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Summary 

Cond i t i ons  of fo rmat ion  and s t a b i l i t y  of . , f r os t  ~ c t "  

on l a y e r  of p o l y s t y r e n e  w i th  a very  t h i n  sur face f i l m  prepared 

by c r o s s l i n k i n g  in  an e l e c t r i c  d ischarge  were s tud ied  fo r  

d i f f e r e n t  s t a r t i n g  e l e c t r i c  p o t e n t i a l s  of the s u r f a c e .  I t  was 

found tha t  dur ing  the r i s e  of the temperature of the sample 

the su r face  p o t e n t i a l  f a l l s  and a s t a b l e  f r o s t  e x i s t s  in  a 

c e r t a i n  temperature i n t e r v a l .  The exp lana t i on  of the observed 

phenomena i s  based on Cressman's express ion  fo r  e l e c t r o c a p i l l a r  

e f f e c t  and on e f f e c t s  connected w i th  d i l a t a t i o n  of the bas ic  

l a y e r  and a r t i f i c i a l  f i l m  on i t s  s u r f a c e .  

Introduction 

CRESSHAN (1963) descr ibed  a new sur face  phenomenon, known 

as the . , f ros t  e f f e c t " .  I t  depends in  the fo rmat ion  of a w r i n k -  

l i n g  s t r u c t u r e  on the sur face  of e l e c t r i c a l l y  charged thermo- 

p l a s t i c  d i e l e c t r i c s  a f t e r  hea t ing  to the s o f t e n i n g  p o i n t .  

NICOLL (1964) came to the conc lus i on ,  tha t  i t  i s  advantageous 

to form the sur face  l a y e r  a r t i f i c i a l l y j  e .g .  by c r o s s l i n k i n g  

caused by i o n i z i n g  r a d i a t i o n .  The l a y e r  formed in  t h i s  way 

shows an increased sur face  tens ion  as a consequence of s t r o n g -  

l y  d i f f e r e n t  d i e l e c t r i c  and mechanical p r o p e r t i e s  of the bas ic  

and sur face  l a y e r .  CRESSP~kNN (1963) ,  BUDD (1965) and VINOKURO- 

VA and CHERKASOV (1979) exp la i n  the f r o s t  e f f e c t  as an analogy 

to the e l e c t r o c a p i l l a r y  e f f e c t  (BIKERMAN, 1958) and propose 

t h e r e f o r e  the f o l l o w i n g  express ion  to desc r ibe  it 
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1 (1)  = ~o - ~ Os Us 

where ~ i s  the r e s u l t i n g  s u r f a c e  t e n s i o n ,  "~o i s  the s u r f a c e  

t e n s i o n  in  the v i c i n i t y  o f  the s o f t e n i n g  p o i n t ,  a s i s  the 

d e n s i t y  o f  the e l e c t r i c  s u r f a c e  charge and U s i s  the e l e c t r i c  

s u r f a c e  p o t e n t i a l .  The c o n d i t i o n  f o r  the f r o s t  e f f e c t  to 

appear i s  ~ = O. S e t t i n g  f o r  0 s we get  

U2 2 "1' ~ dp (2)  
s f  = 

[:p 

where Usf  i s  the t h r e s h o l d  s u r f a c e  p o t e n t i a l  i n  the moment 

when f r o s t  e x i s t s ,  d i s  the t h i c k n e s s  o f  the l a y e r  and E 
P P 

i s  i t s  p e r m i t i v i t y .  The r e l a t i o n  between U 2 and dp was $f  
d e t e r m i n e d ,  the e x p e r i m e n t a l  p l o t  hav ing  a l i t t l e  d i f f e r e n t  

s l ope  from the t h e o r e t i c a l  v a l u e  and s t a r t i n g  not  from the 

b e g i n n i n g  of  the c o o r d i n a t e s .  

