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ABSTRACT

T h is  i n v e s t i g a t i o n  was c o n d u c te d  to  d e t e r m i n e  t h e  

i n t e r a c t i o n s  (1 )  b e tw ee n  MoSi2 and  t h e  h i g h - t e m p e r a t u r e  

m a t e r i a l s  Ni and  Ni~Cr and (2 )  be tw een  t h e  same s i l i c i d e  

and  t h e  l o w e r - m e l t i n g  m a t e r i a l s  Cu, Sb, Zn, Cd, Sn, A l ,  

an d  A l - a l l o y s .

Mo S i2 bars were prepared by co ld -p r ess in g  and 

s in te r in g  1-micron MoSi2 powders.

The i n t e r a c t i o n s  were  i n i t i a t e d  by a t t e m p t i n g  to  

i n f i l t r a t e  t h e  s i l i c i d e  b a r s  w i t h  t h e  m o l t e n  m e t a l s  o r  

a l l o y s .

The h i g h - t e m p e r a t u r e  i n t e r a c t i o n  p r o d u c t s  were  

a n a l y z e d  by  h a r d n e s s  m e a s u r e m e n ts ,  m e t a l l o g r a p h i c  examina 

t i o n ,  o p t i c a l  e m i s s i o n  s p e c t r o g r a p h y ,  x - r a y  s p e c t r o m e t r y ,  

and  x - r a y  d i f f r a c t i o n .

The i n t e r a c t i o n  be tw een  MoSig and  l i q u i d  N i - C r  

r e s u l t e d  i n  t h e  f o r m a t i o n  o f  two o t h e r  s i l i c i d e s ,  MoNiSi 

an d  N i ^ C r ^ S i y .  The i n t e r a c t i o n  b e tw ee n  MoSi2 and  Ni 

( t h i s  l a t t e r  e i t h e r  i n  t h e  l i q u i d  o r  s o l i d  s t a t e )  

r e s u l t e d  i n  t h e  f o r m a t i o n  o f  MoNiSi.

i v
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A therm odynam ic  c a l c u l a t i o n  f o r  t h e  M o-N i-S i  

sys tem  c o n f i r m e d  t h e  s t a b i l i t y  o f  t h e  compound MoNiSi a t  

lo w e r  t e m p e r a t u r e s .

An a p p r o x i m a t i o n  f o r  t h e  f r e e  e n e rg y  o f  f o r m a t i o n  

o f  MoNiSi was d e r i v e d :

A G°MoNiSi = - 3 8 , 9 8 0  + 16 .46  T

M e t a l l o g r a p h i c  e x a m in a t io n  o f  t h e  c e r a m i c - m e t a l  

i n t e r f a c e s  showed t h a t  v e r y  l i t t l e  o r  no i n t e r a c t i o n  

o c c u r r e d  b e tw een  MoSig and  t h e  l o w e r - m e l t i n g  m e t a l s  and 

a l l o y s  i n  a l l  t h e  s y s te m s  s t u d i e d .

v
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INTRODUCTION

The n e e d  f o r  m a t e r i a l s  c a p a b l e  o f  w o rk in g  a t  h i g h  

t e m p e r a t u r e s  h a s  b r o u g h t  f o r t h ,  s i n c e  World War I I ,  a  

g r e a t  volume o f  r e s e a r c h  and s u b s e q u e n t  d e v e lo p m e n t  o f  a  

s e r i e s  o f  a l l o y s j  c e r a m i c s ,  and  c e r m e t s .  Examples  o f  

t h e s e  a r e  t h e  c o b a l t  and  n i c k e l - b a s e  s u p e r a l l o y s ,  w h ich  

h a v e  been  d e v e lo p e d  p r i m a r i l y  f o r  t u r b o j e t  a p p l i c a t i o n s  

r e q u i r i n g  h i g h  c r e e p - r u p t u r e  s t r e n g t h  and  c o r r o s i o n  

r e s i s t a n c e  a t  t e m p e r a t u r e s  o f  t h e  o r d e r  o f  1800°F ( 9 8 0 ° C ) , 

an d  t i t a n i u m  c a r b i d e  c e r m e t s  (TiC w i t h  v a r y i n g  a d d i t i o n s  

o f  N i ,  Co, C r ,  Mo, W, and  o t h e r  m e t a l s ) ,  u s e d  f o r  g a s -  

t u r b i n e  n o z z l e  v a n e s  and  b u c k e t s ,  i n t e g r a l  t u r b i n e  w h e e l s ,  

e t c .  ( C l a u s s ,  196 9 ) .

C o n s i d e r a b l e  r e s e a r c h  was a l s o  u n d e r t a k e n  i n  t h e  

1950*s ,  w i t h  t h e  p u r p o s e  o f  s t u d y i n g  t h e  p o s s i b i l i t i e s  o f  

r e f r a c t o r y  m e t a l s  ( m a i n l y  Mo, Nb, and  W) and t h e i r  a l l o y s .  

However,  f o r  m o s t  p o t e n t i a l  h i g h - t e m p e r a t u r e  a p p l i c a t i o n s ,  

p o o r  o x i d a t i o n  r e s i s t a n c e  l i m i t e d  t h e  u s e  o f  t h e s e  m e t a l s .  

Through a l l o y i n g ,  some s u c c e s s  was o b t a i n e d  i n  r e d u c i n g  

t h e  o x i d a t i o n  r a t e s  o f  t h e s e  m a t e r i a l s ,  b u t  w i t h  t h e
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r e s u l t  t h a t  t h e  a l l o y s  had  l o w e r  s t r e n g t h  and p o o r e r  

f a b r i c a b i l i t y .

At p r e s e n t ,  t h e r e  seems to  be  a  t r e n d  to w a rd  t h e  

d e v e lo p m e n t  o f  c e r m e t s  f o r  a p p l i c a t i o n s  a t  t e m p e r a t u r e s  

w e l l  above  2000°F ( 1 0 9 0 ° C ) ,  f o r  w hich  t h e  m a t e r i a l s  now 

a v a i l a b l e  do n o t  h av e  t h e  n e c e s s a r y  p r o p e r t i e s .  I t  i s  

h i g h l y  d e s i r a b l e  f o r  a  m a t e r i a l  to  be  a b l e  t o  work a t  

h i g h e r  t e m p e r a t u r e s ,  a s ,  f o r  exam ple ,  i n  g a s  t u r b i n e s ,  

b e c a u s e  t h e  e f f i c i e n c y  and  power o f  t h e s e  t u r b i n e s  i n c r e a s e  

s i g n i f i c a n t l y  w i t h  t h e  g a s  i n l e t  t e m p e r a t u r e .

The p o t e n t i a l  v a l u e  o f  a  c e r m e t  i s  t h e  p o s s i b i l i t y  

o f  com b in in g  t h e  h i g h - t e m p e r a t u r e  o x i d a t i o n  r e s i s t a n c e  and 

s t r e n g t h  o f  c e r a m i c s  w i t h  t h e  d u c t i l i t y  and  i m p a c t  s t r e n g t h  

o f  a  m e t a l  o r  a l l o y .  I t  i s  a p p a r e n t  t h a t  a  c e r a m i c  p a r t  

t o  w h ich  a  m e t a l  a d d i t i o n  i s  made w i l l  h a v e  i t s  ’’c e r a m i c ” 

p r o p e r t i e s — h i g h - t e m p e r a t u r e  s t r e n g t h  and o x i d a t i o n  

r e s i s t a n c e — somewhat d e c r e a s e d .  The p r o b l e m ,  t h e r e f o r e ,  

i s  to  f i n d  an ’’op t im um ” c o m b i n a t i o n  ( t y p e s  a n d  r e l a t i v e  

am oun ts  o f  c e r a m ic  and  m e t a l l i c  p h a s e s )  f o r  t h e  e n v i s a g e d  

a p p l i c a t i o n .  Such an i n v e s t i g a t i o n  h a s  been  done f o r  some 

c e r m e t s ,  e . g .  TiC c e r m e t s  ( G l a s e r ,  1 9 5 5 ) .  S i l v e r  ( o r  

s i l v e r  a l l o y ) '  i n f i l t r a t e d  o x i d e s  c o n s t i t u t e  a n o t h e r  

example o f  c e r m e t s  d e v e lo p e d  f o r  h i g h - t e m p e r a t u r e  

a p p l i c a t i o n s  ( W i l l i a m s ,  1 9 6 5 ) .

The p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  was to  s t u d y  t h e
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i n t e r a c t i o n s  o f  molybdenum d i s i l i c i d e  w i t h  s e v e r a l  m e t a l s  

and  a l l o y s ,  i n  o r d e r  to  d e t e r m i n e  t h e  p o s s i b i l i t y  o f  

d e v e l o p i n g  a  M o S ig -b a se d  c e rm e t  c a p a b l e  o f  w o rk in g  a t  

e l e v a t e d  t e m p e r a t u r e s  w i t h  a  r e a s o n a b l e  c o m b i n a t i o n  o f  

h i g h - t e m p e r a t u r e  s t r e n g t h  an d  r o o m - t e m p e r a t u r e  d u c t i l i t y .
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THE INFILTRATION TECHNIQUE

H i s t o r i c a l  Development

Com posi te  c e r m e t a l l i c  s t r u c t u r e s  can be f a b r i c a t e d  

by s i n t e r i n g  c e r a m ic  pow ders  i n t o  a  p o r o u s  compact  and  t h e n  

f i l l i n g  t h e  p o r e s  w i t h  m o l t e n  m e t a l .  C e r t a i n  m e t a l s  and  

a l l o y s  h a v e  be en  o b s e r v e d  to  d i f f u s e  i n t o  a  compact  and  to  

o ccu p y  a l l  t h e  c o n t i n u o u s  p o r e  vo lum e ,  The r e s u l t i n g  

s t r u c t u r e  i s  u n u s u a l ,  i n  t h a t  b o t h  c e r a m ic  and m e t a l  

p h a s e  may be c o n t i n u o u s .

A c c o r d in g  to  G o e t z e l  and  S h a l e r  ( 1 9 6 4 ) ,  i n f i l t r a t i o n  

work was i n i t i a t e d  d u r i n g  and i m m e d i a t e l y  a f t e r  World 

War I ,  when L e i s e r  and  G e b a u e r ,  i n  1914-17 s u c c e s s f u l l y  

i n f i l t r a t e d  c o p p e r  i n t o  p o r o u s  i r o n ,  and  Baumhauer ,  i n  

1922, i n f i l t r a t e d  a  p o r o u s  body o f  t u n g s t e n  c a r b i d e  w i t h  

a  m e t a l  o f  t h e  i r o n  g r o u p .  These  f i r s t  a t t e m p t s ,  h o w e v e r ,  

y i e l d e d  f a i r l y  p o r o u s  p r o d u c t s ,  w h ich  d i d  n o t  f i n d  

im m e d ia te  i n d u s t r i a l  a p p l i c a t i o n .  C o p p e r - i n f i l t r a t e d  

i r o n  was f i r s t  made d e n se  i n  1929 by P .  M e l c h i o r .

Some 15 y e a r s  l a t e r ,  by a d d i t i o n  o f  c a rb o n  and  

t h e  a p p l i c a t i o n  o f  h e a t  t r e a t m e n t ,  h i g h - s t r e n g t h

4
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c o p p e r - c e m e n t e d  s t e e l  p a r t s  w ere  d e v e l o p e d  f o r  l o a d -  

c a r r y i n g  componen ts  i n  h o u s e h o l d  a p p l i a n c e s  and  power 

p l a n t s .  I n  t h e  e a r l y  1950f s ,  c o p p e r - i n f i l t r a t e d  i r o n  

c o m p r e s s o r  b l a d e s  f o r  J e t  e n g in e s  were  p r o d u c e d  a t  a  

r a t e  e x c e e d in g  1 m i l l i o n  p e r  m on th .  By 1962,  t h e  

q u a n t i t y  o f  c o p p e r - i n f i l t r a t e d  i r o n  p r o d u c t s  made 

a n n u a l l y  i n  t h e  U n i t e d  S t a t e s  c o u ld  be  m e a su re d  i n  

t h o u s a n d s  o f  t o n s .

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

h a s  made an i m p o r t a n t  c o n t r i b u t i o n .  J u s t  a f t e r  t h e  

d e v e lo p m e n t  o f  cem en ted  c a r b i d e s  f o r  c u t t i n g  t o o l s ,  t h e  

n e e d  a r o s e  f o r  h e a v y - d u t y  e l e c t r i c a l  c o n t a c t s .  The i d e a l  

s o l u t i o n  f o r  t h e s e  e l e c t r i c a l  c o n t a c t s  would be to  

combine  t h e  h a r d n e s s  and  r e s i s t a n c e  to  w e ar  o f  r e f r a c t o r y  

m e t a l s ,  s u c h  a s  molybdenum and  t u n g s t e n ,  w i t h  t h e  good 

t h e r m a l  and  e l e c t r i c a l  c o n d u c t i v i t i e s  o f  t h e  c o n d u c t o r  

m e t a l s  s i l v e r  and  c o p p e r .  T h i s  was a c c o m p l i s h e d  s im p ly  

by i n f i l t r a t i o n  o f  s i l v e r  o r  c o p p e r  i n t o  t h e  f o r m e r  

m e t a l s ,  w i t h  g r e a t  s i m p l i f i c a t i o n  o f  f a b r i c a t i o n  c o n d i t i o n s .  

S o l u b i l i t y  o f  t h e  r e f r a c t o r y  m e t a l s  i n t o  t h e  l i q u i d  

c o n d u c t o r  m e t a l s  i s  i n s i g n i f i c a n t ,. b u t  t h e i r  i n t e r f a c e  

e n e r g i e s  a r e  lo w  enough f o r  w e t t i n g  to  o c c u r ,

Baum hauerf s a p p r o a c h — u s i n g  i n f i l t r a t i o n  a s  t h e  

means o f  i n t r o d u c i n g  a  b i n d e r  i n t o  cem en ted  c a r b i d e s — 

r e m a in e d  s e m i f o r g o t t e n  f o r  t w e n t y - f i v e  y e a r s .  I t  was
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t r i e d  a g a i n  when t h e  a d v e n t  o f  j e t  p r o p u l s i o n  r e q u i r e d  

new m a t e r i a l s  f o r  t u r b i n e  b l a d e s .  L i m i t s  i n  c r e e p  

r e s i s t a n c e  o f  n i c k e l -  and c o b a l t - b a s e d  s u p e r a l l o y s  

i n v i t e d  a t t e n t i o n  to  t h e  s t r o n g e r  and more  c r e e p - r e s i s t a n t  

cem en ted  c a r b i d e s  and  o t h e r  r e f r a c t o r y  compounds. T h ese ,  

h o w e v e r ,  had  two m a j o r  d i s a d v a n t a g e s :  p o o r  o x i d a t i o n

r e s i s t a n c e  and  i n a d e q u a t e  d u c t i l i t y  and t h e r m a l  shock  

r e s i s t a n c e .  The f i r s t  d i f f i c u l t y  was overcome by 

r e p l a c i n g  t h e  p u r e  b i n d e r  by m e t a l s  w i t h  more o x i d a t i o n -  

r e s i s t a n t  a l l o y s ,  and  by s u b s t i t u t i n g  t i t a n i u m  c a r b i d e  f o r  

t h e  more c o n v e n t i o n a l  t u n g s t e n  c a r b i d e ,  t h u s  g i v i n g  b i r t h  

to  T iC - b a s e  m a t e r i a l s  w i t h  N i -C o -C r  a l l o y  b i n d e r s .  The 

s e c o n d  d i s a d v a n t a g e  was more d i f f i c u l t  to  s o l v e ,  and  i t  

was i n  t h i s  a r e a  t h a t  i n f i l t r a t i o n  made an i m p o r t a n t  

c o n t r i b u t i o n .  Through i n f i l t r a t i o n ,  b o t h  t h e  c e r a m ic  and  

m e t a l l i c  p h a s e s  c o u ld  be  made to  be c o n t i n u o u s ,  and  i n  some 

p r a c t i c a l  i n s t a n c e s  t h i s  s i g n i f i c a n t l y  im proved  t h e  

d u c t i l i t y  o f  t h e  m a t e r i a l ,  a s  w i l l  be  m e n t io n e d  i n  t h e  

d i s c u s s i o n  o f  r e s u l t s  o b t a i n e d  by p r e v i o u s  i n v e s t i g a t o r s .

W e t t a b i l i t y

A u s u a l  a p p r o a c h  to  t h e  p r a c t i c a l  and  t h e o r e t i c a l  

a s p e c t s  o f  b o n d in g  i n  c e r m e t s  i s  to  c o n s i d e r  t h e  

w e t t a b i l i t y  o f  t h e  s o l i d  p h a s e  by t h e  l i q u i d  m e t a l
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component  and  t h e  s u r f a c e  e n e r g i e s  o f  t h e  s y s t e m .  I n  

t h i s  c o n n e c t i o n ,  assume t h a t  a  l i q u i d  d rop  i s  p l a c e d  i n  

c o n t a c t  w i t h  a  s o l i d  s u b s t r a t e ,  a s  shown i n  f i g u r e  1 .

LV

Li q u i  d
SL

S o l i d

F i g u r e  1. S u r f a c e  f o r c e s  a c t i n g  a t  t h e  
i n t e r s e c t i o n  o f  a  l i q u i d  
r e s t i n g  on a  s o l i d  w i t h  a  
c o n t a c t  a n g l e  9 .

