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The p r e v i o u s  s tudy of the phase  r e l a t i o n s  ( P a r t  I) is  now extended to the s o l i d - l i q u i d  r e g i o n s  
of F e - M n - S  and F e - M n - S - O  s y s t e m s .  The d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  m e a s u r e m e n t s  made  
with 1 to 5 pc t  M n - F e  a l loys  conta in ing su l fur  and oxygen subs t an t i a t ed  the pos i t i ons  of the 
u n i v a r i a n t  c u r v e s  in pc t  Mn vs  T p lo ts  d e r i v e d  f rom o ther  ava i l ab le  da ta  and t h e o r e t i c a l  con-  
s i d e r a t i o n s .  I t  i s  found that  if suf f ic ien t  oxygen and su l fur  a r e  p r e s e n t  in the F e - M n  a l l oys ,  
t h e r e  may  be a l iquid oxysul f ide  phase  p r e s e n t  at t e m p e r a t u r e s  above 900%2, depending on the 
m a n g a n e s e  content .  The  h igher  the manganese  content  in so lu t ion ,  the h igher  i s  the t e m p e r a -  
tu re  below which no l iquid phase  is  p r e s e n t ,  e.g. for  10 ppm,  900~C and for  10 pc t  Mn, -1200~ 
The f o r m a t i o n  of ox ides ,  su l f i des ,  and l iquid oxysu l f ides  in the i n t e r d e n d r i t i c  r e g i o n s  dur ing  
so l id i f i ca t ion ,  a s  p r e d i c t e d  f r o m  the p h a s e  r e l a t i o n s  in the F e - M n - S - O  s y s t e m ,  was  v e r i f i e d  by 
m i c r o s c o p i c  examina t ion  us ing  scanning  e l e c t r o n  m i c r o s c o p y  and m e t a l l o g r a p h i c  t echn iques .  

I N  P a r t  I of th is  s e r i e s  of p a p e r s ,  Turkdogan  and Kor  ~ 
d i s c u s s e d  phase  r e l a t i o n s  in the F e - M n - S - O  s y s t e m  de -  
r i v e d  f rom the ava i l ab le  da ta  by applying the M o r e y -  
W i l l i a m s o n  t h e o r e m  on un iva r i an t  c u r v e s  i n t e r s e c t i n g  
a t  an i nva r i an t  point .  The  p r e v i o u s  s tudy i s  now e x -  
tended to the s o l i d - l i q u i d  r eg ions  of F e - M n - S  and F e -  
Mn-S-O  s y s t e m s .  Some of the ca l cu l a t ed  u n i v a r i a n t  
equ i l i b r i a  we re  t e s t ed  by d i f f e r en t i a l  t h e r m a l  a n a l y s i s  
(DTA) of F e - M n  a l loys  conta ining su l fu r  and oxygen.  
Using  these  phase  e q u i l i b r i a  s o m e  c o n s i d e r a t i o n  i s  
g iven to the f o r m a t i o n  of sul f ide  and oxysul f ide  inc lu -  
s ions  dur ing  so l id i f i ca t ion  of s t e e l .  

r eg ion  of the F e - M n  and F e - S  b i n a r y  s y s t e m s  r e s p e c -  
t ive ly .  

ii) The m a n g a n e s e  d i s t r i bu t i on  r a t i o  be tween  5 - i r o n  
and the l iquid for  the F e - M n  s y s t e m  z app l i e s  a l so  to 
the F e - M n - S  s y s t e m ,  thus 

[~Mn ]s = 0.74 [2 ] 

The  equ i l i b r i um cons tan t  for  the Mn-S geac t ion  in 
the l iquid phase  i s  r e p r e s e n t e d  by 

io z 

PHASE EQUILIBRIA 

F o r  the p r e s e n t  pu rpose  i t  is  convenient  to show the 
phase  r e l a t i o n s  in the F e - M n - S  and F e - M n - S - O  s y s t e m s  @ 
by plot t ing the e q u i l i b r i u m  manganese  ac t iv i ty  ( r e p -  
r e s e n t e d  by concen t ra t ion  in the so l id  meta l )  aga ins t  
t e m p e r a t u r e  for  un iva r i an t  equ i l i b r i a  involving the 
so l id  m e t a l  ( y -  or 5 -phase ) .  Such a p lo t  i s  shown in ~ Io 0 
F i g .  1 for  the F e - M n - S  s y s t e m .  The t e r n a r y  eu tec t ic  
i nva r i an t  I is  a t  980~ w h e r e  y - i r o n ,  "FeS" ,  and 
l iquid m e t a l  (12) a r e  in equ i l i b r i um.  The  outer  cu rve  
k on the r igh t  i s  the so l idus  curve  for  the b i n a r y  -~�9 10 -I 
F e - M n  s y s t e m .  

The tmiva r i an t  a for  y - i r o n ,  " M n S " ,  and l iquid 
(12) e q u i l i b r i u m  is  ca l cu l a t ed  f rom the co l l a t ed  da ta  _> 
d i s c u s s e d  p r e v i o u s l y .  1 The de r i va t i on  of un iva r i a n t  b 10-2 

for  5 - i r o n ,  " M n S " ,  and 12 is  based  on two m a j o r  ~ 
a s s u m p t i o n s :  

i) The l iquidus  of the a l loy  i s  a l i n e a r  function of ~ t~ 3 
compos i t i on  for  a l loys  conta ining Mn < 12 pct  and 
S < 3 pc t ,  thus 

T(K) = 1810 - 5 .0 [%Mn] / -  14.31%S]/ [1] 

whe re  the coef f i c ien t s  5.0 and 14.3 a r e  for  the 5 - i r o n  
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Fig. 1--Univariant equilibria involving solid metal in Fe-Mn-S 
system bounded with binary Fe-S and Mn-S terminal-phase 
fields. (a)7 ,  "MnS"12; (b) 5, "MnS", /2; (c) 5 ,7 ,  "MnS"; 
(d) 5, Y, 12 
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MnS(s) = Mn(1 wt pet)  + S(1 wt pet)  [3] 

At  the manganese  concen t r a t i ons  c o n s i d e r e d  the a c -  
t iv i ty  aMn s - 1, hence 

k '  = [%Mn~ [%S]/ [4] 

F r o m  the ava i l ab l e  e q u i l i b r i u m  da t a ,  3 the t e m p e r a t u r e  
dependence  of k '  i s  g iven by 

8236 
log k'  - + 5.03 [5] 