I n  t h i s  paper  we d e s c r i b e  expe r imen ts  w i t h  s p e c i a l l y  

p repared  s u r f a c e  f i l m  on the s u r f a c e  o f  t h e r m o p l a s t i c  m a t e r i a l ,  

as ,  i n  accord  w i t h  NICOLL (1964)  we have o b t a i n e d  ev i dence ,  

t h a t  s imp le  m a t e r i a l s  gave v e r y  u n r e l i a b l e  r e s u l t s  i n  fo rm ing  

f r o s t .  On t h i s  m a t e r i a l  we have s t u d i e d  the change of  the 

s u r f a c e  p o t e n t i a l s  hav ing  d i f f e r e n t  s t a r t i n g  va l ues  U s w i t h  

t empe ra tu re  ( i . e .  d u r i n g  development  o f  the f r o s t ) .  Th i s  

q u e s t i o n ,  i n  s p i t e  o f  i t s  fundamenta l  c h a r a c t e r ,  s tood t i l l  

now a s i d e .  

E x p e r i m e n t a l  

I n  our  expe r imen ts  we used a l o w - m o l e c u l a r  p o l y s t y r e n e  

w i t h  s o f t e n i n g  p o i n t  o f  about  334 K. P o l y s t y r e n e  was d i s s o l v e d  

i n  t o l u e n e  and the r e s u l t i n g  l a c q u e r  was d i s t r i b u t e d  over  the 

s u r f a c e  o f  an a lumin ium d i s k  us ing  a g l ass  rod .  A f t e r  d r y i n g  

f o r  24 h on a i r ,  p r o t e c t e d  a g a i n s t  d u s t ,  t hey  were t r a n s f e r e d  

to  a b e l l  j a r  and d r i e d  f o r  1 h under  the vacuum o f  about  

50 Pa. The t h i c k n e s s  o f  the l a y e r  was 10 ~m. Samples were 

then charged w i t h  a corona d i s c h a r g e  from a need le  to a 

p o t e n t i a l  i n  the l i m i t s  +200 to +1200 V. S h o r t l y  a f t e r  cha rg -  
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ing the change of t h e i r  sur face  p o t e n t i a l  was measured w i th  

a s p e c i a l  e l e c t r o m e t e r  which a l lowed the s imul taneous heat ing  

of the samples and measuring of t h e i r  tempera tu re .  Th is  type 

of measurement s imu la tes  the c o n d i t i o n s  in  the p r e p a r a t i o n  

of a p r a c t i c a l  f r o s t  image, i . e .  charg ing of the su r face ,  

l eav ing  a c e r t a i n  t ime fo r  the p r e p a r a t i o n  of the l a t e n t  

charge image and heat t rea tment  r e s u l t i n g  in  the f r o s t  image. 

For the purpose of forming c r o s s l i n k e d  l a y e r  f u r t h e r  

samples were t r ea ted  in  the e l e c t r o d e l e s s  d ischarge 6 kV, 

10 kHz, in  the vacuum of about 50 Pa, f o r  5 s .  Our measure- 

ments of the w e t t i n g  angle proved tha t  under i n f l u e n c e  of the 

d ischarge  the sur face  became c r o s s l i n k e d .  Dur ing d ischarge 

t rea tment  the polymer bonds are broken and s imul taneous 

a t t a c h i n g  of OH groups and c r o s s l i n k i n g  occur .  Probably  a lso 

some deg rada t i on ,  oxyda t ion  and water  s o r p t i o n  p lay  a r o l e .  

In  any case def ined w e t t i n g  angles gave def ined p r o p e r t i e s  in  

r e l a t i o n  to f r o s t  e f f e c t .  

Resu l ts  

Typical plots of U s vs. temperature T are shown in Fig. 

The plot with the lowest value of surface potential (Fig. I, 

curve a) shows a breaking point at 334 K, while the plots of 

samples with higher surface potentials (Fig. i, curve b) show 

a transition region, instead of the point, which is centred 

round the point 334 I<. In this region frost exists, beyond it, 

in the linear fall part of the curve, it disappears. With 

these samples, the frost was feable. After treatment we found 

plots, one of which is shown in Fig. I, curve c. The shape 

and slope of individual parts of the curve differ from cor- 

responding parts of previous curves, however, the existence 

of the region centre round 334 K is preserved. The observed 

frost effect was intensive. 

