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New data on the F e - M n - S  phase d iag ram are  presen ted .  One conclusion drawn using these 
data  is that  the rod - l i ke  "Type  I I "  sulf ides  in s t ee l  r e su l t  f r o m  eutec t ic  sol id i f ica t ion,  not 
monotec t i c  so l id i f ica t ion .  Effects  of oxygen, carbon,  s i l icon,  and other  e l e m e n t s  on m o r -  
phology of su l f ides  is shown exper imenta l ly .  Oxygen leads to fo rmat ion  of Type I inclusions.  
Carbon and s i l i con  reduce  the solubi l i ty  of sulfur  in the mel t  and lead to va r i ous  types of 
face ted  sul f ides  including a face ted  homologue of the rod- l ike  Type II eutect ic ,  and the 
" d i v o r c e d "  eu tec t ic ,  Type III. 

S U L F I D E  inc lus ions  have long been a p rob lem of m a -  
j o r  conce rn  to s t e e l m a k e r s  because  inclusion morpho l -  
ogy has a s t rong  e f fec t  on ducti l i ty.  Some types of in-  
t e rdend r i t i c  su l f ides  which a re  a s soc ia ted  with the ad-  
dit ion of a s t r o n g  deox id ize r  a re  pa r t i cu l a r l y  d e t r i m e n -  
tal .  However ,  deoxidat ion is f requent ly  n e c e s s a r y  to 
p reven t  the f o r m a t i o n  of b low-holes  and poros i ty .  

Much e f fo r t  has  been made to unders tand and con-  
t ro l  sulfide morphology.  The work of Sims z-? is p a r -  
t i cu l a r ly  wel l  known. He proposed  a s y s t e m  for  c l a s -  
s i fying gene ra l  morpho log ica l  types which has p e r -  
s i s t ed  in the l i t e r a t u r e .  He defined Type I as globular  
oxy-su l f ides ,  Type II as  the shee t - l ike  o r  rod- l ike  
f o r m s  a s soc i a t ed  with deoxidat ion and reduced  impact  
s t rength ,  and Type III as an angular  f o r m  s o m e t i m e s  
found in deoxidized me l t s .  Dahl, Hengstenberg  and 
Duren, e Mohla and Beech,  %x~ and o thers  u ' t z  have 
helped define the p a r a m e t e r s  which influence sulfide 
morphology.  However ,  p rev ious  r e s e a r c h  into sulfide 
inclusion fo rma t ion  has  gene ra l l y  been done in c o m -  
p l ica ted  a l loy  s y s t e m s  whe re  i so la t ion  and cont ro l  of 
a l l  the v a r i a b l e s  is diff icul t ,  o r  has concent ra ted  on a 
l imi ted  compos i t ion  range .  The p r e s e n t  r e s e a r c h  e l i m -  
inates  some  of these  v a r i a b l e s  by s t a r t ing  with the 
s imple  F e - M n - S  t e r n a r y  sys tem.  The ef fec ts  of con-  
t ro l l ed  amounts  of some added e l emen t s  a re  then also 
studied. Deoxidat ion is accompl i shed  e i the r  by a c a r -  
bon boi l  or  by the addition of a luminum. The ef fec t  of 
cool ing ra te  on morphology  is studied for  a few compo-  
s i t ion ranges .  F r a c t u r e  s u r f a c e s  f r o m  spec imens  con-  
taining r e p r e s e n t a t i v e  example s  of the d i f ferent  inc lu-  
sion morpho log ies  a re  examined  with a scanning e l e c -  
i ron  m i c r o s c o p e .  

EXPERIMENTAL PROCEDURE 

The expe r imen t a l  a l loys  were  made and sol idif ied 
in a vacuum induction furnace ,  using high pur i ty  a lu-  
mina c ruc ib l e s .  The ingots ranged in s ize  f rom 50 to 
500 g rams .  High pur i ty  m a t e r i a l s ,  such as " F e r r o -  
v a c - E "  iron,  were  used throughout.  Additions of 
m a s t e r  a l loys  containing manganese ,  carbon,  and the 
o ther  e l emen t s  were  made d i r ec t l y  to the me l t  in the 
c ruc ib le ,  usual ly  at 1650~ During in i t ia l  heating a 
vacuum of one- ten th  of a m i c r o n  was used.  When the 
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loss  of vo la t i l e  e l emen t s  began to i n c r e a s e  around 
1200~ the furnace  was b a c ~ i l l e d  with one -ha l f  an a t -  
mosphere  of he l ium to min imize  these l o s s e s .  When 
a earbon-deoxida t ion  was requ i red ,  i t  was p e r f o r m e d  
by pumping back down to 1000 mic rons  to obtain a boil,  
then back- f i l l i ng  again dur ing sol idif icat ion.  Var ious  
cooling r a t e s  f r o m  0 .1~ to 100~ w e r e  obtained 
by cooling with reduced induction power,  by l i f t ing the 
c ruc ib le  out  of the suscep to r ,  o r  by touching the s u r -  
face of the m e l t  with a wa te r  cooled i ron  tube. T e m -  
pe ra tu re  was m e a s u r e d  by means  of a p l a t i num -p l a t i -  
num/10 pet  rhodium thermocouple  which was p ro tec ted  
by an a lumina  tube and i n se r t ed  into the mel t .  T e m p e r -  
a ture  was continuously moni to red  and r e c o r d e d  on a 
s t r ip  char t .  

