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Abstract: The influence of the Fe2Os addition amount on the dephosphorization of hot metal at 1623
K with the slag of the low basicity (CaO/SiO2) of about 1.5 was investigated by using high-temper-
ature laboratorial experiments. With increasing the Fe2Os addition amount, the contents of [C], [Si],
[Mn] and [P] in hot metal at the end of dephosphorization decrease, and the corresponding removal
ratios increase. The P20s content in slag increases, and the CaO and SiO: contents in slag decrease.
The phosphorus mainly exists in the form of the nCa25i0s-Cas3(PO4)2 solid solution in the phospho-
rus-rich phase and the value of coefficient n decreases from 20 to 1 with increasing the Fe203 addi-
tion amount from 5 g to 30 g. With increasing the Fe2Os addition amount, the oxygen potential and
activity at the interface between the slag and hot metal increase. When the oxygen potential and the
oxygen activity at the interface are greater than 0.72x102 and 7.1x10-, respectively, the dephospho-
rization ratio begins to increase rapidly. With increasing the Fe2Os addition amount to 30 g, the ratio
of the Fe:0s addition amount to theoretical calculation consumption is around 175%, and the
dephosphorization ratio reaches the highest value of 83.3%.

Keywords: dephosphorization; distribution ratio of phosphorus; low temperature; low basicity;
Fe20s addition amount; hot metal

1. Introduction

The NDSP (New Double Slag converter steelmaking Process) is mainly divided into
two stages.[1] In the first stage, the desiliconization and dephosphorization are carried out
simultaneously at low temperature with low basicity, and then the multiphase slag con-
taining P(Phosphorus)-rich phase is poured out. In the second stage, the decarburization
is carried out in the same converter, and the decarburization slag with high basicity
(Ca0/Si0y) is left in the furnace to be reused for dephosphorization in the next heat. There-
fore, the lime consumption and the amount of waste slag can be greatly reduced.

In the NDSP, the T.Fe (total iron) content in slag is very important for the supply of
oxidant, as well as for the slag viscosity, the interfacial oxygen potential, P, , to promote
the dephosphorization reaction of hot metal in the dephosphorization period.[1-7] When
the T.Fe content in slag is too low, the viscosity of molten slag tends to increase,[7] which
inhibits the mass transfer in the slag to reduce the dephosphorization efficiency of hot
metal. In addition, the P,, at the interface between molten slag and hot metal will also
decrease, which decreases the oxidation rate of phosphorus in hot metal.[6] However,
when the T.Fe content in slag is too high, the reaction between carbon and oxygen in hot
metal proceeds obviously after desiliconization, which results in a large amount of slag
splashed out of the furnace and the increased iron loss.
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Therefore, it is extremely meaningful to study the effect of T.Fe content in slag on the
equilibrium partition ratio of phosphorus, Lr, between the molten slag and carbon-satu-
rated hot metal at low temperature with low basicity. There are some researches to inves-
tigate the influence of T.Fe content on Lr based on the laboratorial equilibrium experi-
ments.[1, 4, 8-10] For instance, Jeoungkiu et al. studied the Lr between CaO-5iO2-Fe:O slags
and iron foil at 1573 K,[4] showing that the Lrslightly decreases when the T.Fe content is
increased from 18~24 to 55% with the basicity (CaO/SiOz2) of around unity (0.9~1.1). The
Lr between CaO-FeO-5i02-Al203-Na20-TiOz slag and iron foil were also investigated with
the slag basicity of 0.8~1.3 at 1573 K, 1623 K, and 1673 K, respectively.[8] It was found that
the Lr first increases slightly and then decreases with increasing the FeO content, and the
effect of FeO content on the Lr is weaker than those of the slag basicity and temperature.

Furthermore, some industrial experiments have been conducted to study the effect
of the T.Fe content in slag on the dephosphorization of hot metal in the NDSP.[1, 11-13]
For example, Ogawa et al. reported that the rate of dephosphorization is increased by in-
creasing Po, due to the increase in the iron oxide concentration and the mass transfer be-
cause of stronger agitation of the slag layer resulted from the enhanced rate of CO gas
formation. However, there was no distinguishable correlation between the rate of
dephosphorization and the iron oxide concentration in the slag.[1] It can also be found
from the experimental results that the relationship between Lr and the FeO content in the
dephosphorization slag is not obvious at 1600~1700 K with the slag basicity of 1.2~2.[12]

Besides, there are some studies on the micro-morphologies, main compositions in the
different phases of dephosphorization slag at low temperature with low basicity.[6, 10,
14-21] It was reported that the phase of dephosphorization slag is mainly composed of
iron(Fe)-rich phase including metal oxide and CasFe20s, phosphorus(P)-rich phase includ-
ing 2Ca0-5i02 (C2S), Cas(POs)2 (CsP) and nCazSiOs-Cas(POs)2 (nC2S-CsP), and matrix
phase.[6] Zhou et al. showed that there are mainly two kinds of P-rich phases with differ-
ent phosphorus contents.[10] One is the low-phosphorus phase (6C25-mGCsP,
m=0.6294~1.3400) and the other is the high-phosphorus phase (C25-nCsP, n=1.1064~1.4303)
in multiphase CaO-FeOr-SiO2-P20s (6%~13%) slags.

