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Abstract: The dag formation path is important for efficient dephosphorization in steelmaking processes. The phosphorus capacity and the
melting properties of the dlag are critical parameters for optimizing the slag formation path. Regarding these two factors, the phosphorus par-
tition ratio was calculated using the regular solution model (RSM), whereas the liquidus diagrams of the dag systems were estimated using
the FactSage thermodynamic package. A dag formation path that satisfies the different requirements of dephosphorization at different stages
of dephosphorization in a converter was thus established through a combination of these two aspects. The composition of theinitial slag was
considered to be approximately 15wt%Ca0-44wt%S O~41wt%FeO. During the dephosphorization process, a dag formation path that fol-
lows a high-iron route would facilitate efficient dephosphorization. The composition of the final dephosphorization dag should be approxi-
mately 53wt%Ca0-25.5wt%SiO,—21.5wt%FeO. The composition of the final solid dag after dephosphorization is approximately

63.6wt%Ca0-30.3wt%S O—6.1wt%FeO.
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1. Introduction

Phosphorus is known as a harmful element in steels be-
cause it can induce cold brittleness [1-2]. Specialy, for
some low and ultralow phosphorous steels, dephosphoriza-
tion in the steelmaking vessel prior to or after steelmaking is
no longer sufficient. Hence in the 1990s, the duplex stedl-
making process, which is characterized by the treatment of
hot metal with two Linz-Donawitz (LD) converters (i.e., one
for dephosphorization and another for decarburization), was
developed in Japan [3—7]. Two noteworthy features of the
duplex steelmaking process are the faster formation of slag
because the shorter tap-to-tap time and the requirement of a
high phosphorus capacity of the dag. Hence, the develop-
ment of methods for accelerated dag formation in LD con-
vertersis challenging.

Wu et al. [8] studied the slag formation path of a com-
bined blowing converter for medium- and low-phosphorus
hot metal. Basu et al. [9] presented the dag formation path
of acommercid basic oxygen furnace (BOF). The effect of
ladle dag recovery and utilization in BOF on dlag path was
aso discussed by Dahlin [10]. The slag formation path for
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hot metal with different Si contents was formulated by
Swinnerton [11]. However, to the best of our knowledge,
investigations of the dag formation path for the duplex
steelmaking process and of the corresponding dag forma
tion mechanism are scarce. To ensure highly efficient
dephosphorization, rapidly increasing the phosphorus capa
bility of dag while dowly increasing the melting tempera-
ture of dag during the dephosphorization process would be
beneficial. Therefore, in the present study, we aimed to de-
velop a suitable dag formation path for the dephosphoriza-
tion processin a converter.

2. Methodology

The dag formation path in the BOF is briefly described.
In general, two thermodynamic aspects of dephosphoriza
tion in a converter are relevant. One such aspect is the melt-
ing property of the dephosphorization dag. The CaO-SO—
FeO system is the most widely used dephosphorization slag.
The liquidus diagram of this system was calculated using
the FactSage thermodynamic package with the Equilib
module. The calculated temperature range was from 1573 to
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1773 K in steps of 100 K. The effects of MgO and MnO on
the melting temperature of the dephosphorization dags were
also calculated using the FactSage program. In the calcula
tions, the total mass ratio for CaO, SIO,, and FeO was 1,
whereas the mass ratios of other components were calcu-
lated using the following equation:
w(M O,)
¢(M,0,) = — D
w(Ca0) +w(SiO,) + w(FeO)

where MO, denotes MnO, MgO, or P,Os and w(M,0,) in-
dicates the mass fraction of M,O in the dag; ¢(M,O,) is the
relative mass percentage of M,O, in the dlag.

Another important aspect is the dephosphorization ability.

