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Behavior of phosphorus enrichment in dephosphorization slag at low temper-
ature and low basicity
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Abstract: At low basicity and low temperature, the dephosphorization behavior and phosphorus distribution ratio (Lp) between slag and mol-
ten steel in the double slag and remaining slag process were studied with a 180 t basic oxygen furnace industrial experiment. The dephosphor-
ization slags with different basicities were quantitatively analyzed. At the lower basicity range of 0.9-2.59, both Lp and dephosphorization ratio
were increased as the basicity of dephosphorization slag increased. Dephosphorization slag consisted of dark gray P-rich, light gray liquid slag,
and white Fe-rich phases. With increasing basicity, not only did the morphologies of different phases in the dephosphorization slag change
greatly, but the area fractions and P,Os content of the P-rich phase also increased. The transfer route of P during dephosphorization can be de-
duced as hot metal — liquid slag phase + Fe-rich phase — P-rich phase.
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1. Introduction

Multi-refining converter (MURC) process [1], which was
developed by Nippon Steel, is the dephosphorization process
in basic oxygen furnace (BOF) that can markedly decrease
calcium oxide (CaO) consumption and waste slag emission.
Desilication and dephosphorization are first conducted. After
intermediate deslagging by tilting the furnace, decarburiza-
tion is further performed in the same converter. Then, the de-
carburization slag is left after tapping and reused for the de-
phosphorization in the next heat because of the lower tem-
perature at the early stage of converter blowing, which is fa-
vorable to dephosphorization. Therefore, consumption of
lime and light-burned dolomite can be greatly reduced along
with the emission amount of waste slag. According to the re-
port [2], the lime consumption is reduced by 40% compared
with the conventional BOF process during the entire convert-
er blowing. To steadily enhance the deslagging ratio of the
MURC process by more than 70%, we have to adjust the slag
composition and top-blowing lance position to control the
slag-foaming condition [3].

Regarding the effects of dephosphorization operation
parameters in the double slag and remaining slag process
similar to MURC, Wang et al. [4] found that the fluidity of
the dephosphorization slag can be improved at lower basicity
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(R of 1.3—-1.5), and the slag has a moderately foaming prop-
erty, thereby enhancing the deslagging ratio after dephosph-
orization. Yang et al. [5] studied the effect of operation
factors on dephosphorization performance under the lower
initial phosphorus content less than 0.09wt% of hot metal;
they reported that dephosphorization is determined by the
mass transfer of phosphorus from metal/slag interface to bulk
slag phase rather than the thermodynamic equilibrium condi-
tions. Tian et al. [6] showed that the dephosphorization ratio
can reach 75% in the dephosphorization stage, when the Fe**
content in the slag is higher than 3.5wt%, the basicity is high-
er than 2.0, and the temperature is lower than 1653 K. Lii
et al. [7] found that the viscosity of CaO-SiO,—FeO”-
12wt%ZnO-3wt%Al,0; slags decreases as the CaO/SiO,
mass ratio increases from 0.8 to 1.2 and the FeO content also
increases from 8wt% to 20wt%.

In the dephosphorization process, 2Ca0O-SiO,—3Ca0O-P,0;
(C,S—C;4P) in the dephosphorization slag plays an important
role [8]. In the hot metal dephosphorization reaction, the slag
is in a solid/liquid multiphase coexistence state. However, in
most previous studies, the slag was taken as a liquid phase
while the solid phase was ignored. The partition ratio of
phosphorus between C,S—C;P and the liquid slag was usu-
ally extremely high during the dephosphorization stage be-
cause phosphorus was more stable in the solid solution
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C,S—C;P than in the liquid slag [9]. Dicalcium silicate C,S is
precipitated initially, and then the P,Os component is reacted
with CaO to form tricalcium phosphate C;P. Subsequently,
the formed C;P is combined with the produced C,S to gener-
ate solid solution C,S—C;P [10-12]. Gao et al. [13—14] poin-
ted out that the solid phase coexisting with the liquid slag is
the solid solution composed of CaO, SiO,, and P,Os, and
phosphorus is distributed mainly in the solid solution rather
than in the liquid phase. The solid solution only exists as
C,S—C;P, and the mass ratio between the solid solution and
liquid slag phases varies with the liquid-phase composition in
the slag.

