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The thermodynamic model of silico-ferrites of calcium and aluminum solution, the SFCA

phase (Ca,(Fe, Ca)?* (Fe, Al, Si) * 0,,), was newly developed in the framework of the Com-
pound Energy Formalism (CEF). Preferred substitution of Al atoms to tetrahedral sites in
the SFCA solution was verified by X-ray absorption near edge structure (XANES) analysis.
When considering crystallographic information in particular the short-range-ordering na-

ture in the SFCA solution, the Cas(Fe”) 2‘{’)“

(Ca Sl'6+’ FeFe 6+’ FeA 16+ )3Paired (Ca Sl'6+ )IPaired (Fe3+,

Al?) ¥ O, structure was considered for modeling the SFCA solution. The optimized Gibbs

0

energies of all end-members can successfully reproduce the experimental single phase re-

gion of the SFCA solution.

1. Introduction

In the industrial sintering process, fine ores are mixed with lime-
stone flux and coke breeze, and heated by the combustion of coke
breeze in a temperature range of 1450 to 1600 K for a few minutes.
This generates Ca-Fe-O melt and allows for the melt of ore powder.
In the cooling process, the solid phases precipitated from the Ca-Fe-
O melt are calcium ferrites (CaO-Fe,0,), multi-component calcium
ferrites (silico-ferrites of calcium and aluminum), secondary hema-
tite, magnetite, amorphous calcium silicate (CaO-SiO,) and the solid
solution of them. These form a complex micro-texture mixed with
iron ore grains, pores, and cracks. These phases play an important
role in providing appropriate sinter properties such as strength or re-
ducibility."? The composition and quantity of liquid formed during
the sintering process are affected by various process factors such as
the heat pattern, composition of sinter, and oxygen partial pressure
near the grain boundary of iron ore grains.

Although the sintering reaction is a non-equilibrium and inho-
mogeneous, it is important to understand solid-liquid equilibrium of
the sinter ore system for the quantitative analysis and verification of
these factors. The sintered reaction has diffusion limitation and it
progresses with an uneven non-equilibrium reaction. By considering
only a system with a very narrow range, the reaction can be realized
through local thermodynamic equilibrium. For example, in the refin-
ing process, process simulation is performed using the Effective

Equilibrium Reaction Zone Model.>*# Our research group is trying
to establish a multi-component system phase diagram in parallel
with the reaction dynamics analysis>® using the X-ray diffraction
(XRD) and the X-ray absorption spectroscopy (XAS).

For the experimental phase diagram, the quasi-binary system
such as the Fe,0,-CaO system has been studied thoroughly.” How-
ever, the multi-component-based high FeO_ region including ore
composition of SiO,, MgO, etc. remains unclear. For the CaO-
Fe,0,-Si0, quasi-ternary system, the region with oxygen partial
pressure of 107 Pa from the atmospheric pressure has been experi-
mentally studied by Kimura, et al.¥ The most recent report of the
high Fe,O, region for Al,0,-CaO-Fe O, at 1573 K was prepared in
1967, and the existence of various ternary system solid phases was
shown.” For the liquid phase region for the Al,O,-CaO-Fe,0,-SiO,
quasi-quaternary system, only the low ALO, region with about 5
mass% has been studied. In the Al,0,-CaO-Fe O,-SiO, quasi-qua-
ternary system, the continuous solid phase of compound multi-com-
ponent calcium ferrite (SFCA: silico-ferrites of calcium and alumi-
num) is generated.

The single crystal structure analysis result of at least three types
of multi-component calcium ferrite, the so-called SFCA (A, TM,O, ),
SFCA-I (A,BM,T,0,)), and SFCA-II (A,T M, O,) phase, which
are a homologous series based on that of aenigmatite, has been re-
ported.'”'™ In the structure formula, A=Ca*’, B=Ca*, Fe*’, and M
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and T indicate the octahedral 6-coordination and the tetrahedral
4-coordination cation sites, respectively. The stable regions of these
phases were experimentally researched by Patrick, et al., but have
not yet been completely clarified, as shown in Fig. 1'>. The homo-
geneity range of the SFCA-I and SFCA-II phases is still under dis-
cussion.'® The Si-free SFCA-II is a ternary solid solution with a
compositional range of Fe,O, between 44.5 and 81.5 mol%, accord-
ing to Dayal, et al. ' Patrick, et al. also reported the possibility of
substitution of the SFCA-I and SFCA-II phases.'”

