
HAL Id: jpa-00226298
https://hal.science/jpa-00226298

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

AN APPLICATION OF THE REPLICA METHOD
FOR SEM-STUDY OF THE ICE CRYSTAL

INSTABILITY
V. Stoyanova, N. Genadiev, D. Nenow

To cite this version:
V. Stoyanova, N. Genadiev, D. Nenow. AN APPLICATION OF THE REPLICA METHOD FOR
SEM-STUDY OF THE ICE CRYSTAL INSTABILITY. Journal de Physique Colloques, 1987, 48 (C1),
pp.C1-375-C1-381. �10.1051/jphyscol:1987152�. �jpa-00226298�

https://hal.science/jpa-00226298
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE 
Colloque C1, supplement au n o  3, Tome 48, mars 1987 

AN APPLICATION OF THE REPLICA METHOD FOR SEM-STUDY OF THE ICE CRYSTAL 
INSTABILITY 

V. STOYANOVA, N. GENADIEV and D. NENOW 

Institute of Physical Chemistry, Bulgarian Academy of 
Sciences, Sofia 1040, Bulgaria 

,nc.!r-y~hoiogiquc des c r i s t a u x  d e  g l a c e ,  ob tenrus  a' p a r t i r  d e  l a  p h a s e  
vnF!et.tr- , F?~.I  ti l i s a n t  t..tne m&thode d e  r,gpl iqcle  et 1  a SEM. On a 
obser -v& d i f f i r e n t e s  s o r t e s  d ' i . n s t a b i . l i t & s  d o n t  l ' a p p a r i t i o n  est 
p r n b a b l  enlent. dt.re 2 cli v e r s  mecani  s m e s .  

ABS"rRACT 
By ~.rs j . r .~g r - e p l i c : a  t e c h n i c l ~ . t e s  a n d  SEM t h e  i n i t i a i  a t a g e s  of  

morphological i r ~ s t a b i  1 i t y  o f  i c e  c r y s t a l s  qrown f r o m  v a p o u r s  are 
%tudiec:l.  D i f f ~ ! r e n t .  k i n d s  nf. i n s t . a b i l i t i e s  a r e  o b s e r v e d  which  
s ~ . t g g e s t  t h a t  p r o b a b l y  d i f f e r e n t  mechanisms a r e  r e s p o n s i b l e  f o r  
t h e i r  appsaranc :e .  

I n  N a t u r e  v e r y  o f  t e n  i c e  c r y s t a l s  c z a r )  h e  f o u n d  a s  u n s t a b l e  
g r o w t h  f o r m s  w i t h  a  c o m p l i c a t e d  morphology .  T h e i r  e x p e r i m e n t a l  
i n v e s t i g a t i o n  p! r t s  many q u e s t i o n s ,  some o f  which  a r e  d i s c u s s e d  i n  
t h e  p r e s e n t  p a p e r .  

The morphol  n g i  c a l  i n s t a b i  1. i t y  o f  vapour -prown i c e  is u s u a l  1  y  
i n t e r p r e t e d  u s i n g  e i t h e r  t h e  cammon t h e o r y  o f  d e n d r i t e  f o r m a t i o n  
of  c r y s t a l s  1 4  o r  t h e  s p e c i f i c  p e c u l i a r i t i e s  of  i c e  / 5 / .  
N ~ t m e r o u s  o p t i c a l  - - m i c r o s c o p e  i n v e s t i g a t i o n s  /h-10/  s u p p o r t  t h e  i d e a  
t h a t  t h e  d i f f u s i o n  inhomogene i  t y  o f  s c r p e r s a t i r r a t i o n  of  t h e  p a r e n t  
p h a s e  d e r i t a b i l i z e s  t h e  g r o w t h  o f  t h e  ice c r y s t a l .  On t h e  o t h e r  
h a n d  t h e  p r - o c e s s e s  on  t h e  c r y s t a l  s u r f a c z e  ( s t e p  d i s t r i b u t i o n .  
s u r f a c e  d i f f u s i o n  e t c .  ) a r e  t h e  p o s s i b l e  s t a b i l i z i n g  f a c t o r s .  

