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Abstract. We have investigated the structural change of an immiscible polymer
blend in shear flow when subjected to a step electric field. Three-dimensional
images during the process were successfully constructed with a confocal scanning laser
microscope and at the same time the transient shear stress was also measured. The
interface tensor was calculated from the images. Several factors are incorporated into
the shear stress, such as the bulk viscosity, the interfacial tension, and the Maxwell
stress. We performed an experiment to separate the Maxwell stress from the total
shear stress. The results are discussed in terms of the interface tensor.
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1. Introduction

Immiscible fluid blends (emulsions) exhibit many interesting characteristics in rheology,
which are closely related to changes in morphology. When subjected to a flow, these
blends undergo changes through complex processes such as deformation, breakup and
coalescence. The recent theoretical and experimental successes in understanding the
relationships are reviewed by Tucker and Moldenaers [1]. In 1991, Doi and Ohta [2]
developed a semiphenomenological theory based on the interface tensor g,g, in terms of
which the excess stress due to the interfacial tension is expressed as —I'qqg [3, 4, 5], where
[ is the interfacial tension. Recently, Takahashi et al. [6] made a detailed experimental
evaluation. They measured the shear stress and observed the shape change of droplets
separately after applying large step strains, from which they found good agreement
between the measured shear stress and that calculated from the shape using the above
expression. In addition to the interfacial tension, there is another contribution to the
shear stress due to the velocity field at the interface and the viscosity difference between
two fluids [3, 7, §].

In addition to the flow, an electric field is also another effective field for bringing
about morphological changes in blends. In fact, under the application of an electric
field remarkable changes were reported when the two fluids had mismatched electrical
properties, such as permittivity and conductivity [9, 10, 11, 12, 13]. At the same time,
the apparent viscosity increased. This phenomenon is called the electrorheological (ER)
effect. In the absence of an electric field, droplets of one fluid are dispersed in the matrix
of the other. When subjected to the electric field, the droplets become elongated along
the field due to the electric force exerted on the interfaces; sometimes a network structure
forms, resulting in an apparent increase in viscosity [14, 15, 16]. The transient response
of shear stress to a step electric field was investigated in detail and scaling properties
were found [17]. For example, when ER blends are subjected to a step electric field at a
constant shear rate, the transient apparent viscosity depends only on the strain, as long
as 7/ E? is constant, where 4 and E are the shear rate and electric field, respectively.

In this paper, we present three-dimensional images of a blend that is subjected to
a step electric field under steady shear flow and the transient shear stress measured at
the same time. The interface tensor is calculated from the images, on the basis of which
the relationship between the structure and the shear stress is discussed.

2. Experiments

In the experiments, we used a liquid crystalline polymer (LCP) (Fig.1) [10] and a
polyisobutylene (PIB). The molecular weight of LCP is 5300. The used PIB is a mixture
of two PIBs with different molecular weights of 1400 and 500, the ratio of whichis 3: 7in
weight. All the experiments were done at 25°C, where LCP is in the isotropic phase. The
mesogens play a role in enhancing LCP’s permittivity and conductivity. The physical
properties are summarized in Table 1. We used PIB because it is a good refractive
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Figure 1. Liquid crystalline polymer (LCP).

Table 1. Physical properties of LCP and PIB.

Viscosity (Pas) Permittivity ~Conductivity (27 'm~!) Refractive index

LCP 65 15 8.1x107° 1.488
PIB 20 2.5 3.3x 1071 1.490
Rheometer
; Shear flow
i S
Focal plane . I
Glass Plate
with ITO z Electric
Sample : field
v r
Objective Lens X
CSLM
(a) (b)

Figure 2. (a) Schematic illustration of the system combining a CSLM and a rheometer
and (b) the details of the sample space.

index-matching fluid with LCP; as shown in Table 1. LCP has greater permittivity
and conductivity than PIB. To observe the structure clearly and to distinguish between
LCP and PIB, a small amount of fluorescent dye, IANBD amide (Molecular Probes),
was doped into LCP before LCP and PIB were mixed. It was confirmed that the dye
did not dissolve in PIB. The mixture had the volume ratio of LCP:PIB=1:8. In this
blend, LCP was dispersed in PIB as droplets in the absence of an electric field.