THE F e - M n - S  PHASE DIAGRAM 

The F e - M n - S  sys tem has been defined in the l i t e r a -  
t a re  in i ts  gene ra l  outline,  but there  is d i s a g r e e m e n t  
on some de ta i l s ,  and a l m o s t  no f i r m  data  which can be 
used for  quant i ta t ive  s tudies .  ~3-z8 The impor t an t  p o r -  
tion of the phase d i a g r a m  in the i ron  c o r n e r  was i n v e s -  
t igated to provide  more  de ta i led  informat ion.  The c o m -  
posi t ions of spec imens  used fo r  the phase d i ag ram and 
morpholog ica l  s tudies  are  given in Tables  I and II. De-  
oxidation of the mel t  was accompl i shed  e i t he r  by a 
ca rbon-bo i l ,  or  by the addition of a luminum in o rde r  
to d e t e r m i n e  whether  changes in so l id i f ica t ion  behav-  
ior  o r  sulf ide morphology would resu l t .  No changes 
were  obse rved .  

Fig.  1 shows the l iquidus i so the rms  in the i ron  c o r -  
ner  of the F e - M n - S  sys tem.  The i s o t h e r m s  were  de-  
r ived  f r o m  the sol id i f ica t ion curves  of some  of the 

Table I, Fe-Mn-S System (Aluminum Deoxidized) 

Liquidus 
Alloy Mn S O Al(sol) Al(insol) O/S Type Temp, ~ 

1" 0.10 0.009 0.09 IIS 
2 3.22 0.40 IIR, D, IP 1511 
3 3.72 0.45 IIR, D, IP 1509 
4 1.50 0.51 0.0046 0.053 0.009 fIR 
5 1.30 0.78 0.058 0.018 0.011 0.08 IIR, IIS 1486 
6 3.18 0.82 0.0016 0.059 0.002 IIR, D, IP 1492 
7 1.42 0.87 0.029 0.008 0.005 0.03 IIR, IIS, D 1480 
8* 0.02 1.41 0.043 0.002 0.004 0.03 IIS 148I 
9 2.81 0.72 0.0018 0.074 IIR, D 

*Aluminum was not added to these melts. However, since they do not properly 
fit into the Fe-Mn-S-O system or the carbon-deoxidized system they have been 
included here. 
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Table II. Fe-Mn-S System (Carbon Deoxidized) 

Liquidus 
Alloy Mn S O C Other O/S Type Temp, ~ 

10 4.51 0.37 0.0009 0.036 0.003 IIR, IP, D 
11 3.64 0.77 0.0018 0.084 0.002 IlR, IP 
12 1.13 0.42 0.0027 0.014 0.006 IIR 
13 2.03 0.78 0.0049 0.020 0.006 IIR, IP, D 
14 4.90 1.01 0.0029 0.023 0.003 IIR, IP, D 
15 2.76 1.18 0.013 0.027 0.011 IIR, IP, D 
16 2.07 1.22 0.0059 0.077 0.005 IIR, IP, D 
17 0.93 1.30 0.0041 0.0065 AI=0.006 0.003 IIR, IIS, IP 
18 3.66 1.30 0.0042 0.078 P=0.003 0.003 IIR, IP, D 
19 2.81 1.87 0.0027 0.054 0.001 IIR, D, IP 
20 0.00 1.83 0.0073 0.0026 0.004 IIS 
21 0.63 2.62 0.011 0.042 0.004 IIS, IIR, IP 

1496 

1494 
1490 
1490 

Table III. Fe-Mn-S-O System 

Liquidus 
Alloy Mn S O Al(sol) Al(insol) O/S Type Temp, ~ 

22 0.17 I 
23 0.12 0.07 0.01 0.14 I 
24 0 .12  0.07 0.01 0.14 I 
25 0.52 0.20 0.029 0.14 l, lls 
26 0.67 0.20 0.29 IIS, I 
27 0.56 1.56 0.033 0 .006 0.009 0.02 IIS, ! 
28 0.32 1.63 0.069 0.002 0.001 0.04 I, IIS 
29 1.89 1.10 0.10 0.09 IIR, IIS, I 
30 2.78 0.21 0.075 IIS, I 
31 8.22 0.40 0.05 IIS, I 