The i n i t i a l  s t a g e s  o f  i n s t a b i l i t v  a r e  o f  t h e  main  
s i q n i f  i c a n c e  f  c ~ r  i ts  e x p e r i m e n t a l  s t u d y .  as  t h e  a v a i l a b l e  t h e o r i e s .  
d e a l  w i t h  t h e s e  s t a p e s  o r  more s p e c i f i c a l l y  w i t h  t h e  t r a n s i t i o n  
f r o m  s t a b l e  t o  u n s t a b l e  g r o w t h .  Combin ing  r e p l i c a  t e c h n i q u e s  w i t h  
i n  o b s e r v a t i o n  u s i n g  Sc :anning  E l e c r o n  M i c r o s c o p y  (SEM) w e  h a v e  
i n v e s t i g a t e d  i n  d e t a i l e s  t h e s e  i n i t i a l  s t a g e s  o f  i n s t . a b i  I. i t y  
a p p e a r a n c e  on  vapocrr-grown i . c e  c r y s t a l s .  The o b t a i m e d  resirltes 
h a r d l y  c a n  h e  i n t . e r p r e t . e d  i n  t h e  frarnework o f  a v a i l a b l e  t h e o r i e s  
/I- . f , /  f r o m  common p o i n t  o f  v iew.  

I c e  c r y s t a l s  a r e  r e c e i v e d  i n  a  f o g  chamber  as a r e s u l t  o f  
f r e e z i n g  o f  s u p e r c o o l e d  w a t e r  d r o p l e t s  b y  means  o f  a  s h o c k  wave 
1 .  An a d v a n t a g e  o f  t h i s  method is t h e  p o s s i b i l i t y  f o r  a  
s i m u l t a n e o u s  c r e a t i o n  n e a r  t h e  m e l t i n g  p o i n t  o f  a  l a r q e  number o f  
i c e  c r y s t a l s  w i  t .ho~. \ t  i r s i n g  i c e  f o r m i n g  n u c l e i 4  u r  a s u b s t r a t e .  One 
o f  t h e  t e c h n i q u e s ,  d e v e l o p e d  b y  S c h a e f e r  /12/ is u s e d  p r e p a r e  
f o r n ~ v a r  r e p l i c a s  f r o m  c r y s t a l s  dctrir-tg t h e  f i r s t  s e c o r l d ~ 4  of  t h e i r  
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growth. The free fallen crystals are caught on glass slides 
covered with a thin dry formvar film. Immediately we replicated 
them by means of cold chlorof orm vapours. Thus the initial stages 
of development of their instability are fixed. After drying the 
film and evaporating of ice, the samples are metallized with Au 
and investigated by SEN JEOL T-200. The growth temperatctre Is 
maintained with an accuracy of 1 OC in the range from -1 to -2b°C. 
The qrowth conditions in the chamber are close to those in the 
clouds. However the supersaturation cannot be strict1 y measured. 

The observed ice crystal habit changes with temperature 
approximately in accordance to the four regions of the 
Nakaya--Kobayashi diagram '/IS/. The free f a1 1 ing crystals lay down 
on the formvar surf ace with the most developed face. As a result 
ice plates are replicated as hexagons (Fig. 1 )  and ice columns - as 
rectangles (Fig.2). 

Fig. 1-a,b 
Stable hexagonal ice plates with rounded (a) and sharp ( b )  edges 
and corners. 

Fig.2-a,b 
Stable hexagonal ice columns with rounded (a) and sharp (b) edges 
and corners. 

Ice crystals grown at normal air pressure are morphological1 y 
stable under about 20 microns (Figs.1,2). Their initial size is 
determined by the size of the frozen water droplets (approximately 
10 microns diameter). Moreover, in order to be observed this 
instability experimentally a s~rff icient aditional quantity of ice 
should crystallize from the vapours. Hence, the size of about 20 



mic:r-011s s h o u l d  b e  c o n s i d e r e d  a s  a n  u p p e r  l i m i t  f o r  t h e  c r i t i c a l  
s i z e .  T h i s  l i m i t  is c o n s i d e r a b l y  l o w e r  t h a n  t h e  e x p e c t e d  o n e  
a c c o r d i n q  t o  t h e  t h e n r y  o f  C h e r n o v  / I /  a s  w e l l  a s  t h a t  g i v e n  b y  
F l .e tc i?e r  /2/. 

