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ABSTRACT

Lizcano, Maricela., Electrorheology o f Ĉ n Suspensions. Master o f Science (MS), 

August, 2006, 88 pp., 3 tables, 46 illustrations, references, 63 titles.

Electrorheological fluids are suspension materials whose rheological behavior changes 

with an applied voltage. In particular, the material changes from a fluid to a solid 

behavior with an applied voltage and reverses to its original state when the voltage is 

removed. This function classifies ER fluids as smart materials. ER fluids may be 

developed and used as mechanical devices with no mechanical parts such as pumps, 

actuators, and dampers. Until recently, research was concentrated with micro-particle 

suspension fluids. This research project investigates the electrorheology o f carbon nano­

particle suspension.

in
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CHAPTER 1

INTRODUCTION

Rheology is the study o f the deformation and flow o f matter. As a discipline, 

rheology, was bom on April 29, 1929 in which the first meeting o f  the Society o f  

Rheology was held in Columbus, Ohio [1], Willis M. Winslow first introduced 

electrorheological fluids in 1949. He performed experiments with silica gel and starches 

in mineral oil with an applied voltage o f  4 kV/mm. Results o f  the suspension fluid 

indicated that the fluid had an increase in shear resistance with an applied voltage and 

then returned to its original state when the electrical load was removed [2], Applications 

for these types o f  fluids were clear to researchers, thus springing forth investigations in 

dampers: however, the high voltage and the abrasive effects o f  the silica gel cut short 

further research [3].

Initially, the word “electroviscous” was used to describe W inslow’s fluids, due to 

the increase viscosity observed in the material. It was suggested that this term was 

misleading in that the material did not have an increase in viscosity with an applied 

voltage, instead, there was an increase in the frictional forces between the plates and the 

fluid. Without the electric field E , the fluid between the plates responds to a load in the 

same manner that parallel plates separated by a thin film o f oil respond. In this case,

1
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viscosity plays a role in the movement o f the plates. For the case o f an applied electrical 

load, the fluid itself acts as a plate in contact with another plate. It is the applied electric 

force and the frictional forces that influence property changes in the fluid and not an 

increase in viscosity. The general term electrorheological or ER fluid is now used to 

describe W inslow’s fluids [3],

ER fluids have sparred new interest because o f  the ability to engineer mechanical 

devices without mechanical parts. Possible applications range from pumps, robotic 

control systems and microchannels for use in MEMS devices [4, 5, 6], Other 

applications include clutches, brakes and damping systems for the automotive industry

[5]. Haptic actuators have already been developed for use in automobiles at Rutgers 

University, in collaboration with General Motors Research and Development Center [7]. 

Tactile arrays have also been developed for use in virtual environments that create the 

illusion o f viscoelasticity and as aids for the visually impaired [8], Additionally, ER 

fluids have applications in field-assisted polishing o f micro or meso scale parts such as a 

micro optical lens [9]. In spite o f  so many applications, there are still issues with respect 

to required voltages needed for ER fluids to perform in a desirable manner, which is 

presently in the kV/mm region [4, 10],

A s  p re v io u s ly  m e n tio n e d , th is  th e s is  fo c u se s  o n  th e  d e v e lo p m e n t a n d  a n a ly s is  o f

nanoparticle suspensions that exhibit electrorheological behavior under an electric field. 

The subsequent chapters in this work describe information obtained from literature 

review and experimental data. Chapter 2 covers the general topic o f  electrorheological
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(ER) fluids including theory, behavior and composition. The parameters contributing to 

the behavior and the characterization o f ER fluids are addressed in Chapter 3. 

Experimental methods and the results are covered in Chapters 4 and 5 respectively, 

followed by a summation and conclusion in Chapter 6.
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CHAPTER 2

ELECTRORHEOLOGICAL FLUIDS

Fluids are materials that flow with an applied stress and can be classified as either 

simple or structured fluids. Simple fluids are generally pure substances or have a 

uniform phase such as solutions. Structured fluids, on the other hand, have more than 

one phase. Their rheological behavior is governed by the interactions o f its various 

phases. An ER fluid is considered to be a structured fluid. The interaction o f  a particle to 

other particles and to the liquid phase renders a complex rheological behavior. The 

addition o f an electric field further increases its complexity [1 ,2 ]. Many models have 

been proposed, nevertheless, they have not been able to answer many o f the complexities 

found in these structured fluids [3]. As a result, the theory o f the ER phenomenon is still 

under investigation.

This chapter reviews some o f the models that have been proposed to explain the 

ER effect. Additionally, the three types o f  effects that have been observed are reviewed. 

They are the positive ER effect, the negative ER effect, and photo ER effect. Moreover, 

fibrillation o f  the particles with applied field and an electric double layer effect attributed 

to water has been noted. As a final point, the formulation o f an ER fluid is discussed. 

This includes the dispersed phase and the dispersing phase. Additives are part o f  the

5
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constituents o f ER fluids; however, they are only mentioned in a general sense.

2.1 The Electrorheological Mechanism

The electrorheological effect takes place when a voltage is applied to a suspension 

fluid resulting in rheological behavioral changes. In order for a suspension fluid to have 

an ER effect, the fluid medium and the particulates must have certain properties [3]. In 

addition, the ER effect is dependant on the shear rate, applied electric field, temperature, 

field frequency and fluid composition, [4, 5]. The fluid formulation is discussed in 

section 2.3, while the other parameters mentioned are discussed in Chapter 3.

2.1.1 Proposed Models

The main characteristic o f an ER fluid is the fibrillation o f particles formed along 

the electric field, as described by Winslow [6], Figure 1 gives a general illustration o f an 

ER fluid before and after an electric field is applied.

tow viscosity Hgh viscosity Ugh viscosity

sJletd V-VO ms. partctes t~TO&chahs 
d ed  famchdru codtaiCdtM

Figure 2.1: Illustration o f  an ER effect [7].
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In a no-field state, the particles are evenly dispersed throughout the ER fluid. Within the 

first 10 ms o f  an induced E , the particles start to form chains. After 10 seconds columns 

are formed. In essence, the material has transformed from a fluid to a solid. The chains 

and columns are parallel to the electric field. When E  is removed, the material recovers 

its initial fluid properties [8, 9]. The process is based on the induced polarization o f  

particles due to the electric field. The ER effect is enhanced as a result o f  interparticle 

forces. The mechanism mentioned in the previous paragraph is sometimes referred as the 

Fibrillation Model and is a consequence o f  W inslow’s observations, resulting in a 

positive ER effect [3, 6],

The electric double layer model, referred to as the EDL Model, was introduced 

based on the presence o f  water in ER suspensions. The EDL is a region in which two 

equal and opposite charges exist at a boundary or interface between two phases, in the 

case o f  suspensions, the liquid/particle interface. This is due to a variation o f  ion 

densities that may occur at an interface when ions, such as those from water, are present 

in interface systems. This model could not however, explain the overlapping o f  EDL 

with neighboring particles [3, 10],

The Water-Bridge Model was based on the migration o f water ions to the surface 

o f particles during the application o f an electric field. The high surface tension o f  water 

would make the water bridge very strong. However, once anhydrous ER fluids exhibited 

positive ER effects, this model lost its significance [3, 11].
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The polarization model is based on the parameters o f the particles, the fluid, 

and the microstructures o f  the system and their relationship to the rheological properties 

o f the whole system. Its shortcoming was that the dependence o f particle conductivity 

and electric field frequency on the rheological properties. Moreover, the dynamic 

processes during change formation cannot be explained using this model [3, 12].

