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1.

INTRODUCTION

The en d s a c h ie v e d  by  th e  s t u d i e s  r e l a t e d  in  th e  

p ag es  t h a t  fo l lo w  depend r a t h e r  l a r g e l y  upon th e  v ie w p o in t 

and i n t e r e s t s  o f  th e  p e rs o n  s tu d y in g  th e  r e s u l t s .  I n  s e t t i n g  

f o r t h  th e  p ro b lem  o f  th e  s tu d y  o f  r e a c t i o n s  i n  i r o n - c a r b o n  

pow der a l l o y s  one o f  th e  p rim e i n t e r e s t s  was t o  d e te rm in e  

w h e th e r  r e a c t i o n s  w hich  o ccu r i n  th e  s o l i d  s t a t e  in  o r d in a r y  

s t e e l s  a r e  s i m i l a r  to  th o s e  i n  th e  pow der a l l o y s .  W. D. Jo n es  

(1 ) h as  p o in te d  o u t t h a t  th e  pow der a p p ro a c h  to  th e  s o l u t i o n  

o f  many i n t r i c a t e  p rob lem s c o n f r o n t in g  m e t a l l u r g i s t s  c o n s t i ­

tu t e d  a p o w e rfu l t o o l .  He s t a t e s ,  “By th e  s i n t e r i n g  m ethod 

i t  i s  p o s s ib le  t o  v a ry  th e  i n t e r c r y s t a l l i n e  p h ase  a t  w i l l . "  

Problem s o f  g r a i n  g ro w th , a u s t e n i t e  d e c o m p o s it io n , i n t e r -  

g r a n u la r  c o r r o s io n  o f  s t a i n l e s s  s t e e l s ,  s e a so n  c ra c k in g  in  

co p p e r b a se  a l l o y s ,  c a r b u r i z a t i o n  o f  i r o n ,  and g r a p h i t i z a t i o n  

o f  i r o n - c a r b o n  a l l o y s  a re  b u t  a  few  o f  th e  many p rob lem s t h a t  

may be ap p ro a ch e d  from  th e  pow der s t a t e .  By i t s  m ethods one 

o f te n  h a s  a  b e t t e r  o p p o r tu n i ty  t o  in c o r p o r a te  c o n s t i t u e n t s  

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

p h a se s  t h a t  may le a d  to  th e  a n a l y s i s  o f  a g iv e n  prob lem s 

Of p a r t i c u la r -  i n t e r e s t  i s  th e  fu n d a m e n ta l p rob lem  b e fo re  

m e t a l l u r g i s t s  c o n t i n u a l l y —n a m e ly , th e  n a tu r e  o f  th e  g r a in  

b o u n d a ry . F o llo w in g  a re  l i s t e d  th e n  th e  o b je c t iv e s  so u g h t 

i n  t h i s  s tu d y .  Soma o f  th e s e  d e v e lo p e d  a s  th e  r e s e a r c h  

p ro g re s se d *
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I .  How i s  th e  is o th e r m a l  d e c o m p o s itio n  o f  a u s t e n l t e  

in f lu e n c e d  when th e  s t e e l  i s  form ed from  th e  

pow der s t a t e ?

I I .  How can  s t e e l s  be form ed from  th e  pow der s t a t e  

and w hat f a c t o r s  a re  o f  p a r t i c u l a r  im p o rt?

I I I .  What a r e  th e  c a r b u r iz in g  c h a r a c t e r i s t i c s  o f  i r o n  

pow der?

IV . What a r e  th e  a u s t e n i t e  fo rm a tio n  c h a r a c t e r i s t i c s  

o f  s t e e l s  made from  i r o n  pow der?

Some o f  t h e  q u e s t io n s  p ro p o se d  a r e  an sw ered  w i th  

some d e g re e  o f  s a t i s f a c t i o n  i n  t h i s  d i s s e r t a t i o n .  The r e s u l t s ,  

ho w ev er, c o n s t i t u t e  b u t  a  sm a ll  b e g in n in g  to w ard  th o ro u g h  

u n d e r s ta n d in g  o f  th e  o b je c t iv e s  s o u g h t .  One may say  t h a t  new 

h o r iz o n s  a r e  a t  l e a s t  b ro u g h t i n t o  v is ? ; .
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POWDER METALLURGY

In  o rd e r  t o  u n d e r s ta n d  th o ro u g h ly  th e  p ro b lem s to  

be d is c u s s e d  some a t t e n t i o n  sh o u ld  be g iv e n  t o  th e  g e n e r a l  

m ethod u sed  f o r  th e  p r e p a r a t i o n  o f  m a t e r i a l s  u s e d  i n  t h i s  

s tu d y .  Specim ens w ere p re p a re d  by  th e  m ethods o f  pow der 

m e ta l lu r g y  p r a c t i c e .  Powder p a r t s  i n  g e n e r a l  a r e  m a n u fa c tu re d  

in  r e l a t i v e l y  few and s im p le  s t e p s :

X, F o rm a tio n  o f  th e  pow der

Many m ethods a r e  a v a i l a b l e  f o r  th e  p ro d u c t io n  

o f  m e ta l  p o w d e rss They a r e ;

A. M ach in in g  

B« Com m inution 

0» S h o t t in g

D. G ra n u la t io n  

E« A to m iz a tio n  

F . C o n d en sa tio n  

G» P r e c i p i t a t i o n

H, E l e c t r o d e p o s i t i o n  from  s o lu t i o n s  in c lu d in g  

fu se d  s a l t  b a th s

I ,  R e d u c tio n  o f  m e ta l  o x id e s

Jo D i s t i l l a t i o n  o f  a  v o l a t i l e  c o n s t i t u e n t  

from  an a l l o y  

Ka C arb o n y l d e c o m p o s itio n  

La D eco m p o s itio n  o f  m e ta l  h y d r id e s  

Mo  I n t e r g r a n u l a r  c o r r o s io n
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Of th e  m ethods l i s t e d  r e d u c t io n  o f  m e ta l  o x id e s ,  e l e c t r o ­

d e p o s i t i o n ,  a to m iz a t io n ,  com m in u tio n , and c a rb o n y l decompo­

s i t i o n  a r e  a t  p r e s e n t  m ost im p o r ta n t  c o m m e rc ia lly . In  

g e n e r a l ,  f i n e  pow ders o f  v a ry in g  m esh s i z e  t h a t  a re  n o t  

s t r a in - h a r d e n e d  a re  d e s i r e d .  C e r ta in  a p p l i c a t i o n s ,  h o w ev er, 

r e q u i r e  c o a r s e  p o w d ers»

I I .  P r e s s in g  o f  th e  pow der

The n e x t  o p e r a t io n  r e q u i r e s  p r e s s in g  o f  th e  

m e ta l  pow der i n t o  p a r t s  o f  d e s i r e d  s h a p e . T h is  i s  o f te n  

a cc o m p lish e d  in  th e  ’’c o ld  s t a t e ” . T h a t i s  p r e s s in g  i s  done 

a t  o r d in a r y  te m p e ra tu re s  w i th  th e  p r e s s u r e s  r e q u i r e d  v a ry in g  

o v e r  a  f a i r l y  wide r a n g e ,  b u t  in  com m ercia l p r a c t i c e  b e in g  

o f  th e  o r d e r  o f  tw e n ty - f iv e  to n s  p e r  sq u a re  in c h .  I t  i s  

r e a d i l y  a p p r e c ia te d  t h a t  th e  p r e s s in g  p r e s s u r e s  r e q u i r e d  

te n d  to  l i m i t  th e  s i z e  o f  p a r t s  p ro d u ced  by pow der m e th o d s .

In  o r d e r  to  m a in ta in  low  p r e s s in g  p r e s s u r e s  th e  pow der i s  

g e n e r a l ly  p l a s t i c  so  t h a t  many a to m ic  bonds may be made In  

p r e s s i n g .  I n  some I n s ta n c e s  i t  I s  f e a s i b l e  t o  add g r a p h i t e ,  

s t e a r i c  a c id  o r  o th e r  l u b r i c a n t s  to  th e  pow der m ix t o  f a c i l ­

i t a t e  fo rm a tio n  o f th e  p a r t  by lo w e r in g  p r e s s in g  p r e s s u r e s  

r e q u i r e d .  As th e  p r e s s in g  p r e s s u r e  in c r e a s e s  th e  d e n s i t y  and 

h a rd n e s s  o f  th e  com pact I n c r e a s e .  Q u ite  o f t e n  h ig h  p r e s s u r e s  

a r e  u n d e s i r a b l e  b ecau se  g a se s  w h ich  a r e  p r e s e n t  lo w er th e  

d e n s i t y  o f  th e  p a r t  d u r in g  s i n t e r i n g .  One s i g n i f i c a n t  p o in t  

to  r e c o g n is e  I s  t h a t  h y d r o s t a t i c  c o n d i t io n s  a re  n o t  m a in ta in e d  

as  p r e s s in g  o c c u r s .  T h is  le a d s  t o  p r e s s u r e  g r a d ie n ts  as
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co m p ac tin g  i s  a cco m p lish ed  w i th  th e  r e s u l t  t h a t ,  i n  s i n t e r i n g ,  

one p o r t i o n  o f  th e  com pact may ev en  expand w h ile  a n o th e r  

s e c t io n  c o n t r a c t s ,

I I I .  S i n t e r i n g  o f  th e  com pact

W hile th e  com pact form ed by c o ld  p r e s s in g  may 

be h a n d le d  c o n v e n ie n t ly ,  i t  d o es  n o t  p o s s e s s  g e n e r a l ly  

s u f f i c i e n t l y  h ig h  m e c h a n ic a l p r o p e r t i e s  to  be o f  much v a lu e .

I t  i s  e s s e n t i a l  th e r e f o r e  to  h e a t  th e  com pact t o  e le v a te d  

te m p e r a tu r e s .  In  many in s t a n c e s  t h i s  s i n t e r i n g  te m p e ra tu re  

i s  w e l l  be low  th e  m e l t in g  p o in t  o r  ra n g e  o f  th e  a l l o y  sy stem  

c o n s id e re d -  Som etim es one o r  m ore p h a se s  o f  th e  com pact go 

i n t o  th e  l i q u i d  s t a t e .  B e fo re  l o n g ,  h o w ev er, d i f f u s i o n  

o c c u rs  and a  s o l i d  i s  fo rm ed . I n  s i n t e r i n g ,  s t r e s s  r e l i e f ,  

r e c r y s t a l l i z a t i o n ,  and d i f f u s i o n  g iv e  r i s e  to  in c r e a s e d  

b o n d in g . Some a t t e n t i o n  h a s  been  d e v o te d  to  th e  te m p e ra tu re  

a t  w h ich  s i n t e r i n g  b e g in s .  W ith o u t q u e s t io n  th e  b e g in n in g  

o f  s i n t e r i n g  o c c u rs  i n  th e  p r e s s in g  o f  th e  p ow der, b u t  n o t  

to  a  s u f f i c i e n t  e x te n t  t o  g iv e  th e  r e q u i r e d  m e c h a n ic a l 

p r o p e r t i e s .  F o r  c lo s e  d im e n s io n a l c o n t r o l  i t  i s  common to  

fo llo w  s i n t e r i n g  by  a s i z i n g  o p e ra t io n » ~ a  r e p r e s s in g  In  

f i n i s h i n g  d ie s  to  a c h ie v e  s e t  d im e n s io n a l  t o l e r a n c e s .

The " c o ld  p r e s s in g "  m ethod i s  th e  one m ost 

w id e ly  u se d  f o r  p ro d u c t io n  o f  pow der p a r t s ,  b u t  t h e r e  a r e  

s e v e r a l  o th e r s  o f  im p o r ta n c e . The h o t  p r e s s in g  p r a c t i c e  

a c c o m p lish e s  p r e s s in g  and s i n t e r i n g  s im u lta n e o u s ly  by  u s e  

o f  h o t  d i e s .  By t h i s  m ethod one may p ro d u c e  h ig h e r  d e n s i t y

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



p a r t s  w i th  lo w e r  p r e s s in g  p r e s s u r e s .  The m a in te n a n c e  o f  d i e s  

a t  e l e v a te d  te m p e ra tu re s  u s u a l l y  g iv e s  r i s e  t o  much d i f f i c u l t y .  

A n o th e r m ethod i s  one u t i l i z i n g  th e  c o ld  p r e s s in g  p r a c t i c e  

in c lu d in g  s i n t e r i n g .  These s te p s  a r e  th e n  fo llo w e d  by  a  

r e h e a t in g  and s u b se q u e n t s h a p in g  by  any  o f  th e  c o n v e n t io n a l  

m e c h a n ic a l w o rk in g  p r o c e d u r e s .

T hrough  u t i l i z a t i o n  o f  t h e s e  m ethods f o r  

sh a p in g  p a r t s  fro m  pow ders i t  h a s  b een  p o s s ib l e  t o  d e v e lo p  

many i n t e r e s t i n g  p r o d u c ts ;

I .  R e f r a c to r y  m e ta ls

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

h a s  been  c o n v e n ie n t  to  u s e  th e  pow der m ethods f o r  p r o d u c t io n  

o f  su c h  h ig h  m e l t in g  m e ta ls  a s  t u n g s t e n ,  ta n ta lu m , co lum bium , 

and m olybdenum . These m e ta ls  a r e  d i f f i c u l t  t o  m e l t  an a  c a s t .  

D i f f i c u l t i e s  a r e  e n c o u n te re d  p a r t i c u l a r l y  in  th e  s e l e c t i o n  o f  

s u i t a b l e  r e f r a c t o r i e s  and i n  i m p u r i t i e s ,  in c lu d in g  g a s e s ,  

w hich  a r e  a b s o rb e d  r e a d i l y  in  th e  l i q u i d  s t a t e ,

I I .  " O i l - l e s s ” b e a r in g s

T hese have b een  p ro d u c e d  by th e  m i l l i o n s  f o r  

v a r ie d  a p p l i c a t i o n s ,  In  e l e c t r i c  s h a v e r s ,  sew ing  m a c h in e s , 

p h o n o g ra p h s , e t c .  many b e a r in g s  a r e  s e a le d  I n to  th e  u n i t s  

f o r  th e  l i f e  o f  th e  m a c h in e • The o i l  r e q u i r e d  i s  in t r o d u c e d  

i n t o  th e  c o n tin u o u s  p o re s  t h a t  a r e  d e v e lo p e d  by th e  c o ld  

p r e s s in g  t e c h n iq u e .  Such c o n tin u o u s  p o r o s i t y ,  a s  h ig h  as 

f o r t y  p e r  c e n t  o f  th e  volume o f  th e  co m p ac t, c a n n o t be 

a c h ie v e d  e c o n o m ic a lly  i n  c a s t  m e ta lS o
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I I I .  F r i c t i o n  p a r t s

Some v e ry  u s e f u l  h ig h  te m p e ra tu re  f r i c t i o n  

p a r t s  have been  d e v e lo p e d  by th e  i n t r o d u c t i o n  o f  n o n m e ta l l ic  

m in e ra ls  i n  a m e ta l  b a s e .  S in c e  i t  I s  d i f f i c u l t  t o  d i s p e r s e  

th e  l i g h t e r  m in e r a ls  p r o p e r ly  In  th e  l i q u i d  m e ta l ,  pow der 

m ethods a re  u s e d .

IV . D ual A llo y s

I n  an  e f f o r t  to  a c h ie v e  d u a l  fu n c t io n s  w ith  

c e r t a i n  a l l o y s  I t  was found  n e c e s s a r y  t o  make co m b in a tio n s  

su ch  a s  c o p p e r - tu n g s te n ,  s i l v e r - t u n g s t e n ,  e t c .  These com bi-

r>  o 4-■? r \ n  o  Vi a  t t o  o  1 4* n a  r% n  av> «• w t  + 1^• i d  i / x  o a i .w  *~l c l  w  a  c i i i a v  u v j .  j  a o  u v i  l o  u x u c  CL-i- i r a . i / x j .

good e l e c t r i c a l  c o n d u c tiv ity ®  These d i s p e r s io n s  a r e  e x tre m e ly  

d i f f i c u l t  t o  d e v e lo p  s a t i s f a c t o r i l y  from  th e  l i q u i d  s t a t e .

