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Electrorheological (ER) fluid, typically composed of

polarizable particles and an insulating liquid, is a kind of

smart materials which can be characterized by a reversible

change from a liquid-like to a solid-like state without or

with an electric field, [1–9] along with its magnetically

analogous magnetorheological suspensions under an

external magnetic field [10–12]. Rheological properties of

this ER material such as shear stress and shear viscosity are

also altered and tuned according to the electric field.

Therefore, many investigators put a focus on this material

and dedicate to their potential applications [13, 14].

Recently, Cheng et al. [15] reported a new type of

anhydrous ER fluid prepared by dispersing nanocomposite

particles (PPy/MCM-41) of conducting polypyrrole (PPy)

confined in mesoporous silica (MCM-41) in silicone oil.

This ER material was synthesized via a polymerization of

pyrrole, which was introduced to the MCM-41 channels

prior to the reaction [16, 17], in an aqueous solution of

FeCl3 � H2O. The PPy/MCM-41 nanocomposite based ER

fluid showed Newtonian behavior in the absence of an

electric field. However, when an electric field was applied,

it was reported to behave like a Bingham fluid with a

nonvanishing yield stress (sy) owing to the formation of

fibrillar structures [18, 19] of the dispersed particles caused

by the inter-particle forces (polarization forces) [20–22].

In this letter, we replotted an original flow curve of the

ER fluid based on the PPy/MCM-41 under different electric

fields as shown in Fig. 4 of Ref. [8], and then analyzed it

using Bingham fluid and De Kee–Turcotte models [23] as

well as recently proposed Cho–Choi–Jhon model [24, 25],

aiming to have better explanation on flow properties of the

novel ER fluid. Compared to the Bingham fluid and De

Kee–Turcotte models, the Cho–Choi–Jhon model was

found to fit the flow curves much better. Although several

reports have focused on this study, it still needs further

detailed investigations.

A Bingham fluid equation is the simplest model which

can be applied to analyze flow behaviors of non-Newtonian

fluids, taking the ER fluid as an example here. It is char-

acterized by a yield stress followed by Newtonian

behavior, and its relation between shear stress (s) and shear

rate ( _c) is as follows:

_c ¼ 0; s� s0

s ¼ s0 þ g_c; s� s0 ð1Þ

herein, g is a shear viscosity, and s0 is a yield stress which

is the minimum stress rendering the ER fluid flow under an

electric field, and its magnitude is related to the applied

electric field strength. Initial studies on the ER fluids

usually have adopted this simple model to describe the

steady shear response as a function of shear rate. However,

more interesting but complicated flow phenomena which

generally deviate from the Bingham fluid model, are dis-

covered [26], including both decrease of shear stress along

with increase of shear rate at low shear rate region [27, 28]

and trembling shear behavior which has been recently

reported for modified chitosan based ER fluid [29].

Furthermore, De Kee–Turcotte model given in the fol-

lowing Eq. (2) was introduced to offer some advantages

[30] over the Bingham model by modifying Eq. (1).

s ¼ s0 þ g1 _ce�t1 _c ð2Þ

where t1 is a time constant, and g1 is a shear viscosity.

Based on its mathematical analysis, the second term was
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found to be much affected by a high shear rate, in which

many non-Newtonian fluids demonstrate shear thinning

behavior. Nonetheless, a model which gives a better

explanation for complex flow behaviors especially at a low

shear rate region is still lacking.

Based on these backgrounds, Cho et al. [24] proposed a

new constitutive rheological equation of state, named Cho–

Choi–Jhon model, especially for the ER fluids under an

applied electric field. It is a six-parameter modified equa-

tion shown as follows:

s ¼ s0

1þ t1 _cð Þa þ g1 1þ 1

t2 _cð Þb

 !
_c ð3Þ

where t1 and t2 are time constants, g? is the shear viscosity

at an infinite shear rate and is also considered as the shear

viscosity in the absence of electric field at an infinite shear

rate because the shear viscosity of both with and without an

electric field is same at an infinite shear rate. The a is

related to the decrease of shear stress at low shear rate

region, while b is in the range of zero to 1 since ds=d_c� 0

above the critical shear rate ( _ccrit) [31, 32] at which point

the shear stress becomes a minimum. The two terms in the

right-hand side of the equation represent the shear stresses

in different shear rate regions. The first term describes the

flow behavior of ER fluid at low shear rate region, indi-

cating the decrease of shear stress as a function of shear

rate. The second term covers the high shear rate region

where all the shear stresses increase and then converge to a

single line as the shear rate reaches to an extremely high

value [33].

