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ABSTRAKT

Tato diplomova préace je za&tena na fipravu core-shell kompositnich mateti@ hodno-
ceni elektroreologickych, dielektrickych a elektgich vlastnosti jejich suspenzi v siliko-
novém oleji. Titanatové nanaiyky byly piipraveny jako nosi(core). Na povrch nanaty
inek byl v iiznych koncetracich napolymerovan polypyrol (shéWgreni reologickych,
elektrickych a dielektrickych vlastnosti suspenoivpdilo, Ze pouZzitim polypyrolu Ize
modifikovat vlastnosti titanatovych nanoiyek tak, Ze doslo k vyraznému zvyseni elektro-

reologického efektu u elektroreologickych suspenzi.

Kli¢ova slova: core-shell materialy, elektroreologemlogické a dielektrické vlastnosti.

ABSTRACT

This master thesis is aimed on fabrication of &rel composites and evaluation of elec-
trorheological, dielectric and electric propertétheir suspensions in silicone oil. Titanate
nanorods were prepared as a core material. Poblpywas polymerized on the surface of
nanorods in different amounts. Determination obtbgical, electric and dielectric proper-

ties showed that with the use of polypyrrole préipsrof titanate nanorods can be modified
and significantly enhanced electrorheological éffiec electrorheological suspensions is

generated.

Keywords: core-shell materials, electrorheologygalogical and dielectric properties.
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INTRODUCTION

Electrorheological suspensions are special kingmofart“ materials, which can rapidly and
reversibly change their rheological properties uppplication of an external electric field
in kV/mm. Such phenomenon is called electrorhealmgeffect and was discovered by
Winslow in 1947 [1].

Usually electrorheological suspensions consist aénzable particles dispersed in non-
conducting liquid medium. Surface properties otiplas as well as their density determine
two main aspects of such fluids. Polarizabilitypafticles is crucial for generation of inten-
sive electrorheological effect and matching densidmgtrols long term stability of suspen-

sions.

Recently, new types of material, namely core-shake introduced as a dispersed phase of
electrorheological fluids. Cores of various shaped sizes can be prepared and suitable
shell modifies final properties such as densitgclcal conductivity, dielectric constant
etc. Tailoring of such materials provides potenttablevelop highly efficient electrorheo-

logical suspensions having acceptable stability]2,

Conducting polymers such as polyaniline and polyggrrepresent suitable shell materials
for preparation of core-shell composites. They baneasily synthesized on surface of
many substrates providing polarizable layer whiah be adjusted to required electric and

dielectric properties.

Analysis of electric, dielectric and rheologicabperties of electrorheological suspensions

is necessary and their correlation helps to unaedstheir complex behavior.
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1 ELECTRORHEOLOGICAL SUSPENSIONS

An electrorheological (ER) suspension is a codbslispension which contains two
phases - dispersed phase and continuous phaséoriter is mostly represented by solid
particles, the latter is formed by non-aqueousidiquedium [2]. Great importance is at-
tached to these suspensions because of theiryabilithange properties upon application

of an external electric field [4].

For ER suspensions to be applicable in indusolowing properties have to be

achieved:

1. ER suspension should rapidly revert to the lowas#y state, after removal of

external electric field

2. ER suspension must be durable after prolonged usagegineering devices,

with regards to their physical and chemical prapert

3. ER suspension must be compatible with the matesatl in engineering de-

vices

4. ER suspension should exhibit resistance againshtdelegradation [5, 6].

1.1 Electrorheological effect

ER effect is defined as a change of rheologicaperties, such as viscosity, shear
stress, and shear modulus, in presence of an ekiattric field. Rheological properties
can both increase or decrease; in all cases, #rggels are determined by physical proper-
ties of both phases [7]. ER suspensions could éxdgeral types of ER effects. From the
point of view of change in viscosity, shear stress] modulus, the positive and negative
effects can be distinguished. In the former, rhgickal properties increase with electrical
field strength, in the latter decrease. Speciat typpositive effect is giant ER effect, where

huge columns are created in electric field [8, 9].

ER effects are more often divided according tostesibility to the type of applied
field. Than the electro, magneto, electro-magnkeémlogical effect and photo effect can be

distinguished. In the following text, the basi@acacteristics of each type are described.
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1.1.1 Positive and negative ER effects

As described before, the positive ER effect mehasthe viscosity and yield stress in-
crease when an external electric field is appliBte enhancement is caused by particle
reorganization in suspension. The particles ararad in electric field and create fibrous
structures between electrodes due to an applietrieléeld and their polarizability. Fig.1
shows the mechanism of the particle movement. énatsence of external electric field
particles are dispersed randomly in the suspenS$ihren the electric field is applied par-
ticles form chain-like structure perpendicularlyttee electrodes. When the shear flow is
applied the particles move in the fibrous structurethe flow direction [6]. This ER effect

was discovered by Winslow [1].

O
O

O

O

O )

Fig. 1: Schematic diagram of ER suspension (a)autlapplied external electric
field, (b) with applied external electric field,)(with applied shear flow

and external electric field. [6]

Giant ER effect is a special case of positive BHRotfand it was recently discov-
ered by Wen [10]. In this case, after applicatibrexternal electric field, the pola-
rized particles aggregate into columns aligned glive field direction. It was found
out that such behavior is attributed to the smiakk gin order of nanometers) and

large surface area and thus high polarizabilitthefparticles, Fig. 3 [11, 12].
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Fig. 2: Schematic diagram of creating columns uralgplied electric field [11].

Contrary to the positive effect, in the case of tlegative ER effect viscosity,

shear stress and modulus decrease with increasieinal electric field.

As shown in Fig. 3, the particles are either chdrgenuniformly, where some
particles are negatively charged and some areiyagitharged (mixed charges) or
uniformly (single sign charge). In electric fielparticles migrate towards both elec-
trodes. This phenomenon, which is also called elpbbresis, leads to the phase

separation in the suspension.

Unlike the positive effect, where chain troughagphaetween electrodes is built,
in the case of negative effect, the charges areertdrated at electrodes, what causes

decrease in rheological properties with enhanclecgtec field strength [13].
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Fig. 3: Phase separation under an electric field due tactetgphoresis, which

leads to the negative ER effect [2].

1.1.2 Electro-magneto-rheological effect

ER effect means that suspensions change their piegé electric field, magnetor-
heological (MR) effect means that suspension rdacatsagnetic field. The combination of
both effects is electro-magneto-rheological (EMRg@&. Suspensions could respond to an
external electric and a magnetic field separatelgimultaneously. Such materials usually
exhibit behavior with synergic effect. As shownHig.4, the direction of the applied elec-

tric field can be parallel or perpendicular to apglmagnetic field.