The transfer of phosphorus from liquid slag to the solid
solution of C,S—C;P has a significant influence on dephosph-
orization. Kitamura ef al. [15] found that the mass transfer of
CaO and SiO, can occur simultaneously with the mass trans-
fer of P,O;s to maintain the pseudo-binary relation of the solid
solution. Xie et al. [16] discovered that the transfer rate of
phosphorus from the liquid slag to the solid solution of
C,S—C;P is very high. Inoue and Suito [17] indicated the
minimal temperature dependence of phosphorous distribu-
tion ratio between C,S and slag. Shimauchi et al [18]
showed that the content of P,Os in the solid solution is
strongly influenced by the lime/silica mass ratio and P,Os
content in the liquid slag. Yang et al. [19-21] found that the
higher temperature induces the dissolution of the C,S—C;P
solid solution while the larger CaO/SiO, mass ratio has the
opposite effect. Du et al. [22] discovered that the distribution
ratio of P,Os between the solid solution and liquid phase slag
is increased as the Fe,O; content and slag basicity increase.
Lin et al. [23] revealed that the contents of CaO, T.Fe (total
Fe content), and P,O;s in slag significantly affect the distribu-
tion of P,Os between the P-rich and liquid slag phases,
whereas the contents of MnO and MgO have a minimal ef-
fect. Pahlevani et al. [24] indicated that the CaO content of
the liquid slag and the activity of P,Os in the solid solution
are the ruling factors for the distribution ratio of phosphorus
between the solid solution and the liquid slag.

Regarding the effect of the Fe-rich phase in the slag on de-
phosphorization, Ito and Terasawa [25] found that the
CaO-FeO layer is formed when the solid CaO is reacted with
the P,Os-containing slag at the hot metal temperature. Hama-

no et al. [26] observed that Fe?" diffuses to both the solid
CaO and bulk slag, and the CaO-FeO layer is formed beside
the solid CaO because of the activity gradient of FeO. The
CaO-FeO phase can promote the generation of the solid
solution C,S—C;P and increase the phosphorus partition ratio
between the C,S—C;P and liquid slag phase [27]. Xie and
Wang [28] found that the phase ratio of the C,S—C;P solid
solution increases as the FeO, and P,Os contents increase.

As stated above, relatively few industrial experiments
have been conducted on the effect of the basicity of slag on
dephosphorization at the lower basicity of 0.9-2.59 and at the
lower temperature of 16461693 K, which correspond to fa-
vorable dephosphorization conditions in the double slag and
remaining slag process. Few studies have conducted quantit-
ative analysis of the P-rich and Fe-rich phases and their rela-
tionship based on industrial experiments. Therefore, in-depth
studies are needed to clarify the effect of basicity on the de-
phosphorization and slag phases at the lower basicity and
temperature ranges, especially based on the industrial experi-
ments.

In this study, at a lower basicity range, the effects of basi-
city on the dephosphorization ratio and phosphorus distribu-
tion ratio (Lp) between slag and molten steel were studied at
the dephosphorization stage in the double slag and remaining
slag process through industrial experiments with a 180 t con-
verter. The morphologies of low basicity dephosphorization
slag were observed. The P-rich and Fe-rich phases and their
relationship were quantitatively analyzed through field emis-
sion scanning electron microscopy (FESEM) coupled with
energy dispersive spectroscopy (EDS). The element compos-
itions of the different slag phases were also analyzed to study
the behavior of phosphorus enrichment in the dephosphoriz-
ation slag.

2. Experiment and principle
2.1. Experimental procedure

Experiments were conducted in the 180 t converter for the
double slag and remaining slag process. Fig. 1 shows the
schematic flowsheet of the double slag and remaining slag
process. Desiliconization and dephosphorization were con-
ducted initially. After intermediate deslagging, decarburiza-
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tion was conducted in the same converter. Then, the decar-
burization slag was left inside the furnace after tapping and
slag splashing, and reused for dephosphorization in the next
heat.

