
C H A P T E R  I I  
L IT E R A T U R E  S U R V E Y

E lectro rheo log ical fluids are a class o f  m ateria ls w hose  rheolgical 
p roperties are contro llable  by the application  o f  an electric  field. The 
d iscovery  o f  th is type o f  m aterial w as m ade by W inslow  (1949), w ho observed 
the E R  effect w ith  cornstarch  suspended in oil. T hese m ateria ls have a variety  
o f  po ten tia l applications in stress transfer and dam ping  devices.

2.1 M ec h a n ism s

The e lectrostatic  po lariza tion  m echanism , o rig inally  p roposed  by 
W inslow  (1949), is now  generally  accepted  as the orig in  o f  the E R  response. 
P articles in an electric field  w ill po larize  and appear approx im ate ly  as electric 
dipoles. T hese dipoles a ttract head-to-ta il in the d irection  o f  the electric field, 
form ing  the fibrous structures com m only  observed. A pparen t rheolgical 
properties are enhanced because w ork  is required  to  b reak  these fibers to  m ake 
the suspension  to  flow.

P artic les can be polarized  from  a variety  o f  m echanism s. P olarization  
in E R  suspensions is com m only  attribu ted  to  an in terfacial po larization , 
arising  from  perm ittiv ity  and conductiv ity  d ifferences betw een  the particulate  
and continuous phases as W en e t  a l. (1997) and R ank in  e t  a l. (1998) 
described. T hey  em ployed the linear M axw ell-W axner m odel to  describe 
in terfacial po larization  in E R  suspensions. The d ielectric  p roperties o f  each 
phase k, the relative dielectric  constan t ธ!0 and the conductiv ity  Gk - are treated  
as field  strength  and frequency-independent param eters. F o r uncharged 
partic les, th is leads to aniso tropic, frequency-dependen t in terpartic le  forces 
that give rise to  particu late  chains, and y ield  stresses th at scale w ith  the square
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o f  the electric  field  strength. The frequency-dependence o f  the y ield  stress thus 
depends on the d ielectric  p roperties o f  both  phases.

2 .2  S t r u c t u r e  F o r m a t io n

B ecause  the suspension  m icrostructure  is in tim ately  related  to  the 
phenom enon  o f  electrorheology , the structure grow th  and decay, and the 
behav ior o f  these  structures under applied  stresses have long been o f  
considerab le  in terest. The substantial refractive index m ism atch  betw een 
particu la te  and suspending  liquids lim its the kinds o f  optical experim ents 
possib le  in m ost E R  fluids to optical m icroscopy on th in  fluid  layers or 
tu rb id ity  and d iffuse transm ittance m easurem ents on bulk  sam ples (R ankin e t  
a l . , 1998). A d o lf  and G arino (1995) instead used perm ittiv ity  m easurem ents to 
p robe  structure  form ation in m etal-titanate-based  E R  fluids. These 
m easurem ents revealed  the tim e-scales for chain form ation and coarsen ing  and 
ind icated  th at th is process w as strongly  affected  by quenching  caused by 
in teractions betw een  clusters and betw een  aggregates and the sam ple container 
w alls. A d o lf  e t  a l. (1995) have also used perm ittiv ity  m easurem ents to  probe 
structural changes in oscilla tory  shear o f  E R  fluids.

It is also possib le  to  perform  classical light scattering  in m odel E R  
fluids p repared  w ith  index-m atched  particles. T hese m odel fluids involve 
w eaker partic le  in teractions and low er vo lum e fractions than  in p ractical E R  
fluids. M artin  e t  a l. (1998) found th at partic le  aggregates grew  in a  pow er-law  
fash ion  at a rate  that w as consisten t w ith  the role o f  therm al fluctuation- 
induced in terchain  attractive forces. In a steady sh ear flow , the aggregates 
attained a steady-state  size and tilt angle consisten t w ith  a droplet m odel. In 
oscilla tory  shear, the aggregate size and tilt angle  exhib its a com plex 
dependence on shear rate and field  strength. T hey developed  a k inetic  chain 
m odel to  qualita tively  describe these  observations.
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2 .3  M a t e r ia l s

C onsiderab le  progress has been m ade in synthesizing  E R  fluids w ith 
large y ield  stresses (greater than lk P a  at 3 k v /m m ), w ide operating  
tem peratu re  range, and low  current density. A  num ber o f  industrial 
o rganizations have even p roduced  p ractical E R  fluids on a p ilo t-p lan t scale for 
po ten tia l device applications. F or recen t review s there  o f  see Elavelka e t  a l.
(1996).