LY /

o O O
; O o 0 00
OO0 0 Shl -~

Fig. 4: Schematic illustration of particle organiman in EMR ef-
fect. H represents applied magnetic field and Ereéspnts

electric field [2].
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The EMR effect is stronger than both ER and MRaewhen electric field alone in

the case of ER effect and magnetic field alongied in the case of MR effect [14].

1.1.3 Photo ER effect

Photo ER effect is a special type of the ER effeatias also found out, that the water
content is important on the particle surface. it ba easily modified by amount of water in
the suspension. Low content (< 2 wt.%) providestpesphoto ER effect. When the sus-
pension is illuminated, the low photocurrent appebinder the influence of electric field,
the polarization of the particles creates the chagtween the electrodes. The higher con-
tent (>3 wt.%) gives negative photo ER effect. Whiea suspension is illuminated, the
photoeletrophoresis occurs under the applicatiorelettric field. Particles and their
charges are concentrated around both electrodeshwdad to negative photo ER effect
[15].

1.2 Properties of suspensions

1.2.1 Rheological properties

Among rheological properties belong shear strgiesd(stress), shear viscosity, and
shear modulus. In the case of ER suspensionshéwdogical properties can be measured
either at applied electric field or without electfield. Results are subsequently compared.

Values of electric field strength usually lie inernval 0.5-3 kV/mm [1].

In the absence of electric field, the ER susperssghow the Newtonian behavior,
when shear stress increases linearly with apphedrsrate. This situation is described by

following equation.

r=nly 1)
where
T - shear stress [Pa]

n - shear viscosity [Pa.s]

;./ - shear rate [1/s]
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On the other hand, at applied electric field, bébragf ER suspension is changed i.e.
viscosity and shear stress increase. Under thesditioms, behavior of ER suspen-

sions can be often described by Bingham equatién[Z].

T=0py+T, 2)
where
T — shear stress [Pa]

ne — plastic viscosity [Pa.s]

}./ - shear rate [1/s]

1y — Yyield stress [Pa]

Fig. 5 shows the typical rheological behavior of &gpensions. Without an applied elec-
tric field the suspension exhibits the linear Naviam dependence. When the electric field
is applied, shear stress reaches plateau at loav shes [18]. The forces between particles
induced by external electric field are higher tigdrodynamic forces generated by shear-
ing. At high shear rates the electrostatic foraesexceeded and hydrodynamic forces are

dominant. So that, the shear stress increaseghatimcreasing shear rate [19].
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Fig. 5: Dependence between shear stress and shear rapolpi(napthalene quinone)

radical (PNQR) in silicone oil at various electfield strengths [18].

On the other hand, the higher shearing leads iredsing viscosity, due to destruc-
tion of the chains created in the suspensionsppiication of electric field, as can be seen
in Fig. 6 [15].
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Fig. 6: Dependence between shear viscosity and shearaoafofy (naphthalene
qguinone) radical (PNQR) in silicone oil under fouarious electric field
strengths [18].

1.2.2 Dielectric properties

Dielectrics are special types of materials, whiok a@ble to be polarized, and thus
transfer electric charge, in applied electric fielthere are several types of polarization
such as electronic, atomic, ionic, Debye and iatzal. In the case of ER suspensions, the
interfacial polarization mostly occurs. It resuftem interfaces between the dispersed
phase and continuous phase, which have differeamdwdivities. The charge carriers may
be trapped at the interfaces, forming the spacegeh@nd generating the polarization also

called Wagner — Maxwell [6].

Device for measurement of dielectric propertiescisematically shown in Fig 7. Ma-
terial is placed between two electrodes. The natgehis generated on the surface of elec-
trodes [17].
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Electrodes
(plates)

Dielectric
substrate

Fig. 7: Schematic illustration of a dielectric between w®lectrodes [20].

Polarization is a time dependent process becapséedineed time to order accord-
ing to changes in electric field direction.
The ability of a material to become polarized isp@ense to the electric field is controlled
by its dielectric constard. It could be determined, as a capacitance of awetewith the

dielectric between electrodes divided by the cdapace of empty condenser filled with air.

£=—= 3)

where
€'— dielectric constant
Co — capacitance of empty condenser filled with air

C — capacitance of condenser with the dielectrievben electrodes



TBU in Zlin, Faculty of Technology 20

In the alternating current, dielectric propertiepend on the frequency, and are expressed

by complex dielectric constant in equation (4).

e'(w)=e(w)-ie"(w) 4)

£ =|é cosd, £ =|glsind, (5)

tand =5- (6)
&

where
¢ - complex dielectric constant
¢ - dielectric constant
¢ - dielectric loss factor

tand— dielectric loss tangent [20].
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Fig. 8: Dielectric spectra of electrorheological materiglda-titanate nanotube

(circle points) and H-titanate nanotube (squarentsj) [19].



TBU in Zlin, Faculty of Technology 21

Dielectric properties of the particles such asdtiglc constantg, dielectric loss
factor,¢ , dielectric loss tangent, tan particle polarizability\e (eq. 7) and relaxation time,
trel , Were presented. Hao [2] experimentally and thigeally determined that the dielectric
loss tangent should be higher than 0.1 for goodaEiRity. Also the polarizability of par-
ticles should be large. Therefore the particles easily polarized and easily create the
chains between electrodes. [21] It is requiredt tha particles should have position of
maximume' in a frequency range approximately?l@° Hz providing relaxation time short
enough. When the relaxation time is low, and eledield is applied, the particles become

polarized very quickly. [22]
Ne=(gs-€.) (7)
where
£ s — static dielectric constant

€ » - high frequency limit dielectric constant
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2 ELECTRORHEOLOGICAL MATERIALS

The ER suspensions include dispersed phase andwmn$ phase. These materials should

exhibit some key properties, as already mentioned.

Various types of materials can be used for premaratf such suspensions. In this chapter,

materials with advanced properties and usage isUERensions are introduced.

2.1 Dispersed phase

The dispersed phase is mostly presented by sofittlea [2]. These particles should exhi-

bit following properties.

1. Particle size should be normally in the range AQGuM.

2. The particles creating agglomerates should be groto the powder before usage.
3. Particles should show minimal sedimentation inghgpensions.