The above a r e  b u t  a  few  o f  th e  many a p p l i c a t i o n s  

o f  pow der m ethods w here th e r e  I s  l i t t l e  o r  no  c o m p e ti t io n  

from  o th e r  m ethods o f  f a b r i c a t i o n .  I n  a d d i t i o n  to  th e s e  

ty p e  a p p l i c a t i o n s  a r e  ones in  w h ich  th e  powder m ethod e n t e r s  

i n t o  c o m p e t i t io n  w ith  th e  more c o n v e n t io n a l  p ro c e d u re s .  I n  

many a p p l i c a t i o n s ,  i n  s p i t e  o f  h ig h e r  raw  m a te r i a l  c o s t ,  i t  

i s  more e co n o m ica l t o  p ro c e s s  pow der r a t h e r  th a n  to  form  th e  

p ro d u c t  from  th e  l i q u i d  s t a t e .  I t  i s  t h i s  p h ase  o f  pow der 

m e ta l lu r g y  in  w h ich  c o n s id e ra b le  i n t e r e s t  h as been  shown 

r e c e n t l y .  In  f a c t  t h i s  d i s s e r t a t i o n  h a s  d i r e c t  b e a r in g  on 

th e  p ro b lem  o f  pow der m e ta l lu rg y  in  c o m p e t i t io n  w ith  conven­

t i o n a l  f a b r i c a t i o n  p ro c e d u re s .
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T h is  s e c t io n  j u s t  co n c lu d e d  and t i t l e d  ’’Powder 

M e ta llu rg y "  i s  in te n d e d  to  be b u t  a  b r i e f  s k e tc h  o f  th e  

g e n e r a l  p ro c e d u re s  em ployed to  a id  th e  r e a d e r  in  th e  a n a ly s i s  

o f  d i s c u s s io n s  t o  f o l lo w .  R e fe re n c e s  (1 )  ~ (11) in c lu s iv e  

a re  p a r t i c u l a r l y  v a lu a b le  a s  s o u rc e s  o f  b o th  g e n e r a l  and 

s p e c i f i c  in fo r m a t io n  r e l a t i n g  to  p ro b lem s i n  pow der m e ta l lu r g y .
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THE POWDER METALLURGY OP STEEL

In  r e c e n t  y e a r s  c o n s id e r a b le  i n t e r e s t  h a s  been  shown 

in  th e  f i e l d  w here pow der m e ta l lu r g y  i s  c o m p e t i t iv e  w i th  o th e r  

f a b r i c a t i o n  p r o c e d u r e s .  P . P . P e te r s  (12) and A* J .  Langhammer 

(15) in  r e c e n t  p a p e rs  have  d is c u s s e d  some o f  th e  q u e s t io n s  

r e l a t i n g  t o  t h i s  g e n e r a l  p ro b le m . P e te r s  p o in te d  o u t t h a t  

from  c o n s id e r a t io n s  o f  d e s ig n  pow der m e ta l lu r g y  may be 

c o m p e t i t iv e  w i th  sand  c a s t i n g ,  d ie  c a s t in g *  p e rm an en t mold 

c a s t i n g ,  p r e c i s i o n  in v e s tm e n t c a s t i n g ,  m ach ined  b a r  s to c k ,  

sc rew  m achine p a r t s ,  c o ld - l ie a d in g , d ro p  f o r g i n g ,  s ta m p in g ,

a d v a n ta g e s  and l i m i t a t i o n s  o f  pow der m e ta l lu r g y  as  a p p l ie d  

t o  m achine part/S® I n  n h is  f i s l o . ,  iro m  a m a t e r i a l  s t a n d p o i n t ,  

much em phasis  h a s  b een  p la c e d  upon th e  u s e  o f  i r o n  and i r o n  

b a se  a l l o y s — in  p a r t i c u l a r  th o s e  a l l o y s  w h ich  a re  d e s ig n a te d  

a s  s t e e l s .

B efo re  and d u r in g  W orld War I I  im p o r ta n t  a p p l i c a ­

t i o n s  w ere made o f s t e e l s  d e v e lo p e d  by pow der m e th o d s , b u t  i t  

may be s a id  t h a t  th e r e  i s ,  as  y e t ,  n o t  enough w ork o f  a

-P-my\/S c^rn a n f g l  3.11 "b llO  2 .— ’fc 9 P S . 'f c l i2 ? 0  s  SOZH.8 10.01? 0

i n t e r e s t i n g  d e v e lo p m en ts  a re  sum m arized in  p a ra g ra p h s  t h a t  

follow ®

W® D= Jo n es  (1 ) has  sum m arized th e  w ork o f German 

i n v e s t i g a t o r s  p a r t i c u l a r l y  E . K» O fferm ann , E® B u c h h o ltz , and
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E . H. S c h u lz .  These men p ro d u c e d  s t e e l s  by s i n t e r i n g  c a rb o n y l 

i r o n  pow ders o f  v a ry in g  c a rb o n  and  oxygen c o n te n t s .  To th e s e  

pow ders th e y  added  g r a p h i t e ,  f e r ro m a n g a n e s e , and o th e r  a g e n ts  

a s  d e s i r e d .  A f te r  s i n t e r i n g  th e  in g o t s  w ere fo rg e d  i n t o  

b i l l e t s .  P r o p e r t i e s  o f  th e s e  s t e e l s ,  in c lu d in g  t e n s i l e  

s t r e n g t h ,  e l e c t r i c a l  r e s i s t a n c e ;  m a g n e tic  p r o p e r t i e s ,  h a r d n e s s ,  

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

w e l d a b i l i t y ,  and o t h e r s ,  w ere th e n  s tu d ie d  and com pared w i th  

s t e e l s  p ro d u c e d  from  th e  m o lte n  c o n d i t i o n .  The r e s u l t s  a r e  

q u i t e  d e t a i l e d  b u t  one g e t s  a  v e ry  d e f i n i t e  im p re s s io n  t h a t  

th e  same c o n d i t io n  o f  c o m p o s itio n  and g r a in  s t r u c t u r e  in  a  

s t e e l  may be a c h ie v e d  e i t h e r  from  th e  l i q u i d  o r  s o l i d  s t a t e  

w ith o u t  to o  much d i f f i c u l t y .  When one c o n s id e r s  th e  s u b t l e t i e s  

p o s s ib l e  i n  th e  c o n d i t io n  o f  th e  g r a i n  b o u n d a ry , t h i s  i s  a  

r a t h e r  sw eep in g  s ta te m e n t  t o  m ak e . L e s t  t h e r e  be a m is u n d e r ­

s ta n d in g  i t  m ig h t be added t h a t  t h e  e q u iv a le n c y  r e f e r r e d  to  

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

tow ard  i t .

C . W. B alke (14) h a s  r e p o r t e d  some o f  h i s  s t u d i e s  

on th e  e f f e c t  o f  p r e s s u r e  on th e  p r o p e r t i e s  o f  pow der com pacts*  

fie made s t e e l s  v / i th  e l e c t r o l y t i c  i r o n  a s  a b a se  and in c lu d e d  

c a rb o n  and o th e r  a l l o y in g  e le m e n ts  n e c e s s a r y  to  a p p ro a c h  s t e e l s  

d e s ig n a te d  o r d i n a r i l y  as  S .A -E . 1000 s e r i e s ,  S.A®B. 4560 and 

S .A .E . 5 1 4 0 . I n  th e  c a s e  o f  a c e r t a i n  m anganese-m clybdenum  

s t e e l  he found  in  c e r t a i n  r e s p e c t s  th e  pow der s t e e l  to  be
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s u p e r i o r .  Not enough  in fo r m a t io n  i s  g iv e n , h ow ever, t o  draw  

d e f i n i t e  c o n c lu s io n s  r e g a r d in g  e q u iv a le n c y .

J .  T fa lff  (15) h as  r e p o r t e d  on th e  p ro d u c t io n  o f  a 

s t e e l  from  pow ders w hich  a p p ro a ch e d  c lo s e ly  th e  c o m p o s itio n  

o f  S .A .E . 4 3 4 0 . He to o  f in d s  th e  p r o p e r t i e s  o f  t h i s  m a t e r i a l  

s i m i l a r  to  th o s e  o f th e  o r d in a r y  h a r  s to c k .

I n  a d d i t i o n  to  th e s e  a t te m p ts  a t  p ro d u c in g  pow der 

a l l o y s  re s e m b lin g  th e  c a s t  and w ro u g h t s t e e l s  th e r e  have 

b een  a  num ber o f  I n t e r e s t i n g  d e v e lo p m en ts  w here p h y s ic a l  

p r o p e r t i e s ,  th o u g h  n o t  a p p ro a c h in g  w rough t s t e e l s ,  a re  m ore 

th a n  a d e q u a te . F=> V. L e n e l (16) r e p o r te d  t h a t  a num ber o f

i r o n  p a r t s  have  been  made and t h a t  some o f  th e s e  w ere u se d  

in  q u a n t i t i e s  o f  a  m i l l i o n  o r  m o re . I n  p a r t i c u l a r  he h a s  

i n t e r e s t i n g  rem ark s  to  make c o n c e rn in g  p ro d u c t io n  o f  an  o i l  

pump g e a r  u se d  in  a u to m o tiv e  w o rk . The m ic r o s t r u c tu r e  

d e v e lo p e d  m ig h t be c o n s id e re d  m ore n e a r l y  t h a t  o f c a s t - i r o n  

th a n  o f  s t e e l .  The m a t e r i a l s  r e q u i r e d  f o r  th e  p ro d u c t io n  o f  

th e  p a r t  a r e  re d u c e d  i r o n  and g r a p h i t e .  The r e s u l t a n t  s t r u c ­

t u r e  a f t e r  s i n t e r i n g  i s  g r a p h i te  in  a m a t r ix  o f  a lp h a  f e r r i t e  

and c e m e n t i t e .  A l a r g e  amount o f  th e  a lp h a  f e r r i t e  and 

c e m e n ti te  a r e  p r e s e n t  in  th e  m ic r o c o n s t i tu e n t  known as p e a r l l te ®  

Some o f  th e  a d v a n ta g e s  g a in e d  in c lu d e :  l e s s  raw  m a te r i a l

w a s te ,  m ore a c c u r a te  c o n to u r  r e s u l t i n g  in  b e t t e r  p e r fo rm a n c e , 

p o r o s i t y  f o r  o i l  im p re g n a tio n , lo w e r l a b o r  c o s t s ,  and 

s t r e n g th s  e q u iv a l e n t  to  t h a t  o f  th e  c a s t  i r o n  g e a r s  fo rm e r ly
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u s e d .  Some o f  th e  s a v in g s  made in  th e  p ro d u c t io n  o f  pow der 

m achine p a r t s  have  been  a s to u n d in g .  I n  some B r i t i s h  manu­

f a c t u r i n g  p ro c e d u re s  on gun p a r t s  1 ,2 5 0 ,0 0 0  pounds o f  

c r i t i c a l  m a te r i a l s  and 5 ,0 0 0 ,0 0 0  man h o u rs  w ere sav ed  o v e r a 

tw e lv e  m onth p e r io d  d u r in g  th e  r e c e n t  w a r. A cco rd in g  to  

Langhammer ( 1 5 ) ,  even  su ch  p a r t s  a s  m ic ro m e te r  fram es and 

V -b lo ck s  have  been  p ro d u c e d . The above p u b l i c a t io n s  a lo n g  

w ith  c o u n t le s s  p a te n t s  i n  a l l  c o u n t r i e s  have d e a l t  w i th  th e  

p ro b lem  o f  s t e e l  pow der and p a r t s  p ro d u c tio n *

In  re v ie w in g  th e  l i t e r a t u r e  on s t e e l  p a r t s  from  

pow ders s e v e r a l  g e n e r a l  m ethods a r e  p ro m in e n t.  V ery f r e q u e n t ly  

c a ro o n  i n  th e  fo rm  o f  g r a p h i te  o r  c a rb o n  b la c k  h a s  b een  

in tro d u c e d  i n t o  th e  pow der m ix w i th  h y d ro g en  red u ced  o r  

e l e c t r o l y t i c  i r o n * . I n  some in s ta n c e s  b r i t t l e  a l l o y s  su c h  a s  

w h ite  c a s t  i r o n  have  been  p u lv e r i s e d  and m ixed in  a p p r o p r ia te  

q u a n t i t i e s  i n t o  i r o n  p o w d ers . I n  b o th  m ethods s a t i s f a c t o r y  

p r e s s in g  and h o m o g e n iz a tio n  have b een  a t t a i n e d .  One o f  th e  

p rim e d i f f i c u l t i e s  e n c o u n te re d  in  p r e s s in g  s t e e l  pow ders I n to  

com pact form  i s  th e  p o o r  p l a s t i c i t y  w h ich  g iv e s  r i s e  t o  p o o r 

g re e n  s t r e n g t h .  The p re s e n c e  o f  an a d e q u a te  q u a n t i t y  o f  th e  

p l a s t i c  i r o n  pow der o b v ia te s  t r o u b le  t o  a m arked d e g r e e .  In  

some a p p l i c a t i o n s  i t  h a s  been  s u f f i c i e n t  to  p ro v id e  a  s o f t  

l a y e r  on th e  s u r f a c e  o f  a l lo y  p o w d ers . T his may be a c h ie v e d  

by a  p a r t i a l  d e c & r b u r iz a t io n  o f  th e  pow der p a r t i c l e s  u n d e r  

c o n d i t io n s  w here no o x id a t io n  o c c u r s .  A llo y in g  e le m e n ts
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su ch  a s  m an g an ese , n i c k e l ,  chromium and  o th e r s  have been  

in t r o d u c e d  i n  th e  same way a s  c a rb o n , ( i . e . )  by i n c o r p o r a t in g  

them  i n  th e  pow der m ix . P . R. K a l i s c h e r  in  a  d i s c u s s io n  o f  

w ork by B alke  (14) s t a t e s  t h a t  by u s e  o f  c o n t r o l l e d  a tm o s­

p h e re s  th e y  have  b een  a b le  to  m a in ta in  c a rb o n  c o n te n ts  in  

com pacts to  w i th in  Oo0 2 -0 .0 3  p e r  c e n t .  I h i s  i s  re m a rk a b le .

A n o th e r m ethod to  w hich  th e r e  h a s  b een  b u t  b r i e f  

r e f e r e n c e  i n  th e  l i t e r a t u r e  i s  one in v o lv in g  c a r b u r i z a t i o n  o f  

a  com pact a l r e a d y  fo rm ed , C a r b u r iz in g  and s i n t e r i n g  may ta k e  

p la c e  s i m u l t a n e o u s l y - - i t  m ig h t be te rm ed  c a r b a s l n t e r i n g .  Some 

w ork h as  b een  r e p o r t e d  v e ry  r e c e n t l y  by A. S . M a rg o lie s  ( 1 7 ) .

I n  r e v ie w in g  th e  l i t e r a t u r e  on p ro d u c t io n  o f  s t e e l s  

from  pow ders i t  i s  c l e a r l y  e v id e n t  t h a t  one o f  th e  im p o r ta n t  

f a c t o r s  to  c o n s id e r  i s  oxygen c o n te n t  o f  th e  m e ta l  p o v jd e rs , 

e s p e c i a l l y  t h a t  i n  i r o n .  In  o r d e r  t o  p ro v id e  u n i f o r m i ty  i n  

th e  f i n i s h e d  p ro d u c t  n e g l i g i b l e  oxygen o r  a t  l e a s t  u n ifo rm  

oxyg©n c o n te n t  i s  e s s e n t i a l  in  pow der p r o d u c t io n .  Any num ber 

o f  s o - c a l l e d  s t e e l  p a r t s  t h a t  have been  exam ined m ic ro ­

s c o p ic a l ly  a r e  no m ore th a n  i r o n  b a se  p a r t s  w ith  i r o n  o x id e  

p a r t i c l e s  d i s t r i b u t e d  in  th e  m a t r ix  w i th  l i t t l e  o r  no  c a rb o n  

p r e s e n t .  An e x a m in a tio n  o f  many i r o n  pow ders s o ld  c o m m e rc ia lly  

r e v e a l s  l a r g e  q u a n t i t i e s  o f  i r o n  o x id e  w i th  no r e c o g n i t io n  

made o f  q u a n t i t i e s  o f  o x id e  p r e s e n t .

I n  c o n c lu d in g  one may s a y  t h a t  th e  economy o f  lo w e r 

s t r e n g t h  i r o n  b a se  a l l o y s , su ch  a s  th e  o il-p u m p  g e a r  r e f e r r e d
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to  e a r l i e r ,  i s  w e l l  e s t a b l i s h e d .  T here  i s ,  h o w ev er, a  t r e n d  

tow ard  th e  dev e lo p m en t o f  h ig h e r  s t r e n g t h  p a r t s  made o f  s t e e l .  

These have  e v e ry  ch an ce  o f  m e e tin g  c o m p e t i t io n  o f f e r e d  by 

o th e r  m e th o d s . At th e  same tim e  th e  n eed  f o r  fu n d a m e n ta l 

d a ta  on t h e i r  fo r m a t io n ,  r e a c t i o n s ,  and p e rfo rm a n c e  i s  c l e a r l y  

m a n i f e s t •
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THE PRODUCTION OF STEEL COMPACTS BY CARBURIZATION

W ith  th e  r e v e a le d  i n t e r e s t  in  th e  d ev e lo p m en t o f  

h ig h  s t r e n g t h  s t e e l s  from  p o w d er, a  l o g i c a l  s tu d y  t o  make i s  

one d e a l i n g  w ith  th e  h e a t  t r e a t i n g  c h a r a c t e r i s t i c s  o f  su ch  

s t e e l s .  More s p e c i f i c a l l y  i t  would he v a lu a b le  t o  have  i n f o r ­

m a tio n  c o n c e rn in g  th e  a u s t e n i t e  t r a n s f o r m a t io n  c h a r a c t e r i s t i c s  

o f  s t e e l  pow der com pacts so  t h a t  th e y  m ig h t be com pared w i th  

th e  c o n v e n t io n a l  m a t e r i a l s .  In  s t a r t i n g  t h i s  u rog ram  i t  was 

d e c id e d  t o  p re p a re  as  p u re  an i r o n - c a r b o n  a l l o y  as  f e a s i b l e  

i n  o r d e r  to  m a in ta in  b e t t e r  c o n t r o l  o f  th e  p e r t i n e n t  v a r i a b l e s  

d u r in g  th e  t r a n s f o r m a t io n  o f  a u s t e n i t e .