At t h e  p o i n t  o f  c o n t a c t ,  A, o f  t h e  l i q u i d ,  s o l i d ,  

and  g a s  p h a s e s ,  t h e  c o n t a c t  a n g l e ,  9 ,  m e a su re d  t h r o u g h  

t h e  l i q u i d  p h a s e  i s  d e t e r m i n e d  by t h e  m a g n i tu d e  o f  t h e  

s u r f a c e  f o r c e s  p r e s e n t ,  t h r o u g h  t h e  e q u a t i o n

?f -  if  = cos  9 
SV SL LV

where  , and  a r e  t h e  s u r f a c e  e n e r g i e s ,  o rSv * SL LV 0 7
t e n s i o n s  o f  t h e  s o l i d - v a p o r ,  s o l i d - l i q u i d ,  and  l i q u i d -  

v a p o r  i n t e r f a c e s ,  r e s p e c t i v e l y .  W e t t a b i l i t y ,  d e f i n e d  by
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t h e  c o n t a c t  a n g l e ,  9 ,  i s  a  p a r a m e t e r  t h a t  can be  

m e a s u re d  p r e c i s e l y .  T h is  s im p le  p a r a m e t e r  c a n n o t  be  

e x p e c t e d  c o m p l e t e l y  to  d e s c r i b e  t h e  i n t e r a c t i o n s  ta lc ing  

p l a c e  d u r i n g  f a b r i c a t i o n  o f  a  c e r m e t ,  b u t  i t  can s e r v e  

a s  a  g u i d e  to  t h e  t y p e  o f  b e h a v i o r  to  be  e x p e c t e d ,  

e s p e c i a l l y  i n  l i q u i d - p h a s e  s i n t e r i n g  and i n f i l t r a t i o n .

The f o l l o w i n g  e f f e c t s  o f  c h a n g e s  i n  t h e  s u r f a c e  

and  i n t e r f a c i a l  e n e r g i e s  on t h e  v a l u e  o f  t h e  c o n t a c t  a n g l e  

can  be  p r e d i c t e d ,  f rom a  c o n s i d e r a t i o n  o f  t h e  abo ve  

r e l a t i o n s h i p ;

Com ple te  w e t t i n g  ( 9 = 0 ) ,  f o r  e x am p le ,  c a n n o t  

o c c u r  i f  >  ^ Sy* I n c o m p l e t e  w e t t i n g — w h ich  r e s u l t s  

when ^ y  >  ^g^— i s  t h e  s i t u a t i o n  i n  m o s t  p u r e  m e t a l / o x i d e  

c e r a m i c  c o m b in a t io n s *

A n o t h e r  i m p o r t a n t  a s p e c t  I s  r e l a t e d  t o  s u r f a c e

c o n t a m i n a t i o n  o f  t h e  s o l i d  p h a s e .  I f  ft and  fr—. r e m a in
L v

c o n s t a n t ,  9 d e c r e a s e s  a s  <^gy i n c r e a s e s ,  and  v i c e - v e r s a .  

T here  i s  l i t t l e  p o s s i b i l i t y  o f  m a r k e d ly  i n c r e a s i n g  ^ SyJ 

h e n c e ,  im p ro v em en t  i n  t h e  w e t t i n g  o f  s o l i d  o x i d e s  by 

m o l t e n  m e t a l s  i s  n o t  l i k e l y  to  be o b t a i n e d  t h i s  way. 

However, t h e r e v e r s e i s  q u i t e  p o s s i b l e .  T h is  d e t r i m e n t a l  

e f f e c t  h a s  been  o b s e r v e d ,  f o r  exam ple ,  i n  a  s t u d y  o f  t h e  

w e t t i n g  o f  t i t a n i u m  c a r b i d e  by c o p p e r - n i c k e l  a l l o y s ,  

where  s l i g h t  oxygen c o n t a m i n a t i o n  can c o n s i d e r a b l y  

i n c r e a s e  9 .  F o r t u n a t e l y ,  h o w e v e r ,  o f t e n  t h e  i n t e r a c t i o n s
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a r e  more co m plex ,  and  v a r i a t i o n s  i n  and fr may a l s o
LV SL

o c c u r  and  r e s u l t  i n  i n c r e a s e d  w e t t i n g .

I n  b o t h  t h e  i n i t i a l  c h o i c e  o f  m a t e r i a l s  and t h e  

s e l e c t i o n  o f  a  s u i t a b l e  m ethod o f  f a b r i c a t i o n ,  h o w ev er ,  

one  s h o u ld  c o n s i d e r  t h e  w e t t a b i l i t y  p a r a m e t e r  w i t h  

c a u t i o n .  The b e h a v i o r  o f  s i n g l e  com ponents  s t u d i e d  u n d e r  

i d e a l  c o n d i t i o n s  may be  f a r  d i f f e r e n t  f rom  t h a t  o f  more 

complex  r e a l  m e t a l - c e r a m i c  s y s t e m s ,  and  even t r a c e s  o f  

c o n t a m i n a n t s  may a l t e r  t h e  e n t i r e  w e t t i n g  c h a r a c t e r i s t i c s  

i n  a p a r t i c u l a r  s y s t e m .  An a s p e c t  t h a t  s h o u l d  n o t  be  

o v e r l o o k e d ,  f o r  exam p le ,  i s  t h a t  which  G o e t z e l  and  

S h a l e r  (1964)  c a l l  t h e  “ s y n e r g i s t i c  p r o p e r t y ” o f  

c o n t a m i n a n t s  o r  o f  d e t e r g e n t s  ( c h e m i c a l  s p e c i e s  ad ded  

to  t h e  a tm o s p h e r e  o r  to  t h e  s o l i d  p h a s e ,  w i t h  t h e  

p u r p o s e  o f  m o d i f y i n g  s u r f a c e  e n e r g i e s ) .  T h is  p r o p e r t y  

c o n s i s t s  i n  t h e  e x p e r i m e n t a l  f a c t  t h a t  t h e  combined 

i n f l u e n c e s  o f  two e l e m e n t s  o r  s u b s t a n c e s  can be  much 

s t r o n g e r  t h a n  j u s t  t h e  sum o f  t h e  i n f l u e n c e s  o f  t h e  

e l e m e n t s  s e p a r a t e l y .  T h is  h a p p e n s ,  f o r  exam p le ,  i n  

i n f i l t r a t i n g  a lu m i n a  w i t h  s i l v e r .  I n d i v i d u a l l y ,  an 

o x y g e n - c o n t a i n i n g  a tm o s p h e r e  and  t h e  a d d i t i o n  o f  c o p p e r  

h a v e  a  s l i g h t  d e t e r g e n t  a c t i o n ;  t o g e t h e r  t h e y  h a v e  a  

v e r y  s t r o n g  a c t i o n  on t h e  i n f i l t r a t i o n  o f  s i l v e r  i n t o  

a l u m i n a ,  by s i g n i f i c a n t l y  m o d i f y i n g  t h e  s u r f a c e  e n e r g i e s  

a t  p l a y .
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Mechanism o f  I n f i l t r a t i o n

The mechanism o f  i n f i l t r a t i o n  i s  g o v e rn e d  by t h e  

p o s s i b l e  i n t e r a c t i o n s  be tw een  t h e  h i g h - m e l t i n g  s o l i d  

p h a s e  ( s k e l e t o n  o r  " m a t r i x 11) and  t h e  l i q u i d  m e t a l l i c  

p h a s e  ( i n f i l t r a n t ) .

A c c o r d in g  to  G o e t z e l  (1 9 6 0 ,  p .  7 3 - 6 1 ) ,  f o u r  

d i f f e r e n t  c o n d i t i o n s  can be d i s t i n g u i s h e d :

1. t h e  l i q u i d  does  n o t  wet  t h e  s o l i d  s u r f a c e ,  and  

t h e r e  i s  no s o l u b i l i t y  be tw een  t h e  com ponen ts ;

2 .  w e t t i n g  o c c u r s  b u t  no s o l u b i l i t y ;

3 .  w e t t i n g  o c c u r s ,  and  t h e r e  i s  l i m i t e d  s o l u t i o n

o f  t h e  s o l i d  i n  t h e  l i q u i d  component;

4 .  w e t t i n g  o c c u r s  and  t h e r e  i s  c o m p le te  s o l u b i l i t y

o f  e i t h e r  component  i n  t h e  o t h e r .

I n  t h e  f i r s t  c a s e ,  c o n t a c t  a n g l e s  and  i n t e r f a c i a l

t e n s i o n s  a r e  e x t r e m e l y  h i g h ,  and c a p i l l a r y  a c t i o n  i s

i n o p e r a t i v e .  Only t h e  u s e  o f  e x t e r n a l  f o r c e  makes i t

p o s s i b l e  t o  d r i v e  t h e  m o l t e n  i n f i l t r a n t  t h r o u g h  t h e

i n t e r c o n n e c t e d  p o r e  s t r u c t u r e  o f  t h e  m a t r i x .  Only i n  a

few  s e l e c t e d  sy s te m s  can t h e  c o n d i t i o n  be  ove rcom e ,  a t

l e a s t  i n  p a r t ,  by t h e  d e p o s i t i o n  o f  i n t e r f a c i a l  s u r f a c e

l a y e r s  w h ich  t e n d  to  l o w e r  t h e  c o n t a c t  a n g l e .  A good

example  i s  an o x i d e  c e r a m i c ,  such  a t  A1 0 , p l u s  a m e t a l
2 3

o f  t h e  i r o n  g ro u p  o r  chromium. M a t e r i a l s  t h a t  l o w e r  t h e
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c o n t a c t  a n g l e  i n c l u d e  c o p p e r  o x i d e  f o r  n i c k e l ,  and  

chromium o x i d e  f o r  chromium.

The seco n d  c a s e  i s  d e m o n s t r a t e d  by t h e  d u p le x  

c o n t a c t  m e t a l  s t r u c t u r e .  S o l u t i o n  o f  t h e  r e f r a c t o r y  

m e t a l  i n  t h e  m o l t e n  c o n d u c t o r  i s  p r a c t i c a l l y  n i l ,  b u t  

t h e  c o n t a c t  a n g l e s ,  be tw een  W and Cu, and  be tw een  Mo and 

S i ,  f o r  e x am p le ,  a r e  v e r y  lo w .  Hence c a p i l l a r y  f o r c e s  

a r e  t h e  f o r c e s  c a u s i n g  t h e  o c c u r r e n c e  o f  i n f i l t r a t i o n .

I n  t h e  t h i r d  c a s e ,  d i f f u s i o n  p r o c e s s e s  p l u s  l i q u i d  

o r  p l a s t i c  f l o w  p r o c e s s e s  a r e  i n  a c t i o n  b e s i d e s  t h e  

c a p i l l a r y  f o r c e s .  As t h e  l i q u i d  p a s s e s  t h r o u g h  t h e  

c a p i l l a r i e s ,  i t  t e n d s  to  p e n e t r a t e  t h e  r e g i o n s  where  t h e  

s o l i d  p a r t i c l e s  fo rm  c o n t a c t  a r e a s  o r  g r a i n  b o u n d a r i e s .  

T h is  p e n e t r a t i o n  r e s u l t s  i n  a  p r e f e r r e d  s o l u t i o n  o f  t h e s e  

r e g i o n s  i n  t h e  l i q u i d .  I s o l a t i o n  o f  t h e  s o l i d  p a r t i c l e s ,  

a m o u n t in g  to  a  breakdown o f  t h e  m a t r i x ,  f r e q u e n t l y  o c c u r s  

a t  t h e  same t im e  a s  a  d i s t i n c t  s p h e r o i d i z a t i o n  o f  t h e  

s o l i d  p h a s e .  S a t u r a t i o n  o f  t h e  l i q u i d  w i t h  t h e  s o l u t e  

p r i o r  to  i n f i l t r a t i o n  i n h i b i t s  s p h e r o i d i z a t i o n  o f  t h e  

s o l i d  p a r t i c l e s  and  a v o i d s  e x c e s s i v e  m a t e r i a l  t r a n s p o r t  

o r  c a v i t a t i o n .  The p r e c i p i t a t i o n - t r e a t a b l e  a l l o y s  o f  i r o n  

an d  i r o n - c a r b o n  w i t h  c o p p e r  and  b r a s s  a r e  t y p i c a l  

m a t e r i a l s  o f  t h i s  c a t e g o r y .

The f o u r t h  c a s e  i s  an  e x p a n s io n  o f  t h e  t h i r d .  

D i f f u s i o n  p r o c e s s e s  o c c u r  to  t h e i r  maximum i n t e n s i t y
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b e c a u s e  o f  t h e  u n l i m i t e d  s o l u b i l i t y  o f  t h e  l i q u i d  and s o l i d  

p h a s e s  i n  e ac h  o t h e r .  T e m p e ra tu re  and  t im e  become 

p r e d o m i n a n t  f a c t o r s  i n  t h e  c o n t r o l  o f  t h e  p r o c e s s .

Very s h o r t  t i m e s  o f  l i q u i d  p h a s e  a c t i o n  on t h e  s o l i d  may 

p e r m i t  r e t e n t i o n  o f  t h e  g e o m e t ry  o f  t h e  s o l i d  m a t r i x ,  b u t  

p r o l o n g e d  t i m e s  may r e s u l t  i n  l i q u e f a c t i o n  o f  t h e  whole  

m a s s ,  w i t h  c o m p le te  l o s s  o f  t h e  o r i g i n a l  c o n f i g u r a t i o n .

T h i s  c r i t i c a l ’ t i m e ,  f o r  a  g i v e n  t e m p e r a t u r e ,  i s  d e t e r m i n e d  

by t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  s o l u t e  i n t o  t h e  s o l v e n t .

A s i m p le  example  o f  t h i s  p r o c e s s  i s  t h e  n i c k e l - c o p p e r  s y s t e m .  

P o r o u s  n i c k e l  can be i n f i l t r a t e d  w i t h  m o l t e n  c o p p e r  i n  a  

few  s e c o n d s ,  b u t  d i s s o l u t i o n  o f  t h e  m a t r i x  o c c u r s  a l m o s t  

i n s t a n t a n e o u s l y ,  so t h a t  s o l i d  b o d i e s  r e t a i n i n g  t h e i r  

o r i g i n a l  s h a p e s  can be  p r o d u c e d  o n l y  by f r e e z i n g  t h e  

l i q u i d  p r o g r e s s i v e l y  a s  soon a s  t h e  l i q u i d  f r o n t  h a s  

p a s s e d .

The s y s te m s  b a s e d  on chromium c a r b i d e  (Or^O^) p l u s  

n i c k e l  o r  c o b a l t  a r e  a l m o s t  a s  d i f f i c u l t  to  c o n t r o l ,  and 

t h e  s a t u r a t i o n  o f  t h e  i n f i l t r a n t  m e t a l  w i t h  chromium o r  

c a r b o n  d oes  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  p r o c e s s  o f  

s o l u t i o n .

I n f i l t r a t i o n  Theory

The b a s i c  t h e o r y  o f  i n t e r f a c i a l  phenomena i n  

s o l i d - l i q u i d - g a s  s y s te m s  i s  p r e s e n t e d  i n  D a v ie s  and
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R i d e a l  ( 1 9 6 3 ) .  U s in g  t h i s  t h e o r y  and t h e  i n f i l t r a t i o n  

m odel  p r o p o s e d  by Kimura and o t h e r s  ( 1 9 5 9 ) ,  W i l l i a m s  

( 1 9 6 5 ,  p .  147-163)  c a l c u l a t e d  t h e  change  i n  s u r f a c e  

e n e r g y  on i n f i l t r a t i o n ,  c o n s i d e r i n g  t h e  p o r o u s  c e r a m ic  

m a t r i x  a s  a  s t a b l e  s t r u c t u r e .  The c e rm e t  w i l l  be  s t a b l e  

w i t h  r e s p e c t  to  t h e  s e p a r a t e  p h a s e s  i f  t h e  t o t a l  s u r f a c e  

e n e r g y  i s  d e c r e a s e d  d u r i n g  i n f i l t r a t i o n .  I n  o t h e r  w o rd s ,  

i n f i l t r a t i o n  w i l l  o c c u r  i f

(Aj, -  Ae ) ~ £$1,) y  0 (2 )

where  A^ i s  s u r f a c e  a r e a  o f  t h e  l i q u i d  b e f o r e  i n f i l t r a ­

t i o n ,

Ajl i s  a r e a  o f  t h e  i n t e r n a l  s u r f a c e s  o f  t h e  p o r e s  i n  

t h e  c e r a m ic  m a t r i x ,

A0 i s  a r e a  o f  t h e  e x t e r n a l  o p e n i n g s  o f  t h e  p o r e s  

i n  t h e  c e r a m ic  m a t r i x ,

an d

^SL a r e  s Pe c ^ ^ c s u r f a c e  f r e e  e n e r g i e s  o f  t h e  

l i q u i d - g a s ,  s o l i d - g a s  and  t h e  s o l i d - l i q u i d  

i n t e r f a c e s ,  r e s p e c t i v e l y .

As A^ and  Ag a f e  s m a l l  by c o m p a r iso n  w i t h  A^, 

e q u a t i o n  2 can be  w r i t t e n  a s
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A1 SG "  ^  0 ' (3)

The r a t e  o f  i n f i l t r a t i o n  i s  g i v e n  by t h e  

' ,7ashbum-Ri d e a l  e q u a t i o n  ( D a v ie s  and R i d e a l ,  p .  4 1 9 ) :

d l  r ( ^ s s  -  (fsi,) cos  9
«  = 4TV ( 4 )

w here  r  i s  t h e  mean r a d i u s  o f  t h e  p o r e s ,

1 i s  t h e  d i s t a n c e  p e n e t r a t e d ,

n  i s  t h e  v i s c o s i t y  o f  t h e  l i q u i d  a t  t h e  i n f i l t r a t i o n  

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

9 i s  t h e  c o n t a c t  a n g l e .

The r a t e  o f  i n f i l t r a t i o n  i s  p r o p o r t i o n a l  to  t h e  p o r e  s i z e .

A d e c r e a s e  i n  p o r e  s i z e  d e c r e a s e s  t h e  r a t e  o f  i n f i l t r a t i o n ,  

b u t ,  on t h e  o t h e r  h a n d ,  f a v o r s  t h e  p r o c e s s  t h e r m o d y n a m i c a l l y ,  

b e c a u s e  Aj_ i n c r e a s e s  a s  r  d e c r e a s e s .

S h a l e r  ( 1 9 6 5 ,  p .  3 -14)  h a s  s u g g e s t e d  a  v e r y  

i n t e r e s t i n g  q u a n t i t a t i v e  t h e o r y  b a s e d  on a  s i m p l i f i e d  

i n f i l t r a t i o n  m o d e l .