As the temperature is low in the early stage of converter
blowing and favorable for dephosphorization from a thermo-
dynamic point of view, dephosphorization reaction can be
conducted at low basicity. On the one hand, it can greatly re-
duce the consumption of lime. On the other hand, it is condu-
cive to the formation of the slag with good fluidity to im-
prove the ratio of intermediate deslagging. At the end of con-
verter blowing, because the high temperature is not condu-
cive to dephosphorization, dephosphorization reaction can
only occur at high basicity, which increases the consumption
of lime. Therefore, adopting low temperature and low basi-
city in the early dephosphorization stage is necessary in the
double slag and remaining slag process.

The process flow of the double slag and remaining slag
process is similar to that of MURC. However, the bottom-
blowing intensity of the double slag and remaining slag pro-
cess is usually weaker than that of MURC. The supply in-
tensity of the bottom gas of MURC was 0.4-0.8 Nm*/(t-min)
[1], whereas that of the double-slag process and remaining
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slag process was 0.02-0.15 Nm®/(t-min). In addition, the slag
splashing technology was applied after tapping in the double
slag and remaining slag process.

The composition and temperature (7) of hot metal for de-
phosphorization are shown in Table 1. The hot metal after
desulfurization was charged into BOF with temperature of
15731673 K. The initial P content in hot metal had a relat-
ively high value of 0.13wt%—0.18wt%, and the mass ratio
between the hot metal and the total added iron was in the
range of 84%—88%. Among the other auxiliary raw materials
were lime, magnesite, raw dolomite, limestone, and sinter,
which were charged into BOF by two batches in the dephos-
phorization and decarbonization stages, respectively. The top
oxygen-blowing time at the dephosphorization stage was 4—6
min. The gas supply intensity of the top oxygen blowing was
2.2-3.0 Nm*/(t-min). The height of the lance position was
changed during the dephosphorization stage, and the initial
low lance position was 1.8 m, which could promote the igni-
tion of top oxygen blowing. Then, the high lance position
was 2.0 m to enhance the oxidization of the slag and promote
the rapid melting of lime and the other auxiliary raw materi-
als. The later low lance position was 1.8 m for favoring de-
phosphorization reaction.

Table 1. Composition and temperature of hot metal for dephosphorization

Composition / wt%

C Si Mn

Temperature / K
P S

4.3-4.7 0.20-0.50 0.10-0.20

0.13-0.18

0.004-0.008 1573-1673

2.2. Thermodynamic principle of dephosphorization

According to the molecular structure theory of slag, de-
phosphorization is a slag—metal interface reaction, and the re-
action equation is expressed as follows:

2[P] + 5(FeO) + 3(Ca0) = (3Ca0-P,0s) + 5[Fe] €))

The reaction equilibrium constant (K®) of dephosphoriza-
tion can be expressed as follows:
lg K° =g a(;Caso»onj; ?)

(Y0P @0, c0
where agcaop,0., GEe0), dcaoy are the activities of
3Ca0-P,0s, FeO, and CaO, respectively; [%P] is the mass
percentage of phosphorus in the molten steel.

Due to the very low content of 3Ca0O-P,0; in the slag, the
mole fraction of P,Os (xp,0,)) is equal to that of 3CaO-P,0Os
(X3ca0p,04)), Namely, Xacao.p,0,) = X@,0,). Therefore, the the-
oretical phosphorus distribution ratio (L}) between slag and
molten steel is calculated according to the following equa-
tion:

X(p,0;
lgLy=1lg [(;z Z;]; = lg(Kea(SFeO)a?CaO)) 3)

Considering the formula of L}, we can conclude that the

affecting factors are temperature, basicity, and the activity of

FeO in the slag. In the present study, the effects of the slag
basicity on dephosphorization are mainly investigated at the
dephosphorization stage in the double slag and remaining
slag process.

The dephosphorization slag was sampled after the de-
phosphorization reaction. The samples were prepared by
grinding with SiC paper up to 1200 grit followed by polish-
ing using 0.03 pm diamond powder. After surface carboniza-
tion, the samples were observed by FESEM (Nova Nano
SEM450, FEI, Czech Republic) equipped with an energy dis-
persive spectrometer (X-MaxN, Oxford Instruments, United
Kingdom), which is operated in backscattered electron (BSE)
imaging mode for morphology and composition analyses.
Optical microscope (OM, DM2700 M, Leica, Germany) was
used for the petrographic analysis, and X-ray diffraction
(XRD, D8 Advance, Bruker AXS, Germany) was used for
the phase analysis of dephosphorization slag.