4. Particles should exhibit large polarization underagplied external electric field,

leading to strong interparticle forces and a highdfinduced viscosity.

Particles should be able to polarize in electrétdfi Polarization means that a charge is
formed on the originally electrically neutral paltis. These polarized particles create di-
poles on their surface and react with externaltetad field by movement according to the

changes in electric field direction [23].

The size of the particles is significant factoduehcing ER properties. Too small particles
exhibit high Brownian motion, and thus destroyitgias. On the other hand, with increas-
ing particle size, the sedimentation acceleratés;iwnegatively influences forming chains

between the electrodes. [24] Hence, too largeglastmake ER effect weaken.

2.1.1 Inorganic materials

Inorganic particles such as TABaTiG;, silica, zeolite, etc. [13, 21, 25, 26] were ugual

used in ER suspensions and exhibit good ER behaluerto the small amount of moisture
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appeared on the particle surface. On the other,lthede particles prove enhanced sedi-
mentation, which makes the suspension unstableth&nalisadvantage is their abrasive-
ness in ER devices. Also when the higher temperatuapplied, water can evaporate and

ER effect becomes weaker [2].

2.1.2 Organic materials

Organic materials i.e. potato starch, chitosaryloele and its derivates, were also tested in
ER suspensions [27, 28, 29, 30]. Comparing to maigmaterials they exhibit lower den-
sity and abrasiveness. However they usually abkoge portion of water which makes

their properties thermally unstable.

2.1.3 Conductive polymers

Conductive polymers, such as polyaniline (PANIDpotypyrrole (PPy), are often used in
ER suspensions [23 31]. PANI is applied due tohésmal stability and lower density than
other ER materials. Opposite to inorganics, PAMuees the problem with the sedimenta-
tion. PANI is also often employed for easy preparaty oxidative polymerization as
shown in Fig. 9 [32].

Polymerization 1N _@ Il\l@ ll\l@ i

I
IR

Fig. 9: Molecular structure of polyaniline [2]

Conductivity of PANI suitable for preparation ofexftive ER suspensions can be adjusted
by doping process using various acids. Then intgmdi ER effect significantly changes

with doping level as can be seen in Fig.10. [33]



TBU in Zlin, Faculty of Technology 24

1000
B FAN| .
® PAN| malonale salt
& PAN| succinate salt e
¥ FANI pimelate salt - e
= 100 1 P — e e
L : S % A
e 5 - =
[iy] A -~
o g -
= = s =
7 -
o -
D 10 L e
= 2 g
.-'--'...-
- '-'
1 I

Electric Field (kW/mm)

Fig. 10: Dependence between yield stress and electric Stedohgth. [33]

Another often employed conductive polymer is polyple (PPy). Angeli and Alessandri
in 1916 found out polymerization of pyrrole in aci@tmosphere using8, [55] Proper-
ties of polypyrrole depend on fabrication and siatevhich is the polymer. In oxidized
state the PPy have a metal character and behave@sductor. In the neutral state it be-
haves as a semiconductor and exhibits sufficientdgactivity, appropriate density and en-
vironmental stability in comparison to many othemmiconducting polymers. Suitable
conductivity ensures good ER effect and could haeséeld by conditions during polymeri-
zation, or by alkalization of the fabricated pdes PPy can be easily prepared by oxida-

tive polymerization, as can be seen in Fig.11. [34]

H H H
n. Oxidise  n:  Polymerise FN o
U— U SR W'

Fig. 11: Molecular structure of polypyrrole [2]
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It is often used in ER suspensions due to enhaiéecdffect. Fig.12 shows, when the
higher content of polypyrrole is used in suspensiba ER properties such as yield stress
increase. [35] This polymer is applied in core-sbhemposites as a shell material and ex-

hibits improvement of ER properties.

250

® | 5vol% ey
200 b a 4.5 vol.% /”/

v 7.0wol%

v 10val.% / %

Yield Stress (Pa)

0 '\I Li} IIZ]I[ZI'I lf:[ ] EIJII i
Electric Field Strength (V/mm}
Fig. 12: Dependence between yield stress and electric §gkehgth at various

content of polypyrrole [36].

2.1.4 Core-shell materials

Core-shell particles are new group of progressnaterials used for ER suspen-
sions. The core-shell particle is formed from heode and soft shell. Materials with high
dielectric constant and reasonable conductivity®(80cm) i.e.BaTiO (GO4),, multiwall
carbon nanotubes (MWCNT), titanate nanorods anatnées, silica, etc., are frequently
used as a core. [8] As a shell material, both pelhgnand also inorganic materials can be

used. Conductive polymers or urea coatings are efteployed [10, 11 31, 37,38].

The core-shell materials exhibit enhanced ER eff@é2]. ER properties are improved

comparing to use of individual components in ERpsuasions [2, 38]. As seen in Fig. 13,
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the higher the shell content, the higher yieldsstrddensity of such materials can better
match density of continuous phase and thus impEResuspension stability. [11] This
kind of materials have attracted research acts/iied results show their great potential in

design of ER suspensions with high efficiency [39].

Yield stress  (kPa)

i 1 i 3 4 o

Eleciric field (k' /mm)

Fig. 13: Dependence of static yield stress against interddigglectric field of Ba-
TiO((C,04)NH,CONH,) particles in silicone oil (a) sample with least
shell content, (b) sample with medium shell contérjt sample with

higher shell content [22].

2.2 Continuous phase

As a continuous phase, non-conductive liquidsmostly employed. Water was
also tested, but it proved many disadvantagesamrosion, and low range of usage due to
low thermal stability. Therefore non-aqueous systench as mineral or vegetable oils are

used at present [2].

Also continuous phase have to reach some impqptaperties:
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1. to have a high boiling point and solidifying po{nbt to be evaporated easily in

working temperature range)

2. to have a low viscosity for keeping viscosity ofoldnsuspension at low level at

zero electric field
3. to have high resistance and high breakdown strength
4. to have a suitable density

5. to have a high chemical stability (be resistanirsjalegradation and would not

react with another materials

6. to have a certain hydrophobicity (would not absimd much moisture form en-

vironment)

7. to have a low toxicity and low cost [17].

Continuous phase has a strong impact on ER eBesides suitable density and viscosity,
it is important to ensure optimal dielectric comstaatio of particles to the continuous
phase. The high dielectric constant value of catirs phase makes the ER effect weaker
[40].

