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

D uring  the past decade, the developm ent o f  m ateria ls th at respond in a 
w ell-defined  w ay to an applied  electric  field  has c a p to e d  the im agination  o f  
scientists and engineers w orldw ide. E lectrorheo logical (ER) fluids, d ispersions 
o f  po larizab le  partic les in an insu lating  base fluid, rep resent a unique class o f  
e lectroactive m ateria ls th at exhib it m odified  flow  properties in an electric 
field. E R  flu ids dem onstrate  o rders-of-m agnitude changes in  apparent 
v iscosity  in  m illiseconds w ith  the application  o f  ju s t a few  w atts o f  electrical 
pow er. This fast, strong, and reversib le gelation provides a novel and effic ien t 
w ay to  transfer energy and contro l m otion  (H avelka e t  a i ,  1996).

1.1  T h e  E R  P h e n o m e n o n

E R  flu ids are typ ically  com posed  o f  e lectrically  polarizable  particles 
d ispersed in low -d ielectric  oil. In the absence o f  electric  field, ER flu ids show  
the N ew ton ian  behavior w hile on the application  o f  an electric fie ld  (typically , 
a  few  kilovo lts per m illim eter), partic les becom e polarized, and the local 
electric  fie ld  is distorted. The m igration  o f  m obile charges to areas w ith  
greatest fie ld  concen tration  increases the po larizab ility  o f  the partic le  and 
resu lts in  a larger dipole m om ent. These fie ld-induced  dipoles a ttract each 
another and cause the partic les to form  chains or fib rilla ted  structures in the 
d irection  o f  the field, (F igure. 1) (H avelka e t a l . , 1996).
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F ig u r e  1 In the presence  o f  an electric field, the partic les in an 
electro rheo log ical (ER) fluid form  chains or fibrillated  structures (H av elka  e t  
a l ,  1996).

T hese chains are held  together by in terparticle  forces that have suffic ien t 
strength  to  inhibit fluid flow. Subjecting  these fibers to  a shearing  force pulls 
partic les apart w hile dipoles on the particles attract rep lacem ent partic les. A n 
equ ilib rium  is established betw een chain form ulation  and breaking . The 
increase  in apparen t v iscosity  from  particle  chain in teractions un d er shear 
corresponds to  the y ield  stress as defined in the B ingham  plastic  m odel. W hen 
the  electric  field  is rem oved, the partic les return to  a random  distribu tion  and 
flu id  flow  resum es (B onecaze and B rady  5 1992).

F ig u r e  2 M echanism  o f  fibrillation  and a lignm ent o f  d ielectric  
partic les. D ue to  the d ielectric  m ism atch betw een the partic les and the fluid, 
the partic les have an induced dipole as illustrated. T he in teraction  o f  these 
d ipoles cause attraction , repulsion, rotation , and a lignm ent o f  partic les, 
c reating  chains that align  w ith  the applied  electric field (B onecaze and B rady  , 
1991).
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A  w idely  recogn ized  fact is that the shear stress versus sh ear strain 
rate  p roperties o f  an E R  fluid varies as a function o f  applied  e lectric  field . In 
the absence o f  an electric  field, an E R  fluid obeys the N ew to n ian  behavior. 
W hen an e lectric  field  is applied , the fluid changes from  a liqu id  to  a sem iso lid  
and is described  as a B ingham  plastic . The shear stress ( t )  for the B ingham  
plastic  m odel is g iven by

X =  y p + X ER ( 1 . 1 )

w here y is the shear rate, ฦ is the v iscosity , and XER is the e lectric  fie ld -induced  
dynam ic y ield  stress.

F ig u r e  3 A com parison betw een different flu id  behaviors.
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1 .2  E R  P a r t ic le  M a t e r ia ls
W hen form ulating  an E R  flu id  fo r a specific application , several 

properties m ust be op tim ized  (T able 1). To accurately  com pare the 
effectiveness o f  particu lar m ateria ls used in form ulating  an E R  fluid, these 
m ateria ls m ust be tested  and reported  consistently . H ow ever, a t presen t there 
are no  estab lished  standards fo r testing  E R  flu ids to  indicate th eir 
perform ances -  hence there is a d ifficu lty  in  com paring  m ateria ls reported  in 
the literature. N onetheless, m any  m ateria ls in terdependen t perform ance 
properties m ust be evaluated to  determ ine the com m ercial v iab ility  o f  an ER  
fluid. O btain ing  all these p roperties in a single fluid  is a considerable m ateria ls 
challenge. A lthough E R  flu id  p roperties w ill p robab ly  be ta ilo red  for specific 
applications, the values in T able 1 are typical perform ance requ irem ent fo r 
various applica tions (H avelka e t  a l. 1995).

