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

4 .1  S i l ic a  C h a r a c t e r iz a t io n s

4.1.1 FTIR  S pectroscopy
The FTIR  spectra o f  tw o types o f  silica (ร5631 and H isil 927) 

are show n in Figure. 4.1 The spectra o f  tw o silica types show n have the sam e 
broad  absorp tion  peak at ~ 1 100 cm"1 indicating  the Si-O-Si bon d  (The A ldrich  
L ibrary o f  F T -IR  Spectrum . V ol.3, p. 4717).

4 .1 .2  Therm al G rav im etric  A nalysis
For silica d ispersion E R  fluid, the w ater adsorbed  on the 

surface o f  silica  p lays an im portan t role for the induced partic le  to  be po larized  
in the electric  field  (O tsubo e t  a l. 1991, 1992). From  TG A  therm ogram s 
(A ppendix  C), the am ount o f  adsorbed w ater in each silica type w ere 
determ ined. T he w eight loss o f  silica at 40-50°C  w as a ttribu ted  to  the 
deso ip tion  o f  w ater. The am ount o f  w ater in each silica is show n in T able 4.2.

T a b le  4 .2  The am ount o f  adsorbed  w ater in s5631and H isil 927

S ilica  type The am ount o f  w ater (% w t)
ร 5631 0.10

H isil 927 3.53
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4.1.3 Scanning E lectron  M icroscope
From  prev ious studies on the E R  flu ids, the m orphology  and 

the size o f  the partic le  can affect the E R  behavior (Y atsuzuka e t  a l. 1995, 
Shaw  e t  a l. 1996 and H avelka e t  a l. 1996). The SEM  m icrograph  o f  silica 
s5631 partic les show s th eir shapes to  be irregular. The shapes o f  H isil 927 
partic les appear to  be round  (see A ppend ix  B).

4 .1 .4  Particle  Size A nalyzer
Particle size analyzer w as used to  determ ine size and size 

d istribution  o f  each silica type. The resu lts show  th at the m ean sizes o f  ร5631 
and H isil 927 w ere 2 .57 and 17.53 m icron  in  d iam eters and the standard  
deviations o f  2.21 and 14.38, respectively .

4 .2  P o ly a n i l in e  C h a r a c t e r iz a t io n s

4.2.1 FTIR  S pectroscopy
The FTIR  spectra o f  the synthesized  polyaniline  are show n in 

Figure. 4.2 and  the characteristic  peaks o f  po lyaniline  are listed  in Table
4 .3 .The absorp tion  peak at 828 cm '1 ind icates the type o f  substitu ted  benzene 
in the po lyaniline. O ther peaks ind icating  o ther ty pes o f  substitu ted  benzene 
w ere no t observed. T herefore, the FT IR  spectrum  gave an evidence fo r the 
form ation  o f  po ly  (/7-aniline) w hich  is a po lyaniline  em erald ine base. The 
absorp tion  at 1162 c m '1 ind icates an electron ic band, w hich  is associa ted  w ith  
electrical conductiv ity  in po lyaniline (P alan lappan  and N arayana, 1994).
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T a b le  4 .3  The summary of FTIR characteristic peaks of the synthesized
polyaniline emeraldine base (Palanlappan and Narayana, 1994)

P ea k  lo ca tio n s  ( c m 1) F u n c t io n a l  g r o u p s
1587 c  = c  stre tch ing  o f  qu inoid  im ine
1494 c  = c  stretching o f  benzeno id  d iam ine

1302
C -N -C  stre tch ing  o f  a secondary  o f  arom atic 
am ine benzenoid  segm en ts

1162 V ibration  m ode o f  qu inoid  segm ents

828
out o f  p lane  bending  o f  para-substitu ted  
arom atic benzene ring

4 .2 .2  U ltrav io let-V isib le  S pectrom eter (U V -V IS )
The optical properties o f  conductive po lym er p lay  an 

im portan t ro le in changing m olecu lar conform ation, w hich  can affect the 
e lectrical properties o f  a conductive polym er. F igu re .4.3 show s the U V - 
V isib le  spectra o f  a so lution o f  the synthesized po lyan iline  em erald ine base 
in  N M P  solvent. The absorption  at 325 nm  ind icates the 71-71* transition  
electrons o f  the benzene ring  delocalized  onto n itrogen  atom s o f  the am ine in 
the benzenoid  segm ents. The absorp tion  at 625 nm  indicates the excitation  
from  the h ighest occupied m olecu lar orbital (H O M O ) o f  the benzeno id  ring  to 
the low est unoccupied  m olecu lar orbital (L U M O ) o f  the localized  quinoid  
segm ents. The peak  positions at 325 and 625 nm  depend on the purification  
m ethod  and the level o f  purification  o f  the synthesis (L aakso e t  a l. 1994).
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4.2.3 Therm o gravim etric A nalysis
The therm al stability  o f  the po lyaniline  partic les w as studied. 

A  th ree-step  decom position  w as detected from  the T G A  therm ogram . The first 
step at 100°c corresponds to the loss o f  w ater in  particles. T he second step, 
w hich  occurred  betw een 500-700°C , corresponds to  the lo ss o f  the counter 
anion o f  dopan t and the low  m olecu lar w eigh t oligom er. The last step, w hich 
occurred  above 700°c is a ttributed  to the decom position  o f  the backbone o f  
the po lyaniline. The TG A  therm ogram  o f  the dope po lyan iline  w ith  a c r  
counter anion (appendix  B), show  only fu s t tw o steps because the lim ited 
tem peratu re  range o f  the instrum ent.

4 .2 .4  S canning E lectron  M icrosope (SEM )
The shape o f  the polyaniline partic les w as observed  using a 

scanning  electron  m icroscope. The shape w as very  irregular as show n in 
A ppend ix  B, resu lting  from  the fact that po lyaniline can n o t ro tate  freely  
because o f  the chloride anions and im ine located  in the m ain  chain  (C hoi e t  
a l . , 1997).

4 .2 .5  Particle Size A nalyzer
Particle size analyzer w as used  to  determ ine size and size 

d istribu tion  o f  po lyaniline particles. The results show  th at the m ean  size o f  
PA N  partic les w as 19.74 m icron  in  d iam eters and the standard  devia tions o f
13.34.

4 .3  P o ly  a n i l in e - C o a t e d  S il ic a  C h a r a c t e r iz a t io n s

4.3.1 FT IR  Spectroscopy
The FTIR  spectra o f  the synthesized po lyan iline-coa ted  silica 

(S5631) are show n in  Figure. 4 .4  and the characteristic  peaks o f  polyaniline-
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coated  silica are listed in Table 4 .4 .The absorption  peak w as the sam e as 
po ly  aniline except there is an absorption  peak o f  the silica a t 1100 cm '1.

T a b le  4 .4  The sum m ary o f  FTIR  characteristic  peaks o f  the synthesized  
polyan iline-coated  silica (S5631) (Palanlappan and N arayana 1994)

P e a k  lo c a t io n s  ( c m 1) F u n c t io n a l  g r o u p s
1587 c  = c  stretching o f  quinoid  im ine
1494 c  = c  stretching o f  benzeno id  d iam ine

1302
C -N -C  stretching o f  a secondary  o f  arom atic 
am ine for benzenoid  segm ents

1162 V ibration m ode o f  quinoid  segm ents

1100
Si-O -Si bon d  (The A ldrich  L ibrary  o f  FT -IR  
Spectrum . V ol.3, p. 4717).

828
out o f  plane bending o f  para-substitu ted  arom atic 
benzene ring

4.3 .2  Particle  Size A nalyzer
Particle  size analyzer w as used to determ ine size and size 

d istribu tion  o f  po lyaniline-coated  silica (S5631) particles. The resu lts show  
that the m ean size o f  PA N -coated  silica (S5631) partic les w as 5 .57 m icron in 
d iam eters and the standard  deviations o f  6.61.

X ' 1 ^ 3  42)2.‘N'T
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F ig u r e  4 .1  F T IR  spectra o f  tw o d ifferen t silica types: (a) H isil 927, and (b) 
ร5631.
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F ig u r e  4.2 F T IR  spectra  o f  the synthesized  polyaniline.
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F ig u re  4 .3  The U V -V IS  spectra  o f  the synthesized  po ly  aniline 
particles.
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w a v e n u m b e r (c m  ' )

F ig u r e  4.4 F T IR  spectra  of: (a) pure silica; (b) po lyaniline; and (c) 
po lyan iline-coated  silica.
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4 .4  R h e o lo g ic a l  M e a s u r e m e n t s  o f  S i l ic o n e  O il
T he m edium  or liquid phase  used in the e lectrorheological fluids 

shou ld  be a N ew ton ian  fluid; i.e. its v iscosity  does not depend on shear rate 
(C hoi e t  a l ,  1997b). T hus, the changes in v iscosity  or o ther rheolog ical 
properties upon  apply ing  an electric field are due to  the form ation  o f  ch ain 
like or fib rillar structures in the suspension.