3. Results and discussion

3.1. Results of dephosphorization period

At the end of the dephosphorization stage, the top oxygen
blowing was stopped. After intermediate deslagging by tilt-
ing the furnace for approximately 1-5 min, the molten steel



G.F. Ye et al., Behavior of phosphorus enrichment in dephosphorization slag at low temperature and low basicity 69

and slag were sampled for component analysis. Tables 2 and
3 are the compositions of molten steel and dephosphoriza-
tion slag after the dephosphorization reaction in double slag
and remaining slag process, respectively. The composition of
molten steel was analyzed by the direct-reading spectrometer,
and the composition of dephosphorization slag was analyzed

by X-ray fluorescence. The contents of P,Os in the slag are
higher than 4wt% at the basicity greater than 1.90. R is the
value of binary basicity of CaO/SiO,, and De-P ratio is the
dephosphorization ratio. The slag basicity at the end of de-
phosphorization stage varied from 0.9 to 2.59, which was
controlled by adding the different amounts of lime.

Table2. Compositions, temperatures (7), and dephosphorization ratios of molten steels after dephosphorization at different basicities

Composition of molten steel / wt%

R - T/K De-P ratio
C Si Mn P S
0.90 2.6082 0.009 0.099 0.1413 0.0180 1683 10
1.28 2.8743 0.012 0.078 0.1225 0.0247 1693 19
1.68 2.6851 0.027 0.0094 0.0998 0.0098 1651 32
1.90 2.7119 0.001 0.124 0.0854 0.0277 1646 49
2.20 2.6712 0.026 0.148 0.0682 0.0203 1692 52
2.59 2.5568 0.009 0.101 0.0586 0.0113 1653 55
Table 3. Compositions of dephosphorization slags after the dephosphorization reaction at different basicities
R Dephosphorization slag composition / wt%
Al,O4 CaO MgO MnO P,05 SiO, T.Fe

0.90 1.64 25.94 7.32 11.79 1.33 28.69 16.85
1.28 1.35 33.22 9.10 8.38 2.80 26.05 14.35
1.68 1.27 33.84 6.40 8.48 3.19 20.12 16.25
1.90 3.10 36.31 7.33 9.27 4.92 19.12 15.33
2.20 1.92 38.26 8.84 5.45 4.37 17.40 14.93
2.59 1.25 38.85 7.82 6.79 491 14.98 18.36

3.2. Effect of basicity of dephosphorization slag on phos-
phorus distribution ratio and dephosphorization ratio

The calculation of theoretical phosphorus distribution ra-
tio L}, is difficult because dephosphorization reaction in the
converter is a non-equilibrium reaction and the influences of
the slag structures and compositions on dephosphorization
are complex. According to the previous research results, the

empirical equations for calculating Lp are summarized in
Table 4.

In Table 4, (%T.Fe), (%Ca0), (%MgO), (%MnO),
(%P,05), (%Si0,), and (%FeO) are the contents of T.Fe,
Ca0O, MgO, MnO, P,0s, SiO,, and FeO in the slag, respect-
ively; T is the temperature of the molten steel in K; [%C] is
the carbon content in the molten steel.

Table 4. Empirical equations for calculating Lp value

Empirical equation Ref.
IgLp = 22350/T —23.7 + 71g (%Ca0) + 2.51g (%T.Fe)  ((%CaO) > 30wt%)

