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SUMMARY 

Th is  study was designed to  f i n d  improved m a t e r i a l s  and techniques for 

By u t i l i z i n g  modern mold ing and c a s t i n g  m a t e r i a l s  and 
mold ing and c a s t i n g  n a t u r a l  or  s imulated i c e  shapes t h a t  c o u l d  r e p l a c e  t h e  wax 
and p l a s t e r  method. 
techniques, a new methodology was developed t h a t  prov ides excel  l e n t  reproduc- 
t i o n ,  low-temperature capabi 1 i ty,  and reasonable turnaround t ime.  The r e s u l t -  
i n g  cas ts  are accurate and tough. 

INTRODUCTION 

Recording the  shapes of d e l i c a t e  i c e  a c c r e t i o n s  on a i r c r a f t  components 

The 

cr) 
h 
rn 
~ r )  ( f i g .  1 )  has always been a d i f f i c u l t  task.  U n t i l  now, i c e  fo rmat ions  were 

recorded p r i m a r i l y  by u s i n g  i c e  t r a c i n g s  ( f i g .  2 )  or h o t  wax moldings. 
use o f  t r a c i n g s  t o  r e c o r d  i c e  formations r e s u l t s  i n  a loss o f  three-dimensional  
d e t a i l .  Hot wax molding preserves much three-dimensional  d e t a i l ,  b u t  in t roduc-  
es new problems. 

The h o t  wax method c a l l s  for d ipp ing  a p iece  of i c e  (removed from t h e  body 
on which i t  has accreted)  i n t o  a conta iner  o f  mol ten beeswax. A f t e r  a s u f f i -  
c i e n t  l a y e r  o f  wax has accumulated and a f t e r  t h e  i c e  has complete ly  melted, t h e  
mold i s  opened and t h e  water i s  drained. The mold i s  then f i l l e d  w i t h  c a s t i n g  
p l a s t e r  t h a t  i s  a l lowed to  harden. When the  c a s t  i s  s o l i d ,  t h e  wax i s  melted 
away, l e a v i n g  a c a s t i n g  o f  the  i c e  shape ( f i g .  3 ) .  This  techntque does n o t  
so lve a l l  the  problems o f  molding and c a s t i n g  i c e  format ions and even presents  
a f e w  problems o f  i t s  own. F i r s t ,  i t  i s  necessary t o  have a r a t h e r  l a r g e  p iece  
o f  i c e  because t h e  i c e  must be removed from t h e  s i t e  on which i t  has accreted.  
This  n o t  o n l y  dest roys i n f o r m a t i o n  about the  l o c a t i o n  of t h e  i c e  f o r m a t i o n  r e l -  
a t i v e  to  t h e  body on which i t  was produced, b u t  o f t e n  damages the  i c e  i t s e l f  
(which can be ext remely f r a g i l e )  and dest roys any i c e  remain ing on t h e  body. 
Dropping a p iece o f  i c e  i n t o  mol ten wax a l s o  has some e f f e c t  on t h e  i c e  shape. 
Second, us ing  p l a s t e r  as t h e  c a s t i n g  m a t e r i a l  l i m i t s  the  va lue o f  t h e  c a s t  
because i t s  coarseness causes some surface t e x t u r e  and d e t a i l  t o  be lost .  
P l a s t e r  i s  a l s o  i n h e r e n t l y  b r i t t l e ,  thus p r e v e n t i n g  the  cas ts  from be ing  used 
i n  d r y  wind tunnel  t e s t  programs for  s tudy ing  aerodynamic performance degrada- 
t i o n  due to i c i n g .  

The goal o f  the  work be ing  repor ted  h e r e i n  was t o  achieve e x c e l l e n t  repro-  
d u c t i o n  o f  i c e  format ions by u t i l i z i n g  modern mold ing and c a s t i n g  m a t e r i a l s  and 
techniques i n  p lace  o f  h o t  wax and p l a s t e r .  To do t h i s ,  the  mold must cure 
below 0 "C w i t h i n  a reasonable t ime, and the  i c e  must a l s o  be a l lowed to  remain 
on the body on which i t  has accreted. To ensure no i c e  mel t ,  the  c u r i n g  proc- 
ess must n o t  be a t  a l l  exothermic.  Temperature dependency i s  impor tan t  i n  se- 
l e c t i n g  a molding m a t e r i a l .  
temperature and may n o t  cure below 0 "C. 
d e t a i l  o f  the  o r i g i n a l  i c e  fo rmat ion  and must be tough and machinable t o  a l l o w  
i t s  use i n  d r y  wind tunnel  t e s t i n g .  

Molding m a t e r i a l s  a re  designed t o  cure a t  room 
The c a s t  produced must r e t a i n  a l l  t h e  



