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HYPEREUTECTIC HEAT STORAGE ALLOY 

FINAL REPORT: SILICON SHELL INTEGRITY I N  MOLTEN A1-Si EUTECTIC 

f 

M. R. Bennett  
J. Braunstein 

ABSTRACT 

A s  a p a r t  of a program t o  eva lua te  t h e  f e a s i b i l i t y  of 
u s ing  s i l i c o n  encapsulated spheres  of aluminum-silicon 
e u t e c t i c  f o r  thermal. energy s t o r a g e  a t  temperatures  nea r  
65OoC, experiments were done t o  t e s t  t h e  dimensional s ta-  
b i l i t y  of t h e  i n t e r f a c e  between s i l i c o n  and the  e u t e c t i c  t o  
thermal  cycl ing.  Cycled s a m p l e s  were sec t ioned  and 
examined by o p t i c a l  micrography and by e l e c t r o n  microscopy 
(SEM/EDX) techniques.  L i t t l e  o r  no degrada t ion  of t h e  In- 
t e r f a c e  was observed a t  60OOC (eutec t ic .  temperature  577OC) 
whi l e  c a t a s t r o p h i c  degrada t ion  occurred a t  700°C. A t  650°C 
i n t e r p e n e t r a t i o n  of 0.1-0.2 mm w a s  observed between t h e  
s i l i c o n  and t h e  e u t e c t i c  a l l o y s ,  w i th  occas iona l  larger  
( 3 4  mm) i n t r u s i o n s ,  

1. INTRODUCTION 

T h i s  r epor t  summarizes r e s u l t s  of experiments designed t o  eva lua te  

t h e  s t a b i l i t y  of t h e  i n t e r f a c e  between s i l i c o n  metal  and a e u t e c t i c  

a l l o y  of aluminum and s i l i c o n  t o  thermal cyc l ing  between temperatures  a t  

which t h e  a l l o y  (and t h e  s i l i c o n )  i s  s o l i d  and temperatures  (up t o  

650°C) a t  which the  molten a l l o y  is  i n  con tac t  w i th  s o l i d  s i l i c o n .  

Mobley and Rapp (1980) have poin ted  o u t  t h e  p o t e n t i a l  advantages of 

metal l ic  a l l o y s  as phase change hea t  s t o r a g e  materials f o r  recovery of 

i n d u s t r i a l  waste h e a t ,  I n  p a r t i c u l a r ,  t hey  proposed t h e  development of 

methods t o  encapsula te  aluminum-silicon a l l o y  sho t  i n  an i n t e g r a l  s i l i -  

con s h e l l  intended t o  con ta in  t h e  h e a t  s t o r a g e  a l l o y  dur ing  repea ted  

cyc le s  of mel t ing and f r e e z i n g  of t h e  e u t e c t i c  core. Their  i n i t i a l  pro- 

posa l  w a s  t o  form s i l i c o n  encapsulated s h o t  by cool ing  a molten 

aluminum-silicon mlxture of hype reu tec t i c ,  o r  s i l i c o n  r i c h ,  composi- 

t i on .  Hence t h e  des igna t ion  Hypereutect ic  Heat Storage (HHS). 
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The IIHS concept: may be i l l u s t r a t e d  wi th  re ference  t o  t h e  aluminum- 

s i l i c o n  equi l ibr ium phase diagram shown i n  Fig. 1. The s i l i c o n  encapsu- 

l a t e d  sho t  would have an  o v e r a l l  composition ( co re  and s h e l l )  as  ind i -  

ca ted  by t h e  l i n e  A-B i n  t h e  phase diagram, somewhat r i c h e r  i n  s i l i c o n  

than t h e  eu tecL i r  composition. I f  heated t o  temperatures above t h a t  of 

po in t  B ,  a homogeneous l i q u i d  s o l u t i o n  would r e s u l t .  On cool.ing t h e  

m e l t ,  s i l i c o n  would p r e c i p i t a t e  as t h e  temperature f e l l  between TB and 

TD whi le  t h e  equi l ibr ium composition o f  t h e  melt w i th in  t h e  s o l i d  s i l i -  

con s h e l l  changed from XB t o  XD a long  t h e  l i q u i d u s  l i n e .  A s  t h e  temper- 

a t u r e  continued t o  f a l l ,  between TD and TF ,  a d d i t i o n a l  s i l i c o n  would 

p r e c i p i t a t e ;  t h e  composition of l i q u i d  would be f u r t h e r  deple ted  i n  

s i l i c o n  u n t i l  t h e  compositfon Xeut was reached a t  temperature Teut. 

Ibre  t h e  m e l t  i s  s a t u r a t e d  wiLh both Si and A l .  On f u r t h e r  h e a t  removal 

t h e  e u t e c t l c  of S i  and o f  AI-rich s o l i d  s o l u t i o n  w i l l  p r e c i p i t a t e  i n  t h e  

f i x e d ,  e u t e c t i c ,  r a t i o ,  w i th  no change i n  composition ( o r  temperature)  

of t h e  remaining l i q u i d  u n t f l  no more l i q u i d  remalns. The l a t e n t  h e a t  

cvolved i n  the s o l i d i f i c a t i o n  i s  t h e  b a s i s  of i h e  energy s torage ,  The 

OFINL-DWG 86- 47462 

1400 1 

w 1100 1 

/ 

Fig. 1. AI-Si Phase Diagram (adapted, w i th  Permission of McGraw- 
H i l l ,  from Hansen (1958).  
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temperature of t h e  s o l i d  phase w i l l  t hen  f a l l  as  f u r t h e r  h e a t  i s  re- 

moved. 