1

ST
p-

.1
1 10 100 1000 

Rate (ร" 1 )

F ig u r e  4.5 V isco sity  dependence o f  shear rate  o f  silicone oil.

F rom  the steady state rate sw eep test show n in F igure  4 .10, the 
v iscosity  o f  the silicone oil, w hich  is used as a m edium  for all E R  fluid 
sam ples in th is w ork, changes w ith  shear rate. W e can infer th at th is silicone 
oil behaves essen tially  like a N ew tonian  fluid.
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F ig u r e  4 .6  T he strain  dependence o f  the loss m odulus o f  silicone oil.

In F igure 4.6, the loss m odulus is show n in a strain  sw eep experim ent 
at the frequency  o f  1 rad/s, and is found to be independen t o f  strain  am plitude,
i.e. it show s linear v iscoelastic  behavior. In th is experim ent, only the loss 
m odulus is show n because the storage m odulus w as too  sm all to  m easure, the 
silicone oil is a v iscous fluid bu t has no elasticity . A s ev ident in F igure  4 .6 , the 
loss m oduli at 0 and 2 k v /m m  electric  field  strengths are ind istinguishab le, 
and are independen t o f  the strain.
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F ig u r e  4 .7  T he loss m odulus dependence on frequency o f  silicone oil.

F igu re  4.7 show s G ” o f  silicone oil at the 0 and 2 k v /m m  electric  field 
strengths vs. frequency at 600 %  strain. The dependence o f  the loss m odulus 
on frequency  in the absence and the presence o f  electric  fie ld  are com pared. 
The loss m odulus o f  silicone oil increases linearly  w ith  increasing  frequency 
(slope ~1) in zero  electric field. W ith an applied electric  fie ld  to  silicone  oil, 
the loss m odulus does not change. T herefore, the e lectric  fie ld  has no 
influence on the loss m odulus o f  the silicone oil.

A 0 kV/mm A 2 kV/mm
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4 .5  E R  M e a s u r e m e n t s  o f  S il ic a  ( s 5 6 3 1 )  S u s p e n s io n s

4.5.1 E ffect o f  Strain A m plitude
Figure 4.8 represents a p lo t o f  the loss m odulus (G ”) versus % 

strain  at a frequency o f  1 rad/s at electric  field strengths o f  0 and 2 kv/mm for 
20 % w t silica  in silicone oil system . This m easurem ent w as conducted  to 
determ ine the linear v iscoelastic  reg ion  o f  the stra in  for the frequency  sw eep 
experim ent. A t zero electric field, G ” w as independen t on stra in  am plitude, bu t 
w ith  the electric  field strength  o f  2 kv/mm, G ” exhib ited  a linear p la teau  for 
only  sm all %  strain (<10% ). A bove a critical stra in  o f  10 %, G ” decreases w ith  
increasing  % strain. A dditional strain  sw eep results for o ther E R  fluid  sam ples 
based on silica  ร5631 are show n in A ppend ix  D .

100

j 10

1
1 10 100 1000

% strain

F ig u r e  4 .8  Strain sw eep test o f  the 20% w t silica ร5631 suspension  at 0 and 2 
k v /m m  electric  field strength.

A 0 kv/mm A 2 kV/mm
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F ig u r e  4 .9  G ’ and G ” dependence on % strain  o f  20% w t silica  (S5631) 
suspension  at th e  electric field strength o f  2 k v /m m .

T he storage and loss m oduli as a function o f  the strain  am plitude are 
p lo tted  in F igure 4.9. In the linear v iscoelastic  region, the storage m odulus is 
larger than  the loss m odulus, and the reverse  trend is observed  outside the 
linear reg ion . This can be explained by the elasticity  o f  the E R  fluid , w hich  is 
know n to  be determ ined  by the form ation o f  partic le  chain structu res in an 
im posed  e lectric  field. T hese fibrillar structures o f  the suspended  silica  
partic les are know n to  span the gap betw een the electrodes. S hear deform atio n  
d istorts the fibril structure. A bove a certain  degree o f  deform ation , the 
structure  is broken  dow n, and the elasticity  o f  the E R  fluid abrup tly  decreases 
(C ho e t  a l . , 1998).

Î
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4.5 .2  T ransien t R esponse 
354

F ig u r e  4 .1 0  G ” dependence o f  the 20%  w t silica  (ร563 1) suspension  at electric 
field  strength  o f  2 k v /m m  and 600%  strain.

F igure  4 .10 show s the G ” response to  an electric  step field  o f  2 
kv/mm o f  20% w t silica (s5631) suspension  in th e  tim e sw eep m ode at a 
frequency  o f  1 rad /s and 600 %  strain . A n  electric  field  o f  2 kv/mm w as 
repeated ly  applied  and released. F or th is E R  fluid, the response  tim e to 
equ ilib ra tion  w ith  the external electric  field is around 100 ร. W hen the external 
e lectric  fie ld  is applied , the loss m odulus increases and obtains its equilib rium  
value  in 100 ร. A lso , w hen  the electric  field  is released , the sam ple recovers 
a lm ost com pletely . F o r subsequent application  o f  the electric  fields, the 
sam ple show s alm ost the sam e response pattern . T he tim e req u ired  fo r E R  
fluids to  respond  to  a step change o f  electric  fields has been  reported  to  be o f  
the order o f  1 m s, w hile  a fully stable  structure  in a static  suspension  is found
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th rough m icroscop ic  observation  to  form  on a tim e scale o f  seconds or m inutes 
O tsubo  et al., 1992).

4.5 .3 E ffect o f  E lectric  F ie ld  S trength: L inear V iscoelastic  R egion
In order to  ob tain  the w ell-defined  in itial condition  and 

rep roducib le  data, all o f  the E R  sam ples w ere red ispersed  before  each 
m easurem ent. A n  electric  field  w as applied for 5 m in in order to  ob tain  an 
equ ilib rium  structure. A ll m easurem ents w ere  perfo rm ed  at 2 5 ± 1 ๐c .  The 
frequency w as varied  from  0.05-100 rad/s. W e chose a strain  o f  50%  for 5 and 
10% w t silica  suspensions and 5%  strain  for 20 and 40% w t for the frequency  
sw eep m easurem ent, and investigated  the rheolog ical behav io r as a function  o f  
the frequency , electric  fie ld  strength  and partic le  concentration .

F ig u r e  4 .1 1 a  G ” dependence o f  5 % w t silica  (ร5631) suspension  for various 
electric  fie lds at 50%  strain.
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F ig u r e  4 .1 1 b  G ” dependence o f  10% w t silica  (ร5631) suspension  for various 
e lectric  fie lds at 50%  strain.
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F ig u r e  4 .1 1 c  G ” dependence o f  20% w t silica  ( ร5631) suspension  for various 
electric  fie lds at 5%  strain.
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F ig u r e  4 .1 1 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  f o r  v a r i o u s  

e l e c t r i c  f i e l d s  a t  5 %  s t r a i n .

F i g u r e  4 . 1  l a ,  b ,  c ,  a n d  d  s h o w  t h e  r e s u l t s  o f  a  f r e q u e n c y  s w e e p  t e s t  o f

5 , 1 0 , 2 0 ,  a n d  4 0  % w t  s i l i c a  ( s 5 6 3 1 )  p a r t i c l e s ,  r e s p e c t i v e l y ,  i n  1 0 0  c S t  s i l i c o n e  

o i l  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 .  T h e  l o s s  m o d u l u s  ( G ” )  w a s  m e a s u r e d  a s  

a  f u n c t i o n  o f  f r e q u e n c y .  U n d e r  z e r o  e l e c t r i c  f i e l d ,  G ”  i n c r e a s e s  l i n e a r l y  w i t h  

f r e q u e n c y  w i t h  a  s c a l i n g  e x p o n e n t  e q u a l  t o  1 . I n  t h e  p r e s e n c e  o f  t h e  e l e c t r i c  

f i e l d ,  G ”  i n c r e a s e s  w i t h  i n c r e a s i n g  e l e c t r i c  f i e l d  s t r e n g t h  b e c a u s e  t h e  e l e c t r i c  

f i e l d  s t r e n g t h e n s  t h e  e l e c t r o s t a t i c  f o r c e  a t  t h e  c o n t a c t  a r e a  o f  n e i g h b o r i n g  

p a r t i c l e s .  I f  t h e  e l e c t r o s t a t i c  f o r c e  b e t w e e n  a d j o i n i n g  p a r t i c l e s  i n  a  p a r t i c l e  

c h a i n  i s  i n c r e a s e d ,  t h e  s t r e n g t h  o f  t h e  c h a i n  s t r u c t u r e s  i s  e n h a n c e d ,  r e s u l t i n g  i n  

a  g r e a t e r  E R  e f f e c t  ( Y a t s u z u k a  e t  a l . , 1 9 9 5 ) .  A s  t h e  a p p l i e d  e l e c t r i c  f i e l d  

i n c r e a s e s  f r o m  0  t o  2  k v / m m ,  G ”  a t  CO =  0 . 0 0 1  r a d / s  i n c r e a s e s  f r o m  0 . 1 2  t o