TESTS 

Standard Handl ing Techniques 

Techniques f o r  hand l ing  i c e .  - A s  s t a t e d  p r e v i o u s l y ,  t h e  i c e  t h a t  i s  t o  
be molded can o f t e n  be ext remely f r a g i l e .  Any of t h e  d e l i c a t e  horns assoc ia ted  
w i t h  g laze i c e ,  o r  t h e  f e a t h e r s  associated w i t h  r ime or mixed i c e ,  a r e  e a s i l y  
broken. 
i t  a t  i t s  accre t ion  s i t e  ( f i g .  4 ) .  Another advantage o f  t h i s  method i s  t h a t  i t  
preserves a l l  the i n f o r m a t i o n  about how the  i c e  was o r i e n t e d  upon t h e  body on 
which i t  was accreted. This method of mold ing a t  t h e  s i t e  a l l o w s  one t o  mold 
a small  i c e  accre t ion ,  or even f ros t ,  t h a t  cannot be removed i n t a c t  from t h e  
a c c r e t i o n  s i t e .  When t h e  i c e  cannot be molded a t  t h e  s i t e ,  g r e a t  care must be 
taken t o  preserve as much i c e  d e t a i l  as p o s s i b l e .  
on a r e l a t i v e l y  small model, i t  would probably  be b e s t  t o  remove and mold t h e  
e n t i r e  model. The l a s t  r e s o r t  would be t o  at tempt  t o  remove t h e  i c e  from i t s  
a c c r e t i o n  s i t e  and then mold o n l y  t h e  i c e  i t s e l f .  Th is  can be done by s l i g h t l y  
h e a t i n g  the  body from which t h e  i c e  i s  to  be removed. 
poured immediately, the  model should be p laced i n  a p l a s t i c  bag t o  prevent  any 
sub l imat ion  and then p laced i n  a f r e e z e r .  
d r y  i c e  can be used as a f r e e z e r .  Dur ing handl ing,  extreme care should be 
taken so as n o t  to  damage the  i c e .  

Therefore, i t  i s  p r e f e r a b l e  n o t  to handle t h e  i c e  a t  a l l  , b u t  to  mold 

If t h e  i c e  has been accre ted  

I f  t h e  mold cannot be 

A common p i c n i c  c o o l e r  c o n t a i n i n g  

Techniques for  moldinq. - In molding, a l l  m a t e r i a l s  must be k e p t  below 
0 "C a t  a l l  t i m e s .  Th is  r e q u i r e s  a f r e e z e r  l a r g e  enough t o  keep a l l  supp l ies  
r e f r i g e r a t e d  and a l s o  p e r i o d i c a l l y  r e c o o l i n g  m a t e r i a l s  b e i n g  handled a t  r o o m  
temperature. A d i g i t a l  sca le for  measuring t h e  m a t e r i a l s  t o  be mixed i s  a l s o  
u s e f u l .  The propor t ions  o f  t h e  var ious  mold components are c r i t i c a l .  Even a 
s l i g h t  change i n  the  mix ing  r a t i o  can g r e a t l y  a f f e c t  t h e  p r o p e r t i e s  o f  t h e  
mol d. 

A l l  the  molding m a t e r i a l s  t e s t e d  inc luded a base m a t e r i a l  and a cata- 
l y s t .  Because these m a t e r i a l s  were be ing  handled below t h e i r  des ign tempera- 
t u r e s ,  many became t h i c k  and d i f f i c u l t  t o  handle.  Th is  necess i ta ted  u s i n g  a 
t h i n n i n g  agent t h a t  a l lowed the  m a t e r i a l s  t o  be poured w h i l e  n o t  i n t e r f e r i n g  
w i t h  t h e i r  cur ing  a c t i o n s .  Dur ing  a l l  t e s t i n g ,  the  procedures suggested by 
t h e  m a t e r i a l  supp l ie rs  were fo l lowed,  i n c l u d i n g  

(1) Using a h i g h - q u a l i t y  d i g i t a l  sca le f o r  weighing proper  amounts o f  
base, cur ing  agent, and t h i n n e r  

(2) Mix ing  a l l  m a t e r i a l s  w i t h  a slow-speed e l e c t r i c - m o t o r - d r i v e n  i m p e l l e r  
or a f la t -b laded spatu la  t o  minimize a i r  entrapment 

( 3 )  Deaerating a l l  mixed compounds i n  a vacuum b e l l j a r  t o  remove a i r  
entrapped d u r i n g  mix ing  

( 4 )  Pouring the  prepared mold ing compound c a r e f u l l y  i n  o r d e r  to  a v o i d  
ent rapping a i r  

Every e f f o r t  was made t o  minimize t h e  exposure t ime a t  room temperature.  

A f reezer  temperature o f  -5 "C was used for a l l  mold ing opera- 
( I t  was l a t e r  concluded t h a t  a more s u i t a b l e  arrangement would be t o  

The f i l l e d  mold boxes were cured i n  the  f r e e z e r  a t  -5 "C to  r e t a i n  a l l  i c e  sam- 
p l e  d e t a i l s .  
t i o n s .  
c a r r y  o u t  a l l  molding a c t i v i t i e s  i n  a " c o l d  room" h e l d  a t  approx imate ly  -5 "C.) 

The base was mixed w i t h  t h e  t h i n n e r  f i r s t  t o  a l l o w  the  m i x t u r e  t o  be 
recoo led  a f t e r  handl ing w i t h o u t  any c u r i n g  t a k i n g  p lace  s ince  t h e  c a t a l y s t  had 
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n o t  y e t  been added. A f t e r  t h i s  m i x t u r e  was recooled t o  below f r e e z i n g ,  the 
r e q u i r e d  c a t a l y s t  was added. 
mixed thorough ly  w i t h  the base and t h e  t h i n n e r ,  the  m i x t u r e  was p laced i n s i d e  
a b e l l j a r  and degassed for  approximately 3 to 4 min or u n t i l  l i t t l e  or no bub- 
b l i n g  was t a k i n g  p lace.  
mal r e s u l t s .  The mix ing  must be done i n  such a way t h a t  as l i t t l e  a i r  as 
p o s s i b l e  i s  in t roduced to  the mix tu re  so as to  min imize the  t ime r e q u i r e d  for  
degassing. The t i m e  i s  impor tan t  s ince the  m ix tu re  w i l l  be warming throughout 
the  m ix ing  and degassing and w i l l  need to  be recooled.  The m ix tu re  w i l l  a l s o  
be s t a r t i n g  t o  cure. I n  the  r a r e  case i n  which a l a r g e  amount o f  a i r  i s  i n t r o -  
duced t o  the m ix tu re  and a lengthy  degassing i s  necessary, the m a t e r i a l s  may be 
cured t o  the p o i n t  where they can no longer  be poured by the  t i m e  the  m ix tu re  
i s  recoo led  t o  below 0 "C. 