T able 1. E lectrorheo logical m ateria l requ irem ents for a variety  o f  applications

E R  m a teria l n ro n ertv V a lu e C o m m en ts
Dynamic yield stress at 6.0 
kV/mm, kPa > 4 .0 Maintain field-induced stress at high 

shear rates
Zero-field viscosity, cP < too As low as possible and insensitive to 

temperature
Current density at 6.0 kV/mm, 
mA/m2 < 3 0 0 Low to maintain particle polarization 

and to minimize power consumption
Operating temperature range,
°c -2 0  to 140

Maintain ER performance over a 
broad temperature range

Response time, ms Milliseconds Rapid turn on and o ff
Dispersion properties Stable Nonsettling, easily redisperses, no 

electrophoresis
Tribology properties Nonabrasive Lubricious, noncorrosive, compatible 

with components
Environmental properties Benign Nontoxic, nonreactive



T able 2. D esired  B ase F luid  P roperties (H avelka e t  a l. 1995)

B o ilin g  p o in t
Higher than the highest expected operating 
temperature for safety

C o m p a tib ility
Required with all metals, plastics, and elastomers in 
the system

C o n d u c t iv ity
As low as possible to maintain particle polarization, 
minimize resistance heating, and prevent overloading 
the power supplies

C o st
Commensurate with the value o f  the intended 
application

D ie lec tr ic  b rea k d o w n Higher than the highest electric field that will be
stren g th applied to prevent arcing and shorting o f  the system

F lash  p o in t Higher than the highest expected operating 
temperature for safety

F lu id  so lv e n c y
Poor for the solid phase and any activator used while 
solubilizing any other additives

H y d ro p h o b ic  flu id s
Preferred because water absorbed from the 
environment can result in large performance changes

L u b r ic ity
Adequate to minimize wear o f metal-metal and metal- 
elastomer sliding contacts

P o u r  p o in t Below the lowest expected operating temperature
S ta b ility  ( th erm a l, 
o x id a tiv e , an d

Sufficient to minimize performance changes with time

e lec tr ica l)
T o x ic ity Low, to allow for possible leaks and eventual disposal

V isco sity
As low as possible to maintain a high on/off stress 
ratio

V isco s ity  in d ex
High, to minimize changes in zero field performance 
with temperature and to simplify system design
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1.3 Physical Properties of the Particles
E R  properties and  d ispersion  stability  are affected  by the partic les 

physical properties. T he ability  to m odify  the physical p roperties o f  organic or 
hybrid  (organ ic-inorgan ic) m ateria ls in E R  flu ids offers m any advan tages over 
inorganic m ateria ls, including  lo w er density, w hich  decreases settling, and 
softness, w hich  decreases w ear. Particle  concentration  and m orphology  are 
also im portan t physical properties to  consider (H avelka e t  a l ,  1996).

Particle-partic le  separations are a function  o f  partic le  concentration . 
A t concen tration  <10% , a  large increase in y ield  stress is typ ically  not 
observed, w hereas at concen tration  >40% , the zero field  v iscosity  is usually  
too  high. M ost researchers use a volum e fraction  o f  10-40%  to provide a 
p ractical balance be tw een  zero fie ld  v iscosity  and dynam ic y ie ld  stress 
(H avelka e t  a l . , 1996).

P article  m orphology  has received  a lim ited  attention. E R  fluid  
particu la tes average in  size betw een  0 .5 -100pm . A lthough ne ither the upp er 
nor low er partic le  size lim it is c learly  defined, the upp er lim it (w hich re lates to 
the electrode gap) is  recom m ended  to be less than  one-ten th  o f  the spacing 
(S tangroom , 1980). The low er lim it rela tes to  the fact that a t som e level 
B row nian m otion  m ay dom inate the in teractions that give rise  to the E R  effect. 
V ery sm all partic les are also lim ited  by the strength  o f  the dipole.