The conduction model was developed to overcome the limitations o f  the 

polarization model. It was based on the ratio o f the particle conductivity to the liquid 

conductivity. It was shown to be in good agreement for many o f the ER effects. The 

inability to explain the dynamic effects such as the ER response time has limited this 

model [3, 11].

In 2002, T. Hao and colleagues proposed the dielectric loss model. This model 

included dynamic processes in which the yield stress could be predicted based on the 

dielectric loss tangent that is observed in ER effect. Though his derivation has been 

successful for many o f the parameters in an ER system, it does not account for the yield 

stress dependence on the electric field frequency [3].

The complexities o f  ER systems have made modeling extremely difficult. 

Nonetheless, the continual work in these dynamic materials has revealed new insight into 

the mechanisms o f  ER systems. The models presented here, though limited in some way, 

have provided the steeping stones for moving forward in this field o f  study.
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2.2 Types o f  Effects

Three types o f  ER effects have been identified thus far, a positive ER effect, a 

negative ER effect and a photo-ER effect. When the rheological properties o f  an ER 

suspension are enhanced with an applied voltage, the system has undergone a positive ER 

effect. If, however, the system exhibits a decline in its rheological properties with the 

applied electric field, it has experienced a negative ER effect. A negative ER effect is 

mainly the opposite o f  a positive ER effect. Additionally, some systems undergo photo- 

ER effects (PER) when exposed to UV light [4], Either a positive or negative photo-ER 

effect can occur. The most common responses reported are the positive ER effects due to 

its many applications [4], A negative ER effect o f  nano-laden suspensions has been 

reported by Lozano [13].

Hao has reported characteristics o f  positive ER fluids. He suggests the following 

characteristics with an applied E, a high yield stress t y  > 5  kPa at 2 kV/mm, low current 

density, less than 2 pA/cm2, a wide temperature range between -3 0  and 120 ° C, a short 

response time o f  less than 10'3 s, high stability, no sedimentation, and no material 

degradation [4], However, references were not identified. Wen, et al, reported an 

extremely high yield stress, coined GER for giant electrorheological effects. Results 

exhibited a yield stress o f  130 kPa at 5 kV/mm for core-shell nano particles o f  

BaTi0 (C204)2 coated with urea [14]. Though, the high voltage may limit its 

applications. Voltages currently used in ER systems are considered to be risky due to the 

safety and reliability concerns [13].
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2.3 Formulation o f ER Fluids

As mentioned ER fluids have three components; the dispersed phase, the 

dispersing phase, and additives. The additives are used for suspension stability and 

enhanced ER effect [4], Although the additives are important, this discussion is limited 

to the dispersed and dispersing phases.

2.3.1 The Dispersed Phase

Another important aspect in the formulation is the particle shape, size and 

concentration. The dispersed phase can be either a liquid or a solid. If solid particles are 

used in an ER fluid, the fluid is referred to as a heterogeneous suspension fluid. A 

homogeneous fluid is one that uses a liquid and it referred to as a homogeneous emulsion

[4]. Studies indicated that particle size, shape and concentration play a role in the type 

o f  effect an ER fluid can have. Sizes vary from 0.2 to 100 microns with various shapes 

including globules, flakes, granules, fragments, whiskers and general irregular shape [15- 

17], The range o f  particles sizes mentioned have been shown to help with fluid stability 

Larger particles seem to contribute to a higher yield stress, while smaller particles 

contribute to higher viscosities [4],

More recently, nano particles are being used as the dispersed phase. The GER 

system [14] discussed earlier indicated the potential o f  using nano particles not only for 

extraordinary ER effects but as nano-reinforcements as well. Nano reinforcements have
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been reported to show promise as stabilizers against sedimentation and as ER 

enhancements [13]. Recently, the use o f  nanoparticles has become common place in the 

investigations for suitable ER fluids. Park, et al demonstrated an increase in yield stress 

with the use o f  carbon nano-particles, although not as high as those considered producing 

positive ER effects. A nano-composite o f  multi-walled carbon nano tubes (MWNT) and 

polyaniline (PANI) was synthesized. Stability o f  the MWNT was achieved with the use 

as polyvinyl alcohol [18], More evidence was demonstrated using PANI clay nano­

particles with PANI particles. In this study the ER system was a hybrid mixture o f  

micron and nano size particles [19], It had been shown, experimentally and theoretically, 

that mixing particles o f  different materials produce a decrease in yield strength with 

particle o f  similar size. This, however, was not the case for a mixture o f  glass sphere 

particles with lead zirconate nano-particles [4], This illustrates that the mixture o f  

different particles in a suspension fluid may not produce a decrease in yield stress if  the 

mixture contains both micron and nano particulates.

The geometry o f the particles has been shown to have a direct bearing on the ER 

effect [15, 16, 20]. Hao, [4], reported that ellipsoidal shapes produce a better ER effect 

than spheres due to a larger electric field moment. Findings by Qi and Wen[21] showed 

that microsphere-based ER fluids exhibit a better ER performance, them micro-rod-based 

ER fluids. There is a relation between particle shape and concentration as well. The yield 

stress increased exponentially for ER fluids with spherical particulates and increased 

linearly for whisker suspensions. Thus, the performance o f  the ER fluid is influenced by 

the geometry o f  the particle [17].
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The particle volume fractions range between 0.05 and 0.50 [4]. Results have 

shown that particle volume fractions between 10 and 15 % illustrate the best ER 

effects at temperatures within 20 ° to 25 ° C [4, 16]. Lozano, et al [13], reported a 

negative ER response. In her work, the particulates were carbon nano fibers at a 

concentration o f 0.0125 wt %. Higher concentrations caused the system to short at low  

voltages. Increasing the temperature o f  an ER system has been shown to allow an 

increase in particle concentration. Lengalova et al [16] demonstrated that at a 

temperature o f 60 ° C, concentration did not illustrate a maximum level for PANI base 

suspension with particle sizes around 20 microns. In another study, Wen, et al [14], 

reported a 130 kPa yield stress for nano-particle suspensions with a 30 % particle 

concentration at temperatures ranging from 10 ° to 120 ° C. An ER effect can be 

influenced by particle concentration and/or temperature, keeping in mind that the shape 

and size also plays a role in an ER response.

2.3.2 The Dispersing Phase

The dispersing phase is the medium in which solid or liquid particles are 

dispersed. They are insulating oils. In general, they consist o f silicone oil, paraffin, 

chlorinated hydrocarbons, mineral oil, and vegetable oil. A more extensive list o f  

common dispersing liquids can be found in literature [3, 4 ,12 ], The dispersing phase 

should exhibit high boiling points greater than 200 °C, low viscosities at less than 10 Pa s 

and high densities greater than 1.2 g/cm3. Additionally, the insulating fluid should have
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excellent chemical stability and preferably non-toxic [3, 4], These fluid characteristics, 

with proper selection o f particles, should aid in generating a positive ER effect.

2.4 Concluding Remarks

Literature has shown the importance o f  particle size, shape, and concentration on 

the type o f  response achieved in an ER fluid. Particles sizes have been shown to range 

from both micron and nano levels. Spherical shapes seem to produce a good positive ER 

response. Concentrations between 10 -30 % have produced favorable responses as well. 

It has also been noted that temperature may play a role in the maximum concentration 

levels that may be achieved. In addition, the dispersing phase should exhibit a high 

boiling temperature, low viscosities and densities greater than 1.2 g/cm3
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CHAPTER 3

CHARACTERIZING ER FLUIDS

Rheology is an extension o f solid and fluid mechanics and is used to characterize 

materials exhibiting plastic behavior and/or non-Newtonian behavior. Some o f the 

nomenclature used in rheology is the shear stress, r , the viscosity, tj , ,  the shear strain, 

y , the shear strain rate, y , the shear storage modulus, G ' , and the shear loss modulus,

G". In the case o f  ER fluids, the values o f  the terms mentioned may be influenced by 

several parameters. These include the electric field strength and frequency, the 

conductivity and dielectric properties o f  the dispersed and dispersing phases, the particle 

concentration, temperature and sedimentation. In this chapter, the relevant rheological 

equations are examined, followed by contributing parameters to the ER effect [1,2].