Immediately a f t e r  the  c a t a l y s t  was added and 

These l a s t  two steps must be done s k i l l f u l l y  for o p t i -  

A f t e r  the  compound i s  m i x e d ,  degassed, and recooled,  the mold may be 
poured. A mold box must  have a l ready been cons t ruc ted  t o  con ta in  the  molding 
m a t e r i a l s .  If the sample i s  a small one t h a t  i s  be ing  molded away f rom i t s  
a c c r e t i o n  s i t e ,  care should be taken to  prevent  a i r  from being trapped when 
the  mold i s  poured. This  may happen i f  a f a i r l y  s e v e r e  g laze i c e  fo rma t ion  i s  
t o  be molded and the sample i s  o r i en ted  i n  the  box w i t h  the  l ead ing  edge down. 
The area between the horns of  the i c e  shape cou ld  t r a p  a i r  and thus render the  
mold useless.  This can be prevented by s imp ly  o r i e n t i n g  the  sample so t h a t  
t he  l ead ing  edge i s  p o i n t i n g  up. The mold should be poured c a r e f u l l y  to  he lp  
p revent  mix ing  i n  any more a i r .  

Another problem may a r i s e  when the i c e  i s  removed from i t s  a c c r e t i o n  s i t e .  
The sample must be p h y s i c a l l y  h e l d  w i t h i n  the molding m a t e r i a l  or i t  w i l l  tend 
t o  f l o a t  to  the  sur face and r u i n  the mold. This  can u s u a l l y  be done by p l a c i n g  
severa l  small rods across the mold box below the p o i n t  t o  which i t  w i l l  be 
f i l l e d .  To mold a small sample, the mold box should be immediately re tu rned  to 
the  f r e e z e r  a f t e r  the mold has been poured. The f reezer  may be r e s e t  to  ho ld  a 
temperature o f  j u s t  below f r e e z i n g  and the  mold should remain und is tu rbed u n t i l  
cured. 

If the molding m a t e r i a l s  have been p r o p e r l y  mixed, t he  c o n d i t i o n  o f  the 
e n t i r e  mold can be determined by touching an exposed surface. 
seems s o l i d  to  the touch, i t  may be removed from the f r e e z e r  o r  the  t e s t i n g  
area and a l lowed t o  warm. A f t e r  a reasonable t i m e  ( u s u a l l y  about 2 h r )  the  
mold may be p u l l e d  away from the t e s t  body. A small sample mold may be c u t  
open to expose the area o f  the sample. Before c a s t i n g  a rep roduc t i on  o f  the 
sample, a l l o w  the  mold to d r y  thoroughly .  

I f  the  mold 

Techniques f o r  c a s t i n g .  - Creat ing the  cas t  i s  much s imp ler  than produc- 

For many c a s t i n g  m a t e r i a l s ,  heat-  
i n g  the  mold because the re  i s  no longer a need t o  keep the m a t e r i a l s  co ld .  
The cas t  may be produced a t  any temperature. 
i n g  the  cas t  shortens c u r i n g  t i m e  and s t rengthens the cas t .  
i s  no longer  a prime concern, more ca re  can be taken i n  mix ing  the  c a s t i n g  
m a t e r i a l s .  A s  w i t h  the  mold ing ma te r ia l s ,  m ix ing  the c o r r e c t  p r o p o r t i o n s  of 
the  var ious  cas t  components i s  important,  and a d i g i t a l  sca le  should be used. 
Equa l l y  impor tan t  i s  ensur ing  a complete and thorough mix ing  o f  the  cas t  
components. 

Since temperature 

Several problems occur i n  the cas t i ng  process. Since many o f  the ma te r i -  
a l s  a re  s l i g h t l y  toxic i n  t h e i r  uncured s t a t e ,  they must be handled under an 
exhaust hood. Another poss ib le  problem i s  the  d i s t o r t i o n  of  the  f i n a l  c a s t  
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because o f  i n c o r r e c t  o r i e n t a t i o n  of the  f l e x i b l e  mold d u r i n g  the  cas t  cure 
This problem i s  so lved by r e t u r n i n g  the  mold to  the  mold box w i t h i n  which 
was cured. 

