacial stress* increases progressively and will 
finally be of the same order of magnitude as of the 
shear stress 7 = qcy applied (with qc the viscosity of 
the continuous phase and the shear rate). Dis- 
persive mixing starts with the growth of distortions 
on the long slender bodies that are formed. Inter- 
facial tension-driven Rayleigh disturbances even- 
tually lead to disintegration of the threads into a 
series of small These droplets may be 
deformed again and break up into even smaller 
droplets, until the shear stress T is counterbalanced 
by the interfacial stress, a / R ,  that resists the de- 
formation. Therefore, the ratio between shear stress 
and interfacial tension, as expressed in the dimen- 
sionless capillary number Ca: 

determines the final equilibrium size of an isolated 
droplet in a given flow field. Below a certain critical 
value of Ca, Cacrit , the interfacial forces withstand 
the flow field, and no sufficient deformation can take 
place to lead to further breakup. Hence, CaCrit de- 
termines the smallest possible particle size that can 
be obtained. Cacrit is strongly dependent on the type 
of flow and the viscosity ratio p = q d / q ,  of the dis- 
persed and continuous phases. This type of flow can 
be simple shear flow, like the rotational Couette flow, 
or irrotational shear flow, as present in elongational 

For the geometry of a droplet in a flow field, the interfacial 
stress is u / R ,  with u the interfacial tension and R the radius of 
the droplet. 

flows. Experimental relations between Cacrit and the 
viscosity ratio have been obtained for Newtonian 
model fluids” and also for polymer melts2’; they 
indicate that the dispersive process becomes in- 
creasingly difficult for viscosity ratios deviating 
from 1. 

The dispersive mixing process describes the de- 
formation of an isolated droplet and determines the 
smallest obtainable particle size. The mean particle 
size in the blend, however, is the result of a dynamic 
equilibrium between dispersive mixing and coales- 
cence of droplets. The number of particles increases 
dramatically with the volume fraction of the dis- 
persed phase and so does the collision probability 
of particles in the melt. As a consequence, the av- 
erage particle size increases with increasing volume 
fraction of the dispersed phase, until somewhere 
around the 50/50 composition (depending on vis- 
cosity ratio) the morphology becomes co-continuous. 
Because the TLCP in in situ composites is initially 
dispersed as droplets that are subsequently elon- 
gated in a flow field, the TLCP content is expected 
to have influence on the final composite morphology. 
Elemans and Janssen 1 7 s 2 1  found that for Newtonian 
fluids in a simple shear flow field, with Ca > 2Cacrit, 
an isolated droplet deforms affinely with the mac- 
roscopic flow. The combined processes of breakup 
and coalescence is still not very well understood and 
no quantitative theory exists. Nevertheless, quali- 
tatively it can be expected that in blends with a high 
TLCP content, with large droplets due to coales- 
cence, the TLCP drops will undergo affine defor- 
mation. For the lower TLCP content blends, how- 
ever, Ca may become of the same order of magnitude 
as Cacrit and the deformation may be less than affine. 
This would result in TLCP fibrils with lower aspect 
ratio and/or lower molecular orientation within the 
TLCP, as the latter (for pure TLCPs) is known to 
depend on total shear, but not on shear rate.22’23 

EXPERIMENTAL 

The Capillary and Elongational Viscosity 
Measurements 

A special “trumpet-die’’ was designed for elonga- 
tional viscosity measurements. The design equations 
for this capillary relating the throughput Q to the 
strain rate E, are described in the Appendix. The 
elongational viscosity of the blends may be esti- 
mated from the pressure gradient over this capillary. 
This pressure difference basically contains three 
contributions 24,25: a contribution due to the elon- 
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gational stress AP,, from which the elongational 
viscosity may be obtained; a contribution from the 
shear stress at the wall AP,; and an elastic contri- 
bution that is correlated to the first normal stress 
difference. As the first normal stress difference is 
experimentally difficult to assess, and TLCPs are 
generally known to produce low normal stresses, e.g., 
Ref. 26, the latter is ignored in a first approximation. 
The influence of the shear contribution will be con- 
sidered in more detail. It is demonstrated in the Ap- 
pendix that for a power-law fluid with 

