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ABSTRACT: In this paper we discuss the use of dielectric spectroscopy as a means to study the morphology
of polymer blends. We have investigated a model system of thermotropic liquid crystalline polymer (Vectra
B950) fibers lined up in a polypropylene (Stamylan P 13E10) matrix. The appearance of interfacial
polarization at the interface between the two polymeric phases makes it possible to calculate the shape
of the inclusions. For this purpose a formula is derived, which gives the shape factor of a distorted fiber
as a function of the distortion amplitude. The calculated shapes of the fibers agree very well with the
actual shapes, despite the approximations made. The agreement was proven by performing dielectric
measurements under an optical microscope. As expected, the growth rate of thick fibers is smaller than
that of thinner ones. A comparison between experiments under the microscope and in a dielectric sample
holder showed the importance of the heating rate on the breakup of the fibers.

I. Introduction

Fiber-reinforced polymers receive a lot of attention
in the literature. During the last decade, numerous
articles about the in situ generation of reinforcing fibers
have been published (for review articles see, e.g.,
Crevecoeur,! Roetting,2 and Qin3). These self-reinforc-
ing polymer composites consist of a liquid crystalline
polymer (LCP) dispersed in a thermoplastic matrix. Due
to the liquid crystalline nature of the polymer, the LCP
phase forms fibers during the processing of these blends.
One of the advantages of such blends over conventional
short fiber-reinforced composites is the reduction of the
viscosity during processing by the LCP fraction. While
glass or carbon fibers can break, LCP fibers are formed
during the processing step. The properties of the blends
formed are determined by the composition, size, shape,
and distribution of the LCP fraction in the thermoplastic
matrix polymer (Qin3).

The morphology of the blend strongly depends on the
processing conditions like blend composition, extrusion
or injection molding conditions, and viscosity ratio of
the polymers. Most articles in the literature discuss the
influence of these processing conditions on the morphol-
ogy (Heino*) and on the mechanical (O’Donnell®) and
thermal (Choy®) properties of the formed blends. The
influence of compatibilizers is also the subject of a
number of articles (e.g., Datta,” O’'Donnell8). Scanning
electron microscopy (SEM) is usually used to determine
the morphology. The problem with SEM is that it can
only be done after formation of the blend. It would be
desirable to follow the structure formation during
processing. Dielectric analysis is a technique which can
be exploited for this on-line morphology control. In this
article we take a first step in investigating this by
performing dielectric measurements on a model system
of LCP fibers in a thermoplastic matrix.

In the past a number of articles are published about
the dielectric properties of polymer blends. Some
authors discuss the influence of the miscibility of the
polymers on the position and broadness of the a-loss
peak. The existence of two separate a-peaks indicates
at least partial phase separation (Carius®). Rellick10.1!
attributes the broadening of the a-peak to an increase
in phase separation, whereas Angelil2 and Zetsche!?
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attribute it to an improved miscibility of the two
components. Other authors have considered the shape
of the inclusions in their articles. Banhegyi published
a series of articles in which the influence of the shape
of the inclusions is discussed.’*~17 Only a few authors
used the Maxwell-Wagner—Sillars (MWS) or interfacial
polarization in their research of polymeric blends.
Maybe this is caused by a discouraging conversation of
Anderson with Cole (Anderson®) about interfacial
polarization. Daly!® used the MWS polarization to
investigate laminates. Hayward?® performed dielectric
measurements on a model system of conductive inclu-
sions in a non conductive matrix in order to study the
MWS polarization. The appearance of phase separation
during the cure of thermoplastic modified epoxy resins
was demonstrated by MacKinnon,?! whereas Dionisio??
used MWS polarization to prove the existence of phase
separation in polymer blends. Steeman?Z3 compared the
calculated shape of the inclusions to SEM micrographs
and found that the calculated shape agreed well with
the observed one.

In this article we utilize the effect of interfacial
polarization to determine the shape of fibers during the
breakup process in the molten state.

