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Abstract
The latest development of a thermodynamic database is demonstrated with application examples related to the steelmaking
process and steel property predictions. The database, TCOX, has comprehensive descriptions of the solution phases using ionic
models. More specifically, applications involving sulphur and oxygen, separately as well as combined, are presented and
compared with relevant multi-component experimental information found in the literature. The over-all agreement is good.
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Introduction

Customer demand on higher performance and increased com-
petition on the global steel market make it evenmore desirable
to produce better steels at a lower cost. An important factor to
consider when developing new steels is the presence of inclu-
sions [1]. Their amount, type and size are of importance for
the properties of the final product. Another important factor to
consider is the steel’s corrosion resistance, as corrosion is very
costly as it dramatically shortens the lifetime of steel products.
Almost all iron ore is iron oxide minerals and among them
hematite is the most common. During primary steelmaking,
oxygen is used to lower the carbon content of the crude iron.
In secondary steelmaking [2], slags which mostly consist of

oxides are used to protect the steel and to absorb impurities.
Oxide inclusions can have a detrimental impact on the me-
chanical properties of steel. Finally, oxygen is the main ele-
ment responsible for corrosion of steels, when nature wants to
reclaim the steel, rust, i.e. iron oxide, is formed. In addition to
oxygen, sulphur is an important element for steelmaking and
steel properties [3]. Even though red-shortness, melting of iron
sulphide at forging temperatures, rarely or never occurs today,
sulphides are an important type of inclusion which often have a
negative impact on mechanical properties. Manganese was ear-
ly on used to tackle the problem of red-shortness and it is, for
many reasons, a common alloying element today. Additionally,
calcium is now commonly used as a sulphide former. Both
MnS and CaS influence the mechanical properties of steel,
particularly the impact toughness. Due to relatively high melt-
ing points of sulphides with chromium or nickel, red-shortness
is not a problem in stainless steels. In addition, stainless steels
are usually alloyed with other sulphide-forming elements, like
calcium, manganese or titanium. The sulphides in stainless
steels do not only impact the mechanical properties but also
the corrosion resistance. More specifically, sulphides play a
major role in pitting corrosion [4] which may be detrimental
in high temperature applications.

It is essential to understand and describe the thermodynam-
ic properties to be able to predict the influence of oxygen and
sulphur during the steelmaking process and on the final steel
properties. An efficient way to make equilibrium calculations
is to use the CALPHAD-method [5]. In particular, the com-
pound energy formalism (CEF) [6–8] has proven useful for
modelling solutions phases. The model for liquid phases
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within the formalism is the ionic two-sublattice liquid model
that has been revised over the years since its introduction [9,
10]. This model is used in the TCOX database [11] in the
Thermo-Calc package which contains a thermodynamic de-
scription involving many oxide systems. The COMPASS pro-
ject, supported by the Swedish industry, had the ambition to
improve the description in TCOX, mainly by adding sulphur
to the database. In this paper, the present state of the TCOX
database is demonstrated with calculations involving oxygen
and sulphur, separately as well as combined. It should be
emphasized that all calculations are done with TCOX alone
as the ionic two-sublattice model is able to describe both the
metallic liquid and the liquid slag—they merely have different
compositions, i.e. are separated by a miscibility gap.

The latest update of the TCOX database includes the addi-
tion of 12 new elements: Ar, Co, Cu, F, Gd, La, Mo, Nb, P, S, V
and W. Thus, the database now contains thermodynamic data
for the following 24 elements: Al, Ar, C, Ca, Co, Cr, Cu, F, Fe,
Gd, La, Mg, Mn, Mo, Nb, Ni, O, P, S, Si, V, W, Yand Zr. The
intended application is for solid and liquid ionizedmaterials, i.e.
oxides, sulphides, fluorides and silicates, or a mixture of these.
Applications could include development of ceramics, slags,
refractories, metallurgical processing, ESR slags, material cor-
rosion, thermal barrier coatings (TBC), yttria-stabilized-
zirconia (YSZ), solid oxide fuel cell materials, sulphide forma-
tion and desulphurization, to name a few uses of the database.
The scope of this paper will however limit itself to applications
related to steels and steelmaking. Calculations related to steel
and steelmaking are made and compared with experimental
findings in studies found in various published papers. A large
number of papers were found, however, only a few were found
suitable to compare with calculations as the majority did not
present data in a way that could be reproduced, e.g. too little
information was provided or uncertainties regarding the bound-
ary conditions were found.

