
  

ABSTRACT 
 
McNEISH, DARLENE IVEY, Electrorheological Properties of Lead Titanate and Zeolite 
Silicone Oil Suspensions.  (Under the direction of C. Maurice Balik.)  
 
 The purpose of this research has been to prepare and accurately evaluate the 

dielectric and rheological properties of lead titanate/silicone oil and zeolite/silicone oil 

suspensions.  The dielectric characteristics and rheological changes occurring with the 

application of electric fields to the suspensions were compared and the lead titanate 

suspensions were examined for potential use as electrorheological (ER) fluids.  A 

dielectric spectrometer was utilized to quantify the particle/fluid dielectric mismatch of 

the lead titanate suspensions and the particle/fluid conductivity mismatch of the zeolite 

suspensions.  The rheological properties were examined by conducting a series of 

systematic analyses without an electric field and then subsequently with the application 

of dc and ac fields of various frequencies.  Optical microscopy of the suspensions without 

and with an applied electric field has been employed to determine the particle movement 

and structure within the suspensions.  Observations of the lead titanate particles in 

suspension under an applied electric field elicited the electrophoretic nature of the 

particles, which moved towards the electrodes instead of forming chains of particles 

bridging the electrodes.  The lead titanate suspensions exhibited either a very small 

positive ER effect or in some cases a slight negative ER effect, which involves a 

reduction in the yield stress with applied electric field.  This leads us to conclude that the 

lead titanate/silicone oil suspensions examined in this study are ineffective ER fluid 

materials.  The zeolite/silicone oil suspensions exhibited a positive ER effect. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1  Background 
 
1.1.1 Definition of Electrorheological (ER) Fluids 
 

Electrorheological fluids consist of fine polarizable particles dispersed in a 

nonconductive, low viscosity fluid.   ER fluids exhibit a rapid, yet reversible induced 

shear resistance when exposed to an applied electric field.  The alignment of particles 

into fibrilar/columnar/chain-like structures upon the application of an electric field, direct 

current (dc) or alternating current (ac), transforms the ER fluid into a viscoelastic solid.  

The alignment of particles in an ER fluid is illustrated in Figure 1.1.   

 
 
 
 
 
 
 
 
 
 
   (a)        (b) 

 
Figure 1.1  (a) ER Fluid Structure Without an Applied Electric Field  

       (b) ER Fluid Structure With an Applied Electric Field 
 

The increase in viscosity (or shear stress) is often orders of magnitude higher than 

the viscosity of the ER fluid without an applied field.  This field enhancement of the 

rheological properties has been deemed the positive ER effect.  An electric field of 

approximately 1 kV/mm is often sufficient to induce the desired ER effect within ∼ a 



 

2  

millisecond.  Suspensions that manifest this type of an electrically field-enhanced flow 

resistance are commonly called electrorheological fluids. 

Two broad classes of ER fluids are particle dispersion type ER fluids composed 

of a dispersed (particulate) phase in a continuous (fluid) phase, and homogeneous type 

ER fluids.  Homogeneous (all-liquid) ER fluids do not contain particles and have 

Newtonian-like flow characteristics, in contrast to the Bingham flow of particle 

dispersion ER fluids.  The homogenous ER fluids are beyond the scope of this study.  

The particle dispersion ER fluids are the subject of this study and are often generically 

referred to as suspensions.  By the very nature of their composition, they are considered 

heterogeneous materials.     

For the most part, when the alignment of particles within an ER fluid is described 

by the formation of chains, this refers to a single strand of particles aligned with a cross 

section that contains one particle.  The use of the term “column” typically implies 

multiple strands of particles composing a wider cylinder of particles.  When the structure 

of particle alignment is undefined, or referred to in a general sense, these terms are often 

used interchangeably as well as other terms such as fibrous columns and fibrils. 

 

1.1.2 First Discovery of the ER Effect 
 

In 1949, Willis M. Winslow originally discovered the phenomena of electrically 

induced fibrillation of small particles in suspension resulting in fluids with an induced 

shear resistance.  The shear resistance, or the corresponding induced viscosity, were 

noted as being a function of the applied electric field strength and reversible upon 
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removal of the electric field. Today, this phenomena is commonly called the Winslow 

effect, electrorheological effect, or simply, the ER effect. 

From the onset of his electrorheology studies, Winslow acknowledged the great 

potential for ER fluids in practical applications such as clutches, brakes, and hydraulic 

equipment based on their ability to act as an electromechanical interface.   

Original experiments utilized low viscosity oils with semiconductive solids of 

high dielectric constant with a particle size of approximately one micron in diameter.  

Winslow noted that the resistivity of the most effective fluids lies in the range of 108 to 

1010 ohm-cm, and depends, among other factors, on the amount of water or like substance 

of high dielectric constant imbibed by the particles.  To date, commercial ER fluids with 

yield strengths of ∼2 kPa have been achieved, yet researchers have their sights on the 

development of ER fluids with yield strengths of greater than 20 kPa [1].  Once high 

yield strength ER fluids are developed, a number of potential applications exist for 

commercialization.  

 

1.1.3 General ER Behavior 
 

In general, the shear modulus, G, is defined by the elastic (nonpermanent) 

deformation of a bulk sample under shearing load.  It is the proportionality constant 

between the shear strain, γ, and applied shear stress, τ, for relatively small load levels (for 

which τ is directly proportional to γ), as shown in Equation 1.1 [2].   

τ = Gγ (Eq. 1.1) 

 In the case of an ER fluid consisting of many separate, single-row chains (columns) of 

spherical particles the shear modulus calculations may also include parameters which are 



 

4  

intended to represent the number of chains per unit area, the volume fraction of particles, 

the axial force acting along the sheared chain, structure factor, and the radius of the 

particles [3]. 

Although an ER fluid without an applied electric field most nearly approximates 

Newtonian behavior, upon the application of an electric field, an ER fluid exhibits 

behavior somewhere between that of elastic solids and viscous liquids (viscoelastic) and 

is referred to as a Bingham plastic.  

The shear stress, τ, of a Bingham plastic is given by Equation 1.2 (see also Figure 

1.2) which reflects the combined action of electric and viscous elements, where τo is the 

yield stress, ηs is the viscosity of the ER fluid, and γ&  the shear rate.  

τ = τo + ηs γ&  (Eq. 1.2) 

 

 

 

 

 

 

 

 

 

Figure 1.2 – Rheology of ER Fluids with E >0 

 

 

τo 
 

ηs

τ 

γ&  
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The field-induced rheological changes, or viscosity changes, of ER fluids are 

resultant of dramatic microstructure changes within the fluid.  Upon application of an 

electric field, E, particles, or the disperse phase, move from a fairly random arrangement 

in the continuous phase, to rapid alignment into fibrous chains extending in the direction 

of E, spanning the gap between electrodes.  The alignment of particles in an ER fluid is 

illustrated in Figure 1.1 (above). 

The formation of fibrous chains of particles within the ER fluid is a result of 

particle polarization induced by the applied electric field.  Polarized particles with 

electric dipoles attract one another in a head-to-tail fashion, (+⋅⋅⋅−, +⋅⋅⋅−, +⋅⋅⋅−), spanning 

the electrode gap.  The apparent increase in viscosity with application of the electric field 

is proportional to the additional work that must be done to break the fibrous structures. 

Typically, the yield strength is representative of the amount of stress, or mechanical 

work, required to induce permanent deformation in a material.  In the case of ER fluids, 

this would be the stress required to break the formed chains between electrodes in order 

to make the ER fluid flow.  On the microstructure level, the yield stress would be the 

amount of stress required to overcome the interparticle forces.  If the ER fluid behaves as 

an ideal Bingham plastic, then the yield stress, τo, represents that for the continued 

rupture and reformation of the chains.   

Shearing devices are used to measure the rheology of ER fluids.  Typically, when 

the fibrous chains are subjected to an increase in shear strain, the shear stress will initially 

demonstrate an approximately linear increase with shear strain, which then reaches a 

maximum, and then decreases, leading ultimately to the rupture of the chain (column).  
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The slope of the initial linear increase in shear stress represents the shear modulus and the 

maximum in the shear stress, the yield stress [3,5-7].    

 

1.1.4 Applications 
 

Although ER fluids have great potential as efficient electromechanical interfaces 

in a myriad of commercial applications, their commercial success remains limited.  

Researchers continue to be challenged by the complexity of ER fluid material interactions 

and the inability of current ER models/theories to properly define and quantitatively 

represent the mechanism(s) that govern the ER response.  Electrorheology is a 

multidisciplinary field.  The design of novel ER fluids requires an understanding of the 

chemistry, physics, materials science, and rheology of ER fluids as well as the required 

design specifications for successful integration into the end use applications.  

Commercial success of ER fluids requires these fluids to have large field-induced 

viscosity changes and low conductivities, in a form that is nonabrasive, noncorrosive, 

environmentally friendly, and stable against sedimentation and wide temperature ranges.  

From Winslow’s first discovery in which a brass disc suspended by a thin wire 

charged merely by the touch of a human hand, rotated with a cup filled with cornstarch 

dispersed in kerosene, Winslow expanded the use of ER fluids into applications including 

an electric relay, a motor driven clutch generator, a clutch driven loudspeaker, an ER 

valve, an ER viscosity pump, and ER fluid controlled pistons operating shaker tables for 

spacecraft parts [8].  In the 1970’s, Bullough and Stringer et al. devised and patented 

hydraulic devices (for use with ER fluids) using flat and coaxial, cylindrical valves [9-

11].  In 1988, Block and Kelly note a recent resurgence of interest into electrorheology.  
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At that time they noted that hydraulics, robotics, and damping seemed to be some of the 

front-runners of interest for ER applications and that engine mounts and vehicle dampers 

with ER-controlled dashpots were currently being developed by the automobile industry 

[12].  Prior to his death in 2000, Winslow was aware that an industrial application for 

walking machines for handicapped people was on the market and was well received [13].  

Today, emerging applications for ER fluids include diverse products such as variable-

resistance exercise equipment, earthquake-resistant high-rise structures, and positioning 

devices [14].      

When designing ER fluids for end use applications, it is advantageous to 

eliminate water because water inherent in the suspension can result in increased electrical 

power consumption (increased conductivity), corrosion, and operating temperature range 

limitation.  Contrary to this, extensive drying to eliminate adsorbed water on the 

dispersed particulate phase can hinder the ER effect.  Applications of ER fluids 

inevitability require exposure to atmospheric water vapor as they function in ambient 

conditions.  Although researchers still battle the issue of addressing the question, “Is 

inherent water in ER fluids a friend or foe?” it is no wonder that in 1987, research interest 

in ER fluids intensified again as Block and Kelly patented the rights to ER systems with a 

substantially anhydrous dispersed phase and improved stability over a wide temperature 

range [15].  Subsequently, in 1988, Filisko et al. also patented an improved electric field 

dependent fluid and method of preparing the same for use at temperatures in excess of 

100°C without releasing water [16].  The prospect of preparing ER fluids for use in high 

temperature applications held (still holds) immense commercial potential for entrance 

into the lucrative high temperature applications of the automotive industry.  
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The automotive industry finds ER fluids particularly enticing for their ability to 

absorb and dampen vibration via the application of an electric field.  Specific automotive 

applications would include, but are not limited to; clutches, shock absorbers, seat 

dampers, valves, mounts, and brakes.  These applications have the potential to enhance 

the luxurious ride aspect of automotive performance, thus increase sales.  The rapid 

response and low power requirements of ER fluids make them a viable option in material 

selection for coupling mechanical devices and electronic controls.  Unfortunately, an ER 

fluid that can cover the full automobile temperature range circa -15° to 120°C with a 

substantial ER effect throughout the range has not been realized and a great deal of 

ingenuity will be required to overcome some fluid/machine interactions, for example, in 

the area of tribology [17]. 

An example of a successful demonstration of the viability of ER technology for 

automotive applications is a program between Lubrizol, RheoActive, and Monroe Auto 

Equipment Co. where a prototype ER semi-active suspension system was installed on a 

vehicle, as shown in Figure 1.3.  This semi-active system can sense road events, process 

information, and affects appropriate changes in the damping force.  Improved ride and 

handling was observed from this system.  This indicates that ER fluids are an 

electromechanical interface that can be directly controlled by computers to provide 

desirable performance characteristics [18, 19]. 

In the late 1990’s, commercial devices noted to incorporate ER fluids include a 

moving table system using an ER clutch and ER brake and a bi-directional controllable 

damper.  Undoubtedly, the use of ER fluids in commercial applications continues to be 

hindered by their inability to achieve sufficient yield strengths (i.e. > 20 kPa) [20, 21]. 
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Figure 1.3 - Schematic of an ER Semi-active Suspension System on a 
Demonstration Vehicle.  (The semi-active system includes shock 
absorbers with an ER fluid, sensors that detect road conditions, a 
controller that processes the information and determines the appropriate 
damping, and high voltage power supplies for each wheel that facilitate 
independent control) [18, 19]. 

 
Once the fundamental mechanisms controlling the ER effect are properly defined, 

it is anticipated that through appropriate material selection and design, ER fluids 

exhibiting yield strengths greater than 20 kPa may be prepared to meet the demands of 

high performance applications.  Such ER fluids could be utilized in a plethora of electro-

mechanical devices. 

Today, the quest for novel ER fluids continues as a recent article in, “The 

Washington Post” dramatizes the possibilities of cars that can detect every jiggle and 

instantly translate those movements into electrical signals that thicken or thin the fluid in 
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a shock absorber.  Envisions of using ER fluids in a new generation of locks, valves, 

clutches or other devices in which there is a need for materials with variable fluidity is 

also described.  The revolutionary concept noted is the capability of ER fluids to perform 

mechanical actions as quickly as an electrical switch can be turned on or off - far faster 

than even the fastest mechanical or hydraulic systems can react [22]. 

 
 
1.2 Dielectric Theory and Electrorheological Models 
 

The absence of well-defined fundamental mechanisms that govern the ER effect 

and suitable electrorheological models to predict the magnitude of the ER response 

continue to inhibit the generation of nouveau high performance commercial ER fluids.  In 

order to further discuss existing ER models, a brief review of polarization mechanisms, 

linear and nonlinear polarization models, some general terminology of dielectric 

properties, and the development of the conduction model are reviewed. 

 
 
1.2.1 Polarization 

 
The permittivity of a material is a measure of the extent to which the electronic 

charge distribution in the material can be distorted or polarized by the application of an 

electric field (a measure of material capacitance) and it has units of farads per meter.  The 

dielectric constant is the ratio of the permittivity of a dielectric material to the 

permittivity of free space (8.85 x 10-12 F/m) and is dimensionless.  The terms are often 

used interchangeably in the literature and in this study.  In this thesis, both ε′ and K′ will 

be used to represent dielectric constant (permittivity).    
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The polarization of a material may be defined as the total charge passing through 

any unit area within the dielectric (parallel) to the oppositely charged electrode plates.  

The polarization can therefore be regarded as the dipole moment per unit volume [23]. 

Four sources of polarization include electronic, atomic, dipole, and interfacial 

polarization.  For the purposes of describing ER fluid behavior, primarily dipole (Debye), 

and interfacial (Maxwell-Wagner) polarization will be reviewed. 

Electronic polarization is due to the displacement of the electrons in the atoms 

relative to the positive nuclei.  A relatively small amount of atomic polarization arises 

from the displacement of atoms relative to one another in a molecule.  Dipole 

polarization, or orientation-polarization, depends on the frictional resistance of the 

medium to the change of molecular orientation.  The Debye theory predicts the 

polarization arising from the orientation of dipoles, taking into account both the induced 

and permanent moments in a molecule.  An assumption is made that the molecules are 

free to orient, except in so far as their orientation is opposed by their thermal motion.  

When molecules with strong fields of force around them are brought close together, this 

condition cannot be expected to hold.  In essence, the Debye theory may be used to 

calculate the approximate values of the molecular dipole moment from the dielectric 

constants and densities of dilute solutions of polar molecules in nonpolar solvents.  

Onsager refined the Debye theory by examining measurements of the dielectric constant 

at frequencies so high that the permanent dipoles are unable to contribute to the 

polarization.  This dielectric constant is referred to as the optical (or terminal) dielectric 

constant, ε′∞.  Onsager’s refinements give the approximate relation between the dielectric 

constant of a normal polar liquid and the molecular dipole moment [24].  
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Both Onsager’s enhanced ionic dissociation theory and the injection theory of 

Boissy et al. lead to an equation having the form of Equation 1.3 to address the non-

ohmic behavior of the fluid.  The conductivity of the fluid at low field, σf(0), and the 

material constants, A and Ec, are contained within Equation 1.3 which defines the 

nonlinear electric-field dependence of the σf  for nonpolar liquids [25-28]. 

σf(E) = σ f(0)[(1-A) + A exp(E/Ec)1/2] (Eq. 1.3) 

In a heterogeneous material, an additional type of polarization arises from the 

accumulation of charge at the interfaces between the phases.  It arises only when two 

phases differ from each other in dielectric constant and conductivity.  In ER fluids, 

interfacial polarization is due to the differences in the dielectric constant and conductivity 

values between the continuous and dispersed (particulate) phases.  A suspension of 

conducting particles in a non-conducting dielectric medium is a heterogeneous material 

whose dielectric constant is frequency dependent.  This dispersion is known as the 

Maxwell-Wagner effect [29]. 

 
 

1.2.2 Dielectric Relaxation and the Loss Tangent 
 

When a dielectric material is subjected to an externally applied alternating electric 

field and there is an observable lag in the attainment of equilibrium due to the associated 

frequency, the lag is called the relaxation. This relaxation, tR, may be defined as the lag in 

the response of a system to change in the forces to which it is subjected. The existence of 

relaxation becomes apparent when its rate is not far from being of the same order of 

magnitude as that of the change of the applied forces.  Dielectric relaxation is the cause 

of anomalous dispersion in which the dielectric constant decreases with increasing 
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frequency.  In terms of the theory of this phenomenon as developed by Debye, dielectric 

relaxation is the lag in dipole orientation behind an alternating electric field [24, 30, 31]. 

In dielectric analysis, a sample is placed between two gold electrodes and a 

sinusoidal voltage is applied, creating an alternating electric field.  This produces 

polarization in the sample, which oscillates at the same frequency as the electric field, but 

has a phase angle shift.  This phase angle shift is measured by the comparing the applied 

voltage to the measured current (see Figure 1.4). 

 

 

 

 

 

 

 

Under the influence of an alternating electric field, the polar molecules of a 

system rotate toward an equilibrium distribution of molecular orientation with a 

corresponding dielectric polarization.  When the frequency of the field is very high, or the 

viscosity of the medium is very great, the rotatory motion of the molecules is not 

sufficiently rapid for the attainment of equilibrium with the field.  The polarization then 

acquires a component out of phase with the field, and the displacement current acquires a 

conductance component in phase with the field, resulting in thermal dissipation of 

energy.  In vector notation, the total measured current, Imeasured, is the sum of the charging 

current, Icapacitive, and the loss current, Iconductive (see Figure 1.5).  The angle, δ, between the 
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Figure 1.4 - Voltage/Current Response of Dielectric Materials
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vector for the amplitude of the total current and that for the amplitude of the charging 

current is the loss angle, and the tangent of this angle is the loss tangent described in 

Equation 1.4 [24, 32]. 

tan δ  =    loss current  =    ε″ (Eq. 1.4) 
                                           charging current     ε′    

   
 

 
 

Figure 1.5 – Capacitive and Conductive Components of Measured Current 
 
 

1.2.3 Complex Dielectric Constant, Dielectric Constant, and Loss Factor  
 

The magnitudes of the real, ε′, and imaginary, ε″, parts of the complex dielectric 

constant are determined by the polarizability of the dielectric material.  The complex 

dielectric constant is defined in Equation 1.5.  

ε* = ε′ - iε″ (Eq. 1.5) 

The real part of the complex dielectric constant is expressed in terms of the capacitance, 

C, of a condenser filled with the dielectric material and the capacitance of a condenser 

with a vacuum, ε0, (which is commonly referred to as the dielectric constant of free space 

with an associated value of 8.85 x 10-12 F/m).  Equation 1.6 is used to define the real part 
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of the complex dielectric constant, or simply the dielectric constant.  The dielectric 

constant, or permittivity, as defined is dimensionless.  

ε′ = C/ε0 (Eq. 1.6) 

The imaginary part of the complex dielectric constant or the dielectric loss factor, ε″, is 

represented by Equation 1.7, 

ε″ = D/ωε0 (Eq. 1.7) 

where D = the equivalent parallel conductance and ω, the angular frequency expressed in 

Equation 1.8, 

ω = 2πf (Eq. 1.8) 

 with f representing the frequency [33].  The dielectric loss is a parameter that describes 

the motion of electric charge, i.e., a conduction phenomenon. 

 
 
1.2.4 Frequency Variation of the Dielectric Constant and Loss Factor 

 
The frequency variations of the dielectric constant, ε′, and the loss factor, ε″, are 

illustrated in Figure 1.6.  Note that as the frequency approaches zero, the dielectric 

constant approaches the static (low frequency) dielectric constant, ε′o, and as the 

frequency approaches infinity, the dielectric constant approaches ε′∞, the optical (or 

terminal) dielectric constant.  The loss factor, ε″, changes from a small value through a 

maximum to a small value again.  The relaxation time is an experimentally observable 

quantity for the macroscopic relaxation process. A directly measurable value of tR occurs 

at the angular frequency, ω, for which the loss factor is a maximum (Equation 1.9).  This 

frequency is called the critical frequency [24]. 

ω(ε″ max)  = 1/tR (Eq. 1.9) 
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Figure 1.6 – Dependence of Dielectric Constant, ε′, and Loss Factor, ε″, Upon Frequency 
 

The calculated current density is independent of the applied field frequency when the 

frequency is smaller than the critical value, but becomes a linear function of the 

frequency beyond the critical value [34]. 

 
 

1.2.5 Theories of ER Fluid Behavior 
 

The aforementioned polarization mechanisms are utilized to describe what is 

generally referred to as the polarization models for ER fluid behavior.  At small, or low 

strength electric fields, experimental data can usually be described by the polarization 

model in which the yield stress is proportional to the square of the applied electric field, 

τo α E2.  However, at large field strengths experimental data often correlates with 

nonlinear conduction models in which τo α En, where n < 2.  Several possible 
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mechanisms exist to explain nonlinear conduction, to name a few; field-enhanced 

dissociation within the bulk liquid phase, charge injection at the electrode/liquid or 

particle/liquid interfaces, field-enhanced dissociation of particle surface groups, and 

field-enhanced phase separation.  Unfortunately, determining the dominate mechanisms 

in different systems requires a better understanding of the underlying physical chemistry, 

the origin and nature of the charge carriers, as well as the dependence on composition, 

material properties, and processing parameters of ER fluids [35]. 

 Due to the inadequacy of polarization models to predict an electric field 

dependence of the yield stress that is less than quadratic, theoretical conduction models 

were developed.  Foulc and co-workers first addressed the case when the conductivity of 

the particles is significantly greater than that of the host oil, i.e., σp/σf >> 1.  Furthermore, 

they recognized that the conductivity of most host liquids increases appreciably with 

electric field; that is, they are super-ohmic.  Super-ohmic behavior is approximated by 

Onsager’s electric field-enhanced dissociation theory.  Onsager notes the deviations from 

Ohm’s Law in weak electrolytes in which the conductance increases linearly over a 

considerable range of the field intensity, and the limit of increase, if any, corresponds to 

complete dissociation of the total amount of electrolyte present. In Felici’s et al. model 

(termed conduction model) the conductivity mismatch ratio, Γσ = σp/σf of the 

conductivity of the particles, σp, and that of the host oil at low field, σf, are the most 

important electrical parameters.  Their analysis then yields that the attractive force 

between two spherical particles as proportional to En, where E is the applied field and the 

exponent n → 2 at low field and n → 1 at high field.  Employing the conduction model 

approach, Conrad and co-workers have developed expressions for the modulus, yield 
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stress, and current density with dc and ac fields for various types of particles dispersed in 

both ohmic and super-ohmic host oils [3, 25, 26, 36-38].   

 Also of interest is the case when the conductivity of the particles is less than that 

of the host liquid, that is, when σp < σf.  In this case, a negative ER effect, i.e. a decrease 

in the flow stress with application of an electric field, has been reported by Boissy et al. 

[3, 39].  

 
 
1.2.6 General Overview of Applicable ER Models 
 

Regardless of the ER model, the effects of particle size, size distribution, shape, 

conductivity, volume fraction, and chain structure formation/fragmentation/reformation, 

as well as the electrical properties of the host liquid, required shear rates, temperature 

range, abrasiveness, irreversible flocculation, and sedimentation properties of the fluid 

also warrant additional consideration in ER fluid behavior.  Previously, polarization and 

conduction models were briefly reviewed.  The intent of the remaining sections is to 

expound upon the more complex parameters and facets of particular ER models. 

  
 
1.2.7 Point-Dipole Approximation 
 

The original theories of dielectric polarization were based on the point-dipole 

approximation, which gives the force, fp, between spherical particles, 

fp = 24πa2εoK′f(βE)2(a/R)4 (Eq. 1.10) 

with “a” representing the radius of the particles, εo the dielectric constant of free space, 

K′f = ε′f /εo the real component of the relative permittivity of the fluid, R the distance 
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between the particle centers, E, the applied electric field and β, the polarizability induced 

by the particle/fluid dielectric mismatch, is defined by Equation 1.11; 

β =  K′p - K′f (Eq. 1.11) 
       K′p + 2K′f               

 

in which K′p = ε′P/εo is the real component of the relative permittivity of the particles.  

This approximation assumes the distance between the spheres is large in comparison with 

their radius.  To provide for the close approach of particles in an ER fluid, the point-

dipole approximation was modified by solution of the Laplace equation and by finite 

element calculations to give for the force, f, between two nearly-touching spheres,  

f = fpf[β, (R/a)] (Eq. 1.12) 

where  f[β, (R/a)] is a complex function of β and R/a, the separation of the particles.  In 

calculations based on Equation 1.12 it is assumed that no current flows through the 

suspension and that the force is determined entirely by the real components of the 

dielectric constants of the particles and fluid [27, 40-45]. 

 
 

1.2.8 Maxwell-Wagner - Interfacial Polarization 
 

The Maxwell-Wagner theory may be used to predict interfacial polarization, the 

polarization arising from the accumulation of charges at the interfaces in heterogeneous 

dielectrics.  As previously stated, this polarization arises only when two phases differ 

from each other in dielectric constant and conductivity.  The system behaves in the 

manner of a polar dielectric capable of dipole relaxation.  The relaxation time increases 

with decreasing conductivity.  A limitation of the model is that it treats only conducting 

spherical particles dispersed at low concentration in a lossless dielectric (assuming σ1 = 

0).  The distance between the spheres is assumed to be large compared with their radius.  
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Considerable losses may occur when the dielectric constants are equal but conductivities 

are different [23].   

The Maxwell-Wagner Model is a linear polarization model, thus correlating well 

at low frequencies and predicting that the yield stress should increase linearly with the 

square of the electric field, τo α E2.   

Recall that β is the polarizability induced by the particle/fluid dielectric mismatch.  

For low frequencies, the interparticle forces are determined entirely by the difference in 

conductivity between the particulate and continuous phases (βc), regardless of the 

dielectric constants.  For high frequencies, dielectric constant differences (βd) determine 

the interactions, regardless of the conductivities.  For particles with relatively large 

dielectric constants (βd > βc), particle polarization and interparticle forces increase with 

frequency, while for low dielectric constant particles (βc> βd), interparticle forces 

decrease with increasing frequency (see Figure 1.7) [35].  

In terms of conductivity and dielectric ratios, this may be viewed as follows; if the 

particle-to-fluid conductivity ratio, Γσ = σp/σf, is larger than the dielectric ratio, Γε = 

ε′p/ε′f, the local field gives a higher value at a low frequency of the applied field than it 

does at a high frequency.  If Γσ is smaller than Γε, the opposite occurs.  If Γσ = Γε, the 

frequency has no effect on the ER strength [34]. 
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Figure 1.7 – Frequency Dependence of the Yield Stress for the  

Maxwell-Wagner Model  
 
 

More recently, it became apparent that interfacial polarization is more generally 

responsible for the ER response and under conditions of dc or low frequency ac, the 

conductivity of both the particles and the fluid are significant.  To account for this, the 

conductivity was included in the framework of the interfacial polarization model via 

employing the complex polarizablity parameter, β*, 

β* =     Kp* - Kf* (Eq. 1.13) 
            Kp* + 2Kf*              

 
the complex permittivity, K*, being defined as noted in Equation 1.14.  
 

K* = K′ - iK″ = K′ - iσ (Eq. 1.14) 
                  ωεo      

 
For the situation where K″ >> K′ (when the field frequency ω is very low, ω → 0), the  
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complex mismatch parameter becomes 

β* = (σp - σf ) (Eq. 1.15) 
          (σp + 2σf ) 
 
and when σp >> σf, β* ≈ 1 [28].  
 

As previously mentioned (section 1.2.5), the polarization models do not account 

for the fact that the electric field dependence of the yield stress is often less than 

quadratic and that it often correlates with the current density [27].  In the Maxwell-

Wagner polarization model it is also assumed that K′p, K′f, σp, and σf do not vary with the 

frequency of the electric field for the range normally considered [46].  Polarization 

models employing complex parameters for polarizability and permittivity may be referred 

to as complex polarization models. 

    
 

1.2.9 Ohmic verses Non-ohmic 
 

Initially, the theories (or models) for the electrorheology of suspensions were 

based on the mismatch of the real component of the dielectric constants of the particles 

and host liquid.  In recent years, it has become clear that the conductivity of both the 

particles and the liquid are important and moreover that the conductivity of the dielectric 

liquids is generally non-ohmic (or super-ohmic), i.e. the fluid conductivity increases with 

electric field [47].  No quantitative prediction of the ER response has been reported to 

date for the entire range of frequency from very low to very high.  When the conductivity 

of the host liquid is ohmic (low field), the corrected polarization models apply and give a 

reasonable estimate for the ER shear yield stress of some suspensions with a dc field.  

However, for the case in which the conductivity of the host oil is non-ohmic (i.e. σf 

increases with electric field), a conduction model has been developed, which predicts that 
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the shear yield stress of ER fluids is proportional to less than the second power of the 

applied field (the usual relationship has the 3/2 power).  In practice, the local field in the 

host oil cannot increase infinitely.  On the one hand, the host oil has a breakdown field 

limit; on the other hand, the host oil usually behaves as a non-ohmic liquid at high field 

[34]. 

In summary, the non-ohmic fluid conduction model predicts that the shear yield 

stress is proportional to En where n tends towards to 2 at very low field and to 1 at very 

high field.  In the range of E = 1-5 kV mm-1, n ≈ 1.5 [48].  Whereas, in the complex 

polarization model, the conductivities of the particles and the host liquid are usually 

assumed to be ohmic [49]. 

