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Reaction Mechanism between Solid Ca0 and Fe0,-Ca0-Si0,-

P,0; Slag at 1573 K
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Solid Ca0 and FeO,-Ca0-SiO,-P,0; slag were reacted for 2 to 2400s at 1573 K. The interface of CaO
and slag were observed and analyzed by SEM/EDS. The CaO-FeQ layer was formed beside solid CaO. The
thickness of the CaO-FeO layer increased with time. Next to the CaO-FeOQ layer, 2Ca0 - SiO, phase was
formed in the melt and high content of FeO was included in the liquid. The activities of FeO and CaO for
each phase were evaluated and reaction mechanism between solid CaO and FeO,-CaO-SiO,-P,04 slag
was discussed. The activity of FeO for 2Ca0 - SiO, saturated melt is larger than that for the CaO-FeO layer,
therefore, Fe?* diffuses from slag phase to solid CaO. Then the CaO-FeO layer is formed beside solid CaO.
The pass of the slag composition change accompanied by CaO dissolution are represented in the phase dia-
gram for the FeO,-CaO—(SiO,+P,0;) pseudo ternary system.
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1. Introduction

The hot-metal dephosphorization process has been devel-
oped to meet increasing requirements for the production of
low-phosphorus steel over the last couple of decades. The
basic flux is required for effective dephosphorization.
Therefore, the CaO-based slag containing iron oxide is
often used in this process. The FeO —Ca0O-Si0,—P,0; sys-
tem is the typical slag for steelmaking coexisting solid and
liquid phases at the hot-metal temperatures. A lot of re-
searches on hot-metal dephosphorization reaction has been
conducted, however, in most cases, the slag is treated as ho-
mogeneous liquid slag and the contribution of solid phase,
undisolved CaO and calcium silicate phase such as
2Ca0-Si0,, to dephosphoriazation is not taken into ac-
count. Recently, it is required to reduce the amount of steel-
making slag production because of the environmental is-
sues. It is one of the effective methods for reducing steel-
making slag emission to increase the efficiency of utiliza-
tion of CaO reaction. Thus it is important to reveal the reac-
tion mechanism of CaO dissolution into slag. It is well
known that calcium silicate and calcium phosphate form
stable solid solution or compound at hot-metal tempera-
tures. Therefore, if phosphorus in the slag were condensed
in the solid calcium silicate phase, it would be possible to
use the solid phase including multi-phase flux to the hot-
metal dephosphorization process. Several investigations
have been carried out for the reaction of solid CaO and
slag,' ¥ however, the mechanism of reaction is not yet
fully clarified.

In the present study, solid CaO piece and FeO,—~CaO-
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Si0,—P,0; slag were reacted at 1573 K. The interface of
CaO and slag were observed and analyzed by SEM/EDS.
The microscopic behavior of phosphorus in the multi-phase
flux was investigated and the reaction mechanism between
solid CaO and FeO,—Ca0O-Si0,—P,0; slag was discussed.

2. Experimental

The electric furnace with MoSi, heater and mullite reac-
tion tube (outer diameter: 70 mm, inner diameter: 63 mm,
length: 1000 mm) was employed. The slag sample was pre-
pared by mixing the synthesized wustite (Fe,O), CaO,
reagent grade SiO, and 3Ca0O-P,0,. A CaO piece of about
3 g was cut from a sintered CaO crucible (purity: 99.9%,
density: 3.3X10°kg/m*) and used for solid CaO sample.
The oxygen partial pressure was controlled by CO-CO,
mixture. Both CO and CO, gas were dehydrated by passing
through silicagel, and soda lime was also used to remove
CO, in CO gas. In this study, mixture ratio of CO/CO, was
100/1 and the oxygen partial pressure was calculated to be
1.8 1077 Pa from Eas. (1) and (2).

1
CO(g)+ 3 0,(2)=C0O,(2)

AG°=-281000+85.2T J/mol'?

