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Abstract 

A new electromechanical  instrument f o r  t h e  i n v e s t i g a t i o n  of 

i n t e r a c t i o n  o f  s u r f a c e s  enabl ing high r e s o l u t i o n  simultaneous 

displacement and f o r c e  measurement with a n  e l e c t r i c a l  c e p a c i t o r  

a s  a sensor  i s  used t o  s tudy viscous r e s i s t a n c e  of t h i n  i n t e r -  

l a y e r s  of l i q u i d  medium (10" Ill aqueous NaC1) betn-een molten 

glass spheres.  

Yhe last  decade was marked by a s i g n i f i c a n t  p r o g r e s s  i n  

s t u d i e s  of i n t e r a c t i o n  between s o l i d  s u r f a c e s ,  mainly due t o  

t h e  new s u r f a c e  f o r c e  a p p a r a t u s  based on measuring of d i s t a n c e  

between mica s h e e t  samples by m u l t i p l e  beam i n t e r f e r o m e t r y  [I,2]. 

A l t e r n a t i v e  approaches were a l s o  proposed,  p a r t i c u l a r l y  t h e  one 

with t h e  u s e  of p i e z o e l e c t r i c  s e n s o r  [3] . It h a s  been r e p o r t e d  

e a r l i e r  [4] about  t h e  development of a new exper imenta l  method 

of s u r f a c e  f o r c e  i n v e s t i g a t i o n ,  based on an e l e c t r i c a l  c a p a c i t o r  

as a h i g h  r e s o l u t i o n  senso r  [5] I n  t h e  new ins t rumen t  which 

i s  d e s c r i b e d  below t h e  s e n s o r  ( c a p a c i t o r )  be ing  s e p a r a t e d  from 

t h e  samples i s  s i t u a t e d  o u t s i d e  t h e  measuring c e l l ;  t h i s  l e a d s  

t o  s i g n i f i c a n t  s i m p l i f i c a t i o n  o f  t h e  measurements and g i v e s  t h e  

freedom of choice  of samples f o r  i n v e s t i g a t i o n ,  of c o n d i t i o n s  

and exper imenta l  regimes as wel l  as of  scopes  of  a p p l i c a t i o n .  

T l i i s  work p r e s e n t s  the r e s u l t s  of i n v e s t i g a t i o n  o f .  hydrodynamic 

e f f e c t s  a r i s i n g  on t h e  approach and on t h e  removal o f  mol ten  

s i l i c a  glass sphe res  i n  e l e c t r o l y t e  s o l u t i o n ,  i n  t h e  c o n d i t i o n s  

under  wi t ch  s t a t i c  i n t e r a c t i o n  of s u r f a c e s  i s  n e g l i g i b l e ,  
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The ins t rument  i s  shown schemat i ca l ly  i n  f ig .1 .  One of t h e  

samples 2 i s  pos i t i oned  with t h e  h e l p  of micro d r i v e  u n i t  4 w i th  

r e s p e c t  t o  t h e  o t h e r  one I, which i s  i n s t a l l e d  a t  t h e  b i c a n t i l e v e r  
s p r i n g  3 ( s p r i n g  s t i f f n e s s  k = I0 2 N / m > .  Magne toe lec t r i ca l  system 

(6,?> enables  t o  apply  e x t e r n a l  f o r c e  t o  sample I 161 . %'or t h e  

regime of  t h e  v a r i a t i o n  of t h i s  load ing  f o r c e  i n  t ime a t  a g iven  

speed d: t h e  equa t ion  of  ba l l ance  of t h e  f o r c e s  i s  g i v e n ' b y  

doat - k * A z  -I- f = 0 (1) 

where 

displacement A z  of sample I i s  measured us ing  e l e c t r i c a l  

c a p a c i t o r  5, t h e  p l a t e s  of  which (one of t h e  p l a t e s  c o n s t i t u t e s  

p a r t  of t h e  s p r i n g  3 c o n s t r u c t i o n )  a r e  sepa ra t ed  by a i r  gap. 