T 

The u n i v a r i a n t  b in F ig .  1 is  d e r i v e d  by s i m u l t a n e -  
ous so lu t ion  of Eqs .  [1], [2], [4], and [5]. Th i s  un i -  
v a r i a n t  has  a t e m p e r a t u r e  m a x i m u m  and t e r m i n a t e s  
at  the Mn-MnS eu tec t ic  at  1230r a f t e r  p a s s i n g  
through the 5-y t r a n s f o r m a t i o n .  The e a r l y  w o r k e r s  4-6 
did  in fac t  show qua l i t a t i ve ly  s e v e r a l  m a x i m a  and 
m i n i m a  on the p r i m a r y  l iquidus  s u r f a c e s  of the b and 
" M n S "  p h a s e s  in th is  t e r n a r y  s y s t e m .  Using  the equa -  
t ions  given above ,  the t e m p e r a t u r e  m a x i m u m  
(dT/d[%Mn]s = 0) is  e s t i m a t e d  to be at  1510~ and 2 
pc t  Mn in the 6 phase .  The  a l loy  compos i t i on  thus e s -  
t i m a t e d  for  th is  t e m p e r a t u r e  m a x i m u m  can be checked  
by applying the M o r e y - W i l l i a m s o n  t h e o r e m .  7 

Acco rd ing  to the M o r e y - W i l l i a m s o n  t h e o r e m  (ex-  
a m p l e s  of i t s  app l i ca t ion  a r e  given elsewhere1,8) ,  a 
t e m p e r a t u r e  m a x i m u m  or  a m i n i m u m  on the u n i v a r i a n t  
cu rve  ind i ca t e s  that  the compos i t i ons  of the t h r e e  con-  
densed  p h a s e s  involved a r e  c o l i n e a r  in a t e r n a r y  
s y s t e m .  The i r o n - r i c h  s ide  of the F e - M n - S  phase  d i a -  
g r a m  i s  shown in F ig .  2 whe re  the ~quid  m i s c i b i l i t y  
gap un iva r i an t  and the eu tec t ic  un iva r i an t  a r e  p r o j e c t e d  
on the compos i t i on  p l ane .  At  the t e m p e r a t u r e  m a x i m u m ,  
the compos i t i ons  of b - i r o n ,  l iquid m e t a l ,  and MnS a r e  
c o l i n e a r  as  ind ica ted  by the dot ted  c u r v e .  R e p r e s e n t i n g  
the compos i t i on  of the l iquid at  M by [%Mn]l and 
[%S]/ and that  of the so l id  by [%Mn]s (the t r a c e  amount  
of su l fur  in 6 phase  i s  neg lec t ed ) ,  the foUowing e x -  
p r e s s i o n  is  d e r i v e d  f rom g e o m e t r i c  c o n s i d e r a t i o n s  and 
the compos i t i on  of MnS in wt pc t ,  

36.8 63.2 - [%Mn]s 
= [%Mn ]l - [%Mn ]s [6 ] 

Subst i tu t ing Eqs .  [2] and [4], Eq.  [6] s i m p l i f i e s  a p p r o x i -  
ma te ly  to 
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Fig. 2--Projected univariants for the miscibility gap and the 
eutectie in part of the Fe-Mn-S system; a temperature maxi- 
mum on the eutectic univariant is indicated. 

[%Mn]s ~- 1.9 JU [7] 

Now, i n se r t i ng  the va lue  of k '  for  the t e m p e r a t u r e  
m a x i m u m  1510~ g ives  [%Mn]s = 3 which i s  only 50 pc t  
g r e a t e r  than the va lue  e s t i m a t e d  us ing  Eq.  [1]. By 
combining  Eq. [7] with those  given e a r l i e r  the t e m p e r -  
a tu re  m a x i m u m  is  e s t i m a t e d  to be at 1508~ [%Mn]s 
= 3, [%Mn]/ = 4 and [%S]/ = 0.8. 

Be c a use  of the low sul fur  content  of the so l id  m e t a l  
in e q u i l i b r i u m  with  " M n S " ,  the un iva r i a n t  c in the 
%Mn vs  T plot  would be s i m i l a r  to that  of the y - 5  
phase  boundary  of the F e - M n  s y s t e m .  By the s a m e  
token,  the i n v a r i a n t  II involving y p h a s e ,  b p h a s e ,  
" M n S " ,  and l iquid m e t a l  i s  p l aced  c l o s e  to the p e r i t e c -  
t ic  i nva r i an t  of the F e - M n  s y s t e m  at  1474~ w h e r e  the 
e q u i l i b r i u m  sul fur  content  of the so l id  m e t a l  with 9 
pc t  Mn is  about  8 ppm.  

In eva lua t ing  the i nva r i an t  point  III ,  aga in  involving 
y p h a s e ,  b p h a s e ,  " M n S " ,  and l iquid m e t a l ,  use  is  
made  of the c o r r e s p o n d i n g  p e r i t e c t i c  i n v a r i a n t  for  the 
F e - S  s y s t e m  at  1365~ where  the su l fur  contents  of the 
p h a s e s  a r e :  9 0.05 pc t  S in y - i r o n ,  0.18 pc t  S in b - i r o n  
and 12 pc t  S in the l iquid p h a s e .  A l so ,  the loca t ion  of 
the i nva r i an t  III in the %Mn vs T plot  m u s t  s a t i s fy  the 
MnS so lub i l i ty  in y - i r o n  such that  at th is  i nva r i an t ,  
%S < 0.05 and t e m p e r a t u r e  > 1365~ Using  the MnS-  
so lub i l i t y  da ta  of Turkdogan  et  al . ,  ~~ the i nva r i an t  III 
i s  p l aced  at 1395~ and 0.1 pct  Mn for  which the 
e q u i l i b r i u m  su l fur  in y - i r o n  is  about 0.038 pc t .  

As  ind ica ted  by an a r r o w  in F ig .  1, the u n i v a r i a n t  d 
t e r m i n a t e s  at  the i nva r i an t  poin t  IV of the F e - S  b i n a r y  
s y s t e m .  

The i nva r i an t  involving 6-Mn in the m a n g a n e s e - r i c h  
a l loys  nea r  1225~ i s  not inc luded in F ig .  1. 

The un iva r i an t  e q u i l i b r i a  involving y ( b ) - i r o n  and 
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Fig. 3--Univariant equilibria involving solid metal and 
Mn(Fe)O in Fe-Mn-S-O system bounded with ternary Fe-Mn-O 
and Fe-S-O terminal-phase fields. (e) 5, Ox., /2; (P) (5, l 1, /2; 
(f) 5, Ox., l t ,  12; (n) 6, Ox. , l  i, /2; (g) 5, y, Ox., ll; (h)7, Ox., 
" M n S " ,  l 1. 
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"MnO"  in the F e - M n - S - O  s y s t e m  with t e r n a r y  
F e - M n - O  and F e - S - O  t e r m i n a l  phase  f i e lds  a r e  given 
in F ig .  3. The u n i v a r i a n t  c u r v e s  i n t e r s e c t i n g  at  the 
i n v a r i a n t  poin ts  V and VI for  the q u a t e r n a r y  s y s t e m  
a r e  those  e s t i m a t e d  p r e v i o u s l y  by the au tho r s .  1 The 
u n i v a r i a n t  f t e r m i n a t e d  at  VII which is  the l iquid 
m i s c i b i l i t y  gap i n v a r i a n t  for  the F e - M n - O  s y s t e m  at 
1527~ a s s u m e d  to be n e a r l y  the s a m e  as  that  for  the 
b i n a r y  F e - O  m i s c i b i l i t y  gap i n v a r i a n t .  The e q u i l i b r i u m  
p h a s e s  at  the i n v a r i a n t  VII a r e :  5 - i r o n ,  Mn(Fe)O,  l iquid 
oxide (l~), and l iquid m e t a l  (12). 