0 . 7 8 ,  2 1 . 3 0 ,  a n d  1 5 4 . 8 2  d y n / c m 2 f o r  5 , 1 0 ,  2 0 ,  a n d  4 0 %  w t  s i l i c a  ( S 5 6 3 1 )
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s u s p e n s i o n s ,  r e s p e c t i v e l y .  T h e r e f o r e ,  i n c r e a s e  o f  t h e  p a r t i c l e  c o n c e n t r a t i o n  

i n c r e a s e s  t h e  l o s s  m o d u l u s  v a l u e .  A t  l o w  f r e q u e n c y ,  t h e  i n c r e a s e  i n  G ”  w i t h  

t h e  a p p l y i n g  e l e c t r i c  f i e l d  i s  m o r e  p r o n o u n c e d  t h a n  a t  h i g h  f r e q u e n c y .  I t  c a n  b e  

s e e n  t h a t  G ”  o f  2 0 ,  a n d  4 0  % w t  s i l i c a  ( S 5 6 3 1 )  e x h i b i t s  a  l o w - f r e q u e n c y  

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

l i k e  o r  f i b r i l l a r  s t r u c t u r e .  F o r  5 ,  a n d  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 s ,  t h e r e  

i s  n o  p l a t e a u ,  b e c a u s e  o f  t h e  s m a l l  n u m b e r  o f  t h e  c h a i n s  a r e  f o r m e d ,  o r  o n l y  

s h o r t  s e p a r a t e d  c h a i n s  a r e  f o r m e d ,  o r  c h a i n s  a r e  a t t a c h e d  t o  o n l y  o n e  e l e c t r o d e .  

T h e  w i d t h  o f  t h e  p l a t e a u  a l s o  d e p e n d s  o n  t h e  e l e c t r i c  f i e l d  s t r e n g t h  a n d  t h e  

p a r t i c l e  c o n c e n t r a t i o n ,  F i g u r e  4 . 1 1 c  s h o w s  t h e  G ”  e x h i b i t i n g  t h e  p l a t e a u s  a t  1 

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 ,  b u t  t h e  p l a t e a u  a t  1 k v / m m  i s  n a r r o w e r  

t h a n  a t  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 .  O n  c o m p a r i n g  t h e  d a t a  o f  F i g u r e

4 .1  l c  a n d  d  a t  t h e  s a m e  e l e c t r i c  f i e l d  s t r e n g t h ,  t h e  p l a t e a u  o f  t h e  h i g h e r  p a r t i c l e  

c o n c e n t r a t i o n s  i s  w i d e r  t h a n  f o r  t h e  l o w e r  c o n c e n t r a t i o n .  I t  c a n  b e  c o n c l u d e d  

t h a t  t h e  E R  s a m p l e  h a s  a  g r e a t e r  r e s i s t a n c e  t o  f l o w  w h e n  t h e  e l e c t r i c  f i e l d  

s t r e n g t h  a n d  p a r t i c l e  c o n c e n t r a t i o n  a r e  g r e a t e r .  H o w e v e r ,  a t  h i g h  f r e q u e n c y ,  

G ”  b e c o m e s  s i m i l a r  t o  t h a t  w i t h o u t  a n  e l e c t r i c  f i e l d ;  i . e .  t h e  E R  e f f e c t  

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

r h e o l o g i c a l  p r o p e r t y  o f  t h e  s a m p l e  i n  t h e  h i g h  f r e q u e n c y  r e g i m e  b e c a u s e  i t  

d e p e n d s  o n  t h e  s t r u c t u r e  o f  s u b f i b r i l l a r  e l e m e n t s  ( i n d i v i d u a l  p a r t i c l e s ) .
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F ig u r e  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 .
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F ig u r e  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  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 .
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F ig u r e  4 .1 2 c  G ’ d e p e n d e n c e  o f  4 0 %  w t  s i l ic a  ( S 5 6 3 1) s u s p e n s io n  a t  v a r io u s  
e le c t r ic  f ie ld  s t r e n g th s  a t  5 %  s tra in .

F ig u r e  4 .1 2 a ,  b , a n d  c  s h o w  th e  s to r a g e  m o d u lu s  ( G 5) d e p e n d e n c e  o f  
1 0 ,2 0 ,4 0 %  w t  s i l ic a  ( S 5 6 3 1 )  s u s p e n s io n s  a t  v a r io u s  e le c t r ic  f ie ld  s t r e n g th .  T h e  
s to r a g e  m o d u lu s  o f  5 %  w t  s i l ic a  ( S 5 6 3 1 )  w a s  to o  s m a l l  to  m e a s u r e  in  th e  
a b s e n c e  a n d  th e  p r e s e n c e  o f  e le c t r ic  f ie ld ,  a n d  G ’ o f  1 0 %  w t  s u s p e n s io n  a ls o  
c a n n o t  b e  m e a s u r e d  u n d e r  n o  e le c t r ic  f ie ld .  A l l  o f  th e  F ig u r e s  s h o w  th a t  th e  
s to r a g e  m o d u lu s  in c r e a s e s  w i th  th e  e le c t r ic  f ie ld  s t r e n g th  u n d e r  l in e a r  
v i s c o e la s t i c  c o n d i t io n s ,  i .e .  th e y  b e c a m e  m o r e  e la s t ic .  G e n e r a l ly ,  th e  s to r a g e  
m o d u lu s  in c r e a s e s  w i th  th e  d r iv in g  f r e q u e n c y  a s  ty p ic a l  p o ly m e r ic  m a te r ia l  
d o e s .  G ’ a t  t h e  f r e q u e n c y  o f  0 .0 0 1  r a d /s  in c r e a s e  f r o m  0 .4 7  to  8 3 .7 8 ,  a n d  
3 2 4 .6 3  d y n /c m 2  f o r  10 , 2 0 , a n d  4 0 %  w t  s i l ic a  ( S 5 6 3 1 )  s u s p e n s io n s  
r e s p e c t iv e ly  a t  th e  e le c t r ic  f ie ld  o f  2  k v / m m .  F o r  1 0 %  w t  s u s p e n s io n ,  G ’ h a s  a  
p l a t e a u  o n ly  a t  lo w  f r e q u e n c y  a n d  th e n  in c r e a s e s  w i th  in c r e a s in g  f r e q u e n c y .  
T h e  s to r a g e  m o d u lu s  o f  2 0  a n d  4 0 %  w t  s u s p e n s io n s  s e e m s  to  d e p e n d  o n ly
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weakly on frequency in the presence of the electric field but is strongly 
electric field dependent.

1 0 0I
° Eo

ไ 2
’ป ี, 1๐

.1
.1 1 10 100 

fre q uen cy  (rad /s )

F ig u r e  4 .1 3 a  G ’ and G” of 20% wt silica (s5631) suspension as a function of 
frequency at electric field of 1 kv/mm.

At zero electric field, ER samples behave as a viscous fluid for which 
the G” was much higher than G ’ over the entire range o f frequency. With an 
applied the electric field to the sample, base on previous studies in the 
literature, the chain-like or fibrillated structure isformed in the suspension. The 
formation o f the particle chains increased the resistance of fluid motion, which 
can be represented by G", and also increases elasticity, represented by G ’. 
Comparing the magnitude of the storage and the loss moduli of 10% wt silica 
(S5631) at the same electric field strength (i.e. comparing Figure 4.11b with 
Figure 4.12a), G ’ is lower than G” for the entire range of frequency. This may 
be due to the fact that the chains do not completely span across the gap but 
form separated short chains or are attached to only one electrode. Upon