A c c o r d in g  to  h im ,  f i v e  c o n d i t i o n s  a r e  n e c e s s a r y  

a n d  s u f f i c i e n t  t o  i n s u r e  p e n e t r a t i o n  o f  a  l i q u i d  i n t o  a  

p o r o u s  bod y :

1. a  f o r c e ,  s u b s e q u e n t l y  a p p l i e d  to  t h e  l i q u i d  

on one  s i d e  o f  t h e  body would be  r e q u i r e d  t o  e x p e l  t h e  

l i q u i d ,  o nce  i n f i l t r a t i o n  h a s  o c c u r r e d ;
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2 . t h e  p o s t - i n f i l t r a t i o n  sys tem  h a s  a l o w e r  

f r e e - e n e r g y  ( o r  s u r f a c e  f r e e  e n e r g y ,  a l l  o t h e r  f a c t o r s  

b e i n g  e q u a l )  t h a n  t h e  p r e - i n f i l t r a t i o n  s y s te m ;

3 . t h e  t im e  r e q u i r e d  to  a c c o m p l i s h  e s s e n t i a l l y  

t o t a l  p e n e t r a t i o n  o f  t h e  p o r o u s  b o d y , t o  be e c o n o m ic a l ,  

m u s t  n o t  be too  l o n g ;

4 .  t h e  l i q u i d  and s o l i d  m us t  n o t  r e a c t  to  fo rm  

a s o l i d  compound o r  a l l o y  h a v in g  a  s p e c i f i c  volume a s  

g r e a t  a s  o r  g r e a t e r  t h a n  t h e i r  combined p r e - i n f i l t r a t i o n  

s p e c i f i c  vo lu m e ;  o t h e r w i s e ,  t h e  r e a c t i o n  p r o d u c t  b l o c k s  

t h e  e n t r y  o f  a d d i t i o n a l  l i q u i d  b e f o r e  i n f i l t r a t i o n  i s  

c o m p l e t e ;  and

5 .  d u r i n g  s o l i d i f i c a t i o n ,  t h e  volume c h a n g e s

and  t h e  e x p u l s i o n  o f  g a s e s  f rom t h e  l i q u i d  m us t  n o t  r e s u l t  

i n  t h e  f o r m a t i o n  o f  e x c e s s i v e  p o r o s i t y  n o r  i n  t h e  e x p u l s i o n  

o f  too  much o f  t h e  i n f i l t r a t e d  l i q u i d .

The f i r s t  two a r e  therm odynam ic  c o n d i t i o n s  and  t h e  

l a s t  t h r e e  r e f e r  to  p r a c t i c a l  a s p e c t s  o f  t h e  p r o b le m .

F o r  t h e  d e v e lo p m e n t  o f  h i s  t h e o r y ,  S h a l e r  u s e d  

t h e  c o n c e p t  o f  an " i n d e x  o f  i n f i l t r a t i o n , "  d e f i n e d  by 

Kimura  and o t h e r s  (1959)»  w hich  i s  r e p r e s e n t a t i v e  o f  t h e  

t e n d e n c y  f o r  i n f i l t r a t i o n  to  o c c u r  s p o n t a n e o u s l y .  T h i s  

i n d e x  i s  e q u a l  to  t h e  d i f f e r e n c e  be tw een  t h e  sums o f  a l l  

t h e  s u r f a c e  f r e e  e n e r g i e s  o f  t h e  sys tem  b e f o r e  and a f t e r  

i n f i l t r a t i o n .  The i n d e x  i s  a  f u n c t i o n  n o t  o n l y  o f  t h e
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s p e c i f i c  f r e e  e n e r g i e s  o f  t h e  v a r i o u s  s u r f a c e s  and 

i n t e r f a c e s  c o n s i d e r e d ,  b u t  a l s o  o f  t h e  g e o m e t r i e s  o f  t h e s e  

s u r f a c e s .  I n  a  s im p le  s y s t e m ,  c o n d i t i o n s  1 and 2 

m e n t i o n e d  above  e s s e n t i a l l y  im p ly  t h a t  t h e  i n f i l t r a t i o n  

i n d e x  m u s t  be  p o s i t i v e ,  and  t h e  c a p i l l a r y  p r e s s u r e  w i l l  

t h e n  be  a  s i m p le  f u n c t i o n  o f  a  d e r i v a t i v e  o f  t h e  i n d e x .

The b e h a v i o r  o f  l i q u i d s  b e in g  i n f i l t r a t e d  i n t o  

p o r o u s  b o d i e s  h a v i n g  complex  g e o m e t r i e s ,  a s  m os t  r e a l  

b o d i e s  h a v e ,  i s  n o t  so s i m p l e ,  h o w ever .  There  a r e ,  f o r  

e x am p le ,  p o i n t s  o f  m e t a s t a b l e  e q u i l i b r i u m  p a s t  w hich  a  

p o s i t i v e  e x t e r n a l  p e r t u r b a t i o n  i s  n e c e s s a r y  to  move t h e  

s y s te m ,  even i f  i n  t h e  end t h e  c o m p l e t e l y  i n f i l t r a t e d  body 

h a s  a  l o w e r  t o t a l  f r e e  e n e r g y ,  p u t  i n  o t h e r  w o rd s ,  one 

o r  s e v e r a l  s t e p s  o f  t h e  i n f i l t r a t i o n  p r o c e s s  may r e q u i r e  

an " a c t i v a t i o n  e n e r g y "  f o r  i n f i l t r a t i o n  to  go t o  

c o m p l e t i o n .  Some o f  t h e s e  p o i n t s  o f  m e t a s t a b l e  

e q u i l i b r i u m  r e q u i r e  f u l f i l l i n g  c o n d i t i o n s  3 > 4 ,  and  5 

m e n t i o n e d  a b o v e .

S h a l e r  d e f i n e d  an " i d e a l i z e d "  s y s t e m ,  which  i s  t h e  

b a s i s  f o r  h i s  i n f i l t r a t i o n  t h e o r y .  T h i s  sys tem  i s  one  i n  

w h ich  t h e  p o r o u s  body c o n s i s t s  o f  a s e m i - i n f i n i t e  p l a t e  

o f  o t h e r w i s e  d e n se  and  homogeneous s o l i d  m a t e r i a l  e x c e p t  

f o r  t h e  p r e s e n c e  w i t h i n  i t  o f  a  r e g u l a r l y  d i s t r i b u t e d  

b u n d l e  o f  s t r a i g h t  s m o o t h - s u r f a c e d  c y l i n d r i c a l  p o r e s .
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A l l  t h e  p o r e s  h a v e  t h e  same r a d i u s  and a l l  a r e  p e r p e n d i ­

c u l a r  to  t h e  l a r g e  f a c e s  o f  t h e  p l a t e .  The l i q u i d  i s  

su p p o s e d  i n i t i a l l y  to  be  i n  t h e  form  o f  a  l a y e r  o f  u n i f o r m  

t h i c k n e s s  a d j a c e n t  to  t h e  p l a t e ,  and i s  d e n se  and homo­

g e n e o u s .  The q u a n t i t y  o f  l i q u i d  o f  t h e  i d e a l i z e d  sy s te m  

i s  e x a c t l y  s u f f i c i e n t  to  f i l l  a l l  t h e  p o r e s .  The s o l i d  

d o e s  n o t  c o n t r i b u t e  a n y t h i n g  to  t h e  g a s  p h a s e ,  a n d ,  

l i k e  t h e  l i q u i d ,  h a s  n o t h i n g  a b s o r b e d  upon i t ,  n o t  even 

t h e  v a p o r  .of t h e ,  l i q u i d .  The l i q u i d  h a s  ze ro  s p e c i f i c  

g r a v i t y ,  so t h a t  no h y d r o s t a t i c  p r e s s u r e  i s  i n v o l v e d .

The l i q u i d  and  s o l i d  h a v e  t h e r m a l  e x p a n s io n  c o e f f i c i e n t s  

o f  z e r o .

F i g u r e  2 i n d i c a t e s  t h e  v a r i o u s  s t a g e s  t h r o u g h  w hich  

t h e  sy s te m  can p a s s  b e f o r e  i n f i l t r a t i o n  h a s  been  c o m p l e t e d .

The q u a n t i t i e s  n e e d e d  to  d e f i n e  t h e  g e o m e t ry  o f  

t h e  sy s tem  f u l l y  a r e  r ,  t ,  and  0 ,  r e s p e c t i v e l y ,  t h e  

r a d i u s  o f  t h e  p o r e s ,  t h e  t h i c k n e s s  o f  t h e  p l a t e ,  and  t h e  

p o r o s i t y  o f  t h e  s o l i d  ( r a t i o  o f  p o r e  a r e a  to  t o t a l  s o l i d  

a r e a ) .

B e s i d e s  t h e s e  g e o m e t r i c a l  p a r a m e t e r s ,  t h e  

c a l c u l a t i o n  o f  t h e  e n e rg y  b a l a n c e  r e q u i r e s  v a l u e s  o f  

s p e c i f i c  s u r f a c e  f r e e  e n e r g i e s ,  o f  a  f a c t o r  which  d e f i n e s  

t h e  sh a p e  o f  t h e  m e n i s c u s  t h a t  i s  t o  be  f o rm e d ,  and o f  

t h e  e x t e r n a l  p r e s s u r e s  e x e r t e d  on t h e  l i q u i d .  <3xiV’ 

s p e c i f i c  s u r f a c e  f r e e  e n e r g y  o f  t h e  s u r f a c e  o f  t h e  l i q u i d
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F i g u r e  2# The p o s s i b l e  s t a g e s  o f  i n f i l t r a t i o n  o f  a
p o r o u s  p l a t e  o f  v e r y  s im p le  g e o m e t r y  ( n o t  a l l
t h e  c o n f i g u r a t i o n s  shown a r e  n e c e s s a r i l y  r e a l ) .

a .  I n i t i a l  s t a t e :  l i q u i d  a p p r o a c h e s  s o l i d .

b .  L i q u i d  i n  c o n t a c t  w i t h  s o l i d .

c .  F o r m a t i o n  o f  f i r s t  m e n i s c u s  a t  e ach  p o r e .
The m e n i s c u s  may be concave  o r  convex
o u tw a rd  a s  i n  c j  and  C2 and  i t s  edge may 
be  t h e  edge o f  t h e  p o r e ,  o r  n o t ,  a s  i n  0 3 .

d .  P a r t i a l  p e n e t r a t i o n ,  e x p r e s s e d  a s  f r a c t i o n  
f  o f  t o t a l  p e n e t r a t i o n .

e .  L i q u i d  l a y e r  r e d u c e d  to  v e r y  s m a l l  t h i c k n e s s .

f .  F o r m a t io n  o f  seco n d  m e n i s c u s  a t  e ach  p o r e .

g .  D i s a p p e a r a n c e  o f  s u r f a c e  f i l m .
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i n  c o n t a c t  w i t h  i t s  own v a p o r ,  and  Y ^ t  t h e  s p e c i f i c

s u r f a c e  f r e e  e n e rg y  o f  t h e  s u r f a c e  be tw een  t h e  s o l i d  and

t h e  v a p o r  o f  t h e  l i q u i d ,  a r e  m e a s u r a b l e  p r o p e r t i e s ,  ^gj,* 

t h e  s p e c i f i c  s u r f a c e  f r e e  e n e rg y  o f  t h e  s o l i d - l i q u i d  

i n t e r f a c e ,  can be  d e t e r m i n e d  by u s i n g  Young! s e q u a t i o n ,  

i f  t h e  c o n t a c t  a n g l e  9  i s  known:

ft -  ft -  ft co s  9
SL SV LV

The s u r f a c e  o f  t h e  m e n i s c u s  fo rm ed  by t h e  l i q u i d

i n  a  p o r e  i s  a ssum ed to  be  s p h e r i c a l  and  to  h a v e  t h e  a r e a  

2ttt2 ( 1 + s i n  9 ) .

Two e x t e r n a l  p r e s s u r e s ,  p^ and  p 2 > a r e  assumed 

to  be  a c t i n g  on t h e  l i q u i d ,  one  f a v o r i n g  i n f i l t r a t i o n  

and  t h e  o t h e r  r e s i s t i n g  i n f i l t r a t i o n  ( f i g u r e  2 d . ) ,  The 

a r e a s  o v e r  w h ich  p^ and p 2 a c t  a r e ,  r e s p e c t i v e l y ,  

and  itr^* When t h e  l i q u i d  moves a  u n i t  d i s t a n c e  i n  t h e  

p o r e ,  t h e  t h i c k n e s s  o f  t h e  l i q u i d  l a y e r  c h a n g e s  by 0  

u n i t s ;  t h e r e f o r e ,  t h e  work done i s

m l (*>! -  p 2 ) • 0 = t o 2 ( p t  -  p 2 )
0

The t e n d e n c y  f o r  t h e  sys tem  to  go from one g i v e n  

s t a g e  o f  i n f i l t r a t i o n  to  t h e  n e x t — f o r  exam p le ,  f rom

s t a g e  a  to  s t a g e  b ( f i g u r e  2 ) — w i l l  be  i n d i c a t e d  by t h e

i n d e x  o f  i n f i l t r a t i o n  I a ^ ,  which  c o r r e s p o n d s  to  t h i s  s t e p .
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The o v e r a l l  i n d e x  o f  i n f i l t r a t i o n  w i l l  he  t h e  v a l u e  o f  I  

f o r  t h e  ch ange  from s t a t e  a  to  any  o f  t h e  s t a t e s  e t f , o r  

£ .  The c a l c u l a t i o n s  w i l l  r e v e a l ,  i n  each  c a s e ,  t h e  s t a t e  

a t  which  I n f i l t r a t i o n  w i l l  s t o p .

t i o n  i s  t h e  sum o f  a l l  t h e  s u r f a c e  e n e r g i e s  i n  e ach  s t a g e .  

Each s u r f a c e  e n e rg y  i s  e q u a l  to  t h e  p rod u c t -  o f  a  s p e c i f i c  

s u r f a c e  e n e r g y  by t h e  a r e a  o f  t h e  s u r f a c e  c o n s i d e r e d .  The 

d i f f e r e n c e  be tw een  t h e  sum o f  a l l  t h e  s u r f a c e  e n e r g i e s  

i n ,  f o r  e x am p le ,  s t a g e  a  and  s t a g e  b w i l l  be  t h e  i n d e x  w h ich  

c o r r e s p o n d s  t o  s t e p  a - b  o f  t h e  p r o c e s s .  I f  t h i s  d i f f e r e n c e  

i s  p o s i t i v e ,  t h e  ch ang e  from t h e  f i r s t  t o  t h e  seco n d  s t a g e  

w i l l  b e  s p o n t a n e o u s .  I f  i t  i s  n e g a t i v e ,  t h e n  i t s  m a g n i tu d e  

i s  t h e  work t h a t  m u s t  be  done by e x t e r n a l  f o r c e s  to  t a k e  

t h e  sy s te m  from t h e  f i r s t  to  t h e  seco n d  s t a g e .

A f t e r  c a l c u l a t i n g  t h e  i n d i c e s  o f  i n f i l t r a t i o n  f o r  

e a c h  s t e p  ( l a b , I b c , I c d , I d e , I e f , I f g ) and a d d in g  a l l  

t h e s e  "com p o nen t” i n d i c e s ,  S h a l e r  a r r i v e d  a t  t h e  f o l l o w i n g  

e x p r e s s i o n s  f o r  t h e  o v e r a l l  i n d e x  o f  i n f i l t r a t i o n :

The v a l u e  o f  each  one  o f  t h e  i n d i c e s  o f  i n f i l t r a

I a e + 1  -  1 + t  COS©
2 1+sin© r J

+ 1  ( p i ~ ^

a n d
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I ag  = 2« r
1+sin9

+ t cose],rLV + |  (PrP2)J

The v a l u e  o f  I  to  be c o n s i d e r e d  i s  I OG., when i t  

i s  p o s i t i v e .  I f  I.a g i s  n e g a t i v e ,  t h i s  means t h a t  s t e p  

f - g  i s  n o t  f a v o r e d  a n d ,  s i n c e  S h a l e r  h a s  shown t h a t  s t e p  

e - f  i s  a lw a y s  n e g a t i v e ,  t h e  p r o c e s s  w i l l  s t o p  a t  s t e p  ei 

and  t h e r e f o r e  I a e  i s  t h e  i n d e x  to  be c o n s i d e r e d .

L e t t i n g

P 1 "  p 2  =  0

-  = 1 0 ,r  9

S h a l e r  c a l c u l a t e d  I  f o r  s e v e r a l  v a l u e s  o f  9 ,  w h ich  a r e  

r e p r o d u c e d  i n  f i g u r e  3 .  T h is  f i g u r e  shows t h a t  i n f i l t r a ­

t i o n  w i l l  be s p o n t a n e o u s  f o r  s m a l l  v a l u e s  o f  t h e  c o n t a c t  

a n g l e  9 ,  and  t h a t  f o r  h i g h  v a l u e s  o f  © an e x t e r n a l  p r e s s u r e  

i s  r e q u i r e d  f o r  i n f i l t r a t i o n  to  o c c u r .

The above  t r e a t m e n t  o f  t h e  i n f i l t r a t i o n  p r o c e s s ,

a s  t h e  a u t h o r  o f  t h e  t h e o r y  w e l l  a c k n o w l e d g e s ,  i s

e x t r e m e l y  s i m p l i f i e d ,  and  c a n n o t  be e x p e c t e d  t o  g i v e

a c c u r a t e  r e s u l t s  i n  t h e  s t u d y  o f  p o r o u s  r e a l  b o d i e s ,

b e c a u s e  i t  seems i m p o s s i b l e  to  d e s c r i b e  m a t h e m a t i c a l l y

t h e  g e o m e t ry  o f  t h e s e  b o d i e s ,  w i t h  t h e i r  i r r e g u l a r

d i s t r i b u t i o n  o f  p o r e  s i z e ,  t o r t u o s i t i e s ,  i n t e r c o n n e c t i o n s ,  
c a p i l l a r y  dams, v a r y i n g  r o u g h n e s s  o f  p o r e  s u r f a c e ,  e t c .
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F i g u r e  3 ,  O v e r a l l  i n d e x  o f  i n f i l t r a t i o n  v s  c o n t a c t  a n g l e .