 
 

1.2.10 Conduction Model 
 

As previously noted, the conduction model predicts that the shear yield stress is 

proportional to En where n tends towards to 2 at very low field and to 1 at very high field.  

This model assumes that the conductivity of the fluid increases with electric field, i.e., the 

fluid is non-ohmic.  Felici et al. derived the attractive force and current between 

conducting particles by an approach in which the particle surface was considered 

equipotential and the contact zone between the spherical particles was divided into two 

distinct regions [37].  Conrad and co-workers utilized the concepts developed by Felici et 

al., but considered the voltage and current continuity that exists when two spherical 

particles are in close proximity in a fluid and derived the force and current as a function 

of the separation of the particles.  Thus, their model does not assume an equipotenial 

particle surface, nor does it divide the zone between the particles into two distinct 
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regions.  They note that the nonlinear conductivity of the host oil is important with 

respect to the electrical properties and strength of ER fluids.  Especially important are the 

parameters σf(0), the conductivity at low fields which determines the magnitude of the 

conductivity ratio, Γσ, and the electrical conductivity parameter, Ec, which governs the 

nonlinear field dependence.  An increase in Ec gives a decrease in the current density and 

leads to an appreciable increase in the attractive force.  Thus, in the design of ER fluids, it 

is desirable to use a host liquid with a large Ec, a small σf(0), and a large ε′f [27, 28]. 

 The conduction model is in better agreement with experimental results with a dc 

field and low frequency ac fields, than is the polarization model [34]. 

 
 
1.3 Literature Review of Experimental ER Fluids 
 

Over the years, ER fluids of various material compositions have been studied with 

respect to the numerous factors believed to interplay in the ER behavior.  Originally, 

Winslow noted, the resistivity of the most effective fluids depends, among other factors, 

on the amount of water or like substance of high dielectric constant imbibed by the 

particles.  In 1993, Conrad and Chen concluded that the effect of water content on the 

flow stress results from its influence on the conductivity of the particles, which in turn 

affects both the induced electric charge and its leakage between particles [50]. 

Conrad and Chen have estimated the water content of zeolite particles and evaluated 

a suspension of 0.28 volume fraction of zeolite particles with 6 wt % water in Dow 

Corning 200 silicone oil to give the σzeolite particles ≈ 1.5 x 10-5 S/m  [51]. The measured 

yield stress of this suspension demonstrated good quantitative agreement to the yield 

stress as a function of electric field as predicted by the conduction model developed by 
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Conrad et al.  The correlation for the current density in the suspension was not as good.  

The authors state this may be due to the inaccuracies in the prediction of the conductivity 

of the oil at high local fields or to the fact that the particles are more nearly cubic than 

spherical [28]. 

Kawai et al. discussed the effect of the dielectric property of hydrous dispersoids on 

electrorheology.  Titania (TiO2) particles (10wt%) dispersed in dimethyl silicone oil at 

various water contents (4.6-8.3 wt%) were investigated.  The free water on the surface of 

the titania was necessary and there was also an appropriate quantity of the free water to 

get higher ER effect.  The free water was defined as the adsorbed water that was 

dehydrated below the temperature of 200°C.  The ER effect was measured by a rotational 

viscometer.  The relation between the water content and the dielectric properties were 

measured as the water adsorbed on the particles was varied.  Both the dielectric constant 

and the relaxation frequency, which is defined by the applied frequency at the dielectric 

loss peak, increased with the increase of the water content [52, 53]. 

The water content of the host fluid alone is also significant in ER fluid response.  

Silicone oil is no exception.  The conductivity of silicone oil depends on its water 

content.  Wu et al. made measurements on the effect of water content varying from 

0.009% to the as received water content on the conductivity of the host fluid, σf.  It was 

determined that the current density and in turn the conductivity of the silicone oil 

increased with electric field and water content [5]. 

 Conrad and Chen studied suspensions of zeolite particles (φ = 0.28) in silicone oil 

with varying water contents, 3-9 wt.% water, at 25°C.  The dielectric constant of the 

suspensions increased and the relaxation time increased with water content [54]. 
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The electrorheology of zeolite/silicone oil suspensions with a volume fraction of 

particles, φp = 0.34 have been previously characterized with direct current (dc) and 

alternating current (ac) at room temperature.  One of the conclusions derived from this 

work is that both the measured and predicted shear yield stress values of the suspension 

decrease slightly with the field frequency [55].   

 In 1997, Wen et al. noted that the water content has an important effect on the 

frequency dependencies of the complex dielectric constant and the static yield stress.  In 

particular, both the real and imaginary parts of the dielectric constant and the static yield 

stress increase with water content.  Furthermore, maxima were observed in the imaginary 

part of the dielectric constant as a function of frequency, and the same holds for the static 

yield stress of the ER fluids at high water content [56, 57]. 

Reports have been made of particulate phases that produce ER active materials 

virtually free of or with substantially reduced quantities of water.  These include the 

inorganic crystalline alumino-silicates, various polyelectrolytes, and certain polymeric 

semiconductors, for example, polyaniline.  It is hypothesized that the intrinsic mechanism 

in the alumino-silicates is due to free charge carriers intrinsic to their chemistry whereas 

electrons would be the intrinsic mechanism for the semiconducting polymers [58]. 

Filisko and Radzilowski substantiate the hypothesized intrinsic mechanism for the 

activity of alumino-silicate (commonly known as zeolites) based ER materials with 

experimental data that indicates the ER activity of the alumino-silicate dispersions 

continues well below the detectable levels of water and where the current density levels 

out [59]. 
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Since water based systems have significant limitations, such as thermal instability 

because of the evaporation of water and the corrosion of the device, the rheological 

properties of anhydrous particle systems are of interest for the selection of materials for 

ER fluids.  An example of an anhydrous system evaluated for its ER properties includes 

polyaniline, an air-stable organic conducting polymer, which was synthesized in the 

semiconductive form (emeraldine base) and suspended in silicone oil.  Experimental 

results for this system showed that the ER properties were enhanced by increasing the 

volume fraction and electric field and were independent of the operating temperatures 

[60]. 

Polyaniline has also been intercalated into the galleries of montmorillonite clay to 

synthesize a polyaniline-montmorillonite (PANI-MMT) nanocomposite.  When the 

PANI-MMT nanocomposite (30wt%) was suspended in silicone oil the results showed a 

notable ER effect under dc electric field.  Also worthy of note was the excellent 

antisedimentation property of the particles, the particles did not deposit over a two month 

period.  Sedimentation can be a significant limiting factor for dispersed phase ER fluids 

[61]. 

Also considered water-free are the rare earth doped TiO2 in silicone oil ER fluids.  

It was found that doping with rare earth elements could enhance the ER effect of TiO2 

and amplify the operational temperature range.  More interesting is the influence of the 

content of rare earth substitution for Ti on the ER effect.  Substitution for Ti with 10 

mol% Ce or 8 mol% La obtained a relatively high shear stress.  The improvement of the 

ER effect for the doped TiO2 was attributed to the modification of the dielectric and 

conduction properties, particularly an increase of dielectric loss or conductivity, by 
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doping with rare earth elements.  This is another means by which researchers are 

attempting to design novel ER materials [62]. 

 In an article published by Block and Rattray in 1995, commercial fluids of interest 

at the time included a water promoted suspension with poly(lithium methacrylate) as the 

active component, a suspension without water or promoter with cross linked polyethylene 

oxide doped with inorganic salts, additional suspensions made with semiconductor 

particles with insulating coats, and also polystyrene or polyacrylate microbeads with 

surfaces treated with sub-micron particles of ER active inorganic semi-conductors. The 

advantage of utilizing polymeric microbeads was that their buoyancy reduced the 

effective density of the compound particles.  Special note was made of the use of barium 

titanate or other ferroelectric materials as ER active substrates and lyotropic liquid 

crystals as ER fluids.  Since the focus of this study is ER fluids composed of dispersions, 

which inherently have sedimentation problems, we will note that the use of a single phase 

liquid as an ER fluid would remove such problems, however such ER fluids have 

problems inherent to single phase fluids which is beyond the scope of this study [63]. 

 Ginder and Davis have studied barium titanate based ER fluids and discuss the 

ER effects in terms of permittivity mismatches, which, because of the high permittivity of 

the ferroelectric state, are presumed to be large.  However, some aspects of the ER 

behavior of such ferroelectric dispersions are puzzling.  It has been reported that barium 

titanate as an ER substrate is very strongly water promoted and Ginder and Davis also 

find it a rather weak ER material when dry, especially under dc fields, with stronger 

effects seen under ac.  It is also known that barium titanate based ER fluids can be quite 

conductive and it has been suggested that surface conduction may occur in powdered 
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barium titanate.  There should also be interesting temperature variations for ER fluids 

based on ferroelectricity, particularly near any accessible Curie temperature [63-66]. 

Some examples of experimental data that demonstrate the frequency dependency 

predictions of the Maxwell-Wagner Model include (1) an ER fluid composed of barium 

titanate particles (large dielectric constant particles with εp ≈ 2,000) in silicone oil, 

representative of the condition where βd>βc, (where the subscript “d” indicates the 

dispersed phase and “c” the continuous phase), which elicited yield stress values that 

increased with frequency, and (2) alumina particles in silicone oil, representative of the 

condition where βc>βd, had yield stress values that decreased with increasing frequency 

[67, 68]. 

A broad class of ceramic powders (Al2O3, ZrO2, TiO2, CaTiO3, and BaTiO3) 

suspended in silicone oil, representing a wide range of particle/host liquid ratios of the 

permittivity and/or conductivity, were studied to determine their ER effect.  The results 

were then compared to predictions made using a theoretical ER model that accounted for 

both the polarization and the conduction effects in ER fluids and was based on four 

important parameters:  the conductivity ratio, Γσ, the dielectric constant ratio, Γε, the non-

ohmic character of the host liquid and the strength and frequency of the electric field.  It 

was shown that when the dielectric mismatch between the relative permittivity of the 

particles and liquid is low (Al2O3, ZrO2), the ER effect with ac field is very low (< 10 

Pa).  The shear stress increases with the ratio of the permittivities (TiO2, CaTiO3, and 

BaTiO3) and its variation with the electric field seems to be nearly quadratic when the 

permittivity ratio is above 50, as observed by others and predicted by the theory [69-71]. 
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When designing ER fluids for particular applications consideration should be given 

to the type of applied electric field.  If the particle/liquid conductivity ratio, Γσ, is much 

greater than the dielectric constant ratio, Γε, the ER fluid should be designed for dc field, 

for example, zeolite/silicone oil and humidified glass beads/silicone oil suspensions.  If 

Γε >> Γσ, the ER suspension should be employed under high frequency ac fields, for 

example,  BaTiO3/silicone oil suspension.  Hence, barium titanate particles with high 

permittivity and low conductivity always gives a strong ER response under high 

frequency ac fields and the opposite occurs for zeolite particles in silicone oil [49]. 

An interesting study examining the effects water and a coupling agent (silane) on 

barium titanate suspensions in silicone oil under oscillatory shear concluded that; the 

addition of a small amount of water contributed to the electrorheological effect.  The 

silane coupling agent acts as a dispersant in the presence of small amounts of water.  The 

balance between the enhanced complex viscosity under electric fields and the fluidity 

under zero fields is markedly improved by a superposition effect of water and coupling 

agent [65]. 

Lead titanate, PbTiO3, is a well-known perovskite structured ceramic with noted 

ferroelectric properties.  It has a high Curie temperature, high pyroelectric coefficient, 

and high spontaneous polarization.  Lead titanate has been widely used for capacitors, 

ultrasonic transducers, thermistors, optical electronic devices and satellite detection 

systems.  To the author’s knowledge, literature references delineating the use of lead 

titanate in ER fluids does not exist.  An article regarding the electrical properties of 

chemical vapor deposited ferroelectric lead titanate indicates that the dc conductivity for 
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lead titanate is 3.2 x 10-12 Ω-1 ⋅ cm-1 (S/cm) at room temperature.  The material properties 

of lead titanate are specified in section 2.1.3 of this report [40, 72, 73]. 

Contrary to the positive ER effect findings, are the not so glamorous negative ER 

effect cases.  Whilst negative ER effect fluids lack any hope of commercialization, they 

do provide insight into the ER behavior.  Often discovering what does not work, results 

in an epiphany as to what does work or how a mechanism governs the ER behavior.  

Boissy et al. have reported a negative effect for PMMA powder dispersed in a mixture of 

Ugilec T and mineral oil [39].  Likewise, Wu and Conrad cited that Teflon particles in 

silicone oil migrated to the positive electrode resulting in a structure which consisted of 

two layers or zones:  a more concentrated suspension at the positive electrode and a 

relatively pure liquid in the remainder of the gap.  The width of the liquid zone increased 

with field strength, which led to the observed decrease in shear stress.  This occurrence 

correlates well with the fact that the conductivity of the host liquid, σf, was considerably 

greater than that of the particles, σp, giving for the complex dielectric mismatch 

parameter, β* = -1/2 [74]. 

 The reason why ER fluids seldom demonstrate good ER behavior over the entire 

frequency range, is attributed to the electrorheological effect being promoted by the 

conductivity mismatch in the case of dc and low frequency ac fields and by a dielectric 

constant mismatch for high frequency fields.  In the case of the conductivity mismatch, it 

is necessary to distinguish between the conductivity of the solid particles, σp, being 

greater (σp > σf ) or smaller (σp < σf) than that of the suspending host liquid, σf,.  Boissy, 

Atten, and Foulc, note that for (σp/σf  < 1), the ER effect under dc field or low frequency 

ac fields is impossible and, in some cases, appears as a negative effect:  the apparent 
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viscosity of the suspension decreases.  Observations of the behavior of polyethylene 

granules (σp ∼ 2 10-16 S/m) in silicone oil (σf ∼ 10-13 S/m), a suspension in which σp < σf , 

in a dc field showed that electrophoretic phenomena occur for these particles less 

conducting than the liquid.  Electrophoresis is often observed in dc fields with electrically 

insulating ceramic particles.  The particle layer formed at the electrode surface depletes 

the concentration of particles dispersed throughout the fluid, thus reducing the viscosity 

[39, 75-78]. 

 In addition to the plethora of literature on the multitude of materials used to 

compose potential ER fluids, there exists an equivalent abundance of literature 

surrounding the determination of factors and mechanisms governing the ER effect.  For 

example, in order to obtain definitive measurements on a single chain of particles 

spanning the electrode gap, water-activated glass beads in silicone oil have been 

evaluated to conclude that the conductivity of a single-row chain of glass beads was three 

orders of magnitude larger than that of the host silicone oil, but decreased rapidly with 

separation of the beads produced by tensile or shear straining.  Subsequently, this system 

of a single row of glass beads was also evaluated to determine the interaction force 

between the particles and its relationship to the conductivity of the particles and host oil.  

It was concluded that the axial interaction force was proportional to E1.5, and decreased 

with average separation of the particles produced by shearing and the measured axial 

interaction force verses separation of the particles was in accord with predictions by both 

polarization and conductivity models.  However, the electric field dependence of the 

force and the observed current density were in better accord with the conductivity model.   

The comparison of various ER models to a particular system is not uncommon given the 
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lack of knowledge regarding the governing mechanisms of the ER effect.  Glass beads in 

silicone oil were again used to measure the force required to shear one-, two-, and three-

chain clusters.  In each case the shear force was proportional to the shear strain, the 

proportionality constant increasing with electric field and number of chains in the cluster.  

Each of the research efforts adds more knowledge to the fundamentals that may be 

significant in governing the ER effect [5, 6, 79]. 

Interspersed amongst publications on ER fluid materials, performance, and 

theoretical models, optimistic reviews of the commercialization potential of ER fluids 

continue to keep the research interest of electrorheology alive.  In 1989, an article touts, 

“Fluids get tough.  Fluids that can change into ‘solids’ instantaneously under an applied 

electric field may soon revolutionize hydraulic equipment.”  Yet the author quickly 

clarifies that at present yield stresses of 7000 Pa (7kPa) have been achieved with fields of 

3 x 106 V/m.  It is also noted that ER fluids offer the advantages of rapid response, 

significant reductions in space and weight requirements, simpler devices and improved 

reliability.  Of course this all depends the development of a commercially viable ER 

fluid.  The use of polymer dispersants and nonaqueous ER fluids with semiconducting 

materials are noted as current trends towards the possibility of extending the upper 

temperature limits for ER fluids [80]. 

Strangely enough, although researchers using trial and error have discovered 

hundreds of particle-liquid combinations that act as ER fluids, no one has ever explained 

exactly how they work.  Existing theories continue to be fatally flawed, and although they 

demonstrate trends towards predicting the ER effect, they err in identifying the 

fundamental cause of the ER effect.    The role of water also continues to be a central 
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point of disagreement over what causes the ER effect.  Thus, engineers continue to seek 

for high performance ER fluids by trial and error as the researchers continue to search for 

the answers to the theoretical debates which may ultimately lead to determining just how 

useful ER fluids can be in commercial applications [81]. 

In 2002, Gao and Zhoa describe a new method to design and prepare ER particles by 

self-assembly.  They have synthesized an inclusion compound, named β-CDP-PAN, 

prepared by the supramolecular reaction of β-cyclodextrin cross-linking polymer (β-

CDP) with 1-(2-pyridlazo)-2-naphthol (PAN) and suspended it in silicone oil to create a 

new type of ER material.  Their experimental measurements of this ER material show 

that the dielectric constant, loss tangent and conductivity display higher values than that 

of β-CDP.  Consequently, it exhibits a much stronger ER effect under a dc electric field.  

They conclude that higher performance ER particles can be obtained by means of self-

assembly – an approach to change a material’s structure and improve its dielectric 

properties – hence, a new way to design and prepare high performance ER materials [82, 

83]. 

Most recently, in the Fall of 2003, Sheng et al. revealed electrorheological 

suspensions fabricated with coated nanoparticles touting a yield strength of 130 kPa, 

breaking the theoretical upper bound on conventional ER static yield stress.  In this giant 

electrorheological effect, the static yield stress displays near-linear dependence on the 

electric field in contrast to the quadratic variation usually observed.  Another point 

worthy of noting is that these suspensions show low current density over a wide 

temperature range, 10-120°C.  The particles used in this ER suspension have an average 

size of 50-70nm, each with a surface coating (urea) of ∼3-10 nm.  The core material in 
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the particles is noted as being barium titanyl oxalate and the host fluid is silicone oil [84]. 

Although such ER suspensions make the reality of large scale commercialization of ER 

fluids almost tangible, other researchers note that Sheng’s material remains less than 

perfect, noting that in the absence of an electric field the suspension is too viscous and 

has yet to prove its usefulness in anything bigger than tiny devices a few millimeters in 

diameter [22]. 

 
 
1.4    Purpose of Study 
 
 At the onset of this study, polyaniline-montmorillonite (PANI-MMT) composite 

particles were prepared by emulsion intercalation polymerization.  These composite 

particles were intended to be used to prepare a nanodisperse suspension which would be 

further utilized in combination with larger composite particles to evaluate the potential 

yield strength improvement of ER fluids resultant from the aggregation of the 

nanoparticles between the larger composite particles in ER fluids.    X-ray diffraction 

patterns of the montmorillonite and PANI-MMT particles confirmed the insertion of the 

polyaniline into the galleries of the clay by showing an increase in the interlayer spacing 

of the clay.  FTIR spectra of the PANI-MMT particles confirmed the existence of the 

semiconductive form of polyaniline, the emarldine salt, within the particles.  Scanning 

electron microscopy images of the PANI-MMT showed that a wide distribution of 

particle sizes and agglomerates of particles existed in the PANI-MMT powder.  Although 

various types of mechanical milling and ultrasonication methods were utilized, we were 

unable to prepare nanosized PANI-MMT particles dispersed in silicone oil.  The PANI-

MMT particles prepared were suspended in silicone oil and dielectric analysis of the 
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suspension compared well with published data.  Further testing of the suspension in the 

rheometer did not demonstrate a positive ER effect as noted in the literature.  The lack of 

a notable ER effect was attributed to the inability to prepare a nanodisperse suspension of 

the PANI-MMT particles in silicone oil.   

Additional tests were conducted in a variety of areas including:  miscibility tests 

and the dielectric characterization of various solvent combinations to promote particle 

dispersion; the preparation, dielectric and rheological analysis of ER fluids with two 

different dispersed phases, as well as with various solvent combinations for the 

continuous phase, both of which, unfortunately, suffer from the lack of quantitative 

theories to predict their ER response; and benchtop experiments utilizing organically 

modified clay alone as the dispersed phase to elicit the advantages that a nanoparticle 

with a large aspect ratio (>>1) and select functional groups adds to the gelation ability 

and subsequent stability of a suspension.  Due to the difficulties encountered with the 

PANI-MMT system, the study was refocused to evaluate and compare lead 

titanate/silicone oil and zeolite/silicone oil suspensions.  

The objectives of the refocused project were to characterize the dielectric and 

rheological properties of silicone oil based ER fluids containing lead titanate, PbTiO3, 

and zeolite particles.  It is known that the conductivity ratio, Γσ = σp/σf, the dielectric 

constant ratio, Γε = εp/εf, and the applied field frequency f are three important parameters 

which determine the ER effect.  If Γσ > Γε, a stronger ER response is obtained with a low 

applied field frequency than with a high frequency.  If  Γσ < Γε, the opposite occurs. The 

large dielectric mismatch between the lead titanate particles and silicone oil represent a 

condition in which Γσ < Γε , whereas a zeolite/silicone oil suspension represents the 
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alternate condition,  Γσ > Γε .  The comparison of lead titanate/silicone oil suspensions to 

zeolite/silicone oil suspensions was intended to provide insight into the mechanism(s) 

that govern the ER response in lead titante suspensions [34]. 

Additionally, experimental results are compared with existing theoretical models 

for ER fluids in order to identify the polarization mechanisms controlling the ER 

response of lead titanate/silicone oil suspensions.  The plethora of assumptions required 

for utilization of the existing polarization models are reviewed. 

 
 
1.4.1 Identification of Research Goals 
 
 As previously noted in the literature review, lead titanate has been widely used for 

capacitors, ultrasonic transducers, thermistors, optical electronic devices and satellite 

detection systems.  Yet to the author’s knowledge, literature references delineating the 

use of lead titanate in ER fluids does not exist.  Given that lead titanate has a dielectric 

constant of ∼ 200 and silicone oil has a dielectric constant of ∼ 2.5, this particle/fluid 

dielectric mismatch seems worthy of examination for a potential ER effect. 

 Another ferroelectric material, barium titanate (BaTiO3), suspended in silicone oil has 

been extensively studied.  Lead titanate has a higher Curie temperature (making high 

temperature applications more feasible) and its unit cell has a markedly larger axial ratio 

(c/a) than BaTiO3.  Thus, PbTiO3 would be expected to possess more outstanding 

ferroelectric properties. 

 At the onset of this research lead titanate/silicone oil suspensions were selected as 

representative of an ER fluid with the condition of Γσ < Γε.  The literature review 

indicated that zeolite/silicone oil suspensions were a well-defined example of ER fluids 
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with the alternate condition, Γσ > Γε.  The lead titanate suspension was selected to 

determine if the dielectric mismatch would foster an ER effect and both suspensions were 

chosen for comparison purposes to help identify the differing governing mechanisms of 

the ER fluids. 

 The overall goal of research conducted with respect to electrorheology is to improve 

the knowledge of the factors and mechanisms governing ER fluids to ultimately design 

ER fluids with higher yield strengths (>20kPa).  Only when high performance ER fluids 

are developed will the commercialization potential and the multitude of end use 

applications be realized for ER fluids. 
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CHAPTER 2 
 

EXPERIMENTAL 
 
 

2.1 Materials Selected 
 

 The zeolite/silicone oil suspension selected for this study was chosen based upon the 

numerous publications and examples that define it in the literature.  Previous studies 

indicate that this ER fluid is well defined and appropriate for comparison purposes to the 

lead titanate/silicone oil suspension.  The lead titanate used in this study, Ticon 95 

Lead-T, was supplied by Ferro Electronic Materials located in Niagara Falls, New York.  

The decision to use Ticon 95 Lead-T for our exploratory research on ER fluids was 

made after reviewing an article that provided a comparison of the impurity analysis of 

lead titanate, PbTiO3, powders prepared via the sol-gel method with this commercial 

electronic-grade of PbTiO3 [85]. 

Silicone oil was chosen based on the practical preference given to liquids of low 

dielectric constant in ER applications that stems from the ability of such liquids to 

withstand high electric fields without breakdown, to have low electrical conductivities 

and not become readily conductive when there are extraneous impurities [12]. 

Material descriptions and properties for the silicone oil, zeolite, and lead titanate 

are provided in the following sections. 

 
 
2.1.1 Silicone Oil 

 
Two sources of silicone oil, Fisher Scientific S159 and Dow Corning 200 Fluid 

(η = 50 cSt at 25°C) were used in this study.  Silicone oil was selected since it is 

relatively nonconductive, σf = 2.4 x 10-12 S/m; nonpolar; and has a low dielectric 
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constant, ε′f = εf/εo = 2.5.  Although an ohmic host fluid over the entire frequency and 

applied electric field range would be ideal for the preparation of ER fluids, a known 

ohmic host fluid is nonexistent.  Silicone oil is non-ohmic, particularly at high applied 

electric fields.  The non-ohmic behavior is attributed to impurities that foster ionization. 

The non-ohmic conductivity of the oil in a dc field is described by Equation 1.3 

Onsager’s equation for ionic dissociation in dielectric fluids).  Experimental data has not 

yet been reported on the non-ohmic conductivity of silicone oil in an ac field.  Therefore, 

for an ac field we used the same material constants as used for a dc field [55]. 

In general the host oil is considered to be ohmic at low applied electric field and 

non-ohmic at high applied fields.  In a high dc field, Onsager’s equation accommodates 

the use of a nonohmic fluid.  In ac fields, Onsager’s equation cannot be applied; therefore 

the assumption that the fluid is ohmic is used. 

For the same silicone oil used in this study, Wu et al. provide the following 

electrical properties for Dow Corning 200 silicone oil; dielectric constant, ε′f = 2.5 and 

for the electrical conductivity σf (0) = 2.4 X 10-12 S/m.  Dow Corning 200 silicone oil 

also has a specific gravity of 0.973 and viscosity of 50 cSt at 25°C [5, 28]. 

It is important to note that the oils generally exhibit some non-ohmic behavior.  

The literature review also indicated that in order to reduce and standardize the water 

content of the oils, it is common practice to heat the silicone oil 1.5 - 2 hours at 100°C 

prior to mixing with the particles [54]. 
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2.1.2 Zeolite 
 

Zeolites or alumino-silicates are highly porous, containing numerous cavities and 

interconnecting channels such that around 97% of the total surface area of the particles 

are contained within the particles, i.e. the walls of the cavities and channels.  The 

dimensions of the cavities and channels can be varied by varying the aluminum/silicon 

ratio.  The cationic charge carriers arise from the requirement for stoichiometry when 

some tetravalent Si atoms are replaced by trivalent Al without disrupting the crystal 

structure.  The negative charge created by this substitution is balanced by the introduction 

of cations into the system.  These cations however cannot fit into the close packed crystal 

structure and therefore reside on the surfaces of the cavities and channels.  Thus the 

cations are present as a consequence of the chemistry of the zeolites (not the presence of 

an electrolyte such as water) and their mobility is a result of the cations being on the 

surfaces that are primarily internal and not confined within the crystal structure.  The 

intrinsic ER activity of these materials is associated with the presence of these cations 

that presumably move locally under the influence of an electric field, thus they are 

considered ionic conductors [58]. 

The chemical composition of zeolite is Na12[(Al2O3)12(SiO2)12] x H2O and it has a 

crystal structure that consists of a framework composed of truncated octahedra joined in a 

cubic array.  The zeolite particles are not spheres, but more nearly cubes.  They are 

generally cubic in shape with some rounded edges (see figure 2.1).  The truncated cube 

octahedron has an internal cavity of 11 A in diameter (α cage) which is entered through 6 

apertures (4.2 A dia.) formed by a nearly regular ring of 8 oxygen atoms.  This gives a 3-

dimensional pattern of unduloid-like channels with a maximum diameter of 11 A and a 
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minimum of 4.2 A.  The framework density of the zeolite is 1.27 g/cm3, the dehydrated 

crystal density is 1.99 g/cm3, the void volume is 0.30 cm3/g and the void fraction 0.47.  

Water is mainly absorbed in the channels of the zeolite particles. Zeolite conditioned at 

750°C is assumed to have ∼ 0 wt.% retained water [54, 86-90]. 

 

 
 
 
 
 

 
 
 
 

Figure 2.1 - Structure of Zeolite  
 
 

The zeolite used in this study was purchased from Sigma Aldrich-Chemical 

Incorporated.  The technical specification sheet from Sigma-Aldrich indicated the 

following material information provided in Table 2.1. 

Table 2.1 – Zeolite Z3125 Product Information 
        

Lot Number:  48F0707   CAS NO:  1318-02-1 
Product Name Zeolite 
Product Number  Z3125 
Appearance 
                        

White to white with a faint yellow; 
cast powder                         

Nominal Pore Diameter  10 Angstroms 
Particle Diameter Less than 10 microns 
Water content Less than 2.5% 
Equilibrium water capacity  26% 

 
 

The Sigma-Aldrich technical service representative indicated that this product is a 

synthetically prepared sodium form, 13X, where the general formula for X = 1 Na2O, 1 

Al2O3, 2.8 + 0.2 SiO2 • xH2O.  For comparison, the general chemical composition often 
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given for zeolite is Na12[(Al2O3)12(SiO2)12] x H2O.  The hydrated density is 1.95 g/cm3 

and the dry density is 1.53 g/cm3.  Throughout this study the dry density was used for all 

calculations. 

The specification sheet provided by the zeolite supplier indicated a particle 

diameter of less than 10 microns.  The assumption was made that the zeolite particle size 

distribution is relativitely uniform and a particle diameter of 10 µm (microns) was used 

for calculations [46]. 

Wu, Chen and Conrad, reported that the zeolite particles in the zeolite/silicone oil 

suspension (φp = 0.34) had a conductivity σp = 1.5 x 10-5 S/m and a dielectric constant Kp 

= 23.7 [55].  Additionally, Conrad and Chen have estimated the conductivity of zeolite 

particles with ∼8wt% water to be 1.5 x 10-6 S/m based on the measured current density of 

zeolite (φp = 0.28) in oil suspensions [86]. 

 
 

2.1.3 Lead Titanate 
 

Lead titanate is a ceramic material with three atomic species.  The chemical 

formula for lead titanate, PbTiO3, is of the general form, M′M″X3, where M represents 

the metallic elements and X represents a nonmetallic element.  This general formula is 

used to describe an important family of electronic ceramics with the perovskite structure.  

