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Abstract: The sintering process is a thermal agglomeration process, and it is accompanied by chemical
reactions. In this process, a mixture of iron ore fines, flux, and coal particles is heated to about 1300 °C-
1480 °C in a sinter bed. The strength and reducibility properties of iron ore sinter are obtained by
liquid phase sintering. The silico-ferrite of calcium and aluminum (SFCA) is the main bonding phase
found in modern iron ore sinters. Since the physicochemical and crystallographic properties of the
SFCA are affected by the chemical composition and mineral phases of iron ores, a crystallographic
understanding of iron ores and sintered ore is important to enhance the quality of iron ore sinter.
Scrap and by-products from steel mills are expected to be used in the iron ore sintering process as
recyclable resources, and in such a case, the crystallographic properties of iron ore sinter will be
affected using these materials. The objective of this paper is to present a short review on research
related to mineral phases and structural properties of iron ore and sintered ore.

Keywords: Ironmaking; iron ore; iron ore sinter; silico-ferrite of calcium and aluminum; Rietveld

1. Introduction

A crystallographic understanding of iron ores and sintered ore is necessary to produce
qualified iron ore sinter. In most Asian countries, iron ore sinters used in ironmaking are
produced by mixing iron ores originating from different deposits around the world, such
as those in Australia, Brazil, China, and India [1]. During the sintering process, iron ore,
flux, and coal particles are mixed together and heated to about 1300 °C-1480 °C in a sinter
bed [2-6]. The strength of the iron ore sinter is obtained by calcium ferrite liquid phase
sintering. Since iron ores used for producing iron ore sinter can have different chemical
compositions and crystallographic characteristics, a crystallographic understanding of
iron ores and sintered ore is necessary to guarantee the quality of iron ore sinter. In
particular, as demand for the recycling of metallic resources is increasing, the utilization of
steel scrap as well as by-products of steel mills is increasing [7-12]. Against this scenario,
crystallographic studies of iron ore sinter containing recycled metallic materials have
acquired increased relevance.

Iron ore sinter has a complex microstructure and comprises hematite, magnetite, silico-
ferrite of calcium and aluminum (SFCA), dicalcium silicate (C2S), etc. The fraction of each
phase is determined by the total composition, thermal history, and gas atmosphere during
the reaction [13-15], and phase identification and quantitative analysis are performed
using automated image analysis, reflected light microscopy, electron probe microanalysis,
and Rietveld analysis method [16]. Among them, the Rietveld analysis method would be
the most reasonable method for quantitative phase analysis (QPA) and obtaining crystal
structure information since image analysis methods are based on limited 2D information.
Hamilton et al. introduced the Rietveld method for the first time in their analysis of a single
crystal of SFCA X-ray diffraction (XRD) patterns [17]. Recently, Webster et al. investigated
the phase transition of iron ore sinter and the formation mechanism of SFCA at high
temperatures using in situ synchrotron XRD and QPA [14,18-23]. Many researchers have
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used the Rietveld method for the analysis of iron ore and iron ore sinter. In this study, the
types of phases and structural characteristics of sintered ore were investigated, and they
are systematically reviewed here.

2. Mineralogical Analysis of Iron Ores

Various types of iron ores are produced around the world. Table 1 presents mine
production and reserves reported by the United States Geological Survey (USGS) in 2021 [1].
According to the USGS’s report, global iron ore production reached 2.4 billion tons, mainly
from Australia, Brazil, China, and India. Furthermore, iron ore reserves in the world have
been estimated at 180 billion tons, with Australia, Brazil, Russia, and China having the
most reserves. The difference in the ranking of production and reserves is because of the
geographical location of mines and the ease of transportation.

Table 1. World mine production and reserves [1] (USGS, 2021 annual report).

Mine Production Reserves
(Thousand Metric Tons) (Million Metric Tons)

Australia 900,000 (1) * 50,000 (1)

Brazil 400,000 (2) 34,000 (2)

China 340,000(3) 20,000 (4)
India 230,000 (4) 5500 (6)

Russia 95,000 (5) 25,000 (3)
South Africa 71,000 (6) 1000 (8)
Canada 57,000 (7) 6000 (5)
United state 37,000 (8) 3000 (7)
World total 2,400,000 180,000

* Rankings are listed in ().

