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5.1 A bstract

Electrorheological properties in steady shear of perchloric acid doped 
poly(3-thiophene acetic acid), PTAA, particles in silicone oil were investigated to 
determine the effects of field strength, particle concentration, doping degree 
(conductivity values), operating temperature, and nonionic surfactant. The 
PTAA/silicone oil suspensions show the typical ER response of Bingham flow 
behavior upon the application of electric field. The yield stress increases with 
electric field strength, E, and particle volume fraction, <j), according to a scaling law 
of the form, Ty oc Ea(f)Y. The scaling exponent a  approaches the value of 2, predicted 
by the polarization model, as the particle volume fraction decreases and when the 
doping level of the particles decreases. The scaling exponent y tends to unity, as 
predicted by the polarization model, when the electric field strength is low. The 
yield stress under electric field initially increases with temperature up to 25 °c, and 
then levels off. At electric fields above of 1.5 kv/mm, the yield stress increases 
significantly by up to 50% on addition of small amounts of a nonionic surfactant.

K E Y W O R D S: C onducting polym ers, E lectrorheological fluid , P olythiophene, 
Steady-State shear, Y ield stress
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5.2 Introduction

Electrorheological (ER) fluids are suspensions that exhibit a dramatic 
change in rheological properties due to the application of electric field. Commonly, 
they are composed of polarizable particles dispersed in a non-conducting fluid. 
Upon the application of an electric field, chain-like or fibrillar aggregates of the 
suspended particles are oriented along the direction of the electric field, thereby 
inducing viscoelasticity and a drastic increase in viscosity (Sakurai e t  a l ,  1999). ER 
fluid response is much faster than that of conventional mechanical systems and offers 
great potential for various hydraulic engineering applications, as the active elements 
of clutches, breaks, shock absorbers, engine mounts, and dampers (Voyles e t  a l ,  
1996, Kamath and Wereley, 1997, Mavroidis e t  a l ,  2000).

Typically, the steady-state rheological properties have been investigated for 
most E R  fluids (Klingenberg and Zukoski, 1990, Bonnecaze and Brady, 1992, Choi 
e t  a l ,  1998, Chin e t  a l ,  1999, Choi, 1999, Gozdalik e t  a l ,  2000, Sohn e t  a l ,  2002, 
Langavola e t  a l ,  2003, Zhao and Yin, 2002). The steady-state rheological response 
in shearing flows is commonly modeled as a Bingham fluid (Sung e t  a l . , 2003, 
Rankin and Klingenberg, 1998), with an electric field dependent yield stress, Xy(E0) ,

r ( r , £ 0 )  =  T y  ( £ 0 )  +  ๆ 7  r > T y ,
r  =  0 T <  โ y , (5.1)

where T is the shear stress, Ty is the yield stress, E0 is the applied field strength, ๆ  is 
the shear viscosity, and Ÿ  is the shear rate.

Recently, there has been interest in using conductive polymers as suspended 
particles for dry-base ER fluids. Conductive polymers can offer a variety of 
advantages for ER systems: better thermal stability, insolubility, and more 
controllable viscosity. Suspensions of conductive polymers exhibit intrinsic ER 
properties without the necessity to introduce other additives. The polarization is 
induced by the motion of electrons within the suspended particles under application 
of electric field. Various conductive polymers have been tested as particulate
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materials in ER systems. Examples include polyaniline (PANI) and its derivatives 
(Jang e t  a l ,  2001, Kim e t  a l ,  2000, Lee e t  a l ,  1999, Krause and Bohon, 1998, Lee e t  
a l ,  1998), PANI copolymers (Lee e t  a l . ,  2001, Cho e t  a l ,  2000, Jun e t  a l ,  2002, 
Choi e t  a l ,  2001), polypyrrole (Kim and Park, 2002, Goodwin e t  a l ,  1997), poly 
(acene quinone) radical (Choi e t  a l ,  2001), poly (napthalene quinone) radical (Cho 
and Choi, 2000), and poly (p-phenylene) (Choi e t  a l ,  2001, Sim e t  a l ,  2001).

