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PHYSICAL GHAT? CriiiS A EQUILIBRIA IN SPECIAL STEELS.

By.lU A. D i c k i e . B.Sc . ,P h .P  AJ R_.TJ C .

T h is  t h e s i s  d e s c r i b e s  r e s e a r c h  work c a r r i e d  o u t  by the  

a u t h o r  in  the  M e t a l l u r g i c a l  Depar tm ent  o f  th e  Royal  T e c h n ic a l  

C o l l e g e , Glasgow d u r i n g  the  s i x  y e a r s  from 1923 to  1929. The work 

has  been d i r e c t e d  l a r g e l y  to  the  e l u c i d a t i o n  o f  p h y s i c a l  cnanges 

and e q u i l i b r i a  in  t e r n a r y  and q u a t e r n a r y  s t e e l s  w i th  a view t o  

p l a c i n g  th e  knowledge o f  t h e s e  s t e e l s  on a more r a t i o n a l  b a s i s  

tn a n  h i t h e r t o .  I t  i s  a n o te w o r th y  f a c t  t h a t  th e  knowledge o f  the  

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

been f o r  many y e a r s  f a r  in  advance o f  the  fu n d a m e n ta l  s c i e n t i f i c  

knowledge o f  them. This  i s  due p a r t l y  to  th e  f a c t  t h a t  d i r e c t  

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

even  some academ ic  r e s e a r c h e s  and p a r t l y  t o  th e  l a b o r i o u s  n a t u r e  

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

a b l e  p a s s a g e  o f  t im e b e f o r e  r e s u l t s  o f  any consequence  can be 

p r o d u c e d .

The a u t n o r  has  been  f o r t u n a t e  in  h a v in g  the  s u p p o r t  of  

th e  E x e c u t i v e  Committee o f  the  C a rn eg ie  T r u s t  f o r  th e  U n i v e r s i t i e s  

o f  S c o t l a n d  by th e  award o f  a R e se a rc h  S c h o l a r s h i p  and l a t e r  a 

R e s e a r c h  F e l l o w s h i p  f o r  th e  p r o s e c u t i o n  o f  m e t a l l u r g i c a l  r e s e a r c h  

from th e  s t a n d p o i n t  o f  p u re  s c i e n c e .

• The f i r s t  p o r t i o n  o f  the  t h e s i s  d e s c r i b e s  work d e s ig n e d  

t o  f i n d  t h e  p h y s i c a l  changes  u n d e r l y i n g  th e  p r o d u c t i o n  o f  tem p er -  

b r i t t l e n e s s  in  s t e e l s .  These changes  a r e  shown t o  be c o n n e c te d
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w i th  t h e  s o l u b i l i t y  o f  c a r b i d e  i n  f e r r i t e  and the  r e s e a r c h  was 

d e v e lop ed  to  d e te r m in e  th e  s o l u b i l i t y  l i n e s  o f  carbon  i n  f e r r i t e  

i n  a wide ran g e  o f  s t e e l s .  To com ple te  th e  scheme th e  work was 

ex te n d e d  t o  i n c l u d e  changes  a t  h i g h e r  t e m p e r a t u r e s  w i th  p a r t i c u l a r  

r e f e r e n c e  t o  r e a c t i o n s  i n  th e  Ac1 r a n g e .  The l a t t e r  p a r t  o f  the  

work th row s  l i g h t  on a l l  c r i t i c a l  changes  in  t e r n a r y  and q u a t e r n a r y  

s t e e l s  .

The d a t a  (w i th  a few e x c e p t i o n s )  used  in  t h i s  t h e s i s  have 

been  p u b l i s h e d  i n  th e  f o l l o w i n g  f o u r  p a p e r s  i n  t h e  J o u r n a l  o f  the  

I r o n  and S t e e l  I n s t i t u t e :  No .2 ,1 9 2 6 , -p .359* No . 1 , 1 9 2 7 ,p .647, No.2, 

1 9 2 7 ,p . 223,  and Mo.2 ,1 92 9 -

TKMr lilR - ERITTL7NTS5 .

The term " t e m p e r - b r i t t l e n e s s "  r e f e r s  t o  the  low im pact  

v a lu e  p roduced  i n  a n o t c h e d - b a r  im pact  t e s t - p i e c e  a f t e r  th e  s t e e l  

has  been  t r e a t e d  i n  c e r t a i n  ways, f o r  example ,  by c o o l i n g  s lo w ly  

from a h ig h  t e m p e r i n g  t e m p e r a t u r e  o r  by r e h e a t i n g  the  w a t e r - t e m p e r ­

ed s t e e l  t o  a b o u t  5 2 0 ° ! .  The e f f e c t  i s  p a r t i c u l a r l y  n o t i f i a b l e  in

c e r t a i n  n ick e l -c h ro rn iu m  s t e e l s ,  th e  Izod im pact  v a lu e  b e in g  reduced
i n  th e  w a t e r - t e m p e r e d  c o n d i t i o n  

from a b o u t  00 f o o t - p o u n d s ^ t o  a b o u t  10 f o o t - p o u n d s  i n  th e  b r i t t l e

c o n d i t i o n .  This  phenomenon a t t r a c t e d  much a t t e n t i o n  d u r i n g  the

war owing t o  th e  e x t e n s i v e  use  o f  n icke l -c h ro rn iu m  s t e e l s  in

c o n n e c t i o n  w i th  arm aments ,  and i t  has  rem ained  f o r  y e a r s  one of

th e  most  p u z z l i n g  p rob lem s  i n  th e  m e t a l l u r g y  o f  s t e e l s .

The e f f e c t  o f  v a r i a t i o n  o f  h e a t - t r e a t m e n t  on the  n o t c h e d -  

b a r  im p a c t  v a lu e  o f  s t e e l s  s u s c e p t i b l e  t o  t e m p e r - b r i t t l e n e s s  i s  

now w e l l  known, due t o  much p r a c t i c a l  work on th e  m a t t e r  and to
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many p u b l i s h e d  r e s e a r c h e s ,  o u t s t a n d i n g  among which i s  the  ex haus t iv e  j
„ „ , T ( 1 . 2 )  In  c o m o o s i t io n  !

work o f  Greaves  and J o n e s .  The e f f e c t  o f  v a r i a t l o n . i s  a l s o  j
(3)  1

f a i r l y  w e l l  known as  th e  r e s u l t  o f  work by t h e s e  i n v e s t i g a t o r s  and j  

by Andrew and G r e e n , ^  G r i f f i t h s , ^ ^  Honda and Y a m a d a , ^  and !
( 7 )  iO b e r h o f f e r ,  H o c h s t e ln  and H e s s e n b r u c h . A t tem pts  by many w orke rs  !

I
h a v e ,  however ,  e n t i r e l y  f a i l e d  to  r e v e a l  th e  cause  o f  th e  v a r i a t i o n s ;  

i n  im pac t  v a lu e  and no c o n v in c in g  e x p l a n a t i o n  has  been p u t . f o r w a r d  j 

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

U n t i l  t h e  p u b l i c a t i o n  o f  th e  f i r s t  p o r t i o n  of  t h i s  work j
j

a few y e a r s  ago i t  was g e n e r a l l y  a c c e p t e d  t h a t  whereas th e  impact  

v a lu e  f a l l s  when a s t e e l  which i s  s u s c e p t i b l e  to  t e m p e r - b r i t t l e n e s s  

i s  co o led  s lo w ly  from the  t e m p e r in g  t e m p e r a t u r e ,  y e t  no a p p r e c i a b l e  

change had been  shown to  t a k e  p l a c e  in  any o t h e r  m e c h a n ic a l  p r o p e r t y  

( w i th  th e  p o s s i D l e  e x c e p t i o n  o f  a s m a l l  change in  e l a s t i c  l i m i t ) ,  

i n  any p h y s i c a l  p r o p e r t y  ( w i th  the  p o s s i b l e  e x c e p t i o n  o f  some 

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

In  consequence  o f  th e  a p p a r e n t  ab sen c e  o f  any p h y s i c a l  

changes  i n  any way commensurate  w i th  th e  g r e a t  change i n d i c a t e d  by 

th e  a r b i t r a r y  n o t c h e d - b a r  im p ac t  t e s t s ,  t h e  v a lu e  o f  a l l  o r  any of  

th e  m o d i f i c a t i o n s  o f  th e  l a t t e r  t e s t  as a m easure  o f  th e  r e a l  t o u g h ­

n e s s  o r  b r i t t l e n e s s  o f  a  m a t e r i a l  has  n a t u r a l l y  been q u e s t i o n e d .  .

From th e  work p u b l i s h e d  by o t h e r  w o rk e rs  i t  i s  e a sy  to  conclude  

t h a t  a  m in u te  and a lm o s t  n e g l i g i b l e  change in  the  c o n d i t i o n  of  a 

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

I t  i s  e v i d e n t  t h a t  t h e  s u b j e c t  c o u ld  n e v e r  be p l a c e d  on a 

s a t i s f a c t o r y  b a s i s  u n t i l  th e  p h y s i c a l  changes  which p roduce  the  

a l t e r a t i o n  i n  im pac t  v a lu e  were e l u c i d a t e d .  ^
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PHYSICAL DETERMINATIONS BY OTHER INVESTIGATORS.
( 2 )Greaves and J o n e s '  1 have compared the  s p e c i f i c  g r a v i t y ,  

h a r d n e s s ,  and s p e c i f i c  r e s i s t a n c e  o f  tough  and b r i t t l e  specimens 

i n  which t e m p e r i n g  e f f e c t s  have been  e q u a l i s e d - b y  a double  h e a t -  

t r e a t m e n t .  They found  t h a t  th e  s p e c i f i c  g r a v i t y  o f  w a t e r - c o o l e d  

to ug h  s t e e l  was from O-OOOA to  C-0010 l e s s  t h a n  t h a t  o f  the  b r i t t l e  

s t e e l ,  b u t  t h a t  when th e  tough  s t e e l  was r e h e a t e d  to  200°C. t h i s  

d i f f e r e n c e  was g r e a t l y  r e d u c e d .  This  r i s e  i n  s p e c i f i c  g r a v i t y  on 

low t e m p e r a t u r e  a n n e a l i n g  th ey  a t t r i b u t e d  t o  rem oval  o f  a c o n d i t i o n  

o f  s t r a i n  i n  th e  w a te r -q u e n c h e d  s t e e l ,  and th e y  co n c lu ded  t h a t  " the  

d i f f e r e n c e  in  d e n s i t y  due s o l e l y  to  th e  c o n d i t i o n  o f  to u g h n e s s  o r  

b r i t t l e n e s s  a p p e a r s  t o  be a t  most 1 p a r t  i n  2 0 ,0 0 0 . "

From B r in e  11 h a r d n e s s  d e t e r m i n a t i o n s  on w a te r -q u e n c h e d  and 

s lo w ly  c o o le d  spec im ens  th ey  c o n c lu d e :  "These r e s u l t s  show t h a t  

when u n e q u a l  t e m p e r i n g  e f f e c t s  a r e  e l i m i n a t e d  i n  p r o d u c in g  tough 

and b r i t t l e  m a t e r i a l ,  t h e r e  i s  no a p p r e c i a b l e  d i f f e r e n c e  i n  th e  

h a r d n e s s  o f  t h e  two v a r i e t i e s . ”

From d e t e r m i n a t i o n s  o f  s p e c i f i c  r e s i s t a n c e  on s i m i l a r l y  

t r e a t e d  spec im ens  t h e y  co nc lu d e  t h a t  : "The r e s i s t i v i t y  a t  0°G. of  

to u g h  and b r i t t l e  m a t e r i a l  was I d e n t i c a l  w i t h i n  th e  e x p e r i m e n t a l  

e r r o r

The same i n v e s t i g a t o r s  found t h a t  i n  t h e  m a j o r i t y  o f  s t e e l s  

t h e  e l a s t i c  l i m i t  i n  th e  b r i t t l e  c o n d i t i o n  was a b ou t  3 to n s  p e r  

sq u a r e  i n c h  h i g h e r  t h a n  t h a t  o f  t h e  same s t e e l s  i n  th e  quenched 

toug h  c o n d i t i o n ,  b u t  t h a t  when m odera te  r a t e s  o f  c o o l i n g  were 

a d o p te d ,  o r  when th e  quenched  s t e e l  was s u b j e c t e d  t o  low - tem p er -  

a t u r e  a n n e a l i n g ,  th e  e l a s t i c  l i m i t s  o f  t h e  two c o n d i t i o n s  were , ,v
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e q u a l i s e d .
( 8 )

F h l l p o t  found no change i n  s p e c i f i c  g r a v i t y  on compar­

i n g  s t e e l s  in  v a r i o u s  c o n d i t i o n s ,  IIis c o n c l u s i o n s  were s u p p o r t e d

by o t h e r  o b s e r v e r s .
(9)

Rogers c la im ed  t h a t  the  b r i t t l e  s t a t e  was s o f t e r  t h a n  

th e  to u g h ,  b u t  no a t t e m p t  was made i n  h i s  e x p e r im e n t s  to  d i f f e r ­

e n t i a t e  be tw een  t h e  e f f e c t  o f  ’' e x t r a - t e m p e r i n g ” i n  th e  s lo w ly  

c o o le d  spec im ens  and th e  e f f e c t  o f  th e  change t o  th e  b r i t t l e  

c o n d i t i o n .
The s o f t e n i n g  e f f e c t  o b se rv e d  i n  many c a s e s  has u s u a l l y  

been  a t t r i b u t e d  t o  " e x t r a - t e m p e r i n g ” , and Greaves and J o n e s ,  as 

a l r e a d y  s t a t e d ,  produced  v e ry  good e v id e n c e  t o  show t h a t  when temp­

e r i n g  e f f e c t s  were e q u a l i s e d  t h e r e  was no s o f t e n i n g  in  the  b r i t t l e  

s t a t e .

Thermal  c u rv e s  t a k e n  by the  d i f f e r e n t i a l  method have been
( 9 ) ( 2 )p u b l i s h e d  by Rogers  ' and Greaves and Jon es  . These p o i n t  t o

t h e  p o s s i b i l i t y  o f  an a b s o r p t i o n  o f  h e a t  on h e a t i n g  and an e v o l u t i o n

on c o o l i n g  th r o u g h  th e  " b r i t t l e n e s s  rangeV

G u i l l e t ^ 0  ̂ has  c a r r i e d  o u t  work on d i l  a t a t l o n  and th e rm o ­

e l e c t r i c  power .  His c o n c l u s i o n s  a re  as f o l l o w s ;  ” D i l a t a t i o n

e x p e r im e n t s  d i d  n o t  f u r n i s h  any in fo rm a t io n ' , ’ a n d ’’T h e r m o - e l e c t r i c  

t e s t s  gave e q u a l l y  no i n d i c a t i o n ” o f  a p h y s i c a l  ch ang e .

The m a g n e t i c  p r o p e r t i e s  o f  toug h  and b r i t t l e  s t e e l  have 

been  compared by Kayseri  He gave f i g u r e s  showing t h a t  th e  

remanence o f  one s t e e l ,  which was s u s c e p t i b l e  t o  b r i t t l e n e s s ,

I n c r e a s e d  40 p e r  c e n t ,  on s l o w - c o o l i n g .
( 12 )

F i g u r e s  g iv e n  by G eb er t  o f  m ag n e t ic  t e s t s  on a  n i c k e l



6 .

and on a n icke l -c h ro rn iu m  s t e e l ,  quenched and tem pered  a t  v a r i o u s  

t e m p e r a t u r e s ,  f o l lo w e d  by a i r - c o o l i n g ,  showed t h a t  th e  r e s i d u a l  

i n d u c t i o n  i n  b o th  s t e e l s  i n c r e a s e d  v e ry  c o n s i d e r a b l y  a f t e r  temp­

e r i n g  a t  4 25°C» and above .  G eber t  d i d  n o t ,h o w e v e r ,  compare specimens 

i n  th e  to u g h  and b r i t t l e  c o n d i t i o n .
( 1 3 )S i m i l a r  e x p e r im e n t s  by Dowdell on a number o f  ca rbon  

and s p e c i a l  s t e e l s  showed a s i m i l a r  r i s e  to  t h a t  o b se rv ed  by Geber t

b u t  o n ly  i n  a few s t e e l s  was th e  r i s e  a t  a l l  p ronounced ,  and the

change was much g r e a t e r  i n  a l l  h i s  c a rbon  s t e e l s  th a n  i n  any of  the  

s p e c i a l  s t e e l s  exam ined .  He d i d  n o t  compare b r i t t l e  and tough  s t e e l s  

I t  i s  e v i d e n t  from the  work o f  Dowdell  t h a t  the  r i s e  in  

r e s i d u a l  i n d u c t i o n  a f t e r  t e m p e r in g  t o  400°C. o r  500°C. i s  ve ry  

marked i n  s t e e l s  which a re  n o t  s u s c e p t i b l e  t o  t e m p e r - b r i t t l e n e s s .

R e s u l t s  p u b l i s h e d  by o t h e r  w orke rs  s u p p o r t  t h i s  v ie w ^ 1̂ ’ •
(5) m agnetisation in

Honda and Yamada ' have shown a d i f f e r e n c e  o f Atough  and

b r i t t l e  s p e c im e n s .  This  d i f f e r e n c e  i s ,  however ,  a l s o  found in  non-

s u s c e p t i b l e  s t e e l s .  These i n v e s t i g a t o r s  a l s o  measured  the  change

i n  r e s i s t i v i t y  a f t e r  r e h e a t i n g  to  t e m p e r a t u r e s  above 400°C. This 
is

change ,  however ,  due t o  s p h e r o i d i s a t i o n  o f  c a r b i d e ,  as w i l l  be seen  

l a t e r  i n  t h i s  t h e s i s ,  and i s  n o t  a measure  o f  e i t h e r  t e m p e r - b r i t t l e ­

n e s s  o r  c a r b i d e  s o l u b i l i t y .  I t  I s  p r e s e n t  i n  many s t e e l s  which a re  

n o t  s u s c e p t i b l e  t o  b r i t t l e n e s s .

F i n a l l y ,  many w o rke rs  t e s t i f y  t o  the  absence  o f  any d fe tec t -  

A,ble change i n  m i c r o s t r u c t u r e  .

I t  i s  c l e a r  t h a t  a l l  t h e  e v id e n c e  p u b l i s h e d  up t o  the  

p r e s e n t  by o t h e r  w o rk e rs  p o i n t s  t o  th e  a b sen ce  o f  any s u b s t a n t i a l  

p h y s i c a l  change a s s o c i a t e d  w i th  the change i n  im pac t  v a lu e  from
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the  toug h  t o  th e  b r i t t l e  c o n d i t i o n .  There would a p p e a r  to  he no 

change in  d e n s i t y ,  h a r d n e s s ,  r e s i s t i v i t y ,  t h e r m o - e l e c t r i c  power, 

o r  m i c r o s t r u c t u r e ,  and any changes which may take  p l a c e  in  m agnetic  

p r o p e r t i e s  a re  common to  a l l  s t e e l s  w h e th e r  s u s c e p t i b l e  t o  tem per-  

b r i t t l e n e s s  o r  n o t .

EXPERIMENTAL METHODS.

In  o r d e r  to  have any chance o f  f i n d i n g  the  changes p r o d u c ­

in g  t e m p e r - b r i t t l e n e s s  i t  was e v i d e n t l y  e s s e n t i a l ,  i n  view of  the  

n e g a t i v e  r e s u l t s  p roduced  by o t h e r  workers  in  t h i s  f i e l d ,  t o  use 

more a c c u r a t e  methods th a n  th o s e  p r e v i o u s l y  in  use  and a l s o  to  

c a r r y  o u t  th e  i n v e s t i g a t i o n  i n  a more com prehens ive  and s y s t e m a t i c  

manner.  No c lu e  e x i s t e d  in  p r e v i o u s  work as t o  the  n a t u r e  o f  the  

changes i n v o lv e d  and i t  was t h e r e f o r e  n e c e s s a r y  t o  co v er  th e  whole 

p h y s i c a l  f i e l d  from th e  b e g in n i n g ,  s t a r t i n g  on ly  w i th  th e  knowledge 

o f  t h e  v a r i a t i o n  i n  m e c h a n ic a l  p r o p e r t i e s  which had been very

f u l l y  r e v e a l e d  by p r e v i o u s  w o r k e r s .
ment

The m e a su re ^ o f  s p e c i f i c  volume and B r i n e l l  h a rd n e s s  was 

s e l e c t e d  a t  th e  o u t s e t  as  th e  most  s u i t a b l e  method of  a t t a c k .  

S p e c i f i c  volume may be s a i d  t o  be th e  most fu n d am e n ta l  p r o p e r t y  

o f  s t e e l s  and a method f o r  i t s  v e ry  a c c u r a t e  measurement  was 

a d o p te d  and d e v e l o p e d .  This  p r o p e r t y  i s  most  conveniently c o n s id e r e d  

as s p e c i f i c  volume and n o t  as s p e c i f i c  g r a v i t y  s i n c e  an i n c r e a s e  

i n  s p e c i f i c  volume means e x p a n s io n  and a d e c r e a s e  c o n t r a c t i o n .

The r e s u l t s  a r e  t h u s  e a s i e r  to  i n t e r p r e t  th a n  i f  the  s p e c i f i c  

g r a v i t y  were u s e d .  A lso ,  i n  a lm o s t  a l l  c a s e s  i n  s t e e l s  I n c r e a s e  

in  s p e c i f i c  volume i s  accompanied  by i n c r e a s e  i n  h a rd n e s s  and v i c e
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v e r s a .  The h a r d n e s s  can be conveniently t a k e n  on th e  same specimens 

as u sed  f o r  s p e c i f i c  volume and th u s  a v e ry  good check on the 

r e s u l t s  i s  o b t a i n e d .

In r e g a r d  to  h e a t - t r e a t m e n t  i t  was found t h a t  c a r r y i n g  t h i s  

o u t  i n  a vacuum was much p r e f e r a b l e  t o  h e a t i n g  in  e i t h e r  c o a l  gas 

o r  n i t r o g e n .  I t  w i l l  be shown l a t e r  t h a t  specim ens cou ld  be h e a t e d  

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

o t h e r  a l t e r a t i o n  i n  th e  sp e c im e n s .

Specimens o f  the  s t e e l s  a b o u t  25 grammes i n  w e ig h t  were 

h e a t - t r e a t e d  i n  a wire-wound e l e c t r i c  fu r n a c e  h a v in g  a t r a n s p a r e n t  

f u s e d - s i l i c a  t u b e .  The vacuum was o b t a i n e d  by a T o e p le r  mercury 

pump o f  l a r g e  c a p a c i t y .  A s o l u t i o n  o f  c e l l u l o i d  i n  amyl a c e t a t e  

was found t o  be v e ry  e f f i c i e n t  i n  o b t a i n i n g  a i r t i g h t  J o i n t s  on the  

f u r n a c e  and pump.
couple

As t e m p e r a t u r e  i n d i c a t o r  a p l a t i n u m  p la t in u m - i r id iu m ^ w a s
S e tused in  c o n j u n c t i o n  w i th  a Cambridge and F a u l  U n i v e r s a l  Test^  a 

Siemens T em pera tu re  I n d i c a t o r ,  o r  a T i n s l e y  p o t e n t i o m e t e r  and 

g a lv a n o m e te r .  The l a t t e r  was used  i n  a l l  c a s e s  when a b s o l u t e  

a c c u ra c y  o f  t e m p e r a t u r e  was d e s i r e d  a s ,  f o r  example i n  t r e a t m e n t s  

n e a r  t o  o r  in  t h e  Ac^ r a n g e .  The c a l i b r a t i o n  of  th e  c o u p le ,  which 

was done d i r e c t l y  a g a i n s t  s team  and th e  f r e e z i n g  p o i n t s  o f  pure  t i n ,  

l e a d ,  z i n c ,  a lum in ium , sodium c h l o r i d e  and c o p p e r ,  was checked from 

time t o  t i m e .

The sp ec im ens  a f t e r  h e a t - t r e a t m e n t  were ground th o ro u g h ly

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

p a p e r .  The sp ec im ens  were washed p e r f e c t l y  c l e a n ,  d r i e d  and p l a c e d  

i n  a d e s i c c a t o r  f o r  a t  l e a s t  h a l f - a n - h o u r .
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B r i n e l l  marks were i n v a r i a b l y  ground o f f  between t r e a t m e n t s .

Fo r  weighing^ a s p e c i a l l y  s e n s i t i v e  b a la n c e  was u se d ,  g i v i n g  

a c c u r a t e  w e ig h in g s  to  o n e - t e n t h  o f  a m i l l i g r a m .  The w e ig h ts  were 

s t a n d a r d i s e d  b e f o r e  commencing th e  r e s e a r c h  and from time t o  time 

t h r o u g h o u t . Sach spec im en was weighed i n  a i r  l y i n g  on the  b a la n c e  

pan ,  and a s t a n d a r d  spec im en  o f  known s p e c i f i c  g r a v i t y  was a l s o  

w e ig hed .  The spec im ens  were t h e n  immersed i n  p a r a f f i n  and l e f t  f o r  

o v e r  h a l f - a n - h o u r  t o  a l lo w  th e  t e m p e r a t u r e  t o  s t a b a l i s e .  A b e a k e r  

o f  th e  same p a r a f f i n  was u sed  i n  which t o  weigh th e  s p e c i m e n s , t h e s e  

b e i n g  su sp en d e d  i n  the  l i q u i d  i n  a  cage made o f  p l a t i n u m  w i r e .  The 

s t a n d a r d  spec im en  was weighed b e f o r e  and a f t e r  e a c h spec im en .  The 

s p e c i f i c  volume was t h e n  o b t a i n e d  by c a l c u l a t i o n  u s i n g  s e v e n - f i g u r e  

l o g a r i t h m s .  ,

There  i s  a ; s u r p r i s i n g  number o f  p o i n t s  to  be watched in  

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

These a r e  o n ly  a p p r e c i a t e d  a f t e r  some e x p e r i e n c e  and p r a c t i c e .

Accu r a c y  o f  t h e  S p e c i f i c  Volume M ethod .

With a v iew t o  f i n d i n g  th e  a c c u ra c y  o f  the  method the 

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

F ive  p i e c e s  o f  Armco I r o n  were a n n e a le d  by h e a t i n g  a t  

950°G. and c o o l i n g  s l o w l y .  A s h o r t  b a r  o f  a c a rb o n  s t e e l  was 

a n n e a le d  s i m i l a r l y  a t  800°C. and f i v e  spec im ens  were c u t  from th e  

b a r .  A b a r  o f  a n ick e l -c h ro rn iu m  s t e e l  was quenched i n  o i l  a f t e r  

h a l f - a n - h o u r  a t  8 5 0 ° 3 . ,  tem pered  f o r  two h o u rs  a t  6 5 0 ° 2 . ,  and s lo w ­

l y  c o o le d  a t  0*5°C. p e r  m inu te  t o  450°C.  S ix  specim ens were c u t  fron 

th e  b a r .

The s p e c i f i c  volume o f  a l l  t h e s e  spec im ens  was d e te r m in e d



TABLE 0 .

Armco I r o n .  1 s t .  D e t e r m i n a t i o n . 2nd.  D e t e r m i n a t i o n . D i f f e r e n c e .

( i ) 0 • 1 2 7 16A 0*127152 0*000012

(2) 0*127176 0*127153 0*000023

(3) 0*127183 0*127167 0*000016

(A) 0*127171 0*127179 0*000008

(5)
Maximum

0*127168 
D i f f e r e n c e  = 0*000031

0*127177 0*000009

0*71$ G S t e e l .
AA . 1 s t .  D e t e r m i n a t i o n . 2nd.  D e t e r m i n a t i o n . D i f f e r e n c e .

(1) 0*127528 0*127512 0*000010

(2) 0*127517 0*127526 0*000009

(3) 0*127532 0*127515 0*000017

(A) 0*127519 0 * 127 52A 0*000005

(5)
Maximum

0*127517 
D i f f e r e n c e  = 0*000017

0*127515 0*000002

tTicke i-Chrom-
ium S t e e l .  AH.1 s t .  D e t e r m i n a t i o n . 2nd.  D e t e r m i n a t i o n . D i f f e r e n c e .

(1) 0-12769A 0 •1 2 7 6 8A 0*000010

(2) 0*127652 0 •1276A8 0 * 00000A

(3) 0*127685 0*127660 0*000023

(A) 0 • 12770A 0 • 1276 8A 0 * 000020

(5) 0 • 1276A0 0*127652 0*000012

(6)
Maximum

0 • 12767A 
D i f f e r e n c e  = 0 *00006A

0*127668 0*000006
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and t h e n  th e  p r o c e s s  was e n t i r e l y  r e p e a t e d .  The two s e t s  o f  r e s u l t s  

a r e  shown i n  Table  0 .  I t  w i l l  be s e en  t h a t  th e  d i f f e r e n c e  on a 

r e p e a t  d e t e r m i n a t i o n  i s  p r a c t i c a l l y  the  same i n  each  o f  the  m a t e r ­

i a l s  u s e d .  From th e  f i g u r e s  shown the  e x p e r i m e n t a l  e r r o r  when the  

same s p e c i men i s u sed  f o r  the  r e d e t e r m l n a t l o n i s  a shade g r e a t e r  

t h a n  l O ’OOOOl. When d i f f e r e n t  specim ens  o f  the  same m a t e r i a l  a re  

compared, however ,  th e  maximum d i f f e r e n c e  i s  c o n s i d e r a b l y  r a i s e d  

a l t h o u g h  the  spec im ens  were s u b j e c t e d  to  the  same t r e a t m e n t .

The ca rbo n  s t e e l  i s  an e x c e p t i o n .  The n ick e l -ch ro rn ium  s t e e l  shows 

r e l a t i v e l y  l a r g e  v a r i a t i o n s  be tw een  s p e c im e n s .  This must  be due to  

h e t e r o g e n e i t y . I t  i s  t h u s  v e ry  a d v i s a b l e  to  use  the  same specimen 

th r o u g h o u t  a s e r i e s  o f  e x p e r i m e n t s .  D i f f e r e n c e s  due to  v a r i a t i o n  

o f  c o m p o s i t io n  o r  soundness  o f  th e  s t e e l  a r e  c o n s e q u e n t ly  p r a c t i c a l ­

ly  e x c lu d e d  from th e  r e s u l t s .  T h is  p r e c a u t i o n  was I n v a r i a b l y  adopted  

t h r o u g h o u t  the  r e s e a r c h .

The s t a n d a r d  spec im en  u se d  was a  p i e c e  o f  a n n e a le d  0*48 p e r  

c e n t ,  c a rb o n  s t e e l .  I t s  t r u e  s p e c i f i c  g r a v i t y  was d e te r m in e d  as 

f o l l o w s :  (1)  D e t e r m i n a t i o n  o f  th e  s p e c i f i c  g r a v i t y  oftfhe o i l  by

s p e c i f i c  g r a v i t y  b o t t l e  method a t  an e x a c t  t e m p e r a t u r e  o f  15°G•

(2)  D e t e r m i n a t i o n  o f  th e  s p e c i f i c  g r a v i t y  o f  the  s t a n d a r d  specimen 

i n  the  o i l  a t  t h e same e x a c t  t e m p e ra t u r e . (m easured  by Beckmann 

th e rm o m e te r ) .

By th e  above method v a r i a t i o n s  due t o  th e  a l t e r a t i o n ,  o f  

t e m p e r a t u r e  o f  the  o i l  a r e  a u t o m a t i c a l l y  a l lo w e d  f o r .

The B r i n e 11 h a r d n e s s  was t a k e n  on an Alpha machine u s i n g  

a lo ad  of  1500 k i l o g r a m s .  A s p e c i a l  b a l l  was k e p t  f o r  use  in  t h l a  

r e s e a r c h  and i t s  d i a m e t e r  d i d ' n o t  v a ry  even  a f t e r  y e a r s  o f  u s e .
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O t h e r  e x p e r i m e n t a l  methods a r e  d e s c r i b e d  l a t e r  in  connec­

t i o n  w i t h  th e  e x p e r i m e n t s  to  which th ey  r e f e r .

SXTSRIM3KTS TO DETERMINE THE EFFECTS OF SLOW COOLING,.

The f i v e  s t e e l s  shown i n  T ab le  1 were s e l e c t e d  f o r  t h i s

f i r s t  s e r i e s  o f  e x p e r i m e n t s .  NP1 and NP5 a r e  two of  the  s t e e l s
{*)u se d  by Andrew and Green i n  t h e i r  work on th e  e f f e c t  o f  p h o s ­

p ho rus  on th e  n o t c h e d - b a r  im p ac t  v a l u e .  NT1 has  a v e ry  low s u s c e p t ­

i b i l i t y  to  t e m p e r - b r i t t l e n e s s , whereas  NF5 h a s  a h ig h  s u s c e p t i b i l i t y  

AW22 and AW23 were a v a i l a b l e  i n  ve ry  s m a l l  q u a n t i t y  on ly  and impact  

t e s t s  c o u ld  n o t  be c a r r i e d  o u t  on them. They were th e  o n ly  n i c k e l -  

chrornium s t e e l s  a v a i l a b l e  a t  t h e  t i m e .  They a re  o f  c o m p o s i t io n s  

known to  d e v e lo p  t e m p e r - b r i t t l e n e s s  t o  a  c o n s i d e r a b l e  d e g r e e .

The c a rb o n  s t e e l  was i n c l u d e d  f o r  p u r p o s e s  o f  c o m p ar ison .

Two s e t s  o f  s p e c i f i c  volume spec im ens  o f  t h e s e  f i v e  s t e e l s

were t r e a t e d  as  f o l l o w s :

F i r s t  S e t  - O i l - q u e n c h e d  from 850°C. and tem pered  f o r  t h r e e  

h o u r s  a t  v a r i o u s  t e m p e r a t u r e s  from 450°C. upwards and quenched i n

w a t e r  a f t e r  each  t r e a t m e n t .

Second 3 e t - -  The same t r e a t m e n t  e x c e p t  t h a t  t e m p e r in g  was 

fo l lo w e d  by slow c o o l i n g  a t  a r a t e  o f  2°G. p e r  m inu te  i n s t e a d  o f

w a t e r - q u e n c h i n g .  T h is  r a t e  o f  c o o l i n g  was c o n t r o l l e d  as  e x a c t l y  as
t o  p roduce

p o s s i b l e .  I t  i s  n o t  s u f f i c i e n t l y  slow^much i f  any b r i t t l e n e s s  i n  , 

t h e  s t e e l s  b u t  i t  was t h o u g h t  to  be s u f f i c i e n t l y  slow t o  produce  

some change i n  th e  s t e e l s  and i t  was a c o n v e n i e n t  r a t e  f o r  c a r r y i n g  

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

Q uenching  in  o i l  a f t e r  h a l f - a n - h o u r  a t  850°G. p re c e d e d



Analysis of Steels.

Steel. c.
%

Mn.
%

Si.
%

P.
%

s.
%

Ni.
%

Cr.o//O Description.

A22 0-48 0-18 O i l Plain carbon
NP1 0-31 0-75 0 1 1 2 0 013 0-029 3-64 Nickel, low 

phosphorus
NP5 0-33 0-70 0 065 0-098 3-66 Nickel, high 

phosphorus
AW22 0-33 0-52 0 1 7 7 0-016 0-014 3-48 0-76 I Nickel-

j AW23
1

0-37 0-54 0-149 0-013 0-012 4-55 1-14 1 chromium

TABLE 1.
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TEMPERING T E M P E R A T U R E  

Fig. 1.—Carbon Steel, A22.
Full line.—Specimen quenched in water.

Dotted line.—Specimen slowly cooled at 2° C. per minute.
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Fig. 2.—Nickel Steel (Low Phosphorus), NP1.
Full line.—Specimen quenched in water.

Dotted line.— Specimen slowly cooled at 2° C. per minute.
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Fig. 3.—Nickel Steel (High Phosphorus), NP5.
Full line.—Specimen quenched in water.

Dotted line.—Specimen slowly cooled p,t 2° C. per minute.
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F ig .  4.—Nickel-Chrominm Steel, AW22.
Full line.— Specimen quenched in water.

Dotted line.—Specimen slowly cooled at 2° C. per minute.
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F ig .  6.—Nickel-Chromium Steel, AW23.
Full line.—Specimen quenched in water.

Dotted line.-—Specimen slowly cooled at 2° C. ner minute.
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each  t e m p e r i n g  t r e a t m e n t .

The s p e c i f i c  volume and B r in e  11 h a r d n e s s  r e s u l t s  a r e  p l o t t ­

ed i n  F i g s .  1, 2, 3 ,  4 ,  and 5.

S t e e l  AW23 ( F i g .  5), which c o n t a i n s  the  most n i c k e l  and 

chromium,shows a v e ry  marked and c o n s i s t e n t  change from 550°C. 

upwards i n  b o th  s p e c i f i c  volume and h a r d n e s s .  The change i n  s p e c i f i c  

volume g e t s  s t e a d i l y  g r e a t e r  as th e  t e m p e r a t u r e  i s  r a i s e d .  The 

changes  o n ly  become a p p a r e n t  when th e  " b r i t t l e n e s s  range"  i s  r ea ch e d  

Of th e  o t h e r  s t e e l s  AW22 shows i n d i c a t i o n s  o f  a s i m i l a r  change in  

s p e c i f i c  volume but  th e  r e m a in d e r  p o i n t  to  no p h y s i c a l  change 

t a k i n g  p l a c e .  No change i s  e v i d e n t  be tw een  th e  quenched and s lo w ly  

c o o le d  spec im ens  o f  s t e e l  NP5 which has  been  shown to  be h i g h l y  

s u s c e p t i b l e  to  t e m p e r - b r i t t l e n e s s .  The p o s s i b i l i t y  t h a t  a s t r a i n  

e f f e c t  induced  by q u e n c h in g  i s  a lo n e  r e s p o n s i b l e  f o r  th e  v e ry  mark­

ed changes  in  s p e c i f i c  volume and h a r d n e s s  i n  s t e e l  AW23 i s  comple te

ly  d i s c o u n t e n a n c e d  by th e  e n t i r e  ab sen c e  o f  any such change i n  the
by

carb o n  s t e e l  o r  i n  th e  n i c k e l  s t e e l s ,  as w e l l  a s ^ th e  v e ry  magni tude

of  th e  changes  i n  s t e e l  AW23 i t s e l f .  In  e ach  o f  t h e  n i c k e l  and

n ick e l -c h ro rn iu m  s t e e l s  t h e r e  i s  a  s h a r p  r e v e r s a l  o f  d i r e c t i o n  of

th e  c u rv e s  f o r  th e  quenched specim ens  a t  t e m p e r a t u r e s  c o i n c i d i n g

w i th ,  t h e  commencement o f  t h e  Ac^ ran g e  i n  each  s t e e l .  These changes
l a t e r

w i l l  be gone i n t o  v e ry  f u l l y . i n  th e  t h e s i s .  I t  i s  i n t e r e s t i n g  to  

n o t i c e  h e r e  t h a t  t h i s  r e v e r s a l  o f  d i r e c t i o n  i s  a l s o  n o t i c e d  i n  th e
to

curve  f o r  th e  s low c o o le d  spec im ens  o f  s t e e l  AW23* T h is  i s  due ^the 

f a c t  t h a t  th e  p o r t i o n s  o f  Y~lro n  s o l i d  s o l u t i o n  formed a t  th e  h ig h  

t e m p e r a t u r e  have an a i r - h a r d e n i n g  and e x p a n s io n  e f f e c t  on s low 

c o o l i n g .  T h is  on ly  p a r t i a l l y  masks th e  changes  t a k i n g  p l a c e  i n  the



Steel. Original Treatment. 
Tempered Three Hours a t 450° 0.

I
Repeat a t End of Experiments. 

Tempered Three Hours a t 430° 0.

A22 Quenched

Specific
Volume.

0-127401

Brinell
Hardness.

258 Quenched

Specific
Volume.

0-127381

Brinell j 
Hardness.

258
Slowly cooled 0-127374 256 9 9 0-127418 256

NP1 Quenched 0-127407 298 99 0-127397 289
Slowly cooled 0-127387 299 99 0-127416 287

NP5 Quenched 0-127430 302 99 0-127448 300
Slowly cooled 0-127407 300 99 0-127432 298

AW22 Quenched 0-127548 365 99 0-127551 356
Slowly cooled 0-127543 364 99 0-127552 361

AW23 Quenched 0-127666 369 99 0-127679 365
Slowly cooled 0-127677 367 99 0-127678 367

Original Treatment. Repeat Treatment.
Tempered Three Hours a t 670° C. Tempered Six Hours a t 670° C.

Specific Brinell Specific iirinell
Volume. Hardness. Volume. [lardness.

AW23 Quenched 0-127602 248 Quenched 0-127580 240
Slowly cooled 0-127388 209 ” 0-127615 240

TABLE 2 .



f e r r i t e  p o r t i o n s  of  t h e  s t e e l .