The quality of raw iron ores is determined mainly based on chemical composition.
In particular, the higher the total Fe content, the higher the iron ore grade. Furthermore,
low amounts of gangue materials and impurities also result in a high grade. In the present
study, the chemical composition of three typical iron ores, namely Mining Area C (MAC),
Yandi, and Carajas (supplied by Hyundai Steel), was investigated. Table 2 lists the chemical
composition of iron ores produced in various countries [2,4,24-27]. The total Fe content of
iron ore varies from 31 to 69 wt%. SiO, and Al,O3 are mainly present as gangue compo-
nents in iron ore, and their content is in the range 0.35-56 and 0.23-6.5 wt%, respectively.
Furthermore, sulfur and phosphorus concentrations are in the range of 0.001-0.3 and
0.004-0.87 wt%, respectively. Figure 1 shows a comparison of the chemical composition of
iron ores between different countries. High-grade iron ores with total Fe content exceeding
60 wt% [28] are found in Brazil, Canada, and Uganda. In the case of Australia, India, the
United States, and Russia, the ore grade is around 60 wt%. In particular, iron ores found
in China have a disadvantage in terms of the total Fe content, apart from typically having
high SiO,, phosphorus, and sulfur content. Iron ores from China may also contain TiO,,
which may cause TiC formation during blast furnace operation [29]. These geological
characteristics of Chinese iron ore originate from the nature of banded iron formation
(BIF) [2,4]; in low-rainfall areas, the ore remains unenriched and therefore contains high
concentrations of impurities. Iron ores from India and Uganda are characterized by high
total Fe and Al,O3 content. In iron ores from Russia, phosphorus and sulfur content are
relatively high. Steel mills blend various iron ores to obtain sintered ore of uniform quality.
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Table 2. Chemical composition of iron ores in different nations.
Chemical Composition (Mass %)

Mine Nation Total Fe SiO, ALO; s P TiO, Ref
Goldsworthy  Australia 63.2 49 1.6 - 0.035 - [24]
Goldsworthy  Australia 62.8 6.1 1.5 0.028 0.004 0.1 [2]
Hammersley  Australia 62.7 421 2.57 0.015 0.071 0.13 [2]
Hammersley  Australia 62.7 4.2 2.73 0.016 0.059 - [25]

Mt. Australia 62.5 5.6 2.6 0.007 0.069 0.11 [2]
Newman
Marra Australia 61 33 1.8 0.039 0.069 0.07 2]
Mamba
Mining Present
Area C Australia 60.08 448 2.46 0.025 - 0.002
(MAC) * work
Yandi Australia 59.5 5.03 1.25 0.013 0.039 0.05 [2]
Yandi*  Australia 56.92 6.06 153 0.092 - 0.095 Present
work

Irvine Australia 544 213 0.23 0.04 0.01 - [26]

Island

Itabira Brazil 68.9 0.35 0.6 0.010 0.030 - [24]
MBR Brazil 68.3 1.3 0.9 0.005 0.03 0.04 [2]
MBR Brazil 67.3 0.79 0.72 0.005 0.030 - [25]

Carajds Brazil 67.2 0.6 0.94 0.01 0.037 0.03 [2]

Carajds * Brazil 65.61 177 091 0011 - 0.088 Present
work

Carajds Brazil 65.4 1 1.05 0.010 0.038 - [26]