The stability of polymeric blends during processing
is an important subject in the research of in-situ
composites. Breakup experiments of polymer fibers in
a polymer matrix have been used by a number of
authors to investigate the stability of polymer blends
(e.g., Machiels?425). From the growth rate of the distor-
tion it is possible to calculate the interfacial tension
between the polymer phases (EImendorp,?® Elemans,?’
Watkins28). The interfacial tension has a large influence
on the stability of polymer blends. This topic will be
addressed in another paper (Boersma?°).

There are several mechanisms by which a fiber can
break up. Apart from the classical Rayleigh distortion
(Lord Rayleigh,3® Tomotika3132), retraction and end-
pinching (Stone®) are also possible breakup mecha-
nisms. Machiels24 showed that the breakup process of
an LCP fiber in polypropylene is a combination of
Rayleigh distortion, end-pinching, and retraction. How-
ever in the present paper we assume the breakup
mechanism to be solely of the Rayleigh type, since the
mathematical description of retraction and end-pinching
are difficult to handle.

© 1997 American Chemical Society
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Figure 1. Sinusoidal distortion of a liquid cylinder. R(z) =
+ o cos(2xz/1). The electric field is directed in the x-direction.
Ro is the radius of the undisturbed thread.

Il. Theory

Determination of the Shape Factor. Dielectric
analysis can develop into an important technique for
examining the morphology of polymeric blends. In order
to relate dielectric results on polymer systems to state-
ments about the morphology, the use of mixture theories
is necessary. There are many of such theories described
in the literature (Van Beek,3* Banhegyil’), all making
different assumptions about the validity of the formulas.
However, all theories have in common that they use a
shape or depolarization factor in order to relate the
shape of the particles in the blend to the dielectric
response. The shape factor of an ellipsoidal particle is
given by, e.g., Van Beek.?* It is possible to describe a
fiber as an ellipsoid in which the two short axes are
equal and the long axis is infinite. However, it is not
possible to describe a fiber during the breakup process
as an ellipsoid. Therefore, we have to derive a new
relation for the shape factor of the distorted fiber.

The classical description of the breakup of liquid
threads embedded in an immiscible matrix was first
given by Lord Rayleigh®® and extended by Tomotika31:32
for Newtonian fluids. They assumed the thread to
exhibit an axisymmetric distortion. The radius of the
distorted thread (R(z)) at distance z along the long axis
can be written as (Figure 1):

; @

Rz) =R+« cos;(2 Z)
in which R is the average radius of the thread (m), . is
the distortion amplitude (m) and A is the wavelength of
the distortion (m). The average radius of the thread
can be written as (Ro? — /,02)12, where Ry is the initial
radius of the thread (m). The breakup of the fiber can
be characterized by an increase in the distortion am-
plitude with time (o = aee, in which q is the growth
rate and t is time).

We now have to calculate the shape factor of the fiber
with this cosine-like distortion. The samples we will
use in our experiments consist of fibers lined up in a
matrix. The fibers will be oriented parallel to the
electrodes and consequently have their long axis per-
pendicular to the electric field. Therefore we only have
to determine the shape or depolarization factor perpen-
dicular to the long axis of the inclusions. The depolar-
ization factor (Ax) determines the electric field inside
the particle caused by the polarization of the system.
Landau and Lifshitz®® proved that the electric field
inside an ellipsoidal particle in a homogeneous external
field is also homogeneous. We assume that the electric
field inside a distorted fiber is likewise homogeneous.
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Figure 2. Detail of the surface of a fiber for the calculation
of the charge density on its surface, gsurt.

As a result we only have to calculate the electric field
at a single point inside the fiber. Considering a particle
in a matrix, an effective polarization charge will ac-
cumulate at the boundary if the permittivities and
conductivities of the phases are different. The relation
between the induced electric field inside the particle and
the polarization of the system can be given by

P
Epol = G_Ak (2)
0

P is the effective polarization at the interface between
the phases (C/m?), Epq is the electric field inside the
particle caused by the polarization (C/m), and ¢ is the
permittivity of vacuum (8.854 x 1072 F/m). We now
have to relate the factor Ak to the shape of the particle.
The electric field of a charge Q (C) at a distance r (m)
can be written by

