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The fea tures  of the e lect rorheological  effect in d isperse  sys tems a re  considered,  and ex- 
perimental  data a re  presented on the influence of the concentrat ion and mois ture  content 
of the d i sperse  phase on the magnitude of this effect in the case of si l ica suspensions.  

Until recent ly,  the purpose of the investigation of the flow of a d i sperse  sys tem in an external e lec-  
t r ic  field was mainly to study the s t ruc ture  format ion and the influence of the lat ter  on the mechanical  be-  
havior of the system.  On this basis ,  a new interest ing phenomenon was revealed,  inherent  in cer ta in  non- 
aqueous d isperse  sys tems ,  namely, the revers ib le  increase  of the apparent  v iscos i ty  following application 
of an external  e lec t r ic  field oriented normal  to the shear  sur faces  of the flow. This phenomenon was named 
the e lec t rorheologica l  effect. A review of the main r e s e a r c h  on the e lec t rorheological  effect is contained 
in [1, 2]. The continuous phase in such a d isperse  sys tem is a nonconducting liquid (mainly a nonpolar 
hydrocarbon).  It was established that the v iscos i ty  of sufficiently well purified nonpolar liquids does not 
inc rease  in a t r ansve r se  e lectr ic  field, whereas  the apparent  v iscos i ty  of a polar liquid under analogous 
conditions inc reases  somewhat, initially in d i rec t  proport ion to the square of the field intensity [3-10]. 
With fur ther  inc rease  of the field, the v iscos i ty  ceases  to depend on the intensity (saturation viscosi ty,  
usually not exceeding 0.2~c). Insufficient purification or ar t i f ic ial  contamination of the liquid (polar or non- 
polar) may be the cause of an increase  of 100% and more  in the apparent  v iscos i ty  in an e lectr ic  field [6]. 

The e lec t rorheological  effect appears  in suspensions in which the dielectr ic  constant of the d i sperse  
medium is smal le r  than that of the d i sc re te -phase  part icles.  At the present  time there a re  three principal 
opinions concerning the nature of this phenomenon. 

I. The change of the v i scos i ty  of the suspension in the e lec t r ic  field is attributed to the simultaneous 
act ion of  the e lec t r ic  and hydrodynamic orientat ions on the part icle,  i.e.,  to the res t r i c t ion  on the f r ee -  
dom of the part icle  to rotate  when it becomes polarized,  and to the corresponding increase  of the d iss ipa-  
tion of the mechanical  energy of the flow. Tolstoi [11] and Demetr iades  [12] used a birefr ingence method 
to study the influence of simultaneous application of an e lec t r ica l  and a hydrodynamic field on the flow of 
suspensions of par t ic les  with anisotropic  polarizabili ty,  but without a constant dipole moment. On the 
basis  of the data of these experiments ,  Mason and co-workers ,  calculated the effective v iscos i ty  of such 
suspensions [13]. The motion of isolated par t ic les  of different shapes in the combined field was f i rs t  de-  
scr ibed,  af ter  which the flow per turbat ion due to one part icle was general ized to include the entire sus -  
pension. The measured  viscos i ty  turned out to depend only on the dielectr ic  constants of the medium and 
of the part icles ,  on the field intensity, and on the shear -ve loc i ty  gradient.  

II. The increase  of the apparent  v i scos i ty  is ascr ibed  to the format ion of a s t ruc ture  in the d i sperse  
phase, i.e., to the appearance of f i lament- l ike  aggregates  made up of par t ic les  of the d isperse  phase and 
directed along the force  lines. The increase  of the hydrodynamic res i s t ance  is due in this case to the 
stretching,  blocking, and disintegrat ion of the aggregates .  

Winslow observed a considerable  e lec t rorheologica l  effect in suspensions of nonconducting and semi -  
conducting par t ic les  (activated moistened silica gel) in a nonconducting medium (kerosene fraction) to which 
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s u r f a c e - a c t i v e  subs tances  we re  added [14]. The d i f ference  between the mechanica l  r e s i s t a n c e  of s imple  
shea r  flow of the suspens ion  in a t r a n s v e r s e  e lec t r i c  field and without the field turned out to be p rop o r -  
t ional  to the squa re  of the field intensity.  Winslow re la ted  the appea rance  of the e lec t ro rheo log ica l  effect  
to induced f i l amen t fo rm a t i on  by the pa r t i c les  of the d i s p e r s e  phase. 