Ten grams of slag sample charged in an alumina crucible
(outer diameter: 38 mm, inner diameter: 34 mm, height:
45mm) was set in the furnace and CO-CO, gas
(CO/CO,=100/1) was flown with 350 cm*/min from top of
the reaction tube. After 1800s, three grams of solid CaO
piece was put in the crucible. If the reaction time was short-
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er than 30s, solid CaO sample was attached to the top of a
mullite tube (outer diameter: 6 mm, inner diameter: 4 mm,
length: 1000 mm) by using alumina cement. The CO-CO,
gas was stopped and high purity Ar was introduced from
the bottom of the reaction tube, then CaO sample was
dipped in the slag. After the reaction time, the CaO piece
was quickly taken out from the furnace and quenched in
flushing Ar. Then CaO sample was embedded in a polyester
resin and polished using SiC abrasive paper. The interface
of CaO and slag were observed by SEM and the reacted
layers were analyzed by EDS. The slag sample was crushed
for chemical analysis. The metallic iron in the slag sample
was removed by magnetic separation before analysis. The
content of Ca and Al were determined by ICP-AES. The
gravimetry was applied for SiO, analysis. The total iron
and the Fe’™ content were determined by the titration
method using K,Cr,0, and Fe** content was calculated.
Phosphorus contents were analyzed by molybdenum blue
colorimetry.

3. Results and Discussion

Since the FeO, containing slag and carbon saturated
molten iron are reacted in the practical hot-metal dephos-
phorization process, the oxygen partial pressure in the sys-
tem is very low. In the present study, the oxygen partial
pressure was controlled by using CO-CO, mixture, there-
fore, the initial slag is required to be the same composition.
The Fe**/Fe?* ratio is affected by oxygen partial pressure.
Thus preliminary experiment was carried out to inves-
tigate changes of slag composition with time. The initial
slag is 25.3mass%FeO,—30.8mass%Ca0-33.1mass%Si0,—
10.8mass%P,0; system. Seven grams of slag sample was
charged in an alumina crucible and kept for 0 to 14400s
with controlled oxygen partial pressure of 1.8X10~°Pa at
1 573 K. After the experiment, the sample with the crucible
was quenched by flushing Ar and crushed for chemical
analysis. The results of slag composition are shown in
Table 1. The iron oxides content decreased with increasing
experimental time and the Fe’*/Fe?" ratio also decreased
with time. As the wiistite was synthesized with the condi-
tion of solid iron coexistence, the equilibrium oxygen par-
tial pressure was higher than that of experiments and the
content of iron oxides decreased after the experiment.
Figure 1 shows the relationship between the Fe**/Fe’* and
experimental time. The Fe**/F?" ratio decreased with time
and it is constant after 1800s. Consequently, the slag was
pre-melted for 1 800 s before experiments.

The solid CaO and FeO,—CaO-SiO,—P,0; slag were re-
acted in an alumina crucible at 1 573 K for 2 to 2400s. The
sample names are CS-2, CS-10, CS-20, CS-30, CS-300,
CS-600, CS-1200 and CS-2400, where the numbers after
hyphen mean the reaction time in seconds. Figures 2(a) to
2(h) demonstrate the SEM images of CaO-slag interface for
samples (a) CS-2, (b) CS-10, (c¢) CS-20, (d) CS-30, (e) CS-
300, (f) CS-600, (g) CS-1200 and (h) CS-2400. The num-
bers shown in Figs. 2(a) to 2(h) mean the positions ana-
lyzed by EDS. The results of EDS analysis for positions of
samples CS-2 to CS-30 and those of samples CS-300 to
CS-2400 are shown in Tables 2 and 3, where the iron oxide
is calculated as FeO because the oxygen partial pressure
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Table 1. Results of pre-melt slag analysis (mass%).
Experimental . 31p 20
Sample time (s) FeO Fe,O; CaO SiO;, P,0Os AlLO;|Fe’ /Fe
PR-1 0 20.0 6.06 309 31.8 106 0.628| 0.272
PR-2 900 16.7 582 326 31.7 11.6 1.65| 0.313
PR-3 1800 220 221 312 304 109 3.28 | 0.0901
PR-4 3600 247 130 293 288 103 5.57 | 0.0476
PR-5 14400 19.7 183 31.2 30.1 103 691 | 0.0835
0.5
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Fig. 1. Relationship between Fe’/Fe?* ratio and experimental

time.

during the experiment is low.

