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The p r o c e s s e s  involved in the f o r m a t i o n  of m a c r o s e g r e g a t i o n  in c a s t i n g s  o r  ingots  a r e  d i s -  
cu s sed .  A mode l  ingot was used  for  s tudying  the p r o g r e s s  of m a c r o s e g r e g a t i o n  as  the growth 
f ron t  moved  a c r o s s  the s p e c i m e n .  Pb-Sn  and Sn-Zn a l loys  we re  chosen  to i l l u s t r a t e  the ef -  
fec t  of the  change in dens i t y  of the i n t e r d e n d r i t i c  l iquid dur ing  f r eez ing .  At s low growth  r a t e s ,  
it  was found that  convec t ive  i n t e r d e n d r i t i c  flow was the dominant  m e c h a n i s m  in a l l  the c a s t -  
ings .  

IN th i s  p a p e r  m a c r o s e g r e g a t i o n  is  used  to d e s c r i b e  
the  g r adua l  change in compos i t i on  f rom one p a r t  of 
the ca s t i ng  to ano the r .  This  i s  in c o n t r a s t  to the m i -  
c r o s e g r e a t i o n  be tween  d e n d r i t e s  and the loca l  o r  chan -  
ne l  type  s e g r e g a t i o n ,  r e s u l t i n g  f rom l a r g e  pocke t s  of 
l iquid  be ing  f o r m e d  1-4 o r  lef t  behind the growth  i n t e r -  
face .  

M a c r o s e g r e g a t i o n  is  c o n s i d e r e d  to be the r e s u l t  of 
a n u m b e r  of s e p a r a t e  p r o c e s s e s :  

1. The mix ing  s o r  flow of the  d i f fus ion l a y e r  ahead 
of the growth  i n t e r f ace  into the bulk l iquid.  

2. The p r e c i p i t a t i o n  of so l id  (or ano the r  l iquid) 
phase  in the  bulk l iquid and i t s  subsequen t  depos i t ion .  

3. The flow of l iquid in the  s e m i - s o l i d  r eg ion  r e -  
su l t ing  f rom a vo lume change on f r eez ing .  6'7 

4. The convec t ive  flow of l iquid in the s e m i - s o l i d  
r eg ion  r e s u l t i n g  f rom l iquid  dens i ty  changes  within 
the f r e e z i n g  m a t e r i a l .  1'4 

The f i r s t  of t h e s e  p r o c e s s e s  o c c u r s  when the diffu-  
s ion  l a y e r  ahead  of the i n t e r f ace  f lows o r  is  mixed  
into the bulk l iquid.  This  m e c h a n i s m  is  l i k e l y  to be 
i m p o r t a n t  when a m a t e r i a l  g rows  with a p l a n a r  o r  a l -  
mos t  p l a n a r  i n t e r f ace .  It wi l l  be  l e s s  i m p o r t a n t  in 
dend r i t i c  growth  b e c a u s e  of the  much s m a l l e r  diffu-  
s ion l a y e r  ahead of the dend r i t i c  i n t e r f ace .  Because  
flow o r  mix ing  is  a s low p r o c e s s ,  a p p r e c i a b l e  m a c r o -  
s e g r e g a t i o n  only o c c u r s  when long f r e e z i n g  t i m e s  a r e  
involved.  

The second  m e c h a n i s m  o c c u r s  when equiaxed  c r y s -  
t a l s  o r  n o n - m e t a l l i c  i nc lus ions  a r e  p r e f e r e n t i a l l y  d e -  
pos i t ed  in one p a r t ' o f  the ingot.  Impor t an t  f a c t o r s  in 
con t ro l l i ng  the s e g r e g a t i o n  wil l  be the nuc lea t ion  and 
growth of the  new phase s .  M a c r o s e g r e g a t i o n  wil l  how- 
e v e r  only occu r  when the new phase  s e t t l e s  out, due to 
g r a v i t y  o r  some  o the r  p r o c e s s ,  Again  a p p r e c i a b l e  s e g -  
r e g a t i o n  wi l l  only  be ob ta ined  when suf f ic ien t  t ime  is  
a v a i l a b l e  dur ing  f r eez ing .  

M a c r o s e g r e g a t i o n  o c c u r s  by  the t h i r d  m e c h a n i s m  
when f lu id  f lows be tween  the d e n d r i t e s  to t ake  up the 
vo lume  change on f r eez ing .  A p p r e c i a b l e  s e g r e g a t i o n  
o c c u r s  when the growth  condi t ions ,  the  v e l o c i t y  and 
t e m p e r a t u r e  g r ad i en t s ,  a r e  changing r a p i d l y  (no m a c -  
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r o s e g r e g a t i o n  o c c u r s  du r ing  s t e a d y  s t a t e  growth).  The 
r a p i d l y  changing growth condi t ions  at  the edge of s m a l l  
c a s t i n g s  of ten c a u s e s  i n v e r s e  s e g r e g a t i o n  (high so lu te  
at  the edge of the ca s t s ) .  This  is  the  only m e c h a n i s m  
that  b e c o m e s  m o r e  i m p o r t a n t  in r a p i d l y  so l id i f i ed  
s p e c i m e n s .  