If t h e  shot  is rehea ted  t o  TB, o r  above, i t  w i l l  l i que fy .  If how- 

eve r ,  as i n  t h e  intended a p p l i c a t i o n ,  t h e  s h o t  i s  heated on ly  t o  some 

lower temperature,  some s o l i d  s i l i c o n  w i l l  remain, which could form 

an  i n t e g r a l  s h e l l  surrounding t h e  co re  of e u t e c t i c  composition. As t h e  

sho t  i s  heated from TA t o  Teut no mel t ing  occurs.  A t  Teut t h e  e u t e c t i c  

core  melts, t h e  r e l a t i v e  amounts of s o l i d  s i l i c o n  and of l i q u i d  e u t e c t i c  

being i n  t h e  r a t i o  (XA - Xeut)/(l-XA). On f u r t h e r  hea t ing ,  t h e  com- 

p o s i t i o n  w i l l  change along t h e  l i q u i d u s  curve. A t  TC t h e  r a t i o  of s o l i d  

t o  l i q u i d  w i l l  have decreased t o  (XA - XD)/(l-xA), but a s o l i d  s i l i c o n  

s h e l l  could conceivably remain, under proper  c o n d i t i o n s ,  i f  t h e  tempera- 

t u r e  remained below TB. The phase diagram, however, i n d j c a t e s  only t h e  

r e l a t i v e  amounts of t h e  two phases a t  equi l ibr ium.  It does no t  i n d i c a t e  

t h e i r  s p a t i a l  d i s t r i b u t i o n .  Therefore,  i f  a mechanism e x i s t s  f o r  t h e  

p r e c i p i t a t i n g  s i l i c o n  t o  depos i t  p r e f e r e n t i a l l y  on one s i d e  of t h e  s h o t ,  

egg . ,  because of temperature g r a d i e n t s  o r  g r a v i t y ,  t h e  remainder of t h e  

sho t  would be poorer i n  s i l i c o n .  If t h e  l o c a l  composition of p a r t  of 

t he  sho t  changed t o  X,,, f o r  example, melt-through could occur on t h e  

next cyc le  t o  TC even though t h e  l i q u i d u s  temperature f o r  t h e  s h o t  a s  a 

whole remained TB. 

TC, 

I f  t he  h ighes t  temperature i n  t h e  c y c l e  were r e s t r i c t e d  t o  being 

j u s t  above t h e  e u t e c t i c  temperature,  i t  would be p o s s i b l e  t o  m e l t  t h e  

e u t e c t i c  core  wi th  l i t t l e  change i n  t h e  average th i ckness  of t h e  s i l i c o n  

s h e l l .  I n  t h e  HHS concept,  however, t h e  s t o r e d  energy d e n s i t y  i s  i n -  

c reased  by cyc l ing  t o  temperatures about midway between Teut and TB,  t h e  

d i s s o l u t i o n  and r edepos i t i on  of a p o r t i o n  of t h e  s i l i c o n  s h e l l  con- 

t r i b u t i n g ,  t h u s ,  a corresponding l a t e n t  h e a t  of fu s ion  of s i l i c o n .  

Mobley and Rapp (1983) proposed, and i n v e s t i g a t e d ,  a number of 

means t o  form i n t e g r a l  s i l i c o n  s h e l l s .  These means included: (1) con- 

t r o l l e d  quenching of molten spheres  of aluminum-silicon a l l o y ,  having 

hype reu tec t i c  composition, t o  produce i n t e g r a l  s h e l l s  of t he  primary 

p r e c i p i t a t e  of S i ;  ( 2 )  aluminothermic r e a c t i o n  coa t ing ,  i n  which l i q u i d  

A1-Si a l l o y  i s  allawed t o  r e a c t  wi th  s o l i d  Si02 t o  form a s h e l l  of s o l i d  

A120 (alumina) and s i l i c o n ;  ( 3 )  packed bed cementation s i l i c o n i z i n g ,  i n  



which s i l i c o n  i s  depos i ted  on the  surface of s o l i d  a l l o y  sho t  v i a  vapor 

t r a n s p o r t  from a bed of s i l i c a  and a mixed c h l o r i d e  s a l t .  Although t h e  

au tho r s  repor ted  t h a t  t h e  pack-cementation coa t ing  method seemed t o  show 

promise, no cons i s t en t  r e s u l t s  were produced t h a t  showed t h e  formation 

of encapsulated spheres  which d id  not  crack o r  leak  v i a  exudat ion of 

a l l o y  through t h e  Si s h e l l .  The r a t i o n a l e  behind t h e  present  program 

w a s  t h a t  t h e  s c i e n t i f i c  p a r t  of t h e  HHS program wi th  Al-Si e u t e c t i c  

ought t o  be s t r u c t u r e d  a s  i n d i c a t e d  i n  Fig. 2. 

The f i r s t  ques t ion  i s :  Does an i n t e g r a l  s h e l l  of S i ,  produced by 

whatever means on e u t e c t i c  A1-Si s h o t ,  remain s t a b l e  wi th  repeated the r -  

m a l  cyc l ing  around the  e u t e c t i c  temperature (anti of course below the  

ORNL-DWG 87-1 1757 

1.  Is Si shell stable? I 

2. Can shot be self encapsulated \ 

Fig. 2. Steps i n  HHS Study. 
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liquidus temperature)? For, even with an integral shell of Si around 

the Al-Si eutectic, and with a constant temperature, there still is a 

driving force for recrystallization of A1 and Si, and of crystal growth, 

which could lead to growth of Si crystals inward and of AI crystals out- 

ward. This could lead to thinning of the shell, pinholes and leaks, or 

collapse of the shot. A rough first estimate of the probability of this 

occurring would require estimates of the diffusion coefficient. For 

example, Darken and Gurry (1959) consider the case of diffusion into (or  

out of) variously shaped objects, initially of uniform composition, 

whose surface is in contact with a source of different composition. The 

fractional saturation (i.e., the amount that has diffused into the ob- 

ject relative to the amount that will have entered at infinite time) is 

a function of R/J(Dt). For a slab, o r  sheet, the diffusion process is 

93% complete when R/E2 = 1. Diffusion is 36% complete when Dt/E2 = 

0.1, i.e., for a tenfold smaller diffusion coefficient. Thus, the 

relaxation time f o r  a diffusion layer is T - E 2 / D  where R is the half- 
thickness of the layer and D is the diffusion coefficient. For relaxa- 

tion in, say, 3 h (-lo4 s ) ,  of a layer of thickness -+low2 cm, the diffu- 

sion coefficient would have to be D = 10 '+/lo4 = cm2s-l. This 

value may appear somewhat high for solid state diffusion (in the liquid 

state D - lom5 cm2s'l; for many ceramic solids, D - cm2s-l). 

