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The CAST experiment will study the phenomena that occur during directional 

solidification of an alloy, e.g., constitutional supercooling, freckling, and 

dendrite coarsening. The reduced gravity environment of space will per3it the 

individual phenomena to be examined with minimum complication from buoyoncy 

driven flows. 

Constitutional Supercooling 

In recent years a series o f  Space Processing Applications Rocket (S?AR) a n d  

KC-135 aircraft experiments have been flown to study the effects of gr-Lity on 

the solidification of first, a metal-model (28 NH~C~-HZO)~ l 2  and then 

met01 alloys (Sn-ISPb, Sn-3Bi, A1-4.5Cu, MAR-M246 and PWA 1480)3-6 IC the 

first metal-model experiment (bi-directional solidification) four [ l l 0 ]  dendrite 

arrays nucleated and grew outward from the container walls filling the entire 

crucible. No crystallites appeared ahead of the interface, implying tF:t in the 

absence of gravity, the forces were not present that would cause dendrlze frag- 

mentation and movement in the liquid. The second (unidirectional solidl- 

fication) experiment also began [llo] growth at the cooled wall, but several 

[I001 crystallites appeared and grew ahead of the interface. In each instance 

the low-gravity arrays grew significantly slower than one-g ground runs .  

the two metal-model experiments, the growth rates were the same (R, cm/’Tin) but 

the temperature gradients differed by a factor of 7 (70O C/cm for flight One 
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and 10OC/cm f o r  f l i g h t  two) .  T h i s  g i v e s  c o n s t i t u t i o n a l l y  super-cooled r e g i o n s  

o f  0 . 5  cm and 3 . 8  cm, r e s p e c t i v e l y .  Eased on t h e o r i e s  o f  t h e  columnar t o  

equiaxed t r a n s i t i o n  i n  c a s t i n g s  7-9, s e v e r a l  i n t e r - p r e t a t i o n s  can be made f rom 

these  r e s u l t s ,  t h e  p r i n c i p a l  two b e i n g  t h a t  g r a v i t y  d r i v e n  f l u i d  f l o w  i s  

r e s p o n s i b l e  f o r  t h e  m e l t i n g  o f f  o f  d e n d r i t e  arms and t h e i r  t r a n s p o r t  i n t o  t h e  

m e l t ,  o r  a non-convect ion r e l a t e d  c o n s t i t u t i o n a l  s u p e r c o o l i n g  phenomena 

encourages n u c l e a t i o n  ahead o f  t h e  i n t e r f a c e .  Rather  than  d i s t i n g u i s h i n g  

between t h e  two p o s s i b i l i t i e s  as was in tended ,  t h e  SPAR exper iments were 

i n c o n c l u s i v e .  

A t h i r d  e x p l a n a t i o n  was t h e  occurrence o f  r e s i d u a l  f l o w s  f rom t h e  de-sp in 

o f  t h e  sounding r o c k e t .  I f  these were s t i l l  p r e s e n t  when t h e  second exper iment  

began f r e e z i n g ,  t h e y  c o u l d  account f o r  c r y s t a l l i t e s  moving i n t o  t h e  f l u i d .  

T h i s  h y p o t h e s i s  was t e s t e d  i n  KC-135 and F104 l o w  g r a v i t y  a i r c r a f t  e x p e r i -  

rnen ts l0#  u s i n g  shadowgraph, i n t e r f e r o m e t r y  and S c h l i e r e n  techn iques .  

These o p t i c a l  t echn iques  enabled t h e  exper imenters  t o  observe b o t h  t h e  d e p l e t i o n  

l a y e r  a d j a c e n t  t o  t h e  growth i n t e r f a c e  and t h e  presence o f  c o n v e c t i o n  plumes. 