3.1 Rheology o f Viscoelastic Materials

The equations that describe the rheological characteristics o f  an ER fluid find 

their roots from Newton's law o f  viscometry and Hooke’s law. The complex differential 

equations describing the deformation o f  fluid flow lead to a solution that is limited by 

boundary conditions. The boundary conditions are: the fluid must be homogeneous, and 

the flow must be laminar with the applied shear. If the flow is turbulent, more energy is

16
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required and the measurements are no longer proportional to the viscosity, increasing 

errors up to 100%. The shear stress must be steady. A no-slip boundary condition is 

required so that the shear from the plate is transmitted to the liquid. If slip occurs 

between the plate and the liquid boundary, the shear cannot be transmitted throughout the 

liquid and measurements are useless [3].

When materials are subjected to an applied force, the molecules within the 

material rearrange as a response to the applied force. These changes within the materials 

can occur in a long or a short period o f time. A purely elastic material is one whose 

response time is infinite, such as steel. The energy required to deform a purely elastic 

material is stored in the material and may be recovered when the applied force is 

removed. A purely viscous material is one whose response time is negligible compared 

to the time required to run an experiment, such as water. For a purely viscous material, 

all the energy required to deform the material is dissipated as heat [4], Few liquids are 

purely viscous. They more readily exhibit a behavior that falls between a liquid and a 

solid. They are referred as viscoelastic materials [3]. In reality, all materials are 

viscoelastic, that is, they exhibit both viscous and elastic behavior [4], ER fluids are 

viscoelastic materials.

Newton's law o f viscosity states that the shear stress, r , is equal to the dynamic

viscosity, T j , times the shear rate, y , or

t =  r j x y . ( 1)

The viscosity, t j  , is the resistance to the shear stresses and is the slope o f  Equation (1).
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Solving for Tj yields

V = L - (2)
r

The shear rate, y , describes the rate o f deformation o f  the fluid and is also known as the 

velocity gradient. Materials whose rheological behavior obeys Newton’s law o f viscosity 

are called Newtonian fluids. Furthermore, the equation o f shear rate o f a material 

between two parallel plates is

dv  v
r  = —  = (3)

dy h

where vmax is the maximum velocity at the top o f  the plate/fluid interface and h is the gap 

between the plates [3,5],

ER fluids do not obey Newton’s law o f viscosity. They are referred to as non- 

Newtonian fluids. The linear viscoelastic property o f  a non-Newtonian fluid is an area 

where an applied deformation, y , or deformation rate y , is proportionally related to the 

shear stress, t, described by the Kelvin-Yoight model in the following equation:

t = G y + r jy . (4)

In this equation, G and rj are the constants o f  proportionality, also referred to as the 

shear modulus and shear viscosity respectively. A mechanical analogy can be made 

using a spring and dashpot in parallel as in Figure 3.1, where the first term o f  the 

equation represents the spring or elastic behavior, and the second term o f the equation 

represents the dashpot or the viscous behavior [6, 7]. Notice that for Newtonian fluids,
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the first term is in Equation 4 is not present.

Figure 3.1: Spring and dashpot in parallel.

Rheometers are used to characterize rheological properties o f  viscoelastic 

materials. The measure o f  a material’s linearity is referred to as the linear viscoelastic 

range. In general, the rheological properties are independent o f  the deformation, until a 

critical strain, y c is reached. As the critical strain is exceeded, the linear response 

becomes non-linear. In characterizing a material, a strain sweep test is first used to 

identify the linear viscoelastic range [8]. The deformation,^, in this test, is sinusoidal 

facilitating a sinusoidal stress, r  shifted by a phase angle, 8 , with respect to the strain 

wave. Mathematically, it is defined as follows:

r  = To s*11 cot, (5 )

r  =  t o sin(&# + <?). (6)

Equation 6 is decomposed for analysis yielding Equation 7 and Equation 8.
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T  =  T r +  t "  = z o sin cot+ r o cos cot. (7)

Trignometric manipulation renders

This indicates two dynamic moduli G' ,and G" , where

G f = —  (9)
To

and G" = — . (10)
To

Thus, Equation 8 can be written as

G”
tan (S = — . (11)

C7

In Equation 9, G' is the in-phase storage modulus or elastic modulus, and G" is the out- 

of-phase loss modulus or viscous modulus [9], Equation 8 and Equation 11 are referred 

to as the loss factor which is the ratio o f the dissipated and stored energy in a sample [7], 

Conceptually, during an experimental test, G' is an indication o f the stress energy stored 

within a material used to facilitate flow that may be recovered. G” is an indication o f the 

unrecoverable energy used to facilitate flow, which is lost as shear heat [3].
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Figure 3.2 illustrates transitions form solid to fluid behavior and fluid to solid 

behavior (ER effect) o f a material. Strain amplitude dependence o f  the storage 

modulus, G ' , and loss modulus, G” is seen in the difference between the red and blue 

data lines.[8]. The red data points, with a 0.5 % strain amplitude and G' > G", indicate 

the material behaves like a solid and the materials elastic properties are dominant. The 

point where the red and blue data points intersect, G' = G", is a transition point where the 

fluid or viscous properties become dominant.

10*

b
(0

10s

At the blue data points with a 50% strain amplitude, G' and G" do not intersect at all. In 

this case, the viscous properties are dominant through out the frequency sweep.

It is important to note, the linear viscoelastic range is frequency dependent. Testing at 

the highest and lowest frequencies o f interest are therefore necessary [10].

—■— h— G’ G" at 0.5% strain
—• ----- k— G' G" at 50% strain
—□— n* at 0.5% strain 
—o— t]* at 50% strain

.... ~°c0 n-^ 2)p*r

Dctfc

'"-oec

10°
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io*

&
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>
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0.1 1 10
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100

Figure 3.2: Frequency sweep [8].
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3.1.1 Geometry o f  Sensor and Equation Modifications

Various sensors can be used when performing tests on a rheometer [1]. Figure 3.3 

is a general representation o f  a parallel rotating disc sensor, which is used in the present 

research. The top plate oscillates at a set frequency while the bottom plate is kept 

stationary. The sensor measurements are determined by the disc radius, R, and the gap 

distance, h. The gap distance should not be smaller than 0.3mm and not greater than 

3 mm. It is recommended the gap size be 3 times larger than the largest particle size [3],

dv R

dy
Vmax

Figure 3.3: Parallel disk sensor with top plate oscillation.

For non-Newtonian fluids the shear rate must be corrected,

y  = M  x Q . , (12)

(13)

(14)
60
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Here, M is the geometry factor, Q is the angular velocity, R is the radius o f  the disc, and 

n is the rotor speed in rpm. The shear stress, r , is proportional to a geometry factor A 

and to the torque, T , at the outer edge o f  the disc, Equation (14) [3],

The equations discussed thus far, aids in bringing insight to the complexities o f  

structured fluids such as and ER fluid. In subsequent chapters the experimental methods 

and the results and discussion will be based on these basic concepts.

The strength o f  a positive ER effect can depends greatly on several parameters. 

These parameters deal with the electric field strength, the electric field frequency, the 

conductivity and dielectric properties o f both phases o f  the system, the particle 

concentration, temperature and particle sedimentation. The changes in storage modulus 

and yield stress has been observed in relation to these parameters.