Calculations Involving Oxygen

As mentioned in the ‘Introduction’, the TCOX database con-
tains a thermodynamic description involving many oxide sys-
tems. The major alloying elements in steels, Fe, C, Cr, Ni and
Mn, and the major slag components, Al2O3, CaO, MgO and
SiO2, are included. In addition, some other important oxide-
forming elements have been included in the database. In this
part of the paper, three application examples related to oxygen
during steelmaking are presented.

Aluminium is commonly used in deoxidation of steels and
thus understanding this process is of importance to optimize
steelmaking. During this process, the spinel phase (MgO·
Al2O3) is often observed, which motivated Seo et al. [12] to
equilibrate iron with additions of small amounts of aluminium
and magnesium together with spinel (MgO·Al2O3), in either

alumina or magnesia crucibles. The equilibration was per-
formed at 1600 °C for 30 min. In Fig. 1, their results are
compared with the calculated results from TCOX [11] for
which it was assumed that the liquid steel was in equilibrium
with the spinel and Al2O3 or MgO respectively. As can be
seen, a reasonable agreement is obtained but the experimental
results show a rather large scatter.

In stainless steels, the addition of alloying elements is the
major cost. Nickel is the most expensive element both due to its
price and the considerable amounts used in many stainless steel
grades. However, nickel is less reactive than iron and thus tends
to stay in the steel. This means that any major cost reduction
involving nickel requires the nickel content in the final steel to
be lowered, i.e. a new steel grade has to be developed.
Chromium, on the other hand, is more reactive than iron and
tends to end up in the slag. Even though chromium is far from
as expensive as nickel, the large amount of chromium used in
stainless steels means that it still presents a large cost. Thus,
optimizing the steelmaking process to minimize chromium loss
would be beneficial. Another alternative is to retrieve chromi-
um from the slag afterwards. This has been investigated by
Nakasuga et al. [13] and in their study, they investigate the
recovery rate of chromium for different SiO2 contents. They
equilibrated 120 g steel synthetic crude iron (i.e. pure Fe-C)
with 10 g slag, adding 0.6, 1.2 and 2.4 g SiO2. The initial slag
composition was reported to be 2.66 mass% Cr2O3, 5.2 mass%
FeO, 44.57 mass% CaO, 33.06 mass% SiO2, 3.59 mass%
Al2O3, 8.33 mass% MgO, 0.44 mass% MnO and 2.15 mass%
TiO2. Their reported final recovery at 1400 °C is presented in
Fig. 2 together with calculated results. In the calculations, the
synthetic crude iron is assumed to be pure iron, i.e. neglecting
the carbon content, and the calculation included the same sys-
tem as used by Nakasuga et al. The chromium recovery is
defined as RCr = nCr,steel/nCr,tot. In addition, the reported slag
liquidus temperature is presented with the present calculated
results in Fig. 3. The calculated liquidus temperature is estimat-
ed as the temperature where only liquid and spinel are present,
since a small amount of spinel is present over a large tempera-
ture interval this would probably be difficult to detect experi-
mentally. Since titanium is not yet included in the TCOX data-
base, this element was neglected in the calculationswhich could
slightly affect the result. In general, the agreement with their
experimental results concerning chromium is good. The sudden
decrease in chromium recovery at high SiO2 content, observed
experimentally, could be explained by the fact that reaction
kinetics become slower at higher SiO2 contents due to higher
viscosity. The change in slope is related to different phases
being present, at lower SiO2 content spinel is present while at
the higher SiO2 content it melts. A possible explanation of why
this is not mentioned in the experimental paper is that the au-
thors were focusing on reaction rate rather than the equilibrium
state. It is also reasonable that the calculated chromium recov-
ery should be higher than the experimentally reported.
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The understanding of oxide scale formation on alloyed steels
is important to be able to estimate the corrosion resistance as
different oxides have fundamentally different behavior in corro-
sive environments. Compare for instance rust with the protective
chromium oxide layers of stainless steels. The oxidation of an
austenitic stainless steel has been studied by Douglass et al. [14].
The samples were oxidized over the temperature range 700–
1000 °C for 24 h. However, it seemed like equilibrium was not
reached for the samples at low temperatures, where the only
oxide formed in their experiments after 24 h was Mn2O3, while
at higher temperatures, the oxide scales formed were thick and
complex. At high temperatures, the outermost oxide was always
Mn2O3 with some dissolved iron. In some cases, a thin layer of
Fe2O3 with dissolved manganese was found beneath the Mn2O3