1466 
1468 

Fig. 1--Liquidus i so the rms  and eutect ic  in i ron  co rne r  of F e -  
Mn-S system.  

s p e c i m e n s ,  a s  l i s t e d  in  T a b l e s  I, II, a n d  HI. The  t e m -  
p e r a t u r e  a t  w h i c h  t h e r m a l  a r r e s t  o c c u r r e d  upon  c o o l -  
ing  w a s  t a k e n  as  the  l i q u i d u s  t e m p e r a t u r e .  A l t h o u g h  
t h r e e  of the  d a t a  p o i n t s  w e r e  t a k e n  f r o m  the  F e - M n -  
S - O  s y s t e m  ( T a b l e  HI) t he  o x y g e n  l e v e l s  w e r e  low 
e n o u g h  so  t h a t  the  e r r o r  f r o m  the  i m p u r i t y  o x y g e n  
s h o u l d  be  5~ o r  l e s s .  The  e u t e c t i c  v a l l e y  r i s e s  to 
a m a x i m u m  n e a r  1510~ It  r e m a i n s  r o u g h l y  on  a 
p l a t e a u  in the  c o m p o s i t i o n  r a n g e  3 - 5  pc t  Mn, 0 .5  p c t  
S, b u t  f a l l s  r a p i d l y  t o w a r d  the  F e - S  b i n a r y  s i d e  and  
s l o w l y  in  the  d i r e c t i o n  p a r a l l e l  to the  F e - M n  b i n a r y .  

Fig. 2- -Appearance  of Fe-Mn-S  t e r n a r y ,  qual i ta t ively r e p r e -  
sented. T e m p e r a t u r e s  in ~ 

A q u a l i t a t i v e  r e p r e s e n t a t i o n  of a p o r t i o n  of  t h e  F e -  
M n - S  p h a s e  d i a g r a m  is  s h o w n  in  F ig .  2, w h i c h  h a s  
b e e n  d i s t o r t e d  to show the  f e a t u r e s  m o r e  c l e a r l y .  T h e  
t e m p e r a t u r e s  r e p r e s e n t  t h e  a u t h o r s '  b e s t  j u d g e m e n t  
of the  c o r r e c t  v a l u e s  f r o m  p r e v i o u s  r e s e a r c h , ~ 3 - ~  as  
s u p p o r t e d  o r  m o d i f i e d  b y  o u r  own  o b s e r v a t i o n s  a n d  e x -  
p e r i m e n t s .  T h e  o b s e r v e d  p r e c i p i t a t i o n  an d  g r o w t h  b e -  
h a v i o r  of the  s u l f i d e s  i s  c o n s i s t e n t  w i t h  t h e  t e m p e r a -  
t u r e  v a l u e s  a n d  p h a s e  b o u n d a r i e s  s h o w n  o n  F i g .  2. The  
d i a g r a m ,  f o r  e x a m p l e ,  a g r e e s  w i t h  Voge l ,  "8 b u t  n o t  w i th  
S c h u r m a n n ,  17 in  t h a t  the  m i s c i b i l i t y  gap  d o e s  n o t  i n t e r -  
s e c t  t h e  e u t e c t i c  v a l l e y  on  t h e  F e - F e S  s i d e ,  ~9 b e c a u s e  
the  s u l f i d e  m o r p h o l o g i e s  w h i c h  w e r e  found  in  t h a t  r e -  
g i o n  w e r e  n o t  c o n s i s t e n t  w i th  S c h u r m a n n ' s  v e r s i o n .  

S U L F I D E  M O R P H O L O G Y  IN T H E  
F e - M n - S  S Y S T E M  

Sul f ide  m o r p h o l o g y  in t h i s  s y s t e m  w a s  i n v e s t i g a t e d  
b y  a d d i n g  m a n g a n e s e  to a s u l f u r - b e a r i n g  m e l t  a t  v a r i -  
o u s  t e m p e r a t u r e s ,  f o l l o w e d  b y  s o l i d i f i c a t i o n  o v e r  a 
r a n g e  of  r a t e s .  F ig .  3 i s  a q u a l i t a t i v e  p r o j e c t i o n  of 
the  F e - M n - S  d i a g r a m  s h o w i n g  t h e  i m p o r t a n t  f e a t u r e s ,  
an d  i s  d i v i d e d  f o r  d i s c u s s i o n  p u r p o s e s  in to  s i x  r e g i o n s  
b y  the  s t o i c h i o m e t r i c  MnS l i n e  a n d  e u t e c t i c  a n d  m o n o -  
t e c t i c  b o u n d a r i e s .  