= Ilo+n-l ( 2 )  

and assuming a fully developed velocity profile in 
every cross section of the capillary, the shear con- 
tribution to the pressure drop over the capillary is 
given by 

with E the (elongational) strain rate, Q the through- 
put, and Ro and R1 the radius of the capillary at the 
entrance and exit, respectively. Thus, the shear 
contribution to the pressure difference can be cal- 
culated from the shape of the capillary and the 
plunger speed if the viscosity of the melt, in terms 
of its power-law constants, is known. From the cor- 
rected pressure difference ( AP, = AP, - AP,) ,  the 
elongational viscosity may be estimated 

with q, the elongational viscosity and L the length 
of the capillary (see Appendix). It is interesting to 
note the resemblance of eq. ( 4 )  to Cogswell's equa- 
tion for a coni-cylindrical diez5, which can be written 
as 

Materials, Blend Preparation, 
and Capillary Experiments 

PPE / PS ( 70/ 30 ) blends were supplied by General 
Electric Plastics Europe and Vectra B950 was pur- 
chased from Hoechst Celanese; the materials were 
used as received after drying. Blends with different 

compositions were compounded on a Berstorff ZE 
25 corotating twin-screw extruder with L/D of 33, 
operating at  250 rpm at a throughput of 5 kg/ h and 
with a barrel temperature of 300°C. The extrudate 
was water-quenched and pelletized and, after drying, 
used for experiments in the capillary rheometer. 

The temperature of the rheometer was set at 
300°C, and the plunger speed was varied from 0.1 
to 5 mm s-l, corresponding to strain rates from 0.084 
to 4.2 s-'. Before capillary extrusion, the material 
was allowed to melt in the reservoir for 5 min. The 
strands were directly quenched in a water bath to 
preserve the morphology for further characteriza- 
tion. During the experiments, the pressure, mea- 
sured just above the entrance of the capillary, was 
recorded. 

Characterization of the Strands 

Scanning electron microscopy (SEM) was used to 
study the morphology of the strands from the cap- 
illary rheometer. Fracture surfaces, perpendicular 
to the processing direction, were obtained by break- 
ing the strands at cryogenic temperature and gluing 
them on the sample holder using conductive carbon 
cement. The samples were coated with a gold layer 
of approximately 30 nm and examined in a Philips 
SEM at an accelerating voltage of 25 kV. 

Molecular orientation of the TLCP fibrils in the 
strands was assessed using wide-angle X-ray scat- 
tering ( WAXS) . Two-dimensional diffraction pat- 
terns were recorded on flat film in a Kiessig camera 
using a point collimated X-ray beam from a CuKa 
source. The camera was kept under vacuum during 
exposure to minimize air-scattering. The scattering 
patterns of the blends were composed of the sharp 
equatorial 110 reflection of the TLCP superimposed 
on an amorphous halo originating from the PPE/ 
PS matrix. This amorphous halo did not show any 
appreciable orientation in the drawing direction, and 
the intensity was equally distributed over the entire 
circular range. Furthermore, it had its maximum at 
a lower diffraction angle than that of the Vectra 
reflection, so that these two reflections did not in- 
terfere for blends containing 25 wt % or more Vectra 
B950. To quantify the molecular orientation, an 
azimuthal densitometer-scan over the equatorial 
TLCP reflection was made, and the molecular ori- 
entation was expressed as the second moment of the 
orientation distribution (or Hermans orientation 
factor) Pa, which is defined as27928: 
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where (cos' a) is an integrated intensity-average 
over all azimuthal angles. Note that the formalism 
used for the calculation of P2 assumes that the TLCP 
molecules are perfectly oriented within domains and 
that the value of P2 is determined by the degree of 
misalignment between these domains. 

Shear Viscosity Measurements 

Shear viscosity as a function of shear rate of the 
PPE/PS (70/30)-Vectra B950 blends at  3OO0C was 
measured in steady shear deformation on a Physica 
MC 20 rheometer. The measurements were per- 
formed in cone-plate geometry, using a cone with a 
diameter of 25 mm and a top angle of 2". The tem- 
perature was controlled by a flow of electrically 
heated nitrogen, of more than 100 L per min, around 
the cone and plate. Nitrogen was used to minimize 
oxidation reactions during the measurements. Vis- 
cosity curves were obtained in a controlled shear 
stress mode. 

