
x 
m ,  

NASA Technical Memorandum 89885 

Gravitational Macrosegregation in 
Binary Pb-Sn Alloy Ingots 

(bASA-TX-89885) 68AVIIBTIC6AI N8 7-2 4579 
E B C B C S E G G E G A T I C L  1 N  E I L A B Y  €k-Sn ALLOY 
IEGOIIS ( N A S A )  36 I; Awail: b l l S  HC 
A C 3 / R 2  A01 C S C L  228 Unclas 

G3/29 0082699 

V.  Laxmanan, A. Studer, L. Wang, 
and J . F. Wallace 
Case Western Reserve University 
Cleveland, Ohio 

E. A. Winsa 
Lewis Research Center 
Cleveland, Ohio 

Presented at the 
Low Gravity Science Seminar Series 
sponsored by the University of Colorado 
Boulder, Colorado, February 17, 1986 

https://ntrs.nasa.gov/search.jsp?R=19870015146 2020-03-20T10:48:44+00:00Z



GRAVITATIONAL MACROSEGREGATION I N  BINARY Pb-Sn ALLOY INGOTS 

V.  Laxmanan, A. Studer, L. Wang, and J.F. Wallace 
Case Western Reserve U n i v e r s i t y  

Department o f  Me ta l l u rgy  and Ma te r ia l s  Science 
Cleveland, Ohio 44106 

Nat iona 
€.A.  Winsa 

Lewis Research Center 
Cleveland, Ohio 44135 

Aeronautics and Space Admi n i s t  r a t i o n  

SUMMARY 

A space s h u t t l e  experiment employing the  General Purpose ( r o c k e t )  Furnace 
( G P F )  i n  i t s  isothermal mode of  opera t ion  i s  manifested on MSL-3, c i r c a  1989. 
The c e n t r a l  aim o f  t h i s  experiment ( f i r s t  i n  a se r ies  o f  proposed experiments) 
i s  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  reduced g r a v i t y  l e v e l s  on t h e  segregat ion  
behavior i n  a s lowly ,  and iso thermal ly ,  cooled sample ( c o o l i n g  r a t e  
0.003 K/sec, thermal g rad ien ts  c0.05 K/m, t h e  t o p  i s  s l i g h t l y  h o t t e r  than t h e  
bottom) o f  a b i n a r y  Pb-15 w t  % Sn a l l o y .  This experiment would thus be ab le  
t o  s imulate,  i n  a small  l a b o r a t o r y  sample, about 20 mm diameter 60 mm h i g h  and 
weighing about 150 g, some aspects o f  t h e  segregat ion phenomena o c c u r r i n g  i n  
l a r g e  i n d u s t r i a l  ingo ts .  Ground-based experiments conducted i n  t h e  s i n g l e -  
c a v i t y  s imu la to r  o f  t h e  GPF, l oca ted  a t  the Marshal l  Space F l i g h t  Center 
(MSFC), i n  support  o f  t h e  m i c r o g r a v i t y  experiment a r e  descr ibed i n  d e t a i l .  
The r e s u l t s  o f  t h e  MSFC experiments are compared w i t h  o the r  r e l a t e d  exper i -  
ments conducted a t  Case Western Reserve Un ive rs i t y  (CWRU),  wherein t h e  i s o t h e r -  
mal c o n s t r a i n t s  were relaxed. 

The i s o t h e r m a l l y  processed samples i nd i ca te  a small  and gradual inc rease 
i n  f r a c t i o n  e u t e c t i c ,  and a corresponding increase i n  t i n  content,  f rom t h e  
bottom t o  t h e  t o p  o f  t h e  i n g o t .  
a l s o  observe a r a d i a l  v a r i a t i o n  o f  eu tec t i c  f r a c t i o n ,  o r  t i n  content.  The 
r a d i a l  v a r i a t i o n s  a re  minimal near t h e  i ngo t  bottom, b u t  t h e r e  a r e  l a r g e  
r a d i a l  v a r i a t i o n s  i n  t h e  t o p  h a l f .  The m ic rog rav i t y  experiment would most 
l i k e l y  i n d i c a t e  a smal le r  v a r i a t i o n  i n  f r a c t i o n  e u t e c t i c  f rom the  bottom t o  
t h e  top .  Also, t h e  l a r g e  r a d i a l  va r ia t i ons  near the  t o p  would be much l e s s  
pronounced, i f  n o t  t o t a l l y  absent. I n  t h e  CWRU experiments, we have been a b l e  
t o  s imu la te  more severe segregation, i nc lud ing  segregat ion de fec ts  known as 
f r e c k l e s .  Fo l low up experiments employing t h e  GPF w i t h o u t  t h e  iso thermal  con- 
s t r a i n t s ,  o r  o t h e r  s u i t a b l y  mod i f ied  space s h u t t l e  hardware are  suggested. 

A t  a given h e i g h t  f rom the  i n g o t  bottom, we 

INTRODUCTlON 

When a molten a l l o y  i s  al lowed t o  f reeze a number o f  impor tan t  phys i ca l  
f a c t o r s  come i n t o  p l a y  which together  con t r i bu te  t o  t h e  fo rmat ion  o f  a s o l i d  
phase o f  nonuniform composit ion. F i r s t ,  t h e  d e n s i t y  o f  t h e  s o l i d  and l i q u i d  
phases a re  d i f f e r e n t ,  i .e . ,  t h e  f r a c t i o n a l  d e n s i t y  change 



r e s u l t i n g  e i t h e r  i n  l i q u i d  f l o w  towards t h e  f r e e z i n g  reg ions  t o  feed shr inkage 
(13 > 0) o r  f l ow  away from t h e  s o l i d - l i q u i d  i n t e r f a c e  if P < 0. Here ps i s  
t h e  d e n s i t y  o f  t h e  s o l i d  and pL t h e  d e n s i t y  o f  t h e  l i q u i d .  Second, t h e  
l a t e n t  heat o f  f us ion  l i b e r a t e d  d u r i n g  s o l i d i f i c a t i o n  must be t ranspor ted  away 
from t h e  s o l i d - l i q u i d  i n t e r f a c e ,  r e s u l t i n g  i n  temperature g rad ien ts  i n  t h e  l i q -  
u i d  and s o l i d  phases. Th i rd ,  t h e  var ious  a l l o y i n g  elements r e d i s t r i b u t e  them- 
selves d i f f e r e n t l y  between t h e  l i q u i d  and s o l i d  phases, i .e . ,  t h e  p a r t i t i o n  
r a t i o  k > 1 o r  k < 1. The remanent l i q u i d  i s  thus  e i t h e r  enr iched ( k  -c 1) 
o r  depleted ( k  > 1 )  i n  a l l o y i n g  elements, r e s u l t i n g  i n  a cont inuous ly  changing 
l i q u i d  composit ion and hence a cont inuous ly  changing s o l i d  composit ion. There 
i s  l i t t l e  t ha t  can be done t o  a l t e r  these t h r e e  f a c t o r s ,  which a re  d i c t a t e d  
s o l e l y  by fundamental phys i ca l  and chemical laws governing t h e  atomic o r  mole- 
c u l a r  arrangements i n  t h e  s o l i d  and l i q u i d  s ta tes .  The f i n a l  s o l i d  formed i s  
thus necessar i l y  inhomogeneous i n  composit ion. 

I n  t e r r e s t r i a l  s o l i d i f i c a t i o n  processes, t h e  i n e v i t a b l e  segregat ion 
r e s u l t i n g  from t h e  f a c t  t h a t  k z 1, and/or p z 0, i s  f u r t h e r  aggravated by 
t h e  compl icat ing e f f e c t s  o f  g r a v i t y - d r i v e n  f l u i d  f l ow .  Temperature and concen- 
t r a t i o n  grad ien ts  w i t h i n  t h e  l i q u i d  phase g i v e  r i s e  t o  d e n s i t y  g rad ien ts ,  which 
i n  t u r n  leads t o  f l u i d  mot ion w i t h i n  bo th  t h e  f u l l y  l i q u i d  and p a r t i a l l y  f r o -  
zen regions o f  a f reez ing  i n g o t .  Also, i n  a g r a v i t y  f i e l d ,  d e n s i t y  d i f f e r -  
ences between t h e  s o l i d  and l i q u i d  phases can r e s u l t  i n  s e t t l i n g  o r  f l o a t i n g  
o f  detached s o l i d  p a r t i c l e s  o r  dendr i tes ,  and hence segregat ion,  due t o  t h i s  
e f f e c t .  Thus, g rav i t y -d r i ven  f l u i d  f l o w  e f f e c t s  can lead t o  ( l a r g e )  composi- 
t i o n a l  changes, occu r r i ng  over distances o f  t h e  o r d e r  o f  t h e  dimensions o f  t h e  
i n g o t .  We r e f e r  t o  t h i s  as macrosegregation. I n  t h e  absence o f  any s i g n i f i -  
can t  g r a v i t a t i o n a l  f l u i d  f l o w  e f f e c t s ,  composi t ional  changes would be conf ined 
t o  distances on t h e  o rde r  o f  t h e  l o c a l  p r imary  o r  secondary d e n d r i t e  arm spac- 
ings  i n  a f reez ing  i ngo t .  We r e f e r  t o  t h i s  as microsegregat ion.  A more quan- 
t i t a t i v e  d e f i n i t i o n  o f  macro- and microsegregat ion i s  g i ven  l a t e r .  

It i s  now genera l l y  accepted ( r e f s .  1 t o  5 )  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  the  under ly ing  cause f o r  t h e  severe segregat ion p a t t e r n  o f t e n  observed 
i n  many i n d u s t r i a l  s o l i d i f i c a t i o n  processes ( " f r e c k l e s "  i n  supera l loys ,  U, Nb 
base a l l o y s  and o the r  s p e c i a l t y  a l l o y s ,  " A "  and " V "  segregates i n  s t e e l s ,  
e t c . ) .  Nonuni formity o f  composit ion r e f l e c t s  i t s e l f  i n  an undes i rab le  v a r i a -  
t i o n  i n  mechanical, chemical, e l e c t r i c a l ,  magnetic o r  o t h e r  phys i ca l  p roper -  
t i e s  o f  t h e  a l l o y  and thus leads t o  an i n f e r i o r  performance du r ing  se rv i ce .  A 
g r e a t  deal  o f  experimental and t h e o r e t i c a l  e f f o r t  has been expended over  t h e  
years t o  understand t h e  bas ic  mechanisms respons ib le  f o r  t h e  observed segrega- 
t i o n  behavior, and a number o f  c o n t r o l  s t r a t e g i e s  have been proposed t o  m i n i -  
m i z e  segregation de fec ts .  There i s ,  however, much t h a t  remains t o  be learned 
from a fundamental s tandpo in t .  

l h e  basic mechanisms lead ing  t o  severe segregat ion de fec ts  such as " f r e c k -  
l e s , " l  f i g u r e  1, du r ing  a l l o y  s o l i d i f i c a t i o n  are a l s o  q u i t e  s i m i l a r  t o  t h e  
mechanisms be l ieved t o  be respons ib le  f o r  o t h e r  n a t u r a l  processes such as 
atmospheric cur ren ts ,  and, thermo-hal ine o r  thermo-so lu ta l  convect ion responsi-  
b l e  f o r  ocean cu r ren ts .  I n  t h e  presence of severe s a l i n i t y  g rad ien ts ,  thermo- 
s o l u t a l  convective e f f e c t s  can lead t o  t h e  fo rmat ion  o f  " s a l t  f i n g e r s "  i n  

1A " f r e c k l e "  i s  a long  column o r  extended reg ion  o f  s o l u t e  enr iched o r  
s o l u t e  depleted m a t e r i a l .  The te rm s o l u t e  i s  used here t o  denote t h e  minor 
species i n  a b i n a r y  o r  multicomponent a l l o y .  
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oceans; t h e  oceanographers analog of " f reck les"  ( r e f .  6). Thus, a fundamenta 
understanding o f  segregat ion phenomena during a l l o y  s o l i d i f i c a t i o n  has wider  
a p p l i c a t i o n s .  