The four th  p r o c e s s  a r i s e s  b e c a u s e  the de ns i t y  of the 
l iquid  be tween  the d e n d r i t e s  d i f f e r s  f r o m  that  of the 
bulk l iquid.  This  g ives  r i s e  to convec t ive  f luid flow, 
and thus to m a c r o s e g r e g a t i o n .  M a c r o s e g r e g a t i o n  o c -  
c u r s  b e c a u s e  a) l iquid i s  moved,  in a t e m p e r a t u r e  
g rad ien t ,  f r o m  one p a r t  of the s e m i - s o l i d  to another ,  
and b) channe ls  deve lop  which a l low i n t e r d e n d r i t i c  
l iquid  back  into the bulk l iquid,  changing the bulk l iquid 
compos i t i on .  Be c a use  of the r e s i s t a n c e  to flow in the 
s e m i - s o l i d  reg ion ,  m a c r o s e g r e g a t i o n  by  th is  m e c h a -  
n i sm  is  l i ke ly  to be m o r e  p ronounced  when long f r e e z -  
ing t i m e s  a r e  involved.  

T h e o r e t i c a l  mode l s  of the  m a c r o s e g r e g a t i o n ,  a s s u m -  
ing that  the o ther  m e c h a n i s m s  do not o p e r a t e ,  have been  
p r o p o s e d  for  some  but  not a l l  of the p r o c e s s e s .  The 
Burton,  P r i m  and S l i ch te r  t r e a t m e n t  s can  be used  to 
d e s c r i b e  m a c r o s e g r e g a t i o n  in the f i r s t  p r o c e s s  when 
the bulk l iquid is  c o m p l e t e l y  mixed.  K i r k a l d y  and 
Youdel is ,  s and F l e m i n g s  and Nereo  ~ have ana lyzed  the 
ef fec t  of vo lume change on f r eez ing .  Mehrab ian  e t  a l  4 

have a t t e m p t e d  to ana lyze  the  m o r e  complex  convec t ive  
flow p r o c e s s ,  but  t h e i r  a n a l y s i s  is  r e s t r i c t e d  to c a s e s  
where  l iquid is  not r e t u r n e d  to the  bulk .  

In any c a s t i ng  o r  ingot,  the  f inal  m a c r o s e g r e g a t i o n  
i s  the r e s u l t  of any o r  a l l  of the  four  m e c h a n i s m s .  It 
i s  v e r y  di f f icul t ,  g iven the c o m p l e t e l y  so l id  cas t ing ,  to 
ident i fy  the i m p o r t a n t  m e c h a n i s m s .  The f i r s t  t h r e e  of 
the  m e c h a n i s m s  a r e  p e r h a p s  the c l a s s i c  exp lana t ions  
of m a c r o s e g r e g a t i o n ,  whi l s t  the l a s t  (convect ive  i n t e r -  
d e n d r i t i c  f luid flow) is  a m o r e  r e c e n t  p r o p o s a l .  1'4 One 
ob jec t  of the  p r e s e n t  work  was to e s t a b l i s h  that  the 
four th  m e c h a n i s m  p r o d u c e d  s ign i f ican t  m a c r o s e g r e -  
gat ion.  Another  was to s tudy the p r o g r e s s  of m a c r o -  
s e g r e g a t i o n  as  i t  o c c u r r e d  in a p a r t i c u l a r  c a s t i ng  so 
that  the dominant  m e c h a n i s m s  could be  ident i f ied .  It 
was hoped that  the de t a i l ed  knowledge of m a c r o s e g r e -  
gat ion in a p a r t i c u l a r  c a s t i n g  would l ead  to a b e t t e r  
unde r s t and ing  of the  condi t ions  under  which each  
m e c h a n i s m  was i m p o r t a n t  in m o r e  g e n e r a l  c a s t i ng  
s i tua t ions .  

The p r o g r e s s  of m a c r o s e g r e g a t i o n  was s tud ied  us ing 
a quenching technique  to d e t e r m i n e  the concen t ra t ion  
d i s t r i b u t i o n  at  a given s t age  of f r eez ing .  The shape 
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and pos i t ion  of the dend r i t e  i n t e r f ace  and the t e m p e r -  
a t u r e  d i s t r i bu t i on  was a l so  obta ined .  Concu r r en t  e x -  
p e r i m e n t s ,  d e s c r i b e d  e l s e w h e r e ,  9 we re  used  to e s t i -  
mate  the r a t e ,  and d e t e r m i n e  the d i r ec t i on  of i n t e r -  
dend r i t i c  f luid flow, us ing  a r a d i o t r a c e r .  

