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E lectrorheo logical (ER) fluids, typ ically  com posed o f  sm all partic les 
d ispersed  in  nonconducting  liquids, are fascinating  m ateria ls w hose structure 
and rheolog ical p roperties can be dram atically  a ltered  by  ex ternal electric 
fields. In th is study, three types o f  particles; silica, po lyaniline, and 
po lyan iline-coated  silica w ere used as the d ispersed  phase and silicone oil as 
the m edium . The effects o f  the w eight fraction  and size o f  partic les and 
electric  fie ld  strength w ere investigated  by  a m odified  cone and plate 
rheom eter, connected  to a high voltage generato r under oscilla tory  shear. All 
o f  the E R  flu id  sam ples show ed the linear v iscoelastic  behav io r only at sm all 
strain  am plitudes. The E R  effect could be enhanced  by increasing  the w eight 
fraction  o f  the partic les and the electric field  strength. The effect in  linear 
v iscoelastic  reg ion  w as larger than that o f  non linear due to  the less 
deform ation  o f  chain structures. U pon subsequent applica tions o f  the electric 
fields, the sam ples show ed alm ost the sam e response. A fter the electric  field 
w as released, the sam ples recovered alm ost com pletely . H ow ever, at h igher 
frequencies, the ER  effect tended to dim inish.



V

A C K N O W L E D G M E N T S

The au tho r w ould  like to g ratefu lly  acknow ledges all p ro fessors w ho 
have taugh t her at the P etro leum  and P etrochem ical C ollege, C hula longkom  
U niversity , especially  those in the Polym er Science Program .

She greatly  appreciates the efforts o f  her research  advisors, P rofessor 
A lexander M. Jam ieson, D epartm ent o f  M acrom olecu lar Science, Case 
W estern  R eserve U niversity  and A ssociate P ro fesso r A nuvat S irivat o f  the 
P etro leum  and P etrochem ical C ollege, C hula longkom  U niversity  fo r their 
constructive criticism s, suggestions and proof-reading  o f  th is m anuscrip t. She 
w ould  like to  give thanks to  Dr. P itt Supaphol fo r being  a th esis com m ittee 
m em ber.

She w ould  like to give a special thank for c.p .o . P oon A rjpru, the 
e lectrical technician , at the P etro leum  and P etrochem ical C ollege w ho helped  
in the design and fabrication  o f  the m odified  cone and plate geom etry .

The au tho r also thanks all o f  her friends and s ta ff  at the P etro leum  and 
P etrochem ical C ollege w ho encouraged  her in carry ing  out the experim en t and 
th is thesis w riting. F inally , she is deeply  indebted  to her fam ily  fo r th e ir love, 
understand ing , encouragem ent, and for being a  constan t source o f  her 
inspiration.



V I

T A B L E  O F  C O N T E N T S

P A G E
T itle Page i
A bstract (in English) iii
A bstract (in  T hai) iv
A cknow ledgem ents V

T able o f  C onten ts vi
L ist o f  T ables X

List o f  F igures xi

C H A P T E R
I I N T R O D U C T I O N

1.1 The E R  P henom enon 1
1.2 E R  Particle  M ateria ls 4
1.3 Physical Properties o f  the Particles 6
1.4 C hem ical P roperties o f  the Particles 7

1.4.1 E xtrinsica lly  P olarizab le M ateria ls 7
1.4.1.1 Polar N on-ionic  M ateria ls 8
1 .4 .1 ,2Polar Ionic M aterials 8

1.4.2 In trin sically  P olarizab le  M ateria ls 9
1.4.2.1 C onductive and S em iconducting

P articles 9
1.4.2.2 M etals 9
1.4.2.3 C oated  Particles 10

II  L I T E R A T U R E  S U R V E Y
2.1 M echanism s 11
2.2 S tructure Form ation 12



2.3 M ateria ls 13
2.4 P o lym er-B ased  E R  flu ids 15

I I I  E X P E R I M E N T A L  S E C T I O N
3.1 M ateria ls 20
3.2 M ethodology  20

3.2.1 P urification  o f  A niline M onom er 20
3.2 .2  S ynthesis o f  P olyaniline P articles 20
3.2.3 S ynthesis o f  P olyaniline-C oated  Silica

P articles 21
3.3 C haracteriza tions 22

3.3.1 FTIR  S pectrom eter 22
3 .3 .2 U V -V IS  S pectrom eter 22
3.3.3 S canning E lec tron  M icroscope 23
3.3 .4  Therm al G rav im etric  A nalysis 23
3.3.5 Particle Size A nalyzer 23
3.3 .6  S ieving M achine 24
3.3 .7  F luid R heom eter 24

3.4 Preparation  o f  E R  F luids 27
3.4.1 P reparation  o f  S ilica D ispersion System  27
3.4 .2  P reparation  o f  P olyaniline D ispersion System  28
3.4.3 P reparation  o f  Polyaniline-C oated  Silica