W h e n  s u f f i c i e n t  m a n g a n e s e  i s  a d d e d  to a s u l f u r -  
b e a r i n g  m e l t  h e a t e d  to 1650~ s o  t h a t  t h e  m e l t  c o m -  
p o s i t i o n  f a l l s  in to  R e g i o n  A, w i t h i n  the  m i s c i b i l i t y  
gap,  t h r e e  t y p e s  of s u l f i d e  i n c l u s i o n  a r e  f o r m e d  on  
s u b s e q u e n t  c o o l i n g :  s p h e r i c a l  MnS p a r t i c l e s  w i t h  i n -  
c l u d e d  i r o n ,  MnS d e n d r i t e s ,  a n d  r o d - l i k e  i n c l u s i o n s  
w h i c h  a r e  of  the  t ype  u s u a l l y  c a t e g o r i z e d  a s  Type  II, 
an d  a r e  h e r e  d e s i g n a t e d  Type  I IR (F ig .  4). T h e s e  
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Fig. 3--Qualitative projection of Fe-Mn-S systems, divided 
into six composition regions for purposes of discussion. 

Fig. 4--Alloy 18, from Table II. 3.7 pet Mn, 1.3 pct S, Mag- 
nification 240 times. 

morphologies  can be explained as follows: When the 
manganese  is added, l iquid s lag  drople ts  form and 
float  toward the sur face .  When the mel t  t empera tu re  
fa l ls  to the monotect ic  L M + L S - -  L M + L S + MnS 
(solid) in the range 1610 to 1580~ and the s lag  drop-  
le ts  f reeze ,  while r e j ec t ing  s m a l l  amounts  of i ron.  As 
the drople t  sol idif ies  i t  sh r inks ,  with r e su l t an t  i n t ru -  
s ion of the liquid i ron,  Fig.  5. These round inc lus ions  
a re  di f ferent  f rom Sims '  convent ional  Type I inc lus ions  
and a re  here designated Type IP because  they a re  a 
p r i m a r y  phase.  They occur  in deoxidized mel ts  with 
an excess  of sulfur  and manganese .  Below the mono-  

Fig. 5--Alloy 6, Table I. Detail of typical large Type I MnS 
inclusion, showing intrusion of liquid iron on solidification 
of droplet, 3.18 pct Mn, 0.82 pct S, Magnification 600 times. 

tect ic ,  sulfide dendr i t es  nucleate  and grow into the 
me l t  as the t e m p e r a t u r e  fa l ls  toward the eutect ic  va l -  
ley. As the t empera tu re  drops below the eutect ic ,  at 
1510~ or less ,  i ron  dendr i tes  are  nuclea ted  while 
manganese  sulfide continues to prec ip i ta te  on the p r e -  
exis t ing  solid sulfide s lag  pa r t i c l e s  and dendr i t es .  
Cooperative growth subsequent ly  occurs ,  with the r e -  
sul t ing rod eutect ic  compr i s ing  the r e m a i n d e r  of the 
s t ruc tu re ,  (Fig. 4). 

If the composi t ion fal ls  exact ly  on the eutect ic  so 
that p reex is t ing  solid sulfide is absent ,  then the s t r u c -  
ture  cons is t s  of 100 pct eutect ic  (Fig. 6). F r e d r i k s s o n  
and Hi l ler t  2~ recen t ly  concluded that the rod- l ike  inc lu-  
s ions  are the r e s u l t  of a monotect ic  react ion,  not of 
entect ic  sol idif icat ion,  and Baker and Char les  zl have 
also cons idered  this  poss ibi l i ty .  However, the me l t -  
ing point of MnS, while not spec i f ica l ly  m e a s u r e d  in 
this r e s e a r c h ,  was observed  to be well  above the me l t -  
ing point of iron,  not in the 1530~ range  a s sumed  by 
F r e d r i k s s o n  and Hil ler t .  ~4 Manganese sulfide dendr i tes  
f requent ly  extend ac ross  and through s e ve r a l  ne ighbor -  
ing i ron dendri te  a r m s  (Figs.  4 and 7). This is c l ea r ly  
possible  only if the sulfide sol idif ied f i r s t  and was la ter  
sur rounded  by the i ron  dendr i tes  (Figs.  4 and 7). In the 
spec imen  shown in Fig. 7 the manganese  was added at 
a t empera tu re  (1547~ well above the f r eez ing  point 
of i ron and in the composi t ion region  A. Excess  MnS 
beyond the liquid solubi l i ty  l imi t  immedia t e ly  sepa-  
ra ted  as MnS dendr i tes .  The p r i m a r y  type IP slag 
droplets  were not formed,  s ince the t e mpe r a t u r e  was 
below the f reez ing  point of the sulfide.  Since the su l -  
fide is sol id above the mel t ing point  of iron,  rod fo r -  
mat ion in this spec imen  and s i m i l a r  de-oxidized spec-  
imens  mus t  be by eutect ic  sol idif icat ion.  
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Fig. 6--Alloy 15. Rod eutectic. 2.76 pct Mn, 1.18 pct S, Mag- 
nification 240 times. 