There are five ions (one Pb2+, one Ti4+, and three O2-) per lattice point and per unit cell.  

Materials with the perovskite structure have important ferroelectric and piezoelectric 

properties (related to the relative positions of cations and anions as a function of 

temperature).  Figure 2.2 is representative of the crystal structure of lead titanate.    
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 Figure 2.2  - Structure of Lead Titanate 
(1) Cubic structure above the Curie Temperature 
(2) Tetragonal (modified) structure below the Curie     
     Temperature (also the room temperature structure) 

 
 

For a perovskite type material, the crystal structure is a simple cubic Bravais 

lattice above the critical temperature (also known as the Curie temperature), 495°C 

(single crystal), and below this temperature, PbTiO3 undergoes a phase transformation to 

an asymmetrical tetragonal structure (tetragonal modification).  Lead titanate is said to be 

ferroelectric below the Curie temperature due to rearrangement of charges within the 

crystal structure that results in an overall separation of the positive (cation) and negative 

(anion) charge distribution.  This is equivalent to a permanent electrical dipole in the 

noted tetragonal form that allows for a large polarization of the material in response to an 

applied electric field.  Therefore, below the Curie temperature, spontaneous polarization 

sets in and all the elementary dipoles have the same orientation.  Hence, ferroelectricity is 

defined as the spontaneous alignment of electric dipoles by their mutual interaction. 

 Titanium (Ti4+): at the body center

 Lead (Pb2+):  at corners 

 Oxygen (O2-):  at face centers  
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Ferroelectric crystals are polar:  They contain a permanent electrical dipole at the 

unit cell level as a result of the local atomic arrangement, and this electrical dipole 

spontaneously aligns with those in adjacent unit cells to yield a net polarization over 

many unit cell dimensions.  The defining characteristic of a ferroelectric is that the 

direction of polarization is switchable; it can be changed in direction (within a limited set 

determined by the crystal symmetry) through the application of a sufficiently high 

electric field.  Many crystals are polar; but unless the polarization is reversible with field, 

the crystal is not considered ferroelectric [91]. 

In some capacitor applications of perovskites, the orientation of an impending 

polarization yields unusually high effective dielectric constants.  Also accompanying the 

transformation is a change in crystal dimensions.  The coupling between the crystal 

dimensions and the applied filed is the origin of the piezoelectric effect, useful in 

electromechanical applications.  Piezoelectric materials give an electrical response to 

mechanical pressure application.  Conversely, electrical signals can make them pressure 

generators.  Ferroelectrics and piezoelectrics are important examples of insulators [2, 91- 

93]. 

Lead (II) titanate, PbTiO3, has a yellow, tetragonal crystalline form (room 

temperature), with a density of 7.9 g/cm3, and dielectric constant is ∼200 (room 

temperature, with the measurement taken at a frequency of 1000 Hz).  Noteworthy, is that 

in a ferroelectric material the dielectric constant increases as the temperature approaches 

the Curie temperature.  The dc conductivity for lead titanate is 3.2 x 10-12 Ω-1 ⋅ cm-1 

(S/cm) at room temperature [72, 93, 94]. 
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Lead titanate is considered to be promising for high temperature applications 

since its Curie temperature has been inferred to lie in the neighborhood of 500°C.  

Moreover, the axial ratio (c/a) for PbTiO3 in the tetragonal phase is 1.063, markedly 

larger than that in BaTiO3, another ferroelectric material.  Hence it is expected that 

PbTiO3 should possess outstanding ferroelectric properties [93]. 

The supplier information for the lead titanate used in this study is provided in 

Table 2.2. 

Table 2.2 - Lead Titanate Product and Supplier Information 
 

Product: Commercial electronic-grade lead titanate (PbTiO3), TICON 95 Lead T 
Product No.: 52506 
Supplier:   FERRO Electronic Materials, Incorporated (Niagra Falls, NY) 
 
 

The supplier indicated that TICON 95 Lead T has an approximate dielectric 

constant in the range of 190-350, a Curie Point = 490°C, and the particle shape is not 

measured but is an agglomerate.  The particle size was measured using a sedigraph that 

measures the average particle size.  Ninety percent (90%) of the particles are less than 

5.65 µm, 50% of the particles are less than 1.22 µm, and 10% of the particles are less 

than 0.42 µm.  There is a distribution of particle sizes.  Appendix A contains further 

chemical and physical data for TICON 95 Lead T (lead titanate) as provided by the 

supplier.  

 

2.1.4 Desirable ER Fluid Material Properties 
 

In general, the rheological properties of dispersed systems depend on the 

following factors:  (1) the viscosity of the fluid medium, (2) the concentration of the 



 

47  

suspended matter, (3) the size and shape of the suspended particles, and (4) the forces of 

interaction between the particles, that is, the state of stability or flocculation of the 

suspension [95]. 

Desirable properties for the continuous phase (liquid phase) of ER fluids are:     

(1) high boiling point and low freezing point, giving the ER fluid a wide temperature 

range (ideally from below -40°C to above at least 150°C) and low vapor pressure at 

normal working temperatures; (2) low viscosity, so that either the ER fluid has a low no-

field viscosity or, alternatively, so that a greater proportion of solid can be included in the 

ER fluid without the no-field viscosity becoming excessive; (3) high electrical resistance 

and high dielectric strength, so that the ER fluid draws little current and may be used over 

a wide range of applied electric field strengths; (4) high density since it is preferable for 

the solid and liquid components of an ER fluid to have the same density to prevent 

settling on standing; and (5) chemical stability, to prevent degradation in storage and 

service, even in the presence of the many potentially catalytic surfaces provided by the 

particles in an ER fluid, which could give rise to deleterious breakdown products.  

Additional recommended continuous phase parameters include low conductivity (<10-10 

S/m), minimal non-ohmic behavior, low water content, and electrical properties not 

sensitive to ambient conditions (temperature/humidity) [15, 49]. 

General particulate properties, in addition to having the required electrical 

properties to make the particles polarizable, the particles should be easily powdered and 

dispersed and mechanically soft (nonabrasive) enough so as not to cause wear and 

abrasion.  Additionally, the particles should contribute to the following overall ER fluid 

requirements [12]. 
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In order for an ER fluid to be considered for front running commercial 

applications, there are number of important ER fluid properties to take into consideration.  

These include (but are not limited to):   

• a high induced yield ( > several kPa) together with a low no-field viscosity,   

• persistence of the field induced stress enhancement at high shear rates (> 103 s-1), 

• the electrically induced stress must be rapidly turned on/off by the field,  

• low currents drawn by the fluid under an electric field, 

• broad operating temperature range,  

• long term stability against sedimentation, 

• the fluid should not degrade in storage or use, 

• particles within the fluid should not be subject to electrophoresis,  

• the fluid must not cause mechanical abrasion in flow, 

• non-toxic, of low flammability, and easily disposed of, 

• and to top it off, the cost must not be prohibitive [63]. 

 

2.1.5 Advantages/Disadvantages of Materials 
 

A key point to consider is that the dielectric constant, dielectric loss, and 

conductivity of the host fluid may be obtained by making direct measurements on the 

host fluid, while, the corresponding properties of the dispersed particles often are 

deduced from the measurements made on the ER suspension.  This is a typical 

disadvantage regardless of the materials selected. 

Silicone oil is an acceptable continuous fluid material to select due to its low 

dielectric constant, yet it exhibits some non-ohmic behavior like most common oils.  



 

49  

Zeolite/silicone oil suspensions are well defined, which makes them excellent for 

comparisons purposes.  The zeolite/silicone oil suspensions are also representative of the 

alternate condition of interest for our study, Γσ > Γε.      

 Lead titanate (and other ferroelectric materials) is a crystalline dielectric that can 

be given a permanent electric polarization by application of an electric field.  Lead 

titanate with a higher Curie temperature than barium titanate increases the available 

temperature range to well above 100°C.  The dielectric mismatch between the lead 

titanate particles (∼200) and the silicone oil (2.5) may elicit an ER effect [92].

 Unfortunately, lead titanate has a density of 7.9 g/cm3 and silicone oil has a 

density of 0.97 g/cm3.  It is preferable to avoid settling by utilizing particles and a fluid 

with similar densities.  However, attempts to match densities at all temperatures would be 

very difficult if not impossible.  There exists the possibility of sterically stabilizing 

against aggregation and sedimentation, but if very close particle-particle approach is 

involved in the ER phenomenon then such alteration may damage or even totally 

eliminate the induced Bingham-type behavior of the ER effect [12, 63]. 

 According to the widely accepted studies of Block and other researchers, large 

dielectric constant (related to strong polarization), suitable dielectric loss (> 0.1 at 1 kHz) 

or conductivity (∼ 10-7- 10-8 S/m, related to the polarization response time and stability of 

interaction between particles) of dispersed particles are important for high performance 

ER materials.  Given the dielectric mismatch between the lead titanate and silicone oil 

and conductivity of the lead titanate, 3.2 x 10-12 Ω-1 ⋅ cm-1 (S/cm), i.e. 3.2 x 10-10 S/m, at 

room temperature, the material combination of lead titanate and silicone oil appears to 

warrant examination [96]. 
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Due to the complexity of the numerous factors/requirements involved in the 

development of ER fluids, often times materials are selected merely based on trial and 

error.  Research of new ER fluids, whether they exhibit a positive ER effect or not, can 

contribute information regarding general ER behavior, and contribute to the overall aim 

to produce ER fluids with higher yield strengths at lower voltages and current. 

 
 

2.2 Dielectric Spectroscopy 
 
  The following sections review the general method for the dielectric analysis of 

materials, definitions and calculations for common dielectric properties, and a description 

of the instrumentation/sensors/methodology used to conduct the dielectric analysis.  The 

final section describes the sample preparation techniques. 

 
 
2.2.1 Method of Measurement 

 
Dielectric analysis measures the two fundamental electrical characteristics of a 

material –capacitance, or its ability to store electric charge, and conductance, its ability to 

transfer electric charge – as functions of time, temperature, and frequency [97]. 

In dielectric analysis, a sample is placed between electrodes and a sinusoidal 

voltage is applied to one of the electrodes creating an alternating electric field between 

the electrodes.  This produces polarization in the sample, which oscillates at the same 

frequency as the electric field, but has a phase angle shift (θ).  This phase angle shift is 

measured by comparing the applied voltage to the measured current.  The measured  

current is separated into capacitive and conductive components.  Capacitance (C) and  
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conductance (1/R) are calculated using the following equations,  

C (farads) = Imeasured   x  sin θ (Eq. 2.1)       
                 Vapplied        2πf 
 

1/R (mhos) = Imeasured   x  cos θ (Eq. 2.2) 
                      Vapplied         
 
where:  R = resistance (ohms), I = current, V = voltage, f = applied frequency (Hz), θ = 

phase angle shift [98]. 

 
 
2.2.2 Permittivity and Loss Factor 
 

Measurements of capacitance and conductance are used to calculate the following 

variables: 

• Permittivity (ε′), which is proportional to capacitance and measures the alignment 
of dipoles.  Permittivity represents the amount of alignment of the dipoles to the 
electric field.   

 
• Loss factor (ε″), which is proportional to conductance and represents the energy 

required to align dipoles and move ions.   
 

Permittivity, ε′, and loss factor, ε″, can be calculated as follows: 
 

ε′ =    Cd    (Eq. 2.3) 
                  εoA      
 
 

ε″ =         d____   (Eq. 2.4)  
      R A 2πfεo 

 
where: C = capacitance (farads), R = resistance (ohms) [conductance = 1/R], A = 

electrode area, d = spacing,  f = frequency (Hz), εo = absolute permittivity of free space 

(8.85 x 10-12 F/m) [98]. 
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2.2.3 Ionic Conductivity and Complex Permittivity 
 

Additionally, ionic conductivity, σ, may be calculated via Equation 2.5 and 

complex permittivity, ε*, via equation 1.5. 

σ = ε″2πfεo (Eq. 2.5) 
   
 
 
2.2.4 Description of Dielectric Analysis Equipment 
 

Dielectric measurements were carried out on a dielectric analyzer, TA Instruments, 

Model DEA 2970.  The host fluids and suspensions were tested using ceramic single 

surface sensors and pellets of compressed particles (powder) were tested using ceramic 

parallel plate sensors.  

The DEA 2970 consists of three major parts:  the ram/furnace assembly and the 

interchangeable sensors incorporated into a cabinet that contains the supporting 

electronics (Figure 2.3).  The ram/furnace assembly contains interchangeable rams, 

which are slotted into the top of the assembly to allow the use of different sensors.  

Several types of disposable sensors may be used with this assembly permitting the study 

of a wide range of samples (solids, pastes, or liquids).  For example, the ceramic single 

surface sensor is ideal for low viscosity fluids that can flow enough to fill the spaces 

between the sensor’s interdigitated electrodes (Figure 2.4).  Parallel plate sensors are 

ideal for use with solids (Figure 2.5) [97]. 
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Figure 2.3 - DEA 2970 
 
 
 
 
 

 

 
 

Figure 2.4 - Ceramic Single Surface Sensor 
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Figure 2.5 - Ceramic Parallel Plate Sensor 
 
The sensors used in this study consisted of the ceramic single surface sensors and 

ceramic parallel plate sensors.  The host fluids and suspensions were tested using the 

ceramic single surface sensors.  The single surface sensors are based on a coplanar 

interdigitated-comb electrode design.  The sensor assembly is composed of a ceramic 

substrate, metal ground plate, high temperature insulating layer, electrode arrays, 

platinum resistance temperature detector (RTD), and electrical contact pads.  The 

temperature is controlled directly by the RTD.  The sensor is placed on the bottom of the 

oven and the sample positioned on its top surface.  Ram pressure assures intimate 

sample/electrode contact.  Spring probes attached to the ram make contact with pads on 

the sensor, completing the signal circuits.  Permittivity and loss factor are calculated from 

the current and phase data using a calibration table stored in the instruments memory.   

The interdigitated gold electrodes extend 0.013 mm (0.5 mil) above the ceramic 

substrate.  The distance between the interdigitated electrodes on a single surface sensor 

(excitation electrode to response electrode) is 0.010” or 254 micrometers.  This is the 

center-to-center distance, the edge-to-edge distance is about half of that distance.  The 

nominal thickness of the sensor is 1.65 mm.  A uniform layer of the liquid should 
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completely cover the entire electrode area and fill the depth of the channels between the 

electrodes.   

Pellets of compressed particles (powder) were tested using ceramic parallel plate 

sensors.  These sensors have circular gold electrodes.  The lower electrode, positioned on 

the surface of the furnace applies the voltage that sets up the electrical field and polarizes 

the sample.  A platinum RTD surrounds the perimeter of the gold electrode and measures 

the temperature of the sample.  The temperature is controlled directly by the RTD.  The 

upper electrode, attached to the face of the ram, measures the generated current, which is 

then converted to an output voltage and amplified.  A guard ring around the perimeter of 

the upper electrode corrects for electric field fringing and for stray capacitance at the 

edge of the plates.  Signal circuits are connected through pads on the lower sensor, which 

contact spring probes attached to the ram.  The plate spacing (sample thickness) recorded 

at the start of the method is used throughout the experiment in the calculation of 

permittivity and loss factor.  Regardless of the sensor selected, the sensors are calibrated 

by making a capacitance measurement without any sample in dry air prior to testing a 

sample. 

The basic experimental procedure includes selecting and installing the appropriate 

sensor to use, select the mode of operation and instrument parameters to match the type 

of sensor selected, calibrate the sensor, create a test method and frequency table, mount 

the sample, and begin the test. 

Once the appropriate sensor set-up is selected, the experimental parameters may be 

set via the Thermal Analysis software.  In selecting the experimental parameters and 

reviewing data the following instrument specifications provided by the manufacturer 
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were useful:  The frequency range is 0.003 Hz to 100 kHz; The temperature range is from 

ambient to 500°C without a cooling system; The voltage is 1 volt and is invariable on the 

instrument; The dielectric sensitivity at 1 kHz is 0.01; The dielectric constant range is 1 

to 105; The loss factor range is 0 to 108; The isothermal stability is + 0.2°C.  Since 

dielectric measurements are very sensitive to moisture, the DEA 2970 is continuously 

maintained under dry air.   

  The DEA 2970 provides quantitative calculations of the dielectric parameters, 

internally converting measured sample response into permittivity and loss factors via the 

equations provided above.  These values are passed to the controller for display and 

storage.  The data file contains permittivity, loss factor, time, temperature, and frequency.  

Additionally, the data analysis program, Universal Analysis (software) calculates the 

ionic conductivity and complex permittivity as noted above [98]. 

The dielectric analysis measurements on host fluids and suspensions were made 

using ceramic single surface sensors.  The applied voltage was 1V and invariable on this 

unit.  The frequency range, 0.003 Hz to 100 kHz, was utilized.  Tests were conducted at 

room temperature unless otherwise noted.  Due to the sensitivity of dielectric 

measurements to ambient moisture, the samples were tested under continuous dry air.  

Table 2.3 provides a list of operating parameters for the DEA 2970.  

Table 2.3 - TA Instruments DEA 2970 Dielectric Spectrometer Parameters [98]. 
 

Frequency Range 0.003 Hz to 100 kHz 
Temperature Range Ambient to 500°C  
Applied Voltage 1 Volt 
Dielectric constant sensitivity at 1 kHz 0.01 
Dielectric constant range 1 to 105 
Loss Factor 0 to 108 
Isothermal stability + 0.2°C 
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2.2.5 Test Methodology 
 

The general name for the test method utilized was an isothermal 

temperature/frequency sweep.  The samples were tested under the ambient laboratory 

temperature(s) over a range of frequencies.  A frequency sweep over the frequency range, 

0.003 Hz to 100 kHz, was conducted with two methods of selecting measuring points: 

discrete points (0.003, 0.01, 0.1, 1.0, … 100,000 Hz) and log values with three points per 

decade (0.003, 0.006, 0.014, …30,000, 64,600, 100,000 Hz). 

Since dielectric measurements are very sensitive to moisture, the DEA was 

continuously kept under dry air.  The ceramic single surface sensors and conditioned 

(dried) samples were kept in a glass dessicator with Drierite (anhydrous calcium 

sulfate, CaSO4, by W.A. Hammond Drierite Co. LTD) that was sealed with vacuum 

grease.  The silicone oil, particles, and suspensions that were conditioned, were dried in a 

Fisher Scientific, Isotemp vacuum oven, Model 281A, set to a temperature of 110°C.   

Each test included the selection, installation, and calibration of the ceramic single 

surface sensor, application of a uniform layer of the sample to the sensor covering the 

interdigitated electrode area, lowering the ram, and initiating the isothermal temperature/ 

frequency sweep to collect data over the specified frequency measuring points. 

The DEA 2970 was calibrated on 2/11/03, 3/24/03, 7/7/03, 8/13/03 and 9/30/03.  

Additionally, silicone oil was run as a standard sample to ensure proper calibration of 

equipment between calibration dates. 
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2.2.6 Sample Preparation 
 
  The general sample preparation method and/or conditioning of the samples are 

presented in Table 2.4, which also summarizes the components used in each suspension.   

     Throughout experimental procedures efforts were made to keep the water 

content to a minimum for the dry samples.  If no attempt was made to reduce or eliminate 

the water content, the sample is noted as an “as received” sample. 

 
 
2.2.6.1 Silicone Oil 

 
Two different silicone oils, one purchased from Fisher Scientific (S159) and the 

other from Dow Corning (200 Fluid), η = 50 cSt at 25°C were tested.  The silicone oil, 

was dried in a 110°C oven for 12 hours, removed from the oven, capped, and placed in a 

dessicator until it was tested on the DEA.     

  

2.2.6.2 Zeolite and Lead Titanate Suspensions 
 

For dry suspension samples, the particles were weighed and placed in vials.  The 

vials with the particles were conditioned in a 110°C oven.  The vials were removed from 

the oven and silicone oil (Dow Corning 200 Fluid - previously dried and maintained in a 

glass dessicator with Drierite) was added to the particles in the vial.  The components 

were stirred with a stirring rod.  The vials were capped and the samples were shaken 

vigorously for 5 minutes.  The cap/vial interface on each sample was wrapped with 

masking tape prior to placing the samples in an ultrasonic water bath (heat off) for 2 

hours.  During the two (2) hour sonication period the samples were shaken occasionally 

(approximately every 30 minutes) and returned to the bath.  After the sonication period, 
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the samples were then removed, untaped, uncapped and placed in a 110°C purge oven for 

at least one hour.  Each sample was removed from the oven, capped, allowed to cool to 

room temperature, and shaken vigorously for 5 minutes prior to testing on the DEA. 

The silicone oil and particles for the as received samples were not conditioned 

prior to preparing the suspension.  After being in the ultrasonic water bath, the final as 

received suspensions were placed in a 110°C purge oven for at least one hour.   

  The compositions of the zeolite and lead titanate suspensions that were tested are 

shown in Table 2.4.  Dielectric analysis was performed on all of the samples.  The as 

received and dry 15vol% zeolite/silicone oil and 20vol% lead titanate/silicone oil samples 

also had rheology tests performed and were prepared to have the same weight fraction 

(30wt%).     

 
Table 2.4 Composition Information for the Zeolite and Lead Titanate Suspensions 

 
 
Suspension Type 

 
Particle weight (g) 

Solvent 
Volume (mL) 

Tests  
Performed 

Dry  
9vol% zeolite/silicone oil 

0.6886  5  Dielectric 

Dry  
10vol% zeolite/silicone oil 

0.7640  5  Dielectric 

As received  
15vol% zeolite/silicone oil 

3.4  12 Dielectric, 
Rheology 

Dry  
15vol% zeolite/silicone oil 

3.4 12 Dielectric, 
Rheology 

Dry  
4vol% lead titanate/silicone oil 

1.5055  5 Dielectric 

Dry  
10vol% lead titanate/silicone oil 

3.7632  5 Dielectric 

As received 
20vol% lead titanate/silicone oil 

25.5623 16.5 Dielectric, 
Rheology 

Dry 
20vol% lead titanate/silicone oil 

25.5631 16.5 Dielectric, 
Rheology 
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2.3 Rheology 
 

Information regarding some terminology, the rheometer and auxiliary equipment 

utilized, the test method, and specific details of the samples prepared for rheology 

measurements are contained in the following sections. 

Since standards for the testing of ER fluids do not exist, researchers often report data 

obtained on instruments using different flow fields, gap sizes, geometries, frequencies, 

and shear rates.  This inconsistency in test measurements makes it difficult to compare 

the ER performance parameters noted in the literature.   

 
 
2.3.1 Viscosity and Shear Stress 

 
Viscosity is the property of a liquid that describes its internal resistance to flow.  

Viscosity, η, is defined as the proportionality constant between a shearing force per unit 

area (F/A) and velocity gradient (dv/dx) (see equation 2.6).  The units for viscosity are 

traditionally the poise [= 1 g/(cm⋅s)], which is equal to 0.1 pascal-second (Pa⋅s) [2]. 

F = η dv (Eq. 2.6) 
            A       dx  
 

As previously noted under general ER behavior (section 1.1.3), the shear stress, τ, of 

a Bingham plastic is given by, τ = τo + ηs γ&    (Equation 1.2) which reflects the combined 

action of electric and viscous elements, where τo is the yield stress, ηs is the viscosity of 

the ER fluid, and γ&  the shear rate.  
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2.3.2 Description of Rheometer and Additional Test Equipment 
 

The rheological measurements were made with a Physica Rheolab MC 100 rotary 

rheometer having a Couette-type, concentric cylinders cell (17mL) with a gap of 1 mm.  

(Thus, the gap between the outer stationary measuring cup and the inner rotating 

measuring bob was 1 mm.)  According to supplied technical data, the cell is capable of a 

stress resolution of 1 Pascal.  An initial test was conducted at E = 0.  Subsequent tests 

with dc and ac electric fields were employed with a range from 0.5 kV/mm to 3 kV/mm.  

The dc electric fields were created using the Physica power supply (Model HVG 5000) 

with a 0 – 5 kV range.  For tests conducted with alternating current (ac) at various 

frequencies ranging from 10 – 1000 Hz and varying electric field (0 – 3 kV) a sinusoidal 

wave was generated with a BK Precision 3020 Sweep/Function Generator (signal 

generator) that was amplified by a high voltage amplifier (Trek model 609-C 6).  The 

shape and amplitude of the output signal were checked on a Tektronix 468 digital storage 

oscilloscope.  The current was measured with a multimeter (universal measuring device) 

through a resistance placed on the high voltage side of the circuit.  The values of the 

electric field are the root-mean squared values (rms) [69].  A schematic of the rheology 

test apparatus is provided in Figure 2.6. 

 

2.3.3 Method of Measurement 

The rheology measurements were made with a Couette-flow type device in which 

the fluid was sheared between two electrodes (see Figure 2.6).  



 

62  

 

Figure 2.6 - Schematic of the Rheology Test Apparatus 
 

 Rotational tests with continuously increasing shear rate, γ&  = dγ/dt, were conducted.  

Each test included 20 preset shear rate measuring points ranging from ≈ 5.0 to 84.0 (1/s) 

during a 5 minute period.    This method is called a rotational flowcurve.  The torque 

acting on the measuring bob from the flow resistance of the sample was measured to 

obtain the shear stress.  The yield stress, τo, was determined by extrapolation of the shear 

stress, τ, verses shear strain rate, γ& , curve to γ&  = 0 [3, 99]. 

The suspensions were shaken vigorously for at least 5 minutes prior to pouring 

sample into the stationary outer measuring cup.  The measuring bob was lowered until 

contact was made with the bottom of the measuring bob to the outer cup.  The measuring 

bob was then raised 1mm to set the gap distance. A no field (E = 0) test was conducted 

first.  In order to obtain an equilibrium chainlike or columnar structure before applying 
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the shear, the desired field and frequency, as applicable for each test, were set on the 

aforementioned equipment and applied to the sample for 5 minutes prior to conducting 

the test.  The PHYSICA RHEO-LOGIC OS300 software was used to note the sample 

name, establish the test parameters (time length of test, shear rates/measuring points), 

initiate, run, and collect data points for each test.  Rheology data was obtained at ambient 

laboratory conditions ≈ 22 - 25°C, and ≈ 48-50% relative humidity unless otherwise 

noted. 

Prior to running rheology samples for this study, a silicone oil sample (Run date 

4/03/03) was tested via the rotational flowcurve method described above.  The viscosity 

of the silicone oil, ηf = 5.19 x 10-2 Pa⋅s, was calculated from the slope of the obtained 

stress (Pa)- strain rate (1/s) curve.  This compared well with the published viscosity value 

for silicone oil, η = 5.28 x 10-2 Pa⋅s [74].  The correlation of the data obtained to 

reference material confirmed calibration of the rheology equipment for further use in this 

study.  A summary of the rheology tests that were conducted is shown in Table 2.5. 

 

2.3.4 Sample Preparation 
 

The as received and dry 15vol% zeolite/silicone oil suspensions (Run dates 7/1/03 

and 7/31/03) and 20vol% lead titanate/silicone oil as received and very dry (Run dates 

8/18/03 and 8/20/03) suspensions were prepared as indicated in section 2.2.6.2 (see Table 

2.4). 
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Table 2.5 – Rheology Samples and Tests Conducted 
 

Suspension Name Tests conducted 
As received 15vol% zeolite/silicone oil dc; E = 0, 0.3 kV/mm 

ac; 10 Hz; E = 0.5, 1, 2, 2.5 kV/mm 
ac;  100 Hz; E = 0.5, 1, 2 kV/mm  
ac;  1000 Hz; E = 0.5, 1, 2 kV/mm 

Dry 15vol% zeolite/silicone oil  dc; E = 0, 0.3, 0.5, 1 kV/mm 
ac; 10 Hz; E = 0.5, 1, 2, 2.5, 3 kV/mm 
ac;  100 Hz; E = 0.5, 1, 2, 2.5, 3 kV/mm  
ac;  1000 Hz; E = 0.5, 1, 2, 2.5, 3 kV/mm 

As received 20vol% lead titanate/silicone 
oil  

dc; E = 0, 0.5, 1 kV/mm 
ac; 10 Hz; E = 0.5, 1, 1.5, 2, 2.5 kV/mm 
ac;  100 Hz; E = 0.5, 1, 1.5, 2, 2.5 kV/mm  
ac;  1000 Hz; E = 0.5, 1, 1.5, 2, 2.5 kV/mm 

Dry 20vol% lead titanate/silicone oil dc; E = 0, 0.5, 1 kV/mm 
ac; 10 Hz; E = 0.5, 1, 2 kV/mm 
ac;  100 Hz; E = 0.5, 1, 2 kV/mm  
ac;  1000 Hz; E = 0.5, 1 kV/mm 

 

2.4 Optical Microscopy 
 
Two different types of optical microscopes, a standard optical microscope and an 

optical microscope with auxiliary equipment that allowed the application of electric field 

to the sample, were used in this study. 

 
 

2.4.1 Optical Microscope Information 
 

The optical micrographs (without an applied electric field) of the 20vol% PbTiO3 

suspension were taken on a PME Olympus Tokyo microscope with a Fujix digital camera 

HC-300Z at a magnification of 400X.  An approximately 0.5 mL portion of the 20vol% 

lead titanate/silicone oil rheology sample (see section 2.2.6.2 and Table 2.4 for sample 

preparation method) was used to obtain optical microscope images of the suspension.   

The micrographs of the 20vol% PbTiO3 suspension were not very informative.   

The suspension was opaque and difficult to photograph.  Figure 2.7 is an example of a 
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micrograph obtained of the suspension.  The lighter colored region is the suspension and 

the darker region is the empty slide beyond the edge of the sample.  Individual particles 

were not visible.  Small agglomerates are vague near the edge of the sample.  

 

Figure 2.7 – Micrograph of PbTiO3 Suspension 
 
 

2.4.2 Optical Microscope with an Electric Field 
 

An optical microscope, a Unitron U-11 No. 51315 with a 50X (10X eyepiece and 

an objective lens = 5X) magnification was used to take photographs of the suspensions 

with an applied electric field.  A Hipotronics HV dc power supply with a 0-5kV range 

was used to generate the applied electric field.  An instant film camera containing 

Polaroid black and white film was mounted to the microscope and was used to take the 

photographs.   

 
 
2.4.3 Sample Preparation/Method for Applied Field Samples 

 
The 15vol% zeolite/silicone oil and 20vol% lead titanate/silicone oil suspensions 

were prepared using as received materials (3.4038g of zeolite/12 mL silicone oil and 

25.5068g lead titanate /17 mL silicone oil respectively).  The suspensions were prepared 
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in the same fashion as previously prepared samples.  Approximately a 0.5 mL portion of 

the sample was applied between the copper strips on the microscope slide with a pipette.  

