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To understand the dynamic rheological behavior of polar molecular electrorheological
(PMER) fluids, the shear stress and viscosity of the colloids are compared with the
parameters of their lamellar structures which are obtained simultaneously with the rhe-
ological characteristics using an electrorheoscope. The results of the experiments and
molecular dynamics simulation indicate that the shear stress is mainly contributed by

the moving particle rings, and there is an inverse correlation between the width of the
moving particle rings and the shear stress.

1. Introduction

In applications of ER fluids, the shear stress at high shear rate is usually a major

concern since shear thinning often observed in almost all the ER materials. To find

the mechanism of shear thinning of ER fluids under high shear rate, it is necessary

to understand how the lamellar structure1,2 is formed and changed under both

electric and shear fields, and how the shear stress is changed in succession. It was

demonstrated there is sudden change of shear stress upon application of sudden

change of shear rate, and it is proposed that it is relating to the formation of

lamellar structure.3 Two-fluid model4 was proposed to prove that it was particle

density fluctuation that was responsible to the formation of lamellar structure.

Recently, Onsager principle5,6 was employed to obtain that particle structure of

dielectric ER fluid when the system is not far from an equilibrium state. Study of

the dynamic structure may help us understand shear thinning of ER fluids under

high shear rate.7,8 This work concentrates on the experimental relation of the shear

stress and the particle lamellar structure, and tries to understand their quantitative

relation and to enrich the knowledge needed for the design of new materials that

have better dynamic ER effect under high shear rate.

∗This paper will also appear in the Proceedings of the 12th International Conference of Electro-
rheological Fluids and Magneto-rheological Suspensions to be published by World Scientific in
2011.
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2. Experiments

The PMER fluid consisted of TiO2 coated with 1,4-butyrolactone molecules pre-

pared using the sol-gel method9 and silicone oil (100 cSt). The mixture ratio of the

powder to silicone oil is 3 g to 1.6 ml.

A top-viewing electrorheoscope is home-made with a DC motor as both a rotor

driving mechanism and a measure of ER shear stress which is proportional to the

driving current of the motor. A silicone oil with viscosity of 20 k cSt at 25◦C is

used to calibrate the viscosity measurement. The error of the deduced shear stress

measured in this way is around 2–5%. An inverted electrorheoscope is modified

from a Haake-Mars II electrorheometer by adding three microscopes with different

viewing range of 35 mm, 1 mm and 10 µm in diameter and replacing parallel

plates with two ITO glass discs as electrodes. The bottom plate rotates in the top-

viewing scope, while the top one rotates in the inverted scope. In this way, lamellar

structures can be recorded simultaneously when the shear stress and viscosity are

measured.

2.1. Results with the top-viewing electrorheoscope

Using the material mentioned above, at a ratio of 3 g powder to 1.6 ml silicon oil

(100 cSt), we maintain a rotational speed of 300 rpm, when E is 0 v/mm, there

is no obvious structure; when E reaches 500 V/mm a lamellar structure emerges.

Figure 1 shows the concentration of the rings in the top view image of the lamellar

structure at different field when rotational speed is 330 rpm. Almost all the rings

are rotating at this rotational speed. With the increasing electric field, the number

of the rings increases, and so does the shear stress.
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Fig. 1. The concentration of rings in the top view image of lamellar structures at different field.
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Fig. 2. The snapshots of upper lamellar pattern of the PMER fluid when E = 1300 V/mm at
different rotational speed denoted under each pictures with driving current of the DC motor.
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Fig. 3. (a) The shear stress versus E when ω = 335 prm, and (b) versus ω when E = 1300 V/mm.

When the electric field maintains at 1300 V/mm, increasing the shear rate would

first increases and then decreases ring numbers (Fig. 2), but its shear stress increases

and viscosity decreases [Fig. 3(b)] monotonically.

In comparison of Figs. 1 and 3(a), at a fixed shear rate and increasing electric

field, ring number increases and so does shear stress. However, one cannot draw

a conclusion that number of rings is corresponding to certain shear stress since,

as shown in Fig. 3(b), under certain field, when shear rate increases, the number

of rings increases and then decreases after ω = 600 rpm, while the shear stress

increases and viscosity decreases monotonically. When shear rate is too high, all

the rings would disappear.

2.2. Results with the inverted electrorheoscope

Using the inverted electrorheoscope, we recorded images viewed from the lower

electrode (Fig. 4), and measured shear stress at the same time at different field

while the rotational speed is kept at 300 rpm. Figure 4 shows the images of lamellar

structure under different electric field. Figure 5 is a summary of concentration,

position, width and speed of particle rings at different electric fields.

