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The behavior of phosphorous transfer from P,O5-containing CaO-SiO,—Fe,0O slags to 2Ca0 - SiO,, particles
homogeneously dispersed in slag has been studied by using a microprobe analysis. The maximum phospho-
rus distribution ratio between 2CaO-SiO, particle and slag is obtained at the nose composition of
2Ca0-SiO, primary phase region in CaO-SiO,-Fe, O phase diagram and the temperature dependence of
this distribution ratio is small. The phosphorous transfer rate from slag to a 2CaO - SiO, particle with 20 to
50 um is considerably fast and a 2CaO-SiO, particle changes to the particle with the composition of
2Ca0-Si0,-3Ca0 - P,O4 solid solution within 5s. In the case of particles present in cluster, only the rim part
(5 um) of a particle changes to the composition of 2Ca0 -Si0,-3Ca0-P,0; solid solution within 5s, but
small size particles with 3 to 8 um completely change to the particles with the composition of

2Ca0-Si0,-3Ca0 - P,0O; solid solution within 5s.
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1. Introduction

For the purpose of minimizing the refractory erosion, a
steelmaking slag is generally used in solid-liquid coexist-
ing state, which means that slag is saturated with refractory
materials. However, such a heterogeneous slag has a draw-
back to fine control of refining elements and thus excess re-
fining is usually forced to be made by using a large amount
of heterogeneous slag. This should be reconsidered by all
means in view of saving resources, energy and environmen-
tal protection. In the practical operation by using a hetero-
geneous slag, the refining is carried out based on the empir-
ical knowledge due to the lack of the data on partition ratios
between heterogeneous slag and steel, and parameters of re-
action kinetics for various elements.

It has been known that phosphorous dissolves to
2Ca0-Si0, phase as 3CaO-P,0," and is present in BOF
slag as 2Ca0 - Si0,~3Ca0 - P,Oj solid solution.” The phos-
phorous distribution ratio between 2CaO-SiO, and
CaO-SiO,—Fe,O slag has been reported at 1350 and
1400°C.”

In this study the phosphorous distribution ratios between
2Ca0-Si0, and CaO-SiO,—Fe,O slags have been measured
at 1300 and 1 560°C by equilibrating the 2CaO - SiO, parti-
cles (20 to 50 um) with slags (particle/slag mass ratio=1/1
to 1/10). Furthermore, phenomenological study on phos-
phorous transfer from slag to a 2CaO - SiO, particle is car-
ried out by using a microprobe analysis.
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2. Experimental

2.1. Sample Preparation

2Ca0-Si0,: The mixture of reagent grade CaCO, and
SiO, on molar ratio of 1:2.05 was pressed, followed by
heating at 950°C. The sample was ground, pressed to cylin-
drical shape and heated again at 1400°C for 24h. The
ground sample was mixed with 1mass% B,0; (% repre-
sents mass%, hereinafter) and heated at 900°C for 24 h in
order to prevent the vaporization of B,0;, followed by heat-
ing at 1400°C for 24 h. By the B,0, addition, the dusting
of 2Ca0-SiO, was prevented. The ground sample was
again pressed to cylindrical shape and heated at 1 400°C for
24 h, and then was ground and sieved.

2Ca0-Si0,-3Ca0-P,0; solid solution: In stead of
adding B,0O; mentioned above, reagent grade 3CaO-P,0;
was added and the mixture was pressed to cylindrical shape
and heated at 1400°C for 48 h, and then was ground. This
procedure was repeated twice and the ground sample was
sieved.

Ca0-Si0,~Fe,0O and CaO-SiO,-Fe,0-P,0; slags: Re-
agent grade CaCO, was heated at 950°C to obtain CaO.
The mixture of CaO, SiO, and Fe, O was melted at 1420°C
in a pure Fe crucible under Ar atmosphere and quenched by
water-cooled sandwich type Cu plates. The slag composi-
tions (A to J) used in this study are shown in Fig. 1 for the
Ca0-Si0O,—Fe,O phase diagram. The mixture of CaO, SiO,
and Fe,O was melted at 1600°C in a MgO crucible and
then rapidly quenched onto the water-cooled Cu plate.
The CaO-SiO,—Fe,O-P,0; slags were prepared by adding
reagent grade 3CaO - P,0, to CaO-SiO,—Fe,O slags and the
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Fig. 1. Phosphorous distribution ratio between 2CaO - SiO, parti-

cle and CaO-SiO,—Fe,O slag.

slag samples were ground to below 3 um by using a stain-
less steel ball mill. All samples were stored in desiccator
before use.