Eo=—2 3)

2
Ageyr

The polarization charge is not located at one point on
the surface of the particle but is spread out over the
entire surface; therefore we have to integrate over this
surface. The charge Q must be replaced by the charge
density on the surface (osyrf) times an infinitesimal small
surface element (dA). We want to calculate the electric
field at point O (Figure 1). If we assume that the particle
is symmetrical in the y and z directions, we only have
to use the x-component (in the direction of the external
electric field) of the charge in our calculations (=osurdAX/
r). The charge density on the surface of the particle can
be derived from the polarization in the x-direction (P)
corrected for a larger surface area (osurs = P cos 6, Figure
2).
We now have to integrate over the entire surface:

Eq= dme, fA Z cos 6 dA (4)

X is the x-component of a point on the surface and can
be written as R(z) cos g, the distance r can be written
as (R(z)?2 + z3)'2, the cosine of the angle between the
x-axis and the normal of the surface (6) is

cos 3

BR(Z)]

cos 0 =

(5)

1+ [
dA is a small surface element of the particle: dA =
R(z)dB(1 + (3R(2)/9z)?)2dz. Epe must be equal to Eq.
The electric field is directed along the x- or b-axis. The
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Figure 3. Dominant wave number, Xn = 27Ro/Am, as a

function of the viscosity ratio of the two polymers, p = #iver/
Hmatrix-

calculated shape factor is therefore also along the b-axis.
The general shape factor Ax must be replaced by the
shape factor along the b-axis A,. The resulting integral
becomes

1 (o p2n R?(z)
_E.f—ooﬁ)z Coszﬁmdﬂdzz
__R@

dz (6)
4f “(R¥(z) + 222
For spheroidal particles, in which R(z) = b(1 — z%/a%)'2,
eq 6 can be solved by integrating from —a to a. This
yields the shape factor along the b-axis for prolate
spheroids given, e.g., by Van Beek.3*

In[n + /(N — 1)]
)

in which n represents the ratio between the long axis
(a) and the short axis (b) of the spheroid (n = a/b).

In our case, when we substitute eq 1 into eq 6, there
is no analytical solution known for the integral. There-
fore, we have to use numerical methods to evaluate eq
6. The results of the numerical integration depend on
the initial values of 1 and Ro. The wavelength by which
the polymer fiber will break up depends on the viscosity
ratio of the two components (p = #iver/matrix). The
growth rate of the distortion shows a maximum at one
wavelength (the dominant wavelength 1,,). Machiels?®
showed that for large initial distortions (e.g., ap = 0.1Rg)
there is a broad area around the dominant wave number
Xm (=27Ro/Am) where the breakup time is roughly the
same. Therefore, the fiber will not break up with one
wavelength, but with a distribution of wavelengths. For
small values of the initial distortion (e.g., ag = 0.001Rg)
the breakup time has a relatively sharp minimum at
the dominant wave number. The fibers in our experi-
ments were relatively thick (ca. 100 um). The initial
distortion will, therefore, be small compared to the fiber
diameter. Hence, in our calculations, we assume that
the fiber will break up at the dominant wave number.
The dominant wave number depends on the viscosity
ratio of the polymers (p). This is shown in Figure 3.

We can substitute for 4 in eq 1 1 = 27Ro/Xm. The
value of X, can be found from Figure 3 for a given
viscosity ratio p. By dividing the numerator and
denominator of eq 6 by R3, the resulting equation for
the depolarization factor becomes

1 1 n
A =1+ -
b 9 -1 (nz_ 1)3/2
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Figure 4. Shape factor of distorted fibers along their short
b-axis as a function of the relative distortion, o/Ro, for a
number of values of the dominant wave number X,.
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Figure 5. Shape factor of an ellipsoidal particle along its
b-axis as a function of the ratio between the long and short
axes (a/b = n). The points on the line indicate the shape factor
immediately after breakup (i.e., R = o = 0.82R) at different
values of the dominant wave number, Xy.
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The numerically derived graphs of A, for a number of
values of X, are shown in Figure 4 as a function of the
relative distortion amplitude (a/Ro). If the value of a
is equal to the average radius of the fiber (R = 0.82Ry),
the fiber is assumed to be broken up. The resulting
particle is a spheroid with its short axis equal to 2R
(=1.64Rp). Its long axis can be calculated from the
shape factor at the time of breakup. This particle will
in turn retract to a spherical-shaped particle. The
evolution from a spheroid to a sphere is shown in Figure
5. The points on the solid line are the shape factors at
corresponding axes ratios (a/b) of the particle im-
mediately after breakup for different values of the
dominant wavenumber (Xp). The diameter of the
resulting sphere is Ro(127/Xm)13.

