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The rheoe l ec t r i c  and e lec t ro rheo log ica l  effects  a r e  cons idered  for  d i spe r sed  sys t ems .  
The effects  a r e  due to polar iza t ion  and in te rac t ion  of pa r t i c les  of the d i spe r sed  phase in 
e l ec t r i c  fields.  

A bas ic  p rob lem in m ode rn  rheology is to r e l a t e  the mechanica l  p rope r t i e s  of a d i spe r sed  s y s t e m  
to the s t ruc tu re ,  and this demands  combined use  of rheological ,  optical,  e lec t r i ca l ,  and other methods.  

One can obtain valuable  in format ion  on the nature  of such sy s t ems ,  including po lymer  mel ts  and solu-  
t ions,  by combining s t eady - s t a t e  rheologica l  methods (constant shear  s t r e s s ,  constant  s t r a i n  ra te ,  etc.) 
with dynamic and f r equency -va ry ing  methods.  This  enables  one to c h a r a c t e r i z e  the re laxa t ion  s p e c t r u m  
in re la t ion  to deformat ion,  and it has been found [1] that the dynamic e las t ic  moduli and the low-f requency  
loss  a r e  much reduced on going f r o m  a s ta te  of r e s t  to one of s t eady - s t a t e  flow, which indicates  that  a 
flow i n c r e a s e s  the impor t ance  of rapidly  re laxing bonds between s t ruc tu re  e lements  and d e c r e a s e s  that of 
bonds with long re laxa t ion  t imes .  

It is v e r y  valuable  to combine rheologica l  methods with the use  of polar ized  light. Flow b i re f r ingence  
and light s ca t t e r i ng  for  po lymer  solutions indicate  the s ize  and shape of the m a c r o m o l e c u l e s  [2]. The re  is 
cons iderab le  b i re f r ingence  in some  nonaqueous plast ic  s y s t e m s  of th ickened- lubr icant  type [3]. F ro zen  
flow pa t te rns  a r e  f o rm ed  when a flow is stopped rapidly,  i .e . ,  the par t i c les  r e t a in  the or ienta t ion c o r r e -  
sponding to the s t r a i n  ra te .  The effect  is dependent on the capaci ty  of such a lubr icant  to r e s t o r e  its s t r u c -  
tu ra l  f r a m e w o r k  rapidly  and enables  one to obse rve  a flow s t ruc tu re  a t  r e s t .  However ,  polar ized light often 
cannot be used because  these  concentra ted s y s t e m s  a r e  l a rge ly  opaque. 

Joint  use  of e l ec t r i ca l  and rheologica l  effects  opens up cons iderable  scope for  r e s e a r c h ;  the i n t e r -  
act ion between these  r e v e a l s  many  s t ruc tu ra l  f ea tu res  undetectable  by e i ther  method alone. Also,  e l ec -  
t r i ca l  methods offer  much scope for  influencing the s t ruc tu re .  

E lec t ro rheo logy  involves r e s e a r c h  on the above re la t ionsh ips  and the control  of mechanica l  p rop-  
e r t i e s  via e l ec t r i c  fields.  The following three  main  t rends  m a y  be dist inguished in e lec t ro rheo logy  r e -  
search .  

1. 

2. 

The effects  of par t ic le  charge  on rheologica l  behavior  (the e l ec t rov i scos i ty  effect). 

The effects  of shear ,  tension, and c o m p r e s s i o n  on s t ruc tu re  and d ie lec t r ic  p rope r t i e s  (the rheo -  
e l ec t r i c  effect).  

3. The ef fec ts  of e l ec t r i c  f ields on s t ruc tu re  and rheological  behavior  (the e l ec t ro rheo log ica l  effect). 