As mentioned above, there are few laboratorial investigations on the effect of the
Fe20s addition amount on the dephosphorization of hot metal with CaO-FeO-SiO2-MgO-
Al0Os molten slag at 1623 K with the lower slag basicity of about 1.5, which is just corre-
sponding to the dephosphorization conditions of the NDSP.[12, 22] In our previous pa-
pers, the effects of basicity[21] and temperature[20] on the dephosphorization in the NDSP
were investigated. In the present work, the effect of the Fe2Os addition amount on the
dephosphorization of hot metal at 1623 K with a low basicity slag of about 1.5 was studied
by using the high-temperature laboratorial experiments. The effects of the Fe20s addition
amount on the contents of oxides in slag, the contents of elements in hot metal and the
corresponding removal ratios of impurity elements were studied. The effects of the Fe2Os
addition amount on the measured Lrand P, were also investigated. The determination
of the optimal Fe:0s addition amount was discussed. Moreover, the mineralogical phases
and the compositions of different phases in dephosphorization slag were further studied
by using SEM-EDS with the different Fe:0s addition amounts.

2. Experimental procedure

2.1 Preparation of decarbonization slag and pig iron

In the present work, the decarburization slag reused for the next heat dephospho-
rization was prepared by the target components as listed in Table 1, which have the simi-
lar compositions to the slag at the end of the industrial decarburization process. The ba-
sicity, R, is the mass ratio of CaO to SiOz. In order to study the dephosphorization in the
NDSP, we simulate the industrial process to use the premelted decarburization slag,
which is used in the industrial dephosphorization in the NDSP. The use of premelted de-
carburization slag can accelerate the lime melting and improve the utilization efficiency
of lime.
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The reagent-grade CaO, FeO, SiOz, Ca3(POs)2, MgO, MnO were first put into the mag-
nesium oxide crucible with the inner diameter, the outer diameter and the height of 56, 62
and 120 mm, respectively. Then they were heated to 1873 K with the holding time of 1
hour to make the slag melt evenly in an electric resistance furnace under Ar gas atmos-
phere. Figure 1 shows the equilibrium solidification curve of this premelted slag with the
target basicity of 2.98 as shown in Table 1, which is drawn with Factsage 7.3. RO-1 and
RO-2 in Figure 1 represent two kinds of metal oxide phases, respectively. It is noticed that
the content of C25-CsP solid solution reaches the maximum value at the temperature of
about 1573 K. In the practical experiments, as the temperature was dropped to about 1573
K at the rate of 3 K min! and then kept the temperature with the holding time of 15
minutes in the electrical furnace, much more C25-CsP solid solution should be precipi-
tated. Then, the molten slag together with the crucible was taken out from the furnace and
quenched in water, and the molten slag was used as the decarburization slag for the
dephosphorization experiment. The actual compositions of this decarburization slag
which are similar to the target compositions are shown in Table 1. The detailed component
error analysis between the actual and target compositions can refer to the author's previ-
ous papers.[20]

All the pig irons were prepared by premelting mixtures of pure iron, carbon blocks,
ferrophosphorus, silicon and manganese powders, which is described in detail in our pre-
vious paper.[20]

2.2 Experimental procedure and analysis method

In each experiment, about 300 g pig irons were put into the alumina crucible and
heated to 1623 K. Then the initial hot metal sample was taken with a small silica tube by
suction. Thereafter, the decarburization slags of 18 g mixed with a certain amount of rea-
gent-grade Fe20s from 5 g to 30 g were added immediately. The theoretical basicities of
dephosphorization slags calculated by mass balance were about 1.5. The reaction time was
15 minutes, which began to be counted after adding all the raw materials.

In the present work, the effect of the Fe20s addition amount on the dephosphoriza-
tion of hot metal with decarburization slag was studied in NDSP. The carbon monoxide
gas produced by the violent reaction between carbon in hot metal and oxidant in the slag
strongly stirred the melt and molten slag during the dephosphorization process, which
played an important role in agitation in the reaction. Therefore, the reaction time was all
set to be 15 min for each experiment at the same reaction temperature. The detailed ex-
perimental procedure and experiment apparatus can refer to our previous papers.[20, 21]

When the reaction was ended, the alumina crucible was taken out from the furnace
and quenched in water immediately. The detailed preparation process and the analysis of
the metal and slag samples can refer to our previous paper.[20] It should be noted that the
contents of FeO in slags were measured by the potassium dichromate titration method
according to Yb/T140-2009 standard.

