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The effects of sodium addi t ions to A1-Si a l loys  have been s tudied by de te rmin ing  the 
coupled zone for  n o r m a l  and "mod i f i ed"  al loys .  Sodium slows the growth ra te  of s i l i con  
with r e spec t  to a luminum,  and changes the morphology of the s i l i con .  These  effects were  
observed  to be independent  of growth t e m p e r a t u r e .  A hypothesis  that sodium a dso r bs  on 
the fas t -g rowing  faces  of s i l icon  can explain al l  obse rva t ions .  

T H E  addit ion of minu te  qugantities of sodium (or any 
other  a lkal i  metal)  r e s u l t s  in a benef ic ia l  change in the 
mechan ica l  p r o p e r t i e s  of A1-Si a l loys .  F o r  an Al -12  
pct Si al loy,  the u l t ima te  t ens i l e  s t rength  is  22,000 psi  
and the elongation is  6 pct.  The addit ion of sodium in-  
c r e a s e s  the u l t imate  t ens i l e  s t rength  to 28,000 ps i  and 
an elongation of 14 pct.  1 The amount  of sodium added 
is  ~0.01 pct.  The re  a r e  th ree  genera l  effects noted on 
addi t ion of sodium: 

1) A lowered a r r e s t  t e m p e r a t u r e  on cooling. 
2) A much f iner  eutec t ic  s t ruc tu re .  
3) An a l t e ra t ion  of p r i m a r y  s i l icon.  

The equ i l ib r ium eutect ic  t e m p e r a t u r e  as  r epor t ed  by 
Hansen 2 is  577~ Under  n o r m a l  cooling r a t e s  A1-Si 
a l loys  without sodium f reeze  within 2~ of th is  t e m p e r -  
a tu re .  A1-Si a l loys  to which sodium has been added 
f r eeze  at lower t e m p e r a t u r e s ;  a round 567~ for  n o r m a l  
l abora to ry  cooling r a t e s ,  (10 to 100~ however ,  
the al loy mel t s  at the equ i l ib r ium eutect ic  t e m p e r a -  
ture.3-5 

The m i ~ r o s t r u c t u r e  of the AI-Si  eutect ic  without 
sodium addi t ions  is  that of random a c i c u l a r  s i l i con  in 
an a luminum ma t r ix .  On etching and obse rva t ion  with 
a scanning e lec t ron  mic roscope ,  the s i l icon is  found to 
be in te rconnec ted  {111} p la te le t s ,  6 the apparen t  r a n -  
domness  due to ex tens ive  twinning of the s i l i con .  

The eutect ic  m i c r o s t r u c t u r e  of A1-Si a l loys  with so-  
dium is that of very  fine bundles  of fibers.6'7 At very  
low growth ra tes ,  a l loys  without sodium a s s u m e  a (100) 
f iber  t e x t u r e f  's Unti l  e l ec t ron  mic roscopy  the s t r u c -  
t u r e  of the s o d i u m - t r e a t e d  al loy had been ident i f ied as 
g lobular .  

The growth of p r i m a r y  s i l icon  in al loys without so-  
dium is by the t w i n - p l a n e - r e e n t r a n t - e d g e  m e c h a n i s m  
n i s m .  9-14 The s i l i con  grows in a faceted m a n n e r ,  r e -  
qu i r ing  nuclea t ion  and then growth of a tomic  l a y e r s .  
The a tomic  c lu s t e r  r e q u i r e d  for growth on a {111} 
plane is  3. If the s i l icon  is  twinned,  with a r e e n t r a n t  
groove,  it may be l e s s .  Thus ,  there  is  more  f requent  
nuclea t ion  at twins .  If t he re  is  a set of pa ra l l e l  twins ,  
the c rys ta l  can grow with the re  always being a r e e n -  
t r an t  edge in which nuclea t ion  of another  a tomic  l ayer  
can take place.  

The addit ion of sodium to A1-Si a l loys  changes  p r i -  
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m a r y  s i l i con  c r y s t a l s  f rom {111} facet ing to {100}. is 
The p r i m a r y  s i l i con  appea r s  as  equant  blocks.  