Robe river Canada 57.2 5.6 2.75 0.028 0.04 0.22 [2]
Carol Lake Canada 64.7 3.9 1 - 0.005 - [24]
Nanfen China 63.4 6.28 1.17 0.110 - - [4]
Exi China 42.6 22.32 2.7 0.03 0.87 - [27]
Guanzhuang China 38.7 11.6 - 0.11 0.42 - [4]
Panzhihua China 33 - - - - 11 [4]
Qidashan China 31.2 56 - 0.3 <0.03 - [4]
Bailadila India 64 25 2.5 0.05 0.100 - [26]
Donimalai India 63.5 3 3 0.050 0.080 - [26]
Goa India 57.8 2.5 6.5 0.020 0.040 - [24]
Bakal Russia 60.7 24 2 0.030 0.004 - [24]
Tula Russia 52.2 10.1 1.25 0.100 0.600 - [24]
Nyamiyaga Uganda 69 0.62 0.43 0.001 <0.02 - [26]
KyanyamuzIndaUganda 68.7 041 0.35 0.006 0.02 - [26]
Rushekye Uganda 68.4 0.96 0.58 <0.001 <0.02 - [26]
Kamena Uganda 67.9 0.8 0.65 0.002 0.02 - [26]
Butare Uganda 67.5 1.2 1 <0.001 0.05 - [26]
Kashenyi Uganda 60.6 5.1 6 0.003 0.02 - [26]
Reserve

Pellet USA 63 8.1 0.4 0.003 0.025 - [24]

Mesabi USA 575 10.1 0.7 0.010 0.060 - [24]

Minnesota USA 54.3 6.8 0.4 - 0.230 - [24]

* Rietveld analysis was conducted on data.
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Iron ore comprises various mineral phases, which can be categorized into ore and

Figure 1. Comparison of chemical compositions of iron ores in different nations: (a) Total Fe, (b) SiO,,
gangue minerals. Typical ore and gangue mineral phases are summarized in Table 3.

(c) AL,O3, (d) S, and (e) P content.
Hematite, magnetite, and goethite are known to be major ore minerals. SiO; and Al,O3
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are major components of gangue materials, such as quartz, kaolinite, and gibbsite. In
the present study, Carajas, Yandi, and MAC ores (typical iron ores) were examined using
Rietveld analysis and XRD results to determine their mineral phases. Figure 2 shows the
XRD and Rietveld analysis results. Table 4 presents the fraction of each phase. Carajas
contained 68.11 wt% hematite, 28.95 wt% goethite, and 2.97 wt% quartz. Phases that were
present in small amounts were not detected in XRD measurements. By contrast, goethite
(77.52 wt%) was the most abundant mineral phase in Yandi. MAC also showed high
goethite content (64.1 wt%). Goethite has high loss on ignition (LOI) content, which results
in additional energy consumption to remove HyO. During the selection of iron ores, apart
from the chemical composition, mineral phases should also be considered.

Table 3. Common ore minerals and gangue mineral phases in iron ore [4].

Chemical Formula

Ore Minerals Gangue Minerals

Hematite Fe, O3 Quartz SiO,
Magnetite Fe3z0y4 Kaolinite Aly(SigOq19)(OH)g
Goethite FeOOH Gibbsite Al(OH);
M . Fe3+ [F€3+ 1.67[ . . .
aghemite 1:5310; Minnesotaite (Mg,Fe)3SisO19(OH);
2+ FEa3+
Kenomagnetite Fes.x()xO4 Stilpnomelane (K,Sl\ig AAIEE)),OSI(;\;[ 2g7,2F_ ZH;F S )
Hydrohematite Fep.1)/3(OH)xO3.« Chlorite (Fe,ALMg)3(5i,Al);05(0OH)4
Pyrite FeS,
Pyrolusite MnO,
Siderite FeCOs3
Ankerite Ca(Fe, Mg, Mn)(COs3);

8 m— Measured <) m— \leasured © — ‘Measured
—_ = Calculated —_ i = Calculated —_ o) = Calculated
3 3 3
s s Q 8
2o 4 -y 2
a 7] o 7]
g i g | g
ci|a A c A | A 4 c
e |ls 1]« Elrg o +f . :
il E I kbl
Ll Lol e Ul G bR Tisllas t s
20 4 60 80 20 40 60 80
260 (deg) 20 (deg) 20 (deg)
(a) (b) (c)

Figure 2. X-ray diffraction patterns and Rietveld analysis results: (a) Carajas ore, (b) Yandi ore, and
(c) Mining Area C ore (A: Hematite; O: Goethite; [J: Quartz).

