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Sulphur in oxide glasses

Natural minerals may 

contain substantial 

quantities of sulphur.

Sulphur added to glasses as 

sulphate can be used as 

refining agent, as sulphide 

gives amber colour.

Sulphur

Sulphide glasses can be 

used for high refractory 

index materials.

Sulphur species are present 

in radioactive and toxic 

wastes.
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Introduction

The associate species containing S were added in order to 
describe the liquid phase containing metal sulphides.

System Associate species

Ca-S CaS

Cr– S CrS

Cu-S Cu2S

Fe– S FeS

Mg-S MgS

Mn- S MnS

Cu-Fe-S CuFeS2/2
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Modelling of binary S-containing phases

System Phase Description Source

Ca-S Liquid (Ca, CaS, S) proposed by GTT

Cr-S Liquid

Cr1.01S, Cr3S4

Cr2S3, Cr5S6,Cr7S8

Pyrrhotite

(Ca, CrS, S)

stoichiometric

stoichiometric

(Va, Cr)S

modelled by GTT

modelled by GTT

modelled by GTT

CrS(SGPS)

Cu-S Liquid

Cu2S-I

Cu2S-II

Digenite

CuS

(Ca, Cu2S, S)

S (Va, Cu)

S (Va, Cu)

(S2-)(Va,Cu1+)(Va,Cu1+)

stoichiometric

modelled by GTT

modelled by GTT

modelled by GTT

modelled by GTT

SGPS

Fe-S Liquid

FeS (s1, s2)

FeS2

Pyrrhotite

(Fe, FeS, S)

stoichiometric

stoichiometric

(Va, Fe)S

[Miettinen,Hallstedt98] < 50%S

GTT > 50%S

SGPS

(Hf, Cp) SGPS

[92Sun2]

Mg-S Liquid (Mg, MgS, S) proposed by GTT

Mn-S Liquid

MnS, MnS2

(Mn, MnS, S)

stoichiometric

[Miettinen,Hallstedt98] < 50%S

GTT > 50% S

[Miettinen,Hallstedt98]
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Modelling of ternary S-containing phases

System Phase Description Used data

CaS - FeS Oldhamite (Ca, Fe)(S) modelled by GTT

CaS - MgS Oldhamite (Ca, Mg)(S) modelled by GTT

CaS - MnS Oldhamite (Ca, Mn)(S) modelled by GTT

Cr-Fe-S Cr2FeS4

Pyrrhotite

stoichiometric

(Va, Cr, Fe)(S)

modelled by GTT

modelled by GTT

Cr-Mn-S MnCr2S4

MnS

stoichiometric

(Cr, Mn)S

modelled by GTT

modelled by GTT

Cu-Fe-S Digenite

Pyrrhotite

CuFeS2-HT

CuFeS2 (s)

(S2-)(Va,Cu1+)(Va,Cu1+,Fe2+)

(Va, Fe, Cu)(S)

(Cu, Fe) FeS2

stoichiometric

modelled by GTT

modelled by GTT

modelled by GTT

SGPS

Cu2S-MgS Digenite (S2-)(Va,Cu1+)(Va,Cu1+,Mg2+) modelled by GTT

Cu2S-MnS Digenite (S2-)(Va,Cu1+)(Va,Cu1+,Mn2+) modelled by GTT

FeS-MgS Pyrrhotite

Oldhamite

(Va, Fe, Mg)(S)

(Fe, Mg)(S)

modelled by GTT

modelled by GTT

FeS-MnS Oldhamite

Pyrrhotite

(Fe, Mn)(S)

(Va, Fe, Mn)(S)

modelled by GTT

modelled by GTT
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Modelling of S-containing phases

Phase Description

Pyrrhotite (Cr, Fe, Cu, Mg, Mn, Va) S

Cu2S-I (Cu, Va)2 S

Cu2S-II (Cu,Va)2 S

Digenite (Cu1+,Va) (Cu1+,Fe2+,Mg2+,Mn2+, Va) (S2-) 

Oldhamite (Ca, Mg, Mn, Fe)(S)

CuFeS2-HT (Cu, Fe) Fe(S)2

MnS (Cr, Mn) S
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Binary Cr-S phase diagram
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Binary Fe-S phase diagram

T.B. Massalski,  Binary  Alloy 

Phase Diagrams., ASM, 1990. 
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Binary Cu-S phase diagram
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Binary Mn-S phase diagram

H. Okamoto, J. Phas. Equil. Diff., Vol. 

32, 1 (2011), p.78. 
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Binary Ca-S and Mg-S phase diagrams

Slag + CaS(s)

Ca(s2) + CaS(s)

Ca(s) + CaS(s)

Slag + CaS(s)

Slag

T
m
 = 2525°C

CaS(s)

Ca - S

1 atm

S/(Ca+S) (mol/mol)

T
(C

)
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Slag + MgS(s)
Slag + MgS(s)

Mg(s) + MgS(s)

Slag

MgS(s)

Mg - S

1 atm

S/(Mg+S) (mol/mol)

T
(C

)

0 0.2 0.4 0.6 0.8 1
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T.B. Massalski,  Binary  Alloy 

Phase Diagrams., ASM, 1990 .
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CaS-FeS phase diagram
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FeS-MnS phase diagram
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FeS-MgS phase diagram

O. V. Andreev, A. V. Solov'eva, and T. 

M. Burkhanova, Zh. Neorg. Khim., 51 

[11] 

1938-1941 (2006); Russ. J. Inorg. 

