
S T U D Y  OF T H E  F O R M A T I O N  OF T H I X O T R O P I C  

S T R U C T U R E D  S Y S T E M S *  

E . E .  R a f a l e s - L a m a r k a  a n d  B .  A .  L i s h a n s k i i  UDC 532 .135:541 .182  

An analogy is establ ished between phase transi t ions of the second kind and p rocesses  of 
thixotropic s t ruc tu re - fo rma t ion  in d ispersed media.  

It is well known that the whole rheological  curve of thixotropic sys tems may be a rb i t r a r i ly  divided 
into three par t s ,  cha rac te r i zed  by different degrees of breakdown of the s t ruc ture  [1]. The existence of 
three s ta tes ,  corresponding to different mechanisms of the breakdown of s t ruc tured  sys tems ,  suggests  
that the descript ion of these states requires  corresponding mathemat ica l  express ions .  

It is quite c lear  that the one- and two- te rm equations general ly  employed to descr ibe  such sys tems  
can only be regarded  as approximate .  Investigations show that, on subjection to cer tain external  actions 
( tempera ture ,  vibration, e tc . ) ,  there is a sharp  change in the s t ruc tu ra l  and mechanical  proper t ies  of dis-  
persed  sys tems  [2-5]. 

The problem here under considerat ion is that of establishing the physical  laws governing the fo rma-  
tion of thixotropic s t ruc tured  sys tems ,  using methods of hydrodynamics ,  rheology, information theory, 
and the mathemat ic  apparatus of Markov p r o c e s s e s .  

It is well known [5] that for the laminar  flow of a viscous liquid mass  diffusion does not play any sub- 
stantial  part ,  and the momentum of the fr ict ional  forces  can only be t ransmi t ted  by molecular  interact ions.  

For  a uniform laminar  plane-paral le l  flow, the rate of flow v depends on the distance f rom the s ta-  
t ionary wall y, i . e . ,  

v = v~ = [ (y), % = ~,~ = O, 

* This paper was presented to the seventh Symposium on the Rheology of Po lymers  in Moscow, April  10- 
14, 1972. 
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Fig.  1. Schematic representa t ion  of the bonds between the aggregates :  
continuous curve A (unbroken bond); broken curve B (rupturing bond); 
the points r ep resen t  par t ic les  of the d ispersed  phase.  

Fig.  2. Tempera tu re  of BN-IV bitumen as a function of the velocity g r a -  
dient, according to [7]; t, ~ e, sec -1. 
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Fig .  3. Relat ive v i scos i ty  of the s y s t e m  at  var ious  
t e m p e r a t u r e s ,  e x p r e s s e d  as a function of its entropy:  
1) a t t  =70~ 2) 80; 3) 90; 4) 100; 5) 110; 6) 120; 7) 
130; 8) 140; 9) 150; 10) 160; 11) 170. Continuous 
l ine,  ca lcula ted  values based  on Eq.  (13); points and 
b roken  l ines ,  expe r imen ta l  data [7]. 

while the par t i c les  of the med ium rota te  a t  an angular  veloci ty  ~ equal to half the shea r  velocity,  as well  
as executing t rans la t iona l  motion.  

F o r  the l a m i n a r  s t e ady - s t a t e  flow of a d i spe r sed  sys t em,  the f r ic t ional  fo rces  acting f rom the d i r ec -  
tion of the d i spers ion  med ium se t  the pa r t i c les  of the d i spe r sed  phase in t rans la t ional  and rota t ional  
motion,  the components  of the angula r  veloci ty (of the vortex)  being e x p r e s s e d  in the fo rm 

1 dv 1 ~, s e c .  1 ~ % = ( % = 0 ,  ~%= = , (1) 
2 @ 2 

where  ~ is the veloci ty grad ien t .  

In the case  of thixotropic  s t r uc tu r ed  s y s t e m s ,  the e l e m e n t a r y  vor tex  may  consis t  of a group of mo le -  
cules or  e lements  of the d i spe r sed  phase and the d i spers ion  medium,  rota t ing as a single aggrega te .  At a 
constant  t e m p e r a t u r e  and s h e a r  veloci ty  these aggrega tes  a re  (on the average)  s table ,  i . e . ,  thei r  e lements  
a re  united by unruptured  bonds (Fig.  1). F u r t h e r m o r e ,  t e m p o r a r y  bonds also exis t  between the a g g r e -  
gates ;  these a re  constant ly being broken  and rees tab l i shed;  they se rve  to exchange the momenta  of the 
v i s c o u s - f r i c t i o n a l  f o r ce s .  

