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THE SINTERING OP METALLIC POWDERS.

CHAPTER 1 .

I n t r o d u c t i o n .

S i n t e r i n g  in  powder m e ta l lu r g y  c o n s i s t s  o f  a n n e a l in g  

m e t a l l i c  p o w d ers ,  p r e v i o u s l y  p r e s s e d  i n t o  some d e s i r e d  sh a p e ,  

a t  t e m p e r a tu r e s  g e n e r a l l y  low er th a n  th e  m e l t in g  p o i n t s  o f  

th e  c o n s t i t u e n t  m e t a l s .  As s i n t e r i n g  p r o g r e s s e s ,  th e  

p h y s i c a l  p r o p e r t i e s  o f  th e  p r e s s e d  com pact may be im proved 

and u l t i m a t e l y  may a p p ro x im a te  t o  th e  p r o p e r t i e s  o f  th e  

m e ta l s  i n  t h e i r  m ass iv e  s t a t e .  P o r o s i t y ,  how ever, c a n n o t  

be c o m p le te ly  e l i m i n a t e d  and h o t - p r e s s i n g  t e c h n iq u e s  have 

b e en  d e v is e d  t o  re d u c e  th e  p o r o s i t y ,  e n h a n c in g  s t i l l  f u r t h e r  

th e  p h y s i c a l  p r o p e r t i e s  o f  th e  p r e s s e d  com pact. S i n t e r i n g  

may be c o n t r o l l e d  t o  o b t a i n  d e s i r e d  p r o p e r t i e s  and t h  a l l o y  

d i f f e r e n t  m e ta ls .  These c o n s i d e r a t i o n s  a l s o  a p p ly  i n  th e  

f i e l d s  o f  c e r a m ic s ,  where ce ram ic  o x id e s  and g l a s s  powders 

may be s i n t e r e d  i n  a  s i m i l a r  f a s h i o n .

To d i s c u s s  th e  s u b j e c t  more f u l l y ,  th e  f o l lo w in g  

d e f i n i t i o n s  have  been  a d o p te d .  The te rm  Ms i n t e r i n g "  has  

been  a p p l i e d  t o  th e  h e a t i n g  o f  u n i - m e t a l l i c  powder com pacts 

and Ma l l o y - s i n t e r i n g M t o  t h a t  o f  com pacted powder m ix tu r e s  

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

S i n t e r i n g :

Of th e  p r o p e r t i e s  o f  c o m p a c ts ,  d e n s i t y  m easurem ents  have 

been  /
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been found  to  s e rv e  a s  a  m easure  o f  th e  d e g re e  o f  s i n t e r i n g  

a t t a i n e d  on h e a t i n g  com pacted  m e t a l l i c  powders* These 

m easurem ents  may by o b t a in e d  d i r e c t l y  from  th e  s i n t e r e d  

compact o r  be d i l a t o m e t r i c  s t u d i e s  d u r in g  th e  h e a t i n g  o f  

a  p r e s s e d  shape*  G ra d u a l  d e n s i f i c a t i o n  h a s  been o b se rv e d  

on h e a t i n g  and i s  a t t r i b u t e d  t o  th e  s e a l i n g ,  g r a d u a l  i s o l a t i o n  

and  f i n a l l y  e l i m i n a t i o n  o f  th e  i n t e r n a l  p o re s  i n  th e  com pact. 

To e x p l a i n  th e  i n c r e a s e  o f  d e n s i t y  o f  th e  s i n t e r e d  p r o d u c t ,  

s e v e r a l  t h e o r i e s  o f  s i n t e r i n g  have been  p ro p o s e d ,  e a c h  

s t r e s s i n g  one o r  o t h e r  o f  th e  f o l lo w in g  m echanisms o f  a to m ic  

movement *

(1 )  E v a p o r a t i o n - c o n d e n s a t io n ,
(2 )  S e l f - d i f f u s i o n .
(5 )  S u r f a c e  t e n s i o n  f o r c e s ,  c a u s in g  p l a s t i c  flow  

o f  th e  m e t a l .

The e n e rg y  g r a d i e n t  f o r  a to m ic  movement i s  a t t r i b u t e d  to  

th e  r e d u c t i o n  i n  s u r f a c e  f r e e  e n e rg y  o f  th e  m e t a l l i c  powder 

d u r i n g  d e n s i f i c a t i o n *

A l lo y « » s in te r in g :

S in c e  th e  a d d i t i o n a l  f a c t o r s  o f  i n t e r d i f f u s i o n  o f  m e ta l s  

and  th e  p o s s i b i l i t y  o f  i n t e r m e t a l l i e  compound f o r m a t io n ,  

have t o  be c o n s id e r e d ,  a l l o y - s i n t e r i n g  i s  a  more complex 

p ro c e s s *  The p r e s e n t  i n v e s t i g a t i o n  h a s  been  c o n c e n t r a t e d  

on th e  n a t u r e  o f  a l l o y - s i n t e r i n g  and  th e  p o s s i b l e  in f o r m a t io n  

w hieh  cah  be o b ta in e d  from f o l lo w in g  e x p e r im e n ta l  m e th o d s .

( i )  /
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(1 )  D i l a t o m e t r i c  a n a l y s i s *
(2 )  D i f f e r e n t i a l  th e rm a l  a n a l y s i s ,
(5 )  E l e c t r i c a l  r e s i s t a n c e  m easurem ents*
(4 )  X -ra y  a n a l y s i s .



CHAPTER 2 .

Review o f  th e  l i t e r a t u r e .

4

S i n t e r i n g :

A n a ly s i s  o f  th e  e x p e r im e n ta l  and  t h e o r e t i c a l  d a t a  on
( 1 ) ( 2 ) 

s i n t e r i n g  h a s  been  rev ie w ed  by R o b e r ts  and G o e tz e l  who
c

c o n c lu d ed  t h a t  th e  evapora tion -m ejfr ian ism  p la y e d  a m inor
e

r o l e  i n  s i n t e r i n g .  The mdchanism was a n a ly s e d  from th e

b e h a v io u r  o f  s m a l l  m e ta l  s p h e r e s  p l a c e d  upon a  p la n e  o f  th e

same m e ta l  a s  shown i n  F i g . ( l ) .  On h e a t i n g  t h i s  model o f

S i n t e r i n g  to  v a r i o u s  t e m p e r a tu r e s  f o r  d i f f e r e n t  t im e s ,

i n t e r f a e i a l  g row th  was o b s e r v e d ,  th e  g row th  o f  th e  i n t e r f a c e

b e in g  m easured  d i r e c t l y  by m e t a l l o g r a p h i c  m e th o d s .
(»)

K u cszy n sk i  c o n c lu d ed  t h a t  th e  r a t e  a t  w hich  i n t e r f a c i a l  

g row th  p ro c e e d e d  a t  th e  v a r i o u s  t e m p e r a tu r e s  c o u ld  be 

e x p la in e d  by th e  mechanism o f  s e l f - d i f f u s i o n .  S u r fa c e  

d i f f u s i o n  was c o n s id e r e d  to  c r e a t e  th e  i n i t i a l  i n t e r f a c e  

a c r o s s  w hich  volume d i f f u s i o n  o c c u r re d  to  i n c r e a s e  th e  

s t r e n g t h  o f  t h i s  s i n t e r  b o n d . I t  was f u r t h e r  o b se rv e d  

t h a t  th e  g ro w th  o f  th e  i n t e r f a c i a l  c o n t a c t  was a  f u n c t i o n  

o f  th e  p a r t i c l e  s i z e  o f  th e  m e ta l  s p h e r e s ,  and t h a t  

s u r f a c e  d i f f u s i o n  p re d o m in a te d ,  th e  s m a l l e r  th e  s i z e  o f  

th e  m e ta l  s p h e r e s .

C a b re ra (4 )  r e c o n s i d e r e d  K u c sz y n sk i* s  r e s u l t s  and 

showed /



R g i l )  :

to  a  plane of the same m e t a l  (Kucszynski.

a  = radius of  metal sphere
X =» radius of- the interface Caused by Sintering

p  = radius of curvature of the. su iter bond
Z6 -  Subtended by the S in ter interface.

Interfac'ia! growth Was determined by the relationship if  the ratio Mth titne t . 

it was found that the lojanlhtn of the ratio ^  Could be expressed as a 

linear-junction of tim e (.t) and that it Was possible t o  determine the 
m echanise of atomic movement causing interfaced yftWfc fhm this mathematical 

relationship.

D iagram  i l l u s t r a t i n g  the s in te r in g  o f a  m e ta l  s p h e r e
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showed m a th e m a t ic a l ly  t h a t  s u r f a c e  t e n s i o n  f o r c e s  co u ld

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

th e  i n f l u e n c e  o f  th e  s i z e  o f  th e  m e ta l  p a r t i c l e s  co u ld  be

a t t r i b u t e d  to  i t s  e f f e c t  on th e  s u r f a c e  t e n s i o n  f o r c e  s in c e

t h i s  f o r c e  i s  d e p e n d e n t  on th e  i n i t i a l  r a d i u s  o f  th e

s p h e r i c a l  m e ta l  p a r t i c l e *  S i n t e r i n g  o f  com pacts composed

o f  r e g u l a r  s p h e r i c a l  p a r t i c l e s  o f  c o p p e r  have been s t u d i e d
(5)

d i l a t o m e t r i c a l l y  by Jo n e s  whose r e s u l t s  f a v o u r  th e  th e o ry  

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

A t t h i s  p o i n t ,  i t  i s  n e c e s s a r y  t o  d i s t i n g u i s h  betw een 

s u r f a c e  d i f f u s i o n  and th e  a to m ic  movement c au se d  by s u r f a c e  

t e n s i o n .  S u r f a c e  d i f f u s i o n  i s  r e s t r i c t e d  to  th e  s u r f a c e  

l a y e r s  o f  a tom s o f  a  m e ta l  and i s  th e  m ost r a p i d  o f  th e  

d i f f u s i o n  p r o c e s s e s .  Plow o f  m e ta l  a tom s i n  l a y e r s  i a  

c au se d  by s u r f a c e  t e n s i o n .  A tom ic movement i s  n o t  c o n f in e d  

to  th e  s u r f a c e  o f  a  m e ta l  b u t  e x te n d s  t o  a  d e p th  below th e  

m e ta l  s u r f a c e ,  by a n  amount w hich  depends on th e  p h y s i c a l  

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

t e m p e r a t u r e s .  T h is  i s  th e  b a s i s  o f  th e  p h e n o m e n o lo g ic a l
(6)

th e o r y  o f  s i n t e r i n g  p r o f f e r e d  by MacKenzie and S h u t t l e w o r t h
I\  y

who p ro p o se d  t h a t  th e  m echanism o f  s i n t e r i n g  o f  m e ta l s ,

ce ram ic  o x id e s  and  g l a s s  powders was th e  same* I n v e s t i g a t -
(7 )

io n s  by C la r k  and  W hite  on ce ram ic  o x id e s  and  g l a s s  

powders a p p e a r  to  s u b s t a n t i a t e  t h i s  t h e d r y .

A l l o y - s i n t e r i n g :  /
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A l l o y - s i n t e r i n g :

Both i n t e r d i f f u s i o n  o f  m e ta ls  and th e  b e h a v io u r  a t  th e

i n t e r f a c e s  o f  d i f f e r e n t  m e ta l s  have been th e  s u b j e c t  o f

r e s e a r c h .  The m arker method s tu d y in g  i n t e r d i f f u s i o n ,
( 8 )

f i r s t  em ployed by S m ig e lsk a s  and K i r k e n d a l l  and r e c e n t l y
(9 )

by Da S i l v a  and Mehl h a s  y i e l d e d  u s e f u l  i n f o r m a t i o n .  T h is  

method c o n s i s t s  o f  p l a c i n g  an  i n e r t  m a t e r i a l  e . g . ,  molybdenum, 

p la t in u m ,  c a rb o n  e t c . ,  be tw een th e  p o l i s h e d  s u r f a c e s  o f  th e  

m e ta ls  and  th e  e x t e r n a l  s u r f a c e s  o f  th e  co u p le  a s  shown in  

F i g .  ( 2 ) .  The e x t e r n a l  m arke rs  a r e  found to  rem ain  

s t a t i o n a r y  on h e a t i n g  th e  w elded assem b ly  w hereas  th e  i n t e r 

f a c i a l  m ark e rs  a r e  s u b j e c t  t o  movement. Movement o f  th e  

i n t e r f a c e  can be m easured  by r e f e r e n c e  t o  th e  e x t e r n a l  m arkers  

and t h i s  has  been p e rfo rm ed  w i th  v a r i o u s  m e ta l  c o u p le s .  At 

th e  v a r io u s  m e ta l  i n t e r f a c e s  movement o f  th e  m ark e rs  o c c u rs  

ir^the o p p o s i t e  d i r e c t i o n  t o  t h a t  a s s o c i a t e d  w i th  the  more 

r a p i d  d i f f u s i o n  o f  atom s and has  been r e l a t e d  to  th e  t r a n s f e r  

©f e x c e s s  atom s w hich  depends on th e  r e l a t i v e  r a t e s  o f

i n t e r d i f f u s i o n  o f  th e  v a r i o u s  m a t a l s .
( 10)

Le C l a i r e  and B arnes have found in  th e  s tu d y  o f  

i n t e r d i f f u s i o n  o f  co p p er  and n i c k e l  by t h i s  method t h a t  

w h i l s t  no change i n  th e  b u lk  volume o f  th e  c o u p le  o c c u r s ,  

th e  t o t a l  movement o f  th e  m arke rs  can  be a t t r i b u t e d  to  the  

e x p a n s io n  /



( a )  C o m p o n en t m e t a l s  o f tine in t e r  d if fu s io n  c o u p le  b e f o r e  h o t - p r e s s in g  

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

fosltion of fo il markers

Position of 
voire markers

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

in  ex. r e d u c in g  a t m o s p h e r e .

Figure  (2);
Diag ram o| metal couple arrangement em ployed 

in th e  study 9- the i n t e r d t f |u s io n  o f n o e fa ls •
( D a  S i f v a  a n d  M e h l  ^  )
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e x p a n s io n  o f  t h e  n i c k e l  w hich  i s  cau sed  by th e  t r a n s f e r  o f

e x c e s s  co p p er  a tom s s in c e  c o p p e r  d i f f u s e s  more r a p i d l y  i n t o
h'cKel

th e  n i c k e l  t h a n - i n t o  th e  c o p p e r .

I n t e r d i f f u s i o n  e x p e r im e n ts  o f  t h i s  n a t u r e  have  

r e v e a l e d  t h a t  d i f f u s i o n  p o r o s i t y  o c c u rs  i n  th e  n e ig h b o u rh o o d  

o f  th e  o r i g i n a l  i n t e r f a c e ,  g iv e n  by th e  m arker and  i s  

a s s o c i a t e d  w i t h  s t r u c t u r a l  d e g e n e ra c y  o f  th e  m e ta l  from 

w hich  g r e a t e s t  t r a n s f e r  o f  m e ta l  a tom s o c c u r s  e . g . ,  i n  th e  

c o p p e r - n i c k e l  c o u p le s  p o r o s i t y  i s  d e v e lo p e d  on th e  co p p er  

r i c h  s i d e  ©f th e  i n t e r f a c e .

Compacted m ix tu r e s  o f  d i f f e r e n t  m e ta l  powders 

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

t h a t ,  due t o  th e  p a r t i c l e  s i z e  o f  th e  m e t a l l i c  p o w d ers ,  th e  

d e g re e  o f  i n t e r f a c i a l  c o n t a c t  i s  much g r e a t e r  and much 

s m a l l e r  d i s t a n c e s  have t o  be t r a v e r s e d  f o r  h o m o g e n isa t io n  

by i n t e r d i f f u s i o n  o f  th e  m e t a l s .

D i l a t o m e t r i e  s t u d i e s :
( n r

Duwez and  M a rten s  f i r s t  i n v e s t i g a t e d  e x p a n s io n  and

s h r in k a g e  changes  a s s o c i a t e d  w i t h  t h e  c o n t in u o u s  h e a t i n g  o f

com pacted b in a r y  m e t a l l i c  powder m ix tu r e s  i n  a  r e d u c in g

a tm o sp h e re#  T h e i r  work h a s  been  c o n firm ed  by th e
( 12)

i n v e s t i g a t i o n s  o f  Raube and P l a t e  who have s t u d i e d  a wide 

ran g e  o f  sy s te m s  o f  b i m e t a l l i c  c o m p a c ts .  I t  would a p p e a r  

from  th e s e  i n v e s t i g a t i o n s  t h a t  th e  d i l a t o m e t r i c  c h a r a c t e r 

i s t i c s  a r e  d e te rm in e d  by th e  e q u i lb r iu m  sy s tem s formed by 

th e  /
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th e  components o f  th e  compact*

Two ty p e s  o f  a l l o y - s i n t e r i n g  may be i n f e r r e d  from

th e  d i l a t o m e t r i c  o f  com pacts d u r in g  h e a t in g *

(1 )  Where th e  com ponents o f  th e  com pact form a  com ple te  o r  
p a r t i a l  s o l i d  s o l u t i o n  sy s te m , ; s i n t e r i n g  may be 
a s s o c i a t e d  w i th  i n t e r d i f f u s i o n  and t h a t  s h r in k a g e ,  
accom panying  . s i n t e r i n g ,  may p ro c e e d  w i th o u t  i n t e r r u p t i o n .

(2)W here th e  com ponents a r e  c a p a b le  o f  fo rm in g  an  i n t e r 
m e d ia te  compound p h a s e ,  i n t e r m e t a l l i c  compound fo r m a t io n  
was h e ld  r e s p o n s i b l e  f o r  th e  a b r u p t  e x p a n s io n s  w hich  were 
o b se rv e d  to  accompany th e  s i n t e r i n g  o f  such  com pacts*

( 1*)
Hoar and  B u t l e r  have r e p o r t e d  t h a t  an  a b r u p t  

e x p a n s io n  o f  6 -7 ^  o c c u r r e d  d u r in g  th e  s i n t e r i n g  o f  c o p p e r -

n i c k e l  c o m p a c ts .  T h is  was n o t  o b se rv e d  by Duwez and 
(11) h,

M a rten s  who, how ev er ,  employed muc^ s lo w e r  h e a t i n g  r a t e s

i n  t h e i r  e x p e r im e n t s .  A lth o u g h  e x p a n s io n  may be

e x p e c te d  when co p p er  and  n i c k e l  i n t e r d i f f u s e , t h i s

d i s c r e p a n c y  c a n n o t  be r e a d i l y  d i s c u s s e d  u n t i l  th e

i n f l u e n c e  o f  com p ac ting  p r e s s u r e  and p a r t i c l e  s i z e  h as  been

d e te r m in e d .  F u r th e r m o re ,  gas  e n tra p m e n t  o c c u r s  d u r in g
(14)

c o m pac tion  and W arren  and L ib s c h ,  em ploy ing  p e r m e a b i l i t y  

and  d e n s i t y  m easu rem en ts ,  have found  t h a t  u n d e r  c o n d i t i o n s  

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

d e n s i t y  e f f e c t s  a r e  o b s e r v e d .  These e f f e c t s  were 

a t t r i b u t e d  to  th e  e n t r a p p e d  g a s e s  w hich  d e v e lo p  s u f f i c i e n t  

i n t e r n a l  p r e s s u r e s  to  cau se  th e  e x p a n s io n  o f  th e  i n t e r n a l  

p o re s  o f  th e  co m p ac t.

E l e c t r i c a l  /
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E l e c t r i c a l  r e s i s t a n c e  m easu rem en ts :
. —  ( 1 6 )

R h ines  and  C o l to n ,  and R h ines  and M eu ssn e r ,  em ploying

r e s i s t a n c e  m ea su re m e n ts ,  have s t u d i e d  a l l o y - s i n t e r i n g  o f  

e o p p e r - n i c k e l  c o m p a c ts .  I t  was co n c lu d ed  t h a t  i n t e r d i f f u s 

io n  c o u ld  be a s s o c i a t e d  w i th  th e  r e s i s t a n c e  changes  w hich 

accom pan ied  s i n t e r i n g ,  a l t h o u g h  th e  a u th o r s  s t r e s s e d  t h a t  

th e  e f f e c t s  o f  e n t r a p p e d  g a s e s  and  th e  s u r f a c e  c o n d i t i o n s  ©f 

th e  m e t a l l i c  pow ders e . g . ,  ten d e n cy  f o r  o x i d a t i o n ,  a b so rb e d  

g a s e s  e t c * ,  w ere n o t  to  be o v e r lo o k e d .  O th e rw ise  l i t t l e  

i n v e s t i g a t i o n  h a s  b een  p e rfo rm ed  upon sy s tem s w h ich  may 

i n t r o d u c e  i n t e r m e d i a t e  phase  f o r m a t io n ,

M e ta l lo g r a p h ic  s t u d i e s :     ( u )

G e n e ra l  m e t a l l o g r a p h i c  i n v e s t i g a t i o n  by Duwez and  M a r te n s ,
(1 2 )  (13)

Raube and  P l a t e ,  Hoar and  B u t l e r  and o t h e r s  have shown

th e  d eve lop m en t o f  p o r o s i t y  d u r in g  a l l o y ^ s i n t e r i n g ,  p a r t 

i c u l a r l y  when i n t e r m e d i a t e  p h ase  f o r m a t io n  o c c u r r e d .  I n  th e  

c a se  o f  c o p p e r - n i c k e l  c o m p a c ts ,  t h i s  p o r o s i t y  may be 

a s s o c i a t e d  w i th  ”d i f f u s i o n  p o r o s i t y ” w hich  h a s  been  found 

d u r in g  th e  i n t e r d i f f u s i o n  o f  t h e s e  m e ta ls  i n  th e  s o l i d  s t a t e .  

Changes i n  c r y s t a l  s t r u c t u r e ,  accom panying  i n t e r m e t a l l i c  

compound f o r m a t io n ,  would be e x p e c te d  to  d e v e lo p  marked 

p o r o s i t y .  The c o m p l ic a te d  m e t a l l o g r a p h i c  s t r u c t u r e s ,  

o b t a in e d  by d i f f e r e n t  s t a i n i n g  and  e t c h i n g  t e c h n i q u e s ,  do 

n o t  p e r m i t  com p le te  i d e n t i f i c a t i o n  o f  th e  a l l o y  p h a se s  p r o 

duced by s i n t e r i n g .

X -ra y  s t u d i e s :  /
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X -ra y  s t u d i e s :

The a l l o y - s i n t e r i n g  o f  c o p p e r - n i c k e l  com pacts h a s  been
(17)

i n v e s t i g a t e d  by Duwez and Jo rd a n  who c o n c lu d e d  t h a t

i n t e r d i f f u s i o n  o c c u r s  and  a s s i s t s  th e  n o rm al s i n t e r i n g  p r o c e s s .

W ith  b in a r y  m e t a l l i c  powder com pacts  i n  w h ich  i n t e r -

m e t a l l i c  compound f o r m a t io n  i d  p o s s i b l e ,  a l l o y - s i n t e r i n g

may in v o lv e  th e  c o m b in a t io n  o f  th e  m e t a l s .  Duwez and 
(18)

J o rd a n  , i n  a  s tu d y  o f  a  c o p p e r - g o ld  com pact c o n ta in i n g

25 a to m ic  % g o ld ,  d e te rm in e d  t h a t  t h e r e  was i n i t i a l  f o rm a t io n
o

o f  th e  i n t e r m e t a l l i c  compound CuAu a t  115 C and t h a t  t h i s  

compound c o u ld  e x i s t  i n  a p p a r e n t  e q u i l i b r i u m  w i th  any r e s i d u a l  

c o p p e r .  Com plete h o m o g e n is a t io n  d i d  n o t  o c c u r  u n t i l  th e  

s i n t e r i n g  te m p e r a tu re  ex ce ed e d  th e  o r d e r - d i s o r d e r  t r a n s -
8  (iq)

f o r m a t io n  t e m p e r a tu r e  o f  CuAu a t  424 C. R h ines  and  C o l to n

have c o n f i rm e d  i n t e r m e d i a t e  p h ase  f o r m e t io n  w i t h i n  c o p p e r -

z in c  and  c o p p e r - t i n  com pacts  d u r in g  s i n t e r i n g .  I n  a  e o p p e r -

z in c  com pact w h ich  c o n ta in e d  70 % c o p p e r  and was h e a t e d  to  
o

400 C, th e y  i d e n t i f i e d  th e  i n i t i a l  f o r m a t io n  o f  a l p h a - b r a s s  

and  th e  e ta -com pound  p h a s e s .  F u r t h e r  h e a t i n g  r e s u l t e d  i n  

th e  a p p e a ra n c e  o f  th e  gamma and  e p s i l o n  com pounds. S i m i l a r  

b e h a v io u r  was a l s o  o b se rv e d  d u r in g  th e  h e a t i n g  o f  a  c o p p e r -  

t i n  com pact, a l t h o u g h  th e  p r o c e s s  was more c o m p l ic a te d  due 

to  th e  complex i n t e r m e d i a t e  phase  fo r m a t io n  w hich  p r e v a i l s  

i n  th e  c o p p e r - t i n  e q u i l i b r i u m  s y s te m .  I t  h a s  a l s o  been 

o b se rv e d  t h a t  when c o p p e r  and z in c  powders were m ixed , 

a c c u r a t e  /
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a c c u r a t e  X - ra y  m easurem ents  r e v e a l e d  t h e  fo r m a t io n  o f
( 2 0 )

t r a c e s  o f  th e  be ta -C u Z n  compound.