The crystal structures of the SFCA, SFCA-I, and SFCA-II phases
can be described as the sequences of pyroxene (P) and spinel (S)
modules. The SFCA phase has the P-S-P-S- cycle, and its composi-
tion is a high-Si and low-Fe type with a wide range of AL,O, substi-
tution. The SFCA-I phase has the P-S-S-P-S-S- cycle and its compo-
sition is a low-Si and high-Fe type compared to the SFCA phase.'?
The structure of the Si-free SFCA-II is determined by the single
crystal X-ray diffraction analysis, and its structure indicates the fea-
tures of both the SFCA and SFCA-I type, resulting in the P-S-P-S-
S- cycle. !

In the case of a multi-component system, it is difficult to clarify
all the complex phase equilibria between solid and liquid phases un-
der different partial pressure of oxygen. Therefore, the CALPHAD-
type thermodynamic database, which is constructed based on the
critical evaluation and optimization of all the reliable thermodynam-
ic and phase diagram data in the literature, can be a very useful tool
for identifying complex phase equilibrium in the composition and
partial pressure condition of interest. The FactSage thermodynamic
database'® ' has been built for the past several decades and widely
applied to the pyrometallurgical processes including ironmaking and
steelmaking.”” Regarding the Al,0,-CaO-Fe,0,-SiO, system, in
particular for iron sinter ore application, however, the SFCA phase
that is one of the key sinter phases is missing in the database.

This study proposes a thermodynamic model of the SFCA solu-
tion phase in the Al,O,-CaO-Fe,0,-SiO, system. For a thorough ex-
planation of the thermodynamic nature of the SFCA phase, the crys-
tal structure of the SFCA phase should be taken into account in the
CALPHAD-type modeling. Although the crystal structure of the
SFCA has already been determined via single X-ray diffraction
analysis,'V the distribution of Al has been unclear especially for the
high-Al-bearing SFCA phase. Therefore, in the present study, the X-
ray absorption near edge structure (XANES) of the SFCA phase
prepared with the powder sintering method was also investigated to
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Fig. 1 Schematic phase diagram indicating the CaAl O, -CaSi O, -
CaFe O, (CA3-C4S3-CF3) plane, the SFCA single phase region

in the A1,0,-CaO-Fe,0,-SiO, system'?
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analyze the coordination environment of cations. The thermody-
namic model parameters of the SFCA phase were optimized to re-
produce the liquid- and solid-phase equilibria related to the SFCA
phase in the AL, O,-CaO-Fe,0,-SiO, system in air. The FactSage ver.
6.4 FToxid database was used for all solid and liquid phases other
than the SFCA phase.

2. Experimental and Thermodynamic Calculations
2.1 Sample preparation

Three SFCA samples with different compositions were prepared
by the conventional powder sintering method for X-ray absorption
measurements. Starting materials a-Fe,O, (4N grade, 1 um), CaCO,
(4N grade, 12 um), a-SiO, (99%, 1 um), and a-AL,O, (4N grade, 1
um) were mixed with an agate pestle and mortar with the nominal
compositions shown in Table 1'9. Each sample of 1 g was pressed
into pellets having a diameter of 13 mm at a pressure of 24 MPa.
These pellets were calcined at 1070 K for 10 h for decarbonation,
then crushed, pelletized, and sintered at 1500 K over 60 h in a plati-
num crucible to confirm products as single phases by powder X-ray
diffraction measurements and check those compositions via X-ray
fluorescent analysis. The reference material FePO, was prepared by
dehydration of FePO,-nH,0 at 870 K. Ca,Fe O,, CaFe,0,, and
Ca,(Fe, Al),O, were prepared by the same process of SFCA with the
sintering temperature of 1370 K.

2.2 X-ray absorption measurements

XAFS experiments were conducted at Photon Factory, KEK
(KEK-PF), Japan. Al K-edge XANES spectra were collected at BL-
11A by the total electric yield (TEY) method. The energy scale was
calibrated at 1s—¢ peak top of the Al K-edge absorption of
a-ALO, as 1568.7 eV.