In  o r d e r  t o  f i n d  w h e th e r  th e  e x t r a  h e a t i n g  r e c e i v e d  by the  

s lo w ly  c o o le d  spec im ens  had p roduced  any r e l a t i v e  d i f f e r e n c e  b e t ­

ween them and th e  quenched sp e c im e n s ,  th e  t e n  specimens were r e -  

s u b j e c t e d ,  a t  the end o f  th e  s e r i e s  o f  e x p e r i m e n t s ,  to  the  o r i g i n a l  

t e m p e r in g  t r e a t m e n t  o f  t h r e e  h o u r s  a t  4 50°C. A l l  the  specimens were 

quenched from t h i s  t e m p e r a t u r e .  The r e s u l t s  a f t e r  t h i s  t r e a t m e n t  

a r e  g iv e n  i n  T ab le  2. The two spec im ens  o f  s t e e l  AW23 were t h e n  

a l s o  r e s u b j e c t e d  t o  a s i x  h o u r s ’ t r e a t m e n t  a t  670°C. ,  b o th  specimens 

b e i n g  quenched from t h i s  t e m p a r a t u r e . These r e s u l t s  a re  a l s o  shown 

i n  T able  2 .

The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  c l e a r l y  p rove  t h a t  no 

a p p r e c i a b l e  a l t e r a t i o n  had t a k e n  p l a c e  i n  any o f  t h e  spec im ens  

t h r o u g h o u t  th e  c o u r s e  o f  t r e a t m e n t s .  T h is  d e f i n i t e l y  e x c lu d e d  the  

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

had a f f e c t e d  th e  c o u r s e  o f  t h e  c u rv e s  in  any way, and a l s o  showed 

th e  e x c e l l e n c e  o f  t h e  method o f  h e a t - t r e a t m e n t  i n  an e f f i c i e n t  

vacuum when a c c u r a t e  p h y s i c a l  work i s  b e i n g  c a r r i e d  o u t .

The e x t r a  t h r e e  h o u r s '  t e m p e r i n g  a t  670°C . g iv e n  t o  the  

spec im ens  o f  s t e e l  AW23 shows t h a t  th e  e f f e c t  o f  e x t r a - t e m p e r i n g  

on alow c o o l i n g  was v e r y  s m a l l  i n  th e  c a s e  o f  t h e s e  e x p e r i m e n t s .  

Three h o u r s  e x t r a  t e m p e r i n g  a t  t h e  h i g h  t e m p e r a t u r e  has  g iv e n  a 

d ro p  o f  o n ly  8 B r i n e l l  and 0 ; 000022 i n  th e  s p e c i f i c  volume.  I f  a 

s h o r t e r  p e r i o d  o f  h e a t i n g  had  been  u s e d ,  however ,  i n  each  t r e a t m e n t  

e x t r a - t e m p e r i n g  would p r o b a b l y  have made i t s  a p p e a ra n c e  i n  th e  

r e s u l t s .  I t  i s  t h u s  e s s e n t i a l  i n  such  e x p e r im e n t s  t o  use  a  l o n g  

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



14 .

as n e a r l y  as p o s s i b l e  to  c o m p le t io n  a t  each  t e m p e r a t u r e .

O th e r  e x p e r i m e n t s  w i l l  be d e s c r i b e d  which a l s o  show t h a t  

e x t r a - t e m p e r i n g  c o u ld  n o t  be made to  e x p l a i n  th e  marked d i f f e r e n c e  

o b t a i n e d  on c o o l i n g  s t e e l  AY/23* The c o n c l u s i o n  t h a t  t h i s  d i f f e r e n c e  

i n  s p e c i f i c  volume and h a r d n e s s  was due t o  a  r a d i c a l  p h y s i c a l  chang« 

i n  t h e  s t e e l  was t h u s  w e l l  s u b s t a n t i a t e d .

T h is  c o n t r a c t i o n  and s o f t e n i n g  o f  th e  s t e e l  on slow c o o l i n g  

i s  what one would e x p e c t  from th e  s e p a r a t i o n  o f  a  s o l u t e  which had 

been  i n  s o l i d  s o l u t i o n  a t  t h e  t e m p e r i n g  t e m p e r a t u r e  and which i s  

r e t a i n e d  i n  th e  l a t t e r  c o n d i t i o n  on q u e n c h in g  the  s t e e l  i n  w a t e r .  

T h is  w i l l  be more f u l l y  d i s c u s s e d  a f t e r  f u r t h e r  e x p e r im e n t s  a re  

d e s c r i b e d  be low .

I t  w i l l  be s e e n  from th e  c u rv e s  i n  F i g s . 2 and 3 t h a t  the  

s p e c i f i c  volume f a l l s  v e ry  c o n s i d e r a b l y  as  th e  t e m p e r a t u r e  i s  r a i s ­

ed ,  and t h a t  t h i s  d e c r e a s e  i n c r e a s e s  r a p i d l y  a t  the  h i g h e r  t e m p e r -
(17)a t u r e s .  B e n ed ick s  h a s  g iv e n  f i g u r e s  to  show t h a t  t r o o s t i t e  

and p e a r l i t e  have  th e  same s p e c i f i c  volume b u t  i t  does  n o t  f o l lo w  

t h a t  the  s t a t e  o f  d i v i s i o n  o f  th e  c a r b i d e  has  no e f f e c t  on t h i s  

p r o p e r t y .  I n d e e d  a  g r e a t  d e a l  o f  e v id e n c e  h as  been  found i n  the  

c o u r s e  o f  t h i s  r e s e a r c h  which shows t h a t  th e  s t a t e  o f  d i v i s i o n ,  

as w e l l  as th e  s t a t e  o f  d i s t r i b u t i o n ,  o f  t h e  c a r b i d e  h a s  a ve ry  

c o n s i d e r a b l e  i n f l u e n c e .  G l o b u l a r i s a t i o n  o f  c a r b i d e  i n  th e  n i c k e l  

s t e e l s  i s  r a p i d  a s  compared w i t h  c a rb o n  s t e e l s ,  and the  e f f e c t  o f  

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

t o  th e  c l o s e s t  p a c k i n g  a r r a n g e m e n t  o f  th e  m ix tu r e  o f  c a rb o n  and 

f e r r i t e .  Any s o l u b i l i t y  o f  t h e  c a r b i d e  i n  f e r r i t e  would oppose  the  

o b s e r v e d  f a l l  i n  s p e c i f i c  vo lum e.  The r a p i d  change i n  th e  r a t e  o f
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g l o b u l a r i s a t l o n  w i th  s l i g h t  v a r i a t i o n  i n  t e m p e r in g  t e m p e r a t u r e

above 600° C . i s  p r o b a b l y  r e s p o n s i b l e  f o r  the  v a r i a b l e  im pac t  f i g u r e s
(5)o b t a i n e d  i n  n i c k e l  s t e e l s  which has  been  n o t e d  by G r i f f i t h s  

S i m i l a r  changes  a r e  to  be s e e n  i n  th e  n ic k e l -c h ro m iu ra  s t e e l s  in  

F i g s .  4 and 3 b u t  t h e y  a r e  n o t  so g r e a t , i n  a l l  p r o b a b i l i t y  due to  

th e  d i f f e r e n t  c o m p o s i t i o n  o f  th e  c a r b i d e .

MS x t r a - T e m p e r i n g HE xper  i n t e n t s .

I t  was t h o u g h t  a d v i s a b l e  to  f ind ,pu t  f u l l y  th e  e f f e c t  o f  

e x t r a - t e m p e r i n g  on the  s p e c i f i c  volume and h a r d n e s s  o f  n i c k e l -  

chromium s t e e l s  in  o r d e r  to  know t o  what d e g re e  t h i s  c o u ld  a f f e c t  

th e  r e s u l t s  i n  any h e a t - t r e a t m e n t .

The s t e e l s  shown i n  T ab le  3 were u sed  i n  t h e s e  e x p e r i m e n t s .  

The t h r e e  new n ick e l -c h ro rn iu m  s t e e l s ,  AH, NI, and NR3, were o b t a i n ­

ed ,  t h ro u g h  tne  k i n d n e s s  o f  Dr McCance, o f  t h e  Clyde A l lo y  S t e e l  

C o . ,  M o th e r w e l l ,  i n  s u f f i c i e n t  q u a n t i t y  t o  a l l o w  o f  im pac t  t e s t i n g  

t o  c o r r e l a t e  w i th  the  p h y s i c a l ^ d e t e r m i n a t i o n s .

Specimens o f  t h e s e  s t e e l s  were t em pered  ( a f t e r  o i l - q u e n c h ­

i n g  from 850°C .)  a t  650°C. f o r  two h o u r s  and quenched i n  w a t e r .

They were t h e n  r e t e m p e r e d  a t  650°C. f o r  a d d i t i o n a l  p e r i o d s  o f  s i x  

h o u rs  e ach  and quenched  i n  w a t e r  a f t e r  e ach  t r e a t m e n t .  The s p e c i f i c  

volume and th e  h a r d n e s s  were m easured  a f t e r  e ach  t r e a t m e n t ,  and

th e  r e s u l t s  a r e  p l o t t e d  i n  F i g .  6 .
volume

The f a l l  i n  s p e c i f i c ^ a n d  i n  h a r d n e s s  i s  s m a l l  i n  a l l  the  

s t e e l s  f o r  s h o r t  p e r i o d s  o f  e x t r a - t e m p e r i n g .  S ix  h o u r s  o f  e x t r a ­

t e m p e r in g  a t  650°C. p rod u ce  o n ly  a  d i f f e r e n c e  o f  a p p r o x i m a t e ly  

20 B r i n e l l  and 0*00004 in  t h e  s p e c i f i c  volume.  I t  i s  c e r t a i n  t h a t
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1 6 .
i s  g r e a t e r

th e  e f f e c t  o f  e x t r a - t e m p e r i n g  a t  650°C. ( se e  F i g s .  4 and. 5 ) ^ than  a t  

lo w er  t e m p e r a t u r e s  d u r i n g  s low c o o l i n g  and th u s  i t  i s  a p p a r e n t  t h a t  

any marked c o n t r a c t i o n  o r  s o f t e n i n g  which iS' o b se rv e d  i n  s lo w ly  

c o o le d  n ic k e l - e h r o m lu m  s t e e l s  c a n n o t  be a t t r i b u t e d  t o  t h i s  f a c t o r .  

The cu rve  f o r  s t e e l  AW23 shows c o n c l u s i v e l y  t h a t  th e  change o b se rv ed  

on s low c o o l i n g  i n  the  e a r l i e r  e x p e r im e n t s  ( F i g .  5) i s  n o t  due to  

t h e  e f f e c t  o f  e x t r a - t e m p e r i n g ,  b u t  must  be due t o  a  p h y s i c a l  change 

which t a k e s  p l a c e  d u r i n g  c o o l i n g .

T h is  s e r i e s  o f  e x p e r im e n t s  was c a r r i e d  much f u r t h e r  th an  

o r i g i n a l l y  i n t e n d e d ,  owing to  an a p p a r e n t  v e ry  s l i g h t  r i s e  in  

s p e c i f i c  volume a f t e r  t h e  spec im ens  had  b een  tem pered  f o r  a c o n s i d ­

e r a b l e  p e r i o d .  A f t e r  t h i s  r i s e  was f i r s t  n o t i c e d  each  s u c c e e d i n g  

t e m p e r in g  t r e a t m e n t  m ere ly  seemed t o  a c c e n t u a t e  i t ,  e x c e p t  i n  s t e a l  

NC, which shows an i n c r e a s e  i n  one t r e a t m e n t  o n l y .  The h a r d n e s s  

d rop p ed  s l i g h t l y  b u t  c o n t i n u o u s l y  i n  a l l  t h e  s t e e l s  u n t i l  the  l a s t  

t r e a t m e n t ,  when i t  r o s e  v e ry  s l i g h t l y  in  each  c a s e .  The h a r d n e s s  

r e s u l t s  t h r o u g h o u t  show t h a t  t h e  r i s e  in  s p e c i f i c  volume i s  n o t  due 

t o  g r a p h i t i s a t i o n  o f  the  c a r b i d e ,  and i t  i s  p o s s i b l e  t h a t  a ve ry

s m a l l  s e p a r a t i o n  o f  c a r b i d e  a t  t h e  g r a i n - b o u n d a r l e s  on each  r e h e a t -
( 1 8 )l n g  was r e s p o n s i b l e  f o r  t h e  s l i g h t  r i s e  i n  v a l u e s .  White  ley  has 

found such  an e f f e c t  i n  Armco i r o n  and c a rb o n  s t e e l s  by m ic r o s c o p ­

i c a l  m e tho d s .  The p r e s e n t  e x p e r i m e n t s  were c a r r i e d  o u t  b e f o r e  

W h i t e l e y ’s o b s e r v a t i o n s  were made known.

I z o d  Im pac t  E x p e r i m e n t s .

A number o f  e x p e r i m e n t s  were c a r r i e d  o u t  on the  new s t e e l s  

AH, NC, and NR3 t o  f i n d  t h e i r  s u s c e p t i b i l i t y  to  t e m p e r - b r i t t l e n e s s .
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F ig. 7.—Nickel-Chromium Steel, AH.
Full line.—Bars quenched in water.

Dotted line.—Bars slowly cooled at 0-3° C. per minute.

Cc 300

cq 2 00

70

60

50

4 0

20

690680670650 660
TEMPERING T E M P E R A  TUPE

F ig. 8.—Nickel-Chromium Steel, NC.
Full line.—Bara quenched in water.

Dotted line.— Bara slowly cooled at 0-3° C. per minute.
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( a s  measured  by th e  s t a n d a r d  Izod  t e s t ) ,  and a l s o  to  show th e  e f f e c t  

o f  t e m p e r a t u r e s  above th e  noVmal g e n e r a l l y  used  in  such t e s t s .

Bars o f  th e  s t e e l s  were f i r s t  o i l - q u e n c h e d  from 8bO°C. and 

th e n  tem pered  f o r  two h o u rs  a t  6 5 0 ° 3 . ,  670°C . ,  6 8 0 ° 3 . ,  a n d -6 9 0 °3 .

The t r e a t m e n t s  were c a r r i e d  o u t  i n  a l a r g e  e l e c t r i c  tu be  f u r n a c e  

h a v i n g  an e f f e c t i v e  h e a t i n g  l e n g t h  of  a b o u t  two f e e t  and wound so as 

to  g ive  as even  a t e m p e r a t u r e  as p o s s i b l e  from end to  e n d .  The f i v e -  

in ch  b a r s ,  which were p l a c e d  i n  th e  c e n t r e  o f  the  f u r n a c e ,  were th u s  

v e ry  e v e n ly  h e a t e d  t h r o u g h o u t  t h e i r  l e n g t h ,  and t e s t s  showed t h a t  

the  v a r i a t i o n  i n  t e m p e r a t u r e  d i d  n o t  exceed  a few d e g r e e s .  Ears  o f  

each s t e e l  were quenched i n  w a t e r  from each  t e m p e r in g  t e m p e r a t u r e ,  

and o t h e r  b a r s  were c o o le d  a t  a  v e ry  slow r a t e  (0 *5 °3 .  p e r  m in u te )  

i n  o r d e r  to  p rod u ce  th e  maximum b r i t t l e n e s s .  I zod  t e s t - p l e c e s  were 

t h e n  machined from th e  b a r s ,  Im pac t  t e s t s  c a r r i e d  o u t ,  and th e  

E r i n e l l  h a r d n e s s  t a k e n  n e a r  each  f r a c t u r e  on th e  im pact  p i e c e s .

The mean r e s u l t s  a r e  p l o t t e d  i n  F i g s .  7, 8, and 9 .

Sach o f  th e  s t e e l s  i s  v e ry  s u s c e p t i b l e  t o  b r i t t l e n e s s .  The 

most  i n t e r e s t i n g  f e a t u r e  o f  th e  r e s u l t s  i s  t h e  r i s e  in  th e  impact  

v a lu e  o f  th e  b a r s  w a te r - q u e n c h e d  above 650°C. i n  s t e e l s  NG and NR3 

(AH f a l l s  a t  6 7 0 °C . ,  b u t  m ig h t  be e x p e c t e d  t o  r i s e  between  650°C. 

and 6 7 0 ° C . ) .  T h is  r i s e  i n  im p a c t  v a lu e  i s  accompanied  by a f a l l  i n  

h a r d n e s s  due t o  th e  i n c r e a s e d  t e m p e r in g  e f f e c t  as th e  t e m p e r a t u r e  

i s  r a i s e d  ( see  F i g s .  A and 5 ) •  These e x p e r im e n t s  show t h a t  th e  h i g h ­

e r  th e  t e m p e r i n g  t e m p e r a t u r e  ( p r o v id e d  t h e  Ac-^ rang e  i s  n o t  r e a c h e d )  

th e  h i g h e r  t h e  im p a c t  v a lu e  o f  th e  to u gh  s t e e l .  This  a p p e a r s  t o  be 

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

Whenever th e  s t a r t  o f  the  a l l o t r o p l c  change i s  r e a c h e d ,  however ,
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t h e  Impact  f i g u r e  a g a i n  f a l l s ,  and t h i s  f a l l  i s  accompanied  by a 

r i s e  i n  h a r d n e s s ,  showing  t h a t  some s o l u t i o n  o f  c a r b i d e  i n  Y~iron  

has  t a k e n  p l a c e  a t  th e  t e m p e r i n g  t e m p e r a t u r e ,  w i th  s u b s e q u e n t  

f o r m a t io n  o f  some m a r t e n s i t e  on q u e n c h in g .

DETERMINATION OF THE PHYSICAL EFFECTS OF 
VERY SLOW COOLING.

The t e n  s t e e l s  shown i n  Table  4 were used  i n  t h i s  s e r i e s  

o f  e x p e r i m e n t s .

Specimens o f  t h e s e  s t e e l s  were t r e a t e d  w i th  a view t o  

p r o d u c i n g  the  maximum amount o f  b r i t t l e n e s s  i n  o r d e r  t o  o b t a i n  

th e  maximum p h y s i c a l  c h an g e .  In  e ac h  e x p e r im e n t  th e  r a t e  o f  c o o l i n g  

was 0*3°C. p « r  m in u t e .

V a r io u s  t e m p e r in g  t r e a t m e n t s  were g iv en  b e f o r e  s low c o o l i n g  

was commenced. S t e e l  G2 was quenched i n  o i l  from 1100°C. and the  

o t h e r s  from 850°C befox^e each  t r e a t m e n t .  The t r e a t m e n t s  and r e s u l t s  

a r e  g iv e n  i n  Table  5» t o g e t h e r  w i t h  f i g u r e s  f o r  th e  same s t e e l s  

quenched from a t e m p e r i n g  t e m p e r a t u r e  o f  650°C. The r e s u l t s  can n o t  

a l l  be p r e s e n t e d  g r a p h i c a l l y  b u t  a  few have been  p l o t t e d  i n  F i g s .

11, 12, and 13.

The r e s u l t s  o f  e x p e r im e n t s  ( 2 ) ,  ( 3 ) ,  and (4)  (Tab le  5) were 

a t  f i r s t  v e ry  p u z z l i n g  and d i s a p p o i n t i n g  i n  v iew o f  th e  absence  o f  

a s u b s t a n t i a l  change i n  any o f  t h e  s t e e l s .  S t e e l  AVf23 showed no 

change i n  s p e c i f i c  volume o f  th e  n a t u r e  found i n  e a r l i e r  e x p e r im e n t s  

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

C o n s i d e r a t i o n  o f  th e  r e s u l t s  a f t e r  s e v e r a l  f a i l u r e s  to  p r o ­

duce a  d e c r e a s e  i n  s p e c i f i c  volume o r  h a r d n e s s  w i th  v e ry  s low c o o l ­

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

j



Five nickel-chromium, AH, NC, NR3, AW22, AW 23)
One plain carbon, A22 As in previous series.
Two nickel, low and high phosphorus, NP1 and N P5) aoi
O n e  chromium, A AX (C, 0-32; Mn, 0-91; Si, 0-145; P, 0-026; S, 0-027;

One high carbon, nickel-chromium, G2 (C, 1-50; Mn, 0 -26; Ni, 3-46 ; Cr, 1-80 
per cent.).

TABLE 4 .

Steel.
0 )

Oh-hardened and Tempered 
650° O. for Two Honrs and 

W ater-Quenched.

(2)
Oh-hardened and Tempered 
650° O. tor Two Honrs and 

Cooled a t 0 • 3® 0. per Minute.

(3)
Oh-hardened and Tempered 

670® C. for 2} Hours and 
Cooled a t 0-3® 0. per Minute.

(4)
(3) Retempered 560® C. for 
Three Hours and Cooled a t 

0 • 3® C. per Minute.

(8)
Oh-hardened and Tempered 
670® 0. for Three Hours and 
Cooled at 2® C. per Minute.

AH

Specific
Volume.

0-127694

Brinell
Hardness.

278

Specific
Volume.

0-127698

Brinell
Hardness.

267

Specific
Volume.

0-127693

Brinell
Hardness.

266

Specific
Volume.

0-127716

Brinell
Hardness.

266

Specific
Volume.

0-127577

Brinell
Hardness.

252

NC 0-127556 264 0-127617 242 0-127559 256 0-127565 254 0-127524 235

NR 3 0-127611 266 0-127602 263 0-127630 269 0-127596 270 0-127543 245

AW22 0-127490 257 0-127466 247 0-127481 252 0-127487 249 0-127337 235

AW23 0-127619 265 0-127592 230 0-127591 238 0-127613 235
(0-127492 
■] 0-127482 
(0-127490

238
238
239

A22 0-127364 177 0-127368 170 0-127361 168 0-127361 170 0-127361 165

NP1 0-127330 198 0-127363 195 0-127296 192 0-127318 190 0-127153 196

NP5 0-127353 211 0-127288 201 0-127264 196 0-127303 196 0-127249 211

AAX 0-127625 261 0-127569 257 0-127631 215 0-127650 215 0-127620 228

G2 - ... 0-128120 401 0-128109 364 0-128063 331 0-128004 284

TABLE 5 .
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would show up a change i n  p r o p e r t i e s ,  whereas v e ry  s low r a t e s  would 

n o t .

A n o the r  e x p e r im e n t  (5) ( T a b l e 5) was c a r r i e d  o u t  w i th  the  

s e r i e s  o f  t e n  s t e e l s  a t  a r a t e  o f  c o o l i n g  o f  2 °C. p e r  m in u te ,  and 

th e  r e s u l t s  f u l l y  c o n f i rm ed  t h i s  c o n c l u s i o n .  A marked change was 

n o t  on ly  p roduced  i n  s t e e l  AV723 b u t  i n  a l l  th e  n ic k e l - c h ro m iu m  

s t e e l s .  Three spec im ens  o f  s t e e l  AW23 were u se d  i n  t h i s  e x p e r im e n t ,  

and th e  r e s u l t s  f o r  th e  t h r e e  a g re e  r e m a r k a b ly .  (Two o f  t h e s e  t h r e e  

spec im ens  were th e  i d e n t i c a l  ones used  f o r  th e  e x p e r im e n t s  i n  F i g .  

5 . )The f a l l  in  s p e c i f i c  volume i n  each  c a se  i s  v e ry  p ron o un ced ,  i . e .  

i n  s t e e l  A7?23, b u t  th e  h a r d n e s s  f i g u r e  has  n o t  a l t e r e d .  This  must 

have been  due to  s l i g h t  s o l u t i o n  o f  c a r b i d e  i n  y - l r o h  a t  t h e  s o a k ­

in g  t e m p e r a t u r e .  C o o l in g  c u rv e s  have shown t h a t  when s l i g h t  s o l u t i o n  

i s  induced  a t  t h e  commencement o f  th e  c r i t i c a l  rang e  i n  a s t e e l  o f  

t h i s  c o m p o s i t i o n  a c r i t i c a l  p o i n t  on c o o l i n g  i s  p roduced  a t  a b o u t  

100°C. This  r e s u l t s  i n  a h a r d e n i n g  o f  t h e  s t e e l .  I t  seemed r e m a rk ­

a b le  t h a t  th e  changes  i n  h a r d n e s s  w i t h  v a r i a t i o n  o f  c o o l i n g  r a t e  

had n o t  been  n o t i c e d  by p r e v i o u s  i n v e s t l g a t o r s , b u t  a  s e a r c h  o f  th e  

p u b l i s h e d  work showed t h a t  no h a r d n e s s  d e t e r m i n a t i o n s  had been  made 

i n  e x p e r im e n t s  i n  which th e  e f f e c t  o f . v a r i o u s  r a t e s  o f  c o o l i n g  on 

th e  im pac t  v a lu e  o f  s t e e l s  had been  c a r r i e d  o u t .  L a t e r  i t  was found 

t h a t  th e  changes  i n  h a r d n e s s  a r e ,  i n  many c a s e s ,  n o t  so co n sp icu o u s  

when t e m p e r i n g  t e m p e r a t u r e s  o f  650°C. o r  l e s s  a re  u se d ,  and t h a t  the  

changes  a r e  o f t e n  somewhat masked by th e  s o f t e n i n g  e f f e c t  o f  e x t r a ­

t e m p e r i n g .

In v iew o f  th e  w e l l - e s t a b l i s h e d  f a c t  t h a t  the  amount o f  

b r i t t l e n e s s  i s  more o r  l e s s  d i r e c t l y  p r o p o r t i o n a l  t o  th e  r a t e  of
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c o o l i n g ,  I t  has  p r e v i o u s l y  "been assumed t h a t  th e  p h y s i c a l  change 

which p ro d uces  th e  change i n  im pact  v a lu e  would a l s o  be p r o p o r t i o n ­

a l  to  th e  r a t e  o f  c o o l i n g .  I t  now became e v i d e n t  from th e  p r e s e n t  

work t h a t  two changes  g i v i n g  o p p o s i t e  e f f e c t s ,  d e p e n d in g  on th e  r a t e  

o f  c o o l i n g ,  may t a k e  p l a c e  i n  s lo w ly  c o o le d  s t e e l s .

Also th e  f a c t  t h a t  no a p p r e c i a b l e  change i s ,  as  a r u l e ,  

r e v e a l e d  i n  d e n s i t y  o r  i n  h a r d n e s s  when th e  tough  s t a t e  i s  compared 

w i th  th e  f u l l y  b r i t t l e  s t a t e  has  l e d ,  n a t u r a l l y  enough, t o  th e  

f a l s e  a s su m p t io n  t h a t  no change would be o b s e r v a b l e  when i n t e r m e d ­

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

The p r e s e n t  work makes i t  a p p a r e n t  t h a t  th e  s i m i l a r i t y  

i n  most c a s e s  i n  d e n s i t y  and in  h a r d n e s s  o f  th e  tough  and th e  b r i t t l e  

s t a t e s  i s  m ere ly  a c c i d e n t a l ,  and t h a t  i n  f a c t  a c o n s i d e r a b l e  t r a n s ­

f o r m a t io n  t a k e s  p l a c e  i n  th e  p h y s i c a l  c o n d i t i o n  o f  th e  s t e e l s  on 

slow c o o l i n g .

I t  i s  now c l e a r  t h a t  many o f  t h e  r e s u l t s  which have been

a t t r i b u t e d  t o  th e  s o f t e n i n g  e f f e c t  o f  e x t r a - t e m p e r i n g  must  have

been  due ,  i n  p a r t  a t  l e a s t ,  t o  th e  change t a k i n g  p l a c e  i n  th e

’’b r i t t l e n e s s  r a n g e ” w i th  i n t e r m e d i a t e  r a t e s  o f  c o o l i n g .  Fo r  example , 
{ 9 )

Rogers  , u s i n g a . r a t e  o f  c o o l i n g  o f  1°G. p e r  m in u te ,  o b t a i n e d  a 

s o f t e n i n g  i n  a l l  h i s  s t e e l s .  When h i s  r e s u l t s  a r e  compared w i th  

th o se  i n  t h e  p r e s e n t  r e s e a r c h  on the  e f f e c t  o f  e x t r a - t e m p e r i n g  i t  

i s  c l e a r  t h a t  th e  d e c r e a s e  i n  h a r d n e s s  o b t a i n e d  by him i s  c o n s i d e r ­

a b ly  more i n  some c a s e s  t h a n  c o u ld  be e x p l a i n e d  by t h i s  f a c t o r .
(2 )Greaves and Jo n e s  ; u s i n g  a r a t e  o f  c o o l i n g  o f  0 *3 °G. p e r  m inu te  

and e q u a l i s i n g  th e  t e m p e r i n g  e f f e c t s ,  found  t h a t  t h e r e  was no d i f f ­

e r e n c e  i n  h a r d n e s s  be tw een  t h e  f ra t^ r . -quenched  and th e  f u l l y  b r i t t l e
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c o n d i t i o n .  These r e s u l t s , which have p r e v i o u s l y  a p p e a re d  to  he 

i n c o m p a t ib le  w i th  e ac h  o t h e r ,  a r e  now shown t o  he due t o  th e  d i f f ­

e r e n c e  i n  th e  r a t e  o f  c o o l i n g  employed,  and th e  e x p e r i m e n t a l  r e s u l t s  

o f  t h e s e  i n v e s t i g a t o r s  a g re e  i n  g e n e r a l  w i th  th e  o h s e r v a t i o n s  made 

i n  the  p r e s e n t  i n v e s t i g a t i o n .

While i t  i s  t r u e  t h a t  th e  s p e c i f i c  volume and h a r d n e s s  o f  

th e  tough  ( w a t e r - q u e n c h e d ) and th e  b r i t t l e  c o n d i t i o n s  a r e  i n  many 

c a s e s  v e ry  s i m i l a r  y e t  t h i s  i s  by no means i n v a r i a b l y  th e  c a s e .  

S e v e r a l  i n s t a n c e s  w i l l  be se en  among th e  r e s u l t s  where th e  p r o p e r ­

t i e s  o f  th e  two v a r i e t i e s  a r e  no t iceab ly  d i f f e r e n t .

DETERMINATION OF THE EFFECTS OF VARIOUS COOLI NG RATES.

The sev en  s t e e l s  shown i n  Table  6 were t r e a t e d  t o  f i n d  th e  

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

volume.  AW23, which had shown such a  marked p h y s i c a l  change i n  

p r e v i o u s  e x p e r i m e n t s ,  had u n f o r t u n a t e l y  t o  be o m i t t e d  from t h i s  

s e r i e s ,  t o g e t h e r  w i th  AW22 and NP1, as  s u f f i c i e n t  o f  th e  s . t e e l  was 

n o t  a v a i l a b l e  f o r  a l l  t h e  e x p e r i m e n t s .  NF1 was r e p l a c e d  by a f a i r l y  

low p ho sp h o ru s  n i c k e l  s t e e l  N3 .

F ive  s e t s  o f  t h e s e  s e v en  s t e e l s  were t r e a t e d ,  a f t e r  a 

p r e l i m i n a r y  o i l - q u e n c h i n g  from 850 °G . ,  as  f o l l o w s :

F i r s t  S e t . Tempered 2 h o u r s  a t  650°C. and quenched i n  w a t e r .
Second S e t . d o .  s l o w - c o o l e d  a t  3 °C /ml n *
T h i r d  S e t . d o .  do .  2 °0 /m in .
F o u r t h  S e t . d o .  d o .  l ° C /m in .
F i f t h  S e t . d o .  d o .  0 *6°C/mln

A l l  th e  s t e e l s  e x c e p t  N3 had been  p r e v i o u s l y  t r e a t e d  a t  a 

c o o l i n g  r a t e  o f  0*3°G. p e r  m i n u t e .  The r e s u l t s  a r e  p l o t t e d  i n  F i g s .  

10 t o  1 6 .



Three nickel-chromium, AH, NC, and NR3.
One plain carbon, A22. .
Two nickel, low and high phosphorus, N3 (C, 0 -29; Mn, 0 -65; Si, 0 1 1 3 ;

P, 0-036; S, 0 -032; Ni, 3-22 per cent.), and NP5.
One chromium, AAX.

TABLE 6 .
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F ig. 10.—Carbon Steel, A22.
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F ig. 11.—Nickel-Chromium Steel, AH.
Full line.— Specimens tempered at 650° C. 

Dotted line.—Specimens tempered at 670° C.
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Fio. 12.—Nickel-Chromium Steel, NO. 
Full line.—Specimens tempered at 650° C. 

Dotted line.—Specimens tempered at 670° C.
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F i g .  13.—Nickel-Chromium Steel, NK3.
Full line.—Specimens tempered at 650° C. 

Dotted line.—Specimens tempered at 670° C.
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Fig. 14.—Nickel Steel, N3.
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Fig. 15.—Nickel Steel (High Phosphorus), NP5.
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22.
s t e e l

The c a r b o n ^ p r o v id e s  a  u s e f u l  com par iso n  f o r  the  o t h e r s .

Hate o f  c o o l i n g  has  no e f f e c t  w h a te v e r  on i t s  s p e c i f i c  volume, w h i le  

while- th e  h a r d n e s s  f a l l s  s l i g h t l y  and p r a c t i c a l l y  c o n t i n u o u s l y  due 

t o  e x t r a - t e m p e r i n g .

The f a l l  i n  s p e c i f i c  volume and i n  h a r d n e s s  i n  th e  n i c k e l -  

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

The changes  in  h a r d n e s s  a re  s m a l l ,  and a re  somewhat masked by the  

s o f t e n i n g  e f f e c t  o f  e x t r a - t e m p e r i n g .  I t  i s  e a s y  t o  see  from t h e s e  

r e s u l t s  how th e  v a r i a t i o n  i n  h a r d n e s s  w i t h  v a r y i n g  c o o l i n g  r a t e  

has n o t  been  h i t h e r t o  d e t e c t e d ,  as th e  s t a n d a r d  t e m p e r i n g  t e m p e r ­

a t u r e  has a lm o s t  i n v a r i a b l y  been  650°C. o r  lo w e r .  When th e  t e m p e r ­

i n g  t e m p e r a tu r e  i s  r a i s e d  t o  670°C. th e  change i n  h a r d n e s s  i s  c o n ­

s i d e r a b l y  a c c e n t u a t e d ,  due ,  as p r e v i o u s l y  i n d i c a t e d  from th e  impact  

t e s t s ,  (F ig s  7* 8 , and 9) t o  an i n c r e a s e  i n  th e  c o n d i t i o n  o f  tough-- 

n e s s  above 650°C. and a  c o n s e q u e n t  i n c r e a s e  i n  t h e  r e s u l t i n g  

p h y s i c a l  change on c o o l i n g .

T ro b a b ly  the  most i n t e r e s t i n g  and s i g n i f i c a n t  r e s u l t  o f  t h i s  

s e r i e s  o f  e x p e r im e n t s  i s  the  d e c i d e d  i n d i c a t i o n  i n  the  n i c k e l  s t e e l s  

and i n  th e  chromium s t e e l  o f  s i m i l a r  changes  t o  th o se  found  i n  the

n i c k e l - c h r o m iu m  s t e e l s .  The h i g h - p h o s p h o r u s  n i c k e l  s t e e l  HP 5 has
(4 )been  shown t o  have a  h i g h  s u s c e p t i b i l i t y  t o  t e m p e r - b r i t t l e n e s s , 

and i t  shows ( F i g .  15) changes  b o th  i n  s p e c i f i c  volume and i n  

h a r d n e s s .  S t e e l  N3 ( F i g . 14) shows a s l i g h t  change i n  h a r d n e s s  o n ly .  

I t s  s u s c e p t i b i l i t y  was n o t  known, b u t  was p r o b a b l y  low. The change 

i n  s p e c i f i c  volume i n  t h i s  s t e e l  i s  p r o b a b l y  c o m p le t e ly  masked by 

e x t r a - t e m p e r i n g ,  which i s  c o n s i d e r a b l e  i n  n i c k e l  s t e e l s ,  as p r e v i o u s  

ly  p o i n t e d  o u t .
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The chromium s t e e l  was known t o  he s u s c e p t i b l e  t o  b r i t t l e ­

n e s s ,  and i t  shows an a p p r e c i a b l e  change i n  h a r d n e s s ,  and p o s s i b l y  

t h e  i n d i c a t i o n  o f  a change in  s p e c i f i c  volume ( F i g .  1 6 ) .

The changes  i n  a l l  t h e  s t e e l s  a r e  r e n d e r e d  even  more s i g -  
i s

n i f l e a n t . w h e n  i t^ rem em b ered  t h a t  t h e y  oppose th e  e f f e c t s  o f  e x t r a - 

t e m p e r i n g .

That  p h y s i c a l  changes  o f  th e  same n a t u r e  a r e  i n v o lv e d  i n  

a l l  t h e s e  s t e e l s  o f  w id e ly  v a r y i n g  c o m p o s i t i o n  i s  an i n e v i t a b l e  

c o n c l u s i o n  from t h e s e  r e s u l t s ,  and t h a t  t h e s e  a re  th e  changes  

In v o lv e d  i n  t e m p e r - b r i t t l e n e s s  i s  s c a r c e l y  open t o  d o u b t .  I t  i s  now 

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

e p t i b l e  t o  b r i t t l e n e s s  when t h e y  a r e  s lo w ly  c o o le d  from th e  t e m p e r ­

in g  t e m p e r a t u r e .

I t  may a l s o  be s a i d  h e re  t h a t  th e  c o n d i t i o n  o f  h ig h  h a r d ­

ness  and h ig h  s p e c i f i c  volume- i n  w a te r - q u e n c h e d  s t e e l s ,  as compared 

w i th  the  c o n d i t i o n  o f  low h a r d n e s s  and low s p e c i f i c  volume i n  s t e e l s  

c o o le d  a t  a m odera te  r a t e ,  i s  n o t  e v i d e n t l y  e s s e n t i a l  t o  r e a s o n a b l e  

to u g h n e s s  i n  the  s t e e l s .

The m odera te  r a t e s  o f  c o o l i n g  which produce  a c o n s i d e r a b l e  

c o n t r a c t i o n  and s o f t e n i n g  i n  t h e  s t e e l s  may p ro d uce  o n ly  a  s l i g h t  

f a l l  i n  th e  im p ac t  v a l u e .  I t  i s  p r o b a b l e  t h e n  t h a t  the  to u g h n es s  

o f  a s t e e l  i s  d e p e n d e n t  n o t  n e a r l y  so much on any s p e c i a l  c o n d i t i o n  

which i n  i t s e l f  g iv e s  t o u g h n e s s ,  as  on th e  a b sence  o f  the  b r i t t l e  

c o n d i t i o n  which i s  induced  by v e ry  s low c o o l i n g  r a t e s .

4
d
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TAMPERING- CURVES OF NICKEL-CHROMIUM STEELS .

The f i v e  n ic k e l - c h ro m iu m  s t e e l s  a l r e a d y  e x p e r im e n te d  w i th  

were used in  a s e r i e s  o f  e x p e r im e n t s  to  f i n d  the e f f e c t  o f  p r o g r e s s  

i v e l y  i n c r e a s i n g  t e m p e r a t u r e . Long s o a k i n g  t im e s  were used  i n  o r d e r  

t o  b r i n g  a b o u t  com ple te  e q u i l i b r i u m  a t  e ac h  t e m p e r a t u r e .

Specimens o f  s t e e l s  AH, NC, NR3 , AW23 and AW22 were f i r s t  

o i l - q u e n c h e d  from 850°C. and t h e n  tem pered  f o r  s i x  h o u rs  a t  3C0°C. 

The s p e c i f i c  volume and h a r d n e s s  were d e te r m in e d  and th e  t e m p e r in g  

r e p e a t e d  ( w i t h o u t  I n t e r v e n i n g  o i l - q u e n c h i n g )  a t  400°C. The e x p e r ­

im ents  were c o n t i n u e d  a t  v a r i o u s  t e m p e r a t u r e s  up to  670° C . ,  s i x  

h o u rs  s o a k i n g  b e i n g  g iv e n  a t  e ac h  t e m p e r a t u r e ,  e x c e p t  a t  670°C . ,  

where t h r e e  h o u rs  s o a k i n g  was g iv e n  i n  e a c h  o f  two s u c c e s s i v e  

t r e a t m e n t s .

The r e s u l t s  a r e  p l o t t e d  i n  F i g s .  17 and 18.

With th e  e x c e p t i o n  o f  s t e e l  AH no o u t s t a n d i n g  change i s  

shown by any o f  t h e  s t e e l s .  I t  had been  t h o u g h t  t h a t  a s l i g h t  r i s e  

i n  s p e c i f i c  volume m igh t  have been  o b se rv e d  as th e  t e m p e r a tu re  

was r a i s e d  th ro u g h  th e  b r i t t l e n e s s  r a n g e .  ( L a t e r  i t  w i l l  be s e e n  

t h a t  had th e  c a rb o n  c o n t e n t  been  lower  t h i s  would p r o b a b l y  have 

been  o b t a i n e d ) .  No r i s e  has  t a k e n  p l a c e ,  b u t  i t  i s  e v i d e n t  from 

some o f  th e  c u rv e s  ( n o t a b l y  s t e e l  AH) t h a t ,  whereas  th e  h a r d n e s s  

f a l l s  c o n t i n u o u s l y ,  t h e r e  a r e  h a l t s  i n  th e  s p e c i f i c  volume c u r v e s .  

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

th e  s p e c i f i c  volume does  n o t .  From 450°C.  t o  650°C. i n  s t e e l  AH 

th e  s p e c i f i c  volume i s  a lm o s t  u n a l t e r e d  i n  s p i t e  o f  a s o f t e n i n g  o f  

100 B r i n e l l .  A s i m i l a r  h a l t  i s  s e e n  i n  th e  o t h e r  s t e e l s  a t  a b o u t  

600°0 t o  650°C. The s p e c i f i c  volume w h i le  i t  does  n o t  r i s e  opposes
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Fio. 17.—Five Niokel-Chromium Steels.