The v e ry  f i r s t  a t te m p ts  a t  p ro d u c in g  an  i r o n  c a rb o n  

a l l o y  t o  be u se d  i n  t h i s  s tu d y  w ere made by a d d in g  g r a p h i t e  

to  h y d ro g en  re d u c ed  i r o n  o f  r e l a t i v e l y  h ig h  p u r i t y .  W ith  th e  

f i r s t  e x p e r im e n ts  r u n ,  d i f f i c u l t y  was e n c o u n te re d  i n  g e t t i n g  

c a rb o n  i n t o  th e  i r o n  when th e  m a t e r i a l  was h e a te d  i n t o  th e  

a u s t e n i t e  f i e l d s  L a te r  i t  was found  t h a t  t h i s  was c au se d  by 

th e  h ig h  oxygen c o n te n t  o f  th e  i r o n  pow ders and much more 

ca rb o n  th a n  r e q u i r e d  f o r  th e  a l l o y  sh o u ld  have b een  a d d e d . 

M eanw hile th o u g h t was g iv e n  to  th e  p o s s i b i l i t y  o f  c a r b u r i z in g  

p u re  i r o n  c o m p a c ts . L i s te d  below  a re  some o f th e  t y p i c a l  

a n a ly s e s  from  w hich  a s e l e c t i o n  was m ade.
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E l e c t r o l y t i c  I r o n  Powder -  A nnealed

T o ta l  I r o n 99.-50$

Copper 0 .0 1

S i l i c a 0 .02

M anganese 0 .0 2 7

Z inc 0 .0 9 0

N ic k e l None

S u lp h u r 0 .001

Phosphorous 0 .002

F ree  C arbon 0 .0 0 5

Oxygen -

E l e c t r o l y t i c  I r o n  Powder 

M e ta l l i c  I r o n  9 7 .2 $

T o ta l  I r o n  9 8 .0

T o ta l  C arbon 0 .0 7

S i02  0 .0 1 7

H ydrogen Reduced I r o n  Powder 

T o ta l  I r o n  99$

Carbon 0 .0 4

M anganese 0 .1 8
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Carbonyl Irons

Grade fa C arbon %  Oxygen %  N itro g e n

L 0 .0 0 5 -0 .0 3 0 .1  - 0 .2 0 .0 0 5 -0 .0 5

C 0 .0 3  -0 ,1 2 0 ,1  - 0 ,3 0 ,0 1  - 0 ,1

E 0 .6 5  - 0 .8 0 0 .4 5 -0 .6 0 0 .6  - 0 .7

TH 0 .5  - 0 .6 0 .5  - 0 ,7 0 .5  - 0 .6

SF 0 .5  - 0 .6 0 .7  - 0 .3 0 .5  - 0 .6

The s ta te m e n t  c a r r i e d  a lo n g  w ith  th e  above a n a ly s e s  

I s  "W ith  r e f e r e n c e  to  th e  c h em ica l a n a ly s i s  shown above i t  

should, be n o te d  t h a t  s p e c t r o s c o p ic  a n a ly s i s  shows th e  r e s t  

t o  be i r o n  w ith  o th e r  e lem en ts  p r e s e n t  In  t r a c e s  o n ly * "  I n ­

asm uch as  c h e m ic a l p u r i t y  was a r e q u ire m e n t f o r  t h i s  s tu d y ,  

i t  was v e ry  e a sy  to  make a c h o ic e  o f  m a t e r i a l .  The l o g i c a l  

c h o ic e  was C a rb o n y l-L . By c a r b u r iz in g  t h i s  i r o n  in  com pact 

form  i t  was p o s s ib l e  to  p ro d u ce  u n ifo rm  c o m p o s itio n  sam ples 

t h a t  co u ld  be u se d  f o r  a u s t e n i t e  t r a n s f o r m a t io n  s t u d i e s .  I n  

a  v e ry  g e n e r a l  way th e  fo l lo w in g  p ro c e d u re  was a d o p te d .

I  The c a rb o n y l i r o n  ”L" a s  r e c e iv e d  from  th e  manu­

f a c t u r e r  was s u b je c te d  to  a  h y d ro g en  d ry in g  t r e a t -  

m ent a t  low  te m p e r a tu r e s «

I I  The i r o n  a s  p re p a re d  in  s te p  I  was p re s s e d  in to  

com pact form  in  a  s t e e l  d i e .

I I I  These sam p les  were th e n  w eighed  on ah a s s a y  b a la n c e  

to  0 .0 1  o f  a  m i l l ig r a m .
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IV  The w e ig h e d  s a m p le s  w e re  t h e n  p a c k e d  i n  h a rd w o o d

c h a r c o a l *  The c a r b u r i z i n g  t im e  an d  t e m p e r a t u r e  

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

a n a l y s i s  i n  t h e  s p e c im e n s .

V The s p e c im e n s  w e re  w e ig h e d  i n  o r d e r  t o  d e t e r m in e

t h e  w e ig h t  i n c r e a s e .

V I The s p e c im e n s  w e re  h o m o g e n iz e d  i n  a  n i t r o g e n  a tm o s -

p h e r e  a t  e l e v a t e d  t e m p e r a t u r e s  an d  r e w e ig h e d  a f t e r  

t h i s  t r e a t m e n t .

V I I  W h ile  c a r b o n  c o n t e n t s  w e re  d e te r m in e d  b y  t h e  w e ig h t  

I n c r e a s e ,  a c t u a l  c h e m ic a l  a n a l y s e s  w e re  m ade b y  

s e v e r a l  l a b o r a t o r i e s  t o  co m p are  t h e  m e th o d s  s o  t h a t  

a  c o r r e l a t i o n  c o u ld  b e  m a d e .

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

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

d i s s e r t a t i o n .  B e f o r e  d e v e l o p i n g  t h i s  p h a s e  o f  t h e  w o rk  

c o n s i d e r a t i o n  I s  t o  b e  g iv e n  t o  some o f  t h e  d e t a i l s  o f  t h e  

s t e p s  J u s t  m e n t io n e d  an d  t o  som e o f  th e  r e s u l t s  a c h i e v e d .

I

The c a r b o n y l  i r o n  "L ” 'was t r e a t e d  w i t h  d r y  h y d ro g e n  

a t  a  t e m p e r a t u r e  o f  2 6 0  °G f o r  t w e n t y - f o u r  h o u r s .  The h y d ro g e n  

was b u b b le d  th r o u g h  a  m a ss  o f  p o w d e r k e p t  i n  a  v e r t i c a l  p o s i ­

t i o n .  The g a s  seem ed  t o  m ake go o d  c o n t a c t  w i t h  t h e  p o w d e r 

p a r t i c l e s . A f t e r  t r e a t m e n t  t h e r e  w as a  n o t i c e a b l e  im p ro v e m e n t 

I n  t h e  c o l o r  a n d  c h e m ic a l  a c t i v i t y  o f  th e  p o w d e r . One m ig h t
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c o n s id e r  t h a t  th e  t r e a tm e n t  g iv e n  would le a d  to  a  h ig h ly  

r e a c t i v e  s u r f a c e  t h a t  m ig h t p ic k  up ev en  l a r g e r  am ounts o f  

o x y g en . As w i l l  be shown l a t e r  t h i s - ' i s 'h o i  : th e  'ca se  f o r  th e  

c h e m ic a l a n a ly s e s  com pared w ith  th e  w ei'gh t--changes i n  c a r b u r ­

i z i n g  i n d i c a t e  a  lo w e r  oxygen c o n te n t:  th a n  t h e - 0 .1 - 0 . 2 %  r e p o r te d  

f o r  t h i s  pow der.

The te m p e ra tu re  o f  260°C was ch o sen  b e ca u se  i t  was 

p o s s ib l e  t o  k eep  th e  pow der from  g o in g  in t o  lum ps a t  t h i s  

te m p e r a tu r e .  I f  lum ps form ed th e y  c o u ld  be d i s i n t e g r a t e d  by 

s h a k in g  th e  tu b e  i n  w h ich  th e  pow der was t r e a t e d .  At tem p e ra ­

t u r e s  a round  285°C c o n s id e r a b le  lum ping  o c c u r s i n  f a c t  in  

s 0*710 a l l  o f  t*lio iyhs in  s, f i i s . 2*d. hi&ss a Tlis

o n ly  in fo r m a t io n  a v a i l a b l e  from  th e  m a n u fa c tu r e r  i s  t h a t  

s i n t e r i n g  o c c u rs  be low  5 0 0 °0 . Prom work on c a rb o n y l  "L" and 

"C" i t  would seem  to  o c c u r  a round  285°C i n  a  h y d ro g en  a tm o sp h e re . 

Some work on c a rb o n y l !!Ci! showed t h a t  th e r e  was no c o lo r  

im p ro v em en t, ( i e )  b r ig h t e n in g  of th e  p o w d er, when i t  was 

t r e a t e d  a s  above f o r  e ig h te e n  h o u rs  a t  150°C .

When th e  re d u c e d  pow der was t e s t e d  w i th  c o n c e n tr a te d

n i t r i c  a c id  i t  was v e ry  r e a c t i v e .  W ith  many o f  th e  f in e  i r o n

pow ders i t  i s  p o s s ib l e  t o  add  th e  n i t r i c  a c id  w ith o u t  h a v in g  

any  r e a c t i o n  a p p a r e n t .  I n  some c a se s  a v e ry  s lo w  a d d i t i o n ,

a d ro p  ru n n in g  down th e  s id e  o f  a t e s t  tu b e ,  w i l l  g iv e  r i s e

t o  a  v ig o ro u s  r e a c t i o n .  I n  th e  f r e s h l y  p re p a re d  i r o n s  above 

i t  was im p o s s ib le  t o  add th e  n i t r i c  a c id  f a s t  enough to  p re v e n t
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r e a c t i o n ;  i t  was a lm o s t e x p lo s iv e  in  c h a r a c t e r .

Some p a s s i v i t y  t e s t s  were a l s o  ru n  on th e  pow der 

u s in g  a co p p er n i t r a t e  s o l u t i o n .  D i r e c t l y  a f t e r  r e d u c t io n  

w i th  hyd ro g en  th e  r e a c t i o n  a s  n o te d  by a c o lo r  s h i f t  i n  th e  

s o l u t io n  from  b lu e  t o  g re e n  ta k e s  p la c e  r a p i d l y .  In  one 

t e s t  w ith  f r e s h l y  re d u c e d  pow der i t  to o k  b u t  two m in u te s  to  

show a s h i f t  w h ile  a f t e r  f o r t y  m in u te s  i t  to o k  s i x  and o n e - 

h a l f  m in u te s .  Pour days l a t e r  i t  to o k  tw e n ty  m in u te s .  The 

c a rb o n y l ”1 ” w ith o u t hy d ro g en  t r e a tm e n t  showed a  tim e  o f  

a p p ro x im a te ly  tw e n ty  m in u te s  a l s o .  I f  th e  t e s t  I s  c a r r i e d  

to  a  p o in t  where th e  s o l u t i o n  i s  q u i t e  d e f i n i t e l y  g re e n ,  th e  

re d u c ed  pow ders g e n e r a l ly  ta k e  m ore t im e ,  Hot enough t e s t s  

w ere ru n  to  g a in  know ledge o f  any a p p r e c ia b le  s i g n i f i c a n c e .

By d ry in g  th e  pow der and e l im in a t in g  some o f th e  

oxygen i t  was p o s s ib le  to  o b ta in  a  pow der s u i t a b l e  f o r  m aking  

c a rb o n  a n a ly s e s  by w e ig h t c h a n g e s ,

I I

The com pacts u sed  w ere p r e s s e d  i n  a  s m a ll  h e a t~  

t r e a t e d  h ig h  c a rb o n , h ig h  chromium s t e e l  d i e .  Care was ta k e n  

i n  th e  d e s ig n  o f  th e  d ie  t o  p ro v id e  u n ifo rm  lo a d in g .  P re s s  

c a p a c i ty  was l i m i t e d  so  a  B r i n e l l  h a rd n e s s  t e s t e r  was u se d  to  

s u p p ly  th e  lo a d .  The d im en s io n s  o f  th e  com pacts w ere l / 4 ” i n  

d ia m e te r  and th ic k n e s s  o f th e  o rd e r  o f  0 .0 5 5 '’ o They w eighed 

o f  th e  o rd e r  o f 0 .2  g ram s. They w ere k e p t  sm a ll  to  m in im ize  

p r e s s u r e  v a r i a t i o n s  th ro u g h  th e  c o m p ac t. The lo a d  u se d  f o r  

th e  sam ples was 3000 kg.. C o n s id e r in g  th e  e x a c t  d im en sio n s
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o f  t h e  s a m p le  t h e  p r e s s i n g  p r e s s u r e  u s e d  w as 1 3 8 ,0 0 0  p s i .

T h is  w as s u f f i c i e n t  t o  g iv e  d e n s e  e n o u g h  s a m p le s  s o  t h a t  n o  

d i f f i c u l t y  was e n c o u n te r e d  i n  p r e p a r a t i o n  an d  s u b s e q u e n t  

m i c r o s c o p i c  e x a m i n a t i o n .

I I I

A f t e r  c a r e f u l  b r u s h i n g  o f  t h e  s a m p le s  t h e y  w e re  

w e ig h e d  on  t h e  a s s a y  b a l a n c e  a s  i n d i c a t e d  p r e v i o u s l y .  I n  no  

c a s e  w e re  t h e  c o m p a c ts  h a n d le d  e x c e p t  w i t h  t w e e z e r s  u s e d  

o r d i n a r i l y  f o r  a n a l y t i c a l  w e ig h ts *

IV

F o r t y  s p e c im e n s  a s  p r e p a r e d  a b o v e  w e re  t h e n  t r a n s ­

f e r r e d  t o  a  3 /4 "  c a p p e d  s h o r t  p ip e  n i p p l e .  The n i p p l e  w as 

f i l l e d  w i t h  a  2 0 0  t h r o u g h  1 5 0  m e sh  h a rd w o o d  c h a r c o a l  s u r r o u n d ­

i n g  t h e  s a m p l e s .  T h is  c a p p e d  n i p p l e  w as t h e n  p l a c e d  i n s i d e  

o f  a  s i m i l a r  b u t  l a r g e r  n i p p l e ,  a  1 l / 2 H s i z e .  S i m i l a r  c h a r c o a l  

w as a l s o  p l a c e d  i n  t h e  l a r g e r  n i p p l e .  T h is  t u b e - w i t h i n - a - t u b e  

c o m b in a t io n  c i r c u m v e n t s  a n y  d i f f i c u l t y  o f  s a m p le s  s t a i n i n g  

b y  d r a w in g  a i r  i n  u p o n  th em  d u r i n g  c o o l i n g .  M ore c o n s i s t e n t  

c a r b o n  p i c k - u p  w as a l s o  o b t a in e d  b y  t h i s  p r a c t i c e  a s  co m p ared  

w i t h  s i n g l e  tu b e  p r a c t i c e .  T h ese  s a m p le s  w e re  c a r b u r i z e d  f o r  

f i f t e e n  h o u r s  a t  870°C  u n d e r  c a r e f u l l y  c o n t r o l l e d  te m p e r a ­

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

v a r i e d  fro m  0 .1 3 7 2 1  t o  0 ,2 2 6 9 4  g ra m s . T h is  co m b in ed  w i t h  

p a c k in g  v a r i a t i o n s  a n d  th e  f a c t  t h a t  t h e  n i p p l e  w as ” o v e r ­

c ro w d e d ” g av e  r i s e  t o  m ore  t h a n  u s u a l  v a r i a t i o n  i n  t h e  w e ig h t
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g a in s .  The v a r i a t i o n  was from  0 .3 5 $  t o  0 ,9 1 $ . There w ere 

enough sam p les  o f  th e  same c o n te n t  to  c a r r y  o u t th e  n e c e s s a r y  

t e s t s .  F o r  exam ple tw e lv e  o f  them  w ere i n  th e  ra n g e  0 .8 5 - 0 .9 6 $ ,  

f o u r te e n  i n  th e  ra n g e  0 .8 7 -0 .9 8 $  and n in e  i n  th e  ra n g e  0 .9 0 - 0 .9 1 $ .

W henever t e s t s  w ere ru n  w i th  few er s a m p le s , a f t e r  

th e  te c h n iq u e  was a c q u i r e d ,  much b e t t e r  r e s u l t s  w ere s e c u r e d .  

T y p ic a l a r e  th e  f o l l o w in g ,  n o t  n e c e s s a r i l y  c a r b u r iz e d  a t  th e  

te m p e ra tu re s  and timQ3 u se d  f o r  th e  l a r g e r  b a tc h .

A. 5 sam p les 0 .3 8 = 0 .8 9 $ w e ig h t in c r e a s e

B. 5 sam p les 0 .7 1 -0 .7 2 $ w e ig h t in c r e a s e

0 . 5 sam p les 0 s 6 1 -0 -6 4 $ w e ig h t in c r e a s e

D. 6 sam p les 0 .8 4 -0 .3 5 $ w e ig h t in c r e a s e

E . 4 sam p les 0 .9 7 -0 .9 9 $ we i g h t I n c r e a s e

F . 2 sam p les u .7 2 p w e ig h t in c r e a s e

G * 2 sam p les 0 .7 8 -0 .7 9 $ w e ig h t in c r e a s e

H. 2 sam p les 0 .5 2 $ w e ig h t f\ Y>C «*> CJ £5

These r e s u l t s  show t h a t  check  r e s u l t s  a r e  a t t a i n e d ,  and w i th ­

o u t to o  much d i f f i c u l t y  i t  m ig h t be a d d e d .

