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ABSTRACT 

A deta i led study of the s o l i d i f i c a t i o n  behavior of gold-s i l icon 

a l loys  containing up t o  25 at .  % s i l i c o n  has been carr ied out and a 

k? mathematical model o f  g rav i t y  segregation during s o l i d i f i c a t i o n  has been 

developed. The purpose o f  t h i s  work was t o  provide a background o f  
% 

knowledge which can be used i n  the design o f  zero g rav i t y  s o l i d i f i c a t i o n  

experiments t o  be carr ied out i n  the 300-" drop tower, i n  Aerobee 
5 

rockets and i n  fu ture space missions. Such experiments are needed t o  
I 

$ develop the basic s c i e n t i f i c  knowledge required f o r  the design o f  eco- : f; 
. i 
: z ; - 1: nomical l y  viable space manufacturing processes. Some prel iminary zero 
, . 

g rav i t y  experiments have been carr ied out on a gold-25 at. % s i l i c o n  

I + . z a l l oy  using the drop tower f a c i l i t y .  
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1 . INTRODUCTION 

As the  Uni ted States'  space program has developed, numerous ideas 

f o r  making use o f  the low o r  zero g r a v i t y  environment i n  space f o r  

manufacturing new types o f  mater ia ls  have been put  forward.' I n  some 

manned space missions, demonstration experiments have been performed, 
2 and i n  the  Skylab mission an extensive ser ies o f  mater ia ls  science 

experiments were completed. The r e s u l t s  o f  a l l  o f  t h i s  work have tended 

t o  g ive  credence t o  the  idea t h a t  sooner o r  l a t e r  i t  w i l l  be economically 

p ro f1  tab le  t o  manufacture mater ia ls  i n  space. The immediate e f f e c t ,  

however, has been t o  provide r e s u l t s  of basic s c i e n t i f i c  importance and 

t o  under l ine our ignorance o f  the r o l e  o f  the ea r th ' s  g rav i ta t i ona l  

f i e l d  i n  t e r r e s t r i a l  mater ia ls  processing. 

I f  the  manufacture o f  mater ia ls  i n  space i s  t o  become a r e a l i t y ,  

much research has t o  be c a r r i e d  out  t o  es tab l i sh  the basic d i f ferences 

between mater ia ls  processing w i t h  and wi thout  a g rav i ta t i ona l  f i e l d .  

Work i n  the t e r r e s t r i a l  g r a v i t a t i o n a l  f i e l d  can be ca r r i ed  out  i n  a con- 

vent ional labora tory  and i s no t  p a r t i c u l a r l y  expensive o r  time-consurn- 

lng. Work under zero g r a v i t y  condi t ions i s  much more d i f f i c u l t  and ex- 

pensive. Some work can be performed i n  manned space missions but, from 

a s c i e n t i f i c  p o i n t  o f  view, other  approaches can be a t  l e a s t  as valuable. 

The 300-f t  drop tower f a c i l i t y  a t  the  Marshall Space F l i g h t  Center pro- 

vides zero g r a v i t y  condi t ions f o r  about 3.5 secs dur ing f ree  f a l l ,  and 

the  cur rent  program o f  Aerobee rocket  f l i g h t s  gives a working time o f  

about s i x  mins. Using such f a c i l i t i e s ,  experiments can be repeated t o  

es tab l i sh  t h e i r  r e p r o d u c i b i l i t y  more r e a d i l y  than i n  a manned space 

f l i g h t .  



In t h i s  repor t  we describe two years of work on one segment o f  
I 

NASA's program aimed a t  provid ing some o f  t h i s  basic knowledge needed t o  

develop space processing techniques. Our p a r t  o f  1 .: p r  ..lipam hiis been 

concerned w i th  b inary a l l oy  systems i n  which the compot\ent- are miscib le 

i n  the l i q u i d  s ta te  and immiscible i n  the s o l i d  stdte, and we have taken 

the go ld-s i l i con sybtem as a model for  detai led study. I t  i s  par t icu-  

l a r l y  su i tab le  because gold and s i l i c o n  are both read i l y  obtainable i n  a 

s ta te  o f  high p u r i t y  and because i n  the earth 's grav i ta t iona l  f i e l d  

there i s  a strong tendency for  g rav i t y  segregation t o  occur during 

s o l i d i f i c a t i o n  as a r esu l t  of the widely d i f fe ren t  spec i f i c  g rav i t i es  o f  

gold and s i l i con .  These two elements have very low mutual s o l u b i l i -  

and uldergo a simple eutect ic  reaction. The eutect ic  tempera- 

tu re  has been reported t o  be about 3 7 0 0 ~ . ~ * ~  Recent measurements o f  the 

8 eutect ic  composition have given 8,6 i0.3 at .  % s i l i c o n  and 17.9 a t ,  % 

~ i l i c o n . ~  Andersen e t  a1 .9 have shown tha t  quenched a l loys near the 

eutect ic  composi ti on contain a compound, Au3Si , whi ch has an orthorhombi c 

 structure. This compound undergoes a surface dissociat ion react ion a t  

room temperature ar~d a bulk d issociat ion react ion a t  higher temperatures. 

The excess gold appears i n  the form o f  submicron-diameter gold f i be r s  

thread f ng the compound. 
6 

As the invest igat ion proceeded over the past two years, some wrong 

turnings were taken and had t o  be retraced and some subsidiary topics 

were explored. A l i t t l e  work, f o r  example, was car r ied out on the gold- 

germanium, s i  lver-germanium and aluminum-si l v e r  systems. A1 1 o f  t h i s  

a c t i v i t y  i s  recorded i n  a series of twenty-five monthly reports. In  

t h i s  final repor t  we concentrate on bring1 ng together and in tegrat ing 

the mvs: important parts o f  our work i n  a document o f  manageable propor- 



t ions. Readers in terested i n  obtaining a more deta i led account o f  our 

work should r e fe r  t o  the monthly reports and t o  the papers which we have 

o r  are i n  the process of publ ishing i n  the open l i t e ra tu re .  11-13 

2. EXPERIMENTAL PROCEDURES 

2.1 Specimen Preparation 

The s ta r t ing  materials for  a l l  of the work described i n  t h i s  repor t  

were gold o f  99.999% p u r i t y  obtained from the Sigmund Cohn Corporation 

and s i  1 icon o f  99.999995% p u r i t y  obtained from the Research Inorganic/ 

Organic Chemical Corporation, The gold was i n  the form o f  1-mn-diameter 

wire and the s i l i c o n  i n  the form of po lycrys ta l l ine lumps. Each a l l o y  

was prepared by weighing appropriate amounts o f  gold and s i l i c o n  i n t o  a 

quartz tube which subsequently as evacuated and sealed. e sealed 

tube then was heated t o  about 650°C, shaken  vigorous;^ ~ n s u r e  thorough 

mixing, held a t  temperature f o r  about 15 minutes w i th  in termi t tent  fu r -  

the r  shaking and then quenched i n t o  cold water. The rod obtained i n  

t h i s  way was approximately 6 mm i n  diameter. The procedures followed 

from t h i s  po in t  on depended on whether the a l l o y  was being prepared f o r  

t e r r e s t r i  a1 grav! t y  experiments i n  the 1 aboratcry a t  Washington State 

Univers i ty o r  drop tower experiments, w i th  o r  without ac tua l ly  dropping 

the specimen, a t  the Marshal 1 Space F l i g h t  Center i n  Huntsvi l le,  Alabama. 

For the WSU laboratory experiments, specimens approximately 6 mn i n  

length were cut  from the rod. I n  each one a small hole about 3 mm deep 

was d r i l l e d  i n t o  one end face t o  take a thermocouple. About 3 mm was 

removed froni the top and the bottom o r  each ingot  before specimens were 

cut  from i t  so as t o  avoid possible inhomo, mi t y  resu l t i ng  from se5;-e- 



:. I 1. I 
6 
i 

' !  gation of proeutectic silicon. Each specimen was placed i n  a cylindrical 

' ' 1  1 :  ; tantalum capstrle of 0.8-m wall thickness with a cap and tube t o  carry 
i 

the thermocouple. The cap was sealed onto t'he capsule using Saureisen, 
! . x : a proprietary ceramic cener~t. One of these specinen capsules i s  shown 

, % 1: 
' .  i 1 ;  i n  Figure 1. 

For the drc, tower experiments a specimen capsule design was evolved 
: ' through djscussions i n  Huntsville with Mr. I .  C. Ystes and his colleagues. 

The type of specimen chosen consisted of a rectangular cross-section 

prism of dimensions 1.27 x 0.63 x 0.32 cm. The capsule consisted of 

three parts and these are shown in an exploded view i n  Figure 2. F i rs t  

there was the body of the capsule which was machined from tantalum. 

Secondly, there was the base plate, also machined from tantalum and 

designed so t h a t  i t  could be electron-beam-welded onto the body ~f the 

capsule, thereby sealing off one face. Thirdly, there was the top 

plate, again o f  tantalum, containing a hole th rough  which was mounted a 

i ' sealed tantalum tube containing the thermocouple. This also could be 
i :  
I .  

a t 
electron-beam-welded onto one face of the capsule so as t o  completely 

I 
J seal the capsule. 

a '  

I To seal one o f  these capsules with a gold-sil icon alloy inside, the 
j j 
I following procedur2s were adopted. Firs t  a base plate was welded on to  

: 1 ,  
, ,  one of the capsule bodies and an appropriate quantity of the molten 
8 1 

i i alloy was poured into the capsule so that i t  was essentially f i l led .  
j I 
: ! :  
{ * .  

Then, when solidified, the specimen was removed from th i s  f i r s t  tantalum 

! capsule by cutting away the capsule. I t  then was dr i l led t o  take the 

j 1 .  I ;  
i thermocouple tube and mounted in another capsule in which the base plate 
f 

already ws  welded into position, Then the top plate with the thermo- 

couple was placed in position and the final weld was made t o  szal the 



capsule i n  readiness for  use. Although t h i s  process was extravagant i n  

i t s  use o f  the capsules, i t  was found tha t  t h i s  was worthwhile because 

It resul ted i n  success almost every time. The electron beam welding was 

car r ied out a t  the Bat te l  le-Northwest Laboratories 4 n Rich1 and, Washing- 

ton under a subcontract from Washington State University. 

2.2 Ter res t r ia l  Gravity So l id i f i ca t ion  Experiments 

To carry out  a laboratory s o l i d i f i c a t i o n  experiment a t  WSU the 

specimen and capsule assembly f i r s t  was mounted r i g i d l y  i n  a ve r t i ca l  

posi t ion.  A ve r t i ca l  tube furnace tnen was put  around i t  by ra is ing  the 

furnace from underneath. Before being placed i n t o  pos i t ion the furnace 

was brought t o  the desired equ i l i b ra t ion  temperature, which was i n  most 

cases a t  o r  close t o  650°C. The specimen then was equi l ib ra ted i n  the 

furnace, usual ly  f o r  about 20 minutes, and then the furnace was removed 

i n  order t o  s o l i d i f y  the specimens. Some specimens were allowed t o  cool 

i n  a i r ,  whi le others were quenched i n t o  brine, cold water o r  o i l .  I n  

some instances where a pa r t i cu l a r l y  low cool ing ra te  was required, the 

specimen was a1 lowed t o  cool i n  the furnace before the furnace was 

removed. The cool ing ra te  was obtained by feeding a signal from a 

cal ibrated thermocouple t o  a chart  recorder and recording the temperature 

o f  the specimen as a function o f  time. The cool ing ra te  was taken t o  be 

the temperature in te rva l  between the 1 iquidus and the eutect ic  divided 

by the time t o  achieve cool ing through t h i s  range. A f t e r  so l i d i f i ca t i on ,  

the specimen was removed from the capsule and mounted i n  a cold-set t ing 

p las t i c ,  It then was polished w i th  several successively f i n e r  grades o f  

~ i l i c o n  carbide papers and two grades o f  aluminum powder on ro ta t ing  . 

pol ishing wheels. I n  each case a longi tudinal  section through the 

center o f  the specimen was studied. 