400400

300
400 3 00

8. AH
300
400

200
30 0

NC 200
3 00

NR3
200
300

3 0 0 (
400

200
300300

IAW23
200200

300 350 4 0 0  4 5 0  600 550 600 6 50  700
TEMPERING TEM PERATU R E ’C

F ig. 18.—Five Nickel-Chromium Steels.
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t h e  c o n t r a c t i o n  one would e x p e c t  from th e  e x t r a - t e m p e r i n g  r e c e i v e d

"by th e  s t e e l s .  I t  i s  l i k e l y  t h a t  t h i s  i s  due t o  i n c r e a s i n g  s o l u b i l ­

i t y  o f  ca rb o n  i n  f e r r i t e  as  th e  t e m p e r a t u r e  i s  r a i s e d .  This  i s  

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

The c u rv e s  g ive  f u r t h e r  p r o o f  o f  t h e  s m a l l  e f f e c t s  on t h e s e  

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

t e m p e r in g  t e m p e r a t u r e s .  I t  w i l l  be n o t e d  t h a t  t h r e e  h o u r s  e x t r a ­

t e m p e r in g  a t  670° C . gave a v e ry  s m a l l  f a l l  i n  a l l  t h e  s t e e l s .

S t e e l s  AH, NR3, and AW22 show a much l a r g e r  f a l l  i n  s p e c i f i c

volume between 650°C . and 670°C . t h a n  be tw een  any o f  the  p r e c e d i n g

t e m p e r a t u r e  i n t e r v a l s .  T h is  e f f e c t  must be due to  g l o b u l a r i s a t i o n  

a t  h ig h  t e m p e r a t u r e s ,  and i s  f u r t h e r  p r o o f  t h a t  the  s t a t e  o f  d i v i ­

s i o n  e x e r t s  a d e c i d e d  e f f e c t  on th e  s p e c i f i c  volume o f  a  s t e e l .

AN ANALOGY TO THE 0 BS5RV5D FHYSICAL CHANGES.

In  c o n n e c t i o n  w i t h  some e x p e r im e n t s  which had been  c a r r i e d  

o u t  by th e  a u t h o r  i n  an i n v e s t i g a t i o n  i n t o  the  b e h a v i o u r  o f  s p e c i a l  

s t e e l s  i n  th e  Ac^ c r i t i c a l  r a n g e ,  a r e s u l t  had been  o b s e r v e d  i n  a  

n i c k e l  s t e e l  which ,  i t  was t h o u g h t ,  m ig h t  throw l i g h t  on th e  p h y s ­

i c a l  changes  which had  been  found  t o  t a k e  p l a c e  i n  s p e c i a l  s t e e l s  

i n  the  " b r i t t l e n e s s  r a n g e "

The n i c k e l  s t e e l  c o n c e rn e d  was s t e e l  N3, which has  been  

u sed  i n  e a r l i e r  e x p e r i m e n t s  ( f o r  a n a l y s i s  see  T ab le  6 ) .  Bars  o f  

t h i s  s t e e l  had been  h e a t e d  a t  695° ^ .  u n t i l  com ple te  s o l u t i o n  of  

c a r b i d e  i n  Y~lr t ) n 'bad  t a k e n  p i a c e  . borne o f  t h e  b a r s  were s lo w ly  

c o o le d  a f t e r  t h i s  t r e a t m e n t  a t  a  v e ry  s low r a t e  (0 *3 ° ^ » /m in . ) .  

T e n s i l e  and Izod t e s t - p l e c e s  were machined from the  b a r s  and mech-
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a n l c a l  t e s t s  c a r r i e d  o u t .

S x a m in a t io n  o f  a m ic ro - sp e c im e n  which had been  p l a c e d  i n  

th e  fu r n a c e  a lo n g  w i th  t h e  b a r s  i n  o r d e r  t o  f o l lo w  th e  h e a t - t r e a t -  

ment showed t h a t  the  c a r b i d e  o f  th e  s lo w ly  c o o le d  s t e e l  had s e p a r ­

a t e d  o u t  in a r e m a rk a b ly  com ple te  f i l m  round  th e  g r a i n  b o u n d a r i e s .

A m ic ro g rap h  o f  t h i s  i s  shown i n  F i g .  2 0 . ( f t  w i l l  beAs e e n  l a t e r ,  

i n  c o n n e c t i o n  w i th  work on the  Ac^ r a n g e ,  t h a t  t h i s  s t r u c t u r e  was 

p ro du ced  by a f i l m  o f  y s o l i d  s o l u t i o n  formed a t  th e  s o a k i n g  tem p­

e r a t u r e  b r e a k i n g  down t o  c a r b i d e  and / - i r o n  on c o o l i n g . )  I t  was 

n o t i c e d  a l s o  t h a t  th e  h a rd n e s s  o f  th e  m ic r o - s p e c im e n  was u n u s u a l l y  

h i g h  - c o n s i d e r a b l y  h i g h e r  t h a n  i s .  o b t a i n e d  i n  an a n n e a l e d  s t e e l  

o f  t h i s  c o m p o s i t i o n .

When th e  I z o d  Im pac t  t e s t - p l e c e , w h i c h  had b e en  s u b j e c t e d  t o  

th e  same t r e a t m e n t  as t h e  m ic r o - s p e c im e n ,  was b r o k e n ,  i t  was found  

t h a t  th e  Impact  v a lu e  v a r i e d  i n  a  manner n o t  o b t a i n e d  i n  any o f  th e  

many o t h e r  b a r s  s u b j e c t e d  t o  o t h e r  t r e a t m e n t s . When t h e  h a r d n e s s  a t  

t h e  f r a c t u r e  f a c e s  was t a k e n  i t  was found  t o  v a r y  a l s o  from one end 

o f  th e  b a r  t o  th e  o t h e r ,  and t o  be h i g h e r  t h a n  what was e x p e c t e d  i n  

th e  a n n e a l e d  s t a t e .

I t  was t h o u g h t  t h a t  th e  v a r i a t i o n  i n  p h y s i c a l  p r o p e r t i e s  

o f  t h i s  s t e e l  c o n t a i n i n g  g r a i n - b o u n d a r y  c a r b i d e  m igh t  p r o v i d e  an 

an a lo g y  t o  th e  b e h a v i o u r  o f  th e  s p e c i a l  s t e e l s  In  th e  b r i t t l e n e s s  

r a n g e .  The t e s t - b a r  and th e  m ic r o - s p e c im e n  were c o n s e q u e n t l y  s u b ­

j e c t e d  t o  a number o f  e x p e r i m e n t s .

A d i a g r a m m a t ic  s k e t c h  o f  th e  I z o d  im pac t  t e s t - p i e c e  r e f e r r ­

ed  t o  i s  shown i n  F i g .  1 9 . The manner i n  which t h e  im p ac t  v a lu e  

and th e  h a r d n e s s  v a r i e d  from one end  o f  t h e  b a r  t o  th e  o t h e r  (and  i
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Fig. 19.—Diagrammatic Sketch of Izod Impact Test-Piece of Nickel 
Steel containing Grain-Boundary Carbide. For specific volume of 
specimens, see Table 'J 

(The notches are drawn all on one face to avoid confusion. In the actual 
test-piece they were cut on three different faces.)

F i g .  20.— N ickel steel, N 3. E tc h ed  in 
boiling  sodium  p ic ra te . X 370.

Speci­
men.

Experiment (6). 
Grain Boundary 

Condition.

Experiment (f). 
Tempered Fifteen 
Minutes a t G50° O.

Experiment (d). 
Retempered One Hour 

a t G50° O.

1
Experiment (<). 

Annealed a t 760* O.

Specifio Brinell Specific Brinell Specific Brinell Specific Brinell
Volume. Hardness. Volume. Hardness. Volume. Hardness. Volume. Hardness.

1 0-127427 220 0-127372 177 0-127265 166 0-127375 198
2 0-127479 226 0-127389 191 0-127279 164 0-127356 201
3 0-127456 230 0-127395 194 0-127284 168 0-127395 203
4 0-127458 243 0-127363 183 0-127270 176 (not

treated)

TABLE 7*
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i n v e r s e l y  t o  each  o t h e r )  i s  c l e a r l y  i n d i c a t e d .

The f o l l o w i n g  e x p e r im e n t s  were c a r r i e d  o u t :

( a )  M i c r o s e c t i o n s  were p r e p a r e d  a t  e ac h  o f  the  f r a c t u r e  

f a c e s ,  and the  p o l i s h e d  f a c e s  were b o i l e d  i n  sodium p i c r a t e  t o  e t c h  

up th e  c a r b i d e  o n l y .  I t  was found t h a t  th e  amount o f  c a r b i d e  round 

th e  g r a i n s  v a r i e d  a lo n g  th e  l e n g t h  of  th e  b a r  i n  a s i m i l a r  manner 

t o  th e  im pac t  f i g u r e  and th e  h a r d n e s s .  As th e  impact  v a lu e  d e c r e a s ­

ed and th e  h a r d n e s s  i n c r e a s e d ,  th e  boundary  became more a p p a r e n t .

The o r i g i n a l  m ic r o - s p e c im e n ,  which had a  h i g h e r  h a r d n e s s  t h a n  any 

p a r t  o f  th e  t e s t - p i e c e ,  had a more complete  boundary  f i l m  t h a n  any 

p a r t  o f  th e  l a t t e r .  The v a r i a t i o n  o f  th e  amount and c o m p le te n e s s

o f  t h e  boundary  i n  th e  d i f f e r e n t  spec im ens  was c l e a r l y  beyond d o u b t .  

T h is  o b s e r v a t i o n  was c o n f i rm e d  by an In d e p e n d e n t  o b s e r v e r .

The g r a i n - s i z e  o f  e ach  spec im en  was e s t i m a t e d  and found  n o t  

t o  v a r y .  The p o s s i b l e  I n f l u e n c e  o f  v a r i a t i o n  i n  g r a i n - s i z e  was t h u s  

e l i m i n a t e d .

(b)  S p e c i f i c  volume t e s t - p i e c e s  were t h e n  t a k e n  from each  

f r a c t u r e  end o f  th e  t e s t - b a r  and from th e  o r i g i n a l  m ic r o - s p e c im e n ,  

and th e  s p e c i f i c  volume d e t e r m i n e d .  I t  was found t h a t  th e  s p e c i f i c  

volume was a l s o  much h i g h e r  t h a n  th e  a n n e a l e d  v a l u e .  See T ab le  7 .

( c )  The f o u r  spec im ens  were t h e n  tem pered  a t  650°C. f o r  

f i f t e e n  m in u te s  and c o o le d  q u i c k l y  i n  t h e  f u r n a c e .  The s p e c i f i c  

volume and th e  h a r d n e s s  a f t e r  t h i s  t r e a t m e n t  were b o th  much low er  

(T ab le  7 ) ,  and m i c r o - e x a m i n a t i o n  showed t h a t  th e  g r a i n  boundary  was 

l a r g e l y  b ro k e n  up i n t o  s m a l l  g l o b u l e s . T h is  was th e  o n ly  a p p a r e n t  

change i n  s t r u c t u r e ,  and t h e  d i f f e r e n c e  i n  p r o p e r t i e s  seemed t o  be 

a t t r i b u t a b l e  o n ly  to  t h e  d i f f e r e n c e  i n  s t a t e  o f  d i s t r i b u t i o n  o f  th e
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c a r b i d e  .

(d)  The specim ens were r e t e m p e re d  a t  650°C. f o r  one h o u r ,  

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

ume and i n  h a r d n e s s ,  and th e  g r a i n  boundary  was compl e t e ly  d e s t r o y ­

ed . The a r r a n g e m e n t  o f  th e  l a r g e r  g l o b u l e s  which had been  formed by 

g l o b u l a r i s a t i o n  from th e  c a r b i d e  o f  th e  boundary  i n d i c a t e d  f a i n t l y  

i n  p a r t s  the  o r i g i n a l  g r a n u l a r  s t r u c t u r e .

(e )  Three o f  the  spec im ens  were t h e n  q u i c k l y  a n n e a le d  by 

h e a t i n g  t o  760°C. f o r  a  few m in u te s  and c o o l i n g  q u i c k l y  i n  th e  

f u r n a c e .  The r e s u l t s  (Tab le  7) show t h a t  th e  s p e c i f i c  volume and 

th e  h a r d n e s s  a r e  much lower  t h a n  when th e  c a r b i d e  was p r e s e n t  a t  

th e  b o u n d a r i e s  i n  th e  same s p e c i m e n s . -  e x p e r im e n t  ( b ) . I t  would be 

e x p e c t e d  t h a t  the  s t e e l  c o o le d  more q u i c k l y  from above th e  Ar-^ 

p o i n t  and from a h i g h e r  t e m p e r a t u r e  would show a  h i g h e r  h a r d n e s s  

and p o s s i b l y  a h i g h e r  s p e c i f i c  volume.  The o p p o s i t e ,  however ,  i s  

o b t a i n e d .  The s t e e l  c o o le d  e x t r e m e l y  s lo w ly  has  much th €  h i g h e r  

s p e c i f i c  volume and h a r d n e s s ,  and th e  o n ly  a p p a r e n t  p h y s i c a l  d i f f ­

e r e n c e  be tw een  th e  two s t r u c t u r e s  i s  i n  th e  d i s t r i b u t i o n  o f  th e  c a r ­

b id e  round th e  b o u n d a r i e s  i n  th e  s lo w ly  c o o le d  s t e e l  and the  p r o ­

d u c t i o n  o f  th e  u s u a l  m ix tu r e  o f  f e r r i t e  and p e a r l i t e  i n  the  o t h e r .

I t  w i l l  be s e e n  l a t e r  t h a t  t h e r e  was no p o s s i b i l i t y  o f  the  

r e t e n t i o n  o f  some m a r t e n s i t e  e x p l a i n i n g  the  h ig h  v a lu e s  i n  the  

" g r a i n - b o u n d a r y ” b a r .

I t  i s  e a sy  t o  see  why a s t e e l  w i th  a  ne tw ork  o f  h a r d  c a r ­

b id e  c o m p le t e ly  s u r f o u n d i n g  th e  g r a i n s  sh o u ld  g ive  a h i g h e r  h a r d n e s s  

t h a n  the  same s t e e l  w i th  the  c a r b i d e  d i s t r i b u t e d  i n  a f i n e  s t a t e  

o f  d i v i s i o n  t h r o u g h o u t  the  m ass .  In  the  f i r s t  c ase  th e  h a r d  n e t ­
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work (which i s  r e a l l y  the  m a t r i x  o f  th e  s t e e l )  s u r r o u n d i n g  the  

g r a i n s  w i l l  i n t e r f e r e  w i th  th e  f low  o f  th e  i r o n  o f  t h e  g r a i n s  i n  a 

d e c i s i v e  manner,  w h e reas ,  w i th  a homogeneous m ix tu re  o f  c a r b i d e  

and i r o n ,  th e  f low  i s  n o t  r e s t r i c t e d  by any such  i n t e r f e r e n c e .

A t e n s i l e  t e s t - b a r  h a v i n g  th e  c a r b i d e  d i s t r i b u t e d  as a 

ne tw o rk  round  th e  g r a i n s ( p r o d u c e d  i n  e x a c t l y  the  same t r e a t m e n t  

as  t h e  Izo d  t e s t - p i e c e  above) gave a t e n s i l e  s t r e n g t h  o f  56*4 to n s  

p e r  s q u a re  in c h  and an e l o n g a t i o n  o f  9*0 p e r  c e n t .  The f i g u r e s  

s u p p l i e d  by the  makers  o f  t h i s  s t e e l  were 55 t o n s  p e r  s q u a re  inch  

t e n s i l e  s t r e n g t h  and 20 t o  25 p « r  c e n t  e l o n g a t i o n  ( o i l - h a r d e n e d  

820°C . and w a t e r - t e m p e r e d  620°G.)  These f i g u r e s  may n o t  be s t r i c t ­

ly  c o m p a r a t iv e ,  b u t  i t  i s  e v i d e n t  t h a t  t h e  g r a i n  boundary  h a s  n o t  

p ro du ced  any g r e a t  d i f f e r e n c e  i n  the  t e n s i l e  s t r e n g t h .  The e l o n g a ­

t i o n  i s  lowered  by a b o u t  h a l f ,  b u t  the  d i f f e r e n c e  i n  I zod  v a l u e s  

i s  much g r e a t e r .  The av e rag e  Izod  v a lu e  f o r  th e  g r a i n - b o u n d a r y  b a r  

was 9*8 f o o t - p o u n d s ,  whereas  i n  th e  o i l - h a r d e n e d  and w a te r - te m p e re d -  

s t a t e  i t .  was g iv e n  as 60 f o o t - p o u n d s .  There i s  t h u s  th e  s t r o n g  

i n d i c a t i o n  t h a t  t h e  d i s t r i b u t i o n  o f  th e  c a r b i d e  a t  the  g r a i n -  

b o u n d a r i e s  has  a much g r e a t e r  e f f e c t  on th e  im p a c t  t h a n  on the  

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

F u r t h e r  Q o n s l d e r a t i o n  o f  th e  F o r e g o i n g  R e s u l t s .

I t  h a s  been  c l e a r l y  p ro v e d  t h a t  i n  s t e e l s  s u s c e p t i b l e  to  

t e m p e r - b r i t t l e n e s s  a m odera te  r a t e  o f  c o o l i n g ( 2°G. o r  5 °G. p e r  m in­

u t e )  p ro d u c e s  a c o n s i d e r a b l e  f a l l  i n  s p e c i f i c  volume and i n  h a r d n e s s  

The m odera te  r a t e s  o f  c o o l i n g  which p ro d uce  t h i s  p h y s i c a l  change 

a r e  known t o  p ro du ce  c o m p a r a t i v e l y  s m a l l  changes  i n  im p ac t  v a l u e .



I t  would a p p e a r  t h a t  t h e r e  i s  a c o n n e c t i o n  be tween the  

m agni tude  o f  t h i s  p h y s i c a l  change and the  d e g re e  o f  b r i t t l e n e s s  

which nay be p ro d uced  by v e ry  slow c o o l i n g .  Thus i n  n ic k e l - c h ro m iu m  

s t e e l s ,  which have a h ig h  s u s c e p t i b i l i t y  t o  b r i t t l e n e s s ,  the  change 

i n  s p e c i f i c  volume and i n  h a r d n e s s  i s  v e ry  marked, whereas  i n  

n i c k e l  and i n  chromium s t e e l s  which have a low s u s c e p t i b i l i t y  the  

change i s  s m a l l .  As the  p hosphorus  c o n t e n t  o f  a n i c k e l  s t e e l  i s  

r a i s e d  the  change i s  a c c e n t u a t e d .

T h is  p h y s i c a l  change,  as has  been  p r e v i o u s l y  p o i n t e d  o u t ,  

may be e x p l a i n e d  by th e  d e p o s i t i o n ,  on m o d e r a te ly  slow c o o l i n g ,  o f  

a s o l u t e  which i s  i n  s o l i d  s o l u t i o n  in  the  s t e e l  a t  the  t e m p e r in g  

t e m p e r a t u r e  and which i s  r e t a i n e d  in  s o l i d  s o l u t i o n  by q u ic k  c o o l i n g
( fit ^

Honda and Yamada have found t h a t  a s u s c e p t i b l e  n ic k e l - c h ro m iu m

s t e e l  became n c n - s u s c e p t i b l e  i n  th e  absence  o f  c a r b o n .  T h is  p o i n t s

t o  t h i s  e le m e n t  b e i n g  th e  one c o n ce rn ed  i n  t e m p e r - b r i t t l e n e s s  and

a l s o  i n  the  changes  accompanying i t .  T h is  c o n c l u s i o n  i s  s u p p o r t e d

i n  many ways.  Thus c a r b i d e  ( e i t h e r  s im p le  c a r b i d e  o f  i r o n  o r  d oub le

c a r b i d e  of  i r o n  and chromium) i s  th e  o n ly  c o n s t i t u e n t  common t o  a l l

t h e  s t e e l s ,  w i th  the  e x c e p t i o n  o f  i m p u r i t i e s  which a r e  o f  such

s m a l l  amount t h a t  th ey  c o u ld  n o t  be made t o  e x p l a i n  t h e  s u b s t a n t i a l

changes  in  n i c k e l - c h ro m iu m  s t e e l s  a t  any r a t e .  O b e r h o f f e r ,  H o c h s t e in
(7)and H essen b ru c h  found t h a t  a l t h o u g h  ox ide  s p e c i a l l y  i n t r o d u c e d  

i n t o  s o l i d  s o l u t i o n  i n  s t e e l s  m ig h t  p rod u ce  b r i t t l e n e s s  no m a t t e r

how th e  fc tee ls  were t r e a t e d  y e t  t h e r e  was no d e f i n i t e  e f f e c t  i n
(4)th e  p r o d u c t i o n  o f  t e m p e r - b r i t t l e n e s s .  Andrew and Green found t h a t

p ho sp ho ru s  added t o  n i c k e l  s t e e l s  p ro du ced  t e m p e r - b r i t t l e n e s s  in  

them, b u t  u n l e s s  a b n o rm a l ly  h i g h  a l l  p r e v i o u s  e x p e r i m e n t e r s  a g ree
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( 3 )t h a t  pho sph o ru s  has  no e f f e c t .  Thus Qreaves and Jo n e s  f i n d  no

I n d i c a t i o n  i n  t h e i r  work t h a t  p h o ip h o ru s  up to  *04 p e r  c e n t  has
( 9 )any e f f e c t .  Monypenny i n  th e  d i s c u s s i o n  t o  R o g e r s ’ p a p e r  found

p h osp ho rus  up to  *039 had no e f f e c t .  B r e a r l e y  i n  the  same p l a c e

s t a t e s  t h a t  t h e r e  i s  as much b r i t t l e n e s s  w i th  low phosp h o rus  as

w i th  h i g h .  O b s e r v a t i o n s  by th e  p r e s e n t  a u t h o r  p o i n t  to  th e  f a c t

t h a t  th e  I n f l u e n c e  o f  a b n o rm a l ly  h ig h  phosp h o rus  depends on i t s
( 5 )i n f l u e n c e  on th e  b e h a v i o u r  o f  th e  c a r b i d e .  G r i f f i t h s  found  t h a t

n i t r o g e n  s p e c i a l l y  i n t r o d u c e d  I n t o  n i c k e l  s t e e l s  p ro d u ce s  tem per-  

b r i t t l e n e s s  in  them, b u t  t h e r e  i s  no i n d i c a t i o n  t h a t  n i t r o g e n  has  

any e f f e c t  e x c e p t  when s p e c i a l l y  added i n  t h i s  way i n  r e l a t i v e l y  

l a r g e  amount .  T o s s i b l y  the  e f f e c t  o f  h ig h  n i t r o g e n  a f f e c t s  th e  

b e h a v i o u r  o f  th e  c a r b i d e  i n  the  same way as phosp h o rus  d o e s .  On 

th e  o t h e r  hand i t  i s  q u i t e  p o s s i b l e  t n a t  n i t r i d e s  may behave i n  the  

same manner o f  s o l u t i o n  and d e p o s i t i o n  as c a r b i d e .  T h a t ,  however ,  

would be a s p e c i a l  case  o f  t e m p e r - b r i t t l e n e s s  and can  be d i s r e g a r d ­

ed In  th e  c o n s i d e r a t i o n  o f  comm erc ia l  s t e e l s .

I t  i s  t h u s  s u g g e s t e d  t h a t  a  c e r t a i n  amount o f  c a r b i d e  I s  

p r e s e n t  i n  s o l i d  s o l u t i o n  in  dC-iron (which may be n i c k e l  o r  chrom­

ium f e r r i t e )  a t  h ig h  t e m p e r in g  t e m p e r a t u r e s ,  and t h a t  t h i s  c a r b i d e  

i s  d e p o s i t e d  t h r o u g h o u t  th e  mass on m o d e r a te ly  slow c o o l i n g .

The d e p o s i t i o n  o f  c a r b i d e  from s o l i d  s o l u t i o n  w i l l  n o t ,  

however ,  i n  i t s e l f  p roduce  b r i t t l e n e s s  i n  a s t e e l ,  and i t  i s  e v i d ­

e n t  from th e  p r e s e n t  work t h a t  a n o t h e r  p h y s i c a l  change p ro d u ce d  

d u r i n g  v e r y  slow c o o l i n g  i s  r e s p o n s i b l e  f o r  th e  b r i t t l e n e s s .  I t  has  

been  c l e a r l y  p ro v ed  t h a t  v e ry  s low r a t e s  o f  c o o l i n g  g ive  a c o n s i d e r ­

a b le  I n c r e a s e  i n  th e  s p e c i f i c  volume and h a r d n e s s  when compared
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w i th  th«  v a lu e s  o b t a i n e d  by m odera te  c o o l i n g  r a t e s .  I t  a p p e a rs  t h a t  

th e  s t a t e  o f  d i s t r i b u t i o n  o f  th e  c a r b i d e  must be the  p r e d o m i n a t i n g  

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

d e g re e  o f  b r i t t l e n e s s  which u s u a l l y  accompanies  i t .

The e v id e n c e  p r o v id e d  by the  e x p e r im e n t s  on a n i c k e l  s t e e l  

c o n t a i n i n g  g r a i n  boundary  c a r b i d e  p o i n t s  s t r o n g l y  to  the  f a c t  t h a t ,  

when the  c a r b i d e  i s  d i s t r i b u t e d  round the  g r a i n  b o u n d a r i e s ,  the  s p e c ­

i f i c  volume and the  h a r d n e s s  a re  c o n s i d e r a b l y  r a i s e d  o v e r  the  v a lu e s  

o b t a i n e d  i n  th e  same ' s t e e l  w i th  the  same amount o f  c a r b i d e  p r e s e n t  

b u t  d i s t r i b u t e d  more o r  l e s s  homogeneously th r o u g h o u t  the  mass .  The 

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

n e s s  i n  th e  s t e e l ,  whereas  th e  s t e e l  i n  i t s  norm al  quenched and 

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

These e x p e r im e n t s  g iv e ,  t h e r e f o r e ,  a -c o m p le te  ana lo g y  to  the  

p h y s i c a l  changes  o b se rv e d  i n  s t e e l s  s u s c e p t i b l e  t o  t e m p e r - b r i t t l e ­

n e s s  and p r o v i d e  a r e a s o n a b l e  e x p l a n a t i o n  o f  the  v a r i a t i o n s  i n  

Im pact  v a l u e .

The r i s e  in  s p e c i f i c  volume and h a r d n e s s  on c o o l i n g  v e ry  

s lo w ly  i s  b e l e l v ^ d  t o  be due t o  th e  e x p u l s i o n  o f  the  c a r b i d e ,  which 

i s  d e p o s i t e d  o u t  o f  s o l u t i o n ,  t o  th e  g r a i n  b o u n d a r i e s .  The amount 

o f  b r i t t l e n e s s  d e v e lo p e d  w i l l  depend on the  amount o f  c a r b i d e  

i n v o lv e d  i n  t h i s  s e p a r a t i o n  and a l s o  p r o b a b l y  on the  p h y s i c a l  

n a t u r e  o f  t h i s  c o n s t i t u e n t .  I f  a  com ple te  ne tw ork  o f  c a r b i d e  i s  

formed d u r i n g  c o o l i n g  i t  i s  n o t  d i f f i c u l t  t o  see  how i t  w i l l  a f f e c t  

t h e  p h y s i c a l  p r o p e r t i e s .  The a c t u a l  g r a i n s  o f  the  s t e e l  w i l l  become 

v i r t u a l l y  s e p a r a t e d  from each  o t h e r  by the  n e tw o rk ,  and th e  c o e f f ­

i c i e n t  o f  c o n t r a c t i o n  o f  th e  l a t t e r  w i l l  e x e r c i s e  a d e t e r m i n i n g
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(19)i n f l u t n c #  on the  f i n a l  volume o f  th e  m a te .  From work by Honda 

on the c o e f f i c i e n t  o f  e x p a n s io n  o f  s t e - l s  i t  i s  c l e a r  t h a t  the  

c o e f f i c i e n t  o f  e x p a n s io n  o f  c a r b i d e  i s  lower  t h a n  t h a t  o f  i r o n .

This  no dou b t  a p p l i e s  to  a l l  th e  common c a r b i d e s  in  s t e e l s .  

C o n se q u e n t ly  when a ne tw o rk  i s  p r e s e n t  i n  th e  s t e e l s  the  s low ly  

c o o le d  mass w i l l  have a l a r g e r  volume. The e f f e c t  on th e  h a r d n e s s  

i s  c l e a r l y  e x p l i c a b l e  by the  i n t e r f e r e n c e  o f  th e  ne tw o rk  w i t n  s l i p  

o r  f low  o f  th e  mass o f  t h e  s t e e l .  No such  i n t e r f e r e n c e  t a k e s  p l a c e  

when th e  c a r b i d e  I s  d i s t r i b u t e d  t h r o u g h o u t  the  m a s s .

M i c r o s c o p i c a l  e x a m in a t io n  of  the  s t e e l s  used in  the  o r e s e n t  

work d id  n o t  p ioduce  com ple te  c o n f i r m a t i o n  o f  th e  above t h e o r y ,  b u t  

p a r t i a l  s u c c e s s  in  t h i s  r e s p e c t  has  been  a t t a i n e d .  I t  i s  c e r t a i n  

t h a t  any g r a i n  boundary  which I s  p roduced  i s  e x t r e m e ly  s m a l l  i n  

m agn i tude  and t h e r e f o r e  d i f f i c u l t  o f  d e t e c t i o n .  The g r a i n  boundary  

which was found i n  the  n i c k e l  s t e e l  ( F i g .  20) was e a s i l y  d e t e c t e d  

by e t c h i n g  i n  sodium p i c r a t e ,  b u t  was e x t r e m e ly  d i f f i c u l t  t o  p i c k  

o u t  by o r d i n a r y  e t c h i n g  - i n  f a c t ,  i t s  e x i s t e n c e  c o u ld  n o t  have 

been  e s t a b l i s h e d  a t  a l l  had i t  n o t  been  p o s s i b l e  t o  e t c h  up the  

c a r b i d e  i n  the  p o l i s h e d  sp e c im en .  The g r a i n  boundary  i n  t h i s  case  

must be mudh l a r g e r  t h a n  any t h a t  i s  p rod u ced  i n  th e  t e m p e r in g  

zone i n  s t e e l s  s u s c e p t i b l e  t o  t e m p e r - b r i t t l e n e s s .  In  th e  n i c k e l -  

chromium s t e e l s ,  which have h ig h  s u s c e p t i b i l i t i e s  , i t  has  n o t  been  

found  p o s s i b l e  to  e t c h  up th e  c a r b i d e  i n  t h e  p o l i s h e d  s p e c i m e n s .

This  has  made t h e  d e t e c t i o n  o f  a  boundary  a p p a r e n t l y  im p o s s ib l e  

u n t i l  some new method o f  e t c h i n g  th e  p o l i s h e d  specim ens i s  d i s c o v e r ­

ed .

In  th e  h ig h  phosp h o rus  n i c k e l  s t e e l ,  however,  th e  slow
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c o o le d  spec im ens  e t c h e d  "by sodium p i c r a t e  r e v e a l e d  an unmi s t a k a b l e 

g r a i n - bounda ry  ne tw ork  o f  c a r b i d e . This  was e x a c t l y  s i m i l a r  in  

s t r u c t u r e ,  h u t  n o t  so c l e a r l y  marked,  as th e  g r a in - b o u n d a r y  shown 

i n  F i g .  20. There was a l s o  th e  f a i n t  i n d i c a t i o n  o f  a boundary  in  

th e  low ph o sp h o ru s  n i c k e l  s t e e l  which i s  on ly  s l i g h t l y  s u s c e p t i b l e

t o  b r i t t l e n e s s . No boundary  was p r e s e n t  i n  t h e s e  s t e e l s  i n  th e

w a t e r - t e m p e r e d  s t a t e  o r  i n  the  m o d e r a te ly  s lo w ly  c o o le d  s t a t e .

I t  was found Im p o s s ib l e  t o  produce s a t i s f a c t o r y  p h o to g ra p h s  o f  th e  

boundary  i n  t h e s e  s t e e l s  w i th  th e  a p p a r a t u s  a v a i l a b l e  owing t o  th e  

i n d i s t i n c t  n a t u r e  o f  th e  s t r u c t u r e  and the  g l a r e  from the  p o l i s h e d  

sp e c im en .  That  a  c a r b i d e  boundary  was p r e s e n t  in  the  s t e e l s  m e n t io n ­

ed was, however,  f u l l y  a d m i t t e d  by in d e p e n d e n t  o b s e r v e r s .

The e f f e c t  o f  th e  s t a t e  o f  a g g r e g a t i o n  of  th e  c a r b i d e ,  a p a r t

a l t o g e t h e r  from the  e f f e c t  o f  i t s  d i s t r i b u t i o n  round th e  g r a i n  

b o u n d a r i e s ,  may be commented on .  The r e s u l t s  have shown t h a t  th e  

f a l l  i n  s p e c i f i c  volume w i th  r i s e  i n  t e m p e r i n g  t e m p e r a t u r e  i s
in c a r to n  s t e e l s

c o m p a r a t i v e l y  s m a l l ,  b u t  t h a t  i t  i s  v e ry  p ronounced  i n  n i c k e l  s t e e l s  

and a p p r e c i a b l e  in  n icke1-chrom ium  s t e e l s .  This  e f f e c t  must  be due 

t o  g l o b u l a r i s a t i o n  o f  th e  c a r b i d e ,  which m ic ro e x a m in a t io n  has  shown 

t o  be slow i n  c a rb o n  s t e e l s  b u t  which becomes r a p i d  i n  n i c k e l  s t e e l s  

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

The c o n t r a c t i o n  i n  th e  n i c k e l  s t e e l s  as  the  t e m p e r i n g  

t e m p e r a t u r e  i s  r a i s e d  ( F i g s .  2 and 3)  i s  s u r p r i s i n g l y  l a r g e ,  b u t  i t  

seems c e r t a i n  t h a t  g l o b u l a r i s a t i o n  must  a c c o u n t  f o r  i t  e n t i r e l y .

The r e s u l t s  i n  T able  7 p r o v id e  f u r t h e r  c o n f i r m a t i o n  of  th e  rem a rk ­

a b le  changes  i n  s p e c i f i c  volume (and a l s o  i n  h a r d n e s s )  which can be 

b r o u g h t  a b o u t  by t e m p e r in g  n i c k e l  s t e e l s  a t  h ig h  t e m p e r a t u r e s .



35 .

CHANGES IN MAGNETIC PROPERTIES AND RESISTIVITY.

The v a r i a t i o n s  i n  s p e c i f i c  volume and h a r d n e s s  b e in g  now 

w e l l  u n d e r s t o o d  i t  became d e s i r a b l e '  t o  f i n d  how o t h e r  p r o p e r t i e s ,  

such  as m agn e t ic  p r o p e r t i e s  and s p e c i f i c  e l e c t r i c a l  r e s i s t a n c e ,  

v a r i e d  i n  t h e  d i f f e r e n t  c o n d i t i o n s  of  h i g h l y  s u s c e p t i b l e  n i c k e l -  

chromlum s t e e l s .  S t e e l s  AH, NC, and NR3, b e in g  now a v a i l a b l e  i n  

q u a n t i t y ,  were used  f o r  t h i s  work. T h e i r  a n a l y s e s  a re  shown i n  

Table  8 .

EXPERIMENTAL METHODS.

M agnet ic  T e s t s . - These were t a k e n  by th e  b a r - a n d - y o k e  

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

o f  which a re  to  be found i n  Sw ing’s '’M agnet ic  I n d u c t i o n  i n  I r o n  

and O th e r  Metals ' . ’ C u r r e n t  was s u p p l i e d  by tw e lv e  E d iso n  c e l l s ,  and 

i t  was m easured  by s t a n d a r d  s h u n t s  on a Cambridge and P a u l  T e s t i n g  

S e t .  V a r io u s  r e s i s t a n c e s  were made t o  d e s i r e d  v a lu e s  f o r  i n s e r t i o n  

i n  th e  c i r c u i t  so as  t o  s e t  th e  f i e l d  s t r e n g t h  a t  any d e s i r e d  v a l u e .  

When th e  a p p a r a t u s  was p r o p e r l y  s e t  up th e  g a lv a n o m e te r  and s c a l e  

were p e rm a n e n t ly  f i x e d  so . t h a t  no v a r i a t i o n  i n  t h e i r  p o s i t i o n  c o u ld  

a f f e c t  t h e  r e s u l t s .  The a c c u ra c y  o f  t h e  a p p a r a t u s  was checked  by 

t h e  use  o f  two o f  th e  a u t h o r ' s  spec im ens  s p e c i a l l y  s t a n d a r d i s e d  by 

t h e  N a t i o n a l  P h y s i c a l  L a b o r a t o r y .  The a u t h o r ' s  f i g u r e s  f o r  t h e s e  

spec im ens  were found  t o  a g re e  v e ry  c l o s e l y  w i t h  th e  s t a n d a r d  f i g u r e s  

s u p p l i e d .  The spec im ens  u se d  f o r  t h e  m agn e t ic  d e t e r m i n a t i o n s  were 

b a r s  1 cm. i n  d i a m e t e r  and 28 cm. i n  l e n g t h ,  t h e  c l e a r  l e n g t h  w i t h ­

i n  th e  yoke b e i n g  25 cm. The t e s t - b a r s  were machined from 5 / 8 t h s .  

in c h  s q u a r e  b a r s  a f t e r  h e a t - t r e a t m e n t . H y s t e r e s i s  loops  f o r  a  max-
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imum m a g n e t i s i n g  f o r c e  o f  150 e . g . s .  u n i t s . w e r e  d e te r m in e d ,  and 

a l s o  th e  v a r i a t i o n  o f  m ag n e t ic  I n d u c t i o n  (E) and rem anent  i n d u c t i o n  

(Br e m.) H = 0 t o  II = 250. The r e m a in in g  m agne t ic  p r o p e r t i e s

were c a l c u l a t e d  from th e  r e a d i n g s  o b t a i n e d .

S p e c i f i c  E l e c t r i c a l  R e s i s t a n c e . - The specim ens f o r  the  

d e t e r m i n a t i o n  o f  r e s i s t i v i t y  were a bo u t  9 cm. in  l e n g t h ,  and were 

machined down t o  5 mm. i n  d i a m e t e r  a f t e r  h e a t - t r e a t m e n t . Specimens 

o b t a i n e d  from Izod  im pact  t e s t - p i e c e s ,  b e in g  s h o r t e r  t h a n  th e  above,  

were machined down t o  2 |  mm. t o  g ive  an a c t u a l  r e s i s t a n c e  o f  a b o u t  

t h e  same v a l u e .  One o f  t h e  spec im ens  was t a k e n  as a  s t a n d a r d  and i t s  

r e s i s t a n c e  be tw een  p e rm a n e n t ly  f i x e d  k n i f e - e d g e s  o f  n icke1-chrom ium  

s t e e l  was d e te r m in e d  a t  v a r i o u s  room t e m p e r a t u r e s ,  a s t e a d y  c u r r e n t  

o f  1*5 amp. b e i n g  p a s s e d  th ro u g h  th e  spec im en and th e  v o l t a g e  d rop  

be tw een  t h e  k n i f e - e d g e s  r e a d  on a T i n s l e y  v e r n i e r  p o t e n t i o m e t e r .

The c u r r e n t  was a c c u r a t e l y  d e te r m in e d  by r e a d i n g  on th e  p o t e n t i o m e t ­

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

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

on a t e m p e r a t u r e - r e s l s t i v i t y  g rap h ,  and th e  s p e c i f i c  r e s i s t a n c e  a t  

20°C . r e a d  o f f .  T h is  was t a k e n  as  t h e  a b s o l u t e  s p e c i f i c  r e s i s t a n c e  

o f  t h e  s t a n d a r d  spec im en  a t  t h a t  t e m p e r a t u r e .  The r e s i s t a n c e  o f  

th e  o t h e r  spec im ens  was d e te rm in e d  by com par ison  w i th  th e  s t a n d a r d ,

t h e  "unknown” b e i n g  p l a c e d  i n  t h e  c i r c u i t  a c r o s s  a n o t h e r  s e t  o f

k n i f e - e d g e s .  R ead ings  were t a k e n  on th e  s t a n d a r d  b e f o r e  and a f t e r  

e a c h  r e a d i n g  on th e  unknown, and t h i s  was r e p e a t e d  a number of  

t im e s  a f t e r  moving th e  unknown a l o n g  th e  k n i f e - e d g e s  be tw een  each  

s e t  o f  r e a d i n g s .  Fo r  th e  c a l c u l a t i o n  o f  th e  s p e c i f i c  r e s i s t a n c e  

t h e  d i a m e t e r  o f  e a c h  spec im en  was measured  a t  c r o s s - d i a m e t e r s  e ac h
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5 mm. a lo n g  I t s  l e n g t h  and th e  mean d i a m e t e r  t a k e n .  The d i s t a n c e  

be tw een  the  k n i f e  edges  was a l s o  a c c u r a t e l y  d e t e r m i n e d .  The k n i f e -  

edges  were screwed on a wooden b lo c k  so t h a t  th ey  were e x a c t l y  

p a r a l l e l  t o  one a n o t h e r ,  and th e  specim ens  were f i r m l y  h e l d  on 

them by means o f  p o w e r f u l  e l a s t i c  b a n d s .