EXPERIMENTAL 

Spec imens  we re  f rozen  d i r e c t i o n a l l y  in a thin s e c -  
t ion mold .  Since hea t  was e x t r a c t e d  f rom only one 
edge,  the  thin s ec t ion  r e p r e s e n t e d  a s l i c e  of a much 
l a r g e r  ingot.  The mold  i s  shown d i a g r a m m a t i c a l l y  
in Fig .  1. The d i m e n s i o n s  of the ingot  " s l i c e "  we re  
0.06 m high, 0.1 m long and 0.013 m thick.  These  we re  
chosen  s m a l l  enough to a l low an e f f ic ien t  quench but  
l a r g e  enough to a l low some  convect ion,  and to p rov ide  
a r e a s o n a b l y  long so l id i f i ca t ion  t ime .  The s ides  of the 
mo id  we re  made  f rom s t a i n l e s s  s t ee l  shee t  pa in ted  
with co l lo ida l  g raph i t e .  Growth was in a ho r i zon ta l  
d i r e c t i o n  away  f r o m  the g r a p h i t e - p a i n t e d  copper  c o o l -  
ing b lock  on the lef t  hand s ide  of Fig .  1. To a p p r o x i -  
ma te  the condi t ions  in a l a r g e r  ingot ,  the s l i ce  was 
he ld  in a s lo t  shaped  fu rnace ,  ma in ta ined  a d e g r e e  o r  

so above  the l iqu idus  t e m p e r a t u r e .  Although e n c l o s e d  
within the fu rnace ,  the mold  was  wel l  i n su l a t ed  f r o m  
i t s  su r round ings  by  a �89 in. th ick  T r i t on  Kaowool c e -  
r a m i c  f i b e r  b lanke t .  S e p a r a t e l y  c o n t r o l l e d  h e a t e r s  
p r e v e n t e d  hea t  e scap ing  at  the top and bo t tom of the 
ingot  s l i c e .  Remova l  of the l ower  h e a t e r  a l lowed the 
s l i c e  to be  pushed d i r e c t l y  downwards  into the quench 
bucket .  The fu rnace  se t  up e n s u r e d  tha t  a s  l i t t l e  hea t  
a s  p o s s i b l e  was conducted through the s i d e s  of the 
s l i c e .  

Ca re fu l l y  homogen ized  l iquid  a l l oy  was pou red  into 
the hea ted  mold .  The s p e c i m e n s  we re  then lef t  for  
1 to 2 h, by  which t ime  the t e m p e r a t u r e  of the me l t  had 
b e c o m e  cons tan t  (~-�89176 p e r  h) within 1 o r  2 d e g r e e s  of 
the l iquidus  t e m p e r a t u r e .  

A i r  o r  w a t e r  was p a s s e d  through the cool ing b lock  
to f r e e z e  the s a m p l e s  d i r e c t i o n a l l y .  The a i r  flow r a t e ,  
and thus the growth r a t e ,  was s t a n d a r d i z e d  b y  m e a s u r -  
ing the p r e s s u r e  d rop  a c r o s s  a cons t r i c t i on .  

A number  of t h e r m o c o u p l e s ,  2 to 8, w e r e  used  to 
m e a s u r e  t e m p e r a t u r e .  The pos i t i on  of the  d e n d r i t e  
i n t e r f ace  could be  d e t e r m i n e d  by  the d rop  in t e m p e r -  
a t u r e  a s  the i n t e r f ace  p a s s e d  a t h e r m o c o u p l e .  This  
enabled  rough growth  r a t e s  to be  e s t i m a t e d  and a l -  
lowed quenching to be  p e r f o r m e d  at  v a r i o u s  s t a g e s  
of growth.  

Af te r  f r eez ing ,  a t h i cknes s  of 2 m m  was r e m o v e d  
f rom the s i d e s  of the ingots ,  fo l lowed by  gr inding ,  po l -  
i sh ing  and e tching to show the m a c r o s t r u c t u r e .  A g r id  
was drawn on the spec imen ,  and the g r id  poin ts  we re  
d r i l l e d  to obta in  s a m p l e s  for  concen t r a t i on  a n a l y s i s  
by  f l ame  abso rp t i on  s p e c t r o p h o t o m e t r y .  F o r  the  f i r s t  
s e r i e s  of e x p e r i m e n t s ,  the d r i l l  s i ze  was much l a r g e r  
than i n t e r d e n d r i t i c  spac ings  so that  a v e r a g e  c o m p o s i -  
t ions  we re  obta ined.  The concen t r a t i on  va lue s  a r e  con-  
s i d e r e d  to be  a c c u r a t e  to • pct  of the concen t r a t i on  
va lues .  

Al loys  of Sn-5 wt pc t  Zn, Sn-5 wt pc t  Pb and Pb-48  
wt pct  Sn we re  i nves t iga t ed .  The p u r i t y  of the Sn was 
3N5, Zn was 4N and the Pb was 3N7. The compos i t i ons  
were  chosen  to give a r e a s o n a b l y  wide f r e e z i n g  range .  
The a l loys  we re  chosen  b e c a u s e  the dens i t y  v a r i a t i o n  
of l iquid in contac t  with so l id  d i f f e r s  in each  a l loy .  In 
Sn-5 wt pct  Pb, t h e r e  is  a l a r g e  i n c r e a s e  in dens i t y  
with d e c r e a s e  in t e m p e r a t u r e  a long the l iquidus  l ine  8 
(i.e., l iquid in e q u i l i b r i u m  with sol id) .  In the  Pb-48  
wt pct  Sn a l l oy  t h e r e  is  a l a r g e  d e c r e a s e  in l iquid  den-  
s i ty  with d e c r e a s i n g  t e m p e r a t u r e  a long the l iqu idus  
l ine .  8 W h e r e a s  in the Sn-5 wt pct  Zn a l loy ,  the dens i ty  
v a r i a t i o n  was expec ted  to be v e r y  s m a l l .  In fac t  when 
m e a s u r e d ,  it  was found to d e c r e a s e  s l i gh t ly  with d e -  
c r e a s i n g  t e m p e r a t u r e .  9 