The p r o c e s s e s  whereby  s t r u c t u r e s  a r e  made up of solid par t i c les  suspended in a d ie lec t r ic  (liquid or  
gas) a r e  var ied  and their  na ture  has hard ly  been invest igated.  Pohl observed  d ie l ec t rophores i s ,  or  m i g r a -  
t ion of pa r t i c les  of polar  m a t e r i a l  towards  the reg ion  of l a rge s t  field intensi ty  (i.e., d i sp lacement  of the 
pa r t i c les  r e l a t ive  to the medium) in sharp ly  inhomogeneous fields [15-17]. 

In mae ros cop i ca l l y  homogeneous f ields,  two types of s t r u c t u r e s  a r e  possible:  a) s t r uc tu r e s  not con-  
nected with the su r face  of the e lec t rodes ,  in s y s t e m s  where  e of the medium is l a r g e r  than a of the p a r -  
t ic les ;  b) s t r u c t u r e s  connected with the su r face  of the e l ec t rodes ,  in s y s t e m s  where  a of the medium is 
s m a l l e r  than e of the par t ic les .  The s t r u c t u r e - f o r m a t i o n  p r o c e s s e s  a r e  de te rmined  by the d imensions  
(but not by the shapes)  of the par t i c les ,  b y  the v i scos i ty  and densi ty  of the medium,  by the concentra t ion 
of the d i spe r s e  phase,  and by the field intensi ty  [18-19]. 

III. The change of the apparen t  v i scos i ty  of the suspension following appl icat ion of a t r a n s v e r s e  
e lec t r i c  field is connected with the deformat ion  and the in te rac t ion  of the e lec t r i c  double l aye r s  su r round-  
ing the d i s p e r s e - p h a s e  par t ic les .  The i nc r e a se  of the v i scos i ty  of the suspens ion of pa r t i c les  with ionic 
e l ec t r i c  double l aye r s  in compar i son  with the value predic ted by Eins te in ' s  equation is defined as the e l ec -  
t rov i scous  effect.  There  a r e  th ree  known types  of e l ec t rov i scous  effects  [20]. 

Applicat ion of a t r a n s v e r s e  e lec t r i c  field on shear  flow of a suspens ion  of charged par t i c les  leads 
as  a rule  to a change in the apparen t  v iscos i ty .  

Bjorns tahI  and Snel lman observed  an exponential  i nc r ea se  of the v i scos i ty  of s i lve r  and nickel sols  
in benzene with inc reas ing  intensi ty  of the a l t e rna t ing  field [21]. 

Extens ive  m a t e r i a l  has been accumula ted  on the behavior  of lubr icants  in e lec t r i c  fields. The mos t  
s ignif icant  invest igat ions in this field we re  made by Deinega and Vinogradov [22-25]. In thei r  exper imen t s  
with cons is tent  lubr icants  containing soapy thickening agents ,  they es tabl ished the abil i ty of the soap c r y s -  
ta l l i tes  to become  oriented in a shear  flow with fo rmat ion  of bonds that can be eas i ly  broken and r e s to red .  
When the shear  flow is stopped, a three-din~ensional  skele ton made up of the d i s p e r s e - p h a s e  pa r t i c les  
becomes  fixed in the lubricant .  An e lec t r i c  double l ayer  exis ts  on the sepa ra t ion  boundary and, if the 
skeleton has predominant ly  a charge  of one polar i ty ,  then c o m p r e s s i o n  of the s t ruc tu re  skele ton at  one 
e lec t rode  and seg rega t iono f  the d i s pe r s e  phase a t  the other  e lec t rode  {e lec t rosyneres is )  takes  place in an 
e lec t r i c  field. The effect  of s l ippage at  the wall  then i n c r e a s e s ,  i .e. ,  in a t r a n s v e r s e  e lec t r i c  field the 
r e s i s t a n c e  of the lubr icant  to de format ion  d e c r e a s e s .  The re la t ive  d i sp lacement  of the phases  following 
r e v e r s a l  of the po la r i ty  of the field exe r t s  a not iceable influence on the shear  s t r e s s .  

Lubr icants  with nonsoapy thickening agents  {silica, bentonite),  which were  invest igated by Klass  and 
Mar t inek  [26, 27] have an ent i re ly  different  behavior .  When a t r a n s v e r s e  e lec t r i c  field is applied, an in-  
s tantaneous r e v e r s i b l e  i nc r ea s e  of the apparen t  v i scos i ty ,  which depends on the field intensi ty and on the 
shea r  veloci ty ,  is  obse rved  in these  lubr icants .  Fu r the r  invest igat ions of spec ia l ly  produced e l e c t r o -  
theo log ica l  s y s t e m s  have pe rmi t t ed  these  authors ,  f i r s t ,  to p resen t  a r e l a t ive ly  complete  descr ip t ion  of 
the e l ec t ro rheo log ica l  effect  and, second, to prove  the connection of this effect  with the p re sence  of ionic 
double l a y e r s  (manifes ta t ions  of the f i r s t  and second e lec t rov i scous  effects  in an e lec t r i c  field) [1, 2]. 