C o n c lu s io n s :

The g e n e r a l  f e a t u r e s  o f  s i n t e r i n g  o f  m e t a l l i c  pow ders and 

th e  f a c t o r s  w h ich  i n f l u e n c e  th e  p r o c e s s /  have been  

sum m arised . B e fo re  any i n v e s t i g a t i o n  o f  a l l o y - s i n t e r i n g  

may be made, th e  e f f e c t s  o f  s e v e r a l  f a c t o r s  have to  be 

d e te r m in e d .  C o n s e q u e n t ly ,  a  p r e l im n a r y  i n v e s t i g a t i o n  o f  

th e  a l l o y - s i n t e r i n g  o f  c o p p e r - z in c  com pacts  i n  vacuo has  

been p e r fo rm e d ,  em p loy ing  th e  f o l lo w in g  e x p e r im e n ta l  m etho ds .

(1 )  D i l a t o m e t r i c  a n a l y s i s .
(2 )  D i f f e r e n t i a l  t h e r m a l  a n a l y s i s .
(5 )  E l e c t r i c a l  r e s i s t a n c e  m e a su re m e n ts .
(4 )  X -ra y  a n a l y s i s .

The o b j e c t  was t o  s tu d y  th e  e f f e c t  o f  p a r t i c l e  s i z e  and

co m p ac tio n  upon th e  a l l o y * - s i n t e r i n g  o f  c o p p e r - z in c  c o m p a c ts .

Vacuum s i n t e r i n g  w i th  low r a t e s  o f  h e a t i n g  was a d o p te d  to

o f f s e t  th e  p o s s i b l e  e f f e c t  o f  e n t r a p p e d  g a s e s .  S in c e  z in c

i s  c h a r a c t e r i s e d  by i t s  v o l a t i l i t y ,  i t s  e f f e c t  sh o u ld  be

a s s e s s e d .  The i n f l u e n c e  o f  th e  v ap o u r  p r e s s u r e  o f  m e ta l s

d u r i n g  a l l o y -  s i n t e r i n g  a s  y e t  h a s  r e c e i v e d  l i t t l e  a t t e n t i o n
( 11)

Duwez and  M arten s  o b se rv e d  t h a t  th e  a b r u p t  th e rm a l  

e x p a n s io n s  a s s o c i a t e d  w i th  th e  h e a t i n g  o f  b in a r y  m e t a l l i c  

com pacts i n  w hich  i n t e r m e t a l l i c  compound f o r m a t io n  was 

p o s t u l a t e d ,w e r e  accom pan ied  by i n d i c a t i o n s  o f  h e a t  e v o l u t i o n  

D i f f e r e n t i a l  th e rm a l  a n a l y s i s  seemed a  c o n v e n ie n t  method o f  

s tu d y in g  /
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s tu d y in g  su c h  e f f e c t s .

X -ra y  m easurem ents  c o u ld  be u se d  f o r  p o s i t i v e
a. r

i d e n t i f i c a t i o n  o f  th e  new p h a s e s  p ro d u ce d  d u r in g  s i n t e r i n g *  

No e x t e n s i v e  m e t a l l o g r a p h i c  e x a m in a t io n  was made a s  th e  main 

p u rp o se  o f  p h ase  i d e n t i f i c a t i o n  c o u ld  be s e c u r e d  from X -ra y  

d a ta *
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P reT im nary  i n v e s t i g a t i o n  o f  th e  a l l o y - s i n t e r i n g  
o f  c o p p e r - z i n c  com pacts In  v a c u o .

1* P i l a t o m e t r i e  a n a l y s i s :

D i l a t o m e t r i c  s t u d i e s  o f  t h e  h e a t i n g  o f  c o p p e r - z in c  com pacts 
i n  vacuo were p e rfo rm ed  n o t  o n ly  t o  i n v e s t i g a t e  phase  
f o r m a t io n  b u t  a l s o  to  d e te rm in e  th e  i n f l u e n c e  o f  th e  
f o l lo w in g  f a c t o r s •

(1 )  The v a p o u r  p r e s s u r e  o f  th e  m e ta l  com po nen ts .
(2 )  The p a r t i c l e  s i z e  o f  t h e  p o w d e rs .

(5 )T he  c o m p ac tin g  p r e s s u r e .
(4 )  The c o m p o s i t io n  o f  th e  co m pac t.

Expe r i m e n t a 1 p ro  c e d u r e ;

Three d i f f e r e n t  b a tc h e s  o f  a to m is e d  c o p p e r  powder were

em ploy ed . The s c r e e n  a n a l y s i s  o f  th e s e  a r e  a s  f o l lo w s ,

( a l l  s i z e s  r e f e r r e d  t o  B .S .S .  s c r e e n s ) s -

Copper powder (A) -5 0 0  mesh
Copper powder (B) 4*100 mesh 0 .0 9 $

1 00 /150  mesh 9 .9 5 ^
150 /200  mesh 2 1 .1 5^
200 /500  mesh 1 7 .0 2^

-5 0 0  mesh 51 .80 ^
Copper powder (C) -100  mesh

( s e p a r a t e d  i n t o  s i z e  g ra d e s )

Two b a tc h e s  o f  z in c  powder were u se d  and p o s s e s s e d  th e

f o l lo w in g  s c r e e n  c h a r a c t e r i s t i c s .

Z in c  powder (A) -500  mesh
Z in c  powder (B) -100  mesh

( s e p a r a t e d  i n t o  s i z e  g r a d e s )

Com pacts , w e ig h in g  10 gms, were p r e p a r e d  by c o ld

p r e s s i n g  th e  b le n d e d  pow ders i n t o  th e  shape  o f  f l a t  d i s c s

i n  a  c y l i n d e r  m ould , 5 .2 5  in s *  e x t e r n a l  d i a m e t e r ,  2 *4 . i n s .

l e n g t h  and w i th  an  i n t e r n a l  b o re  d ia m e te r  o f  1 .1 5  i n s .

The /
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The mould was f i t t e d  w i th  a  t a p e r e d  base  p lu g ,  1 i n s  l o n g .
2

The co m p ac ting  p r e s s u r e s  u sed  c o v e re d  t h e  ran g e  o f  5 -90  t o n s / i n s .

D i l a t o m e t r i c  s t u d i e s  d u r in g  h e a t i n g ,  were made u n d e r
■Ic o n d i t i o n s  o f  l e s s  t h a n  1 mm. H g . ,  p ro d u ce d  by an E d w ard 's

Hyvac pump. The f u rn a c e  a r ra n g e m e n t  w hich  i s  shown i n  P i g . (3)

was compased o f  a  Nichrome wound f u r n a c e ,  c o n t a in i n g  a

fu s e d  s i l i c a  tu b e  o f  2 i n s .  i n t e r n a l  d i a m e t e r .  M easurem ents
o

were o v e r  a  ra n g e  o f  t e m p e r a tu re  e x te n d in g  from 0-900  C w i th  

a  c o n s t a n t  h e a t i n g  r a t e  o f  3 c / m i n u t e .  T em pera tu re  r e a d in g s  

were o b ta in e d  by a  Chrome1-Alumel th e rm o c o u p le .

D im e n s io n a l  changes  were i n d i c a t e d  by a t h i n  fu se d  

s i l i c a  t u b e ,  th e  lo w er  end  o f  w hich  p a s s e d  th ro u g h  a  d r i l l e d  

h o le  i n  a  s p l i t  I n c o n e l  c o n t a i n e r  w i t h i n  w hich  th e  p r e s s e d  

com pact was p la c e d  v e r t i c a l l y  a s  shown i n  th e  d ia g ra m . The 

u p p e r  end o f  th e  s i l i c a  tu b e  was c o n ta in e d  w i t h i n  a  wide c lo s e d  

end g l a s s  tu b e  w h ich  p a s s e d  th ro u g h  th e  r u b b e r  bung . Any 

d im e n s io n a l  ch an ges  i n  th e  compact were o b se rv e d  by a 

c a t h e t o m e t e r ,  f o c u s s e d  on th e  k n i f e  e d g e .

The end o f  th e  th e rm o co u p le  was i n s e r t e d  th ro u g h  

a n o th e j j l io le ,  d r i l l e d  i n  th e  c o n t a i n e r  so t h a t  th e  j u n c t i o n  was 

a s  c lo s e  a s  p o s s i b l e  to  th e  spec im en  u n d e r  t e s t .  D u ring  

e x p e r im e n t s ,  c a th e to m e te r  r e a d in g s  were t a k e n  a t  0 . 1 .  mv. 

i n t e r v a l s  o f  t e m p e r a t u r e .  The e x p e r im e n ta l  r e s u l t s  o f  the  

d im e n s io n a l  c h a n g e s ,  c au se d  d u r in g  t h e  h e a t i n g  o f  th e  c o p p e r -  

z in c  com pacts a r e  g iv e n  i n  P i g .  ( 4 ) » ( 5 )  and condensed  in  

t a b l e s  /
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R<|. (3); Apparatus for studying dllatometric changes.
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pig (4) :  Thermal expansion curves f or Copper-z in c compacts 
fressed  a t 20 fans/in* arc! heated  in Vacuo.
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R c|._(5) ; Thermal expansion curves fo r 5Q-50 C opper-z inc  com p ac ts  with 
Varying hnesh g rad es  of  powd e r s  • P r e s s e d  a t  5o tons/in.2 and heated in Vacuo.

Copper Particle Size Zinc Particle Size
Observed Expansion

mm. “o

36/ 44 mesh — 120 mesh 3 66 12-52
100/120 mesh ,, mesh 3-38 11-57
— 300 mesh ,, mesh 2-52 8-63

,, mesh — 300 mesh 1-96 6-71

Iq b le (Q : Effect of p a r t ic le  size on expansion  o-f Sir SQcopper-zinc 
Sp e c im e n s .

Expansion in 1
Compact Range 180°- Temp, of Temp, of Rate of Tetnp. |,

ing 380 C. Start of End of E xpan Range of ,
Pressure, E xp an E xpan sion, Expau- |
tons/in.* sion, °U. sion, °C. mm./°C. sion, °C. 1

mm. % 1

2-31 7-91 216 324 0-021 10'S I
10 2-27 7-78 215 332 0-019 117 1
20 1-69 5-78 226 346 0-014 . 120 1
30 1-32 4-52 200 385 0-007 185
50 1-50 5-13 200 385 0-008 185
70 1-72 5-88 179 385 0-0085 206

lQble0 0 ■ Effect of Compacting pressure on the expansion of 

7o:3o c o p p er-zinc  compacts.
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t a b l e s  ( s e e  T a b le s  ( l ) - ( 2 )  ) .

R e s u l t s :

(1 )  The d i l a t o m e t r i e  b e h a v io u r  o f  c o m p a c ts ,  composed o f

co p p er  powder (A) and p r o g r e s s i v e l y  i n c r e a s i n g  am ounts o f
2

z in c  powder (A ) ,  p r e s s e d  a t  20 t o n s / i n s . ,  a r e  g iv e n  i n  F i g #(4).
o

( «) * An a b r u p t  e x p a n s io n  b e g in s  a b o u t  200 C and  becomes

more marked a s  th e  te m p e r a tu re  i n c r e a s e s  u n t i l  i t  i s  com plete  
o

a b o u t  580 C* The c o m p o s i t io n s  o f  th e  compact v a r i e d  from 

5-50 % z in c  and w i t h i n  t h e s e  l i m i t s  th e  t o t a l  e x p a n s io n  

v a r i e s  d i r e c t l y  w i th  th e  z in c  c o n t e n t .

(2 )  The e f f e c t s  o f  p a r t i c l e  s i z e  a r e  shown i n  th e

d i l a t o m e t r i e  c u r v e s ,  g iv e n  i n  F i g .  (5 )  and T ab le  (1 )  f o r

com pacts w hich  were composed o f  50 % z in c  p o w d ers ,  p r e s s e d  
2

a t  50 t o n s / i n .  M ix tu re s  o f  v a ry in g  s i z e  g ra d e s  o f  co p p er

powder (C) and  z in c  powder ( B) were em p loy ed . S i m i l a r  a b r u p t

e x p a n s io n s  were o b se rv e d  w i t h i n  th e  t e m p e r a tu re  r a n g e  n o te d  
o o

p r e v i o u s ly  (200 *380 C ) • As th e  p a r t i c l e  s i z e  o f  th e  

powders i s  d e c r e a s e d ,  t h e  t o t a l  e x p a n s io n  i s  d im in i s h e d  a s  

shown i n  T ab le  ( 1 ) .

(5 )  The i n f l u e n c e  o f  com pacting  p r e s s u r e  may be o b se rv e d

from a s tu d y  o f  th e  d i l a t o m e t r i e  b e h a v io u r  o f  co m p ac ts ,

composed o f  10% c o p p e r  and 30^ z in c  pow ders (A ) ,  form ed under
2

d i f f e r e n t  co m pac tin g  p r e s s u r e s ,  r a n g in g  from 10-70 t o n s / i n .

The t o t a l  e x p a n s io n s  o b se rv e d  f o r  th e  d i f f e r e n t  p r e s s u r e s  

a r e  /
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a r e  shown i n  T ab le  ( 2 ) .  As th e  co m p ac tin g  p r e s s u r e  i s

i n c r e a s e d ,  th e  i n i t i a l  t e m p e r a tu re  o f  e x p a n s io n  f a l l s  and

th e  t e m p e r a tu re  a t  w hich  e x p a n s io n  c e a s e s ,  becomes c o n s t a n t  
o

a t  385 C. The t o t a l  e x p a n s io n  d e c r e a s e s  t o  a  minimum a t
2

co m p ac tin g  p r e s s u r e s  a b o u t  30 t o n s / i n .  and t h e r e a f t e r

g r a d u a l l y  i n c r e a s e s  w i th  i n c r e a s e  i n  com pacting  p r e s s u r e  up 
2 o

to  70 t o n s / i n .  The r a t e  o f  e x p a n s io n  i n  mm./ C g r a d u a l ly

f a i l s  t o  a  c o n s t a n t  v a lu e  f o r  co m pac ting  p r e s s u r e s  o f  
2

50-70 t o n s / i n / .

2. D i f f e r e n t i a l  th e rm a l  a n a l y s i s :

E x p e r im e n ta l  p r o c e d u r e :

Com pacts, w e ig h in g  25 g m s .,  were p r e p a r e d  and h a lv e d ,  e a c h  

h a l f  d i s c  b e in g  u se d  a s  a  t e s t  sp e c im e n .  D i f f e r e n t i a l  

th e rm a l  c u rv e s  were o b ta in e d  by com paring  th e  r a t e  o f  h e a t in g  

o f  th e  t e s t  specim en  w i t h  t h a t  o f  a  c o p p e r  s t a n d a r d  o f  

i d e n t i c a l  w e ig h t  and  shape w i t h i n  th e  Nichrome wound fu rn a c e  

a r ra n g e m e n t  shown i n  P i g .  ( 6 ) .  The s t a n d a r d  and t e s t  

spec im en  were p la c e d  i n s i d e  an  alundum c o n t a i n e r ,  made w i th  

a p p r o p r i a t e  r e c e s s e s .  The j u n c t i o n  o f  th e  Chrome1-Alumel 

Therm ocouple was l o c a t e d  i n  a  c e n t r a l  h o le  w i t h i n  th e  alundum 

c o n t a i n e r  a s  shown i n  th e  d ia g ra m .  The d i f f e r e n t i a l  them o;coopig

j u n c t i o n s  were i n s e r t e d  i n t o  c e n t r a l  h o l e s  d r i l l e d  i n  b o th

th e  s t a n d a r d  and  t e s t  sp e c im e n s .  The d i f f e r e n t i a l

th e rm o co u p le  b r id g e  was composed o f  C hrom el-A lum el-Chrom el

w i r e s  and  th e  d i f f e r e n c e  i n  e . m . f .  a c / r o s s  i t s  l e a d s

m easured  by a  T yn sley  p o t e n t i o m e t e r ,  f i t t e d  w i th  a n u l l  
p o i n t  /
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p o i n t  Cambridge g a lv a n o m e te r*

R ead ings  o f  th e  d i f f e r e n t i a l  e .n u f *  were ta k e n  a t  

0*1 mv* te m p e ra tu re  i n t e r v a l s  u n d e r  vacuum and h e a t i n g  

c o n d i t i o n s ,  i d e n t i c a l  to  th o s e  o b se rv e d  d u r in g  th e  

d i l a t o m e t r i e  s t u d i e s .

D i f f e r e n t i a l  th e rm a l  c u rv e s  a r e  g iv e n  i n  F i g .  ( 7 ) - ( 1 0 ) .  

R e s u l t s :

(1 )  D i f f e r e n t i a l  th e rm a l  r e s u l t s  o b t a in e d  from  c o m p a c ts ,

composed o f  co p p er  powder (A) and  -120  mesh z in c  powder (B ) ,
2

p r e s s e d  a t  50 t o n s / i n .  a r e  g iv e n  i n  F i g .  ( 7 ) .  The

c o m p o s i t io n  o f  th e  com pacts v a r i e d  from 10-50  $ z i n c .  A

marked e x o th e rm ic  c h an g e ,  th e  i n t e n s i t y  o f  w hich  was
o

p r o p o r t i o n a l  t o  th e  z in c  c o n t e n t ,  o c c u r r e d  a t  240 C
o

fo l lo w e d  by a  s l i g h t  e n d o th e rm ic  change a t  480 C. The
o

e x o th e rm ic  change began  a t  200 C and  th e  e n d o th e rm ic  change a t  
o o

450 C b e in g  co m p le ted  by 490 C. I n  th e  c a se  o f  co m p ac ts ,

c o n ta in i n g  20$ and 50 % z i n c ,  e v o l u t i o n  o f  h e a t  a p p e a re d  
o

com ple te  by 300 C.

(2 )  The i n f l u e n c e  o f  p a r t i c l e  s i z e  on th e  th e rm a l  b e h a v io u r  

o f  t h e  com pacts was i n v e s t i g a t e d  i n  a s e r i e s  o f  c o m p a c ts ,  

c o n ta in i n g  50 :5 0  r a t i o  o f  c o p p e r - z in c  p o w d e rs .  The
2

co m p ac ts ,  p roduced /a t a  co m pac ting  p r e s s u r e  o f  50 t o n s / i n .  

were made up  from  powders o f  v a r y in g  s i z e  g ra d e s  a s  f o l lo w s ,

( a )  -120 mesh z in c  powder (B) w i th  v a ry in g  g ra d e s  o f  
co p p er  powder ( B ) •

(b )  -300  mesh co p p er  powder (A) w i t h  v a r io u s  g ra d e s  
o f  z in c  powder (B) and z in c  f i l i n g s  o f  a g iv en  
s i z e  r a n g e •

The /
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The d i f f e r e n t i a l  th e rm a l  c u rv e s  f o r  th e s e  com pacts a r e

g iv e n  i n  F i g .  ( 8 ) ~ ( 9 ) .

W ith  l a r g e  s i z e d  c o p p e r  p a r t i c l e s  o f  3 6 /44  mesh and

6 o /7 2  B .S .S .  mesh s i z e ,  a  marked h e a t  a b s o r p t i o n  o c c u r re d  
o

a t  420 C and  must be a t t r i b u t e d  t o  th e  m e l t in g  o f  z in c  and

z i n c - r i c h  p h a s e s .  W ith  100/120 mesh c o p p e r  pow der, t h i s

e n d o th e rm ic  change d im in sh e s  and  a  s l i g h t  e x o th e rm ic  change
o

o c c u r s  a b o u t  240 C. W ith  c o p p e r  powder o f  s t i l l  f i n e r  s i z e

g r a d i n g ,  th e  e x o th e rm ic  change becomes more m arked .

In  com pacts made up  o f  f i n e  c o p p e r  powder and  z in c

powder o f  v a ry in g  s i z e  g r a d e s ,  s i m i l a r  e f f e c t s  a r e  o b s e r v e d .

In  com pacts c o n ta in i n g  l a r g e  z in c  p a r t i c l e s  ( f56  and 44 /60

mesh ) ,  two e x o th e rm ic  changes a r e  o b s e rv e d ,  th e  f i r s t
o 0 0

o c c u r r i n g  a t  240 C and  th e  second  a t  380 -39 0  C . I n

com pacts c o n t a i n i n g  z in c  powder o f  p r o g r e s s i v e l y  f i n e r

s i z e s ,  t h i s  seco n d  e x o th e rm ic  change d im in i s h e s  u n t i l  i n

com pacts  c o n ta in i n g  -300  mesh z in c  o n ly  one e x o th e rm ic  change

i s  o b s e r v e d .

(3 )  The e f f e c t  o f  com pac tin g  p r e s s u r e  h as  been  i n v e s t i g a t e d ,

u s i n g  com pacts composed o f  50 /50  m ix tu r e s  o f  -500  mesh

c o p p e r  and  z in c  pow ders ( A ) • Com pacting p r e s s u r e s  o f
2

5 ,1 0 ,2 0 ,6 0  and 70 t o n s / i n .  were em ployed t o  p r e p a r e  th e

c o m p a c ts .  As shown i n  F i g .  ( 1 0 ) ,  a  d e f i n i t e  e x o th e rm ic
o

change o c c u rs  a t  240 C, th e  h e a t  e v o l u t i o n  becom ing more

p ronou nced  once th e  co m p ac ting  p r e s s u r e  wks  g r e a t e r .  W ith
2

co m p ac tin g  p r e s s u r e s  up to  10 t o n s / i n . ,  two e x o th e rm ic  

changes  /
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o o

changes  o c c u r ,  one a t  240 C and  th e  o t h e r  a t  520 C.
2

Over 10 t o n s / i n ,  o n ly  one e x o th e rm ic  change o c c u r s .  S l i g h t
o

e n d o th e rm ic  changes  a t  420 C were o b se rv e d  on some o f  th e  

c u r v e s •

3 E l e c t r i c a l  r e s i s t a n c e  m ea su re m e n ts :

E x p e r im e n ta l  p r o c e d u r e ^ :
ct

A h o r i z o n t a l  fu r n a c e  a r ra n g e m e n t  was a d o p te d  a s  shown i n  

P i g .  (11) t o  s tu d y  th e  changes i n  r e l a t i v e  e l e c t r i c a l  

r e s i s t a n c e  o f  com pacts d u r in g  h e a t i n g .  Two h o le s  o f  

a p p ro x im a te ly  3 /3 2  i n .  d iam etw r were d r i l l e d  th r o u g h  a 

com pact a t  a  d i s t a n c e  o f  5 /4  i n .  a p a r t .  The compact was 

b o l t e d  by In c o n e 1 sc rew s t o  th e  ends  o f  two l e n g t h s  o f  

l / 4  i n .  co p p er  r o d ,  $he ends o f  w hich  had  been  d r i l l e d  and 

t a p p e d .  The c o p p e r  ro d s  were h e ld  r i g i d  by two a s b e s t o s  

clam ps and em erged v i a  th e  r u b b e r  bung a s  shown i n  th e  

d ia g ra m . T em pera tu re  r e a d in g  were o b ta in e d  by a  

Chrome1-Alumel th e rm o co u p le  p la c e d  a s  n e a r  th e  spec im en  a s  

p o s s i b l e •

A c o n s t a n t  c u r r e n t  was p a s se d  th ro u g h  th e  d i s c s  v i a  

th e  c o p p e r  ro d s  and th e  p o t e n t i a l  d ro p  a c r o s s  th e  ro d s  

m e a su re /d  by a  T y n s ley  p o t e n t i o m e te r  a t  0 . 1 .  mv. 

i n t e r v a l s  o f  t e m p e r a t u r e .  T h is  p e rm i t s  th e  m easurem ent 

o f  th e  d i s c  i n  m i H i - v o l t s  s in c e  th e  e x p a n s io n s  a s s o c i a t e d  

w i th  the  vacuum s i n t e r i n g  of c o p p e r - z in c  com pacts p r e v e n t  

even  an  a p p ro x im a t io n  o f  th e  t r u e  e l e c t r i c a l  r e s i s t a n c e  

v a l u e .  /

/ •
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v a l u e .  R e l a t i v e  e l e c t r i c a l  r e s i s t a n c e  v a lu e s  were 

d e te rm in e d  f o r  a  number o f  c o p p e r - z in c  com pacts u n d e r  v a ry in g  

c o n d i t i o n s  o f  c o m p o s i t io n  com p actin g  p r e s s u r e  and  p a r t i c l e  

s i z e  o f  t h e  c o n s t i t u e n t  p o w d ers .  The r e s u l t s  w hich  have been 

o b ta in e d  a r e  p r e s e n t e d  i n  P i g .  (12)«*(14) a s  a  p l o t  o f  r e l a t i v e  

r e s i s t a n c e  a g a i n s t  t e m p e r a t u r e .

