
Sulfides and Oxides in Fe-Mn Alloys: Part I. 
Phase Relations in Fe-Mn-S-O System 
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This is a c r i t i c a l  review of ava i lab le  equi l ibr ium data between phases  involving Fe ,  Mn, S, 
and O. Using the M o r e y - W i l l i a m s o n  theo rem,  and that modif ied by.Darken,  the sulfur  and 
oxygen potent ial  d i a g r a m s  a r e  cons t ruc ted  for the F e - S - O  sys t em involving nine univar iant  
and three  invar iant  equ i l ib r ia .  The solubil i ty of sulfur  in w us t i t e - s a tu r a t ed  iron is evaluated;  
the sulfur content  of iron in equi l ibr ium with wust i te  and liquid oxysulf ide r eaches  a max i -  
mum of 143 ppm at 1200~ this is about one half of that co r respond ing  to the sol idus of the 
Fe-S sys tem.  An es t ima te  is made of the phase equi l ibr ia  in the F e - M n - S - O  qua te rna ry  
sys tem involving gamma iron and Mn(Fe)O phases .  T h e r e  is a eutect ic  invar iant  at ~900~ 
arid the liquid mi sc ib i l i t y  gap invarlant  is e s t ima ted  to be at -1225~ F r o m  the expected 
phase re la t ions  and equ i l ib r i a ,  it is deduced that if suff icient  oxygen and su l fur ,  i . e .  

Mn(Fe)O and Mn(Fe)S phases ,  a r e  p resen t  in F e - M n  a l loys ,  t he r e  may be a liquid oxysuKide 
phase present  at t e m p e r a t u r e s  above 900~ depending on the concent ra t ion  of manganese  in 
solution. The h igher  the manganese  content in solut ion,  the h igher  is the t e m p e r a t u r e  above 
which a liquid phase is p r e sen t ,  e . g .  for 10 ppm Mn, 900~ and for  -90 pet Mn, ~1225~ A 
mechanism is suggested for the prec ip i ta t ion  of sulf ides  and oxysul i ides  n e a r  the sur face  of 
s tee l  during heating in an oxidizing a tmosphe re .  In the Appendix by Darken and Gur ry ,  r e -  
sults  a r e  given of the mel t ing  t e m p e r a t u r e s  of m ix tu re s  of wus t i te  and pyr rho t i t e  in equi l ib-  
r ium with i ron,  f rom an invest igat ion c a r r i e d  out about th i r ty  y e a r s  ago. 

H O T - S H O R T N E S S  of s t e e l  is an old me ta l l u rg i ca l  
p roblem that has been a subject  of r e s e a r c h  for s e v -  
e ra l  decades .  It has long been recognized  that the 
p r e sence  of oxygen and, pa r t i cu l a r ly ,  of sulfur  in s t ee l  
is the p r imary  cause of ho t - sho r tne s s  which usual ly 
o c c u r s  within the t e m p e r a t u r e  range 900 ~ to l l00~ 
The ho t - shor t  range,  of c o u r s e ,  va r i e s  with the type of 
s t ee l ,  pa r t i cu la r ly  with the pct Mn/pct  S rat io  of the 
s tee l .  In fact ,  for  a long t ime manganese  has been 
used to counteract  the de l e t e r ious  effect  of sulfur  in 
an a t tempt  to r ender  s t ee l s  less  suscep t ib le  to hot- 
shor tness .  The re  a r e  many papers  to be found in the 
technical  l i t e ra tu re  on this subjec t ;  however ,  a su rvey  
of past work on ho t - sho r tne s s  is outside the scope of 
the p resen t  paper .  

Since Mn, S, and O a r e  often a s soc i a t ed  with the oc-  
c u r r e n c e  of ho t - sho r tne s s ,  or  absence  thereof ,  we de-  
cided to r eexamine  the c h e m i s t r y  of r eac t ions  involving 
Mn, S, and O in solid s t ee l  o v e r  a wide t e m p e r a t u r e  
range .  In the f i r s t  part  of the paper ,  we shall  d i scuss  
the the rmodynamics  of the qua t e rna ry  sys tem F e - M a -  
S-O; and tn the second par t ,  we shal l  d i scuss  and dem-  
ons t ra t e  exper imenta l ly  the condit ions for the f o r m a -  
tion of liquid oxysulf ides  during oxidation of s tee l s  
containing sulfur .  

Some informat ion is ava i lab le  in the technica l  l i t e r -  
a tu re  on equt l ibr ium re la t ions  in s imple  and complex  
sy s t e ms  involving Fe ,  Mn, S, and O. In o r d e r  to col la te  
the avai lable  equi l ibr ium data and p resen t  it in a con-  
densed fo rm,  much use wi l l  be made of the theorem on 
univar iant  cu rves  in te r sec t ing  at an invar lant  point in 
p r e s s u r e  or  ac t iv i ty  vs t e m p e r a t u r e  plots.  
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THEOREM ON UNIVARIANT CURVES 
INTERSECTING AT AN INVARIANT POINT 

A theorem was developed by Roozeboom and 
S c h r e i a e m a k e r s  I ( la ter  d i s cus sed  fu r ther  in o ther  pa- 
pers)  "~'3 on the re la t ion  of the univar iant  c u r v e s  in te r -  
sect ing at an invar iant  point in a p r e s s u r e  vs t e m p e r -  
a tu re  (P-T)  plot for  t e r n a r y  s y s t e m s .  A m o r e  gene ra l  
form of this theorem was lager developed by Morey 
and Wi l t i amson  4 for mul t tcomponent  s y s t e m s ;  the sub- 
jec t  was l a t e r  rev iewed by Morey .  s Darken 6 gave a 
cons t ruc t ive  i l lus t ra t ion  of the appl ica t ion of this the-  
o r e m  to t e r n a r y  sy s t em s  and its appl icat ion to the F e -  
Si-O sys t em .  A s i m i l a r  study was made la te r  by 
Turkdogan 7 in der iv ing  oxygen potent ia ls  and phase 
equi l ibr ia  in the F e - C a - O  t e r n a r y  sys t em.  Also 
Kullerud and "/oder a d i scussed  the appl icat ion of this 
theorem to phase re la t ions  in b inary  s y s t e m s  whe re  
p r e s s u r e  is a var iab le .  

The M o r e y - W i t i i a m s o n  t heo rem  ini t ia l ly  developed 
for  P - T  cu rves  about an invar iant  equ i l ib r ium was 
la te r  adapted by Darken ~ to the the rmodynamic  ac t iv i ty ,  
a,  vs t e m p e r a t u r e  r e l a t ions .  That is ,  the re la t ion  be-  
tween the var ia t ions  in ac t iv i ty  and t e m p e r a t u r e  in any 
univar lant  sy s t em is given in the fo rm of a de te rn f i -  
nant,  which for  a t e rna ry  s y s t e m  reduces  to 

,n f m e  ~ H '  

rot' m ;_' ,~H " 

In a3 1 [ l j  
a ( I / T )  p = 

m I m g '  m~" 

For  any univar iant  equ i l ib r ium at constant  p r e s s u r e ,  
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Eq. [1] reduces  to the f ami l i a r  form 

Inapt  = i ' , t l  

where R is the gas cons tant  and AH is the:enthalpy 
change accompanying the reac t ion .  It is convenient  to 
use RT In a vs T plots f rom which d ha a i d  ( l /T )  is 
obtained by 

d in a T d ( T  in a) 
d ( 1 / T )  = T h i  a a T  [3] 

In the de t e rminan t  the uni ts  for m a s s ,  m,  and the 
enthalpies  of phases  AH' ,  &H", . �9 . must  be in te rcon-  
s i s tent .  A convenient  form for m a s s  is the a tomic 
rat io m ' e / m , ,  m 3 / r n , ,  . . . and the enthalpy is then per  
g-a tom of component 1. 

For  a qua t e rna ry  sys tem the composi t ions  of six 
phases  of an invar iant  equ i l ib r ium a re  given in a 
t h r e e - d i m e n s i o n a l  d i ag ram,  i . e .  a t e t rahedron ,  each 
c o r n e r  r ep re sen t i ng  one of the components .  Depending 
on the composi t ion  of the phases ,  the polyhedron con-  
s t ruc ted  for an invar ian t  equ i l ib r ium may be an octa-  
hedron,  a hexahedron,  or  a t e t rahedron .  In al l  ca ses ,  
there  a re  twenty planes  where  three phases a r e  co- 
p lanar ;  ten planes merge  at the composi t ion of every 
phase and four planes in t e r sec t  at a line jo ining the 
composi t ions  of two phases .  Needless  to say,  the ap-  
pl icat ion of the Morey -Wi l l i amson  theorem,  or  that as 
modified by Darken,  to q u a t e r n a r y  sys t ems  is complex 
and c u m b e r s o m e .  Since l i t t le is known about the 
phase equi l ibr ia  in the F e - M n - S - O  or  other  qua te r -  
n a r y  s y s t e m s ,  fur ther  d i s cus s ion  of the applicat ion of 
the theorem to qua t e rna ry  sy s t ems  is not war ran ted  
at p resen t .  