By t h i s  method th e  e f f e c t s  o f  v a r i a t i o n s  i n  the  c u r r e n t  

and i n  th e  t e m p e r a t u r e  a r e  e l i m i n a t e d ,  and the  r e s u l t s  a r e  s t r i c t l y  

a c c u r a t e  r e l a t i v e  to  the  s t a n d a r d ,  a ssum ing  t h a t  the  t e m p e r a t u r e - 

c o e f f i c i e n t  i s  th e  same f o r  a l l  t h e  specim ens  u s e d .  A number of  

t e s t s  showed t h a t  th e  t e m p e r a t u r e - c o e f f i c i e n t  d i d  n o t  v a ry  a p p r e c ­

i a b l y  in  d i f f e r e n t  specim ens and, as  th e  lo w e s t  t e m p e r a t u r e  o f  

any t e s t  was 19°C. and th e  h i g h e s t  21*5°G«> i t  may be t a k e n  t h a t  

t h e  r e s u l t s  a re  o f  a  h ig h  d e g re e  o f  a c c u r a c y .  Numerous complete  

r e - d e t e r m i n a t i o n s  were c a r r i e d  o u t  a t  v a r i o u s  t im e s ,  and o f  t h e s e  

90 p e r  c e n t ,  were w i t h i n  0*06 micruhms p e r  c u .  cm. o r  l e s s  o f  th e  

o r i g i n a l  d e t e r m i n a t i o n ,  and 1C p e r  c e n t ,  d i f f e r e d  by from 0*C7 to  

0*10 microhms p e r  c u .  cm. One o r  two p a r t i c u l a r  spec im ens  which 

v a r i e d  i n  d i a m e t e r  a l o n g  t h e i r  l e n g t h  more t h a n  th e  o t h e r s  were 

found  t o  be l i a b l e  t o  g ive  th e  l a r g e r  v a r i a t i o n  i n d i c a t e d .  In 

t h e s e  c a s e s  a g r e a t e r  number o f  r e a d i n g s  a lo n g  th e  l e n g t h  were ,  as 

a  r u l e ,  t a k e n .

S p e c i f i c  Volume and B r l n e l l  H a rd n ess .  -  These p r o p e r t i e s  

were d e t e r m i n e d  by th e  methods p r e v i o u s l y  d e s c r i b e d .

KSAT TREATMENT.

I t  was d e s i r e d  t o  o b t a i n  spec im ens  o f  th e  s t e e l s  AH, NC, 

and NB3 s u i t a b l e  f o r  m a g n e t i c ,  r e s i s t i v i t y ,  and o t h e r  t e s t s  i n  th e  

to u g h ,  i n t e r m e d i a t e ,  and f u l l y  b r i t t l e  c o n d i t i o n s ,  w i th  t e m p e r in g
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e f f e c t s  e q u a l i s e d  as f a r  as p o s s i b l e  i n  a l l  t h e  sp e c im ens ,  so as

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

o f  5 / 8 t h s  . in ch  s q u a re  b a r  o f  each  s t e e l  were s u b j e c t e d  t o  the

f o l l o w i n g  h e a t  t r e a t m e n t s ,  use b e i n g  made o f  th e  w e l l  known phenom-
( 2 )enon o f  im pact  r e v e r s i b i l i t y .

A l l  t h e  b a r s  were f i r s t  o i l - h a r d e n e d  a f t e r  b e in g  m a in t a in e d  

f o r  h a l f - a n ^ -h o u r  a t  850°C.

F i r s t  T r e a tm e n t .  - AfU, NC^. NR3« anci AIL. NG_ . NR3 . were 

tem pered  f o r  two h o u rs  a t  660°G. and quenched i n  w a t e r .

Second T r e a t m e n t . -  AH , NC , NR3 , from f i r s t  t r e a t m e n t ,
3 3 3

and AH^, NC^, NR3^, were tem pered  f o r  two h o u rs  a t  660°C . ,  and s lo w ­

ly  c o o le d  a t  th e  r a t e  o f  0*3°C. p e r  m in u te .

T h i rd  T r e a t m e n t . - AH- ,̂ KC^, NR3-j_, from second  t r e a t m e n t ,  

were tem pered  f o r  two h o u r s  a t  660°C. and quenched i n  w a t e r .

F o u r th  T r e a t m e n t . - AH2> NG^, NR32> from f i r s t  t r e a t m e n t ,  

were tem pered  f o r  two hours  a t  66C°C. and s lo w ly  c o o le d  a t  the  r a t e  

o f  2°C. p e r  m in u te .

Each b a r  was th us  tem pered  f o r  a  t o t a l  o f  4  h o u rs  a t  660°G 

and was s u b j e c t e d  t o  a s low c o o l i n g  and t o  a q u e n c h in g  t r e a t m e n t  

from t h a t  t e m p e r a t u r e .  As a* r e s u l t  o f  t h e s e  t r e a t m e n t s  i t  may be 

s a i d  t h a t  t e m p e r in g  e f f e c t s  were as  n e a r l y  as p o s s i b l e  e q u a l i s e d  

i n  th e  to ug h  c o n d i t i o n  (AH^, NC^, NR3^) and th e  f u l l y  b r i t t l e

condit ion(AH-x, KG , NR3 ),  b u t  t h a t  I n  th e  i n t e r m e d i a t e  c o n d i t i o n  3 3 3
(AH2 , NCg, NR32 ) th e  b a r s  r e c e i v e d  s l i g h t l y  l e s s  t e m p e r in g ,  due t o

th e  q u i c k e r  r a t e  o f  f i n a l  c o o l i n g .

Heat  t r e a t m e n t  was c a r r i e d  o u t  i n  an e l e c t r i c  tube  f u r n a c e  

wound o v e r  a l e n g t h  o f  two f e e t .  The v a r i a t i o n  o f  t e m p e r a t u r e  from



end to  end o f  th e  specim ens  was s m a l l .  This  i s  commented on a t  a 

l a t e r  s t a g e .  The t e m p e r a t u r e  a t  the  c e n t r e  was k e p t  a t  e x a c t l y  

660°C. (measured on T i n s l e y )  i n  the  t e m p e r in g  t r e a t m e n t s .  This  

t e m p e r a t u r e  was chosen  to  g ive  as l a r g e  changes  as  p o s s i b l e  on '

s low c o o l i n g .  I t  has  been found ,  however, t h a t  s l i g h t  s o l u t i o n  a t  

t h e  commencement o f  th e  Ac^ range  t a k e s  p l a c e  a t  t h i s  t e m p e r a tu re  t 

i n  s t e e l  AH. For  the  o t h e r  s t e e l s  t h i s  t e m p e r a t u r e  i s  w e l l  below 

th e  s t a r t  o f  th e  Ac^ r a n g e .

A f t e r  the  t r e a t m e n t s  s u i t a b l e  specimens o f  the  d im ens io n s  

p r e v i o u s l y  n o t e d  were machined f o r  th e  v a r i o u s  t e s t s .

EXPERIMENTAL RESULTS.

H y s t e r e s i s  h a l f - l o o p s  f o r  a maximum m a g n e t i s i n g  f o r c e  of  

15C e . g . s .  u n i t s  a re  shown i n  F i g s .  21, 22, and 23• The c u rv e s  f o r  

th e  to u g h ,  i n t e r m e d i a t e ,  and b r i t t l e  s t a t e s  o f  each  s t e e l  have been 

super im posed  f o r  e a sy  c o m p a r iso n .  I t  w i l l  be s e e n  t h a t  a f t e r  the  

slow c o o l i n g  t r e a t m e n t s  th e  shape of  th e  c u rv e s  i s  m o d i f i e d  i n  a 

c h a r a c t e r i s t i c  manner, due t o  a r i s e  i n  r e t e n t i v e n e s s  and an i n c r e a s e  

i n  p e r m e a b i l i t y  a t  t h e  low er  v a lu e s  o f  th e  m a g n e t i s i n g  f o r c e .  In  

s t e e l  AH(Fig. 21) a  s m a l l  amount o f  c a r b i d e  had been  d i s s o l v e d  i n  

Y - i r o n  a t  th e  t e m p e r in g  t e m p e r a t u r e ,  and th e  e f f e c t  o f  t h i s  i s  

a p p a r e n t  when th e  m ag n e t ic  p r o p e r t i e s  o f  t h i s  s t e e l  a re  compared 

w i th  t h o s e  o f  th e  o t h e r s .  In  s t e e l s  NO and NR3 ( F i g s .  22 and 23) ,  

i n  which changes  i n  th e  f e r r i t e  a re  a lo n e  c o n c e rn e d ,  th e  t e m p e r in g  

t e m p e r a t u r e  h a v in g  been  c l e a r l y  below th e  s t a r t  o f  Ac^, th e  p r o p e r ­

t i e s  o f ' t h e  i n t e r m e d i a t e  and the  f u l l y  b r i t t l e  specim ens  a r e  v e ry  

s i m i l a r ,  and a re  d i s t i n c t l y  d i f f e r e n t  from th o se  of  th e  tou gh  s p e c ­

imens .



Analysis of Steels.
Steel. Carbon.

%
Silicon.

%
Sulphur.

%
AH . 0-31 0-310 0-021
NO . 0-31 0-145 0-029
NR3 . 0-36 0-275 0-021

Phosphorus. Manganese. Nickel. Chromium.
% % % %

0-015 0-47 4-46 1-41
0-026 0-57 3-20 0-83
0-016 0-34 1-90 1-15

TABLE 8 .
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In  F i g s .  24, 25,  and 26 a re  shown c u rv e s  f o r  t h e  v a r i a t i o n  

o f  m agn e t ic  i n d u c t i o n  and rem anent  i n d u c t i o n  from H = 0 t o  H = 250 

f o r  th e  v a r i o u s  s t a t e s  o f  e ac h  s t e e l .  Here a g a i n  th e  s i m i l a r i t y  

o f  the  i n t e r m e d i a t e  and b r i t t l e  s t a t e s  i n  s t e e l s  NC and NR3 i s  ve ry  

a p p a r e n t .  The d i f f e r e n c e  be tween  th e  remanence o f  t h e  v a r i o u s  s t a t e s  

i s  shown more d i s t i n c t l y  i n  F i g .  27*, where th e  p e r c e n t a g e s  o f  the  

maximum i n d u c t i o n  r e m a in in g  as rem anent  i n d u c t i o n  a re  p l o t t e d  

a g a i n s t  th e  c o r r e s p o n d i n g  v a lu e s  o f  th e  m a g n e t i s i n g  f o r c e .  I t  i s  se en  

t h a t  a f t e r  t h e  lower  v a lu e s  o f  H have been  ex ceed ed  the  p e r c e n t a g e  

o f  i n d u c t i o n  r e m a in in g  as rem anent  magnetism i n c r e a s e s  a b o u t  7 o r  

8 p e r  c e n t  on slow c o o l i n g  i n  s t e e l s  NC and NR3, th e  t o t a l  i n c r e a s e  

b e i n g  somewhat l e s s  i n  s t e e l  AH. The v a r i a t i o n  o f  th e  p e r m e a b i l i t y  

f o r  th e  v a r i o u s  s t a t e s  o f  each  s t e e l  i s  p l o t t e d  i n  F i g s .  28, 29, 

and 3 0 .  The maximum p e r m e a b i l i t y  i n  each  case  r i s e s  on slow c o o l i n g ,  

and th e  maximum v a lu e s  o f  th e  i n t e r m e d i a t e  and b r i t t l e  s t a t e s  f o r  

t h e  r e s p e c t i v e  s t a t e s  a re  v e ry  s i m i l a r .  S m a l l  d i f f e r e n c e s  i n  the  

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

s m a l l  d i f f e r e n c e s  i n  t h e  c o e r c i v e  f o r c e .  ( F i g s .  21, 22, and 23, and 

T ab le  9)

T ab le  9 shows a summary o f  th e  c h i e f  m ag ne t ic  p r o p e r t i e s ,  

i n c l u d i n g  th e  h y s t e r e s i s  l o s s ,  c a l c u l a t e d  from th e  a r e a  o f  the  

h y s t e r e s i s  l o o p s .  I t  w i l l  be s e en  t h a t  th e  l a t t e r  p r o p e r t y  d e c r e a s e s  

i n  e ach  s t e e l  a f t e r  the  slow c o o l i n g  t r e a t m e n t s .

T ab le  10 shows th e  r e s u l t s  o f  d e t e r m i n a t i o n s  o f  r e s i s t i v i t y ,  

s p e c i f i c  volume and B r i n e l l  h a r d n e s s .

The s p e c i f i c  volume and B r i n e l l  h a r d n e s s  show i n  each  case  

th e  d o u b le  e f f e c t  d i s c o v e r e d  i n  p r e v i o u s  work.
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T a b le  9  —Summary of Magnetic Properties from Hysteresis Loops for 
H max. =  15 0  e.g.s. Units.
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AH
1

Tough
Intermediate
Brittle

18-5
18-0
16-5

17,540
17,180
17,210

13,400
13,660
14,040

76-4
79-5
81-6 I 3 ' 1 ! 5 -2 ! 1

102,000
90,600
89,000

368
484
505

NC
Tough
Intermediate
Brittle

14-7
14-7
1 4 0

18,270
18,200
18,220

13,400
14,720
14,760

73-4
80-8
81-0

I 7 *4 )
| o . 2 | -

87.400
86.400 
82,000

465
595
614

NR3
Tough
Intermediate
Brittle

16-0
14-8
1 5 1

18,220
18,160
18,120

13,930
15,300
15,360

76-5
84-3
84-8

; 7 -8 )
8-3

96,000
90,500
92,600

432
575
558

T a b le  l Q  ~ Resistivity, Specific Volume, and Brinell Hardness Values.

Steel. Condition.
Specific 

Resistance 
a t 20° 0. 

Microhms.

Decrease in 
Specific 

Resistance.
Specific
Volume.

Brinell
Hardness.

Tough 32-20 |  0 •581 0-127735 258
AH Intermediate 31-62 0-99 0-127607 250

Brittle 31-21 } 0 -41J 0-127638 255

[Tough 30-47 1 0-37] 0-127736 252
NC Intermediate 30-10 I ^0-55 0-127637 243

Brittle 29-92 J0-18) 0-127752 252

Tough 24-23 \ 0-29 0-127613 246
NR3 Intermediate 23-94 I 0-54 0-127572 238

Brittle 23-69 } 0-25 0-127621 248
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In  t h i s  c o n n e c t i o n  i t  sho u ld  be n o te d  t h a t  the  specimens 

i n  the  I n t e r m e d i a t e  c o n d i t i o n  r e c e i v e d  l e s s  t e m p e r in g  t h a n  the  

o t h e r s ,  and c o n s e q u e n t ly  the  d i f f e r e n c e  i n  v a l u e s ,  b e i n g  i n  o pp o s ­

i t i o n  to  th e  c o n t r a c t i n g  and s o f t e n i n g  e f f e c t  o f  e x t r a - t e m p e r i n g ,  

i s  a l l  th e  more s i g n i f i c a n t .  A lso ,  i t  i s  p r o b a b le  t h a t  t h e r e  i s  a 

d e f i n i t e  r a t e  o f  c o o l i n g  (p r o b a b ly  v a r y i n g  i n  d i f f e r e n t  s t e e l s )  

which would g ive  a l a r g e r  c o n t r a c t i o n  and s o f t e n i n g  t h a n  t h a t  o b t a i n ­

ed  i n  t h e s e  e x p e r i m e n t s .  In  some c a se s  l a r g e r  changes  had been 

o b t a i n e d  i n  t h e s e  p r o p e r t i e s  i n  the  same s t e e l s  t r e a t e d  w i t h o u t  

e q u a l i s a t i o n  o f  t e m p e r in g  e f f e c t s .  (Table  5).

The r e s i s t i v i t y  (T ab le  10) v a r i e s  d i r e c t l y  w i th  the  r a t e  o f  

c o o l i n g ,  b u t  i t  i s  l i k e l y  t h a t  the  d i f f e r e n c e  i n  t e m p e r in g  e f f e c t  

be tw een  the  2°C . p e r  m inute  and the  0*3°C . p e r  minute  r a t e s  o f  c o o l ­

i n g  a c c o u n t s  e n t i r e l y  f o r  th e  d i f f e r e n c e  i n  v a lu e s  be tween  th e  

i n t e r m e d i a t e  and th e  b r i t t l e  spec im en s ,  and t h a t ,  i f  t h e  t e m p e r in g  

e f f e c t s  had been  e x a c t l y  e q u a l i s e d  i n  t h e s e  two s t a t e s ,  t h e i r

r e s i s t i v i t y  would be p r a c t i c a l l y  e q u a l .  I t  has  been found by
(20)Campbell  and Mohr ' t h a t  even  i n  ca rb o n  s t e e l s  s p h e r o i d i s a t l o n  

o f  c a r b i d e s  below Ar^ on a n n e a l i n g  a t  a  s low r a t e ,  may produce  a 

d e c r e a s e  o f  0*1 to  0*2 microhm i n  th e  r e s i s t i v i t y  when compared w i th  

th e  v a l u e s  o b t a i n e d  on a n n e a l i n g  a t  a  m odera te  r a t e .  T h is  p r o p e r ­

t y  would a p p e a r  to  be more s e n s i t i v e  t h a n  o t h e r s  to  such  v a r i a t i o n .  

T h is  e f f e c t  may be e x p e c te d  t o  be a p p a r e n t  i n  the  r e s i s t i v i t y  d e t e r ­

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

would n o t  be e x p e c t e d  t o  have an a p p r e c i a b l e  e f f e c t  on th e  m agn e t ic  

p r o p e r t i e s .

The e f f e c t  o f  e x t r a - t e m p e r i n g  on th e  r e s i s t i v i t y  i s  shown
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more f u l l y  i n  c o n n e c t io n  w i th  th e  r e s u l t s  o f  f u r t h e r  e x p e r im e n t s  j 

be lo w .

T£e p r e s e n t  e x p e r i m e n t a l  r e s u l t s  c o n f i rm  the  o b s e r v a t i o n  
( 11 \

o f  K ayse r  who n o te d  t h a t  i n  a s t e e l  s u s c e p t i b l e  to  b r i t t l e n e s s

th e  remanence I n c r e a s e d  c o n s i d e r a b l y  on slow c o o l i n g .

I t  has  been  shown i n  th e  p r e s e n t  work t h a t  changes  i n

s p e c i f i c  volume and i n  h a r d n e s s  a re  a c c e n t u a t e d  when the  t e m p e r in g

t e m p e r a t u r e  i s  r a i s e d ,  e s p e c i a l l y  n e a r  t o  the  Ac^ r a n g e .  T h i s ,  no

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

th e  absence  o f  d e t e c t a b l e  changes  i n  r e s i s t i v i t y  up t o  600°C. i n  the
13)s t e e l s  examined by Greaves and Jo n e s  .

CORRELATION OF rH ES ISAL FROPERTISS AND IZQD IMPACT VALUES.

I t  was t h o u g h t  a d v i s a b l e  t o - d e t e r m i n e  th e  p h y s i c a l  p r o p e r t i e s  

o f  a c t u a l  t e s t - p i e c e s ,  th e  Im pact  v a l u e s  o f  which were known. From 

p r e v i o u s  e x p e r im e n t s  on s t e e l s  AH, NG, and NR3 t h e r e  were a v a i l a b l e  

h e a t - t r e a t e d  I zo a  specim ens  wuich c o u ld  be u se d  t o  show . the  e f f e c t  

o f  t e m p e r i n g  t r e a t m e n t s  a t  r i s i n g  t e m p e r a t u r e s  n e a r  t o  and i n  the  

Ac^ rang e  on the  r e s i s t i v i t y  and s p e c i f i c  volume,  and a l s o  t o  g ive  

a  d i r e c t  c o r r e l a t i o n  o f  t h e s e  p r o p e r t i e s  w i th  t h e  Izod  v a l u e s .

The lo n g  b ro k e n  ends ( a b o u t  5 cm. i n  l e n g t h )  were machined dtown 

t o  2 i  mm. d i a m e t e r  and t h e i r  r e s i s t i v i t i e s  d e t e r m i n e d .  O th e r  p a r t s  

o f  the  I zo d  b a r s  were used  f o r  s p e c i f i c  volume d e t e r m i n a t i o n s .  The 

b a r s  had been  t r e a t e d  by f i r s t  o i l - q u e n c h i n g  from 6 3 0°C . and t h e n  

t e m p e r i n g  f o r  two h o u rs  a t  6 5 0 °C . , 6 7 0 °C . ,  6 8 0 ° C . , and 6 9 0 °C . Bars 

o f  e a c h  s t e e l  were o b t a i n e d  i n  the  quenched and the  s lo w ly  c o o le d  

c o n d i t i o n s  (0 °3 °C . p e r  m in u te )  from e ach  o f  t h e s e  t e m p e r a t u r e s .
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The r e s u l t s  a r e  shown in  Table  11. The a v e ra g e  Izod  and 

B r i n e l l  h a r d n e s s  f i g u r e s  a r e  g iv e n  f o r  com par ison  w i th  th e  r e s i s t ­

i v i t y  and s p e c i f i c  volume v a l u e s .

I t  w i l l  be seen  t h a t  t h e  d i f f e r e n c e  i n  r e s i s t i v i t y  be tween 

t h e  tough  and b r i t t l e  specim ens  i s  g r e a t e r  a t  the  lower  t e m p e r a t ­

u r e s  t h a n  was th e  c a se  i n  th e  e a r l i e r  e x p e r i m e n t s . This  i s  due to  

t h e  f a c t  t h a t  t h e  t e m p e r in g  e f f e c t s  were n o t  e q u a l i s e d ,  th e  b r i t t l e  

spec im ens  r e c e i v i n g  a g r e a t e r  amount o f  t e m p e r in g  d u r i n g  th e  slow 

c o o l i n g  t r e a t m e n t .  The d i f f e r e n c e  be tw een  th e  r e s i s t i v i t y  o f  th e  

tough  and b r i t t l e  spec im ens  i s  i n  e ach  c a se  s i m i l a r  u n t i l  s o l u t i o n  

i n  Y“ l ro n  a t  th e  commencement o f  th e  Ac^ range  t a k e s  d a c e ,  when 

th e  d i f f e r e n c e  i n c r e a s e s  s h a r p l y ,  due to  th e  marked e f f e c t  o f  the  

quenched y a r e a s  i n  r a i s i n g  th e  r e s i s t i v i t y .

The s p e c i f i c  volume o f  th e  quenched and th e  s lo w - c o o le d  

spec im ens  a r e  v e r y  s i m i l a r  a f t e r  t r e a t m e n t  a t  t h e  low er  t e m p e r a t u r e s ,  

t h e  s p e c i f i c  volume o f  th e  s low c o o le d  spec im ens  b e in g  in  g e n e r a l  

s l i g h t l y  low er  t h a n  t h a t  o f  th e  quenched ,  due to  e x t r a - t e m p e r i n g .  

S i m i l a r  rem arks  a p p ly  to  th e  B r i n e l l  h a r d n e s s  r e s u l t s .

F u r t h e r  C o n s i d e r a t i o n  of  R e s u l t s .

I t  has  been  shown t h a t  no d o u b le  e f f e c t  s i m i l a r  t o  t h a t

o b t a i n e d  i n  s p e c i f i c  volume and i n  h a r d n e s s  i s  a p p a r e n t  i n  t h e

m a g n e t ic  p r o p e r t i e s  o r  i n  th e  r e s i s t i v i t y .  The r e s u l t s  show t h a t

t h e  m a g n e t i c  p r o p e r t i e s  a r e  m o d i f i e d  by c o o l i n g  th e  s t e e l s  s l o w ly

from th e  t e m p e r in g  t e m p e r a t u r e ,  and t h a t  th e  m ag n e t ic  s t a t e  o f  th e

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

These f a c t s ,  t o g e t h e r  w i th  a c o n s i d e r a t i o n  o f  the  manner i n  which 

th e  m a g n e t i c  p r o p e r t i e s  change on slow c o o l i n g ,  g iv e  s t r o n g  s u p p o r t



T a b le  1 1  —Resistivity, Specific Volume, Brinell Hardness, and 
Izod Values.

Steel.

Tem­
pering

Tempera­
ture.
•o.

Final
Treatment.

Mean Izod 
Value. 
Ft.-lb.

Mean
Brinell

Hardness.

Specific 
Resistance 
a t 20° 0. 

Microhms.

Decrease
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Specific
Resist­
ance.

Specific
Volume.

A H

/650 

; 670 

] 680 

'690

(W.-Q.
Is.c.
(W.-Q.
1s.c.
(W.-Q.
Is.c.
(W.-Q.
IS.C.

58-7
5-5 

34-4
7-7 

27-2
6-2
8-6 
6-2

254
274
297
268
308
260
346
272

32-61> 
31-491
33-64)
31-92) 
33-82. 
30-721 
38-83i
32-59)

1-12

1-72

3-10

6-24

0-127759
0-127600
0-127740
0-127728
0-127768
0-127750
0-127823
0-127715

N C

| 650 

'670 

,680 

690

(W.-Q.
IS.C.
(W.-Q.
IS.C.
(W.-Q.
IS.C.
(W.-Q.
IS.C.

58-8
5-2

70-5
5 0

71-4
5 1  

2 0 0
7-2

260
250
253
223
237
228
297
228

26-51.
25-70)
26-53.
25-89)
26-29. 
25-67) 
29-19) 
25-64)

0-81

0-64

0-62

3-55

0-127571
0-127543
0-127538
0-127515
0-127537
0-127558
0-127612
0-127536

N R 3

*/ 660 

670 

680 

 ̂690

(W.-Q. 
IS.C. 
(W.-Q. 
IS.C. 
f W.-Q.
is.c.
(W.-Q.
IS.C.

69-5
8-3

79-5
1 5 0
78-7
10-9
68-4
10-2

253
256
238
234
236
237 
220 
231

24-78,
24-06)
24-54.
23-94)
24-70.
23-98)
25-27.
24-30'

0-72

0-60

0-72

0-97

0-127624
0-127623
0-127609
0-127607
0-127605
0-127592
0-127585
0-127582

W.-Q. =  water-quenched.
S.C. =  slowly cooled at the rate of 0-3° C. per minute.
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t o  th e  view t h a t  t e m p e r - b r i t t l e n e s s  i s  c o n n e c te d  w i th  s o l u t i o n  and 

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

The r i s e  in  remanence accompanied  by a  r i s e  i n  maximum 

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

s i s  l o s s  a r e  f e a t u r e s  which would be e x p e c te d  to  c h a r a c t e r i s e  d e p o s ­

i t i o n  from s o l i d  s o l u t i o n  on s low c o o l i n g .  These a r e ,  f o r  example ,  

th e  changes  which t a k e  p l a c e  when m a r t e n s i t e  i n  quenched s t e e l s  

i s  t e m p e re d .  The f a l l  i n  r e s i s t i v i t y  would s i m i l a r l y  be e x p e c t e d .

Thus a t  t h e  t e m p e r in g  t e m p e r a t u r e  some c a r b i d e  i s  h e l d  in  

s o l i d  s o l u t i o n  i n  f e r r i t e ,  and i s  r e t a i n e d  i n  t h a t  form on q uench­

i n g  from t h a t  t e m p e r a t u r e  b u t  s e p a r a t e s  o u t  on slow c o o l i n g .  The 

d o u b le  e f f e c t  i n  s p e c i f i c  volume and in  h a r d n e s s  has  a l r e a d y  been  

d i s c u s s e d  f u l l y  and need  n o t  be e n l a r g e d  upon.

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

f a r  from t h e r e  b e i n g  no changes  accompanying th e  t r a n s i t i o n  from 

tough  t o  b r i t t l e  s t e e l ,  a l l  t h e  I m p o r ta n t  p h y s i c a l  p r o p e r t i e s  

examined show marked c h a n g e s .

Only t h e  s p e c i f i c  volume and t h e  h a r d n e s s ,  however ,  show 

th e  t r u e  changes  In v o lv ed  i n  t e m p e r - b r i t t l e n e s s .

The m a g n e t ic  p r o p e r t i e s  and th e  r e s i s t i v i t y  show s o l u t i o n  

and d e p o s i t i o n  o f  c a r b i d e  b u t  n o t  th e  s t a t e  o f  d i s t r i b u t i o n  o f  t h e  

c a r b i d e .

EXPLANATION OF TEMPER-BRITTLENESS.

The e x p l a n a t i o n  o f  t e m p e r - b r i t t l e n e s s  a p p e a r s  to  be ,  b r i e f ­

l y ,  as  f o l l o w s :

When a s t e e l  s u s c e p t i b l e  t o  t e m p e r - b r i t t l e n e s s  i s  c o o le d
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s lo w ly  from a h ig h  t e m p e r in g  t e m p e r a t u r e ,  a p o r t i o n  o f  th e  c a r b i d e ,  

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

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

n e t i c  p r o p e r t i e s  and s p e c i f i c  r e s i s t a n c e .  This  a l s o  r e s u l t s ,  a t  

m odera te  c o o l i n g  r a t e s ,  i n  a  c o n t r a c t i o n  and s o f t e n i n g ,  as  shown 

by s p e c i f i c  volume and h a r d n e s s  t e s t s .  When, however ,  th e  r a t e  o f  

c o o l i n g  i s  e x t r e m e l y  s low,  th e  s t e e l  expands and h a rd e n s  a g a i n  - 

r e l a t i v e  t o  th e  m o d e r a te ly  c o o le d  s t a t e  -  and t h i s  i s  e v i d e n t l y  

due to  th e  f o r m a t i o n  o f  a  n e tw ork  o f  c a r b i d e  round th e  g r a i n s ,  

p r o d u c i n g ,  by i t s  p re d o m in a n t  e f f e c t  on the  c o e f f i c i e n t  o f  c o n t r a c ­

t i o n  and i t s  i n f l u e n c e  i n  i n c r e a s i n g  th e  r e s i s t a n c e  to  p e n e t r a t i o n ,  

an i n c r e a s e  in  s p e c i f i c  volume and i n  h a r d n e s s  r e s p e c t i v e l y .  

D e p o s i t i o n  o f  c a r b i d e  w i l l  n o t  i n  I t s e l f  induce  b r i t t l e n e s s  i n  th e  

s t e e l .  I t  i s  o n ly  when th e  r a t e  o f  c o o l i n g  i s  s u f f i c i e n t l y  slow 

t o  a l l o w  o f  e x p u l s i o n  o f  th e  c a r b i d e  to  th e  g r a i n  b o u n d a r i e s  - o r  

i f  t h e  s t e e l  i s  t r e a t e d  i n  o t h e r  ways such  as  r e h e a t i n g  to  a b o u t  

520°C. - t h a t  b r i t t l e n e s s  d e v e l o p s .  V a r i a t i o n  i n  t h e  amount o f  

d e p o s i t i o n ,  th e  s t a t e  o f  c o m p le te n e s s  o r  c o n s i s t e n c y  o f  th e  

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

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

t o  th e  c o m p o s i t i o n  and t r e a t m e n t .
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P o s s i b i l i t y  o f  a  T e s t  f o r  B r i t t l e n e s s  w i t h o u t  D e s t r u c t i o n .

A c o n s i d e r a t i o n  o f  the  p h y s i c a l  changes which have been 

shown to  accompany t e m p e r - b r i t t l e n e s s  l e d  to  th e  c o n c l u s i o n  t h a t ,  

a l t h o u g h  th e  h a r d n e s s  o f  the  quenched tough c o n d i t i o n  and th e  

b r i t t l e  c o n d i t i o n  a r e  i n  most c a s e s  n e a r l y  the  same, y e t  th e  h a r d ­

n e s s  o f  t h e  two c o n d i t i o n s  must  be o f  a  d i f f e r e n t  n a t u r e .  I f  i t  were 

p o s s i b l e  to  measure  th e  h a r d n e s s  o f  th e  g r a i n s  i n  th e  b r i t t l e  s t a t e  

t h e n  th e  h a r d n e s s  o f  them would d i f f e r  from th e  h a r d n e s s  o f  th e  

m ass .  In  o r d e r  t o  se e  w h e th e r  any o f  th e  known h a r d n e s s  t e s t s  would 

show a d i f f e r e n t  b e h a v io u r  from th e  B r i n e l l  method some e x p e r im e n t s  

were c a r r i e d  o u t  as f o l l o w s .  Three 5 / 8 t h s .  in ch  s q u a re  b a r s  o f  

e ac h  o f  th e  t h r e e  s t e e l s  Ah, NC, NR3 were t r e a t e d  to  g iv e  th e  t h r e e  

c o n d i t i o n s  found t o  be p h y s i c a l l y  d i f f e r e n t  by th e  f o r e g o i n g  work, 

namel'y th e  quenched tough  c o n d i t i o n ,  t h e  m o d e r a te ly  s lo w ly  c o o le d  

c o n d i t i o n  and t h e  f u l l y  b r i t t l e  c o n d i t i o n .  The b a r s  were ground 

on a l l  s u r f a c e s  to  g iv e  ample a r e a  f o r  numerous d e t e r m i n a t i o n s  on 

t h e  same sp e c im e n s ,  h a r d n e s s  t e s t s  by th e  B r i n e l l  method, th e  

H e r b e r t  Pendulum, and th e  Shore  S c h le r o s c o p e  were c a r r i e d  o u t .

The mean r e s u l t s  a r e  shown in  T ab le  12. In  the  v a r i o u s  t e s t s  u s i n g  

t h e  H e r b e r t  Pendulum t h e r e  was a  good d e a l  o f  i n c o n s i s t e n c y  i n  the  

r e s u l t s .  By some o f  th e  t e s t s  i t  i s  d i f f i c u l t  t o  t e l l  which o f  two 

spec im ens  i s  th e  h a r d e r  when a d i s t i n c t  d i f f e r e n c e  i n  h a r d n e s s ,  as 

shown by th e  B r i n e l l  method, e x i s t s .  I t  was found t h a t  c o n s i d e r a b l e  

d i f f e r e n c e s  i n  th e  v a lu e s  o f  th e  t ime t e s t  were o b t a i n e d  due to  

s l i g h t  v a r i a t i o n s  i n  th e  s t a n d a r d  swing on g l a s s .  I t  was found  

p o s s i b l e ,  however ,  by th e  e x e r c i s e  o f  g r e a t  c a re  to  o b t a i n  f a i r l y  

c o n s i s t e n t  r e s u l t s  w i th  th e  t ime t e s t .  The r e s u l t s  from t h e s e



TABLE 1 2 .

S t e e l . C o n d i t i o n . B.H. H e r b e r t  Pendulum H e r b e r t  
S c a le  W-H 
T e s t .  Cap

P endu lum .
. Time t e s t s . S h o r e  
. 6 . lO sw in R S .S c h le r

Time T e s t  a f t e r  
2 , 4 , 6 , 8  sw in g s .

AH Tough 258 3 6 , 3 7 , 3 7 , 3 6 25*5 43*9 27 27*5 34-7

I n t e r m e d . 250 3 * . 3 1 , 3 3 , 3 6 20 • 5 47*8 29 2 8-5 32

B r i t t l e 255 3 7 , 3 7 , 3 7 , 3 7 19 48 28 • 2 28*2 31*4

NC Tough 252 3 3 , 4 3 , 4 3 , 3 9 24 39 28-5 28*2 33-7

I n t e r m e d . 243 4 7 , 4 0 , 3 5 , 3 4 21*5 37 28-2 27*6 31

B r i t t l e 252 4 4 , 3 9 , 4 2 , 4 0 21 44 28 • 5 2 8 .2 33*2

NR3 Tough 246 3 7 , 3 7 , 3 9 , 3 7 19 48*2 27*2 •0
0CVJ 34-2

I n t e r m e d . 238 3 5 , 3 5 , 3 5 , 3 5 22*5 51*5 25 26-3 30-9

B r i t t l e 248 3 9 , 4 0 , 3 7 , 3 5 20 40*5 2 7 .7 27 32
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showed t h a t  i n  s t e e l s  NC and NR3 th e  o r d e r  o f  h a r d n e s s  was the  

same as w i th  th e  E r i n e l l  method.  In  s t e e l  AH t h i s  was n o t  so and i t  

i s  p o s s i b l e  t h a t  t h i s  shows a d i f f e r e n c e  i n  the  k in d  o f  h a r d n e s s  

m easu red ,  AH h a v in g  had s l i g h t  s o l u t i o n  a t  t h e  s t a r t  o f  th e  Ac^ 

ran g e  by th e  t r e a t m e n t  g i v e n .  None o f  th e  o t h e r  t e s t s  w i th  th e  

pendulum were c o n s i d e r e d  good. The s c h l e r o s c o p e  gave the  same 

o r d e r  o f  h a r d n e s s  as th e  t ime t e s t s  on th e  pendulum. With h a r d n e s s e s  

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

t o  be s u r e  o f  s m a l l  v a r i a t i o n s  in  h a r d n e s s .

The r e s u l t s  o f  t h e s e  e x p e r im e n t s  were th u s  n e g a t i v e ,  and 

i t  would e v i d e n t l y  be n e c e s s a r y  to  d e v i s e  a m i c r o s c o p i c a l  method 

o f  m e a s u r in g  th e  h a r d n e s s  o f  i n d i v i d u a l  g r a i n s  in  o r d e r  to  r e v e a l  

a d i f f e r e n c e  be tw een  them and th e  h a r d n e s s  o f  th e  mass i n  b r i t t l e  

sp e c im e n s .  With such  a method i t  would seem q u i t e  p o s s i b l e  t o  t e l l  

w h e th e r  a spec im en was b r i t t l e  o r  n o t  w i t h o u t  b r e a k i n g  i t  i n  a

t e s t i n g  m ach in e .  The c o n d i t i o n  o f  an e n g i n e e r i n g  c a s t i n g  o r

f o r g i n g  c o u ld  t h u s  be d e t e r m i n e d  w i t h o u t  r e s o r t  to  a s e p a r a t e  t e s t -  

p i e c e  which m ig h t  o r  m igh t  n o t  have  the  same c o n d i t i o n  as  th e  

main p i e c e .

S i m i l a r l y ,  i f  t h e  remanence o r  th e  p e r m e a b i l i t y  and th e  

B r i n e l l  h a r d n e s s  c o u ld  be m easured  w i th  a c c u r a c y  th e  same end 

would be a t t a i n e d .

I t  i s  by no means u n l i k e l y  t h a t  such methods may be e v o lv e d  

by f u t u r e  work.
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TH5 SOLUBILITY OF CARBIDE IN FERRITE.

The s u c c e s s f u l  d e t e c t i o n  o f  th e  p h y s i c a l  changes in v o lv e d  

in  t e m p e r - b r i t t l e n e s s  p o i n t e d  to  the  p o s s i b i l i t y  o f  d e t e r m i n i n g  

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

i b l e  to  b r i t t l e n e s s  o r  n o t ,  and as t h i s  s u b j e c t  has  f o r  lo n g  been 

an o u t s t a n d i n g  one in  th e  p h y s i c a l  m e t a l l u r g y  o f  s t e e l ,  i t  was 

d e c i d e d  to  make use  o f  th e  d i s c o v e r i e s  a l r e a d y  made in  o r d e r  to  

a t t e m p t  to  p l a c e  th e  whole m a t t e r  on a more com prehens ive  and f u n d ­

a m e n ta l  b a s i s .

The i n v e s t i g a t i o n  was thu s  e x te n d e d  w i th  a  view to  d e t e r m i n ­

i n g  th e  e f f e c t  o f  v a r i o u s  e le m e n t s  on th e  s o l u b i l i t y  o f  c a r b i d e  

i n  f e r r i t e  and to  th e  d e t e r m i n a t i o n  o f  th e  form o f  th e  s o l u b i l i t y  

c u rv e s  i n  a wide ran g e  o f  s t e e l s .

A number o f  new s t e e l s  were o b t a i n e d  and t h e s e  were a r r a n g ­

ed i n  s e r i e s  so t h a t  th e  n i c k e l ,  manganese,  and chromium c o n t e n t s  

v a r i e d ,  t h e  ca rb on  c o n t e n t  b e i n g  k e p t  a p p r o x i m a t e ly  c o n s t a n t  in  

e ach  s e r i e s .  The a n a l y s e s  a r e  shown i n  Table  13*

The s t e e l s  marked w i th  an a s t e r i s k  were c r u c i b l e  s t e e l s .

They were s p e c i a l l y  made f o r  t h i s  r e s e a r c h  by M e s s r s .  K ayse r ,

E l l i s o n  and Co.,  L t d . ,  S h e f f i e l d ,  w i th  t h e  a i d  o f  a G ran t  from the  

C a rn eg ie  T r u s t  f o r  th e  U n i v e r s i t i e s  o f  S c o t l a n d .  These s t e e l s  were 

made as  low as p o s s i b l e  in  u n d e s i r e d  e l e m e n t s .  The c r u c i b l e  s t e e l s  

i n  t h e  n i c k e l  and th e  chromium s e r i e s ,  t h e r e f o r e ,  were n o t a b l y  

lo w er  i n  manganese t h a n  the  r e m a in d e r ,  which were com m erc ia l  s t e e l s .  

The l a t t e r  were g i f t e d  to  th e  a u t h o r  by D r .  M'Cance,  Managing 

D i r e c t o r  o f  th e  Clyde A l lo y  S t e e l  Co . ,  L t d . ,  M o th e r w e l l .  S t e e l s  

CN3 and CN5, a l t h o u g h  c l a s s e d  as  n i c k e l  s t e e l s ,  c o n t a i n e d  s m a l l
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q u a n t i t i e s  o f  chromium. The o t h e r  n i c k e l  s t e e l s  were e n t i r e l y  f r e e  

from t h i s  e l e m e n t .

