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Abstract: The published phase diagrams of some key
P,O,-containing systems which are relevant to the steel-
making slag and the available experimental data on
phosphorus partitioning between liquid iron and slags
consisting of Si0,-Al,0,-Fe,0,-Fe0-Mn0O-MgO-Ca0-Na,O
have been reviewed and assessed. A set of data under
carefully controlled experimental conditions, which was
considered to be more reliable based on the assessment,
was selected for optimising the generalised central atom
(GCA) model parameters of phosphorus-containing slag
systems. The developed model database is proved to be
able to represent the liquidus temperature of some key
P,0.-containing systems and the phosphorus distribution
ratio between the steelmaking slags and liquid iron rea-
sonably well. With the developed GCA model database,
the dephosphorization reaction in the steelmaking pro-
cess was modelled under various operating conditions
such as slag chemistry and temperature. The results show
that the phosphorus distribution ratio between the slags
and liquid iron displays a maximum point with variation
of the FeOx content in the slag. It also shows that the
phosphorus deportment to the slag is favored by decreas-
ing the operating temperature and MgO content, and in-
creasing the Ca0/SiO, ratio in the slag. Comparison with
the model of the phosphorus distribution data from a
commercial BOS furnace shows that operating condi-
tions do not permit to reach P equilibrium contents. The
dis-equilibrium degree of P was found to be increased
with increasing slag viscosities.
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1 Introduction

The desire to reduce the impurity content of steels as
much as possible has been the driving force for a large
number of investigations into the thermodynamics and
kinetics of the metal/slag/gas reactions which occur in
the basic oxygen steelmaking processes. The importance
of the dephosphorisation reaction has been identified
since the early development of the basic steelmaking
processes, and the interest in the thermodynamics of
this reaction has been growing over the last four decades.
Numerous investigations have been carried out with
the aim of determining the equilibrium distribution of
phosphorus between slag and metal for basic slags
with various compositions. Based on the published data,
the correlations for the phosphorus distribution between
the metal and slag have been derived in terms of slag
composition and the temperature of the metal/slag inter-
face. However, to date not one of the published correla-
tions is universally accepted and valid in all slag systems.
Furthermore, the discrepancies between the correlations
derived from different published data are sometimes
large enough to result in contradictory conclusions re-
garding the approach to equilibrium in steelmaking pro-
cesses.

The thermodynamic properties of slag have critical
process implications for many metal production pro-
cesses, such as the production of clean steels, and the
interaction of the alloy phase with solid or liquid oxides
(non-metallic inclusions for instance). Understanding of
the metal-slag interaction such as dephosphorization
reaction can be greatly aided by well developed liquid
oxide or slag models. The Cell model [1] developed at
ArcelorMittal Global R&D Maiziéres Process (formerly
IRSID) during the 80’s was the first comprehensive ther-
modynamic model for metallurgical slags. This slag model
has been further extended to include second and third
anions, i.e., S, F- [2], and other common oxide species,
such as P,0,, Cr,0, [2] and TiO, [3] in steel making slags.
The CSIRO group adopted and further developed the cell
model beyond the iron and steel application. The models
and the database include a substantial list of oxide species
commonly found in both ferrous and non-ferrous metal
smelting. The model was incorporated in a computational
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package, Multi-Phase Equilibrium (MPE) software [4, 5].
Models of transport properties of the slag are also incorpo-
rated. The MPE software has been used by researchers and
plant metallurgists for the prediction of the multiphase
equilibria, and the viscosity and electrical conductivity of
the slags.

A more recent development in this domain, conducted
jointly by ArcelorMittal Global R&D Maiziéres Process and
CSIRO Process Science and Engineering, is the General-
ized Central Atom model [6]. This model is a generaliza-
tion of the Central Atom model proposed in the 1970’s by
Lupis and co-workers [7] for modelling solid steel, which
has now been extended to cover molten oxides and alloys.
Recent work has shown how this model could greatly
improve the performances of the Cell model for slags and
how promising its application to liquid steel is, especially
for high alloyed grades or segregated solutions [6, 8]. In
this study, the published phase diagrams of some key
P,O,-containing systems which are relevant to the steel-
making slag and the available experimental data on phos-
phorus partitioning between liquid iron and slags con-
sisting of Si0,-Al,0,-Fe,0,-Fe0-Mn0O-Mg0-Ca0-Na,0 have
been reviewed and assessed. A selected set of data
was used for optimising the GCA model parameters of
phosphorus-containing slag systems. With the developed
GCA model database, the dephosphorization reaction in
the steelmaking process under various operating condi-
tions such as slag chemistry and temperature was mod-
elled. The plant data on the P partitioning between metal
and slag was also analyzed by using the model.