The CaO—FeO layer was observed adjacent to solid CaO,
and next to the CaO-FeO layer the CaO-SiO, or CaO—
Si0,—P,0; phase with the FeO-CaO-SiO, melt were ob-
served in each SEM image of Fig. 2. The composition of
the positions in the CaO—FeO layer in Fig. 2, 2 and 3 in (a),
5to 11 in (b),3to5in(c), 1 to 7 in (d), 2 and 3 in (e), 1
and 2 in (f), 1 to 3 in (g) and 2 and 3 in (h), were analyzed
that SiO, is included less than 5 mass% and the ratio of
CaO/FeO approximately equals unity. This suggests that
2Ca0-Fe,0, phase was formed in CaO-FeO layer. How-
ever, the 2Ca0-Fe,0, does not exist but 28mass%CaO-
72mass%FeO liquid phase and CaO-10mass%FeO solid
solution coexist at 1573 K according to the phase diagram
for CaO-FeO system.'> Therefore, this phase seems to be
formed during solidification.

In the Fig. 2, the positions 4, 5 and 7 to 9 in (a), 12 and
13 in (b), 6 and 7 in (c), 8 and 10 to 12 in (d), 4, 6 and 7 in
(e), 3 to 6 in (), 4 and 6 in (g) and 4 to 6 in (h) were identi-
fied as 2Ca0O- SiO, phase with 1 to 10 mass% P,O,. In ad-
dition, the positions in the CaO-SiO,—P,O, phase of Fig. 2,
16 in (b), 10 in (e), 7 and 11 in (g) and 7, 9 to 12 in (h),
contain P,O; of 15 to 25mass%. These CaO-SiO,—P,0,
phases close to 5CaO-SiO,-P,0; or 7Ca0O-2SiO,-P,0;,
and contain much larger amount of P,O; than the bulk slag.

The positions 15 in (a), 14 in (b) and 8 in (c) of the Fig. 2
were identified as the FeO—-CaO-SiO, melt in which FeO
content is high and the ratio of CaO/Si0O, equals two. These
were located adjacent to the 2CaO - SiO, phase. The results
of EDS analysis for CS-2, CS-10, CS-20 and CS-30 are
plotted as phase diagram for the FeO—CaO—(SiO,+P,0;)
pseudo ternary system in Fig. 3. The solid curves indicate
the liquidus for the FeO—CaO-SiO, system equilibrated
with iron at 1573 K. The plots are classified by solid CaO,
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(g) CS-1200

Fig. 2.

CaO-FeO layer, 2Ca0O-SiO, phase, FeO rich FeO—-CaO-
Si0, phase, 2CaO- SiO, saturated phase and others. In the
CaO-FeO layer, high FeO content was observed at position
3 in sample CS-2 and high CaO content was obtained at po-
sition 5 in sample CS-10. However, the ratios of CaO/FeO
for other positions in CaO-FeO layer almost equal unity.
The FeO—-CaO-SiO, phases that observed adjacent to the
2Ca0-SiO, phase are plotted in the 2CaO- SiO, saturated
solid and liquid coexisting region. The compositions of
high FeO content FeO—CaO-SiO, system adjacent to
2Ca0-Si0, phase are plotted around liquidus of 2CaO-
Si0, saturation. Therefore, it seems that the CaO concen-
tration of the liquid around solid CaO is increased by disso-
lution of CaO, and composition of the slag reached to the
liquidus of 2CaO- SiO, saturation. Then CaO and SiO, in
the liquid are consumed to form 2CaO-SiO,, where the
composition of the melt changes along the liquidus and
FeO content is increased.