Application of Existing Mixture Theories. Inthe
previous section we derived a relation between the
depolarization or shape factor and the actual shape of
the distorted fiber. In order to relate the dielectric data
to values for the shape factor, we need a mixture theory
which describes our measurements in the best way
possible. There are a lot of mixture theories known in
the literature. Most of them are summarized in the
articles by Banhegyi.'#1517 The problem, however, is
that there is not one theory that covers all experiments.
The existing mixture theories can be divided into
matrix-inclusion and statistical mixture types. In the
case of fibers in a matrix, without percolation, the
matrix-inclusion types are preferred. The simplest

A, = L4z (8)
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theory is the Maxwell—Wagner—Sillars3¢ theory:

o 0= A + 69, T AL 99)
S S WC I S

In which €%, €3, and " are the complex permittivities of,
respectively, the matrix, the inclusions, and the blend,
and ¢, is the volume fraction of the inclusions. This
theory is only valid for low volume fractions of the
dispersed phase. Therefore the simple theory of Max-
well—Wagner—Sillars cannot be used for higher volume
fractions.

A second group of formulas is based on the integration
technique. A well-known theory in this group is the
Bruggeman—Boyle3” theory for oriented inclusions,
which is derived through integration of the Maxwell—
Wagner—Sillars equation to higher volume fractions.

T 631 ’:—:{]A =1 ¢) (10)

*
€~ €

©)

The last group of mixture theories is the statistical
mixture type. These models assume that the ellipsoidal
particles are embedded in an effective medium. The
most important formula was derived by Bottcher,38
extended by Polder and Van Santen® for randomly
oriented ellipsoids and later by Hsu*® for oriented
ellipsoidal particles:

(€7 — €M)y

€* + (eF — M)A,

(3 — €0, _
€* + (e5 — M)A, =0 @y

in which ¢; is the volume fraction of the matrix. It is
difficult to predict which mixture theory can be used
best in our experiments. Therefore, we have performed
some measurements to discriminate between the three
formulas.

I11. Experiments

Materials. The samples for breakup experiments consisted
of Vectra B950 fibers embedded in a polypropylene matrix.
Vectra B950 is a random copoly(esteramide), consisting of 60%
2,6-hydroxynaphthoic acid, 20% terephthalic acid, and 20%
aminophenol, supplied by Hoechst-Celanese. The as-received
granules were dried at 180 °C for 4 h in a nitrogen atmosphere
and kept under vacuum at 60 °C afterward. DSC showed that
the melting point of the granules was about 284 °C. The
Vectra B950 granules were made into a fiber by melting them
in a capillary rheometer at 300 °C. The polymer thread from
the capillary (diameter 1.5 mm, length 50 mm) was drawn and
yielded fibers with a diameter of about 100 um. The polypro-
pylene used was Stamylan P 13E10 supplied by DSM. The
fibers were lined up and embedded in the matrix by compres-
sion molding between two films of PP at 230 °C. The resulting
film thickness was between 300 and 400 um. The volume
fraction of the resulting samples varied between 4 and 15%.

Dielectric and Optical Measurements. The breakup
experiments were performed in two ways. The first experi-
ments were done at 300 °C in a Mettler FP80 HT hot stage
mounted under an optical microscope (Jenapol). The samples
were put between two ITO-coated glass plates. Quartz fibers
kept the distance between the electrodes constant during the
measurements. The ITO layers were connected to the dielec-
tric equipment. In this way it was possible to perform
simultaneously optical and dielectric measurements. The
dielectric measurements were performed using a Hewlett-
Packard 4284A precision LCR-meter. The frequency range
used was 32 to 500.000 Hz.