The cas t  may be removed from the  mold a f t e r  the  s p e c i f i e d  c u r i n g  t i m e  
the  g iven cas t  ma te r ia l .  
e x t r e m e  care should be used i n  removing the  c a s t  f rom the  mold. Because o 
roughness o f  the i c e  sample, i t  i s  o f ten  d i f f i c u l t  t o  remove the c a s t  w i thou t  
t e a r i n g  the m o l d  s l i g h t l y .  Al though some damage cannot be complete ly  avoided, 
i t  can be minimized by c a r e f u l  hand l ing  a t  t h i s  stage. 
r a t e  model o f  t h e  o r i g i n a l  i c e  f o rma t ion  has been ob ta ined.  This  model can be 
used s imply  as a way o f  s t o r i n g  the geometry o f  the  i c e  o r  as a t e s t  model i n  
f u r t h e r  s tud ies  o f  the i c i n g  phenomenon. 

I f  the mold i s  t o  be used for another cas t i ng ,  

A t  t h i s  p o i n t ,  an accu- 

M a t e r i a l s  Considered and Why 

I n  s e l e c t i n g  new m a t e r i a l s  t h a t  might  be s u i t a b l e  f o r  molding and c a s t i n g  
opera t ions ,  p r i o r  work i n  t h i s  area ( r e f s .  1 and 2 )  was considered. S i l i c o n e  
rubber compounds were chosen for  molding opera t ions ,  and epoxy and urethane 
compounds for  cas t ing  operat ions.  The p r o p e r t i e s  sought i n  these m a t e r i a l s  and 
the  b e n e f i t s  der ived f rom these p r o p e r t i e s  a re  g iven for  bo th  the mold ing and 
c a s t i n g  ma te r ia l s  i n  t a b l e  I. 

The most cur ren t  i n fo rma t ion  on these p r o p e r t i e s  was ob ta ined from Dow 
Corning Corp. and General E l e c t r i c  Co. f o r  t h e i r  respec t i ve  mold-making com- 
pounds and from Ciba-Geigy Corp. and Hexcel Corp. f o r  epoxy and urethane cas t -  
i n g  m a t e r i a l s .  Candidate s i l i c o n e  rubber molding m a t e r i a l s  and t h e i r  proper-  
t i e s  and candidate epoxy and urethane c a s t i n g  m a t e r i a l s  and t h e i r  p r o p e r t i e s  
a re  d isp layed i n  t ab les  I 1  and 111, r e s p e c t i v e l y .  

T e s t  Techniques for Mold ing 

A m a t r i x  of  exper imental  m ix tu res  was es tab l i shed  by cons ide r ing  the 
recommendations o f  the molding m a t e r i a l  supp l i e rs  and the  f a c t  t h a t  t he  c u r i n g  
t i m e  for  the mixed base ma te r ia l  and c a t a l y s t  i s  longer  a t  lower temperatures.  
This  m a t r i x  ( t a b l e  I V )  inc luded var ious  combinat ions o f  base m a t e r i a l s  and ca t -  
a l y s t s ,  w i t h  v a r i a t i o n s  i n  the r a t i o  o f  base t o  c a t a l y s t  and i n  the  amount o f  
s i l icone f l u i d  ( t h i n n e r )  used. 
o rder  t o  i n v e s t i g a t e  the e f f e c t  on the  working and c u r i n g  t i m e s  a t  a m ix tu re  
temperature of -5 "C. 
mended) would accelerate the cure,  thereby o f f s e t t i n g  the e f f e c t  of 
temperature.  

The r a t i o  o f  base t o  c a t a l y s t  was v a r i e d  I n  

I t  was assumed t h a t  a lower r a t i o  (5 v s  10 as recom- 

Dur ing the  course o f  the i n v e s t i g a t i o n ,  the m a t r i x  o f  exper imenta l  m i x -  
t u res  was expanded t o  inc lude a d d i t i o n a l  combinations o f  base, c a t a l y s t ,  and 
t h i n n e r .  The amount o f  s i l i c o n e  f l u i d  ( t h i n n e r )  i n  the  f i n a l  compound was var-  
i e d  t o  i n v e s t i g a t e  how i t  a f f e c t e d  the p o u r a b i l i t y  ( v i s c o s i t y )  o f  the  molding 
compound and the phys ica l  p r o p e r t i e s  o f  the f i n a l  molds. Each exper imenta l  
mold ing m ix tu re  was evaluated q u a l i t a t i v e l y  by c lose  observa t ion  o f  

t 

for  

the  

( 1 )  The ease ( p o u r a b i l i t y )  i n  f i l l i n g  the  mold box 
( 2 )  The cond i t i on  of the molding m ix tu re  d u r i n g  i n i t i a l  c u r i n g  and a f t e r  

complete cure 
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( 3 )  The general  p r o p e r t i e s  o f  the f i n a l  mold 

To a i d  i n  t h i s  e v a l u a t i o n ,  a s m a l l  amount o f  the molding m i x t u r e  was k e p t  
i n  the  m i x i n g  c o n t a i n e r  and was observed c a r e f u l l y  d u r i n g  i n i t i a l  c u r i n g  under 
t h e  same c o n d i t i o n s  as t h e  experimental mold. The general  p o u r a b i l i t y  o f  the  
m i x t u r e  a t  -5 "C and t h e  ease w i t h  which i t  f lowed i n t o  small  c a v i t i e s  i n  the  
sample were observed and noted dur ing mold f i  11 i ng. 
exper imental  c u r i n g  m i x t u r e  was r e a d i l y  determined by observ ing  t h l n  sec t ions  
t h a t  were e a s i l y  removable ( i f  cured) from the  m i x l n g  conta iner  or t h e  mold 
box. The t i m e  for  p a r t i a l  or complete cure was noted i n  each case and the  
q u a l i t y  o f  t h e  f i n a l  cured compound was determined by observ ing and n o t i n g  the  
f o l l o w i n g  c o n d i t i o n s :  

