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ABSTRAKT

Tato diplomova préace je zatena na fipravu kompozitnickiastic polypyrol-gtibro (PPy-
Ag) a srovnani jejich chemickych vlastnosti a ef@idologickych (ER) a dielektrickych
vlastnosti v suspenzich v silikonovém oleji se damymi PPy ¢asticemi. Kompozitni
castice PPy-Ag byly ifpraveny pomoci oxidace pyrolu #$si persiranu amonného a
dusknanu stibrného. Experimenty ukazaly, Zeékaliv pritomnost Ag zvySila vodivost o
jedeniad, ER dinnost gchto¢astic nebyla ve srovnanistym PPy vyrazé ovlivnéna i
nizSich intenzitdch elektrického polefitBmnost Ag v ¢asticich navic zvysila jejich
vzajemnou kompatibilitu se silikonovym olejem a chila mezifdzovou polarizaci

kompozitnichéastic PPy-Ag.

Klicova slova: polypyrol, gibro, APS, AgNeg, kompozit, elektroreologie, dielektricka

spektroskopie.

ABSTRACT

This Master Thesis is aimed on the synthesis oygyotole-silver (PPy-Ag) composite
particles and comparing their chemical, electroldgioal (ER) and dielectric properties of
their suspensions in silicone oil with those ofg&Py particles. Polypyrrole-silver com-
posite particles were synthesized by oxidationwfdte with mixture of Ammonium per-
sulfate and Silver nitrate. Although the presenicAgin the composite particles increased
their conductivity in one order of magnitude, Expemts revealed that the ER perfor-
mance did not change significantly at low electietd strengths compared to that of pure
PPy. Moreover, it appeared that Ag improved the matibility of dispersed particles with
silicone oil used as a carrier liquid in ER suspmmsand caused faster interfacial polariza-

tion of PPy-Ag composite particles.

Keywords: Polypyrrole, Silver, APS, AgN@omposite particles, electrorheology, dielec-

tric spectroscopy.
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INTRODUCTION

Electrorheological (ER) suspensions, typically cosgxdl of polarizable particles in non-
conducting carrier liquid are promising as the rgateration smart fluids due to their abil-

ity to reversibly change their viscosity accordioghe applied external electric field.

In principle, the imposed electric field polarizeg dispersed particles which consequently
join together resulting in the formation of chaikel structures along the direction of elec-
tric filed. These internal structures restrict thetion of the suspension and the system
changes its state from liquid to solid-like leadiogdramatic changes in their rheological

properties [1]

The controllable and reversible changes of the ldygmal properties (viscosity, yield
stress) is manifested macroscopically in the irsgdastiffness of ER suspensions which
makes these materials a potential candidate ifatirécation of electric clutches or brakes,

shock absorbers, valves and etc., [2]

Several kinds of materials can be used for thegregion of such ER suspensions, for ex-
ample inorganic materials (such as 7,i®aTiO,), organic materials (such as chitosan,
alginate and its derivatives), and conducting p@assn In recent years conducting poly-
mers have been widely used, due to their easeeppation, less corrosive properties and
their stability, compatibility with the carrier ligd. Polypyrrole (PPy) together with its de-
rivatives either in particulate shape or fiber bels material in core-shell structured parti-
cles represents one of the most promising condyg@atymers in this field due to its sim-

ple synthesis, ease of alternation of their condiigtand thermal stability [3-6].

In this diploma thesis, incorporation of conductidg particles into PPy was adopted as
new strategy for a possible method of controllihg tonductivity of resulting particles,
because conductivity of the particles is one ofrtiest important parameters in the fabrica-
tion of ER suspensions. The incorporation of Ag welsieved via the oxidation of pyrrole

using Silver nitrate (AgNg) and Ammonium persulfate (APS) as oxidants.
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1 CONDUCTIVE POLYMERS

Since 1977, the discovery of polymers which condiettricity by Alan J. Heeger, Alan
G. MacDiarmid and Hideki Shirakawa which eventuadlgi them to win Nobel Prize for
Chemistry in 2000, this new breed of polymers hapened a whole new concept in poly-
mer science. Notable amount of research and davelophave been done so far exploit-

ing this new phenomenon and finding new ways diizirtg it [7, 8].

The conducting polymers (CPs), also sometimes & mseconductive polymers or conju-

gated polymers are quite a different species irsémese that they conduct electricity intrin-
sically and they don’t have any sort of conducfillers as such. In recent years, polymers
of heterocyclic compounds with adjacent (conjugptixible bonds have attracted most of

the attention as the next generatismart materials[9].

Modification of the extended- system of valence electrons along the conjugased-b
bone of these polymers renders it capable of cdimdyelectricity [9]. This phenomenon

is explained in detail later.

£
i — -
I & i i
A= (W) @GN H N
e T W S e W
Polyacetylene H
(PA) ,
Polypyrrole Polythiophene Poly(3.4-ethylene
(FPy) (FT) dioxythiophene)
(FEDOT)
n
Folyaniline
(PANI)

Figure 1: Structure of most common CPs and their abbreviations [9].
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1.1 MODIFICATION OF CONDUCTIVITY BY DOPING

The Cps can be made conductive via a simple chémigdation or reduction, using a
number of simple anionic or cationic species caltbapants”. The observed conductivity
after the successful oxidation or reduction is tluehe addition or removal of electron
from the valence bond of the CPs which introdudesge centers on the polymer back-

bone [9, 10]. This process modification of conduityiof the CPs is known as doping.

Oxidation by a suitable dopant results in the gatn@n of positively charged CP on the
other hand the reduction process generates CPawitbgatively charged backbone. For

example P doping of PANi emeraldine base to is shiowFig 2 [11].

Both p-type (electron accepting, e.g.,?BF;, Ask;) andn-type (electron donating, e.g.,
Na, Li, Ca, Tetrabutylammonium) dopants can be u3é@ doping process is typically
done by using vapours or solutions of the dopaiyoglectrochemical reactions. In certain
situations, the polymer and the dopant are disddlvéhe same solvent before forming the

film or powder [11, 12].

. N@N@— NGN * Emeraldine base
J, J, . (Insulator)

<2H +2Cr l (Protonic Doping)

— > (?I < > < > (?' < > E ldine Sal
. . meraldine Salt
9 I 7 I (Conductor)

H H H H

+2e" +2CI T (Oxidative Doping)

" N N . Nt = Leucoemeraldine Base
I I I | (Insulator)
H H H H

X

Figure 2: lllustration of the oxidative doping (pping) of Leucoemeraldine base and Em-

eraldine base results in the conductive Emeraldimé[11].
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1.2 POLYPYRROLE

Among the conducting polymers, polypyrrole (PPyespecially encouraging for viable
applications due to its good environmental stahifiacile synthesis, higher conductivity,
higher stability in oxidised state and the intaregstedox properties than that of many oth-
er conducting polymers [6, 13]. PPy is basicallyirssulator; whereas it's oxidized deriva-
tives (p-doped) are good electrical conductors. The comdtictmainly depends on the

conditions and oxidative reagents used during théabion process. In practice PPy can’t

ben-doped, becausedoped PPy is not very stable as thedoped variants. [9].