The electric field strength has a direct effect on the yield stress and is reported 

widely in positive ER responses [2, 11, 12, 13]. According to Hao [2], Stangroom

t = T x A , (15)

(16)

3.2 Contributing Parameters

3.2.1 Electric Field Strength and Frequency
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(1883) proposed that a critical electric field, Ec , must be overcome in order for the ER 

effect to take place, where the yield stress, rY linearly increased with increasing electric

et al [11], proposed a dynamic yield stress equation where Ec is proportional to the 

particle conductivity. Additionally, Ec was shown to be strongly dependent on volume 

fraction. In this case, Ec was found to decrease with increasing volume fraction. The 

proposed equation is

It has also been reported by Tian et al [14] that the response time is proportional 

to the applied shear rate and with only a small dependence on the applied electric field 

strength. In this case, the electric field was a square wave. Furthermore, the transient 

process is related to the structure formation in the shearing. Tian concluded that the shear 

stress rose to a stable value under E  when the needed shear strain was reached.

It has been shown experimentally that the electric field frequency also play a role 

on the ER effect. Unal et al, reported a decrease in G' with increasing frequency [15]. 

Cao [16], reported a decrease in zY when using an AC field as opposed to a DC field.

Additionally, there was a significant decrease in rY with increasing frequency in the ac

field. A decrease in rY from approximately 7 kPa at 20 Hz to less than 1 kPa at 1000

field, E , such that ty = k (E -  Ec ). In this equation A: is a constant. More recently, Choi

,  ^ e J e c J
(17)
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Hz was observed. The current density also increased when the ac field was applied and 

continued to increase with increasing frequency [16]. It has been proposed that particle 

conductivity and dielectric constant o f the materials play a role in the effects o f  frequency 

on the ER response [2, 14],

The electric field strength and electric field frequency play an important role in 

the ER response. Typically, Ec must be surpassed in order for an ER effect to take 

place. An increasing particle concentration has been shown to decrease Ec . The yield 

stress will usually increase with increasing E . The storage modulus and the yield stress 

have been shown to decrease with increasing frequency. A dc field rendered a higher 

yield stress than an ac field. The ac field showed an increase in current density with 

increasing frequency. It has been suggested that these effects are due to particle 

conductivity and the dielectric constant o f  the materials. These results can aid in tailoring 

an ER fluids to exhibit desired properties.

3.2.2 Conductivity and Dielectric Properties

The conductivity and dielectric properties o f  the dispersed and dispersing phase 

have been shown to be related to one another and consequently affecting ER activity. The 

result o f conductivity on an ER response can be considered in terms o f  the dielectric 

properties o f  the suspension fluid [2,18]. Particle conductivities between <x=l O'12 to 10'5 

S/m have been reported, with 10"7 S/m and 10~8 S/m giving the best results [2, 16,17, 18].
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Zhao and Liu [17] reported a relationship between the ratios o f the conductivities o f  

particle/ liquid, <j p ! crL, and the ratio o f  the dielectric constants o f  particle /liquid, 

s p / s L. For <jp / crL> £ p / £L , the shear modulus is larger with DC and low frequencies. 

The shear modulus then drops at 10 Hz. This indicates that the polarization o f the 

particles is dominated by the conductivity for &P / CTl > £ p / £l and dominated by the 

dielectric properties when <j p l o L< £ p l £ L. Similar results have been reported, as well 

[4, 16], The dielectric constant o f the dispersing phase must be small in comparisons to 

the particles. A  comparatively small ER effect was found when the conductivity o f  the 

dispersing phase had a high conductivity in relation to the particle conductivity [4,19].

It can be concluded, by the evidence illustrated, that the ER response may be 

generated or suppressed with the manipulation o f the conductivities, dielectric constants, 

and electric field frequencies.

3.2.3 Particle Concentration

ER response strength has been shown to increase with increasing volume 

fraction. In particle the yield stress increases with volume fraction and electric field 

strength [20, 21, 22, 23]. Hao [4, 24], has reported a critical volume fraction in which 

there is a sharp increment in rheological behavior when the critical volume fraction as 

been exceeded. Tian et al [23,] has demonstrated that the effects o f  volume fraction can 

be explained by the many body effect reported by Conrad and Wu and the conductivity
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model. Furthermore, Sohm et al [20], reported the increase is due to the increase in 

polarization forces between particles. The increase in volume fraction does not only 

affect the yield stress but the storage and loss modulus is affected as well. It has been 

reported by Kim, that the increase volume fraction affected G'more than it affected G ” , 

explaining that this was due to chain formation in the suspension. The elasticity, o f  the 

suspension fluid, increased with increasing particle concentration and electric field 

strength [22], In Section 3.2.1, Tian [14] reported the decrease in Ec with increasing 

volume fraction. However, Sung [21] reported that for a chitosan suspension in silicone 

oil, Ec was influenced by the conductivity mismatch between the phases o f  the

suspension and depended very little on volume fraction. The relative viscosity increase 

with the application o f an electric field is referred as the ER efficiency. This efficiency 

depends on volume fraction among other parameters. The ER efficiency has been found 

to increase with increasing volume fraction o f  the dispersed phase. Additionally, the 

efficiency increased with increasing temperature [24],

The volume fraction has been shown to be a critical factor in an ER response.

The ER effect has been reported to show an increase with increasing particle 

concentration. The increase in ER strength has been attributed to the chain formation and 

the increase polarization forces between the particles. The critical electric field may or 

may not depend on the volume fraction o f  the particles. Furthermore, the ER efficiency 

has been found to increase with the increase o f  particles in the suspension.
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3.2.4 Temperature and Water Absorption

The effect o f  temperature is important parameters to ER fluids because it 

can affect the ER response. Firstly, temperature affects the polarization intensity o f  

particles. Particle conductivity and dialectic constant vary with temperature affecting the 

ability o f  the particles to be polarized. Furthermore, the thermal motion or the Brownian 

motion o f the particles can increase with increasing temperature and may rupture the 

fibrillation formation o f  the suspension fluid [4, 15, 25], A wide range o f temperatures 

is necessary in an ER fluid in order for real world applications. Yilmaz et al [25], 

reported a decrease in yield stress with increasing electric field strength and temperature 

for PMMA-b-PSt copolymer suspensions. Xiang and Zhao [26], have reported a 

constant ER effect with a temperature range from 15-100° C for a MMT/Ti02 

nanocomposite.

As mentioned in Chapter 2, water may play a role in ER effect by the migration 

o f water ions during the application o f  the electric field and can be effective in 

activating an ER response. There is however a disadvantage o f  water-activated ER fluids 

for particles that easily absorb water. As temperatures increase, the water may begin to 

evaporate causing instability and which may result in increasing current density. 

Additionally, the water may freeze at low temperatures [24, 26-29],

The effects o f  temperature and water are important parameters in ER 

activity. Increasing temperature may increase or decrease the strength o f  an ER Fluid.
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The effect o f temperature may further be affected by particle absorption o f water or for 

water-activated ER fluids, causing thermal instability and an increase in current density 

with increasing temperature.

3.2.4 Particle Sedimentation

The use o f ER fluids in real life applications requires a long life cycle. 

Commercial devices that utilize ER fluids are often limited due to particle sedimentation 

instability [26,30], Sedimentation can render an ER fluid useless. A proposed remedy 

for preventing sedimentation is to choose particles that have a similar density as the 

insulating dispersing fluid. Other methods incorporate the use o f  surfactants to stabilize 

the particles. Using small particles may remedy the problem, along with the use o f  high 

viscosity insulating oils. These oils are often expensive and toxic limiting their use [26, 

31]. Increasing particle concentration may provide a useful method to eliminate 

sedimentation problems. In this research projects, concentrations o f 20, 30 and 

40 weight percent are used.
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CHAPTER 4

EXPERIMENTAL SETUP AND PROCEDURES

This chapter reviews the details o f  the experiment. The properties o f  the materials 

are discussed first. This is followed by a review o f  the sample preparation. The chapter is 

then concluded with an explanation o f is the instrumentation and experimental methods 

used in this research project.

