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Molten iron was equilibrated with various compositions of the 2CaOÆSiO2-3CaOÆP2O5 solid
solution saturated with MgO with the oxygen partial pressure of 5.22 9 10�12 atm at 1823 K
(1550 �C) and 1.41 9 10�11 atm at 1873 K (1600 �C). From the concentration of P in molten
iron at equilibrium, the activity of P2O5 relative to the hypothetical pure liquid P2O5 was
determined. The saturating MgO phase at equilibrium was detected by X-ray diffraction for
each sample, and thus, the activity of 3MgOÆP2O5 was also estimated. The activity of P2O5 and
3MgOÆP2O5 increased with the increase of 3CaOÆP2O5 content in the solid solution. In addition,
the activity of P2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid solution saturated with MgO was larger
than that saturated with CaO.

DOI: 10.1007/s11663-016-0639-4
� The Minerals, Metals & Materials Society and ASM International 2016

I. INTRODUCTION

SINCE phosphorus segregates in the grain boundary
of austenite, which increases the fracture appearance
transition temperature to cause the cold embrittlement
of steel,[1] it should be removed from molten iron and
steel during the dephosphorization process as much as
possible. Usually CaO is adopted for the dephospho-
rization process, and in most cases, extra CaO is added
to slag to achieve a high dephosphorization efficiency,
while the CaO consumption and slag volume signifi-
cantly increase. Meanwhile, the generated slag after the
dephosphorization process is hard to be recycled since
the unreacted CaO remains in slag or CaO-based
compounds precipitate during the solidification of slag.

It is well known that CaO reacts with SiO2 to form
2CaOÆSiO2 on the surface of CaO in the CaO-FeO-
SiO2-P2O5 system during the dephosphorization process
and then 2CaOÆSiO2 reacts with P2O5 to form the
2CaOÆSiO2-3CaOÆP2O5 solid solution.[2–4] In addition,
2CaOÆSiO2 and 3CaOÆP2O5 form a pseudo-binary solid
solution over a wide composition range at steelmaking
temperature.[5] Based on the large partition ratio of
P2O5 between the solid solution and liquid slag,[6–8] the
multiphase flux has been considered for use in the
dephosphorization process.

To understand the multiphase flux better, the reaction
mechanisms between solid CaO or 2CaOÆSiO2 and the
FeOx-CaO-SiO2-P2O5 system have been intensively stud-
ied.[9–15] The phase relationship for the CaO-FeO-SiO2-
P2O5(-Al2O3) system has been also studied.[16–18] The
activity of P2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid
solution has been measured by the chemical equilibration
method at 1573 K (1300 �C) by Hasegawa et al.[19] or at
1823 and 1873 K (1550 and 1600 �C) by the current
authors.[20] Since the excess CaO is being added to slag in
the actual dephosphorization process, the thermodynam-
ics of the 2CaOÆSiO2-3CaOÆP2O5 solid solution saturated
with CaO has been also investigated by the current
authors.[21] In the current study, the thermodynamic
properties of the 2CaOÆSiO2-3CaOÆP2O5 solid solution
saturated with MgO were measured to investigate the
effect of MgO on the property of P2O5 in the
2CaOÆSiO2-3CaOÆP2O5 solid solution since the dephos-
phorization slag contains a certain amount of MgO.

II. EXPERIMENTAL

The 2CaOÆSiO2-3CaOÆP2O5 solid solution saturated
with MgO was equilibrated with molten iron at 1823
and 1873 K (1550 and 1600 �C). The mixture of SiO2,
CaHPO4Æ2H2O, MgO, and CaO was sintered to prepare
the 2CaOÆSiO2-3CaOÆP2O5 solid solution powder con-
taining MgO or both MgO and CaO. The mixture was
heated in air at 1873 K (1600 �C) in a platinum crucible
for 48 hours, and then the sintered material was ground
into fine powder before sintering for the next 48 hours.
After the second sintering, the mixture was ground into
fine powder again and about 1.5 g powder was charged
in steel dies to be pressed into a cylindrical specimen
(diameter: 18 mm, thickness: 3 mm) at 50 MPa. The
initial compositions of oxide specimens are summarized
in Table I and shown on the CaO-SiO2-P2O5 ternary
diagram in Figure 1.