2.2.

In order to study the behavior of phosphorous partition
between 2CaO - Si0O, (or 2Ca0O - Si0,-3Ca0O - P,0O; solid so-
lution) and CaO-SiO,-Fe,0-P,05 (CaO-Si0O,~Fe,0) slags,
the following five methods were used. All experiments were
made under Ar flowing atmosphere (200cm’-min~'). A
pure Fe crucible was used in the experiments below
1400°C and a MgO crucible containing Fe was used in the
experiments above 1460°C.

(1) Pressing method: 2CaO-SiO, particles were uni-
formly mixed with slag powder in an appropriate propor-
tion and a tablet obtained by pressing was heated in an Fe
crucible, followed by rapid quenching in water.

(2) Mixing method: A slag sample was melted at a
given temperature and 2CaO-SiO, powder was added. A
melt was stirred by an Fe rod and after a given time the
sample was quenched by water-cooled sandwich type Cu
plates.

(3) Dipping method: A small MgO crucible with a hole
at the crucible side in which 2CaO- SiO, particles are dis-
tributed was dipped into a slag melted in an Fe crucible or a
MgO crucible. A small MgO crucible was withdrawn from
the slag, followed by rapid quenching in water.

(4) Isothermal crystallization method: A slag sample
obtained by quenching from 1600°C was melted in an Fe
crucible for a given time at 1400°C, followed by rapid
quenching in water.

(5) Temperature drop crystallization method: A slag
sample was melted at 1 600°C in a MgO crucible contain-
ing Fe under Ar atmosphere. Then a melt was cooled to
1400°C at 150°C-min~' and kept for a given time, fol-
lowed by rapid quenching in water.

Procedure

2.3. Analysis

The phosphorous contents of 2Ca0O- SiO, particles and
slag were determined by using X-ray microprobe analyzer
(EPMA). The 2CaO- SiO,—3CaO - P,0; solid solutions con-
taining 0.5, 3, 5 and 19% P,0,, which were prepared at
1400°C and chemically analyzed, were used for the phos-
phorous standard.
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Fig. 2. SEM image of 2CaO-SiO, particles dispersed in liquid
slag.
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Fig. 3. Phosphorous distribution ratio between 2CaO - SiO, parti-
cle and CaO-SiO,—Fe,O slag plotted against (% SiO,)+
(% P,0,).

3. Results and Discussion

3.1.

The slag A indicated in Fig. 1 was mixed with
2Ca0- Si0,(C,S) particles (20 to 50 um) in the proportion
of 2:1 on weight pct basis and a tablet was made by the
pressing method described in Sec. 2.2. The SEM image of
the pressed mixture heated at 1400°C for 30 min is shown
in Fig. 2(a), in which 2CaO-SiO, particles are uniformly
dispersed in liquid slag. Such uniform particle dispersion
was observed in other methods except for the dipping
method. In the case of the dipping method where stirring
operation cannot be made, there is the region in which
2Ca0.Si0, particles are present in cluster, as shown in Fig.
2(b).