EXPERIMENTAL METHODS .

The e x p e r i m e n t a l  methods employed were s u b s t a n t i a l l y  the  

same as p r e v i o u s l y  d e s c r i b e d .  A few d e t a i l s  o f  th e  m a g n e t ic  a p p a r ­

a t u s  were m o d i f i e d  to  g ive  g r e a t e r  a c c u ra c y  o f  r e a d i n g s ,  p a r t i c u l ­

a r l y  in  low f i e l d s .  The m a g n e t ic  t e s i - p i e c e s  were machined to  a few 

th o u s a n d th s  o f  a c e n t i m e t r e  more t h a n  f o r m e r l y  so as to  g iv e  a v e ry  

t i g h t  f i t  i n  th e  yoke .  One o r  two o f  th e  e a r l i e r  t e s t - p l e c e s  were 

a l i t t l e  s l a c k  in  th e  yoke and i t  was found d i f f i c u l t  to  g e t  o v e r  

t h e  e f f e c t s  o f  t h i s .  I f  even  a v e ry  s l i g h t  a i r - g a p  e x i s t s  the  curve

f o r  B i s  a n t  to  be e r r o n e o u s ,  b u t  r e l a t i v e  p r o p e r t i e s  such  as max.
p e r  c e n t ,  remanence and p e r m e a b i l i t y  a r e  n o t  a f f e c t e d .

ELIMINATION OF THE EFFECTS OF UNEQUAL SPHEROIDISATION.
known

I t  i s  v e ry  w d l l At h a t  l a r g e  a l t e r a t i o n s  in  a l l  th e  p h y s i c a l  

p r o p e r t i e s  o f  quenched s t e e l s  t a k e  p l a c e  when t h e s e  s t e e l s  a r e  

t e m p e re d .  At low t e m p e r a t u r e s  t h e s e  changes  a r e  due ,  in  t h e  main, 

t o  th e  breakdown o f  m a r t e n s i t e  and a u s t e n i t e ,  and a t  h ig h  t e m p e r ­

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

c a r b i d e  p a r t i c l e s  o f  th e  s t e e l .  These changes  a r e  so l a r g e  t h a t  

t h e y  c o m p l e t e ly  o b sc u re  th e  m inu te  bu t  f u n d a m e n ta l l y  I m p o r ta n t  

changes  c o n c e rn e d  in  the  s o l u b i l i t y  o r  d e p o s i t i o n  o f  c a r b i d e  i n  the  

f e r r i t e  m a t r i x  o f  the  s t e e l s .

In  o r d e r  t o  show up t h e s e  s m a l l  changes  i t  i s  e s s e n t i a l  

t h a t  changes  due t o  o t h e r  f a c t o r s ,  c h i e f  o f  which i n  th e  r a n g e s  

o f  t e m p e r a t u r e  c o n ce rn e d  i n  the  p r e s e n t  work i s  s p h e r o i d i s a t l o n ,  

s h o u ld  be e n t i r e l y  e l i m i n a t e d .  S p h e r o i d i s a t l o n  g iv e s  r i s e ,  as  has
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been shown , t o  a d e c r e a s e  In  th e  s p e c i f i c  volume, h a r d n e s s  and 

r e s i s t i v i t y ,  which a r e  th e  same e f f e c t s  as a r e  p roduced  by the  

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

In  p r e v i o u s l y  r e c o r d e d  work on th e  p h y s i c a l  changes co n ­

c e rn e d  in  t e m p e r - b r i t t l e n e s s  a method o f  d o ub le  h e a t - t r e a t m e n t  

was used  in  o r d e r  to  e q u a l i s e  t e m p e r in g  e f f e c t s  i n  t h e  v a r i o u s

s p e c im e n s .  As a  r e s u l t  o f  t h i s  method o f  t r e a t m e n t  th e  s t e e l s  were

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

i n g  t im e  o f  th e  same, o r  n e a r l y  th e  same, d u r a t i o n  f o r  each  s p e c i ­

men. In  o r d e r  to  compare th e  p r o p e r t i e s  of  tough  and b r i t t l e  s p e c i ­

mens t h i s  ty pe  o f  t r e a t m e n t  was n e c e s s a r y ,  b u t  f o r  th e  p u rp o se  o f  

t h e  p r e s e n t  p a r t  o f  th e  r e s e a r c h  th e  m e c h a n ic a l  c o n d i t i o n  o f  the  

s t e e l s  was n o t  d i r e c t l y  co n ce rn e d ,  and th e  q u e s t i o n  a r o s e  w h e th e r  

a b e t t e r  method of  e l i m i n a t i n g  th e  e f f e c t s  o f  u n e q u a l  s p h e r o i d ­

i s a t l o n  c o u ld  n o t  be e v o l v e d .  The o ld  method had been  s u c c e s s f u l  

i n  showing th e  n a t u r e  o f  the  changes  co nce rn ed  i n  th e  t e m p e r - b r i t t l e ­

n e s s  o f  n ic k e l - c h ro m iu m  s t e e l s  in  which the  s o l u b i l i t y  changes  

were r e l a t i v e l y  l a r g e ,  b u t  t h e r e  was a d o u b t  as  to  w h e th e r  t h e s e  

changes  co u ld  be a c c e p t e d  as an a c c u r a t e  measure  o f  s o l u b i l i t y  o n l y .  

A lso ,  as  i t  was d e s i r e d  to  d e te r m in e  s o l u b i l i t y  changes i n  s t e e l s  

i n  which th e y  would be r e l a t i v e l y  much s m a l l e r ,  i t  was e s s e n t i a l  

t h a t  com ple te  e l i m i n a t i o n  o f  changes  due to  s p h e r o i d i s a t l o n  sh o u ld  

be a c h i e v e d ,  i f  p o s s i b l e .

I t  ha s  been  shown t h a t  th e  e f f e c t s  o f  s p h e r o i d i s a t l o n  a r e  

i n c r e a s e d  as th e  t e m p e r a t u r e  i s  r a i s e d ,  and t h a t  t h e y  a r e  p a r t i c ­

u l a r l y  n o t i c e a b l e  i n  n i c k e l  and n i c k e l - c h ro m iu m  s t e e l s  above a b o u t  

6 0 0 °C . Any s l i g h t  i n e q u a l i t y  i n  th e  t r e a t m e n t  a t  h i g h  t e m p e r a t u r e s
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m ig h t  r e s u l t  i n  a s m a l l  d i f f f c t e n c e  i n  th e  amount o f  s p h e r o i d i s a t l o n  

in  two spec im ens  to  which th e  same t r e a t m e n t  had a p p a r e n t l y  "been 

a p p l i e d .  I t  was t h o u g h t  t h a t  any such d i f f e r e n c e  m ig h t  be e l i m i n a t ­

ed and th e  e f f e c t s  due to  s o l u b i l i t y  o n ly  d e te r m in e d  by f i r s t  

q u e n ch in g  th e  specim en from th e  t e m p e r a t u r e  a t  which i t  was d e s i r e d  

t o  measure  the  s o l u b i l i t y  and th e n  r e t e m p e r l n g  a t  a lower  t e m p e r a t ­

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

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

To t e s t  t h i s  view a number o f  specim ens  which had been  

s u b j e c t e d  to  t h e  o ld  method o f  h e a t - t r e a t m e n t  were t r e a t e d  a t  p r o ­

g r e s s i v e l y  r i s i n g  t e m p e r a t u r e s .  The s t e e l s  u sed  and th e  o r i g i n a l  

t r e a t m e n t s  to  which th e y  had been  s u b j e c t e d  a r e  shown i n  Table  14.

S p e c i f i c  volume spec im ens  t r e a t e d  as  shown were t a k e n  of  

s t e e l s  AH, NC, and NR3 - t h a t  i s ,  t h r e e  s t e e l s  i n  th e  f i n a l  w a t e r -  

quenched tough  c o n d i t i o n  - and a l s o  r e s i s t i v i t y  spec im ens  o f  s t e e l  

NR3, one e ach  i n  th e  quenched tough  c o n d i t i o n ,  th e  i n t e r m e d i a t e  

s lo w - c o o le d  c o n d i t i o n ,  and th e  s l o w - c o o le d  b r i t t l e  c o n d i t i o n .  As 

shown i n  p r e v i o u s  work, t h e  w a te r -q u e n c h e d  s t a t e  c o n t a i n s  carbon  

in  s o l i d  s o l u t i o n  in  th e  f e r r i t e ,  and b o th  th e  s lo w ly  c o o le d  s t a t e s  

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

These s i x  specim ens  were t r e a t e d  by t e m p e r in g  f o r  one h o u r  

i n  vacuo a t  v a r i o u s  t e m p e r a t u r e s  from 4 0 0 °C . up t o  575° S f o l l o w ­

ed by 3 low c o o l i n g  a t  t h e  r a t e  o f  2 °C . p e r  m inu te  a f t e r  each  t r e a t -  

e n t .  The f i r s t  p a r t  o f  th e  t r e a t m e n t  would p r e c i p i t a t e  o u t  any 

d i s s o l v e d  c a r b i d e  i f  th e  t e m p e r a t u r e  were h ig h  enough, b u t  m ig h t  

a l s o  cause  some r e - s o l u t i o n .  I t  was e s s e n t i a l ,  t h e r e f o r e ,  t o  com­

p l e t e  th e  t r e a t m e n t  by s l o w - c o o l i n g ,  in  o r d e r  to  a l lo w  any such



T a b le  1 3  -Analyses of Steels.

Mark. Carbon. Silicon. Sulphur. Phosphorus; Maneanese. Nickel. Chromium.
% °//o °//o 0//o % °//o o//o

Nickel Steels, lsi Series.
CN 2 0-15 0-10 0-024 0-018 0-46 1-95
CNZ 0-12 0-168 0-032 0-016 0-63 2-80
CN5 0-10 0-070 0-017 0-007 0-40 4-86

Nickel Steels, 2nd Series.
3 N 0-33 0-104 0-030 0-028 0-51 3-28
E92* 0-24 0-095 0-032 0-027 0-22 5-13
£331* 0-22 0-05 0-024 0-020 0-16 6-96

Manganese Steels.
E 0-26 0-10 0-028 0-009 0-60 i
IM 0-32 0-205 0-034 0-048 1-01 ...
E 161* 0-27 0-18 0-016 0-018 1-96 .. .  ! ...

Chromium Steels.
2 A X 0-31 0-13 0-032 0-031 0-74 1-00
£247* 0-20 0-05 0-022 0-024 0-14 1-85
£248* 0-22 0-08 0-014 0-023 0-10 2-80
£22* 0-21 0-10 0-032 0-024 0-185 i ... 3-88
£271* 0-295 0-12 0-016 0-021 0-08 5-54

Nickel-Chromium Steels.
AH 0-31 0-310 0-021 0-015 0-47 4-46 1-41
NC 0-31 0-145 0-029 0-026 0-57 3-20 0-83
NRZ 0-36 0-275 0-021 0-016 0-34 1-90 1-15

Armco
iron 0-024 Nil 0-028 0-004 0-021

Steel. Original Treatment. 

AH  O.-H. from 850° C.

NC  O.-H. from 850° C.

NRZ O.-H. from 850° C.

First Tempering 
Treatment.

T. 2 hr. at 660° C., slowly 
cooled at 0-3° C. per 
min.

T. 2 hr. at 660° C., slowly 
cooled at 0-3° C. per 
min.

(1) T. 2 hr. at 660° C., 
slowly cooled at 0*3° C. 
per min.

(2) W.T. 2 hr. at 660° C.

Second Tempering 
Treatment.

W.T. 2 hr. at 660° C.

W.T. 2 hr. at 660° C,

W.T. 2 hr. at 660° C.

T. 2 hr. at 660° C., S.C. at 
2° C. per min.

T. 2 hr. at 660° C., S.C. at 
0-3° C. per min.

(3) W.T. 2 hr. at 660° C.

TABLE 1 4 .
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r e d i s s o l v e d  c a r b i d e  t o  s e p a r a t e .  The s p e c i f i c  volume and th e  r e s i s t ­

i v i t y  were d e te r m in e d  a f t e r  each  t r e a t m e n t ,  and the  r e s u l t s  a r e  

p l o t t e d  in  F i g .  31.

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

o f  s t e e l  NR3 show c l e a r l y  t h a t  i n  th e  quenched tough  c o n d i t i o n  th e  

c a r b i d e  i s  d e p o s i t e d  o u t  o f  s o l u t i o n  g r a d u a l l y  u n t i l  a t  a b o u t  5>00°G,. 

d e p o s i t i o n  i s  c o m p le te ,  whereas  in  the  two s lo w ly  c o o le d  c o n d i t i o n s  

no change t a k e s  p l a c e ,  no c a r b i d e  h a v in g  been  l e f t  in  s o l i d  s o l u t i o n  

a f t e r  th e  o r i g i n a l  t r e a t m e n t s .  I t  i s  c l e a r ,  from th e  e n t i r e  absence  

o f  any change i n  t h e s e  l a t t e r  sp e c im en s ,  t h a t  no e x t r a - s p h e r o l d i s -  

a t i o n  had  t a k e n  p l a c e  a t  any t e m p e r a t u r e  up t o  5 7 5 ° ^ • -This  i s  what 

one m ig h t  e x p e c t ,  s o h e r o i d i s a t i o n  h a v in g  been  promoted  to  a l a r g e  

e x t e n t  by t h e  o r i g i n a l  h ig h  t e m p e r a t u r e  t r e a t m e n t s .  The s p e c i f i c  

volume c u r v e s  o f  th e  t h r e e  s t e e l s  i n  th e  quenched tough  c o n d i t i o n  

c o n f i r m  th e  r e s i s t i v i t y  d e t e r m i n a t i o n s ,  b u t  i t  i s  e v i d e n t  t h a t  in  

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

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

from b e i n g  r e v e a l e d .  Thus s p e c i f i c  volume and h a r d n e s s  r e s u l t s  

would g iv e  e n t i r e l y  e r r o n e o u s  r e s u l t s  i f  used  f o r  t h e  p r e s e n t  o b j e c t  

o f  e s t i m a t i n g  th e  changes  due to  s o l u b i l i t y  o n l y .

As a r e s u l t  o f  th e  above e x p e r im e n t s  th e  f o l l o w i n g  s t a n d ­

a rd  t r e a t m e n t  was a d o p te d  f o r  t h e  t r e a t m e n t  o f  t h e  f o u r t e e n  n i c k e l ,  

manganese,  and chromium s t e e l s  t o  d e t e r m i n e  th e  changes  b r o u g h t  

a b o u t  by c a r b i d e  s o l u b i l i t y :  Specimens o f  e ach  s t e e l  were h e a t e d  

f o r  one h o u r  a t  t h e  t e m p e r a t u r e  a t  which i t  was d e s i r e d  to  m easure  

t h e  s o l u b i l i t y ,  and quenched in  w a t e r ;  a  second  spec im en  o f  each  

s t e e l ,  which had been  t r e a t e d  a lo n g  w i th  th e  o t h e r ,  was r e t e m p e r e d
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a t  500°C. f o r  one h o u r  and c o o le d  in  t h e  f u r n a c e  a t  a r a t e  o f  2 °C . 

p e r  m in u t e .  In l a t e r  work to  d e te r m in e  th e  s o l u b i l i t y  c u rv e s  one 

specim en o n ly  was used  f o r  t h e s e  two t r e a t m e n t s  in  o r d e r  t o  e l i m i n ­

a t e  any p o s s i b l e  v a r i a t i o n  in  c o m p o s i t io n  o r  soundness  in  d i f f e r e n t  

sp e c im en s ,  b u t  th e  r e s u l t s  t h r o u g h o u t  th e  r e s e a r c h  show t h a t  any 

such  v a r i a t i o n  was n e g l i g i b l e  as  f a r  as i t s  e f f e c t  on th e  m ag ne t ic  

p r o p e r t i e s  o r  r e s i s t i v i t y  was c o n ce rn e d ,  e x c e p t ,  as  v / i l l  be se en  

l a t e r ,  in  th e  c a se  o f  two specim ens o f  Armco i r o n .

DETERMINATION OF THE COMMENCEMENT OF Acv  

Thermal A n a l y s i s .

I t  was i m p o r t a n t ,  i n  th e  f i r s t  i n s t a n c e ,  to  d e t e r m i n e  f o r  

e a c h  s t e e l  t h e  u p p e r  l i m i t  o f  t h e  t e m p e r in g  zone,  so t h a t  d e t e r m i n ­

a t i o n s  a f t e r  t r e a t m e n t  i n  t h a t  zone cou ld  be a c c e p t e d  as  r e f e r r i n g  

o n ly  t o  c a r b i d e  s o l u b i l i t y  i n  f e r r i t e .  To d e t e r m i n e  th e  s t a r t  o f  

A c ^ , t h e r m a l  spec im ens  o f  each  s t e e l  were t r e a t e d  in  vacuo as  d e s c r i b ­

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

v a l s  o f  5°C« f o l lo w e d ,  a f t e r  e ach  t r e a t m e n t ,  by i n v e r s e - r a t e  c o o l i n g  

c u r v e s .  In  one o r  two c a s e s  i t  was found d i f f i c u l t  t o  d e te r m in e  

w i t h i n  5°C . th e  e x a c t  commencement o f  Ac^, owing t o  th e  s m a l l  

c a rb on  c o n t e n t s  o f  th e  s t e e l s .  The t e m p e r a t u r e s  r e c o r d e d  i n  Table  

15 a r e  th o s e  a t  which th e  f i r s t  s i g n  o f  a c o o l i n g  p o i n t  o r  range  

was n o t i c e d  on th e  c o o l i n g  c u r v e s ,  and in  th e  few c a s e s  where any 

d o u b t  e x i s t e d  t h e  t e m p e r a t u r e s  g iv e n  a r e  on th e  s a f e  ( low) s i d e .

IZOD IMPACT EXPERIMENTS.

The sev en  new c r u c i b l e  s t e e l s  were t r e a t e d  t o  o b t a i n  t h e i r  

Izod  v a l u e s  in  d i f f e r e n t  c o n d i t i o n s .  The o t h e r  s t e e l s  were n o t



T a b t .e  15 -Thermal Determinations of the Commencement 
of Acv

Steel.
Commencement 

of Ac,.
°C .

Steel.
Commence­

ment 
of Ac,.

°C.
Steel.

Commence­
ment 

of A c,.
°C .

Steel.
Commence­

ment 
of Ac,. 

°C.

CN2 700 3 N 6 8 0 E 7 2 0 2 AX 745
CA73 690 (or higher) £  92 660 1M 720 £247 770
CN 5 675 ( „ „ ) £331 650 E 161 710 £248 765

£22 765
£271 770

T a b le  16 -Izod  Impact Values and Brinell Hardness Numbers.

Steel. Treatment.
Average 

Izod Value. 
Ft.-lb.

Average
Brinell

Hardness
Number.

£92 O.-H. 830° C., W.T. 660° C. 74-3 173
W.T. 660° C„ re-T. 500° C. 92-9 178
T. 660° C„ and S.C. 85-2 160

O.-H. 850° C„ W.T. 650° C. 79-1 167
W.T. 650° C., re-T. 500° C. 86-6 178
T. 650° C., and S.C. 82-3 178
W.T. 640° C. 85-7 181

O.-H. 830° C., W.T. 610° C. 83-7 192
T. 610° C., and S.C. 83-8 187

£331 O.-H. 830° C., W.T. 650° C. 53-4 195
W.T. 650° C., re-T. 500° C. 88-4 191
T. 650° C„ and S.C. 78-4 197

O.-H. 850° C., W.T. 640° C. 67-8 203
W.T. 640° C„ re-T. 500° C. 77-3 195
T. 640° C„ and S.C. 58-4 211
W.T. 630° C. 70-6 197

O.-H. 830° C., W.T. 600° C. 79-6 208
T. 600° C., and S.C. 76-3 208

£161 O.-H. 900° C., W.T. 700° C. 64-7 190
W.T. 700° C., re-T. 500° C. 98-6 179
T. 700° C., and S.C. 61-3 174
W.T. 690° C. 9 7 0 184
W.T. 690° C., re-T. 500° C. 97-0 186
T. 690° C., and S.C. 85-7 180
W.T. 680° C. 97-0 194
W.T. 650° C. 91-3 207
T. 650° C., and S.C. 25-4 200

£247 O.-H. 900° C., W.T. 750° C. 113-2 151
W.T. 750° C., re-T. 500° C. 113-6 140
T. 750° C., and S.C. 111-0 130
W.T. 650° C. 105-2 178
T. 650° C., and S.C. 105-7 153

£248 O.-H. 900° C., W.T. 750° C. 111-7 162
W.T. 750° C., re-T. 500° C. 108-3 163
T. 750° C., and S.C. 108-6 153
W.T. 650° C. 99-7 191
T. 650° C., and S.C. 98-7 188

£22 O.-H. 900° C., W.T. 750° C. 111-9 169
W.T. 750° C., re-T. 500° C. 106-0 171
T. 750° C., and S.C. 108-4 164
W.T. 650° C. 97-4 205
T. 650° C., and S.C. 50-0 206

£271 O.-H. 900° C.. W.T. 750° C. 108-8 170
W.T. 750° C., re-T. 500° C. 93-2 205
T. 750° C., and S.C. 107-8 170
W.T. 650° C. 88-7 219
T. 650° C., and S.C. 22-3 240

S.C. =  slowly cooled at a rate of ]°C . per 3 min. below 600° C. After
the treatments at 500° C. the steels were also cooled slowly in the furnace.
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a v a i l a b l e  In a  form s u i t a b l e  f o r  Izod  Im pact  t e s t - p i e c e s ,  and ,  In 

any c a s e ,  b e i n g  o f  u s u a l  com m erc ia l  c o m p o s i t i o n ,  were n o t  o f  th e  

same I n t e r e s t  i n  t h i s  c o n n e c t i o n ,  s i n c e  many r e s e a r c h e s  have  i n c l u d ­

ed i m r a c t  t e s t s  o f  such  s t e e l s .

E a rs  o f  e ach  s t e e l  were h e a t - t r e a t e d  In  v a r i o u s  -ays  and

t h e n  machined  t o  s t a n d a r d  1 cm. s q u a r e ,  3 7 - n o t c h  Izod  Im pac t  t e s t -

p i e c e s .  The Izod  v a l u e s  and th e  h a r d n e s s  n e a r  t o  each  f r a c t u r e  were

d e t e r m i n e d .  D e t a i l s  o f  th e  t r e a t m e n t s  and r e s u l t s  a r e  shown i n

T able  16.  T re a tm e n t s  c o r r e s p o n d i n g  t o  t h o s e  used  f o r  t h e  p h y s i c a l

t e s t s  were i n c l u d e d  and a l s o  t r e a t m e n t s  from two o r  more t e m p e r a t -
to  b r i t t l e n e s s

u r e s  t o  show th e  tough  Izod  v a l u e s  and th e  s u s c e p t i b i l i t y ^ ,  i f  any .

I t  w i l l  be seen  from th e  r e s u l t s  t h a t  i n  th e  manganese and 

n i c k e l  s t e e l s  t h e  s t a r t  o f  Ac^ m ig h t  be Judged as  s l i g h t l y  low er  

t h a n  t h e  t e m p e r a t u r e s  d e te r m in e d  by th e  t h e r m a l  method, T able  15, 

i f  a  s m a l l  d ro p  i n  Izod  v a lu e  be a c c e p t e d  a s  showing th e  f o r m a t i o n  

o f  some Y - l r o n  s o l i d  s o l u t i o n .  The 2 p e r  c e n t ,  manganese s t e e l  

(E161) and th e  A and 5*5 p e r  c e n t ,  chromium s t e e l s  (E22 and E271) 

show a d e c i d e d  d e v e l o p m e n t 'o f  i m p a c t - b r i t t l e n e s s  when s lo w ly  c o o l ­

ed from 6 50 °C . ,  b u t  n o t  when c o o le d  from h i g h e r  t e m p e r a t u r e s .

DETERMINATION OF THE EFFECTS OF MAXIMUM CAREIDE 
SOLUBILITY IN FERRITE.

Bars  o f  s u i t a b l e  l e n g t h  o f  e ach  s t e e l  were t r e a t e d  by th e  

s t a n d a r d  method d e s c r i b e d  above a t  t e m p e r a t u r e s  n e a r  to  th e  s t a r t  

o f  Ac^ i n  o r d e r  t o  f i n d  th e  maximum s o l u b i l i t y  o f  c a r b i d e  i n  f e r r i t e  

I t  was t h o u g h t  a d v i s a b l e ,  to  s t a r t  w i t h ,  t o  m agnify  th e  v a ry  s m a l l  

changes  as  much as  p o s s i b l e  in  c ase  t h e y  were so s m a l l  as t o  be
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d i f f i c u l t  t o  d e t e c t  in  some o f  th e  s t e e l s .  L a t e r ,  as w i l l  be shown 

i t  was found q u i t e  p o s s i b l e  t o  d e te r m in e  such changes  in  a l l  the  

s t e e l s  a t  much low er  t e m p e r a t u r e s .

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

t u b e - f u r n a c e  wound o v e r  a l e n g t h  o f  2 f e e t  t o  g iv e  as  even  a temp­

e r a t u r e  as  p o s s i b l e  o v e r  th e  m iddle  27 cm. i n  which th e  b a r s  were 

t r e a t e d .  T e s t s  o f  th e  v a r i a t i o n  o f  t e m p e r a t u r e  a lo n g  th e  l e n g t h  o f  

t h e  m a g n e t i c  b a r s  (27 cm.) showed t h a t  th e  t e m p e r a t u r e  d ro pp ed  7°C 

from th e  c e n t r e  to  th e  ex trem e  en d .  Most o f  t h i s  d rop  was i n  the  

l a s t  5 cm. o r  so o f  th e  e n d s ,  and th e  r e s i s t i v i t y  b a r s  (9 cm.) 

a t  th e  m idd le  were w i t h i n  a few d e g r e e s  of  t h e  maximum s o a k i n g  

t e m p e r a t u r e  a t  a l l  p o i n t s .  The th e rm o co up le  J u n c t i o n  was embedded 

i n  a s m a l l  spec im en  o f  Armco i r o n  i n  th e  m idd le  o f  th e  t u b e ,  and 

th e  b a r s  were p l a c e d  o v e r  and a round  t h i s  spe c im en .  S e v e r a l  dummy 

b a r s  were added t o  th e  c h a r g e ,  as  i t  was found  t h a t  t h e y  h e lp e d  

i n  t h e  even  d i s t r i b u t i o n  o f  h e a t  from end t o  end .  The v a r i a t i o n  

o f  t e m p e r a t u r e  from c e n t r e  t o  end was th u s  p r o b a b l y  red uced  t o  a t  

l e a s t  h a l f  t h a t  r e c o r d e d  ab o ve .  The f u r n a c e  t e m p e r a t u r e  was r a i s e d  

e x t r e m e l y  s lo w ly  i n  o r d e r  to  a v o id  o v e r s t e p p i n g  th e  d e s i r e d  temp­

e r a t u r e  i n  th e  t r e a t m e n t s  n e a r  to  Ac^.

A f t e r  t r e a t m e n t  t h e  b a r s  were machined  t o  t h e  n e c e s s a r y  

s i z e ,  1 cm. d iam .  by 27 cm. l e n g t h  f o r  t h e  m ag n e t ic  t e s t s ,  and 

3 mm. d iam .  by 9 cm. l e n g t h  f o r  th e  r e s i s t i v i t y .  S u b seq u e n t  t r e a t ­

ments  were c a r r i e d  o u t  i n  vacuo in  a  p o r c e l a i n  tu b e  p l a c e d  th ro u g h  

th e  l a r g e  tu b e  o f  th e  same f u r n a c e .  A s m a l l  f u s e d - s i l l c a  t u b e - f u r ­

n ace  was u sed  f o r  t h e  l a t e r  work on t h e  r e s i s t i v i t y  spec im ens  f o r  

t h e  s o l u b i l i t y  c u r v e s .
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M agnet ic  c y c l i c  cu rv e s  f o r  a maximum f i e l d  s t r e n g t h  of  H 

= 150 e . g . s .  u n i t s  and a l s o  th e  v a r i a t i o n  o f  i n d u c t i o n  and reman- 

ence  from H = 0 t o  H = 250 were d e t e r m i n e d .  From th e  r e a d i n g s  

o b se rv e d  a l l  t h e  m a g n e t ic  c h a r a c t e r i s t i c s  were o b t a i n e d  by c a l c ­

u l a t i o n  and g r a p h i c a l  work.

Table  17 shows d e t a i l s  o f  th e  h e a t  t r e a t m e n t s ,  a summary 

o f  th e  m a g n e t i c  p r o p e r t i e s  t a k e n  from th e  drawn c u rv e s ,  and v a lu e s  

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

The n a t u r e  o f  the  changes i s  i n  a l l  c a se s  the  same as had 

been  found  p r e v i o u s l y  i n  n ic k e l -c h ro m iu m  s t e e l s .  S o l u t i o n  o f  c a r b i d e j  

i n  f e r r i t e  i s  shown up p a r t i c u l a r l y  by p ronounced  d e c r e a s e s  in  

remanence and i n  p e r m e a b i l i t y .  The maximum i n d u c t i o n  i s  a l s o  l o w e r ­

ed and th e  c o e r c i v e  f o r c e  r a i s e d  s l i g h t l y  on s o l u t i o n ,  as a  g e n e r a l 1
r u l e .  I t  w i l l  be s e e n  t h a t  i n  some c a s e s  th e  m a g n e t i c  changes  a r e  |

as  l a r g e  a s ,  o r  even  l a r g e r  t h a n ,  t h o s e  found e a r l i e r  i n  n i c k e l -  

chromium s t e e l s .  Many o f  th e  s t e e l s  used  i n  t h i s  p o r t i o n  o f  th e  

work a r e  n o t  s u s c e p t i b l e  to  t e m p e r - b r i t t l e n e s s , and y e t  show as 

l a r g e  changes  as h i g h l y  s u s c e p t i b l e  s t e e l s  d o .  The m a g n e t i c  changes 

a r e  t h e r e f o r e  n o t  an i n d i c a t i o n  o f  t e m p e r - b r i t t l e n e s s . As has  been  

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

work on s t e e l s  by o t h e r  i n v e s t i g a t o r s .  I t  i s  a l s o  c e r t a i n  t h a t ,  

when com par ing  w id e ly  d i f f e r e n t  c l a s s e s  o f  s t e e l s ,  v a r i a t i o n s  o f  

m a g n e t i c  p r o p e r t i e s  a r e  n o t  p r o p o r t i o n a l  to  th e  amount o f  ca rb on  

c o n c e rn e d  i n  t h e  p h y s i c a l  c h a n g e s .  I t  i s  l i k e l y ,  however ,  t h a t  in  

s t e e l s  o f  th e  same c l a s s ,  t h a t  i s ,  where s m a l l  v a r i a t i o n s  o f  comp­

o s i t i o n  o n ly  a r e  c o n c e rn e d ,  th e  changes  a r e  p r a c t i c a l l y  p r o p o r t i o n ­

a l  to  th e  amount o f  ca rbon  c o n c e rn e d .



T a b le  \ * J  -Magnetic Properties, Specific Resistance, Specific Volume, 
and Brinell Hardness.

Magnetic Properties.
Specific

Steel. Speci­
men.

Treatment.
°0 .

From Cyclic Curves 
for H  =  150.

Between H  — 0 
and H  =  250.

Resist­
ance a t 
20° C. 

Microhms

B. ■®rem. B e. -®rem. 
% Max. f^max.

per 
cu. cm.

CN  2
“ {

O.-H. 850 1 
W.T. 690 f 18,560 10,950 9-0 77-5 675 21-19

1

M
b

O.-H. 850 ) 
W.T. 690 } 
re-T. 500 ) 
re-W.T. 685

18,700

18,400

14,120

8,900

8-3

6-0

86-2

70-2

942

843

20-93

CNZ a  | O.-H. 850 1 
W.T. 680 J 18,500 11,800 9-4 76-2 675 24-09

6
b

O.-H. 850 ^ 
W.T. 680 } 
re-T. 500 J 
re-W.T. 670

18,600

18,430

15,000

12,080

8-6

8-8

89-7

84-3

955

760

23-58

CX5
°  1

O.-H. 850 1 
W.T. 670 | 17,420 11,600 12-0 74-0 505 25-87

* 1
b

O.-H. 850 ) 
W.T. 670 [ 
re-T. 500 ) 
re-W.T. 660

19,200

17,330

15,100

10,400

9-0

9-4

87-3

74-8

920

585

24-78

3iV a  { O.-H. 830 ) 
W.T. 670 ( 17,800 13,210 13-8 80-6 509 24-17

1 1 
b

O.-H. 830 ) 
W.T. 670 [ 
re-T. 500 ) 
re-W.T. 660

18,700

18,430

15,650

14,300

12-0

12-0

92-0

85-5

770

660

23-50

£92 a  {

‘ 1
b

O.-H. 830 1 
W.T. 660 f 
O.-H. 830 ) 
W.T. 660 [ 
re-T. 500 r ) 
re-W.T. 650

16,880

18‘,980

17,980

11,300

15,500

11,850

12-2

10-2

10-3

72-6

91-0

78-0

470

945

630

24-88

23-91

£331 a | O.-H. 830 \ 
W.T. 650 1 14,640 9,350 14-0 67-0 320 26-56

s l
b

O.-H. 830 ) 
W.T. 650 i 
re-T. 500 1 
re-W.T. 640

18,350

14,250

14,570

8,300

11-8

13-0

87-0

63-5

760

325

25-54

E
a 1 O.-H. 900 ) 

W.T. 710 f 17,920 9,840 9-4 76-1 530 16-18

 ̂ l
b
b

O.-H. 900 ) 
W.T. 710 I 
re-T. 600 1 
re-W.T. 700 
S.C. from 575

18,100

17,780
17,800

12,920

9,950
13,800

9-2

9-7
10-0

83-0

78-6
83-0

745

585
770

16-10

\ M a 1 O.-H. 900 \  
W.T. 710 J 17,850 11,710 11-3 80-0 545 19-80

s 1
b
b

O.-H. 900 ) 
W.T. 710 - 
re-T. 500 ) 
re-W.T. 700 
S.C. from 575

17,920

17,600
17,635

14,920

12,400
14,870

10-7

10-8
11-0

90-0

85-6
91-0

735

560
735

19-81

Specific
Volume.

Brinell
Hard­
ness
No.

0-127399 163-0

0-127412 159-0

0-127413 182-0

0-127441 176-0

0-127262 194-0

0-127280 169-0

0-127394 222-0

0-127360 215-0

0-127491 180-0

0-127319 175-0

0-126837 197-5

0-127102 193-0

0-127372 158-0

0-127364 141-0

0-127586 182-0

0-127586 177-0



T a b l e  1 7  (continued).

Steel. Speci­
men.

Treatment.
° 0 .

From
for

B.

Magrn

Cyclic C 
H  =  15

-®rem.

tic Pro

urves
0.

Be.

perties.

Between 
and H

•®rem. 
% Max.

H =  0 
= 250.

♦‘max.

Specific 
Resist­
ance a t 
20° O.

Microhms 
per 

cu. cm.

Specific
Volume.

Brinell
Hard­
ness
No.

£161
“ {

O.-H. 900 \  
W.T. 700 / 17,050 11,400 13 0 77 5 435 23-14 0-127563 181 5

( O.-H. 900 )
b W.T. 700 [ 17,625 14,730 12 0 90 2 664 22-82 0-127580 177 0

\ re-T. 500 )
b re-W.T. 690 17,400 12,000 11 5 82 6 545
b S.O. from 575 17,680 14,800 11 0 90 0 690
b W.T. 500 17,680 12,830 11 3 88 0 628
b W.T. 575 17,600 12,100 11 3 86 0 580

2 A X a j O.-H. 900 ) 
W.T. 735 f 17,040 12,400 17 0 78 6 365 20-52 0-127627 198 0

( O.-H. 900 S
6 W.T. 735 } 17,800 14,900 14 8 88 6 560 20-18 0-127622 194 0

( re-T. 500 J
b re-W.T. 725 17,400 12,500 14 9 84 8 450

£247 a { O.-H. 900 \  
W.T. 750 / 17,880 10,450 10 0 77 2 535 18-65 0-127568 142 5

( O.-H. 900 )
6 W.T. 750 [ 18,000 12,870 9 8 84 6 698 19-09 0-127556 133 0

i re-T. 500 j
b re-W.T. 650 17,800 10,400 9 8 82 2 576

£248
°  {

O.-H. 900 \  
W.T. 750 / 17,810 10,975 12 1 79 0 465 22-15 0-127822 163 0

f O.-H. 900 1
b W.T. 750 [ 17,810 13,430 11 6 86 9 615 22-09 0-127793 152 0

( re-T. 500 )
b re-W.T. 650 17,730 11,400 11 2 85 3 540

£22
® 1

O.-H. 900 1 
W.T. 750 f 17,780 10,920 12 5

rH<30 0 455 26-23 0-128033 157 5
| O.-H. 900 )

b W.T. 750 I 17,780 12,850 11 3 86 0 585 26-46 0-128047 156 0
\ re-T. 600 )

b re-W.T. 650 17,660 10,760 11 3 83 0 520

£271 a O.-H. 900 \  
W.T. 750 / 17,300 11,330 13 0 81 4 435 31-18 0-128401 168 5

I O.-H. 900 )
b J W.T. 750 !• 17,320 12,780 12 4 86 5 535 31-47 0-128373 167 0

1 re-T. 500 )
b re-W.T. 650 16,970 10,450 12 3 83 1 473
b S.O. 575 17,400 12,700 12 0 87 0 535

Armco
iron °  {

O.-H. 950 1 
W.T. 710 ; 11-50 0-127298 173 0

1 O.-H. 950 )
b W.T. 710 \ 11-29 0-127196 79 5

\ re-T. 500 J
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The p r o p e r t i e s  which m ig h t  be e x p e c te d  to  g ive  th e  b e s t  i n d i c a t i o n  

o f  th e  p u r i t y  o f  th e  f e r r i t e  a r e  t h e  p e r m e a b i l i t y  and the  r e m a n e n c e . 

The l a t t e r  p r o p e r t y  s h o u ld  be t a k e n ,  n o t  a t  i t s  a c t u a l  v a l u e ,  b u t  

as  a p e r c e n t a g e  o f  th e  i n d u c t i o n  r e m a in in g  on t h e  w i t h d r a w a l  o f  

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

The v a r i a t i o n  i n  p e r m e a b i l i t y  i s  f u l l y  i l l u s t r a t e d  in  F i g s .  

32. 33» 34, and 35* The p e r c e n t a g e  remanence v a r i e s  in  a somewhat 

s i m i l a r  way, and th e  g raphs  a r e  n o t  r e p r o d u c e d .  The maximum v a lu e s  

o f  th e  l a t t e r  p r o p e r t y  a r e  shown i n  Table  17*

The d i f f e r e n c e  p rod u ced  in  th e  p u r i t y  o f  th e  f e r r i t e  i s  

i n d i c a t e d  by th e  d i f f e r e n c e  be tween th e  v a lu e s  f o r  t h e s e  p r o p e r t i e s .  

The d i f f e r e n c e  be tween  th e  maximum v a l u e s  o f  th e  p e r m e a b i l i t y  and 

t h e  p e r c e n t a g e  remanence in  th e  c o n d i t i o n s  r e p r e s e n t i n g  maximum 

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

t h e  s p e c i a l  e le m e n t  i n  each  s e r i e s  i n  F i g s .  3 6 , 3 7 , and 3 8 . The 

s m a l l e s t  d i f f e r e n c e  be tw een  th e  p r o p e r t i e s  a f t e r  q u e n c h in g  from a 

h i g h  t e m p e r a t u r e  and a f t e r  t e m p e r in g  a t  500°C. i s  p l o t t e d  f o r  each  

s t e e l .  The s m a l l e s t  d i f f e r e n c e  was t a k e n ,  as some o f  th e  h i g h e r  

t e m p e r a t u r e  t r e a t m e n t s  may have to u ch e d  th e  Ac-  ̂ r a n g e .  In  th e  

chromium s e r i e s ,  however ,  which was t r e a t e d  a t  650°C. as- w e l l  as  

a t  7 5 0 °C . ,  c u rv e s  f o r  b o th  t h e s e  t e m p e r a t u r e s  a r e  shown.

In  th e  c a se  o f  th e  n i c k e l  s t e e l s ( F i g .  3 6 ) ,  an i n c r e a s e  in  

n i c k e l  i n c r e a s e s  the  d i f f e r e n c e  in  b o th  p r o p e r t i e s ,  t h u s  i n d i c a t i n g  

a r i s e  i n  s o l u b i l i t y  a t  h ig h  t e m p e r a t u r e s  w i th  i n c r e a s e  i n  n i c k e l .  

When chromlu# i s  p r e s e n t  i n  the  n i c k e l  s t e e l s  th e  p e r m e a b i l i t y  

changes  a r e  s l i g h t l y  i n c r e a s e d .  With manganese ( F i g .  3 7 ) ,  t h e  

change i s  i n d e f i n i t e ,  and may be t a k e n  as  i n d i c a t i n g  a c o n s t a n t
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Table 1 8  -Specific Resistances at 2 0 °  C.