 &§■  o r   v s  0 f o r  t / r  = 10 and
2irr 2 irr ^ y

p ,  -  p 2 = 0

A. F i lm  r e m a i n s ;

B. F i lm  d i s a p p e a r s ;

0 .  S p o n ta n e o u s  i n f i l t r a t i o n ;

D. I n f i l t r a t i o n  r e q u i r e s  p r e s s u r e ;

E. I n f i l t r a n t  o n c e  i n ,  s t a y s  i n ;

F .  I n f i l t r a n t  m u s t  be k e p t  i n  by p r e s s u r e  d u r i n g
s o l i d i f i c a t i o n .
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n e v e r t h e l e s s ,  i t  can  be a  v a l u a b l e  model  f o r  q u a l i t a t i v e  

p r e d i c t i o n s  o f  t h e  i n f i l t r a t i o n  b e h a v i o r  o f  r e a l  s y s t e m s .

I n f i l t r a t i o n  T ec h n iq u e

M e t a l  i n f i l t r a t i o n  may be o b t a i n e d  e s s e n t i a l l y  i n  

t h r e e  w ays :

1 . f u l l  s u b m e rs io n  o f  t h e  s k e l e t o n  i n  t h e  l i q u i d  

m e t a l  b a t h ;

2 . c a p i l l a r y  d i p ,  whereby t h e  s k e l e t o n  i s  s u s ­

p e n d ed  w h i l e  p a r t i a l l y  submerged i n  t h e  b a t h ;

3 . c o n t a c t  ( o r  s u p e r p o s i t i o n ) ,  where  t h e  

s k e l e t o n  i s  c o n t i g u o u s  to  a  s o l i d  i n f i l t r a n t  body w h ich  

l i q u e f i e s  d u r i n g  t h e  p r o c e s s .

The f i r s t  two m e th o ds  were t h e  o n e s  u s e d  i n  e a r l y  

i n f i l t r a t i o n  w ork .  However,  a s  t h e r e  i s  a  l a r g e  amount 

o f  m e t a l l i c  r e s i d u e  i n  t h e s e  p r o c e d u r e s ,  economy h a s  

f a v o r e d  t h e  s e l e c t i o n  o f  t h e  t h i r d  m ethod  i n  i n d u s t r i a l  

p r o d u c t i o n ,  a s  o f  i r o n - c o p p e r  p r o d u c t s .

With i n c r e a s i n g  d u c t i l i t y  r e q u i r e m e n t s ,  l i q u i d  

p h a s e  p r o p o r t i o n s  h a d  to  be  r a i s e d  to  a  p o i n t  where  i t  

became n e c e s s a r y  to  d e v i s e  m e c h a n i c a l  s u p p o r t  o f  t h e  

s k e l e t o n  t h r o u g h o u t  t h e  i n f i l t r a t i o n  o p e r a t i o n ,  f o r  t h e  

r e t e n t i o n  o f  t h e  o r i g i n a l  sh a p e  o f  t h e  p a r t .
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i n d u s t r y .  T h is  sys tem  was d e v e lo p e d  i n  t h e  1940*s by. 

G o e t z e l  and  h i s  c o - w o r k e r s ,  who u s e d  a  c o p p e r - 5% i r o n ­

s '  m anganese  a l l o y  a s  t h e  i n f i l t r a n t  and  s t e e l  a s  t h e  

s k e l e t o n  body .

I n  t h e  same d e c a d e ,  K r o l  and  G o e t z e l  (194-9) 

d e v e l o p e d  h i g h - t e m p e r a t u r e  m a t e r i a l s  by  i n f i l t r a t i n g  

t i t a n i u m  c a r b i d e  w i t h  a  s e r i e s  o f  s u p e r a l l o y s .

W ith in  t h e  sc op e  o f  an i n v e s t i g a t i o n  o f  cem ented  

c a r b i d e s  p r o d u c e d  by t h e  i n f i l t r a t i o n  p r o c e s s ,  K i e f f e r  

and  K oeb l  (1950)  s y s t e m a t i c a l l y  s t u d i e d  t h e  i n f i l t r a t i o n  

o f  t u n g s t e n  c a r b i d e ,  t i t a n i u m  c a r b i d e ,  molybdenum c a r b i d e  

( a n d  a l s o  m i x t u r e s  o f  t h e s e )  by u n a l l o y e d  m e t a l s ,  n i c k e l -  

chromium, and c o b a l t - c h r o m i u m  and by t h e s e  a l l o y s  

p r e s a t u r a t e d  w i t h  t h e  c a r b i d e s  o f  t h e  s k e l e t o n .  Prom 

t h e i r  e x p e r i m e n t s  t h e y  a r r i v e d  a t  t h e  f o l l o w i n g  c o n c l u s i o n s :

1. I f  u n a l l o y e d  m e t a l s ,  su c h  a s  c o b a l t ,  i r o n ,  o r  

n i c k e l ,  a r e  u s e d  a s  i n f i l t r a n t s ,  t h e  f o r m a t i o n  o f  low -  

m e l t i n g  a l l o y s  w i t h  t h e  c a r b i d e  o f  t h e  s k e l e t o n  l e a d s  to  

deep p i n h o l e s  a t  t h e  s u r f a c e  from w hich  i n f i l t r a t i o n  t a k e s  

p l a c e  (m ethod  u s e d  was i n f i l t r a t i o n  by s u p e r p o s i t i o n  o f  t h e  

m e t a l  o n to  t h e  c a r b i d e ) .

2 .  P r e s a t u r a t i o n  o f  t h e  i n f i l t r a n t  w i t h  t h e  

c a r b i d e s  o f  t h e  s k e l e t o n  a l m o s t  c o m p l e t e l y  p r e v e n t s  p i n h o l e  

f o r m a t i o n .

3 . The p i n h o l e  f o r m a t i o n  i n  u n a l l o y e d  I n f i l t r a n t
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A d v a n ta g e s  o f  t h e  I n f i l t r a t i o n  P r o c e s s

As p o i n t e d  o u t  by G o e t z e l  and  S h a l e r ,  t h e  

i n f i l t r a t i o n  p r o c e s s  h a s  s e v e r a l  f a v o r a b l e  a s p e c t s :

1 . a t t a i n m e n t  o f  v i r t u a l l y  f u l l  d e n s i t y  w i t h o u t  

n e e d  f o r  e x c e s s i v e  e x t e r n a l  p r e s s u r e  o r  work;

2 * c o m b i n a t i o n  o f  two o r  more com ponen ts  o f  

w i d e l y  d i f f e r e n t  m e l t i n g  p o i n t s  o f f e r i n g  d i f f i c u l t i e s  i n  

c a s t i n g  o r  i n  s i n t e r i n g ;

3 . p o t e n t i a l  p r o d u c t i o n  o f  p r e c i s e  s h a p e s  even 

o f  l a r g e  s i z e s  by u s i n g  p r o p e r  m o ld i n g ,  m e l t i n g ,  h e a t i n g  

and  c o o l i n g  t e c h n i q u e s ;

4* im provem en t  o f  su c h  s u r f a c e  c h a r a c t e r i s t i c s  a s  

c o r r o s i o n  r e s i s t a n c e  and b r a z i n g  and w e ld in g  c h a r a c t e r i s ­

t i c s  due to  t h e  p r e s e n c e  o f  an  i n f i l t r a n t  s u r f a c e  f i l m  

i n t e g r a l l y  j o i n e d  to  t h e  i n t e r i o r  n e t w o r k ;

5 . im provem ent  i n  m a c h i n a b i l i t y  due to  more 

f a v o r a b l e  c h i p - b r e a k i n g  p r o p e r t y  o f  t h e  s k e l e t o n  m a t e r i a l ;

6 . p o t e n t i a l  d e s i g n  o f  a  w ide  v a r i e t y  o f  m a t e r i a l s  

w h ich  can r e m a in  r e l a t i v e l y  c o o l  i n  h i g h - t e m p e r a t u r e  

s e r v i c e  by a u t o - t r a n s p i r a t i o n  c o o l i n g .

R e s u l t s  o f  P r e v i o u s  I n v e s t i g a t o r s

Copper a l l o y - i n f i l t r a t e d  s t e e l  was t h e  f i r s t  sy s te m  

to  f i n d  co m m erc ia l  a p p l i c a t i o n  i n  t h e  m e t a l l u r g i c a l
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m e t a l  i n c r e a s e s  w i t h  i n c r e a s i n g  s o l u b i l i t y  o f  t h e  c a r b i d e  

i n  t h e  r e s p e c t i v e  m e t a l ,

4 .  A f t e r  a  s h o r t  t im e  o f  i n f i l t r a t i o n  by 

s u p e r p o s i t i o n ,  t h e  t o p  l a y e r s  o f  t h e  m a t e r i a l  a r e  d e n s e r  

and  r i c h e r  i n  b i n d e r  m e t a l  t h a n  t h e  b o t to m  l a y e r s ,  A 

u n i f o r m  d i s t r i b u t i o n  o f  t h e  b i n d e r  m e t a l  i n  t h e  i n f i l t r a t e d  

m a t e r i a l  can  be  a c h i e v e d  by a n n e a l i n g  a t  s i n t e r i n g  

t e m p e r a t u r e  f o r  s e v e r a l  h o u r s .

5 .  With  i n c r e a s i n g  b i n d e r  m e t a l  c o n t e n t s ,  t h e  

d i s t r i b u t i o n  o f  t h e  b i n d e r  m e t a l  becomes more u n i f o r m .

6 . C a r b i d e s  o f  c o m p a r a t i v e l y  low  s p e c i f i c  

g r a v i t y  p e r m i t  t h e  i n f i l t r a t i o n  o f  20 to  45 wt % o f  b i n d e r  

m e t a l .

An i m p o r t a n t  c o n t r i b u t i o n  i n  t h e  f i e l d  o f  

i n f i l t r a t e d  c a r b i d e s  was made by G o e t z e l  and  Adamec 

( 1 9 5 6 , p .  101- 1 0 6 ) f when t h e y  i n t r o d u c e d  t h e  s o - c a l l e d  

" g r a d e d 11 t i t a n i u m  c a r b i d e  c e r m e t s .  The te rm  " g r a d e d 11 

means t h a t  t h e  m e t a l  c o m p o s i t i o n  i n  t h e  c e rm e t  p a r t  v a r i e s  

a l o n g  one  o r  more d i r e c t i o n s  so t h a t  t h e  p h y s i c a l  

p r o p e r t i e s  o f  any  g i v e n  s e c t i o n  can accommodate t h e  

im p o sed  m e c h a n i c a l  and  t h e r m a l  c o n d i t i o n s .  T h is  g r a d a t i o n  

p r o v i d e s  d u c t i l i t y  and  t o u g h n e s s  i n  a r e a s  which  r e q u i r e  

t h e s e  p r o p e r t i e s .  I n  o r d e r  t o  a c h i e v e  t h i s  g r a d u a l  

c h an g e  i n  m e t a l  c o n t e n t ,  t h e  t i t a n i u m  c a r b i d e  s k e l e t o n s



T-1432 27

were, made w i t h  a  v a r y i n g  g r e e n  d e n s i t y ,  and a f t e r  

s i n t e r i n g ,  were  f i l l e d  w i t h  c o n c e n t r a t i o n s  r a n g i n g  from 

b e lo w  50 to  above  Q0% by v o lu m e .  T u rb in e  b u c k e t s  were  

p r o d u c e d  i n  t h i s  m a n n e r ,  w i t h  a  n o t i c e a b l y  im proved  

i m p a c t  r e s i s t a n c e ;  I n  t h e i r  e x p e r i m e n t s ,  t h e s e  

i n v e s t i g a t o r s  u s e d  v a r i o u s  n i c k e l  a l l o y s  a s  b i n d e r  

m e t a l .

S t i l l  i n  t h e  f i e l d  o f  cem en ted  c a r b i d e s ,  G o e t z e l  

a n d  S k o l n i c k  (1956)  d e v e lo p e d  a  t i t a n i u m  c a r b i d e - b a s e  

c u t t i n g  m a t e r i a l  by i n f i l t r a t i n g  a  t i t a n i u m  c a r b i d e  

s k e l e t o n  w i t h  t o o l  s t e e l .

I n  t h e  a r e a  o f  o x i d e - b a s e d  c e r m e t s ,  t h e  f i r s t  

m a t e r i a l s  p r o d u c e d  by  i n f i l t r a t i o n  r e s u l t e d  from t h e  

e x p e r i m e n t s  o f  B l a k e l e y  and  W hite  ( 1 9 5 6 ) .  They s t a r t e d  

w i t h  p r e f o r m e d  p o r o u s  a lu m in a  b a r s  c o a t e d  w i t h  c o p p e r  

o x i d e ,  which  w ere  t h e n  i n f i l t r a t e d  w i t h  s i l v e r  and  l o w e r -  

m e l t i n g  s i l v e r - c o p p e r  a l l o y s ,  w i t h  v e r y  good r e s u l t s .

Graham and  o t h e r s  ( 1 9 6 3 ,  p .  280-296)  d i d  

e x t e n s i v e  i n v e s t i g a t i o n  on o x i d e - b a s e  c e r m e t s  o b t a i n e d  by 

i n f i l t r a t i o n .  A lum ina  and  z i r c o n i a  were  t h e  o x i d e s  u s e d ,  

and  t h e  i n f i l t r a n t s  were  s i l v e r  o r  s i l v e r  a l l o y s  (Ag-Pd 

an d  A g - P d - C u ) . They a r r i v e d  a t  some s i g n i f i c a n t  r e s u l t s ,  

w h ich  c an  be sum m arized  a s  f o l l o w s : :

1 . The o r i g i n a l  c e r m e t  c o n c e p t  o f  p r i m a r y  

d e p e n d e n c e  on a c o n t i n u o u s  c e r a m ic  n e tw o rk  seems to  be no
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l o n g e r  j u s t i f i e d .  R a t h e r ,  a  c e rm e t  may be  c o n s i d e r e d  a  

c e r a m i c - m o d i f i e d  m e t a l ,  and  a l t h o u g h  d i s p e r s i o n -  

s t r e n g t h e n i n g  t h e o r y  h a s  been  d e v e lo p e d  m a i n l y  f o r  low  

c o n c e n t r a t i o n s  o f  t h e  d i s p e r s e d  h a r d  p h a s e ,  i t  seems 

r e a s o n a b l e  to  e x t r a p o l a t e  t h e s e  s t r e n g t h e n i n g  m echanism s 

f o r  more c o n c e n t r a t e d  d i s p e r s i o n s  i n  t h e  c e r m e t  r a n g e .

2* As a  c o n s e q u e n c e  o f  t h e  a f o r e s a i d ,  m a t c h i n g  

o f  t h e r m a l  e x p a n s i o n s  becomes a  f a c t o r  o f  s e c o n d a r y  

i m p o r t a n c e ,  p r o v i d e d  t h e  m e t a l l i c  p h a s e  i s  s u f f i c i e n t l y  

d u c t i l e .

3 .  The d e g r e e  o f  s i m i l a r i t y  b e tw een  t h e  

i n f i l t r a t e d  c e r m e t s  and  t h e  c o n c e n t r a t e d  d i s p e r s i o n -  

s t r e n g t h e n e d  c o m p o s i t e s  i s  n o t  w e l l  d e f i n e d .  A l th o u g h  i t  

a p p e a r s  t h a t  t h e  c e r a m i c  n e tw o rk  may r e m a in  more  o r  l e s s  

i n t a c t  a f t e r  i n f i l t r a t i o n ,  t h e  n e tw o r k  i s  c e r t a i n l y  n o t  

I n t a c t  a f t e r  e x c e e d i n g  a  c r i t i c a l  s t r a i n ,  b u t  t h e  

s t r e n g t h  p r o p e r t i e s  o f  t h e  c e r m e t s  a r e  s t i l l  i m p r e s s i v e .

4 .  The o b s e r v a t i o n  o f  u s e f u l  s t r e n g t h s  up to  t h e  

m e l t i n g  p o i n t  o f  t h e  m e t a l l i c  p h a s e  i s  p a r t i c u l a r l y  

s i g n i f i c a n t .

5 .  The chan g e  from mixed powder  f a b r i c a t i o n  to  

i n f i l t r a t i o n  a l l o w s  g r e a t e r  c o n t r o l  o v e r  s t r u c t u r e  and  

o f f e r s  g r e a t e r  f l e x i b i l i t y  and  economy f rom  t h e  p e r s p e c t i v e  

o f  p r o d u c t i o n  i n  q u a n t i t y  and i n  complex  s h a p e s .
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W il l ia m s  ( 1 9 6 5 ,  p .  1 4 7 - 1 6 5 ) ,  one o f  t h e  c o - a u t h o r s  

o f  t h e  p r e v i o u s  i n v e s t i g a t i o n  m e n t i o n e d ,  c o n t i n u e d  t h e  

r e s e a r c h  on o x i d e s ,  e x t e n d i n g  i t  t o  m a g n e s i a  a n d  

t h o r i a ,  and  a l s o  u s i n g  a n o t h e r  s i l v e r  a l l o y  ( A g - P d - P t ) .  

Prom h i s  i n v e s t i g a t i o n ,  h e  was n o t  a b l e  to  c o n f i r m  t h e  

p r e v i o u s  h y p o t h e s i s  o f  t h e  i n e v i t a b i l i t y  o f  d i s r u p t i o n  o f  

t h e  c e r a m i c  n e t w o r k ,  a s  t h e  s t r e n g t h  o f  h i s .  a lu m i n a  

s k e l e t o n s  was v i r t u a l l y  u n ch ang ed  a f t e r  i n f i l t r a t i o n  w i t h  

s i l v e r .  One I m p o r t a n t  c o n c l u s i o n  o f  h i s  work was t h a t  

u s i n g  s i l v e r - 20 o r  30$ p a l l a d i u m  a s  i n f i l t r a n t ,  a l u m i n a -  

b a s e  c e r m e t s  r e t a i n  u s e f u l  s t r e n g t h s  up to  1100 ° 0 .  A lso  

i t  was d e t e r m i n e d  t h a t  l a r g e  amounts  o f  w e t t i n g  a g e n t ,  

c o p p e r  o x i d e ,  a r e  r e q u i r e d  to  a c h i e v e  s a t i s f a c t o r y  

i n f i l t r a t i o n  w i t h  s i l v e r - 20$ p a l l a d i u m .

One c u r r e n t  a r e a  where  i n f i l t r a t i o n  i s  b e i n g  u s e d  

i s  t h a t  o f  r o c k e t - e n g i n e  components  t h a t  a r e  e x p o se d  to  

h i g h - v e l o c i t y  g a s  s t r e a m s  a t  t e m p e r a t u r e s  t h a t  may e x ce ed  

t h e  m e l t i n g  t e m p e r a t u r e  o f  t h e  m o s t  r e f r a c t o r y  m e t a l s .