Dispersion of 2Ca0O - SiO, Particles in Slag

3.2. Phosphorous Distribution Ratio between 2CaQO-

SiO, Particle and CaO-SiO,—Fe,O Slag
The phosphorous distribution ratios between 2CaO - SiO,
particle and CaO-SiO,—Fe,O slag were measured at 1400
and 1560°C by using the different methods described in
Sec. 2.2 and the results are summarized in Table 1
and shown in Fig. 3. It is considered from the low con-
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Table 1. Chemical composition of slag and 2CaO - SiO, particle analyzed by EPMA method.
Slag C,5 particle
Sl Temp. L
a8 /K |(%Ca0) (%Si0,) (% FeO) (%Mg0) (%P,0,) (% P,05) ’
7 EDX EDX  EDX  EDX WDX WDX
A 1573 39.4 38.4 20.7 — 2.63£0.90 50%£1.9 1.9+0.6
1623 415 38.1 19.3 — 2.94£0.97 53£17 1.8+0.4
1673 435 37.3 18.4 — 2.79+0.81 53%1.1 1.9£0.4
1723 44.4 36.6 15.4 13 3.05+0.54 58+13 1.9+0.3
1833 48.0 355 117 2.8 3.11+0.72 59+19 1.9+0.6
1673 305 23.2 457 — 1.20+0.22 7.1+14 59+18
1673 20.7 9.8 69.2 — 0.42+0.13 | 152+5.1 36+8
1833 29.9 15.9 51.0 1.9 131£032 | 183%7.1 14+6
1673 19.6 6.3 76.1 — 0.32+0.11 14.4+55 45+10
G 1673 29.6 3.0 65.8 — 0.27£010 | 17.0£7.1 6320
1723 325 5.0 62.5 0.5 0.30£0.11 18.1:£6.2 61319
1833 34.4 6.4 61.9 15 031%0.15 | 18.1%66 58+23
H 1673 213 15.1 62.0 — 097+0.14 | 11.6+14 12+3
] 1673 38.1 3.3 56.6 — 0824020 | 15.6%+63 19+4
. o .
Temperature / K ‘qcle/slag mass% ratlo—l/.l tg 1/.3 and .1/1 to 1/2, respec-
1773 673 1573 tively. The phosphorous distribution ratio does not change
3 " ' y ' ' T with temperature for slag A, but it tends to slightly increase
with a decrease in temperature for slag G. This indicates
2k i l T § 4 that a slag composition saturated with 2CaO-SiO, phase
T 1 7 T change with temperature, which influences the phosphorous
L distribution.
&
2 C,Sislag A = 1/1~1/3 Holding time : 0.5~9 h 3.3. Phosphorous Transfer from CaO-SiO,~-Fe, O-P,0,
a, Ot Slag to 2CaO- SiO, Particles
g I C,S/slag G = 1/1~1/2 T C e . .
2 gL 2 The variation of phosphorous distribution ratio with time
Cs was studied at 1400°C for the 2CaO-SiO, particles dis-
60 persed in slag. The results obtained by the pressing, mixing
] and dipping methods and the isothermal and temperature
or drop methods described in Section 2.2 are shown in Figs. 5
20 k Holding time : 20~60 min | and 6, respectively. It can be seen that the phosphorous
! ! L L L transfer from slag to 2CaO-SiO, particles is considerably
>4 36 58 60 62 64 fast. In the dipping method, 3CaO - P,O; particles were dis-
1047 /K1 persed in slag; that is, phosphorous equilibrium approaches

Fig. 4. Temperature dependence of phosphorous distribution
ratio between 2Ca0O-SiO, particle and CaO-SiO,—Fe,O
slag.

tent of MgO given in Table 1 that the effect of MgO on
the phosphorous distribution ratio is negligibly small. The
phosphorous distribution ratios are plotted against
(%S10,)+(%P,0;) in the slag composition saturated with
2Ca0-SiO, phase in Fig. 1, along with the results by Ito et
al® Their values are slightly higher than the present ones.
The reason for this difference is not certain. The values at
1560°C are higher than those at 1400°C for a given
(%S10,)+(%P,0;). This can be explained by the fact that
the CaO content for a given (%Si0,)+(%P,0O;) is higher at
1 560°C in comparison with that at 1 400°C.

The temperature dependence of phosphorous distribution
ratio is demonstrated in Fig. 4 for slags A and G. These re-
sults for slags A and G are obtained in the 2CaO - SiO, par-
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from particle to slag. In this case the time for equilibrium
was found to be longer, as shown in the top diagram of Fig.
5 by the half-filled triangles.

The 2CaO- SiO, particles with 20 to 50 um were reacted
with liquid slag C containing 5% P,0O5 at 1400°C by using
the dipping method and after 5s, the sample was rapidly
quenched in water. The line analysis of P-Ko in a
2Ca0-Si0, grain was made in a polished cross section and
the results are shown for the isolated and clustered particles
zones on the left- and right-hand sides of Fig. 7, respective-
ly. It can be seen from Fig. 7(a) that phosphorous content is
constant through a 2CaO- SiO, grain in the case of isolated
particle zone within 5 s. However, phosphorous dissolves to
the rim layer of 5mm from the grain/slag interface in the
case of clustered particle zone, as shown in Fig. 7(b).