Table 1. Target compositions and actual compositions of decarburization slag (mass%)
Sample CaO MgO MnO P20s SiO: FeO R
Target 46.5 8.2 3.73 3 15.57 22 2.98
Actual 45.43 8.77 44 3.11 17.04 21.47 2.67
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Figure 1. Equilibrium solidification curve of decarburization slag.

3. Results

The results of the SEM image, XRD analysis and line scan of decarburization slag are
shown in Figure 2. The corresponding compositions of each phase in the slag are shown
in Table 2. From Figure 2, combined with the compositions of each phase in Table 2, it can
be concluded that the decarburization slag is mainly composed of P-rich phase A, metal
oxide phase B and C, and a small amount of iron particles phase D. The content of Fe in
phase D is analyzed to be close to 100%. These results are consistent with the compositions
precipitated at 1573 K containing RO-1, RO-2 and C2S-CsP phases, as shown in Figure 1,
because the decarburization slag is quenched after taking out from the furnace at the tem-
perature of 1573K. It illustrates that the C2S particles in slag can combine with CsP to form
the nC25-CsP solid solution. Furthermore, the crystallization ratio of nC25-CsP can be cal-
culated by Image-Pro Plus software, which is defined as the proportion of P-rich phase
area in SEM image at the magnification of 100 times. The estimated value of the area frac-
tion of nC2S-CsP is about 53%, which is also in good agreement with the result in Figure 1
at the temperature of 1573 K. This indicates that a large amount of unsaturated nC25-CsP
solid solution in phase A with a lower P20s content as shown in Table 2 are generated in
the slag, which can further combine with CsP in the liquid slag to form the nC25-CsP solid
solution with a higher P20s content.
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Figure 2. Results of the SEM image, XRD analysis and line scan of decarburization slag.

Table 2. Compositions of each phase in decarburization slag (mass%).

Position MgO Al0s SiO2 P20s CaO MnO FeO
A 0.23 0.14 32.0 6.74 59.5 0.18 1.21
B 3.14 0.02 0.45 0.03 65.4 11.6 19.3
C 46.1 0.00 0.37 0.02 3.00 11.1 39.4

Table 3 shows the compositions of the slag and hot metal after dephosphorization as
well as the compositions of the initial hot metal. F5 indicates the sample of the Fe20s ad-
dition amount of 5 g, the same are from F10 to F30. It can be seen from Table 3 that the
initial compositions of hot metal are basically the same, and the Fe:0s addition amount
was increased from 5 g to 30 g, respectively. The FeO contents in the slag are very close to
the theoretical conversion values from the T.Fe contents. Therefore, it can be considered
that the iron element in slag mainly exists in the form of FeO.

Table 3. Compositions of the slag and hot metal after dephosphorization as well as the compositions of initial hot metal (mass%).

No. T.Fe FeO CaO SiO: Al:Os MgO MnO P:0s R [Cli [Sili [MnL [Pl [Cls [Silc [Mn]s [Pl Fe:0s3(g)
F5 162 208 378 224 482 697 471 292 1.69 417 0325 0.292 0.265 3.85 0.086 0.290 0.274 5
F10 218 277 319 201 6.17 567 445 288 159 4.23 0301 0.293 0.261 3.82 0.037 0.182 0.251 10
F125 164 215 312 205 944 522 588 494 152 421 0335 0313 0.271 3.76 0.027 0.114 0.163 125
F15 20.1 262 303 201 746 541 5.61 556 151 4.15 0.317 0.315 0.271 3.52 0.014 0.077 0.112 15
F20 187 23.0 294 204 10.14 493 556 575 1.44 4.13 0.320 0.287 0.263 3.42 0.006 0.057 0.080 20
F25 270 335 244 17.0 758 4.6 496 563 144 419 0314 0.291 0.269 3.43 0.005 0.041 0.050 25
F30 23.1 293 256 17.8 8.88 495 531 6.13 1.44 419 0351 0.291 0.27 3.33 0.003 0.036 0.045 30

3.1. Effect of the Fe20s addition amount on the contents of elements in hot metal after dephospho-
rization
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Figure 3. Effect of the Fe20s addition amount on the contents of elements in hot metal after
dephosphorization.

Figure 3 shows the effect of the Fe2Os3 addition amount on the contents of elements in hot
metal after dephosphorization. It can be seen that [C], [Si], [Mn] and [P] contents in hot metal after
dephosphorization steadily decrease with the increase in the Fe2Os addition amount, because the
increase in the Fe20s addition amount will promote the oxidation of elements in hot metal. When
the Fe20s addition amount is increased to 15 g, the [Si] content in hot metal after dephosphoriza-
tion decreases to trace. This is because the silicon in hot metal is more easily oxidized than other
elements.