An i n c r e a s i n g  l iquid  dens i ty  with d e c r e a s i n g  t e m p e r -  
a t u r e  a long the l iquidus  l ine  should  cause  l iquid  be tween  
the d e n d r i t e s  to tend to move downwards ,  w h e r e a s  
l iquid  should move upwards  in the o the r  ca se .  

< 16cms > 
Fig. 1--Unidirect ional  solidification apparatus.  A. alloy spec-  
imen. B. chill block. C. thermocouples .  

COARSE GRID RESULTS 

P r e l i m i n a r y  e x p e r i m e n t s  we re  c a r r i e d  out to show 
that  the growth f ron t  was v e r t i c a l  in s p e c i m e n s  where  
the f r e e z i n g  t e m p e r a t u r e  was inva r i an t  ( i .e . ,  hea t  flow 
un id i r ec t iona l ) .  A Pb-Sn  eu tec t ic  s a m p l e  was p a r t i a l l y  
grown then quenched.  Fig .  2 shows the p l a n a r  quenched 
in t e r f ace ,  both on a ho r i zon t a l  and v e r t i c a l  sec t ion .  
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Examples  of the m a c r o s t r u c t u r e  fo rmed  in the Pb-  
48 wt pct Sn, the Sn-5 wt pct Zn and the Sn-5 wt pct Pb 
pa r t i a l l y  grown cas t s  a re  shown in Figs .  3, 5 and 7 r e -  
spect ive ly .  The dendr i te  in te r face  is c l e a r l y  v i s ib le  in 
each,  together  with the eutect ic  in te r face  in Fig. 5. 
There  is some evidence for channel  type segrega t ion  
in Figs .  3 and 7. F r o m  the concen t ra t ion  ana lyses ,  
pe rcen tage  m a c r o s e g r e g a t i o n s  co r r e spond ing  to dif-  

f e ren t  s tages  of growth for s lowly grown spec imens  
(average growth ra te  6 • 10 -3 to 2 • 10 -2 c m/ sec )  a re  
shown in Figs.  4(a), (b), (c); 6(a), (b), (c); and 8(a), (b), 
(c). The percen tage  m a c r o s e g r e g a t i o n  value shows the 
percen tage  deviat ion in composi t ion,  posi t ive  or nega-  
t ive,  f rom the mean  composi t ion  of the eas t  as obtained 
f rom al l  ana lyses  of that eas t .  Fu r the r  spec imens  were 
examined  and these  showed the same  genera l  t rend.  One 
spec imen  of each a l loy was quenched, af ter  s t i r r i ng ,  
before  growth had s ta r ted ,  and showed no s igni f icant  
segregat ion .  The pe rcen tage  m a c r o s e g r e g a t i o n s  of 
rap id ly  grown spec imens ,  one of each a l loy type, a re  

Fig. 2--Macroscopically planar interface in a partially grown 
Pb-Sn eutectic cast; horizontal and vertical sections. 

Fig. 3--Typical macrostructure in a partially grown Pb-48 wt 
pct Sn cast. Growth was from left to right, the growth front on 
quenching is clearly visible. 
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shown in F i g s .  4(d), 6(d) and 8(d) ( ave rage  growth v e -  
l oc i t y  1 • 10 -~ c m / s e c ) .  

It was found that  in the Sn-5 wt pct  Pb a l loys ,  a thin 
Sn r i ch  l a y e r  was p r e s e n t  at  the top of the s p e c i m e n s .  
Since the l a y e r  is  l i gh t e r  than the bulk l iquid it r e m a i n s  
on the top.  The l a y e r  was p r e s e n t  in s p e c i m e n s  which 
we re  held  at  a high t e m p e r a t u r e  for  a t yp i ca l  t ime ,  and 
were  quenched but  not grown.  The l a y e r  was not p r e s -  
ent  in s p e c i m e n s  which we re  s t i r r e d  then quenched.  
Showing that  the l a y e r  was not the r e s u l t  of quenching 

Fig. 5--Typical macros t ruc tu re  in a part ial ly grown Sn-5 wt 
pct Zn cast .  Growth was f rom left to right. Equiaxed c rys ta l s  
ahead of the growth front,  both eutectic and dendrit ic i n t e r -  
faces  are  visible.  

o r  growth,  i t  is  sugges t ed  that  the l a y e r  i s  due to p r e f -  
e r e n t i a l  oxidat ion.  The l a y e r  wil l  not be c o n s i d e r e d  
f u r t h e r .  