Another research explains that the interactionwéen silicone oil and solid nanoparticles
exhibit the significant influence on the ER effdesults indicate that hydrogen bonds are
subservient to linking the silicone oil to ER sopdrticles. An optimal oil structure, with
hydroxyl-terminated silicone oil and a suitablecasity, could finally create the highest

yield stress [24].
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3 FACTORS INFLUENCING ELECTRORHEOLOGICAL EFFECT

There are some factors, which could positivelyegatively influence the ER ef-
fect. The most important factors are electric fietdrength and frequency, but also temper-

ature, volume fraction and electrode patterns areia to ER behavior.

3.1 Electric field

3.1.1 Electric field strength

The ER effect is induced by external electricdielhis effect could not start, until

the applied electric field exceeds critical fietcesgth. This value could be expressed as:

g -P=C 87K, T (8)
ol Veove,

wherep is particle densityg is particle concentrationy is the average volume of a

particle,kgT is the thermal energy;, is the dielectric constant of continuous phases a

constant expressed as .

a=———— 9)

whereg, is the dielectric constant of particles anid a numerical constant depend-

ing on the particle geometry.

Equation (8) indicates that the critical elecfratd strength decreases with increas-

ing particle concentration. It was experimentalbnfirmed that the critical electric field
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strength is a function of the particle volume fract dielectric constant and conductivity of

the particles and continuous phase [2].

As can be seen in Fig.14, with increasing eledieicl strength, polarization between par-

ticles increases, hence electric field viscosityeases.

1200
() polyi2-ethylaniline)
10040 4 N
(&) polviN-methylaniline
w
.L'ﬂ
= 8001 ¢y poly(ortho-toluidine)
£
E 00 (%) poly(N-ethylaniline
g
=
.
= 400
i
="
T
.
Ll O
0

Electric Field Strenght (kY /mm)

Fig. 14: Dependence between electric field streragtt electric field viscosity of

various polyaniline derivates [41].

The shear stress - external electric field deperelés plotted in Fig.15. Shear stress is
usually proportional to square of electric fieldesigth E. This trend originates from the

stronger interactions between particles inducedlégtric field strength [41].
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Fig. 15: Dependence between shear stress and aktelectric field of various
polyaniline derivates [41].

3.1.2 Frequency

Frequency plays important role in ER suspensiopigtions. ER suspensions be-
have in a different way at low and high frequenchgslow frequencies, polarized particles
move according changes of electric field directiang line up perpendicular to the elec-
trodes. On the other hand, at high frequenciesptiarized particles are not able to re-
spond to the electric field. Therefgelarization can be only occurred through the molec
lar orientation, Fig.16 [42]. At frequency 200 Hield induced change in the shear stress
At decreases with frequency. Around the 10 kHz, #leevofAt is almost zero, which can

be interpreted, due to relaxation effect of indupetérization [43].
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Fig. 16: Shear stress vs. frequency of the electric

field (1 kvV/mm) at various shear rates [42].

3.2 Temperature

There are two approaches to explain the impaatraperature on ER effect. The former is
that temperature changes polarizability of the ERpensionsBecause of the higher tem-

perature the dielectric properties and particledotivity are changed.

The latter is that temperature influences the garthermal motion. At the higher tempera-
ture, the Brownian motion is intensive and parab@uld not create the fibrillated struc-

tures inside the suspension and ER effect becoraakex.[2]

As can be seen in Fig.17, the shear stress in@®ateraising temperature. At lower tem-
peratures particles cannot move through suspemsidrhardly creates the chains between
electrodes. When the temperature raises the vigookthe suspension decreases, hence
the particles can easily form the chains perpefalido the electrodes. On the other hand,
when the temperature is too high, Brownian thermation is intensified which leads to

lower stability of suspension [44].
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Fig. 17: Dependence between shear stress and sheanf DBSA-doped PANI

based ER suspension at various temperatures [44].

3.3 Volume fraction

The particle volume fraction influences rheologjipeoperties. As seen in Fig. 18

yield stress increases with increasing particleiva fraction [45].
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Fig. 18: Dependence of yield stress against volumaetion of PPy-Sn@
methylcelulose nanocomposite suspension at varigestric field
strengths [30].
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It was found out experimentally, that the optimalume fraction for ER effect is
between 5 and 30 %. If the particle volume fracti®mut of this range, ER suspensions
exhibit insufficient ER activity [46].

3.4 Electrode patterns

The impact of electrode patterns has been disdussmany studies [47, 48, 49].
Samples with electrode surfaces roughened by sprdghowed higher ER effect than the
original one. On the other hand, sample with agdchircular or rectangular polyvinyl
patches on the electrode surfaces did not significghow a difference from the original
one [50]. Another group found out [51] that theundd changes in the local electric field,
resulted in a highly localized structure on thecetede with axial grooves and ridges. The
measured stress was twofold higher comparing ten@oth electrode. Also the coating by

polyethylene glycol terephthalate (PETG) mesh iases the ER effect [52].
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4 APPLICATIONS

Electrorheological suspensions are advanced inynradustrial areas. ER effect
enables continuously and reversibly change mechbkgsteength of ER suspensions from
liquid state to the solid state by simply adjustthg properties of external electric field.
This phenomenon has been applied in various deviresh as damping devices, torque

transmission devices, hydraulic waves and manysflig.

4.1 Damping devices

Damping devices ensure conversion of mechanicafgmeto thermal energy. They can be
categorized as flow mode, shear mode, or mixed rdedes. Flow mode devices employ
a pseudo-Poiseuille or pressure flow of ER matgriahd the electrified flow boundaries
are stationary with respect to the flow. Shear naeldces employ a pseudo-Couette flow
of ER material, and one electrified flow boundarguas with respect to the flow. Mixed

mode devices employ a combination of both sheaaimd) channel flow. Fig.19 presents
three dampers employing the flow mode, mixed made, shear mode in ER dampers. In
these devices, control of the electric field acriesER flow modulates the force that op-

poses the motion of the plunger.

b}  Mbed-mods (e} Shearmode

“ ER cortral
Q gap

ER control
aap

Fig. 19: lllustration of three operating modes iRElampers [53].
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4.2 Torque transmission devices

Very important area of application of ER fluids lumte transferring and controlling torque
from a power source or engine to any number ofasvas shown in Fig. 20. This device is
currently used like torque converters and frictdutches in automobiles and other types of
magnetic or centrifugal clutches for less sevemiegtions such as automobile air condi-
tioners. Such devices present potential of verypBrmachines with direct computer con-

trol.

Fig. 20: lllustration of two clutches includes tytates or rotors [53].