As the thickness of the CaO—FeO layers shown in Figs.
2(a) to 2(h) is obviously increased with reaction time. The
thickness of the CaO-FeO layers, /o .o, Was measured
for every sample from SEM images. The results of mea-
surement of the thickness of the CaO-FeO layer for ten
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(h) CS-2400

SEM images for solid CaO and FeO,—CaO-SiO,—P,0; slag interface.

points of each SEM image are shown in Table 4. The aver-
age thickness is shown as a function of square root of reac-
tion time in Fig. 4. A linear relationship exists between the
thickness of the CaO—FeO layer and square root of reaction
time. This indicates that the growth of the CaO—FeO layer
is governed by diffusion of Fe** ion into solid CaO.

To clarify the formation mechanism of the CaO-FeO
layer, it is important to evaluate the activities of FeO and
CaO for the CaO-FeO layer, the 2CaO - SiO, saturated slag
phase and bulk slag. The activities of the components for
the CaO-FeO system at 1 573 K was investigated by Takeda
et al.'® In the present study, typical composition of CaO—
FeO layer was in the state of solid and liquid coexistence,
then the activities of FeO and CaO are equivalent to that
of liquidus composition (28mass%CaO—-72mass%FeO at
1573 K). The activity of FeO for 28mass%CaO-72mass%
FeO at 1573K is reported as 0.48 and that of CaO is
0.84.'9 On the other hand, the activities of FeO and CaO
for the FeO,—CaO-Si0O,~P,0,—-Al,0; system has not been
measured. Therefore, the activities of FeO and CaO for the
2Ca0- Si0, saturated slag phase and bulk slag were calcu-
lated by using the regular solution model.!” The activity
coefficient of component i in the regular solution model is
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expressed by Eq. (3).