The e q u i l i b r i u m  p h a s e s  along u n i v a r i a n t  e for  the 
F e - M n - O  s y s t e m  a r e :  5 - i r o n ,  " M n O " ,  and 12. Be c a use  
of the r e l a t i v e l y  low MnO so lub i l i ty  p roduc t ,  a t  ma nga n -  
e se  contents  above 1 pc t  the e q u i l i b r i u m  oxygen in 
so lu t ion  is  too s m a l l  to af fec t  no t i ceab ly  the l iquidus  
or  so l idus  t e m p e r a t u r e s  of the F e - M n  a l l oys .  F o r  e x -  
amp le ,  at  1527~ for  me l t  in e q u i l i b r i u m  with e s s e n -  
t i a l ly  pure  MnO, the p roduc t  [%Mn] • [%O] = 0.025; 
for  m e l t  conta in ing 1 pc t  Mn, the e q u i l i b r i u m  o x y g e n  
in so lu t ion  is  0.025 pc t  which l o w e r s  the me l t ing  point  
of the a l loy by about 1 ~ to 2~ In o ther  w o r d s ,  the 
u n i v a r i a n t  e above about 1 pc t  Mn is  e s s e n t i a l l y  the 
s a m e  as  the so l idus  cu rve  of the F e - M n  b i n a r y  s y s t e m .  
However ,  below 1 pc t  Mn a s m a l l  c o r r e c t i o n  i s  made  
to the so l i dus  t e m p e r a t u r e  of the F e - M n  s y s t e m  to a c -  
count  for  the i n c r e a s i n g  effect  of oxygen on the me l t i ng  
t e m p e r a t u r e .  The un iva r i an t  g for  the 5 ~ 7  t r a n s -  
f o r m a t i o n  is  aga in  a s s u m e d  to be s i m i l a r  to that  of 
the F e - M n  b i n a r y  s y s t e m .  As  ind ica ted  by a r r o w s ,  
dot ted  c u r v e s  t e r m i n a t e  at  the F e - S - O  t e r n a r y  s y s t e m .  

A s i m i l a r  d i a g r a m  is  d rawn in F ig .  4 for  u n i v a r i a n t  
e q u i l i b r i a  involving ~ (5 ) - i ron  and " M n S "  in the F e -  
Mn-S-O  s y s t e m  with t e r n a r y  F e - M n - S  and F e - S - O  and 
b i n a r y  F e - M n  t e r m i n a l  phase  f i e l d s .  F o r  s m a l l  
amounts  of su l fur  and oxygen,  the so l idus  t e m p e r a t u r e  
of the q u a t e r n a r y  s y s t e m  wi l l  not d i f fer  much f r o m  
that  of the F e - M n  s y s t e m  which i s  shown by the un i -  
v a r i a n t  k. Because  of the low oxygen so lub i l i t y  in 
Mn(Fe)S,  the u n i v a r i a n t s  a and b for  the 7 ( 5 ) - i r o n ,  
" M n S " ,  and l iquid (11 or  12) equ i l i b r i a  a r e  r e p r o d u c e d  
f rom F ig .  1 for  the F e - M n - S  t e r n a r y  s y s t e m .  F o r  the 
sake  of s i m p l i c i t y ,  the 5 - -  y t r a n s f o r m a t i o n  i s  
omi t t ed  in th is  e q u i l i b r i u m  d i a g r a m .  In the p r e s e n c e  
of oxygen,  the t h r e e - p h a s e  e q u i l i b r i u m  (7, " M n S " ,  12) 
i s  s p r e a d  within a n a r r o w  f ie ld  be tween  the c u r v e s  b 
and j as  shown in F ig .  4. 

The un iva r i an t  j i s  for  the q u a t e r n a r y  s y s t e m  invo lv -  
ing p h a s e s  y ( 5 ) - i r o n ,  " M n S " ,  l iquid oxysul f ide  (ll) 
and l iquid m e t a l  (/2). Th i s  l iquid m i s c i b i l i t y  gap un i -  
v a r i a n t  s t a r t s  f r o m  the i nva r i an t  VI and t e r m i n a t e s  on 
u n i v a r i a n t  a-b again  for  the q u a t e r n a r y  s y s t e m .  It  
should be noted that  al though the re  i s  a l iquid m i s c i b i l -  
i ty gap un iva r i an t  in e q u i l i b r i u m  with MnS in the F e -  
Mn-S s y s t e m ,  i t  does  not  f o rm  an i nva r i an t  point .  B e -  
cause  of the low oxygen content  of the m e t a l  for  
m a n g a n e s e  > 1 pc t ,  the me l t i ng  point  for  j should be 
only s l igh t ly  below that  for  the un iva r i an t  b. 

The t e r m i n a l  two-phase  r eg ions  7 + " F e S " ,  7 + l~, 
and 7 + 12 at  low manganese  contents  a r e  for  the t e r -  
n a r y  F e - S - O  s y s t e m .  The  l iquid m i s c i b i l i t y  gap un i -  
v a r i a n t  m for  this  s y s t e m  s t a r t s  at  1345~ (which is  
taken  to be the t e r m i n a l  poin t  for  j) and a p p r o a c h e s  
the F e - O  i n v a r i a n t  (1527~ a s y m p t o t i c a l l y .  At h igher  
m a n g a n e s e  contents  the two-phase  r eg ion  y + l~ i s  for  
the t e r n a r y  F e - M n - S  s y s t e m .  

D I F F E R E N T I A L  THERMAL ANALYSIS 

P a r t s  of the u n i v a r i a n t  c u r v e s  f ,  g ,  and h in F i g .  3 
for  (Mn, F e ) O - s a t u r a t e d  F e - M n - S - O  s y s t e m  w e r e  
checked  by c a r r y i n g  out d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  
on F e - M n  a l loys  conta in ing su l fur  and oxygen.  

T h r e e  i ron  a l loys  w e r e  inves t iga ted ;  they we re  p r e -  
p a r e d  in a s m a l l  v a c u u m - m e l t i n g  fu rnace  us ing  P l a s t -  
i r o n  as  the b a s e  m a t e r i a l .  The  m e l t s  w e r e  c h i l l - c a s t  
in copper  mo lds  of 10 cm length and 2.5 cm d iam;  the 
c o m p o s i t i o n s  of the a l loys  i nve s t i ga t e d  a r e  given in 
Tab le  I .  