Fig. 8--Alloy 17. Composit ion ini t ial ly in Fe and L m reg ion  
on man g an es e - r i ch  side of phase  d iagram.  1,13 pct  Mn, 0.42 
pct S, Magnification 300 t imes .  

Fig. 7--Alloy 9. Extensive sulfide dendrites, together with 
Type HR, formed when manganese is added to a melt at 
1547~ below the freezing temperature of MnS, to put the 
overall composition in the L + MnS region. 2.81 pct Mn, 
0.72 pct S, Magnification 120 times. 

Fig. 9--Alloy 12. Degenerate  rod morphology. 0.93 pct Mn, 
1.3 pct S, Magnification 600 t imes .  
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Fig. 10--Alloy 20. Sheet-like Type IIS sulfide formed at high 
sulfur level in the absence of manganese. 0 pct Mn, 1.83 pct 
S, Magnification 88 times. 

Fig. 12--Scanning electron microscope picture of Type I in- 
clusions in Alloy 25. 0.52 pet Mn, 0.20 pct S, 0.029 pet O, 
Magnification 1600 times. 

Fig. l l--Alloy 23. Duplex Type I inclusions of MnO and MnS. 
0.12 pct Mn, 0.07 pct S, 0.01 pet O, Magnification 1200 times. 

Sol idif icat ion of compos i t ions  in Region C leads  to 
the p rec ip i t a t ion  of p r i m a r y  i ron  dendr i t e s  fol lowed 
by in te rdendr i t i c  rod eu tec t i c  (Fig.  8). On the o ther  
hand, if the re  is an in i t ia l  e x c e s s  of su l fur  ove r  man-  
ganese (Region D) or  if the d i f fe ren t  s e g r e g a t i o n  r a -  
t ios of these  e l emen t s  dur ing  so l id i f ica t ion  c r e a t e s  
an exces s  in the r ema in ing  liquid,  then a duplex MnS- 
FeS sulfide r e su l t s .  This sulf ide can have a d e g e n e r -  
ate rod f o r m  (Fig.  9), but t r a n s f o r m s  into the s h e e t -  
like fo rm we designate  Type IIS as the Mn/S ra t io  is 
d e c r e a s e d  (Fig.  10). 

Type I l l  inclusions w e r e  not found in the deoxidized 

Fig. 13--Pseudo-binary cuts between Fe and MnS for pure 
system (dashed lines), and for carbon saturated system. 
Shows that an initial composition of 2.45 pet Mn and 0.24 pet 
S would intersect Fe + L m region in the former,  and MnS 
+ L m region in the latter. 

F e - M n - S  sy s t em ,  even when a subs tant ia l  e x c e s s  of 
a luminum was p resen t ,  as in some a l loys  in Table I. 
Deoxidation by a carbon  boil ,  p rovided  the r e s idua l  
amount of carbon  is sma l l ,  is l ikewise  incapable of 
producing Type III inc lus ions .  These r e s u l t s  a re  con-  
s i s ten t  with the findings of Dahl, Hengstenberg,  and 
Duren. 8 
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SULFIDE MORPHOLOGY IN THE 
Fe-Mn-S-O SYSTEM 

Little experimental information is available on this 
system although Hilty and Crafts m explored certain 
features of it, and presented a qualitative section of 
the phase diagram which is apparently incorrect in 
certain-features. TM A few experimental melts were 
made in this system, (Table Ill). 