In this study, we explore the ER behavior of Poly (3-thiophene acetic acid) 
(PTAA), doped with perchloric acid (HCIO4 ) to vary the conductivity. The static 
yield stress of HCKVdoped PTAA suspensions were investigated in the presence 
and absence of applied electric fields. The effect of field strength, particle 
concentration, doping degree (conductivity values), operating temperature, and 
nonionic surfactant on the yield stress was investigated.

5.3 Experimental

5.3.1 Materials
3-thiopheneacetic acid, 3TAA (AR grade, Fluka) was used as the 

monomer. Anhydrous ferric chloride, FeCL (AR grade, Riedel-de Haen) was used as 
the oxidant. Chloroform, CHCI3 (AR grade, Lab-Scan) and methanol, CH3OH (AR 
grade, Lab-Scan) were dried over CaLL for 24 hours under the nitrogen atmosphere 
and then distilled. The perchloric acid dopant, HCIO4 (AR grade, AnalaR) was used 
as received. The dispersing phase was silicone oil (AR grade, Dow coming) with 
density 0.96 g/cm3 and kinematic viscosity of 100 cSt, and was vacuum-dried and 
stored in a desiccator prior to use. Polyoxyethylene sorbitanmonolaurate, Tween 20 
(AR grade, Fluka) was used as received.

5.3.2 Synthesis of Poly f3-thiopheneacetic acid)
Poly (3-thiopheneacetic acid), PTAA was synthesized by oxidative- 

coupling polymerization according to the method of Kim e t  al. (Kim e t  a l ,  1999). 
10.0 g of 3-thiopheneacetic acid was refluxed for 24 hours in 50 ml of dry methanol 
with 1 drop of concentrated H2 SO4 , to protect against the oxidative decomposition of 
the carboxylic acid group of monomer during polymerization. The methanol was
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evaporated, and the residue was extracted with diethyl ether. The extract was 
washed with deionized water, dried with anhydrous MgS0 4 , and then filtered. The 
diethyl ether was evaporated from the filtrate by rotating evaporator.

A solution of 10 mmol of protected monomer in 20 ml of chloroform 
was added drop wise to a solution of 40 mmol of ferric chloride in 30 ml of 
chloroform under nitrogen atmosphere. The reaction was carefully maintained at 0 
°c (± 0.5 °C) for 24 hours. The reaction mixture was precipitated, by pouring into a 
large excess amount of methanol. The precipitate was repeatedly washed with 
methanol and deionized water. The precipitate was hydrolyzed, by heating 0.5 g 
precipitate in 50 ml of 2.0 M NaOH solution for 24 hours at 100 °c. The PTAA 
obtained was neutralized and precipitated with a dilute HC1 solution. The PTAA was 
washed several times with deionized water before vacuum drying at room 
temperature for 2 days.

To examine the effect of particle conductivity on the 
electrorheological properties, PTAA particles having different conductivity values 
were prepared by doping with perchloric acid (Chen e t  a l ,  2000). HCIO4  doped 
PTAA was prepared by stirring ground PTAA (-7.04 mmol) with HCIO4  aqueous 
solution at room temperature for 3 days. The amounts of acid used were 7.04 ml of 
-0.1 M aqueous acid and 176 ml of -  4.0 M aqueous acid for low and high doping 
ratios (mole of acid:mole of monomer unit) of 1.09 X 10'3 and 0.255, respectively. 
These values represent theoretical upper bounds based on the mixing conditions. 
The HCIO4  doped PTAA particles were filtered and vacuum-dried for 24 hours 
before grinding with a mortar and a pestle and then passed through a 38 pm sieve 
shaker to control the particle size distribution.

5.3.3 Conductivity Measurement
For the conductivity measurement, HCIO4  doped polythiophene disks 

(25 mm diameter and -0.2 mm thickness) were prepared by molding in a hydraulic 
press. Electrical conductivity was measured using a custom-built four-point probe. 
The specific conductivity, er (S/cm), was obtained, by measuring the resistance, R,  
and using the following relation: cr = ( 1 / R t ) ( l / K ) ,  where t is the disk thickness and K
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is a geometric correction factor. The geometric correlation factor was calibrated 
using standard silicon wafer sheets of known specific resistivities. The 
measurements were performed in the linear Ohmic regime i.e. the specific 
conductivity values were independent of the applied DC current. The measurements 
were carried out at 25 °c and repeated at least two times.