The f l i g h t  p r o f i l e  o f  t h e  KC-135 causes a sample t o  exper ience  one t o  two g ’ s  

b e f o r e  e n t e r i n g  a 20 sec.  p e r i o d  o f  l ow  g r a v i t y .  D u r i n g  u n i d i r e c t i o n a l  s o l i d i -  

f i c a t i o n  s t u d i e s  growth plumes were e s t a b l i s h e d  d u r i n g  t h e  i n i t i a l  h i g h  g and 

f l o w  r a t e s  on t h e  o r d e r  o f  lcm/min were seen p r i o r  t o  i n c e p t i o n  of t h e  low 

( . 0 1  g )  g r a v i t y  p e r i o d .  These plumes dampened and began t o  d i f f u s e  10 seconds 

a f t e r  e n t r y  i n t o  l o w  g r a v i t y ,  i n d i c a t i n g  t h a t  t h e  p r e d i c t e d  l2 damping t imes  

f o r  t hese  e x p e r i m e n t a l  cases must have been i n a c c u r a t e .  F u r t h e r  the rma l  da ta  

f rom F104 f l i g h t s  suppor t s  t h e  concept t h a t  damping t imes  i n  these  m a t e r i a l s  

a r e  r a p i d .  I t ,  t h e r e f o r e ,  i s  implausable t h a t  t h e  n u c l e i  were c a r r i e d  ahead 

o f  t h e  i n t e r f a c e  by r e s i d u a l  f l o w s .  
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Experiments w i t h  m e t a l  systems on SPAR produced s i m i l a r  r e s u l t s .  394 The 

Sn - 15Pb a l l o y  s o l i d i f i e d  w i t h  l a r g e  equiaxed g r a i n s  i n  c o n t r a s t  t o  t h e  more 

columnar p l u s  s m a l l  equiaxed g r a i n s  o b t a i n e d  f rom one-g and c e n t r i f u g e  

s o l i d i f i c a t i o n .  The Sn - 3 B i  a l l o y  a l s o  s o l i d i f i e d  i n i t i a l l y  w i t h  l a r g e  g r a i n s  

on SPAR, b u t  t h e  f i n a l  r e g i o n  su r round ing  t h e  s h r i n k a g e  c a v i t y  f r o z e  w i t h  s m a l l  

equiaxed g r a i n s .  It i s  n o t  known i f  these  s m a l l  g r a i n s  formed due t o  

c o n s t i t u t i o n a l  s u p e r c o o l i n g  n u c l e a t i o n ,  a g r a v i t y  independent  f l o w  as  a r e s u l t  

o f  t h e  sh r inkage  c a v i t y ,  o r  g r a v i t y  d r i v e n  c o n v e c t i o n  due t o  t h e  sounding 

r o c k e t  l e a v i n g  t h e  l o w - g r a v i t y  c o n d i t i o n s .  The c o n t r o v e r s y  remains 

concern ing  t h e  f o r m a t i o n  o f  g r a i n s  ahead o f  an i n t e r f a c e .  

The i n v e s t i g a t o r s  f e e l  t h a t  t h i s  c o n t r o v e r s y  can be r e s o l v e d  by a more 

thorough s t u d y  o f  s o l i d i f i c a t i o n  i n  m i c r o g r a v i t y .  The extended t imes  a v a i l a b l e  

on Spacelab w i l l  a l l o w  exper iment c o n d i t i o n s  t h a t  cove r  a range o f  growth r a t e s ,  

temperature g r a d i e n t s  and, hence, c o n s t i t u t i o n a l l y  supercooled r e g i o n s  w i t h o u t  

t h e  c o n f u s i n g  presence o f  g r a v i t y  d r i v e n  f l u i d  f l o w .  The s o l u t e  and the rma l  

f i e l d s  a s s o c i a t e d  w i t h  t h e  d e n d r i t e  growth f r o n t  w i l l  be measured and compared 

t o  a t h e o r e t i c a l  ( c o m p u t a t i o n a l )  model. 