We found that during slow quasi-continuous increasing of 

the temperature, frost appears at a certain value of surface 

potential Usf I and at certain value of temperature Tfl. 
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Fig .  1. Typ ica l  p lo t s  of surface p o t e n t i a l  vs .  temperature 
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F ig .  2. A) Dependence of surface p o t e n t i a l  fo r  f r os t  
appearance Usf on starting surface potential Uso 

B) Dependence of the f r os t  temperature region ~T 
on U so 
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I f  the t empera tu re  was f u r t h e r  i n c r e a s e d  the f r o s t  was 

p rese rved  to the  t empera tu re  T f2  and the s u r f a c e  p o t e n t i a l  

Usf  2.  F i g u r e  2 shows the  p l o t s  Usf= ( U s f l +  Us f2 )  / 2 and 
T = T f 2 -  T f l  v e r s u s  the  v a l u e  o f  the s t a r t i n g  s u r f a c e  

p o t e n t i a l  Uso. Both p l o t s  are l i n e a r .  

D i s c u s s i o n  

As it was ment ioned ,  we used m a t e r i a l s  w i t h  a s p e c i a l  

c r o s s l i n k e d  f i l m  on the s u r f a c e  of  the b a s i c  l a y e r ,  p repared  

by e l e c t r i c a l  d i s c h a r g e .  A f u r t h e r  improved r e p r o d u c i b i l i t y  

o f  f r o s t  f o r m a t i o n  may be ach ieved  by a s h o r t  h i gh  tempera tu re  

shock of  the c r o s s l i n k e d  l a y e r ,  r e s u l t i n g  i n  a s l i g h t  deg ra -  

d a t i o n  o f  the s u r f a c e .  T h i s  o p e r a t i o n  i s  s t r o n g l y  dependent  

on complex p r o p e r t i e s  o f  the  l a y e r  and s u b s t r a t e  and i s  

t h e r e f o r e  not  d e s c r i b e d  here i n  d e t a i l  ( i t  has a s u p p o r t i n g  

e f f e c t  o n l y ) .  

We w i l l  t r y  now to e s t i m a t e  the d i f f e r e n c e s  i n  the 

b e h a v i o u r  of  the  s i m p l e  system and o f  the system w i t h  the  

a r t i f i c i a l l y  t r e a t e d  s u r f a c e .  I f  we suppose t h a t  the s u r f a c e  

f i l m  has v e r y  d i f f e r e n t  mechan ica l  and e l e c t r i c a l  p r o p e r t i e s ,  

the f r o s t  may be formed, b a s i c a l l y ,  i n  two ways: 

i )  due to c r a c k i n g  caused by d i f f e r i n g  c o e f f i c i e n t s  of  d i l a t a -  

t i o n ,  suppo r t ed  by h i gh  c o n c e n t r a t i o n  o f  d i s l o c a t i o n s  and 

o t h e r  f a u l t  c e n t r e s ,  

2) due to l o w e r i n g  o f  the t e n s i o n  of  the s u r f a c e  f i l m  by 

a s t r o n g  l o c a l  e l e c t r i c  f i e l d .  

The occurence o f  t he rma l  c r a c k i n g  w i t h o u t  the a s s i s t a n c e  

of  the e l e c t r i c  f i e l d  i s  a w e l l  known phenomenon (some l a c -  

q u e r s ,  e . g . ) .  For the purpose of  imag ing ,  however ,  we are 

i n t e r e s t e d  i n  sys tems,  which can be i n f l u e n c e d  by e l e c t r o -  

s t a t i c s ,  i . e .  i n  sys tems,  where the mechan ica l  e f f e c t s  are 

e i t h e r  ; f  secondary  n a t u r e ,  o r  s u p p o r t  the  e l e c t r i c a l  f r o s t  

f o r m a t i o n .  I n  the f i r s t  a p p r o x i m a t i o n ,  t h e r e f o r e ,  the b e h a v i -  

our  may be d e s c r i b e d  by the e q u a t i o n  ( 1 ) .  