As the dag composition changes during oxidation, so does
the phosphorus capecity of the dags. The effect of this evo-
lution of phosphorus capacity on dephosphorization is a
topic of great interest. Hence, the construction of a thermo-
dynamic modd to evduate the phosphorus capacity of the
dephosphorization dag and to further contribute to deter-
mining the reasonable range of dag composition for depho-
sphorization is worthwhile. The regular solution model
(RSM) has been widely used because of its numerous ad-
vantages. In particular, it is well suited for dealing with the
equilibrium partition ratio of the oxygen, phosphorus, and
sulfur between dag and liquid steel. Hence, the equilibrium
phosphorus partition ratio (Lp) with respect to chemical
composition and temperature was calculated viathe RSM:

2[P] +5(FeQ) = (P,O,) + 5[F¢] (2

oo TEDEN o
(WP 75, [X(Fe™)]

L W) WP (KO IX(FE ) "

WP X(P*') Vs
where the square brackets and parentheses denote the metal
phase and dag phase, respectively; w(P) and w[P] denote the
mass percent of P in slag phase and metal phase; x(P™") and
x(Fe*") denote the molar fraction of P°" and Fe**, respec-
tively; y is the activity coefficient; K° is the equilibrium con-
stant of the reaction (0.0234) [12] and is independent of the
temperature; and L is the equilibrium phosphorus partition
ratio.

3. Resultsand discussion

3.1. Mdting properties of the CaO-SIO,FeO—-MgO,
MnO, P,Os) dag systems

The caculated liquidus diagram of the CaO-SiO+FeO
dag system shown in Fig. 1 is in good agreement with the
reported liquidus diagram of the CaO-SiOFeO dag sys

tem [13], which demonstrates that the calculation method is
reliable. The liquidus diagrams of different dag systems
were obtained under the assumption that 5wt% MgO, 5wit%
MnO, and 8wt% P,Os (considering high-P hot metal) were
added to the CaO-SIO,Fe0 dag system. The results are
shown in Figs. 2(2)—-2(d). A comparison of Fig. 1 to Fig. 2(a)
revedls that the liquidus region increased with increasing
MgO content. In addition, a comparison of Fig. 1 with Fig.
2(b) indicates that the liquidus region increased when MnO
was added to the dlag. In practical dephosphorization proc-
esses, a certain content of these oxides in the slag are bene-
ficial for dephosphorization. A comparison of Figs. 2(c) and
2(d) aso indicates that the liquidus region increased when
P,Os was added to dag, consistent with the results reported
by Zhao et al. [14]. Hence, the melting temperature of the
dephosphorization dag was decreased by the addition of
such additives, this decrease in melting temperature pro-
motes the melting of the slag and the mass transfer of phos-
phorus between the slag and metal.

Fig. 1. Liquidusdiagram of the CaO-SiO,+e0 dag system.

Fig. 3 shows the relationship between the MgO content
and the melting temperature of the CaO-SiO,+FeO0-MgO
system. When w(MgO) was increased from 0 to 5wt%, the
melting temperature of the slag decreased; however, when
w(MgO) exceeded 5wt%, the melting temperature increased.
If only the melting property of the dag is considered, control
of the MgO content in the range of 3wt%—-5wt% of the dag
composition is preferred.

Given that the utilization of decarburization dag (with a
certain amount of MnO, 14wt%-30wt% [15]) in dephos-
phorization converters favors the formation of dag and
benefits dephosphorization, we also calculated the effect of
MnO content in the dag on the melting temperature of the
Ca0-S O, FeO0-MgO-MnO-P,0Os dag system using the
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FactSage program. As shown in Fig. 4, with an increase in
w(MnO) in the range of 3wt%—12wt%, the mdting tem-
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perature decreased dightly, which means that MnO could
promote the melting of dephosphorization dag.

Fig. 2. Liquidus diagrams of CaO-SiO+e0—-(MgO, MnO, P,Os) dag sysems. (a) CaO-SO,FeO-MgO, w(MgO)/ (w(CaO) +
w(SiO,)+ w(FeO)) = 0.0526; (b) CaO-SiO+FeO0-MnO, w(MnO)/(w(CaO)+w(SiO,)+ w(FeO)) = 0.0526; (c) CaO-SIO,+eO—
MgO-MnO, w(MgO)/(w(CaO)+w(SiO,)+ w(FeO))=0.056, w(MnO)/(w(CaO)+ w(SiO,)+ w(FeO)) = 0.056; (d) CaO-SiO
FeO-MgO-MnO—P,05, w(MgO)/(w(CaO)+ w(SiO,)+w(FeO)) = 0.061, w(MnO)/(w(CaO)+w(SiO,)+w(FeO)) = 0.061,

w(P,0;)/ (w(CaO)+w(SiO,)+ w(FeO)) = 0.0976.

