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Abstract

The main focus in the present work concerns calculations on steel/slag equilibria.
Thermodynamic software and databases are now powerful and accurate enough to
give reliable results when applied to complex metallurgical processes. One example
is the decarburization process of high alloyed steels. It is shown that using advanced
thermodynamic models, without a complicated kinetic description of the system,
reasonable agreement with experimental data is obtained. The calculations are
performed using the Thermo-Calc software.

Within this work a Java interface for Thermo-Calc has been implemented. Java
gives graphical possibilities and a graphical interface has been created that facil-
itates calculations that involve both metallic phases as well as oxides and make
them feasible also for an industrial user.

Keywords: steel/slag equilibria, thermodynamic modelling, thermodynamic assess-
ment, CALPHAD, phase diagram, Thermo-Calc.
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Chapter 1

Introduction

Experimental work is a time-consuming and costly task. Computer calculations are
useful in the development of new materials as well as for controlling and improving
metallurgical processes. Mathematical modelling of thermodynamic properties is
used to understand or predict reality. The purpose of the present work is to incorpo-
rate thermodynamic models into metallurgical processes. The main focus concerns
calculations on steel/slag equilibria. Thermodynamic software and databases are
now powerful and accurate enough to give reliable results when applied to complex
metallurgical processes.

The equilibrium state of a material is determined by the thermodynamic properties.
The correlation between thermodynamics and phase equilibria was established in
the 19th century by Gibbs [1], and approximately 100 years later, Kaufman and
Bernstein [2] summarized the general features of the calculation of phase diagrams,
thus laying the foundation for the CALPHAD [3] method. Enormous progress
has been made in the calculation of phase diagrams during the past 30 years.
This progress will continue as model descriptions are improved and computational
technology advances.

Thermo-Calc [4] is a software for thermodynamic calculations of phase equilibria
in multicomponent systems. It is based on thermodynamic data assessed with
the CALPHAD technique and minimization of Gibbs energy. It is possible to use
Thermo-Calc in user-written programs through one of the Thermo-Calc program-
ming interfaces. Application programmers can retrieve thermodynamic data and
calculate phase equilibria directly from within their own programs, written in e.g.
Fortran, C or Matlab. As a part of this work a software interface in Java has been
implemented, which will be useful in the development of user-friendly application
software with graphical facilities. A graphical interface has been created that fa-
cilitates calculations that involve both metallic phases as well as oxides and make
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2 CHAPTER 1. INTRODUCTION

them feasible also for an industrial user. This kind of calculations can be a useful
tool for controlling and improving metallurgical processes.



Chapter 2

The CALPHAD technique

Phase diagrams are visual representations of the state of a material as a function
of temperature, pressure and concentrations of the constituent components. The
CALPHAD (CALculation of PHAse Diagrams) technique is used to describe the
thermodynamics of materials. For each phase in the system a model is chosen to
describe the Gibbs energy as a function of temperature, pressure and composition.
To calculate the phase equilibria it is then necessary to minimize the total Gibbs
energy of all phases taking part in the system. All available experimental informa-
tion is collected and evaluated, both phase equilibrium data and thermo-chemical
data can be used. Results from first-principle calculations can also be used as
experiments, and are becoming more and more important in thermodynamic mod-
elling. Enthalpies of formation of stable compounds are routinely predicted by
first-principles calculations. The experimental data is then used in an optimization
procedure to fit the model parameters. The determination of the coefficients is fre-
quently called assessment or optimization of a system. To get as good description as
possible of the properties it is necessary to use all experimental information simul-
taneously. A computer program called PARROT [5], included in the Thermo-Calc
software, has been developed to fit the model parameters to the experimental data
by a least mean square method that minimizes the quadratic errors. A good model
should also permit interpolation and extrapolation to compositions and tempera-
tures not available in experimental studies and extrapolation into multicomponent
systems, where experimental information is hard to find. Models and databases
developed within the CALPHAD technique helps to improve the understanding of
various industrial and technological processes.
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4 CHAPTER 2. THE CALPHAD TECHNIQUE

2.1 Thermodynamic modelling

In the CALPHAD technique the Gibbs energy is used as the modelled thermo-
dynamic property. The choice of Gibbs energy as the minimizing function is due
to the fact that Gibbs energy is a function of temperature and pressure, proper-
ties that are convenient to control in experiments. From the Gibbs energy other
thermodynamic quantities, e.g. entropy or enthalpy, can easily be derived.

