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Abstract
Silico-ferrite of calcium and aluminum (SFCA), a signi�cant equilibrium crystalline phase in the Fe2O3-
CaO-Al2O3-SiO2 ternary structure, is an effective bonding form in the sintering process of �ne iron ore. The
current study investigates the effects of using pellet dust instead of iron ore in sinter blend in SFCA
phases. Investigation of the internal structure of the sinter is critical in terms of its physical and
metallurgical properties. In this study, the sinter pot experimental conditions were simulated to the actual
sinter mill situation. The chemical structure of SFCA compounds was de�ned as both SFCA and SFCA-I
phases in the SiO2-CaO-Fe2O3 and Si-Ca-Fe ternary-phase system. The comparison of the sinter samples
with each other revealed that the sinter mixture with a pellet dust fraction of 13.53% in the Sin-3 probably
achieved the best similarity in reaction rate and formed the larger ratios in SFCA and SFCA-I. In addition,
this research optimized the chemical composition in the sintering process (especially CaO, Al2O3, Fe2O3,
SiO2, etc.), investigated the correlation between the SFCA phases (SFCA and SFCA-I), and controlled the
main parameters that affect on the sintering process and its functioning.

Introduction
Sinter mineralogy and macro and microstructure are directly related to sinter quality and strength. The
mineral structure of the sintered material depends on the sinter composition. Therefore, it is necessary to
realize the basic requirements of the phase structure throughout the sintering process to control and
improve the sintering property. The reaction in the sintering process and the phase structures have been
the subject of many studies (Hsieh 1989; Scarlett et al. 2004). During the sintering process, chemical
reactions occur at high temperatures (about 1200 oC). The iron ores and �ux materials are mixed to form
a sinter cake of iron ore, silicoferrites of calcium and aluminum (SFCA), larnite, and a glassy structure.
SFCA is the most signi�cant component of the formation due to its abundance in the sintered material
and its considerable effect on sintering. Many studies have particularly examined the accumulation and
structure of the SFCA structure formed during the sintering process (Lv 2011; Yang et al. 1997). Besides,
many scientists have investigated SFCA phase structures and recognized the inadequacy of available
phase forms for SFCA structures (Yang et al. 1997). Many reactions occurred during the sintering process
can cause the existence of different compounds in the sintered material (Loo 1998).

SFCA structures are the most favored forming structure in sinter due to their extreme reducibility, excellent
mechanical strength, and low degradation, which are signi�cant parameters in determining the e�ciency
and capacity of the blast furnaces (Wei et al. 2018; Loo 1998; Webster at al. 2012). Understanding the
formation of the various stages in the sintering process will provide higher product quality, production
optimization, and economic savings. For this purpose, numerous research has been carried out with X-ray
diffraction and the Rietveld method. Signi�cant forms of the calcium ferrite phases with different
morphologies are generally gathered under the SFCA title, depending on the conditions under which the
sintered structure occurs. The �rst SFCA type appears in a blocky or columnar form during the cooling
phase when the sintering temperature is at 1300oC (Webster et al. 2016; Koryttseva et al. 2017; Cai et al.
2018; Nicol et al.2018). Many researchers have reported that the crystal grain size of SFCA formation can
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be over 10 µm in this phase (Sasaki and Hida 1982; Garbers-Craig et al, 2003). SFCA morphology has
M14O20 stoichiometry, a chemical formula of Ca+ 2

2.3Mg+2
0.8Al+3

1.5Fe+3
8.3Si+41.1O− 2

20 and a low-Fe-high-
silica and alumina composition (Cai et al. 2018; Nicol et al.2018; Nyembwe et al. 2015).