The condi t i o n  o f  the  

( 1 )  The f i d e l i t y  o f  t h e  sample reproduc t ion  i n  t h e  mold box (or t h e  

(2) The degree o f  e l o n g a t i o n  p r i o r  to f a i l u r e  
( 3 )  The comparative b a s i c  s t rength  a t  f a i l u r e  
( 4 )  The degree o f  hardness 
(5) The degree o f  a i r  entrapment, b o t h  i n  the  bas ic  compound and a t  t h e  

m i x i n g  conta iner )  

i n t e r f a c e  w i t h  the sample 

Test  Techniques for  Cast ing  

T e s t i n g  c a s t i n g  m a t e r i a l s  was much e a s i e r  than t e s t i n g  mold ing m a t e r l a l s  
because no temperature dependency was invo lved.  Since a l l  c a s t i n g  m a t e r i a l s  
cou ld  be t e s t e d  i n  t h e i r  designed environments, they were judged on t h e  follow- 
i n g  q u a l i t i e s :  

( 1 )  T h e i r  ease o f  hand l ing  
(2) T h e i r  f i n a l  r e p r o d u c t i o n  q u a l i t y  
( 3 )  T h e i r  f i n a l  s t r e n g t h  
( 4 )  T h e i r  f i n a l  m a c h i n a b i l i t y  

RESULTS AND DISCUSSION 

Molding Resul ts  

A s  the  t e s t i n g  progressed, much was learned of bas ic  m a t e r i a l  requirements 
and general  techniques. Many o f  the m a t e r i a l s  i n v e s t i g a t e d  w e r e  immediately 
d iscarded because o f  unacceptable c h a r a c t e r i s t i c s  a t  the temperatures r e q u i r e d  
for  mold ing i c e  fo rmat ions .  A s  shown by the  mold experiment r e s u l t s  ( t a b l e  V I ,  
many o f  the  t e s t e d  m a t e r i a l s  behaved p o o r l y .  

The o v e r a l l  r e s u l t s  of each ser ies o f  t e s t s  are discussed here. S i x  t e s t s  
were made w i t h  the  General E l e c t r i c  RTV 700 base and the Beta 4 c a t a l y s t  a t  
var ious  temperatures and m i x t u r e  r a t i o s .  This  combinat ion was abandoned 
because i t  would n o t  cure a t  the low temperatures r e q u i r e d .  I n  t h r e e  t e s t s  a t  
var ious  m i x t u r e  r a t i o s ,  t h e  Dow Corning S i l a s t i c  E compound a l s o  d i d  n o t  cure 
a t  low temperatures. A t  t h i s  p o i n t  i t  became c l e a r  t h a t  the p r o p e r t i e s  o f  the  
f i n a l  mold cou ld  be a l t e r e d  by a d j u s t i n g  t h e  r a t i o  o f  base t o  c a t a l y s t .  If no 
evidence of c u r i n g  was present  a f t e r  severa l  days, t h e  m a t e r i a l  was probab ly  
incapable o f  c u r i n g  a t  any m i x t u r e  r a t i o .  On t h i s  bas is ,  the n e x t  few mater i -  
a l s  were q u i c k l y  r e j e c t e d .  The Dow Corning S i l a s t i c  J was unable t o  cure a t  
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low temperatures even a f t e r  a f u l l  week. 
E l e c t r i c  RTV 664 and RTV 660 bases w i t h  t h e i r  matched c a t a l y s t s .  

Th is  was a l s o  t r u e  o f  the  General 

T e s t s  o f  t h e  General E l e c t r i c  RTV 700 base w i t h  the Beta 2 c a t a l y s t  
produced more promi s i n g  r e s u l t s .  
y ie lded  an exce l l en t  rep roduc t i on  o f  the i c e  sample. However, t he  c u r i n g  t ime 
of over 2 days was considered unreasonably long and the  compound was r e j e c t e d .  

Three molds a t  va r ious  m i x t u r e  r a t i o s  

The Dow Corning 3110 base combined w i t h  c a t a l y s t  4 appeared t o  be a good 

S i m i l a r  r e s u l t s  were  produced w i t h  the Dow Corning 3112 base combined 

candidate f o r  t h i s  work. A f t e r  s i x  t e s t s ,  c u r i n g  t imes a t  low temperatures 
were reduced t o  less  than 1 h r  and reproduc t ions  o f  the i c e  samples w e r e  excel -  
l e n t .  
w i t h  c a t a l y s t  4. Al though these two molding m a t e r i a l s  seemed to  so lve  the  
problems o f  cur ing  t ime and rep roduc t l on  q u a l i t y ,  they  were f a i r l y  b r i t t l e  and 
broke r a t h e r  than s t re tched.  

A t  t h i s  po in t ,  the  r e s u l t s  o f  the  molding i n v e s t i g a t i o n  were s u f f i c i e n t l y  
developed t o  be use fu l  i n  a concurrent  i c i n g  research program ( r e f .  3) for  doc- 
umenting i c e  accre t ions  on a h e l i c o p t e r  rotor blade. 
(Dow Corning 31 l O / c a t a l y s t  4/DC 200 t h i n n e r )  and techniques recommended for  
t h a t  program success fu l l y  captured the  d e t a i l s  o f  a v a r i e t y  o f  i c e  shapes 
q u i c k l y  and accura te ly .  