RESULTS AND DISCUSSION 

Morphology 

The morphology of the extruded strands containing 
1-25 wt % TLCP is depicted in the micrographs in 
Figure 1 as a function of the strain rate. Note that 
the horizontal axis is logarithmic for the strain rate 
(relating to the available plunger speeds on the cap- 
illary rheometer) and that the vertical axis does not 
scale particularly with the blend composition or any 
particle size. A number of observations can be made 
from this figure.$ First of all, it is clearly seen that 
the particle size of the TLCP dispersed phase in- 
creases with the TLCP content, in agreement with 
the increased chance of coalescence as discussed 
above. For the 1 wt % TLCP sample, containing the 
smallest TLCP particles, the TLCP is dispersed as 

In the following discussion, it is implicitly assumed that the 
TLCP is initially, i.e., before being subjected to the elongational 
deformation imposed by the flow field, dispersed as spherical 
droplets. In some cases,I3 the granules, as obtained from the pri- 
mary compounding step that are used for the experiments, may 
contain TLCP fibrils. Compression-molding experiments with 
the Vectra B950-PPE/PS (70/30) blends have shown, however, 
that  within times of 8-10 min, comparable to the 5 min heating 
time used in the current experiments, this fibrillar morphology 
was completely erased and only spherical droplets in a matrix 
were found. The assumption that the TLCP particles were all 
spherical prior to extrusion through the trumpet die seems there- 
fore reasonable. This is further substantiated by the micrographs 
of the samples with the lowest TLCP content, where no defor- 
mation of the TLCP took place, and the spherical particles found 
after capillary extrusion thus reflect the initial morphology. 

spherical droplets over the entire shear rate 'range 
covered in this experiment. Apparently, the capillary 
number in elongational flow, Ca, was below its crit- 
ical value Cacrit and the shear forces could not over- 
come the interfacial tension, so that no deformation 
took place. For the 5 wt  5% TLCP sample, a tran- 
sition from spherical to fibrillar particles is observed 
in the strain rate range from 0.42 to 0.84 s-l. Since 
the initial TLCP droplets are larger here, the effect 
of the interfacial tension is smaller and the capillary 
number is apparently of the order of its critical value. 
A similar transition is observed for the 10 wt % 
TLCP blends, but at  a somewhat lower shear rate 
(0.17-0.42 6').  For the even larger particles in the 
25 wt % TLCP blend, the transition from droplets 
to fibrils already takes place at  the lowest strain rate 
that was measured. 

These findings illustrate that elongation of TLCP 
particles into fibrils qualitatively fits the above dis- 
cussed microrheological principles for multiphase 
flows; below a minimum strain rate or minimum 
particle size, no fibril formation seems to take place. 
Although the explanation seems reasonable, it 
should be emphasized that implicitly two assump- 
tions are made with respect to the influence of time 
effects and the quenching of the strands: It is as- 
sumed here that for the low strain rates, where the 
TLCP droplets were not or only slightly deformed 
(i.e., Ca << Cacrit), the time of flow through the trum- 
pet die was sufficient for an equilibrium deformation 
of the TLCP droplets to take place and that the 
quenching in the water bath immediately below the 
die was fast enough to prevent any breakup or re- 
laxations of the fibrils. The observed deformation 
behavior of the TLCP particles also implies that 
fibril formation is not unique to TLCP-thermo- 
plastic systems. Indeed, Vinogradov et al.29*30 and 
Tsebrenko3' comprehensively studied the conditions 
for fibril formation in thermoplastic model systems. 
The advantage, however, of applying this technique 
to TLCP-thermoplastic systems is the easy orien- 
tation of TLCPs and their corresponding favorable 
mechanical properties. For this reason, the molec- 
ular orientation, closely related to both the total de- 
formation of a TLCP droplet and its resulting me- 
chanical properties, was studied for the above sam- 
ples. 

Molecular Orientation 

The Hermans orientation factor P2 for blends con- 
taining 25, 50, and 100 wt % Vectra B950 is plotted 
vs. strain rate in Figure 2. The molecular orientation 
could not be determined for any lower TLCP content 
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composition, since the intensity of the equatorial 
110 reflection of Vectra B950 was too low compared 
to the amorphous background halo of the PPE/PS 
(70/30) matrix. 