V

In  o r d e r  to  make th e  w e ig h t a n a ly s e s  in d ic a te d  

p r e v io u s ly  th e  sam p les  w ere c a r e f u l l y  rem oved from  th e  c a r ­

b u r i z in g  p ack  an a  th e n  b ru sh e d  t o  remove any  o f  th e  c a rb o n  d u s t  

t h a t  m ig h t have a d h e re d  to  them® The sam p les  as  c a r b u r iz e d  

a re  p e r f e c t l y  b r i g h t .

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



*23

VI
A f t e r  w e ig h in g ,  th e  s a m p le s  u s e d  f o r  f u r t h e r  w o rk  

w e re  h o m o g e n iz e d  I n  a  n i t r o g e n  a tm o s p h e r e  f o r  t h r e e  h o u r s  a t  

a  t e m p e r a t u r e  o f  1105°C # A f t e r  r e m o v a l  fro m  t h i s  a tm o s p h e re  

th e  s a m p le s  w e re  r e w e ig h e d .  T e s t s  w i t h  s a m p le s  o f  w ro u g h t 

s t e e l s  i n  t h e  n i t r o g e n  a tm o s p h e re  u s e d  show  e x t r e m e l y  s m a l l  

c h a n g e s  i n  w e i g h t .  T y p ic a l  w o u ld  be  a  l o s s  o f  0 .0 0 0 0 1  g  i n  

a  s a m p le  w e ig h in g  0 .3 6 5 1 9  g  i n  a  p e r i o d  o f  tw e lv e  h o u r s  a t  

1 0 9 5 ° C • The sam e sa m p le  show ed n o  c h a n g e  i n  w e ig h t  i n  2 l / 2  

h o u r s  a t  1 0 4 0 cC . The sa m p le  w as c a r e f u l l y  h a n d le d  f o r  t h e  

t e s t s  a n d  w e ig h t s  u s e d  w e re  l e f t  u n d i s t u r b e d  on th e  b a l a n c e  

Pan i

The t r a i n  d e v e lo p e d  m a in ly  b y  E .  E .  S ta n s b u r y  (1 8 )  

i s  d e s c r i b e d  i n  d e t a i l  by  h im . I t  c o n s i s t s  o f  t h e  f o l l o w i n g  

i te m s  t h r o u g h  w h ic h  t a n k  n i t r o g e n  o f  h i g h  p u r i t y  i s  p a s s e d .

A . A to w e r  o f  so d  a - l im e

B . Two b u b b le  to w e r s  o f  c o n c e n t r a t e d  s u l p h u r i c  a c i d

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

a b o u t  300°C

D . A lo n g  tu b e  o f  m agnesium , p e r c h l o r a t e  a t  room  

t e m p e r a t u r e

Eo S t e e l  w oo l j u s t  a h e a d  o f  t h e  s a m p le  I n  t h e

s i l i c a  tu b e  i n  w h ic h  th e  h o m o g e n iz a t io n  i s

a c c o m p l i s h e d .
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The s i l i c a  tu b e  i s  eq u ip p ed  w ith  a  s o le n o id  so

t h a t  sam ples may he f lu s h e d  by th e  fu rn a c e  a tm osphere  and may 

a l s o  be a llo w ed  to  c o o l in  th e  c o ld e r  p o r t io n  o f  th e  tu b e  

in  th e  same n i t r o g e n  a tm o sp h e re . The t r a i n  i s  r e g e n e r a te d  

as r e q u i r e d  w i th  ta n k  h y d ro g e n .

V II

F o r  one s e t  o f  t e s t s  on c a r b u r i z a t i o n  s e v e r a l  l a r g e r  

com pacts w e ig h in g  be tw een  two and th r e e  grams w ere p re p a re d  

in  a  o / 8" d ia m e te r  d i e .  These sam ples w ere e a r b u r iz e d  and 

th e  w e ig h t g a in s  n o te d .  They w ere th e n  ru n  f o r  c a rb o n  b y  th e  

u s u a l  cem b u s tio n  m eth o d . R e s u l ts  7 /sres

In  a d d i t i o n  a  s e t  o f  s i x  o f  th e  f o r t y  com pacts 

a v e ra g in g  0 .88,^ w e ig h t p ic k u p  showed a  v a lu e  o f  0,95;? c a rb o n . 

A n o th e r s e t  o f  s i x  sam ples o f  th e  same g roup  w ere cheeked

0 ,9 1 /i (b ased  upon w e ig h t a f t e r  c a r b u r iz in g )  w h ile  th e  ca rb o n  

d e te r m in a t io n  gave 0«95fi C» O th e r r e s u l t s  on s in g l e  sam p les  

w e ig h in g  ab o u t 0 .2  g and a f t e r  h o m o g e n isa tio n  show co m p ariso n s  

t h a t  a re  c o n s i s t e n t .

C hem ical A n a ly s is  5  Carbon 

1*21$

1 .2 0

1 .1 3 1 ,1 7

0 .7 6 0 .8 3

a f t e r  b e in g  hom ogenized a t  1105°C . The w e ig h t p e rc e n ta g e  was
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Weight % Carbon %
0 .7 2  0 .7 4

0 .8 S  0 .9 S

D u rin g  h o m o g e n iz a tio n  th e r e  i s  a lw ay s a  w e ig h t l o s s  

on th e  c o m p a c ts . T h is  i s  b e ca u se  oxygen t h a t  i s  p r e s e n t  

a f t e r  th e  c a r b u r i z in g  c y c le  com bines w i th  c a rb o n  to  go o f f  

i n  th e  f o m  (C 0-C 02). The t r a i n  was a lw ays checked  c a r e f u l l y  

t o  see  t h a t  i t  was n o t th e  k2 a tm o sp h e re  c a u s in g  t h i s  l o s s .  

Some c o n c e p t io n  o f  th e  l o s s  may be g a in e d  fro m  th e  fo l lo w in g  

t a b l e :

O r ig in a l  W eight W eight a f t e r  W eight a f t e r
S .S  P ^ S S S S O l  OTX

\6 / \ eb /

A. 0 .1 8 7 4 0 0 .1 8 9 0 2 0 .18894

B. 0 .2 0 0 7 1 0 .20242 0 ,20234

C. 0 .2 0 3 8 7 0 .2 0 5 6 4 0 .2 0 5 5 4

D. 0 .2 0 7 8 8 0 .2 0 9 7 3 0 .20964

E . 0 .1 7 6 5 9 0 .1 7 8 1 1 0 .17802

I t  would a p p e a r  t h a t  by m aking th e  a p p r o p r ia te  

c o r r e c t i o n  th e  c a rb o n  a n a ly s i s  o f  any  sam ple c o u ld  be 

a s c e r t a i n e d  from  a c a r e f u l l y  made w e ig h t g a in  c h e c k .

S p e c tro g ra p h ic  e s t im a te s  w ere c o n d u c te d  on sam ples 

i n  v a r io u s  s ta g e s  o f  p r o c e s s in g .

A. C arbony l i r o n  ”L” a s  r e c e iv e d .

The fo l lo w in g  e le m e n ts  w ere checked  b u t  n o t 

founds copperj, s i l i c o n . ,  so d iu m , m anganese ,
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n i c k e l ,  chrom ium , c o b a l t ,  m olybdenum , vanadium , 

t u n g s te n ,  l e a d ,  t i n ,  a n tim o n y , alum inum , 

t i t a n i u m ,  z i n c ,  c a lc iu m , b a r iu m , and s t r o n t iu m .

B. C arb o n y l i r o n  a f t e r  th e  h y d rogen  t r e a tm e n t  

and p r e s s in g  o n ly

Same a s  in  A®

C. C arb o n y l i r o n  "L” a f t e r  c a r b u r i 2a t io n

Same a s  i n  A b u t  two o u t  o f th r e e  sam ples 

showed an  e s t im a te d  q u a n t i t y  o f  co p p e r e q u a l  to  

0 .0 0 0 1 -0 .0 0 0 9 # .

D. C arb o n y l i r o n  "L11 a f t e r  c a r b u r i z a t i o n  and th e n  

w i th  h o m o g e n iz a tio n  a t  1105°C

In  a d d i t io n  to  0 .0 0 0 1 —0.0009%  co p p er i t  

r e v e a le d  an e s t im a te d  0 .0 0 0 1 -0 .0 0 0 9 ^  o f  s i l i c o n .  

O th e rw ise  th e  sam ple was l i k e  A.
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The c o m p a c ts  t h u s  p r e p a r e d  c a n  l o g i c a l l y  be c o n s id e r e d  

t o  be r e l a t i v e l y  h i g h  p u r i t y  i r o n - c a r b o n  a l l o y s  o f  know n 

c a r b o n  c o n te n t* . T h o se  s e l e c t e d  f o r  t r a n s f o r m a t i o n  s t u d i e s  

h a d  a n  a c t u a l  c a r b o n  c o n t e n t  co m p u ted  t o  r a n g e  f ro m  0 .8 7 - 0 .8 9 ^ 0  

an d  a  d e n s i t y  a f t e r  h o m o g e n is a t io n  o f  7 .2  g / c c .
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AUSTENITE DECOMPOSITION STUDIES ON
IRON-CARBON POWDER COMPACTS

The s t e e l s  m ade fro m  p o w d e re d  I r o n  b y  c a r b u r i z a t i o n  

w ere  s t u d i e d  f u r t h e r  t o  d e te r m in e  t h e i r  a u s t e n i t e  t r a n s f o r m a -  

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

c o n t e n t  o f  t h e  s t e e l  s e l e c t e d  f o r  t h i s  w o rk  w as 0 * 8 7 -0 ,8 3 ^ 0 ®

The TTT ( t i m e - t e m p e r a t u r e - t r a n s f o r m a t i o n )  d ia g r a m  o r  ” S” c u rv e  

f o r  t h i s  s t e e l  i s  shown i n  F ig u r e  1 an d  th e  d a t a  f ro m  w h ic h  

t h e  c u r v e  I s  p l o t t e d  a r e  l i s t e d  i n  T a b le  I *  The c o n d i t i o n s  

u n d e r  w h ic h  t h e  d a t a  w ere  o b t a i n e d  a r e  a s  f o l l o w s ;

I  A u s t e n i t i z i n g  w as a c c o m p l is h e d  a t  a  t e m p e r a t u r e  

o f  1 0 0 0 c C f o r  tw e n ty  m in u te s  i n  th e  sam e n i t r o g e n  

a tm o s p h e re  u s e d  f o r  h o m o g e n iz a t io n  o f  t h e  s a m p le s  

a f t e r  th e y  h a d  b e e n  c a r b u r i z e d ,

I I  S m a ll  n o tc h e d  s a m p le s  (d im e n s io n s  a p p r o x i m a t e l y  

0 ,0 3 5 ” s q u a r e  an d  l / 8 ” l o n g )  w ere  s u s p e n d e d  i n  

t h e  a tm o s p h e re  b y  a  s m a l l  s t a i n l e s s  s t e e l  w i r e  

( 0 .0 0 3 ” ) a t t a c h e d  t o  a  n i c k e l  w ir e  ( 0 ,0 6 6 ” ) ,

The s m a l l  s a m p le s  w e re  m ade b y  c u t t i n g  th e  l / 4 ” 

d i a m e t e r  c o m p a c ts  i n t o  s e v e n  o r  e i g h t  p i e c e s  w i t h

a  j e w e l e r ’ s  s a w . The s t r u c t u r e  i s  show n i n  F ig u r e  3®

I I I  The s a m p le s  w e re  h e l d  i n  t h e  n i t r o g e n  a tm o s p h e r e  i n

t h e  c o ld  p o r t i o n  o f  t h e  tu b e  f o r  f lu s h in g ®  T hey 

w ere  th e n  a d v a n c e d  i n t o  t h e  h o t  zo n e  o f  t h e  f u r n a c e .
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Sample Mo.

198
1100
134
136
183
184
T OJ- ^

15

163

162
159
160 
15? 
168 
146 
153 
165 
170 
161 
164
177
178

31.

T ab le  I

D a ta  f o r  TTT D iagram  I n  F ig u re  1

T em p era tu re  Time (S eco n d s)
(°C)

Be g in n in g  E n d in g

P e a r l i t e  F o rm a tio n

714 660
713 >3000
704 60
704 630
688 12
688 80
676 1
576 20
639- ?
539 2

B a in i te  F o rm atio n

546 ?
546 1 o r  l e s s
500 1
500 5
455 2
450 18
404 10
404 60
353 30
553 225
308 75
308 600
244 300
244 3000

M a r te n s i te  F o rm a tio n

l s P o in t  2 4 2 °C

I f  P o in t  96°C
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I n  o rd e r  to  su p p o r t  th e  n i c k e l  w ire  th e  end was 

i n s e r t e d  I n to  th e  ru b b e r  s to p p e r  w hich  was u s e d  to  

c lo s e  th e  s i l i c a  tu b e .  A f te r  h o ld in g  f o r  tw e n ty  

m in u te s  a t  1000clCJ th e  sam p les  w ere q u ic k ly  t r a n s -  

f e r r e d  t o  th e  m e ta l  b a t h s .

IV Lead was u se d  a s  a  q u e n c h in g  medium i n  th e  u p p e r  

te m p e ra tu re  ra n g e s  and th e  q u a te r n a r y  e u t e c t i c

(B i 5 0 $ , Cd 10 % ,  Pb 2 7 $ , Sn 15$) was u sed  f o r  w ork 

a t  lo w e r t e m p e r a tu r e s .  F o r d e te r m in a t io n  o f  t r a n s ­

fo rm a tio n  c h a r a c t e r i s t i c s  to  p e a r l i t e  o r  b a i n i t e  

th e  sam ples w ere quenched  i n  a  d i l u t e  haOH s o l u t i o n  

d i r e c t l y  from  th e  m e ta l  b a t h s .  VHhen m arten sifee  

s t u d i e s  were c o n d u c te d , th e  sam p les  were tem p e red  

a t  280°C f o r  10 sec s , p r i o r  t o  q u e n ch in g  i n  th e  

d i l u t e  NaOH s o l u t i o n .

V The a n a ly s e s  o f  th e  t r a n s f o r m a t io n  p ro d u c ts  w ere

a l l  made by m ic ro s c o p ic  e x a m in a t io n . F ig u re s  4 t o  53 

show th e  t y p i c a l  s t r u c t u r e s  t h a t  were o b ta in e d  in  

d e v e lo p in g  th e  TTT d ia g ra m  (F ig u re  1 ) .

There a re  a num ber o f  comments o f  i n t e r e s t  t h a t  may 

be made w ith  r e s p e c t  t o  t h i s  d ia g ra m . F i r s t ,  i t  may be s t a t e d  

t h a t  i t  i s  s u b j e c t  to  th e  l i m i t a t i o n s  o f  th e  m e ta l lo g r a p h le  

m ethod o f  a n a l y s i s .  I t  i s  v e ry  d i f f i c u l t  t o  d e c id e  when a 

p ro d u c t f i r s t  a p p e a rs  and when t r a n s f o r m a t io n  to  i t  h a s  b een  

c o m p le te d . T h is  i s  to  be e x p e c te d  when one c o n s id e r s  th e
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k i n e t i c s  o f  a u s t e n i t e  d e c o m p o s it io n . I n  th e  d ia g ra m  shown 

t h i s  work was done c a r e f u l l y  b u t  n o t  s c r u p u lo u s ly .  I n  th e  

o p in io n  o f  th e  a u th o r  th e  d ia g ra m  r e p r e s e n t s  an  e x c e l l e n t  

e s t im a te  o f  th e  t r a n s f o r m a t io n  o f  a u s t e n i t e .  A c o n s e rv a t iv e  

e s t im a te  would be a  10$  v a r i a t i o n  in  p la c i n g  b e g in n in g  and 

e n d in g  tim e s  e x c e p t a t  te m p e ra tu re s  w here v e ry  r a p id  t r a n s ­

fo rm a tio n  o c c u r s .

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  r e a c t i o n s  a re  n o t 

f a r  d i f f e r e n t  from  TTT d ia g ra m s  f o r  w rough t s t e e l s .  A com pari­

son  i s  d i f f i c u l t  to  make f o r  no  one h a s  p u b l i s h e d ,  as  f a r  a s  

I  know, a  TTT d ia g ra m  f o r  a  h ig h  p u r i t y  w rough t i r o n  a l l o y .  

How ever, one d ia g ra m  e x i s t s  f o r  a  0 .8 9 $  c a rb o n  s t e e l  w ith  

0 .5 $  m anganese (F ig u re  2 ) ,  No o th e r  e le m e n ts  have been  

r e p o r te d  b u t i t  i s  b e l ie v e d  t h a t  s m a ll  q u a n t i t i e s  o f  s i l i c o n ,  

s u lp h u r ,  and p h o sp h o ru s  a t  l e a s t  a re  p r e s e n t .

The lo w er r e g io n  w here m a r te n s i te  fo rm a tio n  o ccu rs  

i s  e n t i r e l y  wrong i n  F ig u re  ( 2 ) .  H ow ever, i t  was p o s s ib le  to  

com pare th e  Ms p o in t s  f o r  th e  powder and w rough t a l l o y s ,  A. B. 