4.3 Hydraulic valves

ER valves could modulate flows continuously frorii @pen to full shut, would be much
smaller, much faster, require much less power,candtd be controlled directly by comput-
er. The primary control parameters in hydraulicwits are pressure and volumetric flow

rate. The ER valve in a hydraulic channel circsischematically shown in Fig. 21 [53].
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Fig. 21: The ER valve with electrodes on the badless of the tube trough which

ER active suspension flows [53].

There are many others application where the EResisspns are used i.e. gripping devices,
seismic controlling frame structure, and human reustimulator. These materials have a

various applications and have vast industrial n¢gds
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5 AIM OF WORK

The aims of the Master Thesis are as follows:
= Selection of suitable core and shell materialgpfeparation of composites.
= Preparation of samples with different amount oflstentent.
»= Determination of rheological and dielectric projpest

= Evaluation of obtained results.
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lI. ANALYSIS
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6 EXPERIMENTAL

6.1 Preparation of core-shell materials

6.1.1 Core material

Titanate (TNt) nanorods were prepared from Jfi@noparticles by synthesis with follow-
ing procedure.

1.5 g of TiQ nanoparticles was dissolved in 70 ml of 10M Na®@HS minutes, then solu-
tion was filled in 100 ml autoclave. After that,Jsiion was heated at 200°C for 24 hours.
Finally, autoclave was cooled down naturally. Fedied TNt nanorods (white precipitate)

were washed by distilled water several times tdnaépH=7.

Fig. 22: Steel autoclave for preparation of TNt nawds

Steel autoclave contains container from polytai@tthylene (PTFE), providing high
thermal and chemical stability and good sealingertes. (Fig. 22)
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6.1.2 Shell material

PPy was applied as a shell material on the TNt matso The syntheses of PPy on the na-

norods can be also seen at Fig. 24 and were pertbimthe apparatus shown in Fig. 23.

Fig. 23 : Apparatus for preparation of core-shetingposites (1 - mixing device, 2 —flask

with dropper, 3 — three-necks flask, 4 — coolinglimm, 5 — thermometer, 6 — pot

1.845 g of cetyltrimethylammoniumbromid (CTAB) wdsssolved in 100 ml of distilled
water. This solution was stirred for 30 minutesteAfthat, 2 g of TNt nanorods were put
into the CTAB solution and sonificated for 20 miesit Then suspension was transferred
into the three-necks flask mixed at 365 rpm andembdown to 0-5°CLater, pyrrole (Py)
was added into the flask at different amountsidtot ammoniumpersulfate (APS) was
added into the solution dropwise after another Ifutes. Composition of samples is

shown in table 1.
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Table 1: Composition of samples

TNt nanorods [g] pyrrole [ml] ammoniumpersulfate [g]
Sample 1 2.0 0.0 0.00
Sample 2 2.0 0.5 1.64
Sample 3 2.0 1.0 3.32
Sample 4 2.0 2.0 6.64
Sample 5 2.0 4.0 13.28

After addition of initiator, the solution in therte-necks flask was cooled to 0-5°C for 8
hours and another 12 hours kept under room temperduring polymerization. Then the
polypyrrole-TNt nanorods were filtered. CTAB wasn@ved from composite by washing
with distilled water. All surfactant should be rewed because it could have negative im-

pact on electrorheological activity.

HO—
OH vlm

H
N 5 -

:I— OH Polymerization

Fig. 24: Schematic formation mechanism for theTRy/Reomposite[56]

In order to decrease conductivity of PPy, prepaadples were put into the flask with 40
ml of 3 vol. % aqueous ammonia and stirred for @@rk. Then the samples were washed
with distilled water to dismiss the aqueous ammdroan the particles and dried in oven

for 6 hours at 60°C. This procedure was repeatézetw

Finally, samples were grinded in agate mortar eofthe powder and stored in the plastic

polypropylene bottle in desiccator.
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6.2 Preparation of suspensions

Samples of prepared core-shell materials and pbiten&norods were dried at 80°C for 48

hours under vacuum to ensure that they do not contaisture.

TNt-polypyrrole composite particles were dispersesdilicone oil (Lukosiol M200, Chem-
ical works Kolin, Czech Republig; = 200 mPa.sg. ~10*'S/cm) to prepare 5 wt.% sus-
pensions. At first, suspensions were stirred mechiy with glass stick and then sonifi-

cated for 30 seconds before each experiment.

6.3 Electrorheological measurement

The ER properties were measured with rotationabmieter Bohlin Gemini (Malvern In-
struments, UK) with coaxial-cylinders geometry. Tiogating inner cylinder of 14 mm in
diameter and stationary outer cylinder were sepdray 0.7 mm gap. Measurements were
carried out at controlled shear rate mode in thgeaf 0.1 — 300 1/s and DC electric field
strengths 0 — 3 kV/mm. The chosen geometry wasesiad to DC high-voltage source
TREK (TREK 668B, USA). All rheological measurementsre performed at 25°C.

6.4 Current-voltage measurement

Current-voltage characteristics were measured thélrotational rheometer Bohlin Gemini
(Malvern Instruments, UK) with coaxial-cylindersageetry. The rotating inner cylinder of
14 mm in diameter and stationary outer cylinderenssparated by 0.7 mm gap. Instrument
modified for ER experiments was connected with Dghtvoltage source TREK (TREK
668B, USA), digital multimeter (Hexagon 720, Gernyjaand used for measurement of the
time dependence of the current passing througBubpension in the time range of 0-300 s
without rotation of inner cylinder. Before each m@@ment at a new electric field strength
the chain created between electrodes were destimystiearing the sample at shear rates

20 1/s for 80 s.
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6.5 Dielectric measurement

Frequency dependences (in range of 10 >Hx%) of dielectric constare’ and dielectric
loss factore” of 5 wt% suspensions were measured with Hiolid3 RCL, Hi Tester, Ja-
pan) at 25°C.
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7 RESULTS AND DISCUSION

7.1 Morphology of the samples

Morphologies of TNt nanorods and PPy/TNt compositesracterized by SEM are shown
in Figs. 25-29. TNt nanorods with diameters of dddfd0 nm and length up to several mi-
crons are observed in Fig. 25. The PPy/TNt comps®ikhibit different morphology than
TNt nanorods. Diameter of the nanorods is changgld eoncentration of pyrrole in the
reaction mixture. Average diameter grows with higtentent of pyrrole added during po-
lymerization. PPy is obviously polymerized on theface of TNt nanorods, however PPy
forms shell onto the surface of each TNt nanorodaasbe seen in Figs. 65-29. Therefore

this fibrillar composite has a typical core-shétusture.