F r e c k l i n g  

The ammonium c h l o r i d e - w a t e r  system i s  used t o  s tudy  t h e  occurrence o f  

t h e r m o - s o l u t a l  c o n v e c t i o n  and p luming as i t  would occu r  i n  m e t a l  systems such 

as s t e e l  c a s t i n g s , 1 3 1 1 4  t h e  supera l l oys15  o r  o t h e r s , 1 6 - 1 7  s i n c e  i t  has a 

d e n s i t y  i n v e r s i o n  a t  t h e  i n t e r f a c e  due t o  r e j e c t i o n  o f  w a t e r - r i c h  s o l u t e .  T h i s  

phenomena i s  o f t e n  c a l l e d  f r e c k l i n g  and tends  t o  l i m i t  t h e  range of  
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compos i t i ons  f o r  many a l l o y s  processed on e a r t h  s i n c e  i t  causes l o c a l i z e d  

s e g r e g a t i o n  and s m a l l  equiaxed g r a i n s  i n  t h e  f i n a l  c a s t i n g .  The plumes c o n t a i n  

c o o l e r  l i q u i d  w i t h  a d i f f e r e n t  compos i t i on  f rom t h e  su r round ing  r e g i o n  and as 

t h e y  t r a v e r s e  th rough  t h e  d e n d r i t e  f o r e s t  c r e a t i n g  a channel ,  t h e y  c a r r y  

c r y s t a l l i n e  f ragments which appear as t r a i l s  o f  equiaxed g r a i n s  i n  t h e  f i n a l  

i n g o t .  The r e g i o n  o f  t h e  f r e c k l e s ,  t h e r e f o r e ,  has a d i f f e r e n t  compos i t i on  (and 

m e l t i n g  p o i n t )  and c r y s t a l l i n e  morphology f rom t h e  remainder o f  t h e  i n g o t .  

F r e c k l i n g  was f i r s t  s t u d i e d  s y s t e m a t i c a l l y  i n  t h e  metal-model NHqC1-H2015 

and found t o  depend on the rma l  d i f f u s i v i t y ,  d e n s i t y  i n v e r s i o n ,  s o l u t e  

d i f f u s i v i t y  and v i s c o s i t y .  

d e f i n e  c r i t e r i a  f o r  t h e  w i d t h  and s t a b i l i t y  o f  t h e  i n v e r t e d  l a y e r .  One 

c r i t e r i a  i s  based on the rma l  p r o p e r t i e s  and t h e  o t h e r  on c o n c e n t r a t i o n  e f f e c t s .  

S ince  n e i t h e r  c r i t e r i a  i n c l u d e s  b o t h  t h e  e f f e c t  o f  l a t e n t  h e a t  and seg rega t ion  

s i m u l t a n e o u s l y ,  t h e y  g r o s s l y  underes t ima te  t h e  s o l i d i f i c a t i o n  c o n d i t i o n s  (g rowth  

r a t e  and tempera tu re  g r a d i e n t )  t h a t  a r e  necessary t o  e l i m i n a t e  f r e c k l i n g .  The 

presence o f  l a t e n t  h e a t  i nc reases  t h e  s i z e  o f  t h e  s e g r e g a t i o n  generated i n v e r t e d  

l a y e r  a t  a c r i t i c a l  growth r a t e .  T h i s  i s  n o t  apparent  f r o m  t h e  e a r l i e r  two 

c r i t e r i a .  C o n s i d e r a t i o n  o f  t h e  combined e f f e c t s  decreases t h e  growth r a t e  f o r  

s t a b i l i t y  i n  28 NH4Cl-H20 by  two o r d e r s  o f  m a g n i t u d e . l *  