The d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  was  c a r r i e d  out in 
a s t a n d a r d  c o m m e r c i a l  a p p a r a t u s .  F o r  each  e x p e r i -  
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Fig.  4 - - U n i v a r i a n t  equ i l i b r i a  involving so l id  m e t a l  and " M n S "  
in F e - M n - S - O  s y s t e m  with t e r n a r y  F e - M n - S  and F e - S - O  and 
b i na ry  F e - M n  t e r m i n a l - p h a s e  f i e lds .  (j) 3/, " M n S " ,  t l ,  12; 
( m ) ~ / , l  1,I2; ( k ) ' y , l  2 
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Table I. Composition of Iron Alloys (Wt. Pct) Used for 
Differential Thermal Analysis 

Alloy No Pct Mn Pet S Pct O 

1 4.8 0.14 0.015 
2 3.3 0.53 0.008 
3 1.1 0.17 0.030 

t 
i 

1510 LIQ. MISCI. GAP t 

1390 ~ 1400 , ) ' - - ~  
TRANSFORMATION 

I 
! 
t 

1195, UO. OXY~ 

910 

f a "--,- T 
TRANSFORMATION 

ZONE-REFINED IRON Fe-Mn-$-O ALLOY # 3  

Fig. 5--DTA d i a g r a m  showing  phase  changes  in r e f e r e n c e  
s a m p l e  (peaks on r ight) ;  n u m b e r s  indicate t e m p e r a t u r e  in 
d e g r e e s  cent igrade .  

880 

ment  two spec imens  were  used:  an i ron  alloy and a 
r e f e r ence  spec imen  of h igh-pur i ty  zone - r e f i ned  i ron ,  
both having a height of 7 m m  and a d i ame te r  of 3 m m ,  
and weighing about 0.4 g. The P t - P t / 1 0  pct  Rh t h e r m o -  
couple,  with a thin a lumina  pro tec t ion  sheath,  was i n -  
s e r t ed  snugly into a hole in the spec imen .  

After the al loy and the r e f e r e n c e  spec imen  were  
mounted in p lace ,  the r eac t ion  tube of the furnace  was 
f lushed with argon,  pur i f ied  by pass ing  over heated 
t i t an ium chips.  After  f lushing for s eve ra l  hours ,  the 
furnace  was heated at a cons tant  ra te  of 10~ pe r  rain,  
while the gas was kept flowing to p reven t  oxidation of 
the spec imens .  The t e m p e r a t u r e s  were  always d e t e r -  
mined f rom heat ing cu rves  us ing the known t r a n s f o r -  
mat ion  t e m p e r a t u r e s  of pure i ron ,  obtained frord the 
r e f e r ence  sample ,  as " c a l i b r a t i o n  p o i n t s " .  F ig .  5 
shows a typical  DTA curve ,  obtained for alloy No. 3, 
showing the t r a n s f o r m a t i o n  peaks for the al loy (right) 
and the zone - r e f ined  i ron  (left) as wel l  as the two s m a l l  
peaks indicat ing the fo rmat ion  of l iquid oxysuffide,  
/1(1195~ and liquid me ta l ,  /2(1510~ On repea ted  
expe r imen t s  the a r r e s t  t e m p e r a t u r e s  were  r e p r o d u c i -  
ble  within about 5~ 

The a rea  under  a peak in a DTA curve  is p r o p o r -  
t ional  to the enthalpy change accompanying  the phase 
t r a n s f o r m a t i o n  or the r eac t ion  which gives r i s e  to the 
peak.  ~'12 The a r e a s  under  the peaks r eco rded  for the 
al loy,  peaks  on the r igh t  in Fig.  5, were  m e a s u r e d  with 
a p l a n i m e t e r .  The peak a rea  at 1195~ is 13 pct of 
that at 880~ it  is  the re fore  deduced that the enthalpy 
change accompanying  the fo rmat ion  of the l iquid oxy- 
sulf ide (ll) f rom solid "MnO"  and " M n S "  is  13 pct of 

Table II. Transformation Temperatures and Temperatures (~ at W h i c h  

/ l a n d / 2  Were Formed, Obtained from DTA Heating Curves 

Alloy Fct Mn in 
No Solid Solution T(aT) T(lt ) T(7~) T(Iz ) Remarks 

1 4.50 775 1210 1445 1503 Avg. of 3 runs. 
2 2.40 820 1210 1420 1500 1 run, 
3 0.64 880 1195 1400 1510 Avg. of 3 runs. 
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Fig. 6 - -Resu l t s  of DTA m e a s u r e m e n t s  a r e  c o m p a r e d  with 
ca lcu la ted  un iva r i an t  c u r v e s  f o r  o x i d e - s a t u r a t e d  F e - M n - S - � 9  
s y s t e m ,  pa r t i a l ly  r e p r o d u c e d  f r o m  Fig. 3. 

the enthalpy change for a ~ 7  t r a n s f o r m a t i o n .  As -  
suming  an ideal  solut ion,  the enthalpy of fo rma t ion  of 
li f rom solid oxides and sul f ides  of i ron  and m a n -  
ganese  for the al loy cons ide red  is e s t ima ted  to be 8.5 
kcal  per  mole .  F r o m  the su l fur  and oxygen contents  of 
the al loy No. 3, the amount  of Ii fo rmed is e s t ima ted  
to be 0.4 wt pct.  Based on the spec imen  weight of 0.4 
g, the enthalpy change for the a --7,  t r a n s f o r m a t i o n  
is  1.5 cal  and that for 11 about 0.17 cal ,  which is 11 
pct of that for  the o~ ~ 7, t r a n s f o r m a t i o n ,  in good a g r e e -  
mea t  with that der ived  f rom the re l a t ive  a r e a s  of the 
co r re spond ing  DTA peaks .  

The a r r e s t  t e m p e r a t u r e s  for the three  a l loys  in -  
ves t iga ted  a re  given in Table  II. Because  of the f o r -  
mat ion  of oxides and su l f ides ,  the manganese  in solid 
i ron  is l ess  than the total  amount  of manganese  in the 
alloy; e s t ima ted  pct manganese  in solut ion is given in 
Table  II. 

P a r t s  of u n i v a r i a n t  curves  h, g,  f ,  and e f rom Fig .  
3 are  reproduced  in Fig .  6 together  with the a-7, 
phase boundary ,  n, for the F e - M n  sys t em f rom the 
work of T ro i ano  and McGuire ;  ~3 it should be r eca l l ed  
f rom the p rev ious  d i scuss ion  that un iva r i an t s  e and 
h a re  for sol idus and 6-7' t r a n s f o r m a t i o n  in the b ina ry  
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F e - M n  sys t em 2 approximated to the F e - M n - S - O  sys t em 
cons ide red .  The r e s u l t s  f rom the DTA m e a s u r e m e n t s  
do indeed subs tant ia te  the approximat ions  made in 
the e s t ima t ion  of un iva r i an t s  h and f and appl icat ion 
of the un iva r i an t s  e, g,  and n of the b ina ry  F e - M n  
sys t em to the qua t e rna ry  F e - M n - S - O  sys t em.  