Table 3. Results of EDS analysis for samples CS-300 to CS-

2400 (mass%).
— 2 _ Sample |Position| FeO CaO SiO, P,Os ALO;
RT In, 2 oy X5+ Z 2 (0740 =00 ) X X, (3) T [221 978 000 000 004
J jok 2 | 574 423 010 000 021
3 523 435 376 0.00 0.40
where, o is interaction energies between i and j, y; denotes 4 | 463 634 311 071 023
the activit fficient of i and X d le fracti £ cs300 | 3 969 274 0.00 000 03I
e activity coefficient of i and X; does mole fraction of i. 6 |o2s 654 313 29 009
The activity of FeO for the 2CaO-SiO, saturated slag 7 0.64 642 31,6 349 0.16
. . 8 | 787 438 441 000 425
phase was calculated for the compositions of the position 8 9 108 440 421 000 311
10 | 1.80 577 145 256 041
Table 2. Results of EDS analysis for samples CS-2 to CS-30 1 508 48.0 1.05 000 021
(mass%). 2 | 51.0 482 037 000 043
31295 646 301 218 0.2
Sample |Position| FeO CaO SiO, P,0s ALO; 4 827 636 269 097 028
T |08 992 000 000 004 C5-600 | 5 1080 656 326 093 004
2 | 467 494 021 000 3.76 6 156 607 31.8 592 002
3 794 165 152 000 253 7 123 408 447 000 222
4 116 626 292 609 094 8 163 714 269 0.00 0.00
5 1239 618 303 472 074 1 237 762 0.00 000 0.09
6 | 479 339 172 000 093 2 | 517 465 117 000 0.59
7 | 281 635 322 124 030 3 | 492 486 128 000 0.87
Cs-2 8 | 408 578 259 103 189 4 | 787 640 277 000 0.38
9 | 222 530 360 431 446 5 533 464 0.00 0.00 026
10 | 846 421 431 000 637 CS-12000 6 | 260 635 271 663 0.5
11 | 651 448 301 161 245 7 112 564 147 276 0.18
12 | 135 374 420 232 480 8 | 218 292 476 000 14l
13 | 135 383 398 423 417 9 | 244 284 460 000 126
14 | 456 347 19.1 000 0.63 10 | 167 408 301 116 066
15 | 89.6 575 334 000 129 11 | 870 483 244 183 025
1 0.00 997 0.00 000 029 [ 694 928 000 000 021
2 | 097 989 000 000 0.4 2 510 470 072 000 127
3 |25 973 0.00 000 0.16 3 385 569 342 000 1.19
4 | 325 962 000 000 0.0 4 1345 634 30.1 294 0.05
5 11.1 875 000 000 141 5 132 628 278 784 022
6 | 411 527 154 000 4.68 6 |32 620 297 5.10 0.00
7 332 532 240 000 112 CS-2400| 7 | 3.17 574 178 215 012
8 | 440 496 149 000 4.94 8 121 39.0 41.1 000 7.83
CS-10 9 178 566 157 000 991 9 | 272 565 156 252 0.0
10 | 361 478 266 000 135 10 | 361 558 161 243 023
11 | 6L5 338 121 000 345 11 | 393 579 228 150 035
12 | 341 614 329 177 050 12 | 489 548 205 1901 0.76
13 | 157 627 346 1.17 0.00 13 | 194 344 439 000 234
14 | 805 106 561 000 325
15 | 776 422 406 000 943 -
16 | 334 499 174 279 145 S102+P20s '3 soig ceo
17 | 772 442 361 605 593 @ CaO-FeOQ layer
1 0.00 100 0.00 0.00 000 A 2Ca0-Si0, phase
2 | 575 941 000 000 0.13 B FeO rich phase
3 492 473 1.44 0.00 2.10 e 2Ca0:-8i0, saturated phase
4 | 470 476 214 000 333 O Other phase
CS-20 5 50.6 436 260 000 3.29
6 125 547 305 149 0.80
7 | 764 596 288 341 056
8 | 722 155 879 0.00 3.48
9 194 513 245 395 0.80 3Ca0-28i0,
1 427 516 293 000 276 2Ca0-§io,
2 | 434 503 384 000 245 )
3 | 453 482 395 000 2.62 3Ca0-Si0,
4 | 439 495 386 000 271
5 | 444 472 531 000 3.09
6 | 447 489 333 000 3.09
CS-30 7 | 580 346 530 000 203
8 | 221 621 335 173 040
9 |213 503 255 233 055 0
10 | 215 635 314 295 0.00 9 0
1 1.79 61.0 302 4.87 021 1) 10 20 30 40 50 80 70 80 90 100
12 | 122 635 323 274 0.17 Ca0o FeO
13 | 108 465 360 0.19 649 Fig. 3. Results of EDS analysis for sample CS-2, CS-10, CS-20
and CS-30 for the FeO—CaO—(SiO,+P,0;) system.
Table 4. Thickness of CaO-FeO layer.
Sample Thickness of CaO-FeO layer x10° (m) Averagex10° (m)
cs2 |22 29 27 27 32 31 21 25 32 28 2.7
CS-10 | 84 87 77 70 90 73 87 97 83 83 83
CS20 | 70 77 83 83 87 87 80 77 13 170 7.9
CS-30 | 160 163 17.0 177 17.7 163 147 133 127 137 155
CS-300 |39.1 449 37.1 324 332 332 39 70 47 430 27.9
CS-600 | 664 664 78.1 703 69.5 781 508 50.8 469 56.6 63.4
CS-1200 | 85.9 840 78.1 762 645 840 78.1 844 840 859 80.5
CS-2400 | 82.0 84.0 80.1 84.0 859 820 8.0 832 80.1 78.1 82.1
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of sample CS-20, because this composition is the liquidus
composition shown in Fig. 3 and that for bulk slag was cal-
culated for the result of analysis for pre-melted slag PR-3 in
Table 1. The results of calculation for the activities of FeO
and CaO by the regular solution model are shown in Table
5 together with the results for CaO-FeO layer. The activity
of FeO for the 2Ca0O-SiO, saturated slag phase is larger
than that for the CaO-FeO layer and bulk slag. Then Fe?*
ion diffuses from 2CaO - SiO, saturated phase to both the
Ca0O-FeO layer and bulk slag. In addition, the activity of
CaO for CaO-FeO layer is much larger than that for the