Type I inclusions form in commercial alloys as 
secondary inclusions during growth of iron dendrites 
when segregation of oxygen and sulfur into the inter- 
dendritic spaces reaches a sufficiently high level, 
(Fig. 11). The droplets are entrapped by the growing 
dendrites 22 and eventually freeze after the metal, re- 
sulting in shrinkage dimples (Fig. 12). When slag 
drople ts  are  formed in this m a n n e r  by secondary  p r e -  
c ipi ta t ion in commerc i a l  composi t ions ,  Type IIR and 
IIS inc lus ions  are genera l ly  not found. However, at 
higher  levels  of sul fur  (Alloys 25-31) the sheetl ike 
morphology can coexis t  with Type I. At these compo- 
s i t ion leve ls ,  the misc ib i l i ty  gap is in te r sec ted  e a r -  
l i e r  in sol idif icat ion r e su l t i ng  in the fo rmat ion  of 
drople ts  which are often found ent rapped within den-  
dr i te  a r m s .  In the case of the pure F e - S - O  sys tem 22 
a pla i t  point is reached as sol id i f ica t ion proceeds,  
followed f inal ly  by the fo rmat ion  of Type I'IS inc lu-  
s ions .  S imi lar  behavior  is observed  in the p resen t  
sys t em which is modified by manganese ,  except that 
at h igher  manganese  levels  (Alloy 29) some of the rod 
eutect ic  also prec ip i ta tes .  

Fig. 14--Derived from Schurmann.17 Shows sulfur solubility 
as a function of temperature and manganese content for iron 
melted in a graphite crucible. Dashed curved line is the 
boundary between the miscibility gap and region of solid sul- 
fide formation. If initial melt composition falls on one of the 
diagonal parallel lines, subsequent melt composition follows 
the same line as temperature decreases. 

SULFIDE MORPHOLOGY IN Fe -Mn-S  
ALLOYS WITH C AND Si 

Angular  or faceted sulf ides (Type III) occur r ing  in 
deoxidized commerc i a l  al loys r e s u l t  f rom the s e g r e -  
gation of manganese  and su l fur  together  with e lements  
such as carbon and s i l icon  which dec rea se  sulfur  so lu -  
b i l i ty  and extend the l iquid state to lower  t empera tu re s .  
The pronounced effect of carbon can be seen  in Fig. 13. 
This f igure  was der ived  f rom the work of Schurmann,  i~ 
Fig. 14, on the equ i l ib r ium of manganese  and sulfur  in 
i ron  which is melted in a graphite  c ruc ib le  and is t h e r e -  
fore sa tura ted  with carbon.  Schu rmann ' s  d iagram is not 
a t rue t e r n a r y  d iagram nor  equivalent  to a s e r i e s  of 
sec t ions  through the F e - M n - S - C  q u a t e r n a r y  s ince the 
carbon content is not constant ,  but is neve r the le s s  a 
useful  cons t ruc t ion  for i l l u s t r a t ing  the effect of carbon 
on su l fur  solubil i ty.  If a ve r t i ca l  plane is e rec ted  which 
passes  through 2.45 pct Mn, 0.24 pct S (Alloy 34) and 
MnS in Fig.  14 it would i n t e r s ec t  the phase boundar ies  
as shown in Fig. 13 by the solid l ines .  For  compar ison,  
a s i m i l a r  plane through the Fe -Mn-S  t e r n a r y  would 
genera te  the dashed l ines .  The impor t an t  di f ferences  
are  the lowering of the eutect ic  t empe ra tu r e  and the 
grea t  reduct ion  in su l fur  solubi l i ty  at the eutect ic .  The 
ve r t i c a l  l ine shows that Alloy 34 would precipi ta te  i ron  
as the p r i m a r y  solid phase in the absence  of carbon,  but  
that nea r  carbon sa tu ra t ion  the p r i m a r y  solid phase b e -  
comes the sulfide. The t empera tu re  range  over which 
solid sulfide can precipi ta te  at this composi t ion is more  
than 300~ greater than in the basic Fe-Mn-S system. 
The solubility limit for sulfur in Alloy 34 should be 
reached between 1500~ and 1550~ at which point den- 
drites of MnS will begin to grow in the melt. Type IT[ 

Fig. 15--Type Ill inclusions in Alloy 34. 2.45 pct Mn, 0.24 pct 
S, 4.43 pct C, Magnification 600 times. 

inc lus ions  were also found at these levels  of carbon,  
sulfur ,  and manganese  in Alloys 34 to 36. Examples  
of the morphologies  observed  a re  shown in Figs .  15 
to 17. Prec ip i ta t ion  of sulf ides may reduce  the sulfur  
level  in the l iquid p r io r  to the s t a r t  of f r eez ing  of the 
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Table IV. Fe-Mn-S-C System 

Alloy Mn S C 0 O/S Type 

32 0.83 0.07 3.43 0.003 0.04 IIl 
33 2.63 0.15 1.76 lII 
34 2.45 0.24 4.43 Ill, D 
35 2.60 0.65 3.66 III, D, IP 
36 2.64 0.66 3.01 IIF, D, IP 