However, some alloys, e.g., L i - A l ,  Li-Si, do have diffusion coefficients 

as high as A diffusion coefficfent of this mag- 

nitude could lead to deterioration of the shell on cycling unless there 

is some constraint to block it, such as a temperature gradient of appro- 

priate direction and magnitude. Mondolfi (1975) reports relatively high 

diffusion coefficients in solid Al, and high diffusional mobility in the 

grain boundaries. Ostwald ripening and growth of silicon crystals in 

solid silicon-aluminum alloys has been observed at temperatures as low 

as 540°C (Rhines and Aballe, 1986). The diffusion coefficients in the 

liquid are of course higher still. There was thus the need for an 

experiment to test stability of a Si shell to repeated cycling before 

significant effort was devoted to producing an integral shell. 

- 

cm2s-l o r  higher. 

If a silicon-clad eutectic shows promjtse of stability (e.g., under 

simulated cycling tests of Si and eutectic), work should proceed on Si- 



encapsulat ion.  Poss ib l e  rou te s  t o  an i n t e g r a l  Si s h e l l  include:  vapor 

depos i t i on  of Si from t h e  r e l a t i v e l y  low temperature  decomposition of  a n  

organos i lane ,  e l ec t rodepos i t i on  of Si  from molten f l u o r o s i l i c a t e  ba th ,  

e lec t rochemica l  s i l i c i d i n g  ( d i f f u s i o n  coa t ing )  i n  a molten s a l t  ba th  

(Feigelson,  1980). Cooling o f  t h e  molten hype reu tec t i c  a l l o y ,  t ho  f i r s t  

method proposed by Mobley and Rapp, w a s  unsuccessfu l  f o r  producing an  

i n t e g r a l  Si coa t ,  and was dropped by them. T h i s  f a i l u r e  may r e s u l t  frons 

t h e  primary p r e c i p i t a t i o n  of s i l i c o n  i n  l a r g e  g r a i n s  t h a t  tend t o  form a 

s l u s h  wi th  the l i q u i d  a l loy .  

I f  a Si s h e l l  i s  not s t a b l e  t o  thcrmal cyc l ing  i n  con tac t  w i th  A l -  

S i  e u t e c t i c ,  cons idera t ion  might be given t o  coa t ing  AI-SI spheres  wi th  

a r e f r a c t o r y  coa t ing ,  such as S I C .  Other p o s s i b i l l t i e s  would inc lude  

coa t ing  wi th  c o l l o i d a l  oxides  and then  h e a t  t r e a t i n g  t o  prepare  s h e l l s  

of a luminos i l i ca t e ,  a luminate ,  o r  o t h e r  reEractory oxides.  
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2. OBJECTIVE 

. 

As c i t e d  i n  t h e  In t roduc t ion ,  s i l i con -encapsu la t ed  s h o t  of A1-Si 

e u t e c t i c  are an  a t t r a c t i v e  p o s s i b i l i t y  f o r  d i r e c t  con tac t ,  phase change, 

hea t  s to rage .  The o b j e c t i v e  of t h e  p re sen t  work w a s  t o  answer t h e  key 

ques t ion :  " W i l l  an i n t e g r a l  s i l i c o n  s h e l l  remain s t r u c t u r a l l y  s t a b l e  

dur jng  repea ted  cyc l ing  of t h e  s h o t  through t h e  e u t e c t i  c temperature"? 

The A1-Si phase diagram i n d i c a t e s  t h a t ,  provided t h e  upper temperature 

of t h e  cycle i s  s u f f i c i e n t l y  lower than  t h e  l i q u i d u s  temperature,  t h e  

equi l ibr ium r a t i o  of s o l i d  s i l i c o n  t o  l i q u i d  a l l o y  can be h igh  enough s o  

t h a t  the average s h e l l  t h i ckness  could r e t a i n  t h e  a l l o y .  However, a 

ques t ion  of s t a b i l i t y  arises from s e v e r a l  f a c t o r s .  One i s  t h e  mechan- 

i c a l  s t r e n g t h  of t h e  s h e l l  when sub jec t ed  t o  t h e  stress imposed by 

volume expansion of t h e  a l l o y  on melting. It may be p o s s i b l e  t o  compen- 

sate  € o r  t h i s  by i n c r e a s i n g  t h e  s h e l l  t h i ckness  or  by t h e  inco rpora t ion  

of voids. A perhaps more fundamental f a c t o r  i s  t h e  s t a b i l i t y  of t h e  

s i l i c o n  s h e l l  to r e d i s t r i b u t i o n  dur ing  repea ted  mel t ing  and c r y s t a l l i z a -  

t i o n ,  which could lead  t o  d i s i n t e g r a t i o n  of the s h e l l .  A number of 

mechanisms could provide t h e  d r i v i n g  f o r c e  f o r  such r e d i s t r i b u t i o n .  

These include: 

1. Even a small  temperature g rad ien t  i n  a f i x e d  d i r e c t i o n  a c r o s s  a s h o t  

provides a thermodynamic d r i v i n g  f o r c e  f o r  p r e f e r e n t i  a1 depos i t i on  

of S i  c r y s t a l s  on t h e  t h e  cool s i d e ,  l ead ing  t o  th lnn ing  of t h e  

s h e l l  on t h e  h o t  s i d e .  

2. Dendr i t i c  growth of primary s i l i c o n  c r y s t a l s  from supercooled l i q u i d  

could l ead  t o  entrapment of a l l o y  l ead ing  t o  migra t ion  of aluminum 

f r o n  t h e  i n t e r i o r  of t h e  sho t  t o  t h e  sur face .  

3. The r e l a t i v e l y  high d i f f u s i o n  c o e f f i c i e n t  of s i l i c o n  i n  aluminum 

provides  a mechanism, even i so the rma l ly  i n  t h e  s o l i d  s ta te ,  f o r  

i n t e r d i f f u s i o n  of s i l i c o n  and aluminum, wi th  g radua l  r e d i s t r i b u t i o n  

of s i l i c o n  and aluminum. 

Thus, although t h e  equi l ibr ium r e l a t i o n s h i p s  show t h e  p o s s i b i l i t y  

of a n  i n t e g r a l  s i l i c o n  s h e l l ,  t h e  equ i l ib r ium I s  dynamic, no t  s t a t i c ;  



hence the  distribution of t he  silicon and aluminum phases must be con- 

s i d e r e d .  