The i d e a  was to  i n f i l t r a t e  a  r e f r a c t o r y  m e t a l  w i t h  a n o t h e r  

l o w e r - m e l t i n g  m a t e r i a l  i n  o r d e r  to  a b s o r b  t h e s e  l a r g e  

am ou n ts  o f  h e a t  w i t h o u t  c o l l a p s e  o f  t h e  co m ponen t .  T h i s  

m e t a l ,  t h r o u g h  i t s  f u s i o n  and v a p o r i z a t i o n ,  w o u ld  p r o v i d e  

a  c o n s i d e r a b l e  c o o l i n g  e f f e c t  to  t h e  co m p o n e n t ,  an  e f f e c t  

w h ich  h a s  been  c a l l e d  " t r a n s p i r a t i o n . 11 T u n g s t e n  i s
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g e n e r a l l y  s e l e c t e d  a s  t h e  m a t r i x  m a t e r i a l  f o r  su c h  

c o m p o n e n ts ,  b e c a u s e  o f  i t s  h i g h  m e l t i n g  p o i n t ,  A 

num ber  o f  r e l a t i v e l y  v o l a t i l e  m e t a l s  su c h  a s  c o p p e r ,  

t i n ,  l e a d ,  z i n c ,  m agnes ium , and s i l v e r  h a v e  been  

c o n s i d e r e d  f o r  d i s p e r s i o n  i n  t h e  t u n g s t e n  m a t r i x .  Of 

t h e s e ,  s i l v e r  h a s  b e en  m o s t  e x t e n s i v e l y  e v a l u a t e d  an d  

u s e d ’ i n  r o c k e t - e n g i n e  p a r t s .  I n f i l t r a t i o n  i s  t h e  

p r o c e s s  u s e d  f o r  d i s p e r s i o n  o f  t h e  l o w e r - m e l t i n g  m e t a l .

The p r o p e r t i e s  o f  s i l v e r - i n f i l t r a t e d  t u n g s t e n  have  b e en  

e x t e n s i v e l y  s t u d i e d  by  M a t t  and  Warga ( 1 9 6 4 ) ,  G o e t z e l  

and  R i t t e n h o u s e  ( 1 9 6 4 ) ,  and  Dotson an d  K o t f i l a  ( 1 9 6 9 ,  

p .  1 2 0 9 -1 2 2 7 ) .

G a t t i  and  o t h e r s  ( 1 9 6 7 ,  p .  13-24)  h a v e  u s e d  t h e  

i n f i l t r a t i o n  t e c h n i q u e  to  o b t a i n  Al-B^C/B/W c o n t i n u o u s -  

f i l a m e n t  c o m p o s i t e s .  The c e r a m ic  m a t r i x  was made by 

v a p o r - d e p o s i t i n g  b o ro n  c a r b i d e  o v e r  a  b o ro n  f i l a m e n t  

h a v i n g  a  t u n g s t e n - s u b s t r a t e  c o r e .  By i n f i l t r a t i o n  w i t h  

a lum inum , c o n t i n u o u s - f i l a m e n t  c o m p o s i t e s  c o n t a i n i n g  5 0 #  

i n  f i l a m e n t  volume were  o b t a i n e d .

As a l r e a d y  m e n t i o n e d ,  i m p o r t a n t  i n f o r m a t i o n  c an  be 

o b t a i n e d  f rom  w e t t a b i l i t y  s t u d i e s  f o r  f i n d i n g  m e t a l - c e r a m i c  

s y s t e m s  w here  i n f i l t r a t i o n  can  be  u s e d  s u c c e s s f u l l y  a s  a  

t e c h n i q u e  o f  c e r m e t  p r e p a r a t i o n .  Much e x p e r i m e n t a l  work 

h a s  b een  done i n  t h i s  a r e a .  A l l e n  and  K i n g e r y  (1959*
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p .  30 - 3 7 ) s t u d i e d  t h e  w e t t i n g  b e h a v i o r  o f  t i n  and  

t i n - t i t a n i u m  a l l o y  on  Al^O-^, SiC, S i^N^,  and  MoSi^,  

d e t e r m i n i n g  t h a t  t h e  a d d i t i o n  o f  t i t a n i u m  to  t i n  

a lw a y s  l o w e r s  t h e  c o n t a c t  a n g l e ,  and v e r y  m a r k e d ly  f o r  

Mo Si g*

Manning and S to o p s  (1 9 6 8 ,  p .  4 1 5 -4 1 9 )  p e r f o r m e d  

w e t t i n g  t e s t s  w i t h  s e v e r a l  r e f r a c t o r y  m e t a l - c e r a m i c  

c o m b i n a t i o n s *  S e s s i l e - d r o p  c o n t a c t  a n g l e s  be tw een  l i q u i d  

Or ,  V, P t ,  Rh, Mo, and  Mo-Re a l l o y  and s o l i d  ThOg, HfOg* 

ZrOg, HfC, TaC, and  ZrO were  m ea su re d  a t  t e m p e r a t u r e s  up 

to  2 8 0 0 ° 0 .  L i t t l e  w e t t i n g  o c c u r r e d  b e tw ee n  t h e  m e t a l s  

and  t h e  r e f r a c t o r y  o x i d e s ,  b u t  Mo and Mo-Re a l l o y  d id  

w e t  t h e  c a r b i d e s  HfC and ZrO.

Samsonov and o t h e r s  ( 1 9 6 8 , p .  4 2 - 4 8 )  m e a su re d  t h e  

c o n t a c t  a n g l e s  o f  s e v e r a l  l i q u i d  m e t a l s  w i t h  c a r b i d e s  o f  

g ro u p  i v - v i  t r a n s i t i o n  m e t a l s .  Prom t h e i r  r e s u l t s ,  t h e y  

s u g g e s t  t h a t ,  a t  l e a s t  f o r  r e f r a c t o r y  c a r b i d e s ,  w e t t i n g  

c a n n o t  be  r e g a r d e d  a s  o n l y  a  s u r f a c e  phenomenon,  

d i s r e g a r d i n g  t h e  e f f e c t  o f  t h e  b u l k .  R a t h e r ,  t h e  

e l e c t r o n i c  s t r u c t u r e  o f  b o t h  t h e  r e f r a c t o r y  compounds 

an d  t h e  w e t t i n g  m e t a l s  h a s  to  be  c o n s i d e r e d .

W e t t a b i l i t y  s t u d i e s  o f  SiO s i n g l e  c r y s t a l s  by 

m o l t e n  Cu, Ag, Au, I n ,  Ga, Ge, Sn, S i ,  a n d  Hi h a v e  been  

made by  W a id ic h  and  N evodnik  (1 9 6 9 ,  p .  2 0 6 6 - 2 0 7 0 ) .  I t
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was d e t e r m i n e d  t h a t  m e t a l s  h a v in g  a  m o d e r a t e  c h e m ic a l  

a f f i n i t y  t o w a r d s  c a r b o n  o r  s i l i c o n  w e t t e d  t h e  SiC 

s u r f a c e  r e a d i l y .

The w e t t i n g  o f  p e r i c l a s e ,  q u a r t z ,  and  s a p p h i r e  

by  I n ,  Ga, Sn, and  Ag h a s  been  s t u d i e d  by  H a rd in g  

( 1 9 6 8 ) ,  who m e a su re d  t h e  c o n t a c t  a n g l e s ,  work o f  

a d h e s i o n ,  and  i n t e r f a c i a l  f r e e - e n e r g i e s  o f  t h e s e  s y s t e m s .
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EXPERIMENTATION 

Cold P r e s s i n g

Equipm ent

The c o l d  p r e s s i n g  o f  t h e  s i l i c i d e  powder  was 

p e r f o r m e d  i n  an  I n s t r o n  t e n s i o n - c o m p r e s s i o n  t e s t e r ,  

m ode l  TT, 2 0 ,0 0 0  p o u n d s .

The d i e  u s e d  ( f i g u r e  4) was a  h a r d e n e d  a l l o y  s t e e l  

d i e ,  c h r o m e - p l a t e d .  The f i x e d  d im e n s io n s  o f  t h e  com pact  

a r e  2 1 /2  x 13 /32  i n .  (64  x 10 .5  mm). The u s u a l  t h i c k n e s s  

o f  t h e  sa m p le s  made was 3 /8  i n .  ( 9 . 5  mm).

P r o c e d u r e

The f i r s t  a t t e m p t s  to  c o l d - p r e s s  MoSi^ powder 

w ere  made hy  m ix in g  i t  w i t h  1 .5  to  3 w/o o f  s t e a r i c  a c i d  

a s  a  b i n d e r .

A f t e r  s e v e r a l  e x p e r i m e n t s ,  a  p r e s s u r e  o f  12 ,000  

p s i  (840 kg /cm ^)  was f o u n d  to  g i v e  a  good c o m p a c t .

However,  when t h e  com pac ts  w ere  h e a t e d  f o r  

s i n t e r i n g ,  t h e  p r e s e n c e  o f  t h e  b i n d e r  became i n c o n v e n i e n t .

33



F i g u r e  4 .  A l l o y - s t e e l  c h r o m e - p l a t e d  d i e  u s e d  f o r  c o ld '  
p r e s s i n g  t h e  MoSig s a m p le s .
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As i t  was b u rn ed ,  a  d e p o s i t  fo rm ed  on t h e  w a l l s  o f  t h e  

s i n t e r i n g  Vycor cham ber ,  w hich  made i t  i m p o s s i b l e  to  

c o n t r o l  t h e  t e m p e r a t u r e  by  t h e  o p t i c a l  p y r o m e t e r .

F o r  t h i s  r e a s o n  t h e  b i n d e r  was e l i m i n a t e d ,  and  

p u r e  MoSig powder  was c o l d - p r e s s e d ,  a t  t h e  same p r e s s u r e  

o f  12 ,000  p s i . As a  r e s u l t , e j e c t i o n  o f  t h e  sam ple  from 

t h e  d i e  w i t h o u t  s p a l l i n g  o f  t h e  compact  became d i f f i c u l t .  

T h i s  p ro b lem  was s o l v e d  by s l i g h t l y  l u b r i c a t i n g  t h e  d i e  

w a l l s  w i t h  p a r a f f i n .

I n  some o f  t h e  c o m p a c t s ,  l a m i n a t i o n  o c c u r r e d ,  

a lw a y s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  o f  t h e  s a m p le .  To 

c o r r e c t  t h i s ,  t h e  powder  was s t a c k e d  i n  t h e  d i e  v e r y  

c a r e f u l l y ,  to  o b t a i n  u n i f o r m  d i s t r i b u t i o n  o f  t h e  pow der .  

A l s o ,  s e v e r a l  s p e e d s  o f  l o a d i n g  were  t r i e d ,  b u t  i t  was 

n o t  p o s s i b l e  to  d e t e r m i n e  t h e  i n f l u e n c e  o f  l o a d i n g  sp e e d  

on t h e  l a m i n a t i o n ,  b e c a u s e  t h e  r e s u l t s  were  n o t  

c o n s i s t e n t .

A t y p i c a l  g r e e n  d e n s i t y ,  o b t a i n e d  a t  12 ,000  p s i  

(840 k g /cm 2 ) ,  was 2 . 8 7  g /cm ^ ( t h e  t h e o r e t i c a l  d e n s i t y  

v a r i e s  f rom  4 . 9  to  6 . 0 2  g / c m ^ ,  d e p en d in g  on i m p u r i t y  

c o n t e n t ) .



T-1432 36

S i n t e r i n g

Equipm ent

The s i n t e r i n g  e x p e r i m e n t s  were  p e r f o r m e d  i n  a  

h i g h - f r e q u e n c y  i n d u c t i o n - h e a t i n g  f u r n a c e  ( f i g u r e  5 ) .

The g e n e r a t o r  u s e d  was a  W e s t in g h o u se  10-KW 

r a d i o - f r e q u e n c y  g e n e r a t o r ,  w i t h  a  n o m in a l  f r e q u e n c y  o f  

4 0 0 ,0 0 0  c p s ,  a  maximum v o l t a g e  o f  1 ,000  V and  a  maximum 

r a d i o - f r e q u e n c y  c u r r e n t  o f  450 amp.

Two d i f f e r e n t  p r i m a r y  c o i l s  w e re  u s e d ,  b o t h  made 

o f  c o p p e r  t u b i n g  6 . 5  mm ( 1 / 4  i n . )  i n  d i a m e t e r .  B o th  c o i l s  

were  a b o u t  88  mm ( 3 . 5  i n . )  i n  d i a m e t e r ,  o n e  w i t h  a n  

i n d u c t a n c e  o f  0 . 2 1 9 J*h and t h e  o t h e r  w i t h  an  i n d u c t a n c e  o f  

0 .3 5 1  / h .

The s u s c e p t o r  was a  g r a p h i t e  c r u c i b l e  w h ich  h e a t e d  

t h e  c e r a m ic  com pact  by  r a d i a t i o n .  The c r u c i b l e  s a t  on  an  

e v a c u a t e d  Vycor c o n t a i n e r  t h e r m a l l y  s h i e l d e d  f rom  t h e  

g r a p h i t e  c r u c i b l e  by  two m u l l i t e  t u b i n g s  and  a  f ew  a lu m in a  

d i s c s .  B o th  t h e  Vycor  c o n t a i n e r  and  t h e  p r i m a r y  c o i l  w ere  

w a t e r - c o o l e d .

S e l e c t i o n  o f  a  S i n t e r i n g  T e m p e ra tu re

Amberg ( 1 9 6 1 ,  p .  102) r e p o r t s  a  t e m p e r a t u r e  r a n g e  

o f  1250 t o  1500° C f o r  a  MoSi2 - A l 20 5  m i x t u r e  i n  a  h y d ro g e n  

a t m o s p h e r e ,  f o r  2 l / 2  h r .  o f  t r e a t m e n t .
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F i g u r e  5 .  H i g h - f r e q u e n c y  i n d u c t i o n - h e a t i n g  f u r n a c e
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However,  s i n c e  t h i s  datum d o e s  n o t  r e f e r  to  p u r e  

MoSi2 » a  c a l c u l a t i o n  was made to  p r e d i c t  an a p p r o x i m a t e  

s i n t e r i n g  t e m p e r a t u r e  f o r  MoSig.

A w e l l -k n o w n  s i n t e r i n g  t e m p e r a t u r e  o f  a c e r a m ic  

m a t e r i a l ,  t h a t  o f  Cr^Cg, was t a k e n  a s  t h e  b a s i s  f o r  t h i s  

c a l c u l a t i o n .  A c c o rd in g  to  Pozzo and West (1 96 0 ,  p .  1 5 1 ) ,  

t h e  t e m p e r a t u r e  r a n g e  f o r  s i n t e r i n g  Cr^Cg i s  1200 to  

1 350°0 .  The c a l c u l a t i o n  was made a s su m in g  t h a t  t h e  r e q u i r e d  

v a p o r  p r e s s u r e s  f o r  s i n t e r i n g  Cr^Cg o r  MoSig s h o u l d  be 

r o u g h l y  t h e  same.

Samsonov ( 1 9 6 4 ,  p .  111 and  121 ) ' g i v e s  t h e  f o l l o w i n g  

e q u a t i o n s  f o r  v a p o r  p r e s s u r e s  o f  Or and Si i n  Or^C^ and  

MoSig, r e s p e c t i v e l y ,  a s  a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  T:

l o g  P_ = 6 .5 2 5  -  2 1 .1 9 4
Cr ( 1 )

i o g  P g i  = 2 8 .6 2  -  5 . 7 5  l o g  T -  2 9 .80 0  (g)
T

w here  P i s  p r e s s u r e  i n  atm

T i s  t e m p e r a t u r e  i n  °K.

F o r  T = 1200°0 = l473°K,  e q u a t i o n  1 g i v e s :

l o g  P Qr = 6 .5 2 5  -  2 1 .1 9 4  = S . 1 3  #
1 ,4 7 3

P c r  = 1*35 x 10"® atm

By i t e r a t i o n ,  a  v a l u e  f o r  T i n  e q u a t i o n  2 t h a t  

g i v e s  P Si  P0 r  can  be  f o u n d .
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F o r  t h e  v a l u e  T = 1400°0 = 1673°K, e q u a t i o n  2

g i v e s •

l o g  P g l  = 2 8 .6 2  -  5 . 7 5  x  3 .2 2 4  -  2 9 .8 0 0  = 5 . 2 7
1 ,6 7 3

= 1 .8 6  x  10"® a tm .

F o r  p r a c t i c a l  p u r p o s e s  ( P s l ) T=14 0 0o 0 = (* £ * )  T=i 200°C

P r o c e d u r e

To check  t h e  v a l i d i t y  o f  t h e  c a l c u l a t e d  s i n t e r i n g  tem­

p e r a t u r e  , one  com pact  was s i n t e r e d  a s  f o l l o w s :

a )  h e a t i n g  from room t e m p e r a t u r e  to  900°C i n  

1 /2  h o u r ,

b)  h e a t i n g  from  9 0 0 ° C to  1400°C i n  1 /2  h o u r ,
. o

c)  h o l d i n g  a t  1400 0 f o r  2 h o u r s ,

d) c o o l i n g  to  room t e m p e r a t u r e  i n  1 /2  h o u r .

At t h e  b e g i n n i n g  o f  t h e  e x p e r i m e n t ,  t h e  s i n t e r i n g  

cham ber  was p u r g e d  s e v e r a l  t i m e s  w i t h  a r g o n ,  to  r e d u c e  t h e  

o xygen  p a r t i a l  p r e s s u r e  i n s i d e  t h e  c o n t a i n e r .  D ur in g  t h e  

e x p e r i m e n t ,  a  f l o w  o f  a rg o n  was m a i n t a i n e d  t h r o u g h  t h e  

s i n t e r i n g  cham ber .