R e s u l t s :

(1 )  The o b se rv e d  r e l a t i o n s  be tw een  th e  e l e c t r i c a l  r e s i s t a n c e

and  th e  c o m p o s i t io n  o f  th e  com pacts d u r in g  h e a t i n g  a r e  g iv e n

i n  F i g .  (12 )  f o r  c o m p a c ts ,  composed o f  co p p er  powder (B) and
2

-300  mesh z in c  pow der, p r e s s e d  a t  50 t o n s / i n .  I n i t i a l l y ,

t h e r e  i s  a  l i n e a r  r e l a t i o n s h i p  betw een  th e  r e s i s t a n c e  and

te m p e r a tu re  u n t i l  i n  a l l  c a s e s  w i t h i n  a  t e m p e ra tu re  ran g e  o f  
o o

200 — 250 C, an  a b r u p t  d ro p  i n  r e s i s t a n c e  i s  o b s e r v e d .  The

t o t a l  r e s i s t a n c e  d ro p  d e c r e a s e s  a s  th e  z in c  c o n te n t  i n c r e a s e s ,  
o

A t 380 C t h i s  f a l l  i n  r e s i s t a n c e  c e a s e s  and  an  i r r e g u l a r

v a r i a t i o n  i n  r e s i s t a n c e  f o l lo w s  b e fo r e  a  f i n a l  c o n s t a n t  v a lu e
o

o f  r e s i s t a n c e  i s  o b t a in e d  a t  500 C. T h is  f i n a l  v a lu e  o f  

e l e c t r i c a l  r e s i s t a n c e  depends on th e  z in c  c o n t e n t ,  g e n e r a l l y  

becoming h i g h e r  a s  th e  z in c  c o n te n t  o f  th e  compact i s  i n c r e a s e d

(2 ) Changes i n  co m p ac tin g  p r e s s u r e  and p a r t i c l e  s i z e  cause

v a r i a t i o n s  i n  th e  e l e c t r i e a l  r e s i s t a n c e  b e h a v io u r  a s  shown

i n  F i g .  ( 1 3 ) ~ ( 14) f o r  v a r y in g  g ra d e s  o f  powder m ix tu r e s ,
2 2 

com pacted a t  20 t o n s / i n .  and  50 t o n s / i n .  As th e  com pacting

p r e s s u r e  i s  i n c r e a s e d ,  th e  i n i t i a l  v a lu e  o f  r e s i s t a n c e  i s

d e c r e a s e d ,  /
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d e c r e a s e d ,  and th e  lo w e s t  i n i t i a l  r e s i s t a n c e  v a lu e  i s  

a s s o c i a t e d  w i th  com pact c o n ta in i n g  th e  c o a r s e r  g ra d e  o f

c o p p e r  p a r t i c l e s .  The d ro p  in  r e s i s t a n c e  w hich  b e g in s  a t
o o200 -250 C d e c r e a s e s  w i t h  th e  i n c r e a s e  i n  th e  com pac ting

p r e s s u r e  and  th e  p a r t i c l e  s i z e *  A t t e m p e r a tu r e s  above

380°C, th e  f a l l  i n  r e s i s t a n c e  c e a s e s  and  th e n  te n d s  t o  a
o

c o n s t a n t  v a lu e  500 C*

& X -ra y  a n a l y s i s ;

E x p e r im e n ta l  p r o c e d u r e :

10 gm. sam ples o f  v a r i o u s  c o p p e r  z in c  powder m ix tu re s  

were p r e p a r e d  i n  th e  form  o f  d i s c s  w hich  were h e a t  t r e a t e d  

i n  vacuo a t  th e  v a r i o u s  t e m p e r a tu r e s  a s s o c i a t e d  w i th  th e  

d i l a t o m e t r i c  and  th e rm a l  c h a n g e s .  The f o l lo w in g  p ro c e d u re  

was a d o p te d .

(1 )  Com pacts, composed o f  v a r y in g  am ounts o f  f i n e  co p p er  
powger (A) and  z in c  powder (A ) ,  com pacted  a t  50 t o n s /  
i n .  were t r e a t e d  u n d e r  th e  same c o n d i t i o n s  o f  vacuum 
and h e a t i n g  r a t e  a s  p r e v a i l e d  d u r in g  th e  p r e v io u s  
e x p e r im e n t s .  The com pacts were h e a t e d  to  750°C and 
c o o le d  s lo w ly  i n  th e  f u r n a c e .

(2 )  Com pacts, c o n t a in i n g  50 /50  r a t i o  o f  co p p er  powder (A) 
and  z in c  powder (A) were com pacted  a t  50 a n d o100 to n s  
/ i n .  and h e a te d  to  t e m p e r a tu re  o f  250°C, 505 C and 525 C. 
The spec im ens  were c o o le d  s lo w ly  i n  th e  f u rn a c e  i n  a l l  
c a se s

(3 )  5o /50  c o p p e r - z in c  powder com pacts were p r e p a r e d  from 
d i f f e r e n t  s i z e  g ra d e s  o f  co p p er  and z in c  p o w d e rs .g  These 
m ix tu r e s  o f  pow dersQw ere com pacted a t  50 t o n s / i n .  and 
h e a t  t r e a t e d  a t  250 C, 3 5 0 °c ,  and c o o le d  s lo w ly  i n  th e  
f u r n a c e .

A f t e r  s i n t e r i n g  th e  spec im ens  were i n e v i t a b l y  d i s 
t o r t e d !

t o  a  c e r t a i n  e x t e n t  by th e  th e r m a l  e x p a n s io n s

w hich  o c c u r re d  d u r i n g  h e a t i n g  an#  p r i o r  to  X -ray  s t u d i e s ,  
th e  /



26 V alues, degrees M iller Ind ices

Copper Lines
43-2 222
50-2 211
73-4 111

f}-Phase Lines
■ 43-4 110

62-76 200
79-8 211

Zinc Lines
36-3 204
38-95 222
42-25 300
54-20 402
69-90 *
70-40 501

! 81-80 510

•X
Line probably due to Cv f o l ia t i o n .

Table(3 ): X ~ra  ̂ lines used in phase identif ication.
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th e  s u r f a c e s  o f  th e  com pacts were m achined and  th e n  

p o l i s h e d  w i th  s u c c e s s iv e  g ra d e s  o f  emery p a p e r  down to  

000 g rad e*

X -ra y  hack  r e f l e c t i o n  te c h n iq u e  was a d o p te d  and

m easurem ents made by means o f  a P h i l l i p s  X -ra y  m ach ine ,

eq u ip p e d  w i th  a G e ig e r - M u l le r  c o u n t e r .  By means o f
o

t h i s  i n s t r u m e n t ,  p l a n e s  o f  r e f l e c t i o n  betw een  10-45 

a n g le s  c o u ld  be o b ta in e d  and were s u f f i c i e n t  to  p e rm i t  

d e f i n i t e  p h ase  i d e n t i f i c a t i o n  w i t h i n  th e  s i n t e r e d  com pact. 

Copper r a d i a t i o n  o f  w a v e le n g th  1 .5412  Kx u n i t s ,  p rod uced  

by a h ig h  t e n s i o n  v o l t a g e  o f  5Kv, and a f i l a m e n t  c u r r e n t  

©f 6 .0  m i l l i a m p s . ,  was em ployed .

F o r  ph ase  i d e n t i f i c a t i o n ,  p l a n e s  o f  r e f l e c t i o n  

were m easured  from  p r e p a r e d  spec im ens o f  c o p p e r , . z i n c  

powders and be ta -C uZ n f i l l i n g s  w hich  had been  p r e s s e d  

i n t o  c o m p a c ts .  These r e f e r e n c e  l i n e s  a r e  g iv e n  in  

T able  ( 3 ) .  A n a ly s i s  o f  th e  copp er  and z in c  powders 99 .9$  

p u r i t y  and c o n s e q u e n t ly  were s u f f i c i e n t l y  p u re  f o r  th e  

d e t e r m i n a t i o n  o f  th e  X -ra y  p a t t e r n  o f  th e s e  e l e m e n t s .

F i l i n g s  o f  th e  b e t a - c o p p e r - z i n c  s o l i d  s o l u t i o n  were o b ta in e d  

from a p r e p a re d  a l l o y ,  th e  a n a l y s i s  o f  w hich  c o r re sp o n d e d  

to  the  s t o i c h e i o m e t r i e  p r o p o r t i o n s  o f  th e  fo rm u la -C u  Zn.

The G e ig e r - c o u n te r  r e a d i n g s ,  ta k e n  a t  i n t e r v a l s  o f
o

0 .2  were p l o t t e d  a s  shown in a  t y p i c a l  s e t  o f  r e s u l t s  in  

F i g .  /



525 °C.

370 ° C.

UJ
I—
z

305 °C.

i

250 0 C.

02 0. DEGREES

ftg.05): X-tay diffraction corses {or So-So Cbmp a ets  made -from
-500 mesh coffier powder and - f to  mesh zinc p owcjer. Heated 
- or 2 hr, a t the temperatures Indicated,



Composition 
of Compact, 

%

Major Lines in X -ltay  Spectra

Angle,
degrees

Plane of 
Reflection

Phases
Present

Cu 100 |
43-3
50-3
73-0

222
211
111

Zn 100 <

43-3  
36*3 
3 0 0  
54-2  
00-0  
81 0

. . .
. . .
. . .

Cu 00 /  
j Zn 10 1

4 2 0  
50 0 
73-3

222
211
111 } ‘

Cu 80 /  
Zn 20 |

42-7
40-7
72-0

222
211
111 } “

Cu 70 /  
Zn 80 |

42-5
40-4
72-4

222
211
111 } “

Cu 00  
Zn 40 "

i

42-2
43-3  
40-2  
71-0

222
110
211
111

a
P
a
a

i Cu 50 /  
| Zn 50 ^

43-3
02-5
7 0 1

----

110
200
211 !

Iqbfe C4)■' X~i"Qy d a ta  ^or copper-zinc powder Compact's.
S e r i e s  m a d e  - p m  c t t o  w i s e d  c o p p e r  p o w d e r  ( f t )  a n d  S c h o r l  c j r a d e  A  z i n c  p o w d e r  
A l l  C o m p a c t s  W e r e  m a d e  u n d e r  a  C o  w \ .p  a c t i n g  p r e s s u r e  <^50 t o n s / m *  h e a t e d  < j i f a d i / a l ly  

t o  150° C  a n d  a l l o w e d  t o  c o o l  s l o w l y  1m  V a c u o  .



1
‘ Compact No. Composition,

%
Particle .Size 
(B.S. Mesh 

Sieves)

Compacting
Pressure,
tons/in.*

Time of 
Annealing a t 
Temperature, 

hr.

1 Cu 90 
Zn 10

-  300
-  300

50 2

2 Cu 70 
Zn 30

-  300
-  300

50 2

3 Cu 50 
Zn 50

00/72  
-  120

50 2

4 Cu 50 
Zn 50

170/200 
-  120

50 2

' 51 Cu 50 
Zn 50

-  300
-  120

50 2

6 Cu 50 
Zn 50

170/200 
-  120

100 2

7 Cu 50 
Zn 50

170/200 
-  120

50 4

8 Cu 50 
Zn 50

-  300
-  120

50 4

9 Cu 50 
Zn 50

100/120 
-  120

50 12

10I Cu 50 
. Zn 50

30/44  
-  120

50 2

Table (5): Para _on copper-zinc compacts prepared jor 
X-ray examinotion.



C om pact
Possible
P hases
P resen t

T e m p era tu re  to  W hich C om pact w as H ea ted

N o.
250° C. 305° C. 370° C. 525° C.

1 Cu S trong S trong S trong  * A bsen t
Zn A bsen t A bsen t A bsen t „
0 V ery  s ligh t S light V ery  slig h t

S tronga A bsen t A bsen t A bsen t

2 Cu S trong S trong  * A bsen t A bsen t
Zn W eak A bsen t

W eak
,,

0 S light M oderate „
a A bsen t ■ A bsen t S trong S trong

' j Cu S trong Strong M oderate * A b sen t
Zn W eak A bsen t „
P Very sligh t M oderate M oderate S trong
a A bsent A bsen t A bsen t S light

4 Cu S trong S trong M oderate  * A bsen t
Zn M oderate A bsen t A bsen t „
0 S light S trong S trong S trong
a A bsent A bsen t A bsen t S light

5 Cu S trong S trong  0 A bsen t A bsen t
Zn W eak A bsent „
0 M oderate S trong S trong M oderate

A bsen t A bsent S light S trong

C> Cu S trong M oderate
Zn M oderate f A bsent
0 S trong Strong
a A bsen t A bsen t

7 Cti~ M oderate M oderate
Zn A bsen t A bsent
0 S trong S trong
a A bsen t A bsen t

8 Cu M oderate
r/jTi A bsen t
0 S trong
a A bsen t

9 Cu S trong
Zn W eak
0 M oderate
a A bsen t

10 Cu S trong S trong
Zn M oderate M oderate
0 V ery  fa in t

A bsen tA bsen t

* In d ic a tes  t h a t  th e  copper lines show ed v ery  slig h t d isp lacem en t ow ing to  
th e  beg inn ing  of th e  fo rm a tio n  of a. W hen  th is  d isp lacem en t becom es m ore 
p ronounced  w ith  rise in  te m p era tu re , a is recorded  as  p re sen t a n d  co p p e r as 
ab sen t.

f  A bsent a f te r  4 h r. a t  250° C.

(6) • X -ray data cop|3er-zi'nc (powder compacts
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Fig» 1 5 .  The l i n e s  o b ta in e d  a r e  s u f f i c i e n t l y  s t r o n g  

t o  p e rm i t  p o s i t i v e  i d e n t i f i c a t i o n .  The X -ra y  d a t a  

w hich  h as  been o b t a i n e d ,  h a s  been sum m arised and  com piled  

in  t a b u l a r  form ( s e e  T a b le s )  ( 4 ) - ( 6 ) .

R e s u l t s :

(1 )  From th e  d a t a  r e c o r d e d  in  T ab le  ( 4 ) ,  i t  a p p e a r s  t h a t  

C o p p e r -z in c  com pac ts ,  p r e s s e d  a t  50 t o n s / i n .  and  h e a te d  

to  750°C, afce i n  g e n e r a l  composed o f  th o s e  p h a se s  w hich  

would be e x p e c te d  in  an  a l l o y  o f  th e  same c o m p o s i t io n ,  

p r e p a re d  by m e l t in g  and  c a s t i n g .  Loss o f  z in c  by 

v o l a t i s a t i o n  a l t e r s  th e  c o m p o s i t io n  o f  th e  com pact.

A com pact, c o n ta in i n g  50 /50  co p p er  and z in c  powders may 

c o n ta in  s l i g h t  t r a c e s  o f  th e  a lp h a  **phase b u t  t h e r e  was no 

i n d i c a t i o n  o f  th e  gamma compound p h a s e .

(2 ) I n v e s t i g a t i o n  o f  th e  t e s t  sp e c im e n s ,  h e a t  t r e a t e d  

a c c o r d in g  to  th e  d a t a  i n  T a b le s  (5 )  and (J5) i n d i c a t e  th e  

fo l lo w in g  r e s u l t s .

( a )  The i n i t i a l  c ause  o f  a l l o y - s i n t e r i n g  i s  th e  f o r 
m a t io n  o f  b e ta -C u zn  p h ase  and even  i n  com pacts 
where th e  a lp h a - p h a s e  i s  th e  e q u i l i b r i u m  s t a t e ,  
b e ta -C u zn  forms p r i m a r i l y  w h i l s t  no a p p r e c i a b l e  
q u a n t i t i e s  o f  th e  a lp h a - p h a s e  a p p e a r  u n t i l  a lm o s t  
a l l  th e  z in c  h as  combined to  form  th e  b e t a - p h a s e .

(b )  The r a t e  o f  b e ta -C u zn  f o r m a t io n  i s  a s s i s t e d  by 
th e  i n c r e a s e  o f  com pacting  p r e s s u r e  and th e  
d e c r e a s e  o f  p a r t i c l e  s i z e  o f  th e  co p p er  and to  
a  l e s s e r  e x t e n t ,  o f  th e  z i n c .  A h i g h e r  
t e m p e ra tu re  a p p e a rs  t o  be r e q u i r e d  f o r  th e  
c o m b in a t io n  o f  a l l  th e  z i n c t o  be ta -C uZ n a s  th e  
p a r t i c l e  s i z e  o f  th e  powder was i n c r e a s e d .

( 0 )  /
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( c )  The lo w e s t  t e m p e ra tu re  a t  w hich  beta-C uZ n l i n e s  
a p p e a r  i s  a t  170°C w h i l s t  w i th  th e  f i n e s t  p o w d e rs ,  
The maximum r a t e  o f  be ta -C uZ n f o r m a t io n  o c c u r r e d  
a t  250 c .
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CHAPTER 4 .

F u r t h e r  i n v e s t i g a t i o n s  o f  th e  a l l o y - s i n t e r i n g  
o f  b i - m e t a l l i c  com pacts i n  vacuo by d i f f e r e n t i a l  
th e rm a l  a n a l y s i s .

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

o f  c o p p e r - z in c  Powder com pac ts ,  th e  h ig h  v ap o u r  p r e s s u r e

o f  z in c  may be c o n s id e r e d  th e  im p o r ta n t  f a c t o r  i n

p ro m o tin g  compound f o r m a t io n  in  th e  s o l i d  s t a t e #  A b ru p t

e x p a n s io n s ,  how ever, have been o b se rv e d  by Duwez and M artens
( 1 2 )

, and Raube and  P l a t e  d u r in g  th e  h e a t i n g  o f  b i -
c

m e t a l l i c  com pacts th e  components o f  w hich  a r e  .C h a r a c te r i s e d
Qfihe temperatures

by t h e i r  e x t r e m e ly  low vap o u r  p r e s s u r e s / a s s o c i a t e d  w i th  

sudden  e x p a n s io n  e . g . ,  N ic k e l -a lu m in iu m , n i c k e l - S i l i c o n  

and  o t h e r s .  I t  was t h e r e f o r e  d e c id e d  to  exam ine th e
-formation

p o s s i b i l i t y  o f  i n t e r m e t a l l i c  com po und /w ith in  su ch  sy s te m s  a s  

th e  i n i t i a l  cause  o f  s i n t e r i n g .  The sy s tem s i n v e s t i g a t e d  

w e re ,  c o p p e r - n i c k e l ,  cop per-a lum in um , n ic k e l - a lu m in iu m  

and  n i c k e l - z i n c # . The d i f f e r e n t i a l  th e rm a l  a n a l y s i s  

method was u se d  t o  d e te rm in e  th e  t e m p e r a tu re s  a t  w hich  any 

c o m b in a t io n  o f  th e  m e t a l l i c  powders o c c u r r e d .

E x p e r im e n ta l  p r o c e d u r e :

The a p p a r a t u s  f o r  d i f f e r e n t i a l  th e rm a l  a n a l y s i s  was r e 

d e s ig n e d .  By a r r a n g i n g  th e  fu rn a c e  h o r i z o n t a l l y ,  more 

u n ifo rm  h e a t i n g  was o b ta in e d  th ro u g h o u t  th e  c o n t a i n e r  w i th  

c o n se q u e n t  r e d u c t i o n  o f  th e  d r i f t  p r e v i o u s l y  e x p e r i e n c e d .  

B e t t e r  c o n t r o l  o f  vacuum c o n d i t i o n s  was s e c u re d  by th e  use



t h e r m o c o u p l e  l e a d s  
+ -

N i c h r o m e  Wound F u r n a c e

Container With standard 
xn,d specimen

+  -

differential thermo couple 

leads.

e x h a u st to  
notary pump Vi a
a Vacustat ^.ucje.

Fig.( 16); R edesigned a p p a ra tu s  -fo r  s tu d ying thermal changes.
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o f  an  Edward)^ V a c u s ta t  g a u g e .  T h is  e x p e r im e n ta l

a r ra n g e m e n t  i s  showa i n  P i g , ( l 6 l

C y l i n d r i c a l  25 gm t e s t  com pacts were p r e p a r e d  and

d r i l l e d  to  r e c e i v e  th e  j u n c t i o n  o f  th e  d i f f e r e n t i a l

th e rm o c o u p le ,  A co p p er  d i s c  o f  th e  same s i z e  and  w e ig h t

was employed a s  th e  s t a n d a r d .

The powders u sed  w i th  t h e i r  p a r t i c l e  s i z e

c h a r a e t i s t i c s  a r e  a s  shown be low ,

POWDER C h a r a c t e r i s t i c s

C a rb o n y l n i c k e l  powder -120 mesh ( B .S .S . )
Aluminum powder -3 0 0  mesh ( B . S . S . ) ,  composed
(p ro d u c e d  by th e  stam p o f  f l a k e s ,  o f  a p p r o x . , 5 Mu.
p r o c e s s )  d iam .
E l e c t r o l y t i c  c o p p e r  powder -3 00  mesh ( B .S .S , )
Z in c  powder (A) -300 mesh ( B .S .S . )

s
S pec im ens , c o r r e s p o n d in g  to  th e  compound c o m p o s i t 

io n s  o f  NIAL, b e ta -C u^A l and a  c o p p e r - n i c k e l  c o m p o s i t io n
2o f  50 /50  r a t i o  by w e ig h t  were p r e s s e d  a t  50 t o n s / i n .  The

0 brained
d i f f e r e n t i a l  th e rm a l  c u r v e s / u s i n g  t h e s e  c o m p a c ts ,  a r e  

p r e s e n t e d  in  F i g .  ( 1 7 ) - ( 1 9 ) .

R e s u l t s :

(1 )  No e x o th e rm ic  change was d e te rm in e d  o v e r  th e  ra n g e  o f  

t e m p e ra tu re  o f  0 -7 0 0 ° C i n  th e  c o p p e r - n i c k e l  co m pact.

(2 )  F i g .  (17 )  shows th e  th e rm a l  cu rv e  f o r  th e  c o p p e r -

alum inium  compact and r e v e a l s  th e  a p p e a ra n c e  o f  a  sudden
o

e x o th e rm ic  change a t  500 C. The r e a c t i o n  a p p e a re d  to  be 

i n s t a n t a n e o u s  and th e  r a p i d i t y  w i t h  w hich  i t  p ro ceed ed ,-  

was /
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o,
was i n d i c a t e d  by th e  t e m p e ra tu re  d i f f e r e n c e  o f  175Q0 

betw een th e  s t a n d a r d  and th e  t e s t  sp e c im en . An 

e n d o th e rm ic  change was o b se rv e d  a t  570 C b u t  none a t  th e  

m e l t in g  p o i n t  o f  alum inum .

(5 )  A c co rd in g  to  F i g .  (18) i n  th e  n ic k e 1 -a lu m in iu m  com pact,

e q u i v a l e n t  t o  th e  NiAl c o m p o s i t io n ,  two w e l l  d e f in e d

e x o th e rm ic  changes  o c c u r r e d  a t  460°C and 605°C , th e  l a t t e r

te m p e r a tu re  b e in g  a s s o c i a t e d  w i th  th e  g r e a t e s t  l i b e r a t i o n

o f  h e a t .  The i n i t i a l  change c r e a t e d  a  t e m p e r a tu re  d i f f e r e n c e  
o $

o f  115 C betw een th e  s t a n d a r d  and th e  t e s t  a p ec im en , w h i l s t

th e  secon d  caused  a d i f f e r e n c e  o f  610 C° w hich  was s u f f i c i e n t

to  u p s e t  th e  h e a t i n g  c o n d i t i o n s  w i t h i n  th e  f u r n a c e .