Hilty and Craf t s  ~4 inves t iga ted  pa r t s  of the F e - M n -  
S-O s y s t e m  by mic roscop ic  examina t ion  of quenched 
s amp le s .  They place the misc ib i l i ty  gap inva r i an t  f 
for ox ide - sa tu ra ted  alloy containing I pct Mn at 1475~ 
which is about 35 ~ to 45~ lower than that found in the 
p r e s e n t  work.  Because  of the na tu re  of the e x p e r i m e n -  
tal  technique,  employed by Hilty and Cra f t s ,  the i r  me l t  
was apparent ly  not in equ i l i b r ium with the conta iner  
made of F e - l  pct Mn alloy. Fo r  this un iva r i an t  the es -  
t imated  manganese  content  in solid i ron  is about 9 pct 
at 1475~ 

As pointed out e a r l i e r ,  the u n i v a r i a n t  h was der ived  
in P a r t  I on the assumpt ion  of an ideal  solut ion,  and by 
the same token the composi t ion  of the liquid oxysulfide 
was shown to be ca lcu lab le .  The r e s u l t s  of the ca l cu l a -  
t ions a re  given in Fig .  7 where the composi t ion of the 
l iquid oxysulfide for un iva r i an t  h, r e p r e s e n t e d  in t e r m s  
of FeO,  FeS,  MnO, and MnS, is shown as a funct ion of 
t e m p e r a t u r e  (bottom scale)  and the cor responding  equi -  
l i b r i u m  pct manganese  in the 7 phase (top scale) .  

FORMATION OF SULFIDE AND 
OXYSULFIDE INCLUSIONS 

Unlike oxygen, the sulfur  content  of s teel  is con-  
t ro l led  p r i m a r i l y  dur ing  the s tee lmaking  operat ion;  
no rma l ly ,  no desu l fu r iza t ion  is c a r r i e d  out in the ladle 
p r i o r  to cas t ing .  Assuming  that there  a re  no entrapped 
slag pa r t i c l e s  in the meta l  s t r e a m ,  all  the sulfur  is in 
solut ion in s teel  at the t ime of cas t ing .  The sulfide i n -  
c lus ions  a re  formed in the in t e rdendr i t i c  l iquid dur ing  
sol id i f ica t ion in a m a n n e r  s i m i l a r  to that d i scussed  
p rev ious ly  ~5 for the fo rmat ion  of in te rdendr i t i c  oxide 
and s i l i ca te  inc lus ions .  However,  there  a re  c e r t a i n  
c h a r a c t e r i s t i c  fea tures  of the fo rmat ion  of sulfide and 
oxysulfide inc lus ions  which dese rve  c lose r  examinat ion .  
For  be t te r  unders tand ing  of the format ion  of oxysulf ides,  
s tudies  were  made of F e - S - O ,  F e - M n - S - C ,  and F e -  
Mn-S-O al loys.  

2o0 m, 
i i 

(a) 

10/ m 
I I 

(b) 
Fig. 8 - -B lowhole  on the f rae tu re  surface (a) of Fe-0.14 pot 
S-0.04 pet O a l loy ;  ins ide wa] l  of this b lowhole (b) as v iewed 
in the scanning electron microscope showing patches bel ieved 
to be liquid oxysulfide formed during freezing. 

F e - S - O  System 

Before d i scus s ing  the r e s u l t s  of the p r e s e n t  i n v e s -  
t igat ion,  it  should be pointed out that Yarwood e t  al .  l~ 
invest igated the fo rmat ion  of l iquid oxysulf ides in the 
in t e rdendr i t i c  l iquid dur ing  f reez ing  of F e - S - O  mel t s .  
The p r e s e n t  f indings repor ted  br ief ly  in this paper  are  
in genera l  accord with those of Yarwood e t  al .  
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Liquid (p las t i ron)  i ron  conta ining 0.04 pc t  O and 0.14 
pc t  S was c a s t  in a 7 by 7 by 20 cm ingot  mold ,  and 
r e p r e s e n t a t i v e  s a m p l e s  we re  examined  by the m e t a l l o -  
g raph ic  m i c r o s c o p e  and the f r a c t u r e  s u r f a c e s  w e r e  
v iewed  in the scanning  e l e c t r o n  m i c r o s c o p e .  

Accord ing  to the work  of Hil ty  and C r a f t s ,  ~ the l iquid 
m i s c i b i l i t y  gap un iva r i an t  in e q u i l i b r i u m  with ~ i ron  
c l o s e s  at  about 1345~ where  the l iquid phase  conta ins  
about  2 pc t  O and 17 pc t  S. Tha t  i s ,  in a l loys  with the 
u sua l  oxygen and su l fur  l eve l s  with %O/%S > 0.12, two 
l iquids  may fo rm over  a c e r t a i n  r ange  of t e m p e r a t u r e  
and compos i t i on .  In the a l loy  i nves t i ga t ed  in the p r e s -  
ent  work ,  the r a t i o  %0 %S is  about 0.29, ind ica t ing  
that  the i n t e r d e n d r i t i c  l iquid may  s e p a r a t e  into two 
l iquid p h a s e s  dur ing  f r e e z i n g  of the a l loy .  The F e - S - O  
a l loy  i nves t i ga t ed  conta ined  about 0.02 pc t  C,  and a s  a 
r e s u l t  many b lowholes  we re  p r e s e n t  in the c a s t  ingot .  
The top p i c tu re  in F ig .  8 shows at  low magn i f i ca t ion  a 
l a r g e  blowhole  exposed  on the f r a c t u r e  s u r f a c e .  
C l o s e r  examina t ion  of the ins ide  of the hole at a h igher  
magn i f i ca t ion  (bottom p i c tu re )  r e v e a l s  the p r e s e n c e  of 
the l iquid oxysul f ide  d r o p l e t s  that  s p r e a d  on the inner  
wa l l  of the blowhole  dur ing  f r eez ing .  
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Fig. 9 .---:Oxide and sulfide precipitates in the interdendritic 
regions of Fe-0.14 pct S-0.04 pct O alloy�9 

The l ight  m i c r o g r a p h  in F ig .  9 is  a t yp i ca l  view of 
the c r o s s  sec t ion  showing e s s e n t i a l l y  un i fo rm d i s t r i b u -  
t ion of oxide and su l f ide  p a r t i c l e s  with c l u s t e r i n g  at  
some  o r i g i n a l  g r a i n  b o u n d a r i e s .  The s e c o n d a r y  or  t e r -  
t i a r y  i n t e r d e n d r i t i c  r eg ions  at  about  10 to 30 ~m in -  
t e r v a l s  a r e  fa in t ly  out l ined by the oxide and su l f ide  
p r e c i p i t a t e s .  