Fe-S-O TERNARY SYSTEM 

In the context of the p resen t  s tudy,  the t e r n a r y  Fe-  
S-O sys tem is an impor tant  par t  of the F e - M n - S - O  
qua t e rna ry ;  therefore  this t e r n a r y  sys tem will be 
d i scussed  f i r s t  in some detai l .  The thermodynamics  
of this sys tem is known with suff icient  degree  of ac-  
curacy .  By excluding f e r r i c  oxide,  pyr i te ,  the sulfate 
phases  and ignoring the ct ~ ~, ~ 6 phase t r a n s f o r m a -  
t ions in i ron ,  there  a r e  six condensed phases:  gamma 
iron (:v), wusti te  (W), magnet i te  (M), pyr rhot i te  (P), 
liquid oxysulfide (l,) and meta l l i c  liquid (12). With these 

Table I. Dam for Invariant Equilibria in Fe-$ O System 

-R  TIn P02 -R  Tln Ps ~ 
Invanant Equilibria PO2, aim PS2, aim kcal kcal 

(t.•o•1, WUstite, 
[. S60~162 50.5 

(pytrhoti te,  gas 

(iron, wustite, 
I I. 915~ 41.6 

(liquid (1), gas 

Wustite, magnetite, 
Ill. 942~ 29.3 

[liquid (1), gas 

Composition of l~ at 915~ N F e = 0.50, N O = 0.19, N S =- 0.3 i.  

Composition of l, at 942~ NFe = 0 .49 ,N  O = 0.19, N s = 0.32. 

4.8 X 10 "2~ 5.5 X 10 "z+ 100.3 

3.2X 10 "aT 2.2X 10 "~ 89.6 

I A X  10"z't* 5.4X 10 -6* 77.6 

*aFe = 0.09. 

'~ ! /! / , 0  
-+0 . . . . .  . . . . . . . .  - 

t_.o__ I 

I o FelS 
t - 

TEMPERATURE ,'C 

Fig. t--Oxygen potentials for univariaat equilibria in Fe-S-O 
system, a) Iron, magnetite, pyrrhotite; b) iron, wustite, mag- 
netite; c)  i r o n ,  w u s t i t e ,  p y r r h o t i t e ;  d)  w u s t i t e ,  m a g n e t i ~ e ,  
pyrrhotite; e) iron, wustite, liquid (1); f) iron, pyrrhotite, liq- 
uid (1); g) wustite, pyrrhotite, liquid (1); h) wustite, magnetite, 
liquid (1); i) magnetite, pyrrhotite, liquid (t). 

phases  a maximum of twenty un ivar ian t  equi l ib r ia  in- 
volving fif teen invar ian t  points a re  possible .  Of these ,  
however ,  there  a r e  only th2-ee s table  invar iant  points 
involving nine ua ivar laa t  equ i l ib r i a .  The tenth stable 
un ivar ian t  is for the liquid misc ib i l i t y  gap ~~ (~., (~ and 
12) which s t a r t s  from the Fe -O  b ina ry  side at 1527~ 
and t e rmina t e s  at ~1345~ in the t e r na r y  liquid conta in-  
ing 81 pct Fe ,  17 pct S, and 2 pct O. 

The data compiled on three  invar ian t  points for this 
sys tem a r e  s u m m a r i z e d  in Table I; pa r t i cu la r  deta i ls  
on each invar ian t  a re  given below. 

Invar taa t  I at 560~ 

The equ i l ib r ium phases at  this invar iant  point a re :  
i ron (undercooled r -phase} ,  wust i te ,  magneti te  and 
pyr rhot i te .  The t empera tu re  of this invar iant  has not 
been me a su r e d ;  however,  this is not expected to differ 
much from 560~ which is for the Fe -O b inary  sys tem.  
Because  of the negl igible  mutual  solid so lubi l i t ies  be-  
tween pyrrhot i te  and iron oxides ,  the oxygen act iv i ty  of 
wust i te  and magnet i te  can be a s sume d  not to be changed 
much by the p r e sence  of pyr rhot i te ;  s i m i l a r l y ,  the su l -  
fur act ivi ty  wi l l  not be much affected by the p r e sence  
of i ron oxides.  There fo re ,  the values of POz and p~  
for i r on -wus t i t e -magne t l t e  and i ron -py r rho t i t e  may be 
used for this invar ian t .  The oxygen potentials  used a re  
those measu red  by Darken and Gur ry .  j~ The sulfur  
potent ials  for the i ron-pyrvhot i te  equi l ib r ium measu red  
by Rosenqvis t  '~ a re  in close a g r e e m e n t  with other  data 
compiled by Richardson and Jeffes ;,3 these values a r e  
used in the p resen t  work. 

Invar ian t  II at 915~ 

Four phases in equilibrium at this invariant pohlt 
are: gamma iron, wustite, pyrrhotite and liquid oxy- 
sulfide. According to Hilty and Crafts, ~~ this ternary 
eutectic temperature is 920~ ; Naldrett x~ observed it 
to be 915~ according to the previously unpublished 
work of Darken and Gurry (given in the Appendix), it 
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is 908~ An average  value of 915~ is taken as the 
invar iant  t empera tu re .  These inves t igators  repor ted  
values for the composi t ion of the eutectic liquid which 
a r e  in good ag reemen t  with one another ;  the selected 
average  composi t ion in at. pct is 50 pct Fe,  31 pct S, 
and 19 pct O, which is sl ightly high in iron re la t ive  to 
the " F e O " - " F e S "  line in the composi t ion d iagram.  

Invar iant  III at 942~ 

The equilibrium phases for this invariant are: wus- 
tile, magnetite, pyrrhotite and liquid oxysulfide. Ac- 
cording to Hilty and Crafts, ~~ the peritectic invariant 
temperature is 950~ ; Naldrett ~ gives 934~ An aver- 
age temperature of 942~ is taken for this invariant 
point. The average composition of the peritectic liquid 
given by these investigators is, in at. pct, 49 pct Fe, 
32 pct S, and 19 pct O; in the composition diagram, this 
point falls between the lines joining "FeO" to "FeS"  
and "FeaO4" to "FeS".  

For the wustite-magnetite equilibrium at 942~ the 
iron activity is 0.09 (relative to v-iron)) ~ The value 
of pc = 5.4 x 10 -6 aim given in Table I is for pyrrho- 

"J2 
tile ih equilibrium with iron at aFe = 0.09. 

Oxygen and Sulfur Potent ia ls  

The oxygen and sulfur  potent ials  for the un ivar tan t  
equi l ibr ia  involving three  [nvariant  points in the F e - S -  
O t e r n a r y  sys tem are  given in Figs .  1 and 2. Because  
of the low sulfur solubility in wustite, the univariants 
c and e in Fig. 1 are linear extensions of one another, 
because of the composition colinearity of iron, wustite, 
and oxygen. For similar reasons, ha the vicinity of the 
invariant point Ill, tile univariant h is an extension of 
d. According to the work of Rosenqvist and Hartvig, ~5 
the univariant i involving condensed phases magnetite, 
pyrrhotite and liquid oxysulfide is in equilibrium with 
1 aim SO~_ at 1010~ The equilibrium value PO~ = 4.5 
• 10 -~' atm, and p~ = 4.5 • i0 -~" atm, thus computed, 

-10 

- 20 t - -  

- -:30 " x \  

N g ] \ \  

!' 
5oo ,,oo ,3oo ,5oo 

TEMPERATURE, "C 
Fig. 2--Sulfur potentials for univariant equilibria in the Fe-S- 
O system, a)Iron, magnetite, pyrrhotite; b) iron, wustite, mag- 
netite; c) iron, wust~te, pyrrhotite; d) wustite, magnetite, pyr- 
rhotite; c) iron, wustite, liquid (1); f) iron, pyrrhotite, liquid 
(1); g) wustite, pyrrhotite, liquid (i); h) wust[te, magnetite, liq- 
uid (1); i) magnetite, pyrrhotite, liquid (1). 

a re  used ha drawing the l ine for this un ivar ian t  from 
the invar ian t  III in Figs.  1 and 2. The un iva r i an t s  e 
and h in Fig.  1 t e rmina t e  at the Fe-O invar ian t  t em-  
pe r a t u r e s  1371 ~ and 1424~ respec t ive ly .  Because of 
the low oxygen solubi l i ty  m pyrrhot i te ,  the l ines for 
un iva r ian t  equ i l ib r i a  a, c, a n d f , i n  Fig.  2 a re  an exten- 
sion of each o ther .  For  the same reason  the un ivar ian t  
b is drawn ve r t i ca l  at 560~ in Fig.  2 but does not ap-  
pear  in Fig.  1. 