Chem. (Engl. Transl.), 51 [11] 1826-

1828 (2006). 
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Cu2S-MgS phase diagram
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Cu2S-MnS phase diagram

MnS(solid)

MnS(liquid)

Cu
2
S(liquid)

[Y.Lei, T.Yoshikawa,C.Q.Jia,K.Morita,2012]:

aCu2S(liquid)

aMnS(solid)

aMnS(liquid)

<A> MnS +  <1-A> CuS0.5

T = 1200°C

mole fraction MnS

a
(C

u
2
S

),
 a

(M
n

S
)
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Quasi-binaries with Oldhamite

Sulfide Pearson

Symbol

Space

group

Struktur-

bericht

Prototype

CaS cF8 Fm  m B1 NaCl

MgS cF8 Fm  m B1 NaCl

MnS cF8 Fm  m B1 NaCl

3

3

3

3

3
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Isothermal sections at 700°C and 950°C in Cr-Fe-S
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Isothermal sections at 1090°C and 1300°C in Cr-Fe-
S
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Isopleth section at ~50 mol % S in Cr-Fe-S

Slag + PYRRHOTITE

FCC_A1 + PYRRHOTITE

BCC_A2 + PYRRHOTITE

Slag

[Vogel, 1951]

Cr1.001S - Fe1.001S

1 bar

Cr1.001S/(Cr1.001S+Fe1.001S) (g/g)
T

(C
)

0 0.2 0.4 0.6 0.8 1
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1500

1600

1700

1800
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Isopleth section FeCr2S4-Cr2S3 in Cr-Fe-S

Slag + PYRRHOTITE

Slag + Slag#2

Slag

Slag + PYRRHOTITE + Cr2S3(s)

Cr2S3(s) + FeCr2S4(s)

[Robbins,1974]

[Lutz,1983]

FeCr2S4 - Cr2S3

1 bar

Cr2FeS4/(Cr2FeS4+Cr2S3) (mol/mol)

T
(C

)

0 0.2 0.4 0.6 0.8 1

500

700

900

1100

1300

1500

1700

FeCr2S4

Daubreelite

Hf, kJ/Mol Sf, J/mol K Tm, °C

Experimental -457.31 [Kessler76]

-566.8 [Petaev82]

207.1 [Petaev82] 1077 [Robbins74]

1067 [Lutz 83]

Calculated -514.14 164.88 1073
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Isothermal section at 800°C in Cr-Mn-S
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Cr - Mn - S
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Shatynski, S.R.; Hirth, J.P.; Rapp, R.A., 

Metall. Trans. A, 10A (5), 591-598 (1979) (16).
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Isopleth section CrS-MnS

PYRRHOTITE

MnS

Slag + MnSSlag + PYRRHOTITE

Slag + PYRRHOTITE + MnS

PYRRHOTITE + MnS

CrS - MnS

1 bar

MnS/(CrS+MnS) (mol/mol)

T
(C

)

0 0.2 0.4 0.6 0.8 1
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1600
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Isothermal section at 600°C in Cu-Fe-S
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Y.A. Chang, J.P. Neumann, U.V.  Choudary, 

INCRA, Internat. Copper Research Assoc., 

Monograph VII, 1979, pp. 58-88.
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Isothermal section at 800°C in Cu-Fe-S
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Isothermal section at 1000°C in Cu-Fe-S
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Monograph VII, 1979, pp. 58-88.
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Isothermal section at 1200°C in Cu-Fe-S

D.G. Mendoza, M. Hino and K.Itagaki, Mater. 

Transact., Vol. 42, No. 11 [2001], pp.2427-

2433.
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Isopleth section CuFeS2-FeS1.08 in Cu-Fe-S

Slag + PYRRHOTITE + CuFeS2-HT

Slag + PYRRHOTITE

PYRRHOTITE + CuFeS2-HT

PYRRHOTITE

Slag

[Dutrizac, 1976]
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1 bar

FeS1.08/(CuFeS2+FeS1.08) (mol/mol)

T
(C

)

0 0.2 0.4 0.6 0.8 1

400

600

800

1000

1200

1400



GTT-Technologies

Conclusions

• The liquid phase in all subsystems was evaluated using associate 
species model,

• All systems were assessed using experimental phase diagram 
information and thermodynamic properties as far as available. 

• The 8 solid solution phases and 19 stoichiometric phases containing 
S were incorporated.
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Thanks for your attention

Slag + PYRRHOTITE + CuFeS2-HT

Slag + PYRRHOTITE

PYRRHOTITE + CuFeS2-HT

PYRRHOTITE

Slag

[Dutrizac, 1976]

CuFeS2 - FeS1.08

1 bar
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400

600

800

1000

1200

1400

Sailing close to the wind ...