Steel.

Specimen a. 
O.-H. 900° C., 
W.T. 750° 0.

Specific 
Resistance. 
Microhms 
per cu. cm.

Specimen b. 
O.-H. 900° 0., 
W.T. 750° C .; 
re-T. 600° C.

Specific 
Resistance. 
Microhms 

per cu. cm.

Difference. 
Microhms 

per cu. cm.

Specimen a, 
re-T. 500° 0.

Specific 
Resistance. 
Microhms 

per cu. cm.

Difference. 
Microhms 

per cu. cm.

£247
£248
£22
£271

18-65
22-15
26-23
31-18

19-09
22-09
26-46
31-47

+  0-44  
-  0-06  
+  0-23  
+  0-29

18-70
22-10
26-26
31-12

-f 0-05
-  0-05 
+  0 0 3
-  0 06



v a l u e .  The chromium s e r i e s  ( F i g .  38) g iv e s  a d e f i n i t e  d e c r e a s e  |

w i th  r i s e  in  chromium, th e  s o l u b i l i t y  f a l l i n g  by h a l f  from 1 p e r  

c e n t . t o  5*5 p e r  c e n t ,  chromium. At 650°C . ,  th e  s o l u b i l i t y  in  chrom­

ium s t e e l s  v a r i e s  i n  th e  same way, and i s  e v i d e n t l y  a b o u t  h a l f  what •

i t  i s  a t  750°C. E v i d e n t l y  th e  c a rbon  which i s  in  co m b in a t io n  w i th  
chromium i n  th e  (21)

kth e  mixed c a r b i d e  o f  chromium s t e e l s  i s  l e s s  s o l u b l e  t h a n  the  

c a rb o n  o f  i r o n  c a r b i d e  i n  p u re  e f - f e r r i t e .

The changes  in  r e s i s t i v i t y  i n  Table  17 w i l l  be found to  

be n e a r l y  p r o p o r t i o n a l  to  th e  m agn e t ic  p r o p e r t i e s  p l o t t e d  in  F i g s .

3 6 , 37, and 3?* In  th e  f o u r  chromium s t e e l s  t h e r e  a p p e a re d  d i s c r e p ­

a n c i e s  i n  the  r e s i s t i v i t i e s .  That  t h i s  was due to  some d i f f e r e n c e  

be tw een  th e  two spec im ens  o f  each  s t e e l  was p ro v ed  by r e - t r e a t i n g  

t h e  quenched spec im ens  a t  500°G.,  w i th  th e  r e s u l t s  shown i n  Table  

18.  Any d i f f e r e n c e  i n  r e s i s t i v i t y  due to  s o l u b i l i t y  f a l l s  w i t h i n  t h e j  

e x p e r i m e n t a l  e r r o r ,  as one would e x p e c t  from a com par ison  o f  th e  j

m a g n e t ic  changes  w i th  th o s e  of th e  o t h e r  s t e e l s .  j

i
DETERMINATION OP THE SOLUBILITY CURVES. 1
- — — - ■ ■ I '■ 11 i - — ~  j

SI
Having found t h a t  th e  p u r i t y  o f  th e  f e r r i t e  in  th e  c o n d i t i o n  j

o f  maximum and minimum s o l u b i l i t y  was e a s i l y  d e t e c t a b l e  by th e  j

methods u se d ,  i t  n e x t  became d e s i r a b l e  to  d e t e r m i n e  th e  s o l u b i l i t y  j

a t  a l l  t e m p e r a t u r e s  and so draw th e  s o l u b i l i t y  e u r v e s . M agne t ic  j

t e s t s  have been  shown to  be more s e n s i t i v e  to  s m a l l  changes  t h a n  !
Ii

i s  th e  r e s i s t i v i t y ,  b u t  i t  i s  e v i d e n t  t h a t  t h e r e  i s  n o t  a p r o p o r t -  I
|

i o n a l i t y  be tw een  th e  amount o f  d i s s o l v e d  ca rb o n  and th e  m a g n e t i c  j
changes  p r o d u c e d .  The r e s i s t i v i t y  d i d  n o t  seem to  have t h i s  d e f e c t  j

and a l t h o u g h  l e s s  s e n s i t i v e  to  s m a l l  changes  i t  was c l e a r  from 

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



TABLE 1 9 .

SPECIFIC R5SISTANGSS a t  20°C . In  Microhms p e r  c u .  cm.

r e - T .  500°C.S .C . r e - T . 5 5 0 °C .S .C .
S t e e l . T re a tm e n t , ° C . Sp. R e s i s t . Sp.  R e s i s t . S p . R e s i s t .

CN2 W.T. 685 21*24 21*11 21*16
CN3 W.T. 670 23*70 23-50 23 *44
CN5 W.T. 660 25*17 24 *88 24 *83

3N W.T. 660 23-68 23-52' 23*39
E92 W.T. 650 24*37 23*67 23-67
E331 W.T. 640 27-07 25*62 25*60

E W.T. 700 15-99 16*00 15-91
1M W.T. 700 19-63 19-63 19 * 51-

E161 W.T. 690 22-75 22-48 22-43

2Ax W.T. 725 20-17 20-1 5 19-99
E247 W.T. 650 18*88 18*92 18-76
E248 W.T. 650 22 • 13 22*03 2 1-95
E?2 W.T. 650 26*41 26*40 26*50
E271 W.T. 650 31*33 31*39 31*38

W.T. = W ater  Tempered •
S .C .  - S lowly  Cooled a t  2 ° C . /m ln .



SPECIFIC

TABLE. 20.  

RESISTANCES a t  2 0 °0 .  in ILlcrohms p e r c u . cm.

S t e e l . T re a tm e n t . °C
O r i g i n a l  

. Sp. R e s i s t
r e - T 5 0 0 ,SC 

• Sp. Re9 1 s t
re-T525,SC 

. S p . R e s i s t .
re-T550,SC 
Sp.  R e s i s t .

CN2 OH850 WT640 20*79 20*71 20*72 20-70

CN3 0H850 WT640 23-57 23-53 23-40 23-41

CN5 OH8 50 WT640 25-12 25*03 25*06 24 *97

3N 0H850 WT640 23*81 23*62 23*68 23-64

E92 OHS50 WT640 24*24 23*93 ' 23-92 23*94

S331 0H830 WT640 26*63 25*74 25*71 25*80

E 0H900 WT640 15*83 15*80 15-85 15*82

1M 0H900 WT640 19-4 5 19-36 19-36 19-41

E161 0H900 WT640 22*28 22*21 22*06 21*99

2 AX 0H900 WT640 20*55 20*59 20*54 20*43

E2A7 0H900 WT640 19*38 19*37 19*49 19-47

E248 0H900 WT640 22*76 22*66 22*72 22*68

E22 0H900 WT640 26*42 26*47 26*43 26*36

E271 0H900 WT640 31-23 31-36 31-24 31-32

AH 0H850 WT640 32-63 32*16 31*98 32 *06

NC OH850 WT640 31-39 30*97 30*78 30*72

NR3 0H850 WT640 25-10 24*79 24 *79 24*63

Armco
I r o n OH9 50 WT640 11-43 11*22 11*17 11*18

OH = O i l - H a r d e n e d ,  WT = W ater  Tempered, SC = S lowly  Cooled a t  2°C/m.
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t h e  changes  were s u f f i c i e n t l y  l a r g e  to  be r e v e a l e d  by t h i s  method.  

M a g n e t ic  t e s t s  co u ld  be u sed  to  c l e a r  uo any d o u b t f u l  p o i n t s  .

F i r s t  o f  a l l ,  s i m i l a r  t r e a t m e n t s  to  t h o s e  r e c o r d e d  f o r  

n i c k e l - c h ro m iu m  s t e e l s  i n  F i g .  31 were a p p l i e d  to  a l l  the  o t h e r  

s t e e l s  a f t e r  q u e n ch in g  from v a r i o u s  t e m p e r a t u r e s .  I t  was found 

from th e  r e s u l t s  (T a b le s  19 and 20) t h a t  th e  r e s i s t a n c e  d e c r e a s e d  

s l i g h t l y  be tw een  th e  500°C . and the  525° 0 . t r e a t m e n t s  i n  a few cases 

t h e r e a f t e r  r e m a in in g  c o n s t a n t .  This  was o r o b a b l y  due to  th e  q u i c k e r  

h e a t i n g - u p  o f  the  s m a l l  f u r n a c e  used  f o r  t h i s  work, g i v i n g  a s m a l l ­

e r  a c t u a l  p e r i o d  of  h e a t i n g  th a n  i n  th e  l a r g e  f u r n a c e  used  in  

e a r l i e r  e x p e r i m e n t s .  In  s u b s e q u e n t  work a r e - t r e a t m e n t  t e m p e r a t u r e  

o f  525°C. was u sed  i n  o r d e r  to  be s u r e  t h a t  com ple te  s e p a r a t i o n

had t a k e n  p l a c e  i n  a l l  c a s e s .

To d e t e r m i n e  th e  s o l u b i l i t y  c u rv e s  th e  s t e e l s  were t r e a t e d  

a t  t e m p e r a t u r e s  r i s i n g  from 500°C.,  where the  s o l u b i l i t y  was found 

t o  be s m a l l ,  up to  n e a r  th e  Ac-  ̂ range  by s t e p s  o f  2 5°0 .  o r  20°C . ,  

by th e  same method o f  t r e a t m e n t  and r e - t r e a t m e n t  as  had been a d o p t ­

ed i n  e a r l i e r  e x p e r i m e n t s .  At t e m p e r a t u r e s  below 600°C. no r e - t e m p ­

e r i n g  t r e a t m e n t s  were c a r r i e d  o u t  i n  th e  m a j o r i t y  o f  c a s e s  as  i t  had 

been  found t h a t  no e x t r a - s p h e r o i d i s a t i o n  t a k e s  p l a c e  a t  t h e s e  temp­

e r a t u r e s ,  bu t  above 600°C . ,  i n  a l l  c a s e s ,  r e , - t e m p e r in g  and r e - d e t e r -

m i n a t i o n  were c a r r i e d  o u t .  One specim en o n ly  o f  each  s t e e l  was

u sed  t h r o u g h o u t .  The d i f f e r e n c e  between th e  quenched v a lu e  a t  any 

t e m p e r a t u r e  and th e  r e t r e a t m e n t  v a lu e  g i v e s  a measure  o f  s o l u b i l i t y  

e f f e c t  e n t i r e l y  f r e e  from any o t h e r  t e m p e r in g  e f f e c t s ,  and i n  F i g s .  

39, 40 ,  41 ,  43 ,  and 44,  where the  form o f  th e  s o l u b i l i t y  c u rv e s  

f o r  e ach  s t e e l  i s  shown, a  c o r r e c t i o n  h a s  been  made, i n  c a s e s  in
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6 0 .

which i t  was n e c e s s a r y ,  f o r  e x t r a - t e m p e r i n g  e f f e c t s  as found by the  

e x p e r i m e n t a l  v a l u e s  in  T ab le s  17, 19, 20, and 21. The f u l l  l i n e  

c u rv e s  i n  F i g s .  39, AO, A l ,  A3 , and AA th u s  show th e  e f f e c t s  o f  

s o l u b i l i t y  o n l y , e n t i r e l y  f r e e  from o t h e r  t e m p e r in g  e f f e c t s  o r  v a r ­

i a t i o n  i n  hom ogene i ty  o r  c o m p o s i t i o n .

F i g s .  39 to  AA a l s o  show o r d i n a r y  te m p e r in g  c u rv e s  f o r  each  

s t e e l  o b t a i n e d  by o i l - q u e n c h i n g  th e  spec im ens  and t e m p e r in g  a t  

p r o g r e s s i v e l y  r i s i n g  t e m p e r a t u r e s ,  f o l lo w e d  by q u e nch in g  from each 

t e m p e r a t u r e  and d e t e r m i n a t i o n  o f  th e  r e s i s t i v i t y .  A d i f f e r e n t  s p e c ­

imen t o  t h a t  used  f o r  th e  s o l u b i l i t y  c u rv e s  was used  f o r  each  s t e e l

i n  t h i s  s e r i e s  o f  e x p e r i m e n t s .

The s o l u b i l i t y  c u rv e s  f o r  the  chromium s e r i e s  were n o t  d e t ­

e rm in ed  by th e  r e s i s t i v i t y  method,  as  i t  had been found ( T a b le s  17 

and IB) t h a t  t h e  maximum changes  p rod u ced  i n  th e  r e s i s t i v i t y  were 

so s m a l l  as  to  be w i t h i n  th e  e x p e r i m e n t a l  e r r o r .  The m a g n e t i c  d a t a  

f o r  t h e s e  s t e e l s  show c l e a r l y  th e  m agni tude  o f  th e  changes  i n  them

i n  r e l a t i o n  to  t h e  changes  i n  th e  o t h e r  s t e e l s .

The v a l u e s  a t  h ig h  t e m p e r in g  t e m p e r a t u r e s  f o r  t h e  i n c r e a s e  

i n  r e s i s t i v i t y  on th e  s o l u b i l i t y  c u rv e s  g iv e  a  g e n e r a l  c o n f i r m a t i o n  

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

The cu rv e  f o r  Armco i r o n  ( F i g .  AA) shows t h a t  t h e  r e s i s t i v ­

i t y  d i f f e r e n c e s  a r e  g r e a t e r  in  i t  t h a n  i n  t h e  manganese s t e e l s  ( F i g .

A l)  i n d i c a t i n g  a  g r e a t e r  s o l u b i l i t y  o f  c a r b i d e  in  Armco i r o n .  This
(18)i s  i n  a c c o rd a n c e  w i th  m i c r o s c o p i c a l  o b s e r v a t i o n s  by W h i t e l e y  .

The changes  i n  th e  o t h e r  s t e e l s  a r e  a l s o ,  a t  t h e  lo w er  t e m p e r in g  

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

i n  th e  n ic k e l - c h r o m iu m  s t e e l s  ( F i g .  A3 ) .  The p r e s e n c e  o f  3 t o  5*5
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p e r  c e n t ,  o f  n i c k e l  t o  th e  f e r r i t e  c o n s i d e r a b l y  I n c r e a s e s  th e  

s o l u b i l i t y  o f  th e  mixed c a r b i d e  o f  chromium and i r o n ' a t  norm al  

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

The f a l l  i n  s o l u b i l i t y  w i th  d e c r e a s i n g  t e m p e r a t u r e  i n  the  

no rm al  t e m p e r in g  ran g e  i s  much g r e a t e r  in  the  n ic k e l - c h ro m iu m  s t e e l s  

t h a n  in  th e  o t h e r s .  These s t e e l s  d e v e lo p  i m p a c t - b r i t t l e n e s s , as 

ha s  been  s e e n ,  t o  a v e ry  marked d e g r e e .  The sh a rp  f a l l  i n  s o l u b i l ­

i t y  on c o o l i n g  from th e  u s u a l  t e m p e r a t u r e s  o f  600°C . to  6 50°G. down 

t o  500°C. w i l l  a l l o w  o f  r e a d i e r  s e p a r a t i o n  a t  t h e  g r a i n  b o u n d a r i e s  

t h a n  i n  t h e  case  o f  th e  o t h e r  s t e e l s .  The p h y s i c a l  n a t u r e  o f  the  

c a r b i d e  a l s o  a p p e a r s  to  be an i m p o r t a n t  f a c t o r  i n  th e  p r o d u c t i o n  

o f  b r i t t l e n e s s .  In  t h e  chromium s e r i e s  i t  h a s  been  found (T ab le  16) 

t h a t  b r i t t l e n e s s  i s  d e v e lo p e d  as  th e  chromium c o n t e n t  i s  r a i s e d ,  

a l t h o u g h  t h e  s o l u b i l i t y  changes  a r e  r e l a t i v e l y  s m a l l e r  t h a n  i n  the  

o t h e r s .  However, when t h e  s o l u b i l i t y  o f  c a r b i d e  c o n t a i n i n g  chromium 

i s  g r e a t e r ,  as in  th e  n ic k e l - c h ro m iu m  s t e e l s ,  a much g r e a t e r  d e g re e  

o f  b r i t t l e n e s s  i s  p r o d u c e d .

STABILITY OF THE FERRITE SOLID SOLUTIONS .

A s e r i e s  o f  e x p e r im e n t s  was c a r r i e d  o u t  to  d e t e r m i n e  more 

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

chromium, which had a l r e a d y  been  i n v e s t i g a t e d  ( F i g .  3 1 ) .  Specimens 

o f  2 p e r  c e n t ,  manganese s t e e l ,  7 p e r  c e n t ,  n i c k e l  s t e e l ,  and 

Armco i r o n  were ,  a f t e r  q u e n ch in g  from a h ig h  t e m p e r in g  t e m p e r a t u r e ,  

r e - t e m p e r e d  a t  p r o g r e s s i v e l y  r i s i n g  t e m p e r a t u r e s ,  w i th  th e  r e s u l t s  

shown i n  F i g .  45* The spec im ens  were h e a t e d  f o r  1 h o u r  a t  e ach  

t e m p e r a t u r e  and quenched i n  w a t e r .
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The Armco i r o n  s o l i d  s o l u t i o n  i s  s e e n  to  he th e  l e a s t  s t a b l e  

h a v i n g  c o m p le t e ly  b roken  down a t  350°C . At h i g h e r  t e m p e r a t u r e s  

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

r e a c h  i t s  l o w e s t  v a lu e  u n t i l  4 5 0 °C . ,  which i s ,  ho w e v e r , low er  th an  

th e  t e m p e r a t u r e  f o r  th e  n ic k e l - c h ro m iu m  s t e e l s ,  ( F i g  3 1 ) .  D e p o s i t io n  

i n  the  manganese s t e e l  a p p a r e n t l y  s t i l l  c o n t in u e d  up to  575°0.

This  c a s t  d o u b t  on th e  e x t e n t  o f  th e  changes  a l r e a d y  d e te r m in e d  

i n  t h e s e  s t e e l s  when u s i n g  r e - t r e a t m e n t  t e m p e r a t u r e s  o f  500°C. o r  

5 2 5 ° 0 . ,  and a number o f  e x t r a  e x p e r im e n t s  were c a r r i e d  o u t  to  f i n d  

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

i n g  manganese .  I t  w i l l  be s e e n  from r e s u l t s  in  Table  17 and in  F i g .  

34 t h a t  d e p o s i t i o n  i n  t h e s e  s t e e l s  had ,  i n  f a c t ,  been  a lm o s t  com­

p l e t e  a t  500°G. ,  a f t e r  t r e a t m e n t  i n  th e  l a r g e  f u r n a c e .  The r e s i s t ­

i v i t y  r e s u l t s  in  th e  o t h e r  e x p e r im e n t s  w i th  th e  2 p e r  c e n t ,  mangan­

e s e  s t e e l  showed i n  some c a s e s  v a lu e s  n o t  a p p a r e n t l y  i n  s t r i c t  

a c c o rd a n c e  w i th  th e  m ag n e t ic  v a l u e s ,  and i n d i c a t e d  a  g r e a t e r  s o l u b ­

i l i t y  by t h e  r e s i s t a n c e  method th a n  by th e  m a g n e t i c .  This  a p p a r e n t  

anomaly i s  p r o b a b l y  due to  a m o d i f i c a t i o n  i n  th e  n a t u r e  o f  th e  

c a r b i d e  by a d d i t i o n  o f  manganese .

The r e s u l t s  o f  t h e s e  l a t t e r  e x p e r im e n t s  s u g g e s t e d  t h a t  the  

chromium s e r i e s  m igh t  n o t  have  been  r e - h e a t e d  to  a s u f f i c i e n t l y  

h i g h  t e m p e r a t u r e  f o r  com ple te  d e p o s i t i o n  i n  th e  o r i g i n a l  e x p e r im e n t s  

The c u rv e s  shown w i th  s m a l l  d o t s  i n  F i g .  42 were o b t a i n e d  as a 

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

t e m p e r a t u r e s ,  t h e  spec im ens  b e i n g  w a te r - q u e n c h e d  from e a c h  t e m p e r ­

a t u r e  e x c e p t  700°C . from which th e y  were s lo w ly  c o o l e d .  The r e s i s t ­

i v i t y  was found  to  f a l l  a lm o s t  c o n t i n u o u s l y  as th e  t e m p e r a t u r e  was
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r a i s e d .  T ha t  t h i s  was due to  e x t r a - s p h e r o i d i s a t i o n  on ly  was p roved  

by r e - t r e a t i n g  s t e e l  E271 a t  575°G. and c o o l i n g  s lo w ly  i n  th e  f u r ­

n a c e .  The r e s u l t s  o f  m ag n e t ic  t e s t s  (T ab le  17 and F i g .  3 5 ) show 

t h a t  t h e  m ag n e t ic  p r o p e r t i e s  were p r a c t i c a l l y  i d e n t i c a l  in  e v e ry  

r e s p e c t  w i th  t h o s e  o b t a i n e d  a f t e r  the  o r i g i n a l  500°G . t r e a t m e n t .

The t r e a t m e n t s  f o r  t h i s  s e r i e s  a t  500° C . a r e  t h e r e f o r e  t a k e n  to  

r e p r e s e n t  th e  g r e a t e s t  p o s s i b l e  d e p o s i t i o n  of  c a r b i d e  i n  th e  chrom­

ium s t e e l s  . These r e s u l t s  a l s o  show t h a t  a l t h o u g h  e x t r a - s p h e r o l d -  

i s a t i o n  i s  r e v e a l e d  by r e s i s t i v i t y  d e t e r m i n a t i o n s  and i s  p a r t i c u l ­

a r l y  marked in  chromium s t e e l s ,  i t  i s  n o t ,  as  a r u l e ,  a p p a r e n t  in  

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

r e s u l t s .

In  r e g a r d  to  th e  o r d i n a r y  t e m p e r in g  c u rv e s  ( t h e  d o t t e d  

c u rv e s  in  F i g s .  39 to  44) th e  r e s i s t i v i t y  i s  s e en  t o  d e c r e a s e  in  

each  s e r i e s  a p p r o x i m a t e ly  i n  p r o p o r t i o n  to  th e  ca rb o n  c o n t e n t  o f  

t h e  s t e e l s .  The t o t a l  d e c r e a s e  i s  much g r e a t e r  i n  t h e  chromium 

and n i c k e l - c h r o m iu m  s t e e l s ,  and t h i s  i s  p r o b a b l y  due to  a m o d i f i c ­

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

s t e e l s .  The e v id e n c e  o f  t h e s e  e x p e r im e n t s  m ig h t  s u g g e s t  t h a t  t h e

amount o f  s o l u b i l i t y  had no c o n n e c t i o n  w i th  s p h e r o i d i s a t i o n ,  y e t
a r e  compared

when p a s t  s p e c i f i c  volume r e s u l t s  ( F i g s .  2 , 3, 4 ,  and 5 ) Aw i th  th e  

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

i n  s p e c i f i c  volume i s  a s s o c i a t e d  w i th  a more o r  l e s s  r a p i d  i n c r e a s e  

i n  s o l u b i l i t y  a t  h ig h  t e m p e r in g  t e m p e r a t u r e s  in  n i c k e l  and n i c k e l -  

chromium s t e e l s .
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ESTIMATION OF THE AMOUNT OF CARBON INVOLVED IN THE PHYSICAL
CHANGES.

A re v ie w  of  t h e  v a r i a t i o n s  i n  a l l  t h e  p h y s i c a l  p r o p e r t i e s  

shows t h a t  in  th e  fu n d a m e n ta l  p r o p e r t i e s  o f  r e s i s t i v i t y  and s p e c i f i c  

volume th e  r e l a t i v e  v a r i a t i o n s  a r e  p r o p o r t i o n a l ,  even  when w id e ly  

d i f f e r e n t  c l a s s e s  o f  m a t e r i a l  a r e  compared.  Thus, in  s p e c i f i c  v o l ­

ume th e  change in  Armco i r o n  (T ab le  17) i s  i n  th e  same p r o p o r t i o n  

to  th e  changes  in  th e  n i c k e l - c h ro m iu m  s t e e l s  (Tab le  10) as  i s  the  

change in  r e s i s t i v i t y  o f  th e  fo rm er  ( F i g .  44) to  th e  changes  in  

t h e  l a t t e r  ( F i g .  ^3)»  A s i m i l a r  p r o p o r t i o n a l i t y  i s  a p p a r e n t  t h r o u g h ­

o u t  th e  o t h e r  s t e e l s  in  a lm o s t  a l l  c a s e s .  F o r  example ,  th e  changes  

i n  s p e c i f i c  volume a re  g r e a t e r  f o r  Armco i r o n  and th e  n i c k e l - c h r o m ­

ium s t e e l s  t h a n  f o r  th e  o t h e r  s t e e l s ,  t h e  same b e in g  t r u e  f o r  the  

r e s i s t i v i t y  c h a n g e s .  Also  th e  changes  i n  s p e c i f i c  volume, r e s i s t i v ­

i t y ,  and m a g n e t ic  p r o p e r t i e s  a r e  a l l  s m a l l e r  in  th e  chromium s e r i e s  

t h a n  in  any o f  th e  o t h e r s .

I t  a p p e a r s  c e r t a i n  t h a t  th e  ca rb o n  atoms in  s o l i d  s o l u t i o n  

w i l l  be i n  t h e  same form i n  e v e r y  c a s e ,  w h a te v e r  may be t h e i r  

p o s i t i o n  in  th e  s p a c e - l a t t l c e . The f u n d a m e n ta l  p r o p e r t i e s  would 

t h e r e f o r e  be i n f l u e n c e d  i n  p r o p o r t i o n  t o  t h e  amount o f  c a rb o n  in  

s o l i d  s o l u t i o n .  C o n se q u e n t ly ,  to  e s t i m a t e  th e  p e r c e n t a g e  o f  ca rbon  

c o r r e s p o n d i n g  t o  t h e  p h y s i c a l  c h ang es ,  i t  i s  o n ly  n e c e s s a r y  to  

know th e  p e r c e n t a g e  o f  ca rb on  g i v i n g  r i s e  to  th e  p h y s i c a l  changes 

i n  one c a s e ;  i f  t h i s  be known, t h e n  th e  c a rb o n  p e r c e n t a g e  i n  a l l  

t h e  o t h e r  s t e e l s  can be c a l c u l a t e d .

The e x p e r im e n t s  w i th  Armco i r o n  were c o n t i n u e d  up t o  850°C. 

as  shown i n  F i g .  44 ,  and i t  was found t h a t  th e  r e s i s t i v i t y  o f
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quenched spec im ens  r e a c h e d  a c o n s t a n t  maximum v a lu e  above 700°C.

T h is  i s  t a k e n  to  mean t h a t  a l l  the  ca rbon  rem ains  d i s s o l v e d  i n  th e  

f e r r i t e  a f t e r  q u e n ch in g  from a h ig h  t e m p e r a t u r e .  The c a rbon  c o n t e n t s  

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

ed and found  t o  be 0*023 and 0*025  p e r  c e n t . ,  th e  l a r g e r  v a lu e  

b e i n g  t h a t  o f  th e  specim en showing a s l i g h t l y  l a r g e r  change i n  

r e s i s t i v i t y .  The a v e ra g e  ca rb o n  c o n t e n t ,  0*024 p e r  c e n t . ,  c o r r e s ­

ponds to  an a v e ra g e  change i n  r e s i s t i v i t y  o f  0*45 microhm p e r  cu .  

cm.

The p e r c e n t a g e  s o l u b i l i t y  o f  ca rbon  can th u s  be measured  

on th e  r e s i s t i v i t y  g raph s  a t  any t e m p e r a t u r e  i n  any o f  th e  s t e e l s ,  

a change o f  1*0 microhm b e in g  e q u a l  t o  a s o l u b i l i t y  o f  0*053 p e r  

c e n t  o f  c a r b o n . The p e r c e n t a g e s  o f  t h e  chromium s e r i e s  can be 

e s t i m a t e d  by a com par ison  o f  t h e i r  m ag n e t ic  changes  w i th  t h o s e  of  

t h e  o t h e r  s t e e l s .  The m ag n e t ic  e f f e c t s  were d e t e r m i n e d  a t  650°C. 

and 750°C. i n  th e  chromium s e r i e s ,  and t h e  s o l u b i l i t y  b e i n g  known 

t o  be v e ry  s m a l l  a t  500°C. th e  c o u rs e  o f  th e  s o l u b i l i t y  c u rv e s  in  

e ach  s t e e l  can be c a l c u l a t e d  from th e  d a t a .

The maximum s o l u b i l i t y  i n  th e  n i c k e l  s t e e l s  i s  u n c e r t a i n

owing t o  th e  d i f f i c u l t y  o f  b e i n g  s u r e  o f  t h e  t e m p e r a t u r e  a t  which

th e  f i r s t  t r a c e  o f  e u t e c t o i d  s o l u t i o n  i s  fo rm ed .

The h ig h  v a lu e  t o  which th e  p e r c e n t a g e  remanence r i s e s  

a f t e r  s l o w - c o o l i n g  shows t h a t  a lm o s t  th e  whole o f  th e  c a r b i d e  has  

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

s o l u t i o n  i t  i s  o n ly  a  s m a l l  p r o p o r t i o n  o f  t h a t  which g iv e s  r i s e  

t o  th e  p h y s i c a l  changes  a t  h ig h  t e m p e r in g  t e m p e r a t u r e s .  O b s e r v a t i o n s



6 6 .

(18) ( 22 ) ( P"5 )
by W h i t e l e y ,  Yensen, and Yamada p o i n t  towards  z e ro

s o l u b i l i t y  i n  s low c o o le d  f e r r i t e .
i n

The p o s s i b i l i t y  t h a t  a l l  t h e  -carbon which i s Ks o l u t i o n  a t

a h ig h  t e m p e r in g  t e m p e r a t u r e  i s  n o t  r e t a i n e d  by q u e n ch in g  seems t o

be d i s c o u n te n a n c e d  by th e  c o n s i s t e n c y  o f  th e  r e s u l t s  f o r  quenched

spec im ens  t h r o u g h o u t  the  i n v e s t i g a t i o n ,  th e  r e s u l t s  b e in g  n o t a b l y

d i f f e r e n t  in  t h i s  r e s p e c t  from th o s e  o b t a i n e d  by q u e n ch in g  s t e e l s

from th e  y - r e g i o n .

A l though  p e a r l i t e  ha s  been  found t o  be a b s e n t  i n  a n n e a le d
(24)s t e e l s  c o n t a i n i n g  0 0 6  p e r  c e n t ,  of  c a rbon  (Sauveur  and Krivobok

(25)0*05 p e r  c e n t .  ( H a t f i e l d  and o t h e r s  ) ,  0*04 p e r  c e n t .  (Bramley

and Haywood^2^ ) ,  0*03 p e r  c e n t .  ( S c o t t ^ 2^ ) ,  i t  a p p e a r s  t h a t  th e

c a rb o n  i n  t h e s e  s t e e l s  c a n n o t  be i n  s o l i d  s o l u t i o n  i n  th e  f e r r i t e .
( 1 8 )The e s t i m a t i o n s  o f  W h i te l e y  (0*03 p e r  c e n t .  ) ,  and o f

( 2 8 )Tamura (0*034 p e r  c e n t .  ) may w e l l  be c o r r e c t  f o r  th e  s o l u b i l i t y  

o f  ca rbo n  i n  p u re  e^-iron a t  a b o u t  700°C . The v a lu e  f o r  p u re  i r o n  

c o u ld  be e x a c t l y  d e te r m in e d  on a s e r i e s  o f  p u re  a l l o y s  by th e  

methods used  i n  t h e  p r e s e n t  r e s e a r c h .

The i m p u r i t i e s  i n  s t e e l s  no d o u b t  a c c o u n t  f o r  t h e  s m a l l e r  

c a r b i d e  s o l u b i l i t y  a t  most  t e m p e r a t u r e s  when compared w i th  pu re  

i r o n .  M e t a l l i c  s p e c i a l  e le m e n t s  added to  s t e e l s  hav e ,  however ,  

u n d o u b te d ly  a p ronounced  e f f e c t .

Sum m aris ing  th e  above work on th e  s o l u b i l i t y  o f  c a r b i d e  

i n  f e r r i t e  t h e  f o l l o w i n g  p o i n t s  may be e m p h a s i s e d :

(1)  The i m p u r i t i e s  p r e s e n t  in  s t e e l s  red u c e  th e  s o l u b i l i t y  

when compared w i th  p u re  i r o n .
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(2)  Sm all  p e r c e n t a g e s  o f  n i c k e l  i n  the  f e r r i t e  i n c r e a s e  

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

(3)  Manganese has  p r o b a b l y  a s l i g h t l y  I n c r e a s i n g  e f f e c t  

on th e  s o l u b i l i t y .

(4) Chromium, which r e p l a c e s  i r o n  i n  th e  c a r b i d e ,  d e f i n i t e ­

l y  d e c r e a s e s  th e  s o l u b i l i t y  when no o t h e r  s p e c i a l  e le m e n t s  a r e  

p r e s e n t .

(5)  The p r e s e n c e  of  n i c k e l  and chromium t o g e t h e r  i n c r e a s e s  

c o n s i d e r a b l y  th e  s o l u b i l i t y  when compared w i th  o r d i n a r y  s t e e l s .

(6)  The s t a b i l i t y  o f  t h e  v a r i o u s  s o l i d  s o l u t i o n s  v a r i e s  

c o n s i d e r a b l y ,  p u re  i r o n  b e i n g  th e  l e a s t  s t a b l e ,  n i c k e l  i n c r e a s i n g  

th e  s t a b i l i t y ,  chromium g i v i n g  An even g r e a t e r  s t a b i l i s i n g  e f f e c t  

t h a n  n i c k e l ,  and th e  e x a c t  p o s i t i o n  o f  manganese b e in g  a l i t t l e  

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

p a r e d  w i th  p u re  i r o n .
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The Ac1 R a n g e .

I t  h a s  been  n o te d  by Erayshaw, B r e a r l e y ,  J o n e s ,
(32)and Greaves t h a t  p a r t i a l  h a r d e n i n g  o f  c e r t a i n  s p e c i a l  s t e e l s

i s  b r o u g h t  a b o u t  by t e m p e r in g  a t  t e m p e r a t u r e s  c o n s i d e r a b l y  below

th e  no rm al  Ac-  ̂ maximum (as  o b t a i n e d  on a t h e r m a l  c u r v e ) ,  fo l lo w e d
(33)by q u e n c h in g  in  w a t e r .  C a r p e n t e r ,  h a d f i e l d ,  and Longmuir drew 

a t t e n t i o n  t o  th e  f a c t  t h a t  in  t h e r m a l  h e a t i n g  c u rv e s  o f  n i c k e l  

s t e e l s  th e  Ac^ change was r e v e a l e d  by an a b s o r p t i o n  o f  h e a t  o v e r  a 

range  o f  t e m p e r a t u r e  commencing w e l l  below th e  Ac-  ̂ maximum. Jones  

from t h e r m a l  and m i c r o s c o p i c a l  work on t h i s  s u b j e c t ,  showed c l e a r l y  

t h a t  in  many a l l o y  s t e e l s  Ac^ t a k e s  p l a c e  o v e r  a c o n s i d e r a b l e  range  

o f  t e m p e r a t u r e ,  he e x p l a i n e d  t h i s  as b e in g  due to  s e l e c t i v e  s o l u t i o n  

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

The p r e s e n t  i n v e s t i g a t i o n  was e x te n d e d  to  throw some l i g h t  

on th e  e x t e n t  o f ,  and th e  r e a c t i o n s  in v o lv e d  i n ,  t h e  Ac^ r a n g e .

TC-ttQLUME DETERMINATIONS.

E x p e r i m e n t a l  m e th o d . S u i t a b l e  spec im ens  o f  th e  s t e e l s ,  o f  

a b o u t  25 gni. w e ig h t ,  were h e a t - t r e a t e d  in  vacuo i n  a wire-wound 

e l e c t r i c  f u r n a c e .  In  th e  e a r l i e r  e x p e r im e n t s  a t h i c k  v i t r e o u s  

s i l i c a  tu b e  was u s e d ;  s e l e c t e d  t u b e s  o f  t h i s  m a t e r i a l  k e p t  a h ig h  

vacuum e x c e l l e n t l y  below a b o u t  700°G. ,  b u t  above t h a t  t e m p e r a t u r e  

t h e i r  e f f i c i e n c y  in  t h i s  r e s p e c t  was found to  f a l l  away w i th  r i s i n g  

t e m p e r a t u r e .  L a t e r  e x p e r im e n t s  were c a r r i e d  o u t  in  tu b e s  o f  t r a n s ­

p a r e n t  f u s e d  s i l i c a ,  and t h e s e  were found p e r f e c t  a t  a l l  t h e  temp­

e r a t u r e s  u s e d .  P o l i s h e d  spec im ens  cou ld  be soaked  a t  h ig h  t e m p e r ­

a t u r e s  i n  t h e s e  t u b e s  f o r  lo n g  p e r i o d s  w i th  o n ly  a  s l i g h t  t i n t i n g
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o f  th e  s u r f a c e s  by o x i d a t i o n .  T ha t  com ple te  immunity from o x i d a t i o n  

and v a r i a t i o n  in  c o m p o s i t io n  can be o b t a i n e d  by t h i s  method has  

a l r e a d y  been shown e x p e r i m e n t a l l y .

A p l a t i n u m ,  p l a t i n  a m - i r id iu m  th erm ocoup le  was u se d ,  and t h i s  

was f r e q u e n t l y  checked  th r o u g h o u t  th e  work.  The e . m . f . ’ s r e c o r d e d  

by th e  cou p le  d i d  n o t  a l t e r  in  th e  s l i g h t e s t  d e g re e  in  s p i t e  o f

many h u n d reds  o f  h o u r s  o f  h e a t i n g  in  v a c u o .

The t e m p e r a t u r e s  were r ea d  on a Cambridge and P a u l  U n i v e r s a l  

T e s t  S e t  in  th e  e a r l i e r  e x p e r i m e n t s ,  and on a Siemens t e m p e r a tu r e  

i n d i c a t o r  i n  th e  l a t e r  o n e s . In th e  s o a k in g  e x p e r im e n t s  w i t h i n  th e  

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

o f  a few d e g r e e s  o v e r  s i x  c o n s e c u t i v e  h o u r s  was found d i f f i c u l t  

b u t  th e  d i f f i c u l t i e s  were overcome. The t e m p e r a t u r e  was c o n t r o l l e d  

by means o f  a s l i d i n g  r e s i s t a n c e  to  w i t h i n  * 2° o r  3°C. The mean 

s o a k i n g  t e m p e r a t u r e  was t a k e n  as 2° t o  3°C. below t h a t  d e s i r e d ,  so 

t h a t  t h e  t e m p e r a t u r e s  shown on th e  g raphs  a r e  the  maxima r e a c h e d  

i n  each  c a s e .

The spec im ens  were p r e p a r e d  and th e  s p e c i f i c  volume d e t e r ­

mined by th e  method p r e v i o u s l y  d e s c r i b e d .

EXPERIMENTS ON STEELS WITH CONSTANT NICKEL AND VARYING CARBON.

Three  n i c k e l  s t e e l s  w i th  c o n s t a n t  n i c k e l  and v a r y i n g  carbon  

were chosen  f o r  t h i s  work, t o g e t h e r  w i th  a  p l a i n  ca rbon  s t e e l  f o r  

c o m p a r i s o n .  The a n a l y s e s  a r e  shown in  T ab le  22.

Specimens o f  each  o f  t h e s e  s t e e l s ,  o f  a b o u t  25 gm. w e ig h t ,

were f i r s t  quenched in  o i l  a f t e r  h a l f - a n - h o u r  a t  850°C. They were 

t h e n  tem pered  as shown i n  Table  23*



Analyses.

Steel. C%. Jin %. P%. s%. Si %. Ni%.

A4 0-71 0-16 Low Low 0-10
.

Nil
2 0-26 0-27 0014 0-025 0-103 3-64 ;
4 0-44 0-33 0-015 0-038 0-125 3-65
6 0-87 0-41 0-013 0-025 0-149 3-64

TABLE 22 .

Treatm ent. L  2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12.
Temperature,

°C. 540 590 640 660 675 685 695 700 705 705 710 715
an

Period of heat- extra
ing, hours 24 12 12 12 12 12 12 12 12 12 12 12

TABLE 2 3 .

300

400
•1276

S P E C I F I C V O L U M E

•1275O

•1274
725600 625

TEMPERING TEMPERATURE  V
650 675 700525 575

TEMPERATURE

F ig. -Carbon Steel .44.

q  300

100

•1275

•1274
S P E C I F I C V O L U M E

•1273

•1272

•1271

°CT E M P E R I N G  T E M P E R A T U R E  °C

F i g . /f  7  Nickel Steel 2.
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Fig. 4 - 8 -Nickel Steel 4.
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Fig. 4 .9  Nickel Steel 6.
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Each t w e lv e - h o u r  p e r i o d  was made up o f  two p e r i o d s  o f  s i x  

h o u r s  e ac h ,  and r a p i d  q uench in g  in  c o ld  w a t e r  f o l lo w e d  each  t r e a t ­

m en t .  There  was no i n t e r v e n i n g  t r e a t m e n t  be tween th e  v a r i o u s  temp­

e r i n g  t r e a t m e n t s ,  and on h e a t i n g  up f o r  each  t r e a t m e n t  th e  t e m p e r ­

a t u r e  was r a i s e d  as q u i c k l y  as p o s s i b l e  w i t h o u t  o v e r s t e p p i n g  the  

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

any r e d i s t r i b u t i o n  o f  c o n s t i t u e n t s  d u r i n g  th e  h e a t i n g  up .