3.2. Effect of the Fe20s addition amount on the removal ratios of the element contents in hot metal
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Figure 4. Effect of the Fe2Os addition amount on the removal ratios of the element contents in hot
metal after dephosphorization.

Figure 4 shows the effect of the Fe20s addition amount on the removal ratios of the element
contents in hot metal after dephosphorization. It clearly demonstrates that the removal ratios of
[C], [Si], [Mn] and [P] increase with the increase of the Fe20s addition amount. When the Fe2Os
addition amount is 25 g and 30 g, the dephosphorization ratios reach to 81.6% and 83.3%, respec-
tively. With the Fe2Os addition amount reduced from 12.5 g to 10 g, the dephosphorization ratios
decrease sharply from 39.8% to 3.8%. When the Fe20s addition amount is further reduced to 5 g,
the desiliconization and dephosphorization ratios decrease to 73.7% and -3.4%, respectively. These
change trends are consistent with the results as shown in Figure 3.

3.3. Effect of the Fe20s addition amount on the contents of oxides in slag
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Figure 5. Effect of the Fe20s addition amount on the contents of CaO and SiO: in slag and the ba-
sicity after dephosphorization.

Figure 5 shows the effect of the Fe2Os addition amount on the contents of CaO and SiO:z in
slag and the basicity after dephosphorization. It can be seen that the contents of CaO and SiO2 in
slag decrease gradually. The basicities of dephosphorization slags firstly decrease and then
maintain to be about 1.44. Since the initial addition amount of CaO remains unchanged, it can be
inferred that with the increase of the Fe20s addition amount, the amount of slag increase so that
the contents of CaO in slag decrease. Since the amount of CaO in slag remains unchanged, the
value of basicity mainly depends on the amount of 5iOz in slag. With the increase of Fe2Os
addition amount, the amount of silicon in hot metal that is oxidized into slag also increases.
Therefore, the basicities of slag decrease gradually with increasing the Fe2Os addition amount,
which is corresponding to the results of the desiliconization ratio of hot metal in Figure 4.
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Figure 6. Effect of the Fe2Os addition amount on the contents of P20s, Al2Os and T.Fe in slag after
dephosphorization.

Figure 6 shows the effect of the Fe20s3 addition amount on the contents of P205, Al2Os and T.Fe
in slag after dephosphorization. With the increase of the Fe20s addition amount, the P20s content
in slag increases greatly, while the Al2Os and T.Fe contents increase slightly on the whole. With
increasing the Fe2Os addition amount, the dephosphorization ratio increases obviously as shown
in Figure 4. Therefore, the P20Os content in slag increases greatly. With the increase of the Fe2O3
addition amount, the erosion degree of crucible increases slightly, so that the Al2Os content in slag
increases slightly. Although the increase of the Fe:0s addition amount increases the T.Fe content
in slag, it also promotes the oxidation reaction of elements in hot metal which leads to the con-
sumption of more oxidants. Therefore, the T.Fe content in slag increases slightly on the whole.
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3.4. Analysis of dephosphorization slags with SEM-EDS

Figure 7. SEM images with the magnification of 200 times for the Fe20s addition amount of 5, 10,
12.5,15,25and 30 g.

Figure 8. SEM images with the magnification of 1000 times for the Fe2Os addition amount of 5, 10,
12.5,15,25and 30 g.

SEM images of samples with the Fe20s addition amount from 5 g to 30 g are shown
in Figure 7 and Figure 8. Because the SEM images are similar when the Fe:0s addition
amounts are 15 g and 20 g, the SEM images for the sample of F20 is not listed in the figure.
The corresponding compositions of each phase in each slag are shown in Table 4. From
Figure 7 and Figure 8, it can be seen that when the Fe:0s addition amount is 15 g, the
dephosphorization slag mainly contains P-rich matrix phase B and RO (metal oxide)
phase C. However, when the FexOs addition amount is the other values, the
dephosphorization slags are mainly composed of P-rich solid solution phase A, matrix
phase B and RO phase C.

In the sample of F5, by combining the SEM image in Figure 7 with the EDS results in
Table 4, it is obvious that the surface of the dephosphorization slag is unevenly covered
with a large amount of SiO: to form phase D. The reason may be that the Fe2Os addition
amount is so insufficient that the oxidation reaction of silicon is very slow. Therefore, the
residual silicon content in hot metal is as high as 0.086% as shown in Table 3. Thus, the
decarburization reaction is inhibited, which leads to a weak agitation in the slag phase.
As a result, the SiO2 can not fully diffuse into the Ca(calcium)-rich RO phase in slag to
form phase D. With increasing the Fe2Os addition amount in the F10 sample and F12.5
sample, the decarburization reaction is greatly strengthened, so that the produced SiOz is
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more evenly distributed in the Ca-rich RO phase, and the phase D disappeared and the
matrix phase B is obviously formed.