Table 4. Phase fractions of iron ores determined through Rietveld analysis (wt%).

Mine Hematite Goethite Quartz
Carajas 68.11 28.95 2.97
Yandi 20.78 77.52 1.70
MAC 33.8 64.1 2.10

3. Phase Analysis of Iron Ore Sinter

A blend of iron ores, limestone, and coal was subjected to combustion to obtain iron
ore sinter. Figure 3 shows a schematic of the thermal history and formation mechanism of
the iron ore sinter. First, CO, was removed from limestone by calcination, which yielded
CaO. CaO reacted with iron oxides to form calcium ferrites (CF [30], C2F [31], CFA [18],
SFCA [17], SECA-I [32], SECA-II [33], Fe-rich SFCA [18], etc.), in which gangue materials
were assimilated [14,18,20,21,34]. As the sintering temperature reached the maximum,
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which was in the range of 1300-1480 °C, a liquid phase was formed [2,4,35,36]. The liquid
phase served as a binding material between residual iron oxide particles. When the iron ore
sinter was cooled, SFCA, SFCA-I, and other calcium ferrites were formed [37-39]; dicalcium
silicate, alumina, quartz, and glass were also present as minor mineral phases. SFCA in the
iron ore sinter appeared in different forms (columnar, acicular, prismatic, platy, etc.), de-
pending on the cooling rate. Most of the sinter quality (reducibility and degradation degree)
was affected by the amount and shape of SFCA [35,40-47]. As the cooling rate increased,
the fractions of columnar and platy type (SFCA, SFCA-I) increased [39]. Furthermore, the
fraction of columnar type increased with the Al,O3; content. Because of the increase in
SFCA and SFCA-I, the reducibility of the iron ore sinter improved. MgO inhibited the
formation of SFCA [48]. On the other hand, LOI reduced the sintering temperature [49] and
thereby decreased the amount of SFCA formed in the iron ore sinter [39]. Some parts of
hematite particles were reduced to magnetite during the sintering process, and they were
reoxidized during the cooling process, resulting in the formation of secondary hematite.
Table 5 shows a compilation of chemical compositions and phase fractions of typical iron
ore sinters from the literature.

[_1
o0 Limestone
Iron ore
| tronore | oy
[+
[
3] lCalcination
& Gangue I id
materials . r(()meg 550 Lime
(AL O3, SiO,, etc.) (Fe;05, Fe;0,, FeO) (Ca0)
Reaction
Reaction Calcium ferrites
(CF, C2F, CFA, SECA, SFCA-L, etc.)
Solid state
Melting Reaction
Dissolution
-=-=t Melt Liquid state
&= Reaction
EO Solidification
'a . .
3 Iron ore sinter microstructure
g (Residual hematite, SFCA, SFCA-I, glass, etc.) Solid state
A Reaction

Figure 3. Schematic of the formation mechanism of the microstructure of iron ore sinter. Modified
from Jeon et al. [13].

Figure 4a shows a typical electron microscope image of the cross-section of a synthetic
iron ore sinter reported by Park et al. [50]. Here, SFCA shows a columnar morphology, and
it was formed between residual hematite particles. The dark gray color denotes dicalcium
silicate (C2S). Figure 5 shows the Rietveld analysis result for sample #6. The sample
contained 47.4 wt% SFCA, 29.9 wt% Fe;O3, 7.2 wt% Fe30y, 9.1 wt% C2S, 3.7 wt% FeO,
and 1.6 wt% Al,Os. Other types of calcium ferrites were not detected. Accordingly, it is
considered that Rietveld analysis provides detailed information of phase fractions better
than the conventional image analysis technique [51-54]. On the other hand, Figure 4b shows
a typical photomicrograph of SFCA-1 [36]. Apparently, SFCA-I has a platy microstructure
that is finer than the microstructure of SFCA.
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(b)

Figure 4. Cross-sectional image and an electron micrograph of the synthetic iron ore sinter [36,50]:
(a) Sample #8 in Table 5 [50] (V: void; H: hematite; S: silico-ferrite of calcium and aluminum (SFCA);
C2S: dicalcium silicate) and (b) the SECA-I matrix texture [36].