4.1 Materials

Three materials were used to make the samples. C6o fullerenes are the dispersed 

phase. The C6o fullerenes were purchased from BuckyUSA in and have purity greater 

than 99.99%. Silicon oil is the dispersing phase. Toluene is used to process the sample. 

Both the silicon oil and the toluene were purchased from Fisher Scientific.

4.1.1 Structure and Properties C6o Fullerenes

C6o fullerenes nanoparticles are also known as bucky balls. They were discovered 

by Dr. Smalley, Dr Curl and Dr, Kroto in 1985. As a result, in 1996, they shared the 

Nobel Prize in Chemistry.
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The structure o f a C6o fullerene is a highly symmetrical icosahedral nanostructure 

with a diameter o f  0.71 nm. The icosahedral structure has 20 hexagonal faces with 3 

double bonds and 3 single bonds and 12 pentagons with 5 single bonds. When C6o is in 

the crystalline phase it forms a FCC cubic structure and has a lattice constant o f 1.417 nm 

[1]. Figure 4.1 and 4.2 illustrate the icosahedral and the FCC cubic structure o f  C6o-

Figure 4.1: A C6o fullerene [2].

Figure 4.2: C6o fullerenes crystallized into FCC cubic structure [2].

The distance between two C60 fullerenes or nearest neighbor distance is 1.002 nm. 

C6o fullerenes have a mass density o f  1.72 g/cm3. This is equivalent to a molecular 

density o f 1.44 x 1021 molecules/cm3 [1], The mass density o f  1.65 g/cm3 is used for this
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project based on the MSDS provided by BuckyUSA which gives a mass density between

1.6 and 1.7 g/cm3. As mentioned in chapter 3, both the particle conductivity and the 

dielectric constant is relevant parameters in ER fluids. The particle conductivity is 1.7 x 

10'7 S/cm at room temperature and the dielectric constant is 4.0-4.5. [1].

4.1.2 Silicon Oil and Toluene

Silicone oil was chosen as the dispersing phase. It is commonly used in ER fluids 

because it is an insulating fluid with a dielectric constant o f  2.0-2.3 [3-8]. It has a weak 

odor and is a colorless liquid with a decomposition temperature o f  250° C. Additionally, 

silicon oil has a density o f  0.963 g/ml. The relative permittivity or dielectric constant has 

been found to be 2.0-2.3 and a viscosity o f  50 cSt [5].

C ô fullerenes are soluble in many solvents [1]. Toluene was used as a 

solvent for the fullerenes, as part o f  the sample preparation. When fullerenes are 

dissolved in toluene a solution is made that has a purple color. This is the color o f  

fullerenes in a solution. There is a saturation point in which clustering will change the 

appearance from purple to a yellow or brown colloidal suspension (Felipe Chibante, 

BuckyUSA, e-mail correspondence, Sept, 1, 2005). The MSDS indicates that Toluene 

has a density o f  0.86 g/ml. The boiling point for toluene is 110.6° C. It’s molecular 

formula is CyHg. Its molecular structure, having a familiar benzene ring is shown in 

Figure 4.3 [9], A summary o f  the physical properties relevant to this project are listed in 

Table 4.1 below.
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Figure 4.3: Molecular structure o f  Toluene.

Table 4.1: Properties for molecular and crystalline € 50-[1], Silicon oil [5] and Toluene.

C60

Icosahedral structure

Mean molecular diameter 
Mass density 
Molecular density 
Band gap (HOMO-LUMO) 
Static dielectric constant 
Electrical conductivity (300 K) 
Thermal conductivity (300 K) 
Melting temperature

Silicon Oil

Mass density 
Dielectric constant 
Viscosity

T o lu e n e

Molecular formula 
Boiling point

32 faces
12 pentagons (5 single bonds)
20 hexagons (3 single & 3 double bonds) 

d = 0.71 nm 
pm= 1.60-1.72 g/cm3 
P m  = 1.44 x 1021 molecules/cm3
1.7 eV  
8 = 4.0-4.5 
o = 1.7 x 10-7 S/cm 
X = 0.4 W/mK 
T =  1180° C

pm= 0.963 g/cm3 
8 =  2 . 0 - 2.3 
v = 50 cSt [5]

CyHg 
110.6° C

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

4.2 Sample Preparation

An experimental approach was used in the sample preparation based on e-mail 

correspondence with Felipe Chibante (BuckyUSA) for the fullerenes and the MSDS sheet 

for the toluene. Toluene was used to dissolve the C6o fullerenes in an effort to achieve 

good dispersion o f the fullerenes when mixed with the silicon oil using a 1 mg/ 1 ml ratio 

o f fullerenes to toluene.

The C6o fullerenes were measured and placed in a beaker. Toluene was then 

added to make a solution. The solution was mixed with a magnetic stirrer for 45 minutes 

to 1 hour or until the particles could no longer been seen at the bottom o f the beaker. The 

silicon oil was then added to the solution. The mixture was then homogenized for 2-3 

minutes using a PRO 200 homogenizer. The magnet stirrer was then left on until the 

toluene had evaporated completely from the sample. Heat is added at 90° C, to aid in the 

evaporation process o f  the toluene. This temperature was chosen so that it was below the 

boiling temperature o f  the toluene. Depending on the volume o f the sample, this process 

took between 9 to 14 days for weight fractions o f  20, 30 and 40 percent. When a 

significant amount o f  toluene evaporated, the sample was placed in a smaller beaker 

and residue was removed from the previous beaker. The residue was removed by adding 

some toluene in the empty beaker until the purple color o f  the solution was no longer 

evident. This process ended when the beaker was finally changed to a 25 ml beaker. The 

25 ml beaker allowed for the maximum recovery o f  the sample. Trying to go to a smaller 

beaker involved removing the sample with a rubber policeman and losing some material
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or adding more toluene which defeated the purpose o f  placing it in a smaller beaker. The 

sample was then homogenized again for 2-3 minutes. Several samples were prepared and 

are listed in Table 4.2.

Table 4.2: Prepared Samples________________________________________________________
Sample weight percent o f  Fullerenes

31 30%
32 20%
36 30%
37 40%

The samples were prepared as a bulk samples and labeled with consecutive 

numbers. Material was removed from the bulk sample and placed on the sensor o f  the 

rheometer. These samples were then labeled with the original bulk sample number, an 

underscore and the number o f  the test. For example, one bulk sample was labeled 

Sample 37. The first time the bulk sample was tested was labeled 3 7 1 .  Figure 4.4 

is a picture o f  a sample after addition o f  the silicon oil and homogenization. Figure 4.5 

is a picture o f  sample 37 after processing had been completed and placed on the sensor.
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Figure 4.4: Sample during processing on magnetic stirrers

Figure 4.5: Sample 37 after processing.
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4.3 Experimental Procedure

The instrumental used in this project included a rheometer, a voltage source, 

voltage meter, a digital camera and a digital video camera. The latter two were used later 

to record and capture observations noted in early experiments. All samples were tested at 

room temperature, approximately 24° to 26° C.

A HAAKE Rheostress RS 150 rheometer was used to perform experimental test. 

As mentioned in Chapter 3, a rheometer is a commonly used experimental machine in 

rheology when testing the rheological properties o f  viscoelastic materials. The following 

sections describe the parameters and tests used to characterize ER activity in the 

C6o/Silicon oil (C6o/Si) suspension samples.