G re n in g e r  (19) shoised an  Ms p o in t  f o r  a  0.85$C  i r o n - c a rb o n  

a l l o y  o f  a b o u t 240°C„ The d a t a  in  T ab le  I  shows an Mg p o in t  

o f  242°G f o r  th e  s t e e l  c o n s id e r e d .  I t  w ould a p p e a r  t h a t  th e s e  

a r e  no d i f f e r e n t  from  s i m i l a r  p o in ts  found  in  w rough t p u re  

s t e e l s .  In  o th e r  w ords th e  f a c t  t h a t  th e  d e n s i t y  o f  th e  pow der 

com pact i s  b u t  7 ,2  g /c c  a s  com pared to  7 .8 0  g /c c  f o r  th e  

w rough t p u re  s t e e l s  makes no  d i f f e r e n c e  i n  th e  b e g in n in g  and
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e n d in g  o f  m a r te n s l te  fo r m a t io n .  W hether t h i s  i s  t r u e  f o r  a  

l e s s  d en sa  com pact h a s  n o t  been  a s c e r t a i n e d .  F u r th e r  i t  i s  

n o t  known w h e th e r  th e  r a t e s  o f  m a r te n s i te  fo rm a tio n  w ith, 

te m p e ra tu re  d ro p  a re  th e  same = In  o th e r  w ords w h ile  th e  Mg 

and N . f  p o in ts  a re  th e  same th e  t r a n s f o r m a t io n  c h a r a c t e r i s t i c s  

c o u ld  d e v ia te  w i th in  t h i s  r a n g e .

I t  i s  o f  i n t e r e s t  t o  n o te  t h a t  i n  th e  u p p e r  p a r t  o f  

F Ig u ro  1 ,  th e r e  i s  a  l a r g e  ra n g e  w here v e ry  r a p id  r e a c t io n s  

o c c u r .  J u s t  w hat th e  t r a n s f o r m a t io n  c h a r a c t e r i s t i c s  a r e  in  

t h i s  ra n g e  h as n o t  b een  d e te r m in s d .  They m ust c e r t a i n l y  be 

e x tre m e ly  r a p id  f o r  su c h  h ig h  p u r i t y  a l l o y s  as  u se d  In  th e s e  

e x p e r im e n ts .

B o th  p e a r l i t e  and b a in ih e  b e g in n in g  and en d in g  l i n e s  

seem t o  be f a i r l y  s t r a i g h t  when p l o t t e d  on s e m i- lo g  p a p e r .

An e x a m in a tio n  o f th e  c u rv e  a s  drawn would le a d  one to  b e l ie v e  

t h a t  th e  m ost r a p id  r a t e  o f  t r a n s f o r m a t io n  i s  somewhere betw een  

600 and 650°C in s te a d  o f  a round  550°C as  shown in  th e  d iag ram s 

o f  e u t e c to id  p l a i n  c a rb o n  s t e e l s  p v ib lish ed  p r e v io u s ly  by  o th e r  

i n v e s t i g a t o r s . Some t h e o r e t i c a l  d e d u c tio n s  by  C. Z en er (20) 

I n d i c a t e  t h a t  th e  nose  o f  th e  TT? d ia g ra m  sh o u ld  be h ig h e r  

th a n  5 5 0 °0 »

A re m a in in g  i te m  o f  p a r t i c u l a r  I n t e r e s t  (n o t shown 

in  F ig u re  1 b u t f o r  w h ich  m ic r o s t r u c tu r e s  a re  shown- F ig u re s  

1 1 , 1 2 , 13) I s  th e  r a p id  r a t e  a t  w hich  s p h e r o id lz a t io n  o c c u rs ’. 

T h is  i s  no d o u b t a f u n c t io n  o f  th e  p u r i t y  o f  th e  a l l o y  r a t h e r

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



th a n  th e  f a c t  t h a t  th e  m a t e r i a l  I s  a pow der co m p ac t. F o r 

exam ple a t  688°G s p h e r o id l z a t io n  was n o t i c e a b le  in  15 m in u te s  

and a lm o s t co m p le te  in  93 m in u te s  • In  c o n t r o l l i n g  p h y s ic a l  

p r o p e r t i e s  In  r e l a t i v e l y  h ig h  p u r i t y  a l l o y s  in  i s o th e rm a l  

t r a n s f o r m a t io n s  i t  w ould be e s s e n t i a l  to  know when s p h a r o id iz a ~  

t i o n  o ccu rs  a f t e r  fo rm a tio n  o f  th e  p e a r l i t e .

I n  a d d i t io n  to  th e  TTT d iag ram  d e te rm in e d  some p o in t s  

w ere com pared w ith  a  v a r i a t i o n  i n  th e  a u s t e n i t i z l n g  tem p era tu re®  

S c a t te r e d  s tu d i e s  were made w ith  a u s t o n i t i z i n g  te m p e ra tu re s

■ r - v *  ."\v* Q» 7 .̂ O  f *  •$» ̂  1  1  HA® -m-? 4»Vi +•■? r\v> o ^ mr \
v cx-i~ j  u. u. uut O i k j  vy iy w  \j  a<iiU »* a. u u  ua claao X Atici w X «-/

o e a r l i t e  , b a i r . i t *  - and m a rte n s ! .te  - T here  was l i t t l e  v a r i a t i o n  

i f  any from  th e  r e s u l t s  shown a t  1000°C . T h is  may be a t t r i b u t e d

v* ■?- -i~>i .•* •?* f  T ir a n a  n r t  T n a rs V ^ r l  rs V. .5 *r» r r»  cr ■? nu  w ty x  OL w u  u u i4 v  \y I« j. v  .1 ss ^ v w  v  w

f o r  th e  tim e s  and te m p e ra tu re s  u s e d .  More d e t a i l e d  s tu d ie s

a re  n e c e s s a ry  to  be c e r t a i n  o f th e  r e s u l t s .

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



photomicrographs

F ig u r e s  4=33 in c lu s iv e  a re  p h o to m ic ro g rap h s  ta k e n  

o f  th e  t r a n s f o r m a t io n  p ro d u c ts  o f  a u s t e n i t e  d e c o m p o s itio n  f o r  

th e  0 .3 7 -0 .8 9 $  C ’’pow der” s t e e l .  They were a l l  ta k e n  a t  

1000 d ia m e te r s  m a g n i f ic a t io n  w i th  a  54X o i l  im m ersion  o b je c t iv e *

u u ^ x U u 5  n a o  u v a u  h m u x x  a  o u x w x x  u O i i i r a x u x u g  l o o  t t o o u A u t o

a l c o h o l ,  2 cc  o f  fum ing n i t r i c  a c id  and 0 .5  g o f u r e a .

O th e r p h o to m ic ro g rap h s  I n  t h i s  d i s s e r t a t i o n  were 

a l s o  e tc h e d  i n  a  s i m i l a r  m anner and p h o to g rap h ed  a t  1000 

d ia m e te r s .

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
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V x S .

F i g u r e  3 
S am p le  Ho® 1 3 8

P ina  p e a r l  i t © - th e  s t r u c t u r e  o f  th e  0 - 87-Os 89 ,% G

s t e e l  f o l l o w i n g  h o m o g e n iz a tio n ®  I n  t h i s  fo rm  i t  was

u s e d  f o r  th e  i s o t h e r m a l  t r a n s f o r m a t i o n  s tu d ie s ®

R ep ro d u ced  with p erm issio n  o f  th e  cop yrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  4 
Sam ple No, 1103 

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  7 2 0 “0 
Time 60 m in u te s

C em en tite  and M a r te n s i te  

G em en tite  i s  b e g in n in g  t o  form  n e a r  th e  edge o f  th e  

sample® No t r a n s f o r m a t io n  was s h o rn  in  th e  c e n te r  o f  th e  

specimen® I n  t h i s  and in  a l l  o th e r  p h o to g ra p h s  o f  i s o ­

th e rm a l t r a n s f o r m a t io n s  th e  m a r te n s i t e  I s  e q u iv a le n t  to  

a u s t e n i t e  u n tra n s fo rm e d  a t  th e  is o th e r m a l  t r a n s f o r m a t io n  

te m p e r a tu r e .

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F i g u r e  5
I s o t h e r m a l  t r a n s f o r m a t i o n  t e m p e r a t u r e  720°C  

Time 15  1 /2  h o u r s

A lp h a  F e r r i t e ,  C e m e n t i t e ,  an d  M a r te n s i t©

L a rg e  c r y s t a l s  o f  c e m e n t i t e  a r e  show n., T h is  s a m p le

■was n o t  u se d  i n  p l o t t i n g  d a t a  f o r  F ig u re  1« Hie

a u s t e n l t i z i n g  t e m p e r a t u r e  was 1050°G®

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  5a

Same a s  F ig u re  5 b u t  a d i f f e r e n t  s e c t io n  o f  th e  

sam ple ®

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  6 
Sample No® 198 

I s o th e r m a l  t  r  a n s f  o m a t i o n  te m p e ra tu re  ” 14°C 
Tima 11 m in u te s

A lpha F e r r i t e s C em entifce s and M a r te n s i te  

Shov/s t r a n s f o r m a t io n  p r o g r e s s in g  a t  th e  e d g e 0 A lso  

shon9d s m a l l  c e m e n ti ta  p a r t i c l e s  in  c e n t e r  p o r t i o n  o f 

th e  specimen®

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  7 
Sampl9 No, 1100 

I s o th e r m a l  t r a n s f o r m a t io n  te m p e ra tu re  713°C 
lim e  51 m in u te s

A lpha F e r r i t e  and C em en tite  w i th  some p r e s e n t  as  p e a r l i t e

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  7a 
Sample No. 1100 

[ s o th e rm a l t r a n s f o r m a t io n  te m p e ra tu re  713°G 
Time 51 m in u te s

Same a s  F ig u re  7 b u t  a d i f f e r e n t  p o r t i o n  o f  th e  

sp e c im e n . A few s e c t i o n s , a s  i l l u s t r a t e d  h a r e s r e v e a le d  

some a u s t e n i t e  u n tra n s fo rm e d . T h i s , a s  u s u a l*  i s  

r e v e a le d  by th e  m a r te n s i t e  p r e s e n t .

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  8 
Sample fro. 183 

I s o th e r m a l  t r a n s f o r m a t io n  te m p e ra tu re  688°C 
Time 12 seconds

P e a r l i t e  and M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  S 
Samp 2.6 Not 184 

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  688°C 
Time 80 seco n d s

P e a r i i t e  and M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



F ig u r e  10  
S am ple  No* 181  

I s o t h e r m a l  t r a n s f o r m a t i o n  t e m p e r a t u r e  688°G 
Tim s 90  s e c o n d s

P e a r l i t e

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



Figu.ro 11 
Sample No. 182 

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  688°C 
'Time 15 m in u te s

P e a r l i t e

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



48*

3 $ # fcK V V .

F ig u r e  12 
S am p le  No® 1 85  

I s o t h e r m a l  t r a n s f o r m a t i o n  t e m p e r a t u r e  688°C  
Time 5o m in u te s

A lp h a  F e r r i t e , S p h e r o id iz e d .  C e m e n t i t a ,  a n d  P e a r l i t e

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F i g u r e  13 
S am ple  No* 1 8 8  

I s o t h e r m a l  t r a n s f o r m a t i o n  t e m p e r a t u r e  688°G
O'* - » v i 1 4

A lp h a  F e r r i t e ,  S p h e r o id i z e d  C e m e n t i t e ,  a n d  P e a r l i t e

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



I s o th e rm a l

F ig u re  14 
Sample Iio» 19 

L t r a n s f o r m a t i o n  te m p e r a tu r e  676°C
1 second

P e a r l i t e  and M a r t e n s i t e

R ep ro d u ced  w ith p erm iss io n  o f  th e  cop yrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



F ig u r e  15 
Sample No. 110 

I s o th e r m a l  t r a n s f o r m a t i o n  t e m p e ra tu re  678°0 
Time 3 seco n d s

P e a r l i t e  and m a r t e n s i t a

R ep ro d u ced  with p erm iss io n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



Figure 16 
Sample Moe 111 

Isothermal transformation temperature 676°G <P3me 6 seconds
Feax'i j le and Martens its

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .



F ig u re  17
S „  r.i ~  t  ovL  ̂ i  J ̂  (t> ikL^i

Iso tlie rm & I t r a n s f o r m a t io n  te m p e ra tu re  676°C 
Time 8 seco n d s

P e a r l i t e  and M a r t e n s i t e

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  18 
Sample Nos I I S  

I s o th e r m a l  t r a n s f o r m a t io n  te m p e ra tu re  676°C 
Time 10 seconds

P e a r l i t e  and M a r te n s l te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .
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F ig u re  19 
Sample i'io® 114 

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  676°C 
T ime 15 sec  oncl s

P e a r l i t e  and a  v e ry  sm a ll

amount o f  M a r te n s i t s

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u r e  20 
Sam ple Koe 15 

I s o th e r m a l  t r a n s f o r m a t io n  te m p e ra tu re  676°C 
Time 20 seconds

P e a r l i t e

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  21 
Sample JMo. 165 

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  353°C 
Time 30 seconds

B a in .i te and M arten s  i t s

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  2 2  
Sam ple Mo, 166 

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  555°C

B a in i te  and M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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“ _Sample Ho. 167
I s o th e r m a l  tra n s fo rm a tio n , te m p e ra tu re  •353®C

Time 160 seco n d s

B a in i te  and M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u r e  24
O 1  ~  Tvl Ti^O■!■•« ^  © J- O ^

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  353°C- 
Time 195 seco n d s

B a i n i t e  and M a r t e n s i t e

R ep ro d u ced  with p erm issio n  o f  th e  cop yrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .



F ig u re  25
a t U i i u i t :  i s u «  . 1  r  &

I s o th e r m a l  t r a n s f o r m a t io n  te m p e ra tu re  353°C 
Time 225 seco n d s

B a in i t e  and a sm a ll am ount o f M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  26 
Sample iio . 177 

I s o th e r m a l  t r a n s f o r m a t io n  te m p e ra tu re  244°G 
Time 5 m in u te s

B a in i t s  and M arfcensite

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  27 
Sample to® 178 

Is o t l ie rm a l  t r a n s f o r m a t io n  tam p era tu r-e  244°C 
Time 15 m in u te s

B a in i te  and M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



F ig u re  28 
Sample r;o. T78 

I s o th e rm a l  t r a n s f o r m a t io n  te m p e ra tu re  244c 
Time

B a in i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u re  29 
Sample No* I I  

Q uenching  T em pera tu re  242°C Time 1 5 'seconds 
Tem pering T em pera tu re  270°C Tim© 10 seconds

Tempered and. U ntem pered M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .



F ig u re  30 
Sample No* 145 

Q uenching  T em p era tu re  175°C Time 10 seco n d s 
Tem pering T em p era tu re  283°C Time 5 seco n d s

Tempered and U ntem pered M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



F ig u r e  31  
S am ple Wo* 147  

Q u e n c h in g  T e m p e ra tu re  1 2 6 c’C Time 10  s e c o n d s  
T e m p e r in g  T e m p e ra tu re  2 8 2 °C Tim e 5 s e c o n d s

T em p ered  an d  U n tsm p e re d  M a r t e n s i t e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sam ple No. 149 
Q uenching T e m p era tu re  108°C Time 10 sec o n d s  
Tem pering T e m p era tu re  283°G Time 5 seco n d s

Tem pered and  U ntem pered  M a r te n a i te

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
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F ig u r e  33 
Sample No0 150 

Q uenching T em p era tu re  9 6 °C Time 10 seco n d s
T em pering  T em p era tu re  282 °C Time 5 seco n d s

Tem pered M a r te n s i te  and  a  v e ry  s m a ll  amount

o f  U ntem pered M a r te n s i te

R ep ro d u ced  with p erm issio n  o f  th e  cop yrigh t ow ner. Further reproduction  prohibited w ithout p erm issio n .



THE FORMATION OF AUSTENITE IH
IRON-GARBON POWDER PRODUCTS

A few s tu d i e s  w ere made o f  th e  fo rm a tio n  o f  a u s t e n i t a  

in  th e  0 .8 7 - 0 .89/oC iro n ^ c a rb o n  a l l o y s  t h a t  were p r e p a r e d .  

Sam ples i n  th e  c o n d i t io n  shown in  F ig u re  (5} w ere quenched  

in  a le a d  p o t  f o r  th e  tim e s  and a t  th e  te m p e ra tu re s  d e s i r e d .  

F ig u re s  ( 3 4 ) ,  (35) and (36) show th e  s t r u c t u r e s  r e s u l t i n g  

when ta k e n  t o  728°C f o r  30 s e c s ,  97 m in u te s ,  and 14 l / 2  h o u rs  

r e s p e c t i v e l y .  A f te r  th e  tim e s  i n d i c a t e d  a t  728°C th e  sam p les  

were quenched  r a p i d l y  to  room tem psr-atur-e and th e n  p re p a re d  

f o r  m ic ro s c o p ic  e x a m in a tio n . F ig u re s  (37) and (38) show 

r e s u l t s  o b ta in e d  f o r  l i k e  sam ples ta k e n  to  724°C f o r  38 seco n d s  

and 19 h o u rs  r e s p e c t i v e l y .  Some sam p les  were a l s o  ru n  i n  a 

l i k e  m anner a t  lo w e r te m p e ra tu re s  *• The s t r u c t u r e s  o f  sam p les  

h e a te d  a t  713°C f o r  8 m in u te s  and 68 m in u te s  a r e  shown i n  

F ig u re s  (39) and (40) w h ile  one h e a te d  a t  716°C f o r  200 seco n d s  

i s  shown in  F ig u re  ( 4 1 ) .