Subsequently, an applied electric field of 1 kV was applied to the copper strips.  The 

sample was viewed, an acceptable area of the sample was selected, and then the 

photograph was taken of the sample. 

In order to get photographs of the suspensions under an applied electric field, 

microscope slides were prepared using standard glass microscope slides, Krazy Glue, 

and copper strips.  Electrical connections were soldered to the copper strips.  Two copper 

strips were adhered to the glass slide parallel to one another with a 1mm gap between the 

edges of the strips. 
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CHAPTER 3 
 

RESULTS 
 
 

3.1 Dielectric Analysis Data 
 

The following sections provide the experimental dielectric analysis data, a 

discussion of the trends within the data, and comparisons between different sources of 

silicone oil, as received and dry 15vol% zeolite/silicone oil, and as received and dry 

20vol% lead titanate/silicone oil suspensions respectively.  Complete tables of the 

dielectric analysis data used to generate the figures for this section are in Appendix C.  

Appendix C also contains more extensive dielectric analysis data including loss factor, 

complex permittivity, and tan delta values. 

 

3.1.1 Silicone Oil 
 

Review of the dielectric analysis data for two different silicone oil sources, Fisher 

Scientific and Dow Corning silicone oil, indicated that the silicone oils could be used 

interchangeably.  Figure 3.1 displays the permittivity verses frequency data for both 

silicone oils.  Figure 3.2 displays ionic conductivity verses frequency for both silicone oil 

sources.   

Although the data for both of the oils was similar enough to be considered 

interchangeable, the Dow Corning silicone oil had slightly higher (better) permittivity 

values than the Fisher silicone oil.  Additionally, the Dow permittivity values remained 

more consistent than the Fisher silicone oil over the entire frequency range.  The 

experimental data for the Dow silicone oil compares well with Dow silicone oil that has 
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been previously characterized by Conrad et al. and used in the preparation of ER fluids 

noted in literature.   
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Figure 3.1 - Permittivity verses Frequency for Dow and Fisher Silicone Oil 

 

The ionic conductivity of both silicone oil sources, were essentially equal, except 

at the highest frequencies, were the Dow was slightly lower than the Fisher silicone oil.  

Lower ionic conductivity values are desirable for ER fluids in hopes of reducing the 

power consumption.  The Dow silicone oil ionic conductivity also remained more 

consistent over the entire frequency range.  The 15vol% zeolite/silicone oil and the 

20vol% lead titante/silicone oil samples prepared for dielectric and rheology tests under 

this study were prepared with the Dow silicone oil.   
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Figure 3.2 - Ionic Conductivity verses Frequency for  
 Dow and Fisher Silicone Oil 

 

3.1.2 As Received and Dry 15vol% Zeolite/Silicone Oil Suspensions 

The permittivity data of the as received and dry suspensions indicated that the 

more thoroughly dried sample had lower permittivity values over the frequency range 

compared to the as received sample.  This concurs with what Conrad and Chen report 

with respect to the dielectric behavior of random zeolite/silicone oil suspensions (particle 

volume fraction = 0.28, T = 25°C), the dielectric constants increase with the water 

content of the zeolite particles [46].  The permittivity data for the as received and dry 

15vol% zeolite/silicone oil suspensions may be compared in Figure 3.3.   

Comparison of the permittivity data for the silicone oil to the permittivity data for 

both of the15vol% zeolite in silicone suspensions (Figures 3.1 above and 3.3 below 

respectively, or in the summary Figure 3.4) show that the permittivity of silicone oil is 
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increased with the addition of zeolite in both cases, even more so with the addition of as 

received zeolite.   
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Figure 3.3 – Permittivity verses Frequency for As Received and Dry  
                                      15vol% Zeolite/Silicone Oil Suspensions 

 
Figure 3.4 provides a summary of the permittivity verses frequency data for the 

silicone oil and 9, 10, and 15vol% zeolite/silicone oil suspensions.  The silicone oil 

permittivity increases with the addition of 9, 10, and 15vol% of zeolite particles.  

Surprisingly, the permittivity of the 9vol% and 10vol% zeolite/silicone oil suspensions is 

significantly increased at low frequencies, 0.003 – 0.1 Hz, compared to the as received 

and dry 15vol% zeolite/silicone oil suspensions.  It is expected that the permittivity 

would increase with an increase in the volume fraction of particles as seen for all the 

samples in the frequency range from 0.1 – 100,000 Hz. 
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Figure 3.4 - Permittivity verses Frequency 
                               for Zeolite/Silicone Oil Suspensions 

 
 

 Figure 3.5 provides a comparison of the ionic conductivity verses frequency for 

the as received and dry 15vol% zeolite/silicone oil suspensions.  The reduction in water 

content in the dry sample should result in lower conductivity values for the dry sample.  

Review of the experimental data shows that the ionic conductivity for the dry sample was 

higher than that of the as received sample for the frequency range from 10 Hz – 100,000 

Hz.  However, the ionic conductivity for the dry sample was lower than the as received 

sample for the frequency range of 0.003 Hz – 1 Hz.  The ionic conductivity data is 

inconsistent and the reason for the difference in values between the samples at the higher 

frequency range is not clear. 
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Review of Figure 3.2 (for the ionic conductivity of silicone oil) and Figure 3.5 

(for the ionic conductivity of 15vol% zeolite/silicone oil) reveals that the ionic 

conductivity of silicone oil increases with the addition of 15vol% zeolite particles (as 

received and dry). 
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Figure 3.5 – Ionic Conductivity verses Frequency for As Received and Dry 
                                 15 vol% Zeolite/Silicone Oil Suspensions 

 
 

Figure 3.6 is a summary of the ionic conductivity verses frequency for silicone oil 

and the 9, 10, and 15vol% zeolite/silicone oil suspensions.  The ionic conductivity for 

silicone oil is increased with the addition of zeolite particles at all volume fractions 

illustrated (9, 10, and 15vol%).  The 9vol% and 10vol% data are essentially the same.  As 

the volume fraction of particles increases the ionic conductivity increases, with 

significant increases in the ionic conductivity occur at frequencies above 10 Hz.    
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Figure 3.6 – Ionic Conductivity verses Frequency  
                    for Zeolite/Silicone Oil Suspensions 

 

3.1.3 As Received and Dry 20vol% Lead Titanate/Silicone Oil Suspensions 

 The permittivity verses frequency data for the as received and dry 20vol% lead 

titanate/silicone oil suspensions are provided in Figure 3.7.  The differences in the 

permittivity values between the as received and dry samples are very small (an average 

difference of 0.846). This data suggests that the conditioning (drying) of the suspension 

components and suspension did not affect the permittivity. 

Comparison of the permittivity data for the silicone oil to the permittivity data for 

the 20vol% lead titanate/silicone suspensions (Figures 3.1 and 3.7, respectively or in 

summary Figure 3.8) shows that the permittivity of silicone oil is increased with the 

addition of lead titanate particles in both the as received and dry samples.  However, the 



 

74  

permittivity values of the silicone oil were raised more with the addition of zeolite than 

with the addition of lead titanate particles. 
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Figure 3.7 - Permittivity verses Frequency for As Received and Dry  
        20vol% Lead Titanate/Silicone Oil Suspensions 

 
A summary of the permittivity verses frequency curves for the silicone oil and 4, 

10, and 20vol% lead titanate/silicone oil suspensions are provided for comparison 

purposes in Figure 3.8.  The permittivity of silicone oil is increased with the addition of 

lead titanate particles.  As the volume fraction of particles increases the permittivity 

increases at frequencies above 1 Hz.  The 4vol% permittivity values at frequencies below 

1 Hz far exceed the permittivity values for suspensions with higher volume fractions of 

particles. 

The ionic conductivity verses frequency curves for the as received and dry 

20vol% lead titanate/silicone oil suspensions are provided in Figure 3.9.  The consistently 

lower ionic conductivity values for the dry sample are in agreement with the expectation 

that a reduction in water content results in a reduction in ionic conductivity.   
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Figure 3.8 - Permittivity verses Frequency for Silicone Oil and 
                                          Lead Titanate/Silicone Oil Suspensions  

 
 

Review of Figures 3.2 (for the ionic conductivity of silicone oil) and 3.9 (for the 

ionic conductivity of the 20vol% lead titante suspensions) indicates that the ionic 

conductivity of silicone oil also increases with the addition of lead titanate particles (as 

received and dry).  This is illustrated in the summary Figure 3.10 below, as well.  In 

general, the ionic conductivity is raised more with the addition of zeolite particles than 

with the addition of lead titanate particles. 
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  Figure 3.9 - Ionic Conductivity verses Frequency for As Received and  
                                   Dry 20vol% Lead Titanate/Silicone Oil Suspensions 
   

Figure 3.10 summarizes the ionic conductivity verses frequency curves for 

silicone oil and the lead titanate/silicone oil suspensions.  When the 4vol% lead 

titanate/silicone oil is compared to the ionic conductivity of the silicone oil, the ionic 

conductivity of the suspension is less than that of the silicone oil over the frequency 

range from 100 – 100,000 Hz.  Similarly, the 10vol% lead titanate/silicone oil suspension 

has a lower ionic conductivity than the silicone oil over the frequency range of 0.1 – 

100,000 Hz.  This is unexpected given that the addition of lead titanate particles to the 

silicone oil would be expected to result in increased conductivity of the silicone oil.  

Once the volume fraction of lead titanate particles reaches 20%, the ionic conductivity of 

both the as received and dry suspensions exceeds the ionic conductivity of the silicone 

oil.  
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Figure 3.10 - Ionic Conductivity verses Frequency for Silicone Oil 
                                                    and Lead Titanate/Silicone Oil Suspensions 

 

Since the conductivity of suspended particles cannot be measured directly, the 

particle conductivity, σp, must be calculated from measurements made on the silicone oil 

(fluid) and suspension.  The particle conductivity at a particular frequency is obtained by 

using the rule of mixtures (Equation 3.1); 

σsuspension = φparticle σparticle + φsilicone oil σsilicone oil (Eq. 3.1) 
 
where σsuspension and σsilicone oil are the experimental conductivities of the suspension and 

fluid respectively, and φparticle and φsilicone oil  are the experimental volume fractions of the 
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particles and fluid respectively.  The experimentally obtained particle conductivity is then 

used to calculate the conductivity ratio, Гσ = σp/σf.   

 Table 3.1 includes a summary of the experimental zeolite and lead titanate 

particle conductivity values obtained from the data and subsequent calculations.  The 

comparison of the calculated ionic conductivity values of the lead titanate particles to the 

ionic conductivity values of the silicone oil (See Figures 3.2, 3.9, or 3.10 and Appendix C 

for the tabular form of this data) indicates that the lead titanate particle conductivity is 

greater than the conductivity of the silicone oil.  In several cases, a negative conductivity 

value was obtained for lead titanate particles.  The experimental values utilized in the 

general equation for calculating the particle conductivity could be incorrect or use of the 

rule of mixtures to calculate the particle conductivity could be inappropriate.  The particle 

conductivity for zeolite and lead titanate increases with increasing frequency.  All of the 

calculated zeolite particle conductivity values were greater than the conductivity of 

silicone oil (Figures 3.2, 3.5, 3.6 or Appendix C).  Appendix B covers the experimental 

particle conductivity calculations for the generation of Table 3.1. 

It has been reported that a negative ER effect, i.e. a decrease in the flow stress 

with application of an electric field, may occur when the conductivity of the particles is 

less than that of the host liquid, that is, when σp < σf.  However, as previously noted, the 

calculated experimental lead titanate particle conductivity values indicate that overall the 

lead titanate conductivity was greater than the conductivity of the silicone oil.  Based on 

this, we might anticipate that the lead titanate suspensions would demonstrate a positive 

ER effect.  However, it will be shown later in the discussion of the rheology data that an 

overall positive ER effect was not demonstrated.  This suggests that some mechanism(s) 
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other than the conductivity of the particles and fluid is responsible for the lack of an ER 

effect [3, 39]. 

 
Table 3.1 - Summary of Experimental Particle Conductivity Calculations 
 

 
 

Suspension Type 

 
Frequency 

(Hz) 

Ionic 
Conductivity 
(pmho/cm) 

Experimental** 
σzeolite  
(S/m) 

10,000 361.9  3.55 x 10-7 Dry  
9vol% zeolite/ silicone oil 0.003 0.2823 3.13 x 10-10 

10,000 369.1  3.27 x 10-7 Dry  
10vol% zeolite/silicone oil 0.003 0.4489 4.48 x 10-10 

100,000 6,830 4.37 x 10-6  As received 
15vol% zeolite/silicone oil 0.003 0.02022 1.30 x 10-11 

100,000 13,904 9.09 x 10-6 Dry 
15vol% zeolite/silicone oil  0.003 0.004451 2.47 x 10-12 

 
 
 

Suspension Type 

 
Frequency

(Hz) 

Ionic 
Conductivity 
(pmho/cm) 

Experimental** 
σPbTiO3  
(S/m) 

10,000 3.767 -1.03 x 10-7 Dry 
4vol% PbTiO3/silicone oil  0.003 0.08506 2.11 x 10-10 

10,000 15.42 -2.66 x 10-8 Dry 
10vol% PbTiO3/silicone oil 0.003 0.003585 2.80 x 10-12 

100,000 538 1.40 x 10-7 As received 
20vol% PbTiO3/silicone oil  0.003 0.003221 1.26 x 10-12 

64,600 32.41 -5.08 x 10-8 Dry 
20vol% PbTiO3/silicone oil  0.003 0.001905 6.03 x 10-13 
**Calculations are located in Appendix B - Experimental Particle Conductivity Calculations. 
 
Bold font indicates that the DEA did not measure an ionic conductivity value at 100,000 Hz for the 
suspension.  Therefore a penultimate high frequency ionic conductivity is used for the particle conductivity 
calculation. 

 

Additional comparison of the zeolite and lead titanate suspensions shows that; the 

15vol% zeolite/silicone oil suspensions have a dielectric constant ratio, Γε = 23.7/2.5 = 

9.48.  The dc (actual measurements taken at 0.003 Hz) ionic conductivity ratios for these 

suspensions range from Γσ = 28.1 – 147.6 (dry – as received respectively).  Thus, the 

zeolite suspensions are an example of the condition, Γε < Γσ.   The 20vol% lead 
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titanate/silicone oil suspensions have a dielectric constant ratio, Γε = εp/εf = ∼200/2.5 = 

80.  The dc ionic conductivity ratios range from Γσ = 6.8 – 14.31(dry – as received 

respectively).  The lead titanate suspensions represent the condition, Γε > Γσ.  If Γσ were 

equivalent to the Γε, the frequency should not have an effect on the ER strength [34].  

Review of the experimentally determined dielectric and ionic conductivity ratio values 

delineated above for these suspensions confirms they represent the conditions of interest 

for this study (see section 1.4).  The calculated Γσ ratios and additional dielectric analysis 

data are provided in Tables 3.2 (zeolite) and 3.3 (lead titanate) on the next two pages.  

The particle and fluid conductivity values used to calculate the dc conductivity ratios, Γσ 

= σp/σf, may be reviewed in Appendix B – Experimental Particle Conductivity 

Calculations.  In addition to the samples noted, Appendices B, C, and D contain 

additional data for zeolite/silicone oil and lead titanate/silicone oil suspensions with 

varying volume fractions.   
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Table 3.2 – 15vol% Zeolite/Silicone Oil Experimental Dielectric Data Analysis and Conductivity Ratios 
 

 
 
Suspension 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor,  
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, 
β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity 
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 14.35 7.145 12.12 18.78 0.90 0.93 0.02022 147.620 
0.01 10.25  4.738 11.29 0.87 0.88 0.02635  
0.10 8.448  1.013 8.508 0.83 0.83 0.05635  
1.0 7.873  0.2834 7.878 0.82 0.82 0.1576  
10 7.678  0.1053 7.679 0.82 0.82 0.5857  
100 7.551  0.08415 7.552 0.82 0.82 4.679  
1000 7.432  0.07322 7.432 0.82 0.82 40.71  
10,000 7.323  0.07654 7.324 0.82 0.82 425.6  

As received 
15vol% 
zeolite/ 
silicone oil 
 
 
 
 

100,000 7.205  0.1228 7.206 0.81 0.81 6,830  
dc 12.44 9.136 2.668 12.73 0.89 0.89 0.004451 28.07 
0.01 7.859  1.02 7.925 0.82 0.82 0.005674  
0.10 6.818  0.2394 6.822 0.78 0.78 0.01331  
1.0 6.46  0.09144 6.461 0.77 0.77 0.05085  
10 6.291  0.1117 6.292 0.77 0.77 0.6211  
100 6.061  0.2559 6.067 0.76 0.76 14.23  
1000 5.312  0.829 5.376 0.72 0.72 461  
10,000 3.838  0.6402 3.891 0.56 0.57 3,560  
100,000 3.304  0.2501 3.313 0.43 0.43 13,904  
10,000 1.855  0.01403 1.855 0.07 0.07 78.01  

Dry 
15vol% 
zeolite/ 
silicone oil  
 
 
 
 

100,000 1.892  0.006289 1.892 0.07 0.07 349.7  
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Table 3.3 – 20vol% Lead Titanate/Silicone Oil Experimental Dielectric Data Analysis and Conductivity Ratios 

 
 
Suspension 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor, 
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, 
β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity 
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 5.68 1.381 1.931 6 0.64 0.66 0.003221 
0.014 4.047  1.208 4.224 0.49 0.51 0.009402 
0.139 5.156  0.8789 5.23 0.61 0.62 0.06793 
1.39 4.68  0.3547 4.693 0.58 0.58 0.2742 
13.9 4.451  0.1211 4.452 0.56 0.56 0.9363 
139 4.372  0.04791 4.372 0.56 0.56 3.703 
1390 4.331  0.02891 4.331 0.56 0.56 22.35 
13,900 4.294  0.01826 4.294 0.56 0.56 141.1 

As received 
20vol% 
PbTiO3/ 
silicone oil 
 
 
NOTE: run 
at 32°C on 
DEA  100,000 4.299  0.009675 4.299 0.55 0.55 538 

14.31 
 

dc 6.912 1.942 1.142 7.006 0.72 0.72 0.001905 
0.014 5.974  0.7527 6.021 0.69 0.69 0.00586 
0.139 5.604  0.4127 5.619 0.65 0.65 0.0319 
1.39 5.265  0.1856 5.268 0.64 0.64 0.1434 
13.9 5.12  0.05903 5.12 0.64 0.64 0.4562 
139 5.068  0.02235 5.068 0.64 0.64 1.727 
1,390 5.029  0.01786 5.029 0.63 0.63 13.8 
13,900 4.985  0.01249 4.985 0.64 0.64 96.56 

Dry 
20vol% 
PbTiO3/ 
silicone oil 
 
 
NOTE: run 
at 28°C on 
DEA 100,000 4.97  - 4.97 0.63 0.63 - 

6.831 
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Table 3.4 provides a summary of the ∆K′suspension values.  The ∆K′suspension 

represents a measure of the degree of polarizability of a suspension.  Review of the 

various samples tested shows that for PbTiO3/silicone oil suspensions, the largest ∆K = 

17.554 was for the 4vol% sample.  This is unexpected given that an increase in volume 

fraction of particles would normally result in an increase in the polarizability of the 

suspension.  Also interesting is that the 10vol% zeolite/silicone oil suspension had a 

much higher polarizability than the 9vol% and 15vol% suspensions. 

 

Table 3.4 - Summary of the ∆K′suspension Values 

 
Suspension Type 

 
∆K′suspension 

Dry 9vol% zeolite/silicone oil 65.651 
Dry 10vol% zeolite/silicone oil 121.984 
As received 15vol% zeolite/silicone oil 7.145 
Dry 15vol% zeolite/silicone oil  9.136 
Dry 4vol% PbTiO3/silicone oil  17.554 
Dry 10vol% PbTiO3/silicone oil  2.578 
As received 20vol% PbTiO3/silicone oil  1.381 
Dry 20vol% PbTiO3 /silicone oil  1.942 

 

 Noteworthy observations are that some of the lead titanate settled out of the 

silicone oil and the zeolite was more stable and remained suspended in the silicone oil, 

however, some settling of the zeolite did occur.  The settling of particles would change 

the effective volume fraction of the suspensions.   

Experimental data regarding the permittivity of the suspensions with varying 

electric field strength may be useful for further comparison of the dielectric data to the 

rheology data.  Unfortunately, the voltage on the DEA 2970 is 1 volt and is invariable.  
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Appendix C contains all of the data acquired for the dielectric analyses of this 

study.  Whereas, Appendix D contains calculations and tables including permittivity, 

∆permittivity, loss factor, complex permittivity, dielectric mismatch parameter, complex 

dielectric mismatch parameter, ionic conductivity, and conductivity ratio values. 

 
 

3.2 Rheology Data 
 
3.2.1 Shear Stress verses Shear Rate, Electric Field, Strength, and Frequency 

 
The following sections provide the experimental rheology data, a discussion of 

the trends within the data, and comparisons between silicone oil, as received and dry 

15vol% zeolite/silicone oil, and as received and dry 20vol% lead titanate/silicone oil 

suspensions respectively. 

The shear rates selected in the rheology test method covered the quasi-static to the 

dynamic shear rate regime and ranged from ≈ 5.0 to 84.0 (1/s).  In general, the viscosity 

of both the zeolite and lead titanate suspensions decreased as the strain rate increased.  

The higher shear rates most likely prevent the reformation of broken chains, if present. 

The yield stress values were obtained from linear fits to the shear stress verses 

shear strain rate plots, the yield stress being identified as the intercept.  Figures 3.11 – 

3.14 provide the experimental data in the form of shear stress verses shear rate plots for 

the as received 15vol% zeolite/silicone oil suspension at E = 0, and under various electric 

field magnitudes (kV/mm) for dc and ac with varying frequencies (10, 100, and 1000 

Hz). 

The dc data for the as received 15vol% zeolite/silicone oil sample (Figure 3.11) 

illustrates that the shear stress increases linearly with an increase in shear rate.  There is 
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an increase in the yield stress of ∼ 8 Pa with the application of a dc, 0.3 kV/mm electric 

field.  The dc electric field of 0.3 kV/mm was the highest electric field that could be 

tested on the sample (without dielectric breakdown), therefore no further tests were 

conducted with dc. 
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Figure 3.11 – Shear Stress verses Shear Rate,  
                                            As Received 15vol% Zeolite/Silicone Oil, dc 

 
 
 Significant scatter was observed in the 10 Hz data (Figure 3.12), at fields higher 

than 1 kV/mm.  The yield stress increases very slightly, ∼ 2 Pa, from 0.5 to 1 kV/mm.  

The scattered data (2 and 2.5 kV/mm) results in lines with a negative slope.  The cause of 

this scatter could not be determined, but it was reproducible for all samples tested at 10 

Hz.   
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Figure 3.12 – Shear Stress verses Shear Rate, 

                                                          As Received 15vol% Zeolite/Silicone Oil, ac, 10Hz 
 

 
At 100 Hz, the data for the as received 15vol% zeolite/silicone oil suspension is 

very consistent, eliciting an increase in shear stress with increasing field over the range of 

0.5 to 2 kV/mm (see Figure 3.13).  There is a significant increase in the shear stress upon 

application of the 2 kV/mm electric field. The increase in the yield stress from 0.5 to the 

1 kV/mm electric field is only ∼ 4 Pa, whereas a conservative estimate of the yield stress 

increase from the application of the 1kV/mm to the 2 kV/mm electric field is ∼ 40 Pa.



 

87  

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100

As received 15vol% zeolite/silicone oil at 100 Hz
100 Hz, E = .5 kV/mm 
100 Hz, E = 1 kV/mm 
100 Hz, E = 2 kV/mm

y = 14.031 + 0.01844x R= 0.28043 
y = 18.146 + 0.060266x R= 0.93023 
y = 75.987 + -0.031371x R= 0.15311 

Shear Rate (1/s)

 

Figure 3.13 – Shear Stress verses Shear Rate,  
          As Received 15vol% Zeolite/Silicone Oil, ac, 100 Hz 

 
 
 Finally at 1000 Hz (Figure 3.14), the data for 0.5, 1, and 2 kV/mm electric fields 

is consistent at all E values, each line has a slightly positive slope, and the yield stress 

increases with increasing field.  The yield stress increase from 0.5 to 1 kV/mm is ∼ 8.5 

Pa, and from 1 to 2 kV/mm the yield stress increases ∼ 59 Pa.   
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Figure 3.14 – Shear Stress verses Shear Rate, 
                                         As Received 15vol% Zeolite/Silicone Oil,  

                                                           ac, 1000 Hz 
 
 

Figures 3.15 – 3.18 provide the experimental data in the form of shear stress 

verses shear rate plots for the dry 15vol% zeolite/silicone oil suspension at E = 0, and 

under various electric field magnitudes (kV/mm) for dc and ac with varying frequencies 

(10, 100, and 1000 Hz). 

The dry 15vol% zeolite/silicone oil suspension (Figure 3.15) had consistent data 

within the E = 0, 0.3, and 0.5 kV/mm electric fields.  The yield stress increased ∼ 5 Pa 

from 0 to 0.3 kV/mm.  Application of the 0.5 kV/mm electric field resulted in a decrease 

in the yield stress of ∼ 1.4 Pa from that of the 0.3 kV/mm field.  The data for the 1 

kV/mm electric field shows some scatter and the line has a negative slope.  The first 5 

data points do not appear to follow the trend of the remaining points.  If these data points 
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are eliminated, the 1 kV/mm data would be more consistent and would result in a yield 

stress increase of ∼ 70 Pa.  Compared to the as received zeolite/silicone oil suspension, 

both samples have the same yield stress at E = 0, the as received yield stress is slightly 

higher (8 Pa) than the dry yield stress (5 Pa) for the E = 0.3 kV/mm field, but the dry 

sample was tested at two higher electric fields, 0.5 and 1 kV/mm and demonstrated a 

significant increase in the yield stress at 1 kV/mm.  
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Figure 3.15 – Shear Stress verses Shear Rate,  
                             Dry15vol% Zeolite/Silicone Oil, dc 

 
  
 Similar to the 10 Hz data for the as received zeolite/silicone suspension, the dry 

zeolite/silicone oil suspension (Figure 3.16) had consistent data at the 0.5 and 1 kV/mm 

electric fields, but also had scattered data at the higher electric field, 2, 2.5, and 3 kV/mm.  
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The dry sample was again tested at a higher electric field (3 kV/mm) at this frequency 

than the as received suspension.  The yield stress at E = 0.5 and 1 kV/mm was ∼ 2 Pa 

higher for the dry sample.  Comparison of the yield stress values at higher electric fields 

is not provided due to the scattered data and negative slopes.  
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Figure 3.16 – Shear Stress verses Shear Rate,  

                                         Dry15vol% Zeolite/Silicone Oil, ac, 10 Hz 
 

 
 Figure 3.17 contains the shear stress vs shear rate data for the dry 15 vol% 

zeolite/silicone oil suspension at 100 Hz.  Similar to the as received zeolite/silicone oil 

suspension, the quality of the data improves at 100 Hz and the data points are fairly 

consistent within each electric field.  The yield stress at E = 0.5 kV/mm is ∼ 7.5 Pa and 

the yield stress at E = 1 kV/mm is 1.4 Pa, indicating a decrease in yield stress with an 

increase in electric field.  However, at even higher electric fields of 2, 2.5, and 3 kV/mm 
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an increase in the yield stress of approximately 72, 125, and 193 Pa respectively is noted.  

At this frequency, the yield stress values for the as received sample were higher than the 

dry sample at E = 0.5 and 1 kV/mm, but the dry sample had a higher yield stress at E = 2 

and was tested beyond 2 kV/mm at 2.5 and 3 kV/mm with higher yield stress values than 

that obtained at E = 2 kV/mm. 

0

50

100

150

200

250

0 20 40 60 80 100

Dry 15vol% zeolite in silicone oil
7/31/03

100Hz,  E = 0.5 kV/mm
100Hz,  E = 1 kV/mm
100Hz,  E = 2 kV/mm
100Hz,  E = 2.5 kV/mm
100Hz,  E = 3 kV/mm

y = 7.5415 + 0.039177x R= 0.74742 

y = 1.4135 + 0.11342x R= 0.98907 

y = 79.559 + 0.073666x R= 0.63894 

y = 132.01 + 0.089114x R= 0.35372 

y = 206.85 + -0.0052181x R= 0.012996 

Shear Rate (1/s)

 
Figure 3.17 – Shear Stress verses Shear Rate, 

                                                          Dry 15vol% Zeolite/Silicone Oil,  
                                     ac, 100 Hz 

 
  
 The 1000 Hz data for the dry 15vol% zeolite/silicone oil suspension (Figure 3.18) 

is very similar to the 100 Hz data with the exception that the yield stress values obtained 

at 1000 Hz overall were not as high as those obtained at 100 Hz.  The data points within 

each electric field at 1000 Hz are also more consistent than the data points at 100 Hz.  

This same improvement in the consistency of the data from 100 Hz to 1000 Hz was also 
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seen for the as received suspension.  Another trend noted for the dry zeolite/silicone oil 

suspension is the ability to subject the suspension to higher electric fields than the similar 

as received suspension.  For each electric field frequency, the dry 15vol% zeolite/silicone 

oil suspensions could be tested at one or two electric field values higher than the as 

received suspension.  However, at the lower applied electric fields (0.3 – 1 kV/mm) for 

dc, 100 and 1000 Hz, the yield stress dropped slightly (∼ 11 Pa or less) with an increase 

in applied electric field that was not observed for the as received suspension. 
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Figure 3.18 – Shear Stress verses Shear Rate,  
                          Dry 15vol% Zeolite/Silicone Oil, 

                                                           ac, 1000 Hz 
 

Both the as received and dry 15vol% zeolite/silicone oil suspensions 

demonstrated a positive ER effect.  The as received 15vol% zeolite/silicone oil 

suspension elicited lower yield stress values (less ER effect) than the similar dry 
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suspension.  The largest yield stress (ER effect) for the as received sample was 77 Pa 

with an applied electric field of 2kV/mm at 1000 Hz.  The dry 15vol% zeolite/silicone oil 

had significantly larger yield stress values, the largest being 157 Pa with an applied 

electric field of 3kV/mm at 1000 Hz.  Both samples had higher yield stress values at the 

higher frequencies, 100 Hz and 1,000 Hz.  At a fixed frequency, the yield stress values 

increased with increasing electric field.  The dry sample was tested more with higher 

applied electric fields, most likely because the lower water content reduced the 

conductivity of the suspension and subsequently reduced the power consumption, 

allowing tests at the higher applied electric fields.      

Figures 3.19 – 3.22 provide the experimental data in the form of shear stress 

verses shear rate plots for the as received 20vol% lead titanate/silicone oil suspension at 

E = 0, and under various electric field magnitudes for dc and ac with varying frequencies 

(10, 100, and 1000 Hz). 