MING ZHONG, formerly Ph.D. Student with the Department of
Advanced Materials Science, Graduate School of Frontier Sciences,
The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-
8561, Japan, is now Researcher with the Institute of Advanced Energy,
Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan. H.
MATSUURA, Associate Professor, and F. TSUKIHASHI, Professor,
are with the Department of Advanced Materials Science, Graduate
School of Frontier Sciences, The University of Tokyo. Contact e-mail:
matsuura@k.u-tokyo.ac.jp

Manuscript submitted November 13, 2015.
Article published online March 14, 2016.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 47B, JUNE 2016—1745

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0639-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-016-0639-4&amp;domain=pdf


Since the phase relationship of the CaO-SiO2-P2O5

system at 1823 and 1873 K (1550 and 1600 �C) is
deficient, the boundary and tie lines in Figure 1 were
determined at 1773 K (1500 �C) after Gutt.[22] The
formation of desired phases was confirmed by X-ray
diffraction (XRD). In all oxide specimens, the MgO
phase was detected and the CaO phase was also detected
in oxide specimens of Nos. 5-1 and 5-2. The XRD
patterns of oxide specimens Nos. 1-2 and 5-1 are shown
as examples in Figures 2 and 3, respectively.

For achieving the equilibrium quickly, only 10 g of
electrolytic iron with the initial concentration of P
< 0.0003 mass pct was equilibrated with the prepared
cylindrical oxide in a magnesia crucible (outer diameter:
25 mm, inner diameter: 20 mm, height: 60 mm) in an
alumina reaction tube (outer diameter: 60 mm, inner
diameter: 50 mm, length: 1000 mm). The equilibrium
duration was 24 hours, which was enough to reach the
equilibrium confirmed by previous research.[20,21] Tem-
perature of the hot zone was determined by a B-type
thermocouple before each experiment, and the experi-
mental temperature was monitored by a B-type ther-
mocouple placed at the bottom of the magnesia crucible.
The oxygen partial pressure was controlled by the
mixture of CO and CO2 gases with the total flow rate of
366 mL/min according to Eq. [1]. The oxygen partial
pressure was 5.22 9 10�12 atm at 1823 K (1550 �C) or
1.41 9 10�11 atm at 1873 K (1600 �C) with the CO/CO2

ratio of 110/1:

CO(g) + 1/2O2ðgÞ ¼ CO2ðgÞ;

DG�
1 ¼ �281000 þ 85:23T J/mol½23�: ½1�

After the equilibrium was established, the sample was
quenched by Ar stream at the outside of the furnace.

Concentrations of P in iron and P2O5 in oxide specimen
were analyzed by spectrophotometry. Compositions of
CaO, FeO, andMgO in oxide specimen were determined by
ICP-OES and that of SiO2 was determined by gravimetry.

III. RESULTS AND DISCUSSION

Oxide specimens of Nos. 2-4 and 4-4 turned into
molten slag after experiments as shown by open circles
in Figure 1. The concentration of P in iron and the
composition of oxide specimen after reaction are sum-
marized in Table II and shown on the CaO-SiO2-P2O5

ternary diagram in Figure 4.
Since molten iron coexisted, iron oxide in the oxide

specimen was assumed to be FeO. At equilibrium, the
MgO phase was detected in all oxide specimen and the
CaO phase was also detected in the oxide specimen of
Nos. 5-1 and 5-2 by XRD. The mole fraction of
3CaOÆP2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid solution
shown in Table III was calculated from the analyzed
compositions of SiO2 and P2O5 by assuming the pure
pseudo-binary solid solution.