The second type of SFCA (SFCA-I), occurs between 1200 and 1300°C and might be in platy, acicular, or
needle-like shaped morphology (Loo et al.1998; Cai et al. 2018, Sasaki and Hida 1982; Van Den Berg and
De Villiers 2009). Reportedly, this growth in the crystal structure ranges from 4 µm to 10 µm (Garbers-Craig
et al. 2003; Dawson et al. 1984). SFCA-I has M20O28 stoichiometry and its chemical formula is Ca+ 

2
3.18Fe+3

15.48Al+3
1.34O−2

28. It has high Fe2O3 and low Al and Si composition (Webster et al. 2016; Cai et al,

2018, Nicol et al, 2018). Although both SFCA and SFCA-I phase structures contain Fe+ 2 and Fe+ 3, the
SFCA-I phase structure has more Fe+ 2 (Mumme et al. 1998; Webster et al. 2017). The highest replacement
ratio in SFCA was con�rmed to be between Fe+ 3 and Al+ 3 (Webster et al. 2016; Koryttseva et al. 2017;
Kalenga and Garbers 2008). Only Fe2O3 is observed in the SFCA phase, but FeO and Fe3O4 are not
(Dawson et al. 1984; Das et al. 2001). A limited number of studies have been carried out on creating a
stable SFCA-I phase structure in the sinter matrix. The SFCA-I phase structure begins to form at 1050oC in
the �rst stage of sintering, and when the sintering temperature exceeds ∼1220–1240°C, it undergoes
fractures, and the product in the sinter is replaced by SFCA and hematite (Kalenga and Garbers 2008;
Scarlett et al. 2004; Fernández-González 2017). Hida and Sasaki (1983) and Pownceby et al. (2003)
reported that the SFCA-I structure provides high strength, quality, and reducibility in a sintered material.

The third type of SFCA, SFCA-II, is the �rst SFCA phase structure type formed during the sintering process
(Mumme et al. 2003; Villiers and Verryn 2008; Fernández-González 2018). SFCA-II is a thin dendritic (triple
bond structure) morphological form, and it is formed at a sintering temperature of about 700oC during the
sintering process. Dawson et al. (1983) and Garbers-Craig et al. (2003) reported that the dendritic crystals
constituting the morphological structure of SFCA II are thin and generally smaller than 4 µm. Mumme
(2003), Lister and Glasser (1967) researched SFCA-II. SFCA-II is a signi�cant phase in the Fe2O3-CaO-Al2O3

ternary system between 973K and 1723K (between 700oC to 1450°C). SFCA II has an M34O48

stoichiometry, and its chemical formula is Ca+ 2
5.1Al+3

9.3Fe+3
18.7Fe+2

0.9O−2
48. According to Mumme

(Hamilton et al. 1989), it appears to be a composition or intermediate structure between SFCA and SFCA-I
crystal structures. Recently, Van Den Berg and JPR De Villiers (2009), Van Den Berg (2008) have reported
that SFCA-II is available in sinter plants in South Africa. The effect of the SFCA-II phase's structure and
sinter matrix on quality, chemical properties, hot-cold strength, and control parameters has been little
studied. Hsieh has announced that acicular SFCA, a great sinter bonding structure, makes the sinter
stronger and reducible with its microporous structure. As the sintered structure acts as an adhesive for the
sintered matrix, SFCA-I plays a critical role in achieving sinter quality (Hsieh and Ja 1989). The enhanced
sensitivity of the phase forming mechanisms of SFCA and SFCA-I in the sintered material can provide
improved performance in the industrial sintering process. The SFCA phase in the sintering process
substantially contributes to improving the metallurgical properties and quality parameters such as the
Tumbler Index (TI), Reduction Degradation Index (RDI), and metallurgical properties (Hida et al. 1983;
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Honeyands 2019; Mitra and Nath 2005). Pellet material is an e�cient charge material fed to the blast
furnace. Up to 6% of the pellet material turns into pellet dust during production and transportation. Pellet
dust is added to the sinter mix in the dosing unit. It is usually sieved before being fed to the blast furnace.