M ost E R  partic les reported  in the literature are irregu larly  shapes. 
H ow ever, it is often assum ed that the partic les behave in com bination  w ith  
en trapped  so lvent as i f  they  w ere rough ly  spherical (B lock  e t  a l . ,  1988). One 
m ay expect that an ellipsoidal partic le  a ligned  along  its m ajor axis w ill have a 
greater induced  dipole m om ent th an  a sphere o f  the sam e volum e. A 
system atic investigation  conducted  under low  shear rate ind icates that ER 
response increases as the ratio  o f  the particle  increases (Z ukoski, 1993). 
H ow ever, because m any applica tions require h igh  shear rates, the study m ust
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be expanded  to h igher shear rates to determ ine w hether the benefit still 
appears.

1.4 Chemical Properties of the Particles
A w ide range o f  m ateria ls o f  d ifferen t chem ical na ture  dem onstrates 

E R  activity. F or sim plicity , research  in E R  particu la tes is c lassified  in  tw o 
general categories o f  m aterials: extrinsically  po larizab le  and in trinsically  
po larizab le . These tw o m aterial types are then fu rther subdiv ided (H avelka e t  
a l ,  1996).

1.4.1 E xtrinsically  Polarizable M ateria ls
W ater w as orig inally  considered  necessary  for the E R  effect. 

E x trinsica lly  po larizab le  E R  flu ids are com posed o f  hydrophilic  partic les that 
requ ire  w ater or som e o ther po lar activator (e.g. low  m olecu lar w eight 
a lcohols or am ines) to obtain  m easurable  ER  activity. The am ount o f  w ater 
requ ired  in op tim izing  the ER  effect is 1-10%  and depends on the physica l and 
chem ical p roperties o f  the partic les as w ell as the desired  E R  properties. The 
E R  effect is expected  to resu lt predom inantly  from  in terfacial po larization .

A lthough extrinsically  po larizab le  E R  flu ids are able to 
dem onstrate  the E R  phenom enon, they  are significantly  lim ited  by 
tem perature. A t extrem e tem peratures, the po lar activator m ay no t be available 
to  activate the E R  fluid, for exam ple, because o f  the activator's freezing  and 
bo iling  po in ts and because the partition ing  o f  the activa tor betw een  the various 
phases tends to change w ith  tem perature. An even m ore serious concern  w ith 
ex trinsically  polarizable  ER  flu ids is th eir very  h igh therm al coeffic ien t o f  
conductance. F luid  conductiv ity  typ ically  doubles every  five degree C elsius 
(B lackw ood e t  a l ,  1993). U nderstand ing  partic le-activato r in teractions is 
necessary  to  develop im proved  fluids. There are tw o prim ary  classes o f  
extrinsically  po larizab le  partic les w ith  an activator.
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1 .4 .1 .1  P o la r  N o n -I o n ic  M a te r ia ls
The m ateria ls are po lar hydrophilic  so lids that contain 

only a trace  o f  m obile ions: the m ost com m on exam ples are the 
po lysaccharides (e.g., cellu lose or starch) and the inorganic ox ides w ith  
surface hydroxyl groups (e.g ., silica or alum ina). Polar non ionic  m aterials 
generally  exhib it little E R  effect w hen  an activator is no t present. B ecause 
there  are few  m obile  ions to form  dipoles by  charge separation  and because 
the m ateria ls generally  have low  perm ittiv ities, one hypothesis is that 
po lariza tion  resu lts from  the a lignm ent o f  the dipoles o f  the h igh-perm ittiv ity  
po lar activator adsorbed on the surface o f  the particle. H ydrogen bonding  
betw een  the solid  and the po lar activator is believed to be im portan t in  these 
system s

1 .4 .1 .2  P o la r  I o n ic  M a te r ia l s
In contrast, po lar ionic m aterials contain  m obile  ions. 

These m ateria ls are generally  po lym eric  salts that allow  large dipoles to be 
form ed by charge separation  o f  ions. In m o st cases, a po lar activator is needed  
to  provide ion  so lvation  and  m obility . M onovalen t ions usually  provide the 
best perform ance possib ly  because they are easily  so lvated and are ve iy  
m obile (S tangroom , 1980). T he m ost com m on exam ples in the literature are 
the m onovalen t salts o f  po lym eric  carboxylic  acids (e.g., the lith ium  salt o f  
po lym ethacry lic  acid). Som e m aterials, such as zeolites, are able to  pass som e 
ions from  site to  site a long the backbone w ithout an activator bu t are m uch 
stronger w hen  used  w ith  an activa to r (C onrad  e t  a l . , 1991). In o ther cases, 
such as the cross-linked  po lye thers or crow n quaternary  salts, the po lym er is 
no t ionic bu t acts as a so lid  conductor for the ions form ed from  dissolved, low  
m olecu lar w eight salts.
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1.4.2 In trinsically  Polarizable M aterials
The discovery  that a po lar activator is no t necessary  to  obtain 