2.3 Zero Gravity Drop Tower Experiments 

For the drop tower experiments the instrument package f o r  s o l i d i f i -  

ca t ion studles developed by 3. L. Reger of the TRW Laboratories i n  - 

Redondo Beach, Ca l i fo rn ia  was used.14 I n  t h i s  f a c i l i t y  the-.specimen i s  . 

mounted ins ide the c o i l s  o f  a small resistance-heated furnace. The 

specimen i s  brought t o  equ i l ib r ium a t  the required temperature by ad- 

jus t ing  the current  through the furnace, and cool ing i s  achieved by a 

j e t  o f  water dr iven by a cy l inder  of compressed gas and del ivered through 

a spec ia l ly  designed nozzle. Deta i ls  of t h i s  system have been described 

elsewhere. The heating and cool ing cycle could be car r ied out e i t he r  i n  

t e r r e s t r i a l  g rav i t y  o r  w i t h  the instrument package i n  f ree  f a l l  i n  the 

drop tower. The 300-ft drop distance provided a time o f  about 3.5 secs 

during which the grav i ta t iona l  f i e l d  was no more than g. During 

f ree f a l l  the thermocouple signal was transmitted t o  a block tower and 

recorded using a telemetering system. 

When a specimen had been processed through the drop tower f a c i l i t y  

i t  was taken out o f  i t s  tantalum capsule and, i n i t i a l l y ,  each o f  i t s  s i x  

surfaces was pol ished f o r  examination. When the outside surfaces had 

been studied, transverse and longi tudinal  sections through the center o f  

the specimen a1 so were examined. 

2.4 X-Ray D i f f r ac t i on  Techniques 

X-ray d i f f r a c t f  on traces were obtained for each s o l i d i f i e d  specimen 

using Cury, rad ia t ion and a n icke l  fll ter .  I n  add5 t ion,  some work was 

done on one drop tower specimen using a micro-d i f f rac t ion technique de- 

veloped by Sorem. I n  t h i s  method the specimen surface was scratched 

w l  t h  a f i n e  tungsten s ty lus  prepared by electropol  i shi ng. This created 



[i a small amount o f  powder from an eas i l y  recognizable region o f  the 

I specimen. The scratching and generation of powder were car r ied out 

under a stereomicroscope so tha t  there was good control  over the region 
i 

which was scratched. I n  t h i s  way a material containing two o r  mre 
I" i f L.! phases could be studied and d i f f r a c t i o n  patterns could be obtained from 

I 
each phase. The powder from a given scratch was picked up by taking a 

f i n e  g e l a t i n  f i be r  wetted i n  water and rubbing i t  i n  the powder. This 

? .  
- 1 I: -2 

f i be r  w i t h  i t s  powder specimen then was mounted i n  a 57.3mn Debye- 

1 Scherrer camera and a d i f f r a c t i o n  pat tern obtained using C u b  rad ia t ion  
i F {  
i .  

1 1.- and a n icke l  f i l t e r .  

P : 

1 2.5 Scanning Electron Microscopy Techniques 
i I '  
i I :  
: t ,  . L .  

Each specimen was studied extensively using an ETEC scanning elec- 

i I ;  t r o n  microscope. This was found t o  be an extremely powerful technique, . , r [ i  
"- 

6 since the specimen could be placed i n  the specimen chamber and micro- 

ji graphs o f  i t  covering a wide range o f  magnifications could be obtained 
. - 
9 i n  rap id  succession. A low-magnification micrograph covering the e n t i r e  

surface was obtained f o r  most specimens and then the magnification was 

i 1 ;  increased i n  steps and the structure a t  various magnifications documen- 
i 
i I.: 
i ted. The Instrument was used mostly i n  the backscattered-electron mode 
f " i .  fi o f  operation, since t h i s  tended t o  give the best contrast. Some work 
! 1.1 
i 
t was done using the iecondary-electron mode of ,operation, but a l l  of the 

micrographs reported i n  t h i s  document were obtained using the backscat- r 
tered-electron technique. I n  general , i t was found more convenient t o  

use the scanning electron microscope than t o  use a metallograph, and so 

much o f  the work usual ly  done w i th  opt ica l  microscopy was i n  t h i s  case 

car r ied out w i th  scanning electron microscopy. Because o f  the r e l a t i v e l y  

Ti 



high conduct iv i ty  of a l l  of the phases studied, It was not  found nec- 

essary t o  coat the specimens w i th  a conductor. 

2.6 Electron Beam M i  croprobe Analysi s Technique 

A l i m i t e d  amount o f  work was car r ied out  on drop tower specimens 

using an ARL electron beam microprobe analyzer. The instrument used was 

located a t  the Univers i ty  o f  Idaho and was operated by Professor Charles 

Knowles, t o  whom the authors are g rea t l y  indebted. The specimens were 

used i n  an uncoated condi t ion and both po in t  counts and the traverses 

were used f o r  analyzing the phases present i n  s o l i d i f i e d  specimens. 

There were some problems using t h i s  technique because there are no 

standards containing both s i l i c o n  and gold. We found i n  general t h a t  

the best approach was t o  use a specimen known t o  contain Au3Si as the 

standard. 

3. MATHEMATICAL THEORY OF GRAVITY SEGREGATION 

3.1 I n i t i a l  Assumptions 

The most pronounced g rav i t y  segregation effects i n  the gold-si 1 icon 

system occur on the s i l i con- r i ch  side o f  the eutect ic  composition. When 

a hypereutectic a l l o y  i s  cooled from above the l iqu idus temperature, 

small, i r r egu la r  faceted s i l i c o n  crys ta ls  are. re jected from the melt. 

These tend t o  r i s e  t o  the surface o f  the melt and, by the time the a l l o y  

s o l i d i f i e s  a t  the eutect ic  temperature, p a r t i a l  o r  t o t a l  segregation o f  

the pa r t i c l es  has occurred, It was found ear l y  i n  the invest igat ion 

that ,  working w i t h  a gold-25 a t .  % s i l i c o n  al loy,  f o r  cooling rates .. 

above about 120°C secol the segregation i s  neg l ig ib le ,  whi le f o r  cool ing 



rates below about 10' secgl i t  i s  essent ia l ly  complete for  the type o f  

specimens used i n  t h i s  invest igat ion.  Since t h i s  range o f  cool ing 

rates, i.e., from 10 t o  120°C sec", i s  eas i l y  obtainable i n  the labora- 

tory,  i t  was decided t o  make a thorough study o f  g rav i t y  segregation i n  

t h i s  a l l o y  and t o  t r y  t o  develop a mathematical model t o  describe it. 

Gravi ty segregation i n  a so l id i f y ing  a1 l o y  i s  a complex phenomenon, 

and s impl i fy ing assumptions necessari ly must be made t o  make the problem 

tractable.  We have been guided i n  making our i n i t i a l  assumptions by the 

resu l t s  o f  prel iminary experiments. The assumptions w i t h  which we sha l l  

s t a r t  out  are: 

1. The s i l i c o n  pa r t i c l es  are a l l  nucleated a t  the ins tan t  the 

temperature reaches the 1 iquidus temperature, Ta. 

2. Quasi -chemical equi 1 i brium i s  maintained as cool ing proceeds 

below the 1 i q u i  dus temperature. 

3. Complete so l i d i f i ca t i on  occurs a t  the eutect ic  temperature, 

1. 
4. The l i qu idus  l i n e  between the eutect ic  composition, Ce, and 

the a l l o y  composition, C '  , can be represented by a s t ra igh t  

1 i ne  jo in ing  one po in t  representing the eutect ic  composition 

and temperature and another representing the a1 1 oy composition 

and the 1 iquidus temperature a t  tha t  composi t i on .  

5. Between the l iqu idus and eutect ic  temperatures the l i q u i d  

a l l o y  v iscos i ty  , q , can be regarded as constant. (This i s  a 

f a i r l y  d ras t i c  assumption and i t s  consequences are explored i n  

Section 3.5,) 

6 ,  Viscosi ty and density changes i n  the l i q u i d  a l l oy  caused by 

conlposition changes resu l t i ng  from the re jec t ion  of primary 

s i l i c o n  during s o l i d i f i c a t i o n  can be neglected. 



7. From a hydrodynamic po in t  o f  view, the i r r egu la r  faceted 

s i l i c o n  c rys ta ls  can be t reated as spheres of equivalent 

volume. 

For the t ime being, we simply s ta te  what our assumptions are. 

Later  we sha l l  discuss i n  the l i g h t  o f  our experimental work the extent 

t o  which they may be inva l id .  

3.2 Formulation o f  the Problem 

Imagine t h a t  a specimen i s  being cooled from a temperature above 

Tt. When i t reaches TL, s i l i c o n  pa r t i c l es  w i l l  be nucleated i n  the me1 t 

and there w i l l  be, say, n pa r t i c l es  per u n i t  volume. As the temperature 

i s  lowered t o  T,, each p a r t i c l e  w i l l  grow t o  some maximum value reached 

a t  T, where the e n t i r e  mel t  so l id i f i es ,  thus terminating the growth. 

Suppose tha t  the cool ing ra te  between T1 and T, i s  R O C  sec-' and t ha t  

t = o when T = TQ. Ye now can calculate the p a r t i c l e  radius, - a, as a 

funct ion o f  time. 

At a temperature T between TL and Te the composition o f  the equi li - 
brium l i q u i d  phase changes by an amount which, from Figure 3, i s  given 

by 

tan  9 = C ,  - - 
-c , -€+=T 

This .means that ,  f o r  every 100 atoms of the o r ig ina l  l i q u i d  a l loy ,  AC 
3 atoms w i l l  be re jected from so lu t ion a t  a temperature T. I f  1 cm o f  



3 the l i q u i d  a l l o y  contains N atoms, then, a t  a temperature T, 1 cm o f  
N6C the l i q u i d  w i l l  r e j e c t  rn atoms. I f  there are n par t ic les ,  each par- 

Nd: t i c l e  w i l l  contain rn atoms. Thus, if msi i s  the mass o f  one s i l i c o n  

atom and %i i s  the densi t y  o f  s i l i con ,  we can say t ha t  the volume, V, 

o f  each s i l i c o n  p a r t i c l e  i s  

i I :  
Thus we have an equation re l a t i ng  the radius o f  a re jected p a r t i c l e  t o  

i 1 
i the temperature. We now need t o  convert t h i s  t o  an equation re l a t i ng  i i 

the radius t o  the time. 
! 1 ,  

i :  At  a time t, the temperature T i s  given by 
i 

j / 
, . .  

R t  = (T, - T) 
& 
I 7  

- ,  

' I 
which, by subst i tu t ion i n  equation ( 3 ) ,  y ie lds  

: i 
I .  j~ . I ,.. A l ternat ive ly ,  if we are interested i n  the va r ia t ion  o f  the volume o f  

i 

. :  
, ; " I : 

the p a r t i c l e  w i t h  time, we may w r i t e  



Thus the particle volume increases 1 inearly with time. For a given 

composition we may write 

where 

We can now proceed to set up an equation of motion for an individual 

particle using Newton's third law of motion. This must be done with 

care, since we are dealing with a problem in which the particle mass 

varies with time. This type of problem has been discussed at length by 

15 Sommerfield and others. The correct formulation is 

where m(t) is the mass of the particle which, like the volume, increases 

linearly with time; Fb is the buoyancy force a- ting on the particle, and 

F,, is the hydrodynamic drag force. Fb is given simply by 

where pl is the density of the 1 iquid alloy which, to a good approxima- 

tion, can be regarded as independent of time. Fd is given by the Stokes' 

equation as 



where Q i s  the  v i s c o s i t y  of the l i q u i d  a l l o y .  Combining equations (5), 

(7) ,  (9),  (10) and (11) and rearranging, we ob ta in  

where 

4 We s h a l l  show below t h a t  B can have values ranging from about 5 x 10 t o  

8 1 x 10 . The term t- 'dy/dt i n  equation (12) i s  therefore very much 

smal ler than the term B t  -213 d y l d t  and can be dropped. This leaves us 

w i t h  the problem o f  so lv ing  the equation 

3.3 Mathematical Solut ion o f  the Problem 

We can solve equation (15) by making the s u b s t i t u t i o n  

Making the s u b s t i t u t i o n  and m u l t i p l y i n g  through by e x p ( 3 ~ t 1 l 3 ) ,  we 

obta in  



L J 

which gives 

where K1 i s  a constant o f  in tegrat ion .  We now have t o  evaluate the 

i n t e g r a l  on the right-hand side o f  equation (17).  