The impor t an t  e x p e r i m e n t a l  o b s e r v a t i o n s  a r e  s u m -  
m a r i z e d  below:  

1. The dend r i t e  i n t e r f ace  is  v e r y  f a r  f rom p l a n a r  
even though the i s o t h e r m s  were  shown to be v e r t i c a l  
( see  Fig .  2 and a l so  the eu tec t i c  i n t e r f ace  of Fig .  5). 
In the  ea se  of the Pb-48  wt pet  Sn and, to a l e s s e r  e x -  
tent ,  Sn-5 wt pet  Zn, the i n t e r f ace  is  r e t a r d e d  at  the 
top, w h e r e a s  the dend r i t e  i n t e r f ace  is  r e t a r d e d  at  the 
bo t tom of the Sn-5 wt pet  Pb c a s t s .  

2. The bulk  l iquid compos i t ion  b e c o m e s  e n r i c h e d  
with so lu te  a s  f r e e z i n g  p r o g r e s s e s .  This  o c c u r s  to 
a l e s s e r  extent  with Sn-5 vet pe t  Zn c a s t s .  

3. The bulk l iquid does  not r e m a i n  homogeneous .  
The d e n s e r  l iquid tends  to s t ay  at  the bo t tom showing 
that  mix ing  is  not comple te .  

4. V e r t i c a l  s e g r e g a t i o n  deve lops  in the s e m i - s o l i d  
reg ion  at  a v e r y  e a r l y  s tage .  This  o c c u r s  b e f o r e  the 
bulk l iquid  compos i t i on  has  a p p r e c i a b l y  changed.  Neg-  
a t ive  s e g r e g a t i o n  o c c u r s  in the s e m i - s o l i d  r eg ion  at  
t h e b o t t o m  of the Pb-48  wt pet  Sn and, to a l e s s e r  e x -  
tent ,  the Sn-5 wt pe t  Zn, but  a t  the top of the Sn-5 wt 
pe t  Pb. 

5. The f inal  s e g r e g a t i o n  p a t t e r n  c o n s i s t s  of a low 
solu te  r eg ion  at  the bo t tom n e a r  the chi l l ,  and a high 
so lu te  r eg ion  at  the top away f rom the chi l i  for  Pb-48  

(a) 

. - 

- I  
! 

~ . . . ~ INC IN 

t 

TIN. ALLOY. 

t 

I 

I 
I . . . .  _ _  _ _  

I 

- 3  I . . . . .  

(b) 

- - 5  

. . . .  

ZINC IN TIN, ALLOY. 

I " r  [ I  

I 
I-~ 
I 

I I 

I-~ 
I 

I-u 
I 

7 -~5 

I 

I r  + 3  

I 
+ 5  

- . ~ I  - -  - - .  

l 
- t 2 l  - 7  - 7  

| 

FULL GROWTH 
(c) 

ZINC IN TIN, ALLOY, 

.+L + ~ -p 5 + 6  t" 

. . . .  . _  .p~ 

"- -P- "  - . , 4 . - -  

- -4  - -5  - i6  - 4  

. - - 7  --11 

ZINC IN TIN. ALLOY. 

19 + r3 

9 - 7  - ~  

(d) 

H, 

~4 

r- 

9 

FULL GROWTH 
FAST RATE 

. 
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wt pc t  Sn and,  to a l e s s e r  ex tent  for  Sn-5 wt pct  Zn, 
but  the r e v e r s e  is  t rue  for  Sn-5 wt pct  Pb. 

6. The fo rm of m a c r o s e g r e g a t i o n  in the r a p i d l y  
grown c a s t s ,  see  F igs .  4(d), 6(d) and 8(d), is  s i m i l a r  
to tha t  in the s lowly  grown c a s t s ,  see  F igs .  4(c), 6(c) 
and 8(c). However  the magni tude  of the s e g r e g a t i o n  is 
much l e s s  in the fas t  grown ca s t s .  

In t h e s e  e x p e r i m e n t s  t h e r e  is  no ev idence  for  macro- .  
s e g r e g a t i o n  r e s u l t i n g  f r o m  vo lume change on f r e e z i n g  
o r  f r o m  equiaxed zone fo rma t ion .  The m a c r o s e g r e g a -  
t ion can be exp la ined  in t e r m s  of convec t ive  i n t e r d e n -  
d r i t i c  f luid flow. Cons ide r ing  for  the moment ,  the Sn- 
5 wt pct  Pb a l loy ,  a t  the s t a r t  of f r e e z i n g  the Pb r i ch  

Fig.  7 - -Typ ica l  m a c r o s t r u c t u r e  in a pa r t i a l l y  g rown Sn-5 wt 
pct  Pb cas t .  Growth  was  f r o m  lef t  to r ight .  The d e n d r i t i c  i n -  
t e r f a c e  is  c l e a r l y  v i s ib le .  

l iquid  be tween  the d e n d r i t e s  is  h e a v i e r  than the bulk 
l iquid and so tends  to move downwards .  V e r t i c a l  m o -  
t ion is  only  p o s s i b l e  if l iquid  moves  t o w a r d s  the chi l l  
a t  the top and away  f rom the ch i l l  at  the bot tom.  See 
d i a g r a m  of flow in Fig .  9. Liquid moving t owards  the 
chi l l  means  that  so lu te ,  r e j e c t e d  by  the f r e e z i n g  sol id ,  
is  r e m o v e d  m o r e  e a s i l y  so that  m o r e  so l id  is  d e p o s -  
i ted,  l ead ing  to nega t ive  s e g r e g a t i o n .  1'4 