S in c e  th e  a lum in ium  powder was p ro du ced  by th e  stamp

p r o c e s s  i t  c o n ta in e d  s l i g h t  t r a c e s  o f  l u b r i c a n t  and  so

ro u s e d  th e  s u s p i c i o n  t h a t  th e  p r e s e n c e  o f  t h i s  c a rb o n -a c e o u s

m a t e r i a l  m igh t have a f f e c t e d  th e  m agn itude  o f  th e  h e a t

change i n  th e  p re s e n c e  o f  a  v e ry  s l i g h t  l e a k  in  th e  vacuum.

A n o th e r  d i f f e r e n t i a l  th e rm a l  a n a l y s i s  was p e rfo rm ed  on a

com pact, c o n t a in i n g  f i l i n g s  o b ta in e d  from  a sm a ll  i n g o t  o f

s u p e r - p u r i t y  a lum in ium  ( 9 9 .9 9 ^ ) .  As shown in  F i g .  (18b)

an  i d e n t i c a l  cu rv e  was o b t a i n e d ,  r e v e a l i n g  th e  same

e x o th e rm ic  c h a n g e s .

(4 )  The n i c k * l - z i n c  com pact, on h e a t i n g  i n  v a c u o ,  d i s p l a y s
o .

a s t r o n g  e v o l u t i o n  o f  h e a t  a t  250 C a s  shown in  F i g .  (19)

and /
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and th e  r e a c t i o n  was s u f f i c i e n t  to  cau se  a te m p e ra tu re

d i f f e r e n c e  o f  350 C° betw een th e  s t a n d a r d  and th e  t e s t

sp e c im e n .  No e n d o th e rm ic  change was found  a t  th e  m e l t in g
o

p o i n t  o f  z in c  a t  420 C .



CHAPTER 5 . 29.

F u r t h e r  X -ra y  s t u d i e s  o f  t h e  a l l o y - 3 i n t e r i n g  o f
b i - m e t a l l i c  com pacts i n  v a c u o .

X -ra y  m easurem ents  were p e rfo rm ed  on h e a t  t r e a t e d  com pacts 

o f  m ix tu r e s  o f  two component m e t a l s .  The sy s te m s  i n v e s t 

i g a t e d ,  were th o s e  i n  w hich  i n t e r m e t a l l i c  compound 

fo r m a t io n  i s  known t o  o c cu r  when a l l o y s  a r e  p ro d u ced  by 

f u s i o n  and c a s t i n g .  The sy s tem s exam ined , were th o s e  o f  

i r o n , n i c k e l  and copp er  w i th  magnesium, a lum in ium , s i l i c o n  

and t i n .  The t r a n s i t i o n  e le m e n ts  i r o n  and n i c k e l  a lo n g  

w i th  c o p p e r  form  i n t e r m e d i a t e  p h a se s  w i th  th e  l a t t e r  g roup  

o f  m e ta l s  and th e  n a t u r e  and s t a b i l i t y  o f  th e s e  p h a se s  a r e  

known. X -ray  a n a l y s i s  may be employed t o  d e te rm in e  

w h e th e r  compound f o rm a t io n  has  o c c u r r e d  and t o  i d e n t i f y  

th e  p h a se s  p ro d u c e d .

E x p e r im e n ta l  p r o c e d u r e :

A P h i l l i p s  X -ra y  m ach in e , f i t t e d  w i th  a  G e ig e r -M u l le r  

c o u n te r ,  was em ployed a s  i n d i c a t e d  e a r l i e r .  Copper 

K -a lp h a  r a d ia t io n ^ r a s  g e n e r a l l y  employed e x c e p t in g  th o s e  

spec im ens c o n t a i n i n g  i r o n  when c o b a l t  r a d i a t i o n  was employed 

due t o  th e  u n f a v o u ra b le  a b s o r p t i o n  c h a r a c t i s t i c s  a t  th e  

w a v e le n g th s  o f  co p p er  r a d i a t i o n  f o r  any r e f l e c t i o n  from 

th e  l a t t i c e  p la n e s  o f  i r o n .  Com pacts, c o n ta in i n g  i r o n ,  

were exam ined by th e  n o rm al p h o to g ra p h ic  t e c h n iq u e ,  u s in g  

a  S t ra u m a n is  cam era and th e  X - ra y s  g e n e r a t e d  by a  Newton- 

V i c to r  m ac h in e .  O th e rw is e ,  th e  b a ck  r e f l e c t i o n  te c h n iq u e  

was /
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was c o n s id e r e d  s u i t a b l e  f o r  th e  re m a in d e r  o f  th e

b i m e t a l l i c  co m p ac ts ,  s i n c e  a  number o f  p la n e s  o f

r e f l e c t i o n  a r e  p r e s e n t  w i t h in  ran g e  o f  5 -4 5 °  a n g le s  o f

r e f l e c t i o n  a s  th e  l a t t i c e  p a ra m e te r s  o f  th e  i n t e r m e t a l l i c
a r e

compounds w hich  may f o r m / l a r g e  even  a l th o u g h  t h e i r  c r y s t a l  

s t r u c t u r e s  may be com plex .

To a s s i s t  th e  i d e n t i f i c a t i o n  o f  th e  p h a se s  p ro d u ced  

d u r in g  h e a t i n g  o f  th e  com p ac ts ,  a l l o y s  o f  th e  a p p r o p r i a t e  

c o m p o s i t io n s  were p r e p a re d  by m e l t in g  and c a s t i n g ,  s in c e  

t h e i r  s t r u c t u r e s  have n o t  been  f u l l y  e s t a b l i s h e d  w i t h in  

th e  p r e s e n t  c l a s s i f i c a t i o n  in d ex  o f  X -ra y  d i f f r a c t i o n  

p a t t e r n s .  P i l i n g s  o r  t u r n in g s  from  th e s e  a l l o y s  were 

th e n  exam ined to  d e te rm in e  t h e i r  X -ra y  p a t t e r n s .

B i - m e t a l l i c  com pacts were p r e p a re d  i n  th e  no rm al 

manner and  h e a t  t r e a t e d  i n  vacuo t o  th e  v a r i o u s  t e m p e r a t 

u r e s  a s s o c i a t e d  w i th  h e a t  e v o l u t i o n  a s  o b t a in e d  by
$21)

d i f f e r e n t i a l  th e rm a l  a n a l y s i s .  A com pacting  p r e s s u r e  o f
2

50 t o n s / i n .  and a s  f i n e  s i z e  g ra d e s  o f  m e t a l l i c  powders a s  

p o s s i b l e  were employed i n  o r d e r  t h a t  a  g e n e r a l  su rv e y  o f  

a l l o y - s i n t e r i n g  c o u ld  be made. T e s t  spec im ens  o f  

v a r y in g  c o m p o s i t io n  were u sed  and th e  s i n t e r e d  p r o d u c t s  

were c ru s h e d  and g round  to  a  powder o f  -170  mesh p a r t i c l e  

s i z e  w h e rev e r  t h i s  was deemed n e c e s s a r y  f o r  X -ra y  

m ea su re m e n ts .  The powdered p r o d u c t  was mounted in  d iakon  

and /
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and a f t e r  p o l i s h i n g ,  was found t o  g iv e  good r e f l e c t i o n
O

c h a r a c t e r i s t i c s .  T h is  p ro c e d u re  was a l s o  a d o p te d  f o r  

th e  s t a n d a r d  a l l o y s  p r e p a r e d  by f u s i o n  s in c e  th e y  c o u ld  

u s u a l l y  be r e a d i l y  c ru s h e d .

The r e s u l t s  o f  th e  X -ra y  a n a l y s i s  have been  

t a b u l a t e d  and a r e  g iv e n  by T a b le s  ( 7 ) - ( 1 9 ) *  The a n a l y s i s  

o f  th e  S t ra u m a n is  d i f f r a c t i o n  p a t t e r n s  have been sum

m a r is e d  a s  th e  f i lm  n e g a t iv e  c o u ld  n o t  be r e a d i l y  

r e p r o d u c e d .

R e s u l t s :

The d i f f e r e n t  sy s tem s  o f  b i - m e t a l l i c  com pacts may be

c l a s s i f i e d  i n t o  t h r e e  g r o u p s ,  (1 )  c o p p e r -b a s e  co m p ac ts ,

composed o f  co p p er  w i th  magnesium o r  a lum in ium  pow ders ;

(2 )  n i c k e l - b a s e  com pacts c o n ta in i n g  n i c k e l  w i th  magnesium,

a lu m in iu m , s i l i c o n  o r  t i n  pow ders ;  (3 )  i r o n - b a s e  co m p a c ts ,

c o n s i s t i n g  o f  i r o n  and a lum in ium  p o w d e rs .

Each o f  th e s e  a l l o y  sy s tem s com prise  i n t e r m e t a l l i c

compounds in  th e  a l l o y s  p r e p a r e d  by m e l t in g  and c a s t i n g .

Powder com pacts o f  th e  m e ta ls  have d i s p l a y e d  marked e x -
( 11, 12, 21)

p a n s io n  and e x o th e rm ic  changes d u r in g  h e a t i n g .

The X -ra y  p a t t e r n s  o f  back  r e f l e c t i o n  have been 

p r e s e n t e d  i n  th e  f o l lo w in g  f a s h i o n .  A co m p ar iso n  o f  th e  

r e f e r e n c e  a l l o y  p a t t e r n s ,  o b t a in e d  from th e  a l l o y s  p re p a re d  

by f u s i o n ,  i s  g iv e n  to  c o n f irm  th e  r e f l e c t i o n  l i n e s  o f  the  

d i f f e r e n t  /



Specimen Treatment Angles
Kine

)i Reflection01 
Intensity ^

C opper Compacted- powder 44-2
5 1.2

Strong
MediiM

7^.g Medium.

Magnesium Comp a c te d  powder 33.0
35.2
376.
4 U

Weak
MfidU/na
Stronq
WeatC

57.0 V/ea< 
63-S w/<aK 
644 W-ealC 
707 1/. W/̂ aVC

84-0 70Copper 
Alloy (CuArtg)

tflul G*st alloy ground to 
-170 Wtesk powder and 
mounted in, diaU6n. 9 
Ckmieal analysis #4*0/{ 
Copper

(b) Alloy powder, obtained
b\/ ceUovf-Sintering (V\ vdcuo
Ifa specimen, being used 
{or differential thermal 
an alysis.

JU.?
43.6*
45.5.
52.fc
70.1
773

(a)
Strong
Strong
Strong
llitoalC
Medioiu
Weak.

tb)
22 - & Sfcr&ng 
43 7 Strong 
45 4 Strong 
53 0 Medium

T i l  WUK.

5 7 0 ^  Copper 

AUoy (CaĤ )
GO Cast alloy jywnd to 
-|7o i/aesk powder and 
taoonRd ou efaXCow 
Oienaeat Analysis. 57-0/o 
Copper

(b) Alloy powder, obtained 
by dlloy-Smternvg in i/ncuo 
iKt specimen,, beu*g uoed 
fov differential IKcnnat 
analysis.

GO
2/0 Medium 
3f.2 M-tduM

1) Strong 
4aV "

431 Strong 
453. Sfowg 
543 V- WWc 
^5.4 V- weak 
72.o Weak 
76.0. V.W/e*dk.

Ct>)

2o’I } Strong 
3g7  WealC 

S h r ^

43 2 Medium 
4d 3 Stronq 
547  Weaic

417 t?) Weak 
515 G) Trace.

^  Angles o f In flec tion , a r e  g iv e n  b\ ZO w h e re  (9« Bragg Angle.
T e rm s ej. In te n s i ty  « re ; Stv^oi 0̂ ^  loo G e ig e r  C ou n ts.

MedivJtvt ^  5o G e « j« r  C ounts 
Wfial( $> 20 Geiger Counts

V  We& 1C <C 1̂  G e i g e r  co u n ts .

l a b l e  ( 7 )  : X-ray bade r e f l e c t i o n s  o f  co p p er , m a fln es iu tn

and  a llo y s .
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d i f f e r e n t  i n t e r m e t a l l i c  compounds and t o  d e te rm in e  the  

d e g re e  o f  hom ogen ity  o f  a l l o y s  p r e p a r e d  by s i n t e r i n g .  

S u f f i c i e n t  c h a r a c t e r i s t i c  l i n e s  were g e n e r a l l y  o b ta in e d  to  

p e rm i t  th e  i d e n t i f i c a t i o n  o f  th e  p h a s e s  p ro d u ced  by th e  

d i f f e r e n t  h e a t  t r e a t m e n t s .  P hase  i d e n t i f i c a t i o n  h as  a l s o  

been  t a b u l a t e d  to  o u t l i n e  th e  g e n e r a l  t r e n d  o f  th e  a l l o y 

in g  m echanism .

(1 )  A l l o y - s i n t e r i n g  o f  c o p p e r -b a s e  co m p a c ts :
( 2 1 )

From th e  th e rm a l  a n a l y s i s  d a ta  th e  h e a t i n g  o f  com pacted 

powder m ix tu re s  o f  co p p er  w i th  magnesium o r  a lum in ium , i s  

accom panied  by marked h e a t  e v o l u t i o n  and X -ra y  m e a su re 

m ents have been c o n f in e d  t o  th e s e  s y s te m s .

( a )  Copper-m agnesium :

The back  r e f l e c t i o n s  o f  c o p p e r ,  magnesium and t h e i r  two 

i n t e r m e t a l l i c  compounds, CugMg and CuMg^, a r e  shown in  T ab le  

( 7 ) .  C as t  s t a n d a r d  a l l o y s  were p r e p a r e d  and t h e i r  com

p o s i t i o n s  checked  by th e  e l e c t r o l y t i c  e s t i m a t i o n  o f  t h e i r  

c o p p e r  c o n t e n t .

Compacts o f  co p p er  and magnesium powder m ix tu r e s ,  

c o n ta in i n g  9 0 /1 0 ,  8 l / l 9 ,  7 5 /2 5 ,  and 70 /30  c o m p o s i t io n s ,  

were h e a te d  to  475°C and 520°C and p e r m i t t e d  to  c o o l  in  th e

f u r n a c e .  The 8 l / l 9  and 70 /30  c o m p o s i t io n s  o f  powder
. ( 2 1 )

m ix tu re s  a r e  e q u i v a l e n t  to  th e  ^otyi^'dst?cqns of c1he/f

o f  Cu Mg and CuMg • The te m p e r a tu re  475°C i s  below
2

w h i l s t  520°C i s  above th e  r e a c t i o n  te m p e ra tu re  o f  th e  

com pacted /



(a) Specimens, s l o w l y  c o o l e d ,  in v a c u o  f r o m  475 C .

X-ray Analysis: Copper } ent Cu*M9 , absent
M a g n e s iu m  Cu

(b) Specimens, slowly C o o le d  in V acu o  from 520 C*

(pm  position.
/ o

X 1 A n a l y s i s .

Vo/i o. 
C u / M g .

C o p p e r ;
44*2 S t r o n g  

?l'^)  Medium (broad)

Weak (broad). 

C u*  M g : A b s e n t .

M a g n e s i u m ; A b s e n t .

C u  M j *  :

37.2. T r a c e

4 0  3 T r a c e  
<45-4 W e a k  
7 2 . 1  T r a c e  ( b r o a d )

C u / M g

Copper;
44.2. Strong 
5i • 2. Medium (broad) 
74. % Medium (broad) 

C ujM g :
Strong 

43-4 Stronq 
53.0 Medium 
63-0 Weak (broad)
7o. ^  Medium 
77-3. WftLk C broad)

Magnesium :
43*4 Strong (displaced)
S I . 0 Medium (displaced) 
y}j 5) W e a k  (broad k  disptad) 

C u  M g z ‘*

21.0 V  Weak (diffuse.),
37*0 W e a k  

45-3 Weak

75/zs
C u / M q .

C o p p e r :

44*1 Medium
51.3 Weak

V. Weak

Cu* Mg:
22. $  Medium
43.3 Strong

J J g p  <**!*>“ <*)
64 • 0 Weak 
77 . 0  We^k

M a g n e s iu m :  A b s e n t

C i /M g * ' .
20.3 Strong 
36-4 Weak.
40. I Strong 
45 3 Strong 
4 T 7  Weak (?) 
5 5 - 7  Weak ( i ) .

S 7 / 4 5

a / n 3

Copper:
4g.^ Strong 
51 • 2 Medium

7 4 .^  Weafc 

Cu*Mg: A b s e n t

M a g n e s iu m :
35.5 Medium
37.5 Medium
45.6 Weak
63* 4 V- Weak (diffuse)
Cu Mg*:
2o.3 Strong 
21 0 Weak (broad.) 
3 * 3  Weak 
4 0. | Medium 
40-3 Stronq 
45.2. Weak11

Table (8 ) : X~rciy analysis heat-treated copper.magnesium compacts.
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com pacted pow ders /500  C. I t  may be o b se rv e d  t h a t  th e  

t e m p e r a tu re s  were below th e  m e l t in g  p o i n t  o f  e a c h  m e ta l ,  th e  

v a r io u s  compounds and th e  lo w e s t  e u t e c t i c  l e v e l  w i t h i n  th e  

copper-m agnesium  e q u i l i b r i u m  s y s te m .  The r e s u l t s  o f  th e  

X -ra y  e x a m in a t io n  a r e  p r e s e n t e d  i n  T ab le  ( 8 ) .

Com pacts, c o o le d  in  th e  fu rn a c e  from 475°C, r e v e a l e d  

o n ly  th e  p re s e n c e  o f  s t r o n g  co p p er  and magnesium 

r e f l e c t i o n s  and t h e r e  was no i n d i c a t i o n  o f  l i n e  d is p la c e m e n t  

o r  b ro a d e n in g .  Com pacts, h e a t  t r e a t e d  to  520°C, showjlines 

c h a r a c t e r i s t i c  o f  a  compound. Copper l i n e s  were found  to  

p e r s i s t  a l t h o u g h  th e y  had  b ro ad en ed  and t h e i r  i n t e n s i t i e s  

had  d im in is h e d  w h i l s t  no l i n e  d i s p la c e m e n t  o c c u r r e d .  

Magnesium l i n e s  were a b s e n t  i n  a l l  c a s e s  e x c e p t  th e  CuMg
2

sp e c im e n .  The r e f l e c t i o n  p a t t e r n  o f  th e  CuMg compound
2

was o b se rv e d  in  a l l  t h e  com pacts w h i l s t  Cu^Mg p h ase  

r e f l e c t i o n  l i n e s  a p p e a r  o n ly  i n  th o s e  co m p ac ts ,  c o n t a in i n g  

7 5 /2 5  and  84/1 6 '  c o p p e r -  magnesium powder m ix tu re  c o m p o s i t 

i o n s .

A g e n e r a l  c o n c lu s io n  o f  th e  a n a l y s i s  i s  t h a t  th e

f o r m a t io n  o f  th e  CuMg p h ase  i n i t i a t e d  a l l o y - s i n t e r i n g  and

may be fo l lo w e d  by th e  f o rm a t io n  o f  Cu Mg where s u f f i c i e n t
2

c o p p e r  and  magnesium were p r e s e n t  t o  prom ote  th e  r e a c t i o n .  

T h is  would e x p l a i n  th e  a b sen c e  o f  CUgMg w i t h i n  th e  57)/$‘3 and 

th e  9 o /lO  co m p ac ts .

( b) C opp er-a lum in ium :



S p e c i m e n
A n g l e s

L i n e

o f  R e f l e c t i o n  

I n t e n s i t y .

C o p p e r -  P r e s s e d  
C o m p a c t -

4 4 - 2  
7 4 .  $

S t r o n g

M e d i u m

51.2 M e d iu m .

A lu m in iu m :  F V essed  
C o m p a c t .

M e d i u m  3 9 * 4  4 5 4  
6 5 - 7  M e d iu m .  7 8 .9

S t r o n g  
M e d i u m .

( a )  * 7 . 5 ?  c  ( C u  Al )

( b )  3 4 1 .5

O )

M e d iu m

( b )

4 1 - 2  M ediunq

C o m p a c t e d .  a l l o y  pow ders ,  

S e v e r e l y  q u e n c h e d  f r o m  

9 0 0 ° C  in lo  i c e  a n d v t t t e r .

4 5 -5 .
4 5 - 7

4 7 5

W e a k

c ? )

45* 5- 
4 5 - 7  '  

47 -3

W e a k

M e d iu m

%ZA°/o 0j -  ( G jq A L 4.) 
Alloy p o w d e r  o b t a i n e d f r o m  
c a s t  aLloy.

4 3 . 5 .  

43- g
V- W e a k 4 4 - 9

4 6 - 0

S t r o n g .

V -W ea k -

77.to°/o C u  -  ( G v V  ) 

Alloy powder o b t a in e d  from 
C a s t  a l lo y .

2 6 0
4 4 -2 .
4 5 . 0

V. Weak: 
V- Weak. 
S t r o n g

44.7
6 5 .0

Weqk
Weak.

7 5 2 ^  C u -  ( G j j A I*)  
A lloy p o w d er  o b t a i n e d  (-ram 
c a s t  a l loy .

2 6 . 0  

44- i
4 5 . 1

S t r o n g

V. Weak 
S t r o  ng

6 5 . 0 ,
6 5 . 3

W e a k

7ZS°/0 C u -  ( C u .  A l )

Alloy powder o b ta in e d  f rom  
C a s t  adoy

24.5 
2 6 . 1
4 4 . 5

W e a k  
W e a k  
V- W e a k

4 5 - 2 5
6 5 . 0 s
6 5 . 5

S t r o n g

W e a k .

5 a - 5 ^ C u -  ( C o A l z ) 

Alloy powder obtained 
•from cast alloy

2 1 . 7
3 0 . 3
3 8 .S

S t ro n g
W eak
Medium.

4 2 . 4

4 3 . 5
4 6 . 5  
4 8 . 2 .

S t ro n g
S t r o n g
T r a c e
M edium

4 9 . 0 ^  C o -  alloy. 

Alloy powder obtained 
{Vom cast alloy.

*1.7 
3 o . 4  
3 8 .  g 
4 2 - 2  
4 3 - 0  
4 3 - 5

S t r o n g

V-Weak
Medium
V* Weak
Medium
Strong

4 5 . 2 ,  
4 5 . 6  ;
4 8 . 2  
4 8 - 7  
5 7 8
7 4 . 2

( ? )

M e d iu m .

Weak
M e d iu m
M e d i u m

I able ( 9 ) : X-ray back reflections of  copper, 
aluminium and, ollcr/s.
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( b) Copper-“a lu m in iu m :

I n  T ab le  (9 )  i s  g iv e n  th e  back  r e f l e c t i o n  p a t t e r n s  o f  

c o p p e r ,  a lum in ium  and t h e i r  i n t e r m e t a l l i c  compounds 

w hich  were p r e p a r e d  by f u s i o n  and c a s t i n g .  T h e i r  com

p o s i t i o n s  were v e r i f i e d  by th e  e l e c t r o l y t i c  e s t i m a t i o n

odt t h e  co p p er  c o n t e n t .  Of the  v a r i o u s  p h a s e s ,  b e ta  Cu A\
3

(L% w hich  i s  u n s t a b l e  below 570°C, p r e s e n t e d  th e  g r e a t e s t  

d i f f i c u l t y  and th e  X -ra y  p a t t e r n  o f  t h i s  phase  was 

o b ta in e d  by e x p e r im e n ts  i n v o lv i n g  th e  r e p e a t e d  d r a s t i c  

q u e n ch in g  o f  a l l o y s  from te m p e r a tu re s  above 900°C i n t o  

i c e  and  w a t e r .

T e s t  spec im ens  o f  a powder m ix tu r e ,  c o n t a in i n g  

8 7 / l 3  r a t i o  by w e ig h t  o f  copper-a lum inum  p o w d ers ,  were
o q  o

w a te r -q u e n c h e d  from  540 C, 700 C, and 900 C. I t  was 

o b se rv e d  t h a t  a f t e r  a  p e r io d  o f  s e v e r a l  h o u rs  a t  room 

te m p e ra tu re  th e  com pact, quenched from 540°C, was found 

to  expand and f i n a l l y  crum ble  i n t o  a  pow der. T h is  

te n d e n cy  s t i l l  p e r s i s t e d  i n  th e  com pact quenched  from
o o

700 C b u t  was n o t  a p p a r e n t  i n  t h a t  quenched  from 900 C. 

C o n s id e r a t io n  o f  th is je f fe c t  would s u g g e s t  fhatr

q u en ch in g  had i n t e r r u p t e d  th e  i n i t i a l  s t a g e s  o f  the
I 1he

mechanism b u t w a s in s u f f i c i e n t  to  s u p p r e s s / r e a c t i o n  from

o c c u r r in g  even  a t  room t e m p e r a t u r e .