Table V. Fe-Mn-S-Si System 

Alloy Mn S Si C O O/S Type 

37 0.89 0.036 7.97 0.006 0.16 III 
38 0.94 0.05 7.97 0.010 0.20 III, IIF 
39 2.02 0.09 7.60 III 
40 1.91 0.11 8.03 III, IIF 
41 2.62 0.10 8.61 III, IIF 
42 2.73 0.41 7.41 D, IP 
43 2.04 0.44 7.49 0.063 0.003 0.008 D, III, IP, IIF 
44 3.46 0.49 7.71 D, IP 
45 2.08 0.58 6.76 0.073 0.002 0.004 D, IP 
46 2.01 0.73 8.07 D, III, IIF 
47 2.58 0.16 7.43 0.018 0.1 IP, IIF 

P = 0.004 

F i g .  1 7 - - A l l o y  35. R a n d o m  l o c a t i o n  of T y p e  I l l  i n c l u s i o n s  w i t h  
r e s p e c t  to  i r o n  d e n d r i t e s  a n d  F e - F e a C  e u t e e t i c .  2 .60  p c t  Mn,  
0 .65  p c t  S, 3 .66  p c t  C,  M a g n i f i c a t i o n  240 t i m e s .  

Table VI. Fe-Mn-S-Si-C System 

Alloy Mn S C Si 0 O/S Al(sol) Type 

48 0.59 0.06 0.45 0.46 <0.03 Ill, IlR 
49 0.56 0.06 0.41 0.47 0.03 III, I1R 
50 2.70 0.15 1.56 2.10 0.002 0.013 II1, IIF 
51 0.59 1.16 0.20 2.15 0.005 0.004 IIR, IP, D 

F i g .  1 6 - - F a c e t e d  d e n d r i t e  i n  A l l o y  35.  2.6 p c t  Mn,  0 .65  p c t  S, 
3 .66  p c t  C,  M a g n i f i c a t i o n  120 t i m e s .  

i ron  to as low as 0.02 pct, with a f inal  sol id i f ica t ion 
t empera tu re  as low as 1150~ As a r e su l t  of the d i -  
lute solution and low t e m p e r a t u r e ,  in terface  k ine t ics  
are suff icient ly slow that  growth is  faceted, as has 
been observed in other  s i m i l a r  ins tances .  ~ ' ~  Ident i -  
cal  fo rms  are observed  in high s i l i con  sy s t ems  
(Table V). 

Flotat ion of Type Il l  inc lus ions  and a few coarse  

dendr i t ic  s t r uc tu r e s  was observed  in Alloys 34 to 36, 
indicat ing that they are  a l te rna te  morphologies  of the 
p r i m a r y  phase. Baker and Char les  z~ did not observe  
the fo rmat ion  of p r i m a r y  Type III inc lus ions  because  
the carbon  levels  of the i r  exper imen ta l  al loys were 
too low. However, the high levels  of carbon and s i l i -  
con d i scussed  above will  r a r e l y  occur  in c o m m e r c i a l  
p rac t ice  except in in te rdendr i t i c  regions ,  and so Type 
Ill  inc lus ions  usual ly  form as an angular  " d i v o r c e d "  
eutect ic  which rep laces  the rod eutect ic  formed in 
l e s s  highly alloyed spec imens .  In bo rde r l i ne  cases  
where the carbon and s i l icon  levels  a re  r e l a t ive ly  
low it is possible  to have both faceted and rod m o r -  
phologies (Table VI, F igs .  18 and 19). At composi t ion 
levels  like that of Alloys 48 and 49, Sims 4 found that 
i nc r ea s ing  amounts  of a luminum favored a gradual  
t r ans i t i on  f rom Type IIR to Type Ill. Whereas  a l u m i -  
num is incapable alone of causing Type III inc lus ions  
to form,  i t  evident ly  can promote the t r ans i t i on  in 
bo rde r l i ne  cases  through a modif icat ion of the k ine t -  
ics  or  phase re la t ions  which has not been  de te rmined .  

Another morphology found in sys t ems  containing 
carbon and /o r  s i l icon  is a s c r ip t - l i ke  form designated 
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Fig. 18--Scanning e lec t ron  microscope  p ic ture  of f r ac tu r e  s u r -  
face of Alloy 49 showing coexistence of angular  Type III inc lu -  
s ions with rod- l ike  inclusion.  0.56 pct Mn, 0.06 pct S, 0.41 pct 
C, 0.47 pct  Si, Magnificat ion approx. 2433 t imes .  

Fig. 20--Alloy 36. Script-like Type IIF morphology, also ob- 
served in Fe-Mn-S system. 2.64 pct Mn, 0.66 S, 3.01 pct C, 
Magnification 240 times. 