; « < * * * *▲ « AA  *

•  G’ at 1 kV/mm 
A G" at 1 kV/mm
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in c r e a s in g  th e  p a r t ic le  c o n c e n t r a t io n  to  2 0 %  w t,  it c a n  b e  s e e n  in  F ig u r e  4 .1 3 a  
th a t  in  th e  p r e s e n c e  o f  1 k v / m m  e le c tr ic  f ie ld ,  G ’ b e c o m e s  h ig h e r  th a n  th a t  o f  
G ” a t  lo w  f r e q u e n c y  (<  10). A t  th e  c r i t ic a l  f r e q u e n c y ,  G ’ a n d  G ”  c r o s s o v e r  
e a c h  o th e r .  A t  th is  p o in t ,  th e r e  is  a  t r a n s i t io n  f ro m  a  s o l id - l ik e  r e s p o n s e  to  a  
l iq u id - l ik e  r e s p o n s e .  A t  h ig h e r  f r e q u e n c y ,  b r o w n ia n  m o t io n  o f  s u b f ib r i l l a r  
e le m e n ts  ( in d iv id u a l  p a r t i c le s )  d o m in a te s ,  w h ic h  m e a n s  th e  v i s c o u s  b e h a v io r  
is  m o r e  d o m in a n t .  W h e n  c o m p a r in g  b e tw e e n  1 a n d  2  k v / m m  e le c t r ic  f ie ld  
s t r e n g th s ,  t h e  c r o s s o v e r  p o in t s  o f  G ’ a n d  G ”  a re  5 0 , a n d  10 r a d /s  a t  E  =  2 , a n d  
1 k V /m m , r e s p e c t iv e ly  d u e  to  th e  s t r o n g e r  e le c t r o s ta t ic  f o r c e  b e tw e e n  th e  
p a r t ic le s  in  th e  c h a in s .  I t  w a s  a ls o  o b s e r v e d  th a t  th e r e  w a s  a  t r a n s i t io n  f ro m  
s o l id - l ik e  to  a  l iq u id - l ik e  s ta te  o f  th e  4 0 %  w t  s i l ic a  ( S 5 6 3 1 )  s u s p e n s io n  a t  th e  
f r e q u e n c y  o f  3 0  r a d /s  u n d e r  th e  1 k v / m m  e le c t r ic  f ie ld  s t r e n g th .  F o r  th e  
e le c t r ic  f ie ld  o f  2  k v / m m ,  th e  s to r a g e  m o d u lu s  is  h ig h e r  th a n  th e  lo s s  m o d u lu s  
a t  a l l  f r e q u e n c y  .
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Figure 4.13b T a n  8  o f  2 0 %  w t  s i l ic a  ( S 5 6 3 1 )  s u s p e n s io n  a s  a  f u n c t io n  o f  
f r e q u e n c y  a t  5 0 %  s t r a in  a t  v a r io u s  e le c t r ic  f ie ld  s t r e n g th s .
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T he varia tion  o f  tan Ô as a function o f  frequency at the 1 and 2 k v /m m  
electric  field  strengths for the 20%  w t silica (S5631) suspension at 50%  strain  
is show n in F igure 4 .13b. The tangent o f  the phase angle 8 , tan  8, is the ratio  
o f  the ou t-o f-phase  to in -phase com ponent: tan 8 ร  G ”(co) /G ’((d). A s e lectric  
field strength  is increases, tan  8 decreases. This ratio  dem onstra tes that at h igh 
electric  field  strength  and low  frequencies the storage m odulus (G ’) 
dom inates, i.e. the response is predom inantly  elastic. S im ilar behav ior o f  tan  8 
to  th at show n for 20% w t silica (S5631) in figure 4.13b is seen  for the 40%  w t 
at the sam e experim ental conditions (A ppendix  D). Flowever, the tan  8 o f  40%  
w t suspension  is low er than that o f  20%  w t suspension at the sam e electric  
field strength.

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

frequency (rad/s)
Figure 4.14a G ’ d e p e n d e n c e  on  %  w t s ilic a  (S 5 6 3 1 ) c o n c e n tra tio n s  a t th e
e le c tr ic  f ie ld  s tre n g th  o f  2 k v /m m .
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Figure 4.14b G ” dependence on % w t silica  (S5631) concen trations at the 
electric  field  strength  o f  2 k v /m m .

T he storage and the loss m oduli for various % w t concen trations o f  
silica (S 5631) partic les w ere investigated  by the oscilla tory  test. G ’ and G ” 
increase  w ith  partic le  concen tration  for all sam ple E R  fluids w h ich  w e have 
exam ined. T he dependence o f  the storage and loss m oduli at the e lectric  field 
o f  2 k v /m m  on frequency w ere obtained as show n in F igure 4 .1 4a  and F igure  
4 .14b, respectively . A s d iscussed in last section , the storage m odulus o f  5% w t 
silica  (S5631) w as too sm all to m easured. T herefore, only G ’ o f  10, 20, and 
40%  w t suspensions w ill be com pared. T he in fluence o f  th e  partic le  
concen tration  on G ’ and G ” is w eak  at low  partic le  concen tration  but becom es 
m ore p ronounced  at h igher concentration . A t a h igher concen tration , the 
in terpartic le  d istance w is sm aller and the num ber o f  partic le  chains increases, 
resu lting  in a larger E R  effect (Y atzusuka e t  a l ,  1995). F urtherm ore , at high
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partic le  concen tration , the rearrangem ent o f  the chains m ay include 
crosslink ing  to  construct a netw ork  structure, because isolated chain  segm ents 
can be form ed betw een the fully developed chains (O tsubo e t  a l ,  1992b).

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

A n electric  field w as applied for 5 m inutes in o rder to  ob tain  
an equ ilib rium  chain-like or co lum nar structure before  each m easurem ent. A ll 
m easurem ents w ere  perfo rm ed  at 25±l°c. In order to  obtain rep rod ucib le  data, 
the E R  fluid  sam ples w ere red ispersed  before each m easurem ent, and the 
m easurem ents w ere carried  out at least tw o or th ree tim es. Several 
experim ents w ere  perfo rm ed  w ith  the frequency sw eep m easurem en t at a 
constan t %  strain  (600% ) for all suspensions (5, 10, 20, and 40 % w t silica  
(S5631) partic les in silicone oil). T he frequency w as varied  from  0 .05-100 
rad /s. T he rheolog ical p roperties o f  each suspension w ere m easured  as a 
function  o f  frequency, electric  field strength, and partic le  concen tration .

M any structuring  fluids such as suspensions and po ly m er 
so lu tions show  non linear v iscoelastic ity  under large deform ation. T he stra in  
sw eep results (F igure 4 .9) show s th at at very  low  strain , the storage m odulus is 
p redom inan t and show s very  little dependence on the strain. W hen the stra in  is 
increased  above som e critical level, the storage and the loss m oduli are 
drastica lly  decreased . T he rap id  decrease o f  the storage and the loss m oduli 
can be rela ted  to the b reakdow n o f  in ternal structures (O tsubo e t  a l . ,  1998). To 
exam ine the non linear effect, the strain  dependence o f  the storage and th e  loss 
m oduli w as m easured. A s show n in F igure 4 .9 , a t strain less th an  5% , the 
storage and the loss m oduli are independen t o f  strain and the v isco elastic  
response are linear. W ith increasing  stra in  am plitude, both m oduli decreased . 
T he stra in -dependen t o f  storage and the loss m oduli indicate that the elastic  
and v iscous contribu tions becom e com parable  near 20%  stran. W hen  the strain
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is increased  above 20% , the storage m odulus show s a rapid drop re lative  to the 
loss m odulus. B ecause o f  a dom inant viscous contribution  to  the to tal dynam ic 
response, the elastic  effect in e lectrified  E R  fluids can be neg lec ted  at large 
strains. So, w e w ill not d iscuss the storage m odulus in the non lin ear 
v iscoelastic  region.
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100

Figure 4.15a G ” dependence o f  5%  w t silica (S5631) suspension  at various 
electric  fie ld  strengths at 600%  strain.
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F ig u r e  4 .1 5 ๖  G ” dependence o f  10%  w t silica (S5631) su spension  at various 
e lectric  field strengths at 600%  strain.
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F ig u r e  4 .1 5 c  G ” dependence o f  20%  w t silica (S5631) suspension  at various 
e lectric  field strengths at 600%  strain.
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Figure 4.15d G ” dependence o f  40%  w t silica (S5631) suspension  at various 
e lectric  field strengths at 600%  strain.

C om paring  F igure 4.15a, b, c, and d, reveals that as the electric  field 
strength  increased , the loss m odulus increases to d ifferen t degrees, depend ing  
on the partic le  concentration . The increase in the loss m odulus o f  the 5%  and 
10% wt silica  (S5631) suspension is approxim ately  0.06 dyn /cm 2. F or the 20 
and 40%  w t silica (S631) suspensions, G ” at the frequency  o f  0.001 rad/s 
increase  to  1.19 and 15.94, respectively . H ow ever, these  G ” va lues are m uch 
sm alle r than in linear v iscoelastic  reg ion for the sam e partic le  concen tration  
and electric  field strength. This can be explained  by c luster statistics and 
m icro-structu ral observations, w hich show  that the response at large strain 
am plitude and sm all frequencies w as dom inated  by rupture  and refo rm ation  o f  
chains. A t large frequencies, the suspension behav ior is th a t o f  a pure ly  
v iscous fluid. T he fibrous structures observed at low er frequency  are degraded 
into m uch sm aller aggregates under large strain  am plitude (P arthasara thy  and 
K lingenberg , 1999).
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4 . 5 . 6  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

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

e l e c t r i c  f i e l d  o f  2  k v / m m  a t  6 0 0 %  s t r a i n .