The first item to note in Figure 3.19 for the dc data, is that the E = 0 plot for the as 

received 20vol% lead titanate/silicone oil suspension has a yield stress ∼ 34 Pa above the 

yield stress for an applied electric field of E = 1 kV/mm.  Both sets of data indicate 

consistent data points with an increase in shear stress with an increase in shear rate.  

Secondly, the intermediate electric field of E = 0.5 kV/mm has scattered data and the line 

has a negative slope.  No explanation for this scatter can be offered. 

Figure 3.20 shows the shear stress verses shear rate data for the as received 

20vol% lead titanate/silicone oil with an ac, 10 Hz field with varying electric field 

magnitudes ranging from 0.5 – 2.5 kV/mm.  The data shows some scatter of the data 
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Figure 3.19 – Shear Stress verses Shear Rate,  

                              As Received 20vol% Lead Titanate/  
                                                          Silicone Oil, dc 
 
  
points but not nearly as much scatter as was observed for the 15vol% zeolite/silicone oil 

suspensions at 10 Hz.  Each electric field elicits a linear increase in shear stress with 

shear rate.  The yield stress also increases or stays the same with each increase in electric 

field, however, the total increase in yield stress over the entire electric field range is 

almost negligible, ∼ 4.5 Pa. 
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Figure 3.20 – Shear Stress verses Shear Rate,  
                                            As Received 20vol% Lead Titanate/Silicone 

                                  Oil, ac, 10 Hz 
 

  
 Figures 3.21 and 3.22 for the 100 Hz and 1000 Hz data for the 20vol% lead 

titanate/silicone oil suspension are essentially the same with similar yield stress values 

and slopes at each applied electric field.  The only differences noted between these 

figures and Figure 3.20 for the 10 Hz data is a very slight improvement, essentially 

negligible, ∼ 7 Pa at most in the yield stress and more consistent data (little to no scatter) 

at the higher frequencies. 
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Figure 3.21 – Shear Stress verses Shear Rate,  

                              As Received 20vol% Lead Titanate/ 
                         Silicone Oil, ac, 100 Hz 
 
 

Figures 3.23 – 3.26 provide the experimental data in the form of shear stress 

verses shear rate plots for the dry 20vol% lead titanate/silicone oil suspension at E = 0, 

and under various electric field magnitudes for dc and ac with varying frequencies (10, 

100, and 1000 Hz). 
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Figure 3.22 – Shear Stress verses Shear Rate,  

                              As Received 20vol% Lead Titanate/  
                                                          Silicone Oil, ac, 1000 Hz 
 
 

The dc data for the dry 20vol% lead titanate/silicone oil suspension (Figure 3.23) 

is more representative of the ac data to follow for this sample, unlike the incongruent dc 

data for the as received 20vol% lead titanate/silicone oil suspension.  The E = 0 data has 

lower shear stress values and yield stress than the data acquired with an applied electric 

field.  However, the increase in yield stress over the electric field range of 0.5 – 1 kV/mm 

is negligible, < 2 Pa.   
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Figure 3.23 – Shear Stress verses Shear Rate,  
                                          Dry 20vol% Lead Titanate/Silicone Oil, dc 

 
 
 Again, like all the other 10 Hz rheology data for the zeolite/silicone oil and the as 

received lead titanate/silicone oil, some scatter of the data points is apparent for the dry 

lead titanate/silicone oil suspension at E = 2 kV/mm.  The yield stress is negative for the 

applied fields of E = 0.5 and 1 kV/mm.  The yield stress barely improves to ∼7 Pa at E = 

2, which is negligible.  The dry sample could not be tested at 2.5 kV/mm.  
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Figure 3.24 – Shear Stress verses Shear Rate,  

                                     Dry 20vol% Lead Titanate/Silicone Oil, 
                                                           ac, 10 Hz  
 
 
 The 100 Hz data for the dry sample (Figure 3.25) has improved quality of data 

(less scatter) compared to the 10 Hz data.  The E = 0.5 and 1 kV/mm data is similar to the 

10 Hz data only with yield stress barely above zero (< 1 Pa) instead of slightly negative, 

and the E = 2 kV/mm data is essentially the same. 
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Figure 3.25 – Shear Stress verses Shear Rate,  
                                     Dry 20vol% Lead Titanate/Silicone Oil, 

                                                           ac, 100 Hz 
 
 
 Figure 3.26 for the 1000 Hz data for the dry 20vol% lead titanate/silicone oil 

shows a negative yield stress at both fields tested, E = 0.5 and 1 kV/mm.  Only two 

electric field values could be tested on the dry sample whereas, five values were tested on 

the as received sample.  In the case of the lead titanate samples the as received sample 

was tested at higher electric fields, whereas with the zeolite samples the dry sample was 

tested at higher electric fields. 
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Figure 3.26 – Shear Stress verses Shear Rate,  
                                     Dry 20vol% Lead Titanate/Silicone Oil, 

                                                    ac, 1000 Hz  
 
 
The as received 20vol% lead titanate suspension exhibited negative ER responses, 

with yield stress values less than the E = 0 yield stress.  Yield stress values obtained from 

the stress verses shear rate plots for the dry 20vol% lead titanate suspension demonstrated 

very slight changes in yield stress.  The positive ER responses were less than 9 Pa over 

the yield stress achieved at E =0.  The as received lead titanate suspension, presumably 

with moisture in it, had higher yield stress values than the similar dry sample.  However, 

the E = 0 yield stress for the as received sample was higher than any of the applied 

electric field yield stress values (one exception at dc, E = 0.5 kV/mm but the yield stress 

value obtained is a result of a shear stress verses shear strain rate curve with a negative 

slope). 
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Table 3.5 and 3.6 include a summary of the experimental yield stress values for 

the 15vol% zeolite/silicone oil suspensions (as received and dry) and the 20vol% lead 

titanate/silicone oil suspensions (as received and dry) respectively.  The yield stress, τo, 

was obtained from the intercept and the viscosity, η, was obtained from the slope of the 

shear stress verses shear rate plots.   

Table 3.5 – Summary of the Experimental Yield Stress Values for  
the Zeolite Suspensions 

 
  As received 

15vol% zeolite/silicone oil 
Dry 

15vol% zeolite/silicone oil 
Frequency 
(Hz) 

E  
(kV/mm) 

τo  
(Pa) 

η  
(Pa⋅s) 

τo  
(Pa) 

η  
(Pa⋅s) 

- 0 -1.20 0.093 -1.25 0.108 
 0.3 8.15 0.097 5.05 0.130 

dc 0.5 -- -- 3.63 0.209 
 1 -- -- 95.60* -0.444 
 0.5 1.47 0.118 3.48 0.118 
 1 3.71 0.098 6.22 0.036 

10 2 91.86* -0.224 35.68 0.372 
 2.5 137.2* -0.423 144.13* -0.199 
 3 -- -- 40.63 2.552 
 0.5 14.03 0.018 7.54 0.039 
 1 18.15 0.060 1.41 0.113 

100 2 76.0* -0.031 79.56 0.074 
 2.5 -- -- 132.01 0.089 
 3 -- -- 206.85* -0.005 
 0.5 9.68 0.050 11.60 0.014 
 1 18.30 0.044 0.72 0.145 

1000 2 77.15 0.095 49.07 0.123 
 2.5 -- -- 89.18 0.338 
 3 -- -- 156.83 0.304 
*Negative slope for linear curve of data plotted 
 
 Overall, the yield stress values for the zeolite suspensions increase with increasing 

electric field within a frequency.  As the frequency increases the magnitude of the highest 

yield stress obtained also increases.  The viscosity is essentially constant.  For the lead 

titanate suspensions, the yield stress increases with increasing electric field within a 
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frequency.  The magnitudes of the yield stress values do not vary significantly from one 

frequency to another.  The viscosity is essentially the same as the E = 0 viscosity. 

 
Table 3.6 – Summary of the Experimental Yield Stress Values for 

the Lead Titanate Suspensions 
 
  As received 

20vol% lead titanate/ 
silicone oil 

Dry 
20vol% lead titanate/ 

silicone oil 
Frequency 
(Hz) 

E  
(kV/mm) 

τo  
(Pa) 

η  
(Pa⋅s) 

τo  
(Pa) 

η  
(Pa⋅s) 

- 0 40.23 0.326 0.47 0.148 
dc 0.5 54.68* -0.143 2.29 0.212 
 1 6.07 0.263 0.51 0.252 
 0.5 5.95 0.247 -0.44 0.222 
 1 6.19 0.251 -1.53 0.239 

10 1.5 6.29 0.299 -- -- 
 2 8.97 0.306 7.08 0.317 
 2.5 10.57 0.350 -- -- 
 0.5 7.75 0.256 0.55 0.186 
 1 5.87 0.282 0.72 0.179 

100 1.5 7.52 0.307 -- -- 
 2 11.73 0.313 8.67 0.285 
 2.5 17.35 0.309 -- -- 
 0.5 6.96 0.292 -0.11 0.181 
 1 6.67 0.305 -0.07 0.171 

1000 1.5 8.45 0.318 -- -- 
 2 12.49 0.329 -- -- 
 2.5 18.39 0.313 -- -- 
*Negative slope for linear curve of data plotted 
 
 

  Overall, the shear stress verses shear strain rate plots for both the zeolite and the 

lead titanate suspensions showed fairly consistent data with dc fields.  Application of a 10 

Hz ac electric field created significant scatter in the data points.  The data again became 

fairly consistent at 100 Hz, and improved with an increase in frequency to 1,000 Hz.  An 

initial review of the data collected with an applied electric field at 10 Hz generated 

suspicion regarding the proper functioning of the power source.  The power source and 
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the associated equipment were checked to confirm their ability to produce an acceptable 

ac electric field with a frequency of 10 Hz and the equipment performed properly.    

Unfortunately, the lack of a significant ER effect and in some cases a negative ER 

effect for the lead titanate suspensions prohibits further comparison of the suspensions 

with respect to their appropriateness for use in an high frequency electric field. 

 

3.2.2 Yield Stress verses Electric Field Strength and Frequency 

ER models predict the yield stress to be proportional to the applied electric field 

raised to the nth power, τo ∝ En.  Therefore, plots of log τo verses log E should be linear 

and yield n as the slope of the line.  Figures 3.27  - 3.29 are log-log plots of yield stress 

verses electric field for the as received and dry 15vol% zeolite/silicone oil, and as 

received 20vol% lead titanate/silicone oil suspensions respectively.  The value of n for 

the as received 15vol% zeolite/silicone oil suspension ranges from 1.2 –3.0 whereas, the 

exponent value for the dry 15vol% zeolite/silicone oil suspension ranges from 1.9 - 2.6.  

The dry zeolite suspension has a much narrower range for the exponent values.  The 

exponent value for the as received 20vol% lead titanate/silicone oil suspension was –3.2 

for the tests conducted at dc fields.  The remaining exponent values for the as received 

20vol% lead titanate/silicone oil sample for ac electric fields ranged from 0.3 – 0.6.  This 

is significantly lower than the exponent values for either of the zeolite suspensions and as 

predicted by ER models which suggest exponent values from n = 1.5 –2.   

It should be noted that the log τo verses log E plot for the dry 20vol% lead 

titanate/silicone oil suspension was eliminated from this comparison due to the limited 

data available and the negative slope obtained at 100 Hz. 
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Appendix E contains a summary of the permittivity, ionic conductivity, and 

experimental yield stress values for the silicone oil, lead titanate/silicone oil and 

zeolite/silicone oil samples.  
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Figure 3.27 – Log Yield Stress verses Log E for As Received 
           15vol% Zeolite/Silicone Oil Suspension 
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Figure 3.28 – Log Yield Stress verses Log E for Dry 

                         15vol% Zeolite/Silicone Oil Suspension 
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Figure 3.29– Log Yield Stress verses Log E for As Received 
                    20vol% Lead Titanate/Silicone Oil Suspension 
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3.3 Optical Micrographs Without and With an Applied Field 
 

Figures 3.30 and 3.31 are photographs that were taken with an optical microscope 

equipped for use with and without an applied field (description of apparatus covered in 

section 2.4.2) for the 15vol% zeolite/silicone oil suspension.  In Figure 3.30 the random 

arrangement of particles in the suspension is obvious.  Upon application of an electric 

field of 1.5 kV/mm the formation of fibrils parallel to the electric field is observed, see 

Figure 3.31.  

 

 

 

Figure 3.30 – 15vol% Zeolite/Silicone Oil Suspension Without an Applied  
                                    Electric Field (E = 0)  

 

350 µm 
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Figure 3.31 – 15vol% Zeolite/Silicone Oil Suspension with an Applied  
                                       Electric Field (E=1.5 kV/mm) 

 

The photographs taken of the 20vol% lead titanate/silicone oil with and without 

an applied field did not have photographic quality worthy of reproduction for illustrative 

purposes in this document.  Therefore, Figures 3.32 and 3.33, were generated to represent 

the lead titanate particles in suspension as observed for the 20vol% lead titanate/silicone 

oil without and with an applied electric field of E = 1.5 kV/mm.  Without an applied 

electric field the particles appeared dispersed in the suspension, however, not as 

uniformly dispersed as the zeolite particles illustrated in Figure 3.30.  Upon application 

of the applied electric field of 1.5 kV/mm lead titanate particles could be seen migrating 

toward and accumulating on the electrode surfaces.  The gap between the tops of the 

layers of particles on each electrode did appear smaller than the original gap in the 

dispersed suspension, indicating that the particle layer was getting thicker with the 

application of the electric field.    This migration of particles to the electrodes is referred 

to as electrophoresis.  Given the quality of the photographs it was difficult to determine 

the actual surface of this particle layer and measure the difference in the gap width.  

350 µm 
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Therefore, Figure 3.33 was generated to illustrate the lead titanate particle movement that 

was observed.     

 
 
 
 
 
 
 
 
 
 
 

Figure 3.32 – 20vol% Lead Titanate/Silicone Oil Suspension Without an  
                                     Applied Electric Field (E = 0) 

 
 

 
 

Figure 3.33 – 20vol% Lead Titanate/Silicone Oil Suspension with an Applied 
                                 Electric Field (E = 1.5 kV/mm) 
  

The optical microscope photographs of the lead titanate/silicone oil under an 

applied electric field revealed the electrophoretic nature of the lead titanate particles in 

the suspension.  The migration of the particles to the electrode surfaces, the resultant 

redistribution of the particle volume fraction to the electrode surface and loss of particles 

available for fibril or column formation may be one of the mechanisms responsible for 

the lack of a significant ER effect in the lead titanate suspensions.  This may also account 

for the cases in which there was a decrease in yield stress with the application of electric 
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field, i.e. negative ER effect.  The large density difference between the lead titanate 

particles, 7.9 g/cm3, and the silicone oil, 0.96 g/cm3, as well as the undefined/inconsistent 

particle shape of the lead titanate particle agglomerations may also be contributing to the 

lack of ER effect. 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 
 

 
4.1 Conclusions – Experimental Data and Other Research 

After reviewing the data, evaluating the lead titanate system with respect to the 

large dielectric mismatch between the lead titanate particles and silicone oil, 

representative of the condition in which Γσ < Γε, and comparing it to the zeolite/silicone 

oil suspension, representative of the alternate condition, Γσ > Γε, does not seem 

appropriate given the lack of improved yield stress (ER effect), the aforementioned 

electrophorectic nature of the lead titanate particles, and that the factors and 

mechanism(s) controlling the ER effect are not thoroughly understood. 

To recapitulate the results of this study:  The silicone oil permittivity increased 

with the addition of zeolite and lead titanate particles.  The as received 15vol% zeolite 

increased the permittivity of the silicone oil more than the dry zeolite.  The permittivity 

increased with the water content of the zeolite particles.  The differences in the 

permittivity values between the as received and dry 20vol% lead titanate/silicone oil 

samples were very small.  The conditioning (drying) of the suspension components and 

suspension did not affect the permittivity.  The permittivity values of the silicone oil were 

raised more with the addition of zeolite than with the addition of lead titanate particles.  

These results concur with the expectation that the permittivity of the silicone oil would 

increase with an increase in the volume fraction of particles.   

The ionic conductivity of the silicone oil was increased with the addition of 

zeolite particles (at all volume fractions) and with the addition of as received and dry 

20vol% lead titanate particles.  The consistently lower ionic conductivity values for the 
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dry 20vol% lead titanate/silicone oil suspension sample were in agreement with the 

expectation that a reduction in water content results in a reduction in ionic conductivity.  

In general, the ionic conductivity was raised more with the addition of zeolite particles 

than with the addition of lead titanate particles. 

Comparison of the calculated ionic conductivity values for the lead titanate and 

zeolite particles to the ionic conductivity values of the silicone oil indicated that the lead 

titanate and zeolite particle conductivity was greater than the conductivity of the silicone 

oil.  The particle conductivity of the zeolite and lead titanate increased with increasing 

frequency.  Since the lead titanate particle conductivity was greater than the fluid 

conductivity, some mechanism(s) other than the conductivity of the particles and fluid 

would be responsible for the lack of an ER effect. 

Comparison of the 15vol% zeolite/silicone oil suspension dielectric constant ratio, 

Γε = 23.7/2.5 = 9.48 to the ionic conductivity ratios for these suspensions, which ranged 

from Γσ = 28.1 – 147.6 (dry - as received), confirmed that the 15vol% zeolite suspensions 

were examples of the condition, Γε < Γσ.  The 20vol% lead titanate/silicone oil 

suspension with a dielectric constant ratio of Γε = εp/εf = ∼200/2.5 = 80 and dc ionic 

conductivity ratios that ranged from Γσ = 6.8 – 14.31 (dry - as received), represented the 

condition, Γε > Γσ.  The results of the dielectric analysis confirmed that the suspensions 

chosen represented the conditions of interest desired for the purpose of this study.   

Both the as received and dry 15vol% zeolite/silicone oil suspensions 

demonstrated a positive ER effect.  The as received 15vol% zeolite/silicone oil 

suspension elicited lower yield stress values (less ER effect) than the similar dry 

suspension.  The largest yield stress (ER effect) for the as received sample was 77 Pa 
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with an applied electric field of 2kV/mm at 1000 Hz.  The dry 15vol% zeolite/silicone oil 

had significantly larger yield stress values, the largest being 157 Pa with an applied 

electric field of 3kV/mm at 1000 Hz.  Both samples had higher yield stress values at the 

higher frequencies, 100 Hz and 1000 Hz.  At a fixed frequency, the yield stress values 

increased with increasing electric field.  The dry sample was tested more with higher 

applied electric fields, most likely because the lower water content reduced the 

conductivity of the suspension and subsequently reduced the power consumption, 

allowing tests at the higher applied electric fields.      

The as received 20vol% lead titanate suspension exhibited negative ER responses, 

with yield stress values less than the E = 0 yield stress.  Yield stress values for the dry 

20vol% lead titanate suspension demonstrated very slight changes in yield stress.  The 

positive ER responses were less than 9 Pa over the yield stress achieved at E = 0.  The as 

received lead titanate suspension, presumably with moisture in it, had higher yield stress 

values than the similar dry sample.  However, the E = 0 yield stress for the as received 

sample was higher than any of the applied electric field yield stress values (one exception 

at dc, E = 0.5 kV/mm but the yield stress value obtained is a result of a shear stress verses 

shear strain rate curve with a negative slope). 

Overall, the yield stress values for the zeolite suspensions increased with 

increasing electric field within a frequency.  As the frequency increased the magnitude of 

the highest yield stress value obtained also increased.  The viscosity was essentially 

constant.  For the lead titanate suspensions, the yield stress increased with increasing 

electric field within a frequency.  The magnitudes of the yield stress values did not vary 
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significantly from one frequency to another.  The viscosity was essentially the same as 

the E = 0 viscosity. 

Unfortunately, the lack of a significant ER effect and in some cases a negative ER 

effect for the lead titanate suspensions prohibited further comparison of the suspensions 

with respect to their appropriateness for use in a high frequency electric field. 

The value of n from the log –log plots of yield stress verses electric field for the 

as received 15vol% zeolite/silicone oil suspension ranged from 1.2 –3.0 whereas, the 

exponent value for the dry 15vol% zeolite/silicone oil suspension ranged from 1.9 - 2.6.  

The dry zeolite suspension had a much narrower range for the exponent values.  The 

exponent value for the as received 20vol% lead titanate/silicone oil suspension was – 3.2 

for the tests conducted with dc fields.  The remaining exponent values for the as received 

20vol% lead titanate/silicone oil sample for ac electric fields ranged from 0.3 – 0.6.  This 

is significantly lower than the exponent values for either of the zeolite suspensions and as 

predicted by ER models which suggest exponent values from n = 1.5 – 2.   

The optical microscopy for the 15vol% zeolite/silicone oil suspension confirmed 

the formation of fibrils parallel to the electric field with the application of an electric field 

of 1.5 kV/mm.  Observation of the lead titanate/silicone oil suspension under an applied 

electric field revealed the electrophoretic nature of the lead titanate particles in the 

suspension.  The migration of the particles to the electrode surfaces, the resultant 

redistribution of the particle volume fraction to the electrode surface and loss of particles 

available for fibril or column formation may be one of the mechanisms responsible for 

the lack of a significant ER effect in the lead titanate suspensions.  This may also account  
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for the cases in which there was a decrease in yield stress with the application of electric 

field, i.e. negative ER effect.   

In conclusion, the lead titanate/silicone oil suspensions used in this exploratory 

study were found to be ineffective materials for ER fluids. 

   The ER response exhibited depends upon the materials selected to compose the 

ER fluid as well as the electrical field to which it is subjected.  Researchers often study 

simple systems composed of well-known materials to further define the mechanisms and 

factors that govern the ER response.  

  Unfortunately, the definition of yield stress is not universal in rheology research.  

Differences in test procedures give stress values at different strains and strain rates as 

well as strain history.  This, along with assumptions that are sometimes made, makes 

comparisons of stress values from different sources difficult.  Examples of some of these 

assumptions include:  (1) the host oil is generally considered to be ohmic at low applied 

electric field and non-ohmic at high applied fields.  In high dc field, Onsager’s equation 

accommodates the use of a nonohmic fluid.  In ac, Onsager’s equation cannot be applied; 

therefore the assumption that the fluid is ohmic is used.  (2) It is generally assumed that 

the influence of additional factors such as the arrangement of particles, water content, 

shear rate, temperature, etc. on the yield stress is through the electrical properties in the 

complex mismatch parameter, β*, see Equation 1.16 [46].  (3) Particles are assumed to be 

spherical yet particle shape may be unknown, complex, or inconsistent; and uniform 

particle size and distribution within the fluid is assumed, yet particles usually have a size 

distribution and agglomeration/settling of particles is a common problem.  Overall, the 
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inadequacies of the current model(s) are made apparent by the numerous assumptions 

adopted in order to use these models.   

  If a particle is not spherical, the processes of orientation by rotation about 

different axes should require different relaxation times.  Variations in the local 

environment of the particles should give rise to variations in the relaxation times.  The 

zeolite particle shape is cubic with some rounding of the edges and the lead titanate 

particle shape is not measured but is an agglomerate of particles according to the supplier 

[46]. 

The specification sheet provided by the zeolite supplier indicated a particle 

diameter of less than 10 microns.  For this study the assumption was made that the zeolite 

particle size distribution is relatively uniform and a worst case particle diameter of 10 µm 

(microns) was used for calculations. Yet a literature reference for the same zeolite, 

Z3125, indicates that the average diameter of the zeolite particles was ∼ 2µm [100]. 

 Also throughout this study, the dry density of zeolite (1.53 g/cm3) was used for 

calculations instead of the hydrated density for zeolite (1.95 g/cm3).  The use of the 

hydrated density of zeolite may have been more appropriate based upon previous 

research indicating obtainment of ∼0% retained water within the zeolite required 

conditioning of the zeolite for six hours at a temperature of 750°C.  Hence, the 

conditioning conducted under this study may have been insufficient to remove all the 

interstitial water.  Realistically, the use of a density between those noted would have been 

more suitable or in hindsight, more extensive conditioning of the zeolite to achieve the 

elimination of water during the study would have been the best resolution to this 

discrepancy [51]. 
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Although the complex dielectric constant of the fluid, ε*f, can be measured 

directly, the complex dielectric constant of the particles, ε*p, is often derived from 

measurements on the suspension, since the permittivity of the particles may depend on 

the host oil, the specific arrangement of the particles, and the concentration and water 

content of the particles.  An example of this is provided by Wu, Chen, and Conrad, who 

reported that the zeolite particles in the zeolite/silicone oil suspension (φ = 0.34) had a 

conductivity σp = 1.5 x 10-5 S/m and a dielectric constant εp = 23.7.  Additionally, Conrad 

and Chen have estimated the conductivity of zeolite particles with  ∼8wt% water to be 1.5 

x 10-6 S/m based on the measured current density of zeolite (φ = 0.28) in oil suspensions.  

The zeolite particle conductivity for the as received 15vol% zeolite/silicone oil in this 

study compared well with a similar suspension tested by Wu et al. that was conditioned 

for 2 hours at 120°C [46, 51, 55, 86].  

It has been reported that the ER response of barium titanate (another perovskite-

type ferroelectric material) suspensions is very strongly water-promoted.  The slightly 

negative or lack of ER response elicited by the as received lead titanate suspension tested 

under this study does not support that the ER response of this material was water 

promoted, but the overall improved yield stress values for the as received suspension may 

be revealing some type of water effect [34]. 

Electrophoresis is often observed in dc fields with electrically insulating ceramic 

particles.  The particle layer formed at the electrode surface depletes the concentration of 

particles dispersed throughout the fluid, thus reducing the viscosity.  The electrophoresis 

apparent in the lead titanate/silicone oil suspension when viewed under an applied 

electric field may be part of or the cause for the lack of an ER effect or the negative ER 
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effect.  Settling due to the large density difference between the particles and host fluid 

and large particle size may also have contributed to this lack of ER effect [78]. 

 

4.2 Recommendations for Future Testing 
  

The ER response is fast, and the reversible gelation has the potential to provide a 

novel and efficient way to control motion.  Electrorheology has many distinct merits over 

competitive technologies, including the ability to achieve a continuously variable wide 

dynamic range that is energy efficient, fast, reliable, and compact at a reasonable cost.  

Specifically, electrorheology allows for an extremely simple electromechanical interface 

without the need for moving parts as in conventional systems.  As previously noted, in 

spite of the great potential of ER technology, commercialization remains limited.  

Undoubtedly, understanding the chemical and physical properties of ER fluids is 

necessary in order to develop the concept of how material selection and material 

properties affect ER performance.  As indicated in the literature review, the future of ER 

materials may be in the atomic design of materials or alteration of known materials to 

improve desirable properties.  It is well known that the dielectric and conduction 

properties are closely related to the molecular or crystal structure of the materials.  Thus, 

it is possible to modify the dielectric and conduction properties to increase ER activity by 

appropriate design of the molecular and crystal structures of ER materials.  In order to 

design such materials the mechanisms that control the electrorheological response must 

be thoroughly understood and expressed in usable mathematical models [18, 96]. 

However, the preparation and evaluation of ER fluids with novel dispersed phases 

such as composite particles of a conducting core and an insulating, high dielectric shell, 
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or known particles in combination with nanoparticles presumed to aggregate and align in 

the spaces amidst the larger particles may be the next research step necessary to identify 

improved ER performance [27]. 

Insightful accomplishments conducted during the author’s research assistantship, 

but beyond the scope of this study, could also be utilized or taken to the next logical step 

to assist in the development of the fundamental mechanisms that may interplay into 

understanding the ER effect.  Such accomplishments included:  (1) use of solvent 

mixtures to optimize fluid performance; (2) the preparation, dielectric and rheological 

analysis of ER fluids with two different dispersed phases, as well as with various solvent 

combinations for the continuous phase, both of which, unfortunately, suffer from the lack 

of quantitative theories to predict their ER response; (3) the preparation of composite 

particles of polyaniline, a semi-conducting polymer, intercalated into the galleries of 

montmorillonite clay and subsequent evaluation of these composite particles suspended 

in fluids; and (4) benchtop experiments utilizing organically modified clay as the 

dispersed phase to elicit the advantages that a nanoparticle with a large aspect ratio (>>1) 

and select functional groups adds to the gelation ability and subsequent stability of a 

suspension.   

 Since there is much to be learned about the microscopic origin of nonlinear 

conduction and its impact on particle polarization and electrorheology, further definition 

or accrual of more information/experimental data regarding the variety of phenomena 

that can give rise to nonlinear conduction behavior and its frequency dependence would 

assist in the improvement of existing ER models [35]. 
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   Further research of the effects of shear rate on the electrical properties of ER 

fluids, the basic electronic mechanisms associated, and the resulting particle structure, all 

of which determine the strength and current density of an ER fluid would also be 

beneficial [3]. 

Further definition of the ER suspension structure including the fibril/columnar 

formation with respect to particle size distribution, volume fraction of particles consumed 

at electrode plates verses volume fraction of working particles in columnar formation, 

and a quantitative analysis of stable and unstable particles or methods for determining 

this information are needed.  In essence, any research that improves upon the 

development of models and account for one or many the numerous disparities previously 

noted in the assumptions of this study would advance ER theory. 

 ER models primarily consider the treatment of spherical particles and do not 

address polarization resultant from pendant surface functional groups.  If a particle is not 

spherical, the process of orientation by rotation about different axes should require 

different relaxation times.  Additionally, variations in the local environment of the 

particles should give rise to variations in relaxation times.  Improvement of the models to 

include parameters for particles of different shapes, especially particles with large aspect 

ratios, may provide insight into the correlation of experimental data with nonspherical 

particles.  Exploratory research to quantify the potential polarization associated with 

pendant groups may further define parameters appropriate for inclusion in existing ER 

models. 
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 Further investigation of the aforementioned items may assist in clarifying the 

fundamentals of ER fluids, and ultimately contribute to the design of novel ER 

suspensions worthy of commercialization. 

 
 



 

122  

CHAPTER 5 
 

LIST OF REFERENCES 
 

1. Winslow, W.M., “Induced Fibration of Suspensions,” Journal of Applied Physics, 
20, 1137-1140 (1949). 

 
2. Shackelford, J.F., Introduction to Materials Science for Engineers, Macmillan 

Publishing Company, 1985. 
 

3. Conrad, H., “Properties and Design of Electrorheological Suspensions,” MRS 
Bulletin, The Materials Science of Field-Responsive Fluids, 23, No. 8, 35-42 
(August 1998). 

 
4. Young, R.J., and Lovell, P.A., Introduction to Polymers, Second Edition, 

Chapman & Hall, 1991. 
 
5. Wu, C.W., Chen, Y. Tang, X., and Conrad, H., “Conductivity and Force Between 

Particles in a Model Electrorheological Fluid:  I Conductivity,” International 
Journal of Modern Physics B, 10, (23/24), 3315-3325, 1996. 