Fig. 3. Mdting temperatures of the CaO-SO,+eO-MgO
system (W(CaO)w(SIO,) = 2.1, FeO 20wt%).

3.2. Dephosphorization ability of the CaO-SO,+FeO—
MgO-MnO—P,05 dag system

The phosphorus partition ratio between the slag and hot
metal of the CaO-SiO+Fe0-4wt%MgO—7wt%MnO—
Twt%P,0Os dag system at 1623 K is presented in Fig. 5. In
the dephosphorization process, high dephosphorization ca-
pability isfavored. A high-efficiency dag formation path for
dephosphorization should guarantee a continuous increase in
Lp during the dephosphorization process. The combination
of Fig. 2(d) and Fig. 5 reveded that a path exists where the
Lp increases dramatically with the variation of dag compo-
sition during dephosphorization while the melting tempera-
ture of dag simultaneously increases dowly, which is bene-
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ficial for the quick melting of the dag and promotes the
formation of the dephosphorization dag as well. On the ba-
ss of these insights, a dag formation path for the dephos-
phorization process can be constructed.

Fig. 4. Mdting temperatures of the CaO-SO,FeO-MgO—
MnO—P,05 system (w(CaO)/w(SiO,) = 2.1, FeO 20wt%, MgO
Awt%, P205 5Wt%)

Fig. 5. Contour map on Lp of the CaO-SO,FeO-MgO-
MnO-P,0Os dag system (MgO 4wt%, MnO 7wt%, P,Os
Twt%)

3.3. Slag composition control in a dephosphorization
converter

The evolution of dag composition at four different steel
plantsis presented in Fig. 6. Path | shows the dag evolution
reported by Cicuitti et al. [16]. At the beginning of the proc-
ess, the dag has a low basicity and a relatively high FeO
content, allowing lime to be dissolved into the lag. Near the
middle of the process, an obvious decrease in the FeO con-
tent is observed, which amost coincides with the period of
maximum decarburization of the bath. Toward the end of
the process, most of the carbon has been removed from the

bath; as a consequence, the oxygen blowing forms FeO that
is incorporated into the dlag, which promotes an increase in
the FeO content in the final dlag. Three other dlag formation
pathsin Fig. 6 are similar to Peth |. These paths are the most
commonly used slag formation path in conventional con-
verters. Although some differences exist in lag composition
a the beginning and end of the paths because of the differ-
ent operating conditions, the evolution rule of slag composi-
tion is consistent.

Fig. 6. Changes in dag composition for various converter
practices (I, Cicutti et al. [16]; |1, Basu et al. [9]; |11, Swinner-
ton [11]; IV, Krejger etal. [17]).

Theoreticaly, the gray line in Fig. 6 is the shortest dag
formation path; however, it requires a rapid increase in
temperature during the smelting process, which would in-
duce a vigorous chemica reaction and adversely affect
dephosphorization. The conventional slag formation path,
which is represented by paths 1V, is not suitable for
dephosphorization in a converter because the blowing time
in a dephosphorization converter is shorter than that in a
conventional steelmaking converter. Moreover, the tem-
perature at the end of dephosphorization processisfar lower
(by approximately 300°C) than that at the end of steelmak-
ing. Therefore, the dow melting speed of lime would lead to
adow increase in the dag basicity; thus, the dag is not ess-
ily melted, which does not favor dephosphorization and can
even easily cause weak fluidity of the dag during the me-
dium blowing stage.

Fig. 7 shows a theoretical slag formation path ABCD in a
dephosphorization converter. This path is based on two fac-
tors. melting properties and dephosphorization ability. At
the beginning of dephosphorization, the dag should have a
low melting temperature, which is beneficia for melting the
dag and preparing for dephosphorization. In the present
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study, a typica chemical composition of point A is esti-
mated as 15wt%Ca0-41wt%FeO0—-44wt%SiO,. We deter-
mined the melting temperature of such a dag (15wt%CaO—
41wt%FeO—-44wt%S O, with 4wt% MgO, 7wt% MnO, and
Twt% P,Os) using the hemisphere point method. The melt-
ing point is approximately 1259°C. Therefore, the region
around point A has a very low melting temperature and is
thus well suited to be the initia dag because it favors the
quick formation of the dephosphorization dag. In addition,
the content of FeO around point A is approximately 40wt%,
which is beneficia for melting lime and accelerating the
formation of the dephosphorization slag.