E l - e c t r i c a l  s igna ls  t aken  f r o m  t h e  c a p a c i t o r  and tlie magnetoelec- 

t r i c a l  system p a s s  through t h e  e l e c t r o n i c  u n i t  and f i n a l l y  come 

t o  t h e  r eco rde r  producing f o r c e  o f  i n t e r a c t i o n  o f  samples, f ,  

a g a i n s t  t h e  displacement , A z, p l o t s .  C a l i b r a t i o n  was done i n  t h e  

o rd ina ry  way u s i n g  microscope, weights and q u a r t z  f i l amen t  (def orma- 

t i o n  o f  a l l  p a r t s  o f  tlie device  o t h e r  t h e n  dynamometric s p r i n g  a r e  

inc luded  i n  t h e  c a l i b r a t i o n  though c o n t r i b u t e  l e s s  t h a n  I?;). 

f i s  t h e  f o r c e  of  i n t e r a c t i o n  of t h e  samples. The 

S f f e c t i v e  mass of tlie s p r i n g  c a r r y i n g  sample I was i n  t h e  

range o f  s e v e r a l  f r a c t i o n s  of gram. The ins t rument  i s  p r o t e c t e d  

from t h e  convec t ive  motion of a i r  i n  t h e  room by a box and i s  

i n s t a l l e d  on a suspended v i b r a t i o n  p r o t e c t i n g  ground posses s ing  

t y p i c a l  mechanical f r equenc ie s  o f  t he  o r d e r  of I iIz. Measurements 

were done under usua l  l a b o r a t o r y  c o n d i t i o n s  a t  room temperature 

(20 

no i se  were w i t h i n  0 , 5  nm and 5~10'~ 11, accord ingly .  

2'C), displacement and f o r c e  ampl i tudes  o f  tlie r e s i d u a l  

S p h e r i c a l  g l a s s  samples about 7 inrii i n  d iameter  were molted a t  

t h e  ends of s i l i c a  glass t ubes  immediately be fo re  i n s t a l l a t i o n  i n  

t h e  ins t rument  . The whole p r e p a r a t i o n  o f  t h e  experiment Irom 

mel t ing  o f  t h e  sample t o  .the beginning o f  t h e  measurements 

occupied s e v e r a l  miiiutes. 
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Pig.1 Ultradynamometer ( schemat ica l ly)  
1 , 2  - t h e  samples 

3 - dynamometer ( b i c a n t i l e v e r )  s p r i n g  
4 - microposi t ioning u n i t  
5 - c a p a c i t o r  (sensor) 

6 , 7  - magnetoe lec t r ica l  ( loading)  system 

Pig.2. 
Yorce o f  inl;era,ction f v s  d i s p l a c e -  
ment A z  p l o t s  f o r  glass spheres  
(R=3,5*IOm3 m)  i n  0,I h1 aqueous NaCl 
obtained during approach and separa-  
t i o n  a t  d i f f e r e n t  loading  r a t e s :  

k = r  2,5*104 (a), 72,5.10-7 ( b )  and 

2,5.10-' N/sec ( c ) ;  f i g  2,d - theo- 
r e t i c a l  f o r c e  f v s  d i s t a n c e  z p l o t s ,  

l o r  C = 

The s c a l e  i s  t h e  same f o r  a l l  t h e  
curves  and i s  i n d i c a t e d  i n  f ig .2a.  

2,5.10-' ~ / s ,  ?= 10-3 Pa.8 

-io-?# j a 
I 

- 

7 

B 

Test  measurements i n  a i r  r e v e a l  s t r o n g  f o r c e s  of adhes ion  

t y p i c a l  f o r  molecular ly  sinooth s u r i a c e s  of rnolteii g l a s s  [7] ; i n  

t h e  measurements i n  b i d i s t i l l e d  water  exponen t i a l Iy  decaying wi th  

t h e  d i s t a n c e  e l e c L r i c a l  double layer r epu l s io i i  (accordiize: t o  t h e  

DLVO) i s  seen, i n  P u l l  agreement w i t h  the r e p o r t e d  d a t a  € o r  t h e  

g l a s s  [8] and q u a r t z  [9] . The a d d i t i o n  o f  e l e c t r o l y t e  

(IO'llvI NaCL) removes t h e  r e p u l s i o n  and enables  immediate obser- 

v a t i o n  o f  hydrodynamic (v i scous )  I o r c e s ,  which a r e  s i g n i f i c a n t  

a t  s u f f i c i e n t l y  liigli e x t e r n a l  f o r c e  load ing  speeds. 