G e n e r a l l y .  w e  c a n  d i v i d e  t h e  o b s e r v e d  i n s t a b i l i t i e s  i n t o  t w o  
d i f f e r e n t  k i n d s  f r o m  m o r p h o l o g i c a l  p o i n t  o f  v iew:  i )  l a c u n a r y - 1  i k e  
i n s t a b i l i t y  a n d  i i f  d e n d r i t e - l i k e  i n s t a b i l i t y .  

M o r p h o l n ~ i c a l  1 y  t h e  l a c u n a r y - l i k e  i n s t a b i l i t y  is 
c h a r a c t e r j z e d  by a g r o w t h  r e t a r d a t i o n  i n  t h e  a d v a n c e m e n t  o f  t h e  
c e n t r a l  p a r t  o f  t h e  c r y s t a l  f a c e  - p r i s m a t i c  CFig.3) or b a s a l  
( F i g . 4 )  nne .  

Fig.:3-a,b 
l l n s t a b l e  i . c e  p l a t e s  w i t h  i n i t i a l  s t a g e s  o f  a l a c u n a r y - l i k e  
i n s t a b i l i t y  o n  t h e i r  p r i s m a t i c  f a c e s .  

F i g . 4 - a , b  
I n i t i a l  s t a g e s  o f  a l a c u n a r y - l i k e  i n s t a b i  L i  t y  o n  t h e  b a s a l  f a c e s  
o f  ice tcolumns w i t h  r o u n d e d  ( a )  a n d  s h a r p  e d g e s  a n d  c o r n e r s .  

I t  is o b s e r v e d  i n  t h e  w h o l e  t e m p e r a t u r e  r a n g e  i n v e s t i g a t e d  on  b o t h  
s h a r p -  a n d  r o u n d e d - e d g e  c r y s t a l s .  I n  t h e  case o f  hewaqona l  p l a t e s  
i n  t h e  r e g i o n s  I a n d  I 1 1  o f  t h e  Nakaya-Kobayashi  d i a g r a m  its 
i n i t i a l  a p p e a r a n c e  is o b s e r v e d  on  t h e  p r i s m a t i c  f a c e s  ( F i g .  3) , 
whereas i n  t h e  case of co lumn c r y s t a l s  ( r e q i o n  I I )  i t  a p p e a r s  
i n i t i a l l y  o n  t h e  b a s a l  f a c e s  ( F i g . 4 ) .  S i n c e  t h e  h a b i t  o f  t h e  
c r y s t a l s  is d e t e r m i n e d  b y  t h e  r a t i o  o f  t h e  g r o w t h  r a t e s  o f  t h e  
b a s a l  a n d  p r i s m a t i c  f a c e s ,  t h i s  l e a d s  u s  t o  t h e  c o n c l u s i o n  t h a t  
t h e  l a c u n a r y - l i  k e  i n s t a b i l i t y  a p p e a r s  i n i t i a l  1  y  o n  t h e  f a s t e r  
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q r o w i n g  f a c e .  T h i s  r e s u l t  is i n  a g r e e m e n t  w i t h  t h e  i m p l i c a t i o n s  o f  
t h e  t h e o r y  of  m o r p h o l o g i c a l  i n s t a b i  1  i t y  of  p o l  y q o n a l  c r y s t . a l . s  o f  
Cher-nov / 1 /  a s  w e l l  as  w i t h  t h e  n u m e r i c a l  c a l c u l a t i o n  f o r  
hs:.:agonal . c r : / s t a l r  nf Kt.rroda et a l .  4  The  s a m e  r e c , u l t  is 
o b s e r v e d  a t  - 3 5  * (3 by  Gonda and  K o i  lre /li:)/. From o u r  e : c p e r i m e n t s  
s u c h  concrll . lsions c a n n o t  be2 made f o r  t h e  l o v r  t e m p e r a t u r e  r e g i o n  IV 
b e c a u s e  t h e  c r y s t a l s  i n  t h i s  case are o f t e n  r e p l i c a t e d  e i t h e r  w i t h  
d i s t c r r - b e d  s t a h i  13. t y  on b o t h  f a c e s  ( b a s a l  a n d  p r i s m a t i c )  or 
s e p a r a t e 1  y  w i t h o u t  a n y  o r d e r .  