4.3.1 Linear Viscoelastic Range and Frequency Sweep

The first step in characterizing the C6o/Si samples is measuring the critical strain, 

y c . This is the measure o f the strain amplitude dependence o f  the storage modulus. The

linear viscoelastic range o f the sample is equal to or less thanyc [10]. The test is called

an Oscillating Amplitude Sweep or simply the strain sweep. The test was performed with 

controlled deformation for y  = 0.01 to y  = 100 at 1 Hz, 10 Hz, and 100 Hz. The gap size

for all tests was 1 mm.
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Next, the storage modulus and the loss modulus are measured in order to 

characterize the sample with and without an electric field. The test is first performed 

without voltage. The following test is performed with voltage. Voltage is added to the 

sample, while measuring the voltage input with a voltage meter. When the desired 

voltage is reached, the test can be started. Voltages ranged from 0 to 3.5 kV. The 

samples were tested over a range o f  oscillating frequencies with a constant oscillation 

amplitude that is below y c or in the linear viscoelastic range. In this case, the linear 

viscoelastic range was found to be /  < 0.01. The oscillating frequency sweep ranged 

from 1 Hz to 100 Hz. The oscillating frequency tests were performed more than once to 

analyze reproducibility. Furthermore, scanning electron microscopy (SEM) was 

performed in order to investigate structural changes in the fullerenes. The pictures, in 

Figure 4.6, show the experimental setup.

Figure 4.6: Experimental setup.
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In addition to the testing mentioned above, samples 36 and 37 were tested with 

the addition o f UV light in order to evaluate the possibility o f  a photo-ER effect. UV  

light can enhance an ER response for either a positive or negative ER effects [11]. Small 

square mirrors were placed around the sensor and UV light was held steady in a position 

such that it was reflecting o ff the mirrors and on the sample. Figure4.7 illustrates the 

experimental setup for these tests. Additionally a video camera was used to record any 

visible phenomenon.

Figure 4.7: Experimental setup with mirrors and UV light.
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CHAPTER 5

RESULTS AND DISCUSSION

In this chapter, the results o f  experimental testing are discussed alongside any 

observations made throughout the testing procedures. A DC field was used for all tests. 

Fibrillation and particle migration was observed when voltage was added to the samples. 

The results exhibited ER activity for all samples. One samples demonstrated a positive 

photo-ER effects. In some cases, a short would occur at voltages between 2.5 kV to 3.5 

kV. The short would occur at either the sample site or at the power source. The short 

location exhibited a direct relationship to the results. SEM results revealed fiber growth 

for one o f  the samples.

5.1 Sample 31

Sample 31 had a particle weight concentration 30 %. Because the sample size 

was small; sample 31 was tested one time for each voltage o f 0 V, 1 kV and 2kV. The 

effects o f  voltage on the storage and loss modulus as a function o f frequency can be seen 

in Figure 5.1. The increase in G' is indicative o f positive ER effect. In this case, the 

measurement at 1 kV gave higher values than the measurements at 2 kV. These results 

illustrate a favorable ER effect.
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no.

O
(9

-G 'O V  
-G 'O V  
- G '1 kV 
-G " 1 kV 
-G '2 k V  
-G " 2 k V

Frequency Sweep Sample 31
30 % by wt Fullerenes

487

10 100 

Omega (rad/s)
1000

Figure 5.1: Sample 31: Storage and loss modulus vs. frequency

These effects may be attributed to the formation o f columns structures and/or particle 

alignment. G" also exhibited an increase, however the ratio o f  the loss modulus to the 

storage modulus is smaller with an increase o f  the applied field. This indicates that the 

elastic behavior o f  the material is increasing while the viscous behavior is decreasing.

5.2 Sample 32

Sample 32 had a particle weight concentration o f 20 %. The lower concentration 

o f fullerenes caused sedimentation o f particles. Therefore, the sample was homogenized 

for 3 minutes before testing. The sample was tested at voltages o f 0 V, 1 kV, 2 kV and 

3 kV. The ER activity was minimal and shows a decrease in G' at 1 kV and 2kV, as
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shown in the graph in Figure 5.2.

When the sample was to be tested at 3 kV, the sample shorted, displaying a flash 

o f  light. The test was then performed without voltage. The results showed a significant 

increase in G' without voltage than in the first test performed with voltage, as shown in 

Figure 5.3. At 6.28 rad/s, G' increased by 324.6 % where as G" increased by 35.4 % 

and begins to decrease at approximately 3 Hz. At 100 Hz, G” decreases by 13.2 %. This 

indicates that the elastic behavior was approaching the fluid behavior. In other word, the 

material was behaving more like a solid. This is not an indication o f  ER activity 

however. In ER fluids, the increase in storage modulus will not be present without an 

electric field.

The sample was tested several times at 0 V for over 11 minutes as seen in Figure 

5.4. The storage modulus fluctuated from 777 Pa to 648 Pa and then up to 698 Pa. An 

ER effect should be reversible. In this case, the irreversibility o f  the sample is an 

induction that an ER effect has not taken place but rather something else is happening. 

The material may have formed some sort o f  structure. Voltage was then added again. 

While using a probe to measure the voltage input, the structure was disrupted and values 

o f  the storage and loss moduli were similar to the initial values at 0 V, 1 kV and 2kV. 

Thus, irreversibility only lasted as long as the sensor remained undisturbed.
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Frequency Sweep Sample 32_1
20 % by wt Fullerenes
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2 G’ 1 kV
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Figure 5.2: Storage and loss modulus vs. frequency sample 3 2 1 .

Frequency Sweep Sample 32 _1 
20 % by wt Fullerenes
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777
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Omega (rad/s))

Figure 5.3: Sample 3 2 1  after short at 3 kV.
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Frequeny Sweep Sample 32_1 
after sample shorted at 3 kV

100000 1

10000  -

^  1000 H<0(L |

b
O 1001

|
10 1 

1 -
1 10 100 1000

Omega (rad/s)

Figure 5.4: Sample 3 2 1  11 minutes after short.

In addition to the changes in the storage and loss modulus, fibrillation and 

migration o f  particles was observed when voltage was added slowly and held steady 

below 2.8 kV. The sample also appeared to oscillate within the sensor plates. In another 

experiment, voltage was added to the sensor with out running a test to observe and record 

this phenomenon. Figure 5.5 illustrates the fibrillation and migration o f particles to the 

top plate o f the sensor edge. The fibrillation may be a result o f the dipole-dipole 

interactions o f  the particles induced by the electric force. The particle migration and the 

movement o f the sample may be a result o f electrophoresis in which the particles have a 

surface charge. Similar observations were reported by Espin, et al [1].

- 4 G '0  V 
- 4  G" 0 V 
- 5  G" 0 V
-  5 G" 0 V
-  6 G’ 0 V 
- 6  G" 0 V

Total time 8.32 minutes for the three tests and 
approxiamately 1 minute between each test. 
Total time approxiamately 11.32 minutes.
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Figure 5.5: Fibrillation and migration o f particles under a dc field.

5.3 Sample 36

Sample 36 had a particle concentration o f  30 % and was a paste similar to 

sample 31. Sample exhibited ER activity and photo-ER activity with the application o f  

UV light. The sample shorted at the sample site and at the power source. Differences in 

the results were observed depending on the short site. Additionally, fibrillation was 

visible.

Sample 3 6 1  and 36 2 were tested several times at voltages ranging from 0 V to 

3.2 kV. Figure 5.6 and Figure 5.7 demonstrates positive ER activity in these samples.