Fig. 19--Dominant  Type IIR inclus ions  in f r ac tu re  sur face  of 
Alloy 49. Scanning e l ec t ron  microscope  pic ture .  Magnif ica-  
t ion 1560 t imes .  

here Type IIF (Fig. 20). R apparently can be nucleated 
and grow from pre-existing sulfide dendrites (Fig. 21), 
The Type IIF morphology can coexist with Type HI, 
but the formation of Type IIF was found to be 
favored by increasing the cooling rate, in confirma- 
tion of the results of Mohla and Beech. 9'~~ Alloys 37 
and 39 (Table V) and 35 (Table IV) were cooled at 
rates of about l~ and produced only Type III inclu- 
sions whereas rapidly solidified Alloys 38, 40 and 46 
contained a large fraction of Type IIF, especially near 
the water-cooled chill tube which was immersed in the 
melt. The script morphology is a faceted-non-faceted 
eutectic similar to that found in many other systems. 
R grows cooperatively as does the eutectic Type IIR 
morphology, not in divorced fashion as does the eu- 
tactic Type HI. Fig. 22 shows that the Type IIF inclu- 

Fig. 21--Alloy 36. Type IIF morphology growing from faceted 
dendritic sulfide. Magnification 240 times. 
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c o n s i d e r e d .  The m o r p h o l o g i e s  wh ich  r e s u l t  a r e  p r i -  
m a r i l y  the  r e s u l t  of g r o w t h  f r o m  a d i lu te  s o l u t i o n .  A 
s c r i p t - l i k e  m o r p h o l o g y ,  h e r e  d e s i g n a t e d  Type  HF,  is  
a f a c e t e d  d i lu te  s o l u t i o n  h o m o l o g u e  of the  r o d - l i k e  e u -  
t e c t i c  (Type IIR). I ts  f o r m a t i o n  i s  f a v o r e d  o v e r  the  
" d i v o r c e d "  a n g u l a r  Type  III f o r m  a l s o  found  in d i lu te  
s o l u t i o n s  by  i n c r e a s e d  c o o l i n g  r a t e s .  E v i d e n c e  i s  p r e -  
s e n t e d  t h a t  Type IT[ s u l f i d e s  c a n  be  the  p r i m a r y  s o l i d  
p h a s e ,  bu t  o n l y  in a l i m i t e d  c o m p o s i t i o n  r a n g e  no t  
found  in c o m m e r c i a l  c o m p o s i t i o n s .  All t h r e e  m o r -  
p h o l o g i e s  a r e  e u t e c t i c s  w h e n  found in d e o x i d i z e d  c o m -  
m e r c i a l  a l l o y s .  The a p p e a r a n c e  of a p a r t i c u l a r  one  of 
t h e s e  t h r e e  m o r p h o l o g i e s  is  g o v e r n e d  p r i m a r i l y  by  
m e l t  c o m p o s i t i o n  and c o o l i n g  r a t e .  
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Fig. 22--Association of Type l-IF inclusions with the iron den- 
drites which form prior to the Fe-FeaC eutectic. Alloy 36. 
2.64 pct Mn, 0.66 pct S, 3.01 pct C, Magnification 120 times. 

sions are formed together with extensions or protru- 
sions off the original y-dendrites. By contrast, Type 
IT[ inclusions are found both entrapped within the den- 
drite arms and in the interdendritic spaces (Fig. 17). 

C ONC LUS IONS 

1) New d a t a  on the  F e - M n - S  p h a s e  d i a g r a m  in the  
i r o n  c o r n e r  h a s  b e e n  g e n e r a t e d  and p r e s e n t e d .  So l i d i -  
f i c a t i o n  in  v a r i o u s  c o m p o s i t i o n  r e g i o n s  i s  s t u d i e d  and  
the  r e s u l t i n g  m o r p h o l o g i e s  a r e  e x p l a i n e d .  One c o n c l u -  
s i o n  i s  t h a t  the  r o d - l i k e  s u l f i d e  i n c l u s i o n s  found  in d e -  
o x i d i z e d  m e l t s  r e s u l t  f r o m  e u t e c t i c  s o l i d i f i c a t i o n ,  no t  
m o n o t e c t i c  s o l i d i f i c a t i o n .  

2) The F e - M n - S - O  s y s t e m  w a s  s t u d i e d .  The p r e c i p -  
Ra t ion  and e n t r a p m e n t  a s  a l iqu id  of Type I i n c l u s i o n s  
i s  d i s c u s s e d .  

3) The e f f e c t s  of c a r b o n ,  s i l i c o n ,  and o t h e r  e l e m e n t s  
wh ich  r e d u c e  the  s o l u b i l i t y  of s u l f u r  in the  m e l t  a r e  
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