A second series of experiments was done inside a dielectric
sample holder (Willems*!). Circular samples (3 cm in diam-
eter) were placed between two circular quartz plates of 4 cm
in diameter. A gold electrode of 3 cm in diameter was sputter
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Figure 6. Permittivity (a) and dielectric loss (b) vs frequency
of pure Vectra B950 and polypropylene and a 4.8 vol % sample.
Measured data: (+) A, = /. (fiber); (®) A, = /5 (sphere).
Calculations according to (—) Bottcher—Hsu; (---) Bruggeman—
Boyle; (-+©) MWS.

coated on each quartz plate. The two electrodes on each plate
were connected to the dielectric analyzer. A spacer ring of
polyimide film (Kapton) around the sample kept the electrodes
at a constant spacing. The sample holder was placed inside a
Novocontrol temperature control unit, which regulated the
temperature by means of a heated nitrogen flow. The dielec-
tric measurements were made using the HP LCR-meter for
high frequencies (1-500 kHz) and a combination of a Schlum-
berger SI 1260 frequency response analyzer and a dielectric
electrometer (TNO) for low frequencies (0.5—1000 Hz). The
breakup experiments inside the sample holder were also
performed at 300 °C.

Scanning Electron Microscopy. The sample morpholo-
gies were analyzed using a Philips XL 20 scanning electron
microscope. On the assumption that the distribution of the
fibers was homogeneous throughout the sample, we could
derive the volume fraction of the solid sample from the area
ratio between the cross section of the fibers and the total
sample. The volume fractions of the samples during the
measurements were more difficult to obtain, because of the
molten state of the samples. They could be calculated from
the volume fractions in the solid state using the densities of
the polymers at 300 °C. Since this calculation was not very
accurate, we derived the volume fractions from the dielectric
measurements.

1V. Results and Discussion

Discrimination between Mixture Formulas. We
started our experiments by performing dielectric mea-
surements on films of pure polypropylene and Vectra
B950 inside the dielectric sample holder. The measured
permittivity (¢') and dielectric loss (¢'') of the pure
components are plotted in Figure 6. Next, we used egs
9—11 to calculate the dielectric response for fibers (A
= 1/,) and spheres (A, = /3) for the three different
theories. These curves are also plotted in Figure 6. It
is obvious that there is a significant difference between
the three models. The marked dots in Figure 6 repre-
sent the measured results of Vectra B950 fibers in a
polypropylene matrix (4.8 vol %) before (A, = /2) and
after (A, = 1/3) breakup. It is clearly visible that the
Bottcher—Hsu model describes the experimental data
better than the other two models. We noticed that the
other experiments in this paper were also better de-
scribed by the Bottcher—Hsu model. Therefore, all our
calculations were performed using this model. The
volume fractions of the samples were calculated from
the first frequency scan, with the knowledge that the
shape factor of the undistorted fiber equals /5.

Electrode Effects. When observing the real permit-
tivity of pure Vectra B950 in Figure 6, we notice an
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increase at low frequencies. This is caused by the
appearance of electrode polarization. It is well-known
from the literature that dielectric measurements on
conductive samples can show electrode polarization.
This polarization can be oppressed by, for example,
increasing the sample thickness. In the case of our
polymer composites, it was not necessary to adjust the
sample configuration, because the conductivity of the
matrix was too low to cause electrode polarization at
the dispersion frequencies. Therefore, our measure-
ments are not significantly influenced by any electrode
effects.

Data Analysis. All our measurements yield plots of
permittivity and loss against frequency at 300 °C. A
frequency scan took, depending on the number of
frequencies, between 90 and 200 s. During this time
the breakup process was proceeding. Therefore, the
calculated shape factor did not correspond to the shape
at the beginning of the scan, but to the shape halfway
through the frequency scan. In a next publication
(Boersma?®) we will reduce the number of frequencies
in order to get a more accurate shape factor at a
particular time. By reducing the number of frequencies,
the number of scans will increase and this will result
in more measurement points during the breakup pro-
cess.