L e t  us make the subst i tu t ion  

Then 

and 

S u b s t i t u t i n ~  t h i s  expression f o r  I i n t o  equation (17)  gives 



Going back t o  osr  o r i g i n a l  subs t i t u t i on ,  z = , equation (16), we 

see t h a t  t o  ob ta in  a s o l u t i o n  f o r  y we must so lve the equation 

where K2 i s  another constant o f  i n teg ra t i on .  Carrying ou t  the in tegra-  

t ions,  we ob ta in  

making use o f  the r e s u l t  o f  equation (19) t o  evaluate :he second i n t e g r a l .  

The constants K1 and K2 i n  equat ion (22) can be evaluated using the 

boundary cond i t ions  

Inse r t i ng  the f i r s t  boundary cond i t ion  i n t o  equation (22) g ives 



I n s e r t i n g  the  second boundary cond i t ion  i n t o  equation ( 2 0 )  gives 

Subs t i t u t i ng  t h i s  value o f  K, i n t o  equation (24)  gives 

Thus our f i n a l  so lu t i on  i s  

3.4 S i m p l i f i c a t i o n  'of the So lu t ion  - 
The s o l u t i o n  represented by equation ( 2 7 )  i s  f a i r l y  complex and i t  

i s  there fore  appropriate t o  look a t  i t  term by term t o  f i n d  out  whether 

any o f  t h e  terms are small enough t o  be dropped. We note t h a t  the con- 

s tan t  B contains the cool ing r a t e  R, whereas C i s  independent o f  R. We 

there fore  must ca l cu la te  B f o r  a range o f  cool ing ra tes  embracing a l l  



I 
1 

values l ike ly  t o  be studied experimentally. To carry through these 
I ,  

calculat ions,  we need t o  adopt values fo r  the various quanti t ies included 

1 ;  i: In B,  including the constant A which i s  given by equation (8) and i n  

. . which the dependence of B on R resides, 
t 
1 .  The value of N,  the number of atoms per cm 3 i n  the l iquid a l loy,  

I can be calculated as follows. The l a t t i c e  parameter ~f sol id  gold i s  
! . 0 

4.08A and hence the volume of a un!: sell  4 ,  67.0 x cm3. Each 

1 .  u n i t  c e l l  contains 4 atoms. 
3 4 

! 
:. No. of atoms per cm f o r  sol id  gold = ---2~= 5.89 x 

67.9 x 10 

0 

Silicon has e ight  atoms per u n i t  c e l l ,  a l a t t i c e  parameter of 5.43A and 
. . a u n l t  ce l l  volume of 160.1 x 10 -24 ,,3 

! 
3 :. No. of atoms per cm fo r  solid s i l icon = 8 = 5.00 x 10 2 2 

. . 160.1 

3 Suppose tha t  1 cm of the solid Au-25 a t .  % Si al loy contains 0 . 2 5 ~  

atoms of Si and 0 . 7 5 ~  atoms of Au,  

Since 

0 . 2 5 ~  atoms of s i l icon occupy *25x c,n 3 
5 x loz2 

and 

0 . 7 5 ~  atoms of gold occupy *75x22 cni 3 
5.89 x 10 

we have 

which gives \ I 

T h u s  the solid al loy contains 5.64 x atom a t  room temperature. 

Now, a gold a1 loy rich i n  gold typically expands about f ive  percent in 



mel t ing .  \:I, t he re fo re  must sub t rac t  about f i v e  percent  from the  va lue 

o f  x t o  o b t a i n  f l ,  the  number o f  atoms per  u n i t  volume i n  the  l i q u i d  

a l l o y .  This  g i ves  a va lue o f  N equal t o  5.86 x atoms cmo3. 

The va lue o f  C' i s  o f  course 25 a t .  % and the  value o f  Ce i s  19.0 

a t .  X .  Thus (C '  - C,) i s  equal t o  6.0 a t .  %. The value o f  mSi i s  28.09 
- 

d i v i d e d  by Avogadrots number (6.023 x which i s  4.66 x Sram 

atomo1. The va lue o f  psi i s  2.33 gram cmw3. 

A va lue of n, the  number o f  s i l i c o n  p a r t i c l e s  per  zn?, can be 

der ived  o n l y  f rom e x w r i m e n t a i  r e s u l t s .  ':o do so, we mvst make bse o f  a 

r e l a t i o n s h i p  between n on the  one hand a-d the  number o f  p a r t i c l e s  i n  a 

u n i t  area of  a two-dimensional sec t ion ,  PIa, and t he  number o f  p a r t i c l e s  

i n t e r s e c t e d  by a u n i t  s t r a i g h t  l i n e  i n  such a sect ion,  NL, on the  other .  

We s h a l l  u;e the  expression f o r  spher ica l  p a r t i c l e s  3s an approximation, 

s ince  i n  f a c t  our p a r t i c l e s  a re  i r r egu la r - f ace ted  c r y s t a l s .  Th i  L expres- 

Values o f  Ha and NL were obtained by p re l im ina ry  measurements on th ree  

micrographs froin each o f  two specimens. The values obta ined us ing  these 

values of N, and NL are  shown i n  Table I. The average value o f  n from 
6 these s i x  measurements i s  12.3 x 10 p a r t i c l e s  cmo3. I t  w i l l  be sees 

from Table I t h a t  there  i s  some evidence t h a t  n va r i es  w i t h  R, a p o i n t  

which w i l l  be taken up l a t e r .  

The va lue o f  Tp , the 1 iqu idus  temperature a t  25 a t .  P S i  , was taken 

from the  paper by Gerlach and ~ o e l '  t o  be 560°C. The e u t e c t i c  ternpera- 

t u r e  i s  c lose  t o  363'C. A value of 197°C the re fo re  was used f o r  (T, - 
Te) 



The density of the liquid alloy increases slightly as solid silicon 

is rejected from it and its silicon content falls from 25 to 19.0 at. %. 

Any value that we use is therefore an approximation at best, Since Au 

and Si atoms occupy comparable volumas in the pure solid phases, it was 

assumed that a reasonable value would be obtained by taking a weighted 

average of the densities of solid Au and solid Si, the weighting being 

carried out according to the relative atomic percentages of the two 

elements. Using the eutectic composition, this gives a value of 16.26 

grams This value is probably a few percent in error, because no 

account has been taken of the volume change Oil melting and because of 

the uncertainty which exists concerning the basic assumption on which 

the estimate rests. 

As far as the airthors are aware, no viscosity measurements have 

been carried out on 1 iquid gold-silicon alloys. The nearest measure- 

ments are those of Polk and   urn bull''] on an alloy containins 77.8 at. I 

Au, 13.8 at. % Ge and 8.4 at. X Si. They found that the viscosity of 

this alloy was 11.5 centipoise at 406OC and 10.6 cp at 448OC. In the 

absence of any better values, a value cf 10.0 centipoise was taken for 

our Au-25 at. % Si alloy. It seems unlikely that this will be in error 

by more than, say, t20 perccnt. It is true, of course, that the viscos- 

ity is a function of temperature and so, again, there seems to be room 

for a further refinement of the theory in the future to take account of 

this. 

Using all o f  these numerical values, and of course a value of 
- 2 980 cm seP for g, the constants A and B were calculated using values 

3 of f? fro," lo-' to 10 "C sec-l. The results of these calculations are 

shown in Table 11. A and B are expressed in c.g.s. units. The constant 

3 C is independent o f  R and has a value of 5.78 x 10 c.g.s. units. 



Let us now take the smallest value of B ,  i .e.,  the one for R = 

1000°C rec-l, and insert  i t ,  together with the value for  C. into equa- 

tion (27). We obtain 

513 Clearly, a l l  of the terms except the f i r s t  one, i .e.,  the one i n  t , 
can be neglected for a l l  values of t of significance experimentally. 

Moreover, th i s  remains true for any value of R i , ~  the experimental range 

considered. We therefore can rewrite equation (28) in the much simpler 

form 

?%erting the values of B and C given by equations (8), (15) and (16), 

this  gives 

We can now use equatioti (30) to calculate the total  displacement 

which a silicon particle will undergo during solidification a t  a rate R .  

If ts i s  the value of t when solidification occurs, we have 



The corresponding value o f  y,  which we can denote by yS, i s  then . . 

b1 - psi )g (Nc' - ce)rnSj 
l~m(314nl" '  1 OOn psi 

. . 
Thus our  theory pred ic ts  t h a t  the t o t a l  displacement su f fe red  by a 

s i l i c o n  p a r t i c l e  dur ing so l  i d i f i c a t i o n  should vary i nve rse l y  as the 

coo l ing  ra te ,  o r  

y a R" 

Clear ly ,  t h i s  i s  a simple p red i c t i on  which can be tes ted  experimental l y .  

3.5 Computer Calculat ions Using More Exact Theory 

The weakest p o i n t  i n  the theory developed above seems t o  be the 

assumption t h a t  the v i s c o s i t y  i s  independent o f  temperature between TR 

and Te. Ne t h ~ r e f o r e  ca r r i ed  ou t  some computer ca lcu la t ions  using equa- 

t i o n  (15) b u t  making 0, which occurs i n  B, l i n e a r l y  dependent on tempera- 

tu re .  The temperaiure dependence used was t h a t  given by the work o f  

Turnbul l  and Polk. The r e s u l t s  o f  these computations are shown i n  

Figure (4). I t  w i l l  be seen t h a t  increasing the temperature dependence 

o f  N makes a d i f fe rence i n  y ,  c f  only  about 210%. 

4. REDETERMINATION 3F THE GOLD-SIL I C O i 4  PHASE DIAGRAM 

4.1 The Eutec t ic  Temperature 

Sixteen specimens conta in ing between 2 and 10 a t .  % s i l i c o n  were 

used t o  determine the e u t e c t i  c temperatuinc . They were cqui 1 i brated 

i nd i v idua l  l y  near the eu tec t i c  tenipcrature and then quenched. The 



equi 1 i b r a t i o n  temperatures, coo l ing  ratk:.s and r e s u l t s  o f  the X-ray d i f  - 
f r a c t i o n  studies are a l l  shown i n  Table I V .  The temperature anti cool -  

ing- ra te  measurements were made w i t h  chromel-alumel th~rmocol  , l es  f r e s h l y  

c a l i b r a t e d  against the mel t ing  po in ts  of h igh-pur i  t y  I tad and z inc.  The 

coo l ing  ra tes  given are f o r  the i n i t i a l  stage of quenching. 