The s p e c i f i c  volume and B r i n e l l  h a r d n e s s  a f t e r  each  t r e a t ­

ment a r e  p l o t t e d  in  P i g s .  46,  4 7 , 48 ,  and 4 9 .  The m i c r o s t r u c t u r e  

was examined in  a l l  t h e  spec im ens  a f t e r  each  t r e a t m e n t  and m i c r o ­

g rap h s  t a k e n  where i t  was th o u g h t  a d v i s a b l e .  Some o f  th e  l a t t e r  a r e  

shown in  F i g s .  68 to  79*

The e x p e r im e n t s  were d i s c o n t i n u e d  a f t e r  t r e a t m e n t  No. 12, 

as  th e  spec im ens  had  become r a t h e r  s m a l l  f o r  a c c u r a t e  work, owing 

t o  th e  n e c e s s i t y  f o r  g r i n d i n g  o f f  th e  B r i n e l l  marks a f t e r  each  

e x p e r i m e n t .

The ca rb o n  s t e e l  ( F i g .  46)  showed a  s o f t e n i n g  as  th e  temp­

e r a t u r e  was r a i s e d ,  b u t  l i t t l e  o r  no change i n  th e  s p e c i f i c  volume.  

In  t h e  n i c k e l  s t e e l s  th e  f a l l  in  s p e c i f i c  volume n o te d  i n  e a r l i e r  

e x p e r im e n t s  as  th e  t e m p e r a t u r e  i s  r a i s e d  ( F i g s .  2, 3, and 4) i s  n o t  

n e a r l y  so m arked .  T h is  must  be due t o  th e  l e n g t h y  t r e a t m e n t s  h a v in g  

p rom oted  s p h e r o l d i s a t i o n  to  a  c o n s i d e r a b l e  e x t e n t  a t  th e  low er  

t e m p e r a tu r e s ,  so  t h a t  r a i s i n g  th e  t e m p e r a t u r e  has  n o t  t h e  same e f f e c t  

a s  i n  s h o r t e r  and s e p a r a t e  t r e a t m e n t s  ( w i th  i n t e r v e n i n g  o i l  q u en ch ­

in g )  . F i g s .  47 ,  48 ,  and 49 show t h a t  when s o l u t i o n  in  y - i r o n  had 

f i r s t  t a k e n  p l a c e  i n  th e  n i c k e l  s t e e l s  a t  68b°G. t h e  quenched s p e c ­

imens showed an e x p a n s io n  and a  h a r d e n i n g ,  and t h e s e  I n c r e a s e d  w i th



F ig . 68 -N ick e l steel 6. H ea ted  for 
12 "h o u rs  at 685° C. and  w ater- 
qu enched . E tc h ed  w ith  alcoholic  
1 per cen t, n itric  ac id  and  boiling 
alkaline sod ium  p ic ra te . X 600.

F i g .  69 —Nickel steel 2. H ea ted  for 
12 H o u r s  a t 700° C . an d  w ater- 
quen ch ed . E tc h ed  w ith  alcoholic  
1 per cen t, n itric  acid . X 600.

F i g .  70 —N ickel steel 2. H ea ted  for 
12 h o u rs a t 705° C. and  w ater- 
qu en ch ed . E tch ed  w ith  alcoholic 
1 per cent, n itric  acid . X 600.

F i g .  71 —N ickel steel 2. H ea ted  for 
24 h o u rs at 705° C- and  w ater- 
qu enched . E tc h ed  w ith  alcoholic  
1 per cen t, n itric  ac id . X 600.

F i g .  72 N ickel steel 2. H eated  for 
12 hou rs a t 710° C . and  w ater- 
q u enched . E tc h ed  w ith  alcoholic 
1 per cen t, n itric  acid . X 600.

F i g . 73 —N ickel steel 4. F e a te d  for 
12 Tiours a t 700° C . and  w ater- 
q u en ch ed . E tched  w ith alcoho lic  
1 per cen t, n itric  ac id . X 600.

(The above m icrographs have been reduced to four-fifths linear in reproduction.)



F i g .  7 4  -N ickel, steel 4.  H eated  for 
12 h ours at 705° C . and  w ater- 
quen ch ed . E tc h ed  w ith  alcoho lic  
1 per cen t, n itric  ac id . X 600.

F ig .  75 —N ickel steel 4. H eated  for 
24 h ours a t 705° C . and  w ater- 
q u en ch ed . E tc h ed  w ith alcoholic  
1 per cen t, n itr ic  ac id . X 600.

F i g . 7 6 —N ickel steel 6. H ea ted  for 
12 T o u r s  at 700° C . an d  w ater- 
quen ch ed . E tched  vvith alcoholic 
1 p e r  cent, n itric  ac id . X 600.

F i g .  77 —N ickel steel 6. H ea ted  f o r  
12 "hours a t 705° C . and  w ater- 
q u en ch ed . E tc h ed  w ith  alcoho lic  
1 p e rc e n t,  n itric  ac id . X 600.

F i g . 7 8  —N ickel steel 6. H ea ted  for 
24 T o u r s  a t 705° C . an d  w ater- 
q u en ch ed . E tch ed  w ith alcoholic 
1 per cen t, n itr ic  ac id . X 600.

F i g .  79 —N ickel steel 6 .  H eated  for 
12 h o u rs  a t 710° C . and  w ater- 
q u enched . E tch ed  w ith alcoho lic  
1 per cen t, n itric  ac id . X 600.

(The above m icro g rap h s have been reduced  to fou r-fifth s lin ear in rep ro d u c tio n .)
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t ime and t e m p e r a t u r e .  When th e  t e m p e r a t u r e  was s t i l l  f u r t h e r  r a i s e d  

a c o n t r a c t i o n  and s o f t e n i n g  s e t  i n ,  and t h i s  was fo l lo w e d  by a 

second  e x p a n s io n  and h a r d e n i n g  a t  s t i l l  h i g h e r  t e m p e r a t u r e s .  The 

f i r s t  e x p a n s io n  and h a r d e n i n g  was a s s o c i a t e d  w i th  a marked d u p le x  

s t r u c t u r e  ( F i g .  6 8 ) .  The w h i te  c o n s t i t u e n t  in  th e  m i c r o s e c t i o n s  

was s e e n  t o  i n c r e a s e  w i th  an i n c r e a s e  o f  ca rb o n  c o n t e n t  and a l s o  

o f  s o a k i n g  t e m p e r a t u r e .  I t  was th u s  e v i d e n t  t h a t  i t  was t h i s  c o n s t i t ­

u e n t  which caused  th e  e x p a n s io n  and h a r d e n i n g .  The w h i te  a r e a s ,  i t  

i s  s u g g e s t e d ,  e x i s t e d  a t  th e  s o a k i n g  t e m p e r a t u r e s  as  Y~^ro n  s o l i d  

s o l u t i o n s ,  b u t  q u e n ch in g  had f a i l e d  to  r e t a i n  them as a u s t e n i t e ,  

and it* i s  c o n c lu ded  t h a t  t h e y  c o n s i s t  o f  an u n s t a b l e  s o l i d  s o l u t i o n  

o f  ca rb o n  i n  / - i r o n  c o n t a i n i n g  n i c k e l .  I t  w i l l  be shown l a t e r  t h a t  

t h e  c o n c e n t r a t i o n s  o f  t h e s e  a r e a s  v a ry  w i th  a number o f  f a c t o r s ,  

b u t  t h a t  t h e y  a r e ,  i n  g e n e r a l ,  r e l a t i v e l y  h ig h  in  n i c k e l  and low 

i n  ca rb o n  when o n ly  a p a r t  o f  t h e  c a r b i d e  has  d i s s o l v e d .  I t  was 

c l e a r l y  s e e n  i n  a l l  t h e  specim ens  t h a t  the  c a r b i d e  d i s s o l v e d  p r o ­

g r e s s i v e l y  as  th e  t e m p e r a t u r e  was r a i s e d .  F i g .  68 shows t h e  w h i t e  

a r e a s  formed a t  th e  s o a k in g  t e m p e r a t u r e  (6 8 5°C .)  t o g e t h e r  w i th  

u n d i s s o l v e d  c a r b i d e ,  t h e  specim en  h a v in g  been e t c h e d  in  a l c o h o l i c  

n i t r i c  a c i d  and a l s o  i n  a b o i l i n g  a l k a l i n e  s o l u t i o n  of  sodium p i c - 1 

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

As th e  t e m p e r a t u r e  o f  s o a k i n g  was r a i s e d  th e  w e l l  d e f i n e d  

d u p le x  s t r u c t u r e  was b rok en  down, and F i g s .  69,  70, 73, 74,  76, 77, 

and 78 show i n d e f i n i t e  b ro k en -u p  s t r u c t u r e s  which a r e  t h e  r e s u l t  

o f  a r e a r r a n g e m e n t  o f  e q u i l i b r i u m .  The d ro p  in  s p e c i f i c  vo lum e-and  

i n  h a r d n e s s  which f o l l o w s  the  f i r s t  r i s e  in  th e  c u rv e s  i s  a s s o c i a t ­

ed w i t h  t h e  f o r m a t i o n  o f  a n o t h e r  w e l l - d e f i n e d  d u p le x  s t r u c t u r e
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which g r a d u a l l y  s e p a r a t e s  o u t  from th e  b roken  up co ng lo m era te  o b t a i n ­

ed a t  i n t e r m e d i a t e  t e m p e r a t u r e s .  Th is  s t r u c t u r e  i s  shown i n  F i g s .

71,  75,  and 79* I t  i s  e v i d e n t  from th e  c u r v e s ,  F i g s .  4 7 , 48 ,  and 

49 ,  t h a t  a u s t e n i t e  i s  b e in g  r e t a i n e d  on q u e n ch ing ,  and, as  the  

amount o f  g l o b u l a r i s e d  c o n s t i t u e n t  in  F i g s .  7 1 , 75, and 79 c l e a r l y  

v a r i e s  w i th  the  c a rb o n  c o n t e n t ,  i t  i s  c o n c lu ded  t h a t  t h i s  c o n s t ­

i t u e n t  c o n s i s t s  o f  a u s t e n i t e  and th e  ground mass o f  f e r r i t e .  As 

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

t h e  g round-m as8 and l e s s  a u s t e n i t e  and more m a r t e n s i t e  i s  fo rm ed , 

due to  th e  g r a d u a l  d i l u t i o n  o f  th e  Y“ t r °n  a r e a s .

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

r e n d e r e d  i t  a d v i s a b l e  t h a t  t h e y  sh o u ld  be c o n f i rm ed  by o t h e r  e x p e r ­

im e n ts ,  and a f u r t h e r  s e r i e s  o f  s i m i l a r  t r e a t m e n t s  was c a r r i e d  o u t  

on f r e s h  spec im ens  o f  th e  same s t e e l s .  I t  was t h o u g h t  t h a t  b e t t e r  

q u a n t i t a t i v e  r e s u l t s  would be o b t a i n e d  by s h o r t e r  and unbroken  

t r e a t m e n t s  a t  r e g u l a r  t e m p e r a t u r e  i n t e r v a l s ,  and t h i s  was found to  

be th e  c a s e .

ADDITIONAL SPECIFIC VOLUME EXPERIMENTS.

F r e s h  spec im ens  o f  th e  s t e e l s  used  in  th e  f o r e g o i n g  s e r i e s  

were o i l - q u e n c h e d  from 850°C. They were t h e n  tem pered  a t  670°C. f o r  

s i x  h o u r s  and quenched i n  w a t e r .  T h is  t e m p e r in g  was r e p e a t e d  a t  

i n t e r v a l s  o f  5°C . f o r  p e r i o d s  o f  s i x  h o u rs  each  up to  705°C. Above 

7 0 5 ° C * th e  t e m p e r a t u r e  i n t e r v a l s  were th e  same, b u t  th e  t im e  o f  

s o a k i n g  was re d u c e d  t o  t h r e e  h o u r s .  The s t e e l s  were quenched i n  

w a t e r  a f t e r  e ac h  t r e a t m e n t .  H ardness  d e t e r m i n a t i o n s  were n o t  made, 

as  i t  was c l e a r  from th e  f i r s t  s e r i e s  o f  e x p e r im e n t s  and from many
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o t h e r  r e s u l t s  t h a t  t h e  h a r d n e s s  a lways f o l lo w e d  the  s p e c i f i c  volume 

a f t e r  t r e a t m e n t  i n  th e  Ac^ ran g e  e x c e p t  when g r a p h i t i s a t i o n  o c c u re d ,  

as  in  one c a s e ,  namely,  s t e e l  No. 6 .  The m i c r o s t r u c t u r e s  were exam­

in ed  a f t e r  each  t r e a t m e n t ,  and th e  p r e v i o u s  o b s e r v a t i o n s  were f u l l y  

c o n f i r m e d .

The r e s u l t s  a r e  shown i n  F i g  50. The s p e c i f i c  volume u n d e r ­

goes changes  s i m i l a r  to  th o s e  in  th e  f i r s t  s e r i e s ,  b u t  th e  r e g u l a r  

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

q u a n t i t a t i v e  r e s u l t s . There  i s  l i t t l e  a l t e r a t i o n  in  th e  ca rbon  s t e e l  

t h r o u g h o u t  t h e  whole range  o f  t r e a t m e n t .  This  s e r v e s  as  an e x c e l l e n t  

c o n t r a s t  to  th e  n i c k e l  s t e e l s ,  i n  which th e  e x p a n s io n  b e g in n i n g  a t  

685°C. and c o n t i n u i n g  up to  69 5°G« o r  700°C. i s  d i r e c t l y  p r o p o r t i o n ­

a l  to  th e  c a rb o n  c o n t e n t ,  as  i s  shown in  F i g .  51, where th e  i n c r e a s e s  

ut) to  t h e  p e ak  v a l u e s  in  F i g  50 a r e  p l o t t e d  a g a i n s t  t h e  p e r c e n t a g e  

o f  c a r b o n .  Above 695°C. o r  700°C. th e  s p e c i f i c  volume f a l l s ,  and 

t h i s  f a l l  i s  a g a i n  p r o p o r t i o n a l  to  th e  c a rb o n  c o n t e n t  in  s t e e l s  Nos.

2 and 4 ,  b u t  i s  l a r g e l y  o b sc u re d  by g r a p h i t i s a t i o n  in  s t e e l  No. 6 .

In  b b th  s e r i e s  o f  e x p e r im e n t s  a s m a l l  amount o f  g r a p h i t i s a t i o n  took  

p l a c e  in  s t e e l  No. 6 a f t e r  a l l  t h e  c a r b i d e  had  gone i n t o  s o l u t i o n ,  

t h a t  i s  a t  th e  d i p  i n  the  s p e c i f i c  volume c u r v e .  The f o r m a t i o n  o f  

even  a  s m a l l  amount o f  g r a p h i t e  has  a p ro nounced  e f f e c t  on th e  

s p e c i f i c  vo lume.  The g r a p h i t i s a t i o n  was p l a i n l y  s e en  in  th e  p o l i s h ­

ed spec im ens  a s  l i n e s  o f  s m a l l  d o t s ,  which seemed to  be s i t u a t e d  

a lo n g  th e  b o u n d a r i e s  o f  th e  o r i g i n a l  d e n d r i t e s  in  th e  s t e e l .

A f u r t h e r  s e r i e s  o f  t h r e e  n i c k e l  s t e e l s  w i th  i n c r e a s i n g  

p h o sp h o ru s  c o n t e n t ,  and two n ick e l* ch ro m ium  s t e e l s ,  were s u b j e c t e d  

to  a s e r i e s  o f  t r e a t m e n t s  s i m i l a r  t o  t h a t  used  i n  th e  second  s e r i e s
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Analysis.
Steel. 0  %. Mn %. Si %. P %. S %. Ni %.
N3 0-29 0*66 0-113 0 036 0 032 3-22

TABLB

T a b le  2 5  -N ickel Steel, iV 3 . Mechanical Test Results after 
Various Heat-Treatments.

Speci­
men. Treatment..

Reduction 
ol Area. 

%•

Elonga­
tion 

on 2 in. 
%•

Maximum 
Stress. 

Tons per 
sq. in.

Issod
Value.
Ft.-lb.

Brinell
Hardness.

1 Oil-hardened at 860° C., 
then tempered for one 
week at 680° C. to 690° 
C., and water-quenched

18-5 17-5 51-2 22-7 214

2 Same as 1, but slowly 
cooled at O'3° C. per 
minute

17-9 23-4 46-4 18-3 193

3 Oil-hardened at 850° C., 
then tempered for 4 days 
at 696° C. to 700° C., 
and water-quenched

6-45 8-8 78-4 8-3 297

4 Same as 3, but slowly 
cooled at 0*3° C. per 
minute

9 0 110 56-4 9-8 227

5 Oil-hardened at 820° C., 
water-tempered 620° C.

20-25 5 5 0 60 245
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o f  e x p e r i m e n t s .  H ardness  d e t e r m i n a t i o n s  were made, .and th e y  c o n f i r ­

med th e  p r e v i o u s  o b s e r v a t i o n  t h a t  the  h a r d n e s s  i n c r e a s e s  o r  d e c r e a s e  

a lo n g  w i th  tn e  s p e c i f i c  volume.  The v a r i a t i o n  of  p ho sph o ru s  c o n t e n t  

d i d  n o t  g iv e  any marked a l t e r a t i o n  i n  th e  c y c l e  o f  c h a n g e s .  The 

n ic k e l - c h ro m iu m  s t e e l s  gave a l e s s  p ronounced  In c re m en t  and a s m a l l ­

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

new was r e v e a l e d  by t h i s  s e r i e s  o f  e x p e r im e n t s  d e t a i l s  a r e  o m i t t e d .

E x p e r im e n ts  w i t h i n  th e  Ac^ range  of  a s l i g h t l y  d i f f e r e n t  

n a t u r e  have  a l r e a d y  been  r e c o r d e d .  In  F i g s .  2 and 3 o f  t h i s  t h e s i s  

i t  w i l l  be s e e n  t h a t  th e  n i c k e l  s t e e l s  p a s s  th ro u g h  changes  s i m i l ­

a r  to  th o s e  a l r e a d y  d e s c r i b e d .  The d i f f e r e n c e  be tween t h e s e  e x p e r ­

iments  and t h o s e  j u s t  d e s c r i b e d  i s  t h a t  the  spec im ens  were q u e n ch ­

ed i n  o i l  from 850°C. be tween  each  t e m p e r in g  t r e a t m e n t .  I t  i s  c l e a r  

t h a t  t h e  c y c l e  o f  changes i s  s i m i l a r  i n  b o th  t y p e s  of  t r e a t m e n t .

MECHANICAL TESTS.

I t  was t h o u g h t  t h a t  i t  would be o f  I n t e r e s t  to  d e te r m in e  

t h e  e f f e c t  o f  h e a t - t r e a t m e n t  w i t h i n  th e  Ac-  ̂ ran g e  on th e  m e c h a n ic a l  

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

The a n a l y s i s  o f  th e  s t e e l  used  i s  shown in  Table  24.

T rea tm en t  i n  each  case  was c a r r i e d  o u t  on th e  b a r s  b e f o r e  

m a c h in in g .  F o u r  b a r s  o f  th e  s t e e l ,  6 i n .  l o n g  and 1 i n .  i n  d i a m e t e r ,  

were f i r s t  o i l - q u e n c h e d  from 850°C. and were t h e n  s u b j e c t e d  to  a 

v e ry  d r a s t i c  t r e a t m e n t  a t  680°C. to  690°C. f o r  one week. The t r e a t ­

ment was c a r r i e d  out i h  an e l e c t r i c  tube  f u r n a c e  wound d i f f e r e n t i a l ­

l y  o v e r  a  l e n g t h  o f  2 f e e t ,  so t h a t  th e  6 i n .  b a r s  i n  th e  c e n t r e  

were u n i f o r m l y  t r e a t e d  t h r o u g h o u t  t h e i r  l e n g t h .  The c o u rs e  o f  the
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t r e a t m e n t  was fo l lo w e d  by q u e n c h in g - o u t  from t ime to  time a number 

of  s m a l l  m ic ro sp ec im en s  which were p l a c e d  in  th e  f u r n a c e  a lo n g  w i th  

th e  b a r s .

T rea tm en t  f o r  a week a t  th e  t e m p e r a t u r e  i n d i c a t e d  b r o u g h t  

a b o u t  o n ly  a  p a r t i a l  s o l u t i o n  o f  th e  c a r b i d e ,  th e  m i c r o s t r u c t u r e  

showing th e  u s u a l  d u p le x  s t r u c t u r e  o b t a i n e d  in  t h i s  r e g i o n  a lo n g  

w i th  a  f a i r  amount o f  u n d i s s o l v e d  c a r b i d e ,  w e l l  g l o b u l a r i s e d .

At th e  end o f  th e  t r e a t m e n t  two o f  th e  b a r s  were quenched 

i n  i c e d  b r i n e ,  and th e  o t h e r  two were v e ry  s lo w ly  c o o le d  a t  a  r a t e  

o f  0*3°G. p e r  m inu te  to  AOC°C. T e n s i l e  and Izod t e s t  p i e c e s  were 

machined from th e  t r e a t e d  b a r s .  The r e s u l t s  o f  th e  m e c h a n ic a l  t e s t s  

a r e  shown i n  T ab le  2 5 .

F o u r  o t h e r  b a r s  o f  th e  same s t e e l  were s u b j e c t e d  t o  a s im ­

i l a r  t r e a t m e n t  a t  G95°C. to  700°C. f o r  f o u r  d a y s .  Two b a r s  were 

quenched from th e  s o a k i n g  t e m p e r a t u r e ,  and two were s lo w ly  c o o le d  

a t  a  r a t e  o f  0*3oC. as  b e f o r e .  A l l  t h e  c a r b i d e  a p p e a re d  to  have 

b een  in  s o l u t i o n  a t  t h i s  h i g h e r  s o a k in g  t e m p e r a t u r e ,  a  p r o l o n g e d  

b o i l i n g  o f  th e  quenched m ic rosp ec im en  i n  sodium p i c r a t e  f a i l i n g  

t o  show up any c a r b i d e .  The s lo w ly  c o o le d  spec im en  showed a  v e ry  

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

s e p a r a t e d  o u t  round  the  g r a i n  b o u n d a r i e s .  The e f f e c t  o f  t h i s  s t r u c t ­

u r e  on th e  p h y s i c a l  p r o p e r t i e s  o f  t h i s  s t e e l  h a s  been  u sed  t o  p r o -  
/

v id e  an a n a lo g y  to  th e  b e h a v i o u r  o f  s p e c i a l  s t e e l s  i n  th e  " b r i t t l e -  

n e s s  r a n g e " .  The m e c h a n ic a l  t e s t  r e s u l t s  a r e  a l s o  shown i n  T ab le  2 5 .

The m e c h a n ic a l  p r o p e r t i e s  have  n o t  been  g i e a t l y  im p a i re d  

by e i t h e r  t r e a t m e n t  N o . l  o r  No . 2 when t h e  v e r y  d r a s t i c  n a t u r e  o f  th e  

t r e a t m e n t s  i s  c o n s i d e r e d .  In  th e  c a se  o f  t r e a t m e n t s  Nos.  3 and 4 ,
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i n  which a l l ,  o r  n e a r l y  a l l ,  o f  t h e  c a r b i d e  had been b r o u g h t  i n t o  

s o l u t i o n  in  y - l r o n  a t  the  s o a k i n g  t e m p e r a t u r e ,  t h e  m e c h a n ic a l  p r o ­

p e r t i e s  a r e  g r e a t l y  a f f e c t e d .  A. l a r g e  amount o f  m a r t e n s i t e  was p r o ­

duced i n  spec im en No. 3 , and, as  would be e x p e c t e d ,  t h i s  gave a 

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

e l o n g a t i o n ,  t h e  r e d u c t i o n  o f  a r e a  and the  Izod  im pact  t e s t .

In  th e  b a r s  from t r e a t m e n t  No. 4 th e  c a r b i d e  was found  t o  have  s e p ­

a r a t e d  l a r g e l y  a t  th e  g r a i n  b o u n d a r i e s .  I t  was c l e a r  from s u b s e q u ­

e n t  work t h a t  t h i s  was n o t  due to  s e g r e g a t i o n  to  the  b o u n d a r i e s  

d u r i n g  s low c o o l i n g ,  b u t  to  th e  f a c t  t h a t  th e  Y“ l r o n  s o l i d  s o l u t i o n  

had  s e g r a g a t e d  to  t h e  g r a i n  b o u n d a r i e s  a t  the  s o a k i n g  t e m p e r a t u r e ,  

and in  b r e a k i n g  down to  p e a r l l t e  a t  th e  Ar^ p o i n t  a f a i r l y  u n i fo rm  

l a y e r  o f  c a r b i d e  had become d e p o s i t e d  a t  t h e  b o u n d a r i e s .  There  i s  

no d o u b t  t h a t  a l l  th e  c a r b i d e  which had been  in  s o l i d  s o l u t i o n  was 

c o m p le t e ly  d e p o s i t e d  by th e  s l o w - c o o l i n g  t r e a t m e n t  ( t h e  spec im en  

was h e ld  a t  4 3 0 °C . f o r  s e v e n t e e n  h o u r s  a f t e r  e x t r e m e l y  s low c o o l i n g  

t o  t h a t  t e m p e r a t u r e ) ,  and i t  i s  i n t e r e s t i n g  to  n o t e  how l i t t l e  e f f e c t  

t h e  d i s t r i b u t i o n  o f  th e  c a r b i d e  has  on th e  t e n s i l e  s t r e n g t h .

I t  would have  been  e x p e c te d  t h a t  th e  com ple te  s e p a r a t i o n  

o f  t h e  c a r b i d e  in  specim en  No. 4 would have r a i s e d  t h e  Izod  v a lu e  

c o n s i d e r a b l y  when compared w i th  specim en No. 3, b u t ,  i n  t h i s  c a s e ,  

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

k e p t  i t  low.

THERMAL ANALYSIS.

I t  w a s e v id e n t  from th e  s p e c i f i c  volume and h a r d n e s s  e x p e r -A
lm en ts  t h a t  th e  changes  w i t h i n  th e  Ac^ ran g e  must  be due to  a r e d i s ­
t r i b u t i o n  o f  th e  c o n s t i t u e n t s .  C o n se q u e n t ly  th e  e f f e c t  o f  s i m i l a r



h e a t - t r e a t m e n t s  fo l lo w e d  by th e r m a l  c o o l i n g  cu rv e s  m ig h t  be e x p e c t ­

ed t o  g iv e  i n d i c a t i o n s  o f  t h e  d i s t r i b u t i o n s  i n v o l v e d .

Work o f  t h i s  k in d  had been c a r r i e d  o u t  p r e v i o u s l y  in  o n ly  one c a s e ,  
(31)by Jo n es  ; i n  h i s  work he found i n  some s t e e l s  a s l i g h t  l o w e r in g  

o f  th e  Ar^ p o i n t  a f t e r  t e m p e r in g  i n  th e  lower p a r t  o f  th e  Ac-  ̂ r a n g e .

I t  has  been  e s t a b l i s h e d  33, 37, t h a t  i n  n i c k e l

s t e e l s  an I n c r e a s e  o f  ca rb o n  c o n t e n t  h a s no e f f e c t  on t h e t em p era t - 

u re  o f  th e  A r -̂  change ,  b u t  t h a t  an i n e r e a s e  o f  n i c k e l  p r o g r e s s i v e l y  

low ers  t h a t  c h a n g e . Thus i f  n i c k e l  i s  r e d i s t r i b u t e d  in  a p u re  n i c k e l  

s t e e l  a t  th e  commencement o f  the  Ac^ rang e  i t  would be r e v e a l e d  on 

a c o o l i n g  c u r ve by a l o w e r in g  o f  th e  normal  Ar change ,  whereas  i f  

t h e  c a r b i d e  a lo n e  were c o n c e rn e d ,  n o a l t e r a t i o n  o f  th e  t e mp e r a t u r e  

o f  th e  Ar ^  change would be o b s e r v a b l e .

The s t e e l s  in  Table  26 were used  i n  th e  t h e r m a l  work t o  be 

d e s c r i b e d .
The t h e r m a l  spec im ens  were t r e a t e d  i n  a h ig h  vacuum so t h a t  

o x i d a t i o n  would be a v o id e d .  I t  was d i s c o v e r e d  by e x p e r i e n c e  t h a t  

t h i s  was a b s o l u t e l y  e s s e n t i a l  i f  t h e  changes  were t o  be r e v e a l e d .

The sp e c im en s ,  in  th e  form o f  c y l i n d e r s ,  a b o u t  l b  i n .  l o n g  by 3/ A i n  

i n  d i a m e t e r ,  w i th  a h o l e  d r i l l e d  to  th e  c e n t r e ,  were c o n t a i n e d  in  

a t h i c k  w ra p p in g  o f  a s b e s t o s  p a p e r ,  and th e  p l a t i n u m ,  p l a t i n u m  - 

i r i d i u m  th e rm o co up le  J u n c t i o n  was rammed i n t o  th e  d r i l l e d  h o l e  w i th  

a s b e s t o s  w ool .  The t e m p e r a t u r e  was m easured  by means o f  a  T i n s l e y  

v e r n i e r  p o t e n t i o m e t e r .  The c u rv e s  were t a k e n  by th e  i n v e r s e - r a t e  

method,  t im e  r e a d i n g s  b e in g  t a k e n  a t  e v e r y  0*1 m i l l i v o l t  i n c r e m e n t  

o r  d e c re m e n t  o f  th e  t h e r m a l  e . m . f .

The n i c k e l  s t e e l ,  N3 , a f t e r  o i l - q u e n c h i n g  from 850° C . ,  was 

tem pered  a t  690° C . ( 2A°C. below th e  no rm al  Ac 1 maximum, F i g  5 2 ) f o r



one h o u r ,  and a c o o l i n g  c u rv e ,  shown in  F i g .  53, was t a k e n .  I t  i s  

se en  t h a t  an e v o l u t i o n  o f  h e a t  oc cu red  o v e r  a range  o f  t e m p e r a tu r e  

from A79°C. to  41 2 °G . ,  whereas  th e  norm al  Ar^ maximum i s  577°G.

( F i g .  5 ? ) .  The spec im en was t h e n  r e h e a t e d  to  700°G. f o r  one h o u r ,  

and a c o o l i n g  curve  a g a i n  t a k e n .  The e v o l u t i o n  o f  h e a t  o b t a i n e d  in  

t h e  p r e v i o u s  t r e a t m e n t  s t i l l  p e r s i s t e d ,  and, in  a d d i t i o n ,  a  new 

e v o l u t i o n  a p p e a re d  a t  from 595°c « t o  534°C. ,  t h i s  b e in g  v e r y  n e a r l y  

c o i n c i d e n t  w i th  t h e  Ar^ e v o l u t i o n  o b t a i n e d  on a norm al  c o o l i n g  curve  

t a k e n  from h ig h  t e m p e r a t u r e s .  The s o a k l n g s ,  f o l lo w e d  by c o o l i n g  

c u r v e s ,  were r e p e a t e d  a t  5°G. i n t e r v a l s  up to  715°2*,  and th e n  a t  

725°G . ,  750°G.,  and SOO°G. ,  w i th  th e  r e s u l t s  shown in  F i g .  5 5 .

The low er  h e a t  e v o l u t i o n  p e r s i s t e d  u n t i l  t h e  t e m p e r a t u r e  was r a i s e d  

t o  715°c «, b u t  became p r o g r e s s i v e l y  s m a l l e r .  At 715°G. th e  low er  

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

t o  t h a t  o b t a i n e d  i n  th e  o r i g i n a l  t r e a t m e n t  a t  690°C . The u p p e r  

t r a n s f o r m a t i o n  i n c r e a s e d  i n  m agni tude  as th e  s o a k in g  t e m p e r a t u r e  

was r a i s e d ,  u n t i l  a t  725°G. th e  low er  ran g e  was e l i m i n a t e d .  I t  i s  

c l e a r l y  s e e n  from th e  c u rv e s  ( F i g .  53) t h a t ,  a f t e r  th e  two ra n g e s  

a r e  p ro d u ce d  a t  70 0 °C . ,  t r e a t m e n t  a t  705°C. and 710°G. t e n d s  p r o ­

g r e s s i v e l y  t o  b r i n g  them t o g e t h e r ,  b u t  when th e  low er  p o i n t  i s  

a lm o s t  e l i m i n a t e d  a t  715° " •  th e  low er  l i m i t  o f  th e  u p p e r  ran ge  r i s e s  

O t h e r  e x p e r im e n t s  were c a r r i e d  o p t  on t h i s  s t e e l ,  and the  

c u rv e s  a r e  shown in  F i g s .  54 and 5 5 . A f t e r  s o a k i n g  a t  675°G. no 

e v o l u t i o n  o f  h e a t  was r e v e a l e d .  In  o r d e r  t o  be c e r t a i n  t h a t  t h i s  

was so  a cu rve  was t a k e n  down t o  4 o °G . ,  and t h i s  showed no d i s c o n ­

t i n u i t y .  At 685 °C . an e v o l u t i o n  was o b t a i n e d  ( F i g .  54 , b) e x t e n d i n g  

from 450°C.  t o  3 5 8°C . ,  which i s  d e c i d e d l y  lo w er  t h a n  t h a t  a f t e r
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Analyses.

Steel. 0 %. Mn %. 81%.

N3 0-29 0-65 0 1 1 3
A H 0-31 0-47 0-310
NO 0-31 0-57 0-145
NR3 0-36 0-34 0-275
A A X 0-32 0-91 0-145

P%. 8%. Ni%. Cr%.

0-036 0-032 3-22 Nil
0-015 0-021 4-46 1-41
0-026 0-029 3-20 0-83
0-016 0-021 1-90 1-15
0-026 0-027 Nil 0-97

TAELiE 2 6 .
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F ig. 5 2 -H ea tin g  and 
Cooling Curves of 
Nickel Steel N3.
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а. Oil-hardened at 850° C., tempered at 690° C. for 1 hour, and cooled.
б. Retempered at 700° C. for 1 hour, and cooled,
c. „  705° C.
d.
e. 
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9- 
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715° C. 
725° C. 
750° C. 
800° C.

Fig. 53-Nickel Steel N3.
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a. Oil-hardened at 850° C., tempered at 675° C. for 1 hour, and cooled.
b. „  »> »» 686° C. ,, ,,
c. ,, >» »» 680° C. ,, „
d. Specimen c retempered at 685° C. for 4 hours, and cooled.
e. Oil-hardened at 850° C., heated to 700° C., and immediately cooled.

F ig . 5 4  "Nickel Steel N3.
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t r e a t m e n t  a t  690°C . ( F i g .  53 , a ) .  On s o a k i n g  th e  o i l - q u e n c h e d  s p e c ­

imen a t  680°C . ,  a v e ry  low p o i n t  was p roduced  a t  from 400°G . to  

363°G. T h is  specim en  was r e h e a t e d  ( w i t h o u t  i n t e r v e n i n g  o i l - q u e n c h ­

in g  ) a t  685°C . f o r  f o u r  h o u r s ,  and i t  i s  s e en  t h a t  th e  p o i n t  p r o ­

duced  by th e  p r e v i o u s  t r e a t m e n t  a t  680°C. was s l i g h t l y  i n c r e a s e d .  

F our  h o u r s  a t  685°G. d i d  n o t  p ro d uce  n e a r l y  such a l a r g e  e v o l u t i o n  

as  was p r e v i o u s l y  ob se rv ed  a f t e r  one h o u r  a t  th e  same t e m p e r a t u r e  

( F i g .  54, b ) . T h is  i s  due ,  o f  c o u r s e ,  to  th e  d i f f e r e n c e  i n  th e  

p r e v i o u s  t r e a t m e n t ,  t h e  h i g h e r  rang e  of  h e a t  e v o l u t i o n  h a v i n g  been 

p rod u ced  when th e  s t e e l  was h e a t e d  to  the  s o a k in g  t e m p e r a t u r e  685°G . 

im m e d ia te ly  a f t e r  o i l - q u e n c h i n g .

In o r d e r  to  d e t e r m i n e  how r a p i d  was th e  r e d i s t r i b u t i o n  of  

c o n s t i t u e n t s ,  a cu rv e  was t a k e n  a f t e r  h e a t i n g  the  o i l - h a r d e n e d  

s t e e l  q u i c k l y  to  700°G. and s w i t c h i n g  o f f  th e  c u r r e n t  j u s t  b e f o r e  

t h a t  t e m p e r a t u r e  was r e a c h e d .  The s t e e l  by t h i s  t r e a t m e n t  was in  

t h e  low er  p a r t  o f  th e  Ac^ ran ge  f o r  as  s h o r t  a  p e r i o d  a s  c o u ld  

r e a s o n a b l y  be a r r a n g e d ,  c e r t a i n l y  u n d e r  h a l f  a  m in u te .  F i g .  54 , e ,  

shows t h a t  two v e r y  s m a l l  p o i n t s  were p ro d uced  on the  c u rv e ,  one 

a t  5P2°G., t h a t  i s ,  s l i g h t l y  above th e  norm al  Ar-^ p o i n t ,  and a  low 

p o i n t  a t  377°C.

In  th e  spec im en p r e v i o u s l y  h e a t e d  t o  700°G. ( F i g .  53 , b ) 

two p o i n t s  were p ro du ced  on th e  c o o l i n g  c u r v e .  T ha t  t h i s  was due 

t o  i t s  p r e v i o u s  t r e a t m e n t  was shown by a n o t h e r  cu rve  ( F i g .  55, a) 

t a k e n  a f t e r  h e a t i n g  th e  o i l - h a r d e n e d  s t e e l  a t  700° C . w i t h o u t  p r e ­

v i o u s  t r e a t m e n t  a t  low er  t e m p e r a t u r e s .  Only one p o i n t  was o b t a i n e d ,  

t h e  h e a t  e v o l u t i o n  e x t e n d i n g  o v e r  a r a n g e  o f  80°C . from 500°C. to  

^ 20°C. The low er  l i m i t  (4?o°G .)  i s  the  same as  t h a t  in  th e  p r e v i o u s
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a. Oil-hardened at 850° C., tempered at 700° C. for 1 hour, and cooled.
b. Heating curve after treatment a.
c. Oil-hardened at 850° C., tempered at 700° C. for 1 hour, cooled to 550° C.,

and heating curve taken.
d. Oil-hardened at 850° C., heated to Acx max. (714° C.), cooled to 595° C.,

and heating curve taken.

Fig. 5 5 —Nickel Steel N3.
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Fig. 5 6  —Heating and Cooling Curves of 

Nickel-Chromium Steel AH.
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a. Oil-hardened at 850° C., tempered at 650° C. for 1 hour, and cooled.
b. „ „  „  660° C.
,c. „  „ „  670° C.

F ig . 5 7  -Nickel-Chromium Steel AH.
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Fig. 5 8 -Heating and Cooling Curves of 
Nickel-Chromium Steel NC.
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t r e a t m e n t  a t  700°G. ( F i g .  53 , b j ,  b u t  I t  commences 14 ° 3 . h i g h e r  and 

no u p p e r  p o i n t  i s  r e v e a l e d .

A f t e r  t h i s  t r e a t m e n t  a t  700°G. a  h e a t i n g  curve  was t a k e n ,  

and i s  shown i n  F i g .  35 , b .  This  cu rve  shows two p o i n t s ,  one w i th  

a  maximum a t  709°G. ,  t h a t  i s  , 5°G. below th e  norm al  Ac^ maximum, 

due t o  r e - s o l u t i o n  o f  the  c a r b i d e  which had s e p a r a t e d  a t  th e  p r e v i ­

ous low p o i n t  on c o o l i n g ,  and an u p p e r  p o i n t  which i s  due p a r t l y  

t o  t h e  r e m a in d e r  o f  th e  c a r b i d e  g o in g  i n t o  s o l u t i o n  and p a r t l y  to  

t h e  Ac_, change ;
j

The o i l - h a r d e n e d  s t e e l  was s u b j e c t e d  to  a n o t h e r  one h o u r

t r e a t m e n t  a t  700°G . ,  b u t  t h i s  t ime i t  was c o o le d  o n ly  to  550°C .

(which i s  above th e  s t a r t  o f  th e  Ar^ h e a t  e v o l u t i o n  p r e v i o u s l y

o b t a i n e d ) ,  and a h e a t i n g  cu rve  t a k e n .  This  i s  r e p ro d u c e d  i n  F i g .  55,

c . I t  shows t h a t  th e  u p p e r  p o i n t  i s  due to  changes  n o t  b r o u g h t  a b o u t

i n  th e  p r e v i o u s  t r e a t m e n t .  A b s o r p t io n  o f  h e a t  commences a t  a  h i g h e r

t e m p e r a t u r e ,  and th e  no rm al  Ac^ p o i n t  i s  v e ry  s m a l l .