A s  s h o w n  i n  f i g u r e  4 . 1 6 ,  t h e  l o s s  m o d u l u s  a t  a  g i v e n  s t r a i n  a m p l i t u d e  

( 6 0 0 % )  i n c r e a s e  w i t h  i n c r e a s i n g  p a r t i c l e  c o n c e n t r a t i o n  u n d e r  t h e  a p p l i c a t i o n  

o f  t h e  e l e c t r i c  f i e l d  o f  2  kv/mm. I n  a d d i t i o n ,  t h e r e  i s  a  p l a t e a u  o f  G ”  o n l y  f o r  

t h e  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  t h e  e l e c t r i c  f i e l d  o f  2  kv/mm. F o r  t h e  

5  a n d  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 s ,  a t  h i g h  f r e q u e n c y  ( >  2  r a d / s ) ,  t h e  

d a t a  s u p e r p o s e ,  i . e .  t h e  l o s s  m o d u l u s  i n  t h e  a b s e n c e  a n d  i n  t h e  p r e s e n c e  o f  t h e  

e l e c t r i c  f i e l d  i s  t h e  s a m e .  F o r  t h e  2 0 %  w t  s u s p e n s i o n ,  G ”  b e c o m e s  t h e  s a m e  a s  

i n  t h e  a b s e n c e  o f  t h e  e l e c t r i c  f i e l d  a t  t h e  f r e q u e n c y  o f  1 0 ,  w h i l e  G ”  o f  t h e  4 0 %  

w t  s u s p e n s i o n  s t i l l  i n c r e a s e  i n  t h e  p r e s e n c e  o f  t h e  e l e c t r i c  f i e l d .  P a r t h a s a r a t h y  

a n d  K l i n g e n b e r g  ( 1 9 9 9 )  e x p l a i n e d  t h a t  t h e  n o n l i n e a r  b e h a v i o r  f i r s t  a r i s e s  f r o m  

o n l y  s l i g h t  r e a r r a n g e m e n t s  o f  u n s t a b l e  c l u s t e r s  u n d e r  s h e a r  a s  o p p o s e d  t o  g r o s s
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r u p t u r e  o f  e l e c t r o d e  p e r c o l a t i n g  c l u s t e r s .  I n t r a - c l u s t e r  r e a r r a n g e m e n t s  a r e  m o r e  

c o m m o n  a t  v e r y  s m a l l  c o n c e n t r a t i o n s ,  w h e r e  c l u s t e r s  a r e  f a r  a p a r t ,  a s  w e l l  a s  

a t  l a r g e  c o n c e n t r a t i o n s ,  w h e r e  c l u s t e r  c o n t a i n e d  m a n y  p a r t i c l e s .  I n t e r - c l u s t e r  

r e a r r a n g e m e n t s  a r e  m o r e  p r e v a l e n t  a t  t h e  h i g h e r  c o n c e n t r a t i o n s .

4 . 5 . 7  E f f e c t  o f  S i z e  o f  t h e  P a r t i c l e s

S i l i c a  ( H 9 2 7 ) ,  w h i c h  h a s  a  s i z e  o f  1 7  m i c r o n ,  w a s  u s e d  t o  b e  

t h e  d i s p e r s e d  p a r t i c l e s  i n  t h e  s a m e  s i l i c o n e  o i l  s u s p e n s i o n ,  a n d  c o m p a r i s o n  

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

w h i c h  h a s  a  s i z e  o f  3  m i c r o n .  W e  s e l e c t e d  t h e  s t r a i n  o f  5 0 %  t o  u s e  f o r  

f r e q u e n c y  s w e e p  m e a s u r e m e n t s .
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F ig u r e  4 .1 7 a  G ”  d e p e n d e n c e  o f  5 %  w t  s i l i c a  ( H 9 2 7 )  s u s p e n s i o n  a t  v a r i o u s

0 kV/mm
1 kV/mm
2 kV/mm

e l e c t r i c  f i e l d s  a t  5 0 %  s t r a i n .
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frequency (rad/s)
F ig u r e  4 .1 7 b  G ’ d e p e n d e n c e  o f  5 %  w t  s i l i c a  ( H 9 2 7 )  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 .

F i g u r e  4 . 1 7 a  a n d  b  s h o w ,  r e s p e c t i v e l y ,  t h e  f r e q u e n c y  d e p e n d e n c e  o f  

t h e  s t o r a g e  a n d  t h e  l o s s  m o d u l i  o f  t h e  5 %  w t  s i l i c a  ( H 9 2 7 )  s u s p e n s i o n  a t  5 0 %  

s t r a i n  u n d e r  t h e  e l e c t r i c  f i e l d  o f  1 a n d  2  k v / m m .  B o t h  G ’ a n d  G ”  i n c r e a s e  w i t h  

t h e  s t r e n g t h  o f  t h e  a p p l i e d  e l e c t r i c  f i e l d .  T h e  m a g n i t u d e  o f  t h e  i n c r e a s e  i n  G ”  

a t  t h e  e l e c t r i c  f i e l d  o f  0  t o  2  k v / m m  i s  a p p r o x i m a t e l y  2 4 . 9 9  d y n / c m 2, w h i c h  i s  

m u c h  h i g h e r  t h a n  t h a t  o f  s i l i c a  ( S 5 6 3 1 )  s u s p e n s i o n ,  w h i c h  i s  o n l y  0 . 1 5  

d y n / c m 2 . M o r e o v e r ,  t h e  s t o r a g e  a n d  t h e  l o s s  m o d u l i  o f  5 %  w t  s i l i c a  ( H 9 2 7 )  

s u s p e n s i o n  a l s o  e x h i b i t  a  p l a t e a u  i n  t h e  p r e s e n c e  o f  t h e  e l e c t r i c  f i e l d  o f  1 a n d  2  

k v / m m ,  u n l i k e  t h a t  o f  s i l i c a  ( S 5 6 3 1 )  ( s e e  F i g u r e  4 . 1 1 a ) .  T h i s  i s  d u e  t o  t h e  

i n c r e a s e  i n  t h e  a t t r a c t i v e  f o r c e  b e t w e e n  t h e  p a r t i c l e s  t h a t  f o r m s  c h a i n - l i k e  

s t r u c t u r e s .  S i n c e  t h e  a t t r a c t i v e  f o r c e  b e t w e e n  l a r g e r  p a r t i c l e s  i s  g r e a t e r ,  l a r g e r  

p a r t i c l e s  a r e  p r e f e r a b l e  i n  d e s i g n i n g  E R  f l u i d s ,  p r o v i d e d  p r o b l e m s  o f  c o l l o i d a l  

s t a b i l i t y  c a n  b e  o v e r c o m e  ( Y a t z u s u k a  e t  a l . , 1 9 9 5 ) .

«  •  •  #

f  •

•  1 kv/m m
•  2 kV/mm

‘า ' ' ' ' 1 ' !
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4 .6  E R  M e a s u r e m e n t  o f  P o ly a n i l in e  S u s p e n s io n s
I n  t h e  p r e p a r a t i o n  o f  E R  f l u i d  s a m p l e s  b a s e d  o n  p o l y a n i l i n e ,  a t  a  

p a r t i c l e  c o n c e n t r a t i o n  o f  4 0 %  w t ,  t h e  s u s p e n s i o n  b e c a m e  a  g e l  e v e n  i n  t h e  

a b s e n c e  o f  a n  a p p l i e d  e l e c t r i c  f i e l d ,  a n d  s o  c o u l d  n o t  b e  u s e d  f o r  E R  s t u d i e s .  

T h u s ,  m e a s u r e m e n t s  w e r e  p e r f o r m e d  f o r  5 ,  1 0 ,  a n d  2 0 %  w t  P A N  s u s p e n s i o n s  

t o  s t u d y  t h e  i n f l u e n c e  o f  t h e  s t r a i n  a m p l i t u d e ,  e l e c t r i c  f i e l d  s t r e n g t h ,  a n d  

p a r t i c l e  c o n c e n t r a t i o n  o n  t h e  E R  e f f e c t .

4 . 6 . 1  E f f e c t  o f  s t r a i n  a m p l i t u d e

T o  d e t e r m i n e  t h e  l i n e a r  v i s c o e l a s t i c  b e h a v i o r  o f  t h e  

s u s p e n s i o n s ,  s t r a i n  s w e e p  t e s t s  w e r e  c o n d u c t e d  i n  t h e  p r e s e n c e  o f  a n  e l e c t r i c  

f i e l d  o f  2  k V / m m  a t  a  f r e q u e n c y  o f  1 r a d / s .
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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  P A N  s u s p e n s i o n  

f i e l d  o f  2  k V / m m .
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F i g u r e  4 . 1 8  s h o w s  a  p l o t  o f  t h e  s t o r a g e  m o d u l u s  ( G ' )  a n d  t h e  l o s s  

m o d u l u s  ( G ” )  v e r s u s  %  s t r a i n  a t  a  f r e q u e n c y  o f  1 r a d / s  a t  t h e  e l e c t r i c  f i e l d  o f  2  

k v / m m  f o r  2 0 %  w t  P A N  i n  s i l i c o n e  o i l  s y s t e m .  T h e  r e s p o n s e  o f  t h e  2 0 %  w t  

P A N  s u s p e n s i o n  i s  s i m i l a r  t o  t h a t  o f  t h e  s i l i c a  ( S 5 6 3 1 )  s u s p e n s i o n  o f  

c o m p a r a b l e  c o n c e n t r a t i o n  e x c e p t  t h a t  t h e  m a g n i t u d e  o f  t h e  m o d u l i  a r e  m u c h  

h i g h e r .  W i t h  i n c r e a s i n g  s t r a i n  a m p l i t u d e ,  t h e  s t o r a g e  m o d u l u s  d e c r e a s e s  

r a p i d l y  a n d  b e c o m e s  d e p e n d e n t  o n  f r e q u e n c y .  T h u s ,  t h e  s u s p e n s i o n  b e h a v i o r  

v a r i e s  f r o m  p r e d o m i n a n t l y  e l a s t i c  a t  s m a l l  s t r a i n  a m p l i t u d e s  a n d  f r e q u e n c i e s  t o  

p r e d o m i n a n t l y  v i s c o u s  a t  l a r g e  a m p l i t u d e  a n d  f r e q u e n c i e s .  H o w e v e r ,  t h e  r a n g e  

o f  l i n e a r  v i s c o e l a s t i c i t y  i s  m o r e  l i m i t e d  t h a n  f o r  t h e  s i l i c a  ( S 5 6 3 1 )  d i s p e r s i o n .  