As expected, the metal lographic r e s u l t s  showed two d i f f e r e n t  types 

o f  s t ruc tu re .  One contained pr imary gold and a quenched l i q u i d .  This  

s t ruc tu re  i s  o f  course c h a r a c t e r i s t i c  of specimens equi 1.; brated above 

the e u t e c t i c  temperature. Some examples showing the increase i n  the 

volume f r a c t i o n  o f  l i q u i d  phase w i t h  increasing s i l i c o n  content are 

shown i n  Figure ( 5 ) .  When there i s  a small volume f r a c t i o n  o f  the 

l i q u i d  phase, i t  occurs a t  the g ra in  boundaries of the primary gold 

phase. When there i s  a l a r g e r  volume f r a c t i o n ,  the primary gold occurs 

i n  the form o f  globules i n  a l i q u i d  mazrix. The second type o f  s t ruc-  

ture,  c h a r a c t e r i s t i c  o f  equi 1 i b r a t i  on below the eu tec t i c  temperature, 

consis ts  o f  a d ispers ion of s i l i c o n  i n  a primary gold matr ix .  Examples 

o f  t h i s ,  showing the increase i n  volume f r a c t i o n  o f  s i l i c o n  p a r t i c l e s  

w i t h  increasing s i l i c o n  content, are shown i n  Figure (6).  

The X-ray r e s u l t s  showed t h a t  the f i r s t  type o f  s t ruc tu re  contained 

gold, s i  1 icon and AugSi . whi le  the second contained j u s t  gold and s i  2 icon. 

Specimen 83 was an exception i n  t h a t  i t  had the f i r s t  type o f  s t ruc ture ,  

but  the X-ray r e s u l t s  d i d  no t  i nd i ca te  t h a t  AugSi was present. I t  i s  

considered tha t ,  s ince t h i s  specimen contained on ly  2 a t .  % s i l i c o n ,  the 

amount o f  AugSi present was too sr ia l l  t o  be detected by X-ray d i f f \ . a c -  

tometry. I t  was general ly  t r u e  t h a t  the AugSi peaks increased i n  in ten-  

s i  t y  as the s i  1 icon content increased. S i  1  icon X-ray d i f f r a c t i o n  peaks 

were obtained w i t h  the Type I ~i i i c ros t ruc tures  on ly  because the AujSi 



undergoes a spontaneous surface decoinposition i n t o  gold and s i l i c o n  a t  

rootti temperature. The decomposed surface l a y e r  i s  observed as a  c o l o r  

change bu t  does n o t  in f luence the microstructure observed metal lagraphi - 
cal l y  . 

Thus the r e s u l t s  on these s ix teen specimens can be u ~ d  to  deter-  

mine p rec i se l y  the  eu tec t i  c  temperature. Equi 1  i br:50> %ween 3811' and 

364°C produced a  Type I st ruc tu re  c h a r a c t e r i s t i c  o f  equi 1 i b r a t i o n  above 

the e u t e c t i c  temperature, whi!o e q u i l i b r a t i o n  between 362" and 337°C 

produced a Type I1 s t ruc tu re  c h a r a c t e r i s t i c  o f  e q u i l i b r a t i o n  below the 

e u t e c t i  c  temperature. Thus, a1 lo;.!ino f o r  a  possible e r r o r  i r  temperature 

measurement of + l ° C ,  we can conclude t h a t  the eu tec t i c  temperature i s  

363 52OC. These r e s u l t s  are shown g raph ica l l y  i n  Figure (7) .  

4.2 The Ez tec t i c  Composition 

Since the most recent work'') gave a  value of 17.9 a t .  4 s i l i c o n  

f o r  the eu tec t i c  composition, two specimens of t h i s  composition were 

prepared f o r  study. Each was equ i l i b rq ted  a t  450°C f o r  about 20 minutes 

and then s o l i d i f i e d .  One was allowed t o  a i r -coo l  and the other  was 

furnace-cooled. Both were found metal lographical  l y  t o  conta in gold 

dendr i tes i n  a  eu tec t i c  mixture mat r ix .  An example o f  the microstruc-  

t u r e s .  obtained i s  shown i n  Figure (8). The X-ray d i f f r a c t i o n  r e s u l t s  

shovied go ld  and s i l i c o n  t o  be the only  phases present, as one \vould 

expect. 

These r e s u l t s  secnied t o  shovr t h a t  the eu tec t i c  composition i s  one 

r i c h e r  i n  s i l i c o n  than 17.9 a t .  % s i l i c o n .  Three specimens conta in ing 

20 a t .  X s i l i c o n  therefore were studied. One was quenched, one was a i r -  

cooled and t i le  t h i r d  was furnace-cooled. The a i r -cooled and furnace- 



cooled specimens bo th  were found t o  con ta in  a  few faceted c r y s t a l s  o f  

s i l i c o n  i n  a  e u t e c t i c  m i x tu re  ma t r i x .  The n i i c ros t ruc tu re  o f  one o f  the 

specimens i s  shown i n  F igure  (9).  The quenched specimen conta ined some 

smal ler  s i l i c o n  c r y s t a l s ,  b u t  i t s  main m ic ros t ruc tu ra l  fea tu res  were a  

few l a t h e - l i k e  p l a t e s .  Some o f  these were d i f f i c u l t  t o  observe because 

t h e i r  o p t i c a l  p r o p e r t i e s  were s i m i l a r  t o  those of the  mat r i x .  Others 

were v i s i b l e  r e a d i l y  because they  conta ined p r e c i p i t a t e  p a r t i c l e s  (F ig-  

u re  10). The X-ray d i f f r a c t i o n  r e s u l t s  f o r  the  f i r s t  two specimens re -  

vealed t h e  presence o f  j u s t  g o l d  and s i l i c o n ,  bu t  t h i s  t h i r d  specimen 

contained i n  a d d i t i o n  bo th  Au3Si and a  f ou r t h  phase. The f o u r t h  phase, 

which presumably was the l a t h e - l i k e  s t r uc tu re ,  f o r  now w i l l  be des ig-  

nated s imply  Y. The r e s u l t s  f o r  these f i v e  specimens are summarized i n  

Table I V .  The X-ray d i f f r a c t i o n  peaks f o r  t he  Y phase occurred a t  29  

values o f  30.3', 33.8", 41.3' and 42.8'. 

These r e s u l t s  show c l e a r l y  t h a t  the e u t e c t i c  composit ion i s  some- 

where between 17.9 and 20 a t .  X s i l i c o n .  I t  i s  n o t  p a r t i c u l a r l y  c lose 

t o  e i t h e r  o f  these values, and so ce can conclude t h a t  19.0 + 0.5 a t .  % 

s i l i c o n  i s  a good est imate o f  i t .  

4.3 The L iqu idus  L i n e  

The p o s i t i o n  o f  the l i q u i d u s  1  i n e  was determined between 0 and 

12 a t .  X s i l i c o n .  ~ i r  t h i s  purpose twenty specinlens were prepared. Two 

contained 2 a t .  Z s i l i c o n ,  th ree  6 a t .  X s i l i c o n ,  e i g h t  10 a t .  ?: s i l i c o n  

and seven 12 a t .  % s i l i c c n .  They were e q u i l i b r a t e d  i n d i v i d u a l l y  a t  

ternperaturcs spanning the  1  iqu idus  1  i n e  and then quenched. X-ray d i f -  

- .  f r a c t i o n  s tud ies  c a r r i e d  ou t  on these specimens shokled t h a t  go ld ,  s i l i c o n  

and AugSi were present  i n  a1 1  o f  them. The e q u i l i b r a t i o n  teaperatures, 
. , 

coo l i ng  r a t e s ,  c t c .  o f  these speci~rlens a re  shown i n  Table V.  
. - 
s - -24- 



Metal lographic s tudies showed t h a t  a l l  of t h i s  group o f  specimens 

had one o f  two types of microstructure,  The f i r s t ,  which we s h a l l  

designate Type 111, contained go ld  dendr i tes i n  a  c l e a r  ma t r i x  throughout 

the specimen. This  i s  the type o f  mic ros t ruc ture  t o  be expected f o r  a 

specimen equ i l i b ra ted  above the l i qu idus  l i n e  before quenching. The 

gold dendr i tes are formed between the 1  iqu idus and so l  idus temperatures 

and the remaining l i q u i d  o f  e u t e c t i c  conlposition then freezes t o  g ive a  

ma t r i x  cons i s t i ng  o f  AujSi conta in ing f i ne  gold f i be rs  which can be 

resolved on ly  a t  a  h igh  magni f icat ion.  An example o f  t h i s  microstructure 

i s  shown i n  F igure (11). The second, which we s h a l l  designate Type I V ,  

contains i n  add i t i on  pr imary go ld  globules which have segregated t o  the 

bottom o f  the mel t  dur ing e q u i l i b r a t i o n .  This i s  the microstructure t o  

be expected as the r e s u l t  o f  e q u i l i b r a t i o n  below the l i q u i d u s  l i n e  

before quenching. An example i s  shown i n  Figure (12). The vo id  marks 

the volume occupied by the thermocouple. The globules o f  course are 

formed by the p r e c i p i t a t i o n  and breaking up o f  dendri tes. During equi 1  i- 

b r a t i o n  below the l i q u i d u s  there i s  p len ty  o f  t ime f o r  t h i s  t o  occur, 

wh i le  dur ing quenching fronl above the l i qu idus  there i s  not .  To demon- 

s t r a t e  t h i s  p o i n t  we inc lude r e s u l t s  for  a  specimen conta in ing 12 a t .  % 

s i l i c o ~  which was e q u i l i b r a t e d  below the 1  iquidus l i n e  f o r  on ly  15 

minutes before being quenched (Table  V , Specimen U42). The microstruc-  

t u r e  o f  t h i s  specimen, which i s  shown i n  Figure (13), c l e a r l y  shorvs the 

bresking up o f  dendri tes i n t o  globules. 

The thermocouples used fo r  specimens 22-26 and 32-33 were ca l i b ra ted  

c a r e f u l l y  against the mel t ing  po in t s  of h igh -pu r i t y  antimony and copper. 

The measurements of e q u i l i b r a t i o n  tcnlperatures f o r  these specinlens 

there fore  were accurate probably t o  w i t h i n  t l ° C .  The other  ther~iiocouples 



used were uncalibrated and therefore there may have been e r ro rs  of 

about +lO°C i n  the temperatures measured w i t h  them, Thus the liquidus 

temperature a t  6 a t .  % s i l i con  was bracketed. by two precisely determined 

equil ibrat ion temperatures, 962' and 990°C. Thus ,  a t  this  composition 

the liquidus temperature i s  976 + 15°C. A t  10 a t .  % s i l i con  the liquidus 

temperature can be defined, f o r  the same reasons, even more precisely. 

I t  is  854 + 5°C. A t  12 a t .  % s i l i con  the liquidus temperature has been 

bracketed by two equil ibrat ion temperatures which were not precisely 

determined. A t  this composition the liquidus temperature i s  780 + 40°C. 

In this case the estimate of the e r ro r  should not be considered com- 

ple te ly  re1 iable ,  because the actual e r ro r  caused by using an uncal i -  

brated thermocouple varies from one thermocouple t o  another. All of 

t h i s  information has been p u t  together i n  Figure (14) t o  give a liquidus 

l i ne  f o r  the gold-silicon system fo r  compositions up  t o  12 a t .  % s i l i con .  

A revised version of the gold-rich end of the gold-silicon phase diagram 

i s  shown i n  Figure (15). 

4.4 Discussion of Phase Diagram Results 

The measurement of the eutect ic  temperature f o r  the system reported 

above, which gives a value of 363 + Z°C, i s  the only one so f a r  carried 

out using high-purity components. This resu l t  therefore i s  t o  be pre- 

ferred over the two s e t s  of resu l t s  giving 370°C to  be found in the 

l i t e r a tu r e .  Our value of 19.0 t 0.5 a t .  % s i l i con  fo r  the eutect ic  

composition i s  consistent  w i t h  Neath's resul t5 of 18.6 t 0.3 a t .  'X 

s i l i con  b u t  inconsistent with the other three resu l t s  t o  be found i n  the 

l i t e r a tu r e .  I t  i s  perhaps surprising tha t  our resu l t  d i f f e r s  from the 

value of 17.9 a t .  % s i l i con  obtained by Andcrsen e t  a l . ,  since they also 



used pure components. Their method, however, depends entirely on the 

accuracy of the wet-chcmical technique used for  chemical analysis of the 

eutectic.  I t  may be, therefore, t h a t  there was a systematic error in 

the i r  method of analysis. I t  i s  also worth mentioning t h a t  Chen and 

 urnb bull'^ made a single measurement of the melting polnt of a 18.6 a t .  