The current study, using the pellet dust in the sinter blend instead of �ne iron ore, examined the effect of
pellet dust on the physical and metallurgical properties of the sinter. In order to complete the SEM and
XRD analysis, the study examined the detailed view of the mineralogical compounds, their elemental
composition, and elements' valence conditions by applying the EDS method. The study investigated
phase structures of hematite, magnetite, larnite, SFCA, SFCA-I, and wuestite using an optical microscope
according to melting and temperature. In addition, the phase structure types of SFCA, SFCA-I, and SFCA-II
in the sinter matrix were investigated by applying pellet dust at different rates. The results were interpreted
with the Rietveld Method.

Materials And Methods
Materials used in experimental studies were main iron ore, Iron ore (A), Iron ore (A) pellet dust, Flue dust,
mill scale, iron-containing waste material (i.e., return sinter dust, Basic Oxygen Furnace (BOF) slag), coke
breeze and �uxes. In the study, samples of the raw materials used in the sintered test study were taken
and prepared for the "sinter pot test" study. The sinter pot test was designed according to the requirements
of industrial sinter plant conditions. Test studies were conducted to determine the effect of the pellet dust
on the sinter compositions (especially on the SFCA phases) and the sintered product's quality. For
experimental analysis, �ve sinter samples were prepared and named Sin-1, Sin-2, Sin-3, Sin-4, and Sin-5.
Laboratory studies were carried out in a laboratory sinter vessel with a diameter of 250 mm and a height
of 450 mm. Table 1 shows the sintering test conditions.

 



Page 5/33

Table 1
Sintering test conditions.

Suction at fan

Return �nes in the sinter mix

Sintering Time: 25 min.

CaO/SiO2 ratio of the sinter

MgO in sinter

Heat input for ignition

Bed height

Coke breeze consumption

Moisture :7.0%

Limestone 5.50%

Dolomite 2.30%

Coke breeze (-3 mm)

Limestone and dolomite (-3 mm)

1050 mmWG

23%

25 min.

1.90

1.3%

1050 oC

550 mm

70 kg/t− 1of sinter

7.0%

5.50%

2.30%

> 88%

> 90%

Figure 1 shows the laboratory sinter pot apparatus used in the tests. Five experimental groups were set up
to investigate the e�ciencies of the phase structures in sinter samples and to evaluate the results
obtained from various pellet dusts in sinter mixtures. Samples were prepared by mixing different amounts
of pellet dust for the experiments (Table 2). Usage rates of pellet dust were determined as 0.00%, 9.11%,
13.53%, 17.88%, and 21.86% by mass in the sinter blend. Sinter pot test conditions were simulated with
actual sinter plant conditions in process and operation. The sintering process and operating conditions
were kept the same for all tests. Fine particle pellet dust is not preferred in blast furnace processes of
integrated iron and steel plants. Pellet dust reduces the gas permeability of the blast furnace (Das et al
2001; Mumme 2003). Therefore, the pellet material is screened before being fed into the blast furnace
process. In sinter production, pellet dust is added to the sinter mixture in the dosing unit. The current study
investigated the effects of using pellet dust instead of iron ore in sinter blend on SFCA phases. Table 2
shows the chemical composition and dimensions (mm) of Iron ore (A) (%) and Iron Ore (A) pellet dust.
Sinter tests were carried out only by changing the usage ratios of iron ore (A) and iron ore (A) pellet dust in
the sinter mixture (Table 3). Other auxiliaries (coke dust, waste materials, �uxes, etc.) were left at �xed
proportions. Equal amounts of sinter blends were used in all experiments. It has been necessary to add
�ux materials to regulate the basicity of the sinter mixture (mass CaO% / mass SiO2%) up to 1.90. Table 4
shows the chemical analysis of �ve sinter samples.
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Table 2
Chemical composition (mass %) and cumulative undersize (mm) values of iron ore (A) and iron ore (A)

pellet dust
Chemical
composition
(%)

T Fe SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O P TiO2

Iron ore (A)
(%)

66.3 2.48 1.33 94.8 0.11 0.033 0.21 0.013 0.038 0.091

Iron Ore (A)
pellet dust
(%)

66.1 3.3 1.58 94.3 0.22 0.07 0.22 0.029 0.042 0.014

Cumulative
undersize
(mm)