3. APPROACH 

As p a r t  of a test  of t h e  i n t e g r i t y  of s i l i c o n  s h e l l s  t o  be  used a s  

c o n t a i n e r s  f o r  Al-Si e u t e c t i c ,  experiments were designed t o  i n v e s t i g a t e  

t h e  changes i n  shape of t h e  i n t e r f a c e  between s i l i c o n  and aluminum- 

s i l i c o n  e u t e c t i c  a l l o y  on repeated melting and f r e e z i n g  of t h e  a l l o y  i n  

con tac t  wi th  s i l i c o n .  The experiments were in tended  t o  be independent 

of methods used t o  f a b r i c a t e  se l f -encapsula ted  sho t ,  and t o  provide 

b a s i c  in format ion  on t h e  inhe ren t  s t a b i l i t y  of such s h e l l s  t o  migration 

v i a  c r y s t a l  growth and r ipen ing  under condi t ions  of temperature cy- 

c l ing .  The b a s i s  of t h e  experiments was t h e  p r e p a r a t i o n  of po lyc rys t a l -  

l i n e  shapes such as b a r s  of silicon t o  be hea ted  i n  con tac t  w i th  A1-Si 

e u t e c t i c ,  maintained a t  temperatures between 550 and 65OOC f o r  vary ing  

l e n g t h s  of t i m e ,  cooled, and then sub jec t ed  t o  o p t i c a l  and metallo- 

g raph ic  examination f o r  dimensional s t a b i l i t y .  Two sets  of cond i t ions  

were envisaged f o r  t h e  experiment. I n  t h e  f i r s t  set ,  t h e  temperature of 

t h e  samples i s  cycled between 550 and 6 5 0 ° C .  In t h e  second se t ,  t h e  

s a m p l e s  would be held f o r  d i f f e r i n g  per iods  of t i m e  a t  va r ious  cons t an t  

temperatures above t h e  e u t e c t i c  temperature (577OC) before  examina- 

t i on .  The l a t t e r ,  i so thermal ,  experiments provide an  i n d i c a t i o n  of t h e  

inhe ren t  ra te  of r e d i s t r i b u t i o n  of s i l i c o n  and a l l o y  r e s u l t i n g  from t h e  

dynamic equi l ibr ium even i n  the  absence of a s i g n i f i c a n t  temperature 

g r a d i e n t ,  e.g., v i a  Ostwald ripening. The former,  temperature cyc l ing ,  

experiments a r e  more complex i n  t h a t  some of t h e  s o l i d  s i l i c o n  must  d i s -  

s o l v e  i n  t h e  l i q u i d  a l l o y  du r ing  t h e  h e a t i n g  p a r t  of t h e  cyc le ,  and then  

r e c r y s t a l l i z e  on t h e  S i  s u r f a c e  durlng t h e  cool ing  p a r t  of t h e  cycle. 

The temperature cyc l ing  condI t lons  s imula t e  more c l o s e l y  t h e  behavior of 

a s i l i c o n  s h e l l  dur ing  cyc l ing  of encapsula ted  s h o t ,  al though t h e  

stresses induced by volume expansion may be smaller than  i n  s p h e r i c a l  

sho t .  

For a n a l y s i s ,  t h e  cooled samples can be sec t ioned  perpendicular  t o  

t h e  plane of t h e  i n t e r f a c e ,  and examined o p t i c a l l y  and by energy d3s -  

p e r s i v e  X-ray f luorescence  i n  a scanning e l e c t r o n  mjcrsscope (SEN-EDX) 

(Gabr ie l ,  1985). E lec t ron  do t  maps of a s e c t i o n  g i v e  t h e  d i s t r i b u t i o n  

of s i l i c o n  and of aluminum, and t h e r e f o r e  d e l i n e a t e  t h e  i n t e r f a c e  
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between t h e  c r y s t a l l i t e s  and show whether o r  not degradat ion has  

occurred. Of t h e  var ious  methods of s u r f a c e  a n a l y s i s  a v a i l a b l e  f o r  t h e  

examination o f  elemental  d i s t r i b u t i o n s ,  SEM/EDX provides  t h e  b e s t  com- 

b i n a t i o n  of s e n s i t i v i t y  and s p a t i a l  r e s o l u t i o n  i n  t h e  range of d i s t a n c e s  

needed for examining t h e  dimensional s t a b i l i t y  of t h e  i n t e r f a c e  (Va l l e t  

e t  a l . ,  1983).  

Other means of a n a l y s i s  of the Si-AlfSi in t -e r face  and o f  con tac t ing  

the  s i l i c o n  and e u t e c t i c  were considered and ru l ed  ou t  f o r  t h e  p re sen t  

s tudy.  Neutron a c t i v a t i o n  a n a l y s i s  i s  not s u f f i c i e n t l y  l o c a l i z e d  t o  

show t h e  i n t e r f a c e ,  and fur thermore t h e  f a s t  neut ron  r e a c t i o n  on S i  pro- 

duces Al. I n  s i t u  o p t i c a l  s tudy of the  i n t e r f a c e ,  making use of t k  

t ransparency of s i l i c o n  t o  a region of t h e  i n f r a r e d  spectrum, would 

r e q u i r e  ex tens ive  development. Chemieal vapor depos i t ion  (CVD) forma- 

t i o n  of amorphous s i l i c o n  c r u c i b l e s  as con ta ine r s  f o r  t h e  e u t e c t i c  a l l o y  

would be extremely expensive,  and f e a s i b i l i t y  i s  not  assured. Grinding 

of p o l y c r y s t a l l i n e  ingo t s  of Si i n t o  c r u c i b l e  shapes wi th  about 1 rnm 

w a l l  th ickness  w a s  considered not  f e a s i b l e  a t  t he  present  tiiw. 
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4. EXPERIMENTAL 

4.1 App a r a t u s  

The equipment c o n s i s t s  of a h o r i z o n t a l l y  mounted e l e c t r i c  resis- 

tance tube  furnace  of t h e  "clam s h e l l "  type ,  f i t t e d  w i t h  a s i l ica  

tube. The s i l i ca  tube  is provided wi th  an i n e r t  gas atmosphere f o r  t h e  

experiments,  and a copper block t o  he lp  maintain a cons tan t  temperature 

i n  t h e  region conta in ing  t h e  sample. -0 thermocouples were used, one 

f o r  c o n t r o l l i n g  t h e  furnace  temperature and t h e  o t h e r  f o r  measuring t h e  

sample temperature. They were connected, r e spec t ive ly ,  t o  a propor- 

t i o n a l  temperature c o n t r o l l e r  and t o  a temperature  recorder .  Figure 3 

i l lustrates  schemat ica l ly  t h e  furnace  wi th  samples i n  place.  