{ IgLp = 22350/T — 16+ 0.08 (%Ca0) +2.51g (%T.Fe)  ((%Ca0) < 30wt%) ) (29]
lg Lp = 0.072((%Ca0) + 0.3(%MgO) + 0.6(%P,05) + 0.6(%Mn0O)) + 2.51g(%T.Fe) + 11570/T — 10.52 5)  [30]
lg Lp = 2.51g(%T.Fe) + 0.0715((%Ca0)+ 0.25(%MgO)) + 7710/T — 8.55 + (105.1/T + 0.0723)[%C] (6) [1]
lg Lp = 0.072((%Ca0) + 0.15(%MgO) + 0.6(%P,05) + 0.6(%MnO)) + 2.51g(%T.Fe) + 11570/T — 10.52 (7 [31]
lg Lp = (1/T)-(162(%Ca0) + 127.5(%MgO) + 28.5(%MnO)) + 2.51g(%FeO) + 11000/7 — 6.28 x 10*(%Si0,) — 10.4 ®) [32]

Fig. 2 shows the comparison of L; at the different basicit-
ies of dephosphorization slag between the experimental and
calculated values with the different empirical formulas. The
experimental values of L, are calculated by the formula of
lg Ly = 1g((%P)/[%P]) according to the data shown in Tables
2 and 3, where (%P) and [%P] are the phosphorus contents in
the dephosphorization slag and molten steel, respectively.
The other values of L; are calculated with the different em-

pirical equations listed in Table 4.

As shown in Fig. 2, L, has an upward trend with the in-
creasing basicity of the dephosphorization slag. Moreover,
the experimental values of L, are much smaller than those
calculated by different empirical equations. The experiment-
al values of L, are relatively close to those calculated by Eq.
(6) because most of these formulas are the results at the end-
point of converter decarburization, which has higher basicity
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and temperature. Only Eq. (6) focuses on the results of the
lower basicity and temperature for the dephosphorization
stage in the double slag and remaining slag process.
Moreover, this formula considers the influence of C content
in the molten steel on Lp, which is suitable for the higher car-
bon content in the dephosphorization stage of this process.
On the other hand, the experimental values of Ly in this study
are the results under non-equilibrium conditions. The de-
phosphorization times in the dephosphorization period of this
process are only 4-6 min, and the dephosphorization reac-
tion is far from reaching equilibrium. Therefore, the calcu-
lated Lp values of Eq. (6) are higher than those of the experi-
mental ones.

—*— Experimental value
—0O- Calculated value from Eq. (4)
5+ —0O- Calculated value from Eq. (5)
—V- Calculated value from Eq. (6)
-~ Calculated value from Eq. (7)
41—~ Calculated valuefrom Eq. (8)  _ -4
. o lG o=
jn 3r = £ - = =
—_— @:; :&;;;it&:g:’w
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v
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0.8 1.2 1.6 2.0 24 2.8
R

Fig. 2. Comparison of Lp at different basicities of dephosph-
orization slag between experimental and calculated values with
different empirical equations in Table 4.

Fig. 3 illustrates the effects of the basicity of dephosphor-
ization slag on P content in molten steel and De-P ratio at the
end of the dephosphorization stage. With increasing R, P
content in molten steel decreases, whereas the De-P ratio in-
creases. In the process of converter blowing, P in the molten
steel is oxidized to form P,Os and then combined with CaO in
the slag to form C;P to become stable in slag. Increasing the
basicity can reduce the activity of P,Os, which is beneficial to

0.16
—u— [%P]
014L m — 0— De-P ratio . 160
\ o - -
o o
< 0a2f - , 145
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Fig.3. Effect of basicity of dephosphorization slag on P con-

tent in molten steel ([%P]) and De-P ratio at the endpoint of
dephosphorization.
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the dephosphorization reaction. As Lp increases with increas-
ing basicity, increasing the basicity of dephosphorization slag
enhances the De-P ratio.

3.3. Phase analysis of dephosphorization slag

Fig. 4 shows a petrographic image of the dephosphoriza-
tion slag with the basicity of 2.59 by OM. The dephosphoriz-
ation slag is divided into three phases, including dark gray
phase 1, light gray phase 2, and white phase 3, and the
boundaries of these phases are very clear.

Fig. 4. Petrographic image of dephosphorization slag with the
basicity of 2.59.