In the F15 sample and F20 sample, with the further increase of the Fe2Os addition
amount, the dephosphorization and desiliconization of hot metal are further improved,
and the basicities of slags are reduced. By the combination of the SEM images in Figure 7
and Figure 8 with the EDS results in Table 4, it can be speculated that the P-rich solid
solution phase and the matrix phase form a uniform P-rich phase B. Phase C is mainly
composed of iron-rich phase.

In the F25 sample and F30 sample, the dephosphorization ratios of hot metal are
higher than 80%, and the average area of single P-rich phase A decreases obviously
compared with those for the F5 sample to F12.5 sample. The average diameter of a single
P-rich phase in the F30 sample is the smallest, which is smaller than 15 um. Besides, with
increasing the Fe:0s addition amount, the P20s contents in phase A increase from the
results in Table 4.

The main compositions of the P-rich phases are listed in Table 4 for the different Fe20s3
addition amounts, respectively. It can be seen that the P-rich phase A is mainly composed
of nC2S-CsP, in which the P20s content is varied. Through the electron microscope
observation of slag samples, it is found that the phosphorus contents in different regions
in the P-rich phase are quite different, such as in F25-A-1 and F25-A-2.

Table 4. The compositions of each phase in slag were analyzed by EDS (mass%).

Position MgO AlL:0Os SiO2 P20s CaO MnO FeO
F5-A 1.36 0.20 39.4 5.43 50.5 1.28 1.80
F5-B 2.00 23.2 223 0.37 29.6 5.08 17.5
F5-C 29.6 0.45 7.96 0.02 1.12 11.7 49.1
F5-D 0.32 0.09 92.3 0.2 5.64 0.22 0.53

F10-A-1 2.61 0.08 28.8 7.80 53.4 3.98 3.31

F10-A-2 3.59 0.11 29.9 6.58 54.3 2.62 2.97

F10-A-3 1.17 0.15 30.1 5.92 59.2 0.75 2.81
F10-B 4.02 11.4 25.5 1.12 25.9 11.8 20.2

F10-C 34.7 0.36 0.91 0.02 0.59 18.8 44.6
F12.5-A-1 1.70 0.12 29.3 8.68 55.7 1.05 3.50
F12.5-A-2 1.54 0.17 39.0 5.63 48.1 1.42 4.15

F12.5-B 2.35 17.7 23.7 0.39 31.7 3.26 20.9

F12.5-C 21.2 0.48 0.59 0.04 1.30 7.38 69.1
F15-B 5.97 9.56 24.2 7.74 35.9 6.48 10.1

F15-C 0.31 0.06 12.4 0.11 0.15 0.00 86.9

F20-B 3.96 12.1 22.0 6.93 29.0 5.65 20.3

F20-C 0.13 0.06 3.16 0.05 0.12 0.06 96.4

F25-A-1 2.08 0.71 18.3 19.2 52.7 1.89 5.14

F25-A-2 1.40 0.06 26.4 10.8 55.2 0.77 5.39
F25-B 3.23 7.88 28.0 1.69 33.9 291 22.5

F25-C 6.22 2.82 11.9 2.06 15.7 3.55 57.7

F30-A-1 1.74 0.07 12.8 28.8 52.7 1.47 2.40

F30-A-2 1.06 0.13 14.7 25.9 54.1 0.52 3.57

F30-A-3 1.40 0.06 20.4 18.8 54.5 0.64 4.16
F30-B 3.21 11.1 24.1 291 31.0 2.17 25.5
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0.57 0.48 0.02 0.71 4.13 79.4

4. Discussion

4.1. Effect of the Fe20s addition amount on dephosphorization slags from XRD analysis results
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Figure 9. XRD analysis results of dephosphorization slags for the samples from F5 to F30.

Figure 9 shows the XRD analysis results of dephosphorization slags for the samples
from F5 to F30. The dephosphorization slags are mainly made up of nC25-CsP, C2S, CsP,
RO, CasMg(SiOs)2, CazFesOs and MgAl20s. It can also be seen that when the Fe20Os addition
amount is 5 g and 10 g, many characteristic peaks are corresponding to CzS. Because the
amount of oxidation agent is very less, the phosphorus in hot metal is rarely oxidized to
P20s and transferred to the slag. As a result, the P20s contents in dephosphorization slags
are almost the same as those in decarburization slag as shown in Table 1 and Table 3. The
main P-rich phases in dephosphorization slags are nC.S-CsP (n=4.8, 6, 20) with the
relatively lower saturated phosphorus content so that there are more free C:S solid
particles in slag. With increasing the Fe2Os addition amount, the P:0s content in
dephosphorization slag increases, which makes the P-rich phase mainly exist in the form
of nC2S5-CsP (n=1, 2) with the relatively higher saturated phosphorus content. More C2S
solid particles combine with CsP to form the nC2S-CsP solid solution. Therefore, the C25
contents in dephosphorization slags with the large Fe2Os addition amount are
significantly lower than those in the dephosphorization slags with the small Fe:0s
addition amount as shown in Figure 10.
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Figure 10. Change of P20s contents in nC25-CsP (n = 1,2,4.8,6,20) and in P-rich phase with the basic-
ity of the P-rich phase.