The temperature dependence of Gibbs energy for a pure element can be described
using an empirical formula and is expressed as G−HSER, where SER denotes the
reference state of the element, the stable state at 298.15 K and 1 atm. Normally
the pressure dependence in the system is ignored, i.e. the expression is only valid
for atmospheric pressure.

G−HSER = a + bT + cT lnT + dT 2 + eT 3 + fT−1 + ... (2.1)

The Gibbs energy of a phase should be described for the whole composition range.
The phase is described for the pure elements, even if no such phase is stable for
the pure elements, and how the atoms of the pure elements mix. The total Gibbs
energy of a phase is expressed by

Gm = srfGm + physGm − T · confSm + EGm (2.2)

The superscript “srf” stands for “surface of reference” and represents the Gibbs
energy of the components of the phase relative to their reference state. The quantity
physGm represent the contribution to the Gibbs energy due to physical models like
the magnetic transitions. The superscript “conf” stands for the configurational
entropy of the phase and is based on the number of possible arrangements of the
constituents in the phase. EGm is the so-called excess Gibbs energy and describes
the remaining part of the Gibbs energy, that is not included in the other terms.

The surface of reference srfGm for the Gibbs energy of a phase is expressed by

srfGm =
n∑

i=1

yi
oGi (2.3)

where oGi is the Gibbs energy of the component i. In this case the constituent
fractions, yi, and not the mole fractions, xi, are used because there can be more
constituents than components and the mole fractions are only defined for the com-
ponents. The configurational entropy confSm is expressed by

confSm = −R
n∑

i=1

yiln(yi) (2.4)
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A variety of models have been proposed for phases that deviate from the ideal
behavior to describe the excess Gibbs energy. Models of this kind may be non-
physical, but can be justified by their ability to reproduce experimental data. A
general formalism widely used in CALPHAD assessments of binary and higher order
systems is the compound energy formalism [6]. The compound energy formalism
was constructed in order to describe models of the thermodynamic properties of
phases with two or more sublattices which show a variation in composition. Within
the frame of the compound energy formalism, the ionic two-sublattice model [7],
[8] was developed to be used when there is a tendency for ionisation in the liquid,
e.g. liquid oxides and sulphides. A number of models have been proposed for the
liquid phase besides the ionic two-sublattice liquid model, for example the associate
solution model [9], the modified quasi-chemical model [10], [11] and the cellular
model [12], [13]. In this work the cellular model has been used.

2.2 The cellular model

A binary cell model was proposed by Kapoor and Frohberg [12] and later extended
to multicomponent systems by Gaye and Welfringer [13]. It was first developed
for oxide liquids, and the presentation here will be limited to oxides, but has later
been extended to sulphides and fluorides. The cell model has a special form of the
quasi-chemical entropy. In the cell model one considers cells with one anion and
two cations. The cells can have two identical or two different cations. The cells can
be treated like constituents but one has to be careful about the number of atoms
in the constituents. The general rule is that the same number of anions must be
provided from both cations in the constituent with two different cations. The mole
fraction of the “component oxides”, i.e. the cells with only one type of cation, are
for n cations:

xi =
yi +

∑n
j 6=i vjyij

Q
(2.5)

Q =
n∑

i=1

(yi +
n∑

j 6=i

vjyij) (2.6)

where vj is oxygen stoichiometry of the oxygen in the component oxide of the
cation M, MuiOvi . As an example one may use the system CaO-SiO2, where the
constituents would be (CaO, SiO2, (CaO)2SiO2) and the quantities above would
be

xCaO =
yCaO + 2yCa2SiO4

Q

xSiO2 =
ySiO2 + yCa2SiO4

Q

Q = yCaO + ySiO2 + 3yCa2SiO4 (2.7)
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The Gibbs energy of formation of the “component oxides” as well as the cell with
two different cations are simply introduced in the srfGm part of Equation (2.2) mul-
tiplied with their constituent fraction as in the ideal solution model, Equation (2.4).