The above r e s u l t s  show t h a t  th e  co m p le te  fo rm a tio n  

o f a u s t e n i t a  i s  v e ry  r a p id  a t  728°C a s  com pared to  724°C .

The r e s u l t s  a t  te m p e ra tu re s  a3 low  as  713°C i n d i c a t e  e i t h e r  

s e g r e g a t io n  due p o s s ib ly  to  oxygen o r  n i t r o g e n  o r  t h a t  a u s t e n i t e  

fo rm a tio n  may s t a r t  a t  su ch  a low te m p e r a tu r e .  F u r th e r  -work 

i s  d e f i n i t e l y  r e q u i r e d  b e f o r e  c o n c lu s io n s  may be r e a c h e d 0
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F ig u re  54 
Sample Nos 1109 

A u s t e n i t i z in g  T em p era tu re  728°G 
Time 50 seconds

M a r te n s i te  and f i n e  c a r b id e s

I
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F ig u r e  35 
Sample Ho. 1110 

A u s t e n i t i z in g  T em p era tu re  72S°C 
Time 97 m in u te s

M a r te n s i te  and C e a e n t i te
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F ig u re  36 
Sam ple No. 1180 

A u s t e n l i l s i n g  T em p era tu re  728°C 
Time 14 l / 2  h o u rs

M a r te n s i te  and  C em en tite
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F ig u re  37 
Sample 3So. 1114 

A u s t e n i t i s in g  T em p era tu re  724°C 
Time 38 seconds

M a r te n s i te ,  C em en tite  and A lpha F e r r i t e
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F ig u r e  38 
Sample No. 1119 

A u s t e n i t i z in g  T em p era tu re  7£4°C 
Time 19 h o u rs

M a r te n s i te ,  F e r r i t e ,  and C em en tite
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F ig u re  3S 
Sample No. 197 

A u s t e n i t i z in g  T em p e ra tu re  713 °G 
Time 8 m in u te s

M a r te n s i te ,  Camenfcite and A lpha F e r r i t e
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F ig u re  4C 
Sample No® I9S  

A u s t e n i t i z in g  T em p era tu re  7 1 3 °C 
Time 68 m in u te s

M a r te n s i te ,  C em en tite , and A lpha F e r r i t e
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F i g u r e  4 1  
S am ple  H o , 1105 

A u s t e n i t i z i n g  T e m p e ra tu re  7 1 6 °C 
Tim© 200  s e c o n d s

M a r t e n s i t e ,  C e m e n t i t e ,  and  A lp h a  F e r r i t e
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PACK CARBURIZING- STUDIES OP IRON POWDER COMPACTS

E a r l i e r  In  t h i s  p r e s e n t a t i o n  comments w ere made 

p e r t a i n i n g  t o  th e  m ethod u se d  f o r  p r e p a r a t i o n  o f  i r o n - c a r b o n  

a l l o y s  by c a r b u r i z in g  p u re  i r o n  com pacts in  hardw ood c h a r c o a ls  

B efo re  t h i s  p ro c e d u re  was d e c id e d  upon o th e r  e x p e r im e n ts  had  

been  p e rfo rm ed  w hich  y ie ld e d  i n t e r e s t i n g  r e s u l t s :

C a r b u r iz in g  w i th  E n e rg iz e d  C h arco a l 

The sam ples t h a t  were p re p a re d  f o r  i s o th e r m a l  

t r a n s f o r m a t io n  s tu d ie s  o f  a u s t e n i t a  d e c o m p o s itio n  were a l l  

c a r b u r iz e d  i n  o rd in a ry  hardw ood c h a rc o a l*  Sam ples c a r b u r iz e d  

in  t h i s  m anner te n d  to  r e a c h  w hat one m ig h t e a s i l y  c o n s id e r  a  

maximum c a rb o n  c o n te n t .  F o r e x am p le , a t  925°C a  0 .1 5  gram 

sam ple o f  c a rb o n y l i r o n  "L” p re s s e d  a t  2 5 .0 0 0  p s i  w i l l  r e a c h  

an a v e ra g e  c a rb o n  c o n te n t  o f  1*25:&C a f t e r  50 h o u rs  c a r b u r iz in g  

tim e*  The r a t e  o f carb o n  p ic k -u p  i s  s lo w  a f t e r  a b o u t an h o u r  

a t  t e m p e r a tu r e .  On th e  o th e r  h a n d , th e  ca rb o n  a b s o r p t io n  i s  

v e ry  r a p id  and re a c h e s  h ig h  v a lu e s  when e n e rg iz e d  c h a r c o a l  

i s  u s e d .

In  th e s e  e x p e r im e n ts  sodium  c a rb o n a te  was u sed  as  

an e n e r g i z e r .  The e n e rg iz e d  c h a r c o a l  was p re p a re d  by f i r s t  

d i s s o lv i n g  hagCOg in  an amount o f  v /a te r  j u s t  s u f f i c i e n t  to  

dampen th o ro u g h ly  th e  q u a n t i t y  o f  c h a r c o a l  u s e d .  The amount 

o f  e n e r g i z e r  added was e q u a l t o  1 0 %  o f  th e  w e ig h t o f th e  

c h a r c o a ls  The m o is te n ed  c h a r c o a l  a f t e r  th o ro u g h  m ix in g  was 

d r i e d  a t  150°C , A f te r  d r y in g  i t  was u se d  i n  a d o u b le
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c a r b u r i z in g  tu b e  e x a c t ly  a s  in  p re v io u s  s tu d ie s  w i th  o r d in a r y  

hardwood c h a rc o a l*

I t  was found  t h a t  w i th  e n e rg iz e d  c h a r c o a l  c a r b u r iz in g  

p ro c e e d s  v e ry  r a p i d l y  t o  e x tre m e ly  h ig h  ca rb o n  c o n te n ts  and 

t h a t  c a rb o n  a b s o r p t io n  i n  a p p r e c ia b le  am ounts may o c c u r  a t  low  

te m p e r a tu r e s .

C arbon a b s o r p t io n  was fo llo w e d  p r im a r i l y  by  w e ig h t 

changes and su p p lem en ted  w i th  m ic ro s c o p ic  e x a m in a tio n  and 

c h em ica l a n a ly s i s *  T ab le  I I  shews some o f  th e  r e s u l t s  o f  

e n e rg iz e d  c h a r c o a l  s t u d i e s  on c a rb o n y l i r o n  "L " , e l e c t r o l y t i c  

i r o n  (as  p l a t e d ) ,  in g o t  iro n *  tu n g s te n  pow der c o m p a c ts , and 

t i t a n iu m  pow der c o m p ac ts . The c a rb o n y l i r o n  "L" com pacts 

w eighed  o f  th e  o rd e r  o f 0 .2  gram  and w ere 1 /4 "  in  d ia m e te r*

The spec im ens o f  e l e c t r o l y t i c  i r o n  v a r ie d  in  th ic k n e s s  and in  

sh ap e  and a s  a  r e s u l t  th e r e  I s  a  f a i r  v a r i a t i o n  i n  a v e ra g e  

p e rc e n ta g e  w e ig h t i n c r e a s e .  The tu n g s te n  and t i t a n iu m  pow ders 

w ere p re s s e d  a s  r e c e iv e d  from  th e  m a n u f a c tu r e r s .  They v/ere 

n o t  checked  f o r  oxygen o r  m o is tu re  c o n te n t s .  I t  i s  v e ry  l i k e l y  

t h e r e f o r e  t h a t  th e  a c tu a l  c a rb o n  c o n te n ts  a re  h ig h e r  th a n  th e  

v a lu e s  l i s t e d  a s  p e rc e n ta g e  w e ig h t I n c r e a s e s .

I n  o rd e r  to  g a in  a c l e a r e r  p i c t u r e  o f th e  s i g n i f i c a n c e  

o f  th e  p e rc e n ta g e  w e ig h t i n c r e a s e ,  i t  may be s t a t e d  t h a t  f o r  

s h o r t  c a r b u r i z in g  tim es  and in  c a s e s  w here th e  te m p e ra tu re  i s  

low  t h i s  p e rc e n ta g e  v a lu e  may be a t  v a r ia n c e  w i th  th e  a c t u a l  

ca rb o n  c o n te n t .  F o r e x am p le , sam ples N os. 5 and 4 o f  T ab le  I I
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showed an a c t u a l  carb o n  a n a ly s i s  o f  5 .5 $ C . F u r th e r ,  sam ple 

n o , 27 a f t e r  p r e s s in g  "weighed 0 ,1 9 5 2 5  grams and a f t e r  c a r b u r ­

i z in g  w eighed  0 .19659  g .  T h is  sam ple  was th e n  h e a te d  t o  1065°C 

f o r  te n  m in u te s  in  th e  n e u t r a l  n i t r o g e n  a tm o sp h e re  r e f e r r e d  

to  e a r l i e r .  The f i n a l  w e ig h t was 0 .1 9 6 3 8 , I f  i t  i s  assum ed 

t h a t  th e  oxygen le a v e s  a s  ca rb o n  m onoxide ? th e n  th e  f i n a l  

ca rb o n  c o n te n t  o f  th e  com pact i s  a b o u t 0 .5 8 $  and th e  c a rb o n  

p ic k e d  up  i n  c a r b u r i z in g  i s  0 ,6 2 $ . T hese v a lu e s  a r e  b a se d  on 

th e  a ssu m p tio n  t h a t  th e r e  i s  no oxygen p r e s e n t  in  th e  o r i g i n a l  

pow der. B o th  v a lu e s  sh o u ld  p ro b a b ly  be a b o u t 0 .0 7 $  h igher®

In  a n o th e r  e x p e r im e n t th e  f o l lo w in g  d a t a  were o b ta in e d  when 

c a rb o n y l i r o n  ”L" was c a r b u r iz e d  w i th  e n e r g i z e r  a t  650°C f o r  

two h o u r s :

Sample W eight a f t e r  p r e s s in g  W eight a f t e r  W eight a f t e r  Ife 
h o . a t  3000 k g . c a r b u r i z in g  a tm o sp h ere  h e a t i n g  a t

1850°P f o r  1 /2  h o u r

A. 0 .8 0 7 3 2 0 .8 0 8 8 5 0 .8 0 7 3 2

B„ 0 ,1 7 1 6 5 0 .1 7 2 0 8 0 .1 7 1 9 1

Co 0 .1 6 5 4 7 0 .1 6 5 9 3 0 .1 6 5 7 8

■ rcentage W eight I n c re a s e  
a f t e r  C a rb u r iz in g

P e rc e n ta g e  W eight. I n c re a s e  E stim ate  
a f t e r  h o m o g e n iz a tio n  Percent® ,

C arbon

A. 0 .1 7 0 0 .0 7

Bo 0 ,2 5 0 .1 5 0 .2 6

Co 0 .2 7 0 .1 S 0 .2 9
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TABLE II

Sample P r e s s i n g  C a r b u r iz in g  Time P e rc e n ta g e  Weight 
No. P r e s s u r e  T em p era tu re  (H ours) I n c r e a s e

( p s i )  °C

C arb o n y l I r o n  "L"

1 2 3 ,0 0 0 925 0 .3 4 5 ,5 5
£ * 2 3 ,0 0 0 925 0 .3 4 5 .82
5 2 3 ,0 0 0 925 0 .5 0 6 .2 0
4 2 3 ,0 0 0 925 0 .5 0 6 .4 5
5 9 ,0 0 0 925 0 .5 0 7 ,5 0
6 13 8 ,000 925 22 s 5 3 .00
7 13 8 ,000 925 2 2 ,5 3 .1 8
8 2 3 ,0 0 0 925 2 2 .5 1 0 .4
9 2 3 ,0 0 0 925 2 2 .5 1 2 .0

10 q nonN- p — W W 925 o n  <— 1 5 ,3
11 9 ,0 0 0 925 2 2 ,5 T  A a 

J . -3 :  •  v

12 1 3 8 ,0 0 0 850 23 .0 2 .0 7
t  «a; 1 3 8 ,0 0 0 850 2 3 .0 2 ,4 0
14 1 5 8 ,0 0 0 850 2 3 .0 2 .3 0
1-5 1 3 8 ,0 0 0 850 £3 .  0 2 .8 0
16 6 9 ,0 0 0 850 2 3 ,0 3 ,8 0
^  TV
•L  r 6 9 ,0 0 0 850 2 3 .0 3 ,6 2
18 1 3 8 ,0 0 0 660 2 5 .8 2 ,7 0
19 138 ,0 0 0 660 2 5 .8 2 .7 1
20 4 6 ,0 0 0 660 2 5 .8 6 .1 2
21 4 6 ,0 0 0 660 2 5 ,8 6 .1 2
22 138 ,0 0 0 650 3 5 .8 3 .1 9
23 1 3 8 ,0 0 0 650 3 5 ,8 3 ,2 8
24 4 6 ,0 0 0 650 3 5 .8 6 .3 6
25 4 6 ,0 0 0 650 3 5 .8 6 .3 4
26 1 3 8 ,0 0 0 595 4 1 .0 0 .6 9
27 1 3 8 ,0 0 0 595 4 1 .0 0 .6 8
28 1 3 8 ,0 0 0 585 16 0 .1 0
29 1 3 8 ,0 0 0 585 15 0 * 07
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TABLE I I  ( c o n t in u e d )

Sample P r e s s i n g C a r b u r iz in g  Time P e rc e n ta g e  W eight
No. P r e s s u r e T em pera tu re  (H o u rs ) I n c r e a s e

( p s i ) °C

E l e c t r o l y t i c  I r o n  (As P la te d - T h ln S h e e t )

A n a ly s is (C 0 ,0 0 6 $ , Mn < 0 .0 0 1 $ ,  S 0 .0 0 6 $ , S i  0 ,0 0 2 $ ,  P < 0 .002$ )

30 ota 925 2 2 .5 3 .5 6
31 925 2 2 .5 3 .1 4
32 - 925 2 2 .5 3 .4 0
33 925 2 2 .5 2 .3 6

I n g o t  I r o n  (Thin  P ie c e )

A n a ly s is (C 0 .0 1 0 $ . Mn 0 .0 1 3 $ .  S 0 .0 2 2 $ ,  13 i 0 .0 0 1 $ ,  P 0 .005$)

34 - 925 2 2 .5 4 .8 0

T ungs ten  Powder

35 4 6 ,0 0 0 995 2 1 ,0 4 ,0 7
36 4 6 ,0 0 0 995 2 1 .0 4 .1 9

T i ta n iu m  Powder

37 4 6 ,0 0 0 995 2 1 .0 2 3 .0
33 4 6 ,0 0 0 995 2 1 ,0 2 2 ,3

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



I t  may be n o te d  t h a t  th e  l a r g e r  com p ac t,  more l o o s e l y  

p r e s s e d  b e cau se  o f  l a c k  o f  h y d r o s t a t i c  c o n d i t i o n s  i n  th e  

powder m a ss ,  showed l i t t l e  perm anen t g a in  i n  c a rb o n  b e c a u s e  

o f  th e  g r e a t e r  q u a n t i t i e s  o f  oxygen a b so rb ed  a lo n g  w i th  t h e  

c a r b o n .  Samples 23 and 29 o f  T ab le  I I  a l s o  showed no p erm anen t 

w e ig h t  g a i n s .  Y et a f t e r  c a r b u r i z i n g  th e  p r e s e n c e  o f  c a r b id e  

was a s c e r t a i n e d  by m ic r o s c o p ic  e x a m in a t io n .

I n  c o n t r a s t  w i th  s h o r t e r  t im e s  and lo w e r  te m p e ra ­

t u r e s  a r e  th e  r e s u l t s  a t  somewhat h i g h e r  t e m p e r a tu r e s  and 

e s p e c i a l l y  a t  lo n g e r  t i m e s .  Sample No. 19 o f  T ab le  I I  when 

h e a t e d  a t  1040"G showed no g r e a t e r  w e ig h t  l o s s  th a n  e x p e r i e n c e d  

with, t h e  sam ples  homogenized f o r  i s o t h e r m a l  t r a n s f o r m a t i o n  

s t u d i e s  and a l s o  gave a  m i c r o s t r u c t u r e  o f  c e m e n t i te  and p e a r l i t e .

In  T ab le  I I  a  number o f  v a lu e s  a r e  shown o f  c a rb o n  

c o n t e n t s  i n  a  range  o f  5-15%. I t  a p p e a rs  t h a t  th e  c a r b o n  i s  

f i r s t  p ic k e d  up  In  s o l u t i o n  i n  th e  gamma f e r r i t e  a t  h i g h e r  

t e m p e r a t u r e s ,  th e n  p r e c i p i t a t e d  as  FegC w hich  th e n  decom poses 

t o  g iv e  g r a p h i t e .  At lo w e r  t e m p e r a t u r e s ,  s ay  650°C , th e  

c a r b id e  a p p e a r s  t o  be s t a b l e  even  i n  c o n te n t s  o f  6.55% c a r b o n .  

I n c i d e n t a l l y  t h i s  m a t e r i a l ,  as  one would e x p e c t ,  i s  v e r y  h a rd

v u u o  gjjLttoo irvs&yji.xj.y<?