G' increased with increasing voltage. While G" also increases with increasing voltage, 

it is not as significant as in the storage modulus. This is described by the loss factor, 

tsa S  from Equation 11 in chapter 3. If tan S  >1 then the viscous behavior dominates the 

system, for tan<!> < 1 indicates elastic behavior dominates the system [2]. It is reasonable 

to expect a better ER response due o the higher concentration o f  particles when compared 

to the sample 32. The loss tangent is shown for both 3 6 1  and 396 2. Figure 5.8 and
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Figure 5.9 shows tan delta as a function o f  frequency. They describe the decreasing 

viscous behavior with increasing voltage.

Frequency Sweep Sample 36-1 
30 % by wt Fullerenes
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Figure 5.6: Sample 3 6 1  ER activity.
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Figure 5.7: Sample 36 2 ER activity.
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tan delta 
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Figure 5.8: Tan delta at different voltages for sample 3 6 1 .
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Figure 5.9: Tan delta at different voltages for sample 36 2.
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A difference was noted between the shorts occurring at the sample site or shorts 

occurring at the power source. Furthermore, the intensity o f the short at the sample site 

produced varying results. The first short occurred at 3.2 kV. An increase in G' can be 

seen in Figure 5.10. A second short occurred at 2.8 kV. In this case, the short was 

considerably more intense than in the first short at 3.2 kV. G' exceeded G ” 

indicating the elastic behavior dominated the system. This is shown in Figure 5.11. 

Figure 5.12 is a photo captured from video o f  the flash o f  light during the second short.

Frequency Sweep Sample 36_1
30 % by wt Fullerenes

100000

10000 1 G 'O  V 

1 G ’ OV 
5 G ' 0 V 
5 G - 0 V

6681000  -IS
CL after 1 st short 

at 3.2 kV(9
b

360
Before short100 -

100 10001 10

Omega (rad/s)

Figure 5.10: Sample 3 6 1  after first short 3.2 kV.
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Frequency sweep Sample 36_1
30 % by wt Fullerenes

100000

-1 2  G' 0 V 
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(!)
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10000  -i

1000
1

3170, shorted at 2.8 kV

1320
T'

10 100 1000 

Omega (rad/s)

Figure 5.11: Sample 3 6 1  after second short at 2.8 kV.

Figure 5.12: 3 6 1  during second short at 2.8 kV.

Third short yielded an increase in both G' and G" at the same voltage as the 

second short o f 2.8 kV, however it was not as intense and the values for the storage 

moduli were significantly lower. The loss modulus was higher than the previous short. 

Figure 5.13 is a graph o f the frequency sweep after the third short.
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Frequency Sweep Sample 36_1 
After 3rd Short at 2.8 kV

100000

10000 -

'm
JL

b
b

1000  -

100 +
1

In another test, 3 6 1  a shorted at the sample site and at the power source. Figure 

5.14 shows the difference in the values o f  G'and G" for each location o f the short. In 

this case, the short at the sample site occurred at 2.8 kV and the short at the power source 

occurred at 3 kV. This was the second short for this sample. The difference is an 

indication that the light emitted during a short may be responsible for the behavior o f  the 

material and that the short itself is not as important. The emission o f  light may be an 

electroluminescence in which electric field induced excitation o f  electrons release energy 

in the form o f photons. Single C6o crystals have been reported to exhibit 

electroluminescent behavior [3]. Another explanation may be that o f  an electrical arc

14 G’ 0 V
14 G" 0 V
15 G’ 0 V 
15 G" 0 V

1340

320

10 100 1000 

Omega (rad/s)

Figure 5.13: 36 1 after third short at 2.8 kV.
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discharge. The light emission o f  an electric arc falls in the range o f  ultraviolet light. It is 

similar to light emissions in electric arc discharges in welding [4, 5].

Frequency Sweep Sample 36_1a 
30% by wt Fullerenes

100000

-11  G 'O V  
-11  G 'O V  
-1 2  G 'O V  
-1 2  G 'O V

10000

(0Q.

o
b

1000

100

(1150)
Test #12 -— —  '
shorted in the sample

Test #11 --------
shorted in the power source

10 100 

Omega (rad/s)
1000

Figure 5.14: Difference between short sites.

C6o exposed to visible or UV light in an oxygen free environment, under high 

pressure and high temperature (HPHT) and in other cases, at 300 K, polymerizes the 

fullerenes [6, 7]. Although the samples in this case are exposed to oxygen and are not 

under HPHT conditions, the silicon oil may provide a suitable environment for 

polymerization o f the fullerenes. SEM pictures o f 3 6 1  supports the possibility o f  

polymerization as shown in Figure 5.15. The first image is o f  sample 36 before any 

testing is performed. The second image is o f 3 6 1  after testing. A  large amount o f  fibers 

can be seen that are a result o f  the phenomenon observed during testing.
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(bO

Figure 5.15: SEM images o f  (a) sample 36 and (b) 3 6 1 .
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The effects o f UV light were further investigated. The results indicate a positive 

photo-ER activity as shown in Figure5.16. The values o f  G' and G”are similar to those 

for samples 3 6 1  and 36 2 at 1 kV. G' increases by 57.4 % at 2 kV and increases by 

35.9 % at 3 kV. These results were not reproducible past 2 kV in 36 5. The sample kept 

shorting between 2.5 kV and 2.8 kV. Furthermore, the UV light was a small hand held 

device that was clamped down and placed in a position so that it reflected o ff mirrors 

surrounding the sensor. It is possible that the UV light might not have been reflecting 

light in a similar fashion as for 36 3. Figure 5.16 shows an increase in G' at 2 kV as 

well for sample 36 5 in Figure5.17.
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Figure 5.16: Sample 36_3 with UV light.
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Figure 5.17: Sample 36 5 with UV light.

As in sample 32, fibrillation was visible in sample 3 6 1  and is shown in 

Figure 5.18. Some particle migration can be seen at the bottom right side o f the sensor 

edge; however, it was less than in sample 32. Fibrillation can be seen throughout the 

sample but is most evident on the right side o f the sensor. It is interesting to note that the 

fibrillation appears to be on the upper side o f the sensor throughout the middle and left 

side o f the sensor. This may be caused by distortions on the video from a clear plastic 

film that is placed in front o f the camera to prevent any spatter from landing on the lens.
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Figure 5.18: Fibrillation in sample 3 6 1 .

5.4 Sample 37

Sample 37 had a particle weight concentration o f 40 % and was a paste similar 

to samples 31 and 36. ER activity was observed in sample 37_ 1 and 37 2 as seen in 

Figure 5.19 and Figure 5.20 respectively. Additionally, a higher voltage was achieved up 

to 3.5 kV as seen in Figure 5.21 for sample 37 2. Sample 3 7 1  shorted once at 3.3 kV 

during a test at approximately 10 Hz shown in Figure 5.22. The values exhibited erratic 

behavior and the data did not provide useful information. Figure 5.23 and Figure 5.24 

shows the loss tangent decreasing with increasing voltage for Samples 3 7 1  and 37 2 

with the largest decreases from 0V to 1 kV and then from 1 kV to 2 kV. This indicates 

that the percent increase in G" become smaller with increasing voltage.
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Figure 5.19: ER activity in sample 3 7 1 .
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Figure 5.20: ER activity in sample 37 2.
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Figure 5.21: Higher voltage at 3.5 kV.
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Figure 5.22: Short at 3.3 kV during test
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Figure 5.23: Tan delta at different voltages for sample 3 7 1 .
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Figure 5.24: Tan delta at different voltages for sample 37 2.
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After the sample shorted at 3.3 kV, tests were run at 0 V, 1 kV, 2 kV, 3 kV, 3.2 

kV, 3.3 kV. The sample was tested at 0 V, before increasing the voltage. 11 was observed 

that as the voltage increased the subsequent values o f G' at 0 V increased when 

compared to the previous value at 0 V. This occurred up to 3 kV. At 3.2 kV, G' stared to 

decrease for values with voltage and without voltage. These results are shown in 

Figure 5.25, Figure 5.26, Figure 5.27, Figure 5.28 and Figure 5.29. These changes 

indicates that the ER activity is not reversible and the residual column structures and/or 

particle alignment may be occurring.