NOHE NC LATUR E 

e u t e c t i c  composit ion 

i n i t i a l  a l l o y  composit ion 

average composi t ion o f  s o l i d  when gs = 1 

l i q u i d  composit ion a t  t i p  

l i q u i d  composi t ion a t  t i p ,  isothermal case 

average composit ion o f  dendr i te  

s o l u t e  b u i l d u p  a t  t i p ,  ( C t  - Co) 

dimensionless s o l u t e  b u i l d u p  a t  t i p  

s o l u t e  bu i l dup  f o r  p lane f r o n t ,  steady s t a t e :  C o ( l  - k ) / k  

d i f f u s i v i t y  o f  s o l u t e  i n  l i q u i d  

f r a c t i o n  e u t e c t i c  o r  two phase 

concen t ra t i on  g rad ien t  a t  t i p ,  nonisothermal case 

concent r a t i o n  grad i e n t  i n  i nterdendr i  t i c 1 i q u i  d 

i n t e r d e n d r i t i c  thermal gradient,  i n  l i q u i d  

thermal g rad ien t  i n  l i q u i d ,  a t  t i p  

p a r t i t i o n  r a t i o ,  assumed constant. May o r  may n o t  be e q u i l i b r i u m  
va 1 ue 

e f f e c t i v e  p a r t i t i o n  r a t i o  

mushy zone th ickness 

slope o f  e q u i l i b r i u m  l i q u i d u s  l i n e  

s o l u t e  Peclet  number, R r t / 2 D ~  

dimensionless parameter -DLG,I/RACO 

3 



dendr i te  t i p  growth r a t e  

t i p  rad ius  o f  dendr i t e  

Chalmers number, DLGL/RATO; D L G ~ / R ~ T o  

l i q u i d u s  temperature, a l l o y  m e l t  

so l  idus temperature 

dendr i t e  t i p  temperature 

t i p  "undercool ing,"  (TL  - T t )  

s o l  u ta1 lambda, Zener number, R0/2p 

undercool ing a t  p lana r  i n t e r f a c e ,  steady s ta te ,  (TL - T S )  = -m L ACo 

pr imary dendr i t e  arm spacing 

secondary dendr i t e  arm spacing 

I tpo in t "  e f f e c t  f rom genera l i zed  Zener 

I tpo in t "  e f f e c t  f rom Ivantsov 

f l u i d  f l o w  parameter 

Ivantsov func t ion ,  s o l u t e  case, pePEl (p)  

supersaturat ion a t  t i p ,  nonisothermal case, A C / C t ( l  - k )  

supersaturat ion a t  t i p ,  isothermal  case, A D O / C t O ( l  - k )  = 2pA i n  
general 

€XPERIMENTAL APPROACH: JUSTIFICATION FOR M I C R O G R A V I T Y  

p r i n c i p a l  o b j e c t i v e  o f  t h e  experiments t o  be descr ibed here i s  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  reduced g r a v i t y  l e v e l s  on macro- and microsegrega- 
t i o n  i n  a s lowly cooled sample o f  a model b i n a r y  Pb-15 w t  X Sn a l l o y .  The 
reduced g r a v i t y  experiment w i l l  be performed aboard t h e  space s h u t t l e .  
c u r r e n t l y  approved m ic rog rav i t y  experiment i s  mani fested f o r  f l i g h t  on t h e  
MSL-3, c i r c a  1989 and w i l l  employ t h e  General Purpose ( r o c k e t )  Furnace (GPF) 

experiments, a l s o  employing t h e  GPF, have a l s o  been proposed ( r e f .  7 ) .  These 
a r e  aimed a t  i n v e s t i g a t i n g  segregat ion behavior  w i t h o u t  t h e  isothermal  

One 

i n  i t s  isothermal 2 mode o f  operat ion.  A se r ies  o f  t h r e e  o t h e r  space s h u t t l e  

Z I D G A :  i sothermal  dendr i t e  growth apparatus. AADSF: advanced auto- 
mat i c  d i  rec t iona l  s o l  i d i  f i c a t  i o n  furnace. 
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c o n s t r a i n t s  imposed i n  t h e  f i r s t  experiment. Experiments o f  t h i s  type may, 
however, be s a t i s f a c t o r i l y  performed i n  other  exper imental  appara t i ,  such as 
t h e  ADSF o r  AADSF2 w i t h  s t a t i o n a r y  sample o f  s u i t a b l e  aspect r a t i o ,  o r  even 
t h e  IDGA.2 

A number of ground-based (1-g) experiments have been c a r r i e d  o u t  i n  t h e  
The main purpose o f  

The f i r s t  

i n t e r i m  as a precursor  t o  the  m ic rog rav i t y  experiments. 
t h i s  paper i s  t o  descr ibe some o f  t he  important ground-based r e s u l t s  obtained 
t o  data.  
s e t  i nvo l ves  t e s t s  conducted a t  t h e  Marshall  Space F l i g h t  Center ( h e r e a f t e r  
MSFC t e s t s ) .  
The MSFC t e s t s  were a l l  aimed a t :  

The 1-9 experiments may be d iv ided i n t o  two categor ies.  

These t e s t s  employed t h e  s ing le  c a v i t y  s i rnu lator  o f  t h e  GPF. 

(1)  Ensuring complete r e p r o d u c i b i l i t y ,  i n  earth-based stud ies,  o f  t h e  
thermal c o n d i t i o n s  t o  be employed i n  t h e  m i c r o g r a v i t y  experiment. Thus, these 
t e s t s  were main ly  concerned w i t h  achieving n e a r l y  isothermal  condi t ions,  t o  
r e f l e c t  t h e  c o n s t r a i n t s  imposed f o r  t h e  f i r s t  space s h u t t l e  experiment. 
has been accomplished success fu l l y  i n  many t e s t s  ( 8  t o  date) ,  t a b l e  I. A t y p i -  
c a l  c o o l i n g  r a t e  i n  t h e  MSFC t e s t  was 0.003 K/sec. A x i a l  thermal gradients  i n  
t h e  samples were o f t e n  l e s s  than 0.05 K/m. 
achieve i d e n t i c a l  thermal cond i t i ons  i n  the space s h u t t l e  experiment. 

Th is  

The GPF w i l l  be programed t o  

(2 )  A d e t a i l e d  c h a r a c t e r i z a t i o n  o f  the thermal cond i t i ons  w i t h i n  t h e  
s o l i d i f y i n g  sample us ing t h e  maximum o f  s i x  thermocouples which could be accom- 
modated w i t h  the  s i n g l e - c a v i t y  GPF s imulator.  
m i t t e d  i n  t h e  m i c r o g r a v i t y  experiment. 

Only two thermocouples a re  pe r -  

( 3 )  Tracking the  e v o l u t i o n  o f  segregation i n  t h e  sample under 1-g condi-  
t i o n s  by i n t e r r u p t i n g  the  s o l i d i f i c a t i o n  and r a p i d l y  quenching t h e  p a r t i a l l y  
f rozen a l l o y ,  thus preserv ing the  h igh  temperature s t r u c t u r e .  The samples 
were quenched from var ious temperatures w i t h i n  t h e  l i q u i d - s o l i d  range p r i o r  t o  
complete s o l i d i f i c a t i o n  o f  t h e  a l l o y .  

The MSFC t e s t s  thus represent t h e  m o s t  c r i t i c a l  and extens ive 1-g data 
base f o r  t h e  m i c r o g r a v i t y  experiment. 

The second s e t  o f  experiments, summarized i n  t a b l e  11, a re  t h e  1-g t e s t s  

These t e s t s  were conducted over a much wider  range o f  thermal g r a d i -  

conducted a t  Case Western Reserve Un ive rs i t y  ( h e r e a f t e r  CWRU t e s t s ) ,  i n  an 
apparatus which was b u i l t  t o  mimic t h e  essent ia l  thermal c h a r a c t e r i s t i c s  o f  
t h e  GPF. 
ents  and c o o l i n g  r a t e s .  Cooling r a t e s  were va r ied  between 30 and 210 K/sec 
whereas thermal gradients  va r ied  between 0.15 t o  3.5 K/mm. These thermal 
cond i t i ons  a re  w e l l  w i t h i n  t h e  c a p a b i l i t i e s  o f  t h e  GPF, and represent  e x p e r i -  
mental cond i t i ons  t h a t  could be employed i n  p o t e n t i a l  f u t u r e  space s h u t t l e  
experiments, o r  l ook ing  even f u r t h e r ,  i n  m a t e r i a l s  processing experiments i n  
t h e  space s t a t i o n .  

Thus, i n  these ground-based experiments, we have been ab le  t o  s imulate 
some aspects o f  t h e  segregat ion phenomena occu r r i ng  i n  l a r g e  i n d u s t r i a l  i n g o t s  
i n  a r e l a t i v e l y  small  l abo ra to ry  sample -- about 20 m diameter, 60 mm h igh,  
and weighing about 150 g -- under c a r e f u l l y  c o n t r o l l e d  cond i t i ons .  The MSFC 
t e s t s  s imu la te  the  s o l i d i f i c a t i o n  behavior i n  the  i n t e r i o r  o f  large,  s t a t i -  
c a l l y  cas t ,  i n d u s t r i a l  i n g o t s  wherein s o l i d i f i c a t i o n  occurs over long per iods 
of t ime, o f t e n  2 t o  3 days, w i t h  n e g l i g i b l y  small  thermal gradients  and c o o l i n g  
ra tes .  Typ ica l  s o l i d i f i c a t i o n  t i m e  i n  t h e  MSFC t e s t  was about 640 min, i . e . ,  
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t h e  a l l o y  was p a r t i a l l y  s o l i d  f o r  n e a r l y  11 h r .  An impor tant  outcome of t h e  
f i r s t  m ic rog rav i t y  experiment would be a c l e a r  demonstrat ion o f  t h e  r e l a t i v e  
importance o f  f l u i d  f l o w  due t o  shr inkage and g r a v i t a t i o n a l  e f f e c t s .  I f  
shrinkage f lows a r e  predominant, o r  a t  l e a s t  as impor tant  as g r a v i t a t i o n a l  
e f f e c t s ,  a p o t e n t i a l l y  u s e f u l  s t r a t e g y  f o r  c o n t r o l l i n g  macrosegregation on 
e a r t h  would be t o  manipulate t h e  a l l o y  composi t ion t o  achieve n e g l i g i b l y  smal l  
d e n s i t y  d i f ferences between t h e  l i q u i d  and s o l i d  phases ( p  + 0). 