PREVIOUS WORK ON A1-Si ALLOYS 

The r e  a r e  two chief schools  of thought concern ing  
the effects of sodium.  Sodium is thought to e i ther  cause  
the growth of s i l icon  to be r e s t r i c t e d  or  to have some 
effect on the nuclea t ion  of s i l icon  f rom the mel t .  

Thal l  and C ha l me r s ,  4 Ghosh and Kondic,  16'17 and 
P lumb and Lewis  5 identify the eutect ic  s i l icon  as  glob-  
u l a r ,  and they r ega rd  the ma j o r  ac t ion  of sodium as  a 
r e s t r i c t i o n  on the growth of s i l i con .  

Tha l l  and C h a l m e r s  4 obtained cooling cu rves  for A1- 
Si a l loys  and showed that the eutect ic  cooling a r r e s t  
t e m p e r a t u r e  was lowered with sodium addi t ions .  Th i s  
was explained as  sodium lower ing the in te r rac ia l  en-  
ergy,  and as  the eutect ic  grows,  the a luminum cont in-  
ual ly p inches  off the s i l icon,  forc ing  it to r enuc lea te .  
The a r r e s t  t e m p e r a t u r e  is  d e t e r m i n e d  by that t e m p e r -  
a tu re  at which the nuclea t ion  of s i l i con  is high enough 
to produce continual  growth. 

Ghosh and Kondic 16 observed  that at very  slow cool-  
ing r a t e s ,  even s o d i u m - t r e a t e d  a l loys  of A1-Si would 
solidify at the equ i l ib r ium eutect ic  t e m p e r a t u r e .  The 
A1-Si a l loys  with sodium, in gene ra l ,  did not tend to 
undercool .  The f reez ing  a r r e s t  t e m p e r a t u r e  was felt 
to be a function of cooling ra te ,  with s o d i u m - t r e a t e d  
a l loys  having the lowest a r r e s t  t e m p e r a t u r e  for a given 
cooling ra te .  The effect of sodium was held to be that 
of slowing the growth ra te  of the eutect ic  s i l i con  by 
slowing the diffusion of s i l icon  in the mel t .  Undercooled  
below the eutect ic  t e m p e r a t u r e ,  the nuc lea t ion  f requency 
of s i l icon  is high, and this ,  coupled to the low diffusion 
ra te  of s i l icon ,  produces  a fine d i spe r s ion  of 
g lobules  .16,17 

P l umb  and Lewis ,  5 as ment ioned  above,  r ega rd  that 
ano ther  m a j o r  effect of sodium is  to a l t e r  the nuc lea t ion  
behav ior  of the s i l icon .  Kim and Heine,  la Cros ley  and 
Mondolfo, 19 Davies  and West ,  2~ and Chadwick 21 a lso  
r e g a r d  a m a j o r  effect of sodium as  a l t e r ing  the nuc le -  
at ion behav ior  of s i l icon.  Cros ley  and Mondolfo ~9 and 
Davies  and West  2~ note that  sodium a l t e r s  the growth 
of s i l i con  as  well  as  al lowing the s i l icon  to undercool .  

Kim and Heine,  '8 observ ing  that s o d i u m - t r e a t e d  s a m -  
ples  sol idify at a lower  t e m p e r a t u r e ,  proposed that the 
s i l i con  morphology is  g r o w t h - t e m p e r a t u r e  dependent .  
At t e m p e r a t u r e s  above 570~ the growth morphology 
of s i l i con  is  a c i cu l a r ,  at t e m p e r a t u r e s  about 560~ the 
growth fo rm is g lobular .  The act ion of sodium is to 

METALLURGICAL TRANSACTIONS VOLUME 3, APRIL 1972-933 



allow the l iquid to undercool  to t e m p e r a t u r e s  where  
the growth form of s i l i con  is  g lobular .  

Cros ley  and Mondolfo ~9 a s c r i b e  a dual effect to so-  
dium.  Sodium f i r s t  e l im ina t e s  nuc lean ts  for  s i l i con ,  
al lowing s i l icon to undercool ,  and also changes the 
eutect ic  growth form f rom one in which s i l icon  leads  
the in ter face  into the l iquid to one in which a l u m i n u m  
leads .  The a luminum in the sod ium- t r ea t ed  al loy then 
cuts  off the s i l icon and fo rces  it to r enuc lea te  at  the 
t e m p e r a t u r e  at which a l u m i n u m  nuclea tes  s i l i con .  The 
continual  need for r enuc lea t ion  of the s i l icon  by a lu -  
m inum causes  the t e m p e r a t u r e  to r e m a i n  below the 
equ i l ib r ium eutect ic  t e m p e r a t u r e .  