In invest igat ions  of the suspens ion of s i l icon dioxide and ca lc ium ti tanate in naphthene hydrocarbons  
to which s u r f a c e - a c t i v e  subs tances  of ionic and nonionic type were  added, Klass  and Mart inek observed  
the following. 

1. The apparen t  v i s cos i t y  in the e lec t ro rheo log ica l  effect  is high at low shear  v i scos i ty  ~ and in-  
c r e a s e s  with inc reas ing  ~. 

2. The apparen t  v i scos i ty  f i r s t  i n c r e a s e s  in propor t ion to the square  of the field intensity,  and then 
r eaches  sa tura t ion  (if no breakdown takes  place). 

3. The e lec t ro rheo log ica l  effect  has a bulk cha rac t e r ,  and is not among the wall  effects .  

4. The effect  is s t ronge r  a t  high concentra t ion  of the d i spe r s e  phase  (up to r e v e r s i b l e  apparen t  so l id i -  
fication). 
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5. The effect appears ,  other conditions being equal, more  s t rongly in suspensions of silicon dioxide 
in compar ison  with suspensions of calc ium titanate, whereas e of the lat ter  is la rger  than e of 
silica. It is therefore  concluded that the surface  proper t ies  of the part icles  are  much more  im-  
portant than their volume propert ies .  

6. The e lec t rorheological  effect is more  strongly pronounced at higher tempera tures .  

7. The effect is observed in constant and al ternat ing fields; in the latter it depends on the frequency 
of the field and attenuates at high frequencies.  

8. The sys tems  exhibit a d ispers ion of the dielectr ic  constant and of the tangent of the dielectr ic  loss 
angle, as well as a dependence of e, tan 5, and the res i s t iv i ty  p on the shear  velocity. In the 
case of flow, an e lect r izat ion potential appears  in the suspensions.  

For  most  investigated rheological  sys tems  (suspensions of nonconducting part icles  in hydrocarbons) ,  
the state of the interphase surface is of exceptional importance.  

Winslow [14] pointed out the influence of the mois ture  content of nonconducting par t ic les  of the d i s -  
perse  phase on the apparent  v iscos i ty  in an e lec t r ic  field, and also the possibil i ty of acting on the e l ec t ro -  
theological  effect with the aid of adsorpt ion of substance having large e on the part icle surface,  in which 
case  the e lec t r ic  conductivity of these substances should be minimal. 

Bondi and Penther ,  in a study of the flocculation of thickener part icles in lubricants with the aid of 
e lec t r ic  r e s e a r c h  methods (measurements  of p, e, and tan5), observed a dependence of the e lec t r ic  p a r a m -  
e te rs  of lubricants on the presence  in them of oxidation products or mois ture  on the s o a p - o i l  interface or 
on the si l icon d iox ide -o i l  interface.  Corresponding changes take place in e, p, and in the tow-frequency 
tan 5, and the cha rac te r  of these changes is connected with the format ion of fibrous s t ruc tures  made up 
of the d i spe r se -phase  par t ic les ,  determined in turn by the surface conductivity [28]. The e lec t r ic  pa r am-  
e ters  of the investigated lubr icants  varied with the shear  velocity. 

A s imi lar  conclusion was obtained by Deinega and Vinogradov in their  exper iments  with soapy con-  
sis tent  lubricants.  The observed electrokinet ic  phenomena (e.g., e lec t roosmosis)  depends s t rongly on 
the mois tu re  contents of the lubricants ,  i.e., the format ion  of the e lec t r ic  double layer  around the soap 
crys ta l l i t es  is connected with adsorpt ion of water.  

Martinek and Klass developed a theory  of the s t ruc ture  of consistent lubricants with inorganic 
thickeners ,  based on the e lec t ros ta t ic  interact ion of par t ic les  surrounded by ionic double layers  [26, 27]. 
This theory refutes  the previously proposed flocculation mechanism,  which presupposes  that the individual 
par t ic les  of the d i sperse  phase in a nonpolar solvent a re  interconnected by r idges of water  and fo rm a 
porous s t ructure .  The authors a ssume that the s t ruc ture  of the nonsoapy lubricants is a resul t  of in te r -  
par t ic le  e lec t ros ta t ic  repulsion forces ,  which not only prevent flocculation of the part icles ,  but also lead 
to a maintenance of a maximum distance between them [26]. The suspension par t ic les  a re  surrounded by 
ionic double layers ,  and the lubricant has a denser  consis tency if the diffuse parts  of the double layers  
of neighboring par t ic les  overlap, and a more  liquid consis tency in the absence of such an overlap. The 
thickness of the diffuse part  can be regulated by varying the surface proper t ies  of the par t ic les  (dehydra- 
tion~ adsorpt ion of polar substances) or the proper t ies  of the medium (polarity, ion strength). 