T he first report on the electrorheological flu ids appeared in 1949,
IV.M. W in s lo w  (1949) dem onstrated  that certain  d ispersions com posed o f  
finely  d iv ided  so lids such as starch, carbon, lim estone, gypsum , flour, etc., 
d ispersed  in a non-conducting  liquid such as a ligh tw eight transform er oil, 
o live oil o r m ineral oil, and etc. show ed the e lectrorheological behavior. These 
m ateria ls show ed a very m arked  increase in flow  resistance w hen exposed to 
electric  field  o f  the order o f  4 k v /m m . H e supposed th at the fie ld  increased the 
v iscosity  o f  the d ispersion in term  o f  ‘e lectrov iscous flu id s’ to  describe his 
m aterials. T he poten tia l value o f  such fluids w as im m ediately  recogn ized  and 
several firm s attem pted to  use them  in vibrators and dam pers w orking  w ith 
silica gel, the  m ost active o f  the m aterials described by W inslow .

A fte r W inslow  discovered the e lectrov iscous effect or the W inslow  
effect, there  w ere  m any scientists w ho continued to w ork  on electroviscous 
fluids. S ilica and calcium  titanate  d ispersions are typ ical o f  m ost 
e lectrov iscous system s. K lass e t  a l. (1967) stud ied  the electrov iscous 
p roperties o f  silica  and calcium  titanate  d ispersion as a function  o f  several 
param eters such as com position , shear rate, field strength , frequency, and 
tem perature . E lectroviscous effects increase w ith  increasing volum e fraction 
o f  d isperse  phase, field strength, and tem perature, but decrease w ith  increasing 
shear rate and frequency.
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O tsubo e t  a l. (1991a) studied the effect o f  surface m odification  o f  
colloidal silica  on the electrorheology  o f  suspensions. M onodisperse  silica 
partic les w ere form ed by hydro lyzing  te traethylorthosilicate  in an ethanol 
so lution. S ilica suspensions d ispersed in silicone oil w ere prepared  by 
converting  the m edium  from  an ethanol so lution to  silicone oil. T he effects on 
the E R  behav ior o f  surface m odification  o f  particles w ith  silane coupling 
agents w ere studied  under an oscilla tory  shear. The m agnitude o f  the com plex 
v iscosity  increases on the application  o f  the electric fields. W hen the silica 
partic les w ere  treated  w ith  silane coupling agents w hich  p roduce hydrogen 
bonding  betw een  organic groups, the E R  effect w as m arkedly  im proved and 
sign ifican t flow  occurred only after som e critical stress w as exceeded. The 
suspensions changed from  viscous liquids to so lid-like pastes. The 
developm ent o f  h igh  y ield  stress w as achieved under partia l coverage o f  silica 
surfaces. The tim e-dependen t behavior on the application  o f  electric  fields w as 
exam ined  for suspensions in w hich  partial coverage take p lace. The 
th ixotropic  behav ior w as a ttribu ted  to the structural b reakdow n induced by 
hydrodynam ic in teractions. O n the o ther hand, the com plex v iscosity  
gradually  increased w ith  tim e at low  stresses. S ince the d ielectric  polarization  
forces overcam e the hydrodynam ic forces and induced the acceleration  o f  
structural form ation, th is rheopectic  tendency served to produce h igher yield 
stresses. O tsubo e t  a l. (1992), studied  the effect o f  adsorbed w ater on the 
e lectrorheology  o f  silica suspensions under an oscillatory  shear. The 
physically  adsorbed  w ater w as p rim arily  responsib le  for the E R  effect. 
H ow ever, the fluids contain ing  large am ounts o f  adsorbed w ater did not 
alw ays show  excellen t E R  perform ance. The surface silanol groups had an 
im portan t ro le in prom oting  the E R  effect. N o t only the am ount bu t also the 
situation  o f  silanol groups determ ined the E R  activ ity  o f  adsorbed w ater. 
O tsubo e t  a l. (1992b), invented  E R  properties o f  silica suspensions, m easured 
the steady shear v iscosity  and dynam ic v iscoelastic ity  under electric fields up