Davies  and West  2~ s i m i l a r l y  conclude that sodium 
addi t ions  have two effects .  Sodium poisons  nuc l ean t s  
for s i l icon and a lso  is  absorbed  on the f a s t -g rowing  
faces  of s i l icon.  This  l a t t e r  accounts  for the change in 
morphology.  Since l e s s  favorable  d i rec t ions  of growth 
mus t  be used,  the s i l i con  r e q u i r e s  a h igher  dr iv ing  
force  for any growth at a l l ,  and consequently there  is  
a g r e a t e r  in te r fac ia l  undercool ing  when A1-Si eutect ic  
i s  t r ea ted  with sodium.  

Chadwick 21 found that A1-Si a l loys which were  grown 
at the same growth ra te ,  with and without sodium,  show 
the same m i c r o s t r u c t u r e .  He holds the m i c r o s t r u c t u r e  
of the no rma l  A1-Si eutect ic  to be d iscont inuous  s i l i con  
in an a luminum ma t r ix .  The act ion of sodium is  to 
allow the s i l icon to undercool  to a t e m p e r a t u r e  where ,  
when s i l icon f inal ly grows it does so rapidly ,  producing 
a fine m i c r o s t r u c t u r e .  These  r e su l t s  a r e  incons i s t en t  
with al l  o thers  and could be due to a loss  of sodium 
before  sol idif icat ion.  

Bell  and Winegard  8 noted that although the f reez ing  
a r r e s t  t empe ra tu r e  of an A1-Si al loy with sodium was 
depressed ,  the actual  nuclea t ion  of s i l icon took place 
at a higher  t e m p e r a t u r e .  Thus ,  the action of sodium is  
not to produce undercool ing  of the s i l icon,  but mus t  be 
somehow affecting growth. This  effect on growth mus t  
somehow cause the lowered  f reez ing  t e m p e r a t u r e .  

Day and Hellawell  7 (by means  of scanning e lec t ron  
microscopy)  showed the s t r uc tu r e  of s o d i u m - t r e a t e d  
A1-Si to be f ibrous and in te rconnec ted .  The s t r u c t u r e  
of a quenched alloy was s i m i l a r .  At va r ious  growth 
r a t e s  and t e m p e r a t u r e  g rad ien t s  un id i rec t iona l ly  so l id-  
if ied samples  of A1-Si showed three  d is t inc t  types  of 
m i c r o s t r u c t u r e s .  6 At low growth ve loc i t ies  and high 
g rad ien t s ,  the m i c r o s t r u c t u r e  was that of l a rge  s i l icon 
pa r t i c l e s  in an a luminum mat r ix .  At lower  g rad i en t s  
the s i l icon  a s s u m e d  a (100) f iber  texture .  With h igher  
growth ve loc i t ies  the s i l i con  takes  on the form of 
mul t ip le  {111} twins.  The addition of sodium did not 
a l t e r  the m i c r o s t r u c t u r e  of a l loys sol idif ied in the 
region of (100) f iber  t ex tu re .  However,  in the h igher  
growth velocity region where  there  had p rev ious ly  been 
{111} twins,  the s t r u c t u r e  was that of a fine d i spe r s ion  
of f ibe rs .  This  was taken to show that sodium affected 
the growth of s i l icon by poisoning the r e e n t r a n t  {111} 
twin grooves .  Th i s  leads  to overgrowth of the s i l icon  
by a luminum and thus in t u rn  to more  f requent  twin-  
ning,  thus producing kinked and tangled f ibe r s .  

The ident if icat ion of the s i l icon in s o d i u m - t r e a t e d  
a l loys  as  f ibers  r a the r  than globules ru l e s  out an ex-  
planat ion that an effect of sodium in reducing growth 
t e m p e r a t u r e  is  to allow the a luminum to pinch off the 
growth of s i l icon as  suggested  by Thal l  and C h a l m e r s ,  4 
Ghosh and Kondic, TM Plumb and Lewis,  5 Kim and 

Heine, 18 and Crosley and Mondolfo. I~ The findings that 
silicon in a sodium-treated alloy nucleates above the 
temperature at which the alloy freezes, and that there 
is a definite difference in microstructure between 
alloys with and without sodium, grown with the same 
gradient and growth velocity, rule out sodium having 
an effect on undercooling as suggested by Chadwick 
and others. 