The dielectric data were fitted over the entire fre-
guency range. For measurements with strong devia-
tions in the loss curves (i.e., the measurements under
the optical microscope), we used only the values of the
real part of the permittivities in the fit procedure. This
resulted in rather good fitting results for all the
measured data points. The data were fitted using a
rearrangement of the Boéttcher—Hsu equation (11):
€* = €;€1.’=1trix +

* * ) 6*

(eflber €matrix ¢f|ber e~ + (E?i‘ber _ E*)Ak

(12)

which can be rewritten in the following expression for
Ax:

A = e*((e* — 6ﬁatrix) - ¢fiber(6?icber B G;atrix))
K=
(E* - ernatrix)(e* - E?icber)

(13)

The fit procedures were performed with the help of the
mathematical software MapleV3 from Waterloo Maple
Software.

Breakup Experiments under an Optical Micro-
scope. In order to relate dielectric measurements
during the breakup of polymer fibers with the actual
morphology of the blend, we have performed breakup
experiments under an optical microscope. In this way
we could simultaneously follow the actual breakup
process and perform dielectric measurements. Due to
contact problems between the ITO electrodes on the
glass plates and the dielectric equipment, the values of
the permittivity and loss at low frequencies (below ca.
500 Hz) were not very accurate. Therefore, we have not
used these values in our data analysis. The experimen-
tal setup also caused the values of the loss at low
frequencies to show spurious conduction.

Figure 7 shows a dielectric measurement of a breakup
experiment of a 4.8 vol % blend of Vectra B950 fibers
in polypropylene. The marked dots are the actual
measured points and the solid lines are the fitted values.
The only fit parameter is the shape factor of the
inclusions. The calculated shape factors are plotted in
Figure 8, together with two other measurements on the
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Figure 7. Permittivity and dielectric loss during the breakup
process of Vectra B950 fibers in a polypropylene matrix (4.8
vol %) at 300 °C. The markers represent the measured data.
The solid lines represent the fitted values.
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Figure 8. Calculated change in shape factor vs time for three
similar samples (4.8 vol %), whereby @ pertain to the measured
data of Figure 7.

same sample. The calculated values of the shape factor
can be converted to the actual shape of the fiber using
eq 8. The shape factor Ay of eq 13 is along the x- or
b-axis and is therefore equal to A, in eq 8. We used
the numerically derived curves of Ay, versus o/Rg of
Figure 4 to convert A, into o/Ro. We have to bear in
mind that the calculated shape of the fibers is of a
sinusoidal type, because we assumed that the fibers
break up in this way. This might not be exactly true,
since other breakup schemes have been found as well.
The conversion of A, to actual particle shapes after the
fibers were broken up has been done using eq 7. We
have used the average values of the three experiments
in Figure 8 to calculate the shape of the fibers during
the breakup process.

Rheological experiments showed that at 300 °C the
viscosity of Vectra B950 at low strain rates (0.1 s™1) is
approximately 400 Pa-s (Beekmans“?). The viscosity of
the polypropylene is approximately 1400 Pa-s under
these conditions (Machiels?%). The viscosity ratio in our
experiments was therefore ca. 0.3, which gives a value
for the dominant wave number (Xn,) of about 0.6.

Photographs were taken every 90 s after the start of
the experiment. Therefore, we had to interpolate
between the measured points in the shape factor vs time
curve (Figure 8). Using these values of the shape factor
and assuming for X, a value of 0.6, we could determine
the gradual change in the shape of the fiber using eq 8
and the shape of the spheroids using eq 7. Figure 9
illustrates the procedure of the data evaluation. This
figure also includes a series of micrographs of one of
the breakup experiments shown in Figure 8. Data
points corresponding to Figure 9 and calculated values
for o/Rp and n are listed in Table 1.