Fe K-edge XANES spectra were collected at BL-9A by a trans-
mitting method. Synthesized SFCA and reference materials were
ground into powder of 10 mm diameter pellets and diluted with BN
powder for the X-ray absorption measurements so that the absorp-
tion difference Aut before and after absorption edge may be about 1.
The energy scale was calibrated at the minimum point of the first
differential curve of edge absorption of Fe foil as 7113.2 eV. Nor-
malized XANES spectra data (Aut=1) were used to calculate the in-
tegrated intensity of the pre-edge peak of Fe K-edge.

2.3 FactSage thermodynamic databases

Phase equilibrium calculations of the Al,0,-CaO-Fe,0,-SiO,
system were conducted by using the thermodynamic database with
Gibbs energy minimization software, FactSage 6.4. The FactSage
FToxid database was used for various solid and liquid oxide phases
other than the SFCA phase, and FactPS (pure substances database)
was used for gas phases to fix the oxygen partial pressure.

The Modified Quasi-chemical Model (MQM) is used in the
FToxid database for the multi-component molten oxide solution.?!2?
The MQM can reproduce the oxygen bonding structure in molten
oxide. For example, the network breaking reaction of SiO, by a net-
work modifier (MO) can be well reproduced in the MQM by the
(Si-O-Si)+(M-O-M)=2 (Si-O-M) pair exchange reaction between

Table 1 Chemical compositions of sintered SFCA (mol%)'>

Sample Fe,0, CaO ALO, Sio,
SFCAO05 56.1 30.4 5.7 7.9
SFCAI1S 50.4 273 17.1 5.2
SFCA30 372 25.8 322 49
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the second nearest cations, which is a key to reproducing the entro-
py of mixing. Many binary and ternary liquid solutions have been
modeled using the MQM and the Gibbs energies of the liquid solu-
tions in higher-order systems are properly predicted from the model
parameters of the binary and ternary systems.

The Compound Energy Formalism (CEF)*:2» has been used to
describe complex solid solutions. In the CEF, the crystallographic
information, in particular the mixing of cations (species), at a given
sublattice is properly taken into account for better reproduction of
entropy of solid solution. In this study, the SFCA phase was newly
modeled in the framework of the CEF taking into account its crys-
tallographic features. All thermodynamic calculations in this study
were performed using the FactSage software 6.4 version.

3. Results
3.1 XANES analysis

Figure 2" shows the normalized Al K-edge XANES spectra of
the SFCA and reference materials (AIPO,, a-AL,O,, MgAlO,,
Al1S1,0,(OH),, and Ca,(Fe,Al),0,). Three SFCA phases and
Ca,(Fe, Al),O, indicate pre-edge peak characteristics of Al in oxy-
gen tetrahedral coordination at 1563.5 eV. If the Al structure is oxy-
gen hexahedral, the absorption peak is predicted to be around 1569
eV. It was difficult to directly determine whether Al is distributed in
the oxygen hexahedral sites from these spectra due to the broad
shoulder observed around 1575 to 1567 eV in the SFCA phase
spectra. To analyze the structure in detail, multiple scattering analy-
sis using the crystal structure model is required.

Figure 3'Y shows the normalized Fe K-edge XANES spectra of
the SFCA and reference materials. Pre-edge peaks due to 1s to 3d
forbidden transition were observed around an energy of 7108 eV
and those energy positions were almost the same as those in the
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Fig. 2 Al K-edge XANES spectra of spinel, AIPO,, ALLO

Ca(Fe, Al )O
SFCA05, SFCA15 and SFCA30'9 e e
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SFCA phase with a reference containing Fe*". The energy position
of the pre-edge peak of Fe K-edge absorption depends on the va-
lence of the Fe ion and its peak intensity is stronger in tetrahedral
4-coordination with lower symmetry than in octahedral 6-coordina-
tion with higher symmetry.?

In the case of powder sintering in an air atmosphere, the SFCA
with a low Fe*"/Fe’ ratio of about 0.02 was formed'¥ and the pres-
ence of Fe*" was ignored in this analysis. The peak profile of pre-
edge was fitted by the Gaussian function after spline fitting of the
baseline and an integrated peak intensity was obtained. Figure 4'>
(a) shows the pre-edge peak height of normalized spectra for each
specimen. The pre-edge intensity of FePO,, which has one oxygen
tetrahedral coordinated site of Fe, was the highest among speci-
mens. The lowest peak intensity was obtained for CaFe,O, and
a-Fe,0,, which have only hexahedral-coordinated sites of Fe.
Ca,Fe O, has one hexahedral- and one tetrahedral-coordinated site,
so that the pre-edge intensity was in the middle among the reference
materials. The SFCA structure has six tetrahedral-coordinated cation
sites and six hexahedral-coordinated cation sites.