Qual i ta t ive  appl icat ion of the Morey-Wi l l i amsoa  
theorem predic ts  that the un ivar ian t  g at the invar iant  
point III in F igs .  1 and 2 has a negative slope with the 
s table  part  in the d i rec t ion  of inc reas ing  t empe ra tu r e .  
However ,  ff the liquid composi t ion  is co l inear  with 
that of wust i te  and pyrrhot i te ,  the curve g wil l  have 
an infinite slope at 942~ At the havariant point II, 
it has a posi t ive slope.  The re fo re ,  the un ivar ian t  g 
has e i ther  a t e m p e r a t u r e  max imum,  or approaches  III 
with an infinite s lope,  if the composi t ions  of wust i te ,  
pyr rhot i te  and liquid (1) a re  co l inea r  at 942~ The 
un iva r i an t s  e and h in Fig.  2 have posit ive (or zero) 
s lopes with metas tab le  extens ions  being above the 
un iva r i an t s  c and d,  r espec t ive ly .  The posi t ions of 
un iva r i an t s  e, h, and g in Fig.  2, a n d f  and g in Fig.  1 
can be computed from the enthalpy of format ion  of the 
liquid oxysulf ide,  A H  l ; however,  s ince no measu red  
value of AH l iS ava i lab le ,  it should be evaluated from 
other  data in Fig.  2 by the appl icat ion of the theorem.  

Enthalpy of F o r ma t i on  of Liquid Oxysuifide 

In conjunct ion with the oxygen and sulfur  potential  
d i ag rams  in Figs .  1 and 2, the enthalpies  used in the 
ca lcula t ions  (from e lements  in the i r  s tandard s ta tes  at 
the t e m p e r a t u r e  considered)  a r e  given in Table  II; the 
data for the oxides a re  f rom Darken  and G u r r y  1~ and 
those for pyrrhot i te  from Burgmann  et a l )6  

The de te rminan t  for the slope of un iva r ian t  e at the 
invar ian t  t e mpe r a t u r e  915~ involving i ron ,  wust i te ,  
liquid (1) and gas is given by 

d lnaS  1 

d ( 1 / T )  R 

1 0 0 

1 1.055 -67.22 

1 0.38 AH I 

Fe 

W 

ll 
[41 

Fe 

W 

1 0 0 

1 1.055 0 

1 0.38 0.62 

R e m e m b e r i n g  that the sulfur  ac t iv i ty  as cc (pSi) ;/2, the 
slope d / i T  In p ~ / d T  = 0.0175 kca l  per  deg for e at 
915~ in Fig.  2.(the der iva t ion  of this un iva r ian t  is d i s -  
cussed  in the next section) gives  d In a s / d ( 1 / T )  = 
- 3 1 . 2 / R .  Inse r t ing  this in Eq. [4] gives AH l =--43.5 kcal  
per  g-a tom Fe.  The composi t ion  of the liquid may be 
approximated  as  0.38 FeO �9 0.62 FeS. Assuming  an 
ideal solution,  the enthalpy of this  liquid may be ca lcu-  
lated from the enthalpies of mol ten  wust i te  and pyr -  
rhot i te  giving AHl(ideal) = -38 kca l  per g -a tom Fe.  

The slope of the un ivar ian t  i at 942~ in Fig.  1 for 
magnet  i t e -pyr rho t i t e -  liquid (1) equ i l ib r ium,  
d RT In p o 2 / d T  = 0.25 kcal  per  deg, gives d ha a o / d  
d i n a  / d ( 1 / T )  = -190 .8 /R .  F r o m  the de t e rminan t  for 
this  un ivar ian t  equi l ibr ium 
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Table II. Available Enthalpy Data Used to Compute the Enthalpy of Liquid Oxysulfide {From Elements in Their Standard States at the Temperature 
Considered) by Applying Morey-Williamson Theorem to Data in Figs. 1 and 2 

lnvariant Phase Composition Enthalpy. kcal per g-atom Fe 

Temperature, ~ Magn. Wust. Pyrr. Liquid Magn. Wust. Pyrr. Liquid 

915 Fe~ 04 Feo.~.yO FeS FeOo.3s So.67 -87.0 -67.32 -36.1 -43.5 
942 Fe3 04 Feo.sas 0 Feo. ~ S FeOo. 3as So.6s4 -87.0 -72.09 -32.9 -36.4 

univarim~t equilibrium 

-190.8  = 

1 0 -87.0  

1 1.010 -32.9  

1 0.654 , ' ,H l 

1 0 1.333 

1 1.010 0 

1 0.654 0.388 

3f 

P 

li 

M 

P 

I1 

[5] 

the enthalpy of the oxysulfide at 942~ is A H  l = -36.4 
kcal  per  g-a tom Fe.  A s i m i l a r  value of A H  l is obtained 
f rom the slope of i in Fig.  2. The composi t ion of this 
liquid is r ep resen ted  by 0.02 FeaO4 �9 0.11 FeO-  0.32 
FeS; the enthalpy calculated for an ideal  solut ion is 
A H  l = -41 .2  kcal  per  g -a tom Fe which is about 5 kcal  
m o r e  negat ive  than the value obtained from Eq. [5]. 

Univar ian t  e [Iron, Wust i te ,  Liquid (1)] 

The equi l ibr ium PS2 = 4.2 x 10 -~ atm at 1120~ for 
un tva r l an t  e is obtained from the data of Bog and 
Rosenqvts t  ~7 for unit  iron act iv i ty .  The solubi l i ty  of 
su l fur  in wust i te  in equ i l ib r ium with iron has been 
m e a s u r e d  in the p re sen t  work (Par t  II) giving PS, = 9.0 
x 10 -v a im at 1250~ for this un iva r ian t .  

By approximat ing  the oxysulfide liquid as an ideal 
so lut ion of FeO and FeS, the su l fur  potential  for this 
un iva r i an t  equi l ib r ium may be es t imated  using the 
ava i lab le  f ree  energy data t3 

2 FeS(/) = 2Fe(y) + S2(g); AF ~ = 5 6 , 6 8 0 -  14.96T [6] 

together  with the composi t ion of the liquid oxysulfide 
for un iva r i an t  e taken from the phase d iagram by Hilty 
and Cra f t s ,  TM Naldre t t ,  ~4 and by Darken and Gur ry  
(Appendix), e . g .  NFeS = 0.58, 0.52 and 0.38 at 1000 ~ 
1100 ~ and 1200~ respec t ive ly .  

The exper imenta l  and calcula ted sulfur  potent ials  
for this un ivar iaa t  a re  given in Fig.  3. It is seen that 
the assumpt ion  of ideal behavior  in the liquid oxysul -  
fide in equi l ibr ium with iron and wust i te ,  re la t ive  to 
the spec ies  liquid FeO and liquid FeS, appears  to be a 
good approximat ion .  

Uniwarlant f [Iron,  Py r rho t i t e ,  Liquid (1)] 

Using A H  l = -43.5  kcal  per  g-a tom Fe for the en-  
thalpy of the liquid oxysulfide at 915'~C, the slope of 
the un iva r i an t  f is ca lcula ted,  giving d R T  In PO~, /'dl" 
= 0.019 kca l  per  deg. The c u r v e f  drawn in Fig." 1 with 
this slope at 915~ passes  through a maximum at a 
higher  t empe ra tu r e ,  then dips s teeply approaching 
asympto t i ca l ly  to the Fe-S eutecttc invar lant  at 988~ 

-26  

- 3 0  

-34  
.=r 

-38  

-42  

- 4 6  

m / 
f 

h 

t I 
f I 

[ 
\ 

\ 

i \\ 
Z~ BOG 8 ROSENQVIST 

V PRESENT WORK Part  Tr ) 
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TEMPERATURE, ~ 

Fig.  3 - - C o n s t r u c t i o n  of u n i v a r i a n t s ,  F e - S - O  s y s t e m ,  e) Iron,  
wus t i t e ,  liquid (1); g) wus t i t e ,  p y r r h o t i t e ,  l iquid (1); and 
h) wus t i t e ,  m a g n e t i t e ,  l iquid (1). 