2 GCA model

In the GCA model the structure of liquids is described in
terms of cells composed of a central atom and its shell of
nearest neighbours. In a system with m components (ele-
ments), t cations and (m-t) anions, the cell will be denoted
as

i,i5eedy,..i; Atomson cationic shell

] Central atom
jesseesdyseedm  Atoms on anionic shell

In such a cell, around the central atom J, either a
cation or an anion, there are i, cations #1, i, cations #2...
on the cation shell and j,,, anions #t+1, j,,, anions of #t+2...
on the anion shell. Similar to the cell model, there are
two kinds of parameters in the GCA model, namely the
formation and the interaction energy. The formation of
the cell is ¢}, ;, where ] represents the central atom and {i}
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and {j} presents the whole set of cations and anions re-
spectively. For the sake of simplicity, this energy term is
assumed to be the sum of the contributions of the two
shells:

Phyg =Pl + ) ©)

To reduce the number of parameters, different as-
sumptions can be formulated to describe the energy varia-
tion for the central atom according to the composition of
the chemical neighbourhood. To be compatible with the
expression of the cell model [1] the following form was
chosen for the GCA model:

L 1.,
ol = Zlkq)l{k +5 Z Ll @
=2

The k and 1in equation refer to the elements on cation
shell. Equation (2) applies to both cations and anions. For
the metallurgical slags, the parameters ¢}, are inherited
from the cell model where they are associated with the for-
mation of an “asymmetric” cell from the two correspond-
ing symmetric ones:

%K-]-K + %I-]-I - KJ-I 3)

Beside these formation energy parameters, interac-
tion energy terms have been considered still to stay com-
patible with the cell model. The contribution of these
terms to the Gibbs free energy has the following expres-
sion:

1 m
E :—RT{Z{;)NJP{IHU) InQfy } )
j=1 {iL{j

where N; is the number of atoms J and pj; j the probabil-
ity to have the configuration {i}{j} around the atom J.

Some simple assumptions were introduced for these
interactions. First, as for formation energy parameters, an
additive rule has been taken:

InQfy;) =InQf, +1n QY )

Then, this interaction was assumed to vanish if all the
atoms situated on this shell are not of the same nature:

InQf, =InQ} #0if andonly if i, = Z, (6)
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where x, is the mole fraction of element k.

Derivation of Gibbs free energy and of the chemical-
potentials is described in details elsewhere by Lehmann
[6]. During the database development, formation energy
parameters °pl;, 'ol, and interaction energy parameters
°E], 'E], are optimized against the thermodynamic data
such as the phase diagram and activity data of the target
system.

3 Modelling of the phase diagrams

3.1 Ca0-P,0, system

It is well known that the CaO is a very effective flux agent
for dephosphorization of liquid iron due to the strong in-
teraction and formation of stable compounds between the
CaO and P,0O,. The Gibbs energy data of solid, liquid P,O;
and the CaO-P,0, compounds in SGTE database [9] are
used in the present study. The CaO-P,0, model parameters
listed in Table 1 were optimized against the published
phase diagram data of the CaO-P,0, system [10].

The comparison of the calculated phase diagram with
the experimental measurements is shown in Figure 1. It

Table 1: Slag model parameters for the CaO-FeOn-P,0, system (J/mol)

Ca0-P,0, 00, =—7981.25; 190, = —17240; °E,, = 35275;
EQ ,=—47082

FeO-P,0, 000 =—4739; 192, = 16040; °EQ,, = —4134;
9, = 46404

Fe,0,-P,0, 090, =—2167

Ca0-FeON-P,0, g, =-3525; °piz} = ~3208; °pfE =—2300

Fig. 1: Comparison between the calculated liquidus by the GCA
model and the published data [10] in the CaO-P,0, system.

can be seen that the overall fit by the model is reasonably
good, particularly the stability of the compounds 2CaO.
P,0, and 3Ca0.P,0.. Accurate description of the stability of
3Ca0.P,0, and the eutectic point between 4Ca0.P,0, and
3Ca0.P,0, is important since it is more relevant to the
steelmaking process. It also has significant impact on the
accuracy of the liquidus where 4Ca0.P,0; and 3Ca0O.P,0,
are the primary solid phases in the CaO-FeOn-P,0; ternary
and higher order systems.