A. Equilibrium Concentration of P in Molten Iron and
the Phosphorus Partition Ratio Between Solid Mixture
and Molten Iron

The equilibrium concentration of P in molten iron
and the phosphorus partition ratio between the mixture
of the 2CaOÆSiO2-3CaOÆP2O5 solid solution and MgO
and molten iron are shown in Figures 5 and 6 as a
function of 3CaOÆP2O5 content in the solid solution,
respectively. The concentration of P in molten iron
increased with the increase of the 3CaOÆP2O5 content in
the solid solution. By comparing at the same composi-
tion of the solid solution, the concentration of P at

Table I. Initial Composition of Oxide Specimen and Equilibrium Temperature

No. T/K (T/�C)

Composition of Oxide Specimen/Mass Percent

CaO SiO2 P2O5 MgO 2CaOÆSiO2 3CaOÆP2O5 MgO CaO

1-1 1823 (1550) 47.8 21.2 7.0 24.0 60.8 15.2 24.0 0.0
1-2 1823 (1550) 46.2 15.9 13.9 24.0 45.6 30.4 24.0 0.0
1-3 1823 (1550) 44.5 10.6 20.9 24.0 30.4 45.6 24.0 0.0
1-4 1823 (1550) 42.9 5.3 27.8 24.0 15.2 60.8 24.0 0.0

2-1 1873 (1600) 47.8 21.2 7.0 24.0 60.8 15.2 24.0 0.0
2-2 1873 (1600) 46.2 15.9 13.9 24.0 45.6 30.4 24.0 0.0
2-3 1873 (1600) 44.5 10.6 20.9 24.0 30.4 45.6 24.0 0.0
2-4 1873 (1600) 42.9 5.3 27.8 24.0 15.2 60.8 24.0 0.0

3-1 1823 (1550) 57.9 25.7 8.4 8.0 73.6 18.4 8.0 0.0
3-2 1823 (1550) 55.9 19.2 16.9 8.0 55.2 36.8 8.0 0.0
3-3 1823 (1550) 53.9 12.8 25.3 8.0 36.8 55.2 8.0 0.0
3-4 1823 (1550) 51.9 6.4 33.7 8.0 18.4 73.6 8.0 0.0

4-1 1873 (1600) 57.9 25.7 8.4 8.0 73.6 18.4 8.0 0.0
4-2 1873 (1600) 55.9 19.2 16.9 8.0 55.2 36.8 8.0 0.0
4-3 1873 (1600) 53.9 12.8 25.3 8.0 36.8 55.2 8.0 0.0
4-4 1873 (1600) 51.9 6.4 33.7 8.0 18.4 73.6 8.0 0.0

5-1 1823 (1550) 55.6 10.9 9.5 24.0 31.2 20.8 24.0 24.0
5-2 1873 (1600) 55.6 10.9 9.5 24.0 31.2 20.8 24.0 24.0
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Fig. 1—Projection of the initial composition of oxide specimen onto the CaO-SiO2-P2O5 ternary system. The specimens marked as open circles
turned into molten slag at equilibrium. The boundary and tie lines in the phase diagram were determined at 1773 K (1500 �C) by Gutt.[22]

Fig. 2—XRD pattern of the oxide specimen containing 45.6 mass pct
2CaOÆSiO2, 30.4 mass pct 3CaOÆP2O5, and 24 mass pct MgO.

Fig. 3—XRD pattern of the oxide specimen containing 31.2 mass pct
2CaOÆSiO2, 20.8 mass pct 3CaOÆP2O5, 24 mass pct MgO, and 24 mass
pct CaO.
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1873 K (1600 �C) was larger than that at 1823 K
(1550 �C). The phosphorus partition ratio did not
change with the 3CaOÆP2O5 content in the solid solution
significantly. The effect of MgO content on the phos-
phorus partition ratio was also not obvious.

B. FeO Content and Activity Coefficient of FeO in the
2CaOÆSiO2-3CaOÆP2O5 Solid Solution Saturated withMgO

The FeO content in the oxide specimen at equilibrium is
shown in Figure 7 as a function of P2O5 content. For most
samples, the content of FeO was<1 mass pct. According
to Eq. [2], the activity of FeO relative to hypothetical pure
liquid FeO was calculated to be 7.75 9 10�2 at 1823 K
(1550 �C) with the oxygen partial pressure of 5.22 9 10�12

atm, or 8.15 9 10�2 at 1873 K (1600 �C) with the oxygen
partial pressure of 1.41 9 10�11 atm:

FeO(l) ¼ FeðlÞ þ 1=2O2ðgÞ;

DG�
2 ¼ 256000� 53:68T J=mol½23�: ½2�

The activity coefficient of FeO is shown in Figure 8
and Table III as a function of the 3CaOÆP2O5 content in
the solid solution. The activity coefficient of FeO at 1873
K (1600 �C) was larger than that at 1823 K (1550 �C).
Significant influence of CaO or MgO addition on the
activity coefficient of FeO was not observed.