10 8.0 6.3 5.0 4.0 3.0 2.0 1.0 0.5 0.3

Iron ore (A)
(%)

100 94.46 78.72 69.22 57.20 47.69 28.68 12.26 5.16 5.22

Iron Ore (A)
Pellet dust
(%)

100 100 100 98.43 81.93 65.42 20.63 2.95 0.00 0.00

 
Table 3

Raw material utilization in the sinter blends (mass %).
Raw materials Sin-1 Sin-2 Sin-3 Sin-4 Sin-5

Main Iron Ore 33.80 33.26 32.90 32.61 31.90

Iron ore (A) 23.15 13.67 9.02 4.47 0.00

Iron Ore (A) Pellet dust 0.00 9.11 13.53 17.88 21.86

Iron bearing dusts 22.53 24.65 25.12 25.98 28.21

Total Flux makers 15.62 14.66 14.78 14.35 13.70

Total Fuel 4.90 4.65 4.65 4.71 4.32

Total Sinter Blend %) 100.00 100.00 100.00 100.00 100.00
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Table 4
Chemical analysis of sinter samples (mass %).

Chemical analysis Sin-1 Sin-2 Sin-3 Sin-4 Sin-5

Fe(tot) 54.70 55.05 55.90 55.10 54.40

FeO 6.53 6.85 7.49 7.55 7.25

CaO 11.80 11.45 11.10 11.40 11.34

MgO 1.69 1.71 1.66 1.65 1.79

SiO2 5.63 5.85 5.46 5.96 5.82

Al2O3 1.48 1.51 1.39 1.56 1.46

K2O + Na2O 0.29 0.27 0.24 0.28 0.31

MnO 0.93 0.88 0.74 0.84 0.94

In this study, sinter samples were analyzed using the X'Celerator detector and Panalytical X'Pert Pro dust
diffractometer in Fe �ltered Co-Kα radiation (λ = 1.789Â) environment. Phase structures of sinter samples
were de�ned using Panalytical X'Pert Highscore plus software, and quantitative measurements were
performed with Autoquan/BGMN software. Figure 2 shows the preparation of the sintered sample for X-
ray diffraction analysis.

XRD analyzes were used to measure the mass fraction of various phase structures in the sinter samples
and the different iron ore (A) pellet dust fractions in the sinter mix. Table 5 summarizes the XRD analyzes.

Figure 3 shows the XRD quantity measurement of sinter samples formed with distinct pellet dust ratios.
The variation of the pellet dust size of the sinters was observed to affect the rate of the various sinter
phase structures in the sintering process. When the utilization rates of iron ore (A) and iron ore (A) pellet
dust particles vary between 0% (Sin-1) to 21.86% (Sin-5), the different sinter phases show speci�c trends
in the sinter samples.

The results of X-ray diffraction and mineralogical studies on sinter samples containing different
proportions of micro pellet fraction showed sinter samples in distinct mineralogical structures. The current
study investigated magnetite (Fe3O4), hematite (Fe2O3), larnite-C2S (Ca2SiO4), SFCA (M14O20), SFCA-I
(M20O28), wuestite (FeO) phases using X-ray diffraction. Figure 3 shows the results.

The XRD values show an insigni�cant difference in the chemical composition of iron ore (A) pellet dust
and iron ore (A). This �nding shows no chemical component difference exists between iron ore (A) and
pellet dust but only a difference arising from the morphological structures in the sinter. Moreover, XRD
results show that pellet dust sinter contains more hematite, magnetite, SFCA, and lower SFCA-I than
normal sinter.
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Results And Discussion
Chemical, optical and mineralogical analyzes of the sinter samples were carried out to determine the
sinter structures in the sinter samples. Table 4 shows the results of the sinter laboratory studies. The
sintered compound's construction varies depending on the particle size, chemical composition of iron ore,
�uxes, and the extent of the reactions (Goldring et al. 1989; Lu and Ishiyama 2015). Sinter production
consists of many phases and especially SFCA and SFCA-I compositions. These different phases occur
depending on the operational and processual conditions of the sinter. The mineralogical formation has a
signi�cant effect on softening and melting temperature (Pal et al. 1998).