The model then introduces a sum over the component oxides, Di defined as

Di =
n∑

j=i

vjxj (2.8)

The important property of this sum is that the “component oxides” must be or-
dered in decreasing valency according to the cations. By introducing Di the model
attempts to account for the charged behavior of the cells. The expression for the
configurational entropy below, Equation (2.9), is in principle derived by first dis-
tributing the highest charged constituents on all possible sites, then the second
highest charged on the remaining sites and so on. The entropy expression of the
cell model then is:

confSm = R
ui

vi

n−1∑
i=1

(Di ln(
Di

vixi
)−Di+1 ln(

Di+1

vixi
))−

2R
n∑

i=1

vixi ln(
vixi

D1
)−R

m∑
j=1

yj ln(
yj

D1
) (2.9)

The first two sums are over all component oxides but the last sum over j is made
for all m constituents.

One feature with this model is the use of binary interaction parameters only, but
with the possibility to use the model in a multicomponent system. It turns out that
the model provides a quite accurate estimation of the thermodynamic properties,
despite its simplicity.

2.3 Thermodynamic assessments of TiO2 binary systems

One database suitable for calculations including oxides is the Thermo-Calc slag
database, SLAG2 [14]. This database contains a liquid slag phase, as well as an
Fe-rich liquid phase and many other phases that may appear in a steel/slag system.
Thermodynamic data for the liquid slag phase within the Al2O3-CaO-CrO-Cr2O3-
FeO-Fe2O3-MgO-MnO-Na2O-SiO2 system were critically assessed by IRSID, using
the Kapoor-Frohberg-Gaye Quasichemical Cell Model, see section 2.2. Beside data
for the oxides sulfide, phosphate, silicate and fluoride species are also described
in the slag phase. One important oxide missing in the description in the liquid
slag phase is TiO2. Therefore thermodynamic assessments of some binary TiO2-
systems have been performed [15]. The intention of the assessments are not to
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fit all experimental data perfectly, rather a reasonable and quick description with
not so many model parameters. The CALPHAD approach was applied and the
optimization of the thermodynamic parameters was carried out using the PARROT
module of the Thermo-Calc software [4].

The thermodynamic descriptions of the pure oxides were taken from the SGTE
Substance database, SSUB3 [16], (solid oxides) and the SLAG2 database [14] (liquid
oxides). The solid intermediary phases were all treated as stoichiometric and their
descriptions were taken from SSUB3 when possible, and some of them were assessed.
As an example on an assessed phase diagram, namely the FeO-TiO2 system, see
Figure 2.1.
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Figure 2.1: The calculated phase diagram of the FeO-TiO2 system according to the
present work, with experimental points for the liquidus.





Chapter 3

Graphical interface for steel/slag
calculations

The command line based user interface in Thermo-Calc Classic requires frequent
use otherwise the user may not remember the way to perform a calculation. The
aim with the implementation of a software interface in Java and the design of a
graphical interface for steel/slag calculations was to overcome this difficulty by
creating an interface that is easy to use and suitable for the steel industry. Such an
interface could be a useful tool for controlling metallurgical processes, for example
in the ladle furnace, and in the development of new steel grades.

3.1 A Java interface for Thermo-Calc

There is an intensive development of software applications in materials science. In
order to provide a good thermodynamic basis for simulations of materials, a number
of software interfaces have been developed. A new software interface written in
JAVA has been implemented in the Thermo-Calc software within the present work,
that is useful for the development of user-friendly applications.

The Thermo-Calc Java Interface uses the Thermo-Calc Application Programming
Interface (TC-API). The Thermo-Calc software is written in FORTRAN, and the
TC-API makes it possible to access Thermo-Calc from applications written in the C
programming language. The Java Interface uses the TC-API, with an intermediate
layer written in C followed by a part written in Java. This interface uses the
so-called Java Native Interface (JNI). JNI is a feature of the JavaTM platform.
Applications that uses the JNI can integrate Java applications with native code
written in programming languages such as C. Java applications call native methods
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CALCULATIONS

in the same way that they call methods implemented in the Java programming
language, consequently the programmer uses this new “Thermo-Calc class” in the
same way as any build-in Java class.