Although the fiber breakup process of the model
system studied does not behave according to a pure



2920 Boersma et al.

0.50%7
2
0.45| 3
A .
0.40}
5
0.35} 6 -
0-300 200 400 600 800
a time (s)
1
2
3
4 <><>< -
5 ©O O O
6 O O O
b7 O O O
1|
2
3 | S =)
4:“-—-@.‘
5@ @ o
6c® - @ - ﬁ-j
C7 ® - ® -0

Figure 9. Shape factor (a), calculated shape (b), and actual
shape (c) vs time during the breakup of a Vectra B950 fiber in
a polypropylene matrix at 300 °C.

Table 1. Calculated Relative Distortion Amplitudes
(a/Ro) and Axis Ratios n(a/b) for Measured Values of the
Shape Factor (Ap) (See Figure 9)

no. Ap a/Ro n
1 0.500 0
2 0.476 0.181
3 0.444 0.453
4 0.410 0.810
5 0.373 1.37
6 0.348 1.12
7 0.333 1

Rayleigh breakup mechanism, the predicted shapes at
the different stages in the process correspond quite well
with the photographs. We cannot predict the formation
of the small droplets between the larger ones, because
these are not included in the Rayleigh model. Besides,
the dielectric technique takes a volume average over the
sample and the volume fraction of these droplets is too
small to be significant in the measurement.

Breakup Experiments inside the Dielectric
Sample Holder. The dielectric measurements under
the optical microscope had the disadvantage that, due
to the experimental setup, the values of the loss at low
frequencies were not very accurate. This was caused
by the conductivity of the glass substrate of the ITO
electrode. To improve the accuracy of the measure-
ments, we performed another series of experiments
using the temperature controlled dielectric sample
holder. The measurements could now be extended to
lower frequencies.
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Figure 10. Permittivity and dielectric loss during the breakup
of Vectra B950 fibers in a polypropylene matrix (11.2 vol %):
experimental data at 300 °C (a), fitted curves (b), and obtained
time dependence of shape factor (c).

Figure 10a shows the permittivity and loss of a 11.2
vol % sample during breakup. The fitted curves of this
experiment are shown in Figure 10b (only the frequen-
cies between 32 and 125 000 Hz were used in the fit
procedure). The values obtained for the shape factor
are shown in Figure 10c. As expected, there is a gradual
decrease in the shape factor, it even drops below /3. The
latter is surprising because the expected minimum
value of the shape factor is /3 (sphere). A decrease
below this value means that the change of the shape of
the particle did not end in a sphere, but shifted beyond.
This drop in value of the shape factor below /5 occurred
only in samples with volume fractions higher than ca.
8%. It appeared to be the result of the sample prepara-
tion. The samples consisted of only one layer of Vectra
B950 fibers between two films of polypropylene. In
order to increase the volume fraction, the fibers had to
be placed closer together. The optical microscope re-
vealed that fibers which lay close to each other coalesce
during melting and breakup. This coalescence produced
larger particles than one would expect from the size of
the original fibers. Therefore, the diameter of the
resulting spheres exceeded the electrode spacing. The
particles were consequently squeezed between the elec-
trodes which resulted in flattened spheres. Conse-
qguently, the resulting system could not be described
simply by the two-phase model of particles in a matrix.
It had to be described by a pure Vectra B950 phase
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Figure 11. Scanning electron microscope micrograph of the
sample of Figure 10 after breakup of the LCP fiber.

parallel to a polypropylene matrix containing Vectra
B950 particles. SEM micrographs (Figure 11) indeed
demonstrate the existence of flattened particles in this
system. Because of this, it was impossible to convert
the calculated shape factor into actual shapes of the
particles.

In order to do measurements on samples with higher
volume fractions, we had to distribute the fibers over
the entire matrix and not only in a single layer. We
achieved this by stacking three fiber-containing films
crosswise together (inset, Figure 12c). Figure 12 shows
the results of a 9.3 vol % sample. The shape factor did
not drop below /3 anymore, which indicated a smooth
breakup process from fibers to spheres. This is also
demonstrated by the SEM micrographs in Figure 13.