Polypyrrole is obtained as a black powder by thlymerization of pyrrole and has the
repeating monomer units of pyrrole as its backbeheeh is illustrated in Fig 3.

Figure 3: Structure of Polypyrrole [14].

1.2.1 SYNTHESIS AND STRUCTURE OF POLYPYRROLE

PPy is relatively easy to synthesis via electragbal polymerization methods and their
charge characteristics on the surface can ceythmhbltered by changing the dopant anion
that is incorporated during the synthesis [15].

The chemical polymerization is carried out in thhesence of various oxidants such as

Ferric chloride (FeG), Potassium per sulphate f0g), and Ammonium persulfate
(NH4)25,0g [16].
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Different mechanisms were proposed to explain tyreofe (Py) polymerization reaction.
The mechanism (Fig 4) described by Kim and Songften used in literatures is frequent-
ly used in the literature [17], where polymerizatis initiated by the loss of two electrons
and a proton from a pyrrole molecule forming thévacintermediate. This intermediate
species is then dimerized by a neutral Py moleantethe whole process is repeated until
the polymerization reaction is completed [14, 1, 1

Figure 4: Oxidative polymerization of Py to PPy peeds via the formation of a Py radi-
cal cation, which subsequently couples with anothdical cation to form the Py dimer.

This Process is then repeated to form longer chiidk
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PPy has resonance structures that resemble the@gcanquinoid arrangements which are
non-conductive which upon oxidation become condectihe charge associated with the
oxidized state is typically delocalised along theunits and results in the formation of a
radical cation or dication. The former is termedagsolaron and the latter is called bipo-
laron [14].

Biplaron

Figure 5: lllustration of the structures of neutral (Aromatic/quinoid) and the

charged polaron/ bipolaron forms of PPy [14]
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1.2.2 ELECTRONIC CONDUCTION IN POLYPYRROLE

The most important property of conducting polymisrgheir electrical conductivity. In
PPy, the formation of polarons and bipolarons essalt of doping are considered to be the
reason for the phenomenon of electrical transdartexplain the charge transport in PPy

several electrical transport models have been geb{L9].

Hopping and Tunneling are considered to be theftlwndamental types of charge transport
in disordered materials or conducting polymers [20¢tt’s variable range hopping is the
widely used model to explain the electronic condurctvhich is applicable for polypyrrole

as well as for other conducting polymers [21].

The Pristine (undoped) PPy is a dielectric with glap of 4 eV. Upon oxidation (doping),
the gap reduces t02.5 eV as a result of the removalmeélectrons from the upper level of
the valence zone and renders the polymer as a @eduictor due to the formation of po-
larons and bipolarons. In chemical terms, the foiwnaof a polaron is equivalent to the
formation of a radical cation [22].

One should also note that excess oxidation (tgrtt@omer/oxidative agent] molar ratio)
of polypyrrole results in the decreased electrimahductivity because it lowers the
conjugation along the PPy chains. The Fig 6 expltwe effect of change in concentration
of monomer to the oxidative reagent on the condgiigtof PPy [19].

]0' 1 I ¥ 1 I T 1 1 I
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@ —@— Yield
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@ 0.2

]0‘: y X T L T ¥ T X L} T ¥ X T L
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Figure 6 : Effect of monomer to oxidizing agent on the conductivity and yield.

Note that the conductivity drops above the 1:1 molar ratio [19].
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1.3 USES OF CONDUCTIVE POLYMERS

Owing to such interesting electrical properties domducting polymers are extensively
used in printing electronic circuits, organic sotals, organic light-emitting diodes, su-
percapacitors, flexible transparent displays, radeorbing coating on stealth aircrafts,
electromagnetic shielding, chemical and biosenandsin electrorheological systems [14,
23-26].
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2 ELECTRORHEOLOGICAL EFFECT

The change in dynamic viscosity of a material (llguw@lloidal systems) when an external

electric field is applied is termed as electrorbgatal effect (ER) effect.

This phenomenon was first reported in 1947 by Wili. Winslow. Hence this ER effect
is also sometimes called a&inslow effec27, 28].

Since then it has kick started the investigatiordiffierent ER materials, their properties

and ultimately of new commercial applications.

2.1 ELECTRORHEOLOGICAL FLUIDS

Over the last two decades a great deal of resé@xheen done on the study of the proper-
ties, characterization and the commercial appbcabf smart materials, which are engi-
neered materials that have one or several propetti@ can be altered in a controlled
manner by external stimuli such as the change nmpégature, pH or applied electrical
field, etc. Electrorheological (ER) fluids are thmst fascinating among the smart materi-
als [29, 30].

Electrorheological fluids are colloidal suspensiammmsist of particles (dispersed phase)
with specific dielectric properties dispersed iniasulating oil (dispersion medium) such
as silicone oil. The fascinating feature of the fltRd is that, they can transform (or) solid-
ify into a quasi-solid state almost immediatelytfwn milliseconds) when subjected to an
external electric field in the magnitude of a feW/fam, which results in the increase in
intrinsic viscosity abruptly. The even more fastimg fact is this liquid—solid transfor-
mation is reversible thereby the original flow st& recovered when the applied field is
removed [30, 31]
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The figs. 7 and 8 shows the changes in viscositystieer stress of ER fluid depending on

the shear rate with and without the applied extezleatric field [32].
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2.2 TYPES OF ELECTRORHEOLOGICAL EFFECTS

The smart fluids or suspensions can exhibit sewgpds of ER effects. On the basis of
changes in viscosity, shear stress and modulusdieye differentiated either as positive
or negative ER effects [5, 33]. Whereas, basecersénsitivity or response of ER fluids
on the type of applied external field they are sileesd as electro, magneto, electro-

magneto rheological effect and photo effect [34].