The consistent facts are that there is an altering of 
the silicon microstructure in the presence of sodium, 
and that sodium lowers the eutectic arrest tempera- 
ture, but that silicon has begun crystallizing above 
this temperature. 

The proposal that there is a temperature dependence 
to the growth morphology of silicon Is cannot be ruled 
out, since unidirectional growth data do not compare 
easily to solidification in bulk samples since no data 
are available for growth velocity of eutectic vs liquid 
composition and interfacial undercooling. 

EXPERIMENTAL TECHNIQUE 

Samples were prepared from aluminum and silicon 
of 99.999 pct purity. To protect alloys from oxidation, 
the samples were melted under a flux of LiCI-KCI. 
Comparison of alloys melted under this flux to those 
melted in a vacuum revealed no difference in micro- 
structure, and it can be assumed that neither lithium 
nor potassium entered into the AI-Si alloys in any 
appreciable amount. 

Samples were melted in the resistance wire furnace 
illustrated in Fig. I. The temperature of the furnace 
was controlled by a 20 A autotransformer. The tem- 
perature of the furnace was monitored by a thermo- 
couple extending into the furnace from the floor. Tem- 
perature of the sample was recorded on an X-T 
recorder from a thermocouple immersed in the melt. 

! 

AI 

~-C 

~r A 

8 

x r 

A 

Fig. 1--Cutaway of furnace: A-firebrick,  B-nichrome-wound 
zirconia tube, C-thermocouple,in sheath, D-ceramic floor 
with holes, E-pipe for argon, F-flux,  G-melt ,  H-alumina 
crucible. 
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This  l a t t e r  t he rmocoup le  was  in a fused s i l i c a  sheath  
drawn to a fine point at the end. In the f loor  of the f u r -  
nace  was an a lumina  pipe through which the fu rnace  
could be f looded with a rgon  to cool the s ample  at v a r i -  
ous r a t e s .  

The addition of sodium to ce r ta in  of the s a m p l e s  was 
a c c o m p l i s h e d  by putting a flux containing NaF on those  
s a m p l e s .  

Samples  w e r e  cooled  at v a r i o u s  r a t e s ,  and in a l l  
c a s e s  it was found that  t h e r e  was a d is t inct  i s o t h e r m a l  
a r r e s t  at which eu tec t i c  so l id i f ica t ion  took p lace .  This  
eu tec t i c  a r r e s t  t e m p e r a t u r e  was  an i n v e r s e  function of 
cool ing r a t e .  At high r a t e s  of heat  ex t rac t ion  the eu-  
t e c t i c  a r r e s t  t e m p e r a t u r e  was  d e p r e s s e d  10 ~ to 15~ 
below the equ i l ib r ium eu tec t i c  t e m p e r a t u r e ,  at low 
r a t e s  of heat  ex t rac t ion  the a r r e s t  t e m p e r a t u r e  was 
c lose  to equ i l ib r ium.  Table  I l i s t s  r e p r e s e n t a t i v e  
cool ing r a t e s  and m i c r o s t r u c t u r e s .  The  cool ing r a t e  
r e f e r r e d  to is the a v e r a g e  cooling ra te  be tween 600 ~ 
and 580~ To  sol idify  a s o d i u m - t r e a t e d  a l loy at 574~ 
r e q u i r e d  a v e r y  slow ra t e  of heat  ex t rac t ion .  The  f u r -  
nace  t e m p e r a t u r e  had to be about 570~ This  c o n t r a s t s  
to the cases  of growth without sodium, whe re  the f u r -  
nace  would be turned off and flowing argon used  to in-  
c r e a s e  the ra te  of heat  ex t rac t ion .  

Thus ,  t he r e  is  the abi l i ty  to compare  m i c r o s t r u c -  
t u r e s  of AI-Si  a l loys  with and without sodium addi t ions ,  
the a l loys  grown at the s a m e  t e m p e r a t u r e ,  by va ry ing  
the ra te  of heat  ex t rac t ion .  