The CWRU t e s t s ,  on t h e  o the r  hand, s imulate t h e  thermal cond i t i ons  
a t t a i n e d  i n  a number o f  o the r  i n d u s t r i a l  s o l i d i f i c a t i o n  processes -- cont inu-  
ous cast ing,  ESR o r  VAR i ngo ts ,  f o r  example. I n  these t e s t s  we have been a b l e  
t o  produce more severe segregation, i n c l u d i n g  " f reck les,11 i l l u s t r a t e d  e a r l i e r  
i n  f i g u r e  1. Again, t h e  m i c r o g r a v i t y  experiment would he lp  e l u c i d a t e  t h e  fun- 
damental r o l e  o f  g r a v i t y  i n  t r i g g e r i n g  these severe segregat ion de fec ts .  For 
example, i n  experiments wherein t h e  thermal (and hence t h e  d e n s i t y )  g r a d i e n t  
i s  somewhat steeper, f r e c k l e s  were observed, whereas i n  o the rs  w i t h  a sma l le r  
thermal gradient  on l y  a pronounced composi t ional  change from t h e  t o p  t o  bottom 
i s  observed: see f i g u r e  16, l a t e r  i n  t h i s  paper which summarizes t h e  composi- 
t i o n a l  data f o r  experiments i n  t a b l e  11. Experiments number 4, 5, and 6 a r e  
p a r t i c u l a r l y  noteworthy. 

UNIQUE FEATURES OF THE GPF-TYPE EXPERIMENTS: COMPARISON WITH DS EXPERIMENTS 

I n  t h e  b i n a r y  Pb-15 ut X Sn a l l o y ,  s o l i d i f i c a t i o n  begins a t  t h e  l i q u i d u s  
temperature ( T L  - 290 O C ) .  L i q u i d  becomes enr iched i n  Sn as s o l i d i f i c a t i o n  
proceeds and s o l i d i f i c a t i o n  ends a t  t h e  e u t e c t i c  temperature (TE  = 183 OC) when 
a f r a c t i o n  f E  o f  t h e  o r i g i n a l  l i q u i d  f reezes as a two-phase s o l i d .  Thus, 
s o l i d i f i c a t i o n  occurs over a very wide range o f  temperatures i n  t h i s  a l l o y ,  
f rom approximately 290 t o  183 O C ,  o r  over an i n t e r v a l  o f  about 100 O C .  Since 
t h e  maximum i n g o t  dimension, t h e  he igh t ,  i s  on l y  about 50 t o  60 mm i n  t h e  GPF 
experiments, a x i a l  thermal gradients  considerably  l e s s  than 2 K/mm w i l l  r e s u l t  
i n  t h e  format ion o f  a two-phase reg ion  o f  p a r t  l i q u i d  and p a r t  s o l i d ,  t h e  
so-ca l led mushy zone, throughout the  e n t i r e  i n g o t .  

We def ine a f u l l y  developed mushy zone (FDMZ) as a mushy zone bounded a t  
t h e  t o p  by t h e  l i q u i d u s  isotherm, TL, and a t  t he  bottom by t h e  e u t e c t i c  i s o -  
therm, TE. A p a r t i a l l y  developed mushy zone (PDMZ), on t h e  o the r  hand, i s  one 
t h a t  may be bounded a t  t h e  t o p  by an isotherm T < TL and a t  t he  bottom by an 
isotherm T > TE. 
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  (DS) experiments, wherein t h e  v e l o c i t y  o f  t h e  t i p  
isotherm, R t ,  i s  e x a c t l y  equal t o  t h e  v e l o c i t y  o f  t h e  e u t e c t i c  isotherm, RE, 
both being e x a c t l y  equal t o  t h e  wi thdrawal speed o f  t h e  sample, V, f i g u r e  2. 
I n  p r i n c i p l e ,  t h e  t i p  temperature 
t h e  l i qu idus  temperature TL. The d e n d r i t e  t i p  undercool ing 

The mushy zone i s  almost always completely developed i n  

T t  i n  a OS experiment i s  always l e s s  than 

AT = T L  - T t  

i s  a func t i on  o f  t h e  growth 
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and t h e  e x t e r n a l l y  imposed thermal gradient  GL, b u t  i s  n e g l i g i b l y  smal l  com- 
pared t o  t h e  f r e e z i n g  range o f  t h e  a l l o y 3  under most o f  t h e  usual  c o n d i t i o n s  
o f  d e n d r i t i c  growth i n  a l l o y s  ( r e f s .  8 t o  10 ) .  Also, t h e  mushy zone th ickness,  
M, remains constant  i n  a t y p i c a l  DS experiment once steady-state c o n d i t i o n s  
have been achieved. 

I n  t h e  GPF-type experiments on the o the r  hand, t h e  mushy zone th ickness,  
M, i s  never constant, b u t  changes s low ly  w i t h  t ime, depending on t h e  thermal 
g r a d i e n t  and t h e  c o o l i n g  r a t e .  
s u i t e d  t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  g rav i t y -d r i ven  f l u i d - f l o w  e f f e c t s  on 
macro- and microsegregat ion d u r i n g  d e n d r i t i c  s o l i d i f i c a t i o n .  Moreover, bo th  
F D M Z ' s  and PDMZ's can be created, w i th  various bounding temperatures a t  t h e  
t o p  and t h e  bottom, see a l s o  f i g u r e  5. 
f l e x i b i l i t y .  

These experiments a r e  t h e r e f o r e  un ique ly  

The DS experiments do n o t  a l l o w  such a 

F igure 3 p l o t s  t h e  exper imenta l ly  determined temperature-t ime p r o f i l e  a t  
var ious l o c a t i o n s  i n  one o f  t h e  MSFC t e s t s .  F igure 4 r e p l o t s  t h e  same informa- 
t i o n  d i f f e r e n t l y .  Here we imagine t rack ing  the  p o s i t i o n  o f  a g iven isotherm, 
say t h e  e u t e c t i c  o r  l i q u i d u s  isotherm, i n  t h e  sample as a f u n c t i o n  o f  t ime. 
Note t h a t  t h e  i n g o t  i s  p a r t i a l l y  s o l i d  i .e . ,  mushy, ( t h e  d e n d r i t i c  network o f  
s o l i d  has no p a r t i c u l a r  d i r e c t i o n a l i t y  because o f  t he  n e a r l y  isothermal  condi- 
t i o n s  p r e v a i l i n g ,  see m i c r o s t r u c t u r e  o f  a p a r t i a l l y  quenched sample i n  
f i g u r e  l l ( a ) )  w i t h  a f u l l y  l i q u i d  zone above the  mushy zone i n  t h e  e a r l y  
stages o f  t h e  experiment. The thickness o f  t h e  mushy zone increases g r a d u a l l y  
w i t h  t ime, d u r i n g  t h e  f i r s t  90 min o r  so, u n t i l  t h e  e n t i r e  sample becomes l i q -  
u i d  p lus  s o l i d .  This sequence o f  events i s  shown schemat ica l ly  i n  f i g u r e  5. 
The sample remains p a r t  l i q u i d  p lus  s o l i d  d u r i n g  t h e  g r e a t e r  p a r t  o f  t h e  exper- 
iment, w i t h  t h e  temperature decreasing s lowly  w i t h  t ime, and i s  a b r u p t l y  f r o -  
zen when t h e  e u t e c t i c  isotherm sweeps through t h e  i n g o t .  I n  t h e  c a l c u l a t i o n s  
i n  f i g u r e  4, we assume t h a t  t h e  l i q u i d u s  isotherm o f  t h e  o r i g i n a l  a l l o y  demar- 
cates t h e  f u l l y  l i q u i d  reg ion  from t h e  l i q u i d  p lus  s o l i d  region, i .e . ,  we have 
i m p l i c i t l y  assumed t h a t  t he  b u l k  l i q u i d  composit ion remains unchanged and i s  
always equal t o  t h e  i n i t i a l  a l l o y  composition o f  

t i o n a l  changes occu r r i ng  i n  t h e  i n t e r d e n d r i t i c  l i q u i d  due t o  enrichment o f  Sn 
d u r i n g  t h e  course of t h e  experiment, and t h e  at tendant  change i n  t h e  bu lk  l i q -  
u i d  i f  t h e r e  i s  s i g n i f i c a n t  f l u i d  motion. The s p a t i a l  and temporal v a r i a t i o n  
o f  t h e  l i q u i d  composit ion i s ,  however, unknown a p r i o r i  w i t h o u t  f u r t h e r  d e t a i l e d  
c a l c u l a t i o n s  and the  above approximation i s  s t i l l  a u s e f u l  one t o  d e l i n e a t e  t h e  
var ious phase regions. 

Co = 1 5  w t  X Sn. 

This  i s  a quest ionable assumption, p a r t i c u l a r l y  because o f  t h e  composi- 

A s i m i l a r  s o l i d i f i c a t i o n  sequence was observed i n  some o f  t h e  CWRU t e s t s ,  
those w i t h  thermal gradients  much l e s s  than 2 K/mm, t h e  s i g n i f i c a n c e  o f  which 

3The e q u i l i b r i u m  f reez ing  range ATo = TL - Ts i s  o f t e n  used i n  t h e  
theo ry  o f  d e n d r i t i c  s o l i d i f i c a t i o n  i n  a l l o y s  as t h e  reference temperature f o r  
nondimensional izat ion ( r e f s .  9 t o  12 ) .  
t i o n s  o f  d e n d r i t i c  growth, t y p i c a l l y  only about 0.001 o r  l ess .  The q u a n t i t y  
T L  - TE 
v a i l  d u r i n g  most common experimental condi t ions because o f  r e l a t i v e l y  small  
r a t e s  o f  d i f f u s i o n  i n  t h e  s o l i d  phase compared t o  t h e  l i q u i d  ( r e f .  13) .  We 
assume composi t ional  e q u i l i b r i u m  i s  achieved on ly  " l o c a l l y "  a t  t h e  s o l i d - l i q -  
u i d  i n t e r f a c e .  

Thus, AT /ATo  << 1 under t h e  usual condi-  

i s  t h e  nonequ i l i b r i um f r e e z i n g  range. Nonequi l ibr ium cond i t i ons  pre- 

7 



has been discussed e a r l i e r .  Some of t h e  CWRU t e s t s ,  however, y i e l d e d  a 
s l i g h t l y  d i f f e r e n t  sequence because o f  t h e  steeper thermal g rad ien ts  employed. 
Figures 4 ( b )  and 6 i l l u s t r a t e ,  f o r  example, t h e  thermal c o n d i t i o n s  which l ead  
t o  t h e  " f r e c k l e "  noted i n  f i g u r e  1. I n  t h i s  case, t h e  mushy zone never pene- 
t r a t e s  t h e  sample completely.  A completely s o l i d  l a y e r  i s  formed a t  an e a r l y  
stage i n  t h e  experiment. 
g rea te r  i n  the corresponding MSFC t e s t s .  
c a t i o n  sequence i n  t h e  MSFC and CWRU t e s t s .  

However, d e n s i t y  g rad ien ts  i n  t h i s  case a re  much 
Figures 4 t o  6 compare t h e  s o l i d i f i -  

I n  summary, t h e  GPF-type experiments o f  t h e  t ype  being planned f o r  t h e  
proposed and approved space s h u t t l e  experiments o f f e r  a number o f  unique and 
innova t i ve  o p p o r t u n i t i e s  t o  c r i t i c a l l y  examine t h e  r o l e  o f  g r a v i t y - d r i v e n  
f l u i d  f l o w  e f f e c t s .  