? Ryp: 1.59  mmmmm Measured

;.‘ GOF: 1.30 wwmmm Calculated
«©
e
>
—
(72]
c
L
=
20 40 60 80 100 120
20 (deg)

Figure 5. Examples of an XRD pattern and a Rietveld analysis result for a synthetic iron ore sinter
(Sample #6 in Table 5; O: Fe,Og3; o: Fe30y4; ©: SFCA; A: C2S; @: FeO; B: Al,O3) [50].

In Table 5, chemical compositions and phase fractions of iron ore sinters are listed; the
chemical compositions and fractions were determined through Rietveld analysis [50,55,56].
Figure 6 shows the effects of basicity (CaO/SiO,) and Al,O3 content on the SFCA fraction
in the iron ore sinter. With increasing basicity or Al,O3 content, the SFCA fraction increased.
However, to obtain a suitable microstructure of the iron ore sinter, the basicity and Al,O3
content should be optimized.
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Table 5. Chemical compositions and phase fractions of iron ore sinters (wt%).
Chemical Composition Mineral Phases
No. Ref. T.Fe SiO, Al,O3 B(CaO/SiO;) Hematite Magnetite SFCA
#1 Higuchi et al. [55] * 62.7 3.61 0.96 1.44 51 23 20
#2 Higuchi et al. [55] * 57.7 4.93 1.72 1.83 28 20 46
#3 Takayama et al. [56] ** 58.18 5.49 1.28 1.77 441 15.5 19.5
#4 Takayama et al. [56] ** 56.51 6.75 1.29 1.62 37 18.9 20.7
#5 Takayama et al. [56] ** 57.39 6.01 1.45 1.72 33 23 21.8
#6 Park et al. [50] ** 54.6 6.22 22 2.09 29.9 7.2 47 .4
#7 Park et al. [50] ** 51.8 4.54 4.01 3.08 8.6 3.1 67.8
#8 Park et al. [50] ** 54.6 3.88 2.48 4.02 22 15 79.2
#9 Park et al. [50] ** 53.8 5.88 3.58 217 20.4 7.2 61.2
#10 Park et al. [50] ** 53 5.86 5.74 2.19 6.3 3.6 83.2
* Production sinter, ** Laboratory sinter.
90 90 .
<80t v 380 v M
70 v . % 70t v
s " Y
*g 50 . g *g 50 g
&= 40 &= 40
g 30 ®m  Higuchi et al. [55] S 30 m  Higuchi et al. [55] b
Tl @ Takayama et al. [56] TR ® Takayama et al. [56]
N2 u % ¥ Parketal. [50] »20 =2 v Parketal. [50] b
10— : : ; ; ; 10 L— : : : : :
15 20 25 3.0 35 4.0 1 2 3 4 5 6
Basicity (CaO/SiO,) Content of Al,O; (Wt%)
(a) (b)

Figure 6. Effects of (a) basicity (CaO/SiO,) and (b) Al,O3 content on the SFCA fraction in the iron
ore sinter.

4. Chemical Composition of SFCA

In industrial sinters, SFCA has a wide variation of chemical compositions [6,15,17,57-61].
It is useful to use a pseudo-quaternary phase diagram, generally termed as “CCC plane”
(Figure 7), to describe a stable composition range for SFCA [17,58-60,62]. Inoue and
Ikeda [58] suggested a substitution plane of the end members CaO-3Fe;O3-CaO-3Al,03-
Ca0-5i0,. Dawson et al. [59] reported the substitution plane as CaO-2Fe;O3-CaO-2A1,03-
Ca0-35i0,, while Hamilton et al. [17] used the CaO-3Fe;O3-Ca0-3Al,03-4Ca0-35i0,
plane, which was accepted by Patrick and Pownceby [62].
Patrick and Powenceby considered that the chemical substitution reaction was as follows:
2(Fe®*,AIPY) = (Ca®* Fe?") + Si**. (1)
Here, since a unit cell is considered, a decrease in the number of ions on the left side
(Fe3* or AI**) should be identical to the increase in the number of ions on the right side
(Ca2+, Fe2t, or Si4+). This relationship was confirmed by wet chemical analysis, as shown
in Figure 8 [62].
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... Inoue & lkeda
~'~. Dawson et al.