% si l icon alloy in the course of studying specific heats of this  alloy 

and obtained a value of 363OC. This agrees exactly with our eutectic 

temperature. I t  i s  not clear from their  paper, however, exactly how the 

measurement was made or what the probable error in the melting tempera- 

ture was. 

The liquidus l ine which we have determined i s  substantially lower 
6 than the one given by Di Capua . I t  i s  also slightly lower than the 

more recent version given by Gerl ach and Goel . Again, our resul t s  are 

t o  be preferred because pure components were used. 

The phase observed in the quenched 20 a t .  % s i  1 icon a1 loy may be 
19 the same as one observed by Luo, Klement and Anantharaman. Our X-ray 

diffraction peaks agree with some of theirs.  If this  i s  the case, this  

phase has a face-centered cubic structure. ble cannot, however, base any 

conclusions on these results from one specimen. This aspect of our work 

i s  reported only because i t  provides a lead for a possible future study 

of w h a t  appears to  be another metastable phase in the gold-silicon 

sys tern. 



5. THE METALLOGRAPHY OF THE COMPOUND Au3Si 

5.1 The C r i t i c a l  Coo l ing  Rate f o r  Forming Au,Si 

S i x t y - f o u r  specimens were used i n  s tudy ing  t he  meta l lography o f  

AugSi formed d u r i n g  the  s o l i d i f i c a t i o n  o f  go l d - s i  1 i c o n  a1 l oys .  The 

composi t ion,  e q u i l i b r a t i o n  t ime, e q u i l i b r a t i o n  temperature, i n i t i a l  

c o o l i n g  r a t e  and phases found t o  be present  from the  X-ray d i f f r a c t o m e t e r  

t r a c e  a re  shown f o r  each o f  these i n  Table V I .  It should be noted t h a t  

t he  temperature measurements were made wi  t h  chrome1 -a1 umel thermocouples 

b u t  t h a t  t he  thermocouples were uncal  i brated.  The temperature measure- 

ments t h e r e f o r e  a re  sub jec t  t o  an e r r o r  o f  perhaps + I 0  o r  15OC. A care- 

f u l  s tudy  o f  Table V I  shows t h a t  AuaSi was observed i n  specimens cover ing  

t he  e n t i r e  range o f  composi t i o n s  s tud ied.  I t  appeared i n  a l l  specimens 

except  those t h a t  were coo led r e l a t i v e l y  s low ly .  I n  F igure  (16) we have 

the  composi t ion and coo l i ng  r a t e  f o r  each specimen and have used f u l l  

c i r c l e s  f o r  specimens which conta ined Au3Si and open c i r c l e s  f o r  those 

which d i d  no t .  I f  t he  r e s u l t s  o f  two specimens, one con ta i n i ng  2 a t .  % 

s i l i c o n  and t h e  o t h e r  4 a t .  % s i l i c o n ,  a re  ignored,  we can say t h a t  

c c o l i n g  r a t e s  above about 5 O C  scc-' g i v e  AugSi w h i l e  lower  coo l i ng  r a t e s  

do n o t .  Probably Au3Si was n o t  observed i n  these two l o w - s i l i c o n  spec i -  

mens because so l i t t l e  o f  i t  cou ld  have been present.  The p o i n t s  repre -  

sen t i ng  these two specimens a re  shown w i t h  brackets  around them i n  

F i gu re  (16).  From Table V I I ,  which b r i ngs  toge ther  r s s u l t s  on spec i~ iens  

whose quenching r a t e s  were c lose  t o  the  c r i t i c a l  value, we can see t h a t  

t he  c r i t i c a l  r a t e  i s  i n  f a c t  5 f 1'C sec-'. 



5.2 Meta l  lography o f  Hypoeutect ic  A1 l o y s  

The metal  l og raph ic  r e s u l t s  d i v i d e  up w t u r a l  l y  i n t o  two pa r t s ,  

F i r s t  t h e r e  a re  those obta ined w i t h  composi t ions between 2 and 17.9 a t .  

% s i l i c o n ,  which a re  on t he  g o l d - r i c h  s i de  of t he  e u t e c t i c  composi t ion.  

Secondly, t h e r e  a re  those ob ta ined  w i t h  specimens con ta i n i ng  20 t o  25 

a t .  % s i l i c o n ,  which a re  on t he  s i l i c o n - r i c h  s i d e  o f  t he  e u t e c t i c .  

On t he  g o l d - r i c h  s i d e  of the  e u t e c t i c ,  s i x  specimens (64, 65 ,  81, 

82, 86 and 87) were cooled s l ow l y  enough t o  avo id  the  c r e a t i o n  o f  AugSi. 

A l l  s i x  erere coo led f rom temperatures c lose  t o  t h e  l i q u i d u s ,  They be- 

haved i n  an e n t i r e l y  convent iona l  manner i n  t h a t ,  as they cooled, p r imary  

g o l d  dend r i t es  f i r s t  were r e j e c t e d  from the  me l t .  Then, when the  m e l t  

had been enr i ched  t o  t he  p o i n t  where i t  had t he  e u t e c t i c  composi t ion,  i t  

s o l i d i f i e d  a t  t he  e u t e c t i c  teniperature. 

S i x  specimens of t h e  g o l d - r i c h  group were cooled from above the  

l i q u i d u s  l i n e  f a s t  enough t o  g i v e  Au3Si. These were specimens 63, 66, 

73, 76, 79 and 80. As these cooled they  a l s o  r e j e c t e d  p r imary  go ld  

dend r i t es ,  b u t  when the  m e l t  s o l i d i f i e d  i t  formed Au3Si and go ld  f i b e r s .  

Specimen 66, which had the  lowest coo l i ng  r a t e  of t h i s  group, had some 

areas near  t he  cen te r  o f  the  specimen where a e u t e c t i c  m i x tu re  was 

fornied r a t h e r  than Au3Si. Th i s  i s  shorn i n  F igure (17).  The s t r u c t u r e  

o f  t h e  e u t e c t i c  i s  n o t  reso lved  i n  t h i s  micrograph bu t  cou ld  be seen a t  

h igher  magni f icat ion" .  

The r e s t  o f  the specimens hav ing composi t ions on the  g o l d - r i c h  s i de  

o f  t h e  e u t e c t i c  were coo led froni temperatures between the  l i q u i d u s  and 

e u t e c t i c  teniperatures . Dur ing equi  1 i b r a t i o n  a t  such a tempe-ature, go l d  

dend r i t es  a re  r e j e c t e d  from thc  n ie l t ,  are  converted t o  g lobules and then 

segregate t o  the  bo t t o~ i i  o f  the me1 t. As c o o l i n g  proceeds, more pr imary 



gold dendrites are  rejected from the melt, b u t  they do not have time to 

form into globules. The me1 t i s  enriched to the eutectic composition 

and then sol idif ies  as AujSi containing gold fibers.  

5.3 Metal lography of Hypereutectic A1 loys 

The specimens having compositions on the silicon-rich side of the 

eutectic composition a1 l were c3ol ed or quenched from above the 1 iquidus 

line. Small faceted sil icon crystals were rejected from the me1 t and 

tended to  segregate upward toward i t s  surface, Quenching rates above 

about 120°C sec" were required to prevent significant segregation. 

Rates below about 20°C secw1 gave essentially complete segregation. Low 

cooling rates (specimens 88, 89, 93 and 94) gave a matrix consisting of 

the cdtectic mixture. Intermediate cooling rates tended to give par- 

t i a l l y  the eutectic mixture and partly Au3Si, the eutectic being nucle- 

ated a t  the segregating sil icon particles,  A scanning electrcn micro- 

graph showing partial segregation and an Au3Si matrix i s  shown in Fig- 

ure (18). Figure (19) shows the nucleation of the eutectic a t  segre- 

gating sil icon particles. The phenomena associated with these silicon 

segregction effects during cooling are complex and will bc discussed in 

a future report. 

Final ly,  the scanning electron micrcscope was used to  check whether 

the AugSi in our specimens did id fact ccntain gold fibers as reported 

by Andersen e t  a1. Specimens 99 and  100 were used for this  purpose. 

Both were found to contain the f ibers ,  and an electron micrograph showing 

them as they appeared in specimen 99 i s  shown i n  Figure (20) .  



5.4 Room-Temperature D issoc ia t i on  o f  AujS1 

I t  i s  w e l l  known t h a t  Au3Si undergoes a surface d i ssoc ia t i on  reac- 

t i o n  which causes 6 c o l o r  chany  from s! l v e r  t o  go ld  ant t h a t  t h i s  takes 

a few hours t o  occur.9 On examining a quenched specimen o f  a gold-18.6 

a t .  % s i l i c o n  2 1 1 0 ~  prepared about e i g h t  years ago by Andersen e t  a l .  9 

f t  was found t h a t  t h i s  surface reac t i on  had developed i n t o  a surface- 

nucleated b ~ l k  reac t i on  and t h a t  the reac t i on  f r o n t  had penetrated about 

0.2 mm i n t o  each specimen. An o p t i c a l  micrograph showing the reac t i on  

products i s  presented i n  F igure (21 ) . A high-magni f icat ion scanning 

e lec t ron  micrograph o f  a reg ion  o f  the  reac t i on  products i s  shown i n  

F igure (22). The go ld  f i b e r s  o r i g i n a l l y  formed w i t h  the Au3Si s t i l l  are 

present bu t  the reac t i on  products cannot be resolved. Sorem's m ic rod i f -  

f r a c t i o n  technique was used t o  ob ta in  a Debye-Scherrer X-ray powder 

pa t te rn  from these reac t i on  product%. I t  gave a pa t te rn  cont t i in ing 

l i n e s  due t o  gold, excppt t h a t  one weak Au3Si l i n e  a lso  ::as obtained. 

Presumably s i l i c o n  a lso  must have been present, bu t  the l i n e s  were no t  

observed--probably b~cause  they are weaker and s i l i c o n  r;. r i a t i o n  i s  

s t r c n g l y  absorbed by gold.  Thus, a t  room temperature, Au3Si d issociates 

i n t o  gold and s i l i c o n ,  as a t  h igher  temperatures, bu t  the scale o f  

d ispers ion  o f  the s i l i c o n  i n  the gold i s  so f i n e  t h a t  the s i l i c o n  cannot 

be resolved. Exaninat ion o f  some specimens from our cu r ren t  i n v e s t i g a t i o n  

showed t h a t  a f t e r  a per iod  o f  two years a t  room temperature they a1 so 

had begun t o  d issoc ia te .  The v c l o c i  t y  o f  the reac t i on  f r o n t  i s  about 

0.02 t .O1 mm per year.  



5.5 Dl scuss ion of t he  Occurrence o f  Au3Si 

T h i s  work has demonstrated f o r  t he  f i r s t  t ime t h a t  t h e  compound 

Au3Si can be produced d u r i n g  the  so l  i d i  : ' i c d t i o n  o f  go I d - s i  1  i c o n  a1 l oys  

c o n t a i c i n g  f rom 2 t o  25 a t .  % s i l i c o o .  E a r l i e r  work by Andersen e t  a l .  9 

showed o n l y  t h a t  i t  cou ld  be produced by  quenching a l l o y s  c o ~ t a l n i n g  

17.0 and 17.9 a t .  % s i l i c o n .  The l a t t e r  was t h e  c o m p ~ s i t i o n  : ~ h i c h  they 

had concluded was the  e u t e c t i c  composi t ion.  I t  i s  poss ib le ,  o f  course, 

t h a t  A u 3 :  can be produced d u r i n g  t h e  s o l i d i f i c a t i o n  o f  a l l o y s  c o n t a i l i n g  

more than 25 a t .  % s i l i c o n ,  and t h i s  p o : s i b i l i t y  wsuld be wor th  exp lo r rng .  