Fe atoms are distributed in both sites, while Si atoms occupy
only tetrahedral sites. Ca atoms are distributed in two 7-coordinated
sites and hexahedral sites. On the contrary, Al is amphoteric and
may be distributed in both tetrahedral and hexahedral sites. This
may depend on the coordination environment of each site such as
cation-oxygen distances. To determine the distribution of Al in
hexahedral and tetrahedral sites in the SFCA structure, a quadratic
correlation equation between the ratio of Fe occupying the hexahe-
dral sites and tetrahedral sites to the total Fe and integrated pre-edge
peak intensity was obtained from the data set of FePO,, Ca,Fe,O

275
CaFe,0,, and a-Fe,O,, as shown in Fig. 4(b). The distribution of Fe,
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Fig. 3 Fe K-edge XANES spectra of Fe,0,, FePO,, Ca,(Fe Al
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Table 2 Distribution of cations in octahedral and tetrahedral sites and distribution of Fe determined via Fe K-edge XANES analysis'>

Site occupancy of cation (a.p.f.u.)

Ratio of Fe**

Octahedral sites Tetrahedral sites Oct /(Oct+Tet)
Sample AP Total
Ca* Fe** Fe* Si#* AP Fe** Calcd. XANES
(fixed)

SFCAO05 0.67 5.33 0 434 0.67 0.99 9.66 0.55 0.3

SFCA15 0.43 5.57 0 2.75 043 2.83 8.32 0.67 0.72

SFCA30 0.39 5.61 0 04 0.39 5.21 6 0.93 0.9
Ca,(Fe,Al),O — 1 0 0 - 1 1 1 0.97

and subsequently Al, in hexahedral and tetrahedral sites can be de-
termined.

Table 2'> shows the types and the calculated distribution of cat-
ions (a.p.f.u.) in the hexahedral and tetrahedral sites and the ratio of
hexahedral site occupancy of all Fe, assuming all Al atoms are in
tetrahedral sites. The right column shows the ratio of hexahedral site
occupancy of Fe determined via XANES pre-edge peak intensity
analysis. The XANES analysis results agreed well with the assump-
tion of preferred substitution of Al in tetrahedral sites. In the case of
SFCA30, which is at the almost maximum limit of the Al solid solu-
tion-range, most of Fe is distributed in hexahedral sites, which
means that the stable compositional range of the SFCA phase is lim-
ited by the substitution limit of Al in the tetrahedral site.

As a result of the XANES analysis, the SFCA solid solution can
be expressed as Ca,(Fe, Ca)?“(Fe, AL, SO,

3.2 Thermodynamic modeling of SFCA

The thermodynamic model of the SFCA solution was developed
in the framework of the CEF. Several sublattice structures were tested
for describing the SFCA solution. As the thermodynamic properties
of the SFCA solution have not been determined, the model was veri-
fied to reproduce the phase equilibria between liquid and SFCA by
Patrick, et al.'”

The Gibbs energy of an oxide solid solution can be described by
the CEF considering its crystallographic nature. Let’s assume the
crystal structure of the solution is 4 (X, ¥) ?(M,N) O, where a, m, n,

-70-

and z represent the number of sublattices per formula unit. X and ¥
cations can occupy “O” sublattices and M and N cations “7” sublat-
tices. Then, Gibbs energy G™ of this solid solution per formula can
be expressed as follows using the CEF:

G"=Y,% YY'G,~TS,+ G 1)
“R(mY Y’InY® +n Z,Y,Tln Y,J) 2)

where Y and Y " are the site fraction of i and j cations in the “O”
and “T d sites. G represents the molar Gibbs energy of 4 (i) °(/)] O,
end-member of the solution. S, is the configuration entropy of solu-
tion which is calculated based on the random mixing of species at O
and T sites, where m and n are the number of moles of the O and T’
sublattices, respectively. That is, for the CEF, the random mixing of
species at a given sublattice is considered. G is the excess Gibbs
energy, which includes the interaction energy between the mixing
species in the solution. The main model parameters in the CEF are
the Gibbs energy of end-member, G, In particular, as some of the
end-members in the Gibbs energy description can be imaginary
pseudo-components, their Gibbs energy values can directly influ-
ence the Gibbs energy of the solution.