Comparison of the Breakup Experiments. The
increase in the distortion amplitude with time (o =
0oedt) characterizes the breakup process. The initial
distortion amplitude (o) has a large influence on the
breakup process but is very difficult to measure. The
value is determined for instance by the initial smooth-
ness of the fiber or stress and orientation in the fiber.
The growth rate (q) depends on the interfacial tension
between the two phases, the viscosity of the matrix, the
viscosity ratio between the dispersed and continuous
phase, and the radius of the initial fiber. In our
experiments, only one parameter was varied, i.e. the
radius of the fibers.

The changes in shape factor of fibers in four different
breakup experiments are shown in Figure 14a. The
shape factors of the low volume fraction samples (S1
and S3, 4.8 vol %) shifted from 1/, to /3. The samples
with higher volume fractions (S2, 14.4 vol %, and S4,
9.8 vol %) showed a shift from 1/, to values below /3.
This was caused by the formation of a parallel Vectra
B950 fraction in the sample. Samples S1 and S2 were
measured between the ITO glass plates under the
microscope, S3 and S4 were measured in the dielectric
sample holder. It is clearly visible that the breakup
process of the samples under the microscope is faster
than in the sample holder. This is caused by the higher
heating rate inside the hot stage. As a result, the Vectra
B950 fibers had less time to lose their orientation and
built-in stresses. The initial distortion amplitude was
therefore higher than at lower heating rates.

Comparison between the low and high volume frac-
tion curves shows that fibers of a low volume fraction
sample break up faster than fibers of a higher volume
fraction sample. This is caused by coalescence of the
fibers, which resulted in fibers with a larger diameter
and a slower breakup process. Another presentation of
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Figure 12. Permittivity and dielectric loss during the breakup
of fibers in a laminate of three fiber-containing films (9.3 vol
%): measured data (a), fitted curves (b), and obtained change
in shape factor with time (c). The fibers are stacked crosswise
(c, inset).

Figure 13. SEM picture of the sample of Figure 12 after
breakup of the LCP fiber.

the same data is shown in Figure 14b, which gives the
logarithm of the relative distortion amplitude against
time. The maximum value of o/R¢ is 0.82 because at
this point the fibers break up. The slope of the curves
represents the growth rate of the distortion (g). Only
the first part of the curves (below ca. o/Rg < 0.5) is
significant, because above this value the distortion
deviates from the Tomotika theory. This means that
in our experiments only the first 250 s can be used to
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Figure 14. Time dependence of shape factor (a) and calcu-
lated relative distortion amplitude (b) of two samples under
the optical microscope (S1 (4.8 vol %) and S2 (14.4 vol %)) and
two samples in the dielectric sample holder (S3 (4.8 vol %)
and S4 (9.8 vol %)).

calculate the growth rate. We already stated that a
complete frequency scan takes at least 90 s. It is
therefore not possible to do more than three frequency
scans at the beginning of the experiment. This problem
can be solved by not scanning the whole frequency
range, but only two frequencies. These frequencies
must be above and below the step in permittivity (for
example 500 and 100 000 Hz). The use of only two
frequencies shortens the scan considerabely, which
makes it possible to perform more measurements in the
first part of the breakup experiment. This will be
discussed in a forthcoming publication (Boersma?).

V. Conclusions

Dielectric measurements on a model system of lined
up LCP fibers in a thermoplastic matrix above the
melting point of both phases reveal the existence of a
strong interfacial polarization. We have shown that this
polarization allows one to calculate the shape of the
fibers during the breakup. The simplest theory of fiber
breakup (by Lord Rayleigh and Tomotika) could be used
to convert the shape factor, obtained from our measure-
ments, to distortion amplitudes of the fiber during
breakup. The overall breakup behavior of Vectra B950
fibers in a polypropylene matrix can thus be described
by a Rayleigh-type distortion, whereas individual fibers
might show a different breakup mechanism. A higher
heating rate results in a faster breakup, because the
built-in stresses and orientation get less time to relax.
Samples with a high volume fraction show slower
breakup behavior, because neighbouring fibers can
coalesce during melting, which results in thicker threads.

The experiments in this paper demonstrate that
dielectric spectroscopy is a useful tool for an analysis
of the morphology of polymer blends.
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