Fig. 7. Theoretical dag formation path in a dephosphoriza-
tion converter (V, Wanget al. [18]; VI, Li [19]).

At the medium dephosphorization stage, a dag with a
low melting point and a high phosphorus capacity would be
beneficial because it would ensure a high dephosphorization
rate. Therefore, improving the FeO content in the dag to
further benefit the melting of lime to form high-basicity dag
is important. Hence, the diag formation path should proceed
through region B such that the FeO content increases and the
basicity correspondingly increases dowly. Path V, which
was reported by Wang et al. [18], is a desirable dag forma-
tion path for double dag operation in a BOF. Given the
similarity between the double-dag process and the duplex
steelmaking process, the first halves of path V and path ABC
are approximately the same. Path VI, which was reported by
Li [19], is a dag formation path for high-phosphorus
hot-metal refining in a50-t BOF. The first haf of the path is
the dephosphorization period, which is aso in agreement
with path ABC. A previous industrial test using 200-kg ex-
perimental furnace and 350-t BOFs aso showed the same
evolution rule of FeO content in slag [20].

At the end of dephosphorization, an efficient dephospho-
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rization dag with high basicity is required to keep the phos-
phorus in the dag. Figs. 6 and 7 show that both the slag ba
sicity and the FeO content in the dephosphorization process
are lower than those in the conventional slag formation path
[21] because of the favorable thermodynamic conditions of
low temperature in the dephosphorization converter. Such
conditions mean that a high akainity and high FeO content
are no longer necessary. Actualy, the dag basicity in a
dephosphorization converter cannot reach 3-5 because of
the short blowing period. The chemical composition of dag
a point C is approximately 53wt%Ca0-25.5wt%SiO—
21.5wWt%Fe0, and the badicity is approximately 2.1. The
melting temperature of such a dag is greater than 1370°C,
as determined using hemisphere point method. Therefore,
the dag composition region around point C is available to
bind P,Os in the dag. Before taping semi-stedl, two aspects
should be taken into consideration: the Fe content in the dag
should be reduced to decrease the loss of iron; however, the
formation of a solid dag is preferred to prevent the phos-
phorus transferring from the slag back to the semi-stedl. For
this purpose, the dag at point D is an excellent choice. The
chemical composition of the dag at point D is approxi-
mately 63.6wt%Ca0-30.3wt%SiO6.1wt%FeO. The line
ABCD is the optimum dlag formation path during the
dephosphorization process for the duplex steelmaking proc-
ess. In the practica smelting process, the variation of the
chemical composition of the dag from C to D can be
achieved by controlling the oxygen blowing process.

Fig. 8 shows the relationship between Lp adapted from
our previous study [22] and dag composition. The phos-
phorus partition ratio between the dag and metal was ob-
served to vary between 10 and 51 and the basicity of the
dag was observed to range from 1.5 to 2.1 at 1370°C. In

Fig. 8. Réationship between L (adapted from Qiu et al. [22])
and dag composition.
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addition, Lp was observed to increase with increasing ba
sicity and increasing FeO content in the dag. The region
around point C on the dag formation path is a desirable dag
composition for dephosphorization in a converter.

4. Conclusion

To srengthen the dephosphorization process in a con-
verter, a high-efficiency dephosphorization dag formation
path should be constructed. The melting property of the dlag
was calculated using the FactSage program, and its dephos-
phorization ability was calculated using the RSM. The dag
formation path for dephosphorization was thus obtained by
coupling the liquidus temperature and dephosphorization
capability of the dag. The composition of the initial dag was
considered to be approximately 15wt%Ca0O-44%wtSiO—
41wt%FeO. During the dephosphorization, a dag formation
path that follows a high-iron route would facilitate efficient
dephosphorization. The composition of the final dephospho-
rization dag should be approximately 53wt%CaO—
25.5wWt%S 0,-21.5wWt%FeO. The composition of the final
solid dag for keeping phosphorus is approximately
63.6wWt%6Ca0—-30.3wt%Si O—6.1wt%FeO.
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