Severa l  i n v e s t i g a t o r s 1 5 *  l6 have at tempted t o  

I n  t h e  proposed f l i g h t  exper iment ,  t h e  s i z e  and c h a r a c t e r i s t i c s  o f  t h e  

l a y e r  as a f u n c t i o n  o f  growth c o n d i t i o n s  w i l l  be measured u s i n g  holography and 

compared w i t h  p r e s e n t  t h e o r i e s .  For  t h e  minimum temperature g r a d i e n t  (2OC/cm) 

t h e  l a y e r  w i l l  decrease w i t h  i n c r e a s i n g  growth r a t e  u n t i l  a c r i t i c a l  R i s  

reached upon which t h e  l a y e r  w i l l  i n c r e a s e  due t o  l a t e n t  h e a t  e f f e c t s .  For 

t h e  maximum temperature g r a d i e n t  (28OC/cm). t h e  l a y e r  w i l l  decrease 
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m o n o t o n i c a l l y  w i t h  i n c r e a s i n g  R s i n c e  t h e  c r i t i c a l  R w i l l  never  be reached due 

t o  FES l i m i t a t i o n s .  

F r e c k l i n g  has g e n e r a l l y  been though t  t o  b e g i n  w i t h i n  t h e  mushy zone below 

t h e  d e n d r i t e  t i p s .  A r e c e n t  s tudy ,  however, a l s o  on NH4Cl-H20, suggests 

t h a t  t h e  channels  f o r  f r e c k l i n g  o r i g i n a t e  a t  t h e  d e n d r i t e  f r o n t  and spread. 

S ince  o p t i c a l  t echn iques  such as S c h l i e r e n  and i n t e r f e r o m e t r y  e a s i l y  d e l i n e a t e  

t h e  plumes, t h e  FES system i s  a p o w e r f u l  t o o l  f o r  s t u d y i n g  t h i s  phenomena. The 

s i z e  of t h e  i n v e r t e d  l a y e r  can be as l a r g e  as l cm under t h e  proposed 

e x p e r i m e n t ’ s  l o w  temperature g r a d i e n t  and growth c o n d i t i o n s .  I n  ground based 

exper iments t h e  l a y e r  becomes u n s t a b l e  l o n g  b e f o r e  i t  reaches i t s  maximum s i z e  

w i t h  t h e  r e s u l t  t h a t  events w i t h i n  t h e  l a y e r  a r e  d i f f i c u l t  t o  s t u d y .  D u r i n g  

t h e  I M L  f l i g h t  t h e  l a y e r  can reach a l a r g e  enough s i z e  t h a t  i t s  c h a r a c t e r i s t i c s ,  

such as i n t e r n a l  p luming,  can be r e s o l v e d .  

D e n d r i t e  Coarsening 

D e n d r i t e  coa rsen ing  i s  a phenomena t h a t  occu rs  on t h e  m i c r o - s c a l e  and i s  

p r i m a r i l y  r e s p o n s i b l e  f o r  f i n a l  d e n d r i t e  arm spacings by caus ing  t h e  

d i s s o l u t i o n  and sh r inkage  o f  s m a l l e r  arms and t h e  g rowth  o f  l a r g e r  arms. I t  i s  

a f u n c t i o n  o f  l o c a l  s o l i d i f i c a t i o n  t i m e ,  and temperu tu re  and c o n c e n t r a t i o n  

g r a d i e n t s .  

The SPAR exper iments 1-4 and KC-135 f l i g h t s  5 1 6  have shown a g r a v i t y -  

r e l a t e d  coa rsen ing  e f f e c t  on t h e  secondary d e n d r i t e  arms. Each a l l o y  system 

showed g r e a t e r  arm spacings f o r  t h e  l o w - g r a v i t y  s o l i d i f i c a t i o n .  I n  t h e  

i n s t a n c e  o f  KC-135 f l i g h t s ,  t h e  arm spacings i n c r e a s e d  i n  low-g, decreased i n  
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h igh -g  and t h e n  inc reased  aga in  when t h e  n e x t  low-g pa rabo la  was f l o w n .  

Theor ies  on d e n d r i t e  

c o n c e n t r a t i o n  f i e l d  and e f f e c t i v e  d i f f u s i o n  l e n g t h ,  t h e  p e r t u r b a t i o n  f requency 

and, hence, t h e  d e n d r i t e  arm spacing i s  a f f e c t e d .  I n  t h e  case o f  l o w - g r a v i t y ,  

t h e  d i f f u s i o n  l e n g t h  would i n c r e a s e  and, t h e r e f o r e ,  so would t h e  arm spacings.  