Effects of pellet dust on sinter phase composition.

The mineralogical structure of the sinter was investigated using the dust diffraction technique (rietveld
method). Quanti�cation of calcium and aluminum silicoferrites (SFCA) and calcium silicates (larnite)
determines the strength of sinter materials and the return rate of �ne dusts. Table 5 shows the
mineralogical compounds and results of several produced sinter samples.

Table 5
Quantitative XRD analysis of sinter productions (%).

Phases Sin-1 Sin-2 Sin-3 Sin-4 Sin-5

Larnite 7.65 7.27 7.42 6.70 6.83

Hematite 25.43 28.63 24.04 23.08 28.52

Magnetite 27.89 26.60 27.54 32.67 27.22

SFCA-I 16.20 15.39 16.01 14.36 10.30

SFCA 22.84 21.17 24.99 22.17 27.13

Total SFCA 39.04 36.56 41.00 36.53 37.43

SFCA-I/SFCA 0.71 0.73 0.64 0.65 0.38

Wuestite 0.00 0.96 0.00 1.02 0.00

When iron ore (A) was replaced with iron ore (A) pellet dust, the columnar SFCA phase in the sinter
somewhat improved and reached a maximum value of 27.13% (Sin-5) (Fig. 5). The pellet dust in the sinter
blend creates regions of high density, resulting in higher assimilation ability (Honeyands et al. 2019). The
sintering mixture containing 13.53% pellet dust fraction (Sin-3) probably reached the maximum
assimilation reaction rate and produced higher SFCA and SFCA-I values. When the particle size of the
pellet dust is over 13.53%, the reduction of the reaction area results in poor assimilation reactions and
thus poor values   of SFCA-I.

The sinter pot test revealed the SFCA-I/SFCA correlation comparatively. Correlation is crucial for sintering
carried out with �ne iron ore. The SFCA-I/SFCA value ratio decreased from 0.71 (Sin-1) to 0.38 (Sin-5),
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depending on the iron ore (A) pellet dust fraction in the sinter mixture (Fig. 6). It can be said that SFCA-I
compulsion shapes with similitude of pellet grains. Hida et al. (1983) declared that, meanwhile another
models of SFCA are consisted of the fusing stage.

As seen in Fig. 7, while the hematite phase in the sinter formation increases, the SFCA + SFCA-I phases
decrease. There is a complete contrast between the hematite and the other phases in the sinter matrix.

Replacing �ne iron ore with pellet dust particles differed the sintering rate and SFCA-I. The sinter blend
with 0% �ne iron ore fraction (Sin-1) had the highest sintering rate and SFCA-I (25.25 mm/min, 16.20%,
respectively), while the sinter mix with 21.86% �ne iron ore fraction (Sin-5) has the lowest sintering rate
and SFCA-I (21.20 mm/min, 10.30% respectively). However, the SFCA value increased from 22.17–27.13%
due to the rising �ne iron ore in the sinter mixture (Fig. 8). This situation suggests that the replacement of
coarse ore with �ne iron ore reduces air�ow rate and slows the �ame front across the sinter bed (FFS:
�ame front speed). With the reduction of the average particle size of the iron ore, the air�ow velocity in the
sintered body decreased. As a result, it was observed that the sintering e�ciency and sintering rate
decreased. The higher the coarse ore content in the sinter bed, the greater the sintering rate.

Figure 9 shows the variation in sintering time depending on the amount of SCA and SFCA-I. Replacing �ne
iron ore with pellet dust particles increased sintering time and SFCA. Sinter mix with 0% �ne iron ore
fraction (Sin-1) has the lowest sintering time and SFCA (19.80 min, 22.84%, respectively), while 21.86%
�ne fraction mix (Sin-5) has the highest sintering time and SFCA (25.90 min, 27.03%, respectively).
However, the SFCA-I value decreased from 15.36–10.30% due to the increase in �ne iron ore in the sinter
mix (Fig. 9). This situation shows that the replacement of coarse ore with �ne iron ore increases the
sintering time and quantity of SFCA in the sinter.