In a so-cal led ~simple" sys tem consist ing of si l ica and oil without impuri t ies ,  there is no dispers ion 
of ~ and tan6 at f requencies  50-115 Hz. Introduction of polar impuri t ies  - the format ion of a "complex" 
sys tem - leads to a change in the consis tency of the lubricant  and depending on the amount of impuri t ies ,  
up to total loss of plasticity, to appearance of d ispers ion of ~ and tan 5, and to the appearance of the e lec-  
t rorheologica l  effect (the authors believe that the e lec t rorheological  effect can be observed also in "s imple" 
systems) .  

The d isperse  phase used in most  investigated e lect rorheological  sys tems  is silica, which has the 
abili ty of adsorbing polar molecules  only on a hydrated surface,  i.e., a surface  containing silanol groups. 
The maximum content of OH groups on a sur face  of 1 mp 2 is eight, and each OH group can adsorb one 
molecule of water,  i.e., not more  than eight water molecules  can be adsorbed on 1 mp 2 [29]. 

The e lec t r ic  activity of the suspensions is determined both by the choice of the type of si l ica and 
by the amount of chemical ly and physically adsorbed water .  For  example, Martinek, Leik, and Klass r e -  
commend, for operat ion only in shor t -dura t ion  e lectr ic  fields, suspensions of sil ica gel with not less than 
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Fig. 1. Difference A~? ( n s e c / m  2) between the apparent  v i s -  
cosi ty  without a field ve r sus  the field intensity E (kV/cm) 
for  suspensions of diatomite (a) and sil icon dioxide (b) in a 
1% solution of polyisobutylene in kerosene.  The mois ture  
content of diatomite is 3.8% and that of the sil icon dioxide 
is 2.8%. The shear  ra te  is 107.1 sec -1 and the concent ra-  
tions are:  1) 10; 2) 5; 3) 1; 4) 0.5; 5) 0.1%. 

six chemical ly  bound hydroxyl groups (preferably eight) and f rom zero to four molecules (preferably 1-2) 
of physically adsorbed water  on a surface  of 1 mp 2. Most suitable for operat ion in varying or constant 
fields is sil ica gel containing not less  than five (preferably eight) chemical ly  bound hydroxyl groups and 
f rom zero  to four (preferably 1-2) molecules  of f ree  water  on 1 mp 2 surface.  

Methods for producing the required mois ture  content, and the types and amounts of additives en- 
suring e lec t roact iv i ty  of the liquids a re  described in [30]. 

In our ear l ie r  papers [31, 32] we repor ted  the resu l t s  of e lec t rorheological  investigations of cer ta in  
d i sperse  sys tems.  In a suspension of sil icon dioxide (particle dimensions 0.1-0.2 p) to which s u r f a c e - a c -  
tive substances were  added, we obtained a revers ib le  increase  of the apparent  v iscos i ty  with increasing 
intensity of the t r ansve r se  e lectr ic  field, and we observed delay effects,  af tereffects ,  and hys teres is .  
These proper t ies  were possessed also by other sys tems,  namely suspensions of diatomite and of specially 
prepared sil icon dioxide in a 1% solution of polyisobutylene brand 180 (thickener) and kerosene of brand 
TS-1. The rheological  investigations of these sys tems  have shown that when the intensity of the dc e lec -  
t r ic  field is increased,  the apparent  v iscos i ty  changes at  f i r s t  slowly (activation section), and then increases  
abruptly (with an approximately  parabolic dependence on E), af ter  which a saturat ion plateau is reached. 
In addition, in all the investigated suspensions,  the apparent  v iscos i ty  depends on the shear  rate;  the la rger  
7,  the smal le r  ~. Examination of the behavior of the investigated sys tems  in a gap between flat e lectrodes  
in a constant field with E up to 60 k V / c m ,  revealed intensive format ion of fibrous s t ruc tures  made up of the 
d i spe rse -phase  par t ic les  and interconnecting the electrodes.  If the resul tant  s t ruc tures  are  mechanical ly 
broken up, the par t ic les  immediate ly  form new s t ructures .  