The r e s u l t  i s  shown i n  f i g u r e  6 , l e f t .  The 

p r e s e n c e  o f  c o n s i d e r a b l e  b l o a t i n g  i n d i c a t e s  an  e x c e s s i v e l y  

h i g h  s i n t e r i n g  t e m p e r a t u r e  a n d / o r  o x i d a t i o n .
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F i g u r e  6 . S i n t e r e d  Mo S i 2 sam ples*  L e f t :  sam p le  s i n t e r e d  
f o r  2 h r*  a t  14000C, showing o x i d a t i o n  and 
b l o a t i n g *  R i g h t :  sam ple  s i n t e r e d  f o r  2 h r .  a t  
1100°C. 1 .5  x .
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To c o r r e c t  t h i s ,  l o w e r  s i n t e r i n g  t e m p e r a t u r e s  

w ere  u s e d .  The t e m p e r a t u r e  r a n g e  1 0 5 0 - 1 100°C was 

d e t e r m i n e d  to  p r o d u c e  w e l l  s i n t e r e d  s a m p le s .  One o f  t h e s e  

i s  shown i n  f i g u r e  6 , r i g h t .

I t  i s  p o s s i b l e  t h a t  t h e  s u c c e s s f u l  s i n t e r i n g  a t  

a  t e m p e r a t u r e  c o n s i d e r a b l y  l o w e r  t h a n  p r e d i c t e d  was 

p ro m o te d  by t h e  p r e s e n c e  o f  0 and  N a s  i m p u r i t i e s  i n  t h e  

s i l i c i d e  ( s e e  a p p e n d i x  2 ) .

The a v e r a g e  d e n s i t y  o f  t h e  s i n t e r e d  sa m p le s  was 

5 . 8  g/cm-*, i n  v e r y  good a g r e e m e n t  w i t h  t h e  v a l u e  o f  5*82  

g/cm ^ g i v e n  by  Wehamann ( 1 9 6 7 * p .  423)  f o r  a  m a t e r i a l  

c o n t a i n i n g  s i m i l a r  c o n t e n t  o f  i m p u r i t i e s ,  a l s o  c o l d -  

p r e s s e d  and s i n t e r e d .

B ecau se  o f  i n s u f f i c i e n t  h e i g h t  o f  t h e  p r i m a r y  

c o i l  o f  t h e  i n d u c t i o n  f u r n a c e ,  t h e  sa m p le s  w ere  s u b j e c t  

t o  a  t e m p e r a t u r e  g r a d i e n t .  As a  c o n s e q u e n c e ,  on e  end o f  

t h e  s a m p le s  was i n c o m p l e t e l y  s i n t e r e d .  T h i s  was c o r r e c t e d  

by  d e s i g n i n g  a  l o n g e r  c o i l ,  a s  a l r e a d y  m e n t i o n e d .

A m i c r o g r a p h  o f  a  s i n t e r e d  sam ple  i s  shown i n  

f i g u r e  7 .

I n f i l t r a t i o n

Equipm ent

Two f u r n a c e s  w ere  u s e d  f o r  t h e  i n f i l t r a t i o n  

e x p e r i m e n t s :
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F i g u r e  7 .  S i n t e r e d  MoSi2 . R e l a t i v e l y  h i g h  p o r o s i t y ,  
c o n s i d e r e d  a s  a  f a v o r a b l e  c o n d i t i o n  f o r  
i n f i l t r a t i o n .  U n e tc h e d .  280 x .
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1 . an i n d u c t i o n  f u r n a c e ,  t h e  same u s e d  f o r  

s i n t e r i n g ,  and

2.  a Haynes  m u f f l e  f u r n a c e ,  h e a t e d  by  g l o b a r  

e l e m e n t s ,  maximum t e m p e r a t u r e  o f  1315°C (2400oi*).

The i n d u c t i o n  f u r n a c e  was u s e d  f o r  t h e  i n f i l t r a t i o n  

w i t h  n i c k e l  and  n i c k e l - c h r o m i u m  a l l o y ,  and t h e  m u f f l e  

f u r n a c e  was u s e d  f o r  t h e  i n f i l t r a t i o n  w i t h  l o w e r - m e l t i n g  

m e t a l s  and  a l l o y s .

P r o c e d u r e

I n f i l t r a t i o n  w i t h  N1 and H l - C r  A l l o y  —  The 

s i n t e r e d  sam ple  and  t h e  n i c k e l  o r  n i c k  e l -c h ro m iu m  a l l o y  

w ere  w e ig h e d  and h e a t e d  i n  t h e  i n d u c t i o n  f u r n a c e .  The 

m a t e r i a l s  were  c o n t a i n e d  i n  an a lu m in a  c r u c i b l e .

The f u r n a c e  was h e a t e d  to  1480°C (27 0 0°P )  and  

1510°C ( 2 7 5 0 ° F ) ,  r e s p e c t i v e l y ,  f o r  t h e  n i c k e l - c h r o m i u m  

and  t h e  n i c k e l  i n f i l t r a t i o n .

The sy s tem  was h e l d  above  m e l t i n g  t e m p e r a t u r e  o f  

t h e  m e t a l  f o r  40 m in t . ,  i n  b o t h  c a s e s ,  u n d e r  a  p o s i t i v e  

a r g o n  p r e s s u r e .  The f u r n a c e  was t h e n  c o o le d  s l o w l y ,  a n d  

t h e  s a m p le s  were  a g a i n  w e ig h e d .  The m ass  b a l a n c e  i s  

p r e s e n t e d  i n  t a b l e  1 •

I n  b o t h  i n f i l t r a t i o n  e x p e r i m e n t s  t h e  s i n t e r e d  

s i l i c i d e  b a r  l o s t  i t s  o r i g i n a l  c o n f i g u r a t i o n ,  b e i n g ,  a s  

i t  w e r e ,  ,fd l s s o l v e d ,f by t h e  m o l t e n  m e t a l  o r  a l l o y .
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TABLE i

Mass b a l a n c e  o f  t h e  i n f i l t r a t e d  s y s t e m s .

System W e ig h t ,  g W eight  L o s s ,  
g

B e f o re
E x p e r im e n t

A f t e r
E x p e r im e n t

H I - O r ,  MoSig 21 • 10 2 0 .7 4 0 . 3 6

H i ,  MoSig 2 0 .8 1 2 0 .6 2 0 . 1 9

At t h i s  p o i n t  i t  s h o u l d  be  m e n t io n e d  t h a t  t h e  

i n i t i a l  i d e a  was to  t r y  to  i n f i l t r a t e  w i t h  N i - C r  o n l y .

I t  was b e c a u s e  o f  t h e  u n e x p e c t e d  f,d i s s o l u t i o n 11 o f  t h e  

Mo Si 2 I n  t h e  W i-Cr t h a t  i n f i l t r a t i o n  w i t h  Mi was a l s o  

t r i e d .

I n f i l t r a t i o n  w i t h  L o w e r - m e l t i n g  M e t a l s  and A l l o y s  — 

I n f i l t r a t i o n  was a l s o  a t t e m p t e d  w i t h  s e v e r a l  l o w e r - m e l t i n g  

m e t a l s  a n d  a l l o y s :  p u r e  A l ,  A1 2014 ,  A1 4 0 4 3 ,  A1 5056 ,

A l - 6$ T i ,  A l - 1 0 # T i ,  p u r e  Ou, Sb, 2n,  Sn, and  Cd. The 

c o m p o s i t i o n s  o f  t h e s e  m e t a l s  and  a l l o y s  a r e  g i v e n  i n  

a p p e n d i x  1 •

The m e t a l  o r  a l l o y  and  t h e  MoSig w ere  h e a t e d  100 

to  450 ° 0  a bo v e  t h e  m e l t i n g  t e m p e r a t u r e  o f  t h e  m e t a l  o r
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a l l o y ,  and  h e l d  a t  t h i s  t e m p e r a t u r e  f o r  a b o u t  5 m in .  

A c c o r d in g  to  Graham and W i l l i a m s  ( 1 9 6 3 ) ,  i f  i n f i l t r a t i o n  

o c c u r s ,  i t  d oes  n o t  t a k e  more t h a n  a  few s e c o n d s ;  

t h e r e f o r e ,  a  5 - m in .  e x p o s u r e  was c o n s i d e r e d  l o n g  enough .  

The i d e a  o f  s u p e r h e a t i n g  t h e  m e t a l  o r  a l l o y  i s  b a s e d  on 

t h e  r e s u l t s  o b t a i n e d  by A l l e n  and K in g e r y  (1 9 5 9 ,  p .  35) 

when d e t e r m i n i n g  c o n t a c t  a n g l e s  o f  l i q u i d  t i n  w i t h  MoSigS 

t h e  c o n t a c t  a n g l e  was fo u n d  to  d e c r e a s e  s i g n i f i c a n t l y  w i t h  

i n c r e a s i n g  t e m p e r a t u r e  o f  t h e  l i q u i d  m e t a l .

The e x p e r i m e n t a l  c o n d i t i o n s  a r e  g i v e n  i n  t a b l e

2 .

A n a l y t i c a l  Work

H a r d n e s s  M e asu rem en ts

R o c k w e l l  A h a r d n e s s  m e a su re m e n ts  w ere  made o f  t h e

s i n t e r e d  s i l i c i d e  an d  o f  t h e  p r o d u c t s  o f  t h e  i n t e r a c t i o n

w i t h  n i c k e l  and  n i c k e l - c h r o m i u m .  The a v e r a g e  v a l u e s  a r e  

shown i n  t a b l e  3 .
TABLE 3

R oc k w e l l  A H a rd n e s s o f  Sys tem s S t u d i e d .

System R ockw el l  A

Mo Si g , s i n t e r e d 76

Mo Si 2 + Hi. 74

MoSig + U l - C r 74
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TABLE 2

E x p e r i m e n t a l  C o n d i t i o n s  i n  t h e  I n f i l t r a t i o n  

w i t h  L o w e r - m e l t i n g  M e ta l s*

M e t a l  o r  
A l l o y

M e l t i n g  
T e m p e r a tu r e ,  

°C

T em p era tu re
i n

E x p e r im e n t ,
00

S u p e r ­
h e a t i n g

OC

Time a t  
Tempera­

t u r e ,  
M in u te s

A1 9 9 . 9 9 9 % 660 930 270 15

A1 2014 5 1 0-63 8 920 280 10

A1 4043 577-6 20 920 300 15

A1 5056 5 6 8 -6 3 8 920 280 15

A l - 6 # T i 665-1130 1250 120 10

A l - 1 0 # T i 6 65-1200 1290 90 10

Ou OP HO 1083 1180 100 20

Sb 630 870 240 10

Zn 420 870 450 10

Cd 321 700 380 10

Sn 232 550 220 10

I n  t h e  e x p e r i m e n t s  w i t h  A1 4 0 4 3 ,  a n t im o n y ,  and  

cadmium t h e r e  was a p p a r e n t l y  no i n t e r a c t i o n  be tw een  t h e  

MoSig and  t h e  m e t a l :  t h e  c e r a m ic  sam ple  and  t h e  s o l i d

m e t a l  s i m p ly  came a p a r t ,  i n d i c a t i n g  c o m p le te  a b s e n c e  o f  

c o h e s i o n .
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The h a r d n e s s  o f  s i n t e r e d  MoSi2 i s  i n  good a g r e e m e n t  

w i t h  t h e  v a l u e  o f  R o ckw el l  A 74 g i v e n  by Samsonov (1 9 6 4 ,

p .  1 8 2 ) .

The h a r d n e s s  o f  t h e  sam p les  o b t a i n e d  u s i n g  l o w e r -  

m e l t i n g  m e t a l s  a r e  n o t  m e n t i o n e d ,  s i n c e  t h e  i n t e r a c t i o n  

b e tw ee n  t h e  MoSig and each  m e t a l ,  i f  a n y ,  o c c u r r e d  o n l y  

a t  t h e  c e r a m i c - m e t a l  i n t e r f a c e .

M e t a l l o g r a p h y

M e t a l l o g r a p h i c  s a m p le s  were  p r e p a r e d  f rom  a l l  t h e  

e x p e r i m e n t s  c o n d u c t e d ,  e x c e p t  f rom t h e  s y s t e m s  MoSi2  -  

A1 4 0 4 3 ,  M oS ig -S b ,  an d  MoSi2-C d ,  f o r  w h ich  no i n t e r a c t i o n  

o c c u r r e d .

The s a m p le s  were  g ro u n d  t o  s a n d  p a p e r  4 / 0 ,  t h e n  

f i n i s h e d  i n  g r a d e  1 and  3 a l u m i n a .

The m i c r o g r a p h s  a r e  shown i n  f i g u r e s  9 t o  15.

X - r a y  D i f f r a c t i o n  a n d  S p e c t r o m e t r y

X - r a y  d i f f r a c t i o n  p a t t e r n s ,  u s i n g  D e b y e - S c h e r r e r  

m e th o d ,  w e re  made o f  t h e  s y s t e m s  M o S ig -N i-C r  a n d  MoSi2 -  

N i .

F o r  a  r e a s o n  w hich  w i l l  be m e n t i o n e d  l a t e r ,  a n  

x - r a y  p a t t e r n  was a l s o  made o f  a  sam ple  p r e p a r e d  b y  

s i n t e r i n g  a  m i x t u r e  o f  Mo Si 2 and  Ni p o w d e r s .

Ou K<A ( a .=  1 .5405)  r a d i a t i o n  was u s e d ,  a t  40  kv  

and  20 ma,  w i t h  an  e x p o s u r e  t im e  o f  1 .5  o r  2 h r .
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F i g u r e  8 .  MoSig* N i - C r  s y s t e m .  A s - c a s t  s t r u c t u r e .

E t c h :  K e l l e r 1 Is c o n c e n t r a t e d  r e a g e n t .  90 x .
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F i g u r e  9 .  MoSi2 , Ni s y s t e m .  A s - c a s t  s t r u c t u r e .

E t c h :  K e l l e r ' s  c o n c e n t r a t e d  r e a g e n t .  110 x
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F i g u r e  10. MoSi2 > A1 s y s te m .  Very l i t t l e  i n t e r a c t i o n  
o c c u r r e d  a t  t h e  c e r a m i c - m e t a l  i n t e r f a c e .

Etch: K e l l e r ’ s r e a g e n t .  110 x .
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F i g u r e  11. Mo Si 2 , A l - 4 . 5 ^  Cu s y s t e m .  Aluminum a l l o y  
shows c o r e d  d e n d r i t e s  o f  an d  p r o b a b l y  
some ex a i  + Q e u t e c t i c  due t o  m e t a s t a b l e  
e q u i l i b r i u m  i n  r e l a t i v e l y  r a p i d  c o o l i n g .

L i m i t e d  i n t e r a c t i o n  o c c u r r e d  a t  t h e  c e r a m i c -  
m e t a l  i n t e r f a c e ,  i n  d i s c r e t e  e l l i p s e - s h a p e d  
r e g i o n s ,  o ne  o f  w h ich  i s  s e e n  i n  p h o t o m i c r o g r a p h .

Etch: K e l l e r 1s r e a g e n t .  110 x .
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F i g u r e  12* MoSi2 » Al-5$Mg s y s te m .  Aluminum a l l o y  h a s  
and  e u t e c t i c  s t r u c t u r e  due to  m e t a s t a b l e  
e q u i l i b r i u m  i n  r e l a t i v e l y  r a p i d  c o o l i n g .

S i m i l a r l y  t o  t h e  A l -C u ,  MoSi2 s y s t e m ,  l i m i t e d  
i n t e r a c t i o n  o c c u r r e d  a t  t h e  c e r a m i c - m e t a l  
i n t e r f a c e ,  i n  e l l i p s e - s h a p e d  r e g i o n s .

Etch: K e l l e r 1s r e a g e n t .  110 x .
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F i g u r e  13.  MoSi2 > A l -6 $ T i  s y s t e m .  Very l i t t l e  i n t e r a c t i o n  
o c c u r r e d  a t  t h e  c e r a m i c - m e t a l  i n t e r f a c e .

Etch: K e l l e r * s  r e a g e n t .  110 x .
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F i g u r e  14.  MoSi2 » Cu s y s t e m .  L i m i t e d  i n t e r a c t i o n
o c c u r r e d  a t  t h e  c e r a m i c - m e t a l  i n t e r f a c e .  The 
a l t e r e d  r e g i o n  a t  t h e  i n t e r f a c e  i s  a b o u t  0.13mm 
t h i  c k .

E tc h :  f e r r i c  c h l o r i d e .  180 x .
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F i g u r e  15. MoSi2 > Zn s y s t e m .  Very l i t t l e  i n t e r a c t i o n  
o c c u r r e d  a t  t h e  c e r a m i c - m e t a l  i n t e r f a c e .

Etch: Palmerton r e a g e n t .  110 x .
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The d i f f r a c t i o n  p a t t e r n s ,  a s  w e l l  a s  t h e  

r e a d i n g s  o f  t h e  l i n e s ,  a r e  p r e s e n t e d  i n  a p p e n d i x  2 .

Q u a l i t a t i v e  x - r a y  s p e c t r o m e t r y  was a l s o  c o n d u c t e d  

on t h e  MoSi2- N i - C r  s y s t e m .  T u ng s ten  Ko< r a d i a t i o n  a t  

45kv  and  30 ma was u s e d ,  L1F was t h e  a n a l y s e r  c r y s t a l  

u s e d .  T h i s  a n a l y s i s  c o n f i r m e d  t h e  p r e s e n c e  o f  Mo, C r ,  

a n d  Ni i n  t h e  s a m p le .

I n  b o t h  d i f f r a c t i o n  and s p e c t r o m e t r y  a n a l y s e s ,  

N o r e lc o  eq u ip m en t  was u t i l i z e d .

O p t i c a l  E m ls s lo n  S p e c t r o g r a n h y

I n  o r d e r  to  c h eck  t h e  p r e s e n c e  o f  S i ,  a  s p e c t r o -  

c h e m ic a l  a n a l y s i s  was made o f  t h e  M oS ig -N i-C r  s y s t e m ,  

u s i n g  a  B a i r d  g r a t i n g  s p e c t r o g r a p h .  The a n a l y s i s  

i n d i c a t e d  t h e  p r e s e n c e  o f  t h e  m a j o r  e l e m e n t s  Mo, S i ,  M i ,  

a n d  C r ,  and  o f  s m a l l  am oun ts  o f  A1 and Mg. The p r e s e n c e  

o f  t h e s e  i m p u r i t i e s  c h e c k s  w e l l  w i t h  t h e  c o m p o s i t i o n  o f  

t h e  N i - C r  a l l o y  g i v e n  i n  a p p e n d i x  1.
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■ ANALYSIS OF THE RESULTS

Mo S I 2 9 N i - C r  System

F i g u r e  7 shows t h a t  t h e  s i n t e r e d  MoSig i s  f a i r l y  

p o r o u s ,  w h ich  was c o n s i d e r e d  a  f a v o r a b l e  c o n d i t i o n  i f  

i n f i l t r a t i o n  i n  any  o f  t h e  s y s te m s  s t u d i e d  was t o  o c c u r .