2.2.1 POSITIVE AND NEGATIVE ER EFFECT

Positive ER effect results in the increase in s#yoand the relevant shear stress of ER
fluid under the application of external electrielfi, the opposite is true in the case of mate-
rials which exhibit negative ER effect [35]. Thisathatic increase in viscosity is due to the
transformation from liquid to quasi-solid state wfhis caused by the aggregation of polar-
ized particles into fibrous structures under areel electric filed. These structures re-
strict the motion of the fluid, under shear flonnddions these fibrous structures move
intact along the shear direction which accountstifiér increase in corresponding shear
stress and viscosity [33, 36]. And it's worth stgtithat the positive ER effect is the most

common ER phenomenon encountered in the literatures

Formation of fibrous structures under the exteetattric field is shown in the Fig- 9.

Figure 9: Suspension of dielectric particles (2.\%l) in silicone oil, (A) The scattered
random dispersed phase. (B) Formation of fibrouscttires perpendicular to the field
(The direction of the external field is indicateglthe arrow) [33].
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Figure 10: The change in shear stress of a poskERefluid depending on the applied elec-
tric filed strength in kV/mm (indicated by the nwargon the each step [34].

This dramatic change in the rheological propert&s be elucidated as follows; the appli-
cation of electric filed induces dipoles on thepéised particles. Later these dipoles are
attracted to each other in a head-to-tail fashimneby results in the formation of fibrous
structures or aggregates which renders the suspenssisting flow (Fig-11). In order to
make the suspension flowing along the directioslodar, these fibrous structures should

be broken which results in the extra requiremerdpgdlied shear stress, hence the change

in apparent viscosity of ER fluid [37, 38]

7 @ ﬁ ) i O
~NO0)

298 00— 0N —= 0
() €3 %

— 00 0

Figure 11 : Schematic illustration of the formation of dipoles and the resulting fibrous

structures (head-to-tail orientation) perpendicular to the electric field [38].
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It is obvious that the nature of the insulatingdluparticle shape, surface and dielectric

properties are also the critical factors which dataes the ER behavior of the ER fluids

[39].

In the case of negative ER effect, the apparemsgisy of the suspension decrease as the

applied external electric filed increases. In 199 phenomenon was first observed by

Boissy and his co-workers in ER fluid of PMMA poerddispersed in silicone oil [40].

Two reasons are reported to explain the decreag®ological properties.

1. Due to electrophoresis the particles migrate to @nthe electrode under the ap-

plied electric field which leads to phase separaf85].

. Quincke rotation — Accumulation of charges on thetiple surface after the po-

larization under applied electric field as showrFig. 12, the charges on the top
and bottom of the particle surface have the same as that of the upper and
lower electrodes, this makes the dispersion unstaibdl causes the particles to ro-
tate under the electric field [41].

©, G@@ © -_— (a)

Q9GO0 cocooee
0 E#0

Figure 12: lllustration of (a) phase separationthre dispersion (b) Quincke rotation [41]
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Several other systems were also found showing ivegBR effect such as Teflon in sili-
cone oil and polyindene /colemanite in siliconeamt etc., [41, 42]. The relationship be-

tween the positive and negative ER effect is shgmaphically in Fig-13.

1 (Pa.s) a b

>

E (kV/mm)

Figure 13: A- Negative ER effect and B- Positive ER effect, Note that the vis-
cosity increases for A and decreases for B with respect to the increase in

applied external electric field strength [34]

Both the positive and negative ER effects can eeced by UV illumination if the dis-
persed particles are photoactive [34, 38]. Titandioxide (TiQ) in silicone oil is a per-
fect example in which the amount of water absoftyedthe dispersed particles is a decid-
ing factor i.e. the system exhibits positive EReeffwhen the amount of water is loweP (
wt. %) where as a negative ER effect is observeeihvthe water content is higher § wt.
%). Upon UV illumination, the formation of photofgerated carriers affect the electric

conductivity of TiQ particles which accounts for the enhanced ER eff&it
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2.2.3 MAGNETORHEOLOGICAL EFFECT

Just as the ER effect, the magneto-rheological (Mfgct is defined as the reversible
dramatic increase in rheological properties of MRpensions induced by the applied ex-
ternal magnetic field strength. MR suspensions ista1®f ferromagnetic particles dis-

persed either in an insulating oil or conductingdam like water along with a suitable

surfactant in order to prevent the particle sedtiatgom [44-46].

The application of magnetic field induces magnetipoles on the dispersed particles,
which then align themselves to from the fibrousire along the direction of the applied

magnetic field which increments the viscosity oseveral order of magnitude [34].

- Magnetic field

e ©° %o
@ ae ©g _',Uﬂ l

a iy
a4 o &EE

sl

Figure 14: Formation of fibrillated particle structure under the magnetic
field [60]

Basically the particles used to make MR suspensiangsiot be used for ER systems be-
cause magnetic particles are more conductive; hemte magnetic particles can be coat-
ed with an insulating agent, which renders the snsion applicable in both MR and ER
systems. The combined effect of magnetic and étefotid produces intensified rheologi-
cal changes in the suspensions. This synergic tefiedermed as electro-magneto-
rheological effect [44, 47].
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2.3 FACTORS WHICH AFFECT ER EFFECT

As mentioned above, there are several factors wdtfiiegitt the ER effect such as the elec-
tric field strength, frequency of the applied etiectield, the dielectric properties, tempera-

ture, particle volume fraction or the electrodequat

2.3.1 EFFECT OF ELECTRIC FIELD STRENGTH

It has been found that every ER fluids has a defioritical electric field strengthE
which is defined as the minimum strength of appkéettric field at which the ER effect
starts to build up, below which the ER is effeatad present [38].

The dependence of ER effect on the electric figlehgth can be expressed mathematical-
ly as [48].

g =P—c [JSR?CBT
e\ epve,

(1)

Wherep is the density of the dispersed partides the particle concentratioN, average
volume of the patrticle, KT is the thermal energy,, is the dielectric constant of the con-

tinuous phase, and tlrds expressed as

£ (2)

Where€,is the dielectric constant of the particles gns the geometrical constant.

As depicted by the equation 1 it is evident that ¢htical electric field strength decreases

as the particle concentration decreases.

The liquid to solid transformation of the ER fluddcurs when the applied electric field is
just above<) the E
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Figure 15: Dependence of the shear stress of ER fluid (PANi/Silicone oil) ondtrecele
filed strength [61].
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Figure 16: The change in yield stress of the ER system (silica/silicone aifuastion

of the square of applied electric field [62].