Liquid moving away f r o m  the chi l l ,  so b e c o m i n g  ho t -  
t e r ,  l e ads  to i n s t a b i l i t y  in the flow, and the eventua l  
f o r m a t i o n  of channel  type s e g r e g a t e s .  1-4 When non-  
equ i l i b r i um l iquid e m e r g e s  f r o m  the dend r i t e  i n t e r f ace  
at  the bot tom,  it changes  the  bulk  l iquid  compos i t ion .  
However  the  l iquid  f r o m  the channels  is  d e n s e r  than 
that  of the bulk,  so that  i t  t ends  to r e m a i n  at  the bo t -  
tom.  The p r e s e n c e  of Pb r i c h  l iquid  at  the bo t tom of 
the  bulk exp la ins  why the d e n d r i t e  i n t e r f ace  is  r e -  
t a r d e d  at  the bo t tom.  The f ina l  s e g r e g a t i o n  pa t t e rn  is  
the  combined  r e s u l t  of flow in the s e m i - s o l i d  reg ion ,  
and growth of the s e m i - s o l i d  into an inhomogeneous  
bulk l iquid.  Les s  s e g r e g a t i o n  o c c u r s  in the m o r e  r a p -  
id ly  f rozen  s p e c i m e n s  b e c a u s e  t h e r e  is  l e s s  t ime  for  
f luid t r a n s p o r t .  

Exac t ly  equiva len t  a r g u m e n t s  a r e  used  for  the P b -  
48 wt pc t  Sn and the Sn-5 wt pct  Zn a l l oys ,  except  that  
in t hese  c a s e s  the i n t e r d e n d r i t i c  l iquid tends  to move 
upwards ,  so that  v e r t i c a l  s e g r e g a t i o n  o c c u r s  in the 
oppos i te  d i r ec t i on .  Solute r i ch  l iquid  e m e r g e s  at  the 
top of the s p e c i m e n  so the dend r i t e  i n t e r f a c e  lags  in 
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Fig. 9--Schematic diagram of convective flow through semi-  
solid region for a part ial ly grown Sn-5 wt pct Pb cast. 

th is  r eg ion .  As expec ted  the m a c r o s e g r e g a t i o n  is  
much l e s s  in the Sn-5 wt pct  Zn a l l oy  b e c a u s e  t h e r e  
is  a much s m a l l e r  change in l iquid dens i ty  with c o m p o -  
s i t ion  in th i s  a l loy .  It is  pe rhaps  s u r p r i s i n g  that  so 
much s e g r e g a t i o n  o c c u r s  in the Sn-5 wt pct  Zn a l l oy  
when the change in l iquid dens i ty  a long the l iquidus  
l ine  is  c o n s i d e r e d  9 (~0 .01  g . cc4) .  Note that  t h e r e  is  
s o m e  ev idence  for  a s m a l l  amount  of equiax zone f o r -  
ma t ion  at  the bo t tom of the cas t  in Fig.  5. The c o m -  
pos i t ion  a n a l y s e s  show a low value  in th is  r eg ion .  

Flow of n o n - e q u i l i b r i u m  l iquid into the bulk l eads  
to d e n s i t y  and c o m p o s i t i o n  s t r a t i f i c a t i o n .  The amount  
of s t r a t i f i c a t i o n  wil l  depend on the a l loy  and the s i ze  
of the mold .  However ,  it  s e e m s  p r o b a b l e  that  some  
s t r a t i f i c a t i o n  o c c u r s  even in much l a r g e r  ingots  b e -  
cause  of the d i f f icu l ty  of mix ing  a g r a v i t a t i o n a l l y  s t ab le  
l a y e r  into the bulk with bulk convec t ion  c u r r e n t s .  

Although the o b s e r v a t i o n s  f i t  the expec ted  r e s u l t s  
v e r y  well ,  a l e s s  convinc ing  but  s i m i l a r  l ine of r e a s o n -  
ing could have been  deve loped  to expla in  the o b s e r v a -  
t ions  in t e r m s  of flow or  mix ing  of the di f fus ion l a y e r  
ahead of the dend r i t e  f ron t  ( m e c h a n i s m  1). Ev idence  
for  the  convec t ive  i n t e r d e n d r i t i c  f luid flow was ob-  
t a ined  in c o n c u r r e n t  e x p e r i m e n t s  us ing a r a d i o a c t i v e  
t r a c e r  technique.  9 These  e x p e r i m e n t s  showed that  
even for  the Sn-5 wt pct  Zn a l loy ,  where  the flow is  
expec ted  to be s m a l l ,  a p p r e c i a b l e  i n t e r d e n d r i t i c  l iquid 
flow o c c u r r e d  in the  p r e d i c t e d  d i r ec t ion .  

To p r o v i d e  f u r t h e r  ev idence  that  convec t ive  i n t e r -  
dendr i t i c  f luid flow p roduced  the m a c r o s e g r e g a t i o n  
r a t h e r  than the a l t e r n a t i v e  m e c h a n i s m ,  a second  s e -  
r i e s  of a n a l y s e s  we re  c a r r i e d  out. 