If necessary, G* can be introduced to further refine the Gibbs en-
ergy of the solution. The simplest and most straightforward sublat-
tice structure of the SFCA phase we can consider is shown in Eq. (3):

Ca,(Fe*, Ca*")(Fe, AP', Si*) [0, 3)
where only hexahedral and tetrahedral sites are substituted with the
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different cations. Then, the molar Gibbs energy, G”, of the SFCA

solution per formula can be described using Egs. (1) and (2). Under

this formula, six end-members can be defined:
Ca,(Ca)(Si)0,,, Ca,(Fe)>(Fe)"O,,, Ca,(Fe)2*(A)[*O,

20° 207
Ca,(Fe)?(Si) O, Ca,(Ca)%(Fe)™ O, Ca,(Ca)® (AN 0% .

Among them, the first three neutral endo—members correspond to
the composition of Ca,Si,O0,, CaFeO,, and CaFe,ALLO,, in the
phase diagram of the CaAlO,-Ca,Si,0 -CaFeO, system, as
shown in Fig. 1. The other 3-charged end-members do not appear in
the diagram. Using the formula in Eq. (3), it was very difficult to
obtain the homogeneity range of the SFCA solid solution of up to 35
mol% of CaAl O, in the CaAl O, -Ca Si,O -CaFeO  system.

The only way to increase the homogeneity range toward
CaAl O, of the SFCA phase was to stabilize the pseudo-end-mem-
ber Ca,(Fe)?(A)O,, by decreasing its Gibbs energy. However,
this would cause the formation of stable CaFe,AL,O  in the
CaFe O, -CaAl O, section. In addition, it was difficult to control

the sdlug)lhty of Si in the SFCA structure within the experimentally
measured concentration range (Si=0.25 to 1.0 mole per mole of
(Ca,(X)P(N[0,,))"? which was obtained mainly by adjusting the
Gibbs energy of Ca,(Ca)*(Si)*O,,.

There is a charge compensation relationship, (Ca?")%+ (Si*")%/=
(Fe*h)9%+(Fe*, AI*)™ in the SFCA structure. That is, when Si*" dis-
solves in tetrahedral sites with the replacement of Fe* or AI**, Ca*
should be dissolved in the hexahedral site by replacing Fe** for bal-
ancing.

Figure 5' shows the crystal structure of the SFCA phase based
on the crystallographic data reported by Hamilton, et al.'V Si*" was
concentrated at a certain tetrahedral site and was located close to the
hexahedral site with Ca*" concentrated. This means that the sublat-
tice structure used in the above SFCA model (3) is improper and the
entropy of mixing of real solution is overestimated. To describe such
a short-range-ordering behavior between Si** and Ca*" in the SFCA
structure, a pair of the tetrahedral and the hexahedral sites can be
considered as one of the sublattices. The SFCA phase solid solution
range of Si*" in an air atmosphere ranges between 0.25 and 1.0 atom
per six tetrahedral-coordinate sites'®. That is, the maximum Si** oc-
cupancy in tetrahedral sites is 1/6, and 1, out of 6, tetrahedral and
hexahedral sites were considered as the paired sites.

In the paired sites, CaSi, FeFe, and FeAl pairs can exist assum-
ing the cation species in the hexahedral and the tetrahedral sites (Ca
and Fe in hexahedral sites and Fe, Al, and Si in tetrahedral sites). In
particular, no CaFe, CaAl, and FeSi pairs were considered in the
paired sites to ensure that all Ca are paired with Si. There are one-

?jﬁi , ]
A“vwg% 'A‘V’A N
3 ?ﬂﬁm iz AN
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Fig. 5 Schematic of the crystal structure of SFCA') indicating spinel (S)
and pyroxene (P) modules, and the short-range-ordering of Si
and Ca in tetrahedral (Si,Al)O, sites and octahedral (Ca,Fe)O,
sites, respectively’>

mole paired sites per mole of SFCA solution with Ca,(X)*(Y)*O,,.
Among the one-mole paired sites, a quarter of them were again oc-
cupied only for CaSi such that the solubility of Si in SFCA can vary
from 0.25 mole per mole of Ca,(X)?(Y)[*O,,. The rest of the hexa-
hedral sites were assumed to be occupied only by Fe, and the rest of
the tetrahedral sites were occupied by Fe and Al.