The m i c r o g r a p h s  in F i g .  10 a r e  f r a c t u r e  s u r f a c e s  
~t d i f f e ren t  magn i f i ca t ions  as  v iewed by scanning  e l e c -  
:ron m i c r o s c o p y .  The c h a r a c t e r i s t i c  cup and cone 
[ r a c t u r e s  a r e  ob ta ined ,  r e v e a l i n g  c l e a r l y  that  the 
s p h e r o i d a l  p a r t i c l e s ,  m o s t l y  within the r ange  i to 3 ~ m ,  
a r e  d i s t r i b u t e d  throughout  the m e t a l .  F ig .  10(c) shows 
c l e a r l y  the  typ ica l  sh r inkage  cav i ty  on a 6 g m  d iam 
oxysul f ide  p a r t i c l e .  The white  spot  seen  on th is  sphe -  
r i c a l  p a r t i c l s  i s  c aused  by the e l e c t r o n  beam used  in 
the  f l u o r e s c e n t  X - r a y  a n a l y s i s  of the inc lus ions �9  

To f ac i l i t a t e  b e t t e r  m e t a l l o g r a p h i c  examina t ion  of 
the oxysul f ide  i nc lu s ions ,  a s a m p l e  of F e - S - O  a l loy ,  
enc losed  in an evacua ted  s i l i c a  c a p s u l e ,  was  hea t  
t r e a t e d  at  1200~ for  1 h r ,  then quenched in w a t e r .  The 
l ight  m i c r o g r a p h  in F ig .  11 shows c l e a r l y  the eu tec t ic  
f r e e z i n g  of the l iquid oxysu l f ide .  

T h e s e  o b s e r v a t i o n s  subs t an t i a t e  the view that  the 
su l f ide ,  oxide ,  and o ther  inc lus ions  fo rm r e a d i l y  in the 
e n r i c h e d  i n t e r d e n d r i t i c  l iquid with l i t t l e  or  no s u p e r -  
s a t u r a t i o n  for  nuc lea t ion .  The inc lus ions  of the o r d e r  
of 1 to 3 ~ m  or  s m a l l e r  d i a m e t e r ,  d i s t r i b u t e d  u n i -  
f o r m l y  in the ca s t i ng  at  5 to 10 ~ m  i n t e r v a l s ,  appea r  
to have been  t r apped  within the dend r i t e  a r m s  and not 
pushed  into the i n t e r d e n d r i t i c  l iquid dur ing  the p r o g -  
r e s s  of f r e e z i n g ;  in these  ingots  the i n t e r d e n d r i t i c  
spac ing  is  within the r ange  50 to 80 ~ m .  Upon annea l -  
ing,  however ,  t h e r e  i s  a p p r e c i a b l e  growth of the l iquid 
oxysul f ide  p a r t i c l e s .  

F e - M n - S - C  Sys tem 

The m i c r o s e g r e g a t i o n  and the f o r m a t i o n  of sul f ide  
inc lus ions  dur ing  f r e e z i n g  of an a l loy  conta in ing  1.5 
pc t  Mn, 0.25 pc t  C and 0.05 or  0.1 pc t  S w e r e  p r e v i o u s l y  
i nves t i ga t ed  by Turkdogan  and Grange.~" The  b a s i c  
f e a t u r e s  of the phase  r e l a t i o n s  in F ig .  1 for  MnS- 

(a) (b) (c) 
Fig. 10--Fracture surfaces of Fe-0.14 pct S-0.04 pet O alloy as viewed in the scanning electron microscope showing spheroidal 
oxide and sulfide inclusions at different magnifications. 
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Fig. l l - -Micrograph showing wustite-pyrrhotite eutectic 
freezing of liquid oxysulfide in Fe-0.14 pct S-0.04 pct O alloy, 
annealed for 1 hr at 1200~ and water quenched. 

s a t u r a t e d  F e - M n - S  would apply even when t h e r e  i s  
some  ca rbon  in the s y s t e m .  In 1.5 pc t  Mn al loy the 
so l id  (6) i r on  f i r s t  f o r m e d  conta ins  about  1 pc t  Mn. As 
the so l id i f i ca t ion  p r o g r e s s e s ,  the manganese  and su l fur  
contents  of the i n t e r d e n d r i t i c  l iquid i n c r e a s e .  When 
the p roduc t  [%Mn][%S] in the en r i ched  l iquid exceeds  
that  of the " M n S "  so lub i l i ty  p roduc t  k', Eqs .  [2] and 
[3], m a n g a n e s e  su l f ide  inc lus ions  a r e  expec ted  to fo rm 
in the i n t e r d e n d r i t i c  l iquid.  F o r  the a l loy under  con-  
s i d e r a t i o n ,  the sul f ide  f o r m a t i o n  begins  at  90 to 95 pc t  
so l i d i f i c a t i on  as  e s t i m a t e d  by apply ing  the Schei l  
equat ion '9 for  m i c r o s e g r e g a t i o n  d i s c u s s e d  p r e v i o u s l y .  18 
At  th is  s t age  of f r e e z i n g  the so l id  conta ins  about  2 pc t  
Mn which i s  below the t e m p e r a t u r e  m a x i m u m  on un i -  
v a r i a n t  b in F ig .  1. As  the f r e e z i n g  p r o g r e s s e s  with 
p r e c i p i t a t i o n  of " M n S " ,  the su l fur  content  of the en -  
r i c h e d  l iquid wi l l  i n c r e a s e ,  but the manganese  content  
of the m e t a l  wi l l  d e c r e a s e  along the un iva r i an t  b. 
F i n a l l y ,  the l a s t  t r a c e s  of the l iquid r i ch  in su l fur  
(-33 pct)  wi l l  f r e e z e  at  the eu tec t ic  i nva r i an t  I (980~ 
However ,  in r e l a t i v e l y  f a s t - c o o l e d  c a s t i n g s  with low 
in i t i a l  su l fur  con ten t s ,  nonequ i l ib r ium f r e e z i n g  may  
be comple t e  be fo re  r e a c h i n g  the eu tec t ic  t e m p e r a t u r e .  
An i m p o r t a n t  deduct ion  made  f rom this  a n a l y s i s  i s  
that  al though t h e r e  i s  pos i t i ve  manganese  s e g r e g a t i o n  
in the i n t e r d e n d r i t i c  r eg ion ,  a s h a r p  d rop  in the m a n -  
ganese  concen t r a t i on  in the i m m e d i a t e  v ic in i ty  of the 
m a n g a n e s e  su l f ide  inc lus ion  is  an t i c ipa ted  in a l loys  
conta ining l e s s  than about  2 pc t  Mn. 