CHARACTERIZATION OF MACRO- AND MICROSEGREGATION 

Consider a smal l  volume element w i t h i n  a f r e e z i n g  a l l o y  ( f i g .  7 ) .  The 
volume element i s  f i x e d  i n  space and the  dimensions o f  t h e  element a re  sup- 
posed t o  be approp r ia te  t o  t h e  s i z e  scale o f  t h e  dendr i t es  growing i n  t h e  m e l t  
and the  loca l  d e n d r i t e  arm spacings. A t  t ime t < 0 t h e  element i s  f u l l y  l i q -  
u i d .  The temperature T > TL and t h e  l i q u i d  composi t ion w i t h i n  t h e  element 
i s  assumed t o  be un i fo rm and equal t o  Co. A t  t = 0 t h e  temperature T has 
dropped t o  T t  and t h e  d e n d r i t i c  a r r a y  begins t o  sweep through t h e  element. 
The f i r s t  s o l i d  ( d e n d r i t e  t i p )  t o  form has a composi t ion kCt. Here T t  i s  
t h e  dendr i te  t i p  temperature and 
w i t h  the  t i p s :  Ts < T t  < TL and Co < C t  < Co/k. The exact values o f  C t  
and T t  depend on t h e  d e n d r i t e  t i p  growth r a t e  R t ,  t h e  thermal g r a d i e n t  GL 
i n  t h e  l i q u i d  and t h e  a l l o y  composit ion ( r e f s .  9 t o  12) .  As s o l i d i f i c a t i o n  
proceeds f r a c t i o n  l i q u i d  w i t h i n  t h e  element decreases and correspondingly  t h e  
l i q u i d  composition increases ( k  < 1 ) .  Le t  CL be t h e  l i q u i d  composi t ion 
w i t h i n  t h e  element a t  t ime t when t h e  l i q u i d  f r a c t i o n  remaining i n  t h e  e l e -  
ment i s  

When t h e  l i q u i d  composit ion w i t h i n  the  element has increased t o  CE, t h e  
e u t e c t i c  composition, two-phase o r  e u t e c t i c  s o l i d i f i c a t i o n  begins. L e t  Ea 
denote t h e  average composit ion o f  t h e  d e n d r i t i c  s o l i d  w i t h i n  t h e  element a t  
t h i s  t ime ( f i g .  a ) ,  and l e t  denote t h e  f r a c t i o n  o f  l i q u i d  remaining i n  
the  element j u s t  p r i o r  t o  t h e  beginning o f  e u t e c t i c  s o l i d i f i c a t i o n .  
ume element i s  completely f rozen when t h e  f r a c t i o n  l i q u i d  
e u t e c t i c  temperature, TE. 

The average composit ion o f  t h e  dendr i t e ,  C,, w i l l  be some unknown value 
between kCt and kCE, b u t  must obv ious ly  be l e s s  than Co ( f i g .  8 ) .  Le t  

C,B denote t h e  average composit ion of t h e  two-phase o r  e u t e c t i c  s o l i d  formed 
w i t h i n  t h e  element, and, C s  
a l l o y ,  i .e . ,  t h e  average composit ion of t h e  d e n d r i t e  p l u s  average composi t ion 
o f  t he  two-phase s o l i d :  

C t  i s  t h e  l i q u i d  composi t ion i n  e q u i l i b r i u m  

f L .  This i s  t h e  s i t u a t i o n  depic ted i n  f i g u r e  7 .  

f E  
The v o l -  

f E  f reezes a t  t h e  

- 

t h e  average composi t ion o f  t h e  f i n a l l y  s o l i d i f i e d  

E s = C f  aar + E  a p E  f 
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- 
where fa = 1 - f E .  Cap  depends on t h e  growth r a t e  o f  t h e  e u t e c t i c  f r o n t ,  
RE, and t h e  thermal g rad ien t .  Cap = CE o n l y  i n  t h e  i d e a l  case when t h e  l i q -  
u i d  i s  isothermal  ( r e f .  14). i .e. ,  when GL/RE i s  very  smal l .  Cap -* Co f o r  
h i g h  values o f  The task  a t  hand i s  now t o  c a l c u l a t e  t h e o r e t i c a l l y  t h e  
values o f  E , .  c a p  and fa o r  f E  i n  equat ion (1)  above. A mathemat ica l ly  
r i go rous  c a l c u l a t i o n ,  which a l s o  a l l ows  f o r  f l u i d - f l o w  e f f e c t s ,  i s  admi t ted l y  
very d i f f i c u l t  t o  perform. 
Hunt, and co-workers has r e c e n t l y  been proposed by t h e  author  ( r e f .  15) .  Th i s  
i s  discussed l a t e r .  Equation (1 )  may however be used t o  d e f i n e  q u a n t i t a t i v e l y  
t h e  bas ic  no t i ons  o f  macro- and microsegregation. 

A simple model, based on t h e  work o f  Flemings, 

I n  general ,  t h e  average composit ion o f  t h e  f i n a l  s o l i d  formed w i t h i n  t h e  
volume element o f  f i g u r e  7 may be greater  t h i n ,  equal t o ,  o r  l e s s  than t h e  i n i -  
t i a l  a l l o y  composi t ion Co.  I f ,  perchance, C, i s  e x a c t l y  equal t o  Co, we 
say t h a t  t h e r e  i s  NO macrosegregation w i t h i n  t h i s  element. I f  t h e  same s i t u a -  
t i o n  e x i s t s  w i t h i n  every s i n g l e  random volume element i n  t h e  c a s t i n g  o r  i n g o t 4  
i t  i s  easy t o  v i s u a l i z e  t h a t  t he re  w i l l  be no lamacroscalelt v a r i a t i o n s  i n  t h e  
average composi t ion o f  t h e  s o l i d  as we sample var ious p o r t i o n s  o f  the i n g o t .  
The e n t i r e  i n g o t  w i l l  appear t o  be homogeneous i n  composit ion. 

We may v e r i f y  t h i s  f o r  example by measuring t h e  chemical composi t ion by 
atomic abso rp t i on  spectrometry, X-ray analysis,  o r  wet chemistry t e s t s ,  by t a k -  
i n g  small  random d r i l l i n g s  from var ious l oca t i ons .  Such chemical measurements 
are repo r ted  l a t e r .  O r  we may measure composition v a r i a t i o n s  nondes t ruc t i ve l y  
by t r a v e r s i n g  a r a t h e r  coarse o r  d i f f u s e  e l e c t r o n  beam across var ious reg ions.  
The f r a c t i o n  e u t e c t i c  f E  may a l s o  be used as a measure o f  t h e  var ious i n  t h e  
average composi t ion o f  t h e  f i n a l  s o l i d .  This o f f e r s  another convenient nonde- 
s t r u c t i v e  method o f  q u a n t i f y i n g  macrosegregation i n  t h e  sample. A comparison 
o f  t h e  r e s u l t s  obtained from these various techniques i s  presented i n  f i g u r e  9. 

cs = C o ,  t h e r e  are s t i l l  composi t ional  v a r i a t i o n s  b u t  
these a r e  s t r i c t l y  on a "microscopic" scale .- t h e  scale o f  t h e  d e n d r i t e  arm 
spacings. This  i s  microsegregation, f i g u r e  8. These microscopic v a r i a t i o n s  
can be detected by t r a v e r s i n g  small  regions o f  t h e  sample w i t h  a f i n e l y  focused 
e l e c t r o n  beam (microprobe a n a l y s i s ) .  I d e a l l y  we should be a b l e  t o  show t h a t  
t h e  average composit ion between any t w o  dendr i tes o r  a group o f  dendr i t es  i s  
e x a c t l y  equal t o  Co,  IF t h e r e  i s  NO macrosegregation. Unfor tunate ly ,  e lec -  
t r o n  microprobe analyses do n o t  y i e l d  accurate q u a n t i t a t i v e  measurements o f  
a l l o y  composit ion; on l y  r e l a t i v e  v a r i a t i o n s  can be detected. 

is w i t h i n  a random volume 
element i s  g r e a t e r  than o r  equal t o  Co? This i s  s imply  a ma t te r  o f  f a i t h .  
There have been no a n a l y t i c a l  ca l cu la t i ons ,  o r  numerical models, repor ted i n  
t h e  l i t e r a t u r e  which r i g o r o u s l y  demonstrate g loba l  conservat ion o f  s o l u t e  a f t e r  
d u l y  account ing f o r  ALL important e f f e c t s ,  i n  p a r t i c u l a r  f l u i d - f l o w  e f f e c t s .  
we s imply  ASSUME s o l u t e  conservat ion:  i . e . ,  regions i n  t h e  c a s t i n g  wherein 
Cs > Co It i s  easy t o  demon- 
s t r a t e ,  w i t h  some use fu l  s i m p l i f i c a t i o n s ,  t h a t  when f l u i d  f l o w  e f f e c t s  a r e  
included, cs i s  equal t o  Co on ly  i n  t h e  spec ia l  case when k = 1 ( r e f .  1 5 ) .  

Note t h a t  even i f  

How do we ensure conservat ion o f  so lu te i f  

a r e  e x a c t l y  matched by regions wherein Cs < Co. 

4The c a s t i n g  may a l s o  be a "microcast ing" such as a ra ,p id ly  s o l i d i f i e d  
powder p a r t i c l e  o r  m e l t  spun r ibbon ( r e f .  1 5 ) .  
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where 

- 
E = v. bT/c i s  t he  - f l u i d  f l o w  parameter, assumed t o  be constant  throughout 
s o l i d i f i c a t i o n .  v i s  t he  f l u i d  f l o w  v e l o c i t y  w i t h i n  t h e  element, VT i s  t h e  
thermal gradient  and c i s  t h e  c o o l i n g  r a t e .  gE i s  t h e  volume f r a c t i o n  
e u t e c t i c  i n  t h e  element. gE = f E  i f  p = 0. Equations ( 2 )  and ( 3 )  a r e  
der ived i n  reference 15. For E = 0 and p = 0, equations ( 2 )  and (3 )  i n d i -  
cate t h a t  Cs i s  always equal t o  Co, t h a t  t h e r e  i s  NO macrosegregation and 
ONLY microsegregat ion w i t h i n  the  volume element o f  f i g u r e  7. 

Thus, f l u i d  f l o w  and shrinkage e f f e c t s  a re  t h e  under l y ing  cause o f  macro- 
segregat ion i n  t e r r e s t r i a l  s o l i d i f i c a t i o n  processes. C a r e f u l l y  c o n t r o l l e d  
m ic rog rav i t y  experiments would he lp  v e r i f y  t h e  simple a n a l y t i c a l  c a l c u l a t i o n  
presented here. This must o f  course be coupled w i t h  a more r i go rous  numerical 
c a l c u l a t i o n .  
t i a l  and temporal v a r i a t i o n  o f  t h e  f l u i d  f l o w  parameter [ o r  t h e  " e f f e c t i v e "  
p a r t i t i o n  r a t i o ,  k '  as def ined by equat ion ( 3 ) .  S p a t i a l  v a r i a t i o n s  o f  ts 
i n  t h e  f i n a l  i n g o t  a r i s e ,  s imply speaking, f rom t h e  s p a t i a l  v a r i a t i o n  o f  k '  
d u r i n g  s o l i d i f i c a t i o n .  