A schematic picture of our system is shown in Fig. 2 (a). The sample was
sandwiched between a bottom glass plate with an ITO (indium tin oxide)-coated
electrode and the rotating plate of a rheometer (MCR301, Anton Paar). The diameter
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of the rotating plate was 35 mm, and the gap between the plates is 200 um. The shear
rate was defined as the one at the edge of the rotating disk and the shear stress there was
calculated from the measured torque by assuming that the fluid is Newtonian because
a parallel-plate rheometer was used in the experiment. Although immiscible polymer
blends under electric fields are not generally Newtonian [18], the above assumption may
not seriously affect our conclusions in this paper because the contribution to the stress
around the edge is dominant and we will make only a rough theoretical estimation of
the shear stress. The structural observation was performed through the bottom glass
plate with a confocal scanning laser microscope (CSLM) (IX71, Olympus and CSU22,
Yokogawa). The CSLM observation was made 1 mm from the edge of the rotating disk,
meaning that the shear rate at the observation area was almost the same as the value
defined above. The two-dimensional (2D) image area is 163 x 163 pm?. We carried out
both structural observation and rheological measurement at the same time and discussed
the relationship.

To construct three-dimensional (3D) images, we used a piezo-actuator (P-721.10,
PI) with which the objective lens or the focal plane could move vertically, as shown in
Fig. 2 (b) [19], where the z, y and 2z axes are taken along the flow, vorticity and velocity
gradient (the electric field) directions, respectively. We applied a triangular voltage of
5 Hz to the piezo-actuator so that the objective lens periodically moved up and down
between the glass surface and 50 pm above it. We used a water-immersion objective
lens (x40) (the gap between the lens and the bottom glass plate was filled with water)
so that the real height of 3D images was about 56 pym. The frame rate was 500 fps
so that 50 images were captured per half period (0.1 s), from which one 3D image was
constructed. In our experiment the shear rate was 1 s™!, which brought about a total
strain of 10% during the capture of one 3D image. This strain is not sufficiently small,
so we made a correction. We assumed that all the points in the blend moved according
to an ideal simple shear strain and moved the points back by the distances calculated
from the shear rate, and we used 2D images captured only when the objective lens was
moving down [20].

Before each measurement, we applied a preshear of 1 s~ for 3 hours so that the
blend became steady under the constant shear. Then we applied a step ac electric field
to the blend under steady shear flow. The electric field was supplied by a synthesizer
(Multifunction Synthesizer 1940, NF Electric Instruments) and a high voltage amplifier
(Model 609C-6, Trek). We used ac electric fields of 1000 Hz to avoid the conductivity
effect.

3. Results and Discussion

First, we present the transient shear stress in Fig. 3 when subjected to an ac electric
field with an amplitude of 6 kV/mm at a constant shear rate of 1 s7!. The shear
stress increases steeply immediately after the electric field is applied at ¢ = 0; it takes
the maximum and the minimum, then gradually increases until reaching a steady value.
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Figure 3. Transient shear stress after applying a step electric field. The off-diagonal
elements of the interface tensor are also shown.

Figure 4. 3D images in the transient process, where the z, y and z axes are taken along
the flow, vorticity and velocity gradient (the electric field) directions, respectively.

The transient 3D images captured at the same time as the stress measurement are shown
in Fig. 4. The bright parts are LCP, into which a small amount of fluorescent dye was
doped.Without the electric field LCP is dispersed as droplets in the PIB matrix and the
droplets slide over each other as they flow (f = 0's). Immediately after application of the
electric field all the droplets become elongated along the electric field and some droplets
coalesce with each other to form columns (1 s). The same behavior has been observed
without shear flow, and it has turned out that the elongation and coalescence are,
respectively, due to the Maxwell stress exerted on the interface and the induced dipole-
dipole interaction between droplets [19]. Then, the columns gradually tilt toward the
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Figure 5. Time dependences of the diagonal elements of the interface tensor.

flow direction and at 2 s the tilt angle of the columns becomes about 45°, corresponding
to the maximum of the shear stress. The columns tilt more (4 s), causing the shear
stress to decrease. These results indicate that the elongation and the tilt should be
responsible for the shear stress change and that the stress peaks when the tilt angle is
45°. After 4 s, the columns link with each other to form a network structure (5, 8 s),
giving rise to the stress increase again as shown in Fig. 3.

