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Analysis of the static yield stress for giant electrorheological fluids
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Cheng et al. (2010)'s experimental results for the static yield stress of giant electrorheological (GER) fluids
over the full range of electric field strengths were reanalyzed by applying Seo’s scaling function which
could include both the polarization and the conductivity models. The Seo’s scaling function could correctly
fit the yield stress behavior of GER suspensions behavior after if a proper normalization of the yield stress
data was taken which collapse them onto a single curve. The model predictions were also contrasted with
recently proposed Choi et al.’s scaling function to rouse the attention for a proper consideration of the GER
fluid mechanisms.
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1. Introduction

Electrorheological (ER) fluids mean suspensions of very

fine particles which respond very quickly (less than a few

milliseconds) in an electrically insulating fluid, to external

electrical fields to generate aggregated fibrillar structures

along the direction of the applied electric field. Once the

electric field is off, the aggregates return to dispersed

state. This structural transition changes the rheological

properties of the ER fluids dramatically; by converting

from the liquid-like suspension to solid-like structure, the

apparent viscosity changes easily three to four orders of

magnitude at low shear rates which can provide a large

yield stress (Martin and Anderson, 1996). This implicates

that they have a great potential for diverse engineering

applications (Choi et al., 2014; Chuah et al., 2015; Kim et

al., 2014; Seo and Seo, 2012; Seo et al., 2012, 2015). The

ER fluids are rheologically characterized by the static

yield stress, tsy, which is the stress required to start the

flow of the suspension (Cheng et al., 2009; Seo and Seo,

2013; Seo et al., 2014; Seo et al., 2015). While the appar-

ent maximum yield stress values of similar magnetorhe-

ological (MR) fluids can easily reach the value above 100

kPa (Parthasarathy and Klingenberg, 1996; de Vicente et

al., 2011), the maximum static yield stress values of gen-

eral ER fluids are at most on the order of several kilo-Pas-

cals. Thus, a great deal of scientific and engineering

attention has been paid to the ER fluids development hav-

ing the static yield stress over 100 kPa. The report of so-

called giant electrorheological (GER) fluids changed the

concept since their static yield stresses went over 100 kPa

(Wen et al., 2003; Wen et al., 2008). Huang et al. (2006)

explained the occurrence mechanism of GER fluids pos-

sibly due to the saturation of particles polarization under

a high energy field based on the observation that the yield

stress behavior of GER fluids displayed a linear depen-

dence on the applied electric field strength. General ER

fluids show different yield stress dependence on the electric

field strength; at low electric field strengths, it follows the

polarization model (∝ E2) whereas it changes to follow the

conduction model (∝ E1.5) at high electric field strengths

(Davis, 1997; Davis and Ginder, 1995; Huang et al., 2006;

Seo et al., 2011). Following the Huang et al. (2006)’s

proposition, Choi group recently suggested a new scaling

function to describe the GER fluids behavior (Vemuri et

al., 2012). Their model looks to reasonably fit the GER

fluids yield stress data over the whole electric field

strength. However, this model cannot describe the yield

stress behavior of general ER fluids at high electric field

strengths because it is purposely designed to fit the linear

dependence of the GER fluids yield stress (Seo, 2011;

Zhang et al., 2010).

Recently, Seo proposed another scaling function to sim-

ulate the static yield stress behavior of ER fluids over the

full range of electric field strength (Seo, 2011; Seo and

Seo, 2013). It worked correctly and universally, approxi-

mating the polarization model (∝ E2) at low electric field

strengths and the conduction model (∝ E1.5) at high elec-

tric field strengths. In this work, we applied the same scal-

ing function to GER fluids data of Cheng et al. (2010) and

compared the fitting results of Choi group’s hybrid scaling

function (Vemuri et al., 2012). By doing this, we have

demonstrated that accurate modeling can be done for the

GER fluid in spite of using the same scaling function for

the general ER fluids. They also roused a reconsideration
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about the GER fluid mechanism.