ORNL OWG86 17463 

r G A S  INLET 

RESISTANCE FURNACE 

Fig. 3. 
Couples . Furnace Assembly f o r  Prepara t ion  of Al-Si Eutec t i c /S i  

4.2 Materials 

The s i l i c o n  and silicon-aluminum e u t e c t i c  samples were contained i n  

alumina boa t s  which f i t  i n t o  t h e  copper block i n  t h e  furnace.  Alumina 

was chosen because it is s t a b l e  t o  reduct ion  by s i l i c o n  metal. S i l i c a  

would not  have been s t a b l e  t o  reduct ion  by aluminum under t h e  condi t ions  

of t h e  experiment. The i n e r t  gas  supply w a s  96% argon - 4% hydrogen t o  
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provide a nonoxidizing atmosphere. Pure aluminum was used for tempera- 

ture calibration. Pure silicon, polycrystalline, was sawed into rec- 

tangular bars about 4 cm long and 0.6 cm wide.* Aluminum-silicon 

eutectic was prepared by melting together silicon and aluminum in the 

eutectic proportion.+ Figure 4 is a photograph of the silicon and alloy 

*Supplied by R. F. Wood and P. Fleming, Solid State Division. 
t 
Prepared by R. Heestand, Metals and Ceramics Division. 

T 

Fig. 4. Thermocouple Calibration. 
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samples before placing them in the alumina boat for heating in the tube 

furnace 

4.3 Freezing Point and Composition 

Thermal analysis was carried out on samples of pure Al and of the 

Al/Si eutectic in order to check the consistency of temperature and com- 

position measurements. Advantage was taken of the high surface tension 

of the liquid metals to provide good thermal contact between a thermo- 

couple and the molten metal. Samples of the Al/Si eutectic and of Al 

were drilled longitudinally to accommodate a thin alumina tube into 

which a thermocouple could be inserted. The alumina tube also passed 

through holes drilled through the ends of the alumina boat. The surface 

tension of the liquid metal prevents it from spreading throughout its 

container and leaking out of the holes. Figure 4 shows the components 

used in the thermocouple calibrations including aluminum and eutectic 

samples before and after melting. The configuration is similar to that 

used in the actual experiments. A single thermal arrest was observed as 

expected for a eutectic, with no evidence of a slope change which would 

indicate an off-eutectic composition. The freezing point measurements 

with pure Al and with eutectic served to calibrate the thermocouple and 

to establish the uncertainty of the temperature measurements. 

Results are shown in the following table: 

Freezing Points/OC 

Al 6T A1-Si Eutectic 6T 
-7  - 

Literature Value 660.4 577 
Measured 664.0 +3.6 575 -2 

660.5 +0*1 . 
4.4 Preparation of Al-Si Eutectic/Si Couples 

Figure 5 is a photograph of silicon and of eutectic samples prior 

to heating and after melting and refreezing of the eutectic. Also shown 

are sawed sections of couples which had undergone seven one-hour cycles 
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between a lower temperature of 55OOC ( j u s t  below t h e  eutectic tempera- 

t u r e )  and an upper temperature of 6OO0C, 65OOC and 7 0 0 O C .  Although 

e l e c t r o n  microscopy was needed t o  i n v e s t i g a t e  d e t a i l s  of t h e  i n t e r f a c e  

s t r u c t u r e ,  many of t h e  f e a t u r e s  are observed i n  t h e  o p t i c a l  photographs 

of t he  s e c t i o n s  . The i n t e r f a c e  i n  the  s e c t i o n  heated t o  6OOOC shows 

l i t t l e  evidence of gross  degradation. The sample heated t o  7OOOC shows 

a l a r g e  i n t r u s i o n  of e u t e c t i c  i n t o  t h e  s i l i c o n .  The sample heated t o  

65OOC shows some roughness a t  t h e  i n t e r f a c e ,  but  e l e c t r o n  microscopy is 

needed t o  determine t h e  extent .  I n  t h e  sample shown i n  Fig. 5, t he  

s i l i c o n  (which does not  melt and t h e r e f o r e  r e t a i n s  i t s  sharp corners  

where not i n  con tac t  with t h e  a l l o y )  had been placed above t h e  e u t e c t i c  

sample i n  the  alumina boa t ,  so t h a t  i t  f l o a t e d  on t h e  molten a l l o y ,  

s i n c e  s i l i c o n  i s  less dense than t h e  Si-A1 e u t e c t i c .  The molten a l l o y  

d id  not spread through t h e  alumina boat  because of i t s  h igh  s u r f a c e  ten-  

s i o n  and nonwetting of the alumina. Most subsequent couples were pre- 

pared wi th  the  a l l o y  sample r e s t i n g  on t h e  s i l i c o n  sample. No s i g -  

n i f i c a n t  d i f f e r e n c e  w a s  observed between resul ts  obtained wi th  t h e  two 

conf igura t ions .  

4.5 Examination of I n t e r f a c e s  

4.5.1 Photomicrography 

Figure 6 is  a photomicrograph of s e c t i o n s  of t h r e e  samples heated 

t o  6 5 O o C ,  without cyc l ing ,  f o r  per iods  of time between 7 2  and 240 h. 

These show t h e  pene t r a t ion  of t h e  e u t e c t i c  a l l o y  (upper) through the  

i n i t i a l l y  p lanar  s u r f a c e  of t h e  s i l i c o n  b a r  (lower).  This photograph 

shows many of t h e  f e a t u r e s  observed. These f e a t u r e s  include: g ross  

pene t r a t ion  o r  i n t r u s i o n s  of t h e  e u t e c t i c  i n t o  t h e  s i l i c o n ;  roughness of 

t h e  i n t e r f a c e  region and cracking of t h e  s i l i c o n ,  presumably due t o  t h e  

stress r e s u l t i n g  from t h e  volume change on melt ing and c r y s t a l l i z a t i o n  

of t h e  a l loy .  Even though t h e  conf igura t ion  of a s l u g  of a l l o y  i n  con- 

t a c t  wi th  a ( i n i t i a l l y )  p l ana r  s j l i c o n  s u r f a c e  does no t  s u b j e c t  t h e  sam- 

p l e  t o  the  same stresses i t  would be subjec ted  t o  when confined i n  a 

c losed s h e l l ,  t he  wet t ing  of t h e  s i l i c o n  by t h e  l i q u i d  a l l o y  during 
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c r y s t a l l i z a t i o n  causes stresses s u f f i c i e n t  t o  crack t h e  s i l i c o n .  Typ- 

i c a l l y ,  the crack does not  occur a t  t h e  i n t e r f a c e  but  a t  a d i s t a n c e  

about 0.5 t o  1 mm from t h e  in t e r f ace .  