Fig. 25: SEM image of sample 1
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1Sk ¥id, a80 1rern

Fig. 26: SEM image of sample 2.

1Sk HEBsBHE0 1kt

Fig. 27: SEM image of sample 3.
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Fig. 28: SEM image of sample 4.

15k FLH. BBE

Fig. 29: SEM image of sample 5.
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7.2 Electrorheological behavior

Figs. 30-34 show shear stress as a function of sheafor 5 wt. % suspensions at various
electric field strengths. Without an applied eliecfield shear stress linearly increases with
the shear rate and thus the samples exhibit a Méavidike behavior. When the electric
field is applied suspensions show yield stress @mnaequence of created chain-like struc-
tures between electrodes. At low shear rates ekdetic forces dominate over hydrody-
namic ones due to strong interactions betweendgestiunder applied electric field. At
higher shear rates, the hydrodynamic forces domioaer electrostatic ones. With increas-
ing shear rates chains are being continuously @esirand samples exhibit liquid-like be-

havior.

100 — > _/-

T [Pa]

=

0.1 1 10 100
y [1/s]

Fig. 30: Dependence of shear stregspn shear ratey, for sample 1 at various electric
field strengths E (kV/mmid 0, O 0.5, 1.0,A 1.5,V 2.0,+ 2.5, X 3.0. Solid

lines represent Choi-Choi-Jhon model fit.
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Fig. 31: Dependence of shear stregspn shear ratey, for sample 2 at various electric
field strengths E (kV/mm)J 0,0 0.5, 1.0,A 1.5,V 2.0,+ 2.5, X 3.0. Solid

lines represent Choi-Choi-Jhon model fit.
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Fig. 32: Dependence of shear stregspn shear ratey, for sample 3 at various electric
field strengths E (kV/mm)J 0,0 0.5, 1.0,A 1.5,V 2.0,+ 2.5, X 3.0. Solid

lines represent Choi-Choi-Jhon model fit.
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Fig. 33: Dependence of shear stregspn shear ratey, for sample 4 at various electric
field strengths E (kV/mml 0, O 0.5, 1.0,A 1.5,V 2.0,+ 2.5, X 3.0. Solid

lines represent Choi-Choi-Jhon model fit.
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Fig. 34: Dependence of shear stregspn shear ratey, for sample 5 at various electric
field strengths E (kV/mml 0, O 0.5, 1.0,A 1.5,V 2.0,+ 2.5, X 3.0. Solid

lines represent Choi-Choi-Jhon model fit.
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Electrorheological data including shear stress stmehr viscosity were fit by Choi-Choi-
Jhon model (eq.10) [19]. Six parameters of this ehekere determined using least square
method in Solver option of MS EXCEL and are showtables 2-6.

y (10)

wherea is related to decrease in the shear stfe$s,exponent and falls <1, t, and %
are time constants, ang is the shear viscosity at a high shear rate inatteence of an
electric field. It is found that this model can deise the stress decrease phenomena at low

shear rates region as well as to provide yieléste

Table 2: Parameters of the Choi-Choi-Jhon modekfmmple 1

0 kv/imm | 0.5 kV/mm | 1.0 kV/mm | 1.5 kV/mm | 2.0 kV/mm | 2.5 kV/Imm | 3.0 kV/mm
Ty | 0.13 0.59 1.57 2.18 2.80 3.47 5.03
t; 0.04 0.63 0.17 0.36 0.46 0.66 0.79
o | 40.57 7,78 6.24 5,92 0.89 0.61 0.42
Nw| 0.28 0.28 0.28 0.28 0.28 0.28 0.28
t 0.36 0.11 0.04 0.02 0.02 0.01 0.001
B 0.33 0.90 0.77 0.78 0.79 0.77 0.67
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Table 3: Parameters of the Choi-Choi-Jhon modekfmmple 2

0 kV/mm | 0.5 kV/mm | 1.0 kV/mm | 1.5 kV/mm | 2.0 kV/mm | 2.5 kV/mm | 3.0 kV/mm
Ty 0.01 0.68 4.86 7.24 8.38 9.93 10.14
9] 6.76 7.35 7.22 3.48 1.76 1.33 0.87
a 4.91 2.61 1.17 1.14 1.20 1.29 1.50
Moo 0.24 0.26 0.26 0.26 0.24 0.24 0.23
tp 0.48 0.30 0.11 0.06 0.03 0.02 0.01
B 0.28 0.98 0.89 0.8 0.62 0.57 0.53
Table 4: Parameters of the Choi-Choi-Jhon modekfimple 3
0 kv/imm | 0.5 kV/mm | 1.0 kV/mm | 1.5 kV/mm | 2.0 kV/mm | 2.5 kV/mm | 3.0 kV/mm
Ty 0.01 3.64 5.87 12.44 26.331 31.804 32.504
t 0.48 16.96 2.96 2.67 2.114 1.345 0.818
a 18.43 14.12 5.39 3.86 2.042 2.433 2.063
Moo 0.28 0.30 0.30 0.30 0.300 0.300 0.300
[} 0.11 0.05 0.01 0.01 0.005 0.002 0.002
B 0.74 0.96 0.93 0.92 0.808 0.705 0.662
Table 5: Parameters of the Choi-Choi-Jhon modekfmmple 4
0 kV/mm | 0.5 kV/mm | 1.0 kV/mm | 1.5 kV/mm | 2.0 kV/mm | 2.5 kV/mm | 3.0 kV/mm
Ty 0.14 421 17.25 22.00 27.101 34.769 36.777
9] 0.49 12.52 5.19 8.34 1.369 0.951 1.223
a 3,65 2.80 1.80 1.39 2.573 2.056 2.181
Nwo 0.28 0.29 0.27 0.3 0.270 0.280 0.280
to 0.11 0.04 0.01 0.01 0.003 0.002 0.001
B 0.76 0.99 0.90 0.94 0.794 0.742 0.716
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Table 6: Parameters of the Choi-Choi-Jhon modekfmmple 5

0 kV/mm | 0.5 kV/mm | 1.0 kV/mm | 1.5 kV/mm | 2.0 kV/mm | 2.5 kV/mm | 3.0 kV/mm
Ty | 021 9.44 18.98 60.79 85.38 120.043 126.867
9] 2.35 0.15 0.04 0.02 0.01 0.005 0.008
a 3.78 0.52 131 0.99 1.08 1.069 1.349
Moo 0.25 0.28 0.27 0.27 0.27 0.280 0.280
t 0.12 0.16 0.03 0.04 0.02 0.011 0.003
B 0.76 0.99 0.95 0.90 0.89 0.886 0.871

TNt nanorods (sample 1) exhibit weak ER effect @s be seen in Fig.30. Shape of the
curves indicates that electrostatic forces betvpegticles are not strong. Chains are broken
at relatively low shear rates. Nevertheless ER Wehavas observed and yield stress in-
creases with increasing electric field strengtld ahE = 3.0 kvV/mm it reached around 5
Pa.