Frequency Sweep Sample 37_1 
40 % by wt Fullerenes

-9G'0V 
-  9 G" 0 V 
- 1 0  G' 1 kV 
- 1 0  G" 1 kV

851

916 after sanmple shorted at 3.3 kV

o m e g a  (ra d /s )

Figure 5.25: After short at 3.3 kV.
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Figure 5.26: G'at 0 V increases 35.7 %.
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Figure 5.27: G'at 0 V increases 36.7 %.
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Figure 5.28: G' at 0 V decreases 41.7%.
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Figure 5.29: G'at 0 V decreases 19.2%.
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A photo-ER activity was observed in sample 37 4 at 1 kV. However, it is not as 

significant as in sample 36 3. This may be due to the higher concentration o f fullerenes. 

This might make it more difficult for the ultraviolet light to go through the material.

The results are shown in Figure 5.30 and Figure 5.31. Better results may be obtained 

with a glass electrode that would allow the UV light to penetrate a larger surface area.

Storage Modulus Sample 37_4 
40 % by wt Fullerenes

100000

10000  !

(0(L
o

1000

0 V
0 V with UV
1 kV
1 KV with UV
2 kV
2 kV with UV

1390,

303

100
10 100 

Omega (rad/s)
1000

Figure 5.30: Storage modulus comparison for 37 4 with application o f UV light.
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Figure 5.31: Loss modulus comparison for 37 4 with application o f UV light.

5.5 EFFECTS OF CONCNETRATION

Three weight fractions were investigated. A relationship between ER effects 

and the particle concentrations were observed. Samples 36 and 37 had a similar response 

without an electric field as seen in Figure 5.32. When the voltage is increased to 1 kV and 

2 kV, Sample 37 has a better response than samples 32 and 36. This can be seen in 

Figure 5.33. Sample 36 has a larger response than sample 32 at I kV and 2 kV. This is 

expected with increased particles available for polarization, thus, increasing the number 

o f column structures. In Figure 5.34, a significant increase in the storage modulus is 

observed. Additionally, sample 36 had a significantly larger response than sample 37 at 3
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kV as seen in Figure 5.35. A critical concentration may have been exceeded in sample 37 

for an electric field at 3 kV. On the other hand, voltages up to 3.5 kV were achieved in 

sample 37, whereas sample 36 would short for voltages higher than 3 kV.

100000

Effect of wt % on 
Storage Modulus 

0 V

ra
CL

b

10000

•20 % wt (32) 
• 30 % wt (36) 
■40 % wt (37)

1000 -

368

183

100 *
10 100 

Omega (rad/s)

Figure 5.32: G' at 0 V.
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1000
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b
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10000
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100
10 100 
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Figure 5.33: G'at 1 kV.
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Figure 5.34: G'at 2 kV.
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Figure 5.35: G' at 3 kV.
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CHAPTER 6

CONCLUSIONS

The scope o f  this research has shown the electrorheology o f C60 suspensions. In 

this chapter, conclusions and summary o f the results are presented. The different weight 

percents o f  fullerenes yielded variable results. Samples 31, 36 and 37 showed favorable 

results over sample 32. This is due to the higher concentrations o f  the samples.

Fibrillation was visible in samples 32 and 36 with the application o f  voltage. This 

suggests that particles are forming chains and columns which are indicative o f  ER 

activity. Additionally, particle migration onto the sensor and oscillatory movement o f  the 

material inside the sensors was observed in sample 32. A possible explanation for this 

phenomenon is electrophoretic motion.

Sample 31, 36, and 37 exhibited a positive ER activity. An increase in the storage 

and loss modulus was observed with increasing voltage. The increase in the elastic 

behavior o f the material was greater than the increase in the viscous behavior. Sample 37 

showed a decrease in the storage modulus at voltages greater than 3 kV with increasing 

values for storage modulus at 0 V when intermittently increasing the voltage. Sample 36 

exhibited an increase in storage modulus with the simultaneous application o f  UV light

71
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and voltage. A photo-ER activity was minimal in sample 37. This may be due to the 

higher concentration and/or the position and strength UV light.

On occasion, the application o f  voltage caused a short in the system. The short 

occurred at either the power source or at the sample site. A short at the power source 

produced a low audible hissing sound. A short at the sample site produced a loud 

cracking sound and an emission o f a blue to white light. An interesting phenomenon 

occurred when the short occurred at the sample site. A significant increase in the storage 

modulus occurred. That increase remained without the application o f  voltage for an 

extended period o f time. The increase in the storage modulus was not evident when the 

short occurred at the power source. One o f  two mechanisms may be responsible for the 

increase in G ' . The first mechanism may be electroluminescence, in which the applied 

field causes the excited electrons to release energy. The second possible mechanism may 

be that o f  an electrical arc in which the UV light emitted by the arc causes the UV 

sensitive fullerenes to polymerize to some extent, depending on the intensity o f  the arc.

The microstructure o f sample 3 6 1  was investigated using SEM microscopy. 

Images revealed formation o f numerous fibers with varying lengths, some as large as 60 

to 80 microns. It is speculated that the second short that yielded a dominant elastic 

behavior over the entire frequency range was responsible for the formation o f  these 

fibers.

The observations and results o f  this research project are summarized in Table 6.1. 

The investigation revealed important and exciting results that may open the doors for
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future investigations in C6o fullerenes as ER and photo-ER fluids, as well as, creating 

carbon fibers under an electric field without high pressures and high temperatures.

Table 6.1: Summary o f  results and observations.

Sample %
wt
6̂0

Type ER
Activity

Fibrillation Particle
Migration

Short Site UV Fibers
PS
*

Sample

31 30 Paste YES ** **
32 20 Fluid NO X Yes X
36 30 Paste YES X Yes X X X X
37 40 Paste YES ** No X X X

* PS= power source
** Indication of non-observance not non-occurrence.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX A

Sample 31
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Sample Sample 31 
Size 26 6750 mg 
Method Ramp
Comment Marcy's Sample 31

TGA
File C \TGA\Sil»ccn DINSanpie 3 1 001 
Operator Arturo Alvarez 
Run D ate  2005-04-25 13 00 
Instrum ent TGA 0500 V6 3 Butt 189

10C

6C i

I

600 00 C 
31 47% 
31 47%

400 600

Temperature CC)
1000

Unft/etwl V4 1D T A Instrument*
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Sample Sampie 32 
Size 22 7700 mg 
Method: Ramp
Comment 20 % Wt Fullerenes

TGA
80% Wt. Si Oil

File C. \Sample 32 (25C to 600 C) 001 
Operator Arturo Aivarez 
Run Date. 2005-07-25 14:28 
Instrument TGA Q500 V6 3 Build 189

120 t

20

580 93 C 
21 82% 
21 82%

100 200 300 400 500 600
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S am p le  S am p le  36 
S ize  8  0 540  m g 
M ethod R am p
C om m ent. M arcy 's S am ple  36

TGA
File C  \TGA\Silicon O if\Sam ple 36 001 
O p e ra to r  Arturo A lvarez 
Run D ate  2006-03-17  11 26 
Instrum ent TGA Q 5 0 0  V6 3 Build 189

100

£
2:CD 60 4

600-00'C
29.07%
29,07%

\

4-

2 0 -
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