3.2 The steel/slag calculation interface

It has been realized for a long time that thermodynamic calculations that involve
both metallic phases as well as oxides are difficult to perform for the not so fre-
quent user. Within the present work a graphical interface has been developed that
facilitates such calculations and make them feasible also for an industrial user.
The interface, see Figure 3.1, is written in the Java programming language, using
the Java interface for Thermo-Calc described above, as a Java-applet and can be
accessed through the Internet.

Figure 3.1: Main window together with the result window.
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For the users convenience, the composition of the liquid metal is given in terms of
elements, e.g. Fe, Cr, Si, O, and the composition of the slag is given in terms of
component oxides, e.g. FeO, Cr2O3, SiO2. The overall temperature of the system
must be given and the interface will then present the result. Beside composition
of each phase, the properties of the slag, e.g. basicity, sulphide capacity, sulfide
distribution ratio, and activities are presented.

A new database was created, through the combination of existing databases, to be
used together with this interface. As new descriptions get available the interface
can use those new databases without any difficulties. To demonstrate the database
and the interface two calculations have been performed, one for a low alloyed steel
and one for a high alloyed steel.

The first example regards a ladle furnace, where the aim is to lower the sulphur-
content in the steel by the addition of a slag. The start compositions of the steel
and slag respectively:

• 100 tons of steel:
0.055% Al, 1% C, 1.4% Cr, 0.3% Mn, 0.028% S, 0.28% Si

• 1000 kg slag:
32% Al2O3, 53% CaO, 6.5% MgO, 2% S, 6.5% SiO2

The question of interest is how the composition of the steel is changed after addition
of the slag. The result is seen in Table 3.1. The difference between measured and
calculated values is only 0.001% for Al and S and slightly higher regarding Si. For
C, Cr and Mn no difference at all can be seen, the values are not changed from the
original steel composition, neither.

Table 3.1: Measured and calculated steel composition for a low alloyed steel.

Measured start Measured final Calculated final
composition composition composition

Al 0.055 % 0.025 % 0.024 %
C 1 % 1 % 1 %
Cr 1.4 % 1.4 % 1.4 %
Mn 0.3 % 0.3 % 0.3 %
S 0.028 % 0.007 % 0.006 %
Si 0.28 % 0.28 % 0.287 %

The second example is measurements on a stainless steel. The sample is taken
in the ladle furnace just before the continuous casting. After the ladle furnace the
steel composition remains almost constant. The measured compositions of the steel
and slag respectively:
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CALCULATIONS

• 95 tons of steel:
0.003% Al, 0.021% C, 18.37% Cr, 1.75% Mn, 0.46% Mo, 0.072% N, 8.22% Ni,
0.001% S, 0.33% Si, 0.011% Ti

• 2500 kg slag:
1.72% Al2O3, 15.3% CaF2, 49.0% CaO, 0.095% Cr2O3, 0.2% FeO, 6.68%
MgO, 0.1% MnO, 0.28% S, 25.3% SiO2, 1.31% TiO2

The analysis of the steel and slag compositions are done when the system is in
equilibrium, i.e. the calculated compositions should be the same as the input
values. The result is seen in Table 3.2. The agreement between measured and
calculated values is satisfactory. Differences are noticed for Al/Al2O3, Cr2O3, FeO
and Ti/TiO2, but they are small. If we for example look at the titanium we see
that the difference in steel composition gives approximately 5 kg difference between
measured and calculated values, and it should then be remembered that the total
amount of steel is 95000 kg.

Table 3.2: Measured and calculated steel and slag composition for a stainless steel.