The r e s u l t s  01 measurements i n  salt  s o l u t i o n  a r e  shown i n  

f ig .2  . (a ,b ,c )  fixperimental curves  are u s u a l l y  r ep roduc ib le  t o  

wi th in  t h e  l i rn i - t s  determined by t h e  no i se .  A t  low l oad ing  speeds  
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( q u a s i s t a t i c  regime) small a t t r a c t i o n  ( f ( 0 )  i s  observed a t  

d i s t a n c e s  o f  t h e  o r d e r  of a few nm ( f i g . 2 , a )  i n d i c a t i v e  of 

weak molecular  f o r c e s .  The cu rves  f o r  approach ( *c 4 0) and 

s e p a r a t i o n  (470) v i r t u a l l y  co inc ide .  A t  h l g h  l o a d i n g  speeds  

A ( f ie ; .  2 , c )  v i s c o u s  r e s i s t a n c e  r e s u l t s  i n  a f o r c e ,  d i r e c t e d  

a g a i n s t  t he  d i r e c t i o n  of movement o f  t h e  sample ( f 7 O  on approach,  

f 4 0  on s e p a r a t i o n ) .  On approach the  f o r c e  i n c r e a s s e s  moiioto- 

nous ly  (under  g i v e n  l o a d i n g  regime d ' = c o n s t < O ) ,  on s e p a r a t i o n  

( OC =coiist  > 0 )  the  cu rve  posses ses  a minimum ( v i s c o u s  ' Iadhesiont1) ; 

t h e  dep th  o f  t h e  rniiiiinum a t  s u f f i c i e n k l y  h i& d exceeds by many 

t imes  t h e  dep th  o f  t h e  miniriium observed under  q u a s i s t a t i c  

c o n d i t i o n s .  Viscous f o r c e  on s e p a r a t i o n  of  t h e  s u r f a c e s  i s  

independent  on t h e  p r e - h i s i o r y ,  i . e .  on t h e  magnitude and 

d u r a t i o n  of  a c t i o n  of t he  p r e l i m i n a r y  p r e s s i n g  i o r c e .  

The f o r c e  of  i n t  e r a c t i o n  between two s p h e r i c a l  ( g e o m e t r i c a l )  

s u r f a c e s  having  r a d i u s  H, r e s u l t i n g  from the  v i s c o u s  r e s i s t a n c e  

of an i n t e r l a y e r  having  t h i c k n e s s  z of cont inuous  uniform 

medium having v i s c o s i t y  1 i s  g i v e n  by a know fIO,II] 

l i m i t i n g  ( z  G R) e x p r e s s i o n  

Dynamic i;erms and e l e c t r o v i s c o u s  e f f e c t s  [II] a r e  n e g l i -  

g i b l e  under  t h e  exper imenta l  c o n d i t i o n s .  The speed v= dz /d t  

acco rd ing  t o  t h e  e q u a t i o n  (I)  of moveinent c a n  be  expres sed  as 
cc 

v =  ( 3 )  

S u b s t i t u t i o n  o f  ( 3 )  i n  t h e  e q u a t i o n  o f  hydrodynamic model r e s u l t s  i n  

where a = 3 * r - Y R 2 .  P a r t i c u l a r l y ,  when df /dz  = 0 (which i s  t rue  
2 

€ o r  t t in f in i te in i"ce"  s e p a r a t i o n  and t h a t  cor responding  t o  the  minimum 
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a r i s i n g  i n  the  sur faces  separa t ion  regime) expressions ( 3 )  and 

(4) a r e  reduced t o  vi = A / k  axid 

(5)  yc - "'E f , .  z* = 

accordingly. 

I n t e g r a t i o n  (numerical) of equation (4), f o r  the  spheres 

having H = 3,5 log3 m approaching each o ther  under constant 

loading r a t e  

l a rge  d is tances  f o r  which f = O  (df/dz=O and corresponding t o  t he  

given value of d i n i t i a l  speed v.% = d / k  = 25 nm/s), g ives  curve 

2 i n  fig.2,d.  The r e s u l t  of i n t e g r a t i o n  of  equation (4) with 

pos i t i ve  (separat ion)  value 

f 

curve 2 i n  fig.2,d f o r  which i n  accordance with ( 5 )  z = I,2 nm. 

l =  -2,5-10-6 N / s  regime s t a r t i n g  from s u f f i c i e n t l y  

4 = -1-2,5*10-~ M/s and with 

= -1,25*10-6 N (experimental value f o r  the minimum) i s  

,k 
It follows f r o m  the  comparison of t he  data i n  f i g s .  2,c and 

2 ,  d t h a t  the  experimental curves f o r  b o t h  approach and separa t ion  

of sur faces  coincide (wi th in  the  accuracy OP the  measurements) 

with the  t h e o r e t i c a l  ones corresponding t o  continuous medium 

approximation and b u l k  v i scos i ty  of water. This g ives  a f u r t h e r  

support of the  conclusions done e a r l i e r  i n  [9,Id according t o  

which water i n  i n t e r l a y e r s  as t h i n  as a few nm r e t a i n s  i t s  bulk 

value of  v i scos i ty .  A t  lower thicknesses  ( a  few molecular l aye r s )  

continuous medium approxiina-lion i s  d e f i n i t e l y  unapplicable.  For 

de t a i l ed  ana lys i s  of  t he  behevioun of such i n t e r l a y e r s  molecular 

s t ruc tu re  of  the medium as  well  as surface s t ruc tu re ,  e l a s t i c i t y  

o f  t he  samples and o the r  f a c t o r s  shoucl be taken i n t o  account. 