15

to 3.0 k v /m m . A t low  shear rates and high field strength, the flow  curve 
show ed a p lateau  indicating  the developm ent o f  a y ield  stress. The y ield  stress 
w as proportional to  the volum e fraction  o f  partic les (([>) and to  the square o f  
the electric field  (E) for (เ) <0.3. The num ber o f  chains linearly  increased  w ith  
volum e fraction. A t h igher volum e fractions, it varied  as ((j)E)2'4. T he larger 
value o f  the exponent w as attributed  to  the crosslinking o f  chains.

2 .4  P o ly m e r - B a s e d  E R  f lu id s

T he presence o f  w ater in w ater-contain ing  E R  fluids cause the 
abrasion and no E R  effect w hen w ater evaporates (O tsubo  e t  a l ,  1991b). 
R ecently , po lym ers have been adopted  as dry-base, nearly  anhydrous E R  
fluids (R ankin  e t  a l ,  1998). This is because o f  the advantages po lym ers have 
over conventional m aterials. Po lym ers tend to be softer; hence they reduce  or 
e lim inate the p roblem  o f  abrasion, w hich  can lead to m etallic  contam ination  
and electrical failure o f  the system . Polym ers are less dense than  m inerals, 
w hich  slow s or reduces the rate o f  sed im entation  o f  E R  fluids. Perhaps the 
greatest contribu tion  o f  po lym ers to  the field is th a t the chem ical and physical 
p roperties o f  a po lym er can be changed  in order to  enhance its d ielectric  and 
electrical properties to  m eet specific  requirem ents; for exam ple, to  im prove 
the tem peratu re  range o f  application  o f  E R  fluids.

B lock  e t  a l  (1990) suggested  a new  type o f  E R  fluid: anhydrous or 
w ater-free  E R  fluid. C onductive m aterials as substrates are still p referred  
because w hen bounded by an insulating  surface they can undergo an 
in terfacial po larization . T he naphthalene (PN Q R ) and anthracene (PanQ R ) 
hom ologous provided  to  be particu larly  effective and can be com pared  very 
favorably w ith  m ore traditional w ater activated  E R  fluids.

T he structures o f  nonaqueous suspensions subjected  to electrical fields 
and continuous shear w ere described  by K lingenberg  and Z ukoski (1990).
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T hey suggested  that a finite shear force w as necessary  to  destroy  the co lum nar 
or chain-like structures.

A m ong  these E R  fluids, are acene quinone rad ical p o lym ers (B lock e t  
a l ,  1990 and  C hoi e t  a l ,  1997), salt o f  po ly  (m ethacry lic  acid) (X ie e t  
a l ,  1995) and polyphenylene (P tocharski e t  a l . ,  1997). P olyan iline  has 
advantages over the others w ith  respected  to density , conductiv ity  control, and 
therm al stability . P olyaniline is also easy to  po lym erize  by oxidation 
po lym erization  at relatively  low  tem perature  (near 0°C) (C hoi e t  a l ,  1997).