 
6. Chen, Y., and Conrad, H., “Electrostatic interactions for particle arrays in 

electrorheological fluids:  II. Measurements”, International Journal of Modern 
Physics B, 8, (20/21), 2895-2902, 1994. 

 
7. Sprecher, A.F., Chen, Y., and Conrad, H., Proc. 2nd Int. Conf. On 

Electrorheological Fluids, edited by J.D. Carlson, A.F. Sprecher, and H. Conrad 
(Technomics, Lancaster, 1990) p. 82. 

 
8. Winslow, W.M., “The Evolution of ER From Discovery to Application,” 

Progress in Electrorheology, Edited by K.O. Havelka and F.E. Filisko, Plenum 
Press, New York (1995). 

 
9. Shulman, Z.P., Gorodkin, R.G., Korobko, E.V., and Gleb, V.K., “The 

Electrorheological Effect and its possible uses,” Journal of Non-Newtonian Fluid 
Mechanics, 8, 29-41, 1981. 

 
10. U.S. Patent No. 26611596 Cl. 60-52. 

 
11. Bullough, W.A., and Stringer, J.D., Proc. 3rd Intern. Fluid Power Symp., Turin, 

Paper F3, p. 37, 1973. 
 

12. Block, H., and Kelly, J.P., “Review Article Electro-rheology,” J. Phys. D:  Appl. 
Phys., 21, 1661-1677, 1988. 

 



 

123  

13. Proceedings of the Eighth Internatinal Conference, Electrorheological Fluids and 
Magnetorheological Suspensions, World Scientific, Nice, France, July 9-13, 
2001. 

 
14. Phule, P.P. and Ginder, J.M., “The Materials Science of Field-Responsive 

Fluids,” MRS Bulletin, 23, No.8, 19-21 (1998). 
 
15. Block, H. and Kelly, J.P., U.S. Patent 4,687,589 (1987). 
 
16. Filisko, F.E. and Armstrong, W.E., U.S. Patent 4,744,914 (1988). 
 
17. Bullough, W.A., “Electrorheological fluids and the control of high-speed 

machines,” Endeavour, New Series, 15, (No. 4), 165-169, 1991. 
 
18. Havelka, K.O., “Novel Materials for Electrorheological Fluids,” Progress in 

Electrorheology, Edited by K.O. Havelka and F.E. Filisko, Plenum Press, New 
York, 1995. 

 
19. Petek, N.K., Romstadt, D.J., Lizell, M.B., Weyenberg, T.R., SAE Paper 950586, 

1995. 
 

20. Brooks, D.A., “High Performance Electro-Rheological Dampers,” ERMR’97, 
International Conference on ERF, MRS and Their Applications, 22-25 July 1997, 
Yonezawa, Japan. 

 
21. Choi, S.B., Kim, S.L., and Lee, H.G., “Position Control of a Moving Table using 

ER Clutch and ER Brake,” ERMR’97, International Conference on ERF, MRS 
and Their Applications, 22-25 July 1997, Yonezawa, Japan. 

 
22. Weiss, R., “Zap of Electricity Creates Fluid Situation for Liquid, New Substance 

Shifts to Solid and Back With Flip of Switch”, The Washington Post, October 5, 
2003. 

 
23. Hasted, J.B., Aqueous Dielectrics, Chapman and Hall,1973. 
 
24. Smyth, C.P., Dielectric Behavior and Structure, Dielectric Constant and Loss, 

Dipole Moment and Molecular Structure, McGraw-Hill Book Company, Inc. 
1955. 

 
25. Onsager, L., “Deviation from Ohm’s Law in Weak Electrolytes,” J. Chem. Phys., 

2, 599, 1934. 
 

26. Boissy, C., Atten, P., and Foulc, J.N., “The Conduction Model of 
Electrorheological Effect Revisted,” Proc. 5th Int. Conf. On Electrorheological 
Fluids, Magnetorheolgical Suspensions and Associated Technology, edited by 
W.A. Bullough (World Scientific, Singapore), 156-165, 1996.  



 

124  

27. Conrad, H., “An Exploratory Study into the Effects of Composite Particles and 
Addition of Nanoparticles on the Properties of Electrorheological Fluids,” NSF 
proposal, A. Project Summary. 

 
28. Tang, X., Wu, C., and Conrad, H., “On the conductivity model for the 

electrorheological effect,” Journal of Rheology, 39 (5), September/October 1995. 
 
29. Wagner, K.W., Arch. Elektrotech., 2, 378, 1914. 
 
30. Kauzmann, W., Revs. Mod. Phys., 14, 12, 1942. 

 
31. Debye, P., “Polar Molecules,” Chemical Catalog, New York, Chapter V, 1929. 

 
32. Kirkwood, J.G., and Fuoss, R.M., J. Chem. Phys., 9, 329, 1941. 
 
33. Morgan, S.O., “Two Types of Dielectric Polarization,” A paper presented at the 

Sixty-fifth General Meeting, held at Asheville, N.C., April 26, 1934, Prof. Charles 
P. Smyth presiding.  Morgan, S.O., Bell Laboratories, New York City. 

 
34. Conrad, H. and Wu, C.W., “Dielectric and conduction effects in ohmic 

electrorheological fluids”, J. Phys. D:  Appl. Phys. 30, 2634-2642, (1997). 
 

35. Klingenberg, D.J., “Particle Polarization and Nonlinear Effects in 
Electrorheological Suspensions,” MRS Bulletin, The Materials Science of Field-
Responsive Fluids, 23, No. 8, 30-34 (1998). 

 
36. Foulc,J., Felici, N., and Atten, P., C.R. Acad. Sci. Ser. II (Paris), 314, 1279, 1992. 

 
37. Felici, N., Foulc, J.N., and Atten, P., “A Conduction Model of Electrorheological 

Effect,”in Electrorheological Fluids, Proc. 4th Int. Conf. On Electrorheogical 
Fluids, edited by R. Tao and G.D. Ray (World Scientific, Singagpore), 139-152, 
1994. 

 
38. Wien, M., Phys. Zeits., 32, 545, 1931. 

 
39. Boissy, C., Atten, P., and Foulc, J.N., “On the role of conductivities and 

frequency in the electrorheological effect”, Proc. 5th Int. Conf. On 
Electrorheological Fluids, Magnetorheolgical Suspensions and Associated 
Technology, edited by W.A. Bullough (World Scientific, Singapore), 756-763, 
1996. 

 
40. Conrad, H., “Improvement of Electrorheological Fluid Properties via 

Modification of Particle Structure, the Host Liquid, and Addition of 
Nanoparticles,” NSF proposal, A. Project Summary. 

 



 

125  

41. Gast and Zukoski, “Electrorheological Fluids as Colloidal Suspensions,” Adv. 
Colloid Interface Sci., 30, 153-170, 1998. 

 
42. Halsey, T. and Toor, W., “Structure of Electrorheological Fluids,” Phys. Rev. 

Lettr., 65, 2829, 1990. 
 

43. Klingenberg, D. and Zukoski, C., “Studies on the Steady-Shear Behavior of 
Electrorheological Fluids,” Langmuir, 6, 15-24, 1990. 

 
44. Chen, Y., Sprecher, A., and Conrad, H., “Electrostatic Particle-Particle 

Interactions in Electrorheological Fluids,” J. Appl. Phys., 70, 6796-6803, 1991. 
 

45. Davis, L.C., “Finite Element Analysis of Particle-Particle Forces in 
Electrorheological Fluids,” Appl. Phys. Lettr., 60, 319, 1992. 

 
46. Conrad, H., Wu, C.W., and Tang, X., “The Role of Conductivity in 

Electrorheology”, ERMR’97, International Conference on ERF, MRS, and Their 
Applications, 22-25 July 1997, Yonezawa, JAPAN. 

 
47. Ghanem, R., and Wang, Z., “Molecular Dynamics Simulations of Electro-

Rheological Fluids”, ERMR’97, International Conference on ERF, MRS, and 
Their Applications, 22-25 July 1997, Yonezawa, JAPAN. 

 
48. Wu, C.W. and Conrad, H., “Shear Strength of electrorheological particle 

clusters,” Materials Science and Engineering, A248, 161-164, 1998. 
 

49. Wu, C.W., and Conrad, H., “Theoretical and Experimental Considerations of 
Electrorheology with DC and AC Fields”, ASME International, Reprinted From 
FED-Vol. 243, MD-Vol. 78, Rheology and Fluid Mechanics of Nonlinear 
Materials, Book No. H01106 –1997.   

 
50. Chen, Y. and Conrad, H., “Effects of Water Content on the Electrorheology of 

Corn Starch/Corn Oil Suspensions,” in Developments in Non-Newtonian Flows, 
edited by D. Siginer, W. Van Arsdale, M. Altan, and A. Alexandrou (ASME, 
New York, 1993), 175, 199-208, 1993.  

 
51. Conrad, H., Shih, Y., and Chen, Y., “Effect of Prior Heating Zeolite/Silicone Oil 

Susupensions on Their Subsequent Electrorheology at 25°C,” Developments in 
Electrorheological Flows and Measurements Uncertainty 1994, edited by D. 
Siginer, J. Kim, S. Sherif, and H. Coleman (ASME, New York, 1994), FED Vol. 
2051, AMD Vol. 190, 69-82, 1994. 

 
52. Kawai, A. et al., “Effect of dielectric property of hydrous dispersoid on 

electrorheology”,  Proceedings 5th International Conference on ER Fluids, MR 
Suspensions and Associated Technology, Ref. Editor, W.A. Bullough, World 
Scientific, Singapore, 1996. 



 

126  

53. Kawai, A. et al., Proc. Pacific Conf. On Rheology and Polymer Processing, 
Kyoto JAPAN, p58, 1994. 

 
54. Conrad, H. and Chen, Y., “Electric Properties and the Strength of 

Electrorheological (ER) Fluids,” Progress in Electrorheology, Edited by K.O. 
Havelka and F.E. Filisko, Plenum Press, New York, 1995. 

 
55. Wu, C.W., Chen, Y., and Conrad, H., “Electrorheology of a zeolite/silicone oil     

suspension with dc and ac fields,” J. Phys. D: Appl. Phys., 31, 960-963, 1998. 
 
56. Wen, W., Ma, H., Tam, W. Y., and Sheng, P., “Frequency and Water Content 

Dependencies of the Electrorheological Yield Stress”, ERMR’97, International 
Conference on ERF, MRS, and Their Applications, 22-25 July 1997, Yonezawa, 
JAPAN.  

 
57. Wen, W., Ma, H., Tam, W.Y., and Sheng, P., “Frequency and Water Content 

Dependencies of Electrorheological Properties,” Phys. Rev. E, 55, R1294, 1997. 
 
58. Filisko, F., “Overview of ER Technology,” Progress in Electrorheology, Edited 

by K.O. Havelka and F.E. Filisko, Plenum Press, New York, 1995. 
 
59. Filisko, F.E., and Radzilowski, L.H., “An intrinsic mechanism for the activity of 

alumino-silicate based electrorheological materials,” J. Rheol., 34 (4), 539-552, 
May 1990. 

 
60. Choi, H.J., Lee, J.H., Cho, M.S., and Jhon, M.S., “Electrorheological 

characterization of semiconducting polyaniline suspension,” Polymer Engineering 
and Science, 39 (3), 493, March, 1999. 

 
61. Lu, J., and Zhao, X., “Electrorheological Behaviors of Polyaniline-

Montmorillonite Clay Nanocomposite,” Proceedings of the Eighth Internatinal 
Conference, Electrorheological Fluids and Magnetorheological Suspensions, 
Bossis, G. (editor), World Scientific, Nice, France, 597-603, July 9-13, 2001. 

 
62. Zhao, X.P., Yin, J.B., Xiang, L.Q., and Zhao, Q., “Effect of Rare Earth 

Substitution on Electrorheological Properties of TiO2,” Proceedings of the Eighth 
Internatinal Conference, Electrorheological Fluids and Magnetorheological 
Suspensions, Bossis, G. (editor), World Scientific, Nice, France, 431-437, July 9-
13, 2001.  

 
63. Block, H. and Rattray, P., “Recent Developments in ER Fluids”, Progress in 

Electrorheology, Edited by K.O. Havelka and F.E. Filisko, Plenum Press, New 
York, 1995. 

 



 

127  

64. Ginder, J.M., and Davis, L.C., in:  “Proc. Int. Conf. Electrorheological Fluids, 
Feldkirch, Austria,” R. Tao, ed., World Sci. Pub. Co., Singapore – New Jersey – 
London –HongKong, 1995. 

 
65. Otsubo, Y., “Electrorheological properties of barium titanate suspensions under 

oscillatory shear”, Colloids and Surfaces, 58, 73-86, 1991. 
 

66. Garino, T.J., Adolf, D., and Hance, B., in:  “Electrorheological Fluids – 
Mechanisms, Properties, Structure, Technology, and Applications,” R. Tao, ed., 
World Sci. Pub. Co., Singapore – New Jersey – London –HongKong, 1992. 

 
67. Rankin, P.J., and Klingenberg, D.J., “The Electrorheology of Barium Titanate 

Suspensions,” Journal of Rheology, 42, Issue 3, (May – June) 1998. 
 

68. Kim, Y.D., and Klingenberg, D.J., “Two Roles of Nonionic Surfactants on the 
Electrorheological Response,” Journal of Colloid and Interface Science, 183, 
Issue 2, 568-578 (1996). 

 
69. Boissy, C., Wu, C.W., Fahmy, Y. and Conrad, H., “Experimental study of the 

yield stress of electrorheological suspensions under AC field:  Comparison with a 
theoretical model,”  ERMR’97, International Conference on ERF, MRS, and Their 
Applications, 22-25 July 1997, Yonezawa, JAPAN. 

 
70. Wu, C.W. and Conrad, H., “Dielectric and Conduction Effects in Ohmic 

Electrorheological Fluids,” J. Phys. D:  Appl. Phys., 1997. 
 

71. Wu, C.W. and Conrad, H., “Dielectric and Conduction Effects in Non-Ohmic 
Electrorheological Fluids,” Phys. Rev. E, 1997. 

 
72. Yoon, S.G., and Kim, H.G., “Characterization and Electrical Properties of 

Chemical Vapor Deposited Ferroelectric Lead Titanate Films on Titanium,” IEEE 
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, 37 (5), 
September, 1990. 

 
73. Yu, D.S., Han, J.C., and Ba, L., “PbTiO3 Nanosized Ceramics,” American 

Ceramic Society Bulletin, 81 (9), September, 2002. 
 
74. Wu, C.W., and Conrad, H., “Negative electrorheological effect and electrical 

properties of a Teflon/silicone oil suspension,” Journal of Rheology, 41 (2), 267-
281, 1997. 

 
75. Foulc, J.N., Felici, N., and Atten, P., C.R. Acad. Sci. Paris, t. 314 Serie II, 1279, 

1992. 
 

76. Boissy, C., Atten, P., and Foulc, J.N., J. Electrostatics, 1995. 
 



 

128  

77. Randall, C.A., et al., Proc. 4th Int. Conf. on ER Fluids, R. Tao & G.D. Roy, eds. 
(World Scientific, Singapore) 60, 1994.  

 
78. Stangroom, J.E., J. Stat. Phys., 64, 1059, 1991. 

 
79. Wu, C.W., Chen, Y., Tang, X., and Conrad, H., “Conductivity and Force Between 

Particles in a Model Electrorheological Fluid:  II Interaction Force,” International 
Journal of Modern Physics B, 10, (23/24), 3327-3334, 1996. 

 
80. Brooks, D., “Fluids get tough,” Physics World, 2, 35-38, August 1989. 

 
81. Pool, R., “The Fluids With a Case of Split Personality,” Science, Vol. 247, 1180-

1181, 1990. 
 
82. Gao, Z. and Zhao, X., “Electrorheological properties of inclusive complex of β-

cyclodextrin polymer,” Materials Letters, 57, 615-618, December, 2002. 
 

83. Gao, Z., and Zhao, X., “Enhancing electrorheological behaviors with formation of 
β-cyclodextrin supramolecular complex,” Polymer, 44, 4519-4526, 2003. 

 
84. Wen, W., Huang, X., Yang, S., Lu, K., and Sheng, P., “The Giant 

Electrorheological effect in Suspensions of Nanoparticles,” Nature Materials, 2, 
727-730, 2003. 

 
85. Kumar, V., Marimuthu, R., Patil, S.G., Ohya, Y., and Takahashi, Y., “A Simple 

System for the Preparation of Submicrometer Lead Titanate Powders by the Sol-
Gel Method,” Journal of the American Ceramic Society Bulletin, 79 (10), 2775-
2778, October, 1996. 

 
86. Conrad, H., Chen, Y., and Sprecher, A.F., “Electrorheology of Suspensions of 

Zeolite Particles in Silicone Oil,” Electrorheological Fluids, edited by J. Carlson, 
A.F. Sprecher, and H. Conrad (Technomic, Lancaster, PA) 252-264, 1990. 

 
87. Molecular Sieves, brochure by UOP Inc. F-1979J-2M, 1990.  

 
88. Breck, D.W., Zeolite Molecular Sieves:  Structure, Chemistry and Use, John 

Wiley, New York, 1974. 
 

89. Dyer, A., An Introduction to Zeolite Molecular Sieves, Wiley, New York, 1988. 
 

90. ANSI/ASTM D2216-80, “Standard Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil, Rock, and Soil Aggregate Mixtures,” ASTM, 
Philadelphia, 1980. 

 
91. Chiang, Y., Birnie (III), D.P., and Kingery, W.D., Physical Ceramics, Principles 

for Ceramic Science and Engineering, John Wiley & Sons, Inc., 1997. 



 

129  

92. Kingery, W.D., Bowen, H.K., and Uhlmann, D.R., Introduction to Ceramics, 
Second Edition, A Wiley-Interscience Publication, p. 964-972, 1976. 

 
93. Bhide, V.G., Deshmukh, K.G., and Hegde, M.S., “Ferroelectric Properties of 

PbTiO3,” Pysica, 28, 871-876, 1962. 
 

94. Lide, D.R.(Editor-in-Chief), CRC Handbook of Chemistry and Physics, 84th 
Edition , 2003-2004. 

 
95. Van Olphen, H., An introduction to clay colloid chemistry, for clay technologists, 

geologists, and soil scientists, Second Edition, A Wiley-Interscience Publication, 
p.136, 1977. 

 
96. Yin, J. and Zhao, X., “Temperature effect of rare earth-doped TiO2  

electrorheological fluids”, J. Phys. D:  Appl. Phys., 34, 2063-2067, 2001. 
 

97. Grentzer, T., and Leckenby, J., “The theory and practice of dielectric analysis,” 
American Laboratory, 82, January 1989. 

 
98. TA Instruments, Thermal Analysis & Rheology, DEA 2970, Dielectric Analyzer, 

Operator’s Manual, PN 925637.002 Rev. B, September 1997. 
 

99. PHYSICA Meβtechnik GmbH, Paar Physica Operating manual for rheometer       
electronics RHEOLAB MC 100, Version 1.0 E, November, 1992. 

 
100.  Wu, C.W., Chen, Y., and Conrad, H., “Influence of the conductivity of the oil 

on the electrorheology of zeolite/mineral oil suspensions,” ASME International, 
Reprinted from AMD-Vol. 217, Rheology and Fluid Mechanics of Nonlinear 
Materials, D.A. Siginer and S.G. Advani (Eds.), Book No. G01021, 1996.   

 
101.  Weast, Robert, C. (Editor), CRC Handbook of Chemistry and Physics, 51st 

Edition , 1970-1971.  
 

 
 

 
 
 
 
 
 
 
 
 
 
 



 

130  

  APPENDIX A 
 

Physical Data for TICON 95 Lead T 
FERRO Electronic Materials, Incorporated 

TICON 95 Lead T 
 

Commercial electronic-grade lead titanate (PbTiO3), TICON 95 Lead T, product 
number 52506, was procured from FERRO Electronic Materials, Incorporated.  The 
following information regarding lead titanate was provided by the supplier. 

 
The Material Safety Data Sheet (MSDS) included the following physical 

properties: 
 
Melting Point >1500F 
Solubility in Water <1% 
Odor Odorless 
Form Powder 
Color Off-white 
Specific Gravity:  7.5 

   
The technical information sheet for this product further defined the typical 

chemical and physical properties as follows: 

% PbO 73.55 
% TiO2 25.80 
% SiO2 0.10 
% Al2O3 0.05 
% Ignition Loss 0.20 
Surface Area (M2/g) 2.15 
Particle Size:  
           D10 0.42 
           D50 (µ) 1.22 
           D90 5.65 
Bulk Density (lb./ft.3) 180 
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APPENDIX B 
 

Volume Fraction Calculations 
and  

Experimental Particle Conductivity Calculations 
 
 

Volume Fraction Calculations 
 

Component Density, g/cm3 

Silicon oil (Dow Corning) 0.96 
Lead Titanate 7.52 
Zeolite  1.53 

 
In order to determine the volume fraction of each component used in the 

preparation of suspension samples, the number of grams of each component was divided 
by the density of the component.  The summation of all the component volume fractions 
resulted in the total volume.  The volume fraction of individual components in the total 
volume of the suspension was then determined by dividing the volume fraction of the 
component by the total volume of the suspension.  Note that the density for lead titanate 
was taken from the 51st Edition of the CRC Handbook of Chemistry and Physics and it 
differs from the most recently published 84th Edition that has a density of 7.9 g/cm3 for 
lead titanate [94,101]. 
 
30wt% zeolite/silicone oil converted to 15vol% zeolite/silicone oil 
 
The calculations for the approximately 30wt% zeolite/silicone oil suspension are as 
follows: 
 
11.56 grams silicone oil  = 12.04 cm3  3.4 grams zeolite  = 2.2 cm3 
0.96 g/cm3     1.53 g/cm3 

 
Total volume = 12.04 cm3 + 2.2 cm3 = 14.24 cm3 

 

12.04 cm3 silicone oil = 0.85   2.2 cm3 zeolite = 0.15    

14.24 cm3     14.24 cm3 

 

Thus, the suspension was 15vol% zeolite and 85vol% silicone oil.  
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Appendix B – Volume Fraction Calculations - continued 
 
9vol% and 10vol% zeolite/silicone oil 
 
The weight of zeolite required to prepare a 9vol% zeolite/silicone oil suspension was 
calculated as follows: 
 
9 mL     = 0.09 x 100 = 9 vol% 
100 mL 
 
Density of zeolite = 1.53 g/cm3 = 1.53 g/mL 
13.77 g zeolite = 9 mL 
1.53 g/mL 
 
13.77 g zeolite =  0.6885 g zeolite 
100 mL        5 mL 
 
Similarly, for a 10vol% zeolite/silicone oil suspension, 
 
10 mL     = 0.10 x 100 = 10 vol% 
100 mL 
 
Density of zeolite = 1.53 g/cm3 = 1.53 g/mL 
15.3 g zeolite = 10 mL 
1.53 g/mL 
 
15.3 g zeolite =  0.765 g zeolite 
100 mL        5 mL 
 
Likewise, the weight of lead titanate required to prepare a 4vol% PbTiO3 in silicone oil 
suspension was calculated as follows: 
 
4 mL     = 0.04 x 100 = 4 vol% 
100 mL 
 
Density of PbTiO3 = 7.52 g/cm3 = 7.52 g/mL 
 
30.08 g PbTiO3 = 4 mL 
7.52 g/mL 
 
30.08 g PbTiO3 =  1.504 g PbTiO3 
100 mL        5 mL 
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Appendix B – Volume Fraction Calculations – continued 
 

Similarly for 10vol% PbTiO3 in silicone oil, 
 
10 mL     = 0.10 x 100 = 10 vol% 
100 mL 
 
Density of PbTiO3 = 7.52 g/cm3 = 7.52 g/mL 
 
75.2 g PbTiO3  = 10 mL 
7.52 g/mL 
 
75.2 g PbTiO3 =  3.76 g PbTiO3 
100 mL        5 mL 
 
The calculation used to determine the weight of PbTiO3 to obtain a 20vol% PbTiO3 
suspension included the following: 
 
The density of PbTiO3 = 7.52 g/cm3 = 7.52 g/mL  (given 1 cm3 = 1 mL) 
 
20mL/100mL = .20 x 100 = 20%  
 
150.4 g PbTiO3  =  20 mL 
    7.52 g/mL 
 
150.4 g PbTiO3 = 25.268 g PbTiO3 
   100 mL  17 mL 
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Appendix B – Experimental Particle Conductivity Calculations 
 

In order to determine the conductivity at low frequency, the ionic conductivity 
value measured at 0.003 Hz on the DEA has been used for the σsuspension and σsilicone oil 
values. 
 
For the dry 9vol% zeolite/silicone oil (Dow Corning 200 Fluid) suspension the 
conductivity of the zeolite at 0.003hz was determined using the following equation, 
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

2.823 x 10-11 S/m = (.09)( σzeolite) + (.91)( 8.736 x 10-14 S/m) 
σzeolite (~dc, at 0.003 hz) = 3.13 x 10-10 S/m 
 
[Conversion of the DEA measured value into S/m ⇒ Experimentally measured ionic 
conductivity at 0.003 Hz = 0.2823 pmho/cm; 0.2823 pmho/cm x (1 x 10-10) = 2.823 x 10-

11 S/m.  Likewise, the ionic conductivity of the silicone oil (Dow Corning 200 Fluid) at 
0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 pmho/cm x (1 x 10-10) = 8.736 x 10-14 S/m] 
  
At 10,000 Hz,  
(Bold font indicates that the DEA did not measure an ionic conductivity value at 100,000 Hz and therefore 
an alternate penultimate high frequency ionic conductivity is used for the particle conductivity calculation.) 
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

3.619 x 10-8 S/m = (.09)( σzeolite) + (.91)( 4.668 x 10-9 S/m)  
σzeolite (∼10,000 Hz) = 3.55 x 10-7 S/m  
 
[The ionic conductivity of the suspension at 10,000 Hz, = 361.9 pmho/cm, 361.9 
pmho/cm x (1 x 10-10) = 3.619 x 10-8 S/m whereas, the ionic conductivity of the silicone 
oil at 13,900 Hz, = 46.68 pmho/cm, 46.68 pmho/cm x (1 x 10-10) = 4.668 x 10-9 S/m.] 
  
For the dry 10vol% zeolite/silicone oil (Dow Corning 200 Fluid) suspension, 
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

4.489 x 10-11 S/m = (.10)( σzeolite) + (.90)( 8.736 x 10-14 S/m) 
σzeolite (~dc, at 0.003 hz) = 4.48 x 10-10 S/m 
 
[The ionic conductivity of the suspension at 0.003 = 0.4489 pmho/cm; 0.4489 pmho/cm x 
(1 x 10-10) = 4.489 x 10-11 S/m.  Likewise, the ionic conductivity of the silicone oil (Dow 
Corning 200 Fluid) at 0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 pmho/cm x (1 x 10-

10) = 8.736 x 10-14 S/m.] 
  
At 10,000 Hz, 
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

3.691 x 10-8 S/m = (.10)( σzeolite) + (.90)( 4.668 x 10-9 S/m)  
σzeolite (∼10,000 Hz) = 3.27 x 10-7 S/m  
 
[The ionic conductivity of the suspension at 10,000 Hz, = 369.1 pmho/cm, 369.1 
pmho/cm x (1 x 10-10) = 3.691 x 10-8 S/m whereas, the ionic conductivity of the silicone 
oil at 13,900 Hz, = 46.68 pmho/cm, 46.68 pmho/cm x (1 x 10-10) = 4.668 x 10-9 S/m.] 



 

135  

 
Appendix B – Experimental Particle Conductivity Calculations - continued 

 
For the as received 15vol% zeolite/silicone oil (Dow Corning 200 Fluid) suspension the 
conductivity of the zeolite at 0.003hz was determined using the following equation, 
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

2.022 x 10-12 S/m = (.15)( σzeolite) + (.85)( 8.736 x 10-14 S/m) 
σzeolite (~dc, at 0.003 hz) = 1.30 x 10-11 S/m 
 
[The ionic conductivity of the suspension at 0.003 Hz = 0.02022 pmho/cm; 0.02022 
pmho/cm x (1 x 10-10) = 2.022 x 10-12 S/m.  Likewise, the ionic conductivity of the 
silicone oil (Dow Corning 200 Fluid) at 0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 
pmho/cm x (1 x 10-10) = 8.736 x 10-14 S/m.] 
  
At 100,000 Hz, 
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

6.83 x 10-7  S/m = (.15)( σzeolite) + (.85)( 3.23 x 10-8 S/m)  
σzeolite (100,000 hz) = 4.37 x 10-6 S/m  
 
[The ionic conductivity of the suspension at 100,000hz, = 6,830 pmho/cm, 6,830 
pmho/cm x (1 x 10-10) = 6.83 x 10-7  S/m whereas, the ionic conductivity of the silicone 
oil at 100,000 hz, = 323 pmho/cm, 323 pmho/cm x (1 x 10-10) = 3.23 x 10-8 S/m] 
  
For the dry 15vol% zeolite/silicone oil (Dow Corning 200 Fluid) suspension,  
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

4.451 x 10-13 S/m = (.15)( σzeolite) + (.85)( 8.736 x 10-14 S/m) 
σzeolite (~dc, at 0.003 hz) = 2.47 x 10-12 S/m 
 
[The ionic conductivity of the suspension at  0.003 Hz = 0.004451 pmho/cm; 0.004451 
pmho/cm x (1 x 10-10) = 4.451 x 10-13 S/m.  Likewise, the ionic conductivity of the 
silicone oil (Dow Corning 200 Fluid) at 0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 
pmho/cm x (1 x 10-10) = 8.736 x 10-14 S/m.] 
  
At 100,000 Hz, 
σsuspension = φzeolite σzeolite + φsilicone oil σsilicone oil 

1.3904 x 10-6 S/m = (.15)( σzeolite) + (.85)( 3.23 x 10-8 S/m)  
σzeolite (100,000 Hz) = 9.09 x 10-6 S/m  
 
[The ionic conductivity of the suspension at 100,000hz, = 13,904 pmho/cm, 13,904 
pmho/cm x (1 x 10-10) = 1.3904 x 10-6  S/m whereas, the ionic conductivity of the silicone 
oil at 100,000 hz, = 323 pmho/cm, 323 pmho/cm x (1 x 10-10) = 3.23 x 10-8 S/m.] 
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Appendix B – Experimental Particle Conductivity Calculations - continued 
 
For the dry 4vol% PbTiO3 in silicone oil (Dow Corning 200 Fluid) suspension the 
conductivity of the PbTiO3 at 0.003 Hz was determined using the following equation, 
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

8.506 x 10-12 S/m = (.04)(σ PbTiO3) + (.96)( 8.736 x 10-14 S/m) 
σzeolite (~dc, at 0.003 Hz) = 2.11 x 10-10 S/m 
 
[The ionic conductivity of the suspension at 0.003 Hz = 0.08506 pmho/cm; 0.08506 
pmho/cm x (1 x 10-10) = 8.506 x 10-12 S/m.  Likewise, the ionic conductivity of the 
silicone oil (Dow Corning 200 Fluid) at 0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 
pmho/cm x (1 x 10-10) = 8.736 x 10-14 S/m.] 
  