5.3.4 Preparation of ER Fluid and ER Measurements
The electrorheological, ER, fluids were prepared by dispersing HCIO4  

doped PTAA particles in silicone oil (density 0.96 g/cm3 and kinematic viscosity 100 
cSt) with ultrasonicator for 30 minutes at 25 °c.

Rheological properties were carried out using a rotational rheometer 
(Cammed, CR50) with 4 cm diameter parallel plate geometry at 25 ± 0.1 °c. The 
gap for the geometry used was 0.1 mm for each measurement. A DC voltage was 
applied during the rheological measurements using a high voltage power supply 
(Bertan Associates Inc., Model 215). The electric field was applied for 10 minutes to 
ensure the formation of equilibrium agglomerate structure before a measurement was 
taken. Each measurement was carried out at a temperature of 25 ± 0.1 °c and 
repeated at least two or three times. The static yield stress was measured using the 
controlled shear stress mode (CSS) as the highest stress value prior to the onset of 
flow in the presence of an electric field of specified magnitude, css experiments 
were also applied to investigate the dependence of viscosity on shear stress above the 
yield point. In the css experiments, the shear sweep was always applied at a sweep 
rate of 40 Pa/min.

5.3.5 Microscope Observation
The morphology of the PTAA particles was characterized using 

scanning electron microscopy (JEOL, JSM-5200-2AE), using an acceleration voltage 
of 20 kv and a magnification of 1,000. The formation of particle chain structures in 
the electric field under stationary conditions was observed with an optical 
microscope (B&B Microscopes, Ltd., Olympus BX60) equipped with a camera 
(Diagonostic Instrument Inc., model # 3.2.0). ER fluids were placed between
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stationary thin copper foil electrodes attached to glass slides. External electric fields 
were applied to the suspensions using a DC power supply (Bertan Associates Inc., 
Model 215).

5.4 Results and Discussion

Previously, we have reported measurements of the mean PTAA particle 
diameter, determined by particle size analyzer (Malvern, Master Sizer Xv2.15) to be 
approximately 30 pm with a standard deviation of ~ 8 pm. SEM analysis indicates 
the shapes of the undoped and doped PTAA particles are quite irregular.

The effect of particle concentration and particle conductivity on the 
electrorheological properties of the suspensions was investigated. Particle 
concentrations investigated were 5%, 10%, and 20% by weight (corresponding to 
volume fraction of 0.025, 0.048, and 0.092, respectively) at a specific conductivity of
7.5 X 10'2 s/cm (HPT5, HPT10, and HPT20). To study the effect of conductivity, the 
particle concentration was fixed at 20% by weight and the particle conductivity 
values were set at zero (undoped, UPT20), 2.0x1 O' 4 s/cm (low doping, LPT20), and
7.5 X 10'2 (high-doping, HPT20) s/cm, respectively.

Figure 5.1 shows the measurement of static yield stress of 5 wt % highly 
HCIO4  doped polythiophene suspensions at various electric field strengths. An 
increasing shear stress was applied until the particle chain structure is broken down, 
giving rise to shear flow. The stress at this point is known as the static yield stress, 
Ty (Choi e t  a l ,  1999).

The effect of particle concentration on static yield stress of highly HCIO4  

doped polythiophene (HPT) suspensions at various electric field strengths is shown 
in Figure 5.2. The yield stress at specified electric field strength increases with 
particle concentration, and at specified concentration, increases as the electric field 
strength increases. For the highest concentration, 20 wt % ,  the static yield stress 
increases to approximately 370 Pa, when an electric field strength of 3 kv/mm is 
applied, and exceeds the measurement limit of the instrument when the field strength 
is higher than 3 kv/mm.
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Generally, the flow behavior of ER fluids is described using the electrostatic 
polarization model (Klingenberg e t  a l ,  1991, Klingenberg e t  a l ,  1991), which arises 
due to the mismatch between the complex components of the dielectric permittivity 
of the particles and the medium. Each sphere is treated as a point dipole, located at 
the sphere center and aligned with the applied electric field, the magnitude of the 
dipole being that induced on an isolated dielectric sphere in a uniform electric field. 
The net force on each sphere is the sum of its interactions with all other spheres. The 
stress, T, is predicted to be proportional to the square of the electric field, E2:

T cc (|)KfE2(32 (5.2)

where (j) is the volume fraction of particles, Kf is the dielectric permittivity of the 
continuous medium, and p is the relative polarizability, which under DC or low 
frequency AC fields, is controlled by the conductivities of the particles and 
continuous medium, whereas the polarization is determined solely by the particles 
and medium permittivities under high frequency AC fields (Pathasarathy and 
Klingenberg, 1996).