Optical microscopy analysis of the sinter formation

The sintering process contains a lot of chemical reactions during sinter production. These reactions form
several compounds in the sintered material (Dawson 1993). The temperature distribution varies in the
sintered material, and some cracks occur around the magnetite compound. These cracks and pores affect
the physical properties of the sintered product (Webster et al. 2013; Hida et al. 1983; Dawson et al. 1984;
Honeyands et al. 2017). Different compounds occur in different amounts depending on the basicity of the
mixing material and the cooling rate. Through the distinct re�ections obtained from sinter phases,
microscopic analysis revealed that the sinter matrix   usually consisted of secondary magnetite and
hematite grains (settled from primary sinter melt), �ux grains, and complex calcium ferrites known as
Silicoferrite Calcium and Aluminum (SFCA), glass and silicate (e.g., larnite, Ca2SiO4). Figure 10 shows
optical micrographs of the major sinter phases. In the microscope research on sinter material, hematite,
magnetite, and SFCA phases are seen among other sinter phases with different re�ections. A glowing
compound may be hematite and found right next to the gray SFCA phase. These phases can be in
heterogeneous textures within the industrial sinter material.
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The replacement of �ne iron ore (A) fractions with iron ore (A) pellet dust resulted in the sinter formation
with more magnetite, hematite, SFCA, and less larnite and SFCA-I. Pellet dust fractions are more reactive
than the iron ore particle and provide more softening in solid grains.

Figure 10(a) shows the sintered microstructure containing 0% pellet dust (Sin-1). It has been observed that
sinter reactions occur in the SFCA bond phase formation. The sin-1 sample comprises �ne, acicular tissue
of SFCA and hematite. Here, �ne magnetite crystal grains and several interlaced hematite growths are
seen. The Sin-2 sample, a sinter blend containing 9.11% iron ore (A) pellet dust, could be argued to start
the recovery with hematite, magnetite, SFCA phases, and SFCA-I appearing in the sintered sample. The sin-
3 sintered sample containing 13.53% pellet dust fraction produced the best phase result in hematite,
magnetite, and especially SFCA and SFCA-I (24.99% and 16.01%, respectively).

As shown in Fig. 10, when the pellet dust ratio rose above 17.88% in Sin-4 and Sin-5 samples, the
hematite, magnetite, and SFCA phase increased in the sinter, but SFCA-I decreased (Figs. 10d-10e). This
situation may be due to increased cracking and stresses in contact with pellet dust particles during the
compaction and reaction of the sinter mixture. Figures 10a, 10b, and 10e (Sin-1, Sin-2, and Sin-5,
respectively) show optical micrographs of SFCA and multiporous SFCA-I phases.

It can be observed more hematite, magnetite, and different SFCA types. Sinter samples have no clear
differentiation between �at and blocky SFCA. Most of the bonding structure is considered blocky SFCA.
Recent studies revealed that acicular SFCA could appear �at and be easily confused with blocky SFCA in
these phases. Therefore, the correct classi�cation of the different SFCA types requires utilizing other
analytical methods (Tonžetić and Dippenaar 2011).

SEM study on the sinter formation

SEM analyzes were performed on O, Mg, Al, Si, K, Ca, Mn, and Fe elements to identify sinter patterns.
Larnite-C2S, wuestite, hematite, magnetite, and SFCA phases were analyzed and identi�ed through optical
microscopy. Approximately 510 SEM-EDS analyzes were performed on equally shining parts of the �ve
different sinter samples to identify and learn the chemical composition of the different phase structures.
Results were collected according to elemental analysis and then compared with the literature to reveal the
chemical composition of the phases (especially for the different types of SFCA phases).