D ispersion  System  28
3.5 E R  M easurem ents 29

3.5.1 C onditions in O scilla tory  M easurem ent 29

I V  R E S U L T S  A N D  D I S C U S S I O N
4.1 Silica C haracteriza tions 31

4.1.1 FTIR  S pectroscopy 31



V l l l

4.1 .2  Therm al G rav im etric  A nalysis 31
4.1 .3  S canning E lectron  M icroscope 32
4 .1 .4  Particle  Size A nalyzer 32

4.2 P oly  aniline C haracteriza tions 32
4.2.1 FTIR  S pectroscopy 32
4 .2 .2  U V -V IS S pectrom eter 33
4.2 .3  T herm al G rav im etric  A nalysis 33
4 .2 .4  S canning E lectron  M icroscope 33
4 .2 .5  Particle  Size A nalyzer 33

4.3 P olyan iline-C oated  S ilica C haracterizations 34
4.3.1 FT IR  S pectroscopy 34
4.3 .2  T herm al G rav im etric  A nalysis 34
4 .3 .2  Particle  Size A nalyzer 34

4 .4  R heo log ical M easurem ents o f  S ilicone O il 40
4.5 E R  M easurem ents o f  Silica (S 5 6 3 1) S uspensions 43

4.5.1 E ffect o f  S train A m plitude 43
4 .5 .2  T ransien t R esponse 45
4.5.3 E ffect o f  E lectric  F ield  Strength: L inear

V iscoelastic  R egion 46
4 .5 .4  E ffect o f  Particle  C oncentrations: L inear

V iscoelastic  R egion 54
4.5 .5  E ffect o f  E lectric  F ield  Strength: N on linear

V iscoelastic  R egion 56
4 .5 .6  E ffect o f  Particle C oncentrations: N on linear

V iscoelastic  R egion 60
4 .5 .7  E ffect o f  Size o f  the Particles 61

4 .6  E R  M easurem ents o f  Polyaniline S uspensions 63
4.6.1 E ffec t o f  S train A m plitude 63
4.6 .2  T ransien t R esponse 65



IX

4 . 6 . 2  E f f e c t  o f  E l e c t r i c  F i e l d  S t r e n g t h :  N o n l i n e a r

V i s c o e l a s t i c  R e g i o n  6 6

4 . 6 . 3  E f f e c t  o f  P a r t i c l e  C o n c e n t r a t i o n s :  N o n l i n e a r

V i s c o e l a s t i c  R e g i o n  6 8

4 . 7  E R  M e a s u r e m e n t  o f  P o l y a n i l i n e - C o a t e d  S i l i c a

S u s p e n s i o n  7 0

4 . 7 . 1  E f f e c t  o f  S t r a i n  A m p l i t u d e  7 0

4 . 7 . 2  T r a n s i e n t  R e s p o n s e  7 1

4 . 7 . 3  E f f e c t  o f  E l e c t r i c  F i e l d  S t r e n g t h :  N o n l i n e a r

V i s c o e l a s t i c  R e g i o n  7 2

4 . 8  T h e  C o m p a r i s o n  o f  T h e  S i l i c a  ( H 9 2 7 )  a n d

P o l y a n i l i n e  S y s t e m  7 7

4 . 9  T h e  C o m p a r i s o n  o f  T h e  S i l i c a  ( S 5 6 3 1 )  a n d

P o l y a n i l i n e - C o a t e d  S i l i c a ( S 5 6 3 1 )  S y s t e m  7 8

V  C O N C L U S I O N S  8 0
R E F E R E N C E S  81
A P P E N D I C E S  8 6
C U R R I C U L U M  V I T A E  9 8



X

L I S T  O F  T A B L E S

T A B L E  P A G E
1 E l e c t r o r h e o l o g i c a l  m a t e r i a l  r e q u i r e m e n t s  f o r  a

v a r i e t y  o f  a p p l i c a t i o n s  4

2  D e s i r e d  b a s e  f l u i d  p r o p e r t i e s  4

l a  P r e p a r a t i o n  o f  s i l i c a  d i s p e r s i o n  E R  f l u i d  2 7

l b  P r e p a r a t i o n  o f  p o l y a n i l i n e  d i s p e r s i o n  E R  f l u i d  2 8

l c  P r e p a r a t i o n  o f  p o l y a n i l i n e - c o a t e d  s i l i c a  d i s p e r s i o n

E R  f l u i d  2 8

4 . 2  T h e  a m o u n t  o f  a d s o r b e d  w a t e r  i n  s 5 6 3  l a n d

H i s i l  9 2 7  3 1

4 . 3  T h e  s u m m a r y  o f  F T I R  c h a r a c t e r i s t i c  p e a k s  o f  t h e

s y n t h e s i z e d  p o l y a n i l i n e  e m e r a l d i n e  b a s e  3 3

4 . 4  T h e  s u m m a r y  o f  F T I R  c h a r a c t e r i s t i c  p e a k s  o f  t h e

s y n t h e s i z e d  p o l y a n i l i n e - c o a t e d  s i l i c a  ( S 5 6 3 1 )  3 5

D - l  G ’ a n d  G ”  o f  E R  f l u i d s  b a s e d  o n  s i l i c a  a t  t h e  e l e c t r i c

f i e l d  o f  0 ,  1 , a n d  2  k v / m m  a t  v a r i o u s  %  s t r a i n s  9 7