As sown in the Fig 16, it is evident that the shetegss is proportional to the square of the

applied electric field «E ? [62].
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2.3.2 EFFECT OF ELECTRIC FIELD FREQUENCY

Frequency of the applied electric field also hasnapact on the ER effect just as the elec-
tric field strength. As shown in the Fig. 17, thpparent viscosity of the ER fluid decreases
as the frequency of the applied electric field @ases, this was first noticed by Klass on
the system consists of Silica/Silicone oil [38,.48]
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Figure 17: Decrease in apparent viscosity of the Silica/Silicone oil ER system

with respect to the increase in frequency of the field [38]

This decrease in viscosity is due to the inabititythe polarized particles to orient them-
selves along the field direction to form the fibsostructures at higher frequencies of the
electric field. It is found that the decrease ialgistress is due to the decrease in dielectric
constant of the ER fluid at higher frequency [38].
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2.3.3 EFFECT OF PARTICLE CONCENTRATION

The particle volume concentration is another faetbich affects the ER effect. Generally
the yield stress is enhanced as the concentratmin @6) of the particles in the system
increases . The effect of particle volume fractoonthe ER properties of ER fluid is shown
in Fig. 18 [49].
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Figure 18 : Effect of change in concentration of particles on the ER properties of
PAN:I in silicone oil and PANiI in SKISDO)

(E = 2 kv/mm, Shear rate 1.0,sST = 25°C) [49].
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2.3.4 EFFECT OF TEMPERATURE

Industrially applicable ER fluids should sustairdeirange of operating temperature, since
the change in temperature of the ER system could Hefinite effect on the ER activity.
Temperature is a distinct factor which affects pheticle polarizability, which is responsi-
ble for the dielectric properties of the ER fluiiscrease in temperature can cause the mo-

bility of the charge carriers in the suspensionciiieads to an amplified ER effect.

On the other hand, the increase in temperaturdtsesuthe increased thermal motion
(Brownian movement), which hinders the polarizedipi@s ability to form ordered struc-

ture under the applied electric field which resuttdlecreased ER activity. Moreover in-
crement in temperature reduces the overall visg@gie particles are dispersed in oil me-

dium) because the oil’s viscosity is greatly reduf38, 48, 49].

The two cases as described above are shown griplmctne Figs 19, 20 and 21.
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Figure 19: Negative Effect of Temperature on Shear stress of

PANI/Silicone di oxide and PANI/Silicone oil':l( =1.0 &, 20 wt. %)[49].
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Figure 19 shows the change in the shear stres®\Nf/80 and PANI/SIQ/SO suspen-
sions under different temperatures at constanterdration ¢ = 20 wt. %). For this kind
of ER colloids, the ER effect is a result of thégpization of dispersed particles when sub-
jected to external electric field. Since the maitlsrpolarizability is temperature dependent,

the shear stress of ER fluid is also subjectivianéochanges in temperature [45].

A decrease in shear stress with elevated temperatould be found in a suspension with
the particle conductivity greater than the optimaue, while an increase would be found

if the particle conductivity is less than the oinalue.

The positive effect of temperature is observedleER fluid of PANi derived carbona-
ceous nanotubes/Silicone oil, This is shown inftlewing Fig 20 and 21.
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Figure 20: Flow curve of shear stress versus shear rate under zero electtic fiel
for the 10 vol%. PANI-CT/ silicone oil ER suspension at different

temperature [50].
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Figure 21: Flow curve of shear stress versus shear rate under electric frelBkiE#zmm)

for the 10 vol. % PANI-CT/Silicone oil suspension at different temperatures [50].

2.3.5 EFFECT OF PARTICLE DIELECTRIC PROPERTIES

Particles dielectric properties highly influence tBR effect, thus the dielectric measure-
ments of ER fluids are frequently used for investimgg the efficiency and extent of the ER
effect. Moreover, the dielectric constant of the ER flultanges with the changes in ap-
plied electric field strength. It was found thae tielectric constant increases with the in-
crease in electric field strength and saturatelevals off at higher electric field strength

when the particle volume concentration is below l1Q%hereas the dielectric constant
tends to decrease with electric field strengtthd particle volume concentration exceeds
46% [38].

2.3.6 EFFECT OF THE CHOICE OF LIQUID MEDIUM

The different liquid medium (dispersion medium)gva significant difference in the ob-
served ER effect. It also alters the particle seditation owing to the different density of
the liquid medium and it influences the viscosityuhole suspension at zero electric field.
It is found that, the same particulate materiapldigs a different ER effect in in different
liquid medium [38].
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3 APPLICATIONS OF ER FLUIDS

Unique feature of ER fluids as their mechanicatrggth can be instantly and reversibly
changed by the application of electric filed (then& the instant change in physical state
l.e., from liquid to solid) has made them the ideahdidate in the fabrication of electro-
mechanical transducers. Some of the important egtpins of ER fluids are discussed
below [51].

3.1 ER VALVES AND THEIR AUTOMOTIVE APPLICATIONS

Over the last few years, the possible applicatibelectrorheological (ER) and magne-
torheological (MR) fluids in the development antirfeation of controllable dampers has
attracted substantial inquisitiveness, particularlgutomobile suspension systems [52].

Robust, constantly adjustable servo valves are albymased in hydraulic applications with
precise accuracy. In recent years ER valves haae bged in servo drives, dampers and in
brakes. In the conventional hydraulic valves, fbevfrate is controlled or altered by spool
movements. But in an ER valve the flow rate is alyecontrolled by means of changing
the apparent viscosity of the ER fluid by applysuificient external electric field, which is
more attractive because in ER valves the movintggarich as the spool are necessary as in

servo valves [53].
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3.1.1 ER FLUID CONTROLLED DAMPERS

In order to improve the ride comfort and stabiBgmi-active suspension systems compris-
ing an adjustable damper are increasingly installeglutomobiles. In conventional semi-
active dampers, the hampering is adjusted by mefaas electromagnetic valve. In recent
years, adjustable dampers based on smart fluigst(el or magnetorheological fluids)
have been introduced [54].

For example, a bypass damper is shown in Fig 22nsists of a hydraulic cylinder, which
is divided into two working chambers by a pistoeTbypass consists of two concentric
tubular concentric electrodes and an opening thaugbh the ER fluid flows, is fitted to

the side of the hydraulic cylinder [56].
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Figure 22: Schematic configuration of the bypass type ER dafapgr
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The inner electrode is connected to the positiveiteal of voltage supply unit, while the
outer electrode is connected to the negative veltagminal. In the absence of electric

field, the damping force is delivered only by meahthe inherent fluid resistance.

However, an additional damping force is created mugfficient amount of electric volt-

age is applied to the system. This is due to thgesim yield stress of the ER fluid.