The length of phosphorous penetration from the P,Os-
containing slag/a 2CaO - SiO, particle (20 to 50 ym) inter-
face has been measured by a microprobe analysis. The
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phosphorous diffuses into 2CaO - SiO, phase by the forma- 100 L A
tion of 2Ca0-Si0,—3Ca0-P,0; solid solution. The depth C,S/slag G =1/10 1673K 1
of phosphorous penetration into a 2CaO - SiO, grain is plot- | T |
ted against time in Fig. 8 for the isolated and clustered par- L I ]
ticles zones. The phosphorous penetration into a whole 50 —
grain occurs very rapidly for the isolated particles dispersed r 1
uniformly, regardless of slag composition and initial P,O; 2 i o Dipping
content. On the other hand, the depth of phosphorous pene- P L ¥ Temp. drop
tration for the clustered particles is very short and almost Z‘; 0 it
independent of time. This is due to the fact that the P,O; &s0r 1
. . . -9
content in slag around the clustered 2CaO- SiO, particles = l
decrease quickly, thus resulting in the decrease of driving 20 F T -
force for phosphorous penetration. l
The depth of phosphorous penetration was measured as a 10 F 1
function of temperature in the experiments where the isolat- C,S/slag 1 =1/10
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Fig. 5. Variation of phosphorous distribution ratio between Fig. 8. Variation of length of phosphorous penetration into a

2Ca0- SiO, particle and CaO-SiO,~Fe,O slag with time.

2Ca0- SiO, grain with time obtained by dipping method.
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Fig. 7. Line analysis of P-Ka of 2Ca0O - SiO, grain in (a) isolated particle zone and (b) clustered particle zone after dip-
ping method (2Ca0O - SiO,/slag C (5% P,0;) mass ratio =1/10, 1 673K, 55s).
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Fig. 9. Temperature dependence of length of phosphorous pene-
tration into a 2CaO-SiO, grain after immersion for 5s
obtained by dipping method.

ed or clustered 2CaO- SiO, particles with 20 to 50 um are
in contact with the 5% P,O; containing slags A and G for
5s. The results are shown in Fig. 9. It is seen from the
upper diagram that the length of phosphorous penetration
in an isolated particle zone is independent of temperature.
As shown in the lower diagram for the clustered particles
the length of phosphorous penetration becomes longer with
an increase in temperature and it is greater at higher phos-
phorous distribution ratio (slag G) for a given temperature.

3.4. Crystallization of 2CaO-SiO,-3Ca0O-P,0; Solid
Solution Particles during Temperature Drop

Ten grams of slag G’ (m.p. 1 540°C) containing 5% P,O;
whose composition is shown in Fig. 1 was melted at
1570°C in a MgO crucible along with pure Fe (3 g) in order
to control the oxygen potential determined by the Fe/Fe,O
equilibrium. After holding at 1570°C for 30 min, a melt
was rapidly quenched by water-cooled sandwich type Cu
plates. Small particles of crystallized 2CaO-SiO,-3CaO-
P,0; solid solution with 3 to 5 um are shown on the left-
hand side of Fig. 10(a), together with the line analysis of
P-Ka for the particles shown on the right-hand side of
Fig. 10(a).

After holding slag G’ with 5% P,05 at 1570°C for
30 min, a melt was cooled to 1400°C at 50°C-h~!, fol-
lowed by rapid quenching in water. The crystallized
2Ca0-Si0,-3Ca0 - P,0; solid solution particles with 7 to
130 um are shown on the left-hand side of Fig. 10(b), to-
gether with line analysis of P-K o for the particles shown on
the left-hand side of Fig. 10(b). Based on these results it
was confirmed that the P content was constant through a
large grain and the obtained phosphorous distribution ratio
agrees with the equilibrium value (L,=63) shown in Fig. 1.
This result indicates that the crystallized particles have the
equilibrium composition with slag during the present cool-
ing rate.
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Fig. 10. Line analysis of P-Ko of crystallized 2CaO-SiO, in

slag G quenched at (a) 1843K and (b) 1673K after
cooling from 1843 K and (b) 1 673 K after cooling from
1843Kat T=150K-h".