Figure 2 reveals that molecular orientation does 
not change appreciably with strain rate, at least not 
within the experimental accuracy. Obviously, for 
these compositions, the ratio of Ca/CaCri, is much 
larger than for the low TLCP content blends de- 
picted in Figure 1 and may be considered to be well 
above its critical value. Thus, the deformation of 
the TLCP droplets would be more or less affine with 
the macroscopic flow field and, therefore, show no 
dependence on the deformation rate, but only on 
the total deformation that was constant for all ex- 
periments. In contrast to this, however, there is a 
pronounced influence of composition on molecular 
orientation, which is seen to increase with TLCP 
content. A similar increase in molecular orientation 
with TLCP content was found for lower TLCP con- 
tents in our previous studies on the system PPE/ 
PS ( 70/30)-Vectra B950'3r'5,'6 as well as in oth- 
ers.12,32-36 The increase in molecular orientation 
found here indicates that even for the high TLCP 
contents the deformation is not yet entirely affine 
with the flow field, since in that case, molecular ori- 
entation would have been independent of compo- 
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Figure 2 Hermans orientation factor for PPE/PS (70/ 
30)-Vectra B950 blends containing ( 0 )  25, (0) 50, and 
( A )  100 wt % Vectra B950 vs. strain rate. 
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Figure 3 Plot of shear-rate dependency of viscosity of 
PPE/PS (70/30)-Vectra B950 blends at 30O0C.wt % 
Vectra B950 indicated in the figure. 

sition. At  this stage, the authors have no explanation 
for this surprising behavior. 

Shear and Elongational Viscosities 

The shear viscosity of the PPE/PS (70/30)-Vectra 
B950 blends is plotted vs. shear rate in Figure 3. All 
compositions are seen to exhibit a more or less 
power-law behavior, and, basically, the viscosity de- 
creases with TLCP content, as would be expected, 
although not monotonously. Remarkably, the vis- 
cosity of pure Vectra B950 is higher than that of the 
50 wt % Vectra B950 blend. Surprising viscosity- 
composition behavior, with intermediate minima 
and maxima, has been observed b e f ~ r e . ~ ~ - ~ l  It should 
be noted, however, that there were some difficulties 
in the viscosity measurements due to degradation 
of the PPE/PS (70/30) matrix at these high tem- 
peratures and some flow instability of Vectra B950. 
Nevertheless, these data give at least an indication 
of the magnitude of the viscosity and, thus, are used 
in the calculations of the elongational viscosity." All 

'I Note that using the shear viscosity data for flow calculations 
through the capillary involves only a moderate extrapolation of 
the flow curves. The shear rate at the end of the capillary (where 
it is maximal) was estimated to be 8.5 s-l for the lowest plunger 
speed and 425 s-' for the highest plunger speed. It is also seen 
in Table I that AP. constitutes only a small part of the total 
pressure difference, and, therefore, the influence of the shear data 
on the elongational viscosity is small. 
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Table I Shear and Elongational Viscosity Data for PPE/PS (70/30)-Vectra B950 Blends 

Wt % Plunger 
Vectra 90 Speed c 

B950 (Pas) n (mms-’) (S-l)  
- 

50 

100 

1 913.1 

5 711.1 

10 776.3 

25 251.0 

128.3 

183.7 

0.913 

0.816 

0.747 

0.632 

0.635 

0.735 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

0.1 
0.2 
0.5 
1.0 
2.0 
5.0 

0.084 
0.169 
0.421 
0.843 
1.686 
4.214 

0.084 
0.169 
0.421 
0.843 
1.686 
4.214 

0.084 
0.169 
0.421 
0.843 
1.686 
4.214 

0.084 
0.169 
0.421 
0.843 
1.686 
4.214 

0.084 
0.169 
0.421 
0.843 
1.686 
4.214 

0.084 
0.169 
0.421 
0.843 
0.1686 
4.214 

25 
50 
90 

130 
175 
275 

20 
45 
45 
10 

135 
205 

25 
35 
60 
80 

110 
170 

15 
25 
38 
55 
75 

120 

1.5 
3 

15 
30 
45 
90 

0 
0 
5 

15 
25 
50 

1.85 
3.49 
8.05 

15.15 
28.53 
65.83 

1.24 
2.17 
4.59 
8.09 

14.24 
30.08 

1.21 
2.03 
4.02 
6.74 

11.31 
22.41 

0.33 
0.50 
0.90 
1.39 
2.16 
3.85 

0.17 
0.26 
0.47 
0.72 
1.12 
2.01 

- 

- 
0.92 
1.52 
2.54 
4.98 

A Pe 
(bar) 

23.14 
46.52 
81.95 

114.84 
146.47 
209.17 

18.76 
42.82 
40.41 
91.91 

120.76 
174.92 

23.79 
32.97 
55.98 
73.26 
98.69 

147.59 

14.67 
24.50 
37.10 
53.61 
72.84 

116.15 

1.33 
2.74 

14.53 
29.28 
43.88 
87.99 

- 
- 
4.08 

13.48 
22.46 
45.02 

9 e  
(MPas) 