4.5.2 Elec t ron  microscopy 

Figures  7 and 8 show e l e c t r o n  micrographs, a t  d i f f e r e n t  magnifica- 

t i o n s ,  of two couples heated t o  7OO0C, one f o r  t h r e e  hours  (Fig. 7 ) ,  and 

ORNL-PHOTO 3818-87 

I 

I - -  
Fig. 7. Photomicrograph and E lec t ron  Micrographs of Sec t ions  of 

Couple Heated t o  7OOOC f o r  3 he  
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Fig. 8. Photomicrograph and Electron Micrographs of Couple Heated 
t o  700°C for 64 h. 
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t h e  o t h e r  f o r  64 h (Fig. 8 ) .  Photomicrographs of s e c t i o n s  through t h e  

couples are centered  above t h e  e l e c t r o n  micrographs. Three k inds  of 

e l e c t r o n  micrographs are shown: e l e c t r o n  backsca t te r ing  images, on t h e  

r i g h t ;  s i l i c o n  Ka dot  maps, i n  t h e  c e n t e r ;  and aluminum Ku d o t  maps, on 

the  l e f t .  The e l e c t r o n  backsca t te r ing  images show t h e  t e x t u r e  of t h e  

surface but do not  permit unequivocal d i s t i n c t i o n  between t h e  aluminum 

and s i l i c o n  phases. The s i l i c o n  and aluminum X-ray dot  maps show 

regions of high dens i ty  of s i l i c o n  and of aluminum respec t ive ly .  Thus 

t h e  s i l i c o n  region should show a h igh  dens i ty  of white  d o t s  on t h e  Si  

map and a very low d e n s i t y  on t h e  A 1  do t  map. Conversely, t h e  e u t e c t i c ,  

conta in ing  mostly aluminum, should show much higher  dens i ty  of white  

d o t s  i n  t h e  Al dot  map than  i n  t h e  S i  do t  map. The i n t e r f a c e  th ickness  

f o r  t h e  s e c t i o n  i n  Fig. 8 i s  s e v e r a l  t e n t h s  of a millimeter, i n d i c a t i n g  

t h e  l i k e l y  degradat ion of a s i l i c o n  s h e l l  of t h i ckness  less than  1 mm a t  

temperatures of 700OC. 

Figure 9 shows a s e c t i o n  of a s i l i c o n - s i l i c o n  aluminum e u t e c t i c  

couple t h a t  had been cycled between 5OOOC and 7OOOC. Although t h e  

couple was a t  temperatures above the  e u t e c t i c  temperature f o r  only 

four teen  hours,  t h e  photomicrograph, i n  t h e  upper p a r t  of t h e  f i g u r e ,  

shows a massive i n t r u s i o n  of t he  e u t e c t i c  upward i n t o  t h e  s i l i c o n  Bar. 

The i n t r u s i o n  is  nea r ly  g lobu la r ,  wi th  a diameter  of about 2 mm. The 

e l e c t r o n  micrographs i n  the  lower p a r t  of t he  f i g u r e  show t h a t  t he  

roughness of t h e  i n t e r f a c e  is  of the o rde r  of t e n t h s  of a millimeter. 

The dark area near t h e  cen te r  of t he  e l e c t r o n  backsca t te r ing  micrograph 

( r i g h t  hand photographs) i s  a void,  s i n c e  i t  appears  dark  both i n  t h e  A1 

do t  maps ( l e f t  photographs) and i n  t h e  S i  do t  maps ( cen te r  photographs). 

The r e s o l u t i o n  i n  t h e  SEM/EDX scans  is probably of t h e  o rde r  of 

50 micrometers (0.05 mm). This i s  a u s e f u l  r e s o l u t i o n  f o r  s t u d i e s  of 

d i f f u s i o n  s i n c e  i t  i s  f i n e  enough t o  show t h e  composition v a r i a t i o n s  

t y p i c a l  of d i f f u s i o n  but coarse  enough t o  avoid spur ious  e f f e c t s  due t o  

su r face  impur i t i e s ,  o r  smudging by t h e  a c t i o n  of t h e  saw blade.  The d o t  

maps show c l e a r l y  the regions of s i l i c o n  and of e u t e c t i c  i n  the  sec- 

t ions .  The “ f inge r s”  of Si and of e u t e c t i c  have an i n t e r p e n e t r a t i o n  

depth which i s  est imated of t h e  order  of 0.2 t o  0.3 mm, much l a r g e r  than 

t h e  0.1 mm t h i c k  s i l i c o n  s h e l l  i n i t i a l l y  proposed. This probably r u l e s  
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Fig. 9.  Photomicrograph and Electron Micrographs of Couples Cycled 
Between 55OOC and 700°C. 



out the use of Si encapsulated shot for applications in which tempera- 

ture excursions up to 7OOOC could occur. 

At 600°C, on the other hand, there is little interpenetration or 

roughening of the interface. Figure 10 shaws micrographs of sections of 

a couple which had first been held at 600°C for 16 h before cooling and 

sectioning, and then cycled twenty times between 550°C (just below the 

ORNL-PHOTO 3758-88 (PART A) 

, -< . 

I' 

Fig. 10. Photomicrograph (Top) and Electron Micrograph of Couple 
Heated f o r  16 h at 6OOOC and Then Cycled 20 Times. 
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ORNL-PHOTO 3758-88 (PART B) 

F i g .  10 (continued) 

eutectic temperature) and 6OO0C, giving a cumulative time of 23 h above 

the eutectic temperature. In both cases the interface thickness is 

clearly smaller than 0.1 mm, and there appears to be no signlficant in- 

crease in roughness with cycling when the upper temperature is 60OOC. 
Figure 11 is a section of a couple held at 6OOOC for 240 h. There 

has been lenticular penetration of the eutectic into the silicon bar, 

probably resulting from temperature gradients, surface tension, and the 

a 
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d i f f e r i n g  d e n s i t i e s  of s i l i c o n  and of t h e  e u t e c t i c .  Cracking of t h e  

s i l i c o n  i s  observed, a t  a d i s t a n c e  of about 0.1 mm from t h e  i n t e r f a c e ,  

but very l i t t l e  roughening of t h e  i n t e r f a c e  is observed. 