3.2 Ca0O-FeOn-P,0, system

The liquidus of the FeO enriched area of the FeOn-CaO-
P,0, system saturated with iron and under a gas mixture
consisting of CO, and H, with CO,/H, ratio of 9 were mea-
sured by Tromel et al. [11, 12], respectively. As shown in
Figure 2, the P,O, solubility in the FeO-CaO melt is less
than 7 wt% at 1500°C. It can be seen that the P,0, solubil-
ity increases with increasing CaO content, which suggests
that CaO-P,0, interaction is stronger than that of FeO-P,0,.
The FeO-P,0, and Fe,0,-P,0, binary parameters and CaO-
FeOn-P,O, ternary parameters, listed in Table 1, were
optimized against the published liquidus by Trémel et al.
[11, 12]. The calculated Fe saturated liquidus at 1500°C,
and the liquidus at 1600°C in air are shown in Figure 2a
and 2b along with the experimental measurements. It can
be seen that the overall fits to the liquidus at low P,0O;
region are satisfactory.
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Fig. 2: Comparison between the calculated Fe saturated liquidus at
1500°C (a) and liquidus at 1600°C in air (b) by the GCA model and the
experimental data [11, 12] in the Fe saturated CaO-P,0,-FeOn system.

4 Modelling of the P distribution
between slag and metal

The dephosphorization reaction is a classical topic of
steelmaking chemistry and over the years numerous
investigations have been carried out with the aim of
determining the equilibrium distribution of phosphorus
between metal and basic slags with various compositions
[13-36].

Considering that the P concentration in metal of
majority data [13-36] is less than 0.1 wt%, the activity of P
can be set to its concentration, when the standard state is
chosen to be 1 wt% of P in metal. During the modelling,
the slag composition was set to be identical to the experi-
mental data, the model parameters were optimized by
fitting the P activity in slag, which is equal to the P activity
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Fig. 3: Comparison of the literature data on the relationship between
log(kp) and slag chemistry [13-21, 22-24, 27, 33, 34].

or P concentration in metal, since the slag is in equilib-
rium with the metal. Attempts have been made to fit the P
activities in slag with both high and low concentration
of P,0, with GCA model. Preliminary results show that
agreement between the model calculation and the ex-
perimental data is not satisfactory. Considering that the
scope of the present study is the steekmaking slag with
low P,0, concentration (<5 wt%), the experimental data
of slag with low P,0, was used to optimize the model
parameters.

The experimental conditions and slag chemistry cov-
ered in the studies [13-36] are listed in Table 2. Among
those studies, the data by Balajiva et al. [13] and Winkler
and Chipman [14] formed the basis of a broad understand-
ing of the phosphorus equilibria. More careful controlled
and detailed studies have since been carried out by Kor
et al. [15] and by Suito and his coworkers [16-19]. The
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Table 2: Experimental conditions of the literature data on P distribution between slag and metal