The crux o f  t h e  ma t te r  q u i t e  s imply  i s  t h e  eva lua t i on  o f  t h e  spa- 

To summarize, macro- and-microsegregation i n  an a l l o y  may be q u a n t i f i e d  
by d e t a i l e d  measurements o f  C,, C,, fa, o r  f E .  Other r e l a t e d  morphological  
c h a r a c t e r i s t i c s  o f  i n t e r e s t  a re  (1 )  t h e  t i p  composit ion, C t  o r  kCt, i .e. ,  
t h e  composit ion a t  t he  c e n t e r l i n e  o f  t h e  d e n d r i t e  i n  t h e  f i n a l l y  s o l i d i f i e d  
a l l o y ,  ( 2 )  the pr imary and secondary d e n d r i t e  arm spacings, Ap 
respec t i ve l y ,  ( 3 )  t h e  c e l l  o r  d e n d r i t e  length,  i . e . ,  t h e  mushy zone th ickness,  
M. Va r ia t i on  i n  d e n d r i t e  arm spacings i n  t h e  i n g o t  a re  o f  p a r t i c u l a r  i n t e r e s t  
s ince t h i s  suggests v a r i a t i o n  i n  t h e  p e r m e a b i l i t y  o f  t h e  d e n d r i t i c  network t o  
f l u i d  f l o w  dur ing s o l i d i f i c a t i o n .  A c a r e f u l  measurement o f  d e n d r i t e  arm spac- 
ings i n  1-g c o n t r o l  t e s t s  i s  a l s o  impor tant  because d e n d r i t e  arm spacings i n  
reduced g r a v i t y  experiments have o f t e n  been repor ted t o  be h ighe r  than i n  t h e  
1-9 experiments ( r e f s .  16 t o  19).  

and As 

EXPERIMENTAL RESULTS 

The i so the rma l l y  processed samples f rom t h e  MSFC t e s t s  and t h e  samples 
processed a t  CWRU have a l l  been subjected t o  a r i go rous  regimen o f  post-mortem 
metal lographic analyses ( f i g .  10).  These i n c l u d e  d e t a i l e d  m i c r o s t r u c t u r a l  
cha rac te r i za t i on ,  v i z .  pr imary and secondary d e n d r i t e  arm spacing measurements 
us ing o p t i c a l  metal lography techniques, quant imet measurements o f  area f r a c -  
t i o n  eu tec t i c  (two-phase m a t e r i a l )  i n  t h e  sample, microprobe measurements t o  
d e l i n e a t e  microsegregation across i n d i v i d u a l  dendr i t es ,  and a coarse beam ras-  
t e r  t o  a r r i v e  a t  a q u a l i t a t i v e  measure of macrosegregation. F i n a l l y ,  a more 
d e t a i l e d  macrosegregation c h a r a c t e r i z a t i o n  was performed by a c t u a l  chemical 
composit ion measurements o f  smal l  d r i l l i n g s  f rom var ious random l o c a t i o n s .  
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Such d e s t r u c t i v e  chemical measurements have been kep t  t o  a minimum. 
one o f  ou r  o b j e c t i v e s  i n  t h i s  program was t o  e s t a b l i s h  t h a t  nondestruct ive 
techniques such as f r a c t i o n  e u t e c t i c  measurements w i t h  a quantimet o f f e r  a 
very r e l i a b l e  a l t e r n a t i v e .  

Indeed, 

The quantimet provides very accurate measurements o f  t h e  area f r a c t i o n s  
o f  t h e  d e n d r i t e  and e u t e c t i c  phases a t  any g iven l o c a t i o n .  The accuracy o f  
t h e  quantimet measurements depends on the  a b i l i t y  o f  t h i s  inst rument  t o  d e t e c t  
var ious shades o f  grey. 
e u t e c t i c  phases e tch  d i f f e r e n t l y ;  t h e  dendr i t e  phase o f t e n  appears much much 
darker  than the  e u t e c t i c  phase. F igu re  11 i l l u s t r a t e s  a t y p i c a l  m ic ros t ruc -  
t u r e ,  o r  image f i e l d ,  used i n  t h e  quantimet measurements. Each image f i e l d  i s  
a rec tangu la r  box approximately 650 by 400 pm. T y p i c a l l y  about 800 such image 
f i e l d  measurements can be obtained i n  a s i n g l e  t ransverse cross-sect ion o f  t h e  
sample. The average o f  these 800 o r  so quantimet measurements g ives t h e  area 
f r a c t i o n  e u t e c t i c  a t  say a g iven d is tance f rom t h e  bottom o f  t h e  i n g o t .  (The 
f u l l  c i r c u l a r  cross-sect ion y i e l d s  about 800 o r  more measurements, t h e  semi- 
c i r c u l a r  sect ions y i e l d  up t o  400 measurements, a complete l o n g i t u d i n a l  cross- 
s e c t i o n  y i e l d s  over 1250 measurements.) 

I n  a c a r e f u l l y  prepared sample, t h e  d e n d r i t e  and 

F igure 12  provides an example o f  our f r a c t i o n  e u t e c t i c  measurements f o r  
one o f  t h e  MSFC t e s t  samples. Each data p o i n t  here ( s o l i d  dots)  represents an 
average o f  about 50 measurements made i n  a l o n g i t u d i n a l  cross-sect ion.  This  
thus g ives us a r a d i a l l y  averaged measurement. 
a re  measurements made i n  a t ransverse (semi - c i  r c u l a r )  cross-sect ion.  Each one 
o f  these open c i r c l e s  now represents an average o f  about 400 measurements, 
which accounts f o r  both r a d i a l  and c i r c u m f e r e n t i a l  v a r i a t i o n s  a t  t h a t  he igh t .  
Both sets  o f  measurements i n d i c a t e  t h e  same t rend :  t h e  f r a c t i o n  e u t e c t i c  
increases g r a d u a l l y  f rom t h e  bottom t o  the t o p  o f  t h e  i n g o t .  Th is  suggests an 
enrichment o f  t h e  remanent l i q u i d  w i t h  Sn and a gradual f l o a t i n g  o f  t h e  l i g h t -  
e r  Sn-enriched l i q u i d  t o  t h e  t o p  o f  t h e  i ngo t  du r ing  t h e  unusual ly  long s o l i d i -  
f i c a t i o n  t i m e  (640 min o r  about 11 h r )  experienced by t h i s  s low ly  cooled 
i n g o t .  
f i g u r e  12( b) . 

The l a r g e  open c i r c l e s  here 

This  i s  a l s o  confirmed by t h e  coarse beam microprobe measurements, 

F igu re  13 summarizes the  r e s u l t s  obtained from the  var ious MSFC t e s t s .  
I n  some o f  these t e s t s  s o l i d i f i c a t i o n  was i n t e r r u p t e d  by r a p i d l y  quenching t h e  
sample p r i o r  t o  complete s o l i d i f i c a t i o n .  
ments g i v e  t h e  f r a c t i o n  o f  l i q u i d  remaining i n  t h e  sample a t  var ious l o c a t i o n s  
j u s t  p r i o r  t o  t h e  i n i t i a t i o n  o f  t h e  quench. The quenched l i q u i d  has a very 
f i n e  s t r u c t u r e  and again etches d i f f e r e n t l y  i n  a c a r e f u l l y  prepared sample. 

I n  t h i s  case the  quantimet measure- 

F igure 14 p l o t s  the  r a d i a l  segregation p a t t e r n  a t  var ious f i x e d  d is tances 
f r o m  t h e  i n g o t  bottom; i . e . ,  t h e  v a r i a t i o n  i n  f r a c t i o n  e u t e c t i c  w i t h  d i s tance  
measured from t h e  a x i s  o f  t h e  i n g o t .  We a r e  s imply r e p l o t t i n g  here t h e  meas- 
urements taken i n  t h e  l o n g i t u d i n a l  cross-sect ion o f  f i g u r e  12.  Each data 
p o i n t  i n  f i g u r e  14  represents the  very " l o c a l "  measurement, a t  t h a t  p o i n t .  
Note t h a t  r a d i a l  v a r i a t i o n s  o f  f r a c t i o n  e u t e c t i c  a re  q u i t e  small  near t h e  bo t -  
tom o f  t h e  i n g o t ,  b u t  l a r g e  r a d i a l  v a r i a t i o n s  are observed i n  t h e  t o p  h a l f  o f  
t h e  i n g o t .  This r a d i a l  segregat ion pa t te rn  i s  somewhat remin iscent  o f  t h e  seg- 
rega t ion  p r o f i l e s  observed i n  many earth-growth semi-conductor c r y s t a l s  
(PbSnTe, HgCdTe, Ga-doped Ge, f o r  example) wherein t h e  s o l i d i f i c a t i o n  morphol- 
ogy i s  much more simple ( r e f .  23) -- a planar i n t e r f a c e  as opposed t o  t h e  
i n t r i c a t e  d e n d r i t i c  p a t t e r n  here. 
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Figure 15 summarizes our  secondary d e n d r i t e  arm spacing measurements. The 
numbers w i t h i n  t h e  parenthes is  represent  t h e  number o f  measurements taken i n  
each o f  the samples t o  a r r i v e  a t  t h e  average va lue repor ted  here. F igure  16 
i s  an example o f  t h e  composi t ion measurements i n  t h e  CWRU t e s t s .  
d e t a i l e d  repor t  o f  t h e  MSFC and CWRU t e s t  r e s u l t s  i s  under p repara t i on  
( r e f s .  20 and 21). 

A more 

MODELING OF SEGREGATION BEHAVIOR 

I n  t h i s  sec t i on  some p r e l i m i n a r y  semi -ana ly t i ca l  c a l c u l a t i o n s  a re  
descr ibed which were aimed a t  p i n p o i n t i n g  some o f  t h e  impor tan t  elements o f  a 
s a t i s f a c t o r y  t h e o r e t i c a l  model f o r  segregat ion behavior.  A f u l l  numerical  sim- 
u l a t i o n ,  which inc ludes f l u i d - f l o w  e f f e c t s ,  i s  a l s o  being developed t o  descr ibe  
more completely the  r a t h e r  complex and i n t e r e s t i n g  r a d i a l  and l o n g i t u d i n a l  seg- 
rega t ion  pa t te rn  observed i n  t h e  i so the rma l l y  processed samples. 