The re  a r e  the following three  r easons  for  v i s cos i t y  i nc r ea se  in charged suspens ions  and po lye lec-  
t ro ly te  solutions: a) shea r  in the diffuse par t  of the e l ec t r i ca l  double layer  {first e l ec t rov i scous  effect);  b) 
over lap  and repuls ion  of double e l ec t r i ca l  l aye r s  a t  r e l a t ive ly  high concentra t ions  (second e lec t rov i scous  
effect);  c) coiling of mo lecu la r  chains and i nc r ea se  in clump s ize  in po lye lec t ro ly te  solutions by repuls ion  
between ionic groups (the third e l ec t rov i scous  effect) [4]. A fourth e lec t rov i scous  effect  is expected at  
high shear  r a t e s  and high concentra t ions  on account  of de format ion  of ionic shel ls  in the flow and conse -  
quent inc reased  par t ic le  interact ion.  
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The rheoe lec t r i c  effect  gives informat ion  on par t ic le  shape,  orientat ion,  and clumping. 

Shear  reduces  the e l ec t r i ca l  conductivity because  the conducting s t ruc tu ra l  f r a m e w o r k  is disrupted;  
the r e c o v e r y  at  r e s t  is due to the conve r se  effect  [5-7]. However,  shear  can r a i s e  the conductivity in a 
hydrocarbon  d i spe r sed  s y s t e m  on account  of charge  t r an s f e r  by col l is ion [8] or because  the f r e e - c h a r g e  
concentra t ion  is inc reased  by s t r ipping of the diffuse par t  of the double l ayer  [9]. 

Shear  af fec ts  the d ie lec t r i c  constant  because  of or ienta t ion of polar izable  an i sod iamet r i c  pa r t i c les ,  
de fo rmat ion  of soft  pa r t i c les ,  and s t ruc tu re  d isrupt ion [11-18]. The or ienta t ion effect  i n c r e a s e s  with the 
dipole moment  of the par t i c les ;  d ie lec t r ic  and other  m e a s u r e m e n t s  indicate that the par t i c les  can have 
induced and pe rmanen t  dipole momen t s  [19-21, 24]. The induced par t  can be due to su r face  polar iza t ion  
(Maxwel l -Wagner  polar iza t ion  [22], po lar iza t ion  of the double e lec t r i ca l  l ayer  [23, 25, 26]) or to bulk 
polar iza t ion  [27]; it is governed by the d ie lec t r ic  p a r a m e t e r s  of the medium and the d i spersed  phase as 
well  as  by the s ta te  of the phase  in ter face .  Hydroxyl  groups  linked by hydrogen bonds play a la rge  par t  
in par t ic le  polar izat ion;  protons can m i g ra t e  along such chains and produce high polar izabi l i ty  [28, 29]. 

The pe rmanen t  moment  can be d i scussed  via e lec t roopt ic  effects  [19, 20]. A rigid moment  is due to 
spontaneous (unipolar) or ienta t ion  of dipole molecu les  a t  the par t ic le  sur face .  

The shear  r e s pons e  of the d ie lec t r i c  constant  has been used in r e s e a r c h  on or ienta t ion as  it af fects  
the an iso t ropy  in mechanica l  p rope r t i e s ,  s t r e s s  r e l axa t ion  at s t r e s s e s  l e s s  than the shear  s t rength,  i r -  
r e v e r s i b l e  s t r u c t u r e  change a t  the yield point, and s t r u c t u r e  r e c o v e r y  [30, 31]. The d ie lec t r ic  and m e c h a -  
nical  l o s ses  a r e  of g rea t  i n t e re s t  in re la t ion  to re laxa t ion  in po lymer  s y s t e m s  [32, 33]. 

The rheoe l ec t r i c  ef fec ts  include a potential  d i f ference  between the e lec t rodes  of a rotat ing p las to-  
v i s c o s i m e t e r  conta in inganonaqueous  p las t ic  d i spe r s ion  [34, 35]. The sign of the d i f ference  r e v e r s e s  as the 
speed i n c r e a s e s  because  of s t ruc tu ra l  change in the sys t em,  including f ea tu res  of the boundary layer .  