P A N  s u s p e n s i o n s  s h o w  l i n e a r  v i s c o e l a s t i c  b e h a v i o r  o n l y  a t  s t r a i n s  l e s s  t h a n  

0 . 0 5 % ,  w h i l e  t h e  s i l i c a  ( S 5 6 3 1 )  s u s p e n s i o n s  a r e  l i n e a r  a t  s t r a i n s  l e s s  t h a n  1 0  

% .  K o y a m a  e t  a l.  ( 1 9 9 4 )  p r e v i o u s l y  p e r f o r m e d  s t r a i n  s w e e p  e x p e r i m e n t s  o n  

p o l y a n i l i n e /  s i l i c o n e  o i l  s u s p e n s i o n s  u n d e r  d c  f i e l d s .  G ’ w a s  c o n s t a n t  a t  s m a l l  

s t r a i n  a m p l i t u d e s ,  i n d e p e n d e n t  o f  t h e  e l e c t r i c  f i e l d  s t r e n g t h ,  a n d  d e c r e a s e d  i n  a  

p o w e r - l a w  f a s h i o n  w i t h  i n c r e a s i n g  s t r a i n  a m p l i t u d e .  M o r e  r e s u l t s  f r o m  o u r  

w o r k  o n  s t r a i n  s w e e p  f o r  o t h e r  E R  f l u i d s  b a s e d  o n  P A N  a r e  s h o w n  i n  

A p p e n d i x  D .
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4 . 6 . 2  T r a n s i e n t  R e s p o n s e

t im e  (ร )

Figure 4.19 G ’ a n d  G ”  d e p e n d e n c e  o f  t h e  2 0 %  w t  P A N  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  o f  2  k v / m m  a n d  f r e q u e n c y  1 r a d / s .

F i g u r e  4 . 1 9  s h o w s  t h e  c h a n g e  i n  s t o r a g e  a n d  t h e  l o s s  m o d u l i  i n  

r e s p o n s e  t o  a n  e l e c t r i c  s t e p  f i e l d  o f  2  k V / m m  a p p l i e d  t o  t h e  2 0 %  w t  P A N  

s u s p e n s i o n  i n  t h e  t i m e  s w e e p  m o d e  a t  a  f r e q u e n c y  o f  1 r a d / s  a n d  6 0 0 %  s t r a i n .  

A n  e l e c t r i c  f i e l d  o f  2  k v / m m  w a s  r e p e a t e d l y  a p p l i e d  a n d  r e l e a s e d .  T h e  

s u s p e n s i o n s  r e s p o n d e d  a n d  e q u i l i b r a t e d  w i t h  t h e  a p p l i e d  e l e c t r i c  f i e l d  i n  a  t i m e  

i n t e r v a l  a r o u n d  1 0 0  ร. W h e n  t h e  e l e c t r i c  f i e l d  i s  r e l e a s e d ,  G ’ a n d  G ”  o f  t h e  

s a m p l e  c o m p l e t e l y  r e c o v e r e d  t o  t h e  o r i g i n a l  v a l u e s .
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4 .6 .3  E f f e c t  o f  E le c t r ic  F ie ld  S tre n g th :  N o n l in e a r  V is c o e la s t ic
R e g io n

F r o m  th e  r e s u l t s  o f  th e  s t r a in  s w e e p  m e a s u r e m e n t ,  th e  P A N  
s u s p e n s io n s  e x h ib i t  th e  l in e a r  v i s c o e la s t ic  b e h a v io r ,  b u t  th e  to r q u e  is  to o  s m a l l  
to  m e a s u r e  in  o s c i l la to r y  s h e a r  m o d e  a t  th e s e  s m a ll  s t r a in s .  T h e r e f o r e ,  w e  
s tu d ie d  th e  e f f e c t  o f  th e  e le c t r ic  f ie ld  s t r e n g th  a n d  p a r t ic le  c o n c e n t r a t io n  in  th e  
n o n l in e a r  v i s c o e la s t ic  r e g io n ,  w h ic h  is  in  fa c t  is  p e r t in e n t  f o r  a p p l ic a t io n  in  
m a n y  d e v ic e s ,  s u c h  a s  a c t iv e  e n g in e  m o u n ts ,  s h o c k  a b s o r b e r ,  c lu tc h e s ,  b r a k e s  
a n d  ro b o t ic  d e v ic e s .  S u c h  d e v ic e s  o p e r a te  in  d y n a m ic  o r  t r a n s ie n t  m o d e s  
w h e r e  th e  f lu id  is  s u b je c te d  to  f in i te  d e f o r m a t io n s  ( P a r th a s a r a th y  a n d  
K l in g e n b e r g ,  1 9 9 9 ) .
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Figure 4.20a G ” d e p e n d e n c e  o f  5 %  w t  P A N  s u s p e n s io n  o n  v a r io u s  e le c t r ic  
f ie ld s  a t  6 0 0 %  s tra in .
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Figure 4.20b G ” d e p e n d e n c e  o f  1 0 %  w t  P A N  s u s p e n s io n  o n  v a r io u s  e le c t r ic  
f ie ld s  a t  6 0 0 %  s tr a in .
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Figure 4.20c G ”  d e p e n d e n c e  o f  2 0 %  w t  P A N  s u s p e n s io n  o n  v a r io u s  e le c t r ic

1 10 
fre q u en c y  (rad /s)

f ie ld s  a t  6 0 0 %  s tr a in .
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F ig u r e  4 .2 0 a ,  b , a n d  c  s h o w  th e  r e s u l t  o f  f r e q u e n c y  s w e e p  
m e a s u r e m e n ts  o n  th e  5 , 10, a n d  2 0 %  w t  P A N  s u s p e n s io n s  a t  v a r io u s  e le c t r ic  
f ie ld  s t r e n g th s .  G ” w a s  m e a s u r e d  a s  a  fu n c t io n  o f  f r e q u e n c y .  U n d e r  z e ro  
e le c t r ic  f ie ld ,  G ” in c r e a s e s  w ith  f r e q u e n c y  w ith  th e  s c a l in g  e x p o n e n t  e q u a l  to
1. In  th e  p r e s e n c e  o f  th e  e le c t r ic  f ie ld ,  G ”  in c r e a s e s  b y  in c r e m e n ts  o f  0 .5 ,  1.0 
a n d  5 .0  d y n /c m 2  fo r  5 , 10 , 2 0  % w t P A N  s u s p e n s io n s ,  r e s p e c t iv e ly .  I t  w a s  a ls o  
o b s e r v e d  th a t  G ”  fo r  a ll  P A N  s u s p e n s io n s  (5 , 10 , a n d  2 0 % w t)  e x h ib i t s  a  
p la te a u  a t  t h e  e le c t r ic  f ie ld  o f  2  k v / m m ,  p r e s u m a b ly  b e c a u s e  e le c t r o d e -  
s p a n n in g  f ib r i l l a r  s t r u c tu r e s  a re  fo r m e d  in  th e  s u s p e n s io n  in  th e  p r e s e n c e  o f  th e  
e l e c t r ic  f ie ld .  A t  lo w  f r e q u e n c y ,  th e  in c r e a s e  in  G ”  w i th  th e  a p p l ie d  e le c t r ic  
f ie ld  is  m o r e  p r o n o u n c e d  th a n  a t  h ig h  f re q u e n c y .  T h is  is  d u e  to  th e  f a c t  t h a t  a t  
h ig h e r  f r e q u e n c y  th e  v i s c o e la s t ic  r e s p o n s e  is  d e te r m in e d  b y  th e  B r o w n ia n  
m o t io n  o f  s u b f ib r i l l a r  e le m e n ts  ( in d iv id u a l  p a r t ic le s ) .  T h u s ,  a t  h ig h  f r e q u e n c y ,  
th e  v a lu e  o f  G ”  b e c o m e s  s im i la r  to  th a t  o n  th e  a b s e n c e  o f  th e  e le c t r ic  f ie ld .