ER  activ ity  catalyzed  a resurgence o f  in terest in electrorheology  (B lock  e t  a l, 
1990). The advantages o f  in trinsically  polarizable  o v er ex trinsically  
po larizab le  m ateria ls include a sim pler system  (because a p o lar activa tor is not 
required) and a low er therm al coeffic ient o f  conductance, w hich  m ay facilitate  
expand ing  the tem perature  range o f  E R  activity. In trin sically  polarizable  
m ateria ls can  function  predom inan tly  by  bulk  polarization  (e.g ., ferroelectrics 
and liquid  crystals) o r by in terfacial polarization  (e.g., m etals, sem iconductors, 
and insu la ted  conductors).

1 .4 .2 .1  C o n d u c t iv e  a n d  S e m ic o n d u c tiv e  P a r t ic le s
The conducting  and sem iconducting  m ateria ls 

develop large d ipoles by allow ing electrons or p ro tons to  flow  along extended 
delocalized  conductance bands. This facilita tes large charge separa tions under 
an im posed  electric  field. The m aterials dem onstrate a m easurable  ER  
response in w hich  the po larization  is probably  predom inan tly  in terfacial 
(H avelka e t  a l ,  1996). C onducting  polym ers, such as po lyan iline  and 
pyro lyzed  hydrocarbons, are the leading m ateria ls in th is  group. The 
draw backs cited fo r conducting  polym ers in  the electron ics industry , such as 
low  conductiv ity  and insolubility , are attractive fo r E R  m aterials. It is 
desirable to  investigate conducting  polym ers that have d ifferen t band  gaps. 
The electrical p roperties o f  a particu lar conducting  po lym er can be m odified  
system atically  by  both  type and concen tration  o f  the dopant. The properties 
can fu rther be m odified  by  the degree o f  crysta llin ity  and the degree o f  chain 
o rien tation  (B loodw orth  and W endt, 1996).

1 .4 .2 .2  M e ta l
On the basis o f  po larization  alone, the m etals 

d ispersed  in an insulating  base flu id  should provide optim um  E R  shear 
stresses. The m etals are polarized by electron flow  under an im posed electric



10

field. T heir high conductiv ities should allow  for very high dipole strengths. 
H ow ever, the h igh conductiv ity  m akes it d ifficult to p reven t the loss o f  the 
dipole by  partic le  to  partic le  charge transfer. In practice, d ispersions o f  m etal 
partic les are very  conductive and do no t provide fluids o f  sign ifican t stress 
values (K elly , 1986). The failure o f  m etals to  m ake good E R  partic les im plies 
that there m ay be an optim um  level o f  conductiv ity  in  the sem iconducting  
region (B lackw ood  e t  a i ,  1993).

1 .4 .2 .3  C o a te d  P a r t ic le s
L ow ering curren t density  w hile m ain ta in ing  E R  stress 

continues to  be a challenge in extrinsically  and in trinsically  po larizab le  E R  
fluids. In an attem pt to  reduce the current density  o f  E R  fluids, insu lating  
coating  and su rfactan t have been investigated  on m etals and sem iconductive 
particles. C oatings are usually  used  w ith  m aterials that form  dipole  by 
in terfacial po larization  and do no t require a po lar activator. M ost pub lished  
w ork invo lves coating  sem iconductors such as po lyaniline or sim ple m etal 
pow ders such as alum inum  or iron. The electrostatic  po lariza tion  m odel 
pred icts that po larization  force falls o ff  as a function  o f  partic le-particle  
separation  to the fourth  pow er (Jordan e t  a i ,  1989 and G ast e t  a i ,  1989). 
Since application  o f  a coating  increases the in terpartic le  distance, m ost 
insu lating  coatings have reduced  E R  perform ance under D C fie lds and  have 
not e lim inated  conductiv ity . H ow ever, in som e system s th is com prom ise is not 
observed (Pollack, 1995). Som e o f  these system s are reported  to perform  
m uch be tter under AC than DC fields (Inoue, 1990). P article-coating  
in teractions are no t w ell understood, and w ill likely  continue to be an active 
area o f  research.
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