An e lec t ro rheo log ica l  effect  can a r i s e  f r o m  par t i c le  d i sp lacement  and deformat ion  and a lso  by de-  
fo rma t ion  of the s t ruc tu ra l  f r amework .  See [36, 37] on par t ic le  or ienta t ion and deformat ion  in combined 
e l e c t r i c a l  and shea r  fields.  Viscos i ty  equations have been checked on w a t e r - o i l  and o i l - o i l  emuls ions .  
The v i scos i ty  change in an e lec t r i c  field is dependent on the e lec t r i ca l ,  phys icochemica l ,  and rheological  
p rope r t i e s  as  well  as  on the c h a r a c t e r i s t i c s  of the fields.  

The l a rge s t  e lec t ro rheo log ica l  effect  occurs  in a s y s t e m  that acqu i res  a s t ruc tu re  in an e lec t r ic  
field, in pa r t i cu la r  hydrocarbon  suspens ions  of s i l ica ,  me ta l s ,  oxides, sa l t s ,  f e r r i t e s ,  po lymers ,  and 
carbon  black, and w a t e r - o i l  emuls ions  [8, 10, 40-43,  52]. Pa r t i cu l a r l y  detai led studies have been made 
on the effects  of e l ec t r i c  f ie lds  on the v i scos i ty  of SiO 2 suspens ions  [41, 42]. The effect  i n c r e a s e s  with the 
volume percent  of the d i spe r sed  phase,  the field s t rength ,  and the t e m p e r a t u r e  but d e c r e a s e s  as  the shear  
r a t e  i nc reases .  The initial  v i s c o s i t y  is  r e c o v e r e d  a f t e r  a ce r t a in  t ime when the field is removed.  The 
wate r  content influences the effect.  The field can r a i s e  the v i scos i ty  by a f ac to r  104, which opens up p r a c -  
t i ca l  uses .  

This v i scos i ty  i nc r ea s e  is due to par t ic le  in te rac t ion  via polarizat ion,  the field act ing on the induced 
moments .  Here  the impor tan t  a spec t s  a r e  the polar iza t ion  mechan i sm and the ro le  of su r face  and bulk 
effects .  

The bes t  pa r t i c les  for  producing f ibe r s  a r e  [40] solid semiconduc tors  with high d ie lec t r ic  constants .  
SiO 2 pa r t i c les  clump by migra t ion  to the reg ions  of highest  field s trength;  they then join end to end into 
chains.  This occu r s  pa r t i cu la r ly  at  the ends of long pa r t i c l e s  and at  defects  in spher ica l  par t ic les .  Gindin 
et  al. [44, 45] observed  a s i m i l a r  mechan i sm in hydrocarbon  suspens ions  of me ta l s  and soaps.  The s u s -  
pended pa r t i c l e s  move rapidly  when a field a p p e a r s  between the e lec t rodes ,  s t r i p  s t r u c t u r e s  appea r  at 8 kV 
/ cm, which a r e  at tached to one of the e lec t rodes .  It  has been found [46] that ac icu la r  dendri tes  appear  in 
soap suspens ions  in r e sponse  to e l ec t r i c  fields.  

Klass  and Mar t inek  [41] concluded for  SiO 2 suspens ions  that the e lec t ro rheo log ica l  effect  is due to 
s t r u c t u r e s  a r i s ing  f r o m  polar iza t ion  of the double layer  and f r o m  in te rac t ion  of induced dipoles;  the bulk 
e l ec t r i ca l  p rope r t i e s  of the d i spersed  phase were  considered to be of secondary  impor tance .  The sur face  
m e c h a n i s m  is conf i rmed by the posi t ive t e m p e r a t u r e  coefficient  of the e lec t ro rheo log ica l  effect  (due to 
faci l i ta ted polar iza t ion  of the double layer) .  No pa r t i cu la r  migra t ion  was observed  on mic roscop ic  examina -  
tion. Clumping without v i s ib le  migra t ion  has been observed  for  other s y s t e m s ,  in pa r t i cu la r  water  d i s -  
pe r s ions  of polyvinyl ace ta te  s tabi l ized by polyvinyl alcohol [47 ]. 