The i n i t i a l l y  proposed temperature f o r  HHS a p p l i c a t i o n  of s i l i c o n -  

The remaining f i g u r e s  show s e c t i o n s  of aluminum a l l o y s  had been 65O0C. 

t y p i c a l  couples  which have been heated t o  650OC. 

Figure 12 shows two s e c t i o n s  (a and b) through a couple  which had 

been heated f o r  64 h a t  650OC. The photomicrograph a t  t h e  upper l e f t  

shows a s p h e r i c a l  i n t r u s i o n  of a l l o y  i n t o  t h e  s i l i c o n  bar. This s e c t i o n  

was cut  l o n g i t u d i n a l l y  through t h e  i n t r u s i o n  and s i l i c o n  s u b s t r a t e .  The 

photomicrograph a t  t h e  r i g h t  is  of a t r a n s v e r s e  s e c t i o n  of t h e  same 

couple i n  a reg ion  which appeared t o  con ta in  no s i l i c o n  i n t r u s i o n  and i n  

which t h e r e  appears  t o  be a s e p a r a t i o n  of t h e  e u t e c t i c  s l u g  from t h e  

s i l i c o n  bar. The e l e c t r o n  micrographs i n  Fig. 12b, however, i n d i c a t e  

t h a t  t h e r e  was con tac t  between t h e  two dur ing  t h e  hea t ing .  The back- 

s c a t t e r i n g  micrographs (lower r i g h t )  suggest  an area of pene t r a t ion  of 

a l l o y  i n t o  t h e  s i l i c o n  which is  confirmed by t h e  Al ( l e f t )  and Si 

( c e n t e r )  d o t  maps, which show a l e n t i c u l a r  reg ion  of a l l o y  i n  t h e  

s i l i c o n  bar. The micrographs a l s o  show cracking  both a t  t h e  i n t e r f a c e  

and i n  t h e  s i l i c o n  bar. The "roughness" of t h e  i n t e r f a c e  is of t h e  

o rde r  of 0.1 t o  0.15 mm. This  th i ckness  of t h e  j n t e r f a c e  between t h e  

eutectic s l u g  and t h e  s i l i c o n  ba r  (of about 5 mm th i ckness )  may d i f f e r  

from what would be observed wi th  a one cent imeter  sphere of eutectic 

coated wi th  a one mm th i ckness  of s i l i c o n .  A t h i n  s h e l l  might accommo- 

d a t e  t h e  stresses b e t t e r  than t h e  more massive s i l i c o n  bar. However, 

t h e  thermal m a s s  of t h e  t h i n n e r  s i l j c o n  s h e l l  would be smaller, g iv ing  

rise t o  l a r g e r  temperature g r a d i e n t s  and poss ib ly  a g r e a t e r  degree of 

i n t e r f a c e  roughening and penet ra t ion .  

F igure  13 shows a s e c t i o n  of a couple which had been he ld  f o r  64 h 

a t  650OC. The photomicrograph, a t  t h e  t o p  of t h i s  f i g u r e ,  shows a p a r t  

of a s p h e r i c a l  i n t r u s i o n  of e u t e c t i c  i n t o  t h e  s i l i c o n .  The e l e c t r o n  

micrographs a t  two magni f ica t ions ,  Al do t  maps on t h e  l e f t ,  S i  d o t  maps 

i n  t h e  middle and e l e c t r o n  backsca t t e r ing  on t h e  r i g h t ,  show the  rough- 

ness  of t h e  i n t e r f a c e  between t h e  i n t r u s i o n  and t h e  s i l i c o n  t o  be about 
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Fig. 12. Photomicrograph (Top) and Electron Micrographs of Couple 
Heated for  64 h a t  650°C Showing Spherical Intrusion. 
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Fig. 13. Photomicrograph and Electron Micrographs of of Couple 
Heated for 64  h a t  650OC;  Section Through Spherical Intrusion. 
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0.13 m. The electron backscattering photograph, at lower magnifica- 

tion, shows the crack in the silicon bar along a line running from 0.2 
to 0.5 mm from the interface. 

Figure 14 shows the same couple after cycling seven times between 

500 and 65OOC after having been held at 65OOC for 64 h. Although the 

eutectic had penetrated the silicon in at least one region (as seen in 

Fig. 13) the portion of the couple from which the section shown in 

Fig. 14 is taken shows little contact between the silicon and the eu- 

tectic. The two separated during sawing of the sample. This behavior 

appears to result from the high surface tension of the molten alloy, 

which prevents the edges of the ellipsoidal liquid slug from contacting 

the silicon bar. A thin residual oxide skin also may impede contact. 

It is not evident whether the silicon regions near the surface of the 

alloy, shown in the Si and Al dot maps, are penetration of Si into the 

alloy or merely growth of large crystals of Si in the eutectic mixture 

during solidification. Such large Si crystallites were on occasion seen 

even in alloy samples which had been melted and solidified in the 

absence of the Si bar. 

\ 

Figure 15 shows electron micrographs of the couple which had been 

held at 65OOC for 240 h, a photomicrograph of which was shown in 

Fig. 6. Although no large intrusions were observed, the micrographs 

indicated significant interpenetration, although not markedly greater 

than for shorter contact times. 
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Fig. 14. Photomicrograph and Electron Micrographs of Couple Held 
a t  65OOC for  64 h and Cycled 7 T imes  Between 5OOOC and 65OOC. 
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Fig. 15. Photomicrograph and Electron Micrographs of Couple Heated 
for  240 h a t  65OoC. 