In order to further understand the changing trend of coefficient n in nC25-CsP solid
solution in dephosphorization slag, the change of P20s contents in nCz:S-CsP (n =
1,2,4.8,6,20) and in P-rich phase with the basicity of the P-rich phases are plotted in Figure
10. It can be seen from Figure 10 that the coefficient n and the P2Os contents of nC25-CsP
increase with increasing the basicity of the P-rich phase. This is because that the P20s
content in the P-rich phase is increased with increasing the basicity of the P-rich phase. As
a result, the coefficient n in nC25-CsP solid solution is decreased from 20 to 1.[23, 24].

4.2. Effect of the Fe20s addition amount on interfacial oxygen potential

There are different oxidation reactions of elements between hot metal and CaO-FeO-
5i02-MgO-MnO-ALlOs containing slag with FexOs as the oxidant. The Fe:0s in slag
diffuses to the slag-hot metal interface and then is reduced to FeO by the iron in hot
metal.[5] According to the distribution law, some FeO is dissolved into hot metal and the
dissolved [O] is generated. According to the ability of each element combining with
oxygen, the oxidation reactions of Si, Mn, P and C take place successively at the slag-hot
metal interface. The generated SiO: diffuses to the slag and makes the basicity of the slag
decrease. The generated MnO forms the metal oxide phase with FeO and MgO. And the
generated P20s is combined with CaO to form CsP, which is further combined with C2S
particles in slag to produce the nC25-CsP solid solution.

Because the reaction rate of the slag-hot metal interface is very fast, the rate control
step of the reaction is mainly determined by the mixed control of the mass transfer of
elements from hot metal to slag-hot metal interface and the generated oxides from slag-
hot metal interface to molten slag.?! According to the previous researches of the present
authors and the other investigators,!® 21l the dephosphorization ratio basically remains
unchanged after the reaction time of 15 minutes. Therefore, the dephosphorization
reaction of hot metal can be considered to reach the quasi-equilibrium state after 15
minutes. The dephosphorization reaction of hot metal can be written in Equation (1), and
the corresponding phosphate capacity is represented by Equation (2). It can be seen from
Equation (1) that the increase in the dissolved oxygen is beneficial to the
dephosphorization of hot metal when the phosphorus content in hot metal and the
basicities of slags have the same values. The Fe2Os plays an important role in determining
the oxidation ability of slag. The more Fe20s is added, the stronger is the oxidizability of
slag. In this paper, the change in the interfacial oxygen potential, P,,, between FeO
containing slag and hot metal with the Fe2Os addition amount can be evaluated.
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where W(%PO?[) and W[%P] are POj content in slag and P content in hot metal,

respectively. C’POZ" is the phosphate capacity which is dissolved in slag from hot

metal. f, is the activity coefficient of the phosphorus in hot metal which can be calculated

with Equation (3). a;0; represent the activity of oxygen in hot metal at the slag-hot metal

interface that can be obtained by the dissolution reaction of gaseous oxygen into the hot

metal with Equation (4) and (5).

2538 .
logf, = (T - 0.355) (S [%C]+eSi[%Si] +eb [%Mn] +eL[%P]) @)
1
502=I0] 4)
log K{oy=——+0.151=1log (5)
T pég

where K?O] is the equilibrium constant of Equation (4), ¢5=0.13, epi=0.12, e}"=0, ¢b=0.062
at 1873 K, respectively.
By combining Equations (1)-(5), P, can be expressed as follows.
41 95W(%P)
log P, =3 logiﬂpr[%P]
The phosphate capacity in this paper is evaluated by an empirical formula of Suito et
al. as shown in Equation (7), which involves the effects of various components in
multiphase slag and temperature on phosphate capacity.2¢!