Fig. 5 shows the XRD analysis result of dephosphoriza-
tion slag with the basicity of 2.59. Fig. 6 shows the FESEM
images of the same dephosphorization slag under the differ-
ent magnifications, which vary from 500 to 20000. As shown
in Fig. 5, the dephosphorization slag consisted of solid solu-
tion (C,S—C;P), the silicate phase (Ca;Mg (SiO,),), and the
calcium ferrite phase (Ca,Fe,0Os). According to the FESEM
images in Fig. 6, the dephosphorization slag consisted of
three phases: dark gray phase 1, light gray phase 2, and white
phase 3 at magnification of 10000. The dark gray phase 1 and
white phase 3 are dispersed, while the light gray phase 2 has a
relatively continuous distribution.

1600 - 2 1—C,S-C,P
2—Ca,Mg(SiO,),
1200} 3—Ca,Fe,0;
=
<
2
‘% 800 -
5
]
400
0

4 80

0

20/ ()
Fig. 5. XRD analysis result of dephosphorization slag with the
basicity of 2.59.

In the dephosphorization period of converter blowing, de-
phosphorization slag is in a state of solid—liquid phase coex-
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10 um

Fig. 6. FESEM images of dephosphorization slag with the basicity of 2.59 under different magnifications: (a) 500; (b) 1000; (c)

20005 (d) 5000; (e) 10000; (f) 20000.

istence. During the process of converter blowing, after the
lime is melted, CaO, SiO,, and P,O; in the liquid slag react to
form C,S and C;P, and then the solid solution C,S—C;P is
precipitated from the liquid matrix slag. The CaO-SiO,—
FeO-P,0Os quaternary slag system is composed of P-rich
phase, liquid matrix phase, and RO (metal oxides mainly
formed by MgO and MnO) phase, and the P-rich phase
mainly consists of solid solution C,S—C;P [33].
FESEM-EDS map scanning was further conducted to
study the behavior of phosphorus enrichment in the slag
phase. Fig. 7 shows the element distribution results of de-
phosphorization slag with the basicity of 2.59 by FESEM—
EDS map scanning, and the corresponding FESEM picture is

10 pm

Ca Si
10 pm 10 pm
- 0

shown in Fig. 6(d). Table 5 shows the compositions of de-
phosphorization slag by FESEM-EDS point analyses in Fig.
7(a). By comparing the results of OM, XRD, and
FESEM-EDS, we can find the highest contents of Si and P in
the dark gray phase 1. The stoichiometric atom ratio of Si, P,
and Ca in the solid solution C,S—C;P is 1:1:5, and the actual
atom ratio of Si, P, and Ca in the dark gray phase 1 is approx-
imately 3:2:8, which is close to that in the solid solution
C,S—C;sP. The dark gray phase 1 is the P-rich phase, which
mainly contains solid solution C,S—C;P. The light gray phase
2 is continuously distributed in the dephosphorization slag
(Figs. 6(a)-6(f)), which mainly contains Si, Mg, and Ca as
well as a small amount of P, as shown in Fig. 7. Therefore,

Fig.7. [Element distribution results of dephosphorization slag with the basicity of 2.59 by FESEM-EDS map scanning.
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Table 5. Element compositions of dephosphorization slag by FESEM-EDS point analyses in Fig. 7(a)

Ph Mg Si P Ca Mn Fe Al
ase
wt%o at% wt% at% wt% at% wt% at% wt% at% wt%  at% wt%  at% wt% at%
1 37.01 57.52 0.74 0.77 10.55 9.37 7.01 5.62 38.84 24.15 3.14 142 259 1.15 0 0
2 31.65 5549 1.85 2.16 7.14 7.15 268 243 2129 1493 9.89 5.04 2347 11.76 0.59 0.61
2 2335 4795 545 7.46 146 171 0.67 0.71 5.65 4.64 1775 10.60 46.64 26.58 0.18 0.21

the light gray phase 2 is the liquid slag phase, which is mainly
composed of silicate Ca;Mg(SiO,),. On the other hand, the
white phase 3 is closely distributed around the dark gray
phase 1, which is substantially free of P and Si elements and
has high contents of Fe, Mn, and Mg elements, and can be re-
ferred to as Fe-rich phase. In the white phase 3, the Ca,Fe,Os
phase is formed. Thus, we can deduce that the CaO—FeO lay-
er previously stated [25-28] is the Ca,Fe,Os phase, which can
promote the formation of the solid solution C,S—C;P. A pre-
vious study showed that 3FeO-P,0Os can be formed in the
slag, and then reacted with CaO to generate C;P; then, the
formed C;P is combined with C,S in the slag to generate sol-
id solution C,S—C;P [34].