In summary, the modified crystal structure of the SFCA phase is
shown in Eq. (4) as follows:

Ca(Fe*")(CaSi®, FeFe®, FeAl*)[/(CaSi®")[“!(Fe*", AP)% O,
“
This corresponds to Ca (X)2(Y),O,, per mole.

There are six end-members to express the modified SFCA solu-
tion with the above-mentioned crystal structure using the CEF. Fig-
ure 6'% (a) shows a schematic illustration of the end-members in the
bi-pyramid structure, and Fig. 6(b) shows the compositions of the
end-members plotted on the CaAl O -Ca,Si,O -CaFe,O  (CA3-
C4S3-CF3) plane. In Fig. 6(b), the circles and triangles indicate a
single-phase SFCA region that was experimentally confirmed.!”-2%
It should be noted that the compositional range of the end-members
in the SFCA solution is wide enough to contain all the experimental
single-phase SFCA compositions, and all the end-members are
charged to neutral.

In the formula of the SFCA solution in Eq. (4), let us define 3
moles of paired sites containing CaSi, FeFe, and FeAl as P sites,
and 20 moles of tetrahedral sites containing Fe and Al as the 7 site
for the sake of simplicity. According to Egs. (1) and (2), the molar
Gibbs energy of the SFCA solution per mole of Ca (X)}(Y),7O,,
can be expressed as follows:

G =Y, Y Y'Y'G,~ TS + G )
S, =-RGX,YIn Y +20%, Y In Y7) (©)

where Y and Y, "are the occupancy of the i-th and the j-th cations in
the P and T sites, respectively, and G is the molar Gibbs energy of
the end-member Ca(Fe*)o(i)! “”‘-’“’(CaSzﬁ*)’ ared (7)1 O, The con-
figuration entropy, S, is also defined as shown in Eq. (6)

In expressing the solution using the CEF, the molar Gibbs ener-
gy of six end-members G, is the most important model parameter.
None of G in the present formula is the actual stable phase in the
CaAl O, - Ca48130m CaFe O, system. Therefore, logical determina-
tion of G, is essential to accurately express the Gibbs energy of the
SFCA solutlon In the present study, G, (in the following expres-
sion, it is presented as G°(i*j")) was deﬁned using the well-known
molar Gibbs energies of stable compounds such as CaFe,O,, CaAl,O,,
Ca Si,0,, CaSiO,, Fe,0,, or ALO;:

277 273

G°(CaSi’Fel) = fG” + 2 Gl 6 G” +%G”+G 7
G”(CaSIPAlT)
20 20
:?GO +?G¢?Az+ 6 Gémz 6 Gﬂ +?GG+?GZ+G2 ®)
46
G°(FeFel'Fel) = fG" + 6 Gt 6 Ggﬁ?G;-*-G} )

G"(FeFe” Al’)
26

o o o o o 20 o
=?GCF2+?GCA2+ < G, = C GG e GG, (10)

G"(FeAl” Fe’)

o o o 2 o 43 o 3 o
:?GCH-’— 6 GCAZ+ 6 Gintg 6 GCS+?GF+?GA+G5 (11

G*(FeAl” Al")
23 23 23,23

7G0 +7G0 + Go + Go +7G

6 6 2 6 a2 6 6 6G0+G (12)
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Fig. 6 (a) Schematic of the Gibbs energy of end-members of SFCA solution model, and (b) Compositions of six end-members of the SFCA solution model
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Circle and triangle symbols indicate the composition of single phase SFCA that were experimentally determined.'”-?%

where G2, G2, Gé.or G G2, and G¢ are the molar Gibbs ener-

gies of tﬁ: CaFe 0., CaAlO,, Ca,Si,0,, CaSiO,, Fe,O,, and Al,O,
phase, respectively. The expression of G°(i*;7) with stable com-
pounds was selected based on the numbers of respective cations and
anions in the individual end-member. G, to G, are the additional
Gibbs energy terms to adjust the value of G°(i”j7).

In this study, G* was set to be zero in Eq. (5). Thus, the Gibbs
energy of the SFCA solution can be fully expressed by the Gibbs
energies of six end-members to reproduce the equilibrium between
the single SFCA phase region and other phase regions.