3.5. Phosphorous Transfer from CaO-Fe, O-P,0; Slag
to 2Ca0-SiO, Particles

The 2Ca0- SiO, particles with 0.5 to 1 mm were added
to slag D containing 5% P,O; at 1400°C and immediately
stirred for 5s, followed by holding for 30s. The added
2Ca0-SiO, particles and the line analysis of P-Ko on
the surface of a particle are shown on the left- and right-
hand sides of Fig. 11, respectively. Small grains of
2Ca0-S8i0,-3Ca0-P,0; (33 to 37% 3CaO - P,0;) solid so-
lution with 5 to 25 um, which are peeled off from the sur-
face of a 2Ca0- SiO, particle, are observed at a 2Ca0O- SiO,
particle/slag interface, as shown on the right-hand side of
Fig. 11.

The 2CaO-SiO, particles (0.5 to 1 mm) were added to
slag D containing 5% P,0O at 1300 or 1400°C, followed
by stirring for 5s and the thickness of the peeled off layer
was measured as a function of holding time. The results are
demonstrated in Fig. 12, indicating that the thickness of
peeled off layer remains almost constant after 30s. These
results suggest that P,O; in slag in the neighbor of a
2Ca0- SiO, particle dissolves in this particle within 30s.

The phosphorous penetration into the surface layer of a
2Ca0-Si0, particle and the peeling off of 2CaO-SiO,—
3Ca0-P,0O; solid solution layer are schematically illustrat-
ed in Fig. 13. The following three reaction steps are pro-
posed.

Step I:  The dissolution of CaO and SiO, from the sur-
face of a 2Ca0- Si0, particle occurs, thus resulting in the
slag composition change from slag D to slag D', as shown
in the upper diagram.

Step 1I: The CaO and P,O; in slag D’ dissolve into



ISIJ International, Vol. 46 (2006), No. 2

500 pm
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Fig. 12. Thickness of 2Ca0O - SiO,-3CaO - P,O; layer peeled from

2Ca0- Si0, particle in CaO-65 %Fe,0-5%P,0; slag.

2Ca0-8Si0,, leading to the formation of 2CaO-SiO,—
3Ca0-P,0; solid solution. The slag composition changes
from D’ to D” as a result of decrease in CaO and P,Os
contents.

Step III: The 2CaO-SiO,-3Ca0O-P,0; solid solution
layer starts to peel off and the peeled grains separate from
the surface. This phenomenon is only observed in the case
that 2CaO-SiO, particles are in contact with CaO—
Fe,0-P,0; slag and not observed in the case that 2CaO-
Si0, particles are in contact with CaO-SiO,—Fe,O—P,0O;
slag. Further study is needed to clarify the reason that the
peeling of 2Ca0-SiO, particles occurs for the slag with
low SiO, and high Fe,O contents.

4. Conclusion

The 2CaO-SiO, particles are dispersed in CaO-SiO,—
Fe,O slags containing P,0; and the phosphorous transfer to
a particle has been studied. The following conclusions are
obtained:

(1) The maximum phosphorous distribution ratio be-
tween 2CaO-SiO, particles and CaO-SiO,—Fe,O slags is
obtained at the nose of 2CaO-SiO, primary phase in
Ca0-Si0O,—Fe,O phase diagram.

(2) The temperature dependence of phosphorous distri-
bution ratio between 2CaO-SiO, and slag is found to be
very small.
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Step III: C,S-C3P peeled off

Fig. 13. Schematic diagram of reaction sequence at 2CaO - SiO,

particle/slag D interface.

(3) The isolated 2CaO - SiO, particles with 20 to 50 ym
in P,0s-containing slag completely change to uniform
2Ca0-Si0,-3Ca0 - P,0; solid solution particles within 5s.

(4) The rim layer of 5 um from a 2CaO- SiO, particle
(20 to 50 um)/slag interface changes to 2CaO-SiO,—
3Ca0-P,04 solid solution, when the particles are distrib-
uted in cluster in slag. The 2CaO - SiO, particles with 3 to
8 um in the clustered zone become uniform 2CaO - SiO,—
3Ca0O- P,0; solid solution within 5 s.
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