Seeding e x p e r i m e n t s  w e r e  c a r r i e d  out in the m a n n e r  
used  to d e t e r m i n e  the coupled zone in Sn-Bi  a l loys  22 
A sample  of a ce r t a in  compos i t ion  would be cooled f rom 
about 700~ and at the d e s i r e d  t e m p e r a t u r e  a so l id  
seed  of AI -S i  eu tec t ic  ~vould be poked into the m e l t .  
The ra te  of heat  ex t r ac t ion  was  adjus ted  to ef fec t  the 
d e s i r e d  growth t e m p e r a t u r e .  

Samples  w e r e  p r e p a r e d  for  scanning e l ec t ron  m i c r o -  
scopy.  The s a m p l e s  w e r e  chosen to be typica l  of growth 
c lose  to the equ i l ib r ium eutee t ic  t e m p e r a t u r e  and 
growth I0 ~ to 15~ below equ i l ib r ium eutec t ic  t e m p e r a -  
t u r e .  P r e p a r a t i o n  was  by etching the a luminum away in 
a di lute  HC1 solution,  taking c a r e  not to allow v igo rous  
bubbling which would have caused the f r ag i l e  s i l i con  
p a r t i c l e s  to b reak .  O the r  s amp le s  w e r e  p r e p a r e d  for  
opt ical  m i c r o s c o p y .  Some w e r e  etched with a modi f ied  
C P - 4  reagent ,  za 

I~ESULTS 

F igs .  2 through 5 show opt ical  and e l ec t ron  photo- 
m i c r o g r a p h s  of A1-Si for  d i f fe ren t  growth t e m p e r a -  
t u r e s  and fo r  both the normal  and s o d i u m - t r e a t e d  case .  
The  f lat  upper  su r f ace  of the p la tes  in the scanning 
e l ec t ron  m i c r o g r a p h s  is due to the s a m p l e s  having 
been pol i shed  be fo re  being used.  

It is  s een  that sodium a l t e r s  the s t r u c t u r e  of the eu-  
t ec t i c  s i l i con  f rom pla tes  to f i be r s  at both growth t e m -  
p e r a t u r e s .  It is  a l so  seen  that ,  even at  the l ower  
growth t e m p e r a t u r e ,  the a l loys  without sodium solidify 
with a eu tec t i c  s t r u c t u r e  of s i l i con  p la tes  in an a lu-  

r 

Table I. Typical Cooling Rates and Eutectie Isothermal Arrest 
Temperatures for AI-Si Alloys 

Alloy Total Cooling Eutectic Time to 
Composition Weight Rate Arrest Solidify Microstructure 

A1-8 pct Si 14.3 g 255~ 564~ 105 sec A1 dendrites 
+ fine plate 
eutectlC 

Al-12 pct Si 10.51 g 60~ 574~ 175 sec Al dendrites 
+ coarse plate 
eutect]c 

AI-14 pct S] ) 1.65 g 12~ 564~ 500 sec A1 dendrites 
(Na-treated) + fine fibrous 

eutectic 
A1-12.5 pct Si 10.54 g (see text) 574~ 6000 sec A1 dendr, tes 
(Na-treated) + coarse fibrous 

eutectlc 

(b) 
Fig. 2--Normal AI-Si eutectic structure, 574~ growth temper- 
ature. (a) Optical photomicrograph. Magnification 52 times. 
(b) Scanning electron micrograph. Magnification 104 times. 
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minum mat r ix .  At both growth t e m p e r a t u r e s  the so-  
d i u m - t r e a t e d  AI -S i  eu tec t ic  f ibe rs  a r e  a l igned for  
l a rge  d i s tances .  The f ibe r s  a re  not t ang les ,  which d is -  
ag rees  with the obse rva t ions  of Day and Hellawell.V 

The r e su l t s  of the coupled zone de t e rmina t ion  a r e  
p resen ted  in Fig.  6. Al loys  r i che r  in s i l i con  could not 
be invest igated due to the s i l icon nuclea t ing  independ-  
ently of the seed.  F o r  the sod ium- t r ea t ed  samples  the 
coupled zone is  highly skewed. In fact, the coupled 
zone appears  to l ie outs ide  of the extended a l u m i n u m  
l iquidus  at t e m p e r a t u r e s  above 570~ The s t r u c t u r e  

of an a l loy whose composi t ion was jus t  to the left of 
the coupled zone at  5~4~ showed what could be i n t e r -  
p re ted  as  a f luctuating growth front .  This  is  i l l u s t r a t ed  
in Fig.  7. 