Prom T ab le  ( iO) im m edia te  X -ra y  a n a l y s i s  o f  th e

sp e c im en , /



(ft) Alt Specimens cu(t of composition, corresponding to  the 

formula. C 03 Al {.**7/o Copper).

Treatment

1 Water- guenched. from 
j>40°C Ghd immediately
X- fayed

X-ra^y Analysis

Copper:
44.2- Stro^
5i • Z Mfidivw 
74? Weak (broad)

CuAl*
21-0 , .
M S )  Vweak
Zl 6 o  ^37.4 Strong

Aluminium: Absent
Unidentified 
<©21 V Weak (broad) 
Atfribo tld  to At-rich 
Solid  Solution

33-4 Weak

4!.S') ^  ^ Afc (broad) 
74-2, V Weak (broad)

Water-quench eel fvt>m 
5*4oDC - Specim en found
Cb disintegrate after 
Several hours; fhe 
disintegrated powder 
Was Then X-nxy«d

Copper :
44-2
513
74 8 

Co Ala 
M l  
372 
43 0 
4i6» 
74-?

Stomg
Weak (broad) 
W eak (brtfad)

A l u m i n i u m :  A b s e n t
(Wg AI4 
43.5. tyedium 
444 lnde|mtte.
44.0 cn

Weak /*» 
M ed im  L31 
Medium (brbad) 
Weak t bftad) 
V-Weak C diffuse)

3. Water- quenched -from 
7oO°C- Specimen showed 
-tendency to crumble 
after Several hours, 
the specimen Was then 
X” rayed.

C o p p e r:
44.2 Strong
512 Medium (bnad)
74-8 Weak (broad)

w2 1 7  We»IC . ,
3 7 3  Medii/m.t J '
4io Weak Cbrt>ad)
45 2 Weak (broad) .
4$ b Weak (.Indefinite.) 
74-2 Weak C broad)

Aluminium; A bsent
Unidentified:
« U  V. Weak (broad) 
So 7 W eak (broad)
Cdq Alg.*
43.5 V- Weak 
44-4 Weak 
46-0 Trace.

(4)

4 . Water-guenc bed from 
Aoo°c. Specimen showed
h o  t e n d e n c y  t o  e n a b l e .

Copper:
44.2 Modern 
5». 2 “mice 
74-* /race
Co g Alg.
43-5. Indefinite 
444  Strong
4&.0 V. Weak

Ali/mintonr. Absent.
Cu Alz p e fu u te  tra c e s
Lines of copper-nek 
primary SoUd solution fttj

44- 0 Strong
So-7 Weak (broad)
74-. 1 WeaK (broad)

This line Cannot be rigidly identified as «• Cu fÛ  line. Fur/her investigation 
has suggested That it may be due to a tran$ieht phase^ introduced by 
water- quenchi ng.
Lines attributed ,to primary At- ftnd G)- nek Solid Solutions.

T a b le 0 °) •' X -ra y a n a lys t  4  heat-treated  cof^er-ol.mmm.inn
C0M^ft£t5.
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sp e c im en , w a te r -q u e n c h e d  from 540°C, i n d i c a t e d  th e  

p r e s e n c e  o f  c o p p e r  and  p o s s i b l e  t r a c e s  o f  an  a lu m in iu m - 

r i c h  s o l i d  s o l u t i o n ,  o th e rw is e  t h e r e  were no a p p a r e n t

t r a c e s  o f  dlubminium ' « The f o r m a t io n  o f  CuAl was
2

a p p a r e n t  b u t  no o t h e r  i n t e r m e d i a t e  phase  c o u ld  be d e t e c t e d .  

E x a m in a t io n  o f  th e  d i s i n t e g r a t e d  com pact r e v e a l e d  th e  

p r e s e n c e  o f  a c o p p e r - r i c h  i n t e r m e d i a t e  phase  to  w hich  th e  

e x p a n s io n  o f  th e  compact may p re su m ab ly  be a t t r i b u t e d .

X - ra y  s t u d i e s  o f  th e  o t h e r  spec im ens  w hich  were w a te r
o oquenched  from 700 C and 900 C, showed more d e f i n i t e

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

th e  f o r m a t io n  c o p p e r - r i c h  a lp h a  s o l i d  s o l u t i o n ,  w i th

c o n se q u e n t  d e p l e t i o n  o f  th e  c o p p e r  l i n e s .  I n  th e  l a t t e r
o

sp e c im en , w a te r -q u e n c h e d  from  900 C , t h e r e  were p o s s i b l e  

t r a c e s  o f  th e  Cu^Al^ phase  b u t  th e  l i n e s  were to o  

i n d e f i n i t e  to  e s t a b l i s h  i t s  p r e s e n c e .

T h is  e x a m in a t io n  i n f e r r e d  t h a t  a l l o y - s i n t e r i n g  was 

began w i th  th e  f o r m a t io n  o f  th e  compound Cu AJ*' fo l lo w e d  

by th e  a p p e a ra n c e  o f  a c o p p e r - r i c h  i n t e r m e d i a t e  phase  

w hich  however co u ld  n o t  be p o s i t i v e l y  i d e n t i f i e d .  The 

mechanism ean o c cu r  a t  a  te m p e ra tu re  below th e  m e l t in g  

p o i n t s  ©f th e  component m e ta l s  and lo w e s t  eu tect ic  

l e v e l  ©f th e  c o p p e r-a lu m in iu m  s y s te m .

(2 )  A l l o y ^ s i n t e r i n g  o f  n i c k e l - b a s e  b i m e t a l l i c  c o m p a c ts ; 

A c c o rd in g  /



S p e c i m e n .
Angles Reflection 

Une Intensity

N lick e l’ Pressed Compact 4 5 4  String 
7 7 / Medium

M cujnesium: Press ed
Compact

•53.0 
35-2 
37.5 
4*. 6

Weak:
Medium
Strong
Weak.

5Z7 Strong

57.0 
63. 8 
6<?-4 
7o.7

VJeaK 
We aK  
W eak 
V- Wea k

7S $N tcfel dUiy t ^ N j )

Co.’) Alllv/ ponder produced
by alloy-Sintering cmv«tci/o 
at 45o°C for M Kours.

(6) Alloy pwd-er obtained 
-from Cast alloy 
Chemical analysis 71rl^Ni

(a)

437 
45 3

526
U S
63.0
75*. S’
76-4

WeaK
Strong
Strong
\I.WeaK
Weak
Weak
Medium

(b )

5 f ? , )  Weak23.4
244
35! 5  
41 5 
44-4 
45 8 
524)52 5 7
64-5 
67-2 
76 £ 
fco.l

V Weak 
V. Weak
Y Weak 
Strong
Weak

V- Weak 
Trace 
"Troice 
V. Weak 
Weak.

54 Z  Nickel alloy (fs/tMjj)

(a) Alloy powder produced, 
by alloy-Sinterivij in, vacuo 
a t  45o°C -for loo hours.

(b) AUoy poa/der obtained 
frova Cast alloy

Ohewueal analysis 54.0J/Ni

CM

37. q Weak
4 0 .4 V-Weak
40. & Weak

4 5 4 Medium
58-1 Weak
67 6 V-Weak.
73- I- V. Weak.

Cb)
21 0 
Z3 0 
374 
4oa
41 2
445
454
475
53.0
73o

S t r o n g
V- Weak 
VJVxk. 
Weak 
V-Weak 
V- Weak
Strong 
V_ W eak  
I/ace 
V- Weak.

I able ( 11) : X -ra y bô ckr re-fle c t io n s  of  ni-cKel) magnesium 

an d  a l l oys-
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( 21)

A c c o rd in g  to  d i f f e r e n t i a l  th e rm a l  a n a l y s i s  d a t a  , 

com pacted powderjtnixtures o f  n i c k e l  w i th  magnesium, 

a lu m in iu m , Stlicon o r  t i n ,  a r e  accom panied  by h e a t  

e v o l u t i o n  d u r in g  h e a t i n g .

( a )  N ie k e 1-Magnesium;

N ie k e l  and magnesium form two i n t e r m a t a l l i c

compounds, Ni Hg and  Ni Sg2> w hich  were p r e p a r e d  by d i r e c t
%

a l l o y i n g  and c a s t i n g .  The c o m p o s i t io n  o f  th e  c a s t  a l l o y s  

was v e r i f i e d  by y h e m ic a l  a n a l y s i s  o f  n i c k e l  by th e  g r a v e -  

m e t r i c  p r e c i p j l t i o n  o f  n i c k e l  d em e th y l-g ly o x im e  from  

s o l u t i o n .

I n  T ab le  (14 ) a r e  p r e s e n te d  th e  back r e f l e c t i o n  

d a t a  o f  n i c k e l ,  magnesiums and  t h e i r  two compounds. An 

a l l o y  o f  NI Mg c o m p o s i t io n  c o u ld  n o t  be p r e p a r e d  by p r o -  

lo n g ed  s i n t e r i n g  i n  vacuo s i n c e  th e  a n n e a le d  compact was 

found  inhom ogeneous, a s  i n d i c a t e d  by th e  p r e s e n c e  o f  

n i c k e l  and  Nl Mg2 i i n e s .

Powder m ix tu r e s ,  c o n t a in i n g  n ic k e l-m a g n e s iu m  com

p o s i t i o n s  o f  9 0 /1 0 ,  8 l / l 9 ;  7 5 /25  and 70 /30  p r o p o r t i o n s  by 

Weight were com pacted and th e n  w a te r -q u e n c h e d  from 4 ^ 0 °^  

w hich  was th e  o b se rv e d  r e a c t i o n  te m p e ra tu re  a s s o c i a t e d  

w i th  h e a t  e v o l u t i o n .  The powder m ix tu r e s  o f  81 /19  and 

7 0 /3 0  c o r re sp o n d  t o  th e  c o m p o s i t io n s  o f  th e  N lQMg and

NlMg compounds.
2

The /



(a) All specimens, water- quenched -{Vom 450  C .

Composition
%

X - r a y A n a ly s is .

*1oj\o 
N t/M g

Nickel:
45.3 Sttbnej [sharp)
527 Weak (broad)17.0 Weak (broad)
NLMq*:
37-q °V. Weak
4°-7 \/ W/eaK ) Indefinite-
45.? v. Weak

Magnesium •• Abject.
Absent.

t l j i q  

N i j  Mj

Nickel:
4s. 3 Medium (5 harp)
52 7 Weak (biajad)
77 0 Weak, (broad)

Ni Mg2:
374 V. Weak (broad)
40.2 V. Weqk (broad) 
4o.7 Weak (braid) 
4 5 4  Njedium (Sharp) 
fa 5.5 V. Weak \
73 0 (?) > Indefinite
67 4 V. Weak. J

Magnesium: Absent 
Ni^Mg :
44.0 - (?) otherwise no trace.

75/25
Ni./M3

Nickel:
45-3 Weak (broad) 
52.6 Weak (broad)

V.W e*k6%se)

Ni Mq :
(s}36 0 - Indefinite.

37- 4 Weak (broad) 
4o-2 Weak (bn>ad)
i - a  Mea/( CbnaA)  43.S Medium (Sharp)

Magnesium .- Absent 
Nl^Mg : Absent.

5$. 1 (?) Inde-fmite. 
>̂5.5 Weak (broad)

67-6 Weak (broad) 
73-1 Weak (sharp).

<H/3I
Mi/Mg.

Nickel •' Absent 
Magnesium Absent
Ni
37.? Weak 
4o-4 V.Weak
4 o fr Weak 
4 5 ?  Strong

Absent

5$. 1 V. Weak Cbroad) 
65-6 Weak (broad) 
67-6 Weak (broad.) 
73.1 V- Weak (broad)

^  f-\tt'ribuV‘ecl to Mg-rich Solid Solution.

Table (12): X-ray analy sis  o{ heat- treated
n i c k e l  - m g g n e s lu m  c o m p a c t s .
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The. X -ra y  r e f l e c t i o n s  o b ta in e d  a r e  shown in  T ab le  (\z). 

(1  } . The i n v e s t i g a t i o n s  r e v e a l e d  t h a t ,  e x c e p t  f o r  th e  

com pact o f  6 9 /31  c o m p o s i t io n ,  n i c k e l  l i n e s  p e r s i s t  a l th o u g h  

t h e r e  i n t e n s i t i e s  d im in i s h  and  th e y  become s l i g h t l y  b ro a d 

e n e d .  Magnesium l i n e s  were a b s e n t  and in  a l l  spec im ens i t  

was o b se rv e d  t h a t  th e  n i c k e l  l i n e s  were n o t  d i s p l a c e d .

T here  were no a p p a r e n t  i n d i c a t i o n s  o f  th e  m ag n e s iu m -r ic h  

s o l i d  s o l u t i o n .  C h a r a c t e r i s t i c  l i n e s  o f  th e  compound

Nlftg were v e ry  e v i d e n t  and o n ly  t r a c e s  o f  Nl„Mg were fo u n d .
2 ^

I t  i s  t o  be co n c lu d ed  t h a t  th e  f o r m a t io n  o f  NaKgg was 

r e s p o n s i b l e  f o r  th e  i n i t i a l  s t a g e s  o f  th e  a l l o y - s i n t e r i n g ,  

S i m i l a r  t o  t h a t  o f  th e  copper-m agnesium  co m p ac ts .  No 

a p p a r e n t  m ag n e s iu m -r ic h  s o l i d  s o l u t i o n  p re c e d e d  th e  r e a c t i o n ,  

i n f e r r i n g  t h a t  t h e r e  was r a p i d  d i f f u s i o n  o f  magnesium i n t o  

th e  n i c k e l .  S in c e  th e  spec im ens have been  w a te r -q u e n c h e d ,

th e  r e a c t i o n  t o  form  NI Kg h a s  p o s s i b l y  been  d e t e r r e d .  The
2

inhoftiogeneity o f  th e  p ro lo n g e d  s i n t e r e d  NI I4g com pact, 

h ow ever, would s u g g e s t  t h a t  t h i s  a l l o y  c a n n o t  be r e a d i l y  

p r e p a r e d  by t h i s  m ethod .

(6 )  N ieke1-A lum lnium :

Two i n t e r m e t a l l i c  compounds o c c u r  i n  t h i s  sy s te m , Nl^Al and 

N1A1 and a l l o y s  c o r r e s p o n d in g  to  th o s e  c o m p o s i t io n s  were 

p r e p a r e d .  The a l l o y  c o m p o s i t io n  was checked  by th e  g r a v i 

m e t r i c  e s t i m a t i o n  o f  n i c k e l  a s  i n  th e  p r e v io u s  c a s e .

Back /



S p e c i m e n
A n g l e s  o-f R e f l e c t i o n .  

L i n e  I n t e n s i t y .

N ic lC e l : P re s s e d  
c o m p a c t .

4 5 .4  S t r o n g  771 M edium . 

52 7  S trong

A lu m in iu m : I r ^ e d  
C o m p a c t .

Strong ^77 W e a k  

45.4  Strong 7 8 . M e d iu m .

N 13AI a l l o y  p o w d e r

P r e p a r e d ,  b y  a l ioy-  
S in te r in g  for ifco hours 
a t  1 0 0 0  °C.

4 4 -(0 M e d i u m  7S.(o V. WialC 
4 S’- 1 Strong 7 6 - 5  (?) Trace. 
5 1 . 7  W e a k  
5 2 .  1 W eaK

N t A l  a l l o y  p o w d e r :

(a) prepared bya-lloy- 
s i n t e r i n o  -for I%0 hours 
fitt 1000 C  • 

lb) O bta irud .  'frDvw Cast 
a l l o y .

C h e m ic a l  a n a l y s i s  h\i.

l a )  Cb)

31-8 Weak 5 | . o  Tvuee
4 5 .2  S t ro n g  3 1 . ^  m e d iu m
L5 2. i , 55  0  ( ra ce
( <( ]  e a ^  3 4 ? l  
^  44-3 Strong

^ l . f  str<ms 

H V  w ,e
79.0 V. W e a k

^ ° / o O  fa t io  a l l o y  oX 
N13AI om(K Nli Al- 

Prepared by alloy- Sintering 
-for l£0 hours, itt (0OO°C.

Ni3At MCAl 
44 .(p Strong 32.0 (?) T a c e  . 

45.1 *•*"* 4 5 .-s. Strong 
51. (0 W eak  (?) Trace. 
75.4 Weak

Table (13) •' X -r a y  back ref lec t io n s  of nickel,

aluminium and. a l l o y s .
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Back r e f l e c t i o n  p a t t e r n s  o f  n i c k e l ,  a lum inium  and

th e  two i n t e r m e d i a t e  p h a se s  a r e  g iv e n  in  T ab le  ( 1 3 ) .

Com parison  o f  th e  p a t t e r n s  r e v e a l  l i t t l e  d i f f e r e n c e  betw een

them , N1A1 m a y  o n ly  be d i s t i n g u i s h e d  from  N1,_A1 by th eo
p r e s e n c e  o f  two weak l i n e s  a t  3 2 .0  and 6 5 .5  d e g re e s  a n g le  

o f  b a e k - r e f l e c t i o n .  The N I3AI p a t t e r n  d i f f e r e d  from  t h a t  

o f  n i c k e l  by th e  a p p e a ra n c e  o f  s u p e r - l a t t i c e  l i n e s  a t  a n g le s  

s l i g h t l y  l e s s  th a n  th o se  a s s o c i a t e d  w i th  a p r im a ry  n i c k e l -  

r i c h  s o l i d  s o l u t i o n .  An a l l o y  o f  50 /50  r a t i o  o f  NI A1 andO
N1A1 c o m p o s i t io n ,  was t h e r e f o r e  p r e p a r e d  to  d e te rm in e

w h e th e r  any c l e a r e r  d e f i n i t i o n  betw een th e  p a t t e r n s  c o u ld  be

o b t a i n e d .  The r e f e r e n c e  p a t t e r n s  were s u f f i c i e n t l y  d i f f e r e n t

t o  p e r m i t  a  q u a l i t a t i v e  i d e n t i f i c a t i o n  o f  t h e  p h a se s  whose

f o r m a t io n  was r e s p o n s i b l e  f o r  th e  e x o th e rm ic  c h a n g e s ,

o b se rv e d  a t  500°C.

T e s t  sp e c im en s ,  c o n t a in i n g  n ie k e 1 -a lu m in iu m  powder

m ix tu r e s  o f  9 5 /5 ,  8 6 /1 4 ,  70 /30  and 68 /32  c o m p o s i t io n s ,  were
o o

p r e p a r e d  and w a te r -q u e n c h e d  from 500 C and 600 C. The 

8 6 /14  and 6 8 /3 2  c o m p o s i t io n s  c o r re s p o n d  t o  th e  compoundrformulae. 

N lgAl and  N1A1. The X -ra y  d a t a  f o r  th e s e  com pacts a r e  

shown i n  T ab le  ( 1 4 ) - ( 1 5 ) .

I n v e s t i g a t i o n  o f  th e  c o m p a c ts^  w a te r -q u e n c h e d  from 

500°C i n d i c a t e d  th e  p re s e n c e  o f  b o th  n i c k e l  and alum inium  

l i n e s .  These were b ro ad  and o f  d im in is h e d  i n t e n s i t y  b u t  

w ere  /



(a) All Specimens w ater-quenched from 500 C.

Composition X - r a y A n a ly s is .

n '7al N ic k e l :
45.4 Strong
52.6 Medium (broad)
77- o Weak: ( broaol).
Nl3Al:
44 6  1 ra .ce  C?)
4 S. 4 Stronq 
51 • £ Trace I?)
76-5 T ra ce  (?).

A lum in ium

$4.4 T r a c e  G )  7S.q ( ? ) .  
45.4  Strong 
67-7 I?)
Ni At:
32.0 (?)
45 .4  strong (?)
65.2 ( ?) •

N i./^ N ic k e l  •
45.4 Strong 
52-6 M edium 
77-0 Weak(broad)
Ni3Al:
44-6 V. Weak (diffuse)
45-4 Stronq.
76.5 Vt?^ K W ^ se )

Aluminium.:
34-4 Traced?) 7SA. (?) 
45.4  Strang 
67. 0 (?)
Ni A b
32 0 (?)
45 4 Strong.
65 7 Trace.

70 h o  « /« i Nickel:
45.4 Strong (broad) 
52. C, Weak. (broad) 
771 Weak Cbroad) 

N13 Al 
44 Ca WeaK 
454 Strong
§l p  Weak (diffuse)

Aluminium:
34-4- Weak (brood) 
45-4 Strong (broad) 
74.0 V- Weak Abroad).
NiAl:
320  Trace 
45- 4 Stronq - 
65- 3 V. Weak.

M h z  Ni/At NicKeT.
45-4 Strong Cbroad) 
52 6 V. Weak Cbroad) 
77*1 V. Weak (broad).

Aluminium:
34.4 V. Weak 
4 5 4  Strong (broad) 
74-0 Indefinite

NijAi: NiAl:

} K > Weik
45-4 Strong (broad)
l \ \ )  M e *

l(t>.5 Indefinite.

32.0 ( ? )

45-4 Strong (broad) 
(5. S V. Weak..

table 04) : X~ray analy s i s  of heat-treated n ickel- 

aluminium Compacts.



(b) All S p e c im e n s  water gvencked fro m  4)00 C •

Composition
%

45Is Nifal

)(-  ruy Analysis.

Nickel:
4 5 -  3  
52-6 
7 7  0

Wt3AL:
4 4 6
4 5 .  3  
5 1 -  6  
7 5 .  (o

Strong
Medium (broad) 
Medium (broad)

Medium
Strong
Weak (broad) 
V- Weak

Aluminium.’ Absent

Mt AL:
32. o Weak
45- 3 Strong .
6 5 2  ( ? )  indefinite

ss 6  n‘/m
Nickel:
454
52-6
77-0
Nt3 41
44-6
45-4 
5f. b 
75- 6

Strong (broad) 
Medium (broad)
W-eak (broad)

Mediont
Strong (broad)
Weak (broad)
Weak (broad)

Aluminium.: Absent.

Ni AU
32-0 (? )
45 4 Strong (broad)
6S- 2 (ytice

7ah o  to/#. Nickel:
454
52-6
77-0
N i, At

446
4 5 4  
5 1 -  7  
7 5 . 6

Strong 
V. Wea«
Trace

Medium
St/ong
W eak (b ro a d ) 
Wdak. (b ro a d )

Alumintutu' Absent-

NiAU
32.0  Weak
45  4  Strong
65-4- \Aieak (broad)

^(12  Kc/fli Nickel:  
Ni3AL; 

Aluminium

Absent'
bltM
31. T WeoK
45 3 Strong
65.7 Weak.

Table Os) : X̂ _ fay analysis heat- treated hickel-

aluminium Compacts •
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were n o t  d i s p l a c e d .  In  a l l  c a s e s  l i n e s  o f  N i A l  were d e t e r -3
mined a l t h o u g h  t h e r e  w ere  o c c a s i o n a l  t r a c e s  o f  th e  NiAl p a t t e r n .

E x am in a t io n  o f  th e  second  s e r i e s  o f  co m p ac ts ,  w a t e r -

quenched from 600°C was marked hy th e  com ple te  d i s a p p e a r a n c e

o f  th e  a lum in ium  l i n e s  and th e  more d e f i n i t e  a p p e a ra n c e  o f

th e  p h ase  N iA l.  In  g e n e r a l ,  i t  was o b se rv e d  t h a t  th e  p a t t e r n

te n d e d  to  conform  t o  t h a t  w hich  c o u ld  be a s s o c i a t e d  w i th  the

e q u i l i b r i u m  a l l o y .

S in c e  no f o rm a t io n  o f  an a lu m in iu m - r ic h  s o l i d  s o l u t i o n

was d e te rm in e d  in  e i t h e r  o f  th e  s e r i e s ,  i t  would a p p e a r  t h a t

th e  fo r m a t io n  o f  N i„Al i n i t i a t e d  th e  r e a c t i o n  a t  500°C. Theo
m ajo r  h e a t  change a t  600°c i s  t o  be l in k e d  w i th  th e  fo rm a t io n  

o f  N iA l,

N i c k e l - s i l i c o n :

N ic k e l  and S i l i c o n  form  a number o f  i n t e r m e d i a t e  p h a se s  and

o f  t h e s e  N i~ S I, Ni S I  , Ni S i  and Ni S i  were p r e p a r e d  by 
0 5 2 2

m e l t in g  and c a s t i n g .  The c o m p o s i t io n s  o f  th e  c a s t  a l l o y s

were checked  by a n a l y s i n g  f o r  n i c k e l  a s  in  th e  p r e v io u s  two

c a s e s .  Compacted n i c k e l - s i l i c o n  pow ders , c o r r e s p o n d in g  n o t

on ly  to  th e  c o m p o s i t io n s  o f  th e s e  compounds b u t  a l s o  o f

Ni S I  and Ni S i  /w ere  s u b j e c t e d  to  a p ro lo n g e d  s i n t e r i n g  
3 2

t r e a tm e n t  in  v acu o , a s  shown in  T ab le  ( 1 6 ) .