Samples 2 and 3 in Figs.31 and Fig.32 providediairbehavior. At low shear rates elec-
trostatic forces are strong and thus structuretedeander an applied external electric field
is stiff. Flow curves show local minimum which da@ explained as follows. Under critical
value of the shear rate electrostatic forces coenpgth hydrodynamic ones. Above this
value hydrodynamic forces dominate and chain-likecsure is continuously broken. Sus-
pensions exhibit pseudo-Newtonian behavior. Suéind of behavior corresponds with
theoretical prediction already published for systerontaining conducting polymers [37,
44, 57]. Here can be seen that higher content gfilRcates stronger ER activity and thus
higher yield stresses which are around 10 Pa fop&a2 and around 30 Pa for sample 3 at

3.0 kV/mm, respectively.

Further increase of PPy content in nanocomposamte 4) results in higher ER activity
(Fig.33). Flow curves provide longer plateau of #ieear stress which denotes that this

suspension have a stronger chain-like structurerapobplied electric field.

Fig. 34 shows sample 5 with the highest conte®Ry. At zero electric field strength sus-
pension exhibits slight yield stress. With incregselectric field the higher yield stress is

observed. Flow curves of this sample provide lomgjateau than previous ones. Plateau is
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getting longer with increasing electric field sty#m Value of yield stress is around 125 Pa
at E=3.0 kV/mm. It is necessary to say that thiy wtrong ER effect was achieved by sus-

pension containing only 5 wt. % of particles sugfaehin silicone oil.

Viscosity as a function of shear rate is shownigsF35-39. Without an applied external
electric field viscosity is nearly constant witltcieasing shear rate and thus exhibits New-

tonian behavior for sample 1 and sample 2 (Figardb36).

Other samples behave as non-Newtonian (viscosityedses with increases shear rate).
This is result of particles and oil interactionslgseudoplasticity increases with PPy con-

tent.

Under application of electric field viscosity ineses significantly with electric field
strength and decreases with increasing shearAatew shear rates viscosity exhibits the
highest values because the electrostatic forcesndenin this region and thus the structure
of chains between electrodes causes viscosity erhant. At higher shear rates, viscosity
decrease because the hydrodynamic forces becomeatorg over electrostatic ones.

Suspensions show highly pseudoplastic character.
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Fig. 35: Dependence of shear viscositypn shear ratey, for sample 1 at various electric
field strengths E (kv/mm)d 0,V 0.5,0 1.0,A 1.5,+ 2.0, 2.5, X 3.0. Solid
lines represent Choi-Choi-Jhon model fit.
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Fig. 36: Dependence of shear viscositypn shear ratey, for sample 2 at various electric
field strengths E (kv/mm)d 0,V 0.5,0 1.0,A 1.5,+ 2.0, 2.5, X 3.0. Solid
lines represent Choi-Choi-Jhon model fit.
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Fig. 37: Dependence of shear viscositypn shear ratey, for sample 3 at various electric

field strengths E (kv/mm)d 0,V 0.5,0 1.0,A 1.5,+ 2.0, 2.5, X 3.0. Solid
lines represent Choi-Choi-Jhon model fit.
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Fig. 38: Dependence of shear viscositypn shear ratey, for sample 4 at various electric

field strengths E (kv/mm)d 0,V 0.5,0 1.0,A 1.5,+ 2.0, 2.5, X 3.0. Solid
lines represent Choi-Choi-Jhon model fit.
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Fig. 39: Dependence of shear viscositypn shear ratey, for sample 5 at various electric
field strengths E (kv/mm)d 0,V 0.5,0 1.0,A 1.5,+ 2.0, 2.5, X 3.0. Solid

lines represent Choi-Choi-Jhon model fit.
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7.3 Current-voltage characteristics

Electric conductivity represents important parametedesign of ER suspensions because
its large value causes electric losses and cag btectric break down of investigated sys-
tems. Figs. 40-44 show current as a function oétahvarious electric field strengths for
samples 1-5. Measurement was performed just b&Brexperiments in the gap of rheo-

meter without rotation.

Samples 1, 2 and 3 showed very low values of cupassing throw suspensions in order
of 10°-107 A which is close to resolution limit of electroreeused. Quite stable time de-

pendence of current can be observed (Figs. 4121,
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Fig. 40: Dependence of current, I, on time, t, for samplatlvarious electric field
strengths E (kV/mm)J 0.5 O 1.0, + 1.5 V 2.0, X 2.5 A 3.0.
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Fig. 41: Dependence of current, I, on time, t, &ample 2 at various electric field
strengths E (kV/mm)-/0.5, O 1.0, + 1.5, V2.0, X 2.5, A 3.0.
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Fig. 42: Dependence of current I, on time, t, famgle 3 at various electric field strengths
E (kv/imm):[J 0.5 O 1.0, + 1.5V 2.0, X 2.5, A 3.0.

On the other hand samples 4 and 5 (Figs. 43 apbelaved in a different manner. Cur-
rent continuously increases with time reaching ldgum value at around 50 s as a conse-

quence of electric field induced structure develepm

Increasing amount of PPy caused increasing condllyctf suspensions, however in all
samples its value was low enough to allow gende&tesffect without electric breakdown

in whole range of electric field strengths.
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Fig. 43: Dependence of current, I, on time, t, &ample 4 at various electric field
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Fig. 44 exhibits dependence of equilibrium curneas$sing throw suspension as a function
of used voltage. This dependency is nonlinear lfdha samples providing non-ohmic cha-
racter of suspensions conductivity. Sample 5 hakligpest content of PPy showed largest

electrical conductivity.
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Fig. 45: Dependence of current, |, on electric diedtrength, E, wherel.]l sample 1,V
sample 20 sample 3A sample 4> sample 5.
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7.4 Dielectric properties

Dependence of dielectric properties such as dmtectnstantg’, and dielectric loss fac-
tor, €”, on frequency are shown in Fig. 46. As can bensdielectric constant;, decreases
with frequency and this trend is more pronouncethwicreasing PPy content in nano-
composite particles forming dispersed phase ofaik oil suspensions. Dielectric loss
factor, €”, exhibits local maxima and their position is neml/toward higher frequencies

with increasing PPy content.