~~. Hamilton et al.
Pownceby & Patrick

CaO
(+MgO)

Figure 7. Previously proposed compositional planes for SFCA in the Fe;O3-Al,03-Ca0O-5i0, system.
The shaded area shows the SFCA compositions in industrial iron ore sinters [62].

4.0 — —
[ m 17 at1240
* 1/8 at 1240
A 1/9 at 1240
~36 |- — — 1 e57at1240 |
= Ty x 58 at 1240
. + §/9 at 1240
-y 0 10/7 at 1240
Ean S — ] @ 10Eat1300 |
+ A 10/7 at 1300
= © 10/10 at 1300
. ¥ 2008 at 13
4 ag - _ ® 2006 at 1360 | |
I_; - — Linear (ldeal) |
fi .
w24 - — \\‘wm—--——
. T
2(Fed3* AI3*) = (Ca?* Fe2*)+Si4* ~
2.0 - : - =
10,0 10.4 10.8 1.2 11.6 12.0
Fe™ +Al* (a.p.f.u.)

Figure 8. Plot of Ca?* + Fe?* + Si** (a.p.f.u.) vs. Fe3* + AI** (a.p.f.u.) for various SECA composi-

tions [62].

Recently, Murao et al. developed a modified quasi-chemical model to describe the
thermodynamic property of SFCA [63]. A typical phase diagram of the CaO-3Fe;,O3—
Ca0-3A1,03-4Ca0-35i0; plane is shown in Figure 9. Clearly, the calculated phase diagram
is in reasonable agreement with experimental data.
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CaAl,0,,

1573 K(1300°C)

SFCA

, , L+SFCA+F(+SFCA-1)*

L+F

e N N e e N

0.3 0.2 0.1 C.
aFe, O
mole fraction 610

Liquid(L)

Figure 9. Isothermal phase diagrams of the CA3-CF3-C354 system, calculated using a thermody-
namic model at 1573 K (filled circles: experimental data points for single-phase SFCA reported by
Murao et al. [63]; filled circles: mixtures of SFCA and a meta-stable phase reported by Murao et al. [63];
open circles: a mixture of SFCA and other phases reported by Patrick and Pownceby [62]).

5. Crystalline Structure Analysis of SFCA

Rietveld analysis is used to determine crystalline characteristics by matching a the-
oretical line to a measured XRD profile. SFCA has a triclinic space group and comprises
14 metal atoms and 20 oxygen atoms. Each metal atom is located at an octahedral or a
tetrahedral site and is bound to an oxygen atom [17]. Figure 10 shows a schematic of the
crystal structure of SFCA; spinel and pyroxene planes are stacked alternately. The unit cell
of SFCA has the lattice parameters a2 = 9.061 A, b=10.020 A, and ¢ = 10.920 A (Table 6).
Metal atom positions can be categorized as octahedral and tetrahedral sites: Ca®*, Fe?*,
and Mg2+ occupy octahedral sites (M1, M2, M3, M7, M10, and M11), while Si**, Fe3*, and
APt occupy tetrahedral sites (M4, M5, M6, M8, M9, and M12). The tetrahedral sites can be
categorized into three groups: (1) Fe and Al substitution occurs at the M6 site, (2) Si and Al
substitution occurs at the M12 site, and (3) Ca and Fe substitution occurs at the Cal site.
Sugiyama et al. suggested a Mg-rich SFCAM crystal structure, which was different from
the conventional SFCA structure [64,65]. Further studies are required regarding the crystal
structure information of Mg-rich SFCAM.

Table 6. Main parameters of the crystal structure of SFCA [17] (ICDD: 01-080-0850).