Steel Measured Calculated Slag Measured Calculated
Al 0.003 % 0.0005 % Al2O3 1.72 % 1.90 %
C 0.021 % 0.021 %

CaF2 15.3 % 15.3 %
CaO 49.0 % 48.9 %

Cr 18.37 % 18.37 % Cr2O3 0.095 % 0.046 %
FeO 0.2 % 0.027 %
MgO 6.68 % 6.67 %

Mn 1.75 % 1.75 % MnO 0.1 % 0.1 %
Mo 0.46 % 0.46 %
N 0.072 % 0.072 %
Ni 8.22 % 8.22 %
S 0.001 % 0.0009 % S 0.28 % 0.28 %
Si 0.33 % 0.33 % SiO2 25.3 % 25.3 %
Ti 0.011 % 0.006 % TiO2 1.31 % 1.62 %



Chapter 4

Decarburization of a stainless steel

Somewhat simplified, metallurgical processes can be described with thermodynam-
ics and kinetics. This work uses a detailed description of the thermodynamics and
a very simplified description of the kinetics to simulate the decarburization pro-
cess in an Argon Oxygen Decarburization (AOD) converter. Detailed studies of
the AOD converter, using Computational Fluid Dynamics (CFD), have been per-
formed for example by Tilliander [17]. A major drawback of the CFD calculations
is the amount of time required to carry out accurate simulations, especially if ther-
modynamic equilibria should be calculated in all grid points. If simulations can be
performed using only a few grid points without reducing the accuracy too much,
the simulation time will decrease significantly and give an accurate prediction of
the final steel composition.

The AOD converter is used primarily to remove carbon from the hot metal trans-
ferred from the electric arc furnace. To do this a mixture of oxygen and argon
is blown into the converter through nozzles located on the sides near the bottom.
Carbon will react with oxygen, forming mainly carbon monoxide. Other elements
in the metal, such as chromium, silicon and manganese, will also be oxidized and
form a top slag on the metal surface. The main quality measure of the final product
is the carbon content. On one hand, there is an extra cost in terms of consumption
of resources such as oxygen, energy and production time if the final carbon content
is made unnecessarily low. On the other hand, if the process is ended to early and
must be repeated it is very time consuming. Being able to accurate estimate the
metal analysis, especially the carbon content, is important for ensuring the quality
of the steel.

The non-isothermal reactor model by Eriksson and Johansson [18] was used to sim-
ulate the decarburization process. In the reactor raw material and energy can be
supplied at any level. Species formed at one level will flow for further reaction

13



14 CHAPTER 4. DECARBURIZATION OF A STAINLESS STEEL

at other levels or may leave the reactor. The amounts and temperatures of these
species are predicted by dividing the reactor into a number of segments and by
assuming that the chemical reactions proceeding within each segment reach their
chemical and thermal equilibrium states. Thermodynamic equilibrium is calculated
using a thermodynamic software and a suitable database. Flow of materials inside
the reactor is simulated by moving the stable phases, received from the equilib-
rium calculation, between the segments, with different distribution factors for the
different phases, see Figure 4.1. The entire phase from a segment (gas and slag in
the figure), or parts of a phase (liquid in the figure), could be moved. Not only
material flows between the segments, but energy as well. The oxidation process is
exothermic, i.e. heat is generated. Energy losses is simulated by a withdrawal of
enthalpy throughout the simulation.
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Figure 4.1: An example of a reactor model for an AOD converter.

4.1 Simulation results

By assuming that an AOD converter can be discretized using the reactor model, it
is possible to construct a thermodynamic model of the converter and do simulations
of the decarburization process. A stainless steel (Fe-C-Cr-Mn-Mo-Ni-Si) has been
used as a test case for verification of the model. The converter is divided into two
segments, with mainly liquid slag and various oxides in the top segment and liquid
steel in the bottom segment. There is an interaction between the slag and the steel,
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simulated by a transport of liquid steel from the bottom to the top segment. A
mixture of argon and oxygen gas is blown into the lower part of the converter.
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Figure 4.2: Processes simulated within the AOD converter.

Simulations of the AOD process, see Figure 4.2, have been performed. From the
electric arc furnace the liquid steel is tapped into a ladle and transported to the
AOD converter, where a measurement of the steel composition is made. Based on
that measurement the steel is prealloyed with mainly chromium, manganese and
nickel, and also addition of slag forming agents, in this case MgO and CaO. Initial
composition, prealloying and addition of slag forming agents are taken into account
and a start composition for the iteration process can now easily be calculated using
the Thermo-Calc software. During the decarburization process, the argon/oxygen
ratio and the amount of gas are changed. When the carbon content has reached a
satisfactory low level, recovery of desirable metals from the slag is necessary before
the steel is transfered to the ladle furnace. Silicon is an efficient deoxidant for slag
reduction to fully recover any oxidized metallics, such as chromium:

2Cr2O3 + 3Si → 4Cr + 3SiO2 (4.1)

There are a number of interesting properties to study regarding the decarburization
process. The most interesting one is perhaps the carbon content in the steel, see
Figure 4.3(a), but also the composition of other alloying elements, Figure 4.3(b),
or the amount and composition of the top slag, Figures 4.4(a) and 4.4(b).