Univar ian t  g [Wustite,  P y r r h o t i t e ,  Liquid (1)] 

The slopes of this un iva r lan t  for oxygen and su l fur  
potential  d iag rams  a r e  calculated in the manne r  dem-  
ons t ra ted  above using the appropr ia te  enthalpy data in 
Table  II for 915 ~ and 942~ The values  obtained a r e  

d R T  lnPo2 d R T  l n p ~  

d T  d T  
~ kcal  per  deg kcal  per  deg 

915 0.28 0.28 

942 1.63 1.78 

According  to the qual i ta t ive  use of the theorem,  the 
slopes at 942~ for g should have been negative.  Since 
the slope is steep,  a slight change in the composi t ion 
of the liquid for this invar ian t  would change the sign 
of the calculated slope.  Because  of this unce r t a in ty ,  
the curve  ,~ in Figs .  1 and 2 is drawn ver t ica l  in the 
vic ini ty  of the invar ian t  t e m p e r a t u r e  942~ indicat ing 
that the composi t ion of the per i tec t ic  liquid is co l inea r  
with those of wust i te  and pyr rhot i te .  
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Fig. 4--Sulfur content of iron in equilibrium with wustite and 
liquid oxysulfide, Fe-S-O system, c) Iron, wustite, pyrrhotite; 
e) iron, wustite, liquid (1); f) iron, pyrrhotite, liquid (1). 
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Fig. 5--Sulfur content o fy -Fe  corresponding to univariante 
(Fe-S-O system) superimposed on binary Fe-S phase diagram. 

Univar iant  h [Wusti te,  Magnet i te ,  Liquid (1)] 

The slope of the univar iant  h at 942~ in the sulfur  
potent ial  d iagram is de r ived  f rom the de te rminan t  

1 1.13 -72.09 W 

1 1.333 -87.00 M 

1 0.388 -36.4 ll  
d l n a  1 

= - [7] d(1 /T)  I{ 
1 1.13 0 W 

1 1.333 0 M 

1 0.388 0.654 l, 

giving d In as /d (1 /T )  = -29.4//~ which in turn  gives  
d R T  In ps2/dT = 0.024 kca l  per  deg. The r e m a i n d e r  
of this uni~ariant  is not known; however ,  as  shown in 
F igs .  2 and 3 it has to pass  through a maximum and 
then approach the F e - O  Lnvariant 1424~ asympto t i -  
cal ly.  Assuming  ideal i ty  for  the liquid phase ,  the cu rve  
h in Fig .  3 can be ca lcu la ted  in a manner  s i m i l a r  to 
that used for the un ivar ian t  e d i scussed  e a r l i e r .  The 
slope of h at 942~ thus ca lcu la ted  exceeds  that of d. 
That i s ,  the metas tab le  extens ion of the curve  h ca l -  
culated for an ideal  l iquid oxysulf ide l ies  behveen d 
and K (not shown in Fig .  3). This  is in d i s ag reemen t  
with the theo rem,  sugges t ing  that the mole  f rac t ion of 

IRON 

SULPHUR / ' , '  ,' ,, j \ OXYGEN 

, Xo 

30 ' / " ~ ~  ~ . . , . . . . ~ ~  MAGNETITE 

PYRRHOTITE ~ 
(P+,l I ) 

Fig. 6--1100~ isotherm for Fe-S-Osystem. (y) gamma iron; 
(W) wustite; (M) magnetite; (P) pyrrhotite; (I1) liquid (1). 

FeS in this liquid is not equal to its act ivi ty .  On the 
o the r  hand, as  shown in Fig.  3 liquid oxysulf ide for 
univar iant  e is c lose  to ideal.  

Sulfur Solubility in Iron Saturated with Wustite 

The solubility of sulfur in y iron measured by Rosen- 
qvist and Dunicz m and by Turkdogan e t a l .  ~9 gives for 
the equilibrium constant of the reaction 

1 
S2(g) = S(1 wt pct in 7 - F e ) ;  

log [%s]  _ 2443 0 .522 [8] 
(p~)~/2 T 

Since the oxygen solubi l i ty  in i ron  is sma l l ,  ~~ its effect  
on the ac t iv i ty  coeff ic ient  of su l fur  is negl ig ible .  
T h e r e f o r e ,  using Eq. i8] the solubi l i ty  of sulfur  in i ron 
sa tu ra ted  with wus t i te  can be computed f rom the uni-  
va r ian t  e in F ig .  2. Th ree  univar ian t  equi l ib r ia  in the 
p r e s e n c e  of i ron for  the invar iant  point II a r e  shown 
in Fig.  4. The region below the c u r v e s  c and e is the 
iron + wust i te  f ie ld.  The o ther  side of the cu rve  e is 
for  i ron + liquid (1). 

The s t r ik ing  effect  of oxygen on the solubi l i ty  of 
su l fur  in iron (in equi l ib r ium with sulfur  containing 
liquid) is demons t r a t ed  in Fig .  5 whe re  the 
i r o n / w u s t i t e / l i q u i d  oxysulf ide univar ian t  (dot-dash 
line) is supe r imposed  on the i r o n - r i c h  s ide of the Fe -  
S phase d i ag ram.  At wust i te  sa tu ra t ion  there  is a 
pronounced bulge on the sulfur  so lubi l i ty  cu rve ,  r e a c h -  
ing a max imum of 143 ppm S at 1200~ this is about 
one half that co r respond ing  to the sol idus of the Fe -S  
s y s t e m .  

1100 ~ and 1400~ 

The isothermal sections can readily be constructed 
from the available data on phase equilibria in this ter- 
nary system. Fig. 6 is for 1100~ showing composition 
ranges for univariants e and h (three condensed 
phases), four two-phase equilibria and one liquid 
phase. Fig. 7 is for 1400~ showing regions of the 
miscibility gap tmivariant and other phase equilibria. 
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Fig. 7--L400~ i so the rm for Fe-S-O sys tem.  (5) delta iron;  
(W) wusti te;  (M) magalettte; (11) liquid oxysulfide; ( l z )  liquid 
metal .  

O T H E R  T E R N A R Y  SYSTEMS 

I n f o r m a t i o n  on  o t h e r  t e r n a r y  s y s t e m s  of t he  F e - M n -  
S -O  q u a t e r n a r y  i s  m e a g e r ;  h o w e v e r ,  a n  e s t i m a t e  c a n  
b e  m a d e  f o r  s o m e  of the  i n v a r i a n t  e q u i l i b r i a  of i n t e r -  
e s t  in the  p r e s e n t  w o r k .  

F e - M n - O  S y s t e m  

T h e r e  a r e  c o m p l e t e  s e r i e s  of  l iqu id  and  s o l i d  s o l u -  
b i l i t y  in t he  b i n a r y  s y s t e m s  F e - M n  and  " F e O " - " M n O "  
w h e r e  R a o u l t ' s  law is  e s s e n t i a l l y  o b e y e d .  In c o n t r a s t  
to t h i s  s i m p l i c i t y ,  t h e r e  is an  e x t e n s i v e  l iqu id  m i s -  
c i b i l i t y  gap  a c r o s s  the  m e t a l - m e t a l  ox ide  p a r t  of t he  
s y s t e m  f r o m  the  F e - O  to the  M n - O  s i d e .  A p a r t  f r o m  
t h i s  s e m i q u a n t i t a t i v e  i n f o r m a t i o n ,  a n d  i n v e s t i g a t i o n s  
d o n e  t h i r t y  y e a r s  a g o ,  2~ l i t t l e  e l s e  is  k n o w n  a b o u t  t h e  
p h a s e  e q u i l i b r i a  in t he  m e t a l - m e t a l  o x i d e  p a r t  of  t h i s  
t e r n a r y  s y s t e m ,  e x c e p t  of  c o u r s e  f o r  t he  M n - O  d e o x -  
i d a t i o n  e q u i l i b r i a  in  l iqu id  i r o n .  I t  wou ld  s e e m  r e a s -  
o n a b l e  to a s s u m e  t h a t  t h e r e  is o n l y  one  i n v a r l a n t  
e q u i l i b r i u m  in  t h i s  p a r t  of t he  s y s t e m  c o n s i s t i n g  of 
5 - i r o n ,  l i qu id  m e t a l ,  s o l i d  o x i d e - F e ( M n ) O -  a n d  l iqu id  
o x i d e - F e ( M n ) O .  T h e  t e m p e r a t u r e  of t h i s  t e r n a r y  i n -  
v a r i a n t  i s  e s t i m a t e d  to b e  ~1527~ w h i c h  is t h e  i n v a r -  
i an t  t e m p e r a t u r e  f o r  t he  F e - O  b i n a r y  s y s t e m .  T h e r e  
a r e  a d e q u a t e  t h e r m o d y n a m i c  d a t a  o n  i) t he  f r e e  e n -  
e r g i e s  of f o r m a t i o n  of  m a a g a n o u s  o x i d e  = and  of  s o l u -  
t i o n  of  o x y g e n  in 5 - i r o n ,  z3 and  ii) t h e  o x i d e  e q u i l i b r i a  
w i t h  l iqu id  F e - M n  24 a l l o y s ,  t h a t  a n  e s t i m a t e  c a n  be  
m a d e  of t he  e q u i l i b r i u m  m a n g a n e s e  and  o x y g e n  c o n -  
t e n t s  of i r o n  fo r  t l l i s  i n v a r l a n t ;  c a l c u l a t e d  d a t a  a r e  
g i v e n  in T a b l e  III .  