10gC",,3-=0.0938[(%Ca0)+0.5(%Mg0)+0.3(%T.Fe) +0.35(%P20s)

5
-logC’POi.-log EK?O] (6)

+0.46(%MnO)]+ 32500/ T-17.74 .
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Figure 11. Changes in the Pg, calculated as well as LP with the Fe20Os addition amount at the end
of dephosphorization.
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The changes in the Py, calculated as well as Lr with the Fe2Os addition amount at the
end of dephosphorization are shown in Figure 11. It can be seen that the values of P,
calculated as well as the measured Lr values all increase with increasing the Fe2Os addition
amount. This is because with the increase of the FexOs addition amount, the oxidation
ability of phosphorus in hot metal is enhanced, as shown in Figure 4. So the measured Lr
values gradually increase with increasing the Fe2Os addition amount. It can be found from
Equation (6) that the higher is the distribution ratio, the greater is the calculated value of
Po,. Therefore, the Py, values increase with increasing the Fe2Os addition amount. It is
found that when the oxygen potential at the interface is greater than 0.72 x102, the
dephosphorization ratio begins to increase sharply.

4.3. Effect of the Fe20s addition amount on the oxygen activity at the slag-hot metal interface and
in the hot metal

__m 5Slag-hot metal
—e—afgima -—

™
p N
o
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<) /.
© ]
N
—
ore o—0—0 [ ] o [ ]
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Figure 12. Changes in oxygen activity at the slag-hot metal interface and in the hot metal with the
Fe20s addition amount.

During the dephosphorization process, a large number of CO bubbles will be
generated during the oxidation of carbon after going through the heterogeneous
nucleation stage. In fact, the decarburization reaction mainly originates from the interface
between hot metal and the wall of the crucible. Accompanied by the CO bubbles floating
up and escaping from the hot metal, the hot metal and molten slag will be strongly stirred.
This will enhance the transfer of Si, Mn and P from the hot metal to the slag-hot metal
interface and 5iOz, MnO and P20s products from the slag-hot metal interface to the molten
slag. Thus, the oxidation reaction of carbon in hot metal is beneficial to the removal of Si,
Mn and P from hot metal. The oxygen provided by iron oxide needs to pass through the
slag-hot metal interface and transfer into hot metal, and the decarbonization is carried out

as follows.
[C]+[O]=(CO)(g) (8)
0_ - PCO
AG"=-22200-38.34T=-2.303RTlog 9
aic19io)
aje) =/ X[%C] (10)

where ay; and f[c] are the activity and the activity coefficient of carbon in hot metal.

Pco is assumed to a value of 1. f[c] can be calculated through Wagner’s dilute solution

interaction parameter approach.l”l The activity of oxygen in hot metal, aﬁ%} metal on the

wall of the crucible can be calculated by Equations (8)-(10). The interfacial oxygen activity,
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afg]g'hm metal after dephosphorization can be calculated by combining the results of the P,

values in section 4.2 with Equation (5).

Figure 12 shows the changes in oxygen activity at the slag-hot metal interface and in

the hot metal with Fe2Os addition amount. It can be seen that a?g]g'hmmeml increases

gradually with increasing Fe:0s addition amount, while al[‘(‘;f metal - changes little. The

afg]g'hm ™l i much higher than afsi ™ which results in the oxygen activity gradient

increase gradually. With increasing Fe2Os addition amount, the Pg, of the slag-hot metal

. . . slag-hot metal . .
interface increases, which makes the a[o]g increase. However, since the content of

carbon in hot metal is very high, the a}foof metal calculated from Equations (8)-(10) is very

low to be about 0.0001 in comparison with the afg]g'hometal. These results are consistent

with those reported by Kitamura et al..?8! With increasing Fe:Os addition amount, the
oxygen activity gradient from the slag-metal interface to the hot metal will increase, which
will accelerate the oxygen transfer from the slag-metal interface to the hot metal, so that
the removal ratios of C, S5i, Mn and P in hot metal increase, as shown in Figure 4. It is seen
that when the oxygen activity at the interface is greater than 7.1x1073, the
dephosphorization ratio begins to increase rapidly.

4.4. Theoretical calculation of the Fe:Os addition amount
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Figure 13. Changes in the ratios of the Fe2Os addition amount to theoretical calculation consump-
tion, the amount of final dephosphorization slag to the addition amount of decarburization slag as
well as the dephosphorization ratio with the Fe20s addition amount.

The theoretical consumption of Fe2Os (Wge,0,, ca ) can be calculated according to the

oxidation reactions and the main oxidation reactions of elements in hot metal are as

follows.
[Fe]+Fe,0;=3(FeO) (11)
[Si]+2(FeO)=(SiO,)+2[Fe] (12)
[Mn]+(FeO)=(MnO)+[Fe] (13)

2[P]+5(FeO)=(P,05)+5[Fe] (14)
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3[C]+3(Fe0)=3CO+3[Fe] (15)