We have concluded f rom our  r e s u l t s  t h a t  t o  o b t a i n  Au3Si t he  coo l i ng  r a t e  

must be g rea te r  than 5 5 1°C sec-' . I n  d e r i v i n g  t h i s  va lue we have 

assumed t h a t  i t  i s  indeocndent of t he  composi t ion o f  the a l l o y .  I n  

Table V I I  we inc luded  r e s u l t s  f rom specimens hav ing a v a r i e t y  o f  compo- 

s i t i o n s .  T h i s  i s  almost c e r t a i n l y  a v a l i d  ?ssurnption, because the  

so:! d i f i c a t i o n  o f  bo th  hypoe r ! t d~~ i c .  >,ld hypereu tec t i  c  a1 l o y s  i nvo l ves  

the  r e j e c t i o n  o f  excess g o l d  o r  s i l i c r ; i ~  from tb,e ~ e l t  to l l owed by s o l i d i -  

f i c a t i o n  o f  l i q u i d  o f  t h e  e u t e c t i c  composi t ion t o  g i v e  AujSi 2nd go ld  

f i be r s .  Thus t he  f i n a l  stage o f  s o l i d i f i c a t i o n  which g ives  Au3Si i s  

independent :)f the  i n i t i a l  composi t ion o f  the  a l l o y .  

U n  the  g o l d - r i c h  s i d e  o f  t he  e t i t e c t i c ,  f i n e  go ld  dendr i tes  a re  

r e j e c t e d  from the  m e l t  as the  a l l o y  i s  cooled through the  l i q u i d u s  t o  

the  e u t e c t i c  te~npcra tu re .  Sol i d i  f i c a t i o n  then ~ ~ V P I :  ei t k r  tklc e u t e c t i c  

n i i x tu re  o f  g o l d  and s i l i c o n  o r  AujSi w i t h  d ispersed go ld  f i b e r s .  Equi-  

l i b r a t i o n  below the  l i q u i d u s  l i n e  causes the r e j e c t i o n  o f  coarser  go ld  

dendr i tes  f rom t h e  me l t .  Thesc then break up i n t o  g lobu les ,  which s i nk  

t o  the  bottom of  the  me l t .  Much remains t o  be learned absut t h i s  pro-  

cess. Presumably t he  segregat ion s t a r t s  a t  the  d c n d r i t i c  5tagc and 

even tua l l y  the  segregated g lobu les  coalesce i n t o  a s o l i d  mass o f  go ld .  



On the s i l i c o n - r i c h  s ide o f  the eu tec t ic ,  the s i l i c o n  p a r t i c l e s  

re jec ted  dur ing  quenching have a st rong tendency t o  segregate upward 

before s o l i d i f i c a t i o n  a t  the eu tec t i c  temperature occurs. The quenching 

r a t e  o f  about 120°C sec-' needed t o  suppress t h i s  segregation i s  h igher  

than most workers have used i n  prepcr ing specimens f o r  sp la t -coo l ing  

experiments. Usual ly  the l i q u i d  a l l o y  contained i r  a quar tz  tube has 

been quenched i n t o  i ced  water o r  br ine.  We t r i e d  making specimens 

conta in ing 25 a t .  X s i l i c o n  t h i s  way and always found t h a t  substant ia l  

segregation o f  s i l i c o n  occurred. Thus i t  i s  l i k e l y  t h a t  some o r  a l l  o f  

the s i  1 i con - r i ch  specimens used i n  splat -cool  i n g  experiments, which were 

usua l ly  c u t  from l a r g e r  b r ine-  o r  water-quenched specimens, d i d  n o t  have 

the compositions claimed by the i nves t i ga to rs  i n  the published accounts 

o f  t h e i r  work. This  i s  a p o i n t  which should be taken i n t o  account i n  

f u ~ u r c  sp ld  t - o ~ o l  i n y  s tudies on t h i s  system. 

F i n a l l y ,  vie must comment on the X-ray r e s u l t s  presented i n  Table V I  

f o r  specinlens which metal lographical  l y  revealed no s i  1 icon t o  be present 

y e t  gave s i l i c o n  X-ray peaks. These peaks, which were weak, almost 

c e r t a i n l y  occurred because o f  the room-temperature surface d issoc ia t ion  

reac t ion  i n  which Au3Si d isscc iates i n t o  gold and s i l i c o n .  L i t t l e  i s  

y e t  known about t h i s  reac t ion  but,  s ince i t  does cause a co lo r  change, 

i t  i s  reasonable ..; expect t h a t  i t  a lso  produces enough s i l i c o n  t o  g ive  

weak s i l i c o n  peaks i n  the X-ray d i f f r a c t i o n  traces. 



6 .  GRAVITY SEGREGATION IN  THE GOLD-25 AT. X SILICON ALLGY 

6.1 The E f f e c t  o f  Coolinq Rate on Microstructure 

To ob ta in  quan t i t a t i ve  measurements of s i l i c o n  p a r t i c l e  displacenient 

under g r a v i t y  as a func t ion  o f  coo l ing  ra te ,  measurements were made on 

eighteen gold-25 a t .  X s i l i c o n  specimens. Twelve of these were speci- 

mens a l ready studied i n  the work described i n  Sect ion V .  S i x  add i t i ona l  

specimens, however, were prepared and the equi 1 i b r a t i  on temperatures, 

e q u i l i b r a t i o n  t imes and coo l ing  ra tes  f o r  these are shown i n  Table V I I I .  

A l l  o f  the  specimens used i n  t h i s  p a r t  of the i nves t i ga t i on  are shown 

l i s t e d  i n  order o f  increasing coo l ing  r t i t e  i n  Table I X .  F i r s t ,  the 

metal 1 ographic s t ruc tures  were studied. 

I n i t i a l  l y  each specimen was examined i n  an o p t i c a l  metal lograph. 

I t s  mic ros t ruc ture  was documented by ob ta in ing  photomicrographs, a t  a 

magn i f i ca t ion  o f  X40, i 1 l u s t r a t i n s  the microstructures i n  areas near i t s  

four  corners. A1 1 o f  the 72 photomicrographs obtained i n  t h i s  way then 

were spread out  on a tabletop so t h a t  they could be examined f o r  syste- 

matic changes i n  microstructure w i t h  coo l ing  ra te .  I t  was found t h a t  

three types o f  microstructures could be i den t i f i ed .  The f i r s t ,  which we 

sha l l  designate Type A ,  was found on ly  i n  specimen 93, which had been 

cooled a t  0.04OC sec-' . The second, which we sha l l  c a l l  Type B, was 

found i n  s ix teen o f  t h e  remaining specimens. The t h i r d  type o f  s t ruc-  

ture,  which we s h a l l  designate Type C, was observed on ly  i n  the most 

r a p i d l y  cooled specimen. This  was specimen 106, which was cooled a t  

190°C sec-' . 
Specimens 93 and 106 and several others were examined i n  the scan- 

n ing  e lec t ron  microscope and micrographs were obtained a t  a number o f  



magnification. We shall now draw upon these results to  i l l u s t r a t e  the 

types of microstructure observed. 

The Type A microstructure contained a small number of primary 

sil icon crystals which were faceted and typically 0.5 mm in their  lar-  

gest dimension. These ei ther  had adhered to  the wall of the capsule or 

segregated to  the top surface of the specimen. Primary gold crystals 

and dendrites adjoined the s i  1 icor! crystals and thus apparrlntly were 

nucleated by them. Some crystals of gold appeared to  have been nucleated 

by the capsule wall, but perhaps were nucleated by sil icon crystals 

which did not happen to  be represented i n  the metallographic section 

studied. An example of a si l icon crystal with an associated gold crystal 

i s  shown a t  a magnification of X250 in Figure (23). Away from the 

si 1 icon crystals the microstructure consisted of a finely dispersed 

mixture of gold and sil icon such as i s  produced commonly by a coupled 

growth mechanism. 

Type B microstructure contained partially segregated s i  1 icon par- 

t i c l e s .  \*!here silicon particles were present they had associated with 

them gold dendrites and regions of eutectic-like mixture which, a t  the 

lower cooling rates giving this  type of microstructure, f i l l ed  a l l  the 

space between the sil icon particlzs.  An example of this  structure i s  

shown in Figure ( 2 4 ) .  Away from the silicon particles,  AugSi and i t s  

associated gold fibers were formed. A more rapidly quenched specinlen in 

which patches of AugSi were formed between the silicon particles i s  

shown in Figure (25). 

Type C microstructure consisted simply of si l icon particles in a 

matrix of Au3Si and i t s  associated fibers.  I t  i s  shown in Ficure (26) .  

I t  occurrcd only in specimen 106. 



6.2 Measurements of the  S i l i c o n  P a r t i c l e  Displacement 

To measure the s i l i c o n  p a r t i c l e  displacement, yS,  as a func t i on  o f  

coo l ing  ra te ,  a scanning e lec t ron  micrograph o f  a l ong i tud ina l  sec t ion  

through each specimen was obtained a t  a magn i f i ca t ion  o f  about X10. The 

measurements were made i n  the center  of each specimen, which was usua l l y  

d i r e c t l y  under the thermocouple. If the d i  sp l  acement caused the reg ion  

denuded o f  s i l i c o n  p a r t i c l e s  t o  extend up t o  o r  beyond the thermocouple, 

the  measurement was made t o  one s ide o f  it. The r e s u l t s  are shown i n  

Table X and g raph ica l l y  i n  F igure (27). The four th column i n  Table X 

per ta ins  t o  the measurements described i n  the next  sect ion, 

6.3 Measurements o f  the  Number o f  S i l i c o n  P a r t i c l e s  Per U n i t  Volume 

From one t o  three micrographs o f  regions conta in ing s i l i c o n  par- 

t i c l e s  werc zbta incd a t  a magnif icat ion o f  X40 f o r  each specimen using 

the  scanning e lec t ron  microscope. The number o f  micrographs obtained 

f o r  a given specimen was determined by the degree of segregation, s ince 

h i g h l y  segregated specimens d i d  no t  provide l a rge  areas i n  the sect ions 

studied where micrographs could be obtained. The actual  number o f  

micrographs obtained f o r  each specimen i s  shown i n  the f o u r t h  colunn o f  

Table 1C. 

The measurements of the number o f  p a r t i c l e s  per  u n i t  volume, n, 

were made using the q u a n t i t a t i v e  metal lographic techniques described i n  

Section 3.4. The r e s u l t s  are shown i n  Table XT and g raph ica l l y  i n  

Figure 28. It w i l l  be seen from Figure 28 t h a t  there i s  a sudden i n -  

crease i n  n as the coo l ing  ra te ,  R,  increases above about 100°C sec-'. 



6.4 Measurements o f  the  Volume Frac t ion  of S i l i c o n  

The micrographs used f o r  measuring the number o f  s i  1 icon p a r t i c l e s  

per u n i t  volume also were used t o  measure the volume f r a c t i o n  o f  s i l i c o n .  

The measurements were made on a Quantimet microscope a t  the Un ive rs i t y  

o f  B r i t i s h  Columbia. The authors are indebted t o  Dr. E. Teghtsoonian 

f o r  making t h i s  instrument ava i l ab le  t o  them. I t  a c t u a l l y  measures the 

area f r a c t i o n  o f  a  dispersed phase, and so i t  was necessary t o  assume 

t h a t  t he  area and volume f rac t i ons  were equal. The r e s u l t s  are shown i n  

F igure (29). 