Additional experiments a r e  necessary t o  be done a t  higher  d is tance  

r e so lu t ion  (on reduct ion of  t he  noise this i s  quie t  poss ib le  wi th  

the  use of the  capac i tor  method). It should be noted, however, 

t h a t  a t  any displacement ( A z )  r e so lu t ion  the  quest ion about t h e  

"absolute" d is tance  ( a )  between s o l i d  sur faces  i s  open t o  

discussion . 



1730 V. V. YAMINSKY, V. N. STEBLIN AND E. D. SHCHUKIN 

Acknowledgement 

The a u t h o r s  wish t o  t hank  i r o f .  ? .Etenius ,  ? r o f .  J . 4 .  

E r i k s s o n  znd 3r. ? ,Claesson  ( I n s t i t u t e  f o r  Su r face  Ghemistry and 

Z o y a l  I n s t i t u t e  of  Technology, Stockholm) and 2 ro f .  ri.Sonntag 

end 3r. P.Go-cze ( I i l s t i t u t e  of P h y s i c a l  Chemistry,  3 e r l i n )  f o r  

t h e i r  k ind  h o s p i t a l i t y  and h e l p  which gave u s  a chance of  

d e t a i l e d  f i r s t - h a n d  acqua in tance  w i t h  t h e  e x i s t i n g  methods of 

s i l r face  f o r c e  measurements. 

REFERENCES 

I Tabor  D., R.H.dVinterton. The d i r e c t  measurement of normal and 

r e t a r d e d  Van d e r  \’laals f o r c e s .  Yroc. Roy. Soco  1969,  A 312, 

i2 1511,  p .435 -450 . 
2 .  J . N .  I s r a e l a c h v i l i .  I n t e r m o l e c u l a r  and S u r f a c e  Porces .  

Orlando: Academic f’ress ,  1985. 

3 .  J.L. Parke r ,  P.  R i c h e t t i ,  P .Kekicheff .  A b s t r a c t  o €  t h e  I X  

I n t e r n a t i o n a l  Conference of S u r f a c e  Forces .  Moscow, 1390, p.124, 

4 . E .D .Shchukin, The development of t h e  i d e a s  Of P .A .Hehbinder 

i n  t h e  F i e l d  o f  S u r f a c e  Phenomena i n  D i s p e r s e  Systems. - The 

Repor t  presented a% t h e  Anniversary  Symposium d e d i c a t e d  t o  t h e  

memory o €  academic ian  l iehbinder  (Moscow U n i v e r s i t y ,  October  3, 

1988) ;  pub l i shed  i n  1zv.Alcad.Nauk SSSR, SeroKhirn.,1930, 2424. 

5 i3.V. S rag insky ,  h . U  .Manukin. Izmerenio. inalykh s i l  v 

f i z i c h e s k i k h  elcsperimentakh. Moskva, Nauka,I974 ( i n  Russ i an )  . 
6. E.D .Shukin, R.d.Yusupov, i3 .A.Amelim, P.A.liehbinder, 

IColloidn. Zh., 1369,  31, 313. 

‘7. V.V.Yaminsky, K.K.Yusupov, d..A.Ameliim, V .A.Pchelin, 

lC.D.Shchukin. E;olloidn.Zh., 1975,  37, 918, 

8 .  YaoI.Kabinovicli. Molloidn.  Zh., 1977,  39, 1094. 

9. K.G.iiorn, D.T,Smith, W.iialler. Chem. Phys. L e t t . ,  1389, 162,  

404 

10 .  13 .V .Derjagiun,  W .A .Krotova, V .LJ .Smilga. Adhesion of  S o l i d s .  

Nauka, hloskva, 1973, pp. 226-223 ( i n  Kussian) 

11, V ~ X o ~ ~ u l l e r .  l’iolloidn.Zh., 1988, 50, 1119. 

1 2 .  J . N ~ I s r a e l a c l i v i l i . ~ . C : o l l o i d  I n t e r f a c e  Sc i . ,  1986, 110,  263. 