Moreover the efficiency of the ER damper can betinoously tweaked by changing the
voltage supply. Figure 23, shows the measured damioirce with respect to the piston
velocity at various Voltages. It is obtained byccadting the maximum damping force at
each velocity. Such a plot is frequently employedvaluate the level of damping perfor-

mance in damper manufacturing industry [55].
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Figure 23: Damping force versus piston velocity at various voltages [56]
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3.1.2 HYDRODYNAMIC CLUTCH

Clutches and brakes are usually employed when meacheeds to be accelerated or

stopped respectively [56].
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Figure 24: Arrangement of a hydrodynamic clutch with ER/MR fluid: P—pump
with mixed through-flow, Ffirst section of turbine with axial flow,¥+second
section of turbine with mixed through-flow, 1—wedge shape blade, 2—inside

housing wall, 3—outside housing w§87]
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The main parts of a hydrodynamic clutch are a pamgb a turbine mounted in a housing
filled with a working fluid. When the pump rotatésrque is transmitted to the turbine by
fluid circulation in the channels. By using ER #unside the turbine housing as the work-
ing fluid, the torque transmission can be contblby varying the electric field strength
supplied to ER fluid. However, use of MR suspensimnsuch system is much more effec-
tive over the ER fluids [57].

3.1.3 PADLESS ULTRAPRECISION POLISHING

Using the ER fluid a new type of polishing methodathieve mirror surface finish is de-
veloped. A polishing slurry composed of ER fluiddaan abrasive is used to achieve the
desired polished surface finish [31, 58].

Pressure Pressure

—— velocity

o < .. : -".__ i , :

Workpiece shfsives Workpiece

(a) Without electric field (b) With electric field

Figure 25:The principle of ER fluid assisted material removal [58]

At the interface between the work piece and theingpplaten the ER fluid is placed, the
friction force can be adjusted according to tharddssurface finish by varying the applied
voltage, this type of microscopic precision polighimethods can be employed in the fab-

rication of silicon wafer chip [58]
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3.1.4 REHABILITATION DEVICES

Robotics and Mechatronics Laboratory have develapéatest active knee rehabilitation
device using the ER fluids. As shown in the Fig, IE6 a device consists of a number of
concentric cylinders tightly fit one inside the etHeaving only a small gap in between
them, and the gap between the cylinders is fillgt &R fluid, when computer-controlled
electric voltage is applied to the cylinders, tigiild inside the gap turns solid in less than
a millisecond, creating resistance on a healingtjoihe computer chip mounted on the
device offers a real-time modification of the rémice for posture retraining and the
amount of resistance can also be modified by thiemaby altering the amount of applied
electric voltage [59].

Figure 26: AKROD Electro-Rheological Fluid kneertd59].
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lI.  ANALYSIS
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4 AIM OF WORK

The aim of this master thesis is

* Preparation of PPy samples with different amoditgcontent.

» Characterization of prepared PPy and PPy-Ag cortgpaiticles.

« Determination of rheological and dielectric prdpes.

+ Evaluation of obtained results.



TBU in Zlin, Faculty of Technology 41

5 SYNTHESIS OF POLYPYRROLE — SILVER COMPOSTIES

PPy-Ag composite particles of various amount sileentent as shown in Table 1, is
prepared using vacuum distilled Pyrrole (Py, 98%) ammonium peroxydisulfate
(APS, 98%, (NH).S,0g), or with the mixture of various molar solutions APS and
silver nitrate (99%, AgNg). Distilled water is used as solvent medium to enak the

molar solutions. All the reagents used were puretidom Sigma Aldrich Chemicals.

The molar concentrations of oxidative reagents (AR& AgNQ) were chosen in such
a way that each mole of the reagent oxidise halerabPy. For example, S3 is prepared
using the oxidative reagents in the ratio of 1:2duse APS is a two-electron oxidant on

the other hand AgN&is a one-electron oxidant.

Table 1: Composition of reaction mixtures

Sample APS (Mole) AgNQ(Mole) Reaction time (Hr)
S1 0.2 0 4.0
S2 0.15 0.1 4.5
S3 0.1 0.2 6.0
S4 0.05 0.3 46.0
S5 0 0.4 46.0

To prepare PPy with various amount of Ag, the oxatrapolymerization reactions were

carried out in a manner as described below.
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0.2 M of Py was taken in a three necked flask asvaehin Fig 28. The reagents (APS and
AgNO:s) of various molar concentrations as mentionechenTable 1 were added drop by

drop through the sides of the flask.

The whole mixture was constantly stirred using amedic stirrer and the temperature of
the reaction mixture was frequently monitored (Eif). The colour of the mixture turns
from clear liquid to dark green yellowish black wiiis a clear indication that the oxida-

tion occurred.

When the reaction was over the content of the flaak filtered and washed twice using
distilled water and ethanol and then it was vaculriad at 60°C for 6 hours. Later the
formed PPy particles were finely grounded and starea moisture proof container for

later evaluation.

Figure 27 Apparatus used for the preparation of PPy particles
1) Reaction flask (2) & (3) Pressure equaliaédition funnels (4) Thermometer

(5) Stirrer
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Since, the oxidative polymerization reaction ofwith the APS and APS/AgN{s an
exothermic reaction the temperature of the reaatimdure is a virtuous indicator for

the evaluation of reaction time (Fig 28).
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Figure 28 Temperature of the reaction mixture (FABS/AgNGQ) over time

In order to adjust prepared particles conductivitythe optimal range of 10to 10°

S.cmi’, the prepared samples were depronataed by tredgngamples with 300 ml of
1 M ammonium hydroxide and dried as mentioned prgsly. The sample S1 was pre-
pared twice and one of which was depronated twicpdsforming the same deprona-

tion method as described above.
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5.1 CHARACTERIZATION METHODS

5.1.1 SEM, XRD, TGA AND FTIR ANALYSIS

To observe the morphologies of PPy and PPy-Ag caitgp@articles a scanning electron
microscope (SEM, VEGA Il LMU, Tescan Ltd., Czechpiblic), with an operating volt-
age of 10 kV was adopted. Furthermore, the presehég in the prepared samples was
confirmed through the X-ray diffraction (XRD) pattecollected using the X’'pert PRO
diffractometer (Phillips, The Netherlands) emplayi@u Ko, radiation 4 = 0.154 A) and a
scanning rate of 4° mihfor recording the data in the wide range 6£25 - 95°.

To find the amount of Ag present in each samplentlegravimetric analysis (TGA, TA
Instruments Q500, USA) under normal atmospheriaditimms at a heating rate of 10°C
mint was chosen. Fourier transform spectroscope (FTHermo Scientific, USA) was
used to obtain IR spectra in the range of 680-4880at 64 scans per spectrum at 2'tm
resolution attenuated total reflectance (ATR) tégha with Germanium crystal.

And the density of the synthesized PPy and PPy-#tgposites was determined using a
Pycnometer at 25 °C.