When exp osed  t o  l i q u i d  N i - C r  a t  a b o u t  1500°C, 

t h e  c e r a m ic  sam ple  was u n a b l e  t o  r e t a i n  i t s  b a r - l i k e  

g e o m e t r y ,  an d  t h e  f i n a l  sh ap e  o f  t h e  sy s tem  was t h a t  o f  

i t s  a lu m in a  c r u c i b l e  c o n t a i n e r .  The q u i t e  u n u s u a l  f e a t u r e  

was t h a t  t h e  t e m p e r a t u r e  o f  t h e  l i q u i d  a l l o y  w as  a b o u t  

500°C be low  t h e  m e l t i n g  p o i n t  o f  MoSi2 > w h ich  i s  2030°C, 

a c c o r d i n g  t o  Wehrmann (1 9 6 7 ,  p .  4 1 9 ) .

The p r o d u c t  had  a  m e t a l l i c  l u s t e r  and  showed no 

s i g n  o f  o x i d a t i o n .  The m ass  b a l a n c e  p r e s e n t e d  i n  t a b l e  1 

i n d i c a t e s  a  n e g l i g i b l e  w e i g h t  l o s s .

The n e x t  s t e p s  i n  t h e  a n a l y s i s  o f  t h e  p r o d u c t  

w e re  t h e  h a r d n e s s  m easu re m e n t  and  m e t a l l o g r a p h i c  

e x a m i n a t i o n .  The h a r d n e s s  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  

f rom  t h a t  o f  t h e  s i l i c i d e .  The m i c r o s c o p i c  e x a m i n a t i o n

57
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d id  n o t  b r i n g  much l i g h t  to  t h e  p r o b le m ,  a s  f i g u r e  8 

shows.

X - ra y  d i f f r a c t i o n  a n a l y s i s  was t h e  n e x t  s t e p ,  A 

powder  p a t t e r n  o f  t h e  Mo S i 2 > N i - C r  sy s te m  was m ade .  The 

r e s u l t  i s  shown i n  a p p e n d i x  2 .

The i n t e r p r e t a t i o n  o f  t h e  powder  p a t t e r n  showed t h a t  

d u r i n g  " i n f i l t r a t i o n "  e x p e r i m e n t ,  two new s i l i c i d e s  were  

f o r m e d :  MoNiSi and  N i ^ C r ^ S i y .  A l s o ,  t h e  a b s e n c e  o f

l i n e s  c o r r e s p o n d i n g  to  MoSi2 and  N i - C r  i n  t h e  p a t t e r n  

i n d i c a t e s  t h a t  e s s e n t i a l l y  a l l  t h e  s t a r t i n g  m a t e r i a l s  w e re  

consumed t o  form  t h e  two new compounds.  The "d"  s p a c i n g s  

g i v e n  by ASTM f o r  a l l  t h e  m a t e r i a l s  p a r t i c i p a t i n g  i n  t h e  

r e a c t i o n  a r e  r e p r o d u c e d  i n  a p p e n d i x  2 ,  f o r  c o m p a r i s o n  w i t h  

t h e  v a l u e s  m e a s u re d  i n  t h e  powder p a t t e r n .

The compound MoNiSi h a s  been  d e t e c t e d  o n l y  

r e c e n t l y .  I t  was n o t  r e f e r r e d  to  i n  p r e v i o u s  s t u d i e s  o f  

t h e  M o-N i-S i  t e r n a r y  s y s te m ,  a s ,  f o r  e x am p le ,  t h o s e  o f  

P f a u t s c h  (1925» p .  4 8 -5 2 )  and  Guard and  Sm ith  (1959* 

p .  2 8 3 - 2 8 7 ) .  A p p a r e n t l y ,  i t  was f i r s t  d e t e c t e d  by  

G l a d y s h e v s k i i  and  K u z fma (1 9 6 0 ,  p .  6 6 - 7 1 ) .  T hese  

i n v e s t i g a t o r s  were  s t u d y i n g  p h a s e  e q u i l i b r i a  a t  800°C 

and 1000°C i n  t e r n a r y  a l l o y s  o f  t h e  s y s te m s  M o - F e - S i ,  

M o -C o -S i ,  M o - N i - S i ,  N - F e - S i ,  W-Co-Si, a n d  W -N i-S i .  These  

s y s t e m s  w e re  i n v e s t i g a t e d  f o r  t h e  p u r p o s e  o f  e s t a b l i s h i n g
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t h e  p r e s e n c e  o f ,  and  d e t e r m i n i n g  t h e  p r o p e r t i e s  o f  

t e r n a r y  compounds.  The f o l l o w i n g  p h a s e s  w ere  f o u n d :  

MoFeSi,  MoCoSi, MoNiSi ,  WPeSi, WCoSi, and  WNiSi. The 

t e c h n i q u e  o f  p r e p a r a t i o n  o f  t h e  a l l o y s ,  f o r  c o m p a r i s o n  

w i t h  t h e  p r e s e n t  s i t u a t i o n  i s  w o r th  m e n t i o n i n g .  The 

m i x t u r e s  w ere  p r e p a r e d  by p r e s s i n g  t o g e t h e r  t h e  p u r e  

m e t a l  p ow d ers  and  s u b j e c t i n g  them t o  p r e l i m i n a r y  h e a t i n g  

u n d e r  a r g o n .  They w ere  t h e n  h e a t e d  i n  vacuum i n  c l o s e d  

q u a r t z  a m p o u le s  t o  1100°C f o r  48 h r . ,  t h e n  so a k e d  a t  800 

to  1100°0 f o r  150 h r .  and  quenched  s e v e r a l  t i m e s  i n  c o l d  

w a t e r  a f t e r  r e p e a t e d  h e a t i n g s .  From x - r a y  d i f f r a c t i o n  

s t u d i e s ,  i t  was f o u n d  t h a t  t h e  t e r n a r y  compounds a r e  o f  

t h e  MgZn2 t y p e .

The a b o v e  d e s c r i p t i o n  shows t h a t  t h e  MoNiSi was 

a r r i v e d  a t  t h r o u g h  a  c l o s e - t o - e q u i l i b r i u m  r e a c t i o n  o f  t h e  

p u r e  m e t a l s  a t  a  t e m p e r a t u r e  r e l a t i v e l y  low 1100°C ) .  

The p r e s e n t  i n v e s t i g a t i o n  shows t h a t  t h e  same compound 

i s  o b t a i n e d  by a  r e a c t i o n  be tw een  MoSi2 and  l i q u i d  N i - C r  

a t  a  c o n s i d e r a b l y  h i g h e r  t e m p e r a t u r e  (1500°  -  1550°C) .  

One i s ,  t h e r e f o r e ,  a p p a r e n t l y  i n  t h e  p r e s e n c e  o f  a  new 

r e a c t i o n .

The o t h e r  s i l i c i d e  fo rm ed  d u r i n g  t h i s  r e a c t i o n  

was N i - j^ C r^ S i^ .  The e x i s t e n c e  o f  t h i s  compound i s  

r e p o r t e d  by G l a d y s h e v s k i i  and  B o r u s e v i c h  ( 1 9 6 3 ) ,  who 

a l s o  d e t e r m i n e d  i t s  s t r u c t u r e  and  d s p a c i n g s .  These
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l a t t e r  v a l u e s  a r e  r e p r o d u c e d  i n  a p p e n d i x  2 .

The e x c e l l e n t  a g re e m e n t  b e tw een  t h e  d i f f r a c t i o n  

l i n e s  fo u n d  f o r  MoNiSi i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  and  

t h o s e  r e p o r t e d  by  G l a d y s h e v s k l i  and  K u z fma, l e a v e s  no 

room f o r  d o u b t  w i t h  r e s p e c t  to  t h e  f o r m a t i o n  o f  MoNiSi.  

The same c a n n o t  be  s a i d  o f  t h e  compound N i ^ C r ^ S i ^ ,  a l s o  

d e t e c t e d  i n  t h e  x - r a y  powder p a t t e r n .  H e r e ,  t h r e e  weak 

l i n e s  ( o f  i n t e n s i t i e s  e q u a l  t o  o r  l e s s  t h a n  6%) r e p o r t e d  

by  G l a d y s h e v s k i i  and  B o r u s e v i c h  c o u ld  n o t  be  d e t e c t e d  i n  

o u r  p a t t e r n .  However,  c o n s i d e r a b l e  e v i d e n c e  o f  t h e  

p r e s e n c e  o f  N i ^ C ^ S i y  l e d  to  t h e  d e c i s i o n  t o  make a  m ass  

b a l a n c e  o f  t h e  s y s t e m .

The i n i t i a l  t o t a l  m ass  o f  21.1  g o f  m a t e r i a l  was 

d i s t r i b u t e d  a s  f o l l o w s :

Mo Si  2 

N i - O r 12 .0  g

9 .1  g

o r

Mo 5 . 9  g

Si 3 . 2  g

9 . 4  g

Or 2 . 6  g

21.1 g
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The w e i g h t  l o s s  d u r i n g  i n f i l t r a t i o n  was c o n s i d e r e d ,  

s i n c e  i t  was v e r y  s m a l l ,  a s  a l r e a d y  m e n t i o n e d .

Assuming a l l  Mo was consumed to  form MoNiSi, a  

c o n su m p t io n  o f  1 .7 4  g Si and  3 .6 2  Ni would  he  n e e d e d .

T h is  would  l e a v e ,  t h e n ,

9 . 4 0  -  3 .6 2  = 5 .7 8  g o f  N i ,

3 . 2  -  1 .7 4  = 1 .46  g o f  S i ,

a n d ,  o f  c o u r s e ,  2 . 6  g o f  Or.

Assuming now t h a t  a l l  Ni was consumed t o  form 

N i j g C r ^  S i y ,  t h i s  would  im p ly  a  con su m p t io n  o f  1 .95  g Or 

and 1 .2 7  g S i .  T h i s  co n su m p t io n  would t h e n  l e a v e

1 .4 6  -  1 .2 7  = 0 . 1 9  g o f  Si

2 . 6  -  1 .9 5  = 0 . 6 5  g o f  Or

Summing u p ,  t h e  m ass  b a l a n c e  w ould  be  t h e  

f o l l o w i n g ,  a s su m in g  f o r m a t i o n  o f  MoNiSi and  N i ^ C r ^ S i ^ j

I n i t i a l  m a t e r i a l s :

Mo Si 2 9 .1  g

N i - O r  1 2 .0  g

21.10 g
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F i n a l  m a t e r i a l s :

MoNiSi 1 1 .2 6  g

N i l 6 Cr6 S i7 9 . 0 0  g

Si 0 . 1 9  g

Or 0 . 6 5  g

2 1 .1 0  g

One can  s e e  t h a t  t h e  h y p o t h e s i s  o f  t h e  p r e s e n c e  

o f  MoNiSi and  N i ^ O r g S i y  a s  t h e  o n l y  f i n a l  p r o d u c t s  i s  

w e l l  s u p p o r t e d  by t h e  m ass  b a l a n c e .  The v e r y  s m a l l  

am oun ts  o f  Si and  Or a p p e a r i n g  i n  t h e  c a l c u l a t i o n s  

(w h ich  r e p r e s e n t ,  r e s p e c t i v e l y ,  a b o u t  \% and  3% o f  t h e  

t o t a l  w e i g h t )  would  b e ,  q u i t e  l i k e l y ,  d i s s o l v e d  i n  one  

o r  i n  b o t h  s i l i c i d e s  fo r m e d ,  g i v i n g  s l i g h t  d e v i a t i o n  

f rom  s t o i c h i o m e t r y .

The m ass  b a l a n c e  r e s u l t s  i n  c o m b i n a t i o n  w i t h  t h e  

x - r a y  d i f f r a c t i o n  r e s u l t s  s u p p o r t  t h e  h y p o t h e s i s  o f  a  

seco n d  s i l i c i d e  N i j g C r g S i y  beyond  a  r e a s o n a b l e  d o u b t .

MoSi2 f Ni System

I n  o r d e r  t o  d e t e r m i n e  w h e t h e r  t h e  p r e s e n c e  o f  

chromium h a s  a  m a j o r  i n f l u e n c e  i n  t h e  b e h a v i o r  p r e v i o u s l y  

d e s c r i b e d ,  i n f i l t r a t i o n  o f  MoSi2 w i t h  p u r e  n i c k e l  was 

a l s o  t r i e d .  The e x p e r i m e n t  was p e r f o r m e d  a t  1600°0 ,  a
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h i g h e r  t e m p e r a t u r e  t h a n  i n  t h e  MoSi^, N i - C r  s y s t e m ,  

b e c a u s e  o f  t h e  h i g h e r  m e l t i n g  p o i n t  o f  n i c k e l .

H ere  a g a i n  t h e  o r i g i n a l  s i l i c i d e  b a r  l o s t  i t s  

o r i g i n a l  c o n f i g u r a t i o n  and t h e  f i n a l  p r o d u c t ,  a f t e r  t h e  

i n f i l t r a t i o n ,  was a  m e t a l l i c  b u t t o n .

H a r d n e s s  m easu re m e n t  i n d i c a t e d  a  h a r d n e s s  o f  74 

R o c k w e l l  A, s i m i l a r  t o  t h a t  o f  Mo S i 2 (76  R o c k w e l l  A ) .

An x - r a y  powder  p a t t e r n  was m ade ,  w h ich  i s  

r e p r o d u c e d  i n  a p p e n d i x  2 .  The r e a c t i o n  p r o d u c t s  were  

i d e n t i f i e d  a s  MoNiSi and  N i .

A m ass  b a l a n c e ,  s i m i l a r  t o  t h a t  done f o r  t h e  MoSig,  

N i - C r  s y s t e m ,  showed t h a t  a  s i g n i f i c a n t  amount  o f  u n r e a c t e d  

Ni was to  be  e x p e c t e d .

The f o r m a t i o n  o f  MoNiSi a s  a r e s u l t  o f  a  r e a c t i o n

between MoSig and l iq u id  n ic k e l  suggested a thermodynamic

c a l c u l a t i o n  t o  d e t e r m i n e  w h e th e r  t h i s  r e a c t i o n  c o u l d  be

c o n f i r m e d  t h e r m o d y n a m i c a l l y .  The s i m p l i f y i n g  a s s u m p t i o n s

made and  t h e  d e t a i l s  o f  t h e  c a l c u l a t i o n s  a r e  g i v e n  i n

a p p e n d i x  4 .  I t  was p o s s i b l e  to  show t h a t  t h e  compound

MoNiSi i s  t h e  s t a b l e  compound, a t  lo w e r  t e m p e r a t u r e s

( < 8 5 0 ° C ) ,  i n  t h e  sy s te m  M o -N i-S i .  I t s  f r e e  e n e rg y  o f

f o r m a t i o n  A G ° „  i s  more n e g a t i v e  t h a n  t h a t  o f  MoSi0
MoNiSi ^

a t  t e m p e r a t u r e s  b e lo w  850°C.  An o r i g i n a l  e x p r e s s i o n  f o r  

^ ^ ° M o N i S i  a s  a  f u n c ‘bion t e m p e r a t u r e  was d e r i v e d :
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A G° M o N is i  =  3 8 ’ 9 8 0  + 1 6 - 4 6  T

The f r e e  e n e r g i e s  o f  f o r m a t i o n  o f  MoSig an d  

M o-N i-S i  a r e  p l o t t e d  i n  f i g u r e  1 6 , w h e re  i t  can he  seen  

t h a t  MoNiSi i s  t h e  s t a b l e  compound a t  l o w e r  t e m p e r a t u r e s .

M i x t u r e  o f  MoSig and  Ni Pow ders

W ith  t h e  p u r p o s e  o f  i n v e s t i g a t i n g  w h e t h e r  t h e  

r e a c t i o n  o f  f o r m a t i o n  o f  MoNiSi f rom MoSig p l u s  Ni c o u ld  

o c c u r  a l s o  w i t h  b o t h  s t a r t i n g  m a t e r i a l s  i n  t h e  s o l i d  s t a t e ,  

a  m i x t u r e  o f  MoSi2 p l u s  Ni pow ders  (70% MoSig, 30% Ni)  

was c o l d - p r e s s e d  an d  s i n t e r e d  f o r  2 h r ,  a t  1050°0 ,

The s i n t e r e d  m a t e r i a l  was t h e n  examined by x - r a y  

d i f f r a c t i o n ;  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  a p p e n d i x  2 .

The l i n e s  d e t e c t e d  c o r r e s p o n d  t o  t h o s e  o f  MoNiSi ,  MoSi2 , 

an d  N i ,

I n  t h i s  f a s h i o n  i t  was p o s s i b l e  to  show t h a t  t h e  

r e a c t i o n  b e tw e e n  MoSi2 and Ni to  form MoNiSi o c c u r s  a l s o  

i n  t h e  s o l i d  s t a t e ,  a t  t e m p e r a t u r e s  a s  low  a s  1050°0 .