From Figure 5.2, it is evident that Ty is field independent when the field 
strength, E, is below 100 v/mm, and Ty exhibits a power-law dependence on E, Ty ~  

Ea, when E > 100 v/m. The values of a  deduced from the fits in Figure 5.2 are 1.94, 
1.81, and 1.69, for the 5%, 10%, and 20% by weight HPT suspensions, respectively. 
These values evidently approach the value of 2.0, predicted by the polarization 
model as the volume fraction decreases. Deviation from the predicted value may 
arise because of the nonspherical particle shape, the effect of the particle size 
distribution, and/or a non-linear polarizability. Moreover, in the polarization model, 
the electrostatic interaction between spheres is treated in the point dipole 
approximation, which may be inadequate for real dispersions.

Figure 5.3 shows the effect of particle conductivity on the static yield stress 
of 20 wt % HCIO4  doped polythiophene suspensions at various electric field 
strengths. At any specified electric field strength, the yield stress increases with 
particle conductivity, i.e the yield stress increases in the order UPT20 < LPT20 <
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HPT20. In all three systems, when E > 100 v/m, Ty exhibits a power-law 
dependence on E, Ty -  Ea. The values of a  are determined to be 1.90, 1.90, and 1.69, 
for UPT20, LPT20, and HPT20, respectively. The scaling exponent a  evidently 
deviates from the predicted value of 2 as particle conductivity increases.

The influence on the static yield stress of the volume fraction of HCIO4 
doped polythiophene particles in silicone oil is shown in Figure 5.4. The scaling
exponent y of the relation Ty ~ (j)y varies from 0.95, 1.02, 0.85 and 0.73 as the electric 
field strength increases from 0.5, to 1.0, 2.0 and 3.0 kv/mm, respectively. Evidently, 
the linear relationship between the yield stress and the volume fraction holds at low 
electric field strength but deviation from linearity occurs at high electric field 
strength. This may reflect the fact that, at high volume fraction, three-dimensional 
structures exist in addition to linear strings of particles, as shown later.

The effect of operating temperature on the static yield stress of 20 wt % 
highly HCIO4  doped polythiophene suspension (HPT20) at various electric field 
strengths is shown in Figure 5.5. The ER properties were measured within the 
temperature range of 15-60 °c. The yield stress initially increases with the operating 
temperature. This is presumably due to enhancement of conductivity with increase 
of temperature (Lee e t  a l . , 1998). However, the temperature dependence disappears 
above 30 °c. Similar anomalous temperature dependence of the yield stress has been 
reported previously (Jordan and Shaw, 1989, Weiss and Duclos, 1994, พน and 
Conrad, 1998, Ma e t  al . ,  1998, Conrad and Chen, 1995, Lan e t  al. , 1998). Diverse 
phenomena have been implicated in the origin of such effects (Gonon and Foule, 
2000), including the effect of Brownian motion on the structure of the suspension 
(Jordan and Shaw, 1989), the temperature dependence of the viscosity (Weiss and 
Duclos, 1994), density (Weiss and Duclos, 1994), or conductivity of the host liquid 
(พน and Conrad, 1998), the temperature dependence of the solid phase permittivity 
(Jordan and Shaw, 1989, Ma e t  a l . ,  1998), or of the liquid and solid conductivities 
(Conrad and Chen, 1995, Lan e t  a l . ,  1998), or the temperature dependence of 
particle-particle interactions (Gonon and Foule, 2000). Future studies will be 
directed to elucidate which of these effects are relevant to our system.
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Frequently, surfactants are added to ER suspensions to promote colloid 
stability against aggregation. However, a small amount of surfactant can also 
enhance the ER effect (Lee e t  a l ,  1998). Thus, Kim et al. (Kim and Klingenberg, 
1996) have suggested that small concentrations of surfactants increase the yield 
stress by increasing the particle polarizability via enhanced interfacial polarization. 
In the present study, the influence of a nonionic surfactant, Tween20, on the yield 
stress of a 20 wt % highly HCIO4 doped polythiophene suspension (HPT20) was 
investigated. In Figure 5.6, the static yield stress of HPT20 is plotted versus the 
concentration of Tween20 at various electric field strengths. When the electric field 
strength is relatively weak, the yield stress does not depend on the presence of the 
surfactant. However, at electric fields of 1.5 kv/mm and 2 kv/mm, the yield stress 
increases by up to 50% as surfactant is added and then levels off at higher surfactant 
concentration.