3.4. Effects of basicity on P-rich phase

Fig. 8 shows the calculated quaternary phase diagram for
the slag of CaO-SiO,—FeO-5wt%P,0s at 1673 K by
FactSage 7.3. The experimental data are marked in the same
figure with the compositions from Table 3. The solid solu-
tion C,S—C;P can be precipitated in all the experimental
slags. According to the calculation results in Fig. 8, in the
slag with the high FeO content, the precipitation of solid
solution C,S—C;P occurs, whereas in the slag with the high
Si0O, content, the solid solution C,S—C;P cannot be formed.
Therefore, increasing the basicity of the slag is favorable to
form the solid solution C,S—C;P.

Ca0O-FeO-SiO,—P,0;
P,04/(CaO + FeO + SiO, + P,0;) mass ratio = 0.05; 1673 K; 10° Pa
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Fig. 8. Calculated quaternary phase diagram for slag of CaO-SiO,-FeO-5wt%P,0;5 at 1673 K.

Fig. 9 shows the FESEM images of dephosphorization
slags at 1500 magnification with the different basicities
whose compositions are shown in Table 3. Fig. 9(f) corres-
ponds to Fig. 6 with the same slag sample. Table 6 shows the
compositions of each slag phase with the different basicity.
According to Fig. 9, the dephosphorization slags with basi-
cities of 0.9 and 1.28 are made up of the dark gray P-rich
phase and light gray liquid slag phase, but the white Fe-rich
phase cannot be found, because forming a calcium ferrite
phase under the condition of low basicity is difficult when the
content of CaO is relatively low. De-P ratios at these two ba-
sicity values are relatively low as described in Table 2.

Figs. 9(c)-9(f) show phases 1, 2, and 3, which are the P-
rich, liquid slag, and Fe-rich phases, respectively, and are
consistent with the three phases described in Fig. 6.

With increasing basicity, the morphologies of the differ-
ent phases in the dephosphorization slags change greatly. The
P-rich phase changes from the thin strip shape at the basicit-
ies of 0.9-1.68 to the block shape at the basicities of
1.90-2.59. The liquid slag phase is the dendrite shape at the
basicity of 0.9, and becomes the continuous network at the
basicities of 1.28-2.59. The Fe-rich phase transforms from
branch shape at the basicities of 1.68-2.20 to the block net-
work at the basicity of 2.59.
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Fig.9. FESEM images of dephosphorization slags with different R values: (a) 0.9; (b) 1.28; (c) 1.68; (d) 1.90; (e) 2.20; (f) 2.59.
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Table 6. Composition of each phase in slags with different basicities (Fig. 9) wt%

R Phase Si0, P,0; CaO FeO MnO MgO AlLO;
0.90 1 54.81 2.96 22.51 6.82 5.38 3.79 3.77
2 49.35 2.68 22.48 8.51 7.51 8.60 1.18
128 1 40.43 11.74 3791 3.48 3.35 224 0.07
2 43.16 7.38 27.05 8.68 5.00 3.95 5.09
1 37.24 13.27 35.02 6.59 5.14 2.60 0.17
1.68 2 43.95 8.45 29.10 8.23 5.16 4.12 1.53
3 26.88 4.58 18.84 29.95 10.19 8.54 1.29
1 35.70 16.31 35.27 221 5.03 4.00 2.30
1.90 2 39.06 5.64 25.95 4.01 6.97 6.11 12.11
3 19.36 3.98 14.53 28.52 10.12 18.49 5.05
1 36.24 17.92 33.26 3.10 3.06 4.94 1.81
2.20 2 27.45 6.53 37.96 4.90 4.72 8.57 9.53
3 14.53 3.53 10.27 33.28 12.76 23.39 2.12