After a detailed investigation of iron ore sintering, Pownceby et al. (2016) declared that general chemical
analysis of sinters could not be performed by only characterizing microstructures, considering each phase
in the sinter might have a signi�cant variation in the chemical composition (Goldring 1989). Each phase
may appear in different morphologies. Figures 11(c), 11(d), and 11(e) show typical micrographs of SFCA
and SFCA-I. Columnar SFCA has less microporosity than acicular SFCA in these micrographs. Columnar
SFCA appears to be more associated with other melt phases, such as hematite, magnetite, and glass
(Figs. 11(a), 11(c), 11(e)). Acicular SFCA and columnar SFCA phases have formed at a lower temperature
through a solid-state reaction between �ne iron ore grains and pellet dust particles. SEM analysis has
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shown that columnar SFCA has the same chemical composition as acicular SFCA but different
morphology.

Figure 11 shows the morphological structure of the different phases in the sintered material. Hematite,
magnetite, and SFCA phases were recognized in the sinter. The segregation between several types of
SFCA was not clear. This situation might have stemmed from very few chemical differences between the
SFCA phases. The composition of the SFCA phases was similar to each of SFCA and SFCA-I. The
morphology of the sintered material is mainly associated with the composition mode and is related to its
speci�c chemical composition, heating, and cooling rate. Therefore, comparing the chemical compound
with those in the literature can help to reveal various SFCA structures.

While SFCA develops slowly and persists longer at low temperatures, it develops and disappears rapidly at
high temperatures (Lu 2015; Egundebi and Whiteman 1989; Bai et al. (2019); Turriff 2007). The authors
explained that the length of time at sintering is a signi�cant factor in the amount of SFCA produced. Most
scientists suggest that slower sintering at lower temperatures will yield more SFCA than sintering at higher
temperatures. EDS analyses from stoichiometry calculations of the analyzed SFCA phases did not allow
for an obvious distinction between the two SFCA types based on M14O20 (SFCA) and M20O28 (SFCA-I)
phases (Honeyands et al. 2017; Tonžetić et al. 2011).

Morphological features of SFCA

As shown in Fig. 12, SFCA can be divided into three types of morphological structures, depending on their
character traits: blocky type (SFCA), acicular type (SFCA-I), and dendritic type (SFCA-II). Dendritic type
SFCA was not in the area of interest of this study. The chemical composition and morphology of two
types of SFCA were investigated. The blocky type SFCA was observed to have lower Fe2O3 content than
the platy type but higher Ca and Si. There was no signi�cant difference in the amount of Al2O3 between
the two structures. SFCA of the columnar type had a lower MgO than the acicular type.

In conclusion, increasing the liquid phase content in the softening zone and developing a bonding
structure chie�y composed of blocky and platy SFCA seems effective in increasing the strength.

As shown in Fig. 13, EDS analyses of SFCA structures were performed on the Al2O3-CaO-Fe2O3 triple-
phase. This phase diagram was used to position hematite, magnetite, SFCA, and SFCA-I mineral
compounds in the sintered material. The chemical compounds of the SFCA phases appeared to be close
to SFCA and SFCA-I. Figure 13 shows SFCA, SFCA-I, and SFCA-II in a series of solid solutions of SFCA. The
results of the EDS analysis on the SiO2-CaO-Fe2O3 and Si-Ca-Fe phase diagrams are shown in Figs. 12, 13,
and 14. It was also observed that the replacement of iron ore (A) pellet dust with Iron Ore (A) gradually
transferred most of the chemical compounds of SFCA toward the SFCA-I region (Figs. 13 and 14). This
situation may con�rm the results of XRD spotting that high pellet dust fractions in the sinter support SFCA
formation rather than platy SFCA-I (Ji et al. 2019; Wang et al. 2019; Liao and Guo 2019; Zhang et al.
2019).
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The shaded region in Fig. 14 shows that most SFCA compounds are intertwined in industrial sintering.
Pownceby and Clout (2003) reported that SFCA and SFCA-I form in a range of solid solutions of SFCA
(Kahlenberg et al. 2021; Zöll et al. 2018). Different relative ratios of SFCA models can coexist depending
on the sinter parameters (e.g., oxygen potential) and physical properties (particle size, porosity, etc.), and
the chemical composition of the raw materials.