In order to describe dielectric spectra in Fige&perimental data were fit using Havriliak-
Negami model (eq. 11) [58] which can describe Wwelhavior of investigated suspensions.
Five parameters of this model were determined ulgiagt square method in Solver option
of MS EXCEL and are shown in table 7.

Ae
L+ (o))

whereg’, is high frequency dielectric constagd, is static dielectric constantle=(&'- £ )

£ (@) =e. +

(11)

is polarizability,w is angular frequency (=2 f), t. IS the relaxation timea andb are
shape parameters which describe the symmetric syndraetric broadening of the dielec-
tric function, 0, a.b<1. The parametesandb are related to the limiting behavior of the

dielectric function at low and high frequencies.

Table 7: Parameters of Havriliak-Negami model

sample 1| sample 2 sample 3 samplle 4 sam;l)le 5
€' 2.64 2.75 2.68 2.80 2.74
Ag 0.76 0.81 1.39 1.49 1.77
trel 0.446 0.264 0.176 0.072 0.003
a 0.87 1.00 1.00 0.92 0.54
b 0.14 0.17 0.14 0.24 0.78
€'s 3.40 3.56 4.07 4.29 452
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Fig. 46: Frequency spectra of dielectric constant @Helectric loss factor (b) where:]
sample 1,V sample 2,0 sample 3,A sample 4, sample 5. Solid lines

represent Havriliak-Negami model fit.
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It is obvious from Fig. 46 and table 7 that polahtiity, As, as a measure of particle pola-
rization, increases with content of PPy in the eystDielectric loss factog’, shows in-
creasing values of maxima and peak position ideshifo higher frequencies, e.g. relaxa-
tion time, te, Of process decreases. Large polarizabifigy, optimal dielectric loss factor,
€”, and short relaxation time are parameters pesiyi influencing intensity of ER effect.
Correlation between electrorheological, dielectrad electric properties will be further

discussed in chapter 8.
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8 CORRELATION BETWEEN DIELECTRIC, ELECTRIC AND
ELECTRORHEOLOGICAL PROPERTIES

Electrorheological behavior is result of complex ustinent of suspension properties.
Among them suitable dielectric and electric propsrseem to be crucial in design of elec-

trorheological fluids.

Yield stress as the scale of electrorheologicatieficy was chosen for correlation of elec-
tric, dielectric and electrorheological properti€®r this purposes yield stress values ob-

tained from Choi-Choi-Jhon model fit (tables 2—@revused.

Dependence of yield stress on square of the addattd strength is shown in Fig.47. Yield
stress at first increases rapidly while at higHecteic field strengths it levels off. Values
are significantly influenced with electrical condiutty of samples which increases with
PPy content in nhanocomposite particles (Fig.48gldristress of 126 Pa is obtained for

most conducting sample 5 at highest electric fattdngth used (3 kV/mm).
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Fig. 47: Dependence of yield stress,on square of the electric field strengtlf, Bhere:
[ sample 1V sample 20 sample 3A sample &> sample 5.



TBU in Zlin, Faculty of Technology 66

100 |

/%7

| \i\i
\

Content of Py [ml]

Fig. 48: Dependence of yield stregs,on content of pyrrole used during polymerization a
various electric field strengths E (kV/mm): 0.5,0 1.0,+ 1.5,V 2.0, 2.5,
X 3.0.

Furthermore, yield stress monotonically increasils polarizability as can be seen in Fig.
49. In order not to provide crowded curves daty éot lowest (0.5 kvV/mm) and highest

(3.0 kvV/mm) electric field strengths are presenifdte others showed similar trends.

Fig.50 exhibits correlation between yield stresd aslaxation time of the polarization
process. Yield stress significantly decreases asdlaxation time decreases. It can be ob-
served that above relaxation time value (ca24)yield stress falls down rapidly. Appro-
priate polarizability followed with short relaxatiotime is necessary for generation of

strong electrorheological effect.



67

TBU in Zlin, Faculty of Technology

100 F

10 |

T, [Pa]

} +
2,0

0,5
Ag

Fig. 49: Dependence of yield stresg,on polarizability, 4, at electric field strengths E
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Fig. 50: Dependence of yield stresgpon relaxation time,;,, at electric field strengths E

(kV/mm):[1 0.5, X 3.0.
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CONCLUSION

Novel core-shell materials suitable for preparatdrelectrorheological suspensions have
been developed. Titanate nanorods were synthesizadcare and shell layer consisted of
various amount of polypyrrole. SEM analysis showat tod like structure is preserved
after polymerization of polypyrrole on surface adnorods. Polypyrrole layer becomes
more compact with increasing ratio of titanate made and pyrrole used for polymeriza-

tion.

Further, electrorheological, dielectric and elecpioperties of 5 wt. % silicone oil suspen-
sions were determined. Titanate nanorods (sampihdyed weakest electrorheological
effect and its intensity increased with polypyrralentent in core-shell nanocomposites.
Yield stress as a result of structural changesuspansions upon application of electric
field reached more than 120 Pa for suspension icomgaparticles with highest content of
polypyrrole (sample 5). Such an effect generatedrily 5 wt. % suspension provides

promising results for further applications.

Electrorheological behavior of suspensions strongfiected electric and dielectric proper-
ties of materials used for their preparation. lasmeg content of polypyrrole caused higher
electrical conductivity of nanocomposites and cleahdielectric properties in favorable
manner. It was shown that enhanced polarizabifityaterials and reduced relaxation time
(obtained from dielectric spectra) significantlges intensity of electrorheological effect.
Tayloring of core-shell materials seems to be prowisvay how to get very efficient elec-

trorheological fluids suitable also for practicppéications.
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ER electrorheological

v shear rate

E electric field strength
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T shear stress

n shear viscosity

Mp plastic viscosity

Ty yield stress

PNQR poly(napthalene quinone)radical

€ dielectric constant
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€ complex dielectric constant

g dielectric constant

g dielectric loss factor
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polypyrrole

MWCNT multi-wall carbon nanotubes
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critical electric field strength
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