Investigators T,C Slag, wt%

Ca0 Sio, FetO MgO AL,0, MnO Na,0 P,0,
Balajiva et al. [13] 1585 30~58 8~20 4~38 2~15 <8 <12 4~14
Winkler & Chipman [14] 1500~1700 <42 <41 <80 <30 <30 <20
Kor et al. [15] 1550 31~48 14~33 2~33 6~13 4~13
Suito et al. [16] 1550~1650 <42 <34 11~92 5~29 <1
Suito & Inoue [17] 1550~1650 <34 <33 15~86 6~27 <1
Suito & Inoue [18] 1600 7~28 <27 23~77 5~16 4~5
Suito & Inoue [19] 1550~1650 <35 <31 13~85 6~28 2~5 <4
Ishii & Fruehan [20] 1570~1600 37~46 3~8 4~9 <22
Shirota et al. [21] 1636~1700 27~52 22~70 2~30
Garlic et al. [22] 1600~1680 27~45 8~24 16~45 8~21 <6 3~5
Nagabayashi et al. [23] 1600 <56 <45 <86 <40 <50
Kunisada & Iwai [24] 1570~1650 10~40 2~40 10~73 4~36 <18 <8
Wrampelmeyer et al. [25] 1550~1700 <12 <1
Usui et al. [26] 1600~1700 26~57 13~35 10~28 <14 <4 3~8 <2
Selin [27] 1593 22~42 15~35 17~31 8~21 <14 <4
Yong et al. [28] 1585~1648 22~52 5~42 2~22 <12 7.2~44 <6 1~12
Schurmann & Fischer [29] 1600,1700 38~58 4~21 2~4 <11 <3
Hino et al. [30] 1550~1650 39~50 20~32 <10 17~30 <5
Banya et al. [31] 1550~1650 30~50 <40 <3
Suito & Inoue [32] 1600 11~31 10~28 20~53 5~18 8~16
Lietal. [33] 1550~1600 25~42 2~7 30~58 3~13 <3
Lee & Fruehan [34] 1550~1580 33~45 33~40 3~10 13~22 <4
Suito & Inoue [35] 1550 9~30 12~29 28~58 5~11 8~13 <1
Maddocks & Turkdogan [36]  1400,1550 <14 <62 <70 <12 <35 <14 <19 <11

results from the studies by Suito and his coworkers [16-19]
show that the measured logarithm of the equilibrium
quotient for reaction (11), log(kp) which is defined as
equation (12), is a linear function of slag chemistry:
(9%0Ca0) + 0.3*(%MgO) — 0.5*(%P,0,).

2[P]+5(Fe0) =(P,0;) + 5Fe (11)

(Wt%P,0;)
[wt%P]? -(wt%FetO)>

log k, =log (12)

The correlation derived by Suito and coworkers [16-19]
has been used as a basis to compare the experimental
results of steelmaking slag from the various investigators.
The comparison of the literature data is shown in Figure 3.
It shows that, the experimental results from the indepen-
dent studies in Figure 3a are consistent with each other,
and can be represented by the correlation. However, the
experimental results summarized in Figure 3b, show a
systematic deviation from the trend line obtained in Figure
3a. Since phosphorus equilibria are strongly dependent
on temperature, it is likely that the errors introduced
through temperature measurement in the study of Bala-
java et al. [13], as pointed out by Pathy and Ward [37],
could have been responsible for some of the discrepancies

as shown in Figure 3b. It also worth to be noted that the
reaction time adopted in most of studies summarized in
Figure 3a [16, 18, 20, 22, 27, 33] are 3 hours and above,
while the reaction time in most of studies in Figure 3b [13,
14, 23, 24] is only 1 hour or less. It is questionable if a short
sample holding time of only one hour or less has been suf-
ficient for those studies to reach equilibrium.

4.1 Ca0-Si0,-MgO-FeOn-P,0, system

The Ca0-SiO,-MgO-FeOn-P,0O, system is the basic system
for slags which occur during steelmaking process, since
its components together make up above 90 wt% of the
constituents of the steelmaking slags. The data summa-
rized in Figure 3a, which show consistency with each
other, was considered to be more reliable and was selected
to optimise the model parameters. The overall comparison
between the model calculation and experimental mea-
surements on the phosphorus content in the metal equili-
brated with the slag is shown in Figures 4. It is evident
that there is reasonably good agreement between the
model’s prediction and experimental measurements over
a broad range of concentrations of P in metal within two
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Fig. 4: Comparison of the P solubility in liquid iron calculated by GCA
model with the experimental data [14-18, 20, 22, 24, 27, 33, 34].

orders of magnitude variation. Figure 4b also shows that
current model parameters cause relatively large devia-
tion on the P distribution for the slag with low SiO, con-
centration.

4.2 Ca0-Si0,-Mg0O-FeOn-MnO-P,0, system

The Mn and P distribution between the Ca0-SiO,-MgO-
FeOn-MnO-P,0, slag and liquid iron was reported by
Garlic et al. [22], Usui et al. [26], and Suito and Inoue
[32]. The MnO concentration in the slag varies from 4
to 16 mass%. The MnO-P,0, parameters are obtained
by fitting this set of data. The comparison of the model
calculation with the experimental data is shown in
Figure 5.
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Fig. 5: Comparison of the model calculated log(k,) for the MnO
containing steelmaking slags with the experimental data [22, 26, 32].