2. Reanalysis of the static yield stress dependence
on the electric field strengths 

Choi group (Vemuri et al., 2012; Liu et al., 2013) ana-

lyzed the static yield stress behavior of a GER fluid

reported by Cheng et al. (2010) using a following hybrid

scaling function, 

τy(E) = (1)

where E is the applied electric field strength, I1 and I0 are

modified Bessel functions of order 1 and 0, respectively,

Ec is the critical electric field strength of the crossing point

between two regions of the nonlinear polarization model

depending on E2 and the polarization saturation model

depending on E, and α depends on the dielectric constant

of the fluid as well as the particle volume fraction (Seo et

al., 2014; Liu et al., 2013). This function could approxi-

mate the limiting behaviors of GER fluids because I1 (E/

Ec)/(E/Ec) and I0(E/Ec) = constant to give τy = αE2 for E

<< Ec, whereas I1 (E/Ec) and I0 (E/Ec) ∝ ex/  for

E >> Ec to approximate τy (E) ≈ αE. Thus, it could

describe the GER fluids behavior of a quadratic depen-

dence at low electric field strengths, but a linear depen-

dence at high electric field strengths (Davis, 1997; Davis

and Ginder, 1995; Huang et al., 2006; Wen et al., 2003;

Wen et al., 2008). Choi et al. normalized Eq. (1) using the

critical yield stress value of τyc (Ec) = αEc
2 I1(1)/I0(1) =

0.446 αEc
2, thus converting it into a dimensionless form of

(2)

where = E/Ec, and = τy(E)/τy(Ec). Since this function

shows a linear dependence on the electric field at high

electric field strengths, it does not match the general ER

fluids behavior at high electric field strengths proportional

to E1.5 (Choi et al., 2001; Davis and Ginder, 1995; Seo and

Seo, 2013).

On the other hand, Seo proposed a novel scaling func-

tion to describe the yield stress behavior of ER fluids,

(3)

where α is a parameter which depends on the dielectric

constant of the fluid and m' is a fitting parameter (Seo,

2011). This equation approaches the limiting behaviors of

general ER fluids, i.e., τy = αm'E2 ∝ E2 for E << Ec and τy

= αE3/2 ∝ E3/2 for E >> Ec. Normalizing Eq. (3) with Ec

and τy = αEc
3/2 affords a simple equation,

(4)

where = τy/αEc
3/2, = E/Ec, m = m' . This equation

correlates well with various experimental data for ER and/

or MR fluids without inclusion of any arbitrary constant

(Seo, 2011; Seo and Seo, 2013). 

The GER fluids experimental data reported by Cheng et

al. (2010) which were also used by Liu et al. (2013) (Liu

et al., 2013) were reanalyzed to check the GER fluid

behavior. The GER fluids were the suspensions containing

1D rod-like calcium and titanium precipitates (CTP) and

CTP nanograins. Figure 1 shows Cheng et al.’s experi-

mental data, the static yield stress of the CTP GER fluids

as a function of the electric field strength. The yield

stresses of all ER fluids show a curvature with the electric

field strengths, though their overall behavior looks quite

similar with each other which implicates the possibility of

a master curve (Choi et al., 2001). To fit the data using the

hybrid function of Eq. (2), Choi et al. normalized the

experimental data with τy(Ec) and Ec which were different

for each fluid as shown in Fig. 1. (See the Fig. 3 of Choi

et al. (2001) for the details of the master curve). 

Normalization of the data by the scaling constant value

of I1(1)/I0(1) = 0.446 at = 1 offers a good fit to the mas-

ter curve on which all experimental data were collapsed.

(See the Fig. 3 of Choi et al. (2001) for the details of the

master curve). However, the prediction by Eq. (2) presents

αE
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Fig. 1. (Color online) The experimental static yield stress of the

GER fluids vs. electric field strengths in a log-log scale (replot-

ted after Liu et al. 2013). The solid lines are fits by the power-

law dependence on the electric field strength with a slope of 2

at low electric field strengths and 1 at high electric field strengths

((□) CTP 12, (○) CTP15, (△) CTP17, and (▽) granular ER flu-

ids). The CTPs prepared with oxalic acid dosage of 12.8, 15.9,

17.7 are identified as CTP12, CTP15, and CTP17, respectively.

Dotted lines indicate E
c
. The critical electric field strength of

each suspension was used for Choi et al.’s master curve plot (Liu

et al., 2013). 



Analysis of the static yield stress for giant electrorheological fluids

Korea-Australia Rheology J., 29(3), 2017 217

the largest difference from the true value at the critical

value of = 1, similar to the general ER fluids fitting

(Choi et al., 2001; Seo, 2011). Instead of using different Ec

values, we used a fixed value of Ec of 4 kV/mm because

we can superpose data set at Ec by adjusting (normalizing)

the data in y-scale only as long as the fluids follow the

same mechanism. Thus, the experimental yield stress data

were re-plotted in Fig. 2a. After renormalization, all data

were successfully collapsed onto a single curve. Also

shown in Fig. 2b are fitting curves by Choi et al.’s scaling

function (Eq. (2), dashed) and Seo’s scaling function (Eq.