Now, let us quantitatively investigate the structural change in terms of the interface
tensor, ¢.3, defined as

1 1
qag = V/S (nang — 5(5&5) dS, (1)

where n is the unit vector normal to the interface, V is the system volume and
the integral is done over the whole interface S in the system. The interface tensor
is symmetrical and traceless; it expresses the anisotropy and becomes zero for the
isotropic structure. For example, with a prolate spheroid elongated along the z axis,
Qzz < Quz = Qyy a0d ¢zy = Gy = ¢.o = 0. Note that the component along the elongated
direction becomes small. Furthermore, when it tilts toward the x direction, the off-
diagonal element ¢,, = ¢, becomes nonzero.

Figure 5 shows the time dependences of the diagonal elements corresponding to Fig.
3. In the absence of an electric field, all the components are almost zero because droplets
are almost spherical. Immediately after a step electric field is applied, ¢,, decreases
while both ¢,, and ¢,, increases, indicating that the droplets become elongated along
the electric field (the z axis). Next, ¢, decreases and ¢,, increases, corresponding to
the tilting of the elongated droplets due to the shear flow along the = axis. The time
dependences of the off-diagonal elements are shown in Fig. 3, where we have plotted
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—(qop. Both —¢;, and —g,, are almost zero, as expected from the symmetry. On the
other hand, —¢q,, increases steeply immediately after application of the electric field;
after taking the maximum and the minimum, it then gradually increases until reaching
a steady value. This behavior is quite similar to that of the shear stress. In fact, it was
shown that the contribution of the interfacial tension to the shear stress is expressed
as —['qap [3, 4, 5], where I' is the interfacial tension. Here it should be noted that g,
peaks when the principal axis of the surface tensor along the elongated direction is 45°
with respect to the flow direction. This is the reason why the shear stress peaks when
the tilt angle of the columns becomes 45°. However, the total shear stress consists of
contributing factors other than the interfacial tension as is shown below.

Without an electric field the shear stress for a blend of two Newtonian fluids is
approximated as [3, 7]

B Jv,  Oug (2 —m)
Uaﬁ = —p5a5+172 (a + axa) —ang—T /S (uang + u5na) dS,(Q)

where p is the isotropic pressure, v is the macroscopic velocity, 7, and 7 are the
viscosities of LCP and PIB, respectively, and u is the local velocity on the interface.
Note that in our experiments o, was measured. The second term on the right-hand
side of Eq. (2) is the viscous stress of the matrix and the third term comes from the
interfacial tension mentioned above. The last term is the interface velocity term, which
disappears for equal viscosity blends. For the present case, we have to add a contribution
from the electric field. Unfortunately, however, we have no theory directly applicable
to our system. Under this circumstance we use an expression of the shear stress for a
columnar structure, which appeared when a droplet-dispersed structure was subjected
to an electric field without shear flow in the same blend. Many LCP columns were
formed between the top and bottom plates along the electric field, and the structure
was stable for a long time. When the columns were tilted by a shear strain, electric
torque appeared to rotate the columns so that they were parallel to the electric field.
This torque may originate from the Maxwell stress tensor, T;; = eE;E; — cEEgdi;/2,
where ¢ is the dielectric constant. From this tensor the static shear modulus for o,, was
calculated as [19]

G (0) = 7nal' + 2nad (e1 — &2) E}

< RelS {1 - (D"} (E = &) /mPr?
R Z < &111 (mma/d) /I, (mma/d) — &K1 (mma/d) [ K (mwa/d\)})

with

_5]—1—5 (j:172), (4)

where n is the number of columns per unit area, a is the radius of a column, d is the gap
between the plates, €1, €2, 01 and o9 are the dielectric constants and conductivities of
LCP and PIB, respectively; Ey and w are the amplitude and the angular frequency of the
applied electric field, respectively; I; (z) and K (z) are the modified Bessel functions
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Figure 6. Time dependences of shear stress with intermittent removal of electric field
and the corresponding off-diagonal elements of interface tensor.

of the first and second kinds, respectively; and I} (z) and K7 (z) are their derivatives.
The first term on the right-hand side of Eq. (3) is due to the interfacial tension and
the second term originates in the Maxwell stress exerted on the interface. We measured
the static shear modulus of the columnar structure with the oscillation method and
obtained good agreement between the experiment and the above theory [19]. With the
use of the above equations, we will discuss the relationship between structure and shear
stress. Before that discussion, however, we present another experimental result, which
enables us to separate the electric stress from the total shear stress.