® 1550 and 1600 °C, Li et al.(2005)
1570 and 1600 °C, Ishii & Fruhan (1984) E
[ % 1600 C, Schurmann & Fischer (199%)* ]

01t o

*

[P]calculated’ Wt%

1E-3 | LR E

il . PR | . M|
1E-3 0.01 0.1

[P] Wt%

measured’

Fig. 6: Comparison of the model calculated P concentration in the
liquid iron equilibrated with the Al,O, containing steelmaking slags
with the experimental data [20, 29, 33].

4.3 Ca0-Si0,-Mg0-FeOn-Al,0,-P,0, system

As analysed in the previous section, the P distribution
data by Ishii and Fruehan [20], Schurmann and Fischer
[29] and Li et al. [33] for the Al O, free or low ALO, slag, can
be described by the correlations derived by Suito and
coworkers [16-19], and was considered to be more reli-
able. The P,0.-AlL,0, interaction parameters are optimized
against the experimental data by Ishii and Fruehan [20],
Schurmann and Fischer [29] and Li et al. [33] with 4 to 22
wt% Al,O, in the slag. The comparison of the calculated P
distribution concentrations in liquid iron with the experi-
mental data is shown in Figure 6.
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4.4 Ca0-Si0,-MgO-FeOn-Na,0-P,0, system

The effect of the Na,O on the P distribution between metal
and slag has been investigated by Maddocks et al. [36],
Suito and Inoue [35] and Kunisada and Iwai [24]. The equi-
librium time adopted in the study by Maddocks et al. [36]
is only 20~30 mins. Whether the slag-metal sample can
reach equilibrium in such a short time is questionable.
Therefore, the P,0,-Na,O parameters are optimized against
the experimental data from studies by Suito and Inoue
[35] and by Kunisada and Iwai [24]. The comparison of the
model calculation and the experimental measurements
are shown in Figure 7.

5 Modelling of the
dephosphorization reactions

The dephosphorization reaction in the BOF can be written
as equation (11). The removal of phosphorus to the slag
phase depends on the equilibrium constant of reaction
(11), which is defined as follows:

5
1(3 — aFe i aPZOS
2 .5
aP aFeO

(13)

The activity of Fe is very close to unity in this case,
and the equation (13) can be rewritten as

K. = Yp205Xpr0s

(14)
73X2 a3,
X 5
P2205 :I<3 }/12) . aFeO (15)
X3 Y p20s

Provided that the P activity coefficient in the metal is
kept constant, the phosphorus distribution between slag
and metal is determined by the activity of FeO and activity
coefficient of P,O; in the slag.

The variation of phosphorus distribution between
slag and metal with the slag chemistry and the tempera-
ture was predicted by using the GCA model. Figure 8
shows that the increase of phosphorus distribution with
increasing Ca0/Si0, in the slag observed in the experi-
ments was reproduced by the calculation. That is simply
because there is a strong negative interaction between
Ca0 and P,0.. Increase of CaO/SiO, ratio leads to the de-
creasing of the P,0; activity coefficient in the slag, and
therefore increases the phosphorus distribution into slag.
Both the calculation and the experimental observation
showed that the P distribution ratio increased with in-
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Fig. 8: The effect of FeO and slag basicity on the phosphorus
distribution between the CaO-Fet0-Mg0-Si0, slag [16-19] and metal.

creasing of FeO content in the slag. After reaching a
maximum value, it decreased with further increasing of
Fe,0. This behaviour could be explained by Figure 9. As
shown, when the FeO is very low, increasing FeO con-
tent would led to a significant increase of FeO activity, and
consequently increase the P participation in the slag
phase. Further increase of FeO reduces the CaO content in
the slag, which increases the y,,, in the slag, slow down
the increase of aj,,/7p,0s and finally the ag,,/7p,0s
reaches a maximum point. After this critical point, in-
creasing Fe, O would cause the aj,, /¥p,ys in the slag to
decrease, which in turn resultes in a decreases of the P
distribution ratio.
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Fig. 9: The effect of FeO content in the slag on the a3, / ¥ pygs ratio
in the slag.
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Fig. 10: The effect of FeO and temperature on the phosphorus
distribution between the slag and metal. The experimental data are
from the studies by Suito and his co-workers [16-19].