5.94 
5.97 
4.21 
2.95 
1.88 

1.074 

4.82 
5.50 
2.07 
2.36 
1.55 
0.90 

6.11 
4.23 
2.87 
1.88 
1.27 
0.76 

3.77 
3.14 
1.90 
1.38 
0.93 
0.60 

0.34 
0.35 
0.75 
0.75 
0.56 
0.45 

- 

- 
0.21 
0.35 
0.29 
0.23 

Shear data from rotational shear tests and elongational data from capillary rheometer tests (see text). Temperature for ail experiments 
300°C. 

data were fitted to the power-law equation [ eq. ( 2 )  1 ,  
and the zero-shear viscosity and power-law coeffi- 
cient are given in Table I. 

The shear contribution to the pressure drop over 
the capillary was calculated according to eq. ( 3 ) and 
the results are listed in Table I. AP, is seen to be no 
more than 10-20% of the total pressure difference. 
From the corrected pressure difference AP,, the 
elongational viscosity of the blends was calculated 
using eq. ( 4 )  and is given in Table I and Figure 4. 

The values are substantially higher (three orders of 
magnitude) than those for the shear viscosity. (Note 
that the data in Table I and Figure 4 are given in 
MPas.) The averaged elongational viscosity shows 
a clear power-law behavior and decreases monoto- 
nously with increasing TLCP content. Zero-shear 
elongational viscosities and power-law coefficients 
(denoted m for distinction from the shear power- 
law coefficient) are given in Table 11. Elongational 
viscosities of Vectra A950, polycarbonate, and a 
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20/80 blend of these components, measured with a 
converging capillary using the Cogswell method, 
were recently reported by Beery et al.42 They also 
found high values for the elongational viscosity, be- 
tween 0.01 and 10 MPas, but, interestingly, they 
found an increase in elongational viscosity with in- 
creasing TLCP content. 

Estimation of the Critical Capillary Number 

As has been demonstrated in the previous sections 
that the elongation of TLCP droplets into fibrils is 
quite comparable to the microrheology of conven- 
tional polymer blends, it is interesting to estimate 
the critical capillary number for deformation in 
elongational flow from the above data. It is empha- 
sized that the critical capillary number is rather 
freely interpreted here as the transition from spher- 
ical droplets, i.e., no deformation of the TLCP par- 
ticles, to ellipsoidal or fibrillar, i.e., deformed, TLCP 
particles. Figure 1 provides the average particle size 
of droplets that are just too small to be deformed, 
i.e., Ca N Cacrit; these were estimated as 

3 pm for the 5 wt ?6 Vectra B950 blend, at  

6 pm for the 10 wt ?6 Vectra B950 blend, at  
1. = 0.169 s-'; 

1. = 0.084 s-I. 

0.0 1 0.1 1 10 

strain rate [l/s] 

Figure 4 Plot of strain-rate dependency of elongational 
viscosity of PPE/PS  (70/30)-Vectra B950 blends at 
300°C * wt % Vectra B950 indicated in the figure. 

Table I1 
Power-Law Coefficient for PPE/PS 
(70/30)-Vectra B950 Blends at 300°C 

Zero-strain Elongational Viscosity and 

W t %  %,O 

Vectra B950 (MPas) m 

1 
5 

10 
25 
50 

100 

2.48 
2.06 
1.68 
1.24 
0.69 
0.33 

0.46 
0.44 
0.47 
0.48 
0.69 
0.75 

Thus, R and E are known. The shear rate, +, to be 
used in the calculation of the capillary number [ eq. 
( l ) ]  according to its original definition for a 
2-D plane elongational flow (Couette or four-roll 
mill), 43-46 equals 1/3i for the geometry used in the 
present  experiment^.^^ The stresses that the matrix 
acts on the TLCP droplet are shear stresses, and 
for this reason, the shear viscosity of the 5 and 10 
wt % Vectra B950 blends is used. To calculate a 
capillary number, the interfacial tension u between 
the TLCP and the PPE/PS  ( 7 0 / 3 0 )  matrix in the 
molten state is required; u was estimated from pen- 
dent drop measurements that are described else- 
where.16 The interfacial tension u was measured to 
be approximately 1.45 mN m-I. 