6.5 Comparison o f  the  Results w i t h  the  Theory o f  Grav i ty  Segregation 

I n  developing the  theory o f  g r a v i t y  segregation i n  Sect ion 3  we 

included the  number o f  s i l i c o n  p a r t i c l e s  per u n i t  volume i n  the constant 

A. We see from Figure (28), however, t h a t  n  var ies w i t h  cool ing ra te .  
-1 -2/3 We there fore  expect t h a t  y S  should, from equation (32), vary as R n  

If \.re w r i t e  

we can ca l cu la te  G and a l so  ob ta in  an experimental value o f  i t  from a  
-1 -2/3 

p l o t  o f  yS versus R n This p l o t  i s  shown i n  Figure (30 ) ,  from 

which i t  can be seen t h a t  i t  i s  a  reasonably good s t r a i g h t  l i n e ,  as 

predic ted by the  theory. 

I n  c a l c u l a t i n g  G, one c o r r e ~ t i o ~ ~  was made. Instead o f  using the 

radius o f  the sphere o f  equivalent volume f o r  - a, a  value o f  1.5 times 

t h i s  was taken. 'Je do not  know the shape of the s i l i c o n  p a r t i c l e s  and 

so we do no t  know exac t ly  what value t o  take. The value o f  G calculated 



5 3 us ing  the  constants  g iven  i n  Sect ion (3)  comes ou t  t o  be 1.48 x 10 cm 

5 3 sec 'tol. The experimental  value f rom ~ i ~ u r e '  (30) i s  1.3 x 10 cm 

sec 'c". Thus the  theory  c o r r e c t l y  descr ibes the f unc t i ona l  dependence 

of y, on n and R and g ives q u a n t i t a t i v e l y  c o r r e c t  values f o r  yS. 

6.6 Discuss ion o f  the Theory and Resul ts  on G r a v i t y  Segregation 

A1 though t h e  theory seems t o  work w e l l ,  i t  i s  obvious t h a t  n o t  a1 1 

o f  the  assumptions made i n  d e r i v i n g  i t  can be co r rec t .  There must be, 

f o r  example, some undercoo1;ng bo th  below the  l i q u i d u s  and below the  

e u t e c t i c .  These two e f f e c t s  produce o f f s e t t i n g  e r r o r s  and so the  n e t  

r e s u l t  may be t o  p rov ide  a t ime f o r  g r a v i t y  segregat ion c lose  t o  the  

t ime taken t o  coo l  f rom the  l i q u i d u s  temperature t o  the  e u t e c t i c  tempera- 

t u re .  Since t he  s i l i c o n  p a r t i c l e s  do appear t o  be a11 o f  about the same 

s ize ,  nuc lea t i on  probably  does occur i n  a r e l a t i v e l y  sho r t  t ime span. 

If quasi -equi 1 i brum cond i t ions  were maintained du r i ng  coo l i ng  a t  a l l  

coo l i ng  ra tes ,  the  volume f r a c t i o n  of pr imary s i l i c o n  would be indepen- 

dent  o f  c o o l i n g  r a t e .  The r e s u l t s  o f  F igure  (29) show t h a t  t h i s  i s  n o t  

so. I t  i s  d i f f i c u l t  t o  exp la i n  why the  volume f r a c t i o n  o f  s i l i c o n  a t  

f i r s t  decreases w i t h  inc reas ing  cool  i n g  r a t e  and then remains constant.  

We have t o  leave t h i s  e f f e c t  unexplained. 

Overa l l ,  i t  i s  c l e a r  t h a t  the theory prov ides a reasonably good 

t h e o r e t i c a l  model o f  the  segregat ion of pr in lary s i  1 i c o n  p a r t i c l e s  , 

b e t t e r  perhaps than one should expect cons ider ing  the  c r u d i t y  o f  the 

assumptions niade. There i s  obv ious ly  room f o r  ivprovement bo th  of the  

t h e o r e t i c a l  model and o f  the exper imental  techniques. I t  would be wor th  

exp lo r i ng  the a p p l i c a b i l i t y  o f  the  model t o  o the r  a l l o y  systems. 



7. DROP TOWER EXPERIMENTS 

Fourteen drop toner specimens of the type shown i n  Figure ( 2 )  were 

studied, Seven were run i n  the drop tower instrument package without 

actually dropping the package. Another seven were dropped and the 

solidification was carried out during f r ee  fa1 1.  Unfortunately, the 

telemetry was not working re l iably  and so re l i ab le  values f o r  the cooling 

r a t e  were not obtained. 

Each specimen was studied i n  de ta i l  using optical microscopy and 

scanning electron m i  croscopy . A 1 imi ted amount of electron beam micro- 

probe work a l so  was carried out. In a l l ,  about 200 micrographs were 

obtained, and some of these have been presented i n  the mcnthly reports. 

The ~ e s u l t s  obtained were confusirg and suggested tha t  the molten speci- 

mens nay have been subject t o  a temperature gradient during equil ibrat ion 

and a l so  probably had widely d i f fe ren t  cooling ra tes .  I t  was found tha t  

some of the s t ructures  observed could be duplicated in the laboratory by 

deliberately applying a temperature gradient during equi 1 i bration. To 

do t h i s  required a temperature difference of about 20°C across the 

specimen. Temperature differences of t h i s  k i n d  were observed on both 

the drop tower package and a spare heater studied a t  IJSU. The drop 

tower package measurements were made by I .  C .  Yates and his  colleag2es 

a t  the Marshall Space Flight Center. 

One new type of microstructure was observed in both f ree - fa l l  

specimens and specis!ens run without being dropped. This i s  sl~ovrn in 

Figure (31 ) . Electron beam mi croprobe work suggested the presence of 

three phases, each vii  t h  a charactcri ; t i c  s i  1 icon content. This s t ructure  

may be character is t ic  simply of cooling ra tes  not covered in the e a r l i e r  



T - 
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work, e.g.. i n  the  range between 114OC sec" (specimen 105) and 190°C 

sec" (specimen 106). 

r i 
i 1 :  Because o f  the  d i f f i c u l t i e s  encountered i n  t h i s  work, we p r e f e r  n o t  

i i t o  p resen t  i t  i n  d . . t a i l  and n o t  t o  draw any conclusions f rom it. We 

. . regard i t  as a p r e l i m i n a r y  study of  the  p o t e n t f a l i t y  o f  the  drop tower 

technique and one which has revealed some o f  the  d i f f i c u l t i e s  o f  working 
t 

w i t h  i t . It should be f o l l owed  through w i t h  more work us ing  improved 

techniques . 

, . 8. SUMMARY 

The work descr ibed i n  t h i s  r e p o r t  was aimed a t  e s t a b l i s h i n g  back- 

ground knowledge f o r  zero g r a v i t y  work on a l l o y  systems which e x h i b i t  

r ~ l i s c i b i l i t y  i n  t he  l i q u i d  s t a t e  and i m m i s c i b i l i t y  i n  the s o l i d  s ta te .  
. . 

The g o l d - s i l i c o n  system bras used f o r  the  study, and the f o l l o w i n g  summar- 
. ? 

i z e s  what was achieved w i t h  i t :  

1. A mathematical niodel t o  descr ibe g r a v i t y  segregat ion o f  p r i -  

mary s i l i c o n  p a r t i c l e s  dur ing  the s o l i d i f i c a t i o n  of hyper- 

e u t e c t i c  a l l o y s  has been developed. It p r e d i c t s  t h a t  the 

s i l i c o n  p a r t i c l e  displacement should be p ropo r t i ona l  t o  n -2 /3  

R-I, wheie n i s  the number of s i l i c o n  p a r t i c l e s  per  u n i t  

volume and R i s  t he  coo l i ng  r a t e .  

2. The theory has been t es ted  and found t o  be v a l i d  us ing a go ld-  

25 a t .  % s i l i c o n  a l l o y .  

3 .  The g o l d - r i c h  end o f  the  phase diagram has been redetermined. 

The e u t e c t i c  temperature was found t o  be 363+ 2 O C  and the  



e u t e c t i c  composition 19.0 20.5 a t .  % s i l i c o n .  A new metal- 

lograph ic  method f o r  establ  i sh ing  the l i qu idus  1 i n e  was devel- 

oped and used. 

4. A d e t a i l e d  study of the occurrence o f  the compound Au3Si i n  

s o l i d i f i e d  g o l d - s i l i c o n  a l l o y s  containCng up t o  25 a t .  % 

s i l i c o n  has been c a r r i e d  out. It was found t h a t  Au3Si i s  

always formed i f  the coo l ing  r a t e  i s  greater  than 5OC sec". 

5. Prel iminary drop tower experiments have been c a r r i e d  out on a 

gold-25 a t .  % s i l i c o n  a l l o y .  Fur ther  work w i l l  be requi red 

before any d e f i n i t e  conclusions can be reached. 
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Micrograph Specimen n 

Table I - Preliminary Measurements o f  
n, the Number of Silicon 
Particles Per Unit Volume. 



Table I 1  - Values of A and B calculated for 
several values o f  R ,  



; $ 
r * 
C ' Table 111 - Results Obtained from Specimens Used t o  Determine the Eutect ic  

Temperature 

Quench1 ng Type o f  
Specimen A t .  % Equl 1 I bra t ion  Equi 1 i brat ion Rate In Phases Micro- 

No. Si  Temperature I n  "C Time 'C ~ e c - '  Present st ructure 

1 2 341 6 hrs 18 Au, Si  2 

2 2 362 6 hrs 22 Au, S i  2 

3 2 368 6 hrs  22 Au, S i  1 

6 hrs 52 Au, Si Au3S1 1 

5 4 142 6 hrs  28 Au, Sl 2 

6 hrs 52 Au, Sl  
Au3Si 1 

7 6 340 6 hrs  48 Au, S1 2 

8 6 357 6 hrs 40 Au, S i  2 

6 hrs 

6 hrs 

6 hrs  

6 hrs 

6 hrs 

6 hrs 

6 hrs  

6 hrs 

Au, S1 

Au, S i  
Au3S 1 

Au, S i  

Au, S l  
Au3S I 

Au, S i  

Au, S i  
Au3Sl 
Atr, S i  
Au3S1 
Au, S i  
Au3S i 



1 1- Table I V  - Results Obtalned from Specimens Used t o  Determine the Eutect lc  
i .  Composl t l o n  

8 

I 1 .  Quenching 

i 
Specimen At. X Eqh: li bra t ion  Equ l l l  b ra t ion  Rate In- Phases 

1 .  
No . S i  Temperature i n  O C  Time oc ~ e c - '  Present 

! 
17 17.9 450 420 min 2.07 Au, S i  

18 17.9 450 s20  min 0.04 Au, S t  

s20 min 

20 20 653 ~ 2 0  min 3 Au, S i  

20 651 2 1 s20 min 0.04 Au, Sl 



- .  

Table V - Results Obtained from Specimens Used t o  Determine the Posi t ion o f  the .. . Liquidus Line 

. . Quenchi ng 
Type o f  

S~ecimen A t .  X Esui l i b r a t i o n  Esui l i b r a t i o n  Rate In% Phases Micro- 
No. Si ~ernlierature i n  O C  ' Time "C ~ e c - '  Present structure 

2 hrs 

2 hrs 

2 hrs  

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

2 hrs 

Au, S i  
au351 
Au, S i  au351 
Au, S i  
au351 
Au, S i  au351 
Au, S t  au351 
Au, S i  
au351 
Au, S i  
au351 
AuS S i  
au351 
AuS S i  
Au 3S i 

Au, S i  
au351 
Au, S i  
au351 
Au, S i  
au351 
Au, S i  
au351 
Au, S. 
au35f 
Au, S i  
au351 



* - 
Table V continued . . 