layer. Below the outer scale, an Fe-Mn rich spinel was formed
and closest to the substrate a layer with manganowustite and a
Cr-rich spinel. A thermodynamic equilibrium calculation on the
oxidation of a steel at 900 °C is shown in Fig. 4a and the com-
position of the spinel phase is shown in Fig. 4b. At highest PO2,

some Mn2O3 is stable. The corundum phase has a composition
close to Fe2O3, with some Cr and Mn dissolved. As seen in Fig.
4b, the spinel phase has a composition very close to MnCr2O4 at
low PO2, with an increasing amount of Fe at higher PO2. The
composition of the halite phase is close to MnO at low PO2 and
amore Fe-rich phase at high PO2.Overall, the calculated result is in
good agreement with the experimental findings, although it is
difficult to show in the calculated diagrams. Though, it should
be remembered that this is a simple equilibrium calculation (no
diffusion is taken into account) and it is not possible to get the
thickness of the different layers. To be able to do such a calcula-
tion, mobility data for the different oxides need to be assessed and
a diffusion simulation software, like DICTRA, has to be used.

Calculations Involving Sulphur

Asmentioned in the ‘Introduction’, one of themajor aimswith
this paper is to demonstrate how the new sulphide description

Fig. 2 Calculated chromium recovery (RCr = nCr,steel/nCr,tot) as a function
of SiO2 content at 1400 °C together with experimental data from
Nakasuga et al. [13]

Fig. 3 Calculated slag melting (liquidus) temperature as a function of
SiO2 together with experimental data Nakasuga et al. [13]
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in TCOX can be used to make reliable calculations related to
sulphur in steels. The ambition has been to compare calcula-
tions with experimental results. However, it must be men-
tioned that the number of suitable publications for this purpose
is limited. Some binary or ternary systems have been investi-
gated, but they were already used in the assessments of the
subsystems and therefore cannot be used to validate the data-
base. Other investigations are concerned with systems
consisting of several elements not included in this description.
In addition, reports on larger systems are usually concerned
with process data and thus not equilibrium. Despite this, some
useful results have been found in the literature.

Large efforts have been made to describe the thermody-
namics of the Fe-Mn-Ca-Mg-S system, as presented in previ-
ous works [15–18]. Other low order systems are also needed
in order to be able to make calculations related to steels and
steelmaking, in particular stainless steels where chromium and
nickel are the dominating alloying elements. In a parallel work
[19], the system Fe-Cr-Cu-Ni-S is assessed using compatible
models for all phases.