F e - M n - S  S y s t e m  

T h e r e  is  a l a r g e  l iqu id  m i s c i b i l i t y  gap  e x t e n d i n g  in to  
t he  s y s t e m  f r o m  the  M n - S  i n v a r i a n t  a t  ~1580~ c l o s e  
to t h e  F e - S  s i d e .  T h e  e s t i m a t i o n  of t he  i n v a r i a n t  
e q u i l i b r i a  in t h i s  s y s t e m  h a s  to  be  b a s e d  on  s o m e  
w o r k  d o n e  o v e r  t h i r t y  y e a r s  a g o .  z~'as In t he  m e t a l -  
m e t a l  s u l f i d e  p a r t  of the  s y s t e m ,  t h e r e  is  a e u t e c t i c  
i n v a r i a n t  a t  ~980~ w h e r e  t he  e q u i l i b r i u m  c o n d e n s e d  
p h a s e s  a r e :  ~ , - i r o n ,  s o l i d  M n ( F e ) S ,  so l i d  " F e S " ,  a n d  
l i qu id  F e ( M n ) S .  T h e  t e m p e r a t u r e  and  c o m p o s i t i o n  of  
t h i s  t e r n a r y  e u t e c t i c  a r e  c l o s e  to t h o s e  of the  b i n a r y  
F e - S  s y s t e m .  

Table III. Estimated Data for Invariant Equilibria in Fe-Mn-O. 
Fe-Mn-S and Mn-S-O Ternary Systems 

~1527~ 

Fe-Mn-O ternary system 

5-iron: 580 ppm Mn 52 ppm 0 
Liquid iron: 800 ppm Mn 1130 ppm 0 
Solid oxide: aFe O = 0.65 aMn O = 0.35 
Liquid oxide: aFe O = 0.73 aMn O = 0.27 
Gas: PO~ =I '2X I0 "9 atm 

Fe-Mn-S ternary ~stem 

Gamma iron: 15 ppm Mn 83 ppm S 
Solid (Fe) sulfide: aFe s _"= 1 

~980~ Solid (Mn) sulfide: aMn s _~ 0.37 
Liquid sial fide: ~1 wt pet Mn ~30 wt pet S 
Gas: PS, = 1.0 X 10 "~ aim 

Mn-S-O ternary system 

Liquid manganese: Traces of S and O 
Solid oxide: aMn 0 "" 0.98 

~1230~ Solid sulfide: aMn s U 0.98 
Liquid oxysulfide: ~30% Mn, ~35% S, ~35% O 
Gas: PO: = 7.6 X 10 "2~ atm, Ps: = 1.5 • 10 "t: 

aim 
Solid manganese: Traces of S and O 
Liquid manganese: Traces of S and O 

~1225~ Solid oxide: aMn O _~ 0.98 
Solid sulfide: aMns ~ 0.98 
Gas: PO2 = 5.8 • 10 "'~ atm, ps: = 1.2 • 10 "1~ 

atm 

In t h e  F e S - M n S  p s e u d o b i n a r y  s e c t i o n ,  25 t h e r e  is  a 
e u t e c t i c  i n v a r i a n t  a t  1180~ w h e r e  p y r r h o t i t e  (wi th  
n e g l i g i b l e  m a n g a n e s e  in s o l u t i o n )  an d  M n ( F e ) S  s o l i d  
s o l u t i o n  (~75 pc t  FeS)  a r e  in  e q u i l i b r i u m  w i t h  l iqu id  
s u l f i d e  c o n t a i n i n g  - 5  pct  MnS.  U s i n g  the  a v a i l a b l e  in -  
f o r m a t i o n  on  i) t h e  p h a s e  e q u i l i b r i a ,  2~'25 ii) t h e  f r e e  
e n e r g i e s  of f o r m a t i o n  of  i r o n  an d  m a n g a n e s e  s u n  
f i d e s ,  z2 a n d  ii i)  t he  s o l u b i l i t y  of  s u l f u r  in i r o n  a n d  
F e - M n  a l l o y s ,  ~a'~9 tile e q u i l i b r i u m  m a n g a n e s e  an d  s u l -  
f u r  c o n t e n t s  a r e  e s t i m a t e d  fo r  t h e  e u t e c t i c  i n v a r i a n t  
p o i n t ,  a n d  t h e s e  a r e  g i v e n  in T a b l e  III.  

T h e  l iqu id  m i s c i b i l i t y  gap  in t h i s  t e r n a r y  s y s t e m  a t  
1600~ w a s  m e a s u r e d  by  M e y e r  a n d  S c h u l t e  ~ an d  by  
K o r b e r .  zv H o w e v e r ,  a s  p o i n t e d  ou t  by  S c h u r m a n n ,  a~ 
t h e r e  is u n c e r t a i n t y  c o n c e r n i n g  t h e  p r e s e n c e  o r  a b -  
s c e n c e  of  a p e r i t e c t i c  i n v a r i a n t  w h e r e  the  e q u i l i b r i u m  
c o n d e n s e d  p h a s e s  a r e :  ) , - i r o n ,  s o l i d  M n ( F e ) S ,  l iqu id  
m e t a l ,  an d  l iqu id  s u l f i d e .  A c c o r d i n g  to W e n t r u p ,  :~ 
t h e r e  is  a p e r i t e c t i c  i n v a r i a n t  a t  ~1385~ w h e r e  two 
l i q u i d s  a r e  in e q u i l i b r i u m  w i t h  s o l i d  i r o n  and  s u l f i d e  
p h a s e s .  On the  o t h e r  h a n d ,  V o g e l  a n d  Hotop  2~ show 
tha t  t h e  m i s c i b i l i t y  g a p  t m i v a r i a n t  t e r m i n a t e s  a t  t he  
c r i t i c a l  t e m p e r a t u r e  1370~ (76 pc t  F e ,  4 pc t  Mn,  and  
21 pc t  S) w i t h o u t  i n t e r s e c t i n g  a n  i n v a r i a n t  p o i n t .  T h a t  
i s ,  t h e  l i q u i d u s  d o m e  of the  m i s c i b i l i t y  gap  in t h e  c o m -  
p o s i t i o n - t e m p e r a t u r e  d i a g r a m  t e r m i n a t e s  on  the  
M n ( F e ) S  l i q u i d u s  s u r f a c e  w h e r e  t h e r e  is  a u n i v a r i a n t  
e q u i l i b r i u m .  R e c e n t  i n v e s t i g a t i o n s  d o n e  by  B i g e l o w  "~a 
on s u l f i d e  i n c l u s i o n s  in s t e e l  l end  s u p p o r t  to V o g e l ' s  
v e r s i o n  of  t h i s  p h a s e  d i a g r a m ,  i . e .  t h e r e  i s  no  p e r i -  
t e c t i c  i n v a r i a n t .  

M n - S - O  S y s t e m  

T h e r e  is  a l a r g e  l iqu id  m i s c i b i l i t y  g ap  in  t h i s  s y s t e m  
e x t e n d i n g  f r o m  t h e  M n - M n O  to the  M n - M n S  s i d e .  T h e  
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MnO-MnS pseudoblnary side has a eu tec t ic  invar iant  
at 1232~ where  the mutual  so lubi l i t i es  between MnO 
and MnS a r e  about 2 wt pct. 3~ Two invar iant  equi l ib r ia  
a r e  expected to exis t  in the m e t a l - o x i d e - s u l f i d e  par t  
of the d i ag ram.  The mi sc ib i l i t y  gap invar iant  c o n s i s t -  
ing of condensed phases ,  " M n O " ,  " M n S " ,  liquid oxy-  
sulf ide,  and liquid meta l  probably ex is t s  at ~1230~ 
The second invariant  equi l ib r ium is e s t ima ted  to be 
at ~1225~C where  the equi l ib r ium condensed phases 
a r e :  ),- manganese ,  liquid manganese ,  ' 'MnO"  and 
" M n S " .  Es t ima ted  data for these  invar ian ts  a r e  given 
in Table III. 