3.3 Optimization of SFCA thermodynamic model

In this study, the surplus Gibbs energy terms of G| to G, in Egs.
(7) to (12) were optimized for the Gibbs energies of end-members
of the SFCA solution model to reproduce experimental data, report-
ed by Patrick, et al.'”, set in a temperature range between 1513 and
1663 K. The isothermal phase diagrams of the CA3-C4S3-CF3 sys-
tem in an air atmosphere are acquired at 1513, 1543, 1573, and
1663 K as shown in Figs. 7' (a) to (d) using the FToxid database
and a new SFCA solution model with the optimized parameters. The
colored regions in the figures show the calculated SFCA single-
phase region.

The filled circles indicate the experimental data points of single-
phase SFCA and the open circles indicate the mixtures of the SFCA
and other phases, obtained based on the experiment by Patrick, et
al.!” The filled triangles represent the mixtures of the SFCA and the
meta-stable phase, possibly, due to the low temperature condition
and short baking period of sample preparations. Experimental ho-
mogeneity areas of the SFCA phase (single phase region of SFCA)
can be correctly calculated at temperatures between 1543 and 1663
K by the new SFCA model. Under the 1513 K condition, the single
phase region of SFCA calculated in a low Al region (> 0.85CF3) is
slightly inconsistent with the experimental data; the calculated sin-
gle phase region of SFCA in the low-CA3 region is extended more
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toward the CF3 corner than the experimental one.

One possible reason for such inconsistency could be that in the
thermodynamic model of the hematite (a-Fe,0,) phase used in these
calculations, the solid solution of CaO in Fe,O, was not taken into
consideration. In reality, approximately 10% of Fe is substituted
with Ca in the hematite phase at 1513 K to form solid solution.?”
This may destabilize the hematite phase and affect the single phase
region of the SFCA phase. In addition, absence of the SFCA-I phase
thermal model may also affect the stable region of the SFCA phase
at around 0.85CF3.

The main focus of the present study is to develop the SFCA so-
lution model using the CEF and optimize the model parameters. Al-
though the generated region of the SFC phase was successfully re-
produced by using the present SFCA model, the other phases around
the SFCA require further examination. To this end, deeper research
of the experimental phase diagram of the CA3-C4S3-CF3 system is
also necessary. Another multi-component calcium ferrite with the
aenigmatite-type structure, the SFCA-I phase, and the thermody-
namic SFCA-II (i.e., C3) phase model with no SiO, should be opti-
mized to explain the phase equilibria involving the SFCA phase in
the low SiO, region. Further investigation of these matters is re-
quired in the near future.

4. Conclusions

A new thermodynamic model of the SFCA phase was developed
in this study. It was confirmed via XANES analysis that Al atoms in
the SFCA solution preferentially substitute tetrahedral sites. The
thermodynamic model of Eq. (4) was developed in consideration of
the short-range-ordering nature in the SFCA solution to model the
SFCA solution crystallography based on the CEF. The optimized
Gibbs energies of all end-members can successfully reproduce the
single-phase region of the SFCA solution.

To analyze the real sintering process, the presence of Fe*" or
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Fig. 7 Calculated isothermal phase diagrams of the CA3-C4S3-CF3 system using the present SFCA thermodynamic model at (a) 1513 K, (b) 1543 K, (¢)

1573 K and (d) 1663 K, respectively'

Painted regions show the calculated SFCA single-phase and liquidus region. Filled circles indicate experimental data points of single-phase SFCA,
filled triangles represent the mixtures of the SFCA and the meta-stable phase and open circles indicate a mixture of SFCA and other phases re-

ported by Patrick et al.'"” F, CS, C3S2, And, and Ano stand for the stoichiometric Fe,O,, CaSiO,, Ca,Si,O
tively. Mel, CAFS, C6, C3, and C2 represent melilite, Ca,(Al, Fe)SiO

tively.

Mg?" should be taken into consideration. It was reported that the so-
lution range of Si*" and Ca?" increases with the increase of Mg?**
concentration.'¥ The quantity of Fe?" in the solution may increase in
the SFCA phase, in particular, under low oxygen pressure. Further
study on modeling of the remaining SFCA series including the SF-
CA-I phase is required. The re-optimization of the CaO-SiO,-FeO-
Fe,0,-Al O, system, in particular, in the high-Fe-oxide region would
be necessary to improve the illustration of the phase equilibration
related to the iron ore sintering process.
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