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Electrorheological (ER) fluids are defined as 
the materials to display reversible changes in 
rheological properties under applied/removed 
electric field. The ER fluids have received 
increased attention because of the possibility 
of many applications and the academic point 
of view. The overview of the ER fluids can be 
found in the reviews. 1 - 3 Many ER studies 
have concentrated on the suspensions from the 
Winslow's report.4 The understanding of the 
Bingham stress response and the chain forma
tion of the suspended particles, which are 
main aspects of the ER suspensions, have been 
developed recently. However, the sedimenta
tion of particles is a problem for ER sus
pensions. Thus sedimentation free ER fluids 
have been demanded from the application view 
point. The ER effects of some homogeneous 
liquids without particles have been attempt
ed. 5 - 8 Among them, polymers with flexible 
side chain connected with polar mesogenic 
group have a large ER effect. 8 The mecha
nism of the large ER effect in the homogene
ous polymeric liquid has been interpreted as 
the inhibition of the slipping between meso
genic domains by the flexible chains connect
ing them under an electric field. Detailed rheo
logical examinations are necessary for further 
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understanding of the mechanism. 
There has been no report on normal stress 

measurements of ER fluids in spite of its 
importance in evaluating the rheological 
property of a material. In particular, this 
measurement is expected to give us useful 
information on the structuring of polymer 
networks which are the basis for the interpreta
tion of the ER effect. In the present paper, 
unique results have been obtained by measur
ing normal force under applying/without 
electric field. 

A comb-shaped liquid crystalline polymer8 

(LCP) was supplied by Asahi Chemical Co., 
Ltd. The LCP was a random copolymer com
posed of flexible main chain of silicone and 
flexible side chains connecting mesogens of 
p-cyanophenyl benzoate residue. The mesogen 
content was 75 weight%. The mesogens have 
a larger dipole moment along the long axis. 
The LCP was diluted with dimethyl siloxane 
(20cSt) at the ratio of 2: 1 to decrease the 
initial viscosity. The LCP solution showed 
smectic phase at room temperature and large 
viscosity, while it showed isotropic phase at 
80°C (Figure 1 ), suggesting that the mesogens 
orient in random directions. 

A rotating parallel disc type viscometer 
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Figure 1. Polarizing micro graphs of the LCP (a) at 25°C 
and (b) at 80°C. 

(MR-300, Rheology Co., Ltd.) was used. The 
two parallel plates play a role of •electrodes 
to apply a homogeneous electric field to the 
sample fluid. The strength of applied electric 
fields ranged from 0 kV mm- 1 to 2 kV mm- 1 . 

The diameter of the two parallel discs was 
32 mm and the gap between the electrodes was 
I mm. In this measurement system, a positive 
stress value indicates the stress to extend the 
gap between the discs. 

Prior to the rheological measurements, the 
effect of electric field on the normal force was 
examined without shear by measuring the stress 
for the following conditions; (i) no sample, (ii) 
silicone oil, and (iii) LCP, was respectively 
placed between the parallel discs. For each 
condition the normal force under electric field 
was negative and the absolute value of stress 
change was in proportion to the square of 
electric field strength. It is clear that the 
apparent negative values of normal stress are 
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directly related to the electrostatic force. 
Therefore, the normal stress measurements 
under an electric field should be performed 
taking into account the electrostatic effect on 
the stress data. Since the shift of stress value 
scales as the square of the field strength, the 
stress values can be corrected by subtracting 
the electrostatic force. 

For the evaluation of the strain and shear 
rate, we used the values at the edge of the 
parallel discs because these values vary with 
the distance from center of rotation. Normal 
stress in the steady shear was measured in the 
presence and absence of electric field. The stress 
was determined with the following simplified 
equation without correcting for the in
homogeneous shear. 

2F 
l1n1 =-

nR2 
(I) 

Here /1n 1 is the primary normal stress 
difference, F the thrust, and R the radius of the 
parallel discs. The /1n 1 value calculated from 
eq I is, thus, not the precise primary normal 
stress difference but it is a simple estimation 
for the force normal to the parallel discs. 

The discs were rotated at a constant rate to 
give a shear to the fluid. The shear rate, which 
is defined here as that at the edge of the discs, 
was in the range between Io- 1 and 103 s - 1 . 

The measurements were carried out at 80°C. 
Figure 2 shows the normal stress measured 
under 0--2 kV mm - 1 electric field. The values 
under the electric field was corrected for the 
effect of electrostatic attractive force between 
the electrodes. Without electric field, the 
normal stress is almost zero at all shear rates. 
This result is due to the little normal stress 
effect of the isotropic LCP. Under the electric 
field, no change of the stress value is seen at 
low shear rate region, while at higher shear 
rates above 101 s- 1, the normal stress increases 
with the increase of shear rate. The difference 
of field strength has apparently little effect on 
the stress values, indicating that the ER effect 
on the normal stress is almost saturated at 
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Figure 2. Normal stress vs. shear strain rate under no 
electric field and under 0.5, 1, and 2 kV mm- 1 electric field 
at 80°C. The stress in the presence of electric field was 
corrected for the effect of electrostatic attractive force. 
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Figure 3. Schematic representation of the possible 
mechanism for the generation of ER effect in LCP. 

around 0.5 kV mm - t. The rapid increase of 
normal stress at high shear rate region shows 
existence of entanglements of polymer chains9 

under the field. 
The mechanism of ER effect in LCP has been 

discussed by Inoue on the basis of the com
parison of two LCP's having the mesogenic 
group at one terminal and at both terminals. 8 

The bi-terminal LCP showed much higher ER 
effect than the single-terminal LCP, indicating 
the flexible chains connecting the LC domains 
play a significant role in the generation of 
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remarkable ER effect in LCP. Our result of the 
normal stress measurements demonstrates the 
existence of induced network structure of 
polymer chains even though the LCP is 
isotropic at 80°C. Therefore it is plausible that 
the electric field affects the orientation of 
mesogens to form ordered LC domains at this 
temperature. This result supports the previous 
interpretation on the mechanism of the ER 
effect in LCP. A model for the segmental 
orientation and aggregation under an electric 
field is schematically illustrated in Figure 3. 

In conclusion, it has been clarified that the 
ER effect of the comb-shaped LCP is based on 
the network structure induced by the electric 
field. It has also been demonstrated that the 
electrorheological normal stress measurement 
is useful as a new method for evaluating the 
ER effects. 
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