FINE GRID RESULTS 

The results of the previous section give some indi- 
cation that macrosegregation is complete, or almost 
complete, some 1 to 2 cm behind the dendrite inter- 
face. In this series of experiments, an attempt was 
made to determine whether the process of macroseg- 
regation took place at the dendrite tip interface or be- 
hind the interface. Some samples were grown as be- 
fo re .  A fine g r i d  of 0.25 cm s q u a r e s  (cf a r e c t a n g u l a r  
g r id  of 1.8 cm x 1.0 cm in the p rev ious  ana lyses )  was 
i n s c r i b e d  n e a r  the i n t e r f ace .  Samples  for  a n a l y s i s  
were  ob ta ined  by  d r i l l i n g  a 0.15 cm hole.  Other  s p e c i -  
mens  of Sn-5 wt pct  Pb we re  grown v e r t i c a l l y  upwards  
in a mold  s i m i l a r  to that  shown in Fig .  1, except  that  
the cool ing b lock  was at  the bo t tom.  No i n t e r d e n d r i t i c  
flow should o c c u r  under  t h e s e  condi t ions  s ince  the r e -  
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j e c t ed  Pb r i ch  l iquid should s t ay  be tween  the dend r i t e s .  
The p o s s i b i l i t y  of i n t e r d e n d r i t i c  movemen t  was r e -  
duced s t i l l  f u r t he r  by  inc luding v e r t i c a l  g l a s s  tubing 
p a r t i t i o n s  in the mold.  

The d r i l l  s i ze  in the e x p e r i m e n t s  i s  v e r y  s i m i l a r  to 
the dend r i t e  s i ze  so that  s c a t t e r  is  ob ta ined  be tween  
individual  a n a l y s i s  poin ts .  To m i n i m i z e  th is  d i f f icu l ty  
the a n a l y s e s  we re  a v e r a g e d  in co lumns  at  equal  d i s -  
t ance  f rom the growth  f ront .  

The m a c r o s t r u c t u r e  and the pos i t ion  of the g r i d s  
a r e  shown for  Pb-48  wt pct  Sn in Fig .  10, and Sn-5 wt 
pc t  Pb in Fig .  12. The a v e r a g e  compos i t i ons  a r e  p l o t -  
t ed  as  a function of d i s t ance  in F igs .  11 and 13. In 
Fig .  13, a v e r a g e  compos i t i ons  a r e  shown for  both h o r i -  
zonta l  and v e r t i c a l  growth.  On each  plot  for  ho r i zon ta l  
growth,  t h e r e  is  a g r adua l  d e c r e a s e  in compos i t i on  
into the s e m i - s o l i d ,  which tends  to f l a t t en  out a f t e r  
about  2 cm.  This  ind ica t e s  that  the m a c r o s e g r e g a t i o n  
i s  o c c u r r i n g  behind the i n t e r f ace  and not as  a s h a r p  
d i scon t inu i ty  at  the i n t e r f ace .  

It is  i n t e r e s t i n g  to note that  the concen t ra t ion  p r o -  
f i le  Fig.  13 for  both the top and the bo t tom of the s p e c -  
imen  shown in Fig.  12 a r e  v e r y  s i m i l a r .  As was d i s -  
c u s s e d  p r e v i o u s l y ,  l iquid moving at  e q u i l i b r i u m  to -  
w a r d s  the chi l l  c a u s e s  m o r e  so l id  to be depos i t ed  and 
thus a d e c r e a s e  in a v e r a g e  compos i t ion .  The m o v e -  
ment  of l iquid away  f rom the chi l l  does  not however  
l e ad  to the oppos i te  p ro f i l e .  The movemen t  of l iquid  
away f r o m  the coo l e r  reg ion ,  if the flow r e m a i n e d  un i -  
f o r m ,  would l ead  to a un i fo rm p a r t i a l  mel t ing .  In p r a c -  
t i c e ,  the flow is  uns table  and channels  fo rm.  *-4 M e l t -  

Fig. 10--Macrostructure with superimposed fine grid for a 
Pb-48 wt pct Sn cast. Growth was from left to right. 
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ing occurs  around the channels, however f reez ing  con- 
tinues e lsewhere .  The channels can drain solute f rom 
the surrounding ma te r i a l  thus leading to more solid 
being deposi ted as for the previous case.  

Fig. 12--Macros t ruc ture  with super imposed  top and bottom, 
fine grids for the horizontally, grown Sn-5 wt pct Pb cast .  
Growth was f rom left to right.  
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Fig. 13--Average composit ion ve r sus  dis tance plots for top 
and bottom fine grids for the horizontal ly  grown Sn-5 wt pet 
Pb cas t  shown in Fig. 12. Also a s imi la r  plot fo r  upward 
ver t ica l  growth in Sn-5 wt pct Pb cas ts .  

Fig. 14--Macrost ructure  with super imposed  fine grid for v e r -  
t ically grown Sn-5 wt pct Pb cast .  Growth was ver t ical ly  up- 
wards.  