The reason for the drastic change in chromium content and slag composition seen
in Figures 4.3-4.4 at the end of the process is the recovery of metals from the slag
as a result of the addition of silicon.

It is seen that this simple model for the decarburization process gives an accurate
prediction of the final steel composition, see Figures 4.3(a) and 4.3(b), and this
kind of calculations could be a tool for controlling and improving metallurgical
processes.
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Figure 4.3: Example of steel properties.
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Figure 4.4: Example of slag properties.



Chapter 5

Concluding remarks

5.1 Summary of appended papers

Java interface for Thermo-Calc
Thermo-Calc is a software for thermodynamic calculations of phase equilibria in
multicomponent systems. It is based on thermodynamic data assessed with the
CALPHAD technique and minimization of Gibbs energy. It is possible to use
Thermo-Calc in user-written programs through one of the Thermo-Calc program-
ming interfaces. Application programmers can retrieve thermodynamic data and
calculate phase equilibria directly from within their own programs. This document
describes the Java interface developed for the Thermo-Calc software.

Users’ guide - Interface for steel/slag/gas equilibria calculations
It has been realized for a long time that thermodynamic calculations that involve
both metallic phases as well as oxides are difficult to perform for the not so frequent
user. Therefore an interface is created that facilitates such calculations and make
them feasible also for an industrial user. The graphical interface is written in the
Java programming language as a Java-applet and is accessed through the Internet.

Thermodynamic assessments of the Al2O3-TiO2, CaO-TiO2, FeO-TiO2,
Fe2O3-TiO2, MgO-TiO2 and MnO-TiO2 systems
One important component missing in the description of the slag phase is TiO.
Therefor thermodynamic assessments of the Al2O3-TiO2, CaO-TiO2, FeO-TiO2,
Fe2O3-TiO2, MgO-TiO2 and MnO-TiO2 systems have been performed. The in-
tention of the assessments are not to fit all experimental data perfectly, rather a
reasonable and quick description with not so many model parameters. The opti-
mization of the thermodynamic parameters was carried out using the PARROT
module of the Thermo-Calc software.
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Simulation of decarburization of a high alloyed liquid steel using a reactor
model within Thermo-Calc
Thermodynamic software and databases are now powerful and accurate enough
to give reliable results when applied to complex processes like the decarburization
of liquid steels. A reactor model together with the Thermo-Calc software makes
it possible to simulate the reduction of carbon in a liquid high alloyed steel by a
mixture with oxygen and inert gases. The process is divided into a small number of
local equilibria and the gas, liquid and slag phases are distributed between them.
A test case using a stainless steel is compared to experimental data.

5.2 Discussion and future work

In this work we can conclude that the models used for steel/slag equilibria is rea-
sonable good. It shows good agreement in the calculations performed with the
steel/slag calculation interface and adequate results using the reactor model. In
the case with the reactor model it should be remembered that it is a significant
simplification to consider an AOD converter to be almost in equilibrium, which we
do when we divide the process into just a few segments. It should also be pointed
out that the used systems are commercial, multicomponent, multiphase systems
and despite that the deviation from experimental data is remarkably low. It has
been shown that this simple model for the decarburization process gives an accurate
prediction of the final steel composition, and this kind of calculations could be a
tool for controlling and improving metallurgical processes.

For the future the work will continue to focus on oxide systems of relevance for
stainless steels. The Fe-Cr-Ni-O system will be the core system in the study, both
the solid and the liquid parts of the system will be described using the CALPHAD
technique. The liquid will be described using the ionic two-sublattice model. The
solid part is of interest for example to describe the formation of oxide layers on
stainless steels and the liquid part regarding steel/slag calculations in a metallurgi-
cal context. This work will contribute to the development of a larger slag database
able to treat high alloyed steels.
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