At 10,000 Hz,  
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

3.767 x 10-10 S/m = (.04)(σ PbTiO3) + (.96)(4.668 x 10-9 S/m)  
σ PbTiO3 (∼10,000 Hz) = -1.03 x 10-7 S/m  
 
[The ionic conductivity of the suspension at 10,000 Hz, = 3.767 pmho/cm, 3.767 
pmho/cm x (1 x 10-10) = 3.767 x 10-10 S/m whereas, the ionic conductivity of the silicone 
oil at 13,900 Hz, = 46.68 pmho/cm, 46.68 pmho/cm x (1 x 10-10) = 4.668 x 10-9 S/m.] 
  
For the dry 10vol% PbTiO3 in silicone oil (Dow Corning 200 Fluid) suspension  
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

3.585 x 10-13 S/m = (.10)(σ PbTiO3) + (.90)(8.736 x 10-14 S/m)  
σ PbTiO3 (0.003 Hz) = 2.80 x 10-12 S/m  
 
 [The ionic conductivity of the suspension at 0.003 Hz = 0.003585 pmho/cm; 0.003585 
pmho/cm x (1 x 10-10) = 3.585 x 10-13 S/m.  Likewise, the ionic conductivity of the 
silicone oil (Dow Corning 200 Fluid) at 0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 
pmho/cm x (1 x 10-10) = 8.736 x 10-14 S/m.] 
  
At 10,000 Hz, 
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

1.542 x 10-9 S/m = (.10)(σ PbTiO3) + (.90)(4.668 x 10-9 S/m)  
σ PbTiO3 (∼10,000 Hz) = -2.66 x 10-8 S/m  

 
[The ionic conductivity of the suspension at 10,000 Hz, = 15.42 pmho/cm, 15.42 
pmho/cm x (1 x 10-10) = 1.542 x 10-9 S/m.  The ionic conductivity of the silicone oil at 
13,900 Hz, = 46.68 pmho/cm, 46.68 pmho/cm x (1 x 10-10) = 4.668 x 10-9 S/m.] 
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Appendix B – Experimental Particle Conductivity Calculations - continued 
 
For the as received 20vol% PbTiO3 in silicone oil (Dow Corning 200 Fluid) suspension, 
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

 3.221 x 10-13 S/m = (.20)(σ PbTiO3) + (.80)(8.736 x 10-14 S/m) 
σ PbTiO3 (0.003 Hz) = 1.26 x 10-12 S/m 
 
[The ionic conductivity of the suspension at 0.003 Hz = 0.003221 pmho/cm; 0.003221 
pmho/cm x (1 x 10-10) = 3.221 x 10-13 S/m.  The ionic conductivity of the silicone oil 
(Dow Corning 200 Fluid) at 0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 pmho/cm x (1 
x 10-10) = 8.736 x 10-14 S/m.] 
  
At 100,000 Hz, 
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

 5.38 x 10-8 S/m = (.20)(σ PbTiO3) + (.80)(3.23 x 10-8  S/m) 
σ PbTiO3 (100,000 Hz) = 1.40 x 10-7 S/m 
 
[The ionic conductivity of the suspension at 100,000hz, = 538 pmho/cm, 538 pmho/cm x 
(1 x 10-10) = 5.38 x 10-8 S/m whereas, the ionic conductivity of the silicone oil at 100,000 
Hz, = 323 pmho/cm, 323 pmho/cm x (1 x 10-10) = 3.23 x 10-8 S/m.] 
 
For the dry 20vol% PbTiO3 in silicone oil (Dow Corning 200 Fluid) suspension, 
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

 1.905 x 10-13 S/m = (.20)(σ PbTiO3) + (.80)(8.736 x 10-14 S/m) 
σ PbTiO3 (0.003 Hz) = 6.03 x 10-13 S/m 
 
[The ionic conductivity of the suspension at 0.003 Hz = 0.001905 pmho/cm; 0.001905 
pmho/cm x (1 x 10-10) = 1.905 x 10-13 S/m.  The ionic conductivity of the silicone oil 
(Dow Corning 200 Fluid) at 0.003 Hz  = 0.0008736 pmho/cm; 0.0008736 pmho/cm x (1 
x 10-10) = 8.736 x 10-14 S/m.] 
  
At 64,600 Hz, 
σsuspension = φPbTiO3 σ PbTiO3 + φsilicone oil σsilicone oil 

 3.241 x 10-9 S/m = (.20)(σ PbTiO3) + (.80)(1.674 x 10-8 S/m) 
σ PbTiO3 (64,600 Hz) = -5.08 x 10-8 S/m 
 
[The ionic conductivity of the suspension at 64,600 Hz, = 32.41 pmho/cm, 32.41 
pmho/cm x (1 x 10-10) = 3.241 x 10-9 S/m.  The ionic conductivity of the silicone oil at 
64,600 Hz, = 167.4 pmho/cm, 167.4 pmho/cm x (1 x 10-10) = 1.674 x 10-8 S/m.] 
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 APPENDIX C 
 

DEA Data 
 
 

Fisher silicone oil after 7-7-03 calibration 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 

0 31.14 100000 2.434 1222 
0.11 31.15 64600 2.416 342.5 
0.23 31.14 30000 2.398 121.8 
0.34 31.15 13900 2.402 52.24 
0.46 31.15 6460 2.402 35.48 
0.57 31.15 3000 2.416 13.98 
0.68 31.15 1390 2.425 7.807 
0.8 31.15 646 2.431 3.832 

0.92 31.15 300 2.437 2.286 
1.04 31.15 139 2.443 1.029 
1.16 31.15 64.6 2.452 0.6185 
1.3 31.15 30 2.462 0.3981 

1.42 31.15 13.9 2.473 0.268 
1.54 31.15 6.46 2.492 0.1725 
1.68 31.15 3 2.515 0.1086 
1.81 31.15 1.39 2.532 0.06725 
1.98 31.15 0.646 2.591 0.04921 
2.24 31.14 0.3 2.647 0.03128 
2.61 31.15 0.139 2.718 0.02021 
3.39 31.15 0.065 2.794 0.01323 
5.06 31.14 0.03 2.875 0.008105 
8.65 31.16 0.014 2.811 0.004559 
16.99 31.14 0.006 2.94 0.002443 
33.67 31.03 0.003 3.345 0.001494 
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Appendix C – DEA Data - continued 
 
 
Fisher silicone oil after 7-7-03 calibration  
Time Temperature Frequency Complex Perm Loss Factor 
min °C Hz     

0 31.14 100000 2.434 0.02197 
0.11 31.15 64600 2.416 0.009535 
0.23 31.14 30000 2.398 0.0073 
0.34 31.15 13900 2.402 0.006759 
0.46 31.15 6460 2.402 0.009877 
0.57 31.15 3000 2.416 0.00838 
0.68 31.15 1390 2.425 0.0101 
0.8 31.15 646 2.431 0.01067 

0.92 31.15 300 2.437 0.0137 
1.04 31.15 139 2.443 0.01332 
1.16 31.15 64.6 2.452 0.01722 
1.3 31.15 30 2.462 0.02387 

1.42 31.15 13.9 2.474 0.03467 
1.54 31.15 6.46 2.492 0.04803 
1.68 31.15 3 2.516 0.06507 
1.81 31.15 1.39 2.534 0.08701 
1.98 31.15 0.646 2.595 0.137 
2.24 31.14 0.3 2.653 0.1875 
2.61 31.15 0.139 2.731 0.2615 
3.39 31.15 0.065 2.818 0.3661 
5.06 31.14 0.03 2.916 0.4858 
8.65 31.16 0.014 2.872 0.5856 
16.99 31.14 0.006 3.029 0.7321 
33.67 31.03 0.003 3.463 0.8958 
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Appendix C – DEA Data - continued 
 
 
Fisher silicone oil after 7-7-03 calibration 
Time Temperature Frequency Tan Delta 
min °C Hz   

0 31.14 100000 0.009029 
0.11 31.15 64600 0.003946 
0.23 31.14 30000 0.003045 
0.34 31.15 13900 0.002814 
0.46 31.15 6460 0.004112 
0.57 31.15 3000 0.003468 
0.68 31.15 1390 0.004165 
0.8 31.15 646 0.004389 

0.92 31.15 300 0.005623 
1.04 31.15 139 0.005451 
1.16 31.15 64.6 0.007024 
1.3 31.15 30 0.009696 

1.42 31.15 13.9 0.01402 
1.54 31.15 6.46 0.01928 
1.68 31.15 3 0.02587 
1.81 31.15 1.39 0.03436 
1.98 31.15 0.646 0.05287 
2.24 31.14 0.3 0.07084 
2.61 31.15 0.139 0.09621 
3.39 31.15 0.065 0.131 
5.06 31.14 0.03 0.169 
8.65 31.16 0.014 0.2083 

16.99 31.14 0.006 0.2491 
33.67 31.03 0.003 0.2678 
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Appendix C – DEA Data - continued 
 
 
Dow silicone oil run after 7-7-03 calibration 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
0.95 28.84 100000 2.472 696.2 
1.06 28.84 64600 2.452 167.4 
1.18 28.84 30000 2.434 87.82 
1.29 28.84 13900 2.438 46.68 
1.41 28.84 6460 2.438 38.32 
1.52 28.85 3000 2.452 14.33 
1.64 28.85 1390 2.461 8.262 
1.75 28.85 646 2.466 3.97 
1.88 28.85 300 2.473 2.354 

2 28.85 139 2.479 1.009 
2.12 28.86 64.6 2.487 0.5238 
2.25 28.86 30 2.495 0.3344 
2.37 28.86 13.9 2.505 0.2221 
2.49 28.86 6.46 2.521 0.1393 
2.63 28.87 3 2.539 0.0848 
2.76 28.86 1.39 2.561 0.05428 
2.93 28.87 0.646 2.589 0.03431 
3.19 28.88 0.3 2.622 0.02343 
3.68 28.88 0.139 2.651 0.01592 
4.72 28.9 0.065 2.681 0.01026 
6.96 28.93 0.03 2.695 0.004976 
10.54 28.98 0.014 2.583 0.002146 
18.88 29.08 0.006 2.607 0.001249 
35.56 29.28 0.003 2.727 0.0008794 
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Appendix C – DEA Data - continued 
 
 
 
Dow Corning Silicone Oil run after 7-7-03 calibration 
Time Temperature Frequency Loss Factor Complex Perm 
min °C Hz     
0.95 28.84 100000 0.01252 2.472 
1.06 28.84 64600 0.00466 2.452 
1.18 28.84 30000 0.005264 2.434 
1.29 28.84 13900 0.006039 2.438 
1.41 28.84 6460 0.01067 2.438 
1.52 28.85 3000 0.008591 2.452 
1.64 28.85 1390 0.01069 2.461 
1.75 28.85 646 0.01105 2.466 
1.88 28.85 300 0.01411 2.473 

2 28.85 139 0.01305 2.479 
2.12 28.86 64.6 0.01458 2.487 
2.25 28.86 30 0.02005 2.495 
2.37 28.86 13.9 0.02873 2.505 
2.49 28.86 6.46 0.03879 2.522 
2.63 28.87 3 0.05083 2.54 
2.76 28.86 1.39 0.07023 2.562 
2.93 28.87 0.646 0.09552 2.591 
3.19 28.88 0.3 0.1404 2.625 
3.68 28.88 0.139 0.206 2.659 
4.72 28.9 0.065 0.2838 2.696 
6.96 28.93 0.03 0.2983 2.711 
10.54 28.98 0.014 0.2757 2.598 
18.88 29.08 0.006 0.3745 2.634 
35.56 29.28 0.003 0.5271 2.777 
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Appendix C – DEA Data - continued 
 
 
Dow silicone oil run after 7-7-03 calibration 
Time Temperature Frequency Tan Delta 
min °C Hz   
0.95 28.84 100000 0.005066 
1.06 28.84 64600 0.0019 
1.18 28.84 30000 0.002163 
1.29 28.84 13900 0.002477 
1.41 28.84 6460 0.004377 
1.52 28.85 3000 0.003504 
1.64 28.85 1390 0.004344 
1.75 28.85 646 0.004481 
1.88 28.85 300 0.005707 

2 28.85 139 0.005265 
2.12 28.86 64.6 0.005864 
2.25 28.86 30 0.008035 
2.37 28.86 13.9 0.01147 
2.49 28.86 6.46 0.01538 
2.63 28.87 3 0.02002 
2.76 28.86 1.39 0.02742 
2.93 28.87 0.646 0.03689 
3.19 28.88 0.3 0.05357 
3.68 28.88 0.139 0.07772 
4.72 28.9 0.065 0.1058 
6.96 28.93 0.03 0.1107 

10.54 28.98 0.014 0.1067 
18.88 29.08 0.006 0.1436 
35.56 29.28 0.003 0.1933 
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Appendix C – DEA Data - continued 
 
 
Dry 9vol% zeolite/silicone oil - Run date 10-04-03 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
0.95 26.15 100000 2.829   
1.06 26.15 10000 2.866 361.9 
1.18 26.15 1000 3.039 78.36 
1.31 26.16 100 3.348 14.66 
1.44 26.16 10 3.828 2.056 
1.59 26.16 1 4.222 0.6067 
2.27 26.16 0.1 5.95 0.4522 
7.27 26.2 0.01 18.07 0.3437 
23.95 26.29 0.003 68.48 0.2823 
 
 
Dry 9vol% zeolite/silicone oil - Run date 10-04-03  
Time Temperature Frequency Complex Perm Loss Factor 
min °C Hz     
0.95 26.15 100000 2.829   
1.06 26.15 10000 2.866 0.06509 
1.18 26.15 1000 3.042 0.1409 
1.31 26.16 100 3.358 0.2637 
1.44 26.16 10 3.846 0.3697 
1.59 26.16 1 4.36 1.091 
2.27 26.16 0.1 10.08 8.132 
7.27 26.2 0.01 64.39 61.8 
23.95 26.29 0.003 182.6 169.2 

 
 
Dry 9vol% zeolite/silicone oil - Run date 10-04-03 
Time Temperature Frequency Tan Delta 
min °C Hz   
0.95 26.15 100000   
1.06 26.15 10000 0.02271 
1.18 26.15 1000 0.04638 
1.31 26.16 100 0.07877 
1.44 26.16 10 0.09656 
1.59 26.16 1 0.2585 
2.27 26.16 0.1 1.367 
7.27 26.2 0.01 3.421 

23.95 26.29 0.003 2.471 
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Appendix C – DEA Data - continued 
 
 
Dry 10vol% zeolite/silicone oil - Run 10-04-03 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
0.95 26.45 100000 2.816   
1.06 26.45 10000 2.855 369.1 
1.18 26.45 1000 3.017 69.36 
1.3 26.45 100 3.262 12.42 

1.44 26.45 10 3.71 2.565 
1.58 26.46 1 4.254 0.9836 
2.09 26.46 0.1 6.753 0.7309 
7.1 26.49 0.01 29.46 0.5633 

23.78 26.56 0.003 124.8 0.4489 
  
 
Dry 10vol% zeolite/silicone oil - Run 10-04-03  
Time Temperature Frequency Complex Perm Loss Factor 
min °C Hz     
0.95 26.45 100000 2.816   
1.06 26.45 10000 2.856 0.06637 
1.18 26.45 1000 3.019 0.1247 
1.3 26.45 100 3.27 0.2233 

1.44 26.45 10 3.738 0.4612 
1.58 26.46 1 4.607 1.769 
2.09 26.46 0.1 14.78 13.14 
7.1 26.49 0.01 105.5 101.3 

23.78 26.56 0.003 296.6 269.1 
  
Dry 10vol% zeolite/silicone oil - Run 10-04-03 
Time Temperature Frequency Tan Delta 
min °C Hz   
0.95 26.45 100000   
1.06 26.45 10000 0.02324 
1.18 26.45 1000 0.04135 
1.3 26.45 100 0.06847 

1.44 26.45 10 0.1243 
1.58 26.46 1 0.4158 
2.09 26.46 0.1 1.946 
7.1 26.49 0.01 3.439 

23.78 26.56 0.003 2.156 
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Appendix C – DEA Data - continued 
 
 
As received 15vol% zeolite/silicone oil - Run date 07-01-03 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 

1 27.85 100000 7.205 6830 
1.12 27.86 10000 7.323 425.6 
1.23 27.86 1000 7.432 40.71 
1.36 27.86 100 7.551 4.679 
1.49 27.86 10 7.678 0.5857 
1.63 27.86 1 7.873 0.1576 
2.31 27.86 0.1 8.448 0.05635 
7.32 27.84 0.01 10.25 0.02635 
24 27.79 0.003 14.35 0.02022 

  
 
As received 15vol% zeolite/silicone oil - Run date: 07-01-03  
Time Temperature Frequency Loss Factor Complex Perm 
min °C Hz     

1 27.85 100000 0.1228 7.206 
1.12 27.86 10000 0.07654 7.324 
1.23 27.86 1000 0.07322 7.432 
1.36 27.86 100 0.08415 7.552 
1.49 27.86 10 0.1053 7.679 
1.63 27.86 1 0.2834 7.878 
2.31 27.86 0.1 1.013 8.508 
7.32 27.84 0.01 4.738 11.29 
24 27.79 0.003 12.12 18.78 

  
 
As received 15vol% zeolite/silicone oil - Run date 07-01-03 
Time Temperature Frequency Tan Delta 
min °C Hz   

1 27.85 100000 0.01705 
1.12 27.86 10000 0.01045 
1.23 27.86 1000 0.009852 
1.36 27.86 100 0.01114 
1.49 27.86 10 0.01372 
1.63 27.86 1 0.036 
2.31 27.86 0.1 0.12 
7.32 27.84 0.01 0.4621 
24 27.79 0.003 0.8449 
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Appendix C – DEA Data - continued 
 
 
Dry 15vol% zeolite/silicone oil - Run date: 7-31-03 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
0.95 27.41 100000 3.304 13904 
1.07 27.41 10000 3.838 3560 
1.18 27.41 1000 5.312 461 
1.31 27.41 100 6.061 14.23 
1.45 27.41 10 6.291 0.6211 
1.59 27.4 1 6.46 0.05085 
2.27 27.4 0.1 6.818 0.01331 
7.28 27.39 0.01 7.859 0.005674 
23.95 27.36 0.003 12.44 0.004451 
 
 
Dry 15vol% zeolite/silicone oil - Run date: 7-31-03  
Time Temperature Frequency Complex Perm Loss Factor 
min °C Hz     
0.95 27.41 100000 3.313 0.2501 
1.07 27.41 10000 3.891 0.6402 
1.18 27.41 1000 5.376 0.829 
1.31 27.41 100 6.067 0.2559 
1.45 27.41 10 6.292 0.1117 
1.59 27.4 1 6.461 0.09144 
2.27 27.4 0.1 6.822 0.2394 
7.28 27.39 0.01 7.925 1.02 
23.95 27.36 0.003 12.73 2.668 

 
Dry 15vol% zeolite/silicone oil - Run date:  7-31-03 

Time Temperature Frequency Tan Delta 
min °C Hz   
0.95 27.41 100000 0.07568 
1.07 27.41 10000 0.1668 
1.18 27.41 1000 0.1561 
1.31 27.41 100 0.04221 
1.45 27.41 10 0.01776 
1.59 27.4 1 0.01416 
2.27 27.4 0.1 0.03511 
7.28 27.39 0.01 0.1298 
23.95 27.36 0.003 0.2144 
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Appendix C – DEA Data - continued 
 
 
Dry 4vol% lead titanate/silicone oil - Run date 10-04-03 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
0.95 25.79 100000 3.276   
1.06 25.79 10000 3.253 3.767 
1.18 25.8 1000 3.29 4.202 
1.31 25.8 100 3.313 0.5919 
1.45 25.8 10 3.344 0.2445 
1.59 25.81 1 3.432 0.149 
2.27 25.81 0.1 4.143 0.09823 
7.28 25.85 0.01 15.54 0.1073 
23.95 25.89 0.003 20.83 0.08506 
 
 
Dry 4vol% lead titanate/silicone oil - Run date 10-04-03  
Time Temperature Frequency Complex Perm Loss Factor 
min °C Hz     
0.95 25.79 100000 3.276   
1.06 25.79 10000 3.253 0.0006774 
1.18 25.8 1000 3.29 0.007557 
1.31 25.8 100 3.313 0.01064 
1.45 25.8 10 3.344 0.04397 
1.59 25.81 1 3.443 0.268 
2.27 25.81 0.1 4.504 1.767 
7.28 25.85 0.01 24.78 19.31 
23.95 25.89 0.003 55.08 50.99 

 
Dry 4vol% lead titanate/silicone oil - Run date 10-04-03 
Time Temperature Frequency Tan Delta 
min °C Hz   
0.95 25.79 100000   
1.06 25.79 10000 0.0002083 
1.18 25.8 1000 0.002297 
1.31 25.8 100 0.003213 
1.45 25.8 10 0.01315 
1.59 25.81 1 0.07808 
2.27 25.81 0.1 0.4264 
7.28 25.85 0.01 1.242 
23.95 25.89 0.003 2.448 
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Appendix C – DEA Data - continued 
 
 
Dry 10vol% lead titanate/silicone oil - Run date 10-04-03  
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
1.03 25.54 100000 4.007   
1.14 25.54 10000 4 15.42 
1.26 25.54 1000 4.04 5.044 
1.39 25.54 100 4.068 0.6181 
1.52 25.54 10 4.104 0.1723 
1.67 25.54 1 4.196 0.05447 
2.34 25.55 0.1 4.431 0.01339 
7.35 25.53 0.01 5.081 0.004608 
24.03 25.48 0.003 6.585 0.003585 
 
 
Dry 10vol% lead titanate/silicone oil - Run date: 10-04-03  
Time Temperature Frequency Complex Perm Loss Factor 
min °C Hz     
1.03 25.54 100000 4.007   
1.14 25.54 10000 4 0.002773 
1.26 25.54 1000 4.04 0.009072 
1.39 25.54 100 4.068 0.01112 
1.52 25.54 10 4.104 0.03099 
1.67 25.54 1 4.197 0.09795 
2.34 25.55 0.1 4.437 0.2409 
7.35 25.53 0.01 5.148 0.8288 
24.03 25.48 0.003 6.927 2.149 

 
Dry 10vol% lead titanate/silicone oil - Run date 10-04-03 
Time Temperature Frequency Tan Delta 
min °C Hz   
1.03 25.54 100000   
1.14 25.54 10000 0.0006934 
1.26 25.54 1000 0.002246 
1.39 25.54 100 0.002732 
1.52 25.54 10 0.007552 
1.67 25.54 1 0.02334 
2.34 25.55 0.1 0.05436 
7.35 25.53 0.01 0.1631 
24.03 25.48 0.003 0.3263 
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Appendix C – DEA Data - continued 
 
 
As received 20vol% lead titanate/silicone oil - Run date:  08-18-03 
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
1.05 32.38 100000 4.299 538 
1.16 32.36 64600 4.292 302.5 
1.28 32.33 30000 4.286 232.1 
1.39 32.32 13900 4.294 141.1 
1.5 32.3 6460 4.301 82.07 

1.61 32.29 3000 4.317 40.28 
1.72 32.27 1390 4.331 22.35 
1.84 32.26 646 4.342 11.9 
1.96 32.24 300 4.357 6.714 
2.08 32.22 139 4.372 3.703 
2.2 32.21 64.6 4.392 2.224 

2.34 32.19 30 4.417 1.404 
2.46 32.17 13.9 4.451 0.9363 
2.58 32.16 6.46 4.502 0.6266 
2.72 32.14 3 4.573 0.4123 
2.85 32.14 1.39 4.68 0.2742 
3.02 32.12 0.646 4.817 0.1809 
3.28 32.09 0.3 4.996 0.1148 
3.77 32.03 0.139 5.156 0.06793 
4.8 31.91 0.065 5.238 0.0378 

7.04 31.68 0.03 5.213 0.0186 
10.62 31.34 0.014 4.047 0.009402 
18.96 30.73 0.006 5.312 0.005133 
35.64 29.97 0.003 5.68 0.003221 
     
Note: slightly higher temperatures 
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Appendix C – DEA Data - continued 
 
 
As received 20vol% lead titanate/silicone oil - Run date:  08-18-03  
Time Temperature Frequency Complex Perm Loss Factor 
min °C Hz     
1.05 32.38 100000 4.299 0.009675 
1.16 32.36 64600 4.292 0.00842 
1.28 32.33 30000 4.286 0.01391 
1.39 32.32 13900 4.294 0.01826 
1.5 32.3 6460 4.301 0.02285 

1.61 32.29 3000 4.317 0.02414 
1.72 32.27 1390 4.331 0.02891 
1.84 32.26 646 4.343 0.03312 
1.96 32.24 300 4.357 0.04025 
2.08 32.22 139 4.372 0.04791 
2.2 32.21 64.6 4.392 0.06191 

2.34 32.19 30 4.418 0.08415 
2.46 32.17 13.9 4.452 0.1211 
2.58 32.16 6.46 4.506 0.1744 
2.72 32.14 3 4.58 0.2471 
2.85 32.14 1.39 4.693 0.3547 
3.02 32.12 0.646 4.843 0.5035 
3.28 32.09 0.3 5.043 0.688 
3.77 32.03 0.139 5.23 0.8789 
4.8 31.91 0.065 5.341 1.046 

7.04 31.68 0.03 5.331 1.115 
10.62 31.34 0.014 4.224 1.208 
18.96 30.73 0.006 5.531 1.539 
35.64 29.97 0.003 6 1.931 
     
Note:  slightly higher temperatures 
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Appendix C – DEA Data - continued 
 
 
As received 20vol% lead titanate/silicone oil - Run date:  08-18-03 
Time Temperature Frequency Tan Delta 
min °C Hz   
1.05 32.38 100000 0.00225 
1.16 32.36 64600 0.001962 
1.28 32.33 30000 0.003247 
1.39 32.32 13900 0.004252 
1.5 32.3 6460 0.005312 

1.61 32.29 3000 0.005593 
1.72 32.27 1390 0.006676 
1.84 32.26 646 0.007626 
1.96 32.24 300 0.009239 
2.08 32.22 139 0.01096 
2.2 32.21 64.6 0.0141 

2.34 32.19 30 0.01905 
2.46 32.17 13.9 0.02722 
2.58 32.16 6.46 0.03875 
2.72 32.14 3 0.05404 
2.85 32.14 1.39 0.07579 
3.02 32.12 0.646 0.1045 
3.28 32.09 0.3 0.1377 
3.77 32.03 0.139 0.1705 
4.8 31.91 0.065 0.1997 

7.04 31.68 0.03 0.2139 
10.62 31.34 0.014 0.2984 
18.96 30.73 0.006 0.2896 
35.64 29.97 0.003 0.3399 
    
Note:  slightly higher temperatures 
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Appendix C – DEA Data - continued 
 
 
Dry 20vol% lead titanate/silicone oil - Run date:  8-20-03  
Time Temperature Frequency Permittivity Ionic Conductivity 
min °C Hz   pmho/cm 
0.95 28.84 100000 4.97   
1.06 28.84 64600 4.971 32.41 
1.17 28.84 30000 4.972 150.6 
1.29 28.83 13900 4.985 96.56 
1.4 28.84 6460 4.997 58.07 

1.52 28.84 3000 5.014 25.09 
1.63 28.84 1390 5.029 13.8 
1.74 28.84 646 5.041 6.35 
1.87 28.84 300 5.054 3.446 
1.99 28.84 139 5.068 1.727 
2.11 28.84 64.6 5.082 1.002 
2.25 28.84 30 5.1 0.6301 
2.36 28.84 13.9 5.12 0.4562 
2.48 28.84 6.46 5.15 0.3226 
2.62 28.84 3 5.197 0.2198 
2.75 28.84 1.39 5.265 0.1434 
2.92 28.84 0.646 5.357 0.08952 
3.18 28.84 0.3 5.476 0.05403 
3.67 28.84 0.139 5.604 0.0319 
4.71 28.84 0.065 5.737 0.01889 
6.94 28.84 0.03 5.886 0.01053 
10.52 28.84 0.014 5.974 0.00586 
18.87 28.82 0.006 6.336 0.003095 
35.54 28.79 0.003 6.912 0.001905 
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Appendix C – DEA Data - continued 
 
 
Dry 20vol% lead titanate/silicone oil - Run date:  08-20-03  
Time Temperature Frequency Loss Factor Complex Perm  
min °C Hz      
0.95 28.84 100000   4.97  
1.06 28.84 64600 0.0009022 4.971  
1.17 28.84 30000 0.009026 4.972  
1.29 28.83 13900 0.01249 4.985  
1.4 28.84 6460 0.01617 4.997  

1.52 28.84 3000 0.01504 5.014  
1.63 28.84 1390 0.01786 5.029  
1.74 28.84 646 0.01768 5.041  
1.87 28.84 300 0.02066 5.054  
1.99 28.84 139 0.02235 5.068  
2.11 28.84 64.6 0.02789 5.082  
2.25 28.84 30 0.03777 5.1  
2.36 28.84 13.9 0.05903 5.12  
2.48 28.84 6.46 0.08981 5.151  
2.62 28.84 3 0.1317 5.199  
2.75 28.84 1.39 0.1856 5.268  
2.92 28.84 0.646 0.2492 5.363  
3.18 28.84 0.3 0.3239 5.486  
3.67 28.84 0.139 0.4127 5.619  
4.71 28.84 0.065 0.5226 5.76  
6.94 28.84 0.03 0.6313 5.919  
10.52 28.84 0.014 0.7527 6.021  
18.87 28.82 0.006 0.9277 6.404  
35.54 28.79 0.003 1.142 7.006  
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Appendix C – DEA Data - continued 
 
 
Dry 20vol% lead titanate/silicone oil - Run date:  8-20-03 

Time Temperature Frequency Tan Delta 
min °C Hz   
0.95 28.84 100000   
1.06 28.84 64600 0.0001815 
1.17 28.84 30000 0.001815 
1.29 28.83 13900 0.002506 
1.4 28.84 6460 0.003235 

1.52 28.84 3000 0.002999 
1.63 28.84 1390 0.003551 
1.74 28.84 646 0.003507 
1.87 28.84 300 0.004087 
1.99 28.84 139 0.00441 
2.11 28.84 64.6 0.005488 
2.25 28.84 30 0.007406 
2.36 28.84 13.9 0.01153 
2.48 28.84 6.46 0.01744 
2.62 28.84 3 0.02535 
2.75 28.84 1.39 0.03525 
2.92 28.84 0.646 0.04652 
3.18 28.84 0.3 0.05914 
3.67 28.84 0.139 0.07365 
4.71 28.84 0.065 0.0911 
6.94 28.84 0.03 0.1073 