In o r d e r  to elucidate the m e c h a n i s m  underlying the fo rmat ion  and rupture  of thixotropic s t r u c t u r e s ,  
we a r b i t r a r i l y  divide al l  the in ternal  fo rces  of in teract ion into three  groups .  The f i r s t  group contains the 
fo rces  which c rea te  s table  bonds inside the aggrega te ;  the second group is c h a r a c t e r i z e d  by forces  capable 
of c rea t ing  "vi r tual"  bonds (those a l t e rna te ly  being broken  and re formed) ;  finally,  the third group contains 
those fo rces  which (under the conditions prevail ing) play no pa r t  in bond format ion .  

In o rde r  to descr ibe  the mecl ian ism underlying the fo rmat ion  and breakdown of the thixotropic s t r u c -  
ture ,  we exp res s  the num ber  of v i r tua l  bonds N v in the f o r m  of a sum of the number  of actual  bonds N a 
exis t ing a t  a speci f ic  instant  of t ime under  speci f ied  ex te rna l  conditions and the number  Ntb of t e m p o r a r i l y  
broken bonds s t i l l  capable of being r e s t o r e d ,  i . e .  

N v = N  a + N t b  (2) 
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Fig.  4. The H2(w)/w = f ( P / P 0 )  r e l a t i o n s h i p : l )  

at t =70~ 2) 90; 3) 110; 4) 130; 5) 150. 
Continuous lines,  calculated values based on 
Eq. (17); points, experimental  values [7]. 

It is reasonable to assume that, under s teady-s ta te  conditions, at  a specific instant of t ime, the 
breakdown-res tora t ion  process  of the bonds in thixotropic s t ruc tures ,  i . e . ,  the transi t ion of actual bonds 
into broken bonds and vice versa ,  is reproducible .  Thus, on repeating the defining conditions, the numbers  
Na, Nv, and Ntb, and also the number  of t ransi t ions per  unit time ntr ,  should reproduce themselves .  This 
may also be expected f rom the fact  that the effective viscosi ty  of the sys tem depends solely on the t empera-  
ture,  t ~ the velocity gradient,  or  the p a r a m e t e r s  of the v ibra tory  actions (amplitude and frequency).  
Start ing f rom this basis ,  it is convenient to take the Markov chain as a mathemat ica l  apparatus for de- 
scr ib ing the behavior of thixotropic s t ruc tured  sys t ems .  

The proposed s t ruc tura l  model may be formulated in the following way: the thixotropic sys tem is, 
in effect, a space of random singulari t ies  (virtual bonds) which may appear  in one of two states:  The f i rs t  
(1) makes the asse r t ion  "a bond exis ts" ,  with a probabili ty Psi, and the second (2), makes the asse r t ion  
"there is no bond", with a probabil i ty P22. The t ransi t ion of the f i rs t  state into the second, i . e . ,  the 
breakdown of the bonds of the thix0tropic s t ruc tu res ,  is effected with a probabili ty P12, the t ransi t ion f rom 
the second state to the f i r s t  ( res tora t ion  of the bonds of the thixotropic s t ructures)  with a probabili ty P21. 
The following conditions have here to be sat isf ied [6]: 

Pii ~- Pi2 = i and Pel q- P2~ = I. (2') 

Clearly in the steady-state condition we have a dynamic equilibrium, i .e . ,  the number of transitions 
ntr from the first state to the second equals the number of transitions in the opposite direction, i .e . ,  

n tr = NaPi2 : NtbP~i. (3) 

Since Ntb = Nv--Na, f rom Eq. (3) we obtain 

Na : Nb P21 
Pl2 + Psi (4) 

Fo r  large values of Nv the proport ion of virtual  bonds w existing in the f i r s t  state (for a specific 
s teady-s ta te  mode of flow of the thixotropic system) is expressed  in the form 