Com parison o f  fu se d  a l l o y  r e f l e c t i o n  l i n e s  w i th  th o se  

o f  the  p ro lo n g e d  s i n t e r e d  p r o d u c t s ,  a s  g iv e n  i n  T ab le  ( 1 6 ) ,  

i n d i c a t e d  /



Specimen Angles of Reflection 
Line Intensity.

Nickel; ftessed  compact 45-4
52-7

Strong
Strong

77. / Mediona

Silicon Pressed Compact- 24.5 
4 1%

Strong 
M ed im

S i  0
17-i

Weak
V- Weak!

Ml3Si alloy :
(a) Prepared by alloy-Sintering 
f)r A% hours a t 700°C and then 
25o hours a t (000°C- m vacua.

(b) R-epared by m elting

Chemical analysis - ¥6 -4 ^1

(b
4S 5 Strung 4 5 4
53.o Weak 524
77.0 I/Weak 76-7.
27 6 V-weak 71-V 

11S30-5- V.lA/eak
35 o Truce 3T 4
4Z<i VIWeak 4 2-6
A 3-4 V-Weak
46.8 Weak
4 5  0 Weak
6*-7 /race
760 Trace

Strong 
WeaK (diffuse)
V iA/ea/< Cbroad)

Trace 
J race.

Nig Si* alloy :
(<0 fre pared by alloy-Sintering

for 4% hours a t  l0(fc and
1hen 25 0  hours at IOOO°C 
in vacuo-

(to) Prepared by melting. 
Chemical analysis »3.

Co.]
42.*
43. 2
45.4
4M
4 i o

52-2) 
5 2 7  
60 . 5 ] 

i I64-8 
47- 1 
M l -

V- Weak
Weak
Medium
Medium
Medium.
Trace

Indefinufci

(a)

27.4 V- Weak
4o. 4 V. Weak
43-2 V Weak
44.3 V Weak.
45-2 Indefinite
4 6-4 Strong
4?- 0 Weak
49.6 Medium
62-0 V- Weak

(b )
42-* 
434 
464 
47 4 68-6
3o. 1 
31-5 
43 0 
53 0 
72-6 
75 4 
74 
7q

V- Wea<(
Weak
Medium
Medium
Medium
V-Weak 
V- Weak 
V Weak
Indefinite
Truce

X J Weak (diffuse)

Nl^Si alloy;

(a) fi'epared by alloy-sintering
■for 35o hours a t Tjotl in 
vacuo.
(b) (fepared by melting. 
Chemical analysis- l̂-4Ŵ "1,

(b )

40.3
43-2
44-3
45-2 
463 
48-i 
4q.6 
62.0

ww<
Weak 
V- Weak 
W eak 
Strong
V- W eal(  
_Slrong 
I race-

( p.t o .)

T a b le  (|&) r continued on next pgcje



lc3 Sia alloy:
(a.) Prepared by alloy- 
S in te rin g  for 35o hours a t  
7 5 o° C in vUcUo

(a)
V. Weak
Indefinite
Medium
Medium
Weak
Medium
W eak_

i IrUce

Ni Si  alloy :

(a) Prepa/ed by alloy-  
Sintering -for 35o hours at 
75o°C  w vacuo.

(b) Prepared by m elt ing  

Chemical analysis bjZ /^ i

(a)
3 2 2  Strong 
35.4 Weak 
46- 6 Medium
4*.0 Strong
52.6 Weak

440
45-3
45-4
4SS
51 o
41-0

, *TVfcces

32-0
32-2
35.4 
36.* 
372
46.5 
451
52.6
36.0
630

Cb) 
) Weak

Weak
Weak
W e a k
Medium
Strong
Strong

Truces.

Ni Si * a l t y ;

(a) Prepared by dlloy- 
Si n h r i n g  -for 3S0  hours 
d t  75o°C  in Vacuo.

24.4 
372
46.6
454 
57-/ 
66-0 1 
66.2 } 
6 6 .4 J

CO-)
Strong 
Weak 
Weak 
V  Strong 
Medium

V. Weak

77.4  Trace

Table (l6) : X-ray back ref lections oj n ick el, 

silicon and alloys.



(a) ALL specimens slowly cooled  in vacuo -from 675 °C .

Composition

Ip/s M/iSt

X - r a y  Analysis.

N tcKel:
454  Strong (broad)
5 A 7 Stroma (broad)
77 l Medium (.broad)

Nil S i ;
32 a 
46- 6 
4 5 0  
S2(o
44 o

V. W e ak  C broad) 
Weak (broad) 
Medium 
Indefinite
T ra c e

Silicon
Ni Six : 
N L-x S i .'

Ni 3 S i : 
N13SL1

Absent

(?)
Frincipal Linns coincide. Nrth 
those of N/LSL but subsidiary 
lines are absent.

* 5/l5  ^ /S L Nickel '• Lines haVe 
S h if te d  t o  co in c id e  
With Ni^Si:
45 6 Strona 
52S Medium
77-4 W-cak (broad)
Ni Si 
32-0 
46- 6 
4 5 0  
52.5

V. W eaK (b ro a d )  
M edium  (d isp laced ) 
M edium
Trace

Nl5Si

Silicon: 7 
N l $ L x : / 
^llj 5i -̂ I
Nt^Si:
40-4
43-2.
45-2
46-4 j 
48.0
44-6 
6 2 0

A b s e n t

Trace
V-Weak ( b r o a d )  
Ind  e -fm ite  

M ed iu m
VWeaK Cbinjad) 
Truce

M a jo r  lints coincident With ftiose o f Wi.Sc o b se rv e d  
bu t p re se n c e  o f  lini a.t 6 5 -7  S u g g e s ts  That th is  
phase. has fo rm e d .

SiM ^ / s l
Nickel .• Lines have 
Shifted to coincide w/ilh. 
Ntj 5 c •-
Ni Si •*

Indefinite  
Trace 
Strong 
Strong 
M-edi urn-

320
40.4
46-3 
48 I
44 6

MiiS
43-0
46.3
48-1
49-6

irace.
Strong
Strung
Medium.

Silicon: i
N L  S i . x : J
Nig Sex -
44-4
45-3
45-4 
46*3
46-7 
48-5.

by line a t  6 8 .7

A b s e n t

Weak
Strong
Indefinite

S tro n g
N[ediom
(ruce
Hres^nce i n d i c a t e d

( R T .O .)

"Table ( l 7 )  ; C on tin u ed  on  n e x t  p a g e .



15/2S Ni/Sl NtcKel: Absent
N i S t - 0 1  
4  b>-b Wfcak (broad)
4 8-1 W e a k  (broad)

I\Il3$L£:
4  3 .  2 .  T r a c e
4 4 - 4  W e a k  
4 5 1. 3  M e d i u m
45'- 4 Weak
46.3 Strong 
4 S. 4 Trace.

Silicon: Absent except
•[or traces at,
24.0 Trace
4$ . I V - W e a k  ( b r o a d )
Ni jS i '■
4o. 4 Trace
46-3 Strong
48- I V Weak Cbroad)
4^.6 Weak
Mig-Sti 
Ni .3 $<■

J A b s e n t .

^/35 *V$L (ViclCel:
45-4 Weak
52-7 
77. (
Ni Si
32.5'
46.^
4*. I 
Nlc x S i

W e a k  (broad)  
N/ WeaK Cbroad)
(?)
Trace
(race
Medium-

: Alt lines

Silicon;
3.4 - 4  W eak

Weak 
V. Weak 
V- Weak

>| tkis pbai 
are o[ weak intensity

,ase are

Absent •

present but

55 /4s N7si Nickel:
4S4 Weak Cbroad)
527 WeaK Cbroad)
77-( V. Weak

NCjS^I L»«5 4 n e se
phases are present but 
a re  oj- Weak intensity

SlIl con:
24.4 Strong
45- * Hedium
77-/ V-WeaK.

MijSi
N 15-^2. 
Nc$$l

’■ Absent

45 /ss % Nickel:
4£4 KediuiM 
52-7 W exU ((broad)
7 7 -1 V. Weak Cb road)

Silicon:
24.4 Strong
48.1  
06.7 
77- I

Weak
Y.Weak
V. Weak.

No Contpouind pha.se. lines Were ^oond present

I able ( l 7 ) *  X-ray  analys is  of  hea t - t r e a t e d  nickel- 

.Silicon compacts.



C h a p te r  5 ( C o n tM ) 40 .

i n d i c a t e d  t h a t  th e  s i n t e r e d  a l l o y s  c o n ta in e d  t r a c e s  o f  'm com pi ate

a l lo y ^ g  by th e  p re s e n c e  o f  f a i n t  l i n e s  w hich  c o u ld  be
i

a c c r e d i t e d  to  ne/ghbouring  i n t e r m e d i a t e  p h a se s  a t  th e  a l l o y  

c o m p o s i t io n s  w h ich  were p r e p a r e d .  O th e rw is e ,  t h e r e  was 

good a g re em e n t  betw een b o th  s e t s  o f  a l l o y s .  S u f f i c i e n t

r e f e r e n c e  l i n e s  were a v a i l a b l e  t o  i d e n t i f y  th e  new p h a se s
o

form ed a t  670 c ,  th e  r e a c t i o n - t e m p e r a t u r e  o f  n i c k e l - s i l i c o n  

powder com pacts

A ra n g e  o f  t e s t  com pacts were made, c o n ta in i n g  

m ix tu r e s  o f  pow ders ,  a s  g iv e n  i n  T ab le  ( 1 7 ) ,  a lo n g  w i th  

X -ra y  d a t a  o f  th e  h e a t - t r e a t e d  c o m p a c ts .  The n a t u r e  o f  th e  

r e a c t i o n  can  be b e s t  r e a l i s e d  by c o n s i d e r i n g  f i r s t  th o s e  

s p e c im e n s ,  c o n t a in i n g  a  h ig h  p r o p o r t i o n  o f  s i l i c o n .  A f t e r  

h e a t i n g ,  th e  4 5 /5 5  compact o f  n i c k e l - s i l i c o n  powders d i s 

p la y e d  o n ly  th e  l i n e s  o f  n i c k e l  and s i l i c o n ,  w hereas  th e  5 5 /45

m ix tu re  r e v e a l e d  weak t r a c e s  o f  Ni S i  and Ni S i  a lo n g  w i th
3 2

th e  component e l e m e n t s .  As th e  p r o p o r t i o n  o f  n i c k e l  

i n c r e a s e d ,  th e  p a t t e r n s  were c h a r a c t e r i s e d  by th e  d i s a p p e a r 

ance  o f  th e  n i c k e l  and s i l i c o n  l i n e s  w hich  were r e p l a c e d  by 

th e  a p p e a ra n c e  o f  th e  o t h e r  i n t e r m e d i a t e  p h a s e s  in  th e

o r d e r  Ni S i  , N i KS io  and N i  S i  a lo n g  w i th  th e  o t h e r  p r e v io u s  
2 °  * 3 

compounds. N ic k e l  l i n e s ,  s l i g h t l y  b ro ad e n ed  and  o f

d im in is h e d  i n t e n s i t y ,  r e a p p e a r e d  i n  t h e  9 5 /5  specim en  a lo n g

w i th  f a i n t  t r a c e s  o f  Ni S i .

I n t e r p r e t a t i o n  /
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I n t e r p r e t a t i o n  o f  th e  d a ta  i n d i c a t e d  t h a t  th e  

r e a c t i o n ,  a l t h o u g h  c o m p l ic a te d ,  p o s s i b l y  began  w i th  th e  

f o r m a t io n  o f  Ni S i  w hich  prom oted  a s e r i e s  o f  r e a c t i o n s ,  

r e s u l t i n g  in  th e  f o r m a t io n  o f  th e  o t h e r  p h a s e s .  S u f f i c i e n t  

n i c k e l  and  s i l i c o n  m ust be p r e s e n t  to  m a in ta in  th e  r e a c t i o n .  

T h is  may a c c o u n t  f o r  th e  a b se n c e  o f  th e  compounds in  th e

h i g h e r  s i l i c o n  com pacts and th e  i s o l a t e d  p re s e n c e  o f  Ni S i
/

i n  th e  3 5 /5  com pact. In  a l l  c a s e s  no t r a c e s  o f  p r im a ry  

s i l i c o n  r i c h  s o l i d  s o l u t i o n  were d e te rm in e d  n o r  was t h e r e  

any  d i s p la c e m e n t  o f  e i t h e r  th e  s i l i c o n  o r  th e  n i c k e l  l i n e s ,  

i n f e r r i n g  t h a t  r a p i d  c o m b in a t io n  o f  th e  m e ta l s  had o c c u r r e d ,  

(d )  N i e k e 1 - t i n :

N ic k e l  and t i n  form two s t a b l e  i n t e r m e t a l l i c  compounds,

Ni Sn§ and N igS ns , w hich  were p r e p a r e d  by p ro lo n g e d  s i n t e r -  

in g  t r e a t m e n t .  Back r e f l e c t i o n  p a t t e r n s  o f  n i c k e l ,  t i n  

and th e ir  two compounds a r e  p r e s e n t e d  i n  T able  ( 1 8 ) ;  th e  

p a t t e r n s  were weak b u t  were o f  s u f f i c i e n t  s t r e n g t h  t o  p e rm i t  

i d e n t i f i c a t i o n  o f  th e  p h a se s  formed a t  180 °C, th e  tem p

e r a t u r e  a t  w hich  r e a c t i o n  o c c u r s  a c c o r d in g  t o  d i f f e r e n t i a l
( 21 )

th e r m a l  a n a l y s i s  d a ta #

T ab le  (19 ) shows th e  r e s u l t s  o f  th e  v a r i o u s  n i c k e l -
o

t i n  powder com pacts a f t e r  h e a t i n g  to  250 C and c o o l in g  in

th e  f u r n a c e .  T h is  h a s  r e v e a l e d  t h a t  N i0Sn was i n i t i a l l y
2 3

fo rm ed . N ic k e l  l i n e s  p e r s i s t e d  i n  a l l  c a s e s  e x c e p t  in  th e  

com pact /



Specimen
Angles of R eflection - 

Line Intensity.

Nickel- Pressed Compact 45.4 Strong 771 Medium- 
52 6 Strong.

Tin : Pressed Compact. 31-6 Medium (o4-5 Trace 
3,2 4 Medium (oS-S y. Weak 
44-7 V. Weak 13-1 Trace 
4b. S WeaX ~]iq Trace 
50/ V. Weak to.  2 1 race. 
62-3. Trace

Ni3 Sn^ alloy 

obtained by alloy-sintering 
■for 4$ hours a t  2od°c an-d 
then I to boors a t 4oo°C.

313 ] W«aK 45.3 Wealc (bn,»4)
54 d Irace

I t t l  Weak k «  Trace 
^  62 b- Trace 
4 4 ? / Weak 
44-t*

l\li2Sn3 alloy:

Obtained by alloy-sintering 

{or 4^ hours a t  2oo°C amd 

ft\en I fro hours a t  4at)°c-

31-a Weak 55 n
3l.<t> Indefinite S4 .0 / Indefinite
32-5 V. Weak 73.0 J Traces.
44-1 Weak
45-3 Weak.

Table (IS ) • X~rgy back re flections o{ nickel, 

tin  and alloys.



(G-) All Specimens slowly cooled in vacuo -prom ^So C-

Composition
%

X“raY Analysts.

S0/*» Nt/Sn N£dCel; 0 M- L • ! Absent. 4s: 3. Strong Ni^Snj,- J
‘52-(d Stro r\q 
77.1 Medium

N/iaSna: , , 
H I ]  WeaiC W* ?

% o  Ni/SB
J S el St»«, J  Aktot
52-6 Medtom 
*77-1 V. WeoilC Cbroad)
Nk^Sn3

I ' l l  t t e  g f i  W «  J «

O 6̂ O p Nickel '■ ? A/ijS»\3 . [
Tin : j Absent 3i.s Weak 44-2 weak
Nlc^Sn  ̂ J 3251 45:4 Medium.

32-7 2

(*!
Nickel: Tin : I At ,
45.4 Strong Wt3̂ a. •* ^
52 6 Medium 
77-1 Medium.
A/tjSiftg'.
3(l| ]  Weak 32 5 Trace ^47 j Medium.

..... ... t
^  This sp ecim en  W as used |or d i^crei\tia .l "/hemal aH.atyst5 9&b UjkicK. 

Kacl reueqled  an  exirlkemic change a t  l$5°C . The s p e c i m e n  has 

b e e n  allowed to slowly cool iw vacuo prowv A2.o°C.

T a b l e  ( l < l )  : X l  r a y  a n a l y s i s  o f  h e q t - t r e a t e d  

n i c k e l -  Ccr\ C o m p a c t s .
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com pact, c o r re s p o n d in g  to  th e  Ni Sn c o m p o s i t io n .  No
& 3

d i s p la c e m e n t  o f  th e  n i c k e l  l i n e s  was found  n o r  were t h e r e  

l i n e s  o f  any p r im a ry  t i n - r i c h  s o l i d  s o l u t i o n ,  p r e c e d in g  the

r e a c t i o n  clsh i n d i c a t e d  by th e  X -ra y  p a t t e r n s .

(3 )  A l l o y - s i n t e r i n g  o f  i r o n - b a s e  b i - m e t a l l i c  C om pac ts . 

D i f f e r e n t i a l  th e rm a l  a n a l y s i s  has  e s t a b l i s h e d  t h a t  com

p a c te d  i ro n -a lu m in iu g i  powder m ix tu re s  r e a c t e d  on h e a t i n g  

w i th  marked l i b e r a t i o n  o f  h e a t  a t  600°C. S in c e  cop per  

r a d i a t i o n  i s  u n s u i t a b l e  in  s tu d y in g  i r o n ,  th e  com pacts were

t e s t e d  by norm al X -ra y  d i f f r a c t i o n  t e c h n iq u e ,  u s i n g  a

S t ra u m a n is  Camera w i th  c o b a l t  r a d i a t i o n .

( a ) I ro n -a lu ra in iu m ;

Two com pacts o f  86 /14  and 6 7 * 5 /3 2 .5  r a t i o s  

( c o r r e s p o n d in g  to  th e  c o m p o s i t io n s  o f  th e  i n t e r m e t a l l i c

compounds Fe Ai and FeAl) w hich  had been p r e v i o u s ly  employed 
3

f o r  d i f f e r e n t i a l  th e rm a l  a n a l y s i s  e x p e r im e n ts ,w e re  ex am ined . 

The v a r io u s  l i n e s  in  the  d i f f r a c t i o n  p a t t e r n s  were i d e n t i f i e d

by com p ariso n  w i th  s i m i l a r  p a t t e r n s  o f  i r o n  and a lu m in iu m .
Fe

The specim en o f /A i  c o m p o s it io n  gave no l i n e s , c o r r e s p 

on d in g  to  th o se  o f  i r o n  and a lum in ium  b u t  a new p a t t e r n  

a p p e a re d  in  th e  d i f f r a c t i o n  p h o to g ra p h .  T h is  p a t t e r n  co u ld  

be a s s o c i a t e d  w i th  th e  i n t e r m e t a l l i c  compound Fe A i . On

th e  o t h e r  h an d , th e  compact o f  Fe Ai c o m p o s i t io n  was
3

c h a r a c t e r i s e d  by th e  p re s e n c e  o f  i r o n  l i n e s  a lo n g  w i th  

d i f f r a c t i o n  /
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d i f f r a c t i o n  p a t t e r n  w hich  i s  a s s o c i a t e d  w i th  Fe AI 

T here  was no i n d i c a t i o n  o f  th e  p r e s e n c e  o f  p r im a ry  aluminum 

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

a p p e a r  t o  c o n s i s t  o f  th e  fo rm a t io n  o f  Fe A I .
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D is c u s s io n  o f  e x p e r im e n ta l  r e s u l t s .

(4 )  P r e l im i n a r y  i n v e s t i g a t i o n  o f  th e  a l l o y  s i n t e r i n g  o f  
c o p p e r - z in c  Compacts i n  v a c u o . ______________________

l a  to  me t r i e  an a  ly  s i  s ;

The sudden e x p a n s io n s ,  a p p ro x im a te ly  p r o p o r t i o n a l  to  th e  

z in c  c o n te n t  o f  th e  com pacts and o c c u r in g  o v e r  th e  tem p

e r a t u r e  ran g e  o f  2 0 0 ° -  380°C a g re e  w i th  th e  r e s u l t s  w hich

have been  d e te rm in e d  by o t h e r  i n v e s t i g a t o r s ( 1 1 ,1 2 ,2 2 )
( 12)

Itaube and P l a t e  have found t h a t  maximum t o t a l  e x p a n s io n

o c c u r re d  w i th  a Z in c  c o n te n t  o f  80$ . These i n v e s t i g a t o r s

c o n c lu d e d  t h a t  e x p a n s io n  was due t o  th e  fo rm a t io n  o f  a

c o p p e r - z in c  compound, c o n ta in i n g  a p p ro x im a te ly  80$, and th e

i n t e r n a l  p r e s s u r e  c r e a t e d  w i t h i n  th e  p o re s  o f  th e  compact
( 11)

by th e  v o l a t i l e a t i o n  o f  th e  z i n c .  Duwez and M artens

p ro p o se d  t h a t  a  number o f  i n t e r m e d i a t e  p h a se s  were b e in g

form ed  a t  o v e r l a p p in g  s t a g e s .  The i n i t i a l  ph ase  fo rm ed ,
( 2 2 )

was n o t  c o n s id e r e d  u n t i l  C ra n s to n  c la im e d ,  from

m e t a l l o g r a p h i c  s t u d i e s / t h a t  beta-CuZn was i n i t i a l l y  formed 

and  t h a t  t h i s  ph ase  p o s s e s s e d  a d e g re e  o f  s t a b i l i t y  o v e r  

t h e  e x p a n s io n  ra n g e  o b se rv e d  by th e  d i l a t o m e t r i c  s t u d i e s .

No o t h e r  i n t e r m e d i a t e  p h a se s  were r e p o r t e d  by C ra n s to i i .

The e f f e c t  o f  p a r t i c l e  s i z e  o f  th e  powders had n o t  

been p r e v i o u s ly  ex am ined . As th e  p a r t i c l e  s i z e  d im in is h e d ,  

s w e l l i n g  o f  th e  com pacts d e c r e a s e d .  Thfcs may be e x p la in e d  

on th e  b a s i s  o f  phase  f o r m a t io n .  D e c re a se  i n  p a r t i c l e  

s i z e  /
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s i z e  o f  the  powders c a u se s  an i n c r e a s e  o f  th e  s u r f a c e  a r e a

on w hich  z in c  v a p o u r  may he a b so rb e d  and from  w hich  z in c

may v o l a t i l i s e .  T h is  p rom otes  g r e a t e r  ph ase  f o r m a t io n  and

c o n s e q u e n t ly  l e s s  f r e e  z in c  i a  a v a i l a b l e  t o  c r e a t e  i n t e r n a l

s w e l l i n g  p r e s s u r e  w i t h i n  th e  com pac t.  The v o l a t i l i z a t i o n

o f  z in c  and  i t s  s u b s e q u e n t  a b s o r p t i o n  by th e  co p p er  p a r t i c l e s

i s  b e l i e v e d  to  have a l a r g e r  e x p a n s io n  e f f e c t  th a n  th e

changes o f  c r y s t a l  s t r u c t u r e  w hich  accompany ph ase  f o rm a t io n  .

Fr om g e ^ n e tr ic a l  c o n s i d e r a t i o n s  o f  p a c k in g  th e  g ro w th  o f  
K A

l a r g e r  s i z e d  c o p p e r  p a r t i c l e s  d u r in g  p h ase  fo rm a tio n /m ay  be

accom panied  by a g r e a t e r  d e c r e a s e  i n  th e  p a c k in g  d e n s i t y .

The p r e s s e d  compact has  a  c e r t a i n  g re e n  s t r e n g t h  and 

c o n s e q u e n t ly ,  th e  h i g h e r  th e  co m pacting  p r e s s u r e ,  th e  

g r e a t e r  th e  R e s i s t a n c e  a g a i n s t  s w e l l in g  t h a t  would be 

d e v e lo p e d .  An i n c r e a s e  i n  th e  d e g re e  o f  c o ld  w e ld in g  a t  th e  

m e ta l  p a r t i c l e  i n t e r f a c e s  would a l s o  be e x p e c te d  so t h a t  

i n t e r d i f f u s i o n  c a u s in g  p h ase  f o r m a t io n ,  may be enhanced  and 

t h e r e  would be l e s s  f r e e  z in c  t o  cau se  s w e l l in g  o f  the  com pact. 