We can see from Fig. 6 that, with the decrease of the electric field, the shear

stress decrease linearly, also with the increase of the E, the shear stress increase
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                              400 V/mm                         1000 V/mm                           1800 V/mm 

Fig. 4. The bottom view of the lamellar structure of the PMER fluid at different field when
rotational speed is 300 rpm.

Fig. 5. Particle concentration and linear speed v of particle rings in the bottom image of lamellar
structure of the PMER fluids at different field while the rotational speed is kept at 330 rpm.

linearly under 1600 v/mm. So, we can see that our material is good PMERmaterial.

We want to get the quantitative comparisons between the ER effect and the

parameters of lamellar structure. So we calculate the average width of the moving

particle rings and find that there is apparent inverse correlation between the width

of the moving particle rings and the shear stress. So, we make a guess that the

shear stress is mainly contributed by the moving particle rings. To prove that we

also make a comparison between shear stress and the average width of the rings

that do not move, finding no sign of correlation.

3. Discussions

3.1. Thin and moving rings contribute to shear stress

It is found that, when the rotating speed is 300 rpm and in the field between 400

and 800 V/mm, the width of rings are large (about from 0.7 mm to 1.2 mm),
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Fig. 6. (a) Shear stress of the PMER fluid at concentration of 3 g/1.6 ml = 1.875 g/ml versus
electric field when ω = 300 rpm; (b) Viscosity of the fluid at different fields.

and the inverted images show that rotating and steady rings appear alternatively,

corresponding to the shear stress around 300–600 Pa. In the medium field between

1000 and 1200 V/mm, one may occasionally find that both adjacent rings would be

rotating, and the most of the rotating rings are thin while steady rings have about

the same width as in the lower field, corresponding to the shear stress around

800–1200 Pa. In the higher field between 1600 and 2200 V/mm, all the rings are

rotating and the width of most rings are thin and only few are as large as 0.6 mm,

the corresponding yield stress is up to 1400 and near 2000 Pa.

Figure 7 implies when thick rings [Fig. 7(a)] are broken into thin ones [Fig. 7(b)],

the corresponding shear stress is dramatically increased, and when the thin rings

are merged into thick ones, the shear stress is going down. The reason why smaller

walls give larger force can be drawn from the Stokes equation of viscous force for

spherical particles, F = 6πηrv, where η is the viscosity of base liquid, r is particle

radius, and v, the velocity difference between the particle and base liquid. If a large

particle of radius R and volume V , is broken in to three small particles of radius r

while the total volume of the three particles remains V . Thus 3F (r)/F (R) ∼ 2.08,

namely, the three small particles would have shear stress as twice as much than the

large one.

3.2. Thin and moving rings contribute more to shear stress

It is found that parameters of lamellar structures are closely related with the rheo-

logical properties of ER fluids. These parameters of lamellar structures include the

radius, width, concentration and linear speed of rings under certain electric field

and rotating speed. To confirm this, a molecular dynamics simulation has been

performed with the same condition as experiment (εp = 37, εf = 2.5, ηf = 100 cSt,

φ = 30% and particle size of 1 µm). Since the system is symmetric, we started

with a radial long box consisting of only 240 particles and linear speed of upper

boundary was gradually changed. Final result is obtained by rotating such box for

13 times, and the calculation was reduced.
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Fig. 7. Comparison of lamellar structures and their corresponding shear stress.
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Fig. 8. The molecular dynamics simulation of lamellar structures of the PMER fluid under
(a) E = 0.4, (b) 0.8, (c) 2.2 kV/mm at rotational speed of 300 rpm with (d) shear stress versus
E at the solid/oil ration of 1.88 g/ml. Every state in the simulation was for 10 s of equilibrium.
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The result of molecular dynamics simulation is shown in Fig. 8, and the pattern

of the lamellar structure has similar characteristics as seen in the experimental

results. Namely, when electric field increases from 400, 800 to 2200, the number of

rings increases from 6, 9 to more than 11, accordingly, and gaps between rings show

quite low concentration only in high field.

The Onsager principle of minimum energy dissipation rate10 is also used to

establish governing equations which are solved numerically using Comsol. Its re-

sult agrees qualitatively with the experiments reported here and will be presented

elsewhere.

4. Conclusions

To understand the cause of shear thinning of polar molecular electrorheological

(PMER) fluids, the shear stress and viscosity of the colloids are compared with the

parameters of their lamellar structures which are obtained simultaneously with an

electrorheoscope. The result of the experiments and molecular dynamics simulation

indicates that the shear stress is mainly contributed by the moving particle rings,

and there is an inverse correlation between the width of the moving particle rings

and the shear stress. It proposed that the energy dissipation plays an important role

in the shear thinning of dynamic PMER system. The undergoing work includes par-

ticle velocity measurement using Doppler effect, 3D structure of lamellar structure

using a confocal microscope while sample is under electric field and shear flow.
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