Figure 10 showes the effect of temperature on the P
distribution between slag and metal. At fixed CaO/SiO,
and FeO in the slag, the P distribution ratio decreases
with increasing temperature. This suggests that lime de-
phosphorization reaction is exothermic, and is therefore
favored at lower temperatures. That is the reason for
carrying out dephosphorization under the hot metal
conditions such as ladle dephosphorization by some
steelmaker.

As shown in Figure 11, the addition of MgO to the slag
results in the decrease of the P distribution ratio between
slag and metal. That is simply because the lime is the
dominant specie in the slag which affects the phosphorus
distribution. The addition of MgO, which dilutes the CaO
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Fig. 11: The effect of MgO content on the phosphorus distribution
between the slag and metal.
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Fig. 12: The comparison of the model calculated and plant measured
P content in the metal [38].

and FeOx concentrations in the slag, leads to lowering of
distribution of phosphorus between slag and metal. After
reaching the Magnesiowiistite saturation, further addi-
tion of MgO decreases the FeO content in the liquid slag
by forming the solid solution phase (Magnesiowiistite),
which leads increasing the concentration of other compo-
nents (e.g. CaO) in the liquid slag and tends to increase the
phosphorus distribution only slightly according to the cal-
culated results in Figure 11.

Figure 12 shows a comparison of the model calculated
and plant measured P content in the metal at the end
point of the top-bottom combined blown converter steel-
making process [38]. It can be seen that the P contents
in the metal from the equilibrium calculations are sys-
tematically lower than that of plant measurements, which
indicates that slag and metal are close to but not at the
equilibrium yet. Thus kinetics factors that contribute
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Fig. 13: The correlation of the disequilibrium degree and the slag
viscosity.

towards such degree of departure from equilibrium should
be considered.

The dephosphorization kinetics in the BOS convertor
is dependent on slag properties (e.g viscosity, suspended
solid phases in slag, diffusivity,) as well as blowing condi-
tions (hard or soft blown), which effect flux dissolution
and slag formation, mixing and emulsification of metal
and slag. The degree of dis-equilibrium of phosphorus
between metal and slag was studied by Jahanshahi and
Belton [39]. They found that there is a marked trend of in-
creasing of disequilibrium degree, defined as [P],,,, -[P]g,;,
with increasing solid content in the liquid slag, suggesting
that the slag viscosity effects have a major influence. In
the present study, the viscosity of the slags from the
steelmaking conveter [38] was calculated by using the
MPE software [5]. Figure 13 shows that the disequilibrium
degree increases with increasing slag viscosities, which
agrees with the findings by Jahanshahi and Belton [39].
Minimization of the solid formation in the slag is expected
to reduce the disequilibrium degree and improve the
phosphorus removal from the metal.

6 Conclusions

The published phase diagrams of some key P,O.-
containing systems which are relevant to the steelmaking
slag and the available experimental data on phosphorus
partitioning between liquid iron and slags consisting of
Si0,-AL,0;-Fe,0,-FeO-Mn0O-Mg0-Ca0-Na,0 have been re-
viewed and assessed. The database of the GCA model has
been extended for the system SiO,-Al,0,-Fe,0,-FeO-MnO-
MgO-Ca0-Na,0-P,0,. The developed model database is
proved to be able to represent the liquidus temperature of
some key P,O.-containing systems and the phosphorus
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distribution ratio between the steelmaking slags and
liquid iron reasonable well.

The modelling results show that the phosphorus dis-
tribution ratio between the slags and liquid iron reaches a
maximum point with increasing FeOx content in the slag.
It also shows that the phosphorus distribution to the slag
was favored by decreasing the operating temperature and
MgO content, and increasing the Ca0O/SiO, ratio in the
slag.

Comparison of the phosphorus distribution data from
a commercial BOS furnace with model results shows that
operating conditions do not permit to reach equilibrium P
contents in the metal. The disequilibrium degree of P was
found to be increased with increasing slag viscosities.
Minimization of the solid formation in the slag is expected
to reduce the disequilibrium degree and improve the
phosphorus removal from the metal.
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