F e - M n - S - O  Qua te rna ry  System 

Li t t le  is known about the phase equ i l ib r ia  in this 
q u a t e r n a r y  sys t em.  Wentrup "~ inves t iga ted  the mel t ing  
t e m p e r a t u r e s  in " F e O " - M n O - F e S - M n S  mix tu re s  about 
th i r ty  y e a r s  ago and obse rved  the eutec t ic  t e m p e r a t u r e  
to be l ess  than 910~ In a s i m i l a r  inves t iga t ion  done 
about ten years  ago, G e i s s l e r  and K o h l m e y e r  3' made 
e s sen t i a l l y  the same obse rva t ions  and placed the qua-  
t e r n a r y  eutect ic  at 900~ and gave for  the composi t ion  
of the eutect ic  liquid 45 mole  pct FeO,  40 mote  pct FeS 
and 15 mole  pct MrS. In these expe r imen t s  the mel t s  
w e r e  contained in a lumina  or  z i r con ia  c ruc ib l e s  and 
w e r e  heated in ni t rogen.  Under  these  expe r imen ta l  
condit ions of unknown manganese ,  sulfur  and oxygen 
a c t i v i t i e s ,  l i t t le  use can be made of the phase r e l a t ions  
proposed by these  inves t iga to r s .  

F r o m  m i c r o s c o p i c  examinat ions  of quenched s a m -  
p ies ,  Hilty and Craf t s  32 obse rved  the fo rmat ion  of two 
liquids in the F e - M n - S - O  qua t e rna ry  sys t em in equi-  
l ibr ium with solid iron containing 1.0 pct Mn and solid 
Mn(Fe)O at 1475~ (This is discussed further later in 
this section.) 

Although available information is meager, it is reas- 
onable to assume that there may be two invariant 
equilibria in the metal-metal sulfide-metal oxide part 
of the system: the eutectic invariant and the miscibility 
gap invariant. 

As a rough estimate, the eutectic invariant is as- 
sumed to be at 900~ where the equilibrium condensed 
phases are expected to be: -/-iron, Fe(Mn)O, FeS, 
Mn(Fe)S and liquid oxysui f ide ,  l~. Using the phase 
d iag ram given by Vogel and Hotop "~5 for  the FeS-MnS 
sys t em,  the sulfide ac t i v i t i e s  at 900~ a r e  es t imated  
to be aFe S ~- 1 and aMn s ~- 0.4, hence the equi l ibr ium 
manganese  content of y - i r o n  is ca lcu la ted  to be -10 
ppm f rom the f r ee  energy  data for the sulf ides .  Using 
this manganese  concent ra t ion ,  the co r respond ing  equi-  
l ibr ium oxide compos i t ion  is NMnO/NFe 0 ~ 1. On the 
bas is  of these  c rude  e s t i m a t e s ,  the co r respond ing  
equ i l ib r ium oxygen and sulfur  pa r t i a l  p r e s s u r e s  a r e :  
3.8 x 10- 's  a im O2 and 1.4 • 10 -s atm $2. 

The univar iant  equ i l ib r ium of pa r t i cu l a r  impor tance  
in p r a c t i c e  is that involving four condensed phases ,  
~ - i r o n ,  Mn(Fe)O, Mn(Fe)S and liquid (1). An e s t ima te  
of this univar iant  can be made on the p r e m i s e  of an 
ideal liquid oxysuif ide solut ion.  The e l e m e n t a r y  s ta -  
t i s t i ca l  mechan ics  as applied by Temkin  ~3 and by 
Flood et  a l .  34'3s leading to the t he rmodynamics  of ideal 
fused sal t  solut ions can be used for the p resen t  case .  
That is ,  the sum of the ac t i v i t i e s  of oxides and sul-  
f ides is unity for  an ideal  liquid oxysulf ide solut ion,  
thus r e l a t i ve  to the pure  liquid oxide and sulfide as 

the standard state, 

aFeo + aFe S + aMn O + (Z.vlnS = 1 [9] 

As shown earlier, the ideal mixing in FeO-FeS liquid 
in equilibrium with y-iron and in MnO-MnS is a good 
approximation. Furthermore, FeO-MnO is known to 
form an ideal solid and liquid solution. Therefore, the 
assumption of ideal solution for the quaternary FeO- 
FeS-MnO-MnS is considered reasonable. 

The equilibrium constants of reactions to be consid- 
ered a r e  taken f rom the avai lab le  data 2"~ 

MnO(s) + Fe(s) = FeO(1) + Mn(s); 

8153 
log K~ - T + 1.515 [I0] 

MnS(s) + Fe(s)  = FeS(I) + Mn(s); 

log K2 - 

MnO(s) = MnO(/); log Ka - 

MaS(s) = MnS(/); log K~ - 

_ _ 812__.55 + 1 . 9 8 5  [ i i  1 
7" 

_ _  284___22 + 1.379 [ lP . J  
T 

137--7 
+ 0.765 [ i3]  

T 

w h e r e  (s) is solid and (l) is liquid. 

At manganese  ac t i v i t i e s  (= atom f rac t ion  in i ron,  
NMn) co r r e spond ing  to about 1 o r  2 pct,  the iron con-  
tent of solid manganese  oxide and sulfide is suff ic ient ly  
low that t he i r  a c t i v i t i e s  a r e  approx imated  as unity, 
i . e .  aMns~- i and aMaO ~ 1. With these s imp l i f i ca t ions ,  
an e x p r e s s i o n  is obtained for  the equi l ibr ium manga-  
nese  content  of sol id i ron for  this uni~arinnt .  

(Kt + I(~) .1. - Nr~ln + K3 + K~ = 1 [14] 
~ n  

The manganese  of the meta l  thus computed for this 
un ivar ian t  is shown by the dotted cu rve  in F ig .  8. As  
d i scussed  e a r l i e r ,  aMn S ~- 0.4 and aMn O ~0.5  at the 
invar iant  t e m p e r a t u r e  900~ With i nc rea s ing  t e m -  
p e r a t u r e  and manganese  content  along this un iva r i an t ,  
the a c t i v i t i e s  of manganous sulfide and oxide i n c r e a s e .  
Since aMn S as  a function of composi t ion  is not known, 
the curve  j in Fig .  8 is an e s t ima te  for  this un ivar ian t  
s t a r t ing  at 10 ppm Mn at 900~ for  aMn s = 0.4 and 
aMn O = 0.5, and blending into the dotted cu rve  at --1 
pct Mn for  which aMn O and aMn s - -  1 is a good ap-  
p rox imat ion .  

T h e r e  is l imi ted  solubi l i ty  of pyr rho t i t e  in MnS; 
a s suming  that Raoul t ' s  law is obeyed,  the manganese  
content of - / - i ron  in equ i l ib r ium with solid Mn(Fe)S 
and liquid sul f ide  may be e s t ima ted  using the ava i l ab le  
phase d i ag ram for  the sys t em " F e S " - " M n S " .  This  
un ivar ian t  equ i l ib r ium for  the t e r n a r y  sys tem F e - M a -  
S is shown in Fig .  8; the re  is a t e m p e r a t u r e  m a x i m u m  
at -1500~ a~d the univar iant  k t e r m i n a t e s  at the 
Mn-S invar ian t  1230~ 

The c u r v e s  j and k in F ig .  8 r e v e a l  the s ignif icant  
effect  of oxygen in lowering the mel t ing  point of the 
oxysulf ide phase .  Fo r  example ,  at 1200~ no liquid 
phase  f o r m s  in the F e - M n - S  s y s t e m ,  if t he r e  is m o r e  
than 0.01 pct Mn in the i ron.  On the o ther  hand, when 
iron is sa tu ra ted  with " M a O "  and " M n S " ,  the man-  
ganese  content of the meta l  must  exceed  1 pet to sup-  
p r e s s  the fo rmat ion  of the l iquid oxysulf ide at 1200~ 

On the bas i s  of the in format ion  ci ted above (par t ly  
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Fig. 8--Manganese content of the metal for univariant equilib- 
rium 7-Fe + "MnO" + "MnS" * liquid (1) for Fe-Mn-S-O 
system and univariant equilibrium y-Fe + "MnS" + liquid 
sulfide for Fe-Mn-S system. 

expe r imen ta l  and par t ly  es t imated) ,  the manganese  
potent ial  d iagram is cons t ruc ted ,  at least  approx-  
imate ly ,  in Fig.  9 for two invar ian t  equi l ibr ia  involv-  
ing the p r e sence  of meta l  aud oxide phases .  The 
un iva r i an t  n i v - i r o n ,  wust i te ,  pyr rhot i te ,  liquid (1)] 
approaches  the invar ian t  915~ asympto t ica l ly  for 
the F e - S - O  t e r n a r y  sys t em.  Because  of the low MnO 
solubi l i ty  product ,  in i ron containing more  than about 
1 pct Mn, the amount  of oxygen in solut ion is smal l  
and has negl igible  effect on the Fe -Mn sol idus t e m p e r -  
a tu re .  The re fo re ,  the un iva r i an t  q [solid i ron ,  " M n O " ,  
liquid oxysulfide (l,), l iquid meta l  (/z)] s t a r t ing  from the 
inva r i an t  1527~ for the F e - M n - O  sys tem follows 
c lose ly  the sol idus curve  of the Fe-Ma~ sys tem and in-  
t e r s ec t s  the un ivar ian t  j at about 90 pet Mn and s l ight ly  
below the es t ima ted  eutect ic  t e m p e r a t u r e ,  ~1225~ of 
the Mn-S-O sys tem.  The l iquid misc ib i l i ty  gap obse rved  
by Hilty and Crafts 3z at 1475~ with 6-iron containing 1 
pet Mu cannot be the equilibrium value. Because of 
slow manganese diffusion in solid iron, the melt was 
apparently not in equilibrium with the container made 
of Fe-1 pct Mn alloy. For this univariant the estimated 
manganese content in solid iron is about 12 pet at 
1475~ Although the positions of the curves in Fig. 9 
are not known accurately, they demonstrate the con- 
ceptual ly  co r r ec t  form of r e p r e s e n t i n g  the un ivar iaa t  
equi l ib r ia  in the q u a t e r n a r y  sys tem.  