30 

5. CONCLUSIONS 

Based on the  experiments t o  d a t e ,  t h e  fol lowing behavior has  been 

observed. I n i t i a l l y  f l a t  su r f aces  of contac t  between Si and Al-Si eu- 

tectic show development of a l e n t i c u l a r  shape a f t e r  h e a t i n g  f o r  s e v e r a l  

hours a t  temperatures above t h e  e u t e c t i c  temperature  (577OC). The pene- 

t r a t i o n  is very s l i g h t  for temperatures up t o  600°C; i n  some cases, pos- 

s i b l y  because of oxide f i lms ,  t h e r e  is no evidence of wetting. A t  650°C 

and above i n t e r p e n e t r a t i o n  gene ra l ly  occurs.  A t  7OOOC and above, t h e  

i n t e r p e n e t r a t i o n  occurs t o  such a l a r g e  ex ten t  t h a t  experiments a t  t h e s e  

temperatures were discont inued,  and subsequent experiments were done a t  

650°C. The l e n t i c u l a r  pene t r a t ion  observed, e.g., i n  Fig. 6, i n d i c a t e s  

t h a t  t h e r e  must have been l a t e r a l  t r a n s p o r t  of s i l i c o n ,  poss ib ly  d r iven  

by su r face  t ens ion  fo rces ,  t o  accommodate the  s lug  of eu tec t i c .  Once 

pene t r a t ion  has occurred,  i t  does not  seem t o  cont inue through t h e  sili- 

con bar  v i a  a "China Syndrome," a s  t he  pene t r a t ion  (Pig. 6) is  substan- 

t i a l l y  the  same f o r  samples heated f o r  72, 168, o r  240 h. 

I f  t h i s  indeed represented t h e  s teady s ta te  behavior of encapsu- 

l a t e d  e u t e c t i c  i t  would suggest  poss ib l e  s t a b i l i t y  of t h e  encapsulated 

s h o t  under these  condi t ions.  However, two modif icat ions of t h e  penetra- 

t i o n  are observed. One i s  t h e  formation of i n t e r p e n e t r a t i n g  "f ingers"  

of Si and Al-Si, t he  "roughening" of t he  i n t e r f a c e .  This appears i n  

most cases ,  a t  650°C, t o  be of t he  order  of 0.15-0.25 mm. Since t h e  

roughness does not appear  t o  progress  markedly with increased  hea t ing  

t i m e  o r  w i th  cycl ing,  t h i s  r e s u l t  would suggest  t h a t  s h e l l s  of t h e  order  

of 1 mm th ickness  could be s t a b l e  t o  cyc l ing  up t o  650°C. However, t h e  

i n i t i a l l y  proposed s h e l l  th ickness  w a s  about 0.1 mm, which would c l e a r l y  

not be s t a b l e .  A t h i c k e r  s h e l l  would reduce thermal  energy s t o r a g e  

dens i ty .  Even i f  t h i s  were t o l e r a b l e ,  t h e  f a c t  t h a t  stress cracks occur 

a t  d i s t ances  less than 1 mm from t h e  i n t e r f a c e  suggest  t h a t  a t h i c k  

s h e l l  would not  be s t a b l e .  

The second modif icat ion of t he  l e n t i c u l a r  pene t r a t ion  i s  t h e  i n t r u -  

s i o n  of near ly  s p h e r i c a l  globules  of e u t e c t i c ,  of t h e  order  of 2-3 mm 

i n  diam, i n t o  t h e  s i l i c o n .  There is no evidence t h a t  t h i s  i n t r u s i o n  

occurs  because of a p reex i s t ing  void of that s i z e  i n  t h e  s i l i c o n .  
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A t t e m p t s  were made t o  determine whether such i n t r u s i o n s  occurred p re fe r -  

e n t i a l l y  a t  s c r a t c h e s  o r  s l o t s  i n s c r i b e d  on a n  Si  b a r  p r i o r  t o  h e a t i n g ,  

but i n t r u s i o n  d id  not occur p r e f e r e n t i a l l y  a t  those  s i t e s .  Such i n t r u -  

s i o n s ,  which occurred wi th  about t e n  percent  of t h e  samples hea ted  t o  

650"C, could e l i m i n a t e  t h e  p o s s i b i l i t y  of s t a b l e  se l f -encapsula ted  s h o t ,  

and t h e  mechanism of formation of t h e s e  i n t r u s i o n s  would have t o  be  

e s t ab l i shed .  

In  summary, a p p l i c a t i o n  of se l f -encapsula ted  A1-Si sho t  probably is 

not  f e a s i b l e  f o r  temperatures of 700°C and above. It may be f e a s i b l e  

f o r  temperatures up t o  65OOC i f  t he  mechanism of g lobu la r  i n t r u s i o n  can 

be determined and c o n t r o l l e d ,  and i f  temperature excurs ions  t o  7 0 O O C  can 

be avoided. Appl ica t ion  a t  temperatures up t o  6OOOC probably is  f e a s i -  

b l e  i f  t h e  somewhat reduced s t o r a g e  c a p a c i t y  is  accep tab le  and if t e m -  

p e r a t u r e  excurs ions  can be avoided. For a p p l i c a t i o n s  t o  temperatures 

not f a r  from t h e  e u t e c t i c ,  t h e r e  would be l i t t l e  advantage t o  sel f -  

encapsula t ion  over encapsula t ion  by an i n e r t  m a t e r j a l ,  as t h e  l a t e n t  

hea t  a v a i l a b l e  would be p r imar i ly  t h a t  of t h e  e u t e c t i c  co re  w i t h  l i t t l e  

c o n t r i b u t i o n  from a p a r t i a l l y  d i s so lv ing  and r e p r e c i p i t a t i n g  s h e l l .  The 

choice would have t o  be based on d e n s j t y  and chemical s t a b i l j t y  of t h e  

candida te  s h e l l  ma te r i a l s .  
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6. NEEDED FUTURE WORK 

The present results indicate that silicon encapsulated aluminum- 

silicon eutectic shot would not be stable to cycling at temperatures of 

650°C and above. A more extensive investigation of the stability of the 

interface at 600°C would be warranted if the thermal storage capacity is 

still considered attractive and if the applications are ones in which 

excursions to higher temperatures can be avoided. The mechanism of 

formation of the globular intrusions should be investigated since, if 

they occurred at 600"C, they would invalidate the usefulness of self- 

encapsulated shot. It should be emphasized that the present work does 

not eliminate the possibility that under carefully controlled conditions 

(e.g., of temperature gradients, and of heating and cooling rates) self- 

encapsulation might be feasible, and such conditions would need t o  be 

investigated if a reliable storage system were to be developed. 

J 

L 
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