C. Activity and Activity Coefficient of P2O5 in the
2CaOÆSiO2-3CaOÆP2O5 Solid Solution Saturated withMgO

Due to the inevitable segregation during quenching,
the concentrations of C and O in molten iron were

calculated by Eqs. [3] and [4] and the reported interac-
tion coefficients shown in Table IV instead of the
analyzed values.
The analytical concentration of P in iron was not

significantly affected by the segregation since the segre-
gated P remained in the iron sample after quenching:

Oðmass pctÞ þ CO(g) ¼ CO2ðgÞ;

DG�
3 ¼ �166900þ 91:16T J=mol½24�; ½3�

Cðmass pctÞ þ CO2ðg) ¼ 2COðgÞ;

DG�
4 ¼ �144700þ 129:5T J=mol½24�; ½4�

P2O5ðlÞ ¼ 2Pðmass pctÞ þ 5Oðmass pctÞ;

DG�
5 ¼ �832384� 632:65T J=mol½25�: ½5�

The activity of P2O5 relative to the hypothetical liquid
P2O5 was calculated by Eq. [5] from the concentration of
P in molten iron and the reported thermodynamic
data.[25] The activity and activity coefficient of P2O5 in
the 2CaOÆSiO2-3CaOÆP2O5 solid solution saturated with
MgO are shown in Figures 9 and 10 comparing with the
activity of P2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid
solution saturated with CaO.[21] Both the activity and
activity coefficient of P2O5 increased with the increase of
the 3CaOÆP2O5 content in the solid solution. The activity

Table II. Composition of Oxide Specimen and the Concentration of P in Iron at Equilibrium

No.

Composition of Oxide Specimen/Mass Percent

P in Iron/Mass PercentP2O5 SiO2 CaO MgO FeO Total

1-1 7.0 19.7 46.0 23.4 0.607 96.7 0.00506
1-2 13.8 16.0 44.4 23.1 0.643 97.9 0.0124
1-3 21.1 10.7 42.7 23.7 0.645 98.8 0.0179
1-4 27.9 5.3 41.5 23.0 0.451 98.2 0.0292

2-1 6.9 21.0 45.6 23.2 0.857 97.6 0.00798
2-2 13.8 16.3 44.2 23.5 1.32 99.1 0.0171
2-3 21.0 10.6 42.7 23.7 1.29 99.3 0.0220

3-1 8.5 24.8 55.9 7.5 0.482 97.2 0.00635
3-2 16.8 18.6 54.0 7.8 0.499 97.7 0.00903
3-3 24.3 12.4 52.5 7.9 0.478 97.6 0.0206
3-4 33.7 6.32 50.9 7.8 0.339 99.1 0.0372

4-1 8.3 24.1 55.7 8.4 0.768 97.3 0.00995
4-2 16.5 18.2 52.8 8.7 0.538 96.7 0.0213
4-3 24.0 12.6 52.4 8.5 0.427 97.9 0.0369

5-1 9.3 10.0 52.9 23.0 0.760 96.0 0.00603
5-2 9.2 10.0 51.7 23.5 1.25 95.7 0.0142
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and activity coefficient at 1873 K (1600 �C) were larger
than those at 1823 K (1550 �C) comparing at the same
composition of the solid solution. In addition, the
activity of P2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid
solution saturated with MgO marked by solid circles
and squares was larger than that saturated with CaO
marked by open circles and squares in Figures 9 and 10.
Furthermore, the activity of P2O5 in the 2CaOÆSiO2-
3CaOÆP2O5 solid solution saturated with both CaO and
MgO marked by solid triangles was larger than that
saturated with CaO and smaller than that saturated with
MgO.