MnS is the most common sulphide in low alloyed steels
and due to this, it is important to be able to predict its forma-
tion. For this reason, several thermodynamic assessments
have been concerned with the Fe-Mn-S system both earlier
[20–23], and as part of this work [15]. Another sulphide which
is common inmany low alloyed steels is CaS whichmotivated
thermodynamic assessments including calcium and sulphur
[17, 18]. An important property in predicting the formation
of sulphides is the formation temperature. The formation tem-
perature of MnS has been reported by Wriedt and Hu [24].
They used a 3%-Si steel with and without calcium additions.
In Fig. 5, the calculated mass fraction MnS is plotted as a
function of temperature. The steel compositions used in the
experiment and the calculations are given in the figures. In
addition, the highest temperature where MnS is observed
and the lowest temperature without MnS from the experimen-
tal study are shown as comparison. The agreement with the

experimental results is very good in both cases. It should be
mentioned that the lower dissolution temperature of MnS ob-
served in the Ca-containing steel is caused by the fact that the
sulphur is bound as CaS rather than MnS.

In stainless steels, it is also possible to find MnS. However,
MnS has a high solubility of CrS and due to the large content of
chromium in steels these sulphides usually contain a considerable
amount of chromium. Since chromium is the fundamental
alloying element in stainless steel, this could be of importance.
It has even been suggested that chromium depletion around sul-
phides, due to their chromium uptake, causes pitting corrosion
[25]. Given the demanding applications where stainless steels are
used, like power plants, increasing the lifetime or service temper-
ature, under which the steel may be used, can be a great compet-
itive advantage. The chromium content dissolved in MnS has
been investigated byHenthorne [26]. However, it is not specified
at which temperature these results are obtained but it is assumed
that it is during casting. The experimental results are compared
with the calculated results at two temperatures in Fig. 6. The
trend is similar, although the composition deviates which is likely
due to the fact that the casting process is too fast for equilibrium
to be reached.

Ono and Kohno [27] studied the effect on inclusion com-
position on the stability of inclusions of 18–8 stainless steel.
The composition of the sulphides has been changed by vary-
ing the Mn concentration of the steels. The specimens have
the following composition: C (0.06–0.07 mass%), Si (0.6–
0.71 mass%), S (0.108–0.221 mass%), Ni (8.36–8.55
mass%), Cr (18.20–18-26 mass%), Mn (0.07–1.65 mass%).
The calculated composition of the sulphides is shown in
Fig. 7. At low Mn concentration, CrS (pyrrhotite) is the stable
sulphide and at high Mn concentration, the stable sulphide is
MnS (alabandite). Between 0.4–0.5% Mn, there is a mixture
of the two different sulphides. The agreement with the exper-
imental data is very good; except for that the calculations
show lower solubility of Fe in MnS than the experiments
indicate.

Fig. 4 Oxidation of a steel (17.8
mass% Mn, 9.5 mass% Cr, 1.0
mass% Ni, 0.27 mass% C) at
900 °C. a Stable phases and b
composition of the spinel phase
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Combining Oxygen and Sulfur

The final part of this paper discusses the combination of the
existing TCOX database and the recently developed sulphur
descriptions. The key system for such a combination is the Fe-
Ca-O-S system which is presented in a separate work [28]. As
mentioned in that paper, the ionic two-sublattice liquid model
seems to give very good extrapolations between oxide and
sulphide systems. Moreover, the solubility of sulphur in solid
oxide phases and oxygen in solid sulphide phases seem to be
very low.

Since slags are an essential part of steelmaking it is impor-
tant to be able to predict how the sulphur is distributed be-
tween steel and slag. In an effort to demonstrate how genetic
alloy design can be used to optimize the steelmaking process,
it was found that the equilibrium sulphur content had a major
impact on the result [29]. The equilibrium sulfur content

depends to a large extent on the slag composition.
Commonly, the concept of sulphide capacity is used as a mea-
sure on how effective a certain slag is in absorbing sulphur.
However, using computational thermodynamics, this concept
becomes obsolete as the sulphur content of the steel can be
readily obtained directly from the calculation. O’Neill and
Mavrogenes [30] investigated the equilibrium sulphur content
in different slags with high SiO2 contents. They presented data
for different sulphur and oxygen partial pressures. In Fig. 8,
their results are compared with the present calculated results at
log(PO2) = − 10.28. The results show a similar trend although
with a difference in sulphur content of the slag.