The a n a l y t i c a l  c a l c u l a t i o n  i s  s imply  aimed a t  determin ing t h e  maximum 
amount o f  eu tec t i c  t h a t  would be formed i n  t h e  sample, w i t h i n  a random volume 
elements such as considered i n  f i g u r e  7. We complete ly  neg lec t  f l u i d - f l o w  
e f f e c t s  as a f i r s t  step, i . e . ,  t h e  f l u i d - f l o w  parameter i s  taken t o  be smal l  
compared t o  u n i t y  and we se t  fi = 0. The d i f f e r e n t i a l  s o l u t e  balance 
( t a b l e  111) may be r e a d i l y  i n teg ra ted  w i t h  these approximat ions i f  we a l s o  
assume the  p a r t i t i o n  r a t i o  k t o  be constant .  The i n t e g r a t e d  r e s u l t  i s  actu-  
a l l y  t h e  same as t h e  f a m i l i a r  Sche i l  equat ion (22).  However, i n  t h i s  case, 
t h e  Sche i l  equat ion g ives t h e  " l o c a l "  v a r i a t i o n  i n  composi t ion w i t h i n  a smal l  
volume element, r a t h e r  than t h e  v a r i a t i o n  o f  composi t ion f rom one end o f  t h e  
i n g o t  t o  the other ,  as i n  semiconductor c r y s t a l  growth ( r e f s .  23 and 24). ( I n  
e l e c t r o n i c  c r y s t a l  growth app l i ca t i ons ,  t h e  s o l i d  morphology i s  p lana r  and t h e  
e n t i r e  i ngo t  i s  taken as t h e  volume element i n  t h e  d i f f e r e n t i a l  balance; see 
a l s o  Flemings i n  re ference 25. Here t h e  volume element f o r  t h e  d i f f e r e n t i a l  
s o l u t e  balance i s  o f  t h e  order  o f  t h e  d e n d r i t e  arm spacings.) For t h e  Pb-15 
w t  X Sn a l l o y  w i t h  
percent .  This i s  much h igher  than t h e  maximum, r a d i a l l y  averaged, va lue de ter -  
mined i n  these experiments and i s  represented by t h e  h o r i z o n t a l  l i n e  i n  
f i g u r e  17. 

k = 0.31, t h i s  y i e l d s  a f r a c t i o n  e u t e c t i c  o f  about 12.8 

The p a r t i t i o n  r a t i o  k i s  however no t  a constant  and va r ies  f rom about 
0.50 c lose  t o  the  l i q u i d u s  temperature t o  about 0.31 c lose  t o  t h e  e u t e c t i c  tem- 
pera ture .  A l lowing f o r  a vary ing  k and per forming a numerical  i n t e g r a t i o n  
o f  t h e  Schei l  balance y i e l d s  a much lower f r a c t i o n  e u t e c t i c ,  8.8 percent  com- 
pared t o  12.8 percent w i t h  constant  k .  

Next we al lowed f o r  some d i f f u s i o n  of t h e  r e j e c t e d  s o l u t e  i n t o  t h e  s o l i d ,  
i . e . ,  we consider a two-sided model f o r  segregat ion.  
posed by Brody and Flemings ( r e f .  26) and t h i s  was subsequently modi f ied by 
Clyne and Kurz ( r e f .  2 7 ) .  ' "Back-d i f fus ion"  o r  d i f f u s i o n  i n  t h e  s o l i d  i s  char-  
ac te r i zed  by t h e  dimensionless parameter a = D Z t f / A s 2 ,  where i s  t h e  d i f -  
f us ion  c o e f f i c i e n t  of Sn i n  t h e  s o l i d  and 
t ime. Clyne and Kurz def ined another  dimensionless parameter a' which i s  a 
f u n c t i o n  of a. A l a r g e  value of a o r  a' imp l i es  a s i g n i f i c a n t  con t r i bu -  
t i o n  f rom d i f f u s i o n  i n  t h e  s o l i d .  D i f f u s i o n  of s o l u t e  i n t o  t h e  s o l i d  w i l l  
increase the average so lu te  conten t  of t h e  d e n d r i t e  (C,) and hence reduce t h e  
amount o f  e u t e c t i c  formed. We again performed a numerical  i n t e g r a t i o n  o f  t h e  
d i f f e r e n t i a l  so lu te  balance and a l lowed f o r  (1 )  va ry ing  k w i t h  temperature 

Two such models were pro-  

DS 
tf i s  t h e  t l l oca l "  s o l i d i f i c a t i o n  
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and composit ion, (2)  v a r i a t l o n  i n  dendr i te  arm spacing w i th  d u r i n g  s o l i d i f i c a -  
t i o n ,  which we deduced from ou t  i n te r rup ted  quench t e s t s  ( f i g .  15) ,  ( 3 )  v a r i a -  
t i o n  i n  d i f f u s i o n  c o e f f i c i e n t  temperature. The r e s u l t s  o f  these c a l c u l a t i o n s  
a r e  shown i n  f i g u r e s  17 and 18. The maximum value o f  f E  p red ic ted  i s  now 
o n l y  about 8.2 percent  which i s  much c lose r  t o  t h e  maximum value ( r a d i a l l y  
averaged) o f  about 6 percent  i n  our  experiments. 

Again, these p r e l i m i n a r y  semi-analyt ical  c a l c u l a t i o n s  o n l y  p o i n t  ou t  t h e  
impor tant  i n g r e d i e n t s  o f  a more complete ana lys i s  which must necessa r i l y  
i nc lude  f l u i d - f l o w  e f f e c t s .  
t h e  d e t a i l s  o f  both t h e  l o n g i t u d i n a l  and r a d i a l  segregat ion p a t t e r n  repo r ted  
here. 

Only such a c a l c u l a t i o n  w i l l  be ab le  t o  recapture 

FUTURE PLANS: SUMMARY AND CONCLUSIONS 

1 .  A r a t h e r  i n t r i c a t e  l o n g i t u d i n a l  and r a d i a l  segregat ion p a t t e r n  has been 
These r e s u l t s  suggest s i g n i f i -  observed i n  t h e  i s o t h e r m a l l y  processed samples. 

cant  g r a v i t y - d r i v e n  f l u i d - f l o w  e f f e c t s .  
i n d i c a t e  a much l e s s  pronounced v a r i a t i o n  o f  f r a c t i o n  e u t e c t i c .  A numerical 
s imu la t i on  o f  t h e  1-g data and t h e  an t i c ipa ted  m i c r o g r a v i t y  r e s u l t s  i s  be ing 
p l  anned . 

The m i c r o g r a v i t y  experiment should 

2. The i s o t h e r m a l l y  processed MSFC samples have been subjected t o  a r i g o r -  
ous regimen o f  d e t a i l e d  post-mortem metal lographic analyses. Several thousand 
measurements pe r  sample have a l ready been performed (more a r e  under way), and 
several  impor tant  morphological  d e t a i l s  have been measured. I n  p a r t i c u l a r  t h e  
d e t a i l e d  c h a r a c t e r i z a t i o n  o f  t h e  pr imary and d e n d r i t e  arm spacings i n  t h e  sam- 
p les  i s  a p r e r e q u i s i t e  t o  s a t i s f a c t o r y  numerical modeling o f  f l u i d - f l o w  
e f f e c t s .  These measurements were a l s o  ca r r i ed  ou t  i n  a n t i c i p a t i o n  o f  r e p o r t -  
e d l y  l a r g e r  values o f  t h e  d e n d r i t e  arm spacings i n  o t h e r  reduced g r a v i t y  exper- 
iments, p a r t i c u l a r l y  those performed i n  t h e  KC-135 f l i g h t s ,  compared t o  t h e  
corresponding 1 -g spacings. 

3. Thermal cond i t i ons  t o  be employed f o r  t h e  m i c r o g r a v i t y  experiment have 
been shown t o  be rep roduc ib le  i n  several  repeat t e s t s  (12 t o  da te ) .  The major- 
i t y  o f  these t e s t s  were  conducted w i t h  the a x i s  o f  t h e  sample o r i e n t e d  i n  . the 
d i r e c t i o n  o f  t h e  g r a v i t y  vector .  The s ing le -cav i t y  s imu la to r  o f  t h e  GPF a t  
MSFC i s  mounted on t run ions  and a l lows f o r  many d i f f e r e n t  o r i e n t a t i o n s .  It 
would be extremely d e s i r a b l e  t o  perform a d d i t i o n a l  t e s t s  i n  t h e  s i n g l e - c a v i t y  
s imu la to r  w i t h  a t  l e a s t  3 o r  4 d i f f e r e n t  angular o r i e n t a t i o n s  w i t h  respect  t o  
g r a v i t y  vector ;  30, 45, 90, 180. These tes ts  were i n t e n t i o n a l l y  de fe r red  thus 
f a r  s ince our  goal was t o  f i r s t  develop a s a t i s f a c t o r y  engineer ing design o f  
t h e  spr ing- loaded specimen c a r t r i d g e .  The a d d i t i o n a l  t e s t s  mentioned here 
would i n d i c a t e  the  r o l e  o f  g r a v i t a t i o n a l  convection i n  e s t a b l i s h i n g  t h e  ( v e r y  
rep roduc ib le )  thermal p r o f i l e s  obtained thus f a r  i n  the MSFC experiments. The 
f i n a l  programming of t h e  GPF f o r  t h e  m ic rog rav i t y  experiments must take i n t o  
account the  outcome o f  these a d d i t i o n a l  t e s t s .  (The spr ings loaded p lunger  
has been inc luded t o  e l i m i n a t e  t h e  compl icat ing e f f e c t s  o f  Marangoni convec- 
t i o n  associated w i t h  a f r e e  l i qu id /gas  i n te r face . )  

4. Ground-based r e s u l t s  a l ready i n  hand (CWRU t e s t s )  i n d i c a t e  a r i c h  v a r i -  
e t y  o f  experiments t h a t  could be g a i n f u l l y  performed i n  fo l low-up s h u t t l e  
experiments. These fo l low-up experiments should be performed w i t h o u t  t he  i s o -  
thermal c o n s t r a i n t s  o f  t h e  f i r s t  experiment, i n  t h e  GPF, o r  o t h e r  s u i t a b l y  

1 3  



mod i f i ed  s h u t t l e  hardware: f o r  example, t h e  Automatic Advanced 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  Furnace (AADSF) w i t h  a s t a t i o n a r y  sample o f  app rop r ia te  aspect 
r a t i o ,  o r  even the  Isothermal  Dendr i te  Growth Apparatus ( I D G A ) .  Both p ieces 
o f  hardware are  c u r r e n t l y  under development. 

5. F i n a l l y ,  t h e  c u r r e n t l y  approved and o the r  proposed s h u t t l e  experiments 
i n  t h i s  ser ies have been planned i n  a manner t h a t  would a l l o w  both  a more fun- 
damental understanding o f  t h e  r o l e  o f  g r a v i t y  du r ing  s o l i d i f i c a t i o n  as w e l l  as 
y i e l d  in fo rmat ion  o f  g rea t  va lue from an engineer ing s tandpo in t .  
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TABLE I. - SUMMARY OF PROCESSING CONDITIONS I N  THE 

SINGLE-CAVITY SIMULATOR OF THE GPF l o c a t e d  a t  MSFC 

0.0030 

.0030 

.0029 

.0031 

.0030 

.0033 

.0086 

, .0036 

[Tempera tu re  g r a d i e n t  i n  sample was r e q u i r e d  t o  be l e s s  
t h a n  0.1 K/mm. Tempera tu re  g r a d i e n t  dec reases  as more 
and more s o l i d  f o r m s . ]  

Temperature 
g r a d i e n t  G, 

c /cm 

1.54 
16.85 
24.70 
22.32 
34.25 
21.10 
27.56 
19.49 
16.14 

Sample 

L i  q u i  dus 
i s o t h e r m  
v e l o c i t y  

cm/mi n 

2.0830 
.0718 
.0397 
.0246 
.0124 
.0338 
.0842 
.0354 
.0551 

R l !  