G ow  and Z ukoski (1990) reported  the e lectrorheological 
characteristics o f  suspensions o f  po lyaniline d ispersed in silicone oil. 
P o lyaniline is a stable conducting  polym er in air and a p rom ising  m aterial for 
various applications. Choi e t  a l. (1997) investigated  suspension  o f  po lyaniline 
in silicone oil as a poten tial candidates for dry-base E R  flu id  system s and E R  
experim ents w ere  conducted  w ith  a H aake rheom eter for steady shear 
experim ents to  investigate the effects o f  im posed electric  fields, the 
po lym erization  tem perature  (m olecular w eight), and the d ispersing  oil on E R  
perform ance. E R  properties o f  po lyaniline w ere  found to  be im proved  by 
increasing bo th  the im posed electric field and the po lym erization  tem perature. 
Suspensions using  kerosene also show ed greater E R  e ffec t than  that using 
silicone oil because o f  the sm aller dielectric  constan t o f  kerosene  than that o f  
silicone oil. Choi e t  a l. (1998) also reported  the experim ental results o f  
e lectro rheo log ical and dielectric  characteristics o f  the po lyan iline  suspension. 
T hey found that the shear stress o f  th is E R  fluid  at d ifferen t applied  electric 
fields can be scaled  into a universal curve by the dynam ic y ield  stress w hich 
increases linearly  w ith  the square o f  the electric  field strength. The E R  
perform ance could be im proved by increasing the conductiv ity  o f  the 
po lyaniline partic les and the difference in E R  characteristics due to  changing 
conductiv ity  w as consisten t w ith  the relaxation  tim e obtained  from  the 
d ielectric  spectrum  observed for these  E R  fluids.
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C hoi e t  a l. (1998) also synthesized sem iconducting  po lyan iline  and a 
copoly  an iline  bearing  ionic substituents particles. E R  fluids using  these 
partic les w ere  com pared  w ith  each o ther w ith  respect to  th eir rheolog ical 
properties and d ielectric  spectra. In the steady shear rheolog ical experim ent 
conducted  at 3 k v /m m  (D C ) at 25°c, the copolym er system  show ed a h igher 
stress than  the po lyan iline  system  in the w hole range o f  shear rate. These 
resu lts w ere  in terpreted  in term s o f  the conductiv ities o f  the partic les and their 
d ielectric  spectra. E specially , the d ifferent behavior in the h igh shear rate 
reg ion  can be  related  to  the electrical relaxation  phenom ena observed  in the 
d ielectric  spectra. T hey also investigated  the effect o f  po lym erization  
tem peratu re  o f  po lyan iline  on its E R  characteristic. E R  fluids w ith  po lyaniline 
partic les sy n thesized  at -10°c show ed the best E R  perform ance (y ield  stress) 
com pared  w ith  those  synthesized  at h igher tem peratures. S em iconducting  poly 
(an iline-co-o-ethoxyan iline) w as synthesized by a chem ical oxidation 
po lym erization  o f  aniline and o-ethoxyan iline w ith  tw o d ifferen t m olar ratios 
in an acid ic  m edia  as C hoi e t  a l. (1999) suggested. It w as found that the E R  
fluids using  copo lyan iline  show ed low er E R  perform ance due to  the existence 
o f  the e thoxy side group in the m ain  chain.

K uram oto  e t  a l. (1994) coated  silica partic les w ith  po lyan iline  by 
oxidative p o lym erization  o f  aniline w ith  am m onium  persu lphate  in the 
p resence o f  the silica partic les. T he E R  property  o f  po lyan iline-coated  silica 
suspension  w as found to  exhib it a h igh perform ance even at h igh tem perature. 
K uram oto  e t  a l. (1995a) studied  the E R  properties o f  poly (o-an isid ine) and 
poly  (o -an isid ine)-coated  silica  suspensions w hich w ere prepared  by oxidative 
po lym erization  o f  o-an isid ine using  am m onium  persu lphate  in the absence and 
p resence o f  silica  partic les, respectively . The entire  surface o f  the silica 
partic les w as com pletely  covered  w ith  PA N s po lym erized  using  low 
concen tration  o f  o-anisid ine. T he effects on the E R  behavior o f  surface 
m odifica tion  o f  the silica partic les coated  w ith  PA N s w ere stud ied  und er an
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oscilla tory  shear. E R  properties o f  PA N s and P A N s-coated  silica particle  
suspensions w ere found to  exhib it h igher perform ance in nonaqueous 
so lu tions than those o f  silica partic le  suspensions even at h igh tem peratures. 
K uram oto  e t  a l. (1995b) also prepared  po lyaniline-coated  copoly  (styrene 
styrenesu lphonate) (PSS) partic les by oxidative po lym erization  o f  aniline 
hydrochloride using  am m onium  persu lphate  in the presence  o f  anionic PSS 
partic les. P o lyaniline-coated  PSS particles w ere found to  be o f  h igher 
d ispersib ility  than  polyaniline  itse lf  in an organic solvent. A  suspension o f  
po lyan iline-coated  PSS partic les in silicone oil w as found to  exhib it high 
perform ance at h igher tem perature  w ithout the necessity  for w ater.