In addition to oxide components in the slag, it is common
to add CaF2 as a flux agent. Since CaF2 will take part in
thermochemical reactions occurring during steelmaking, it is

Fig. 5 Calculated mass fraction MnS with the highest temperature where
MnS is observed experimentally as a solid horizontal line and the lowest
temperature without MnS observation as a dotted horizontal line for a

Mn-alloyed Si-steel and b a Si-steel alloyed with both Mn and Ca with
data from Wriedt and Hu [24]

Fig. 7 The composition of stable sulphides at 1100 °C, in the steels with
varyingMn content while the rest of alloying elements fixed 0.06 mass%
C, 0.6 mass% Si, 0.2 mass% S, 8.4 mass% Ni and 18.2 mass% Cr with
experimental data from Ono and Kohno [27]

Fig. 6 Calculated mass% Cr in MnS at two different temperature as lines
and experimentally reported results, from Henthorne [26], as squares
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important to predict its effect on the sulphur solubility. This
was investigated by Ban-ya et al. [31] on CaO-Al2O3-CaF2
slags. In their study, they present sulphur solubility at different
CaF2:Al2O3 ratios. Their results are shown together with cal-
culated results in Fig. 9. As can be seen, the agreement is very
good.

Sulphur capacity is a measure of the slag's ability to dis-
solve sulphur from the steel. As this is a very important part of
steelmaking, in particular when producing speciality steels,
many sulphide capacity measurements have been performed
for a variety of slag systems over the years, but the results are
very scattered. In most measurements, the sulphur pressure in
the gas has been determined by using a mixture of SO2 and

other species, but it is difficult to control the gas using this
technique. Allertz and Sichen [32] used a different method by
using a copper-slag equilibrium. Equal amounts of copper and
slag were equilibrated in a molybdenum crucible in order to
determine the sulphide capacity. Sulphur was added as Cu2S
in an amount of 1/10 of that of the slag, and all was dissolved.
In each experiment, a certain amount of slag (CMAS), Cu and
Cu2S was used. The sulphur composition was then measured
in both Cu-melt and slag. The sulphur composition in both
metal and slag are shown in Fig. 10 for slags with 30 and 35
mass% Al2O3 and 55 mass% CaO. The sulphide capacity is
strongly dependent on the composition, and it was found to
increase with the basic oxides. The agreement between calcu-
lated and experimental data is very good.

Conclusions

The extended TCOX thermodynamic database, now including
sulphur, can be used to make calculations related to steelmak-
ing involving both oxygen and sulphur. It should be
emphasised that, although the database covers a large number
of elements, not all subsystems are fully assessed.
Nevertheless, the equilibrium calculations made by using the
database are in good agreement with the reported experimen-
tal observations. This includes applications involving oxygen
and sulphur separately as well as a combination of the two.
The good agreement does not just demonstrate the usability of
the thermodynamic database but also the essence of the
CALPHAD method, that physically reasonable models and
good descriptions of key lower order systems give reliable
extrapolations into higher order systems.
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solubility in the CaO-(1-x)Al2O3-xCaF2 system at 1600 °C and
different Al2O3:CaF2 ratios with data from Ban-ya et al. [31]

Fig. 8 Calculated and experimental sulphur content at different sulphur
partial pressure for four different slags at 1400 °C, obtained at log(PO2) =
− 10.28 with data from O’Neill and Mavrogenes [30]

Fig. 10 Calculated and experimental sulphur content in liquid copper and
slag at 1600 °C with data from Allertz and Sichen [32]
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