The moving of the coupled zone can be in t e rp re t ed  
as  the veloci ty  of s i l icon  being slowed re la t ive  to that 
of a l u m i n u m  in the p r e sence  of sodium.  The posi t ion 
of the coupled zone is  probably  a s t rong function of 
sodium content ,  and it is  a lso  poss ib le  that the f ib rous  
s i l icon  s t r u c t u r e  could be caused  by other sodium con-  
ten ts ,  which would have l e s s e r  or  g r e a t e r  effects on 

(a) 
(a) 

(b) 
Fig. 3--Normal A1-Si eutectic structure, 565~ growth temper- 
ature. (a) Optical photomicrograph. Magnification 104 times. 
(b) Scanning electron micrograph. Magnification 208 times. 

(b) 

Fig- 4--Sodium-treated A1-Si eutectic structure, 574~ growth 
temperature. (a) Optical photomicrograph. Magnification 52 
times. (b) Scanning electron micrograph. Magnification 520 
times. 

936-VOLUME 3, APRIL 1972 METALLURGICAL TRANSACTIONS 



the  coupled zone pos i t i on  in the  A1-Si s y s t e m ,  however  
a lways  skewing it .  

The s eeded  ingots  w e r e  composed  of many eu tec t i c  
co lon ies .  Th i s  does  not i n t e r f e r e  with d e t e r m i n i n g  the 
coupled zone,  s ince  tha t  which is  being d e t e r m i n e d  i s  
the  t e m p e r a t u r e - c o m p o s i t i o n  reg ion  in which c o o p e r a -  
t ive  growth of a luminum and s i l i con  i s  f a s t e r  than the 
growth  of e i t he r  p h a s e  a lone .  

The ingots  would unde rcoo l  to a l ower  t e m p e r a t u r e  
than that  a t  which they  w e r e  s eeded  thus,  the o r ig ina l  

nuc lea t ion  event  i s  that  of a luminum and s i l i con  by the 
seed .  The  gene ra t i on  of many eu tec t ic  g r a i n s  a f t e r  
t h i s  event ,  by w h a t e v e r  m e c h a n i s m ,  o c c u r s  in the  
p r e s e n c e  of a luminum and s i l i con ,  and if the c o m p o s i -  
t ion and t e m p e r a t u r e  of growth  l ie  in the  coupled zone,  
a e u t e c t i c - l i k e  s t r u c t u r e  i s  ob ta ined .  

In n o r m a l  A1-Si a l loys  " d e n d r i t i c "  s i l i con  i s  found 
at  high s i l i con  conten ts .  Th i s  s t r u c t u r e  is  a coupled 
growth f o r m ,  a s  i t  i s  un l ike ly  that  s i l i con  would grow 
a lone  in th i s  manner - -wi th  such fine p l a t e s .  Th i s  s t r u c -  
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Fig. 6--Zones of coupled growth in A1-Si alloys. Upper: Nor-  
mal alloy. Lower: Sodium-treated alloy. 

(b) 
Fig. 5--Sodium-treated A1-Si eutect ic  s t ructure,  565~ growth 
temperature .  (a) Optical photomicrograph. Magnification 208 
times.  (b) Scanning e lec t ron micrograph.  Magnification 520 
times.  

Fig. 7--Sodium-treated A1-14 pct Si, 574~ growth tempera-  
ture. Fluctuating growth .front from independently nucleated 
sil icon crystal .  Magnification 56 times.  
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t u re ,  seen in Fig.  8, is  perhaps  the way excess  s i l icon  
is  accommodated  in the eutect ic  s t r u c t u r e .  At Ai -15  
pct Si, growth at  574~ the dendr i t ic  s i l i con  appeared  
about to form a d is t inc t  p r i m a r y  phase as  in F ig .  9. 
This  composi t ion was somewhat a r b i t r a r i l y  chosen as  
the s i l i con - r i ch  l imi t  of the coupled zone.  