10.52 28.84 0.014 0.126 
18.87 28.82 0.006 0.1464 
35.54 28.79 0.003 0.1652 
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APPENDIX D 
 

 
Dielectric Analysis Tables and Calculations  

 
(including permittivity, ∆permittivity, loss factor, complex permittivity, dielectric 

mismatch parameter, complex dielectric mismatch parameter, ionic conductivity, and 
conductivity ratio values)
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Appendix D - Dielectric Analysis Tables and Calculations 
 
Equations:   
∆ K′ = K′dc - K′∞ 

Where, K′dc = DEA value @ 0.003 Hertz and K′∞ = DEA value @ 100,000 Hertz 
 
Complex Permittivity 
 
K* = K′ - iK′′ = K′ - i(σ/2πfεο)      where [K* = DEA value] 
K*

ERF = φp K*
p + (1-φp) K*

f 
 
Dielectric Mismatch Parameter 
 
β′ = K′p - K′f                           where, K′p = [(K′s- K′f)]  + K′f   
       K′p + 2K′f      φp 
 
Complex Mismatch Parameter 
 
β* = K*p – K*f                         where, K*p = [(K*s- K*f)]  + K*f   
       K*p + 2K*f                   φp 
 
Conductivity 
 
σ = K″2πfεο 

 
Conductivity Ratio 
 
Γ = σp      (E = 0),          σf  values taken from dc = 0.003 Hertz value  
       σf              

 

 
Note:  The DEA voltage is 1 volt and is invariable on the DEA. 
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Appendix D - Dielectric Analysis Tables and Calculations – continued 
 
 
 
Fluid 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor, 
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, 
β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity 
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 3.345 0.911 0.8958 3.463 0.001494 N/A 
0.014 2.811  0.5856 2.872 0.004559  
0.139 2.718  0.2615 2.731 0.02021  
1.39 2.532  0.08701 2.534 0.06725  
13.9 2.473  0.03467 2.474 0.268  
139 2.443  0.01332 2.443 1.029  
1,390 2.425  0.0101 2.425 7.807  
13,900 2.402  0.006759 2.402 52.24  

Silicone Oil 
(Fisher) 
 
 
 
 
07-08-03 
 

100,000 2.434  0.02197 2.434 

N/A N/A 

1,222  
dc 2.727 0.255 0.5271 2.777 0.0008794 N/A 
0.014 2.583  0.2757 2.598 0.002146  
0.139 2.651  0.206 2.659 0.01592  
1.39 2.561  0.07023 2.562 0.05428  
13.9 2.505  0.02873 2.505 0.2221  
139 2.479  0.01305 2.479 1.009  
1390 2.461  0.01069 2.461 8.262  
13,900 2.438  0.006039 2.438 46.68  

Silicone Oil  
(Dow 
Corning) 
 
 
 
07-07-03 
 

100,000 2.472  0.01252 2.472 

N/A N/A 

696.2  
 
 



 

159  

Appendix D - Dielectric Analysis Tables and Calculations – continued 
 
 
 
Fluid 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor, 
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, 
β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity 
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 2.51 0.131 0.2336 2.521 0.0003897 N/A 
0.014 2.36  0.07155 2.361 0.000557  
0.139 2.385  0.01396 2.385 0.001079  
1.39 2.385  - 2.385 -  
13.9 2.379  - 2.379 -  
139 2.375  - 2.375 -  
1,390 2.368  0.0009026 2.368 0.6977  
13,900 2.35  - 2.35 -  

Silicone Oil  
(Dow 
Corning) 
 
 
 
10-03-03 

100,000 2.379  - 2.379 

N/A N/A 

-  
dc 2.392 -0.008 0.1934 2.4 0.0003226 N/A 
0.01 2.311  0.07008 2.312 0.0003897  
0.10 -  - - -  
1.0 2.393  0.001955 2.393 0.001087  
10.0 2.388  - 2.388 -  
100 2.386  - 2.386 -  
1000 2.382  0.0009068 2.382 0.5042  
10,000 2.359  - 2.359 -  

Silicone Oil  
(Dow 
Corning) 
 
10-03-03 

100,000 2.4  - 2.4 

N/A N/A 

-  
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Appendix D - Dielectric Analysis Tables and Calculations – continued 
 
 
 
Suspension 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor, 
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, 
β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity 
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 68.48 65.651 169.2 182.6 0.99 1.00 0.2823 
0.01 18.07  61.8 64.39 0.96 0.99 0.3437 
0.1 5.95  8.132 10.08 0.82 0.91 0.4522 
1.0 4.222  1.091 4.36 0.71 0.72 0.6067 
10 3.828  0.3697 3.846 0.66 0.66 2.056 
100 3.348  0.2637 3.358 0.56 0.57 14.66 
1000 3.039  0.1409 3.042 0.47 0.47 78.36 
10,000 2.866  0.06509 2.866 0.39 0.39 361.9 

Dry  
9vol% 
zeolite/silicone 
oil  
 
 
 
10-04-03 

100,000 2.829  - 2.829 0.35 0.35 - 

3556.71 

dc 124.8 121.984 269.1 296.6 0.99 1.00 0.4489 
0.01 29.46  101.3 105.5 0.97 0.99 0.5633 
0.1 6.753  13.14 14.78 0.84 0.94 0.7309 
1.0 4.254  1.769 4.607 0.69 0.73 0.9836 
10 3.71  0.4612 3.738 0.62 0.62 2.565 
100 3.262  0.2233 3.27 0.51 0.52 12.42 
1000 3.017  0.1247 3.019 0.43 0.43 69.36 
10,000 2.855  0.06637 2.856 0.36 0.36 369.1 

Dry  
10vol% 
zeolite/silicone 
oil  
 
 
 
10-04-03 

100,000 2.816  - 2.816 0.32 0.32 - 

5095.62 
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Appendix D - Dielectric Analysis Tables and Calculations – continued 
 
 
 
Suspension 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor, 
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, 
β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity 
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 14.35 7.145 12.12 18.78 0.90 0.93 0.02022 147.620 
0.01 10.25  4.738 11.29 0.87 0.88 0.02635  
0.10 8.448  1.013 8.508 0.83 0.83 0.05635  
1.0 7.873  0.2834 7.878 0.82 0.82 0.1576  
10 7.678  0.1053 7.679 0.82 0.82 0.5857  
100 7.551  0.08415 7.552 0.82 0.82 4.679  
1000 7.432  0.07322 7.432 0.82 0.82 40.71  
10,000 7.323  0.07654 7.324 0.82 0.82 425.6  

As received 
15vol% 
zeolite/silicone 
oil 
 
 
 
07-01-03 

100,000 7.205  0.1228 7.206 0.81 0.81 6,830  
dc 12.44 9.136 2.668 12.73 0.89 0.89 0.004451 28.07 
0.01 7.859  1.02 7.925 0.82 0.82 0.005674  
0.10 6.818  0.2394 6.822 0.78 0.78 0.01331  
1.0 6.46  0.09144 6.461 0.77 0.77 0.05085  
10 6.291  0.1117 6.292 0.77 0.77 0.6211  
100 6.061  0.2559 6.067 0.76 0.76 14.23  
1000 5.312  0.829 5.376 0.72 0.72 461  
10,000 3.838  0.6402 3.891 0.56 0.57 3,560  
100,000 3.304  0.2501 3.313 0.43 0.43 13,904  
10,000 1.855  0.01403 1.855 0.07 0.07 78.01  

Dry  
15vol% 
zeolite/silicone 
oil  
 
 
 
 
 
07-31-03 

100,000 1.892  0.006289 1.892 0.07 0.07 349.7  
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Appendix D - Dielectric Analysis Tables and Calculations – continued 
 
 
 
Suspension 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor, 
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity  
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 20.83 17.554 50.99 55.08 0.98 0.99 0.08506 
0.01 15.54  19.31 24.78 0.98 0.99 0.1073 
0.10 4.143  1.767 4.504 0.82 0.85 0.09823 
1.0 3.432  0.268 3.443 0.74 0.74 0.149 
10.0 3.344  0.04397 3.344 0.74 0.74 0.2445 
100 3.313  0.01064 3.313 0.74 0.74 0.5919 
1000 3.29  0.007557 3.29 0.74 0.74 4.202 
10,000 3.253  0.0006774 3.253 0.74 0.74 3.767 

Dry  
4vol% 
PbTiO3/ 
silicone oil 
 
 
 
10-04-03 

100,000 3.276  - 3.276 0.73 0.73 - 

2394.13 
 

dc 6.585 2.578 2.149 6.927 0.83 0.83 0.003585 
0.01 5.081  0.8288 5.148 0.76 0.77 0.004608 
0.10 4.431  0.2409 4.437 0.69 0.69 0.01339 
1.0 4.196  0.09795 4.197 0.68 0.68 0.05447 
10.0 4.104  0.03099 4.104 0.68 0.68 0.1723 
100 4.068  0.01112 4.068 0.68 0.68 0.6181 
1000 4.04  0.009072 4.04 0.68 0.68 5.044 
10,000 4  0.002773 4 0.68 0.68 15.42 

Dry  
10vol% 
PbTiO3/ 
silicone oil 
 
 
 
10-04-03 

100,000 4.007  - 4.007 0.67 0.67 - 

31.77 
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Appendix D - Dielectric Analysis Tables and Calculations – continued 
 
 
 
Suspension 

 
 
Frequency 
(Hz) 

 
 
Permittivity, 
K′ 

 
 
∆ Permittivity, 
∆ K′ 

 
Loss 
Factor, 
K′′ 

 
Complex 
Permittivity, 
K* 

Dielectric 
Mismatch 
Parameter, 
β′ 

Complex 
Dielectric 
Mismatch, 
β*  

Ionic 
Conductivity 
(pmho/cm) 
σ 

 
Conductivity 
Ratio,  
Γ 

dc 5.68 1.381 1.931 6 0.64 0.66 0.003221 
0.014 4.047  1.208 4.224 0.49 0.51 0.009402 
0.139 5.156  0.8789 5.23 0.61 0.62 0.06793 
1.39 4.68  0.3547 4.693 0.58 0.58 0.2742 
13.9 4.451  0.1211 4.452 0.56 0.56 0.9363 
139 4.372  0.04791 4.372 0.56 0.56 3.703 
1390 4.331  0.02891 4.331 0.56 0.56 22.35 
13,900 4.294  0.01826 4.294 0.56 0.56 141.1 

As received 
20vol% 
PbTiO3 / 
Silicone Oil 
 
 
08-18-03 
NOTE: run 
at 32°C  100,000 4.299  0.009675 4.299 0.55 0.55 538 

14.31 
 

dc 6.912 1.942 1.142 7.006 0.72 0.72 0.001905 
0.014 5.974  0.7527 6.021 0.69 0.69 0.00586 
0.139 5.604  0.4127 5.619 0.65 0.65 0.0319 
1.39 5.265  0.1856 5.268 0.64 0.64 0.1434 
13.9 5.12  0.05903 5.12 0.64 0.64 0.4562 
139 5.068  0.02235 5.068 0.64 0.64 1.727 
1,390 5.029  0.01786 5.029 0.63 0.63 13.8 
13,900 4.985  0.01249 4.985 0.64 0.64 96.56 

Dry  
20vol% 
PbTiO3 
/Silicone Oil 
 
 
08-20-03 
NOTE: run 
at 28°C  100,000 4.97  - 4.97 0.63 0.63 - 

6.831 
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Appendix D - Dielectric Analysis Tables and Calculations  
Dielectric Mismatch Parameter Calculations 

          K'particle 
Dielectric Mismatch 
Parameter 

Suspension Name K' s K' f K's - K'f vfp [(K's-K'f)/vfp] + K'f (K'p - K'f)/(K'p + 2(K'f)) 
Dry  68.48 2.727 65.753 0.09 733.32 0.99
9vol% zeolite/silicone oil 18.07 2.583 15.487 0.09 174.66 0.96
 5.95 2.651 3.299 0.09 39.31 0.82
  4.222 2.561 1.661 0.09 21.02 0.71
  3.828 2.505 1.323 0.09 17.21 0.66
 3.348 2.479 0.869 0.09 12.13 0.56
  3.039 2.461 0.578 0.09 8.88 0.47
Run date:  10/4/2003 2.866 2.438 0.428 0.09 7.19 0.39
  2.829 2.472 0.357 0.09 6.44 0.35
              
Dry 124.8 2.727 122.073 0.1 1223.46 0.99
10vol% zeolite/silicone oil 29.46 2.583 26.877 0.1 271.35 0.97
 6.753 2.651 4.102 0.1 43.67 0.84
  4.254 2.561 1.693 0.1 19.49 0.69
  3.71 2.505 1.205 0.1 14.56 0.62
 3.262 2.479 0.783 0.1 10.31 0.51
  3.017 2.461 0.556 0.1 8.02 0.43
Run date:  10/4/2003 2.855 2.438 0.417 0.1 6.61 0.36
  2.816 2.472 0.344 0.1 5.91 0.32
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Appendix D - Dielectric Analysis Tables and Calculations  
Dielectric Mismatch Parameter Calculations - continued 

         K'particle 
Dielectric Mismatch 
Parameter 

Suspension Name K' s K' f K's - K'f vfp [(K's-K'f)/vfp] + K'f (K'p - K'f)/(K'p + 2(K'f)) 
As received 14.35 2.727 11.623 0.15 80.21 0.90
15vol% zeolite/silicone oil 10.25 2.583 7.667 0.15 53.70 0.87
 8.448 2.651 5.797 0.15 41.30 0.83
  7.873 2.561 5.312 0.15 37.97 0.82
 7.678 2.505 5.173 0.15 36.99 0.82
  7.551 2.479 5.072 0.15 36.29 0.82
  7.432 2.461 4.971 0.15 35.60 0.82
Run date:  07-01-03 7.323 2.438 4.885 0.15 35.00 0.82
  7.205 2.472 4.733 0.15 34.03 0.81
              
Dry 12.44 2.727 9.713 0.15 67.48 0.89
15vol% zeolite/silicone oil 7.859 2.583 5.276 0.15 37.76 0.82
 6.818 2.651 4.167 0.15 30.43 0.78
 6.46 2.561 3.899 0.15 28.55 0.77
  6.291 2.505 3.786 0.15 27.75 0.77
 6.061 2.479 3.582 0.15 26.36 0.76
  5.312 2.461 2.851 0.15 21.47 0.72
Run date:  07-31-03 3.838 2.438 1.4 0.15 11.77 0.56
  3.304 2.472 0.832 0.15 8.02 0.43
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Appendix D - Dielectric Analysis Tables and Calculations  
Dielectric Mismatch Parameter Calculations - continued 
          K'particle Dielectric Mismatch Parameter
Suspension Name K' s K' f K's - K'f vfp [(K's-K'f)/vfp] + K'f (K'p - K'f)/(K'p + 2(K'f)) 
Dry  20.83 2.727 18.103 0.04 455.30 0.98
4vol% PbTiO3/silicone oil 15.54 2.583 12.957 0.04 326.51 0.98
 4.143 2.651 1.492 0.04 39.95 0.82
  3.432 2.561 0.871 0.04 24.34 0.74
 3.344 2.505 0.839 0.04 23.48 0.74
  3.313 2.479 0.834 0.04 23.33 0.74
  3.29 2.461 0.829 0.04 23.19 0.74
Run date:  10-04-03 3.253 2.438 0.815 0.04 22.81 0.74
  3.276 2.472 0.804 0.04 22.57 0.73
       
Dry 6.585 2.727 3.858 0.1 41.31 0.83
10vol% PbTiO3/silicone oil 5.081 2.583 2.498 0.1 27.56 0.76
 4.431 2.651 1.78 0.1 20.45 0.69
  4.196 2.561 1.635 0.1 18.91 0.68
 4.104 2.505 1.599 0.1 18.50 0.68
  4.068 2.479 1.589 0.1 18.37 0.68
  4.04 2.461 1.579 0.1 18.25 0.68
Run date:  10-04-03 4 2.438 1.562 0.1 18.06 0.68
  4.007 2.472 1.535 0.1 17.82 0.67
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Appendix D - Dielectric Analysis Tables and Calculations  
Dielectric Mismatch Parameter Calculations - continued   
          K'particle Dielectric Mismatch Parameter
Suspension Name K' s K' f K's - K'f vfp [(K's-K'f)/vfp] + K'f (K'p - K'f)/(K'p + 2(K'f)) 
As received 5.68 2.727 2.953 0.2 17.49 0.64
20vol% PbTiO3/silicone oil 4.047 2.583 1.464 0.2 9.90 0.49
 5.156 2.651 2.505 0.2 15.18 0.61
 4.68 2.561 2.119 0.2 13.16 0.58
 4.451 2.505 1.946 0.2 12.24 0.56
 4.372 2.479 1.893 0.2 11.94 0.56
Run date:  08-18-03 4.331 2.461 1.87 0.2 11.81 0.56
Note: run at 32C  4.294 2.438 1.856 0.2 11.72 0.56
on DEA 4.299 2.472 1.827 0.2 11.61 0.55
       
Dry 6.912 2.727 4.185 0.2 23.65 0.72
20vol% PbTiO3/silicone oil 5.974 2.583 3.391 0.2 19.54 0.69
 5.604 2.651 2.953 0.2 17.42 0.65
  5.265 2.561 2.704 0.2 16.08 0.64
 5.12 2.505 2.615 0.2 15.58 0.64
 5.068 2.479 2.589 0.2 15.42 0.64
Run date:  08-20-03 5.029 2.461 2.568 0.2 15.30 0.63
Note: run at 28C  4.985 2.438 2.547 0.2 15.17 0.64
on DEA 4.97 2.472 2.498 0.2 14.96 0.63
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 Appendix D - Dielectric Analysis Tables and Calculations  
Complex Dielectric Mismatch Parameter Calculations 
          K*particle Complex Dielectric Mismatch 
Suspension Name K* s K* f K*s - K*f vfp [(K*s-K*f)/vfp] + K*f (K*p - K*f)/(K*p + 2(K*f)) 
Dry 182.6 2.777 179.823 0.09 2000.81 1.00 
9vol% zeolite/silicone oil 64.39 2.598 61.792 0.09 689.18 0.99 
  10.08 2.659 7.421 0.09 85.11 0.91 
 4.36 2.562 1.798 0.09 22.54 0.72 
  3.846 2.505 1.341 0.09 17.41 0.66 
 3.358 2.479 0.879 0.09 12.25 0.57 
  3.042 2.461 0.581 0.09 8.92 0.47 
Run date:  10-04-03 2.866 2.438 0.428 0.09 7.19 0.39 
  2.829 2.472 0.357 0.09 6.44 0.35 
              
Dry 296.6 2.777 293.823 0.1 2941.01 1.00 
10vol% zeolite/silicone oil 105.5 2.598 102.902 0.1 1031.62 0.99 
  14.78 2.659 12.121 0.1 123.87 0.94 
 4.607 2.562 2.045 0.1 23.01 0.73 
  3.738 2.505 1.233 0.1 14.84 0.62 
 3.27 2.479 0.791 0.1 10.39 0.52 
  3.019 2.461 0.558 0.1 8.04 0.43 
Run date:  10-04-03 2.856 2.438 0.418 0.1 6.62 0.36 
  2.816 2.472 0.344 0.1 5.91 0.32 
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Appendix D - Dielectric Analysis Tables and Calculations  
Complex Dielectric Mismatch Parameter Calculations - continued 
          K*particle Complex Dielectric Mismatch 
Suspension Name K* s K* f K*s - K*f vfp [(K*s-K*f)/vfp] + K*f (K*p - K*f)/(K*p + 2(K*f)) 
As received 18.78 2.777 16.003 0.15 109.46 0.93 
15vol% zeolite/silicone oil 11.29 2.598 8.692 0.15 60.54 0.88 
 8.508 2.659 5.849 0.15 41.65 0.83 
  7.878 2.562 5.316 0.15 38.00 0.82 
 7.679 2.505 5.174 0.15 37.00 0.82 
  7.552 2.479 5.073 0.15 36.30 0.82 
  7.432 2.461 4.971 0.15 35.60 0.82 
Run date:  07-01-03 7.324 2.438 4.886 0.15 35.01 0.82 
  7.206 2.472 4.734 0.15 34.03 0.81 
              
Dry 12.73 2.777 9.953 0.15 69.13 0.89 
15vol% zeolite/silicone oil 7.925 2.598 5.327 0.15 38.11 0.82 
  6.822 2.659 4.163 0.15 30.41 0.78 
 6.461 2.562 3.899 0.15 28.56 0.77 
  6.292 2.505 3.787 0.15 27.75 0.77 
 6.067 2.479 3.588 0.15 26.40 0.76 
  5.376 2.461 2.915 0.15 21.89 0.72 
Run date:  07-31-03 3.891 2.438 1.453 0.15 12.12 0.57 
  3.313 2.472 0.841 0.15 8.08 0.43 
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Appendix D - Dielectric Analysis Tables and Calculations  
Complex Dielectric Mismatch Parameter Calculations - continued 

          K*particle 
Complex Dielectric 

Mismatch  
Suspension Name K* s K* f K*s - K*f vfp [(K*s-K*f)/vfp] + K*f (K*p - K*f)/(K*p + 2(K*f))
Dry 55.08 2.777 52.303 0.04 1310.35 0.99 
4vol% PbTiO3/silicone oil 24.78 2.598 22.182 0.04 557.15 0.99 
 4.504 2.659 1.845 0.04 48.78 0.85 
  3.443 2.562 0.881 0.04 24.59 0.74 
 3.344 2.505 0.839 0.04 23.48 0.74 
  3.313 2.479 0.834 0.04 23.33 0.74 
 3.29 2.461 0.829 0.04 23.19 0.74 
Run date:  10-04-03 3.253 2.438 0.815 0.04 22.81 0.74 
  3.276 2.472 0.804 0.04 22.57 0.73 
              
Dry 6.927 2.777 4.15 0.1 44.28 0.83 
10vol% PbTiO3/silicone oil 5.148 2.598 2.55 0.1 28.10 0.77 
 4.437 2.659 1.778 0.1 20.44 0.69 
  4.197 2.562 1.635 0.1 18.91 0.68 
 4.104 2.505 1.599 0.1 18.50 0.68 
  4.068 2.479 1.589 0.1 18.37 0.68 
  4.04 2.461 1.579 0.1 18.25 0.68 
Run date:  10-04-03 4 2.438 1.562 0.1 18.06 0.68 
  4.007 2.472 1.535 0.1 17.82 0.67 
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Appendix D - Dielectric Analysis Tables and Calculations  
Complex Dielectric Mismatch Parameter Calculations - continued 

          K*particle 
Complex Dielectric 

Mismatch  
Suspension Name K* s K* f K*s – K*f vfp [(K*s-K*f)/vfp] + K*f (K*p - K*f)/(K*p + 2(K*f))
As received 6 2.777 3.223 0.2 18.89 0.66 
20vol% PbTiO3/silicone oil 4.224 2.598 1.626 0.2 10.73 0.51 
 5.23 2.659 2.571 0.2 15.51 0.62 
 4.693 2.562 2.131 0.2 13.22 0.58 
 4.452 2.505 1.947 0.2 12.24 0.56 
 4.372 2.479 1.893 0.2 11.94 0.56 
Run date:  08-18-03 4.331 2.461 1.87 0.2 11.81 0.56 
Note: run at 32C  4.294 2.438 1.856 0.2 11.72 0.56 
on DEA 4.299 2.472 1.827 0.2 11.61 0.55 
              
Dry 7.006 2.777 4.229 0.2 23.92 0.72 
20vol% PbTiO3/silicone oil 6.021 2.598 3.423 0.2 19.71 0.69 
 5.619 2.659 2.96 0.2 17.46 0.65 
  5.268 2.562 2.706 0.2 16.09 0.64 
 5.12 2.505 2.615 0.2 15.58 0.64 
 5.068 2.479 2.589 0.2 15.42 0.64 
  5.029 2.461 2.568 0.2 15.30 0.63 
Run date:  08-20-03 4.985 2.438 2.547 0.2 15.17 0.64 
Note: run at 28C on DEA 4.97 2.472 2.498 0.2 14.96 0.63 
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APPENDIX E 
 

Summary of DEA and Rheology Data at Room Temperature 
 

 
 

Solvent Type 

 
Frequency, 

Hertz 

 
 

Permittivity 

 
 

Loss Factor 

Ionic 
Conductivity, 

pmho/cm 
100,000 2.434 0.02197 1222 Silicone Oil [Fisher 

S159-500]  0.003 3.345 0.8958 0.001494 
100,000 2.472 0.01252 696.2 Silicone Oil [Dow 

Corning Fluid 200]  0.003 2.727 0.5271 0.0008794 
 

 
 

Suspension Type 

 
Frequency, 

Hertz 

 
 

Permittivity 

 
 

Loss Factor 

Ionic 
Conductivity, 

pmho/cm 
100,000 2.829 -  (0.0651@103Hz) - (361.9 @103Hz) Dry 9vol% 

zeolite/silicone oil 0.003 68.48 169.2 0.2823 
100,000 2.816 -  (0.0664@103Hz) - (369.1 @103Hz) Dry 10vol% 

zeolite/silicone oil 0.003 124.8 269.1 0.4489 
100,000 7.205 0.1228 6,830 As received 15vol% 

zeolite/silicone oil 0.003 14.35 12.12 0.02022 
100,000 3.304 0.2501 13,904 Dry 15vol% 

zeolite/silicone oil  0.003 12.44 2.668 0.004451 
 

 
 
 

Suspension Type 

 
Frequency, 

Hertz 

 
 

Permittivity 

 
 

Loss Factor 

Ionic 
Conductivity, 

pmho/cm 
100,000 3.276 - (0.00068@103Hz) - (3.767@103Hz) Dry 4vol%  

PbTiO3/silicone oil  0.003 20.83 50.99 0.08506 
100,000 4.007 - (0.00277@103Hz) - (15.42@103Hz) Dry 10vol%  

PbTiO3/silicone oil  0.003 6.585 2.149 0.003585 
100,000 4.299 0.009675 538 As received 

20vol% PbTiO3/ 
silicone oil  

0.003 5.68 1.931 0.003221 

100,000 4.97 -  
(0.00090@64,600Hz) 

- 
(32.41@64,600Hz)

Dry  
20vol% PbTiO3/ 
silicone oil  0.003 6.912 1.142 0.001905 

 
A “ - ” indicates that the DEA did not provide a measurement value for the noted 
parameter and that frequency.   
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Appendix E - Summary of DEA and Rheology Data at Room Temperature - continued 
 
The yield stress value, τ, was obtained from the B intercept value on the shear stress, τ 
(Pa), verses shear rate, γ (1/s) plots. 

DEA Rheometer  
 
 
Suspension Type 

 
Frequency, 
Hz 

 
 
Permittivity 

Ionic 
Conductivity
pmho/cm 

Frequency 
(Hz), E = 
kV/mm 

Yield 
Stress 
τ(Pa) 

As received 100,000 7.205 6,830  E = 0 -1.2 
15vol% zeolite/  0.003 14.35 0.02022 dc, E = .3 8.15 
silicone oil  10, E = .5 1.46 
 10, E = 1 3.7 
 10, E = 2 91.8* 
 10, E = 2.5 137.2* 
 100, E = .5 14.0 
 100, E = 1 18.1 
 100, E = 2 76.0* 
Run date: 1000, E = .5 9.7 
07-01-03 1000, E = 1 18.3 
 

   

1000, E = 2 77.1 
 

DEA Rheometer  
 
 
Suspension Type 

 
Frequency, 
Hz 

 
 
Permittivity 

Ionic 
Conductivity
pmho/cm 

Frequency 
(Hz), E = 
kV/mm 

Yield 
Stress 
τ (Pa) 

Dry 100,000 3.304 13,904 E = 0 -1.2529 
15vol% zeolite/ 0.003 12.44 0.004451 dc, E = .3 5.045 
silicone oil  dc, E = .5 3.6334 
 dc, E = 1 95.595*
 10, E = .5 3.4848 
 10, E = 1 6.2177 
 10, E = 2 35.684 
 10, E = 2.5 144.13*
 10, E = 3 40.634 
 100, E = .5 7.5415 
 100, E = 1 1.4135 
 100, E = 2 79.559 
 100, E = 2.5 132.01 
 100, E = 3 206.85*
 1000, E = .5 11.595 
 1000, E = 1 0.71761
Run date: 1000, E = 2 49.065 
07-31-03 1000,E =2.5 89.183 
 

   

1000, E = 3 156.83 
* Negative slope for linear curve of data plotted 
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Appendix E - Summary of DEA and Rheology Data at Room Temperature -continued 
 

DEA Rheometer  
 
Suspension Type 

 
Frequency, 
Hz 

 
 
Permittivity 

Ionic 
Conductivity
pmho/cm 

Frequency 
(Hz), E = 
kV/mm 

Yield 
Stress 
τ (Pa) 

As received 100,000 4.299 538 E = 0 40.248 
20vol% PbTiO3/ .003 5.68 0.003221 dc, E = .5 54.678* 
silicone oil  dc, E = 1 6.073 
 10, E = .5 5.9525 
 10, E = 1 6.1878 
 10, E = 1.5 6.2926 
 10, E = 2 8.9719 
 10, E = 2.5 10.569 
 100, E = .5 7.7477 
 100, E = 1 5.8697 
 100, E = 1.5 7.5222 
 100, E = 2 11.725 
 100, E = 2.5 17.346 
 1000, E = .5 6.955 
 1000, E = 1 6.6688 
Run date: 1000,E = 1.5 8.4463 
08-18-03 1000, E = 2 12.49 
 

   

1000, E = 2.5 18.385 
* Negative slope for linear curve of data plotted 
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Appendix E - Summary of DEA and Rheology Data at Room Temperature - continued 
 

DEA Rheometer  
 
Suspension Type 

 
Frequency, 
Hz 

 
 
Permittivity 

Ionic 
Conductivity
pmho/cm 

Frequency 
(Hz), E = 
kV/mm 

Yield 
Stress 
τ (Pa) 

Dry 100,000 4.97 ~32.41 E = 0 0.46628 
20vol% PbTiO3/ .003 6.912 0.001905 dc, E = .5 2.2949 
silicone oil     dc, E = 1 0.50805 
    10, E = .5 -0.43575 
    10, E = 1 -1.5308 
    10, E = 2 7.0753 
    100, E = .5 0.54752 
    100, E = 1 0.71551 
Run date:    100, E = 2 8.6718 
08-20-03    1000,E = .5 -0.11457 
    1000, E = 1 -0.074077 
 
 

 