A t  l o w e r  t empera t rc t res  b e l o w  -10' C ( r e g i o n s  I 1 1  a n d  IV) 
d e n d r i t e - 1  i k e  i n s t a b i l i t y  a p p e a r s .  I t  is  c h a r a c t e r i z e d  
m o r p h n l . o g i c a 1 l y  b y  a - p r e f e r e n t i a l  g r o w t h  o f  a  n a r r o w  r e q i o n  a r o u n d  
t h e  c o r n e r s  o f  t h e  c r y s t a l .  A s  a r e s u l t  t h i n  d e n d r i t e  b r a n c h e s  are 
f o r m e d  0t.t.t a t .  t h e  s h a r p e n e d  c o r n e r s  of  t h e  c r y s t a l  ( F i g . 5 ) .  The  
d e n d r i t e - l i k e  i n s t a b i l i t y  c a n  b e  o b s e r v e d  b o t h  combined  w i t h  
l i~cctnary-- l .  i  k e  i n m t a b i  l i t y  on  o n e  a n d  t h e  s a m e  c r y s t a l  o r  
i n d e p e n d e n t 1  y. I n  o u r  e x p e r i m e n t s  i n t e r m e d i a t e  f o r m s  b e t w e e n  t h e s e  
two I::inds of  i n s t a b i l i t y  a r e  n o t  o b s e r v e d .  F o r  t h i s  r e a s o n  w e  
c o n s i d e r  t h a t  i t  is r a t h e r  u n l  i l:el y  t h e  d i f f e r e n t  s c t p e r e a t c t r a t i o n  
t o  b e  r e s p o n s i b l e  f o r  t h e i r  d i f f e r e n t  morphology .  

F i g . 5 - a . b  
I n i t i a l ,  s t a g e s  o f  a d e n d r i t e - l i k e  i n s t a b i l i t y  on  i c e  p l a t e  
c r y s t a l s .  

The  a v a i l a b l e  t h e o r i e s  /1-5/  c a n  p r o p o s e  some e x p l a n a t i o n -  or 
of t h e  f i r s t  or o f  t h e  s e c o n d  m e n t i o n e d  k i n d  o f  i n s t a b i l i t y  b u t  
t h e y  c a n n o t  e x p l a n o  f r o m  common p o i n t  of  v i e w  t h e  o b s e r v e d  
m o r p h o l o q i c a l  d i f f e r e n c e .  I t  s e e m s  q u i t e  p o s s i b l e  i n  t h e  c a s e  o f  
i c e  c r y s t a l s  t h a t  d i f f e r e n t .  m e c h a n i s m s  a r e  r e s p o n s i b l e  f o r  t h e  
o b s e r v e d  d i f f e r e n t  i n s t a b i  1  i t ies. The  t h e o r e t i c a l  i n t e r p r e t . a t i o n  
o f  t h i s  q u e s t i o n  r e m a i n e s  u n c l e a r  u p  t o  now. 

A t  l o w e r  t e m p e r a t u r e s  ( r e g i o n s  1 1 1  a n d  IV) we o b s e r v e d  
c r y s t a l s  w i t h  s h a r p  e d g e s  a n d  c o r n e r s  ( F i g s .  l b , 2 b i .  A t  t h e  h i g h e s t  
t e m p e r a t u r e s  ( r a g i o n s  I a n d  1 1 )  w e  h a v e  f o u n d  a c o n s i d e r a b l e  
r o u n d i n g  of  t h e  e d g e s  a n d  t h e  c o r n e r s  ( F i g s . l a , Z a )  which  d e c r e a s e s  
w i t h  l o w e r i n g  t h e  t e m p e r a t u r e .  T h i s  f a c t  is i n  a g r e e m e n t  w i t h  o u r  
p r e v i o u s  o p t i c a l - m i c r o s c o p e  I. n v e s t i g a t i o n s  / 1 4 /  a t  a  l o w e r  a i r  
p r e s s u r e  (U.OQi3U; m m  Hg) as we1 1  a s  w i t h  t h e  r e s u l t e s  o f  K e l l e r  e t  
d l .  /15/ a n d  Col beck: / 1 6 / .  'Th is  a p p e a r a n c e  of  r o u n d e d  ( n o n s i n g e t l a r )  
s u r f a c e s  n e a r  b e l o w  t h e  m e l t i n g  p o i n t  o f  i c e  h a v e  b e e n  c o n s i d e r e d  
b y  u s  / 1 4 ,  17/ a s  a n  e f f e c t .  o f  s t t r f a c e  rot- tghening.  The  a p p e a r a n c e  
o f  m a r p h o l a g i c a l  i n s t a b i l i t y  on  s u c h  c r y s t a l s  w i t h  s t r o n g l y  
r o u n d e d  ( n o n s i n g c r l . a r )  e d g e s  is e x p e r i m e n t a l  1 y  e s t a b l i s h e d  f a c t .  
T h i s  is t h e  l a c u n a r y - l i k e  i n s t a b i l i t y  i n  r e g i o n s  I  a n d  I 1  