68O 



Ef remov  and U s ' y a r o v  [48, 49] examined the effects  of e lec t r i c  f ields on par t ic le  in te rac t ion  in col -  
loidal s y s t e m s .  A po lymer  suspended in an organic  liquid produces  chains by polar iza t ion  of the ionic 
a tmosphe re ;  po lar iza t ion  of the m a t e r i a l  i t se l f  had l i t t le  effect.  The externa l  field reduces  the energy  
b a r r i e r  to par t ic le  in te rac t ion  and so a c c e l e r a t e s  coagulation. The polar iza t ion  in te rac t ion  i n c r e a s e s  the 
s t r u c t u r e  s t rength  and de t e rmines  the l imit ing shear  s t r e s s ,  and an equation for  this [50] is in good a g r e e -  
ment  with exper iment .  R e v e r s i b l e  and i r r e v e r s i b l e  f o r m s  of aggregat ion  a r e  of pa r t i cu la r  impor tance ,  
e spec ia l ly  as affected by field s t rength  and su r face  s ta te  (charge, solvation,  sur fac tan t  adsorpt ion).  

The f r a m e w o r k  may  be charged in a plast ic  d i spe r sed  sys t em,  in which case  a field causes  c o m p r e s -  
sion at one e lec t rode  and r e l e a s e  of d i spe r s ion  med ium at the other [51]. This is r e v e r s i b l e  in i ts  init ial  
s tages .  The higher  concentra t ion of the medium at one e lec t rode  i n c r e a s e s  the bounda ry - l aye r  slip, and 
this  can produce l a rge  changes in de fo rmat ion  r e s i s t ance .  

If the potential  d i f fe rence  is r e v e r s e d ,  the layer  with m o r e  d i spe r s ion  medium can shift  to var ious  
posi t ions,  and the deformat ion  accompanying  the shift  can r e su l t  in d isrupt ion and thixotropic r e c o v e r y  
(osc i l la tory  shea r  s t r e s s ) .  

An e lec t r i c  field may  r a i s e  the de format ion  r e s i s t a n c e  by s t ruc tur ing  or reduce  it  on account  of 
e lec t rok ine t ic  effects ,  the na ture  of the lubr icant  and the e l ec t r i ca l  s ta te  of the in te r face  being the dec is ive  
fac tors .  

A hydrocarbon  d i spe r s ion  in a s t rong  field shows not only t rans la t iona l  mot ion (e lec t rophores i s  etc.) 
but a l so  ro ta t ion  and c i rcu la t ion  between the e lec t rodes  [38, 39], which is due to e l ec t r i ca l  inhomogenei ty 
of the phase in te r face  on account  of inhomogeneity in the d i spe r sed  phase and the v e r y  low conductivity of 
the hydrocarbon  medium.  Oi l - so luble  su r fac tan t s  influence the e lec t r i ca l  p rope r t i e s  of the sur face ,  and 
charge  r e v e r s a l  in some  a r e a s  causes  ro ta t ional  mot ion to rep lace  t ransla t ional .  Here  the re  is c o n s i d e r -  
able in t e re s t  in the effects  of e l ec t r i ca l  inhomogenei ty  on the e l ec t rov i scos i ty  and e lec t ro rheo log iea l  e f -  
fects .  

This b r i e f  s u rvey  shows that  m a j o r  topics in e l ec t ro rheo logy  a r e  polar izat ion,  in te rac t ion  of p o l a r -  
ized pa r t i c l e s ,  and the re la t ion  of these  to mechan ica l  behavior .  
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