5.1.2 CONDUCTIVITY MEASUREMENTS

The conductivity of the PPy-Ag composite particleas measured at room temperature
using a multimeter (Keithley Instruments Inc., USA)the four-point van der Pauw meth-
od on the pelletized samples (13 mm in diameterlabh mm thickness), the pellets were

made using a manual hydraulic press using Keitety7A and 7001 at 600 MPa.

5.1.3 ELECTRORHEOLOGICAL MEASUREMENTS

The finely grounded PPy / PPy-Ag composite parsielere dispersed in silicone oil (Lu-
kosiol M200, Chemical works Kolin, Czech Repubtic:= 200 mPa.s; = 0.97 g.cri?) to
prepare ER fluids of 5 and 10 vol. %. At first, gessions were mechanically stirred using

a clean glass rod and then subjected to sonifitdtiol min before each experiment.

Rheological properties of the ER fluids were meaduwrsing a rotational rheometer Bohlin
Gemini (Malvern Instruments, UK) with parallel matof 40 mm in diameter and a gap of
0.5 mm between them. A direct current (DC) voltages generated by a TREK DC high-
voltage source (TREK 668B, USA).
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At first the DC voltage was applied for 60 secotm$acilitate the generation of equilib-
rium chain-like structures in suspension prior hea measurements. The steady-flow
measurements were performed in the shear rate rah@el-300 & under controlled
shear rate (CSR) mode.

The oscillatory tests were carried out through dyitastrain sweeps and frequency
sweeps. The strain sweeps were performed in thisedpgtrain range of Ibto 10% at a
fixed angular frequency of 6.28 rad ander an electric field in order to get the pasiti
of the linear viscoelastic region (LVR). Afterward$e viscoelastic moduli were ob-
tained from the frequency sweep tests (0.5 to 00st) at fixed strain amplitude in the

LVR. All the oscillatory measurements were perfodire CSR mode.

In the both modes before each measurement at nestriel field strength, the formed
structures within the suspension was destroyedhlering at a shear rate of 20 fer

120 s. The experiments were carried out at 25 °C.

5.1.4 DIELECTRIC MEASUREMENTS

Frequency dependences (in range 6f #0( Hz) of dielectric constant and dielectric
loss factore” of 5 vol. % samples of the ER fluids were measwsithg an impedance

analyser (Agilent 4524, Japan) at 25°C.
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6 RESULTS AND DISCUSSIONS

6.1 MORPHOLOGY OF PPy & PPy-Ag COMPOSITE PARTICLES

Scanning electron microscopy (SEM) was performearder to investigate the dimensions
and the morphology of PPy and PPy-Ag compositagh@st The scanning electron micro-
graphs are presented in Figure 29 to 33.

As can be seen, the particles have globular shaghét & also evident that the sizes of the
resulting particles tend to increase a bit as treentration of AQN®@in the reaction mix-

ture increases. The polypyrrole particles are oleskto have a distribution of dimensions
between 0.1-0.3 um. However, the shape of thecjestiotally changed into something
broccoli-like agglomerates when only Aghl@3 employed as an oxidizing agent (Fig 33).

The faint white spots in the Figs 30-33 can belatted to the Ag particles.

Figure 29: SEM micrograph of Sample S1
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Figure 31: SEM micrograph of Sample S3
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Figure 32: SEM micrograph of Sample S4

Figure 33: SEM micrographSdmple S5
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6.2 FTIR STUDIES ON THE SAMPLES

FTIR analysis was carried out to identify PPy ang ehanges in its chemical structure

because of the different concentrations of oxidartd.

For all the samples, the characteristic peaks laserged at 823 ciif =C — H out of ring

plane vibrations), 914 ¢cm(C — C out of phase), 1043 &§=C — H in plane vibrations),
1196 cm* (PPy ring bending), 1290 ¢h{C — C bond), 1475 ci(PPy ring vibrations),
1558 cm* (C = C bond), 1684 cth(C=N bond), 3108 cih(N — H stretching vibrations)

which confirms the formation of PPy.

However some small shift toward lower wave numlsre to the addition of Ag on

certain peaks can be observed, Fig 34.
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Figure 34:FTIR spectra of prepared samples
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6.3 CHARACTERIZATION OF PPy and PPy-Ag PARTICLES

Table 2, shows the results obtained from four-peart der Pauw method, the TGA meas-
urements on the samples of PPy/PPy-Ag compositiciesr and their densities. The re-
sults are explained in detail in the following sess.

Table 2: The molar concentrations of oxidants AR& Ag.NQ (C) used for the synthesis
of particles employed in ER fluids and their dgngi}, amount of Ag ()

and conductivitydpc).

Sample Caps Cag.NO3 p Wig opc

[mol.l™] [mol.1™] [g.cm™] [ Mass %]  [x10° S.cm’]
Sl 0.2 0 1.153 0.0 0.29
s1 0.2 0 1.153 0.0 1.60
S2 0.15 0.1 1.628 44.2 9.21
S3 0.1 0.2 2.632 63.5 10.72
S4 0.05 0.3 2.496 72.3 252
S5 0 0.4 4.462 78.4

* Sy (Twice deprotonated)

It is worth stating that ‘when the content of Agsaiacreased to 0.4 mét,| the resulting
PPy-Ag composite particles were denser and consistedistinct particles (like beach
sands) and it was not possible to make stabletpatieorder to perform the conductivity

measurements as per van der Pauw method'.
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As expected, when the content of Ag was increassd D.1 to 0.4 mor}, the density of
the resultant PPy-Ag composite particles was alsteased. Furthermore, the presence of
Ag and its weight percentage in each sample wenéiraeed by XRD analysis and TGA

respectively.

Characteristic peaks of Ag on the XRD graph of 53
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= (220)
£ (222)
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Figure 35: XRD pattern of S3 confirms the presesfcig

As shown in Fig 35, the peaks obtained can be ediéa the cubic structure of Ag with
the lattice constant of 4.0862 A and a small amougthalo due to the presence of PPy in

the sample is also evident from the XRD.

Thermograms from TGA experiments of the sampleshosvn in Fig. 36, through which

it is possible to calculate the amount of Ag présereach samples. As the amount of Ag
via molar concentration of AgNgfrom 0.1 to 0.4 mol1) increased, the amount of Ag in
the PPy-Ag composite also increased from (44.28d Wt. %), consequently which re-

sults in the increase in density and conductivitthe samples as can be seen in Table 2.
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Figure 36: Thermograms of prepared samples indicating the arnolLIPPy present in

each of them

6.4 Electrorheological measurements

Figures 37-40, show the flow curves for the prepd® fluids samples S1, S2, S3 and
S1,, of PPy and PPy-Ag composite particles, under dhffeelectric fields. Under the ab-

sence of an electric filed all samples exhibit ain@ Newtonian behavior i.e. The shear
stress increases linearly with shear rate. Wheiredse presence of an electric field, a
dramatic increase in the shear stress is obsenetdlathe samples exhibit a distinct yield

stress, demonstrating a shear thinning behavior.