The s u r f a c e  p o t e n t i a l  i s  i n  p r i n c i p l e  s t r o n g l y  i n f l u e n c e d  
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by the e l e c t r i c a l  p e r m i t i v i t y  (3)  r e s u l t i n g  from the va lues  

of E of the bas ic  l a y e r  and the c r o s s l i n k e d  l a y e r .  The r e s u l t -  

r e s u l t i n g  E may be measured or c a l c u l a t e d  us ing L i ch teneckers  

mixing rule 

Pl P2 
E i _ E 2 = ~ ( 3 )  

where Pl + P2 = 1 and P l '  P2 are volume p r o p o r t i o n s  of 

the components, i f  we know the th i ckness  and E of the sur face  

l a y e r .  Th is  va lue may be determined on a s p e c i a l l y  prepared 

t h i c k  f i l m .  

I f  we now charge our system to a s t a r t i n g  va lue of U so 
and heat i t  g r a d u a l l y ,  we observe tha t  

( i )  at a constant  s t a r t i n g  temperature the p o t e n t i a l  f a l l s  

due to the c o n d u c t i v i t y  of the m a t e r i a l ,  

( i i )  the heat ing  r e s u l t s  in  a c c e l e r a t i n g  the f a i l ,  

( i i i )  from a c e r t a i n  va lue of temperature f r o s t  appears and 

remains s t a b l e  fo r  an i n t e r v a l  of tempera tu res .  In  t h i s  

i n t e r v a l  the speed of the f a l l  changes, 

( i v )  a f t e r  pass ing t h i s  i n t e r v a l  another  change of the speed 

of the p o t e n t i a l  f a l l  occurs .  

The cen t re  of the temperature i n t e r v a l  agrees w i th  the 

break po in t  in  the p l o t  of sur face  c o n d u c t i v i t y  vs .  tempera- 

t u r e ,  which has the va lue 334 K fo r  our m a t e r i a l .  The au thor  

(NESPOREK, p r i v a t e  communicat ion) a t t r i b u t e d  t h i s  break to 

a phase t r a n s i t i o n .  

For the e l u c i d a t i o n  of the behav iour  c h a r a c t e r i z e d  by 

the p l o t s  in  F igs .  1 and 2, the complete Cressman express ion  

(2)  may be used. I f  we inc rease  the tempera ture ,  the su r face  

tens ion  Yo decreases,  C decreases and, owing to the d i l -  

a t a t i o n ,  d i n c r e a s e s .  The r e s u l t i n g  y t h e r e f o r e  decreases due 

to Yo' but t h i s  decrease may be to a c e r t a i n  degree compens- 

ated by the sub t rac ted  d imin ished va lue C / d. The i n f l u e n c e  

of U s , which i s  in  square,  i s  t h e r e f o r e  d e c i s i v e .  As a r e s u l ~  

f r o s t  appears at h igher  Us(what was observed) .  Because some 
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uncompensated i n f l u e n c e  of ~o e x i s t s  some temperature 

shift may be attributed to it. 

To explain, why the frost is preserved the longer, the 

higher is Uso, we must suppose, that deeper ripples or cracks 

in the structure of the surface need higher thermal energy to 

smooth. It is also not possible to exclude the forming of 

frost in the interval by the influence of heat only, extending 

the stable region. After disapearing of the frost, the new 

surface is formed, having rather the simple, Cressman type, 

character. 

We noted that the formation of frost was influenced by 

the speed of heating. This indicates, that both mechanisms of 

frost formation imply relaxation effects. All experiments 

were done on virgin samples, as we eliminated in this way 

the Us(T ) effects due to the thermal and electric history of 

the material. 
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