At t h i s  t im e i t  m ig h t  be o f  i n t e r e s t  t o  show w hat 

h a p p e n s ,  u s in g  e n e r g iz e d  c h a r c o a l ,  below  th e  t e m p e r a tu r e s  

l i s t e d  i n  T ab le  I I .  The f o l l o w i n g  d a t a  l i s t e d  In  T ab le  I I I  

were o b t a in e d ;
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TABLE III

Sample P r e s s i n g C a r b u r i z in g Time P e rc e n ta g e  W eight
No. P r e s s u r e T em pera tu re (H ours) I n c r e a s e

( p s i ) °C

C arb o n y l I r o n t.L»

1 1 3 8 ,0 0 0 540 /• /X O'v’ 1 .4 3
2 1 3 8 ,0 0 0 540 60 1 ,4 3
3 1 3 8 ,0 0 0 540 60 1 .3 5
4 1 3 8 ,0 0 0 540 60 1 .5 3
5 4 6 ,0 0 0 540 60 7 .0 35 A a  AhiO 10  jl'UU 540 60 7 .0 5
7 4 6 ,0 0 0 540 60 6 .7 5
8 4 6 ,0 0 0 540 60 6 .8 5
9 2 3 ,0 0 0 540 60 10 .2 7

10 2 3 ,0 0 0 C.A nV1 V 60 10 .3 7

Samples 2 ; 3 ,  5 and 6 -rare a n a ly s e d  f o r  c a rb o n  c h e m ic a l ly  and 

showed n o n e .  F u r t h e r  sam ple No® 4 a f t e r  b e in g  h e a te d  a t  

1040°G f o r  1 l / 2  h o u rs  showed a  w e ig h t  l o s s  o f  b u t  0 ,00008  

g ram s . M ic ro sc o p ic  e x a m in a t io n  r e v e a l e d  no c a r b o n ,  b u t  

i n s t e a d  showed i r o n  o x ide  d i s p e r s e d  i n  a  m a t r i x  o f  a lp h a  

f e r r i t e .  I t  i s  q u i t e  ob v io u s  . t h a t  o x i d a t i o n  has  ta k e n  p l a c e  

p r e f e r e n t i a l l y .  From e x p e r im e n ts  p e r fo rm ed  i t  a p p e a rs  t h a t  

o x i d a t i o n  o c c u rs  d e f i n i t e l y  u n d e r  t h e  p a c k  c a r b u r i z i n g  c o n d i»  

t i o n 3 m a in ta in e d  when th e  t e m p e r a tu r e  i s  565°C and c a r b u r i z a -  

t i o n  o c cu rs  d e f i n i t e l y  a t  585°C. These v a lu e s  h o ld  when NagOOs 

e n e r g i z e r  i s  u s e d .  When o r d i n a r y  hardwood c h a r c o a l  (on 200 

th r o u g h  150 mesh) w i th o u t  e n e r g i z e r  i n t e n t i o n a l l y  added i s  

u s e d ,  th e n  even a t  650°C th e r e  I s  no c a r b u r i z a t i o n  b u t  i n s t e a d  

o x i d a t i o n  o c c u r s 0
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I n  T ab le  IV a re  summarized th e  e q u i l i b r i u m  c o n s t a n t s  

f o r  a  s e r i e s  o f  r e a c t i o n s  and. i n  F ig u r e  42 i s  a  p l o t  o f  d a t a  

f o r  r e a c t i o n s  (2 ) and ( 4 ) .  D a ta  f o r  (4) i s  g iv e n  a t  0 .2  and 

1 a tm o sp h ere  p r e s s u r e .  From t h i s  d a t a  one m ig h t  w e l l  e x p e c t  

r e s u l t s  such  as  have  been  o b t a i n e d .  I t  shows t h a t  a  te m p e ra ­

t u r e  would be e x p e c te d  a t  w hich o x i d a t i o n  o c cu rs  p r e f e r e n t i a l l y  

Not enough i n f o r m a t i o n ,  u n f o r t u n a t e l y ,  e x i s t s  to  a s c e r t a i n  

w h e th e r  th e  i n t r o d u c t i o n  o f th e  e n e r g i z e r  s h i f t s  th e  CO con­

c e n t r a t i o n  o r  w h e th e r  i t  s e r v e s  t o  s h i f t  t h e  p r e s s u r e  o f  CO + 

C02 to  a lo w er v a l u e .  As a  r e s u l t  no e x p l a n a t i o n  i s  o f f e r e d  

f o r  th e  f a c t  t h a t  o x i d a t i o n  o c c u rs  even a t  650°C when no NagCGj 

e n e r g i z e r  i s  u s e d .  See F ig u re  4 7 .  I t  m ig h t  a l s o  be 

remembered t h a t  t h s  c o n s t a n t s  f o r  e q u a t i o n  (4) a r e  f o r  c arbon  

as  g r a p h i t e  and n o t  amorphous c a r b o n .

One e x p e r im e n t  co n d u c ted  on C arb o n y l I r o n  ,5L” showed 

t h a t  i n  s i x t e e n  h o u rs  a t  925°C a c a rb o n  c o n te n t  o f  1.50/1 was 

r e a c h e d  i n  o r d in a r y  hardwood c h a r c o a l  w h i le  u n d e r  th e  same 

c o n d i t i o n s  o f  t im e  and te m p e r a tu r e  b u t  0 ,69 . ■ C r e s u l t e d  i n  

u s i n g  p u re  f i n e l y  d iv id e d  g r a p h i t e .  T h is  to o  may be a c o n d i ­

t i o n  o f  r a t e  o f  a b s o r p t i o n  r a t h e r  t h a n  CO c o n c e n t r a t i o n  m ain ­

t a i n e d .  Along t h e s e  same l i n e s  d i f f e r e n c e s  were a p p a r e n t  In  

u s i n g  c h a r c o a l  o f  v a r y in g  m esh. F o r  ex am p le ,  c a rb o n y l  I r o n  

"L" wa3 c a r b u r i z e d  51 h o u rs  a t  925°C In  5 -8  mesh c h a r c o a l  

(no e n e r g i z e r )  and a n o t h e r  sec  o f  sam p les  were c a r b u r iz e d  i n  

200  mesh c h a r c o a l  (no e n e r g i z e r  o t h e r  th a n  th e  a sh  o f  th e
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TABLE IV 
See B i b l i o g r a p h y  (2 1 )

E q u i l i b r i u m  C o n s t a n t s  f o r  R e a c t i o n s  1 t o  5 a

fc°C t ° F Kx s  ?Ha 
PHb0

> ll 1 
^

 
o

 
° .Pr;j X  Pp e.

TT-. = k* - ^ 2 2

C02

p 8

K0 - L &
p ch 4P

c o 3
P X P J-Hfii0 x  r C0

400 752 9 .1 2 * 0*74* 1 2 .3 9 x  10“ ® 5 . 6 6  x  10"*
450 842 6*38* 0 *8 6 * 7 .3 8 7 . 3  x  10“* 0 .1 6 4
500 932 • 4*68* 0*96* 4 .8 8 4 . 7  x  10"® 0 .4 2 2
550 1022 3 .5 3 * 1 * 03* 3 .4 5 0*023 0 .9 7 7
600 1112 2*99 1*17 2 .5 5 0 .0 9 6 2 . 0 9
650 1202 2 «65 1*35 1 .9 6 0 .3 4 3 3 .9 2
700 1292 2 .3 8 1*53 1 .5 6 1 .0 6 7 .1 6
750 1332 2 .1 7 1 ,7 2 1 .2 7 2 .9 6 1 2 .3
300 1472 2 .0 0 1*90 1 .0 5 7 .4 8 2 0 .1
350 1562 1*84 2*07 0 .8 9 1 1 7 .4 6 3 1 . 8
900 1652 l a72 2*24 0*735 3 7 .7 6 4 8 .3
950 1742 1 .6 1 2*41 0 .6 6 8 7 6 .7 0 7 1 . 0

1000 1832 1« 51 2*57 0 .5 3 9 1 4 6 .5 1 0 2 .4
1050 1922 1*44 2*72 0 .5 8 7 2 6 4 .0 1 4 1 .2
1100 2012 1*37 2„88 0 .4 7 4 4 6 3 .4 1 9 2 ,0
1150 2102 1 .3 1 3  a 0 3 0 .4 3 3 7 6 7 .4 2 5 6 .0
1200 2192 1*26 3*21 0 .3 9 5 1244 3 3 5 .0
1250 2282 1*22 3*36 0 .3 6 3 1945 4 3 1 .5
1300 2372 1*18 3*49 0 .3 3 9 2951 5 4 7 .0

'^ S ta b le  o x id e  a t  t h i s  t e m p e r a t u r e  I s  PeaO* n o t  FeOj t h e  e q u i l i b r i u m  c o n s t a n t s  so m ark ed  a r e
n o t  so a c c u r a t e  a s  t h e  o t h e r s *

oo
a ( l )  Fe  4- Ha 0 s  FeO + H2 (4 )  C + C0a = 2 CO ^

(2 )  Fe + C03 a  FeO + CO ( 5 )  CH4 = C + 2 H*
(3 )  00 + Hs 0 = COjj + Hs
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c h a r c o a l ) .  The c o a r s e  c h a r c o a l  ru n  y i e l d e d  sam ples  o f  0.95% C 

w h i le  th e  f i n e  m a t e r i a l  gave 1 .2 0 #  C. Again i t  i s  d i f f i c u l t  

t o  d raw  c o n c l u s i o n s .

M ic ro sc o p ic  s t u d i e s  r e v e a l e d  a number o f  i n t e r e s t i n g  

s t r u c t u r e s  r e s u l t i n g  from  th e s e  c a r b u r i z i n g  s t u d i e s .  These 

a r e  shown in  F ig u r e s  4 3 -5 0 .
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F i g u r e  43 
S am p le  H o. 2 9  T a b le  I I  

cx 'j’ ITo o 4-0

A lp h a  F e r r i t e  a n d  C em en ti t©

C a r b u r i z e d  a t  585°C  f o r  16 h o u r s  I n  Nas C05 e n e r g i z e d  

h a rd w o o d  c h a r c o a l .
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F i g u r e  44 
S am p le  I'lo. 26 T a b le  I I  

L a b o r a t o r y  Nos 25

A lp h a  F e r r i t e  a n d  C e m e n t i t e  

C a r b u r i z e d  a t  5 9 5 °C f o r  4 1  h o u r s  i n  Naa COs e n e r g i z e d  

h a rd w o o d  c h a r c o a l .
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F ig u r e  45”
Sample Mo® 4 T ab le  I I I  

L a b o r a to r y  Sample No. 43

I r o n  Oxide and Alpha F e r r i t e  

!tC ar-bu rized ’? a t  540°C f o r  60 h o u rs  i n  NsgCOg 

e n e r g iz e d  hardwood c h a r c o a l ,  th e n  h e a te d  t o  1040°0 f o r  

1 l / 2  h o u rs  i n  n i t r o g e n  a tm o s p h e r e .
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F ig u r e  46
Sample No, 1 T ab le  I I I  

L a b o ra to ry  No, 31a

” Cai’b u r i z e d 11 a t  540°G f o r  60 h o u rs  i n  Na2C0s 

e n e r g i z e d  hardwood c h a r c o a l .
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F ig u r e  46®,
Sample No* 19 T ab le  I I  

l a b o r a t o r y  No, 42:

C em en tite  and P e a r l i t e

C arburlaB u  a t  660~C f o r  2:5 s 8 h o u rs  i n  Na CO
2 5

e n e r g iz e d  hardwood c h a r c o a l  and th e n  a u s t e n l t i z e d  a t  

1040cC fo p  t h i r t y  m i n t t e s  and a l lo w ed  t o  c o o l .
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F ig u r e  47 
L a b o ra to ry  Ho. 23

I r o n  Oxide and A lpha F e r r i t e  

11 C a r b u r i s e d 1' a t  650°C f o r  16 h o u rs  i n  hardw ood 

c h a r c o a l  v/ithovit Na2C03 e n e r g i z e r  added , th e n  t h e  sam ple  

was h e a t e d  t o  1000°C f o r  t h i r t y  m in u te s  i n  th e  n i t r o g e n  

a tm o s p h e r e .
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F ig u r e  48 
Sample No* 22 T ab le  I I  

L a b o r a to r y  No* 18

C em en ti te  and Alpha F e r r i t e  

C a r b u r iz e d  a t  650°C f o r  35*8 h o u rs  i n  Na2 GOs 

e n e r g i z e d  hardwood c h a r c o a l*
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F ig u r e  49 
Sample Imo0 31 T ab le  I I  

L a b o ra to ry  No<, 76

GeTKerjtite ana P e & r l i t e  

E l e c t r o l y t i c  I r o n  c a r b u r i z e d  a t  925°C f o r  22 l / 2  

h o u r s  i n  'Na2COs e n e r g iz e d  hardwood c h a r c o a l e
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F i g u r e  50 
S am ple  No. 5 4  T a b l e  I I  

L a b o r a t o r y  No* 78

C e m e n t i t e  a n d  P e a r l i t e  

I n g o t  I r o n  c a r b u r i z e d  a t  9 2 5 °G f o r  22  1 / 2  h o u r s  i n  

Nas C0s  e n e r g i s e d  h a rd w o o d  c h a r c o a l s
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C a r b u r i z i n g  S t u d i e s  i n  H ardw ood C h a r c o a l

I n  a d d i t i o n  t o  s t u d i e s  on e n e r g i z e d  c h a r c o a l  some 

d a t a  w e re  o b t a i n e d  on c a r b o n  a b s o r p t i o n  r a t e s  i n  o r d i n a r y  h a r d ­

wood c h a r c o a l .  F i g u r e  51  3how3 t h e  r e s u l t s  f o r  c a r b u r i z i n g  

0 . 2  g  s a m p l e s  o f  c a r b o n y l  i r o n  WLW a t  9 2 5 ° 0 .  The s a m p l e s  w e re  

p r e s s e d  a t  1 3 8 ,0 0 0  p s i .  The v a l u e  o f  1 . 2 2  p e r c e n t a g e  w e i g h t  

i n c r e a s e  f o r  3 0 0 0  m i n u t e s  i s  e q u i v a l e n t  t o  a b o u t  1 .2 9 %  C .

F i g u r e  52 i l l u s t r a t e s  t h e  d i f f e r e n c e s  c a u s e d  b y  a  v a r i a t i o n  

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

l l T  a  m / s  — »<—« 1  1  •—<* V  4 *  4  «•<* /■*. m m  ■ v .V s - i.  4  r »  v t  m » ■ »  m  w  - t  M  U *  A V k
xj u v o i  jl 'o  x t t  o  J- v o  j t j  o a i u j . '  v  u ju u g  o a x  p o i ' j . u u o  •  x* v/x

l o w e r  p r e s s i n g  p r e s s u r e s  t h e r e  i s  a  m uch  m ore  r a p i d  w e i g h t  

g a i n .  T h i s  I s  c a u s e d  by  o x i d a t i o n  c o m b in ed  w i t h  s u b s e q u e n t  

c a r b u r i z a t i o n  an d  a s  a  r e s u l t  t h e  c u r v e  g o e s  t h r o u g h  a  maximum. 

A t t h e  h i g h e r  p r e s s i n g  p r e s s u r e s  n o  maximum i s  e v i d e n t  b e ­

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

p o w d e r .  B e c a u s e  o f  t h e  o x i d a t i o n  p o s s i b l e  i n  p a c k  c a r b u r i z i n g  

a s  t h e  m ass  I s  b e i n g  h e a t e d  i t  w o u ld  seem  m uch m o re  p r a c t i c a b l e  

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

p o w d e r  s a m p le s  a r e  i n t r o d u c e d  i n t o  t h e  h o t  zo n e  w i t h o u t  a  

g r e a t  t e m p e r a t u r e  l a g .  I f  l o n g  t im e  c a r b u r i z i n g  i s  n o t  

o b j e c t i o n a b l e ,  a s  was t h e  c a s e  I n  s a m p le s  p r e p a r e d  f o r  t h e  

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

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

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

p r e p a r e  p u r e  s t e e l s  o f  c o n t r o l l e d  c a r b o n  c o n t e n t  b y  t h i s  m e th o d
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t h a n  by gas  c a r b u r i z i n g  o r  by m ix in g  g r a p h i t e  and i r o n  f o l lo w e d  

by s u b se q u e n t  h e a t i n g  t o  form  a u - s t e n i t e .

In  tw e n ty  and 140 m in u te s  a t  t e m p e r a tu r e  u n d e r  

c o n d i t i o n s  shown i n  F ig u r e  52 th e  p e r c e n ta g e  w e ig h t  i n c r e a s e  

v a r i e d  w i t h  p r e s s i n g  p r e s s u r e  a s  shov/n I n  Table  V.