(Fig.4a). This result is unexpected from the point of view of the 
theory of morphological instability of Chernov /I/ which concerns 
crystals with well developed sharp edges and corners. Indeed, it 
is difficult to accept that the rounded edge is an effective 
source of steps. It is clear also that one can hardly speak aborct 
inhomogenious supersaturation along the surface of such small 
rorrnded crystal 5. 

A modification of a lacunary-like instability on plate 
crystals is shown in Fig.6. The increase of such instability on 
the prismatic surface srtrrounding the crystal leads to the 
appearance of an unstable crystal with a shape similar to those of 
the so called Tzus~tmi-crystal. In the latter case two hexagonal 
plates grow from the edges of the basal face of a hexagonal 
column. Theoretically the possibility for the appearance of such 
kind of unstable crystal was previous1 y discussed by Frank / 3 / .  

Fig.& 
An unstable ice crystal. 

Fig.7 4 
An electron-microscopy image of the formvar replica of a snow 
crystal (the latter stage of instability development). 

In conclusion we will emphasize that the replica method and 
the Scanning Electron Microscopy offer excelent possibi 1 ities for 
investigation o$ different morphological 1 y unstable forms at their 
initial stages. Their interpretatxon i s  hard1 y possible withortt 
suggestion of different mrchani sms of formation of the 
instability. This technique allows also a detailed investigation 
on latter stages of the growth of ice crystals with a complicated 
morphology (Fig. 7). 
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COMMENTS 

Remark of  J .W.  GLEN 

I would welcome h e a r i n g  t h e  view o f  D r  Kuroda on t h e  e x t e n t  t o  which t h e s e  
observat ions  a r e  now t h e o r e t i c a l l y  understood. 

Anwser of  T.KURODA : 

The d r i v i n g  f o r c e  o f  m o r p h o l o g i c a l  i n s t a b i l i t y  o f  p o l y h e d r a l  c r y s t a l s  is 
non-uniformity of  s u p e r s a t u r ~ t i o n  a long t h e  c r y s t a l  s u r f a c e .  It is  h i g h e s t  a t  
c r y s t a l  co rners  and lowest a t  c e n t e r  of  surface.  And degree o f  t h e  non-uniformity is 
propor t iona l  t o  c r y s t a l  s i z e  and normal g rad ien t  of  supersa tu ra t ion  at  s u r f a c e  which 
i n c r e a s e s  with  inc reas ing  supersa tu ra t ion  qm a t  i n f i n i t y .  Therefore, a s  shown by 
Mrs. Stoyanova, morphological i n s t a b i l i t y  occurs  when 6, exceeds c r i t i c a l  value. 

Remark o f  N. FUKUTA : 

Vapor method of Formvar seems t o  cause a number of problems. The s u r f a c e  f e a t u r e s  
seem t o  be l o s t  and corners  and edges appear dissolved.  I would suggest  you t o  t r y  
b e t t e r  combination of  p l a s t i c  and so lven t  which I w i l l  p resen t  l a t e r .  

Answer : 

The observed t r a n s i t i o n  from rounded t o  sharp edges and corners  of  i c e  appears  i n  a 
narrow temperature i n t e r v a l  less than 20°C. It is hard ly  believed t h a t  r e p l i c a t i o n  



possibility of fornvar at these temperatures will be changed so much. This result is 
in accordance also with other direct observations. I think that this method is good 
enough for investigation of the morphological instability of ice and I am thankful 
to Dr Fukuta for the proposed new replicating materials and solvents. 