The i n c r e a s e  in  e x p a n s io n  n o te d  when th e  com pacting  p r e s s u r e  

e x c e e d s  30 t o n s / i n . ^  can  o n ly  be a t t r i b u t e d  to  the  n a tu r e  o f  

phase  fo rm a t io n  w hich  w i l l  be d i s c u s s e d  l a t e r .  The i n i t i a l  

t e m p e r a tu re  o f  e x p a n s io n  f e l l  a s  th e  com pac ting  p r e s s u r e  

i n c r e a s e d ,  and t h i s  may be a t t r i b u t e d  to  th e  g r e a t e r  d eg ree  

o f  p r e s s u r e - w e ld e d  i n t e r f a c i a l  c o n t a c t  o f  th e  

powders /



Chapter 6 (C o n t 'd )
46 .

p o w d e rs •

(b) D i f f e r e n t i a l  th e rm a l  a n a l y s i s :

The marked e x o th e rm ic  change a t  240°C ten d e d  to  c o n f i rm

th e  a s su m p t io n  o f  i n t e r m e t a l l i c  compound fo rm a t io n  d u r in g

th e  a l l o y - s i n t e r i n g  o f  c o p p e r - z in c  c o m p a c ts .  I t  i s

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

d e p e n d e n t  upon $he two main p h y s i c a l  v a r i a b l e s  o f  th e

com pact, nam ely , th e  i n h e r e n t  p a r t i c l e  s i z e  o f  th e  powders

and th e  com pacting  p r e s s u r e  em ployed .

The d i f f e r e n t i a l  th e rm a l  a n a l y s i s  o f  a  s e r i e s  o f

co m p ac ts ,  composed o f  v a r y in g  b lEnds o f  f i n e r  s i z e d  powders

w hich  had  been p r e s s e d  a t  50 to n s /m -*  r e v e a l s  th e

g e n e r a l  b e h a v io u r  t o  be e x p e c te d  d u r in g  th e  a l l o y - s i n t e r i n g

©f c o p p e r - z in c  c o m p a c ts .  A compound i s  i n i t i a l l y  form ed 
o

a t  240 C, in d e p e n d e n t  o f  th e  c o m p o s it io n  o f  th e  com pact.

The e x t e n t  o f  th e  r e a c t i o n ,  a s  m easured  by th e  i n t e n s i t y  

o f  th e  h e a t  c h a n g e ; i n c r e a s e s  w i th  th e  z in c  c o n te n t  and 

a p p e a r s  to  r e a c h  a  maximum i n t e n s i t y  w i th  a z in c  c o n te n t  

o f  50$. S in c e  t h i s  h e a t  l i b r a t i o n  i s  a s s o c i a t e d  w i th  

th e  a b r u p t  e x p a n s io n s  w hich  have been  o b s e rv e d ,  e x p a n s io n  

m ust be p a r t i a l l y  due to  th e  i n i t i a l  f o rm a t io n  o f  a 

c o p p e r - z in c  compound* T ra c e s  o f  a  m inor e x o th e rm ic  change 

o c c u r  a t  300°C f o r  c o m p a c t s ^ c o n t a i n i n g  20$ and 50$ z i n c .

A second  phase  may form b u t  i t  would be more p ro b a b le  t h a t  

a  more r a p i d  r a t e  o f  h e a t i n g  d u r in g  s i n t e r i n g  p re v e n te d  

th e  /
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th e  ipajofc change a t  240 C from  b e in g  c o m p le te .  T h is

s u g g e s t s  t h a t  i n  th e  s tu d y  o f  a l l o y - s i n t e r i n g ,  th e  r a t e

o f  h e a t i n g  may be c r i t i c a l .  The e n d o th e rm ic  changes  a t  
o

420 -480°C a r e  a t t r i b u t e d  to  th e  m e l t in g  o f  r e s i d u a l  

uncom bined z i n c .

The d i f f e r e n t i a l  th e rm a l  m easurem ents d u r in g  th e  

h e a t i n g  o f  co m p ac ts ,  com p rised  o f  a  50/BO m ix tu re  o f  

c o p p e r - z in c  powders o f  v a ry in g  s i z e  g ra d e s  and com pacted 

u n d e r  d i f f e r e n t  com pacting  p r e s s u r e s ,  s u p p o r t  th e  con 

c l u s i o n s  w hich  have been  o b ta in e d  from d i l a t o m e t r i c  s t u d i e s .  

The p o s s i b i l i t i e s  o f  i n t e r m e t a l i c  compound f o rm a t io n  a r e  

enhanced  by d e c r e a s i n g  th e  p a r t i c l e  s i z e  o f  th e  powders 

and i n c r e a s i n g  th e  co m p ac tin g  p r e s s u r e .  When r e l a t i v e l y  

c o a r s e  powder m ix tu re s  were i n v e s t i g a t e d ,  t h e r e  was l i t t l e  

e v id e n c e  o f  compound f o rm a t io n  and s in c e  such  com pacts 

were a s s o c i a t e d  w i th  v e ry  marked e x p a n s io n ,  th e  i n t e r n a l  

s w e l l i n g  p r e s s u r e  o f  z in c  v a p o u r  may p e rh a p s  be r e g a r d e d  

a s  th e  m ajo r  f o r c e  c a u s in g  e x p a n s io n  o f  th e  com pacts 

d u r in g  h e a t i n g .

The p a r t i c l e  s i z e  o f  th e  powders had t o  be l e s s  th a n  

-170 mesh and  th e  com pacting  p r e s s u r e  g r e a t e r  th a n
o

b e fo re  a p p r e c i a b l e  h e a t  l i b e r a t i o n  o c c u r r e d  a t  240 C.

T h is  im p l i e s  t h a t  th e  mechanism o f  a l l o y - 3 i n t e r i n g  i s  

l i n k e d  w i th  th e  n a t u r e  o f  th e  m e t a l l i e  powder s u r f a c e s  and 

th e  /
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and th e  f o r m a t io n  o f  c o ld -w e ld e d  i n t e r f a c e s  betw een 

th e  m e ta l  p a r t i c l e s .

D i f f e r e n t i a l  th e rm a l  a n a l y s i s  a p p e a r s  a v e ry  

s u i t a b l e  method o f  s tu d y in g  th e  mechanism o f  a l l o y -  

s i n t e r i n g  w i t h i n  b i - m e t a l l i c  com pacts  in  w hich  compound 

f o r m a t io n  may o c c u r .

(o) E l e c t r i c a l  r e s i s t a n c e  m e a su re m e n ts ;

The r e s i s t a n c e  o f  a  compact may be c o n s id e r e d  a s  b e in g  

d e p e n d e n t  upon two f a c t o r s

( a )  The r e s i s t a n c e  o f  th e  m e t a l l i c  p a r t i c l e s .

(b )  The i n t e r f a c i a l  c o n t a c t  r e s i s t a n c e  betw een  n e ig h 
b o u r in g  p a r t i c l e s .

The l a t t e r  f a c t o r  can  c au se  th e  l a r g e s t  v a r i a t i o n  due t o  

i t s  dependency  on s u r f a c e  c o n d i t i o n s  o f  th e  powders and 

th e  d e g re e  o f  c o ld - w e ld in g ,  e f f e c t e d  d u r in g  c o m p a c tio n .

The r e s i s t a n c e  o f  z in c  i s  h i g h e r  th a n  t h a t  o f  

c o p p e r  and th e  d e c r e a s e  o f  th e  i n i t i a l  r e s i s t a n c e  o f  th e  

com pact w i th  i n c r e a s i n g  p r o p o r t i o n s  o f  z i n c ,  may be 

e x p la in e d  by th e  p a c k in g  o f  th e  -  300 mesh z in c  powder 

w i i h i n  th e  v o i d s ,  p r e s e n t e d  by th e  r e l a t i v e l y  c o a r s e r  

c o p p e r  p a r t i c l e s .  The i n i t i a l  r e s i s t a n c e  o f  th e  compact 

becomes c o r r e s p o n d in g ly  low ered  u n t i l  th e  v 6 id s  have been 

c o m p le te ly  f i l l e d  w i th  th e  f i n e r  pow der. Once th e  z in c  

c o n te n t  e x c e e d s  40$ , th e  c o n t i n u i t y  o f  th e  co pper  

p a r t i c l e s  i s  d i s r u p t e d  and th e  i n t e r f a c i a l  r e s i s t a n c e
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o f  t h e -300 mesh z i n c  powder c a u se s  th e  r e s i s t a n c e  to  

i n c r e a s e •
o o

The a b r u p t  change a t  200 -  250 C can on ly  be

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

c h a n g e s .  As th e  z in c  c o n t e n t  i s  i n c r e a s e d ,  t h e  e x p a n s 

io n  o f  the  compact  i n c r e a s e s .  T h is  o f f s e t s  any r e s i s t a n c e  

d ro p  w hich  may be e x p e c t e d .  N e v e r t h e l e s s ,  a r e s i s t a n c e  

p r e c e d e s  t h e  a l l o y - s i n t e r i n g  mechanism and would s u g g e s t  

i n t e r f a c i a l  g row th  p r i o r  t o  the  e x p a n s i o n  o f  t h e  compact .  

I r r e g u l a r  r e s i s t a n c e  v a r i a t i o n  beyond 380°C i s  a t t r i b u t e d  

t o  th e  i n t e r n a l  p r e s s u r e  o f  e n t r a p p e d  z in c  v apour  and th e  

m e l t i n g  o f  r e s i d u a l  z i n c .  The f i n a l  a l l o y  i s  assumed 

homogenous a s  i n d i c a t e d  by t h e  r e g u l a r  b e h a v io u r  o f  th e  

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

I n c r e a s e d  com pac t ion  d e c r e a s e s  t h e  i n t e r f a c i a l  

r e s i s t a n c e  o f  the  p a r t i c l e s  by t h e  g r e a t e r  d e g re e  o f  c o ld  

w e ld in g  e f f e c t e d .  S in c e  f i n e r  powders a r e  more s u s c e p t i b l e  

t o  s u r f a c e  i m p u r i t i e s  su ch  a s  ox ide  f i l m s ,  h i g h  r e s i s t a n c e  

v a l u e s  were t o  be e x p e c t e d .

E l e c t r i c a l  r e s i s t a n c e  measurements  s u g g e s t e d ,  t h e r e 

f o r e ,  t h a t  a  somewhat complex s u r f a c e  r e a r r a n g e m e n t  p re c e d e d  

th e  p o s s i b l e  f o r m a t i o n  o f  a c o p p e r - z i n c  i n t e r m e d i a t e  phase  

b u t  due t o  th e  complex n a t u r e  o f  t h e  s e v e r a l  f a c t o r s  which 

may /
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May a f f e c t  th e  r e s i s t a n c e  o f  a powder a g g r e g a t e ,  l i t t l e  

f u r t h e r  i n f o r m a t i o n  c o u ld  be d e d u c e d .

X - r a y  a n a l y s i s :

From X - ra y  d a t a ,  th e  l i b e r a t i o n  o f  h e a t  and a b r u p t  e x p a n s io n s  

on h e a t i n g ,  a r e  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  beta-CuZn 

w hich  may p e r s i s t  s i n c e  i t  p o s s e s s  a  d e g re e  o f  s t a b i l i t y  und e r  

th e  c o n d i t i o n s ,  p r e v a i l i n g  w i t h i n  t h e  powder a g g r e g a t e  

G e n e ra l  Summation: -

The m eehanis /m  s u g g e s t e d ,  i s  th e  t r a n s f e r  o f  th e  z in c  

t o  t h e  s u r f a c e  o f  th e  co p p er  p a r t i c l e ,  t h i s  t r a n s f e r  o c c u r r 

i n g  l a r g e l y  t h r o u g h  th e  v apour  p h a s e .  The a b s o r p t i o n  o f  the  

z i n c  r e s u l t s  i n  t h e  f o r m a t i o n  o f  t h e  b e t a  Cu Zn p h a s e .  Two 

f a c t o r s  c o n t r i b u t e  to  th e  r a p i d  r a t e  o f  f o r m a t i o n  o f  the  

compound, b e ta - C u  Zn.  F i r s t ,  th e  t r a n s f e r  o f  z i n c  th r o u g h  

th e  v a p o u r  phase  i m p l i e s  t h a t  v i r t u a l l y  the  whole s u r f a c e  o f

t h e  c o p p e r  p a r t i c l e s  i s  a v a i l a b l e  a s  a d i f f u s i o n  i n t e r f a c e .
i.§)

Second ,  a s  shown by th e  work o f  S m ig i l sK as  and K i r k e n d a l l ,
raf> I'dty

z i n c  d i f f u s e s  i n t o  copper  much m o r e / th a n  cop p er  i n t o  z i n c .  

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

r e a c t i o n s  t a k i n g  p l a c e  a s  some s l i g h t  f o r m a t i o n  o f  the  a l £ h a  

s o l i d  s o l u t i o n  i s  a lm o s t  i n e v i t a b l e  b u t  t h e  known r a t e s  o f  

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

s o l u t i o n  may be v e ry  t h i n .  I n  a d d i t i o n ,  th e  X - r a y  r e s u l t s  

show no e v id e n c e  o f  a l p h a - s o l i d  s o l u t i o n .

Complete /
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Complete  a l l o y - s i n t e r i n g  o f  c o p p e r - z i n c  com pac ts ,
(19)

i n  c o n t r a s t  to  t h e  work, r e p o r t e d  by R h ines  and C o l to n n  ,

a p p e a re d  to  be e x c e p t i o n a l l y  r a p i d .  By h e a t i n g  i n  vacuo up 
o

t o  750 C, i t  was shown t h a t  th e  compacts  c o n s i s t e d  o f  th o s e

p h a s e s  which  would be found i n  t h e  c o r r e s p o n d i n g  a l l o y

p r e p a r e d  by m e l t i n g  and c a s t i n g .  The h e a t  t r e a t m e n t ,

imposed by R hines  and  C o l te n n  on theV /copper -z inc  com pac ts ,
o

c o n s i s t e d  o f  r a p i d l y  h e a t i n g  to  400 C so t h a t  the  r e a c t i o n  

between c o p p e r  and z in c  powders was p o s s i b l y  i n c o m p l e t e .

B u i ld - u p  o f  Z inc  by i t s  h i g h  vap o u r  p r e s s u r e  p o s s i b l y  p r o 

moted th e  i n t r o d u c t i o n  o f  a f u r t h e r  z i n c - r i c h  phase  as  

i n d i c a t e d  by t h e i r  o b s e rv e d  f o r m a t io n  o f  t h e  gamma-copper-  

z i n c  p h a s e .  Comparison o f  t h e i r  r e s u l t s  w i t h  th e  p r e s e n t  

work i s  f u r t h e r  im p a i re d  by th e  p o s s i b l e  v a r i a t i o n s  i n t r o d 

uced  by d i f f e r i n g  com pac t ion  and s i z e  g r a d e s  o f  pow ders .

A l th o u g h  th e  n a t u r e  o f  a l l o y - s i n t e r i n g  i s  complex, i t  may be 

i n f e r r e d  t h a t  th e  s u r f a c e  c o n d i t i o n s  a t  t h e  m e ta l  i n t e r f a c e s  

w i t h i n  a  p r e s s e d  powder a g g r e g a t e  can i n t e r f e r e  w i t h  th e  

a c c e p t e d  i n t e r d i f f u s i o n  mechanisms o f  m e t a l s  i n  th e  s o l i d  

s t a t e .

F u r t h e r  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s :

S in c e  t h e  compacts  were composed o f  v e ry  f i n e  powders and were 

p r e s s e d  a t  a  h i g h  com pact ing  p r e s s u r e ,  50 t o n s  /  i n 2 , the  

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

w hich  may be e x p e c te d  d u r i n g  th e  a l l o y - s i n t e r i n g  o f  such sy s te m s .  

S i n c e  /
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S in c e  th e  a j b l o y - s i n t e r i n g  o f  C o p p e r - n i c k e l  compacts 

was n o t  accom panied  by any h e a t  ch ang e ,  t h i s  s u p p o r t s  the  

a s s u m p t io n  t h a t  h e a t  changes  may o n ly  o c c u r  w i t h i n  com pacts ,  

c o n t a i n i n g  two m e t a l s  which  a r e  c a p a b le  o f  fo rm ing  i n t e r -  

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

t e n d  t o  c o n f i rm  t h e  d i s t i n c t i o n  drawn between a l l o y -  

s i n t e r i n g  o f  com ple te  o r  p a r t i a l  s o l i d  s o l u t i o n  sys tem s  

and  t h o s e  d i s p l a y i n g  p o s s i b l e  compound f o rm a t io n ^  As was 

d i s c u s s e d  i n  the  rev ie w  o f  t h e  l i t e r a t u r e  and shown by th e  

p r e l i m i n a r y  i n v e s t i g a t i o n  o f  th e  a l l o y - s i n t e r i n g  o f  cop p er  

z i n c  compacts  i n  v a c u o .

The l a r g e  e x o th e r m ic  changes  o b se rv e d  i n  t h e  c o p p e r -  

a lum in ium  and n i c k e l - a l u m i n i u m  compacts  would s u g g e s t  t h a t  

th e  v a p ou r  p r e s s u r e  o f  t h e  m e t a l s  may be r e l a t i v e l y  u n 

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

f o r m a t i o n .  S in c e  compound f o r m a t io n  o c c u r s  a t  temp

e r a t u r e s  below th e  n e l t i n g  p o i n t s  o f  e i t h e r  o f  th e  

c o n s t i t u e n t  m e t a l s ,  t h e  machanism must  be go verned  by 

d i f f u s i o n  p r o c e s s e s  which  depend on th e  p h y s i c a l  n a t u r e  

o f  t h e  m e t a l l i c  powders and t h e  a r e a  o f  i n t e r f a c i a l  

c o n t a c t  be tween th e  p a r t i c l e s .

The c opper  a lum in ium  compact r e v e a l e d  a  s l i g h t  
e  o
J tn d o th e rm ic  change a t  570 C and i t  was th o u g h t  t h a t  D e l t a  

Cu^ and a l Pha  co p per  s o l i d  s o l u t i o n  had formed and 

t h a t  t h e s e  p h a se s  l a t e r  combine t o  form b e t a  Cu .̂ A I .
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I n  t h e  c ase  o f  the  n i c k e l - a l u m i n i u m  com pac ts ,  th e  two 
c

e x o th e r m ic  c h a n g e s  may p o s s i b l y  be a t t r i b u t e d  t o  t h e  form

a t i o n  o f  more t h a n  one i n t e r m e t a l l i c  compound o r  t o  e f f e c t s  

i n t r o d u c e d  by com pac t io n  and s i z e  g r a d i n g  o f  th e  m e t a l l i c  

p o w d e r s •

Marked h e a t  e v o l u t i o n  was n o t e d  i n  t h e  n i c k e l - z i n c  

co m pac t .  The v a p o u r  p r e s s u r e  o f  z i n c ,  w h i l s t  i t  must  

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

f a c t o r s  which may be a s s o c i a t e d  w i t h  t h e  s u r f a c e  o f  t h e  

powders and  th e  c o n d i t i o n s  i n t r o d u c e d  by c o m p a c t io n .  R ap id  

i n t e r d i f f u s i o n  p r o c e s s e s  must  be i n v o lv e d  u n d e r  c o n d i t i o n s  

w hich  f a c i l i t a t e  t h e  movement o f  d i f f e r e n t  m e t a l l i c  atoms 

i n  t h e  n e ig h b o u rh o o d  o f  one a n o t h e r .

"5. F u r t h e r  X - ra y  s t u d i e s :

X - ra y  e x a m in a t io n  o f  compacted m e t a l l i c  powder m ix t u r e s  i n  

which  compound f o r m a t i o n  may be p o s s i b l e  d n  h e a t i n g ,  

s u g g e s t e d  t h a t  a l l o y i n g  began w i t h  t h e  f o r m a t i o n  o f  a compound 

phase  a t  a  t e m p e r a t u r e  below t h e  m e l t i n g  p o i n t s  o f  the
I

component m r t a l s  o r  o f  any o t h e r  c o m b in a t io n  o f  p h a s e s  i n  th e  

a l l o y  sy s te m .  The r e a c t i o n s  w i t h i n  t h e s e  compacts  were n o t  

p r e e e / d e d  by any s i g n s  o f  p r im a ry  s o l i d  s o l u t i o n  f o r m a t io n  

s i n c e  t h e r e  was no a p p a r e n t  d i s p l a c e m e n t  o f  t h e  p r i n c i p a l  

l i n e  o f  X - ra y  r e f l e c t i o n  o f  th e  component e l e m e n t s .  The 

lower  m e l t i n g  p o i n t  e l e m e n t s  e . g .  Magnesium, Aluminium, T in
II e t c . ,  were r a p i d l y  ©bsorbed i n  th e  f o r m a t io n  o f  the  compound 

phase  /
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p h a se  a s  shown by t h e  d i s a p p e a r a n c e  o f  th e  c h a r a c t e r i s t i c  

l i n e s  o f  t h e i r  X - ra y  s p e c t r a  . The h i g h e r  m e l t i n g - p o i n t  

e l e m e n t s  c o p p e r ,  n i c k e l  and  i r o n  d i s p l a y e d  l i n e s  which had 

become s l i g h t l y  b road en ed  but? d i m i n i s h e d  i n  i n t e n s i t y .  

E x t e n s i v e  p r im a ry  s o l i d  s o l u t i o n  f o r m a t io n  was n o t  p o s s i b l e  

w i t h i n  th e  a l l o y s / s t u d i e d  and c o n s e q u e n t ly  v e ry  l i t t l e  d i s 

p la c e m e n t  c o u ld  be e x p e c t e d  t o  o c c u r .  i - in e  b r o a d e n in g  may 

i n d i c a t e  s o l i d  s o l u t i o n  f o r m a t i o n  bu t  n o r m a l ly  t h i s  i s  

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

Comparable i n $ e r m e t a l l i c  compounds were formed i n  t h e  

s y s t e m s ,  copper-m agnes ium ,  copper-a lum im ium  and n i c k e l -  

magnesium powder m ix t u r e s  when i n  e a c h  c ase  t h e  compounds 

CuMg. £Lu Mgo, £iu Al , and  Ni MgQ were i n i t i a l l y  fo rm ed .  

C o n s i d e r in g  th e  a l l o y - s i n t e r i n g  o f  c o p p e r - z i n c  and c o p p e r -

g o ld  compacts i n  which  a l l o y - s i n t e r i n g  began w i t h  th e  form-
(18)

a t i o n  o f  the  p h a s e s  b e ta - C u  Zn and Cu AO , t h e  a p p e a ra n e e  

o f  a  s t a b l e  i n t e r m e d i a t e  ph ase  c o u ld  on ly  be found i n  t h e  

c a se  o f  n i c k e l - a l u m i n i u m ,  i r o n - a l u m i n i u m  and n i c k e l ^ t i n

compacts  where Ni A l ,  Fe Al and Ni Sn were t h e  m a jo r  p h a se s2 o
i n v o l v e d  d u r i n g  h e a t i n g .  The b e h a v i o u r  o f  n i c k e l - s i l i c o n  

and c o p p e r -a lu m in iu m  compacts  which  have been e x am in ed /  

s u g g e s t e d  t h a t  a  s e r i e s  o f  r a t e  r e a c t i o n s  may be i n v o l v e d .