The increase in yield stress and the shear strigsghve increasing electric filed strength is
clearly visible from the following graphs and thalwes of yield stress of the samples are

tabulated in Table 3.



TBU in Zlin, Faculty of Technology

53

Shear stress [Pa]

Shear stress [Pa]

N
(2}

o
(@]

0.01

AAAD
AAAAAAAAAAAAA @é

A A
ooooooo@
00 OO0OOOC EI 00 kV/mm
O
DD <1 kV/mm
N O
[ oH A2 kV/mm
O
- DDD 3 kV/mm
oo
[ o"
0.01 1 100

Figure 37 : Dependence of shear stregsdn shear rate ¥), for 5 vol. %

Shear rate [ s1]

sample of S1 at various electric field strength&&mm)

250 - 500
' oooooooooooooooooAA
AAAAAAAAAAAAA
NAVAA El
O
O
O
IZ]D 00 kV/mm
5 - IZ]DD 1 kV/mm
DD A2 kV/mm
O
DD 03 kV/mm
O
O
O
O
0.1 } f } f
0.01 0.1 1 10 100 1000

Figure 38: Dependence of shear stregsdn shear rate ¥), for 5 vol. %

Shear rate [s]

sample of Sk at various electric field strengths E (kV/mm)



TBU in Zlin, Faculty of Technology

54

100
o
o
o
10 + o &
8
0 ©0P© ©%0%o0 28
© 0O AAAAAé 00 kV/mm
= 14 LA A & <0.1kV/mm
(7]
o S & A 0.3 kV/mm
= o O 00.5kvV/mm
o © O
S 01+ o
O
O
O
0.01 R L .
0.01 0.1 1 10 100 1000
Shear rate [s]
Figure 39 : Dependence of shear stregsdn shear rate ¥), for 5 vol. %
sample of S2 at various electric field strength&&mm)
100
o
.
10 + @
E &
&
(C o o (o3
e, <><><><><><><> O J0 kV/mm
8 1 - O
) O
g O ©0.25 kV/mm
© 0 -
o 0.5
O
7 50
0.1 - 0
O
0.01 ey 2
0.01 0.1 1 10 100 1000

Shear rate [s!]

Figure 40: Dependence of shear stregsdn shear rate ¥), for 5 vol. %

sample of S3 at various electric field strength&¥&mm)



TBU in Zlin, Faculty of Technology 55

As can be seen from the graphs in the presence eleatric field, a dramatic increase in
the shear stress is observed and all the samphésitex distinct yield stress, demonstrating
a shear thinning behavior with increasing shear wdten the hydrodynamic forces start to

dominate over the electrostatic forces.

Table 3: Yield stress of prepared sample¥ at =s3.4nd E= 0.3 kV/mm

Sample Yield stress [Pa]
S1 5.840
Sy 4.300
S2 1.423
S3 5.411

It is also evident form the above graphs 37-4Q, tia sample S1 and §khow better ER
effects under higher applied electric strengthsoup kV/mm. Whereas the samples S2 and
S3 failed to show ER activity above 0.5 kV/mm doghte presence of Ag, which influence
the conductivity of the sample. Thereby renderimg $amples to short circuit above the

applied electric field strength of 0.5 kV/mm.

Moreover it can also be found that the shear stwédise ER fluids of samples S1 and S3
shows a plateau region over a broad range of sheacomparative to S2. This phenome-
non is mainly due to the changes in the microstinest of ER fluids (i.e., rearrangements
and destruction). The other reason could be théfioeent amount (below critical value)

of Ag content comparative to S3, hence it can acraimpurity in the system which ac-

counts for the corresponding lower yield stresS2n

Figure 41, shows the shear stress dependency anrstte of the samples S1, S2 and S3 at
0.3 kvV/mm. From which it's clear that the sample&®tl S3 exhibit a plateau region over

a broad range of shear rate than S2.
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Figure 41: Flow curves of shear stressds a function of shear ratg/{ for the 5

vol. % ER fluids of S1, S2 and S3 at 0.3 kV/mm

Viscosity as a function of shear rate is shownigsF42-45. Without an applied external
electric field viscosity is nearly constant wittcieasing shear rate and thus exhibits New-

tonian behavior.

Under application of electric field viscosity inases significantly with electric field

strength and decreases with increasing shearAatew shear rates viscosity tends to be
the maximum because of the domination of electticsfiarces and the formation of chain-
like structures between electrodes which causesosity enhancement. At higher shear
rates, the viscosity tend to decrease becauseytlredynamic forces become more domi-

nating over the electrostatic ones and the suspengixhibit pseudoplastic behavior.



TBU in Zlin, Faculty of Technology

57

[ A
3125

I o2 a

. o 25

£ < A

62.5 : o .
< A

— i © A 00 kv
“ 125 - © A
[¢] ' o < A
a, s <o A < 1kV/mm
z : O, b
= I o
8 251 o A A A 2 kV/mm
a o A
5 : . o A 3 kv/mm

F O A

05 + - DDDDDDD ®e “a
D0oooofend
0.1 % 1 1 ||||||I % 1 1 ||||||I
0.01 0.1 1 10 100 1000

Shear rate [ s]
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6.4.1 THE EFFECT OF DEPROTONATION

Figure 46 shows the effect of further deprotonabarthe sample S1, which is denoted as
S1,,. It is evident that after double deprotonation shenple exhibit better ER activity due
to excess removal of charge carriers along thedPin, which enhances the ER activity
over the wide range of applied electric field sgnwith a significant increase in yield

stress and in viscosity.
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Figure 46: Flow curve (A) and Viscosity curve (Bpovol. % Samples of S1 and, o1
at 0 and 3 kV/mm of applied electric field strength

Furthermore it was possible to make ER suspendi@ixin Silicone oil with higher par-
ticle loading (10 Vol. %) which shows better EReeffthan 10 vol. % sample of S1 even

under higher electric field strength.

During the rheological experiment the sample Sliciwhvas deprotonated once failed
to show ER effect at 3 kV/mm. On the other hang, Shows a distinct ER effect with
a pronounced increase in yield stress and viscasi8/ kV/mm, which is evident from

the graphs below in Fig 47.