N a P9 l 
- " (5) 

Nv Pi~ q- Psi 

Allowing for  (4) and (5), Eq. (3) takes the form 

nt r = Nv P21 Pi2 = NvwP~" (6) 
Pi2 ~. P2i 

For  constant external  actions ( temperature ,  vibration paramete r s ) ,  as the rate of rotation of the 
aggregate (~) increases ,  the probabili ty of the res tora t ion  of broken bonds P21 diminishes,  since the molec-  
u la r  r e s to r ing  forces  have to overcome the rotational kinetic energy,  which increases  with increasing 
rate of rotat ion.  The probabili ty of the breakdown of the thixotropic s t ruc ture  P12 then increases  a lso.  

According to (2'), P12 < 1; hence 
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ntr = N~ P~2P~" < N v  IP~t _ Nvf ( + ) .  (7) 
P12 ,-? P~l 1 -+- P~l 

Thus with increasing velocity gradient  e the s t ructure  breaks down, and the number of actual bonds 
N a declines.  The probabili ty of finding virtual bonds in the f i rs t  state and the number of transit ions f rom 
the f i rs t  state into the second also diminish, and this leads to a reduction in the effective viscosi ty of the 
sys t em.  This justifies us in considering that the effective viscosi ty of the thixotropic s t ruc tures  is a func- 
tion of the probability of the f i r s t  state,  i . e . ,  

w = Na/Nv=cP( 1-~1. (8) 
\ 8 / 

Let us establish a relat ionship between the effective viscosi ty of the sys tem ~? and the probability of 
finding actual bonds of the thixotropic s t ructure  in the f i r s t  state (w). It is a l ready known f rom information 
theory that a sys tem consist ing of elements (singularities) capable of existing in one of two states is char -  
ac te r ized  by a degree of indeterminacy,  namely,  the information entropy H2(w), expressed  in the form 
[6-9]: 

H 2 (w) = - -  [w log s w + (1 - -  w) log S (1 - -  w)], b i t ,  (9) 

where (l--w) is the proport ion of virtual  bonds in the second state.  

It follows f rom (7) that 

(ntr)maxto ~" 11maxto. (10) 

Allowing for  (7), (9), and (10) we may consider  that for t ~ = const  

1, (+)  
I]/I]max = f l  (12 tr )t = = [2 ( - - - - - ' - -  ) = f3 ([g)) ~ [H2 (~:0)] t~ \ e ,~~ to=f4 = (11) 

Taking account of (8), we accept that w = e0/e, where e0, sec-I is an experimental coefficient depend- 
ing on the temperature. 

Thus 

E o 

It follows f rom Eq. (12) that a corre la t ional  relat ionship should exist  between the effective viscosi ty  of the 
sys tem and the information entropy.  If the resul ts  of our analysis of the experimental  data are  expressed  
in the form of a relationship t ~ =f(~), the boundaries of the three parts  of the rheological  curve 

[~1o = f l  (t~ ~ = f.. ( t~ ~), ~ , , ,  = f~ (t~ 

may be most  readily appreciated.  This is confirmed by Fig.  2, which are  constructed with due allowance 
for the results  of the investigations descr ibed in [7]. Analysis of these data shows that in the f i r s t  region 
(I) the number  of virtual bonds is a maximum and is constant for a specified temperature ;  this corresponds  
to the grea tes t  effective viscosi ty of the sys tem.  In the second region (II) the number of these bonds de- 
clines with increas ing velocity gradient  or  tempera ture ,  which leads to a reduction in the effective v i scos -  
ity of the sys tem.  Finally,  in the third region (III) the number of virtual bonds falls to a minimum, while 
the viscosi ty is equal to the minimum viscosi ty of the sys tem at the temperature  in question. 

On the basis of the foregoing discussion,  the entropy of the sys tem should also diminish. An analysis 
of ea r l i e r  arguments  also leads to the conclusion that, if we a rb i t ra r i ly  assume that the regions under 
considerat ion constitute phase states of the dynamic sys tem,  the transi t ion f rom one region into another 
may, by analogy, be considered as a phase t ransformat ion  of the second kind [8]. This is explained by the 
fact that the information entropy of the sys tem,  which charac te r izes  its effective viscosi ty,  var ies  contin- 
uously.  In addition to this, the f i r s t  derivative of the information entropy with respec t  to the temperature  
or  velocity gradient  only changes discontinuously at the transit ion point (Fig. 2). 