T here are th ree w ays to  im prove E R  properties o f  po lyaniline-based  
suspensions as X ie e t  a l. (1997) suggested. In order to  further im prove the E R  
properties, i.e., to  enhance the static y ield  stress and to reduce the current 
density , here  are th ree  m ethods proposed  nam ely; a) coating  o f  the PA N  
partic les w ith  po lym er; b) grafting  on the partic les w ith  acrylam ide; and c) 
nonequ ilib rium  dedoping  o f  the PA N  partic les w ith  concen trated  am m onia 
w ater. T he results show ed that P A N  partic les coated w ith  po ly  (vinyl alcohol) 
or grafted  w ith  po lyacry lam ide can increase the static y ield  stress and decrease 
the curren t density  o f  the E R  suspension, w hereas coating  w ith  po ly  (m ethyl 
m ethacry la te) or po lystyrene reduced  both the current density  and the static 
y ield  stress. N onequ ilib rium  dedop ing  o f  the dried, p ro tonated  P A N  particles 
w ith  concen trated  am m onia w ater show ed the best effect on the E R  properties 
o f  the suspension, exhib iting  a static  y ield  stress o f  16 kPa w ith  a current o f
2.7 pA /cm 2 und er a 2.8 k v /m m  dc electric  field.

A no ther approach  to im prove the perform ance o f  E R  fluids that has 
enjoyed a w ider attention  recen tly  is to  use com posite  partic les or, m ore 
specifically , m ultilayer or core-shell particles. Qi and Shaw  (1997) coated 
glass m icroballoons w ith  po ly  (vinyl alcohol) to solve the sedim entation 
problem . S ed im entation  is often  a problem  in E R  fluids featuring solid
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partic les suspended  in low -density  hydrocarbon oil. This problem  w as 
addressed  by synthesizing partic les com prising  silica  m icroballoons coated 
w ith  P V A L  using a salt-induced coacervation  process. T he E R  perform ance o f  
the fluids based  on these partic les w as equivalent to  pro to typ ical com m ercial 
fluids, bo th  w ith  respect to  curren t leakage and shear stress und er steady 
sim ple shear flow . O tsubo e t  a l. (1997) invented an excellen t E R  suspension 
w ith  com posite  particles consisting  o f  po lym er core and inorganic shell. W hen 
the com posite  partic les w ere subjected  to  je ts tream  agitation, the E R  effects 
w ere  strik ing ly  enhanced. Since the E R  effects can be attributed  to the shell 
layers on the po lym er partic les, the surface o f  inorganic partic les m ust be 
barely  exposed  to  the surrounding oil. The im portance o f  surface conditions is 
dem onstrated  by a scaling  analysis. The creep curves at low  stresses for 
suspensions in electric field w ere  com posed o f  instan taneous elastic  and 
retarded  elastic  reg ions. B u t the suspensions show ed no elastic  recovery  after 
the rem oval o f  stresses. The creep and recovery behaviors w ere purely  plastic. 
The th ick  co lum n form ed by several chains w as responsib le  for purely  plastic  
response. T he partic le  concentrations in colum n w ere increased in nonuniform  
electric  fields. S ince the increase in partic le  concen tration  o f  colum n led to 
high y ield  stresses, the E R  perform ance o f  suspension as an overall response 
can be im proved  by the electrode design.

D espite  their w ide spread use in contro lling  the p roperties o f  colloidal 
and particu la te  suspensions, very  few  studies have reported  the effect o f  
additives on  E R  activity. K im  and K lingenberg  (1996) observed that adding a 
non ionic  su rfactan t to an alum ina-particle-contain ing  E R  fluid  m odified  the 
E R  response by tw o m echanism s: su rfactan t-enhanced  in terfacial polarization , 
and su rfactan t phase separation  and in terparticle  bridg ing  at high surfactant 
concen trations. T hese pheno m ena could also conceivab ly  occur in w ater- 
contain ing  E R  fluids.
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