Es t ima ted  data for two mvar i an t s  in the F e - M n - S - O  
q u a t e r n a r y  sys tem a r e  given in Table IV. 

GENERAL REMARKS 

In an a t tempt  to unders tand  one of the poss ib le  
causes  of ho t - sho r tnes s  in low-al loy s tee l s ,  we should 
take a c lose r  look at the phase equi l ibr ia  ia the appro-  
pr ia te  par t  of the F e - M n - S - O  sys tem.  Because  of the 
low solubi l i ty  of oxygen in i ron ,  a l l  c o m m e r c i a l  s tee ls  
contain oxides.  Assuming  that a l l  other  al loying e le-  

~s 1 ] 
,~-s-o l ,o~ 

8 I0 

i . . . .  

=- 7 I I " 
, I / ,+O.L . , ,  I 

-16 m [ . . . .  0.O0t 

)=i. r n l I I 

-20 Fe-S-O ] 
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Fig. 9--Univariant equilibria in Fe-Mn-S-O system in the 
presence ofy-Fe and Mn(Fe)O phases, j) Fe, Oxi., "MnS':, 
/ I ; m )  Fe, Ox i . ,  " M n S " ,  " F e S " ; n )  Fe ,  Oxi . .  " F e S " ,  / I ;  p) Fe .  
Oxi , ,  " M n S " ,  12; a n d q )  F e ,  Oxi . ,  l t, l 2. 

Table IV. Estimated Data for Invariant Equilibria in 
Fe-Mn-S-O Quaternary System 

~900~ 

I 7-iron 
Solid (Mn) sulfide: 

Solid (Fe) sulfide: 
Fe(Mn)O oxide: 
Liquid (1) oxysulfide: 

Gas: 

I Solid Fe/Mn: 
"MnS': 

o I "MnO": 
~1225 C 1 Liquid (1): 

I 
Liquid (2): 

~10 ppm Mn < I ppm 0 
aMn S Z 0.4 

aFeS~ l 
aMn O "- 0.5 aFe 0 ~ 0.5 
~26 pet Fee, 54 pct FeS, 15 pet MnS and 

5 pet blue by weight 
Pea ~- 3.8 X lO"S atm, ps~ -- lAX 10 "~ 

aim 

~90 pet Mn 

aM, ~ "--" 1 

aMn O "" 1 
~O,1 pet Fee,  0.3 ~ t  FeS, 65.2 pet MnS 

and 34.4 pet MnO by weight 
(pet O/pet S) for l~ (metallic) 

<(pet  O/pct S) forl~ (oxysulfide) 

mea ts  a re  absen t ,  a Mn(Fe)O oxide wil l  be p resen t  at 
a l l  t e m p e r a t u r e s  of in te res t ,  for which re levant  data 
a r e  given in Fig.  9. 

At the eutect ic ,  900~ invar i an t  the es t imated  m a n -  
ganese  in solut ion in iron is about 10 ppm. However ,  
along the un lva r i an t s  j and p the equ i l ib r ium manganese  
content  i n c r e a s e s  s teeply with i nc reas ing  t e m p e r a t u r e  
unt i l  at ~1225~ the un ivar ian t  p t e r m i n a t e s  on the 
Mn-S-O plane for which the y phase is e s sen t i a l ly  
100 pct Mn. It is evident that as long as the s tee l  con-  
ta ins  Mn(Fe)O and Mn(Fe)S in equ i l ib r ium with the 
me ta l ,  a liquid oxysulfide may form somewhere  be-  
tween 900 ~ and 1225~ depending on the concen t ra t ion  
of manganese  in solut ion in s tee l .  The re  a r e ,  of 
c ou r se ,  wel l -known and pract iced r e m e d i e s  which wil l  
inhibit  the format ion of a liquid phase in s teel  at hot- 
working t e m p e r a t u r e s .  

If most  of the oxygen in s tee l  is t ied up as " i n e r t "  
oxides ,  e . g .  TiO~, Z r O : ,  Al203,* a sma l l  amount  of 

*If there is excess aluminum in solution, • may also form; this sulfide 
melts at 1100~ therefore, its presence in steel may not be desirable. 

manganese  would be adequate to supp re s s  the f o r m a -  
tion of a liquid sulfide phase,  as evidenced from the 
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MnS solubil i ty data of Turkdogan el al.  ~ and f rom 
compar i son  of univar ian ts  j and k in Fig.  8 for  F e - M n -  
S-O and Fe -Ma-S  sys t ems ,  r e spec t i ve ly .  

Another  remedy  is to lower the sulfur  content of 
s t ee l .  Fo r  example ,  as pointed out e a r l i e r ,  Fig.  5, in 
the case  of a s imple  F e - S - O  s y s t e m ,  no liquid oxysu l -  
fide should form when the s tee l  contains  less  than 70 
ppm S, despi te  the p r e sence  of iron oxide. This  a rgu -  
ment  is valid only when no manganese  is p resen t  in 
the meta l .  What i s ,  of cou r se ,  m o r e  effect ive  is to 
tie up sulfur  as a s table sulfide.  In fact ,  it has long 
been known 36'a~ that the addition of r a r e  earth e l e -  
men t s ,  e . g .  c e r i u m  and lanthanum, to s ta in less  s t ee l  
w h e r e  the oxygen content is low improves  the hot 
workabi l i ty .  

Although the format ion  of a low-mel t ing  oxysulf ide 
at hot-working t e m p e r a t u r e s  can read i ly  be inhibited 
by the appropr ia te  addition of a l loying  e l emen t s  and 
by the cont ro l  of sulfur  and oxygen contents  (a l ready 
done in p rac t i ce ) ,  subsequent sca l ing  of s labs o r  in- 
gots during heating can a l t e r  this s i tuation and may 
become  respons ib le  for  the fo rmat ion  of a liquid oxy-  
sulf ide.  When an i ron-ox ide  sca le  f o r m s ,  some man-  
ganese  is oxidized and the concent ra t ion  of manganese  
in solution near  the i ron-wus t i t e  in te r face  d e c r e a s e s .  
That i s ,  if the init ial  composi t ion  of s tee l  w e r e  s o m e -  
w h e r e  above the cu rve  j in F ig .  9, upon sca le  fo rmat ion  
it could be shifted below the cu rve  into another  t h r e e -  
phase region where  a liquid phase appea r s .  

Another  important  consequence  of scal ing is the en- 
r i chment  of sulfur in solution in i ron.  Because  of the 
r e l a t i ve ly  low sulfur  solubi l i ty  and di i fus ivi ty  in i ron 
and wust i te ,  the oxidation of i ron may resu l t  in sulfur  
accumula t ion  at the in te r face ,  u l t ima te ly  leading to the 
format ion  of a liquid oxysulf tde.  This  is indeed ana l -  
ogous to the prec ip i ta t ion  of copper  o r  tin at the m e t a l -  
oxide in ter face  during the oxidation of iron a l loys  ob-  
s e rved  by many inves t iga to r s ,  a8 In fact ,  Buchholtz and 
Pusch  a9 did o b s e r v e  the p rec ip i t a t ion  of an oxysulf ide 
at the i ron-wus t i t e  in te r face ;  however ,  these inves t i -  
ga to rs  did not give an explanation of thei r  obse rva t ion .  
Kiess l ing  and Lunge also r epor t  4~ the prec ip i ta t ion  of 
a liquid oxysulftde along gra in  boundar ies  near  the 
i ron -wus t i t e  in ter face  when the s t ee l  is heated under  
oxidizing condit ions in fu rnaces  f i red  with s u l f u r - c o n -  
taining fuel  oil .  