As a resul t  of an analysis  of the experimental  data of [7] it was established that, on varying the tem-  
pera ture  of BN-IV bitumen f rom 70 to 170~ the tempera ture  dependence of the experimental  coefficient 
e 0 was l inear .  Hence in this case we have 

~l/~lmax = H 2 (w), bit. (13) 
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Figure  3 shows the dependence of the re la t ive  v iscos i ty  on the en t ropy of the system~ i . e .  ~ /~max  
= f [ H  2 (w)]. This  f igure i l lus t ra tes  the s a t i s f ac to ry  a g r e e m e n t  between the expe r imen ta l  and calcula ted 
data .  An analys is  of the resu l t s  of these invest igat ions shows that  for  every  t e m p e r a t u r e  there  is a speci f ic  
value of the ent ropy at  which the thixotropic  s y s t e m  s t a r t s  behaving as a Newtonian liquid with a min imum 
v i scos i ty  (broken lines in Fig.  3); with inc reas ing  eto or  H 2 (w)to the ra t io  N/Nmax diminishes  and tends to-  
ward  a constant  value, equal to ~?min/~?max. The invest igat ions a lso  show that  with inc reas ing  bi tumen 
t e m p e r a t u r e  the fal l  in ~)max takes m o r e  rapidly  than ~min, leading to an inc rease  in the ra t io  ~/~?max = f "  
[H 2 (w)], as  may be seen  f rom Fig.  3. 

Since the shea r  s t r e s s  P = ~ ,  we have 

Denoting 

�9 ~ �9 H ~ ( w )  
P : ~]max 'q % �9 ~--- ~lmax eo - -  ( 1 4 )  

~max 8o z~ 

we obtain 

F igure  4 i l lus t ra tes  the re la t ionship  

P0 = ~, .~  :so=t (tS, (15) 

P = P o  H~(~)  (16) 

H2(w) --f(P/Po). (lV) 

This f igure a lso  shows sa t i s f ac to ry  a g r e e m e n t  between the expe r imen ta l  and calcula ted data.  

Thus the use of the methods descr ibed  in this pape r  is ve ry  effect ive when studying the behav ior  of 
th ixotropic  s t r uc tu r ed  s y s t e m s  subjec t  to var ious  ex te rna l  ac t ions .  

N O T A T I O N  

v, ra te  of flow; y, dis tance f rom s ta t ionary  wall; vk, Vy, v z, p ro jec t ions  of flow v e l o c i t y ; f - ( y ) ,  
function of coordinate  y; w, angular  f requency;  a~ x, ~y,  w z, pro jec t ions  of angular  f requency;  s, velocity 
gradient ;  Nv, num ber  of v i r tua l  bonds; Na, number  of actual  bonds; Ntb, number  of t e m p o r a r i l y  broken  
bonds; n t r ,  num be r  of t r a n s i t i o n s - p e r - u n i t - t i m e ; t  ~ t e m p e r a t u r e ;  Pll ,  probabi l i ty  of effectIng the f i r s t  
s ta te  ("a bond ex is t s" ) ;  P22, probabi l i ty  of effect ing the second s ta te  (" there  is no bond"); P12, probabi l i ty  
of a t rans i t ion  f rom the f i r s t  s ta te  into the second; P21, probabi l i ty  of a t rans i t ion  f rom the second state. 
into the f i rs t ;  w, propor t ion  of v i r tua l  bonds in the f i r s t  s tate;  ~, effect ive v iscos i ty  of the sys t em;  It2, 
informat ion  ent ropy of the sys t em;  ~?max, m a x i m u m  effect ive v i scos i ty  of the sys t em;  ~0, v i scos i ty  of 
an a l m o s t  unbroken s t ruc tu re ;  ~min,  min imum v iscos i ty  of a l m o s t  comple te ly  broken s t ruc tu re ;  P,  shea r  
s t r e s s .  
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