20 suggest t h a t  by changing t h e  su r round ing  

A more r e c e n t  KC-135 exper iment5 on t h e  s u p e r a l l o y  PWA 1480 has shown 

t h e  same p h y s i c a l  r e s u l t s  f o r  t h e  p r i m a r y  arm spacings ( e . g .  spac ing  

i n c r e a s e s  as g r a v i t y  l e v e l  decreases).  

suggests t h a t  t h e s e  spacings a r e  r e l a t e d  t o  tempera tu re  g r a d i e n t  and growth 

r a t e  o r  c o n c e n t r a t i o n  g r a d i e n t .  T h i s  would d r i v e  t h e  m a t e r i a l  toward s m a l l e r  

arm spacings i n  reduced g r a v i t y  which i s  c o n t r a r y  t o  t h e  e x p e r i m e n t a l  r e s u l t s .  

T h i s  was t h e  f i r s t  s tudy  o f  l o w - g r a v i t y  p r i m a r y  arm spac ings ,  and i t  suggests 

t h a t  t h e r e  may be a s u b t l e  e f f e c t  which has n o t  y e t  been i d e n t i f i e d .  

Review o f  c u r r e n t  t h e o r i e s 2 1  1 22t23 

I t  i s  p lanned t h a t  once t h e  s o l i d i f i c a t i o n  process i t s e l f  has been 

model led f o r  t h e  m i c r o g r a v i t y  environment,  t h e  coa rsen ing  o f  t h e  d e n d r i t e  

arms w i l l  be s t u d i e d .  Th is  w i l l  be accompl ished u s i n g  a m a g n i f i c a t i o n  l e n s  

at tachment  t o  t h e  FES and is proposed f o r  a subsequent f l i g h t .  

Method and Approach 

The s t u d y  w i l l  proceed s y s t e m a t i c a l l y  w i t h  a m a t r i x  o f  n i n e  temperature 

g r a d i e n t s  and growth r a t e s  t h a t  w i l l  encompass a range o f  d e n s i t y  i n v e r t e d  

l a y e r  s i z e s  and c o n s t i t u t i o n a l l y  supercooled r e g i o n s .  Based on e a r l i e r  KC-135 

r e s u l t s .  t h e  temperature g r a d i e n t s  a r e  expected t o  be d i f f e r e n t  i n  l o w - g r a v i t y  

f o r  t h e  same t e s t  parameters,  so two n o n - s o l i d i f y i n g  c o n t r o l  samples w i l l  be 
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run at identical conditions to two of the matrix runs to evaluate those 

differences. To produce more rapid solidification fronts, two runs will be 

processed in which the fluid is cooled below its freezing point and solidifi- 

cation initiated by a cold thermal pulse. 

Holograms will be taken during each of these growth runs. In this way, 

various optical techniques can be used through post-flight reconstructions 

to determine concentratioo.and thermal profiles, observe perturbations in the 

inverted layer, and distinguish nuclei that form ahead of the interface. 

Since NH4Cl-H20 has been extensively used for similar studies, it has 

been chosen for these experiments. A two component system is required in 

order to model alloy solidification and investigate freckling phenomena. The 

present investigators have characterized NH4Cl-H20 optically in addition to 

accummulating other significant property data. Compared to other available 

metal models (e.g. succinonitrile with solute), NH4Cl-H20 is the superior 

medium available. 

465 



REFERENCES 

1 .  

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9 .  

10 

11. 

12. 

13. 

1 4 .  

15.  

1 6 .  

17. 

18. 

19.  

20.  

M.  H.  Johnston and C .  A .  G r i n e r ,  Met. Trans. A ,  e, 1977, p .  77.  

M.  H .  Johnston, C .  S .  G r i n e r ,  R .  A .  P a r r  and S .  J. Robertson, J .  o f  
C r y s t a l  Growth 50 (1980) ,  p .  831. 