D - 2  G ’ a n d  G ”  o f  E R  f l u i d s  b a s e d  o n  P A N  a t  t h e  e l e c t r i c

f i e l d  o f  0, 1, a n d  2 kv/mm a t  v a r i o u s  %  s t r a i n s  98
D - 3  G ’ a n d  G ”  o f  E R  f l u i d s  b a s e d  o n  P A N - c o a t e d  s i l i c a  

a t  t h e  e l e c t r i c  f i e l d  o f  0 ,  1, a n d  2 kv/mm a t  v a r i o u s  

%  s t r a i n s  98



XI

L I S T  O F  F I G U R E S

F I G U R E P A G E

1 S c h e m a t i c  i l l u s t r a t i o n  o f  t h e  c h a i n - f o r m i n g 2
2 M e c h a n i s m  o f  f i b r i l l a t i o n  a n d  a l i g n m e n t  o f

d i e l e c t r i c  p a r t i c l e s . 2
3 A  c o m p a r i s o n  b e t w e e n  d i f f e r e n t  f l u i d  b e h a v i o r s 3

3 .1 S c h e m a t i c  d i a g r a m  s h o w i n g  t h e  p r i n c i p a l  f e a t u r e s

o f  c o n e - a n d - p l a t e 2 5

4 .1 F T I R  s p e c t r a  o f  t w o  d i f f e r e n t  s i l i c a  t y p e s 3 6

4 . 2 F T 1 R  s p e c t r a  o f  t h e  s y n t h e s i z e d  p o l y a n i l i n e 3 7

4 . 3 U V - V I S  s p e c t r a  o f  t h e  s y n t h e s i z e d  p o l y a n i l i n e 3 8

4 . 4 F T I R  s p e c t r a  o f  p u r e  s i l i c a ,  p o l y a n i l i n e ,  a n d

p o l y a n i l i n e - c o a t e d  s i l i c a 3 9

4 . 5 V i s c o s i t y  d e p e n d e n c e  o f  s h e a r  r a t e  o f  s i l i c o n e  o i l 4 0

4 . 6 T h e  s t r a i n  d e p e n d e n c e  o f  t h e  l o s s  m o d u l u s  o f

s i l i c o n e  o i l 4 1

4 . 7 T h e  l o s s  m o d u l u s  d e p e n d e n c e  o n  f r e q u e n c y  o f

s i l i c o n e  o i l 4 2

4 . 8 S t r a i n  s w e e p  t e s t  o f  t h e  2 0 % w t  s i l i c a  ร 5 6 3 1

s u s p e n s i o n  a t  0  a n d  2  k v / m m  e l e c t r i c  f i e l d  s t r e n g t h 4 3

4 . 9 G ’ a n d  G ”  d e p e n d e n c e  o n  %  s t r a i n  o f  2 0 % w t  s i l i c a  

( S 5 6 3 1 )  s u s p e n s i o n  a t  t h e  e l e c t r i c  f i e l d  s t r e n g t h  o f

2 k V / m m 4 4

4 . 1 0 G ”  d e p e n d e n c e  o f  t h e  2 0 %  w t  s i l i c a  ( ร 5 6 3 1 )

s u s p e n s i o n  a t  e l e c t r i c  f i e l d  s t r e n g t h  o f  2  k v / m m 4 5

4 . 1 1 a G ”  d e p e n d e n c e  o f  5  % w t  s i l i c a  ( ร 5 6 3 1 )  s u s p e n s i o n

a t  v a r i o u s  e l e c t r i c  f i e l d  s t r e n g t h s  a t  5 0 %  s t r a i n 4 6



Xll

4 .1  l b  G ”  d e p e n d e n c e  o f  1 0 % w t  s i l i c a  ( s 5 6 3 1 )  s u s p e n s i o n

a t  v a r i o u s  e l e c t r i c  f i e l d  s t r e n g t h s  a t  5 0 %  s t r a i n  4 7

4 . 1 1 c  G ”  d e p e n d e n c e  o f  2 0 % w t  s i l i c a  ( ร 5 6 3 1 )  s u s p e n s i o n

a t  v a r i o u s  e l e c t r i c  f i e l d  s t r e n g t h s  a t  5 %  s t r a i n  4 8

4 .1  I d  G ”  d e p e n d e n c e  o f  4 0 % w t  s i l i c a  ( s 5 6 3 1 )  s u s p e n s i o n

a t  v a r i o u s  e l e c t r i c  f i e l d  s t r e n g t h s  a t  5 %  s t r a i n  4 9

4 . 1 2 a  G ’ d e p e n d e n c e  o f  1 0 %  w t  s i l i c a  ( S 5 6 3 1 )  s u s p e n s i o n

a t  v a r i o u s  e l e c t r i c  f i e l d  s t r e n g t h s  a t  5 0 %  s t r a i n  5 0

4 . 1 2 b  G ’ d e p e n d e n c e  o f  2 0 %  w t  s i l i c a  ( S 5 6 3 1 )  s u s p e n s i o n
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