In P a r t  1I of this paper ,  the r e su l t s  of expe r imen ta l  
work a r e  given,  demons t r a t ing  the format ion  of py r -  
rhot i te  or  oxysulf ide liquid during the oxidation of 
Fe -Mn  al loys  containing sul fur .  

CONC LUSIONS 

By applying Da rken ' s  modif ica t ion  of the M o r e y -  
Wi l l i amson  theorem on univar tant  c u r v e s  in te r sec t ing  
at an invar iant  point, the enthalpy of format ion of 
liquid oxysulf ide is e s t ima ted  for  the F e - S - O  s y s t e m ,  
e . g .  -43 .5  kcal  per  g - a t o m  Fe  at the eutect ic  invar iant  
915~ and -36.4 kca[  per  g - a tom Fe at the pe r i t ec t i c  
invar iant  942~ The un ivar ian t  cu rves  for  condensed 
phases  i ron -wus t i t e - l i qu id  (1) and w u s t i t e - m a g n e t i t e -  
liquid (1) in the sulfur  potent ia l  d i ag ram for the F e -  
S-O sys tem pass  through max ima  at ~1050 ~ and 
~ l l00~  

The univarLant curve  for  w u s t i t e - p y r r h o t i t e - l i q u i d  
(i) equi l ibr ium in the F e - S - O  sys tem has s teep s lopes ,  

METALLURGICAL TRANSACTIONS 

d R 7" In p&,,'~/7' and d R T In p o  e / d T ,  in the vicini ty  of 
the pe r i t e c t i c  invar iant  942~ This finding sugges ts  
that the compos i t ions  of these three  condensed phases 
a r e  nea r ly  eo l i nea r  in the composi t ion d iag ram nor -  
real ly used.  

The solubi l i ty  of su l fur  in y - i r o n  d e c r e a s e s  with 
inc reas ing  oxygen content.  The sulfur  content of iron 
in equ i l ib r ium with wust i te  and liquid oxysulf ide 
r e a c h e s  a max imum of 143 ppm at 1200~ this is 
about one half of that in purif ied iron. At the eutect ic  
invar iant  (915~ the sulfur  in solution in equi l ibr ium 
with wust i te  and liquid (1) is 70 ppm. The sulfur solu-  
bi l i ty  in y - i r o n  sa tura ted  with wust i te  d e c r e a s e s  with 
i nc rea s ing  t e m p e r a t u r e  above 1200~ That i s ,  for  
su l fur  contents  between 70 and 143 ppm in wus t i t e -  
sa tu ra ted  i ron (no al loying e l emen t s  being presen t ) ,  
liquid oxysulf ide may be absent  o v e r  a t e m p e r a t u r e  
r ange ,  which depends on the sul fur  content.  

In the q u a t e r n a r y  sys tem F e - M n - S - O  involving the 
v - p h a s e ,  there  a r e  two invar iant  points:  the eutect ic  in-  
va r ian t  at 900~ with ~10 ppm Mn in y - i r o n  and the 
mi sc ib i l i t y  gap invar iant  at -1225~ where  the equi-  
l ib r ium manganese  content  of iron is e s t imated  to be 
~90 pct. The equ i l ib r ium manganese  content of i ron 
for the univar ian t  v - i r o n - M n ( F e ) O - l i q u i d  (1)-liquid 
(2) d e c r e a s e s  with inc reas ing  t e m p e r a t u r e ,  e . g .  ~12 
pct Mn at 1475~ and -0.06 pct Mn at the ~1527~ in- 
var ian t  of the F e - M a - O  sys t em.  

The univar ian t  equ i l ib r ium of p rac t i ca l  impor tance  
is that involving the condensed phases  v - i r o n ,  
Mn(Fe)O, Mn(Fe)S, and liquid oxysulf ide.  It is found that 
as  long as the s t ee l  contains  Mn(Fe)O and Mn(Fe)S in 
equ i l ib r ium with the me ta l ,  a l iquid oxysulfide may form 
s o m e w h e r e  between 900 ~ and 1225~ depending on the 
concen t ra t ion  of manganese  in solution in s tee l  (in the 
absence  of o ther  a l loying e l emen t s ) ,  e . g .  for 10 ppm 
Mn, 900~ and for  -90 pct Mn, ~1225~ In the absence  
of oxygen,  however ,  a very  s m a l l  amount of manganese  
( e .g .  20 ppm Mn at 1000~ and 400 ppm at ~1300~ is 
suff ic ient  to suppres s  the fo rmat ion  of the liquid 
sul f ide .  

Because  of the r e l a t i v e l y  low sul fur  solubil i ty and 
dfffusivi ty  in iron and wus t i te ,  the p resen t  ana lys i s  of 
the equi l ib r ium sugges ts  that the oxidation of an F e -  
Mn-S al loy may resu l t  in sulfur  accumula t ion  at the 
i n t e r f ace ,  u l t imate ly  leading to the format ion  of a l iq-  
uid oxysulf ide .  This  is demons t r a t ed  in the expe r i -  
menta l  work p resen ted  in P a r t  II. 
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Appendix 
Melting Temperatures of 
W ustite-Pyrrhotite Mixtures 
L. S. DARKEN AND R. W. GURRY 

About th i r ty  yea r s  ago,  we inves t iga ted  the l iquidus 
t e m p e r a t u r e s  of that port ion of the F e - S - O  sys t em in 
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Fig. AI--Melting diagram of system iron oxide--iron sulfide 
in equilibrium with metallic iron. 

equi l ibr ium with meta l l i c  iron. Because  of current  
interes t ,  the resu l t s  of this ear ly  work (previous ly  un- 
published) are  given here .  

The me l t s  were  a l l  made in an i ron cruc ib le  (~ in .  
a . 

ID, T m. long). The charge  cons i s ted  of a mixture  of 
pyrrhotite  and wust i te .  The pyrrhotite  used contained 
35.1 pet S and 64.9 pct Fe, close to the stoichiometric 
composition (36.5 pot S) but with about 3.5 pet excess 
of Fe. The wustite used was prepared by reaction of 
high-puri ty  hematite  with iron in an iron crucible ;  it 
analyzed 76.8 pct Fe ,  23.2 pct O, or  86.4 pct FeO, 
13.6 pct Fe203. The se lec ted  mixture  was made by 
weighing the powdered sulf ide and oxide (200 mesh)  
and placing the iron cruc ib l e ,  which was  then pinched 
c losed  and held at temperature  in a p r e c i s i o n - c o n -  
trol led platinum wire-wound furnace;  the a tmosphere  
used was purified ni trogen.  After holding at t emper -  
ature for 20 to 40 rain, the sample  was quei~ched in 
m e r c u r y .  It was then sect ioned and polished for ex-  
aminat ion under a metal lographtc  microscope .  Fi f ty-  
f ive me l t s  were  prepared of eight different c o m p o s i -  
t ions ,  which corresponded to wust i te ,  pyrrhotite and 
mixtures  with wust i te  containing 25, 50, 65, 68.5,  75, 
and 87.5 pct pyrrhoti te .  From the s tructural  detai ls  
of the pol ished sample s  examined m i c r o s c o p i c a l l y ,  it 
was poss ib le  to identify the phase region from which 
the equil ibrated sample  was quenched,  e.g.  above or 
below the l iquidus.  By quenching a number of s a m p l e s  
of a g iven mixture from s e v e r a l  c l o s e l y  spaced t em-  
peratures ,  it was poss ib le  to evaluate  the l iquidus 
temperature .  

The temperatures  so obtained are  given in Fig. A1 
showing the liquidus curves  and the eutecttc invariaat 
of wust i t e -pyrrhot i t e  mix tures  in equi l ibr ium with 
iron. Since the wust i t e -pyrrhot i t e  join is  not a pseudo-  
binary sect ion ,  the compost i ion  of the melt  in equi l ib-  
rium with iron wi l l  change with temperature .  Hence,  
the percentages  on the a b s c i s s a  are not the percent-  
ages  of FeS and FeO, but indicate the re lat ive  propor-  
t ions of " iron su l f ide"  (35.1 pot S) and wust i te  (23.2 
pct O) used in making up the mixtures .  The l iquidus 
curve  is the intersect ion of the l iquidus surfaces  in 
the Fe -S -O ternary s y s t e m  for the 7 - i r o n / l i q u i d  and 
wust i t e / l iqu id  to the left of the eutectic  point in Fig.  

A1; to the r ight  of the eutectic  point,  it is the i n t e r s ec -  
tion of the 7 - i r o n / l i q u i d  and pyr rho t i t e / l iqu id  l iquidus 
su r faces .  

As d i scussed  in the paper ,  the temperature  of the 
eutect ic  invar ian t ,  908~ obtained in this work is in 
r easonab le  accord with the r e su l t s  of subsequent  work 
by o ther  inves t iga tors .  
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