M.  H .  Johnston and R .  A .  P a r r ,  Met Trans 138 ' (1982) ,  p .  85.  

M.  H .  Johnston and R .  A .  P a r r ,  Proceedinqs, M a t e r i a l s  Research S o c i e t y ,  
M a t e r i a l s  Process inq i n  t h e  Reduced G r a v i t y  Environment o f  Space, 
G .  E. Rindone, E d i t o r ,  E l s e v i e r  Science P u b l i s h i n g  Co., I n c . ,  p .  651, 
(1982) .  

M. H.  McCay, J .  E. Lee and P .  A .  C u r r e r i ,  Met.  Trans.  17A, pp. 2301-2302, 
(1986) .  

M.  H .  Johnston, P .  A .  C u r r e r i ,  R .  A .  P a r r  and W .  S.  A l t e r ,  Met.  Trans.  z, pp .  1683-1686, (1985).  

W .  C .  Wingard and B .  Chalmers, Trans. Am. SOC. M e t a l s ,  46, 1954. 

A .  K .  Jackson, J .  D .  Hunt,  D .  R .  Uhlmann and T .  P .  Steward, 111, Trans 
Met. S O C .  AIME,  236, 1966, p .  149. 

R .  D .  Doher t y ,  P . D .  Cooper, M.  H .  Bradbury and F .  J. Honey, M e t a l l u r q i c a l  
T ransac t i ons  A ,  e, 1977, p .  397. 

M.  H. Johnston and R .  E .  Owen, Met.  Trans.  A ,  x, (1983) ,  p .  2163. 

R .  E .  Owen and M.  H .  Johnston, O p t i c s  and Lasers i n  E n q i n e e r i n g ,  V o l .  2 ,  
p .  129, (1981) .  

R .  B Owen and M.  H .  Johnston, O p t i c s  and Lasers i n  E n g i n e r i n q ,  5 ,  p .  95, 
( 1 9 8 4 ) .  

R .  J .  McDonald and J .  D .  Hunt,  Trans A I M E  245 (1969) ,  pp.  1993-1997. 

R .  J .  McDonald and J .  D .  Hunt,  Met.  Trans.  1 ( 1 9 7 0 ) -  pp. 1787-1788. 

S .  M.  Copley,  A .  F .  Giamei, S .  M.  Johnson and M.  F .  Hornbecker,  Met. 
Trans.  1 (1970) ,  pp. 2193-2204. 

R .  M. Sharp and A .  H e l l a w e l l ,  J .  o f  C r y s t a l  Growth 12 (1972) ,  pp.  261-262 

A .  K .  Sample and A .  H e l l a w e l l ,  Met.  Trans. 15A (1984) ,  pp.  2163-2173. 

T .  D .  McCay and M. H .  McCay, submi t ted  t o  M e t t a l u r g i c a l  T ransac t i ons  A .  

M .  E .  Gl icksman, N .  E .  Singh and M. Chopra, M a t e r i a l s  Process ing i n  t h e  
Reduced G r a v i t y  Environment o f  Space, Guy E .  Rindone, E d i t o r ,  E l s e v i e r  
Science P u b l i s h i n g  Company, I n c .  (1982) ,  p .  461. 

M. E. Glicksman and P .  W .  Voorhees, Met.  Trans.  A 15A ( 1 9 8 4 ) ,  p .  9 9 5 .  

466 



21. J. D.  Hunt, "Solidification and Casting of Metals,ii The Metals Society 
Book 192, London,  1979, pp.  3-9. 

22. W .  Kurz and D .  J. Fisher, Acta Metall., 1981, Vol. 29, p p .  11-20 

2 3 .  K .  Sornboonsuk, J.T. Mason, and R .  Trivedi, Metall. Trans. A . ,  1984, 
Vol. 15A, p p .  967-75. 

467 