An e x p e r im e n t  was c a r r i e d  o u t  t o  show w h e th e r  t h e  u p p e r

p o i n t  i n  t h e s e  c u rv e s  was due to  c a r b i d e  n o t  y e t  d i s s o l v e d  o r  to
curve

th e  Ac_ change .  The s t e e l  was o i l - h a r d e n e d ,  and a h e a t i n g  t a k e n  up 
3

t o  Ac-  ̂ maximum. The c u r r e n t  was s w i t c h e d  o f f  and th e  s t e e l  coo led  

t o  595°C• (above A r^) ,  and a h e a t i n g  cu rve  t a k e n .  This  showed a 

l a r g e  u p p e r  p o i n t  ( F i g .  55 , d)  due m a in ly  t o  th e  dC-y change (Ac^),  

and a  s m a l l  low p o i n t  due to  a l i t t l e  c a r b i d e  n o t  d i s s o l v e d  in  th e  

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

I t  i s  shown by th e  work on t h i s  n i c k e l  s t e e l  t h a t  th e  Ac^ 

ran g e  s t a r t s  a t  a b o u t  680°G. ,  t h a t  i s ,  34°C. below th e  no rm al  Ac^ 

maximum. The n ic k e l - c h ro m iu m  s t e e l s  AH, and NR3 , c o n t a i n i n g  4 -4 6
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F i g .  59 -Heating and Cooling Curves 
of Nickel-Chromium Steel NR3.

aoo

'• 5 0 0

ft 400

352*C
,33i*e

3 0 0

200

SECONDS

a. Oil-hardened a t 850° C., tempered at 650° C. for 1 hour, and cooled.
b. Retempered for 1 hour a t every 10° C., up to 700° C., and cooled.
c. Oil-hardened a t 850° C., tempered a t 710° C. for 1 hour, and cooled.
d. Retempered a t 720° C. for 1 hour, and cooled.
e. Oil-hardened a t 850° C., tempered a t 730° C. for £ hour, and cooled.

F i g .  6  0 -Nickel-Chromium Steel NR3.
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F i g .  6  X -Heating and Cooling Curves 
oFChromium Steel AAX.
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SECONDS

a. Oil-hardened a t 860° C., tempered a t 740° C. for 1 hour, 
and cooled.

b. Retempered a t 745° C. for 1 hour, and cooled.
c. „  750° C.
d. „  765° C.
e. „  760° C.
/• » 770° C.

F ig . 5 2  -Chromium Steel A A X .



S I .

and 1*90 p e r  c e n t ,  n i c k e l  r e s o e c t i v e l y ,  were t r e a t e d  to  a s c e r t a i n  

th e  t e m p e r a t u r e  a t  which the  Ac^ ran g e  i n  them commences. In  t h e s e  

s t e e l s  t h e r e  i s  o n ly  a  s m a l l  d i f f e r e n c e  in  the  t e m p e r a t u r e s  o f  th e  

Ac-ĵ  maxima: 734°C. f o r  s t e e l  AH ( F i g .  5 6 ) ,  and 740°C. f o r  s t e e l  

NR3 ( F i g .  59)* As w i l l  be se en  from F i g .  57, however, th e  Ac-  ̂ ran ge  

commences a t  660° C ; i n  s t e e l  AH, t h a t  i s ,  74 ° C . below th e  norm al  

Ac^ maximum, g i v i n g  a v e ry  low e v o l u t i o n  o f  h e a t ,  and in  s t e e l  NR3 

( F i g .  6 0 ) no p o i n t  was e v i d e n t  u n t i l  a f t e r  t r e a t m e n t  a t  710°C. The 

e x t e n t  o f  th e  Ac^ ran g e  i s  t h u s  p r o p o r t i o n a l  to  th e  n i c k e l  c o n t e n t .

S i m i l a r  e x p e r im e n t s  t o  th o s e  c a r r i e d  o u t  on the  n i c k e l  s t e e l  

were made on a chromium s t e e l .  In  t h i s  s t e e l  (AAX) a l l  t h e  chromium 

( e x c e p t  p o s s i b l y  a m inu te  p r o p o r t i o n )  i s  in  c o m b in a t io n  as  c a r b i d e  * 

The norm al  Ac^ maximum i s  a t  758°C • ( F i g .  61) and t r e a t m e n t  a t  740°C 

f a i l e d  t o  r e v e a l  any s o l u t i o n  a t  t h e  s o a k i n g  t e m p e r a t u r e  ( F i g .  6 2 , a)  

At 7^ 5 °c » some s o l u t i o n  to o k  p l a c e ,  b u t  th e  p o i n t  which was o b s e r v ­

ed on c o o l i n g  ( F i g .  62, b) was a t  t h e  norm al  Ar-^ t e m p e r a t u r e ,  and 

no r e d i s t r i b u t i o n  w h a te v e r  was r e v e a l e d  by s u b s e q u e n t  t r e a t m e n t s  

( F i g .  6 2 ) .  I t  i s  e v i d e n t  t h a t  th e  Ac^ rang e  i s  s m a l l  i n  t h i s  s t e e l ,  

and indeed  th e  e x i s t e n c e  o f  any ran ge  w h a te v e r  may be due to  the  

manganese c o n t e n t  which i s  h i g h .  L a t e r  e x p e r im e n t s  on a  number o f  

chromium s t e e l s  f r e e  from manganese co n f i rm ed  t h i s  c o n c l u s i o n .

E x p er im e n ts  on a s t e e l  f r e e  from manganese and h i g h  in  

chromium would be n e c e s s a r y  to  d i s c o v e r  th e  e f f e c t  o f  f r e e  chromium 

i n  s o l u t i o n .  Very f a i n t  e v o l u t i o n s  o f  h e a t  a r e  e v i d e n t  a t  low er  

t e m p e r a t u r e s  i n  some o f  th e  c u rv e s  in  F i g .  62, and i t  i s  t h o u g h t  

t h a t  t h e s e  a r e  due t o  t h e  p r e s e n c e  o f  manganese i n  t h i s  s t e e l .

The r e s u l t s  o f  o t h e r  e x p e r im e n t s  on t h i s  s t e e l  a r e  shown
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i n  F i g s .  63 and 64 .  A specim en  was h e a t e d  j u s t  t o  th e  Ac^ maximum 

i n  th e  same way as  has a l r e a d y  been d e s c r i b e d  i n  one o f  th e  e x p e r ­

im en ts  on the  n i c k e l  s t e e l  N3 . I t  was t h e n  c o o le d  to  7 0 5 °^ .  (above 

Ar^) and a h e a t i n g  curve  t a k e n  from t h e r e .  This  cu rve  ( F i g .  6 3 , f )  

shows a v e ry  d e f i n i t e  p o i n t  s l i g h t l y  above th e  no rm al ,  which must  

be due ,  as  i n  t h e  c a se  o f  t h e  n i c k e l  s t e e l ,  m a in ly  t o  th e  «(-y (Ac^) 

chan ge .  T ha t  t h i s  i s  so w i l l  b e se e n  from a  c o o l i n g  cu rve  ( F i g .  6 3 , b) 

t a k e n  im m e d ia te ly  a f t e r  a s i m i l a r  t r e a t m e n t ,  i n  which a d i s t i n c t  

Ar^ p o i n t  i s  v i s i b l e .  O th e r  c u rv e s  ( F i g .  64) show t h a t  t h i s  p o i n t  

i s  p r o g r e s s i v e l y  lowered  w i th  a  r i s e  i n  the  i n i t i a l  t e m p e r a t u r e .

C o o l in g  c u rv e s  o f  th e  s t e e l s  AH, NC, and NR3 , which have  

n i c k e l  c o n t e n t s  o f  4*46, 3 *2 0 , and 1*90 p e r  c e n t ,  r e s p e c t i v e l y ,  a r e  

i n c l u d e d  to  i l l u s t r a t e  a m a t t e r  which w i l l  be d i s c u s s e d  l a t e r  ( F i g s .  

5 6 , 58, and 59) • S t e e l  AH shows two p o i n t s  on c o o l i n g  ( F i g .  5 6 ) ,  

and s t e e l  NR3 one p o i n t  ( F i g .  5 9 ),  w h i le  s t e e l  NC shows an e v o l u t i o n  

o v e r  a  wide ran g e  o f  t e m p e r a t u r e  ( F i g .  58 ) .  Th is  cu rve  o f  s t e e l  NC 

was r e p e a t e d  and an e x a c t  r e p l i c a  o b t a i n e d .
( 3 7 )

I t  may be n o t e d  h e r e  t h a t  i n  a  number o f  D e j e a n ' s  c u rv e s  

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

d e s c r i b e d  in  c o n n e c t i o n  w i th  th e  n i c k e l  and n ic k e l - c h r o m iu m  s t e e l s  

i n  t h e  p r e s e n t  r e s e a r c h .  In  a  h i g h - s p e e d  t u n g s t e n  s t e e l ,  c o n t a i n i n g  

t u n g s t e n  18, c a rb o n  0*7, chromium 4 p e r  c e n t . ,  and a  l i t t l e  v a n a d i ­

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

c o n s i d e r a b l y  below th e  no rm al  Ar^ p o i n t ,  a f t e r  th e  s t e e l  had  been  

h e a t e d  t o  t e m p e r a t u r e s  w i t h i n  th e  Ac1 r a n g e .  With a s t e e l  c o n t a i n i n g  

c a rb o n  0*39, n i c k e l  2*44, chromium 1*83, and co p p er  1*72 p e r  c e n t ,  

he g o t  s i m i l a r  r e s u l t s .  For  each  s t e e l  th e  l o w e s t  h e a t  e v o l u t i o n
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o b t a i n e d  on c o o l i n g  to o k  p l a c e  a f t e r  th e  lo w e s t  t e m p e r in g  t r e a t m e n t  

w i t h i n  th e  Ac^ r a n g e ,  and, as  the  t e m p e r in g  t e m p e r a t u r e  was r a i s e d  

th ro u g h  th e  Ac^ r a n g e ,  the  low t e m p e r a t u r e  e v o l u t i o n  o c c u r e d  a t  

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

c u rv e s  can be s e e n  i n  F i g s .  1 and 2 o f  D e j e a n ’s p a p e r ;  t h e y  g ive
r

c l e a r  e v id e n c e  o f  r e d i s t r i b u t i o n  i n  th e  Ac-  ̂ r a n g e , b u t  D e jean  does  

n o t  even  m en t ion  th e  p o i n t s  r e f e r r e d  t o  above in  the  t e x t  o f  h i s  

p a p e r .

THEORSTICAL CONSIDERATION OF RESULTS.

I t  i s  an i n e v i t a b l e  c o n c l u s i o n  from th e  e x p e r i m e n t a l  r e s u l t s  

t h a t  r e d i s t r i b u t i o n  o f  t h e  s p e c i a l  e le m e n t  which i s  p r e s e n t  in  s o l i d  

s o l u t i o n  i s  the  s a l i e n t  cau se  o f  th e  Ac-  ̂ change t a k i n g  p l a c e  o v e r  j 

a ran g e  o f  t e m p e r a t u r e .  I t  has  been  shown i n  th e  s p e c i f i c  volume 

and h a r d n e s s  e x p e r im e n t s  t h a t  a v a r i a t i o n  o f  th e  ca rbo n  c o n te A t  i n
i*

n i c k e l  s t e e l s  has  l i t t l e  o r  no e f f e c t  e i t h e r  on the  t e m p e r a t u r e  a t  j
JiI?ii:

which th e  Ac, r an g e  commences o r  on the  a p p a r e n t  e x t e n t  o f  t h a t  r a n g §
! i'i.

As th e  ca rb o n  c o n t e n t  i s  i n c r e a s e d  th e  changes  which t a k e  p l a c e  a r e  }
1

m e re ly  a c c e n t u a t e d  i n  p r o p o r t i o n  to  th e  ca rb o n  c o n t e n t ,  no m o d i f -  |
t

l c a t i o n  o f  th e  t e m p e r a t u r e  ran ge  b e in g  p r o d u c e d .  Thermal d e t e r m i n -  !■

a t i o n s  on n i c k e l  s t e e l s  c o n t a i n i n g  v e ry  low p e r c e n t a g e s  o f  c a rb o n

(T ab le  15) have shown t h a t  th e  s t a r t  o f  Ac^ i s  r a i s e d  somewhat a t  '

t h e se  low carbon v a l u e s . -f
t ft

From t h e  thermal curves  o f  n i c k e l  and nickelTchromium s t e e l s  ;

i t  has  been  shown t h a t  t h e  t e m p e r a t u r e  at which th e  Ac, ran g e  comment |  
c h i e f l y

c es  depends^on  th e  n i c k e l  c o n t e n t  o f  t h e  s t e e l s .  The t e m p e r a t u r e  a t  ;

which s o l u t i o n  i n  y - l - ron  commences i s  r a p i d l y  lowered  by I n c r e a s e  1 

o f  n i c k e l .  F u r t h e r ,  i t  i s  c l e a r  t h a t  th e  amount o f  r e d i s t r i b u t i o n

I



which t a k e s  p l a c 6  i n  th e  Y~iron  f i r s t  formed depends upon th e  amount

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

In  t h e  chromium s t e e l  examined by th e  t h e r m a l  method no

r e d i s t r i b u t i o n  due to  the  chromium (which i s  combined as c a r b i d e )

i s  r e v e a l e d ,  b u t  th e  manganese p r e s e n t  in  s o l i d  s o l u t i o n  g i v e s  an

i n d i c a t i o n  o f  e f f e c t s  s i m i l a r  t o  th o se  o f  n i c k e l .  (The amount o f

lo w e r i n g  o f  Ar^ f o r  each  1 p e r  c e n t ,  o f  manganese w i l l  be ro u g h ly

2 i  t im e s  t h a t  f o r  th e  same amount o f  n i c k e l ) . The t e m p e r a t u r e

ran g e  o f  Ac^ i n  t h i s  chromium s t e e l  i s  e v i d e n t l y  s m a l l ,  and i t  may

be e n t i r e l y  due to  th e  manganese p r e s e n t .  S e l e c t i v e  s o l u t i o n  o f
(31)c a r b i d e s ,  as s u g g e s t e d  by Jon es  , may, however ,  t a k e  p l a c e  where 

mixed c a r b i d e s  a re  p r e s e n t  as  i n  t h i s  c a s e .  In  a l l  such c a s e s  

.examined th e  e f f e c t  i n  th e  p r o d u c t i o n  o f  a t e m p e r a t u r e  ran ge  i s  

s m a l l .

Where a s p e c i a l  e le m e n t  i s  p r e s e n t  i n  s o l i d  s o l u t i o n  the  

Ac^ change may t a k e  p l a c e  o v e r  a  r ang e  o f  t e m p e r a t u r e ,  p r o v i d e d  t h a t  

t h e r e  i s  a d i f f e r e n c e  be tween  th e  s o l u b i l i t i e s  o f  th e  s p e c i a l  e le m e n t  

i n  «/- and y - i r o n .

The e f f e c t  o f  n i c k e l  i n  t h i s  c o n n e c t i o n  w i l l  be s p e c i a l l y  

d e a l t  w i th  h e r e ,  s i n c e  i n  a lm o s t  a l l  o f  th e  s t e e l s  u sed  i t  i s  the  

e le m e n t  p a r t i c u l a r l y  c o n c e rn e d .  S i m i l a r  c o n s i d e r a t i o n s  m us t ,  however  

a p p ly  to  o t h e r  s i m i l a r  e l e m e n t s .

I t  i s  n e c e s s a r y  to  b u i l d  a  p o r t i o n  o f  th e  e q u i l i b r i u m  d i a g ­

ram o f  th e  sys tem  i r o n - n i c k e l - c a r b o n  i n  o r d e r  to  a p p r e c i a t e  what

t a k e s  p l a c e  in  th e  Ac^ r a n g e .  A g e n e r a l  d iag ram  h as  been  drawn by 
(39)Kase , b u t  i n  th e  p r e s e n t  s t a t e  o f  knowledge i t  i s  n e c e s s a r i l y  

I n c o m p le te ,  and t a k e s  no a c c o u n t  o f  th e  t h a n g e s  a t  p r e s e n t  u n d e r
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c o n s i d e r a t i o n .  The p o r t i o n  o f  th e  d iag ram  which i s  r e q u i r e d  f o r

t h i s  work can ,  however ,  be c o n s t r u c t e d  from p r e v i o u s l y  known d a t a ,

t o g e t h e r  w i th  d a t a  from th e  p r e s e n t  p a p e r .  This  has  been  done ,  and

a d ia g ra m m a t ic  view i s  g iv e n  in  F i g .  6 5 . This  d iag ram  i s  g iv e n

m e re ly  as an i l l u s t r a t i o n  o f  the  p o i n t s  now a t  i s s u e ,  and o t h e r

p o i n t s  have been  p u r p o s e l y  o m i t t e d  from i t .
(38)

S c o t t  , found  t h a t  i n  s t e e l s  c o n t a i n i n g  up to  3*5 p e r  c e n t .

n i c k e l ,  an i n c r e a s e  o f  n i c k e l  lowered  th e  Ac-  ̂ p o i n t  (maximum) by 10*5

° C . f o r  e ach  1 p e r  c e n t ,  o f  n i c k e l  added,  and he c a l c u l a t e d  t h a t

t h e  c a rb o n  c o n c e n t r a t i o n  o f  the  e u t e c t o l d  became s m a l l e r  by 0*042

p e r  c e n t ,  f o r  each  1 p e r  c e n t ,  n i c k e l .  These f i g u r e s  a g re e  w e l l
(33)w i th  th o s e  o f  o t h e r  w o r k e r s .  C a r p e n t e r ,  H a d f i e l d  and Longmuir

gave f i g u r e s  f o r  th e  t e m p e r a t u r e  o f  Ac^ maximum i n  s t e e l s  c o n t a i n ­

i n g  up to  16 p e r  c e n t ,  n i c k e l .

From th e  above f i g u r e s  th e  mean l i n e  AB has  been  drawn in

F i g .  6 5 . T h is  l i n e  s t a r t s  a t  th e  e u t e c t o i d  o f  the  i r o n - c a r b o n  

sy s tem ,  and s l o p e s  downwards tow ards  an i n c r e a s e  o f  n i c k e l  and a 

d e c r e a s e  o f  c a r b o n .  But  t h i s  l i n e  o n ly  r e p r e s e n t s  th e  maxima o f  the  

Ac^ change a t  e u t e c t o i d  c o m p o s i t i o n s ,  and i t  i s  n e c e s s a r y ,  i n  o r d e r  

t o  r e p r e s e n t  th e  A ^  r a n g e ,  to  have two l i n e s  d i v e r g i n g  from th e  

i r o n - c a r b o n  e u t e c t o i d  p o i n t .  The low er  l i n e  AC r e p r e s e n t s  th e  s t a r t  

o f  th e  Ac-  ̂ change i n  s t e e l s  o f  e u t e c t o i d  c o m p o s i t i o n ,  and th e  top  

l i n e  AE th e  c o m p le t io n  o f  t h i s  c h an ge .  To i n c l u d e  s t e e l s  o f  a l l  

c a rb o n  c o n t e n t s  two p l a n e s  g e n e r a t e d  h o r i z o n t a l l y  on b o th  s i d e s  by 

t h e s e  l i n e s  make the  d iag ra m ,  i n  t h i s  r e s p e c t ,  c o m p le t e .  At low 

p e r c e n t a g e s  o f  ca rb o n  th e  two p l a n e s  w i l l  app ro ach  each  o t h e r  and 

meet  a t  a p l a n e  r e p r e s e n t i n g  s o l u b i l i t y  o f  ca rb o n  in  f e r r i t e .  The
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l a t t e r  Is  om itted  from !the' ,diagram.

A v e r t i c a l  s e c t i o n  t h ro u g h  the  l i n e  o f  e u t e c t o i d  com pos i ­

t i o n s  (AB, F i g .  6 5 ) i s  shown i n  F i g .  6 6 * Some o f  th e  r e s u l t s  o f  

C a r p e n t e r ,  H a d f i e l d ,  and Longmuir, and o f  S c o t t ,  have been  p l o t t e d  

as i n d i c a t e d .  The mean l i n e  AB has  been  drawn th ro u g h  the  maxima 

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

method, and the  maxima o f  t h e i r  cu rv e s  a g re e  w e l l  w i th  S c o t t ’s .

The d i f f e r e n t i a l  method g i v e s ,  however, the  a p p a r e n t  s t a r t  o f  the  

Ac^ rang e  a t  t e m p e r a t u r e s  which a re  u n d o u b te d ly  much too  low. The 

l i n e  AC, r e p r e s e n t i n g  th e  s t a r t  o f  the  Ac-  ̂ r a n g e ,  ha s  been  drawn 

th ro u g h  S c o t t ' s  f i g u r e s ,  t a k e n  by th e  I n v e r s e - r a t e  method.  This  

l i n e  i n c l u d e s  th e  p o i n t  D, which has  been  d e f i n i t e l y  shown t o  be 

th e  s t a r t  o f  Ac-  ̂ i n  s t e e l  N3 o f  th e  p r e s e n t  r e s e a r c h .  The p o s i t i o n  

o f  th e  l i n e  AC a t  h i g h e r  n i c k e l  c o n t e n t s  i s  d o u b t f u l ;  f o r  low er  

n i c k e l  c o n t e n t s  i t  can be t a k e n  as v e ry  n e a r l y  c o r r e c t ,  a s  shown 

on the  d iag ra m ,  f o r  com m erc ia l  n i c k e l  s t e e l s  c o n t a i n i n g  C*5 to  0*7 

p e r  c e n t ,  manganese .  This  l i n e  i s  o b v i o u s l y  o f  c o n s i d e r a b l e  p r a c t i ­

c a l  im p o r ta n c e ,  as  i t  r e p r e s e n t s  th e  t e m p e r a t u r e  below which a l l  

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

The l i n e  AC i s  an a lo g o u s  to  the  s o l i d u s  o f  a sy s tem  o f  

c o n t i n u o u s  s o l i d  s o l u t i o n s ,  and th e  l i n e  AE c o r r e s p o n d s  to  the  

l i q u i d u s . AC r e p r e s e n t s  th e  s t a r t  o f  t h e  Ac^ r a n g e ,  and AE i t s  

c o m p l e t i o n .  At low er  n i c k e l  c o n t e n t s  th e  l i n e  AE has  been  drawn 

th ro u g h  S c o t t ' s  f i g u r e s ,  and a t  h i g h e r  c o m p o s i t i o n s  t h ro u g h  p o i n t s  

o b t a i n e d  by c a l c u l a t i o n  as  d e s c r i b e d  be low.

The r e a c t i o n s  on h e a t i n g  th e  s t e e l  N3(3*22 p e r  c e n t ,  n i c k e l )  

may be c o n s i d e r e d .  When th e  low er  p l a n e  i n  F i g .  65 i s  r e a c h e d ,  y -
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s o l i d  s o l u t i o n  o f  e u t e c t o i d  c o m p o s i t i o n  commences to  fo rm . The 

p o i n t  D i n  F i g .  66 r e p r e s e n t s  th e  t e m p e r a tu r e  o f  th e  s t a r t  o f  th e  

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

s o l u t i o n  f i r s t  s e p a r a t i n g  i s  g iv en  by F, t h a t  i s ,  t h e  p o i n t  on the  

same h o r i z o n t a l  on th e  l i n e  AE. The y s o l u t i o n  f i r s t  formed th u s  

c o n t a i n s  a l a r g e  p r o p o r t i o n  of  n i c k e l .  The ca rb o n  c o n t e n t  o f  a e u t ­

e c t o i d  s o l u t i o n  c o n t a i n i n g  t h i s  amount o f  n i c k e l  i s  low, s i n c e  the  

h i g h e r  th e  n i c k e l  c o n t e n t  th e  low er  i s  th e  ca rb on  c o n t e n t  r e q u i r e d  

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

t h i s  p o i n t  D a c o n d i t i o n  o f  s t a b i l i t y  i s  r e a c h e d  th ro u g h  th e  impov­

e r i s h m e n t  o f  th e  r e m a in in g  e/C-iron i n  n i c k e l ,  the  c o m p o s i t io n  o f  the  

f e r r i t e  moving in  th e  d i r e c t i o n  shown by th e  a r ro w .  In  o r d e r  to  

form more e u t e c t o i d  s o l u t i o n  i t  i s  t h u s  n e c e s s a r y  to  r a i s e  the  temp­

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

r e t a i n i n g  th e  t e m p e r a t u r e  a t  680°C . ,  i t  i s  r a i s e d  a t  once to  685°C . 

and r e t a i n e d  t h e r e ,  a  e u t e c t o i d  s o l u t i o n  o f  a p p r o x im a te ly  th e  comp­

o s i t i o n  c o r r e s p o n d i n g  to  th e  p o i n t  G- i s  fo rm ed .  This  c o n t a i n s  more 

ca rb o n  and l e s s  n i c k e l  t h a n  i n  th e  f i r s t  c a se  when th e  t e m p e r a t u r e  

was r e t a i n e d  a t  680°C. S i m i l a r l y ,  i f  t h e  t e m p e r a t u r e  i s  r a i s e d  a t  

once to  690°C. th e  c o m p o s i t io n  o f  th e  y - s o l u t i o n  e x te n d s  up t o  H.

The e f f e c t  o f  t h e s e  v a r y i n g  c o m p o s i t io n s  on th e  Ar^ change h a s  been 

shown in  F i g s .  53 and 54- • The lo w er  th e  s o a k i n g  t e m p e r a t u r e  th e  

lo w er  i s  t h e  r e s u l t i n g  Ar^ p o i n t .  The p o s i t i o n  o f  th e  l i n e  AE a t  

h i g h e r  n i c k e l  c o n t e n t s  h a s  been  c a l c u l a t e d  on th e  a s su m p t io n  t h a t  

an i n c r e a s e  o f  n i c k e l  g iv e s  a  u n i fo rm  d e c r e a s e  i n  t h e  t e m p e r a t u r e  

o f  t h e  Ar^ p o i n t .  S c o t t ’s f i g u r e s  f o r  low n i c k e l  s t e e l s  (which 

a g r e e  c l o s e l y  w i th  th o se  o f  o t h e r  w o rk e r s )  have been  u se d ,  t h a t  i s ,
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e ach  1 p e r  c e n t ,  o f  n i c k e l  low ers  Ar.^ by 21*5°C. ,  and th e  com pos i ­

t i o n s  o f  th e  e u t e c t o i d  y s o l u t i o n s  formed a t  680°C .,  685°C . ,  and 

690°C. were c a l c u l a t e d  from th e  s t a r t  o f  th e  r e s p e c t i v e  Ar-^ r a n g e s  

( F i g s .  53 and 5^)« The p o i n t s  F, G, and h ( F i g .  6 6 ) ,  t h r o u g h  which 

th e  l i n e  AE has  been  drawn, were th u s  o b t a i n e d .

A n o th e r  f a c t o r ,  however,  may have to  be t a k e n  i n t o  c o n s i d -  
(37)e r a t i o n .  D e jean  , and C a r p e n t e r ,  H a d f i e l d ,  and Eongmuir ,

showed t h a t  above a b o u t  8 o r  10 p e r  c e n t ,  n i c k e l  th e  Ar^ p o i n t  i s  

low ered  r a p i d l y  to  a low er  range  o f  t e m p e r a t u r e .  These w orke rs  used  

h ig h  i n i t i a l  t e m p e r a t u r e s ,  900°C. and h i g h e r ,  whereas  th e  i n i t i a l  

t e m p e r a t u r e s  u sed  i n  the  p r e s e n t  e x p e r im e n t s  were below 700° C . I t  

i s  t h u s  i m p o s s ib l e  to  make a  d e f i n i t e  d e d u c t i o n  from th e  a v a i l a b l e  

d a t a  as to  the  e x a c t  p o s i t i o n  o f  th e  l i n e  AE a t  h i g h e r  t e m p e r a t u r e s  

i n  F i g .  6 6 , o r  o f  t h e  c o r r e s p o n d i n g  p l a n e  i n  F i g .  6 5 . I t  would seem, 

however ,  t h a t  th e  l i n e  as shown can n o t  be f a r  from i t s  t r u e  p o s i t i o n . :

In  th e  th e r m a l  c u rv e s  i n  F i g .  53 i t  i s  e v i d e n t  t h a t  s u f f i c ­

i e n t  t ime h as  n o t  been  g iv e n  a t  t h e  s o a k i n g  t e m p e r a t u r e  i n  a  number 

o f  the  e x p e r im e n t s  f o r  s t a b i l i t y  to  be a t t a i n e d .  Once a e u t e c t o i d  

s o l u t i o n  has  been  formed by s o a k i n g  a t  a  low er  t e m p e r a t u r e  f u r t h e r  

r a i s i n g  o f  the.  t e m p e r a t u r e  does  n o t  r e a d i l y  d i l u t e  i t .  The s o a k i n g  

t im e s  used  i n  th e  s p e c i f i c  volume work a r e  l i k e l y  t o  have  p ro d u c e d  

r e a s o n a b l e  hom ogene i ty  o f  th e  e u t e c t o i d  s o l u t i o n s  fo rm ed .

The f i r s t  s o l u t i o n s  formed on h e a t i n g  i n  th e  lo w er  p a r t  o f  

t h e  Ac^ r a n g e ,  b e in g  r e l a t i v e l y  low i n  c a rb o n ,  a r e  more r e a d i l y  

c o n v e r t e d  to  m a r t e n s i t e  on q u e n c h in g .  G u i l l e t ^ 0  ̂ found  t h a t  in  

quenched s t e e l s  w i th  from 7*65 t o  25 p e r  c e n t ,  n i c k e l  th e  m i c r o ­

s t r u c t u r e  showed a p redom inance  o f  m a r t e n s i t e .  E v i d e n t l y  an i n c r e a s e
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o f  n i c k e l  in  n i c k e l  s t e e l s  has  n o t  th e  same e f f e c t  on the  r e t e n t i o n  

o f  a u s t e n i t e  as an i n c r e a s e  o f  ca rbon  h a s .  Thus in  th e  e u t e c t o i d  

Y  s o l u t i o n s  f i r s t  formed th e  lower  ca rbon  c o n t e n t  g iv e s  a t en dency  

to  t h e  f o r m a t io n  o f  m a r t e n s i t e ,  and i t  i s  on ly  when a lm o s t  a l l  o f  

th e  ca rb o n  i s  b ro u g h t  i n t o  s o l u t i o n  t h a t  the  c a rbon  c o n t e n t  o f  th e  

e u t e c t o i d  y s o l u t i o n  becomes h ig h  enough f o r  the  r e t e n t i o n  o f  a u s ­

t e n i t e ,  a t  l e a s t  when t h e s e  low i n i t i a l  t e m p e r a t u r e s  a r e  u s e d .  Thus 

t h e  d i p  in  the  s p e c i f i c  volume c u rv e s  i s  e x p l a i n e d .

TH£ A rx RANGE.

Some c o n s i d e r a t i o n s  on the  Ar-  ̂ range  may s u i t a b l y  be i n c l u d ­

ed i n  t h i s  d i s c u s s i o n ,  s i n c e  th e  e l u c i d a t i o n  o f  th e  r e a c t i o n s  which 

t a k e  p l a c e  on h e a t i n g  t h ro u g h  th e  range  i n e v i t a b l y  b r i n g s  o u t  

i n f o r m a t i o n  which can be a p p l i e d  to  throw l i g h t  on th e  r e v e r s e  

p r o c e s s  o f  c o o l i n g  th ro u g h  t h a t  r a n g e .
(41)I t  has  been  p o i n t e d  o u t  by Le C h a t e l i e r  , and commented

("5 "5 )on by C a r p e n t e r ,  h a d f i e l d  and LongmiLir , t h a t  th e  Ar^ change 

in  s t e e l s  n a t u r a l l y  a p p e a rs  on a  t h e r m a l  cu rve  o v e r  a w id e r  range  

o f  t e m p e r a t u r e  t h a n  Ac^. This  i s  due to  the  f a c t  t h a t  t h e  f a l l i n g  

t e m p e r a t u r e  opposes  th e  Ar^ change,  whereas  r i s i n g  t e m p e r a t u r e  

a s s i s t s  th e  Ac^ chang e .  To t h i s  m ust ,  however ,  be added ,  in  the  case  

o f  s t e e l s  c o n t a i n i n g  n i c k e l  o r  o t h e r  s i m i l a r  e le m e n t s  i n  s o l i d  s o l ­

u t i o n ,  a  f a c t o r  which a c o n s i d e r a t i o n  o f  th e  t e r n a r y  d iag ra m  makes 

c l e a r .  When n i c k e l  s t e e l s  a r e  c o o le d ,  t h e  c r i t i c a l  changes  t a k e
( "2 P \

p l a c e  a t  low er  t e m p e r a t u r e s  t h a n  th e y  do on h e a t i n g .  Thus S c o t t  

c a l c u l a t e d  t h a t  th e  Ar^ p o i n t  (maximum) i s  lowered  21*5°C. f o r  each  

1 p e r  c e n t ,  n i c k e l ,  w hereas  th e  Ac^ p o i n t  i s  on ly  lowered  by 10-5°C.
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To o b t a i n  th e  p o s i t i o n  o f  th e  Ar^ rang e  th e  two p l a n e s  in  F i g .  65 

must be a l t e r e d  i n  p o s i t i o n .  The i r o n ^ a a r b o n  e u t e c t o i d  l i n e  w i l l  

be s l i g h t l y  low ered ,  and, w i th  t h i s  as a x i s ,  t h e  p l a n e s  r e p r e s e n t i n g  

t h e  s t a r t  and f i n i s h  o f  the  A^ change w i l l  be t u r n e d  downwards 

th r o u g h  an a n g le  o f  a b o u t  14°C .

A v e r t i c a l  s e c t i o n  th ro u g h  th e  l i n e  o f  e u t e c t o i d  c o m p o s i t io n s  

has  been  drawn in  F i g .  67 .  Some o f  th e  r e s u l t s  o f  S c o t t ,  and of  

C a r p e n t e r ,  H a d f i e l d ,  and Longmuir,  have been  p l o t t e d  on th e  d iag ra m  

as shown. I t  i s  r e a d i l y  s e e n  t h a t  on c o o l i n g  t h e r e  i s  a g r e a t e r  

t e m p e r a t u r e  i n t e r v a l  k u te s w a l  be tween th e  two p l a n e s  f o r  any g iv en  

c o m p o s i t io n  t h a n  i s  th e  c ase  on h e a t i n g .  The Ar^ range  i n  s t e e l s  

which c o n t a i n  n i c k e l  o r  a s i m i l a r  s p e c i a l  e le m e n t  in  s o l i d  s o l u t i o n  

w i l l  f o r  t h i s  r e a s o n ,  among o t h e r s ,  be g r e a t e r  t h a n  th e  Ac^ r a n g e .

The r e a c t i o n s  which t a k e  p l a c e  i n  the  Ar^ ran g e  w i l l  be th e  

r e v e r s e  o f  t h o s e  d e s c r i b e d  f o r  t h e  Ac^ r a n g e .  The f i r s t  p e a r l i t e  

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

as  an a v e ra g e  i n  th e  p e a r l i t e  a r e a s  a f t e r  th e  change i s  c o m p le t e .  

J u s t  as  on h e a t i n g  th e  f i r s t  Y - l ro n  s o l i d  s o l u t i o n  which forms 

t e n d s  t o  a b s o r b  n i c k e l  i n  e x c e s s ,  so on c o o l i n g ,  when p e a r l i t e  

s t a r t s  t o  s e p a r a t e ,  t h e  n i c k e l  o f  th e  s t e e l  w i l l  t e n d  t o  r em a in  in  

t h e  Y~iron  s o l i d  s o l u t i o n  which has  y e t  t o  change ( t o  p e a r l i t e ,  

t r o o s t i t e ,  o r  m a r t e n s i t e ) .  As t h e  n i c k e l  c o n t e n t  o f  th e  s t e e l  r i s e s  

t h e  Ar-^ r a n g e ,  as shown by the  two p l a n e s  ( r e p r e s e n t e d  by th e  two 

l i n e s  AE and AC, F i g ,  6 7 ) on th e  t e r n a r y  d iag ra m ,  w id e n s .  T h is ,  

combined w i th  th e  f a c t o r s  j u s t  d i s c u s s e d ,  seems t o  g iv e  th e  key t o  

t h e  ex p - la n a t io n  o f  th e  d o u b l i n g  o f  t h e  c r i t i c a l  p o i n t s  on c o o l i n g  

c e r t a i n  n i c k e l ,  n i c k e l - c h ro m iu m ,  and o t h e r  s p e c i a l  s t e e l s .
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( 3 3 )C a r p e n t e r ,  H a d f i e l d ,  and Longmuir found i n  t h e i r  work on n i c k e l  

s t e e l s  t h a t  w i th  h i g h e r  n i c k e l  c o n t e n t s  th e  Ar range  was r e v e a l e d

by a lo n g  e v o l u t i o n  o f  h e a t ,  c u l m i n a t i n g  i n  a c r i t i c a l  p o i n t  n e a r
(37)th e  low er  e x t r e m i t y .  De jean  found i n  s t e e l s  o f  s i m i l a r  compos­

i t i o n  t h a t  two p o i n t s  were r e v e a l e d  in  c e r t a i n  s t e e l s ,  and one low 

p o i n t  i n  d t h e r s  . These p o i n t s  he named ( a l o n g  w i th  o t h e r  w o rk e rs )

A r 1 and A r” , a s s o c i a t e d  w i th  t h e  f o r m a t io n  o f  t r o o s t i t e  and m a r t e n s ­

i t e  r e s p e c t i v e l y .  A c o n s i d e r a t i o n  o f  the  t h e r m a l  c u rv e s  p u b l i s h e d  » 

by t h e  above w o rk e r s ,  i n  the  l i g h t  o f  th e  new f a c t s  b ro u g h t  o u t  

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

i n g  o f  Ar p o i n t s  i s  o f t e n  due t o  r e a c t i o n s  which t a k e  p l a c e  i n  th e  

Ar r a n g e s  . When th e  s t a r t  o f  th e  Ar-^ ran g e  i s  r e a c h e d  on c o o l i n g ,  

p e a r l i t e  ( o r  t r o o s t i t e )  s t a r t s  t o  s e p a r a t e  and , as  a l r e a d y  p o i n t e d

o u t ,  t h e  r e m a in i n g  Y~iron s o l i d  s o l u t i o n  becomes p r o g r e s s i v e l y  r i c h -  
in

e r . n i c k e l ,  t h u s  d e l a y i n g  i t s  change u n t i l  a low er  t e m p e r a t u r e  i sft

r e a c h e d .  Two s e p a r a t e  p o i n t s  may be p ro d u ce d  in  a c o o l i n g  curve  

g iv en  s u i t a b l e  c o m p o s i t io n  and c o n d i t i o n s  o f  c o o l i n g .  In  th e  p r e s e n t  

r e s e a r c h  t h r e e  c o o l i n g  c u rv e s  o f  n l c k e 1 -chromlum s t e e l s  have  been 

shown ( F i g s .  56 , 58, and 59)•  In  s t e e l  NR3 ( n i c k e l ,  1*90 p e r  c e n t . )  

Ar^ i s  shown by a s h a r p  p o i n t  t a k i n g  p l a c e  o v e r  a  s h o r t  t e m p e r a t u r e  

r a n g e .  In  s t e e l  NC ( n i c k e l ,  3*20 p e r  c e n t . )  t h e  c o m p o s i t i o n  and 

c o n d i t i o n s  o f  c o o l i n g  have l e d  t o  a c o n t in u o u s  e v o l u t i o n  o f  h e a t  

t h r o u g h o u t  th e  Ar r a n g e s .  In  s t e e l  AH ( n i c k e l ,  4*46 p e r  c e n t . )  t h e  

c o m p o s i t io n  and c o n d i t i o n s  have caused  th e  p r o d u c t i o n  o f  two d e f i n ­

i t e  p o i n t s ,  one a t  o r  n e a r  th e  s t a r t  o f  th e  Ar^ r a n g e ,  and th e  o t h e r  

a t  o r  n e a r  the  end o f  t h a t  r a n g e .  The Ar^ p o i n t ,  o f  c o u r s e ,  c o m p l i ­

c a t e s  th e  th e r m a l  e v o l u t i o n s  in  h y p o e u t e c t o l d  s t e e l s .
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O th e r  c o n s i d e r a t i o n s  a l s o  c o m p l ic a te  tn e  r e a c t i o n s  on c o o l ­

i n g .  A f t e r  h e a t i n g  to  h i g h e r  i n i t i a l  t e m p e r a t u r e s  th e  c r i t i c a l  

p o i n t s  o f  many s p e c i a l  s t e e l s  a r e  lo w e re d .  This  i s  due to  c a u se s  

which a r e  n o t  y e t  u n d e r s t o o d ,  b u t  i t  may be c o n n ec te d  w i th  th e  

d e s t r u c t i o n  o f  n u c l e i  as th e  t e m p e r a tu re  i s  r a i s e d .  I t  i s  s u f f i c i e n t  

h e r e  t o  r e c o g n i s e  the  f a c t ,  and to  p o i n t  o u t  how the  p o s i t i o n  of  th e  

Ar^ ran g e  w i l l  be a l t e r e d  w i th  i t .  T h is ,  combined w i th  th e  c o n s i d ­

e r a t i o n s  a l r e a d y  d i s c u s s e d ,  makes c l e a r e r  th e  fu n d am e n ta l  r e a s o n s  

f o r  t h e  wide r a n g e s  o f  Ar^ found in  many s p e c i a l  s t e e l s .
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