Figure 5.7 exhibits the changes in viscosity of HPT20 suspension, during a 
stress sweep test: Figure 5.7(a) shows the steady shear viscosity plotted vs. shear 
stress; Figure 5.7(b) shows the complex oscillatory shear viscosity ๆ* = of 
พ (G’)2+(G”)2 (to = 1Hz), plotted vs. shear stress. In each case, an applied electric 
field of 2 kv/mm is alternately turned on and off, and the stress sweep rate utilized 
was 40 Pa/min. On applying and subsequently releasing the electric field, 
respectively, the steady state viscosity and the complex viscosity each 
instantaneously increase and then return to their baseline values. The magnitude of 
the complex viscosity is greater than that of the steady shear viscosity by almost five 
orders of magnitude, e.g. at a stress of 225 Pa, the increase in the steady state shear 
viscosity is approximately 0.24 Pa-S whereas the increase in the complex viscosity is 
approximately 1.6 X 104 Pa-S. As expected, the steady state shear viscosity is 
dramatically smaller than the complex oscillatory viscosity, because particle strings 
or columns are broken off in steady state shear, whereas they remain essentially 
intact under oscillatory shear at small strains, even when the applied stress is 
identical. Thus, the rheology dramatically deviates from the Cox-Mertz rule (Cox 
and Mertz, 1958, Barnes e t  a l ,  1989), which stipulates that the complex and steady 
shear viscosities should have the same value at equivalent as strain rates ( Ÿ ) and
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frequencies ((ช). Such deviations are expected when fibrillar structures which 
present under small-strain oscillatory shear are disrupted under large shear strain. 
Also evident in Figure 5.7(a) and 5.7(b), the magnitude of the increase in steady 
shear viscosity and complex oscillatory viscosity of HPT20 suspensions on 
application of the electric field decreases with increasing stress; i.e. the fluid exhibits 
strongly shear-thinning rheology in the presence of the applied field. In contrast, the 
rheology in the absence of the electric field is Newtonian, and the Cox-Mertz rule is 
obeyed, i.e. ๆ  ( /)  = ๆ ((ซ) = 0.12 Pa-S. In summary, the ER enhancement of viscosity 
is much greater at low shear strains. Application of large strains distorts the aligned 
fibrillar structures, leads to a fragmentation of the chains, and results in dramatic 
decrease of the viscosity. Analogous, shear thinning viscometric behavior has been 
previously reported for other ER fluids, such as polyaniline (Bonnecaze and Brady, 
1992), polyaniline-co-ethoxyaniline (Choi e t  a l ,  2001), and chitosan polysaccharide 
(Sung e t  a l ,  2003).

Optical micrographs of the 5 wt% highly doped PTAA suspension (HPT5) 
at increasing electric field strengths under quiescent conditions are shown in Figure 
5.8. It can be seen clearly that the particles are randomly distributed at zero field, 
whereas on application of the electric field, a transition to an organized fibrillar 
structure occurs due to the long-range interacting electrostatic polarization forces. 
For HPT5, the fibrils are initially observed at 1 kv/mm. The density and thickness 
of the fibrils increases with the field strength and some branching occurs. These 
effects are manifested through the increased agglomeration of particles, because 
higher field strength increases polarization, and enhances the attractive interactions 
of particles (Radcliffe e t  a l ,  1996). Figure 5.9 shows micrographs of HPT5, at fixed 
field strength of 3 kv/mm, as a function of time. When the electric field is applied, 
the particles are immediately polarized and within two seconds form many chains 
bridging the two electrodes. Relatively minor changes are observed subsequently, 
involving some further coalescence of particles. Figure 5.10 shows the optical 
micrographs of HPT suspensions with different particle concentrations as a function 
of electric field strength. It is evident of course that at fixed field strength, increase 
of concentration results in increased density of fibrillar aggregates. Also, at low
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concentration (HPT5), it appears that the density of the fibrillar aggregates increases 
with field strength. At high concentration (HPT20), increase of field strength from 1 
kv/mm to 3 kv/mm appears primarily to produce thickening of fibrils.