(4), solid). Though its form is quite simple, Seo’s scaling

function fits the normalized data very well. Eq. (4) fits the

data more accurately than Eq. (2) which overestimates at

high electric field strength region. On the other hand, the

linear model proposed by Chen et al. (2010) for GER flu-

ids obviously underestimates the yield stress in low elec-

tric field strength region (Inset of Fig. 2b).

We would like to emphasize that the same scaling func-

tion was used for normal ER fluids (Eq. (4)) was applied

here for GER fluids. Since most experimental data are

obtained at high electric field strengths, the Seo’s scaling

function provides quite excellent predictions for the yield

stresses of general ER fluids as well as GER fluids. Chen

et al. (2010) proposed a linear fit for the GER fluids

which does not simulate the experimental data at low elec-

tric field strength region where the polarization showing

the second order dependence is dominant (See the inset of

Fig. 2b). Choi group (Liu et al., 2013) asserted that the

polarization effect was predominant up to quite high elec-

tric field strength, contrary to the concept of Sheng group

(Chen et al., 2010; Gong et al., 2008) that the linear

behavior of the yield stress with the slope of 1 for the

GER fluids prevailed for a wide range of electric field

strengths. This result evokes our attention to the evolution

mechanism of GER fluids. Sheng et al. explained the

GER occurring mechanism based on their numerical sim-

ulation fit which provided some clues with some short-

comings (Gong et al., 2008; Huang et al., 2006; Wen et

al., 2003; Wen et al., 2008). The electric-field-induced

surface polarization in the contact region between neigh-

boring particles causes their aggregate to form fibril

shapes aligned along the electric field for the general ER

fluids (Chua et al., 2015; Parthasarathy and Klingenberg,

1996; Seo and Seo, 2012; Zhang et al., 2010). When the

electric field is off, they should return to dispersed state.

Hence, the cycle of destruction and re-formation of the

fiber-like structures during the repeated application of the

electric fields could be done infinite times (Choi et al.,

2014; Chuah et al., 2015; Parthasarathy and Klingenberg,

1996; Seo and Seo, 2012). If the fiber-like structure for-

mation occurs via the saturation of surface polarization in

GER fluids, the particles may follow the permanent dipole

mechanism rather than that of induced temporary dipoles

which causes irreversibility of the structural formation

because the permanent dipole impedes the cycle of

destruction and re-formation of the fiber-like structures

during the shear process (Parthasarathy and Klingenberg,

1996; Wen et al., 2003). This rouses a question about the

suitability of GER fluids considering them as true ER flu-

ids. It was not reported at all in the literature whether the

formation of the columnar structure was reversible many

times or not (Cheng et al., 2009; Cheng et al., 2010; Gong

et al., 2008; Wen et al., 2003). Changes in the particle size

distribution before and after the formation of the columnar

fiber-like structure in GER fluids have also never been

reported. All these imply that more comprehensible study

on the working mechanism of a GER fluid and its reality

as a true ER fluid of which structural reformation happens

repeatedly many times should come out yet.

Ê

Fig. 2. (Color online) (a) The normalized static yield stress  vs

normalized electric field strength  in a log-log scale. The line

is a guide for eyes. (b) Comparison of the predictions by three

models: (red dashed) Choi et al.’s model (Eq. (2)), (violet solid)

a linear fit of , and (black solid) Seo’s model (Eq. (4)). In this

plot, the parameter m of Eq. (4) was 2.975 and the yield stress

is presented in a linear scale. The inset shows the low electric

field strength region in a semi-log scale where the quadratic

dependence by the dipole induction dominates.

τ̂

Ê
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3. Summary

This study confirms the usefulness of the universal rela-

tionship between the static yield stress and the electric

field strengths. As long as the universal curve of the yield

stress data can be obtained via the renormalization, the

Seo’s scaling function (Eq. (4)) can fit the experimental

data of GER fluids through the whole electric field

strength region without any arbitrary scaling constant. The

surface polarization was proposed to be the working

mechanism of GER fluids due to the almost linear rela-

tionship between the yield stress and the electric field

strength (Cheng et al., 2010; Gong et al., 2008; Wen et al.,

2003), but these results indicate it can be a numerical arte-

fact. Thus, we need a more plausible and comprehensible

study for the GER fluid mechanism to accept it as a true

and stable ER phenomenon.
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