An i n i t i a l  compound may be c o n s i d e r e d  t o  form such  t h a t  

f u r t h e r  r e a c t i o n  c o u ld  be p ro m oted .  I n  th e  n i c k e l - s i l i c o n  

co m pac ts ,  t h e  Ni S i  phase  a p p e a re d  t o  form i n i t i a l l y  and t h i s  

r e s u l t e d  /
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r e s u l t e d  i n  a  s e r i e s  o f  r e a c t i o n s  whereby© t h e  o t h e r

n i c k e l - s i l i c o n  compounds were p r o d u c e d .  Compacted c o p p e r -

a lum in ium  powder m i x t u r e s  i n t e r t e i a c t e d  t o  p rod u ce  Cu A l^ ,

i n i t i a l l y ,  f a l l o w e d  by th e  p o s s i b l e  u l t i m a t e  f o r m a t io n  o f

Cu Ai A.
9 4

Thus,  a l l o y i n g j o f  m e t a l l i c  powders d u r i n g  s i n t e r i n g ,

may be c o n s i d e r e d  a s  an  a c t i v a t e d  r a t e  p r o c e s s ,  t h e  k i n e t i c s

o f  w hich  a r e  n o t  s o l e l y  d e p e n d e n t  on i n t e r d i f f u s i o n  b u t

a l s o  upon th e  achv/ahonol and  f r e e  e n e r g i e s  i n v o lv e d  i n  t h e

f o r m a t i o n  o f  th e  v a r i o u s  i n t e r m e t a l l i c  compounds.  The

new p h a s e s  which  were fo rm ed ,  were c h a r a c t e r i s e d  by t h e i r

l a r g e  h e a t s  o f  f o r m a t i o n .  The i n i t i a l  compound formed

c o u ld  n o t  a lw ays  be a s s o c i a t e d  w i t h  t h a t  p o s s e s s i n g  the

maximum h e a t  o f  f o r m a t i o n .  N e v e r t h e l e s s  s u f f i c i e n t  l o c a l

h e a t  must be g e n e r a t e d  t o  promote f u r t h e r  r e a c t i o n . .  Where

i n s u f f i c i e n t  l o c a l  e n e rg y  was l i b e r a t e d ,  i t  may be p o s s i b l e

t h a t  an  a p p a r e n t  s t a t e  o f  s t a b i l i t y  c o u ld  p roduce  one

i n t e r m e t a l l i c  compound such  a s  has  been  o b se rv e d  i n  the
(18)

f o r m a t i o n  o f  th e  compounds Cu Zn,  Cu An , F e .A l ,

Ni Al and  Ni S n |  d u r i n g  th e  h e a t i n g  o f  compacted powder 
2

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

Such a  mechanism would imply t h a t  th e  marked 

e x p a n s i o n  and t h e r m a l  c h a n g e s ,  c aused  by th e  f o r m a t i o n  o f  

i n t e r m e t a l l i c  compounds d u r i n g  s i n t e r i n g ,  may n o t  n e c e s s a r i l y  

be a t t r i b u t e d  t o  the  f o r m a t io n  o f  any one p a r t i c u l a r  p h a s e .  

T h e r e f o r e ,  /
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T h e r e f o r e ,  a l t h o u g h  t h e s e  methods o f  s t u d y i n g  a l l o y  

s i n t e r i n g ,  d e te r m in e  t h e  r e a c t i o n  t e m p e r a t u r e ,  the  

dilato metric and t h e r m a l  e f f e c t s ,  o n l y  q u a l i t d f i V e v - 

e v id e n c e  o f  t h e  mechanism can  he g a in e d  s i n c e  t h e s e  methods 

a r e  d e p e n d e n t  t o  a  l a r g e  e x t e n t  i n  t h e  d e g re e  o f  com

p a c t i o n  and s i z e  g r a d i n g  o f  t h e  m e t a l l i c  po w d ers .  The 

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

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

t h e r m a l  c h a r a c t e r i s t i c s ,  a s  h a s  been found  i n  t h e  c ase  o f  

c o p p e r - z i n c  c o m p a c ts .
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F i n a l  c o n c l u s i o n s  and g e n e r a l  sum m at io n s .

The a l l o y - s i n t e r i n g  o f  compacted m e t a l l i c  powder m ix tu r e s

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

powders by th e  p o s s i b i l i t i e s  o f  i n t e r d i f f u s i o n  o f  t h e  m e ta l s

and compound f o r m a t i o n .  P r e v i o u s  i n v e s t i g a t i o n s  o f  a l l o y -

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

e v i d e n c e ,  two m echanis im s o f  a l l o y i n g  were i n v o lv e d ,

d e p e n d in g  on th e  n a t u r e  o f  th e  e q u i l i b r i u m  sy s tem  formed

by the  components o f  t h e  compacted a g g r e g a t e ;  Where

i n t e r m e t a l l i c  compounds were p r e s e n t  i n  th e  sy s te m ,  h e a t i n g

o f  t h e  compact  was accompanied  by marked g rowth  o f  t h e  com pac ts .

I n  sy s te m s  e x h i b i t i n g  com ple te  o r  p a r t i a l  s o l i d  s o l u b i l i t y ,
I

t h i s  marked g row th  was n o t  o b s e r v e d .  D isc repan c ie s ,  

how ever ,  e x i s t e d  b u t  l i t t l e  c o u ld  be p o s t u l a t e d  s i n c e  no 

c o n s i d e r a t i o n  o f  th e  p h y s i c a l  c o n d i t i o n s  o f  compaction and 

th e  p a r t i c l e  s i z e  o f  t h e  powders had been  d e t e r m i n e d .

V o l a t i l i t y  o f  th e  m e t a l s  was known t o  e x e r t  an e f f e c t  on 

g row th  d u r i n g  a l l o y - s i n t e r i n g  b u t  i t s  e x a c t j i n f lu e n c e  on t h e  

mechanism had n o t  been e s t a b l i s h e d .

C o n s e q u e n t ly ,  a  p r e l i m i n a r y  s tu d y  o f  th e  a l l o y - s i n t e r 

i n g  c h a r a c t e r i s t i c s  o f  c o p p e r - z i n c  compacts i n  vacuo was 

p e r fo rm e d  t o  d e te r m in e  t h e s e  f a c t o r s  and a l s o  t h e  most 

a d v a n ta g e o u s  methods o f  c o n d u c t in g  a  g e n e r a l  s u rv e y  o f  th e  

p r o c e s s  o f  a l l o y - s i n t e r i n g .  Of th e  e x p e r i m e n t a l  methods 

em p lo y e d . /
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employed i n  t h i s  i n v e s t i g a t i o n ,  d i l a t o m e t r i e  and d i f f e r e n t i a l  

t h e r m a l  a n a l y s i s  c o u p le d  w i t h  X - ra y  measurements  were the  

most  s u c c e s s f u l .

I n  h e a t i n g  c o p p e r - z i n c  compacts e x o th e r m ic  changes  

and e x p a n s io n  o f  compacts  were o b s e rv e d  a t  t e m p e r a t u r e s  o f  

240°C t o  320°C. The g row th  o f  the  compacts  was d e p en d e n t  

on th e  p r o p o r t i o n  o f  z i n c  p r e s e n t ,  th e  com pac t ing  p r e s s u r e  

and th e  s i z e  g r a d i n g  o f  th e  m e t a l l i c  po w d e rs .  X -ray  

m easurements  p rov ed  t h a t  th e  i n t e r m e t a l l i c  compound Cu Zn 

was formed ahd t h a t  a l l o y i n g  o f  t h e  co p p er  and th e  z in c  

was a lm o s t  com ple te  once a s i n t e r i n g  t e m p e r a t u r e  o f  750°C . 

had been a t t a i n e d .  The g row th  o f  the  compacts  was 

a t t r i b u t e d  t o  t h e  adsorption and a b s o r p t i o n  o f  t h e  z i n c  by 

t h e  c o p p e r  p a r t i c l e  w i t h  accompanying f o r m a t i o n  o f  b e ta -C uZ n ,  

and th e  p r e s s u r e  d e v e lo p e d  by t h e  z i n c  v a p o u r ,  e n t r a p p e d  

w i t h i n ^  th e  p o r e s  o f  th e  compact . E v o l u t i o n  o f  h e a t  was 

a s s o c i a t e d  w i t h  t h e  combination o f  c o p p e r  and z in c  t o  form 

t h e  b e t a  Cu Zn p h a s e .  The e f f e c t s  o f  com pac t ing  p r e s s u r e  

and  p a r t i c l e  s i z e  o f  th e  powders were a s s e s s e d  by t h e i r
tteerW-

i n f l u e n c e  on th e  d i l a t o m e t r i e  and d i f f e r e n t i a l / c h a r a c t e r 

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

I n c r e a s e  o f  t h e  co m pac t ing  p r e s s u r e  and d e c r e a s e  o f  th e  

p a r t i c l e  s i z e  o f  th e  powders r e s u l t e d  i n  a d e c r e a s e  o f  th e  

volume e x p a n s io n  and an  i n c r e a s e  i n  t h e  h e a t  e v o l u t i o n .  I t  

was c o n c lu d ed  t h a t  r a p i d  f o r m a t i o n  o f  t h e  compound Cu Zn. 

o c c u r s  /
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o c c u r s  w i t h  q u i c k  a b s o r p t i o n  o f  th e  z i n c .  The tendency  t o  

d e v e lo p  i n t e r n a l  p r e s s u r e  o f  Z inc  v a po u r  was,  t h e r e f o r e ,  

d i m i n i s h e d .  I t  was a l s o  t h o u g h t  t h a t  i n c r e a s e d  com pact ing  

p r e s s u r e s  endowed th e  g r e e n  compact w i t h  g r e a t e r  c o ld  

s t r e n g t h  so t h a t  g row th  d u r i n g  s i n t e r i n g  was r e s t r i c t e d .

R e s u l t s  o f  the  e l e c t r i c a l  r e s i s t a n c e  s t u d i e s  were 

i n t e r p r e t e d  on t h e  assumption t h a t  t h e  r e s i s t a n c e  o f  a 

compacted powder was d e p e n d e n t  on two f a c t o r s ,  th e  c o n t a c t  

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

ance  o f  th e  m e t a l .  Of t h e s e ,  t h e  fo rm er  was c o n s i d e r e d  th e  

more i m p o r t a n t .  S in c e  t h i s  was s u b j e c t  to  ex t rem e  v a r i a t 

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

n a t u r e  o f  the  c o ld  welded  i n t e r f a c e  e t c . ,  t h e  i n f o r m a t i o n  

deduced  from changes  i n  r e s i s t a n c e ,  co u ld  o n ly  be t e n t a t i v e l y  

i n t e r p r e t e d .  N e v e r t h e l e s s  i t  was p o s t u l a t e d  t h a t  a  s u r f a c e  

r e a r r a n g e m e n t  o f  atoms p re c e ^ d e d  th e  a l l o y i n g  r e a c t i o n , c a u s i n g  

t h e  r e s i s t a n c e  o f  th e  compact t o  d r o p .  This  was a s s o c i a t e d  

w i t h  some form o f  i n t e r f a c i a l  g row th  w h ich  caused  a d e c r e a s e  

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

t h e  co m p a c ts .

The a p p a r e n t  r a p i d i t y  w i t h  which  a l l o y i n g  o f  th e  m e ta l s  

o c c u r r e d ,  was c o n s i d e r e d  due t o  t h e  h i g h  vap ou r  p r e s s u r e  o f  

th e  z i n c  which p e r m i t t e d  r a p i d  t r a n s p o r t  o f  t h e  z i n c  atoms 

t o  th e  s u r f a c e  o f  t h e  c o p p e r  p a r t i c l e s  so t h a t  t h e r e  was 

c r e a t e d  a  l a r g e  i n t e r f a c e  a c r o s s  w hich  i n t e r d i f f u s i o n  cou ld  

p r o c e e d .  /



C h a p te r  7 ( C o n f d ) 60.

p ro ceed *  D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  was a l s o  pe r fo rm ed  

t o  s tu d y  a l l o y - s i n t e r i n g  and i n v e s t i g a t e  the  p o s s i b l e  

i n t e r m e d i a t e  phase  f o r m a t i o n  w i t h i n  a number o f  o t h e r  b i 

m e t a l l i c  c o m p a c ts .

No e x o th e r m ic  r e a c t i o n  o c c u r r e d  d u r i n g  th e  s i n t e r i n g

o f  a  c o p p e r - n i c k e l  compact b u t  marked h e a t  e v o l u t i o n  was

a p p a r e n t  i n  the  c ase  o f  co p per -a lu m in um ,  n i c k e l - z i n c

c o m p a c t s .  D i f f e r e n t i a l  th e r m a l  a n a l y s i s  o f  a  w id e r  r an g e

o f  b i - m e t a l l i c  co m p ac ts ,  com pr ised  o f  e l e m e n t s  c h a r a c t e r i s e d

by t h e i r  r e l a t i v e l y  low v a p o u r  p r e s s u r e s  and t h e i r  a b i l i t y

t o  form i n t e r m e t a l l i c  compounds, have been  found t o  be

accompanied  by s i m i l a r  e x o th e r m ic  changes  a t  r e l a t i v e l y  low
( 21)

t e m p e r a t u r e s ,  i t  was o b s e rv e d  t h a t  a l l  i n d i c a t i o n s  o f
W\t oî

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

e l e m e n t s  c o n c e r n e d .  U n u s u a l ly  r a p i d  i n t e r d i f f u s i o n  was 

c o n s i d e r e d  t o  have  o c c u r r e d  due t o  th e  i n t e r f a c i a l  

c o n d i t i o n s  i n t r o d u c e d  by compaction, whereby irmetf&ment o f  

d i f f e r e n t  m e t a l l i c  atoms i n  th e  n e ig h b o u rh o o d  o f  one 

a n o t h e r  was f a c i l i t a t e d .

From f u r t h e r  X - ra y  i n v e s t i g a t i o n s ,  a s  a l r e a d y  s t a t e d  

o n ly  one compound was found t o  be formed i n  c e r t a i n  sys tem s 

e . g .  c o p p e r - z i n c ,  n i c k e l - a l u m i n i u m ,  n iek e l -qaagn es iu m ,  i r o n -  

a lum in ium ,  e t c . ,  b u t  i n  o t h e r c i n s t a n c e s  e . g .  c o p p e r -  

a lum in ium ,  n i c k e l - s i l i c o n ,  more t h a n  one i n t e r m e t a l l i c  

compound a p p e a re d  a t  an  e a r l y  s t a g e ,  d e p e n d in g  on the  

c o m p o s i t i o n  /
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c o m p o s i t i o n  o f  t h e  com pact .  In  c e r t a i n  c a s e s ,  a l l  t h e  

p a r e n t  m e t a l s  had combined t o  form th e  e q u i l i b r i u m  a l l o y .

Rapid  f o r m a t i o n  o f  th e  i n t e r m e t a l l i c  compounds may 

be a s s o c i a t e d  w i t h  a b i l i t y  o f  one m e ta l  t o  d i f f u s e  more 

r a p i d l y  i n t o  craoftven „ The o t h e r  a p p a r e n t  f e a t u r e  which  was 

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

fo rm e d •

C o n s i d e r a t i o n s  o f  th e  b e h a v io u r  o f  n i c k e l - s i l i c o n  

and c o p p e r -a lu m in iu m  compacts  s u g g e s t e d  t h a t  th e  a l l o y i n g  

mechanism e o u ld  be r e g a r d e d  a s  a  s e r i e s  o f  r a t e  p r o c e s s e s .

A e©mpotind was c o n s i d e r e d  t o  form i n i t i a l l y  by r a p i d  i n t e r 

d i f f u s i o n  and was p re su m ab ly  t o  be a s s o c i a t e d  w i t h  th e  

l o w e s t  achvational e n e rg y  o f  c o m b i n a t i o n • The h e a t  e n e rg y  

l i b e r a t e d  by i t s  f o r m a t i o n  was r e g a r d e d  a s  s u f f i c i e n t  to  

promote  f u r t h e r  r e a c t i o n  i n  a manner a k i n  t o  t h a t  o f " i g n i t i o n ” .

From th e  e x p e r i m e n t a l  e v id e n c e  i t  would p o s s i b l y  seem 

t h a t  i n t e r d i f f u s i o n  w i t h i n  powdered m e ta l  a g g r e g a t e s ,  

d i f f e r s  from t h a t  which  had been d e te r m in e d  a c r o s s  th e  

i n t e r f a c e s  o f  two " h o t  p r e s s u r e "  welded  m e t a l s ,  a s  has  been 

i n v e s t i g a t e d  by v a r i o u s  a u t h o r s .  A c c o rd in g  to  t h e s e  

i n v e s t i g a t i o n s ,  volume changes  were n o t  u n e x p e c te d  i n  

e i t h e r  o f  t h e  sy s tem s  o f  com ple te  o r  p a r t i a l  s o l i d  s o l u 

b i l i t y  <6n t h o s e  d i s p l a y i n g  i n t e r m e t a l l i c  compound f o r m a t io n ,  

s i n c e  g rowth  was cau se d  by th e  u n e q u a l  r a t e s  o f  d i f f u s i o n  

between th e  component e l e m e n t s  a s  w e l l  a s  t h r o u g h  any new 

p h a se  /
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p h ase  fo rm e d .

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

r a p i d  r a t e s  o f  r e a c t i o n  between th e  v a r i o u s  e le m e n t s  which

have been i n v e s t i g a t e d .  I t  may be p o s s i b l e  t h a t  c o l d -

welded  i n t e r f a c e s  behave d i f f e r e n t l y  t o  t h a t  o f  h o t - w e ld e d

m e t a l s  s i n c e ,  i n  t h e  l a t t e r ,  s t r e s s  c o n d i t i o n s  have been

removed by r e c o v e r y  and r e c r y s t a l l i z a t i o n .  I n d i r e c t

e v id e n c e  can be o b t a i n e d  by c o n s i d e r i n g  a l l o y  s i n t e r i n g  und e r
( 2 2 )

c o n d i t i o n s  o f  h o t - p r e s s i n g .  G o e t z e l  h a s  compared t h e  s i n t e r  

- i n g  b e h a v io u r  o f  b o th  c o ld  and h o t  p r e s s e d  c o p p e r - z i n c  

co m p a c ts .  The c o ld  p r e s s e d  compacts  d i s p l a y e d  th e  same 

g e n e r a l  e f f e c t s ,  o b s e rv e d  i n  the  p r e s e n t  i n v e s t i g a t i o n .  Hot

p r e s s i n g ,  how ever ,  a p p a r e n t l y ,  d e t e r r e d  a l l o y i n g  and t h i s  |
;!

would imply  t h a t  t h e  n a t u r e  o f  c o ld - w e ld e d  i n t e r f a c e s  e x e r t s  

a  c o n s i d e r a b l e  i n f l u e n c e  on th e  i n i t i a l  s t a g e s  o f  a l l o y -  

s i n t e r i n g .

S in c e  i n t e r d i f f u s i o n  may cau se  p o r o s i t y  i n  t h e  j

s i n t e r e d  p r o d u c t ,  i n t e r d i f f u s i o n  may p o s s i b l y " b e  r e g a r d e d  a s  .

u n r e l a t e d  t o  th e  mechanism o f  s i n t e r i n g .  T h is  pptfosity e f f e c t  

does  n o t  n e c e s s a r i l y  mean t h a t  g row th  o f  th e  o r i g i n a l  m e ta l  

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

t o  v i s u a l i s e  t h e  r a p i d  s o l i d - s t a t e  r e a c t i o n s  which  have been 

a s c e r t a i n e d  by t h i s  i n v e s t i g a t i o n .  j

A p a r t  from th e  f a c t o r  o f  t i m e ,  hor^ocjenisahon o f  the  

compact by i n t e r d i f f u s i o n  a l s o  depends  on ( 1 )  t h e  i n t e r f a c i a l  

a r e a  /



Chapter 7 (C o n t’d ) 63.

a r e a  a c r o s s  which  a to m ic  movement can o c c u r  and (2 )  th e  d e p th  

to  be t r a v e r s e d  by th e  d i f f u s i n g  e le m e n t s  f o r  com ple te  

allov/ing to  o c c u r .  W i th in  compacted power a g g r a g a t e s ,

t h i s  i n t e r f a c i a l  a r e a  i s  l a r g e  and the  d i s t a n c e s  to  be 

p e n e t r a t e d  f o r  com ple te  allowing s m a l l ;  t h e y  a r e

governed  by th e  i n h e r e n t  p a r t i c l e  s i z e  o f  th e  m e t a l l i c  

p ow ders ,  and th e  condifions caused  by compaction. Under such  

c o n d i t i o n s  w i t h i n  co m pac ts ,  composed o f  m e t a l s  which a r e  

c a p a b le  o f  fo rm ing  i n t e r m e t a l l i c  compounds, an  i n t e r m e t a l l i c  

compound may be formed p r o v i d e d  t h a t  th e  c o m b in a t io n  r e q u i r e s  

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

compound f o r m a t i o n  i s  accom pan ied  by an  e x o th e r m ic  change ,  

l o c a l  h e a t  may be s u f f i c i e n t  t o  promote  f u r t h e r  i n t e r r e a c t i o n  

o f  t h e  m e t a l l i c  powders and p ro d uce  o t h e r  new p h a s e s .

T h is  mechanis^m would a c c o u n t  f o r  the  a p p e a ra n c e  o f  a  

number o f  d i f f e r e n t  p h a s e s  w i t h i n  some o f  the  com pac ts ,  

examined by X - ra y  m easurem ents  and th e  - v a r i a t i o n  o f  the
r. , l

r e a c t i o n  w i t h  the  c o m p o s i t i o n  o f  th e  com pac t .  C o n s i d e r in g  

- t h e  p h a s e s - w h ic h  were i d e n t i f i e d ^ ,  e a c h  p o s s e s s e d  a h i g h  h e a t  

o f  f o r m a t i o n .  Only one compound would be formed where 

f u r t h e r  phase  f o r m a t i o n  r e q u i r e s  g r e a t e r  e n e r g y  t h a n  i s  

a v a i l a b l e  from th e  rV n i t ra l  compound f o r m a t i o n .  T h i s  may 

a c c o u n t  f o r  t h e  pseudo- s t a b i l i t y  o f  th e  i n t e r m e t a l l i c

compounds e . g .  Cu Zn , Ni Mg , Ni Al , Fe Al  , Fe Al and2
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Ni Sn . The a l l o y i n g  p r o c e s s ,  however ,  would p ro b a b ly  
2 3 .,r

p ro c e e d  t o  c o m p le t io ry  s u f f i c i e n t  t ime was p e r m i t t e d  f o r  

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

which  have  been  em ployed .

D i f f e r e n t i a l  t h e r m a l  a n a l y s i s  i n d i c a t e d  t h a t  th e  

r e a c t i o n s  o c c u re d  a t  a  c h a r a c t e r i s t i c  t e m p e r a t u r e .  S in c e  

t h e  p r o c e s s  ha s  been r e g a r d e d  a s  a  r a t e - p r o c e s s ,  t h i s  

t e m p e r a t u r e  may o n ly  ibe c h a r a c t e r i s t i c  u n de r  t h e  e x p e r i 

m e n ta l  c o n d i t i o n s  w hich  have been  a d o p t e d .  I t  may be 

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

o f  t h e  v a r i o u s  m e t a l s  can o c c u r  a t  a r a t e  f a v o u r a b l e  f o r  

t h e  r e a c t i o n  t o  p r o c e e d .  I t  was n o t e d  t h a t  i n  the  case  o f  

c o p p e r  z i n c  c o m p a c ts ,  t h e  r e a c t i o n  t e m p e r a t u r e  may be d epend

e n t  on th e  e x p e r i m e n t a l  r a t e  o f  h e a t i n g .

F urther isothermal s t u d i e s  a r e  n e c e s s a r y  t o  e l u c i d a t e  t h i s  

p o s s i b i l i t y .

Growth o f  b i - m e t a l l i c  compacts  d u r i n g  s i n t e r i n g  can 

p o s s i b l y  o c c u r  where  s im p le  i n t e r d i f f u s i o n  i s  i n v o l v e d ,  

e . g .  c o p p e r - n i c k e l  compacts^ Marked e x p a n s io n  i s  t o  be more 

a s s o c i a t e d  w i t h  t h o s e  i n  which  compound f o r m a t io n  may 

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

a r e  i n c u r r e d  and c an n o t  be r e s t r i c t e d  t o  any e x t e n t  by 

i n c r e a s i n g  th e  c o l d - s t r e n g t h  o f  t h e  com pact .  I t  would
Mea.su feir^nts

t h e r e f o r e  a p p e a r  t h a t  w h i l s t  d i l a t o m e t r i e / e s t a b l i s h  th e  

n a t u r e  /
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n a t u r e  o f  g row th  accompanying  s i n t e r i n g ,  i n t e r m e d i a t e  phase

f o r m a t i o n  can o n ly  be r i g i d l y  d e te r m in e d  by d i f f e r e n t i a l

t h e r m a l  a n a l y s i s .  F u r t h e r m o r e ,  t h e  e x p a n s io n  and h e a t

e v o l u t i o n  e f f e c t s  which  have  been  d e t e r m i n e d ,  v a n n o t  be
one

a t t r i b u t e d  i n  e v e r y  c a se  t o  th e  f o r m a t i o n  o f  a n y / p a r t i c u l a r  

p hase  b u t  r a t h e r  t o  a  s e r i e s  o f  r e a c t i o n s  which  a r e  con 

t r i b u t i n g  t h e i r  e f f e c t s .
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