1 30.03 24.44 39.78 2.00 247 1.33 0
2.59 2 26.31 11.15 27.46 21.62 8.26 3.98 1.69
3 6.21 3.22 8.42 48.21 19.23 13.53 0.69

The area fraction of the P-rich and Fe-rich phases in Figs.
9(a)-9(f) is calculated by image analysis software. Fig. 10
shows the effects of dephosphorization slag basicity on the
area fraction and P,Os content of the P-rich phase. The arca
fraction and P,O; content of the P-rich phase steadily in-
crease as the basicity of the dephosphorization slag increases.
This condition shows that increasing basicity can promote the
formation of the P-rich phase containing the solid solution
C,S—C;sP, which is consistent with the results shown in Fig. 8.
This is also the reason why increasing basicity can promote
the De-P ratio, as shown in Fig. 3.

Fig. 11 indicates the effects of the area fraction of the Fe-
rich phase on the P,Os5 content and area fraction of the P-rich
phase. When the basicities are 0.9 and 1.28, the area frac-
tions of the Fe-rich phase are 0. When the basicity increases
from 1.68 to 2.59, the area fraction of the Fe-rich phase

changes from 23.12% to 42.27%, the area fraction of the P-
rich phase rises from 15.35% to 49.65%, and the P,O5 con-
tent in the P-rich phase steadily increases from 13.27wt% to
24.44wt%. An obvious increasing tendency of the area frac-
tion and P,Os content of the P-rich phase occurs with increas-
ing area fraction of the Fe-rich phase. This is because the
phase ratio between the C,S—C;P solid solution and the total
phases increases with increasing FeO content [28]. During
the converter blowing process, the FeO content in the slag
can be controlled by adjusting the oxygen lance position and
oxygen supply flow rate, and increasing the amount and time
of sinter. Thus, the area fraction of the Fe-rich phase in slag
can be adjusted to promote the dephosphorization reaction.
From the preceding analysis of the different phases in the
dephosphorization slag, we can deduce that the transfer route
of P during dephosphorization is hot metal — liquid slag
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phase + Fe-rich phase — P-rich phase. The reason is that as
the area fraction of the Fe-rich phase increases, so do the areca
fraction and P,Os content of the P-rich phase. Moreover, the
P,Os content in the P-rich phase = that in the liquid slag
phase = that in the Fe-rich phase. When the P element enters
the liquid slag phase and Fe-rich phase from the hot metal, it
can be enriched around the dicalcium silicate (C,S) to form
the solid solution C,S—C;P in the P-rich phase, thereby pro-
moting the dephosphorization reaction.

4. Conclusions

In this study, at low basicity and low temperature, the de-
phosphorization behavior and phosphorus distribution ratio
Ly between slag and molten steel were studied through a 180 t
BOF industrial experiment for the double slag and remaining
slag process. The dephosphorization slags of different basi-
cities were quantitatively analyzed. The conclusions are giv-
en as follows:

(1) At the low basicity range of 0.9-2.59, with increasing
basicity of the dephosphorization slag, both Ly and dephos-
phorization ratio show an upward trend. The calculated Lp
values by the empirical equations are reasonably higher than

Int. J. Miner. Metall. Mater., Vol. 28, No. 1, Jan. 2021

the experimental values.

(2) Dephosphorization slag is composed of the dark gray
P-rich phase, light gray liquid slag phase, and white Fe-rich
phase. The P-rich phase is mainly a solid solution of
C,S—C;P. The liquid slag phase mostly consists of silicate
and the Fe-rich phase primarily contains Ca,Fe,Os.

(3) With increasing basicity, the morphologies of differ-
ent phases in the dephosphorization slags are changed
greatly, and the area fraction and P,O; content of the P-rich
phase are also increased. An obvious increasing tendency of
the area fraction and P,Os content of the P-rich phase occurs
as the area fraction of the Fe-rich phase increases.

(4) The transfer route of P during dephosphorization can
be deduced as hot metal — liquid slag phase + Fe-rich phase
— P-rich phase. The reason is that as the area fraction of the
Fe-rich phase increases, the area fraction and P,Os content of
the P-rich phase also increase. Moreover, the P,Os content in
the P-rich phase = that in the liquid slag phase = that in the
Fe-rich phase.
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