5.5 C onclusions

We have explored the electrorheological properties in steady shear flow of 
perchloric acid doped poly(3-thiophene acetic acid) (PTAA), particles suspended in 
silicone oil, examining the effects of field strength, particle concentration, doping 
degree (conductivity values), operating temperature, and nonionic surfactant on the 
yield stress. The PTAA/silicone oil suspensions show the typical ER response of 
Bingham flow behavior upon application of an electric field due to the formation of 
fibrillar agglomerates, induced by the electric polarization within particles, as 
confirmed by optical microscopy. In addition, the yield stress increases with electric 
field strength and particle volume fraction according to the power-law expression, Xy 

oc Ea<j)T. The scaling exponent a  is close to the value of 2, predicted by the 
polarization model when the particle volume fraction is dilute and when the particle 
conductivity is low. The scaling exponent Y approaches the predicted value of unity 
when the electric field strength decreases. The yield stress initially increases with 
the operating temperature, probably due to conductivity enhancement with 
temperature, but becomes temperature independent above 25 °c. When the electric 
field strength is relatively weak, the yield stress does not depend on the presence of 
the surfactant. However, at electric fields above 1.5 kv/mm, the yield stress 
increases significantly, by up to 50%, on addition of small amounts of surfactant and 
then levels off at higher surfactant concentration.
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Figure 5.1 Measurement of the static yield shear stress with different electric field 
strengths using controlled shear stress sweep for 5 wt % highly doped polythiophene 
suspension (HPT5) at 25 °c.
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Figure 5.2 Effect of particle concentration on the static yield stress of highly doped 
polythiophene suspensions at various electric field strengths The lines indicate least 
squares fits to a power-law which yields scaling exponent values, a, of 1.94, 1.81, 
and 1.69, for the HPT5, HPT10, and HPT20 suspensions, respectively.



69

E  (kV /m m )

Figure 5.3 Effect of particle conductivity on the static yield stress of 20 wt % 
HC104 doped polythiophene suspension at various electric field strengths; (O) 
HPT20, (□ ) LPT20, and (V) undoped polythiophene. The lines indicate least squares 
fits to a power-law which yields scaling exponent values,a, of 1.90, 1.90, and 1.69 
for the UPT20, LPT20, and HPT20 suspensions, respectively.
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Figure 5.4 The dependence of the static yield stress on electric field strength for 
different volume fractions of highly doped polythiophene suspension (HPT) at 25 °c.
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F igure 5.5 The effect of operating temperature on static yield stress of 20 wt % 
HC104 doped polythiophene suspension (HPT20) at various electric field strengths.
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Figure 5.6 Effect of addition of Tween20 on the static yield stress of 20 wt % 
HC104 doped polythiophene suspension (HPT20) at various electric field strengths.
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(a)

(b)

Figure 5.7 Effect of switching the applied electric field on the viscosity of a 20 wt 
% highly HC104 doped polythiophene suspensions during stress sweep test at 25 oC: 
an applied field of 2 kv/mm is switched on and off alternately; (a) steady shear 
viscosity and (b) complex viscosity.
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F ig u re  5 .8  Optical micrographs of 5 wt % highly doped PTAA/silicone oil 
suspension (HPT5) at various electric field strengths under quiescent conditions.
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Figure 5.9 Optical micrographs of HPT5 under quiescent conditions, following 
application of a constant electric field of 3 kv/mm.
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Figure 5.10 Optical micrographs of highly doped PTAA/silicone oil suspensions 
(HPT) under quiescent conditions at different particle concentrations and electric 
field strength.
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