A number of other hor izonta l ly  grown samples  were 
analyzed. These confirmed the t rend shown in Fig. 13. 
However there was some indication that the actual  
slope of the curves  inc reased  towards the end of the 
casting. 

The macros t ruc tu re  of a ve r t i c a l l y  grown Sn-5 wt 
pct Pb specimen is shown in Fig. 14. In cont ras t  to 
the m a c r os t r uc t u r e s  of hor izonta l ly  grown Sn-5 wt 
pct Pb specimens  shown in Figs.  7 and 12, in Fig. 14, 
the interface is f lat  and pa ra l l e l  to the chil l  face. The 
average analyses  of the ve r t i ca l ly  grown specimens 
a re  also shown in Fig. 13. 

The resul t ing  curve is ve ry  different  for these spec-  
imens.  Except for a smal l  dip near  the interface,  there  
is  p rac t i ca l ly  no change in composit ion with distance.  
This c l ea r ly  indicates  that macrosegrega t ion  by in t e r -  
dendri t ic  fluid flow is occurr ing  in the hor izonta l ly  
grown specimens  but not in those grown ve r t i ca l ly  up- 
wards.  The difference in slope between the curves  of 
the hor izontal ly  and ve r t i ca l l y  grown specimens p ro-  
vides a measure  of the ra te  of macrosegrega t ion  at a 
given dis tance behind the interface.  

It is in teres t ing  to note that the absence of mac ro -  
segregat ion in the ve r t i ca l ly  grown specimens (ob- 
se rved  f rom coarse  grid analyses)  conf i rms that vol-  
ume contract ion fluid flow is producing l i t t le  mac ro -  
segregat ion in these specimens .  S imi la r ly  the fine 
gr id  analyses  show that the quenching is not producing 
a la rge  quench ar t i fac t .  

C ONC LUSIONS 

These exper iments  have shown that in these model 
cast ings the dominant mechanism was convective in-  
t e rdendr i t i c  fluid flow. The macrosegrega t ion  a rose  
pa r t ly  because of the mot ior  of liquid within the s e m i -  
sol id region, but also because  this motion led to a 
change in bulk liquid composit ion and its s t ra t i f ica t ion  
into l ayers  of different  density.  

The theore t ica l  model 4 of convective in terdendr i t ic  
fluid flow does not allow any liquid to re turn  to the 
bulk, and thus cannot be used to descr ibe  exper iments  
such as these.  

The presen t  work together  with l ess  detai led work 
repor ted  e lsewhere  give an indication of the conditions 
under which each of the macrosegrega t ion  mechanisms,  
l i s ted  in the introduction, would be dominant. The mix-  
ing or flow of the diffusion l aye r  into the bulk liquid is 
expected to be dominant in slowly grown specimens 
growing with an a lmost  p lanar  interface.  For  dendri t ic  
growth this mechanism will become less  important  and 
convective in terdendr i t ic  flow, for slowly grown cas t -  
ings, will become dominant. The fluid flow resul t ing  
f rom volume change on f reezing will be dominant in 
specimens  frozen rapidly,  i .e. ,  those completely solid 
in seconds.  The precipi ta t ion of solid in the bulk liquid 
will be important  whenever it occurs  provided there  is 
t ime for  the solid to se t t le  out. 

ACKNOWLEDGMENTS 

The authors would like to acknowledge support and 
encouragement from the Corporate  Development Labor-  
a tory,  Br i t i sh  Steel Corporation,  Sheffield, England and 
to thank p ro fes so r  P. B. Hirsch F.R.S. for providing 
l abora to ry  fac i l i t ies .  

METALLURGICAL TRANSACTIONS VOLUME 5, JULY 1974- 1563 



RE FERENCES 

1. R. J. McDonald and J. D. Hunt: Trans. TMS.AIME, 1969, vol. 245, p. 1993. 
2. R. J. McDonald and J. D, Hunt: Met. Trans., 1970, vol. 1, pp. 1787-88. 
3. S. M. Copley, A. F. Giamei, S. M. Johnson, and M. F. Hornbecker: Met. Trans., 

1970, vol. l , p .  2193. 
4. R. Mehrabian, M. Keane, and M. C. Flemings: Met. Trans., 1970, vol. 1, pp. 

1209-20. 

5. J. A. Burton, R. C. Prim, and W. P. Slichter: J. Chem. Phys., 1953, vol. 21, p. 
1987. 

6. J. S. Kirkaldy and W. V. Youdelis: Trans. TMS-AIME. 1958, vol. 212, p. 833. 
7. M. C. Flemings and G. E. Nereo: Trans. TMS-AIME, 1967, vol. 239, p. 1449. 
8. H. R. Thresh, A. F. Crawley, and D. W. G. White: Trans. TMS-A1ME, 1968, 

vol. 242, pp. 819-22. 
9. D. J. Hebditch and J. D. Hunt: Met. Trans., 1973, vol. 4, pp. 2008-10. 

10. D. J. Hebditch: Ph.D. Thesis, Oxford University, 1973. 

1564 - V O L U M E  5, J U L Y  1974  M E T A L L U R G I C A L  T R A N S A C T I O N S  