As d e m o n s t r a t e d  p r e v i o u s l y ,  is the m a n g a n e s e  s e g r e -  
gat ion is  r e a d i l y  o b s e r v e d  f rom the m i c r o s t r u c t u r e s  
of a s - c a s t  a l loys  conta in ing ca rbon  and m a n g a n e s e .  
The aus t en i t e  t r a n s f o r m a t i o n  to f e r r i t e  beg ins  in 
r e g i o n s  low in m a n g a n e s e ,  e .g.  d e n d r i t e  c o r e s ,  and 
u l t i m a t e l y  p e a r l i t e  f o r m s  in the i n t e r d e n d r i t i c  
m a n g a n e s e - r i c h  r e g i o n s .  Th is  i s  ev ident  f rom the 
m i c r o g r a p h  in F ig .  12(a) for  f a s t  cool ing in an ingot  
mold .  At  a h ighe r  magn i f i ca t ion ,  F ig .  12(b), we see  
that  the manganese  sul f ide  inc lus ions  a r e  embedded  
in a n a r r o w  f e r r i t e  band,  ind ica t ing  that  the m a n g a n e s e  
concen t ra t ion  in the i m m e d i a t e  v ic in i ty  is  low r e l a t i v e  
to the ne ighbor ing  i n t e r d e n d r i t i c  zone.  F ig .  13 i s  for  
a s lowly  cooled ca s t i ng  (mel t  was  a l lowed to f r e e z e  

(a) 

(b) 

Fig. 12--Distribution of sulfide inclusions in fast-cooled ingot. 
0.25 pct C, 1.5 pct Mn, 0.05 pct S. (a) Magnification 100 times. 
(b) Magnification 500 times. 

in the me l t ing  c ruc ib l e ) ,  aga in  showing the sul f ide  
inc lus ions  in a f e r r i t e  band in the i n t e r d e n d r i t i c  
r e g i o n s ;  the f e r r i t e  band in the s lowly  cooled  ingot  i s  
much wide r  than that  in the r ap id ly  cooled  ingot.  The 
m i c r o s e g r e g a t i o n  of manganese  accompany ing  f r e e z -  
ing (manganese  en r i chmen t )  and that  accompany ing  
the p r e c i p i t a t i o n  of MnS f r o m  the m e l t  (manganese  
deple t ion)  deduced  f rom F ig .  1 a r e  suppo r t ed  by the 
m i c r o s t r u c t u r e s  in F i g s .  12 and 13. 

On the b a s i s  of the fo rego ing  a r g u m e n t ,  i t  fol lows 
f rom the shape  of the u n i v a r i a n t  b in F i g .  1 that  in 
a l loys  conta in ing m o r e  than about 2 pc t  Mn, the m a n -  
ganese  su l f ide  inc lus ions  wi l l  be su r rounded  by m a n -  
g a n e s e - r i c h  m e t a l .  Because  of the e tching d i f f i cu l t i e s ,  
however ,  th is  p r e d i c t i o n  could not be v e r i f i e d  by m e t a l -  
l og raph i c  t echn iques .  

F e - M n - S - O  Sys t em 

The a l loy  i nves t i ga t ed  conta ined  l . l  pc t  Mn, 0.17 pc t  
S and 0.03 pc t  O, No. 3 in Tab le  I. Acco rd ing  to Eq.  
[6], th is  a l loy  beg ins  to f r e e z e  at  about 1529~ where  
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(a) 

(b) 
Fig. 13--Distribution of sulfide inclusions in slow-cooled ingot. 
0.25 pct C, 1.5 pct Mn, 0.05 pct S. (a) Magnification 96 times. 
(b) Magnification 480 times. 

the mel t  is  sa tu ra ted  with " M n O " .  As the so l id i f i -  
ca t ion p r o g r e s s e s ,  more  oxide (MnO with 5 to 10 pct 
FeO) p rec ip i t a t e s ,  the concen t ra t ions  of manganese  
and sulfur  in the in t e rdendr i t i c  l iquid i n c r e a s e ,  and 
the co r respond ing  manganese  content  of the 5 phase 
i n c r e a s e s  within the th ree -phase  field (5 + Ox. + /2) 
bounded by un iva r i an t s  e and f in Fig.  3. When the 
compos i t ion  r eaches  the un iva r i an t  f ,  l iquid oxysulfide 
(lt) begins  fo fo rm.  For  the alloy inves t iga ted  this 
point  is  r eached  at about 80 pct  so l id i f ica t ion when the 
enr iched  l iquid conta ins  about 1.4 pct Mn and 0.56 pct  
S in solut ion for which the es t ima ted  l iquidus t e m p e r -  
a ture  is  about 1522~ * At this  s tage,  m o s t  of the 

*In calculating the impurity enrichment in the interdendritic liquid using the 
Schefl equation ~9 it is assumed that there is complete mixing in the liquid, no dif- 
fusion of manganese, but complete diffusion of oxygen and sulfur in the dendrites. 

in i t i a l  oxygen in the liquid s tee l  is  expected to be in 
the oxide fo rm.  As sol id i f ica t ion p r o g r e s s e s  fu r the r ,  
the amount  of l iquid oxysulfide (ll) i n c r e a s e s ,  the 
amount  of me ta l l i c  l iquid (/2) d e c r e a s e s ,  accompanied  
by an i n c r e a s e  in the manganese  content  along u n i -  
va r i an t  f ,  F ig .  3, and a co r re spond ing  d e c r e a s e  in the 
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'MnS': 'MnO' 

Fig. 14--Fracture surface of Fe-l .1 pct Mn-0.14 pct S-0.04 
pct O alloy as viewed in the scanning electron microscope 
showing oxide and sulfide inclusions. 

su l fur  content  of the meta l .  
If the ra te  of cooling is suff ic ient ly  slow and 

equ i l i b r ium is main ta ined  between the enr iched  l iquid 
and MnO - sa t u r a t e d  oxysulf ide,  the las t  meta l l i c  liquid 
wil l  f reeze  at about 1225~ at the i nva r i a n t  point  VI, 
Fig .  3, where  the ex tens ion  of un iva r i an t  f (f') i n t e r -  
sec t s  h. However,  as d i s cus sed  e a r l i e r ,  the oxides 
and sulf ides  fo rming  f rom the enr iched  liquid a re  
t rapped by the growing dendr i t e s  and equ i l i b r ium is 
not l ikely to be main ta ined  between the p rec ip i ta t ing  
oxides,  su l f ides ,  and the r e s idua l  l iquid meta l .  T h e r e -  
fore ,  in the cas t ing ,  nonequ i l i b r ium f reez ing  of the 
las t  l iquid me ta l  wi l l  occur  at some point on the un i -  
va r i a n t  f below perhaps  i nva r i an t  VIII. Upon fur ther  
cooling there  is f i r s t  the 5 ~ y t r a n s f o r m a t i o n ,  and 
the oxysulfide sa tu ra ted  with MnO r e m a i n s  l iquid u n -  
t i l  a t e m p e r a t u r e  of about 1210~ is  r eached ,  i.e. 
u n i v a r i a n t  h, F ig .  3, where  the equ i l i b r ium phases  
a re :  v - i r o n ,  "MnO",  "MnS" and ll .  Below this t e m -  
p e r a t u r e ,  eutect ic  f reez ing  of the l iquid (lt) gives 
"MnS" and more  " M n O " .  Again,  if equ i l i b r ium were  
to be main ta ined  at slow cooling r a t e s ,  the p r e c i p i -  
tat ion of MnS would continue unt i l  the eutect ic  i n v a r i -  
ant  V, Fig.  3, is reached  at 900~ and the equ i l i b r ium 
manganese  content  of ~ - i r o n  in the v ic in i ty  of the 
oxysulfide would dec rea se  along the u n i v a r i a n t  h. 
However ,  nonequ i l ib r ium eutect ic  f reez ing  is  l ikely to 
occur  somewhere  on u n i v a r i a n t  h, perhaps  with l i t t le 
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Fig. 15---Fluorescent X-ray spectra of Mn(Fe)O (top) and 
Mn(Fe)S (bottom) inclusions on the fracture surface of Fe-l.1 
pct Mn-0.14 pct S-0.04 pct O alloy�9 

or no change in the manganese  concent ra t ion  of the 
me ta l .  