It is easily seen from Eq. (3) that the electric stress (the second term), which we
denote as oy, should disappear when the electric field is turned off. This gives us a
method to separate the electric stress. In the experiment we intermittently removed the
electric field for a short time (duration: 0.125 s) during a measurement. The result is
shown in Figure 6, where the experimental conditions are the same as in Fig. 3 except
with this intermittent removal of the electric field and the complete removal after 10
s. The outline of the stress response is almost the same as in Fig. 3 except for the
sudden decrease, meaning that the intermittent removal would not affect the structural
evolution. The decrease may correspond to the contribution of the Maxwell stress.

First, we examine the stress o), that remains after subtracting the electric stress
oy from the total stress. @) may become o,, in Eq. (2), which includes the bulk
stress, interfacial tension and interface velocity terms. Figure 7 shows a plot of T, vs
the corresponding g¢.., where we have also plotted the data after completely removing
the field. A linear relation is seen for both the intermittent and complete removal of the
electric field though the data are scattered for the former. The slopes are 0.0026 and
0.0038 Nm™! for the intermittent and complete removal, respectively, which become the
interfacial tension if the surface velocity term is negligible. The difference between the
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two slopes might come from the surface velocity term. At present, however, we have
no information on this term, and therefore we will neglect it hereafter in this paper.
Actually, the interfacial tension was determined from the deformed drop retraction
method [21] as about 0.003 Nm™!, indicating that the surface velosity term may be
smaller than the interfacial term. The intercept with the & ,, axis is around 26 Pas,
which is nearly equal to the shear stress of PIB with a viscosity of 20 Pa s under a shear
rate of 1 s7!. The above results reveal that the interfacial tension plays an important
role in the shear stress change.

Next, let us investigate the Maxwell stress o,,. From Fig. 6 it seems that o,
may be proportional to o,,, so we plotted o) vs ¢q., in Fig. 8 We have a rough
proportionality relationship between them. However, we can obtain a better expression
by taking into account the dimension and the symmetry. o,; may have the following
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form:

om = f(e2/e1)e1Ef(—dy), (5)

where we have assumed that the conduction is negligible because the frequency of the
ac elctric field is high enough, f(x) is a function of e5/e; and ¢, is a dimensionless
quantity related to ¢.,. Since ¢., has the dimension of m™! we can easily take ¢/,
as ¢,,V/S, where S is the total surface area. As shown in Fig. 9, we have a good
proportionality relation, where the proportionality constant (f(e2/e1)e1Ef in Eq. (5))
is about 67 Pa. Hereafter, we will discuss the constant on the basis of Eq. (3), which
was originally derived for a columnar structure. For the columnar structure, ¢., can
easily be calculated as wany, where 7 is the strain. In addition, V/S is 1/(2mwan),
yielding ¢/, = /2. As o) is equal to the second term on the right-hand side of Eq.
(3) multiplied by =, the proportionality constant is given as twice the second term.
Furthermore, using the relation nad = 4¢d/ (wa) with the volume fraction of LCP, ¢,
we obtain

x = {1 - (_1)m} (1 - 62/61) /m37r2 / )
<= I (mma/d) /I (mma/d) — (e2/e1) K| (mma/d) | K (mma/d)

where we have assumed that the conduction is negligible. It should be noted that this
equation contains the aspect ratio d/a. For d/a = 3, we can obtain f(es/e;)e1 B3 = 192
Pa. This is considerably larger than the experimental value, but Eq. (6) may be enough
to estimate the order. It should be emphasized that Eq. (6) has been derived for
the columnar structure, but it may hold also for the network structure because the
proportional relation was confirmed from the experiment.
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4. Conclusions

3D images were obtained in the transient process when a polymer blend was subjected
to a step electric field under steady shear flow, while at the same time the stress was
measured. Furthermore, we performed an experiment to separate the contribution of
the Maxwell stress from the total shear stress by intermittently removing the field.
The interface tensor was calculated from the images and it was confirmed that the
contribution of the interfacial tension is expressed as —I'q.,. In addition, the Maxwell
stress was found to be proportional to a dimensionless quantity ¢., = ¢.,V/S, and the
proportionality constant was theoretically estimated. However, it should be noted that
the theory we utilized is for static strain and that we did not consider the surface velocity
term; it is therefore necessary to modify the theory by taking the flow into account.
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