F igs .  10 and 11 show sod ium- t r ea t ed  a l loys  etched 
with CP-4 .  Fig.  10 shows a coarse  f iber  a r e a .  There  
is  a twin t r ace  running  down the t runk  of a f ibe r .  Fig.  
11 shows fine f i be r s  and running down the f ibe r s  is  a 
twin t race .  Fig.  12 is  a c lose-up  of the f i be r s  shown 
in Fig .  4. There  i s  a groove running down the f iber  
which may a l so  be a twin.  

Fig. 10--Sodium-t rea ted  Al-15 pet  Si, c oa r s e  f iber  area .  
Etched in CP-4.  Black l ines a re  twin t race .  Magnification 
205 t imes .  
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Fig. 9--Normal Al-15 pct  Si, 574~ growth t empe ra t u r e .  Den- 
dri t ic  silicon. Magnif icat ion 52 t imes .  

DISCUSSION 

It i s  apparen t  f rom Figs .  2 to 5 that the growth m o r -  
phology of s i l icon is  not growth t e m p e r a t u r e - d e p e n d -  
ent.  That  i s ,  the act ion of sodium is not to allow the 
s i l i con  to undercool  to a t e m p e r a t u r e  where  i ts  growth 
morpholog ies  were  di f ferent  as  suggested by Kim and 
Heine.  18 If this  were  t rue ,  s t r u c t u r e s  at a given growth 
t e m p e r a t u r e  would be ident ica l ,  which they a r e  not. 

The r e s u l t s  of the coupled zone de te rmina t ion  indi -  
cate that  sodium slows the growth of s i l icon with r e -  

Fig. 8--Normal Al-14 pct Si, 574~ growth t e m p e r a t u r e .  Den- 
dr i t ic  sil icon. Magnif icat ion 104 t imes .  

Fig. l l - - S o d i u m - t r e a t e d  Al-15 pct Si, fine f iber  a rea .  Etched 
in CP-4.  Black l ines a re  twin t race .  Magnification 2340 t imes .  
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Fig. 12--Sodium-treated A1-Si euteetic structure, 574~ growth 
temperature. Scanning electron micrograph. Groove running 
down axis of fiber. Magnification 2080 times. 

spec t  to a luminum.  24-27 This  is  a l so  cons i s ten t  with 
the obse rved  fact  that  for  a given r a t e  of h e a t - e x t r a c -  
t ion the s o d i u m - t r e a t e d  a l loys  f r e e z e  at a l ower  t e m -  
p e r a t u r e  than the n o r m a l  a l loys .  If the f r eez ing  a r r e s t  
t e m p e r a t u r e  is  d e t e r m i n e d  by a ba lance  be tween  heat  
r e l e a s e d  by growth and heat  ex t r ac t ed  f rom the sample ,  
the lower  growth termpera ture  for  a given cooling r a t e  
of the s o d i u m - t r e a t e d  a l loys  imply that  the so-  
d i u m - t r e a t e d  a l loys  grow s lower  for  a given dr iv ing  
fo rce .  

A r e s t r i c t e d  growth m e c h a n i s m  has  been p roposed  
by Day and Hel lawel l  6'~ for  the act ion of sodium in A1- 
Si a l loys .  They p ropose  that  sodium is  s e l e c t i v e l y  ab-  
so rbed  in the twin plane r een t r an t  edge s i t e s  on the 
s u r f a c e  of the growing s i l i con .  This  should lead  to f r e -  
quent overgrowth  of the s i l i con  and mul t ip le  twinning 
of the s i l icon .  They identify eu tec t ic  s i l i con  on addit ion 
of sodium as  random i r r e g u l a r  f i be r s ,  the s a m e  as 
produced  on quenching.  F igs .  2 to 5 and F i g s .  10 to 12 
cont rad ic t  th is .  The f i b e r s  a r e  a l igned,  not r andom,  
and the f i b e r s  appear  to have twin p lanes  along t he i r  
axes ,  implying that growth is  s t i l l  by the t w i n - p l a n e -  
r e e n t r a n t - e d g e  m e c h a n i s m .  The twin t r a c e  down the 
ax i s  of the s i l icon f i b e r s  a l so  ru l e s  out (100) as  a 
growth d i rec t ion  of the f ibe r ,  so the f i be r s  a r e  funda- 
men ta l ly  d i f ferent  f r o m  those  Bel l  and Winegard  3'8 
and Day and Hel lawel l  6'7 found in un id i rec t iona l  growth 
of pure  A1-Si a l loys .  