The mold ing composi t ion 

The f i n a l  molding m a t e r i a l  t es ted  seemed t o  so lve  the problem o f  i n s u f f i -  
c i e n t  s t r e t c h i n g .  
c a t a l y s t  produced e x c e l l e n t  molds w i t h  good d e t a i l e d  rep roduc t i on  ( f i g .  5) and 
e longa t ion  o f  t h e  end product  s u f f i c i e n t  t o  ensure good cas t  hand l ing .  A t  a 
mix tu re  r a t i o  of 10 p a r t s  base t o  1 p a r t  c a t a l y s t  w i t h  Dow Corning DC 200 t h i n -  
ner  added (10 w t  %), t he  c u r i n g  t i m e  a t  approx imate ly  -5 "C was c lose  t o  17 h r .  

I n  s i x  t e s t s ,  the  Dow Corning HS RTV base w i t h  i t s  matched 

Cast ing  Resu l ts  

S e l e c t i n g  a c a s t i n g  m a t e r i a l  was much s impler  than s e l e c t i n g  a molding 
m a t e r i a l  p r i m a r i l y  because the re  were no unusual requirements as t o  how the  
cas t  should be produced. The s e l e c t i o n  o f  a c a s t i n g  m a t e r i a l  o n l y  necessi-  
t a t e d  f o l l o w i n g  the manufacturers '  i n s t r u c t i o n s  and then dec id ing  which o f  the 
r e s u l t a n t  cas ts  was pre fer red .  

As  can be seen from the  cas t  exper iment r e s u l t s  ( t a b l e  V I ) ,  some of the  
cas t i ng  ma te r ia l s  had undes i rab le  q u a l i t i e s .  The H e x c e l  U r a l i t e  3124, the  
Ciba-Geigy 506-956 combinat ion,  and the  Ciba-Geigy 502-956 combinat ion a l l  
produced cas ts  f i l l e d  w i t h  a i r  bubbles bo th  i n  the  i n t e r i o r  and on the  sur face .  
The sur face bubbles rendered the  c a s t  too rough t o  be considered an accurate 
rep resen ta t i on  of an i c e  sample. The Ciba-Geigy cas ts  were  a l s o  ext remely exo- 
thermic.  The Hexcel U r a l i t e  3125 cas t  s tuck t o  the  mold a f t e r  cu r ing ,  and the  
mold had t o  be destroyed i n  o rder  t o  remove the cas t .  

The two remalning m a t e r i a l s ,  H e x c e l  U r a l i t e  7250 ( f i g .  6) and Hexcel 
E p o l l t e  3306 ( f i g .  71, produced e x c e l l e n t  cas ts .  Each m a t e r i a l  has c e r t a i n  
advantages over  the o t h e r .  The urethanes are g e n e r a l l y  eas ie r  t o  m i x  t h a t  the  
t h i c k e r  epoxies.  U r a l i t e  i s  tougher and eas ie r  t o  handle than E p o l i t e  b u t  must 
be cured i n  an oven f o r  op t ima l  r e s u l t s .  E p o l i t e  can be cured a t  r o o m  tempera- 
t u r e .  A l though i t  i s  more b r i t t l e ,  i t  i s  more e a s i l y  machined than U r a l i t e .  
These two f i n a l  casts were c u t  and d r i l l e d .  The holes were l a t e r  measured t o  
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t e s t  the  m a c h i n a b i l i t y  of the mater ia ls .  
small because the  ma te r ia l  s t re tched wh i l e  be ing  machined and then bounced 
back. 
the ma te r ia l  i s  t o  be machined. 

The U r a l i t e  ho le  was found to  be too 

Although t h i s  e l a s t i c i t y  makes U r a l i t e  tough, i t  i s  a disadvantage i f  

CONCLUDING REMARKS 

Exce l l en t  d e t a i l  of i c e  format ions can be reproduced i n  molds by us ing  the  
proper ma te r ia l s  and techniques. The experiments descr ibed demonstrated t h a t  
i t  i s  poss ib le  to  use a s i l i c o n e  rubber mold ing ma te r ia l  below 0 "C and s t i l l  
have reasonable cu r ing  times. I t  has a l s o  been shown t h a t  an accurate,  tough, 
and machinable permanent model o f  i c e  fo rmat ions  can be cas t  from prev ious l y  
produced molds through the use o f  se lected urethanes and epoxies. 

Dow Corning HS RTV was chosen as the  bes t  ma te r ia l  for  molding a t  low tem- 
I t  achieved good reproduc t ion  o f  sur face fea tu res ,  demonstrated the  

The f i n a l  m ix tu re  
pera tures .  
requ i red  e longat ion ,  and requ i red  reasonable c u r i n g  t ime. 
ratio iused was 10 p a r t s  base to 1 p a r t  c a t a l y s t  w i t h  10 w t  % o f  20-cent istoke- 
v i s c o s i t y  DC 200 s i l i c o n e  f l u i d .  

For cas t ing ,  the choice o f  an ideal  ma te r ia l  depends upon the  des i red  
a p p l i c a t i o n .  
(100 p a r t s  7250A t o  38 p a r t s  72508). For a cas t  t h a t  must be machined w i t h  
r e l a t i v e l y  t i g h t  to lerances,  the best ma te r ia l  would be Hexcel E p o l i t e  3306 
(100 p a r t s  r e s i n  t o  10 p a r t s  hardener). 