100

80 | . ®

o
o

lcao-Feo % 10% (M)
N
o

20

0 20 40 60 80 100
Square root of time (s'72)

Fig. 4. Relationship between thickness of the CaO-FeO layer
and reaction time.

Table 5. Evaluation of activities of FeO and CaO.

2Ca0- Si0, saturated FeO—-CaO-SiO, phase and bulk slag.

Therefore, the activity gradient of CaO leads to diffusion of

Ca*" ion from solid CaO to bulk slag through CaO-FeO

layer. Consequently, it is assumed that the formation mech-

anism of CaO-FeO layer are caused by the activity gradient
of FeO between the CaO-FeO layer and the 2CaO-SiO,
saturated melt. If CaO—FeO layer were formed beside solid

Ca0, Ca®>" ion would diffuse from solid CaO toward bulk

slag continuously. Then CaO-FeO layer and 2CaO-SiO,

saturated region grow and dissolution of CaO into slag pro-
ceeds.

The reaction mechanism of solid CaO and FeO,—~CaO-
Si0,-P,0O; slag at 1 573 K is considered to be as follows.
(1) Solid CaO dissolve into the slag and content of CaO

in the melt increases. (Fig. 5(a))

(2) 2Ca0O-Si0, is formed in the melt, so CaO and SiO,
are consumed and the content of FeO in the slag in-
creases. (Fig. 5(b))

(3) According to the activity gradient of FeO, Fe** diffus-
es from FeO rich phase to both solid CaO and bulk
slag. (Fig. 5(c))

(4) CaO-FeO layer is formed beside solid CaO. (Fig.
5(d))

(5) Ca*" diffuses toward bulk slag phase through the
CaO-FeO layer. (Fig. 5(e))

4. Conclusion

The reaction mechanism of solid CaO and FeO,~CaO-
Si0,—P,0; slag at 1 573 K is determined by the observation
and analysis of the reaction between solid CaO and liquid

Sample cp(l;a;eo ACtiVE’;‘gt‘FeO ACﬁVi(;yszfcao slag. The mechanism of the reaction is described as (1)
- aL-re K N . . . .
PR3 Bulk slag 027 0.0020 Solid .CaO dissolve into the §lag fmd content of CaO in the
CS-20, position 8 [2Ca0-Si0, saturated slag 0.85 0.0049 melt increases. (2) 2CaO-SiO, is formed in the melt, so
CaO and SiO, are consumed and the content of FeO in the
Formation of“QCaC\J Si0,
[ca0)
[c20)
. N | : .
Solid Ca0O |Ca0) C:ge:osri;:t Bulk slag Solid Ca0 Bulk slag
EE)
c=0)
Increase in activity of FeO
E)] (p) (c)
(}aO-FeO layer gaD-FeO layer
TRee. || Tressr
oL - =) E)oo2@ [
Solid Ca0 O C%Q Solid a0 Qg CC_DDD
-— DD Bulk slag @ OD—' Bulk slag
Q% -4 Q QL
&< ¥ N o9
ok A =) ) @ ®
(d) (e)
Fig. 5. Schematics of reaction mechanisms.
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slag increases. (3) According to the activity gradient of
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FeO, Fe,, diffuses to both solid CaO and bulk slag. (4)
CaO-FeO layer is formed beside solid CaO.

D
2)
3)

4)

5)

6)
7
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