Wre,0s, cal €an be calculated by combining the end compositions of the hot metal after
dephosphorization and the initial compositions of hot metal with Equations (11)-(15). The
final slag amount (Wtslag) of different Fe2Os addition amounts can also be theoretically
calculated and the addition amount of decarburization slag is 18 g. Figure 13 shows the
changes in the ratios of the Fe2Os addition amount (Wge,0,) to theoretical calculation
consumption (Wke,0, a1 ) and the final dephosphorization slag amount (Wesieg) to the
addition amount of decarburization slag (Wpe-cslag) as well as the dephosphorization ratio
(De-P) with the Fe20s addition amount (Wge,0,). It can be seen that the values of Wrsiag/
Whec slag increase linearly with increasing the Fe2Os addition amount. When the Fe:0s
addition amount is increased from 10 g to 15 g, the value of Wge,0,/Wre,0, cal  decreases.
When the Fe20s addition amount is 5 g, the value of Wre,0,/Wre,0,, ca1 is about 80%, the
amount of oxidant is insufficient, and the FeO in decarburization slag will also be
consumed.

As analyzed in sections 4.2 and 4.3, when the Fe:0s addition amount is increased
from 5 g to 10 g, the interface oxygen potential and the gradient between oxygen activity
at the interface and in hot metal are still small, which result in that the oxidations of Si and
Mn in hot metal are still the main reactions as they can combine with O more easily. The
increment of Fe20s consumption is less than that of Fe20s addition, so that the value of
Wre,05/Wrey05, cal iNCreases.

When the Fe:0s addition amount is increased from 10 g to 15 g, the reaction between
carbon and oxygen in hot metal is enhanced due to the increase in the oxygen potential at
the interface and the gradient between oxygen activity at the interface and in hot metal,
which promote the oxidation reactions of Si, Mn and P in hot metal. This can also be
explained by the sharp increase of the dephosphorization ratio in this range in Figure 13.
As a result, the increment of Fe2Os consumption is larger than that of Fe20s addition, and
the value of Wge,0,/Wre,0,, cal decreases.

When the Fe:0s addition amount is increased from 15g to 30g, because the activity of
each element in hot metal gradually decreases, the increment of removal ratios of Si, Mn
and P gradually decreases, as shown in Figure 4. Therefore, the increment of FexOs
consumption is less than that of Fe:Os addition, and the value of Wge,0,/Wre,y0, cal
gradually increases.

When the Fe:0s addition amount is increased from 25 g to 30 g, the values of
Wee,05/Wrey05, cal and Weslag/Wpec siag still increase greatly, but the increasing degree of
dephosphorization ratio is relatively small. Besides, it is found that the molten slag starts
to overflow the crucible during the high-temperature experiment. Therefore, when the
value of Wrge,0,/Wre,0,, cal 18 175%, the dephosphorization ratio reaches the highest value
of 83.3%.

5. Conclusions
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By using the high-temperature laboratorial experiments, the effect of the Fe:Os
addition amount on the dephosphorization of hot metal at 1623 K with the slag of the
lower basicity (CaO/SiO2) of about 1.5 was studied. The conclusions are as follows.

(1) With increasing the Fe2Os addition amount, the contents of [C], [Si], [Mn] and [P] in
hot metal at the end of dephosphorization decrease, and the corresponding removal
ratios increase. When the Fe2Os addition amount is 30 g, the phosphorus in the hot
metal can be removed from 0.27% to 0.045% with the highest dephosphorization ratio
of 83.3%.

(2) With increasing the Fe2Os addition amount, the P2Os content in slag increases, the
CaO and SiO: contents in slag decrease, while the Al2Os and T.Fe contents slightly
increase. When the FexOs addition amount is 30 g, the value of P2Os content in the
slag is as high as 6.13%, indicating a rather high dephosphorization ratio.

(3) When the Fe2Os addition amounts are 15 g and 20 g, the dephosphorization slags
mainly contain phosphorus-rich matrix phase and metal oxides phase. However,
when the Fe20s addition amounts are the other values, the dephosphorization slags
are mainly composed of phosphorus-rich solid solution phase, matrix phase and
metal oxides phase. The phosphorus mainly exists in the form of the nCa25iOs-
Cas3(POs)2 solid solution in the phosphorus-rich phase and the value of coefficient n
decreases from 20 to 1 with increasing the Fe20s addition amount from 5 g to 30 g.

(4) With increasing the Fe20s addition amount, the oxygen potential and activity at the
interface between the slag and hot metal increase, and the gradient between the
oxygen activity at the interface and in the hot metal increase. When the oxygen
potential and the oxygen activity at the interface are greater than 0.72x102 and
7.1x10%, respectively, the dephosphorization ratio begins to increase rapidly.

(5) With increasing the Fe:0s addition amount, the ratio of the amount of final
dephosphorization slag to the addition amount of decarburization slag is increased
steadily. The ratios of the FexOs addition amount to theoretical calculation
consumption increases at first, then decreases, and increases afterward. When it is
around 175% with the Fe:0s addition amount of 30 g, the dephosphorization ratio
reaches the highest value of 83.3%.
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