Single Crystal

a=9.061A

b=10.020 A

c=10.920 A
o = 60.30°
B = 73.68°
v = 65.81°
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A1O,

(Fe,

Figure 10. Schematic of the crystal structure of SFCA in the polyhedral model (with the ball and stick
model) indicating the sequence of spinel (S) and pyroxene (P), and the atom substitution position of
the tetrahedral ((Si, Al)Oy, (Fe, Al)Oy) and octahedral ((Ca, Fe)Og) sites according to Table 7.

Table 7. Atomic coordinates and occupancy values for SFCA reported by Hamilton, Takayama et al.
and Park et al. [17,50,56].

AtomSite Hamilton Takayama et al. Park et al.
Cap gFeg7Al12Sipg02  Caz3Feyo3AlgsSipsO2 CaggFeq1.3Alg2SigaZng 40z

M1 Fe Fe Fe

M2 Fe Fe Fe

M3 Fe Fe Fe

M4 Fe Fe Fe

M5 Fe Fe Fe

Mé6 Al 0.4 Al + 0.6 Fe Fe

M7 Fe Fe Fe

M8 Fe Fe Fe

M9 Fe Fe Fe

M10 0.5 Fe 0.5 Fe 0.5 Fe

Mi11 0.5 Fe 0.5 Fe 0.5 Fe

Cal 0.8 Ca + 0.2 Fe 0.3 Ca + 0.7 Fe Fe

Ca2 Ca Ca Ca

Ca3 Ca Ca Ca

Mi12 0.8Si+0.2 Al 0.8Si+0.2 Al 0.45Si+ 0.2 Al +0.35Zn

Recently, Park et al. reported the substitution of Zn at the M12 site in SFCA [50].
They used information on Hamilton's crystal structure parameters to evaluate the atom
occupancy variation. Figure 11 shows metallic atom occupancy changes at the M12 site as
a function of the basicity and those at the M6 site with respect to the initial composition of
Al,Os. As the basicity of SFCA increases, Fe occupancy of the M12 site increases, while Si
occupancy decreases. When the Al,O3 concentration increases, the Fe occupancy of the M6
site decreases, while Al occupancy increases.
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Figure 11. Atom occupancy changes at M12 and M6 sites (a) as a function of the basicity and
(b) relative to the initial composition of Al,O3 [50].

6. Conclusions

In this study, different types of phases and structural characteristics of sintered iron
ore were investigated and systematically reviewed. In 2021, global iron ore production
reached 2.4 billion tons, with the main producers being Australia, Brazil, China, and India.
The total Fe content of iron ore varies from 31 to 69 wt%. Generally, iron ore with total Fe
content exceeding about 60 wt% is usually called high-grade iron ore. SiO; and Al,O3 are
gangue components in iron ore, and their content ranges are 0.35-56 and 0.23-6.5 wt%,
respectively. To ensure that the sintered ore they use is of uniform quality, steel mills mix
various iron ores. In this study, phases of three typical iron ores (Carajas, Yandi, and MAC)
were investigated through Rietveld analysis of XRD results. Hematite, goethite, and quartz
were found to be the main mineral phases. Hematite was found in Carajas, and goethite in
Yandi and MAC was highest. These ores were mixed to produce a sintered ore, and calcium
ferrite melt was formed during the sintering process. The calcium ferrite melt bound iron
oxide particles. Some hematite particles were reduced to magnetite during the sintering
process, and some were reoxidized during the cooling process to form secondary hematite.
In the sintered iron ore, dicalcium silicate, alumina, quartz, and glass were present as minor
mineral phases. Calcium ferrite reacted with gangue components to form SFCA. SFCA
in the iron ore sinter had columnar or acicular morphology, depending on the cooling
rate. Furthermore, the SFCA fraction increased as the basicity or alumina concentration
of the sintered iron ore increased. SFCA has a triclinic structure and can be represented
as a CA3-CF3-C354 pseudo ternary system. The positions of metallic atoms in SFCA are
determined by the substitution reaction 2(Fe3*, AIP*) < (Ca?*, Fe?*) + Si**. As the basicity
of SFCA increases, Fe occupancy of the M12 site increases, while Si occupancy decreases.
As the alumina concentration increases, Fe occupancy of the M6 site decreases, while Al
occupancy was increases.
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