For the new ER material of PPy/MCM-41 nanocom-

posite which was prepared by introducing conductive PPy

to the channels of MCM-41 [15] dispersed in silicone oil

(10 wt%), it was observed that all the shear stresses under

applied electric fields (1, 2 and 3 kV/mm) i.e., flow curves

according to different electric field strengths, decrease

slightly in the low shear rate region. The similar or more

distinctive phenomena [34] were observed for various ER

fluids. Thus, in order to analyze this flow behavior, we

replotted the flow curve of Fig. 4 from Ref. [15] and fitted

them using three different rheological models described

above. The fitting parameters were summarized in Table 1.

All the yield stresses (s0) and viscosities (g0, g1, g?) for

the different models increased with electric field strengths.

The yield stresses estimated from the Cho–Choi–Jhon

model, (17, 48, and 80 Pa for 1.0, 2.0 and 3.0 kV/mm,

respectively) were observed to be a little bit higher than

those from other two models. This can be explained by the

introduction of the factor regarding the shear stress

decrease as the first term of Eq. (3). In addition, the

exponents, a and b also played important roles for the

better fittings.

The flow curves as well as the fitting lines are displayed

in Fig. 1. Neither Bingham fluid model nor De Kee–Tur-

cotte model could fit the flow curves well especially in the

low shear rate region, while the Cho–Choi–Jhon model fits

the flow curve better.

The flow curves of Fig. 1 under different electric field

resulted different _ccrit values, 14.9 s-1 for 1 kV/mm,

15.7 s-1 for 2 kV/mm and 16.4 s-1 for 3 kV/mm. This

upward trend was determined by the increased polarization

forces affected by electric field strengths. In the low shear

rate region (before _ccrit), this force dominated compared to

the hydrodynamic force in controlling the flow behaviors

of the ER fluid. Note that well confirmed formation of the

ER fluid under an electric field is the chain-like or

columnar structure. Under applied shear, these structures

Table 1 The optimal parameters appeared in each model equation

obtained from the flow curves of PPy/MCM-41 based ER fluid at

various electric field strengths

Model Parameter Electric field strength

1 kV/mm 2 kV/mm 3 kV/mm

Bingham s0 14 45 78

g0 0.18 0.20 0.26

De Kee–Turcotte s0 15 43 74

g1 0.15 0.21 0.26

t1 0.0003 0.0002 0.0001

Cho–Choi–Jhon s0 17 48 75

g? 0.12 0.18 0.29

a 0.20 0.21 0.38

b 0.30 0.60 0.80

t1 5.00 2.00 1.00

t2 0.01 0.007 0.007
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Fig. 1 Flow curves of PPy/MCM-41 based ER fluid (symbols for

Ref. [15], dot line for the Bingham fluid model, dash-dot line for the

De Kee–Turcotte model, and the solid line for the Cho–Choi–Jhon

model)
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tend to be destroyed and reformed by an external electric

field. However, for the particles do not have enough time to

form new chains after destruction by shear, their destruc-

tion rate of fibrillar structure becomes faster than the

reformation rate as the shear rate increases [35]. When it

reaches the high shear rate region, the hydrodynamic force

rather than polarization force will be dominant so that no

fibril structures exist and the ER fluid acts as like a New-

tonian fluid.

Conclusion

In conclusion, the flow curves of the PPy/MCM-41 based

ER fluid were adopted and analyzed using three different

models, and then it was found that the Cho–Choi–Jhon

model exhibits not only better fittings but also better

understandings than two other Bingham fluid model and De

Kee–Turcotte model, suitably explaining the decrease of

shear stress in a low shear rate region well.
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