Taking power-law viscosity behavior into ac- 
count, eq. (1) now modifies to 

Using the above numerical values, Cacrit is found to 
be 1.7 for the 5 wt 5% Vectra B950 blend and 5.2 for 
the 10% blend. These values are somewhat higher 
than the results found by GraceIg for Newtonian 
model liquids in equilibrium shear flows, but lower 
than those presented by Wu20 for polymer melts in 
shear flow. 

CONCLUSIONS 

Model experiments in elongational flow were carried 
out using a blend of Vectra B950 in a matrix of PPE/ 
PS ( 7 0 / 3 0 ) .  A transition from spherical droplets 
to fibrils was observed when the size of the TLCP 
droplet exceeded a minimum value and also when 
the strain rate was above a critical value. The critical 
capillary number for fibril formation estimated from 
these experiments fell between those measured for 
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Newtonian model liquids in elongational flow and 
those measured for polymer melts in shear flow. 
Therefore, the deformational behavior of TLCP 
droplets seems, at least in a first approximation, to 
be in reasonable agreement with existing microrhe- 
ological theories for multiphase flows. 

From the experimental data, the elongational 
viscosities of the blends were calculated as well. The 
elongational viscosity was found to decrease with 
Vectra content, observe power-law behavior, and to 
be three ordres of magnitude larger than the shear 
viscosity of the blends. 
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APPENDIX 

10 I 

The Trumpet-Die for Elongational Flow 
with a Constant Rate of Strain 

A constant strain rate in the capillary requires 

0 10 20 30 40 

Capillary depth [mn] 

Figure A.2 
represents eq. (A.5).  

Width of capillary vs. depth. Drawn line 

du 
dz 

1. = - = constant (A.1) 

or 
where i. is the (elongational) strain rate; z ,  the coordinate 
in the depth direction of the capillary; and u ,  the average 
velocity of the liquid flowing through the capillary (see 
Fig. A . l )  connected to the throughput Q via 

with R the radius of the capillary. Eliminating u yields 

(-4.3) x R 3  dz 

Figure A . l  
elongational strain rate. 

Schematic view of capillary for constant 

& *  1 - 
-2Q dz = R d R  

Solving eq. (A.4) with the boundary condition R = Ro 
(radius at zero depth) at z = 0 yields the radius of the 
capillary as a function of the depth: 

with the constant 

(A.6) 

relating the dimensions of the capillary (L is the capillary 
length) to the ratio of strain rate and throughput (or 
plunger speed). Figure (A.2 ) gives measured values of R 
as a function of z ,  as well as a graphic representation of 
eq. (A.5)  using h/Q = 1.189 X l o 7  m-3. From this figure, 
it can be concluded that an elongational deformation at  
constant strain rate has been realized. 
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Shear Contribution to the Pressure Gradient 
over the Capillary for Elongational Flow 

Assuming a fully developed velocity profile, the pressure 
due to shear flow is given by 

(A.7) 

where R ( z )  is the radius of the capillary as a function of 
the vertical coordinate z according to eq. (A.5) and r ,  is 
the shear stress at the wall. For power-law behavior [ eq. 
(2 ) ] ,  7, is given by 

Substitution into eq. (A.7) and integration over z gives 

Now eq. (A.5 ) can be substituted into eq. (A.9 ) , and the 
integral can be rearranged to 

(1 + 3n)Q " 
ap, = 2To( ) 

Note that, because of the shape of the capillary, E is con- 
stant and R is the only variable that depends on z. Inte- 
gration yields 

Substitution of eq. (A.6) into this result yields eq. (3). 

Elongational Contribution to the Pressure 
Gradient over the Capillary 

It can be derived from the energy equation that for pure 
elongational flow through a contraction the pressure dif- 
ference amounts to 

where the velocity u is given by 

Q u ( z )  = - 
?rR(z)' 

(A.13) 

assuming plug flow. Substitution of eq. (A.5) and 
into (A.12) gives 

Integration now yields 

A.13) 

A.14) 

Combination with eq. (A.13) gives eq. (4 ) .  The data in 
Table I, however, have been calculated using eq. (A.15) 
with E/Q = 1.189 X lo3 instead of eq. (4 ) ,  because eq. 
(A.15) uses the average (measured) value of i / Q  over the 
entire capillary, whereas in eq. ( 4 ) ,  1. is based only on the 
measured values of L ,  Ro, and R 1 .  Therefore, slightly dif- 
ferent values for TJ. are obtained if eq. ( 4 )  is used. 
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