For a tough cas t ,  the  best ma te r ia l  would be Hexcel U r a l i t e  7250 
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.ABLE I. - PROPERllLb Ut  WLUlNb ANU CASllNb MAItKlALS 

(a )  Molding ma te r ia l s  

Property sought I Benef i t 

I 

Low pour ing v i s c o s i t y  
Low shrinkage 

High t e a r  strength,  
h igh  elongat ion,  and 
h igh  t e n s i l e  s t rength  

Reasonable working t ime 
and po t  l i f e  

Freedom from t o x i c i t y  
Lack o f  exothenni c 

reac t i on  dur ing  cu r ing  
Reasonable cu r ing  t ime 

a t  -5 

1 

F i l l s  small  c a v i t i e s  
Maintains exact shape 

A1 1 ows smal l -cross- 
o f  master 

sec t i on  mold ma te r ia l  
t o  be removed from 
master w i thou t  t e a r i n g  

Al lows adequate t ime f o r  
de-ai r i n g  and handl i ng 

Safety i n  handl i ng 
Pro tec ts  i c e  acc re t i on  

d e t a i l s  f o r  reproduct ion 
Preserves de ta i  1 s of i c e  

shapes 

Mater ia l  V i  scosi t y  , Cured Shrinkage, 
CP hardness, percent 

shore A 

Dow Corning: 
S i l a s t i c  E 1 2oX 103 35 (a )  
S i l a s t i c  J 100 60 (a )  
S i l a s t i c  L 120 33 ( a )  
31 10 14 45 0.4 
31 12 30 60 .3 
HS R T V ~  45 20 .5 

RTV 700 SOX 1 O3 30 0.2 
RTV 664 110 60 0 
RTV 630 180 70 .2 
RTV 660A 60 33 0 

General E l e c t r i c :  

I 

Tear Tens i le  Elongation, Cur ing 
strength,  strength,  percent t ime 

a t  77 O F ,  

1 b/ in.2 h r  

90 700 400 24 
85 800 250 24 
45 500 370 24 
15 350 180 2 
30 600 120 5 

135 880 41 0 24 

l b / i n .  

125 600 400 24 
100 800 220 18 
85 800 200 24 

110 600 360 24 

(b )  Cast iog ma te r ia l s  

Low pour ing v i s c o s i t y  
Low shrinkage 

High f l e x u r a l  and ten- 
s i l e  s t rength  

Reasonable working t ime 

Compat ib i l i t y  w i t h  mold 

Reasonable cu r ing  t ime 

Freedom from t o x i c i t y  

Lack o f  exothermic 

and p o t  l i f e  

mater i  a1 

(-24 h r )  

reac t i on  du r ing  cu r ing  

F i l l s  small  mold d e t a i l s  
Maintains exact shape o f  

mol d 
Withstands aerodynamic 

loads generated du r ing  
wind tunnel  t e s t i n g  o f  
cas t  reproduct ions 

A1 1 ows adequate t ime f o r  
m i  x i  ng and handl i ng 

Produces acceptable 
cas t ings  w i thout  
des t roy i  ng de ta i  1 s 

A1 1 ows prac t i ca l  han- 
. d l  i ng 

Provides sa fe ty  i n  
handl i ng 

Pro tec ts  mold d e t a i l s  

TABLE 11. - CANDIDATE MOLDING MATERIALS 
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TABLE 111. - CANDIDATE CASTING MATERIALS 

Mater i a1 

Epoxy: 
C i  ba-Gei gy A ra ld i  t e  506 

C i  ba-Gei gy Ara l  d i  t e  502 

Hexcel Epol i t e  3306 

Hexcel U r a l i t e  3124 

Hexcel Ural  i t e  3125 

Hexcel U r a l i t e  7250 

Urethane : 

M i  xed Cured Shrinkage, F1 exural  Tensi 1 e Cur ing Cur ing 
v i scos i t y ,  hardness, percent s t rength ,  strength,  time, temperature. 

C P  shore D h r  O F  
lb / in .2  l b / i n .2  

600 0.03 18 000 10 000 72-168 (a) 
2-8 212 

2100 - .01 14 000 8 300 24 (a) 
2-3 212 

6000 86 .05 8 200 6 300 16 (a)  

6400 75 0.05 4 280 16 (a )  

5800 80 .08 8 000 24 (a) 

2600 60 .14 2 600 18-36 (a) 

------ 
2 175 

2 175 

1-2 175 

I---- 

--I-- 
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TABLE I V .  - CANDIDATE MIXTURES 

( a )  General E l  e c t r i  c products 

' 