2 hrs . 270 Au, Si 
Au3Si 4 

2 hrs 

2 hrs 

2 hrs . 

155 Au, S i  
Au3Si 4 

- - Au, Si 
Au3Si 3 

2 hrs 230 Au, S i  
Au3Si 

15 mins 98 Au, Si 
Au3Si 



Table VI - Equ i l i b ra t ion  Conditjons, Cooling Rates and X-Ray Results f o r  
Specimens Used t o  Study the Formation o f  Au3Si 

Cool i ng 

Specimen At. X Equ i l i b ra t ion  Equi l ib ra t ion Rate in Phases 
No. Si Temperature i n  O C  Tine 'C ~ e c - '  Present 

6 hrs 

2 hrs  

2 hrs  

6 hrs  

6 hrs  

2 hrs  

6 hrs 

6 hrs 
2 hrs  

6 hrs  

6 hrs 

2 hrs 

20 mins 

8 hrs 

2 hrs 

15 mins 

20 mins 

2 hrs 

2 hrs  

2 hrs 

2 hrs 

20 mins 

20 mins 

2 mins 

20 mins 

15 mins 

1 h r  
20 mins 

2 hrs 

2 hrs 

2 hrs 

1 h r  

-49- 

26 Au , S i  , Au3Si 

34 Au, S i  

121 Au, S i  , Au3Si 

14 Au, S i  

52 Au, S i  , Au3Si 

145 Au, S i ,  Au3Si 

2 5 Au, S i  , Au3Si 

35 Au, S i  , Au3Si 

145 Au, S i  , Au3Si 

44 Au, S i ,  Au3Si 

50 Au, S i  , Au3Si 
21 6 Au, S i ,  Au3Si 

54 Au, S i ,  Au3Si 

67 Au, S i ,  Au3Si 

11 7 Au, S i ,  Au3Si 

122 Au, S i ,  Au3Si 

140 Au, S i  , Au3Si 

153 Au, S i  , Au3Si 

165 Au, Si  , Au3SI 

166 Au, S i  , Au3Si 

369 Au, S i ,  AujSi 

0.04 Au, S i  

5.5 Au, S i  , Au3Si 
2 7 Au, S i  , Au3Si 
54 Au, S i  , Au3Si 

98 Au, S i  , Au3Si 

104 Au, S i ,  Au3Si 
140 Au., S i  , Au3Si 

1 52 Au, S i  , Au3Si 
155 Au, S i  , Au3Si 

169 Au, $1, Au3Si 



i Table V I  continued 
! 
1 .  

Specimen 
No. 

Cool i ng 

A t .  % Equi 1 i brat ion Equi 11 brat ion Rate i n  

S i  Temperature i n  OC T i  me oc ~ e c - '  
Phases 
Present 

2 hrs 

i hrs 

3 hrs 

2 hrs 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

20 mins 

Au, S i  , Au3Si 

Au, S l  , Au3Si 

Au, S i ,  Au3Si 

Au, S i ,  H U ~ T ~  

Au, S i  , Au3Si 

Au, S i ,  Au3Si 

Au, S i  

Au, S i  

Au, S i  , Au3Si 

Au, S i  , Au3Si 

Au, S i ,  Au3Si 

Au, S i  

Au, S i  

Au, S i  

Au, S i  

Au, S i ,  Au3Si 

Au, S i ,  Au3Si 

Au, S i  , Au3Si 

Au, S i  

Asr,  S i  

Au, S i  , Au3Si 

Au, S i  , Au3Si 

Au, S i  , Au3Si 

Au, S i  , Au3Si 

Au, S i ,  Au3Si 

Au, S i  , A i r3S i  

Au, S i ,  Au3Si 

Au, S i ,  Au3Si 

Au, S i  , AugSi 

Au, S i ,  Au3Si 

Au, S i  , Au3Si 

Au, S i ,  Au3Si 

This specilncn i s  the same as 1/18 i n  Table  I V .  I t  i s  included again hc re  f o r  the 
sake of c l a r i t y  of prcscntation. 

-50- 



I' Table V I I  - A Sumnary of Results Obtained i n  a Range o f  Cooling Rates 
Z 

. . i o  Near the C r i t i c a l  Value for  Obtaining Au3Si 

, $  i 
* :" Specimen 

- .  No. 

Cool i ng Rate Cornposi t i o n  
i n  oc secw1 i n  a t .  % S i  Occurrence of 

Au3Si observed 

AujSi observed 

Au3Si observed 

Au3Si observed 

Au3Si not  observed 

Au3Si not  observed 

Au3Si not  observed 

AugSi not  observed 



+ .  

Table V I I I  - Equi l ib ra t ion Temperatures, Equi l ib ra t ion Times and Cooling 
. Rates f o r  Addit ional Specimens Used for  Gravity Segregation 

Measurements. 
r . . 

Specimen Equi l ib ra t ion Temp Equi 1 i brat ion Cooling Rate 
No. i n  O C  Time i n  O C  secol 

107 650 20 mins 24 

108 650 20 mins 40 

109 650 20 mIns 58 

11 0 650 20 mins 68 

111 650 20 mins 89 

112 650 20 mins 101 



Table I X  - The Specimens Used f o r  Gravi ty  Segregation Measurements 
L i s t e d  i n  Order of Increasing Cooling Rate 

Cooling Rate Specimen Type of 
NO. ~n oc sec-I Microstructure 



- .  

/ Table X - The V a r i a t i o n  o f  S i l i c o n  P a r t i c l e  Displacement wi th  Cooling . r Rate 

Specimen Cooling Rate, R Di splacement , y No. o f  
No. i n  oc sec-' i n  Micrographs 



.. - Table X I  - The Var ia t ion  o f  the Number o f  S i l i c o n  P a r t i c l e s  Per U n i t  
Volume wi th  Cooling Rate * 

Specimen Cooling Rate 
1 

No. i n  "C sec- ' N 



Figure 1 - A Specimen Capsule of the Type Used for Laboratory Solidification 
Experiments. 

Figure 2 - A Spccinlen Capsulc o f  the Type Used for Drop Tower Experiments. 
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ATOMIC % Si 

F igure 3 - Re la t ionsh ips  Between the L iqu idus  Temperature, TL, t he  
Eu tec t i c  Temperature, T,, the E u t e c t i c  Composi t i o n ,  C, 
and t he  Al loy Composition, C'. 



I I N  SECONDS 

F igure  4 - Resul ts o f  Some Canlputer Ca l cu l a t i ons  Used t o  I n v e s t i g a t e  
the Importance o f  the  Temperature Dependence o f  the  l.i q u i  d 
E l c t ~ l  V i s c o s i t y  on G r a v i t y  Segregation. The Dashed L ines 
Show Corresponding Re1 a t i  onshi ps According t o  Equat ion (29).  



Figure 5 - Examples o f  Type I : i i c ros t ruc tu re  Obidined by E q u i l i b r a t i n g  
Above the Eutec t ic  Temperature. Specimen f 3  ( 2  a t .  % S i l  'con) 
i s  Shown a t  (a) and Specimen #14 (10 a t .  % S i l i c o n )  a t  (b )  
(both x40).  

Figure G - Examples o f  Type I 1  l~1icrostrt1cture Obtained by Equ i l i b ra t i ng  
Below the Eutcc t ic  Tcriipcrature. Specirncn $2 ( 2  a t .  :: S i l i c o n )  
i s  Shown a t  ( a )  and Spccililcri ;!I3 (10 a t .  % S i l i c o n )  a t  (b )  
(both x40) .  

-59- 



COMPOSITION IN ATC!4IC PERCENT SlLlCCN 



Figure 8 - The t l icrostructure o f  Specimen f18. (17.9 a t .  % Si l i con )  (x1OO). 

Figure 9 - The Microstructure ilf Specimen $20. (20 a t .  % Si l i con )  ( ~ 4 0 0 ) .  



Figure 10 - The Microstructure of Specimen 119. (20 a t .  % Silicon) (x100). 

Figure 11 - An Example of '. Type I 1 1  I~licrostructure Obtained by Equi l ibrat ing 
Above the Liquidus Line. (Spcciolcn 124;  10 a t .  % Silicon) (x40). 



F igure  12 - An E x a ~ i ~ p l e  o f  a  Type I V  E l i c ros t ruc tu re  Obtained by E q u i l i b r a t i n g  
Below tt ic L iqu idus L ine .  Areas a t  the  Four Cornci-s o f  a  Long- 
i t u d i n a l  Sect ion are Shown (x40 ) .  



F igure  13 - The Breaking Up o f  Dcr ldr i les  i n t o  Globules. (Specimen 142;  
1I' . t .  X S i l i c o n )  ( x40 ) .  

-64- 
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Figure  18 - A Scanning E lec t ron  I4icrograph Showing P a r t i a l  Segregat ion 
o f  S i l i c o n  P a r t i c l e s  and an Au Si Ha t r ix .  (Specimen i100 ;  
25 a t .  Z S i l i c o n )  (Approx. ~ 1 3 1 .  
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Figure 20 - A Scanning E lec t ron  Micrograph o f  Gold F ibers i n  a  Au3Si 
Mat r i x .  (Specimen #99; 25 a t .  % S i l i c o n )  ( ~ 2 1 0 0 ) .  

Figurc 21 - D i s s o ~ i a t i o n  Products on the Ri l l 1  o f  a  Quenched 8 - y e a r - o l d  
Gold-l8.G a t .  7: S i l i c o n  Specirilen O r i g i n a l l y  Cons is t ing  o f  
Au3Si wi th  I t s  Assoc ia ted Gold F i b e r s .  ( ~ 1 0 0 )  (Spcc i~ ion  
from the \.Jerk o f  Andcrscr~ e t  a1  . ) .  



F igure  22 - A Scanning E lec t r on  I4icrograph Showing Gold F ibers  Threading 
the AuJSi D i ssoc ia t i on  Products. ( ~ 3 0 0 0 )  (Specimen f rom t i l e  
Work of Andersen e t  a1 .). 

F igure 23 - A Scanniny E lec t r on  l~ l i c rograph  o f  a S i l i c o n  C rys ta l ,  wit11 
Associated l n c i p i c r ~ t  Gold De t~d r i t c s ,  i n  Its l l o t r i x  o f  F i n e l y  
D iv ided  Gold and S i l i c o n .  (Spccil~icn #93; 25 a t .  5: S i l i c o n )  



FJgure 24 - P a r t i a l l y  Segregated S i l i c o n  C rys ta l s  Wi th  T h e i r  Associated 
Gold Dendr i tes  and Ela t r ix  o f  F i n e l y  D iv ided  Gold 2nd S i l i c o n .  
(Specimen #95; 25 a t .  % S i  1 i con)  (x500). 

F igure 25 - A Scanning E lec t r on  f.licrogt-aph o f  a F a i r l v  Rapid ly  Qucnchcd 
S p c c i ~ n o ~  Shovritlg the l4uclcat ion o f  Gold L~c.ndt-itcs Ltld a 
E u t c c t i c - L i k c  I - ; ix ture Aroulld S i l i c o n  P a r t i c l e s .  The S ing l c  
Phase !tegi3ris a r e  o f  AujSi. (Speciwon ::'Ill; 2 5  a t .  2 
S i l i c o n )  ( ~ 5 0 0 ) .  



F igure  26 - Scanning E l e ~ t r o n  I l i c roq raph  o f  a Rapid' . Que;;ched Sptcinlen 
Showing S i l i c o n  l 'ar t iclcs i n  a L latr i r .  , t  *.u-?i and i t s  

c: Assoc ia ted Gold F:t?rs. ( ~ p c c i n ~ e n  ; ILL, Gola - 25 U,. ., 
S i  1 i c o n  j (XI 250). 
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Figure 31 - A new I~letallographic S t ruc ture  Observed i n  Several D r ~ p  
Tower Specimens . 
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