The compositions of the 2CaOÆSiO2-3CaOÆP2O5 solid
solution saturated with MgO are projected onto the
CaO-MgO-SiO2 and CaO-MgO-P2O5 systems in
Figures 11 and 12. Since the activity of P2O5 in the
2CaOÆSiO2-3CaOÆP2O5 solid solution saturated with
MgO increased with the increase of the 3CaOÆP2O5

content in the solid solution, the compositions at 1823

and 1873 K (1550 and 1600 �C) cannot locate at the
three-phase equilibrium region as shown in Figure 12
with the phase relationship at 1273 K (1000 �C), while
experimental results were located in the region. It was
because that temperature of the phase diagram in
Figure 12 was lower than the present experimental
temperature and oxide specimens contained a certain
amount of SiO2. Moreover, not only 2CaOÆSiO2 and
2MgOÆSiO2 but also 3CaOÆP2O5 and 3MgOÆP2O5 could
form a solid solution as shown in Figures 11 and 12.
Since the phase relationship for the CaO-MgO-SiO2 and
CaO-MgO-P2O5 systems are unavailable at 1823 and
1873 K (1550 and 1600 �C), it was assumed that the
composition range of the 2CaOÆSiO2-2MgOÆSiO2 solid
solution and the 3CaOÆP2O5-3MgOÆP2O5 solid solution
increase with the increase of temperature similar to the
2CaOÆSiO2-3CaOÆP2O5 solid solution.[5]

Since the activity of P2O5 in the 2CaOÆSiO2-
3CaOÆP2O5 solid solution saturated with both CaO

Fig. 4—Projection of the equilibrium composition of oxide specimen onto the CaO-SiO2-P2O5 ternary system. The compositions of specimens
containing both MgO and CaO phases detected by XRD at equilibrium were marked as open circles.
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and MgO was smaller than that saturated with MgO, it
is considered that the reaction between the solid solution
and MgO does not produce a pure CaO phase in the
current condition. Therefore, the final composition of
the mixture of 2CaOÆSiO2-3CaOÆP2O5 solid solution and
MgO was the mixture of the 2(Ca,Mg)OÆSiO2-
3(Ca,Mg)OÆP2O5 solid solution and MgO.

D. Activity of 3MgOÆP2O5 in the 2CaOÆSiO2-3CaOÆP2O5

Solid Solution Saturated with MgO

Since the 2CaOÆSiO2-3CaOÆP2O5 solid solution was
saturated with MgO, the activity of MgO was unity, and

thus, the activity of 3MgOÆP2O5 relative to pure liquid
3MgOÆP2O5 was calculated from the activity of P2O5 by
using Eqs. [6] and [7] as shown in Figure 13 as a
function of the 3CaOÆP2O5 content in the solid solution.
The activity of 3MgOÆP2O5 increased with the increase
of the 3CaOÆP2O5 content in the solid solution. The
effect of temperature on the activity of 3MgOÆP2O5 was
not clearly observed:

3MgO(s)þ P2ðgÞ þ 5=2O2ðgÞ ¼ 3MgO�P2O5ðlÞ;

DG�
6 ¼ �1872000þ 435:1T J=mol½32�; ½6�

Fig. 5—Content of P in molten iron at equilibrium. Fig. 6—Phosphorus partition ratio between the 2CaOÆSiO2-
3CaOÆP2O5 solid solution mixed with MgO and molten iron at equi-
librium.

Table III. Content of 3CaOÆP2O5 in the Solid Solution, Partition Ratio of Phosphorus, Activity Coefficient of FeO, and Activities