The f a c t  t h a t  MoSig and  Ni a r e  p r e s e n t  a f t e r  2 h r ,  a t  

1050°0 i n d i c a t e s  t h a t  t h e  r a t e  o f  t h e  r e a c t i o n ,  a s  i s  

t o  be  e x p e c t e d ,  i s  c o n s i d e r a b l y  l o w e r  a t  l o w e r  t e m p e r a t u r e s  

( t h e  t im e  f o r  r e a c t i o n  i n  t h e  p r e v i o u s  3 e x p e r i m e n t s  was 

l e s s  t h a n  1 h r . ) .
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- 2 0 ,0 0 0

A G ° f .

c a l / m o l e Mo SI

MoNiSi

- 2 5 , 0 0 0

= - 3 1 , 2 3 5 + 9 . 472T

- 3 0 , 0 0 0
= - 3 8 , 9 8 0 + 1 6 . 46T

MoNiSi

500 700300 1100900 1300
°K ------->

F i g u r e  1 6 . F r e e  e n e r g i e s  o f  f o r m a t i o n  o f  MoSig an d  MoNiSi.
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Mo S ig  and  L o w e r - M e l t in g  M e t a l s

I n t e r a c t i o n s  be tw een  MoSig and s e v e r a l  l o w e r - m e l t i n g  

m e t a l s  and  a l l o y s  w e re  a l s o  s t u d i e d  by d i p p i n g  s i n t e r e d  

s i l i c i d e  s a m p le s  i n  t h e  m o l t e n  m e t a l s .  I n f i l t r a t i o n  was 

a t t e m p t e d  w i t h  t h e  p u r e  m e t a l s  t h a t  w ere  a v a i l a b l e :  Cu,

Sb, Zn, Od, Sn, and  A l .  Some A1 a l l o y s  (A I -C u ,  A l - S i ,  

Al-Mg, an d  A l - T i )  w ere  a l s o  s t u d i e d ,  t o  d e t e r m i n e  t h e  

i n f l u e n c e  o f  a l l o y i n g  e le m e n t s  i n  t h e  i n f i l t r a t i o n  w i t h  

a luminum.

S im ple  s e p a r a t i o n  o f  t h e  c e r a m ic  a n d  t h e  m e t a l  

o c c u r r e d  f o r  cadmium, a n t im o n y ,  and  a l u m i n u m - s i l i c o n  a l l o y .

M i c r o p h o to g r a p h s  o f  t h e  sy s te m s  MoSig-Cu,  MoSig-Zn,  

M oSig-Sn ,  MoSi2- A l - C u ,  MoSig-Al-Mg, an d  MoSi2- A l - T i  a r e  

shown i n  f i g u r e s  10 to  15.

The p h o t o g r a p h s  w ere  t a k e n  a t  t h e  i n t e r f a c e s  

c e r a m i c - m e t a l  to  d e t e r m i n e  w h e th e r  any  s i g n i f i c a n t  c h a n g e s  

w e re  o b s e r v a b l e  i n  t h e s e  r e g i o n s .  The e x a m i n a t i o n  o f  

t h e s e  i n t e r f a c e s  showed t h a t  v e r y  l i t t l e  ch an g e  o c c u r r e d  

a t  t h e  i n t e r f a c e ,  a n d  i t  was c o n c lu d e d  t h a t  t h e y  were  n o t  

s i g n i f i c a n t  enough t o  J u s t i f y  f u r t h e r  a n a l y s i s .
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CONCLUSIONS

The i n v e s t i g a t i o n s  made i n  t h i s  work made i t  

p o s s i b l e  t o  d e r i v e  some c o n c l u s i o n s  w i t h  r e s p e c t  t o  t h e  

i n t e r a c t i o n s  b e tw ee n  molybdenum d i s s i l i c i d e  a n d  s e v e r a l  

m e t a l s  and  a l l o y s .

I n  t h e  h i g h - t e m p e r a t u r e  s y s te m s  M o S ig -N i-C r  and  

M o S ig -N i ,  t h e  i n t e r a c t i o n  c e r a m i c - m e t a l  r e s u l t s  i n  t h e  

f o r m a t i o n  o f  MoNiSi and  N i ^ C r ^ S i y  i n  t h e  f i r s t  sy s te m  

a n d  o f  MoNiSi i n  t h e  s e c o n d .  A therm odynam ic  c a l c u l a t i o n  

i n  t h e  sy s te m  M o-S i-N i  showed t h a t  t h e  s i l i c i d e  MoNiSi 

i s  t h e  s t a b l e  compound a t  l o w e r  t e m p e r a t u r e s ,  c o n f i r m i n g  

t h e  e x p e r i m e n t a l  d a t a .

I t  was p o s s i b l e  to  d e r i v e  an o r i g i n a l  e x p r e s s i o n  

f o r  t h e  f r e e  e n e rg y  o f  f o r m a t i o n  o f  MoNiSi,  g i v e n  b y :

^ G°MoN1S1 = - 3 8 ,9 8 0  + 16.46 T

The f o r m a t i o n  o f  MoNiSi o c c u r s  w i t h  t h e  r e a c t i n g  

m e t a l  Ni i n  e i t h e r  t h e  l i q u i d  o r  s o l i d  s t a t e s ,  show ing  a  

c o n s i d e r a b l y  l o w e r  r a t e  i n  t h e  l a t t e r  c o n d i t i o n .

67
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The i n t e r a c t i o n s  be tw een  MoSig and  t h e  l o w e r -  

m e l t i n g  m e t a l s  an d  a l l o y s  Cu, A l ,  Sb, Zn, Cd, Sn, A l -C u ,  

A l - S i ,  Al-Mg, and  A l - T i  w ere  fo u n d  to  be e i t h e r  n o n e x i s t e n t  

o r  i n s i g n i f i c a n t .  When an i n t e r a c t i o n  d i d  o c c u r  (Cu,

A l ,  Zn, A l -C u ,  A l -M g ) ,  i t  was l i m i t e d  to  a  v e r y  t h i n  

l a y e r  a t  t h e  c e r a m i c - m e t a l  i n t e r f a c e .  I t  s h o u l d  be 

e m p h a s ize d  t h a t  t h e  v a l i d i t y  o f  t h e s e  c o n c l u s i o n s  i s  

l i m i t e d  t o  t h e  t e m p e r a t u r e s  a t  w h ich  t h e  i n f i l t r a t i o n  

t e s t s  w ere  c o n d u c t e d .
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A ppendix  2

E l e c t r i c  C h a r a c t e r i s t i c s  o f  C o i l s  Used i n  

t h e  I n d u c t i o n  F u rn a c e

d im e n s i o n s  o f  C o i l s  Used

C o i l  1

R a d iu s  r ,  i n ,  1 ,7 5

L e n g th  I ,  i n ,  88

Number o f  t u r n s  n  8

C a l c u l a t i o n  o f  I n d u c t a n c e s

The a p p r o x i m a t e  f o r m u l a  L = ( h r )  ^ u  h
9 r  + 101

was u s e d  f o r  t h i s  c a l c u l a t i o n .

Li = (8  x  1 . 7 5 ) 2 = 0 .2 1 9  JUh
( 9 x 1 .7 5 )  + (10x88)

L2 = (14  x  1 . 6 0 ) 2 = 0 .35 1  JUh
( 9 x 1 . 6o) + (10x145)

When c o i l  1 was r e p l a c e d  by c o i l  2 ,  t h e  i n d u c t a n c e  

o f  sy s te m  was i n c r e a s e d  by Lg -  L^ = 0 . 1 3 2  /Ah.  The

e x p r e s s i o n  f o r  t h e  f r e q u e n c y  o f  o s c i l l a t i o n  o f  t h e  sys tem  

i s

f  = 1 5 9
VlcF

C o l l  2 

1.60 

145 

14
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The f r e q u e n c y  o f  o s c i l l a t i o n  d e c r e a s e d  when L was 

i n c r e a s e d .  A d e c r e a s e  i n  f ,  i n  t u r n ,  c a u s e d  a  d e c r e a s e  

i n  t h e  e x c i t a t i o n  c u r r e n t ,  w hich  h i n d e r e d  t h e  o s c i l l a t o r s  

f rom  o p e r a t i n g .  By a d j u s t i n g  t h e  e x c i t a t i o n  c u r r e n t ,  i t  

was p o s s i b l e  t o  b r i n g  t h e  o s c i l l a t o r s  to  n o r m a l  o p e r a t i o n .
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Arrpendlx 4

Thermodynamic C a l c u l a t i o n s  on 

t h e  M o-N i-S i  System

The e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  

showed t h a t  t h e  compound MoNiSi i s  s t a b l e  a t  l o w e r  

t e m p e r a t u r e s  ( b e lo w  1000° C ) . I n  v iew  o f  t h e s e  r e s u l t s ,  

the rm odynam ic  c a l c u l a t i o n s  w ere  made on t h e  M o-N i-S i  

sy s te m  to  o b t a i n  some i n d i c a t i o n  o f  t h e  c r i t e r i o n  o f  

s t a b i l i t y  i n  t h i s  s y s t e m .  As t h e  compound i n i t i a l l y  

p r e s e n t  was MoSig and  t h e  f i n a l  one was MoNiSi,  i t  was 

d e c i d e d  to  d e v e lo p  a  c o m p a r a t i v e  the rm odynam ic  s t u d y  o f  

t h e  s t a b i l i t y  o f  t h e  two compounds,  and  from t h i s  s t u d y  

to  d e r i v e  o r i g i n a l  the rm odynam ic  d a t a  f o r  t h e  compound 

MoNiSi.

I n  t h e  d e r i v a t i o n  i t  w i l l  be  assum ed t h a t  t h e  _

c o e f f i c i e n t  o f  i n t e r a c t i o n  T?*0 i n  t h e  sy s tem  M o-N i-S i  i s
Si

z e r o .

The b a s i c  e q u a t i o n s  t o  be c o n s i d e r e d  a r e :

MoSi2 ^  — > Mo(q) + 2 S i ^ j  (1 )

£2.(1) + N1( l )  + S i ( D  —^  MoNiSi(g )  (2 )

w he re  Mo, S i ,  an d  Ni r e p r e s e n t  t h e  m e t a l s  i n  t h e  l i q u i d  

s o l u t i o n .
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To f i n d  t h e  f r e e  e n e rg y  change  due to  r e a c t i o n  1 

i n  i t s  s t a n d a r d  s t a t e ,  t h e  f o l l o w i n g  p a r t i a l  r e a c t i o n s  

a r e  c o n s i d e r e d :

Mo( s )  + 2 S i ( S) — *  MoSig ( s )  (3 )

M o ^ j -------------------------- ------► M °(s ) (4 )

2S1(1 )  —  2 S l ( s )  (5 )

Adding b o t h  s i d e s  o f  e q u a t i o n s  3 ,  4 ,  and  5 r e s u l t s

in
M°( 1 ) + 2S1(1 )  —  MoSig (6 )

( s )

The f r e e  e n e r g y  c h a n g e s  o f  t h e  r e a c t i o n s  3 ,  4 ,  

an d  5 ,  a c c o r d i n g  t o  H u l t g r e n  and  o t h e r s  (1971)  a r e :

= - 3 1 , 6 5 6  + 2*304 T
R3

AG®, = -  6 , 6 5 0  + 2 . 3  I
R4

= - 2 4 , 1 6 4  + 1 4 .3 4  TICD

The o v e r a l l  f r e e  e n e rg y  c h a n g e ,  c o r r e s p o n d i n g  t o  r e a c t i o n  

6 w i l l  t h e r e f o r e  be

= A g £ „  + A & 2,  + A ® °  = - 6 2 ,4 7 0R6 R3 R4 R5
+ 1 8 .9 44  T

However,  r e a c t i o n  1 i s  t h e  r e v e r s e  o f  r e a c t i o n  6 .
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T h e r e f o r e :

A & 2 .  = - A G ° ^  = 6 2 ,4 7 0  -  1 8 .9 4 4  T (7 )K1 Ro

F o r  r e a c t i o n  1 :

A gr i  = - a t  I n  a Mo»a  SI = —R t  l a  ( a Mo . a ^ )
a M o S i g  ( 8 )

L e t  A G °  = 6 2 ,4 7 0  -  1 8 ,944  T = A + BT
HI

w here

A = 6 2 ,4 7 0

B = - 1 8 . 9 4 4

E q u a t i o n  8 becom es!

I n  ( a „  . a  ) =
Mo Si

= -  ( b  a \  
[s .  + m j

o r
)

111 taito-a si> = -  ( l  + s i )  -  ^  a s i  ( 9 >

A n o t h e r  s i m p l i f y i n g  a s s u m p t io n  w i l l  h av e  to  be 

made h e r e .  I t  w i l l  be  assum ed t h a t  a ^  i n  t h e  N i - S l  

sy s te m  i s  a n a l o g o u s  t o  ag^  i n  t h e  F e - S i  s y s te m .  The 

d i f f i c u l t y  h e r e  i s  t h a t ,  a p p a r e n t l y ,  d a t a  f o r  t h e  

a c t i v i t i e s  i n  t h e  N i - S i  sy s tem  a r e  n o t  a v a i l a b l e ,  a c c o r d i n g  to
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H u l t g r e n  and  o t h e r s  ( 1 9 7 1 ) .  The u s e  o f  thermo dynamic 

d a t a  f rom t h e  F e - S i  sy s te m  to  r e p l a c e  t h o s e  f rom  t h e  

N i - S i  sy s tem  i s  J u s t i f i e d  by t h e  p r o x i m i t y  o f  Fe and  

Ni i n  t h e  p e r i o d i c  t a b l e .  I t  seems r e a s o n a b l e  to  p r e d i c t  

t h a t  t h e  d e v i a t i o n  f rom i d e a l i t y  i s  l a r g e l y  n e g a t i v e  

i n  N i - S i ,  b e c a u s e  i t  i s  l a r g e  i n  F e - S i ;  t h e r e f o r e ,

we t h i n k  t h a t  t h e  a s s u m p t i o n  made l e a d s  to  a  s m a l l e r

e r r o r  t h a n  i f  an i d e a l  s o l u t i o n  a s s u m p t io n  w e re  

c o n s i d e r e d .

Making t h i s  a s s u m p t i o n ,  i t  i s  p o s s i b l e  to  

c a l c u l a t e  a s ^ ,  u s i n g  t h e  p a r t i a l  m o la r  f r e e  e n e r g y  o f  S i  

i n  F e - S i :

A Gs i  = ^  a SI

where

A SSi  = A h s1  -  A s s l t

Assuming t h a t  and A S S1 do n o t  v a r y  w i t h

t e m p e r a t u r e ,  we o b t a i n ,  f rom H u l t g r e n  and  o t h e r s  (1 9 7 1 )  s

A<JSi  2 3 ,4 8 8  + 1 .566  T, f o r  F a  = 0 . 2 4

T h e r e f o r e

= ^ ^ 4 8 8  + 1 ^ 6 6
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T h e r e f o r e ,  e q u a t i o n  9 becom es :

l n ( aMo. a s l ) — -  I ~23<^88 +

, a Sl^ = + 1 1 -

F o r  r e a c t i o n  2 :

A 2 5 .4 8 8  
RT RT j (10)

AG® £ ____  = -RT I n  aMoNiSlfMoNiSi--------------------------------- o—
aMo*a Ni* Si

= RT I n  (a Mo . a ^  . a s l ) 

l e t ^ MoNlsl = 0 + DT (11 )

T h e r e f o r e

0 + DT = RT I n  (&Mo*aN i*a S i )

I n ^̂ Mo 'aHi , a S i ) = f | + w ) ( 12 )

H ere  a  s i m p l i f y i n g  a s s u m p t io n  w i l l  be  m ade ,  We 

w i l l  assume t h a t  t h e  s o l u t i o n  M o ^ j  + b e h a v e s  a s

an  i d e a l  s o l u t i o n ,  s e t t i n g

M *r
a Ni = Hi

w he re  i s  t h e  atom f r a c t i o n  o f  n i c k e l  i n  t h e

s o l u t i o n .  I n  t h e  e x p e r i m e n t ,  t h e  atom f r a c t i o n s  o f  t h e  

m e t a l s  p r e s e n t  w ere
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a / o  Ni = O.6 3  

a / o  Si = 0 . 2 4

a / o  Mo = 0 . 1 3

The a s s u m p t i o n  made seems r e a s o n a b l e  s i n c e  t h e  

sy s te m  i s  r i c h  i n  n i c k e l .  The a s s u m p t i o n  made i s  t h a t  

R a o u l t ’ s l a w  i s  a p p l i c a b l e .

E q u a t i o n  12 becom es :

+ RT (13)

Comparing e q u a t i o n s  10 and  13, one  o b t a i n s :

D -  I n  N.
I 3Ni

and

o r

D + 0 .4 6
I 8 . 7 5

D = 16 .46

C = -38 ,980
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T h e r e f o r e ,  t h e  f r e e  e n e rg y  o f  f o r m a t i o n  o f  MoNiSi 

w i l l  he g i v e n  by

^ GfMoNiSi = " 3 8 , 9 8 0  + 16 .46  T

Taking  Si a s  t h e  r e f e r e n c e  f o r  com par in g  t h e  f r e e

e n e r g i e s  o f  f o r m a t i o n  o f  MoNiSi and  MoSig* i t  f o l l o w s  t h a t

A G ^ M 0 S i 2 = - 3 1 . 2 3 5  + 9 . 4 7 2  T (14 )

A G M i S i  = - 3 8 ’98°  + 16‘46 T ( '1 5 )

The e q u i l i b r i u m  t e m p e r a t u r e  i n d i c a t e d  by  

e q u a t i o n s  14 and 15 f o r  t h e  compounds MoSig an d  MoNiSi 

i s  a p p r o x i m a t e l y  1100°K, s i g n i f i c a n t l y  b e lo w  t h e  t e m p e r a ­

t u r e s  a t  w h ich  t h e  f o r m a t i o n  o f  MoNiSi a c t u a l l y  o c c u r r e d  

i n  t h e  e x p e r i m e n t a t i o n .  An e x a m i n a t i o n  o f  t h e  two s t r a i g h t  

l i n e s  p l o t t e d  i n  f i g u r e  1 6 , h o w e v e r ,  shows t h a t  r e l a t i v e l y  

s m a l l  e r r o r s  i n  t h e  e s t i m a t e d  c o e f f i c i e n t s  w ou ld  c a u s e  

c o n s i d e r a b l e  s h i f t  i n  t h e  t h e o r e t i c a l  e q u i l i b r i u m  

t e m p e r a t u r e .  T h is  i s ,  o f  c o u r s e ,  due t o  t h e  f a c t  t h a t  

t h e  s l o p e s  o f  t h e  two l i n e s  a r e  s i m i l a r .

I t  i s ,  t h e r e f o r e ,  c o n s i d e r e d  t h a t  e q u a t i o n  15 

can  be  t a k e n  a s  an e s t i m a t e  f o r  t h e  f r e e  e n e r g y  o f  

f o r m a t i o n  o f  t h e  compound MoNiSi.
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