4 .6 .4  E f f e c t  o f  P a r t ic le  C o n c e n t r a t io n s :  N o n l in e a r  V is c o e la s t ic
R e g io n

frequency (rad /s)
Figlire 4.21 D e p e n d e n c e  o f  G ” fo r  v a r io u s  % w t  P A N  c o n c e n t r a t io n s  o n
v a r io u s  e le c t r ic  f ie ld  o f  2  k v / m m  a t 6 0 0 %  s tra in .
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T h e  lo s s  m o d u lu s  o f  v a r io u s  % w t  o f  P A N  p a r t ic le s  in  s i l i c o n e  o il  w a s  
in v e s t ig a te d  b y  o s c i l la to r y  te s t  a t  6 0 0 %  s t r a in  u n d e r  th e  a p p l ic a t io n  o f  a n  
e le c t r ic  f ie ld  s t r e n g th  o f  2  k v / m m .  A s  s h o w n  in  F ig u r e  4 .2 1 ,  th e  lo s s  m o d u lu s  
( G ” ), w h ic h  c h a r a c te r iz e s  th e  v is c o u s  d i s s ip t io n  o f  th e  s u s p e n s io n ,  in c r e a s e s  
w i th  in c r e a s e  o f  P A N  p a r t ic le  c o n c e n t r a t io n .  A t  lo w  p a r t ic le  c o n c e n t r a t io n ,  th e  
in f lu e n c e  o f  c o n c e n t r a t io n  is  w e a k ,  b u t  b e c o m e s  m o r e  p r o n o u n c e d  a t  h ig h e r  
c o n c e n t r a t io n .  A s  d is c u s s e d  in  th e  p r e v io u s  s e c t io n ,  a n  in c r e a s e  in  p a r t i c le  
c o n c e n t r a t io n  in c r e a s e s  G ”  b e c a u s e  a  l a r g e r  n u m b e r  o f  c h a in s  a r e  f o r m e d  a n d  
th e  in te r p a r t ic le  d is ta n c e  in  th e  s u s p e n s io n  d e c re a s e s .  I n  a d d i t io n ,  i t  is  p o s s ib le  
th a t ,  a t  h ig h e r  p a r t i c le  c o n c e n t r a t io n ,  th ic k e r  c lu s te r s  a r e  f o r m e d ;  w h e r e a s  a t 
lo w  c o n c e n t r a t io n ,  o n ly  c h a in s  o f  s in g le  p a r t i c le  w id th  a re  f o r m e d  ( Y a ts u z a k a  
e t a l ,  1 9 9 5 ) .
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4.7 ER measurement of Polyaniline-Coated Silica Suspension

4 .7 .1  E f f e c t  o f  S tr a in  A m p l i tu d e
S tr a in  s w e e p  e x p e r im e n ts  in  th e  p r e s e n c e  o f  th e  e le c t r ic  f ie ld  

o f  2  k v / m m  a t  th e  f r e q u e n c y  o f  1  r a d /s  w e r e  c o n d u c te d  to  d e te r m in e  th e  l in e a r  
v i s c o e la s t i c  b e h a v io r  o f  th e  2 0 %  w t  p o ly  a n i l in e - c o a te d  s i l ic a  s u s p e n s io n .
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Figure 4.22 G ’ a n d  G ”  d e p e n d e n c e  o n  %  s t r a in  o f  2 0 %  w t  P A N - c o a te d  s i l i c a  
( S 5 6 3 1) s u s p e n s io n  a t  th e  e le c t r ic  f ie ld  o f  2  k v / m m .

F ig u r e  4 .2 2  r e p r e s e n ts  a  p lo t  o f  th e  s to r a g e  m o d u lu s  ( G ’) a n d  th e  lo s s  
m o d u lu s  ( G ” ) v e r s u s  %  s t r a in  a t  th e  f r e q u e n c y  o f  1 r a d /s  a t  th e  e le c t r ic  f ie ld  o f  
2  k v / m m  f o r  a  s u s p e n s io n  o f  2 0 %  w t  P A N - c o a te d  s i l ic a  ( S 5 6 3 1 )  in  s i l i c o n e
o il .  T h e  r e s p o n s e  o f  th e  s u s p e n s io n  o f  2 0 %  w t  P A N - c o a te d  s i l i c a  ( S 5 6 3 1 )  is  
s im i la r  to  th a t  o f  s i l i c a  ( S 5 6 3 1 )  s u s p e n s io n s  a n d  P A N  s u s p e n s io n s .  T h e  
m a g n i tu d e  o f  t h e  m o d u l i  a n d  th e  r a n g e  o f  th e  l in e a r  v i s c o e la s t ic  r e g io n  f o r  th e
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2 0 %  w t  P A N - c o a te d  s i l ic a  ( S 5 6 3 1 )  s u s p e n s io n  a re  in te r m e d ia te  b e tw e e n  th o s e  
o f  th e  s i l i c a  a n d  P A N  s u s p e n s io n s .  T h e  r e s p o n s e  o f  th e  P A N - c o a te d  s i l i c a  is  
l in e a r  u p  to  3 %  s tr a in ,  a n d  th e n ,  w i th  in c r e a s in g  s t r a in  a m p l i tu d e ,  th e  s to r a g e  
a n d  th e  lo s s  m o d u l i  d e c r e a s e  a n d  b e c o m e  d e p e n d e n t  o f  f r e q u e n c y .  I n  th e  l in e a r  
v i s c o e la s t i c  r e g io n ,  th e  s to r a g e  m o d u lu s  is  la r g e r  th a n  th e  lo s s  m o d u lu s  d u e  to  
th e  e la s t ic i ty  o f  th e  E R  f lu id , p r e s u m a b ly  d e te r m in e d  b y  th e  f o r m a t io n  o f  
f ib r i l l a r  s t r u c tu r e s  in  th e  p r e s e n c e  o f  th e  e le c t r ic  f ie ld .  A b o v e  a  c e r ta in  d e g r e e  
o f  d e f o r m a t io n  o r  s t r a in  im p o s e d ,  th e  f ib ro u s  s t r u c tu r e  is  b r o k e n  d o w n ,  a n d  th e  
s u s p e n s io n  b e h a v io r  b e c a m e  p r e d o m in a n t ly  v i s c o u s  ( C h o  e t a l ,  1 9 9 8 ) .

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

F i g u r e  4 . 2 3 a  G ’ d e p e n d e n c e  o f  th e  2 0 %  w t  P A N - c o a te d  s i l i c a  ( S 5 6 3 1 )  
s u s p e n s io n  a t  th e  e le c t r ic  f ie ld  o f  2  kv/mm  a n d  f r e q u e n c y  1 r a d /s  a t  600% 
s t ra in .
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Figure 4.23b G ” dependence o f  the 20%  w t PA N -coated  silica  (S5631) 
suspension  at the electric  field  o f  2 k v /m m  and frequency 1 rad /s at 600%  
strain .

T he response o f  the storage and the loss m oduli o f  the 20%  w t P A N - 
coated  silica (S 5631) suspension  to an electric step field o f  2 k v /m m  at the 
frequency o f  1 rad/s and 600%  strain by the tim e sw eep m ode is show n in 
F igure 4 .23a  and b. A n electric  field o f  2 k v /m m  w as repeate ly  applied  and 
released. T he suspensions responds and equilibrates w ith  the applied  electric  
field w ith in  a tim e scale o f  about 70 ร. In the presence  o f  the electric  field, the 
storage m odulus (G ’) decreases, w hile G ” increases, unlike the b eh av io r o f  
o ther E R  fluid  sam ples based on silica and PA N , w hich both  G ’ and G ” 
increased w ith  the applied  electric  field. W hen the electric field w as released, 
the storage and the loss m oduli com pletely  recovered to the orig inal values.
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4.7.3 E ffec t o f  E lectric  F ie ld  Strength: N on linear V iscoelastic
R egion

A n electric  field w as applied  for 5 m inutes in o rder to  ob tain  an 
equilib rium  chain-like structure  before  each experim ent. A ll m easurem ents 
w ere  perfo rm ed  at 25+1 °c. In order to obtain  rep roducib le  data, the ER fluid 
sam ple w as red ispersed  before  each experim ent, and the m easurem ents w ere 
carried  out at least tw o or th ree  tim es. Several experim ents w ere  p erfo rm ed  on 
the 20%  w t P A N -coated  silica  (S5631) suspension  w ere perfo rm ed  in the 
frequency sw eep m ode at a constan t %  strain (5 and 600% ).

F rom  the strain  sw eep m easurem ent o f  the 20%  w t P A N -coated  silica  
(S5631) suspension , even though there is a linear v isco elastic  reg ion , the 
to rgue is too  sm all to be m easured in the oscilla tory  m ode. T herefore , w e 
stud ied  the effect o f  electric  field strength  and the stra in  am plitu de  in 
oscilla tory  m easurem ents in  a non linear v iscoelastic  region, bu t at sm all and 
large strains.

100

I ”
1

.1 1 10 100 
fre q u en c y  (rad /s)

Figure 4.24a G ’ dependence o f  20%  w t P A N -coated  silica  (S 5631) 
suspension at various electric  fields at 5%  strain.
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Figure 4.24b G ” dependence o f  20%  w t P A N -coated  silica  (S5631) 
suspension  at various electric  field strengths at 5%  strain.