of P2O5 and 3MgOÆP2O5

No. 3CaOÆP2O5 (Mol Percent)
Mass Pct Pð Þ
Mass Pct P½ � cFeO aP2O5

a3MgO�P2O5

1-1 13.0 6.26 9 102 16.4 9.24 9 10�25 1.85 9 10�11

1-2 26.7 5.00 9 102 15.1 5.59 9 10�24 1.12 9 10�10

1-3 45.5 5.24 9 102 14.6 1.17 9 10�23 2.35 9 10�10

1-4 69.1 4.27 9 102 19.8 3.16 9 10�23 6.34 9 10�10

2-1 12.2 3.91 9 102 12.2 2.26 9 10�24 3.10 9 10�11

2-2 26.4 3.60 9 102 7.76 1.05 9 10�23 1.44 9 10�10

2-3 45.6 4.25 9 102 7.66 1.75 9 10�23 2.39 9 10�10

3-1 12.6 6.02 9 102 19.2 1.46 9 10�24 2.93 9 10�11

3-2 27.6 8.36 9 102 17.8 3.00 9 10�24 5.93 9 10�11

3-3 45.4 5.31 9 102 17.7 1.56 9 10�23 3.13 9 10�10

3-4 69.3 4.01 9 102 23.9 5.17 9 10�23 1.04 9 10�9

4-1 12.7 3.77 9 102 12.7 3.53 9 10�24 4.83 9 10�11

4-2 27.8 3.52 9 102 17.2 1.64 9 10�23 2.24 9 10�10

4-3 44.6 2.91 9 102 20.9 4.99 9 10�23 6.84 9 10�10

5-1 28.2 7.07 9 102 12.9 1.31 9 10�24 2.64 9 10�11

5-2 28.0 3.00 9 102 8.21 7.22 9 10�24 9.89 9 10�11
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P2ðgÞ þ 5=2O2ðgÞ ¼ P2O5ðlÞ;

DG�
7 ¼ �1655480þ 571:0T J/mol½24�: ½7�

Fig. 10—Activity coefficient of P2O5 relative to hypothetical pure
liquid P2O5 in the solid solution.

Fig. 11—Projection of the compositions of the 2CaOÆSiO2-
3CaOÆP2O5 solid solution saturated with MgO at equilibrium on the
CaO-MgO-SiO2 system.[30]

Fig. 7—Content of FeO in the oxide specimen at equilibrium.

Fig. 8—Activity coefficient of FeO relative to liquid FeO in the solid
solution saturated with MgO or CaO at equilibrium.

Table IV. Interaction Coefficients of Solutes in Molten Iron

ei
j

j

P C O

i
P 0.054[26] 0.126[27] 0.13[28]

C 0.051[27] 0.243[25] �0.32[25]

O 0.07[28] �0.421[25] �0.17[29]

Fig. 9—Activity of P2O5 relative to hypothetical pure liquid P2O5 in
the solid solution.
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IV. CONCLUSIONS

By applying the chemical equilibration method, the
equilibrium between the 2CaOÆSiO2-3CaOÆP2O5 solid
solution saturated with MgO and molten iron was
observed at 1823 K (1550 �C) with the oxygen partial
pressure of 5.22 9 10�12 atm and at 1873 K (1600 �C)
with the oxygen partial pressure of 1.41 9 10�11 atm.
The activity of P2O5 relative to the hypothetical pure
liquid P2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid solution
saturated with MgO increased with the increase of the
3CaOÆP2O5 content in the solid solution. The activity of
P2O5 in the solid solution saturated with MgO at
1873 K (1600 �C) was larger than that at 1823 K
(1550 �C). In addition, the activity of P2O5 in the
2CaOÆSiO2-3CaOÆP2O5 solid solution saturated with
MgO was larger than that saturated with CaO. The

2CaOÆSiO2-3CaOÆP2O5 solid solution mixed with MgO
was not saturated with CaO, but the components of the
solid solution saturated with MgO were considered to be
the mixture of the 2(Ca,Mg)OÆSiO2-3(Ca,Mg)OÆP2O5

solid solution and MgO. Moreover, the activity of
3MgOÆP2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid solution
saturated with MgO also increased with the increase of
the 3CaOÆP2O5 content in the solid solution.
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Fig. 13—Activity of 3MgOÆP2O5 in the 2CaOÆSiO2-3CaOÆP2O5 solid
solution saturated with MgO.

Fig. 12—Projection of the compositions of the 2CaOÆSiO2-
3CaOÆP2O5 solid solution saturated with MgO at equilibrium on the
CaO-MgO-P2O5 system.[31]
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