Catalyst  Base 

RTV 700 

RTV 660Aa 

Rat io  o f  
base t o  
ca ta l  ys ta 

RTV 630 Matched 10 
c a t a l y s t  10 

7 

Base I Ra t io  o f  
base t o  
c a t a l y s t a  

Thinner, 
w t  % 

10 
25 
10 
25 
10 
25 

10 
25 

10 
25 
10 
25 
10 
25 

0 
10 
25 

I 1: Beta 4 

10 

:b 
7 

15 

I 15 15 
15 15 25 

25 

10 
15 

660Bb 

RTV 664 6646 

I 660Bb I 30 30 
30 

660Bb 9 

660Bd 
660Bd 

7 
10 
7 1 ) )  Dow Corning products 

10 
10 
7 
7 

15 
15 
30 
30 
30 

Base Rat io  o f  
base t o  
ca ta l  y s t a  

Ca ta l ys t  Ra t io  o f  
base t o  
ca ta l ys ta  

Thinner, 
w t  % 

Base 

31 12 

S i l a s t i c  J 

S i l a s t i c  L 

Thi nner, 
w t  % 

Catalyst  

Catalyst  1 

Catalyst  4 

Ca ta l ys t  1 5 
5 
5 

10 
10 
10 

0 
10 
25 

0 
10 
25 

31 10 

5 
10 
10 
10 

25 
0 

10 
25 

100 
100 
100 
200 
200 
200 
400 
400 
400 
150 

0 
10 
25 
0 

10 
25 

0 
10 
25 

0 

100 
100 
100 
200 
200 
200 
400 
400 
400 

0 
10 
25 
0 

10 
25 

0 
10 
25 

Ca ta l ys t  4 

Matched 
c a t a l y s t  

S i l a s t i c  E Matched 
ca ta l ys t  

10 
25 

0 
10 
25 
10 
25 

10 
25 
10 
25 
10 
25 
25 

10 
10 
7 
7 

15 

10 
10 
7 
7 
7 

15 
15 

10 
20 
15 
7 

Matched 
ca ta l ys t  

10 
10 
10 
10 

Matched 
c a t a l y s t  

10 
25 
10 
25 
10 
25 

HS R T V ~  10 
10 
7 
7 

15 
15 

a A l l  r a t i o s  measured by weight. 
bAdded dur ing  inves t iga t ion .  
CSlow cure. 
dFast cure. 
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RTV 700 

S i l a s t i c  E 

502-956 

RTV 700 
31 10 

S i l a s t i c  J 
RTV 664 
31 10 

3!!2 

RTV 660A 
RTV 660A 
RTV 700 

b ibb l  y 

bubbl Y 
Very exothermic; needs oven: 

HS RTV 

U r a l i t e  7250 

E p o l i t e  3306 

~- 

TABLE V .  - MOLD EXPERIMENT RESULTS 

Large cas t :  very good: needs 

Large cas t :  very good 
oven 

Cata lys t  

Beta 4 

Matched 

Beta 4 
Cata lys t  4 

Matched 
RTV 6648 
Cata lys t  4 

Catalyst 4 

RTV 6608 
RTV 6608 
Beta 2 

Matched 

Matched 
Matched 
Matched 

HS RTVa 
HS RTVa 

Rat io  o f  
base t o  
c a t a l y s t  

10 

I 
7 
7 

10 
7 
7 
7 

170 
250 
200 

5 
7 

100 
100 
150 
1 on 

10 
7 
7 
5 
3 

10 

20 
7 

15 

DC 200 
th inner ,  

w t  % 

0 

10 

25 

25 
15 
25 
10 
0 

10 
0 

10 
10 
25 
10 
0 

10 
0 

10 

25 
10 
10 
10 
15 
10 I 

Comments 

Room temperature ; too  

Room temperature; cure t ime 

Room temperature: cure t ime 

No cure a t  low temperature 
Too t h i c k  t o  pour 
No cure a t  low temperature 

t h i c k  t o  pour: trapped a i r  

t oo  l o n g  

too  l o n g  

I 
Cure too f a s t  (no po t  l i f e )  
Cure too l ong  (23 h r )  
Cure too l ong  ( 3  days) 
No cure a t  low temperature 
No cure a t  low temperature 
Trapped a i r  
Cur ing t ime, -50 min: good mold 
Cur ing t ime, -1.5 h r ;  good mold 
Trapped a i r ;  pnt  l i f e :  -10 m i n ;  

cu r ing  time, -45 min 
No cure a t  low temperature 
No cure a t  low temperature 
Cure too l ong  (-5 days) 
Cure too l ong  (-3 days) 
Cure too l ong  (-2 days) 
Cur ing t ime, <24 hr ;  good mold 
Cur ing t ime, <18 hr;  good mold 
Cur ing t ime, -17 hr :  good mold: 

Cur ing t ime, >24 h r  
Cur ing t ime, 18 h r  
Cur ing t ime, >26 h r  

used 

TABLE V I .  - CAST EXPERIMENT RESULTS 

mater i a1 
Comments 

Ural  i t e  7250a 
U r a l i t e  3124 
U r a l i t e  3125 
E p o l i t e  3302 

Epol i t e  3306b 
506-956 

Very good process: needs oven 
Fu l l  o f  bubbles: needs oven 
St icks t o  mold: needs oven 
Somewhat exothermic: very good 

discontinued mate r ia l  
Somewhat exothermic: very good 
Very exothermic: needs oven: 
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FIGURE 1.  - I C E  FORMATION ON AIRCRAFT WING. 

ORIGINAL PAGE IS 
OF POOR QUALITY 

FIGURE 2. - TRACING OF I C E  FORMATION ON AIRCRAFT WING. 
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FIGURE 3. - PLASTER CAST FROM HOT WAX MOLD OF I C E  FORMATION ON AIRCRAFT WING. 

ORIGINAC PXGE TS 
'a ;eoOR QUALITY 

FIGURE 4. - MOLD BOX ON MODEL AIRCRAFT WING I N  WIND TUNNEL. 
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FIGURE 5. - MOLD PRODUCED WITH DOW CORNING HS RTV. 

C-86-7 103 

FIGURE 6.  - CAST PRODUCED WITH HEXCEL URALITE 7250. 
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