F igure 4 .24a and b show , respectively , the storage and the loss m oduli 
o f  the 20%  w t P A N -coated  silica (S5631) suspension  under various electric  
field strengths. T he storage and the loss m oduli increase w ith  increasing  
electric  field  streng th  to  60 and 65 dyn /cm 2, respectively . F rom  F igu re  4 .24a, 
in the p resen ce  o f  the electric  field  strength  o f  1 kv/mm, G ’ sligh tly  decreases 
w ith  frequency and increases at the frequency above 0.5 rad/s. A t the electric  
field strength  o f  2 kv/mm, the G ’ show s a p lateau. H ow ever, at h igh 
frequency (>10 rad/s), G ’ o f  the 20%  w t P A N -coated  silica  (S5631) 
suspension  in the presence o f  the electric  field o f  1 and 2 kv/mm is sligh tly  
low er than that at zero  applied  electric  field. F rom  F igure 4 .24b, G ” o f  the 
suspension  also show s a p lateau  at low  frequency. H ow ever, the E R  effect 
tends to d im in ish  at h igh frequency; G ” becom es sim ilar to  its va lue  w ithou t 
electric  field. W hen com paring  the storage and the loss m oduli at the sam e
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electric  fie ld  (0 ,1 ,2  kv/mm), G ’ is low er th an  G ” all over the entire  range o f  
frequency  due to  the d isruption  o f  the fie ld -ind uced  chain-like structure in 
non lin ear v iscoelastic  region.

D ue to  the dom inating  v iscous contribu tion  to  the to ta l dynam ic 
response o f  th e  E R  flu id  at large strain, the elastic  p roperty  th a t is rep resented  
by  G ’ in  the p resence  o f  the electric  fie ld  can  be neglig ib le. F igure 4.25 show s 
the G ” dependence o f  the 20%  w t P A N -coated  silica  (S 5 6 3 1) suspension  on 
various electric  fie ld  strengths a t 600 %  strain. A t the frequency  be low  0.3 
rad /s, the loss m odulus o f  th e  suspension  in  the absence o f  the electric  fie ld  is 
h igher than  th a t in  the p resence o f  the e lectric  fie ld  (1 and  2 kv/mm). A n 
electric  fie ld  o f  1 kv/mm does n o t affect G ” at the frequency  h igher than  0.8 
rad /s, i.e. the  G ” value in  the absence o f  th e  electric  fie ld  is sim ilar to  G ” value 
in  the p resence o f  electric  field . B ut w ith  an  increase  o f  the electric  fie ld  
strength  to  2 kv/mm, G ” increases, slightly , p resum ab ly  because the stronger 
e lectrostatic  force  be tw een  th e  partic les causes partic le  agglom eration.

Figure 4.25 G ’ and  G ” dependence o f  2 0 %  w t P A N -coated  silica  (S5631) 
suspension at various electric  fie ld  strengths a t 600%  strain.

o G ' a t  0  k V /m m  
A  G " a t  0  k V /m m  
®  G ' a t  1 k V /m m  
A  G "  a t  1 k V /m m  
•  G ' a t  2  k V /m m  
A  G "  a t  2  k V /m m

.001

.0001

frequency (rad/s)
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C om paring  F igure 4 .24a  and 4.25 reveals th at as the strain am plitude 
increased  the E R  effect tends to  d im in ish  due to the h igher d isruption  o f  the 
fie ld -ind uced  chain-like structures; G ’ and G ” o f  the 20%  w t P A N -coated  
silica  (S5631) suspension  at 5%  strain  is h igher than  that o f  a t 600%  strain. 
The frequency  is another factor, w hich  affects to  the E R  effect. A s the 
frequency  increases, the suspension  behav io r changed  from  predom inantly  
elastic  to  predom inan tly  viscous.
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Figure 4.26 T an 5 o f  20%  wt P A N -coated  silica (S5631) suspension  as a 
function  o f  frequency  at 600%  strain  on various electric  fie ld  strengths.

In F igure  4.26, tan  Ô is p lo tted  as a function  o f  frequency  at 600%  
strain  in the p resence  o f  1 and  2 kv/mm electric  fie ld  strength fo r 20%  w t 
P A N -coated  silica  (S5631). A s the electric  fie ld  strength increases, tan  5 
increased. H ow ever, at h igh  frequency , G ” a t 1 and 2 k v /m m  electric  field  
strength  becom es sim ilar. T hus, the e lectric  fie ld  strength  does n o t affect to  the 
rheolog ical p roperty  o f  the sam ple in  the h igh  frequency  regim e.
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4.8 Comparison of The Silica (H927) and Polyaniline Systems
100

10
c TรoไรTy
b

1

.1

Figure 4.26 G ” dependence o f  5%  w t silica  (H 927) and P A N  suspensions at 
the  e lectric  fie ld  o f  2 k v /m m  at 600%  strain.

T he loss m oduli o f  5%  w t silica (H 927) and 5%  w t P A N  suspensions 
are show n in F igure  4.26. G ” o f  silica  (H 927) system  is h igher th an  G ” o f  
P A N  system  over the entire  range o f  frequency. H ence, w e can conclude that, 
in  the non -linear v iscoelastic  region, the silica (H 927) suspension  exhib its a 
g reater E R  effect than  the P A N  suspension. H ow ever, in c lassical E R  fluids 
such  as silica  suspensions, the p resence o f  w ater on the partic le  surface, is an 
essen tial fac to r for charge separation  on the su rface o f  the ionic double  layer 
(K uram oto  e t  a ., 1996). O tsubo e t  a l. (1992), reported  that th e  silica  partic les 
do  no t show  any e lectrorheological effect above 100°c, due to  desorp tion  o f  
the  w ater m olecu les. T here are som e disadvantages o f  w ater-activa ted  E R  
system s, such  as narrow  use tem perature  range and corrosion  o f  the

□ Silica (H927) 
■ PAN

.1 1 10
frequency (rad/s)
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equipm ent, com pared to  nonaqueous E R  flu ids such as po lyaniline in silicone
oil.

4 .9  C o m p a r is o n  o f  T h e  S i l ic a  (S 5 6 3 1 )  a n d  P o ly a n i l in e - C o a t e d  
S il ic a  ( S 5 6 3 1 )  S y s t e m s
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.1 1 10 100 
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F ig u r e  4 .2 7 a  G ’ dependence o f  20%  w t silica  (S 5 6 3 1) and P A N -coated  silica 
(S 5 6 3 1) suspensions at the electric  fie ld  o f  2 k v /m m  and at 5%  strain.

5Q

□ silica (S5631)
■ PAN-coated silica (S5631 )
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F ig u r e  4 .2 7 ๖  G ” dependence o f  20%  w t silica (S5631) and  P A N -coated
silica (S 5 6 3 1) suspensions at the electric  fie ld  o f  2 kv/mm and at 5%  strain.
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F ig u r e  4 .2 8  G ” dependence o f  20%  w t silica (S 5 6 3 1) and P A N -coated  silica 
(S 5 6 3 1) suspensions at the electric  field  o f  2 k v /m m  and at 600%  strain.
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Figure 4 .27a and 4 .27b  reveals th at G ’ o f  20%  w t P A N -coated  silica 
(S5631) suspension  in  the presence  o f  2 k v /m m  electric fie ld  strength  is low er 
than in  silica  (S 5 6 3 1) system  and has a m inim um  value at CO = 1 rad /s, and the 
G” o f  P A N -coated  silica (S5631) is h igher than  th a t o f  silica (S 5631) system  
at 5%  strain  fo r the entire  range o f  frequency, w hile a t 600%  strain, the loss 
m oduli P A N -coated  silica (S5631) suspension is low er th an  th a t o f  silica 
(S5631) suspension  at the frequency  below  1.26 rad/s. A t the frequency  1.26 
rad /s, G ” o f  bo th  silica and PA N -coated  silica  suspension are the sam e. A bove 
the frequency  o f  1.26 rad /s, G ” o f  PA N -coated  silica  suspension  is slightly  
g reater than  that o f  silica suspension. A s d iscussed  in prev ious section , the E R  
flu id  based  on silica  partic les w as a w ater-activated  system , w h ich  p resen ted  
som e p rob lem s in the operation  standpoints. The P A N -coated  silica  E R  flu id  is 
another k ind  o f  nonaqueous E R  fluid, silica  partic les w ere coated  w ith  a 
poly  aniline by  chem ical m eans. K uram oto e t  a l. (1996) have rep orted  the 
prepara tion  and  e lectrorheological p roperties o f  po lyan iline-coated  silica  and 
copolystyrene particles. The partic les having  anionic species p resen ted  on the 
surface cou ld  be encapsula ted  b y  a th in  film  polyaniline. P o lyan iline  w as 
grow n as a th in  conducting  layer on the surface o f  an ion ically  doped inorganic 
and organic particles. The m odifica tion  o f  silica w ith  po lyaniline w as found  to 
lead to  an im provem ent in  the y ield  stress o f  the silica p artic les under 
nonaqueo us conditions.
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