Obinata and Komatsu  1~ r epo r t ed  that  sodium produces  
[100] face t s  on p r i m a r y  s i l i con  in A1-Si a l loys .  A c c o r d -  
ing to t h e o r i e s  of c r y s t a l  growth based  on the pe r iod ic  
bond chain (PBC) concept ,  the [100] face  is  a K face ,  
and the (100) d i r ec t ion  should be a d i rec t ion  of f a s t e s t  
growth.28-? 4 The p r e s e n c e  of a [100] face  on the s i l i con  
c r y s t a l s  f r o m  s o d i u m - t r e a t e d  A1-Si a l loys  ind ica tes  
that  [100] has b e c o m e  one of the s lowest  growing faces .  
Th is  can be explained in t e r m s  of sodium fo rming  a 
two-d imens iona l  compound on the [100] f aces .  Th is  
compound may a l so  involve a luminum.  

METALLURGICAL TRANSACTIONS 

As F i g s .  10 to 12 show, the f i be r s  have a twin plane 
running down t h e i r  ax i s .  The  change f rom p la tes  to 
f i be r s  is  g e o m e t r i c a l l y  easy-- the  f ibe r  is m e r e l y  the 
plate  which is a l lowed to grow in only a few se l ec t ed  
d i r e c t i o n s .  Th is  can be a c c o m p l i s h e d  by adsorp t ion  of 
sodium,  o r  a sodium complex ,  on the fast  growing 
faces  of the twinned c ry s t a l .  

The data and conclus ions  of Dav ies  and Wes t  2~ sup- 
por t  the view of a s e l ec t i ve  adsorp t ion  on ce r t a i n  f aces .  
They found that  sodium r e s t r i c t e d  the growth of ce r t a in  
s i l icon p lanes .  

Hunt and Hur le  35 d e s c r i b e d  v a r i o u s  poss ib le  eu tec t ic  
m orpho log i e s  for  f ace ted -nonface ted  eutec t ic  s y s t e m s .  
Eu tec t i c  m i c r o s t r u c t u r e s  could be i r r e g u l a r ,  complex -  
r e g u l a r ,  o r  p seudoregu la r .  I r r e g u l a r  m i c r o s t r u c t u r e s  
occur  for  sma l l  amounts  of the f ace ted  component ,  
c o m p l e x - r e g u l a r  for  i n t e rm ed ia t e  amounts  of the 
face ted  component ,  and p s e u d o r e g u l a r  for l a r g e  
amounts  of the face ted  component .  

The fact  that the coupled zone in A1-Si a l loys  be-  
comes  skewed to high s i l icon content  on addi t ion of 
sodium is  cons i s ten t  with the eu tec t i c  m i c r o s t r u c t u r e s  
being a l t e r e d  f rom i r r e g u l a r  to p s e u d o r e g u l a r  on addi -  
t ion of sodium.  

CONCLUSIONS 

The change in position of the coupled zone in Al-Si 
alloys on addition of sodium indicates that an action of 
sodium is to slow the growth of silicon with respect to 
that of aluminum. 

We have shown that this effect is independent of tem- 
perature. The morphology of the euteetic silicon is not 
temperature dependent in the temperature region stud- 
ied, but solely depends on the presence or absence of 
sodium. 

The morphology of the euteetie silicon changes from 
interconnected plates to bundles of aligned fibers on 
addition of sodium. The presence of twin planes indi- 
cates that growth is by the twin-plane-reentrant-edge 
mechanism even when sodium is present. 

All of the observations are explained by the hypothe- 
sis that sodium adsorbs on the fast-growing faces of 
silicon. This epitactic compound may also contain 
aluminum. 

This adsorption would change the crystal habit of 
silicon, as has been observed. 15 This adsorption would 
alter the position of the coupled zone, skewing it further 
toward silicon-rich compositions. The adsorption 
would lower the growth rate of the eutectic for a given 
undercooling, causing the freezing arrest to be lower. 
These effects are independent of temperature, and do 
not depend on suppressing the nucleation of silicon. 
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