Cool  i n g  
r a t e ,  
K/sec 

Heat Chemical 
number compos i t i on  

LeRCOOl 

LeRC002 
LeRC003 
LeRC004 
LeRCOO5 

LeRC006 
LeRCOO8 

LeRCOlO 

S o l i d i f i c a t i o n  
t ime,  

m i  n 

Average 
t e m p e r a t u r e  

g r a d i e n t  , 
K/llKll 

0.051 

.011 

.092 

.078 

.070 

.025 

.028 

.097 

Quench 
t e m p e r a t u r e ,  

O C  

164.5 

169.2 
269.0 
259.5 
164.0 

164.5 
281 .o 

285.0 

Comments 

Mu1 t i p l e  h e a t s  

P r e l i m i n a r y  
c a r t r i d g e  

d e s i g n  

F i n a l  p l u n g e r  
d e s i g n  

Two h e a t s  

TABLE 11. - SUMMARY OF IMPORTANT SOLIDIFICATION PARAMETERS I N  THE SAMPLES 
PROCESSED AT CWRU 

I I PbX SnX I li 
8 
9 15.6 

14.0 

85.0 
84.3 
84.4 

65 
150 
230 
350 
520 
300 

59 
135 
170 

Cooling 
r a t e ,  
c h i n  

3.23 
1.21 

.98 

.55 

.425 

.713 
2.32 

.89 . b9 

F r e c k l e s  

No 
No 
No 
Yes 
Yes 

? 
No 
No 
No 
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'ABLE I1 

leferencl  
number 

___ 

- 
29 

30 

22 

~ 

26 

- SUMMARY OF VARIOUS THEORE 

Assumptions 

AL MODELS FOR SEGREGAll 

D i f f e r e n t i a l  
s o l u t e  balance 

BEHAVIOR I N  BINARY ALLOY! 

I n t e g r a t e d  s o l u t e  
r e d i s t r i b u t i o n  

equat ion  

Model Coments 

- 
G u l l i v e r  (1913) 

Hayes 6 Chipman (1938) 

Sche i l  (1942) 

C* = kC ( 1  - fs)k-l 

Sche i l  equdt ion  

s o  
No concent ra t ion  grad ien ts  

i n  l i q u i d  (complete 
mix ing  assumption) 

NU dif f .s lon of r e j e c t e d  
s o l u t e  i n t o  s o l i d  d u r i n g  
f reez ing ;  one-sided model 

Planar i n t e r f a c e  

r n t i r e  i n g o t  I s  the  
v o l u w  element f o r  
s o l u t e  balance when 
d p p l i e d  tu y r e d i r t  
Segregat ion dur ing  
semiconductor c rys-  
t a l  growth;  

Model p r e d i c t s  v a r i -  
a t i o n s  frm end t o  
end o f  i n g o t  i n  t h i s  
case, r e f .  24 

:5 = co f o r  a l l  values of k 

:or = 0 o r  a '  = 0 
BF o r  CK models reduce 
t o  Sche i l  equat ion.  
a l though a p p l i e d  f o r  
d e n d r i t i c  growth 

lolume element dur ing  
d e n d r i t i c  growth has a 
length  equal t o  a 
o r  IS. f i g .  E .  d 
e n t i r e  i n g o t  leng th  as 
when Sche i l  equat ion  
i s  used f o r  c r y s t a l  
growth (p lane f r o n t  
s o l i d i f i c a t i o n )  

NO concent ra t ion  grad ien ts  
i n  l i q u i d  

Some d i f f u s i o n  o f  r e j e c t e d  
s o l u t e  i n t o  s o l i d  dur ing  
f reez ing ;  two-sided model 

o f  d e n d r i t e  arms 
L inear  r a t e  o f  t h i c k e n i n g  

Brody k Flemings (19bb) 
(BF) 

dfL -=  
f + nk 

k-1 

C S = k C  * o [  l----L 1 I n k ]  

L i n e a r  model 

df .  Same as above. bu t  para- 
b o l i c  r a t e  o f  t h i c k e n i n g  
o f  d e n d r i t e  arms 

L 
L ( l  - 2ak) + 2nk 

TABLE I l l .  - Continued 

Model zferenci  
lumber 

Assumptions D i f f e r e n t i a l  
s o l u t e  balance 

I n t e g r a t e d  s o l u t e  
r e d i s t r i b u t i o n  

equat ion  

Coments 

Clyne 6 Kurz (1981) 21 Same as f o r  Brody 6 
Flemings p a r a b o l i c  model 
except n i s  replaced 
by n' 

n ' = n l  [ - e x p - -  ( :)I - 5 ex,(- k) For bo th  and CK 
models. C s  - Co o n l y  
f o r  spec ia l  values o f  
n ( o r  a ' ) .  These 
models thus  v i o l a t e  
conserva t ion  o f  s o l u t e  
w i t h i n  t h e  volume e l e -  
ment. Note. s o l u t e  
cannot e n t e r  o r  leave 
volume element by any 
means, see FN model 
below. 

Flemings and Nereo (196 
( F N )  

33 

2 

No concent ra t ion  grad ien ts  
i n  l i q u i d  (a l though t h e n  
i s  a temperature gradien'  
across volume element, 
f i g .  1 )  

s o l u t e  i n t o  s o l i d ;  one- 
s ided model 

No d i f f u s i o n  o f  r e j e c t e d  

So lu te  can e n t e r  o r  leave 
volume element because 
o f  f l u i d  f l o w  

C, # Co i n  genera l .  cs - Co f o r  k '  = 1 
i . e . .  k = 1 and/or 
B - O . i = O  

Mehrabian. Kean. and 
Flemings (1970) 
(MKF) 

C: = k ' C o ( l  - fS)I;-l 

if i.B.k cons tan t  

Only numerical  i n t e g r a -  
t i o n  p o s s i b l e  when 
E # 0. i . e . .  V s 0 

Since s o l u t e  can e n t e r  01 
leave volume element 
because o f  f l u i d  f low.  
i t  i s  t h a t  
t h e r e  i s  g l o b a l  conser- 
v a t i o n  of s o l u t e  

induced f low.  Darcy's 
law used t o  model f low.  

5 

- 

Same as f o r  FN and MFK 
except t h a t  t h e r e  i s  a 
concent ra t ion  g r a d i e n t  i r  
t h e  l i q u i d .  Hence s o l u t t  
can e n t e r  o r  leave vo l -  
ume element by d i f f u s i o n .  

J 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  o n l v  considered 

Only numerical  i n t e g r a -  
t i o n  p o s s i b l e  i n  genera 

Cs f C, i n  general  as 

Global  conserva t ion  of 
f o r  F N  o r  MKF. 

s o l u t e  assumed. 

Poi r i e r  (1 983) 

( 1  - d a c L  

- _  izL ( 1  - k)CL 

'sE -'s 
B E = - =  PE 

ORIGINAL 
OF POOR 

AGE 1s 
UAlfTY 

T = DL/Deff = 

t o r t u o s i t y  

rn = apL/aT 
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TABLE 111. - Continued 

D i f f e r e n t i a l  
s o l u t e  balance 

Model I n t e g r a t e d  s o l u t e  
r e d i s t r i b u t i o n  

lemings (1964) 

lower. Erody, and 
Flemings (1966) 
(BBF)  = a I k - 1 mLRCo 

) o l a r i  S B i l o n i  (1900) 

Note f o r  s+O. i .e. ,  no 
concent ra t ion  g r a d i -  
e n t  i n  i n t e r d e n d r i t i c  
l i o u i d .  model reduces 

leference 
number 

31 

32 

34 

Assumptions 

Solute can e n t e r  o r  leave 
volume element b u t  o n l y  
because o f  d i f f u s i o n .  
There i s  a concent ra t ion  
g r a d i e n t  i n  t h e  l i q u i d ,  
i n  a d i r e c t i o n  perpen- 
d i c u l a r  t o  t h e  growth 
d i r e c t i o n  o f  a r r a y  

rhere i s  no concent ra t ion  
g r a d i e n t  l a t e r a l  t o  
growth d i r e c t i o n  of 
a r ray ,  i.e.. l i q u i d  
w i t h i n  volume element, 
f i g .  8. i f  un i fo rm i n  
composi t ion. 

:oncentrat ion g r a d i e n t  i n  
i n t e r d e n d r i t i c  l i q u i d  i s  
cons tan t .  Exponent ia l  
decay i n  b u l k  l i q u i d  
ahead of t i p s  

I to ’Sche i l  equat ion  

Gc, = GL/mL 

I 
r h i s  model at tempts t o  combine t h e  EBF model and t h e  0F model. The d e n d r i t e  t i p  

composi t ion i s  c a l c u l a t e d  from the  Burden h Hunt a n a l y s i s  r a t h e r  than t h e  
06F ana lys is .  

I equat ion  

TABLE I l l .  - Concluded. 

Model 

.axmanan (1965/81) 

Reference Assumptions 
number 

9-;;: I Same as f o r  OOF model 
except t h a t  isoconcen- 

26 t r a t e s  are nonolanar i n  
t h e  i n e d i a t e  v i c i n i t y  
o f  t i p s  

Mu l t id imens iona l  d i f f u s i o n  
near  t i p s  t r e a t e d  approx- 
i m a t e l y  by two models. 

a = u/2p D i f f u s i o n  f i e l d  
i n  v i c i n i t y  o f  t i p s  i s  
g iven  by lvan tsov  so lu -  
t i o n  i n  t h e  i d e a l  case 
when GL = 0, i . e . ,  
d e n d r i t e  sur face  i s  
i so thermal  

a = 1/16 D i f f u s i o n  f i e l d  
i n  v i c i n i t y  o f  t i p s  g iven 
by a g e n e r a l i z a t i o n  o f  
the  Zener t reatment,  
i n  t h e  i d e a l  case o f  
GL = 0 .  i ns tead of 
Ivan tsov .  

D i f f e r e n t i a l  I n t e g r a t e d  s o l u t e  
s o l u t e  balance r e d i s t r i b u t i o n  

equat ion  

Note f o r  f L  + 0 .  ta + C o  G c I  * GL’mL 

f o r  a l l  values o f  q 

G-r + 0 model reduces 
For  q + 0 .  i .e . .  f o r  

I b = 1 - 2pk(l - k )  

C o n e n t s  

Assumption of exponent ia l  
decay ahead o f  t i p s  can 
be  re laxed 

It may be shown t h a t  s o l -  
u t e  conserva t ion  i s  
obeyed, i .e . .  C - C 
f o r  a l l  values i f -  so  

F i r s t  s o l i d  t o  form i n  
volume element has com- 
p o s i t i o n  kCt ) kCo. 
i . e . .  d e n d r i t e  t i p s  a r e  
undercooled 

So lu te  conserva t ion  
w i t h i n  t h e  volume e l e -  
ment i s  aga in  v i o l a t e d .  

C o n e n  t s 

ode1 s a t i s f i e s  s o l u t e  con- 
s e r v a t i o n  s ince  C--+ Co 
f o r  f L  + 0 i . e . .  C s  ., Co 
f o r  f L  + 0 

hen G c ~  = GLlmL. q = s. 
i . e . ,  model reduces t o  
60F 
= bC/bCo i s  i n  general  
g r e a t e r  than s. 

nknown Pec le t  number p,  
i . e . .  t i p  r a d i u s  i s  
determined e i t h e r  f rom 
minimum t i p  undercoo l ing  
assumption o r  from t h e  
marginal  s t a b i l i t y  
hypothesis,  r e f .  9 

i r s t  s o l i d  t o  form i n  v o l -  
ume element has composi- 
t i o n  kCt ) kCo. i . e . .  
AT ) 0. 