In the foregoing ana lys i s ,  it  is a s sumed  that the 
l iquid oxysulfide is  sa tu ra ted  with "MnO"  throughout 
the p r o g r e s s  of so l id i f ica t ion .  Of course ,  this may not 
n e c e s s a r i l y  be the case .  Depending on the manganese  
content  and the ra t io  %O/%S in the mel t ,  the f i r s t  i n -  
c lus ion  formed dur ing  f reez ing  could be the oxide, 
sulf ide,  or the liquid oxysulfide.  F r o m  the "M nO "  and 
"MnS"  solubi l i ty  p roduc ts ,  it  is p red ic ted  that at high 
manganese  contents  (grea ter  than about 1 pct Mn for 
which aMn Sand aMn O are  close to unity) and at the 
f reez ing  t e m p e r a t u r e  of 1525~ " M n O "  fo rms  f i r s t  
when (%O/%S) > 0.087 which is the case in the example 
cons ide red  above. 

Pol i shed sec t ions  of the qua t e rna ry  alloy i n v e s t i -  
gated look much like that for the Fe-0 .14  pct S-0.04 pct 
O t e rna ry  alloy shown in Fig .  9. The f r ac tu re  su r f aces  
of the qua te rna ry  al loys are  shown in Fig.  14 at low and 
high magni f ica t ions .  Typica l  examples  of the f l u o r e s -  
cent  X - r a y  spec t ra  obtained f rom seve ra l  inc lus ions  in 
d i f ferent  reg ions  on the f r ac tu re  sur face  are  given in 
Fig .  15 showing that some inc lus ions  are  Mn(Fe)O and 
some Mn(Fe)S. The amount  of i ron  assoc ia ted  with the 
oxides and sulf ides cannot  be es t ima ted  f rom the 
f luo rescen t  X - r a y  spec t ra  because  of the X - r a y  sca t t e r -  
ing f rom the me ta l  su r round ing  the inc lus ion .  Of the 
five inc lus ions  in Fig .  14 (bottom), one at the cen te r  
and one at the ex t reme  left  a re  "MnS"  and the other 
inc lus ions  are  " M n O " .  These  observa t ions  subs t an t i -  

METALLURGICAL TRANSACTIONS 

O 

Fig. 16--Mierographs showing "MnS"-"MnO" eutectic freezing 
of liquid oxysulfide in Fe- l �9  pct Mn-0.17 pet S-0�9 pct O alloy, 
annealed for 1 hr at 1450~ and water quenched. Inclusion 
growth during the anneal is indicated by the presence of inclu- 
sion depleted zone around large oxysulfide spheroids�9 

ate the view once again that the oxides and sulf ides 
formed in the enr iched  l iquid dur ing  f reez ing  a r e  
trapped within growing dendr i te  b r anches  and a re  not 
pushed into the ma in  in t e rdendr i t i c  region�9 When the 
oxygen and su l fur  concen t ra t ions  are  low, e.g. -'0.01 to 
0.015 pct as in mos t  s t e e l s ,  the oxysulfide inc lus ions  
form only at the la ter  s tages  of f reez ing ,  e.g. beyond 
about 95 pct sol idif icat ion;  hence on the pol ished and 
sui tably etched sec t ions  of the cas t ing,  sma l l  i nc lu -  
s ions  may act as m a r k e r s  de l ineat ing  the posi t ion of 
the in t e rdendr i t i c  r eg ions ,  F igs .  12 and 13. 

Samples  of the manganese  alloy inves t iga ted ,  con-  
ta ined in evacuated s i l i ca  capsu les ,  were  annealed for 
1 hr at 1450~ and water  quenched.  This  t r e a t m e n t  
r e su l t ed  in apprec iable  growth of the inc lus ions  which, 
as seen f rom the mi c r og r a phs  in Fig .  16, appear  to 
have been mol ten  at the anneal ing t e m p e r a t u r e ,  in 
accord  with the equ i l i b r ium d iag ram in F ig .  3. The 
manganese - su l f i de  inc lus ions  (grey) were  obviously 
fo rmed  at the eutect ic  un iva r i an t  h dur ing  the water  
quench.  The growth of inc lus ions  dur ing  the high- 
t e m p e r a t u r e  anneal  is a lso evidenced f rom the deple-  
t ion of small inclusions around the large oxysulfide 
spheroids, faintly detectable in Fig. 16. 

CONC LUSIONS 

The phase relations in Mn(Fe)O-saturated Fe-Mn- 
S-O calculated from available data and some theoreti- 
cal considerations are verified by differential thermal 
analysis of three alloys containing I . I ,  3.3, and 4.8 pct 
Mn, together with some sulfur and oxygen. It is found 
that the (x-y, y-5 and solidus temperatures are similar 
to those of the Fe-Mn manganese binary system. The 
univariant for the y-iron/"MnO"/"MnS"//liquid 
oxysulfide equilibrium, estimated from thermodynamic 
principles, is verified experimentally. This univariant 
extends from the eutectic invariant at 900~ with I0 
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p p m  M n  in  s o l u t i o n  i n  t h e  m e t a l  t o  a b o u t  1220~  a t  
a b o u t  90 p c t  M n .  

M i c r o s c o p i c  o b s e r v a t i o n s  on  f r a c t u r e  s u r f a c e s  ( u s i n g  
e l e c t r o n  m i c r o s c o p y )  a n d  e t c h e d  s e c t i o n s  of  F e - S - O ,  

F e - M n - S - C ,  a n d  F e - M n - S - O  a l l o y s  s u b s t a n t i a t e d  t h e  
m o d e  of  f o r m a t i o n  o f  t h e  o x i d e ,  s u l f i d e  a n d  o x y s u l f i d e  
i n c l u s i o n s  d u r i n g  s o l i d i f i c a t i o n  a n t i c i p a t e d  f r o m  a 
s i m p l e  c o n c e p t u a l  a n a l y s i s .  
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T h e  a u t h o r s  w i s h  to  t h a n k  C .  E .  B r i c k n e r  of  t h i s  

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