Apparatus.  The investigations were  performed with a coaxial cylindrical  ro ta ry  v i s c o s i m e t e r - c a p a c i -  
to t  based on the EVI-57P e lec t rov iscos i ty  mete r  developed at the Physicotechnical  Institute of the Gor 'ki i  
University.  The ro tor  diameter  was 62.5 ram, the gap was 1 ram, and the ro to r  was operated by a shaft 
of a miniature motor  through a f ive-s tep  pulley t ransmiss ion.  This ensured shear  ra tes  of 38.0, 72.5, 
107.1, 142.5, and 210.7 sec -1. The torque was measured  with the aid of the same miniature motor  and a 
measur ing  sys tem containing a phase-sens i t ive  indicator and a bridge. The v i scos ime te r  was calibrated 
against  w a t e r - g l y c e r i n e  solutions. The output was indicated by a mi l l iammeter .  The experiments  were  
performed at a t empera ture  19-20~ in the room. The ro tor  was grounded and a voltage f rom a VS-23 
high-voltage source  was applied to the s ta tor  (intensity up to 100 kV/cm) .  

E X P E R I M E N T A L  M E T H O D  

The kerosene,  f rom which the impuri t ies  were removed,  was treated with an adsorbent,  fi l tered, 
and checked for conductivity in s trong fields and for the die lect r ic  strength (in the operating gap of the 
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Fig. 2. Dependence of the apparent  v i scos i ty  ~ (n sec /m  2) on 
the conductivity cur rent  I (pA) in the gap of the v i scos ime te r  
--capacitor for diatomite suspensions in a 1% solution of poly- 
isobutylene in kerosene. The moisture content of the diatomite 
is 3.97%" I) concentration C = 0.5%, shear rate "~ = 38 sec-l; 
2) C = 0.hk, y =141.6 sec-1; 3) C =5%, y =38 sec-1; 4) C 
=5%, 7 =141.6 see -I. 

Fig. 3. Difference A~? (nsec/m 2) between the apparent vis- 
cosity in a dc electric field and the viscosity without a field 
versus the moisture content of diatomite suspended in a 1% 
solution of polyisobutylene in kerosene. Diatomite concentra- 
tion 2.3% by weight, shear rate 72.5 sec -I, field intensity: i) 

30 kV/em; 2) 40; 3) 50; 4) 60 kV/cm. 

viscosimeter). One percent of polyisobutylene was dissolved in the kerosene by stirring (without heating). 
The moisture content of the diatomite was determined by a weight method: by drying the sample to a con- 
stant weight at a temperature 150~ The diatomite was moistened by keeping the sample over boiling 
water in a closed flask (with a drain) and subsequently storing in a hermetically closed vessel. The sus- 
pension was prepared by thoroughly grinding the mixture of solid particles and the solution in a porcelain 
mortar. 

The viscosity was measured immediately after the preparation of the suspension. At each shear rate 
we investigated a fresh batch, so as to exclude the influence of residual factors due to the action of the 
electric field. After the test, the system "rested" for 15 rain, after which it was tested again with good 
reproducibility. The voltage was raised gradually in steps of 30 sec, and the milliammeter was read after 
its pointer settled. 

Investigations of suspensions of diatomite and silicon dioxide at different concentrations (from 0.5 to 
10% by weight) have shown that the apparent viscosity has a clear-cut dependence on the concentration, 
other conditions being equal (Fig. la, b). At low concentrations, the eleetrorheological effect is weak but 
becomes manifest at sufficiently high field intensities and does not reach saturation. The more concen- 
trated (5-10 wt. %) suspensions show a near-parabolic dependence of the apparent viscosity on the intensity, 
and exhibit a tendency to saturation. The increase of the apparent viscosity with increasing field intensity 
is accompanied by an increase in the conductivity (Fig. 2). 

The influence of the moisture content of the diatomite on the apparent viscosity of the suspension in a 
dc field is shown in Fig. 3. Up to 2% mois ture ,  the change of the v iscos i ty  is small  at all field intensit ies 
and is not detected by the instrument.  An increase  of the mois ture  content above this threshold causes an 
intense growth of the e lec t rorheologica l  effect. The maximum (which is different at each field intensity and 
at  constant shear  rate) is reached at q~ ~ 6%, af ter  which the effect becomes p rogress ive ly  weaker,  r e ach -  
ing zero  value at q~ ~ 20%. The dependence of the apparent  v iscos i ty  in the e lectr ic  field on the shear  rate,  
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as expected, becomes more pronounced at lower shear, rates,  inasmuch as the mechanically destructive 
factors are  weaker under these conditions. 
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