ORIGINAL PAGE Is 
OF POOR Q U m -  
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4x 

ORIGINAL PAGE 15 
OF POOR QUALITY 

10 Y 

.25 .5 .75 
DISTANCE FROM MOLD WALL 

FIGURE 1.  - COLUMNAR FRECKLE I N  ONE OF THE CWRU EXPERIMENTS; TABLE 2, E X P E R I R N T  NO. 4. THE T I N  ENRICHED REGION 1s SLIGHTLY OFF-CENTER 
WITH RESPECT TO THE INGOT A X I S  AND EXTENDED APPROXIMATELY TO THE MID-HEIGHT OF THE INGOT FROM THE TOP. 
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TEMPERATURE 
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t 
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BOTTOM 

L1 E l  1 

TIME 1 

t f  = TOTAL SOLIDIFICATION TIME FOR SAMPLE 

COOLING RATE AT 
LOCATION 1 (TC 1) 

E l  ) = LOCATION 
SOL I D I F  ICATI ON 
TIME AT 1 

1 

HOT ZONE 

MUSHY ZONE 
(LIQUID + 
SOLID) 

COLD ZONE 

TC 1 6 
Y Y Y  

- 

GPF i 
MUSHY ZONE THICKNESS M. 
TWO-PHASE REGION, VARIES 
WITH TIME 1. 

M CAN BE CONTROLLED BY 
ADJUSTING i, GL, 

,-EUTECTIC 
ISOTHERM 

+Y T I P  ISOTHERM I 

(FULLY LIQUID) 

r T I P  ISOTHERM (TtZTL) 

rLOCATION 1 
-------l (PARTIALLY SOLID) 

________-EUTECTIC ISOTHERM 
AT t =  0 

L1 / ‘ ~ 2  ‘E2 1 

t E l  ’ 
TIME t .  

0 MUSHY ZONE THICKNESS REMAINS 
CONSTANT. DURING STEADY-STATE 

CD-87-24847 

FIGURE 2. - COMPARISON OF MUSHY ZONE CHARACTER I N  GPF-TYPE EXPERIMENT AND DIRECTIONAL SOLIDIFICATION (DS) 
EXPERIMENTS. 
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CD-87-24843 

FIGURE 3. - TYPICAL TEMPERATURE-TIME PLOT FOR SLOWLY COOLED SAMPLE 
I N  SINGLE-CAVITY GPF SIMULATOR: LERC002, TABLE 1. 
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BOTTOM 
0 
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BOTTOM 
0 

L l  LIQUID + SOLID 

MUSHY ZONE 
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SOL I D  
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G, = 2.23 K/MM 
;L ~~ 

E = 0.009 K/SEC [I TOP 

: r n r  

I I I I I I 
40 80 120 160 200 240 280 320 360 

T I E .  M I N  

CWRU TESTS: ASPECT RATIO OF SAMPLE SIMILAR TO GPF 

FIGURE 4. - COMPARISON OF EVOLUTION OF MUSHY ZONE (TWO-PHASE, LIQUID PLUS 
SOLID. REGION) I N  MSFC AND CWRU EXPERIMENTS. 
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0 I 

0 SEQUENCE A 
0 SEQUENCE B 

I 1 1  I V  

SHALLOW AXIAL THERMAL GRADIENT 
STEEPER AXIAL THERMAL GRADIENT 

SEQUENCE A 

TESTS I N  MSFC 
SINGLE-CAVITY 
SIMULATOR FOR 
APPROVED FLIGHT 
EXPERIMENT 

1 V 

SEQUENCE B 

CWRU GROUND- 
BASE EXPERI- 
MENTS PROPOSED 

MENTS 
FLIGHT EXPERI- 

CD-87-24846 

FIGURE 5. - SCHEMATIC ILLUSTRATION OF SEQUENCE OF SOLIDIFICATION I N  GPF-TYPE EX- 
PERIMENTS. 
THE MUSHY ZONE IS PARTIALLY DEVELOPED I N  ALL OTHER STAGES. 

FULLY DEVELOPED MUSHY ZONE (FMDZ) IS SEEN I N  SEQUENCE B, STAGE 111. 
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W 
F 

220 

1 80 

140 

FIGURE 6. - TEMPERATURE-TIME PLOT FOR SLOWLY COOLED SAMPLE I N  ONE OF THE 
CWRU EXPERIMENTS LEADING TO THE FRECKLE ILLUSTRATED I N  FIG. 1. 
THERMAL GRADIENT IS STEEPER THAN I N  THE MSFC TESTS. 

THE AXIAL 

23 



EARLY STAGES 

Ps 3 PL 

SETTLING OR FLOATING OF DENDRITES 

STOKES LAW 

F 

CD-87-24805 

K = PERMEABILITY 
OF INTER- 
DENDRITIC 

- 

- 
V = FLUID FLOW 

LATER STAGES DARCY'S LAW 

HIGH MAG PICTURE OF FULLY DEVELOPED DENDRITE 

DENDRITE T IPS AND ROOTS ARE NOT SEEN: OUTSIDE OF 
VOLUME ELEMENT 

5s = Cafa + CEfE 2 C, 
- 
Ca, fa, f E  AFFECTED BY FLOW 

0 GLOBAL CONSERVATION OF SOLUTE ASSUMED 

GURE 7. - SCHEMATIC ILLUSTRATION OF SMALL VOLUME ELEMENT UNDERGOING SOLIDIFICATION I N  AN INGO 



x EUTECTIC 

0 RELATIVELY LOW HAG PICTURE. ENTIRE DENDRITE SEEN 
0 L I Q U I D  COMPOSITION INCREASING FROM TIPS TO ROOTS 

(CEefE) 
X XE 

C O W  

KCE KCE 

CO CO 

KC f 
X XE X 

DISTANCE - AP 0 

COMPOSITION PROFILE ALONG X-X AT THE 
- END OF SOLIDIFICATION 

0 Cs = C a f a +  C a p f E  

0 f a  = 1 - f E  Sap= CE 

0 FOR SOLUTE CONSERVATION cs = Co (MICROSEGREGATION) 

0 COMPOSITONAL VARIATIONS CONFINED TO SHALL DISTANCES. OF ORDER OF h p  OR AS, E Gs = Co 
EVERYWHERE 

CD-87-24804 

FIGURE 8. - MICROSEGREGATION, I . E .  COMPOSITIONAL CHANGE, BETWEEN THE CENTERLINE OF TWO INDIVIDUAL 
DENDRITES. 
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CD-87-24845 

FIGURE 9. - COMPARISON OF FRACTION EUTECTIC MEASUREMENT AND T I N  CONTENT MEASUREMENTS FOR 
SLOW COOLED MSFC TEST. 
I N  A MICROPROBE. 
REGIONS. SUCH AS SHOWN I N  THE QUANTIMET IMAGE FIELD MICROGRAPH OF FIG. 11. NOTE THAT 
MEASUREMENTS SHOWN HERE ARE UNCORRECTED PERCENT SN VALUES: AVERAGE VALUE IS THUS GREATER 
THAN 15 WEIGHT PERCENT. 

T I N  CONTENT WAS OBTAINED INDEPENDENTLY FROM A COARSE BEAN RASTER, 
THE PROBE AVERAGES THE COMPOSITION ACROSS SEVERAL DENDRITE AND EUTECTIC 

- 
SPECIMEN 

INGOT 

’1 # # 

, 
I 

METALLOGRAPHY 
PHASE MORPHOLOGY 

m d  QUANTIMET - PHASE 
AREA PERCENTS / 
MICROPROBE - 
PHASE COMPOSITION 

MACROGRAPH - 
OVERALL PHASE 
DISTRIBUTION 

1-1 CHEMICAL ANALYSIS - 
ALLOY COMPOSITION 

CD-87-24852 

FIGURE I O .  - SEQUENCE OF ANALYSIS OF GPF SAMPLES AFTER ISOTHERMAL OR NON- 
I SOTHERMAL PROCESS1 NG , 



'--i 38 MM 

I ul- 

%$$1$ 

38 MM FROM BOTTOM e3 38 MM FROM BOTTOM (31)-87-24796 

F I G U R E  1 1 ( A ) ,  - LOW MAGNIFICATION PHOTOMICROGRAPHS ILLUSTRATING D E N D R I T I C  
GROWTH I N  A PARTIALLY FROZEN AND QUENCHED SAMPLE OF P ~ - 1 5  WT % SN ALLOY. 
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TYPICAL QUANTIMET IMAGE 
FIELD FOR FRACTION 
EUTECTIC MEASUREMENT - 
LIGHT AREAS ARE EUTECTIC 

HIGHER MAG PICTURE OF EUTECTIC 
DENDRITE REGION THICKNESS 

-270 PM 

20 7 rEXPERIMENTALLY DETERMINED 
' BY MICROPROBE ANALYSIS 

69 

c 

---- ---------- 
L W kE 0 I 16 - - co u-% 
" 12 
5 

- 
I- 

8 -  I I I I 1 
120 80 40 0 40 80 

DISTANCE, (1M 

MICROPROBE TRACE ACROSS DENDRITE 

CD-87-24797 

FIGURE 11(B).  - IMAGE FIELD FOR FRACTION EUTECTIC MEASUREMENT AND A HIGHER MAGNIFICATION 
PICTURE OF DENDRITE AND EUTECTIC REGIONS. NOTE THE SHARP BOUNDARY BETWEEN THE DENDRITE 
AND EUTECTIC REGIONS. ALSO INDICATED I S  THE MICROSEGREGATION PROFILE ACROSS THE DENDRITE 
REGION. 
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RADIALLY AVERAGED VALUES (-50 MEASUREMENTS) 
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0 AVERAGE VALUE FROM TRANSVERSE CROSS- 
SECT I ON ( APPROX , 400 MEASUREMENTS EACH ) 
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CD-87-24890 

FIGURE 12. - FRACTION EUTECTIC MEASUREMENTS I N  SLOW COOLED SAMPLE. PROCESSED ISOTHERMALLY I N  THE GPF 
SINGLE CAVITY SIMULATOR. 
I N  THE MICROGRAVITY EXPERIMENT. 

THERMAL CONDITIONS I N  THIS EXPERIMENT ARE IDENTICAL TO THOSE TO BE EMPLOYED 
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FIGURE 13. - SUMNARY OF FRACTION EUTECTIC AND FRACTION L I Q U I D  I N  ISOTHERMALLY PROCESSED SAMPLES: 
MSFC TESTS, TABLE 1. 
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FIGURE 1 4 .  - RADIAL SEGREGATION PATTERN I N  ISOTHERMALLY PROCESSED 
SAMPLE. 
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FIGURE 15. - SUMMARY OF SECONDARY DENDRITE ARM SPACING MEASUREMENTS I N  ISOTHERMALLY PROCESSED SAMPLES. 
NUMBERS I N  PARANTHESES INDICATE THE NUMBER OF MEASUREMENTS PER SAMPLE. NOTE THAT THE SECONDARY DENDRITE 
SPACING IS QUITE FINE I N  SAMPLES WHEREIN SOLIDIFICATION WAS INTERRUPTED AT HIGH TEMPERATURE. THESE I N -  
TERRUPTED TESTS SHOW THAT IN THE COMPLETELY SOLIDIFIED SAMPLE. THE SPACING INCREASES FROM ABOUT 20 prn 
AT THE EARLY STAGES OF SOLIDIFICATION TO THE FINAL VALUE OF ABOUT 200 prn 
COARSENING. 

THIS PHENOMENON I S  CALLED 
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FIGURE 17. - COMPARISON OF FRACTION EUTECTIC MEASUREMENTS 
WITH THE PREDICTIONS OF VARIOUS MODELS FOR SEGREGATION. 
THE MODELS PREDICT THE MAXIMUM EUTECTIC FRACTION I N  A 
RANDOMLY LOCATED VOLUME ELEMENT. FLU I D  FLOW I S  NEGLECTED. 
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