TBU in Zlin, Faculty of Technology 60

7812.5 £

20161 "S1 00 kV/mm
1562.5 + » 1 kv/mm
A2 kv/mm
3125 +
L = LA
- @ 625 +. 2 p
[~ EA A
@5 - Lo, B
@ £ 125 + ¢ A
i a g & A N
o L¥] E 40 i Fay
s - 00 kv/mm ,; 2a DDDDD --__A&Q
& 51 kv/mm 05 + D0ooodaa
£J2kV/mm | 1 Lol
01 : : ey 01 ' '
0.01 0.1 1 10 100 1000 1 10 100 1,000
Shear rate[s?]
1000 10000 «
Sl 00 kv/mm
o < 1kV/mm
1000 + L ie /
100 E A¢ Ao A2 kvfmm
E ) B o BAD =3 k¥/mm
= I @ 100 & Yo AXO
%] o = & AL
g 10 = E 04200
5 Fy - =
a O G 10 + o 830
= L o 00 kv/mm e E S A%0
g .| O P ] i ¢ 28 %
= 1+ DDD > 1 kV/mm = gL DDDDDDDDD ST
F O L a8
o0 42 kv/mm - DDDDDDDD\
m| -3 kv/mm C
0.1 Ly f— L 01 T ¥ 1T S A 1 ¥R B AW T
0.01 0.1 1 10 100 1000 0.01 01 1 10 100 1000
Shear rate [5] Shear rate [51]

Figure 47: Flow curves (left) and Viscosity curyaght) of and 10 vol. % samples of

S1 (top) and Si(bottom)

6.4.2 EFFECT OF CHANGE IN PARTICLE VOLUME CONCENTRATION

Figure 48, shows the effect of change of PPy dagicolume concentration of sample S1
from 5 vol. % to 10 vol. % on the ER effect. The pRRperties of 10 vol. % samples of S2
and S3 were not possible to measure owing to tgimner conductivity, which tend to
make the system to short-circuit during the rheigl@igneasurement.

From the Fig 48, it is evident that the 10 vol. &mngles of S1 shows better ER activity

with a significant increase in yield stress anccossty than the 5 vol. % samples. This is

the result of strong electrostatic interaction lestw particles and the increase in number of
chain like structures formed by the particles with increase in PPy content.
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samples of S1 under different applied electridfslength

6.4.3 DYNAMIC OSCILLATORY EXPERIMENTS

The formation of internal chain-like structure betpolarized particles under the applica-
tion of electric filed is also accompanied by tlirarge in viscoelastic characteristics. Fig-
ure 49 and 50 depict the dependenc&ofindG” on the strain amplitude in oscillatory

flow for 5 vol. % samples of S1 and S3.

Without the electric field the viscous modulus tecous modulu§” in the suspension is
dominant over elastic modulUs’. However, when the electric field is engaged be-
comes significantly higher tha@” in the linear viscoelastic region and both modiuHi

crease rapidly in several orders of magnitude ftioer electric field-off values.

When the strain acting on the internal structuceaeases beyond a certain degree, the elas-
tic and viscous moduli intersect each other, at plo@t the chain structure of the ER fluid

breaks rapidly and the system starts to flow.
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For practical applications it is essential to knthe moduli in linear viscoelastic region

and their angular frequency dependence. Figureepfesents the change@i andG” of

5 vol. % sample of S1 and S3 at a small strain0dfitl the linear viscoelastic region with
and without the applied electric field strength.

With increasing electric field strength, valueshafth moduli increase signifying more

established and rigid chain-like structures induogdhe applied electric field.
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At the low angular frequency regio®, is nearly independent of frequency and is larger
thanG” at the same electric field strength due to thel@manant elasticity over viscosity.
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Figure 51 : Angular frequencyy, dependence of storage modulus, G’, (solid symbold
loss modulus (G”, open symbols) for 5 vol. % samplkeS1 under various E (kV/mm)
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6.5 DIELECTRIC MEASUREMENTS

Generally, dielectric properties of ER suspensiares closely connected to the ER effect
since the chain-like structure is formed by induedégttrostatic interactions between dis-
persed dielectric particles caused by interfactddpsation. The dielectric spectra are pre-
sented in the Fig 51 and the relaxation times obthare tabulated below.

Table 4 : Dielectric relaxation time for the prepdusamples

Sample Relaxation time
trel [S]

S1 6.95 x 10°
Sl 1.46 x 10'
S2 3.55 x 1¢°
S3 4.34 x 10°

The relaxation time,d, which is defined as the reciprocal of frequentwhich the die-
lectric loss factorg”, is maximum. The value oftreflects the rate of interfacial polariza-
tion, and is observed to be lower for samples d¢oimg Ag (S2 and S3) in comparison to
the samples containing pure PPy, which is due gbdriinduced charges on the interface

between the particles.

On the other hand, unfortunately there appeare t® $econd peak on the dielectric spectra
for samples containing Ag, which renders the datdtde fit using the Havriliak-Negami
model. This might be due to the electrode polainpabf these particles owing to higher

conductivity than the neat PPy.
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CONCLUSION

The PPy and PPy—Ag composite particles were sy sia oxidation of Py with a mix-
ture of APS and AgN©@and used as a dispersed phase of a novel ER suspen

Morphological studies through SEM revealed that p&yicles are globular in shape, and
their sizes tend to increase and form agglomerakesn AgNQ is used as an oxidant dur-

ing the synthesis.

From the FTIR analysis the presence of PPy in #mpses were confirmed and it also
proved that the increase in Agh@uring the synthesis has very little effect on ¢chemi-
cal structure of PPy as the characteristic peal&Ryfis observed on FTIR spectra of each

sample.

From the TGA measurements the amount of Ag presettie samples was calculated,
which also correlates with the density measuremeengaling the amount of Ag increases
as the amount of AgNfncreases during the synthesis of PPy. X-ray alifion analysis
also proved the presence of Ag in those samples. cbmductivity of the samples was
measured using Van der Paaw four point method tladesults proved that the presence

of Ag particles increased their conductivity ughicee orders of magnitude.

To obtain insight into the ER activity of prepariéR suspensions, rheological and dielec-
tric properties were evaluated. Although the digleaneasurements revealed that the re-
laxation time tends to decrease as the amount ohérgase there by resulting in faster ER
response in comparison to that of neat PPy, thelabeal measurements showed that the
ER suspensions of PPy—Ag composite particles icosié oil can only be employed as a
novel ER suspension, when the applied externakraefteld strength is not above 0.5

kV/mm, whereas the ER suspension prepared usirigPiacan be employed over a wide
range of external electric field strength up tov@rkm. This is due to the higher conductiv-

ity of the suspensions containing Ag as found amdbnductivity measurements.
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