TABLE V

P r e s s i n g  P r e s s u r e  ( p s i )  P e rc e n ta g e  W eight I n c r e a s e

2 3 ,0 0 0  1 .6 1
4 6 .0 0 0  1 .3 8
6 9 .0 0 0  1 .2 7
9 2 .0 0 0  1 -15

115 000 0 .9 6
13 8 I 000 0^80

Time a t  925°0 was 20 m in u te s

P r e s s i n g  P r e s s u r e  ( p s i )  P e rc e n ta g e  W eight I n c r e a s e

2 3 .0 0 0  1 .0 5
4 6 .0 0 0  1 .0 6
6 9 .0 0 0  1 .0 2
92 .0 0 0  1 ,0 3

1 1 5 .0 0 0  1 ,0 1
138 .000  0 .9 6

Time a t  925°C was 140 m in u te s  

I n  com p arin g  F ig u r e s  51 and 52 one may a t  f i r s t  

th o u g h t  b e l i e v e  t h a t  th e y  a r e  In  c o n f l i c t ,  I n  t h i r t y  m in u te s  

a t  t e m p e r a tu r e  t h e  'w eight i n c r e a s e  shown i n  F ig u r e  51 i s  0.52% 

w h i le  i n  F ig u r e  52 i t  I s  g iv e n  a s  0 .8 4 $ .  These v a lu e s  a r e  n o t  

i n  c o n f l i c t  -when one c o n s id e r s  t h a t  i n  th e  c o a r s e r  c h a r c o a l  

th e  0 .8 4 $  w e ig h t  i n c r e a s e  i s  a c t u a l l y  due t o  a  g r e a t e r  q u a n t i t y  

o f  o x ide  w hereas  t h e  0 .5 2 $  w e ig h t  change i s  more n e a r l y  th e  

a c t u a l  c a rb o n  c o n t e n t .
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1 0 3 .

Maximum Carbon C o n ten t  o f  C a rb u r iz e d  Cases

Some i n v e s t i g a t o r s  b e l i e v e  t h a t  th e  maximum c a rb o n  

c o n te n t  o f  c a r b u r i z e d  c a s e s  i s  l i m i t e d  by th e  Accm te m p e r a tu r e  

i n  th e  i r o n - i r o n  c a r b id e  c o n s t i t u t i o n a l  d iag ram  when th e  c a rb o n  

monoxide c o n te n t  i s  s u f f i c i e n t  t o  p e r m i t  g o in g  t o  t h a t  h ig h  a  

c a rb o n  c o n t e n t .  R e c e n t ly  c o n s i d e r a t i o n  h as  b een  g iv e n  to  t h i s  

p rob lem  by F loyd  F = H a r r i s  (22) and S id n e ^  B r e i t b a r t  1 2 3  

Most c e r t a i n l y  t h i s  i s  n o t  th e  case  when Ka2 C03 

e n e r g i z e r  i s  u s e d ,  a s  h as  been  shown, b u t  when i t  i s  n o t  i n t e n ­

t i o n a l l y  u sed  t h e r e  m ig h t  be some q u e s t i o n .  Many sam ples  

c a r b u r i z e d  a t  925°G i n  hardwood c h a r c o a l  show t h a t  a f t e r  lo n g  

t im e s  (60 h o u r s )  on l i g h t l y  p r e s s e d  sam ples  t h e  c a rb o n  c o n te n t

* -*  1  rZ - / — f -  HT!-. - 1  c .  a  1  1  - r  rr»4 n  P  4“ l * v a  A f l  . .  .  n  4*  O O  ®  f?o  ct x u v u  o  •  i i i v  v a ^ U w  v d. V i. ij .—’ w<. ~ ^

i s  a b o u t 0.1% l e s s .  At 1065°C v a lu e s  as h ig h  as 2.3% were

o b ta in e d  a f t e r  f o r t y  h o u rs  a t  th e  c a r b u r i z i n g  t e m p e r a t u r e .

The ACcuj g iv e n  a t  1065°C i s  c lo s e  t o  1.55% C, At 800°G i n

hardwood c h a r c o a l  (on 200 th r o u g h  150 mesh) th e  f o l l o w i n g

carb o n  c o n te n t s  were r e a c h e d ;

P r e s s i n g  P r e s s u r e  P e rc e n ta g e  Carbon
( p s i )

1 3 8 .0 0 0  0 .9 0
1 3 8 .0 0 0  0 .9 1

4 6 .0 0 0  0 o 90
4 6 .0 0 0  0 .9 0
•23,000 0 ,9 0
2 3 .0 0 0  0 .9 1

At 800°C e q u i l i b r i u m  d a t a  shows t h a t  th e  Aecra v a lu e  would n o t  

be r e a c h e d .  The c a rb o n  c o n te n t  would be l i m i t e d  to  a b o u t  

0,65% C. The d a t a  at. 300°C shows t h a t  th e  l e s s  dense  com pacts 

do n o t  r e a c h  ■unusuall’57' hi*?h c a rb o n  c o n t e n t s •»
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P e rh a p s  n o t  enough d a t a  a r e  a v a i l a b l e ,  b u t  t h e r e  

seems t o  be no  d e f i n i t e  t h e o r e t i c a l  r e a s o n  why th e  ca rb o n  

c o n te n t  s h o u ld  be l i m i t e d  to  th e  AcCm t e m p e r a t u r e .  I t  would 

seem more l o g i c a l  t o  e x p e c t  p r e c i p i t a t i o n  o f  FegC as  a  second 

p h a s e .

C a r b u r i z in g  o f  E l e c t r o l y t i c  and Hydrogen 

Reduced I r o n  Powders

E l e c t r o l y t i c  i r o n  powder and h y d ro g en  re d u ced  i r o n  

powder o f  th e  f o l l o w i n g  a n a ly s e s  were g iv e n  a  hyd rogen  t r e a t ­

m ent a t  260°C f o r  tw e n ty  f o u r  h o u r s . T h is  t r e a t m e n t  was 

s i m i l a r  t o  th e  cns  g iv e n  th e  c a r b o n y l  i r o n  "L” u sed  f o r  a l l  

o t h e r  s t u d i e s .

E l e c t r o l y t i c  I r o n  (a n n e a le d )

T o t a l  I r o n 9 9 ,50$
Copper 0 .0 1
S i l i c a 0 .0 2
Manganese 0 .027
Z inc 0 .090
N ic k e l None
S u lp h u r 0 .001
P hosphorus 0 ,002
F ree  Carbon 0 .005
0 w  era n- - -«,» v ----- -

A f t e r  th e hydrogen  t

and c a r b u r i z e d  a lo n g  v

Hydrogen Reduced 
I r o n  Powder

T o t a l  I r o n  99$ minimum 
Carbon 0 .0 4
Manganese 0 .1 8

If T If

changes  were

P r e s s i n g  P r e s s u r e  1 3 8 ,0 0 0  p s i
C a r b u r iz in g  te m p e ra tu re  1500°P
TIttlg 2 2  h.oni*£?
^ c l i . *2̂  ^ 5.1*231 T'T'd yp! OVt*
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105.

P e rc e n ta g e  W eight Change 

C arbony l I r o n  ”L” 0.77%

E l e c t r o l y t i c  I r o n  0.52%

Hydrogen Reduced I r o n  0.93% Loss

I t  was q u i t e  e v i d e n t  t h a t  th e  l o s s  i n  w e ig h t

e n c o u n te r e d  was w i th  th e  h y d ro g en  red u ced  I r o n  cau sed  by th e  

p r e s e n c e  o f  th e  o x id e  i n  th e  pow der. M i c r o s t r u c t u r e s  p re p a re d  

o f  a l l  o f  them showed e u t e c t o i d  ea rb o n  c o n t e n t .  A f a i r  

e s t i m a t e  i s  t h a t  a l l  were a b o u t  0.35% c a r b o n .  In  an  e n d e a v o r  

t o  g a in  some c o n c e p t  o f  th e  oxygen c o n te n t s  o f  t h e s e  v a r io u s  

pow ders th e y  were ru n  i n  com pressed  form  ( 4 6 ?000 p s i )  a t  

2000°Fs The l o s s  i n  hyd.rogsn (n o t  n e c e s s a r i l y  a l l  oxygen) 

a f t e r  tw e n ty  f i v e  h o u rs  was

C arbony l I r o n  !,L!t 0.04%

E l e c t r o l y t i c  I r o n  0.70%

Hydrogen Reduced I r o n  1.92%

The tim e o f  tw e n ty  f i v e  h o u rs  was s p l i t  i n t o  t h r e e

p e r i o d s  t o  d e te r m in e  t h a t  a  c o n s t a n t  w e ig h t  had been  r e a c h e d .  

The p e r c e n ta g e  l o s s e s  v a r i e d  w i th  tim e as f o l l o w s ;

Hydrogen Loss

A f t e r  A f t e r  A f t e r
11 l / 2  h o u rs  15 h o u rs  25 h o u rs

C arb o n y l i r o n  "Ln 0 ,0 4  0 .0 4  0 .0 4

E l e c t r o l y t i c  I r o n  0 .5 6  0 .7 0  0 .7 0

Hydrogen Reduced I r o n  1 .8 8  1 .9 2  1 .9 2

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



This i n d i c a t e s  t h a t  u n d e r  th e s e  c o n d i t i o n s  th e  oxygen rem ova l 

i s  s lo w e r  w i th  th e  e l e c t r o l y t i c  i r o n  th a n  w i th  t h e  hyd ro g en  

re d u c e d  i r o n ,  w h ich  has  a  g r e a t e r  oxygen c o n t e n t .  T h is  i s  

a l s o  e v id e n t  when one compares th e  l o s s e s  i n  hydrogen  and th e  

p e r c e n ta g e  w e ig h t  c h a n g e s .  By a d d in g  th e s e  v a lu e s  a l g e b r a i c a l l y  

and c o n s i d e r i n g  t h a t  th e  0»04;? c a rb o n  i n  th e  hydrogen  red u c ed  

i r o n  i s  l o s t  d u r i n g  th e  hydrogen  t r e a t m e n t  and p r e s e n t  i n  

th e  o r i g i n a l  powder th e  p e r c e n ta g e  w e ig h t  changes i n  th e  

p r e v io u s  c a r b u r i z i n g  e x p e r im en t  sh o u ld  have b e en ;

C arbony l I r o n  "L” + 0.31/S

T?T ^ 4. ** ■ m J. 4 « T m am « A 1 C  (0u x C  x r u n  ~r v « J - O /0

Hydrogen Reduced I r o n  = i  - 07%

i n s t e a d  o f  

C arbony l I r o n  HLn -t 0.77;*

E l e c t r o l y t i c  I r o n  + 0 .5 2 $

Hydrogen Reduced I r o n  -  0.93/S

The above c a l c u l a t i o n s  a re  made a ssu m in g  th e  a c t u a l  c a rb o n

c o n te n t  o f  th e  compact t o  be 0 .8 5 ;t .  The s i g n i f i c a n t  p o i n t

i s  t h a t  0.37f5 oxygen rem ains  i n  th e  e l e c t r o l y t i c  i r o n  powder 

com pacts as  compared t o  0.14.* i n  th e  h y d ro g en  red u c ed  powder 

c o m p ac ts .

A n o th e r  s e t  o f  a l l  t h r e e  ty p e  i r o n s  were c a r b u r i z e d  

f o r  t h i r t y  s i x  h o u rs  a t  815°C i n  hardwood c h a r c o a l  (on 150 

th ro u g h  100 m e an ) .  The sam ples were p r e s s e d  a t  138 ,000  p s i .  

.A fter c a r b u r i z i n g  th e  com pacts were hom ogenized a t  1100°C f o r  

f i f t v  f i v e  m in u te s  i n  th e  n i t r o g e n  a tm o s o h e re .  R e s u l t s  were
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a s  f o l l o w s :

W e ig h t  P e r c e n t a g e  W e ig h t  P e r c e n t a g e  
G a in  As C a r b u r i z e d  L o s s  i n  H o m o g e n iz a t io n

C a r b o n y l  I r o n  uLn 0 .7 5  0 .0 6

E l e c t r o l y t i c  I r o n  0 .3 2  0 ,3 9

H y d ro g en  R ed u ced  I r o n  - 1 . 0 5  0 .2 3

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

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

i n  t h e  h y d r o g e n  r e d u c e d  p o w d e r ,  m o re  o f  t h e  o x i d e  i s  r e d u c e d  

i n  c a r b u r i z i n g .  T h i s  i s  t r u e  f o r  t h e  c o n d i t i o n s  u n d e r  w h ic h  

t h e s e  e x p e r i m e n t s  w ore  p e r f o r m e d ,  a n d  may n o t  b e  g e n e r a l®

T h is  f a c t ,  I f  g e n e r a l l y  t r u e ,  w o u ld  b e  o f  m a rk e d  i m p o r t a n c e  

i n  a n y  s t e e l s  m ade by  c a r b u r i z i n g  m e th o d s  b e c a u s e  i f  t h e y  

w e re  t o  b e  h e a t  t r e a t e d  t h e y  w ou ld  d e c a r - b u r i z e  when a u s t e n i t i s e d .  

T h i s ,  o f  c o u r s e ,  w o u ld  r e s u l t  i n  p o o r  c o n t r o l  o f  t h e  p r o p e r t i e s  

o f  t h e  p r o d u c t .

Vi/hen s a m p l e s  o f  a l l  t h r e e  t y p e  p o w d e rs  w e re  c o m p a c te d  

a t  4 6 ,0 0 0  p s i ,  r e d u c e d  i n  h y d r o g e n  f o r  t w e n t y  f i v e  h o u r s  a t  

1 1 0 0 c C, t h e n  c a r b u r i z e d  a t  815°C f o r  t h i r t y  s i x  h o u r s  i n  

h a rd w o o d  c h a r c o a l  (on  1 5 0  t h r o u g h  1 0 0  m e sh )  t h e y  g a v e  w e i g h t  

p e r c e n t a g e  i n c r e a s e s  o f

C a r b o n y l  I r o n  ’'L*' 0 .7 6 /b

E l e c t r o l y t i c  I r o n  Q©78

H y d ro g e n  R ed u ced  I r o n  0 . 7 8
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These m ig h t  be c o n s id e r e d  e s s e n t i a l l y  th e  sam e. T h is  i s  b u t  

a l i m i t e d  amount o f  work a lo n g  th e s e  l i n e s  b u t  n e v e r t h e l e s s  

i n d i c a t e s  a d e f i n i t e  t r e n d .
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CONCLUSIONS

The m ore  i m p o r t a n t  c o n c l u s i o n s  r e a c h e d  i n  m a k in g  

t h i s  s t u d y  a r e  t h a t :

1* V e ry  p u r e  s t e e l s  may b e  p r e p a r e d  b y  p a c k  c a r b u r i z i n g  

a  h i g h  p u r i t y  i r o n  s u c h  a s  c a r b o n y l  i r o n  " L ” *

2 .  P u re  s t e e l s  made f ro m  p o w d e r  w i t h o u t  g o i n g  i n t o  t h e  

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

w h ic h  d o  n o t  d i f f e r  m a r k e d ly  f ro m  t h o s e  fo u n d  i n  c o m p a r a b le  

s t e e l s  made b y  u t i l i z a t i o n  o f  t h e  l i q u i d  p h a s e .  T h i s  i s  

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

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

p r o d u c e d 3 w i t h o u t  t o o  much d i f f i c u l t y ,  t h a t  a r e  e q u i v a l e n t  

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

3 .  S o d iu m  c a r b o n a t e  u s e d  a s  a n  e n e r g i z e r  a l t e r s  m a r k e d l y

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

!,Ln c o m p a c t s .

4 .  C a rb o n  a b s o r p t i o n  may t a k e  p l a c e  w i t h  so d iu m  c a r b o n a t e

e n e r g i z e d  h a rd w o o d  c h a r c o a l  a t  t e m p e r a t u r e s  a s  low  a s  585°C«

5 .  The o x i d e  c o n t e n t  o f  i r o n  p o w d e rs  i s  an  i m p o r t a n t  

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

t i o n ,  p a r t i c u l a r l y  t h o s e  w h ic h  may be  s u b j e c t e d  t o  h e a t  t r e a t ­

m e n t  t o  g a i n  h i g h  s t r e n g t h s .

S i n c e  i t  was p o s s i b l e  t o  p r o d u c e  a  h i g h  g r a d e  s t e e l  

i t  w o u ld  seem  r e l a t i v e l y  s i m p l e ,  I n  f u r t h e r  w o r k ,  t o  s t u d y  t h e
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i n f l u e n c e  o f  th e  i n t r o d u c t i o n  o f  even  s m a l l  q u a n t i t i e s  o f  

o t h e r  e le m e n ts  and compounds i n t o  t h e  powder c o m p a c ts .  W ith  

a  h ig h  p u r i t y  p ro d u c t  i t  may he p o s s i b l e  t o  show, f o r  ex am ple , 

w h e th e r  c o b a l t  a c t u a l l y  does  i n c r e a s e  th e  r a t e  o f  a u s b e n i t e  

d e c o m p o s i t io n  i n  s t e e l s  and what th e  mechanism may b e .  To 

i l l u s t r a t e  f u r t h e r ,  a more c a r e f u l  g r a i n  g row th  s tu d y  cou ld  

be co n d u c ted  on s t e e l s  t o  show more p r e c i s e l y  t h e  i n f l u e n c e  

o f  v a r io u s  compounds su ch  a s  aluminum o x id e  on g r a i n  g row th  

phenom ena. An o p p o r tu n i ty  e x i s t s  im m e d ia te ly  f o r  s e c u r i n g  

d a t a  t o  l e a r n  how e n e r g i z e r s  f u n c t i o n  i n  c a r b u r i z i n g  i r o n  and 

s t e e l .  This  s tu d y  m ig h t  w e l l  b e g in  by em ploy ing  o t h e r  compounds 

as  e n e r g i z e r s .  U ncovering  some o f  th e  s e c r e t s  i n  n a u u re  i s  

a lw ays  d i f f i c u l t  b u t  i t  i s  s i n c e r e l y  b e l i e v e d  t h a t  w i th  

r e s p e c t  t o  th e  m e t a l l i c  s t a t e  th e  jo b  may be made much e a s i e r  

th r o u g h  u s e  o f  m e ta l  p o w d e rs .
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