In this study, approximately 510 SEM-EDS analyzes were performed on �ve sinter samples. All
compositions of sinter samples were marked with dots representing microprobe data. Figure 15 shows the
color distribution of Si/Ca/Fe elements, which are necessary for determining the SFCA and SFCA-I phase
structures in the sintered microstructure. The key element map of SFCA showed the sintered particle color
distribution as Si, Ca, and Fe. Figure 15 shows the relevant map of elements using the Thermo Scienti�c-
FEI Apreo S equipped with an Ultra Dry EDS Detector and Quasor II EBSD. This image shows all the
recognized phases in the sintered material containing the SFCA type.

Figure 16(a) shows microprobe map analyses displaying phase mineralogy and textures developed from
sinter samples. Here, the �rst cluster (blue) represented a mixture of hematite and magnetite phases, the
second cluster (red) the SFCA-I phase structure, and the third cluster (green) the SFCA phase formation.
The region between (1) one number (blue) and (2) two number (red) might be a different phase structure
in the sintered material (Fig. 16(a)). Magnetite and SFCA-I were close to each other in the (2) two number
region because of their similar chemical composition and color texture. Therefore, it was di�cult to
distinguish them from one another by the microscope and the SEM-EDS method. The chemical
morphologies of the SFCA models were characterized. The results showed that the SFCA structures were
similar to chemical compounds for which they were identi�ed in the literature. Figure 16(b) is the key
element map of SFCA showing the distribution of sinter particle color of Si, Ca, and Fe. The phase patched
map showed the distribution of all phases in the sintered material. SFCA was chie�y related to magnetite,
while SFCA-I was mainly to hematite.

Chemical analysis of Ca-Si-Al-Fe elements in total sinter samples

SEM and EDS spectrum analyzes of sintered samples were performed. In order to determine the chemical
composition of SFCA phase types, 602 SEM-EDS analyzes were performed on �ve sinter samples. Among
the O, Mg, Al, Si, K, Ca, Mn, and Fe elements, Fe, Si, Ca, and Al were selected from Figs. 17 to 20 show the
analysis results.

Figure 18 shows that the phases containing 0.5–5% Si could be SFCA and SFCA-I. The ones with less
than 0.5% Si may be hematite, magnetite, etc., while the phases containing over 5% Si are possibly larnite
phase formations. In this investigation, approximately 79% of the total SFCA phases in the sinter samples
included Si in proportions ranging from 2.5–5%. Roughly 85% of the SFCA-I phases in the sinter contained
Si ratios ranging from 0.5–2.5%.

Figure 19 shows that the phases with 6–12% Ca can be SFCA and SFCA-I. Phases containing less than
6% Ca may be hematite, magnetite, etc. Phases containing more than 12% Ca may be the larnite phase
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formation. In this study, almost 75% of the total SFCA phases in the sinter had Ca between 9–12%.
Approximately 80% of the SFCA-I phases in the sinter samples possessed Ca in proportions ranging from
6–9%.

Figure 20 shows that the phases containing 0–1% Al will exhibit hematite and magnetite structure rather
than SFCA and SFCA-I. Phases containing 1–3% Al will demonstrate an SFCA structure rather than SFCA-I.
In this study, almost 66% of the total SFCA phases in the sinter contained Al in proportions ranging from
1.5–3%. Approximately 54% of the SFCA-I phases in the sinter had Al content ranging from 0–1.5%.

Particle size of phases in the sintered material

SFCA phase structures in sinter were investigated by optical microscope and SEM analysis. Elemental
values   of the phases were determined with the EDS analysis method. The grain size of the phases in the
sinter was performed using the Image J program. Depending on the size of the crystals, SFCA (silico-
ferrite of calcium and aluminum) phases can develop as dendritic SFCA, �at SFCA, and columnar SFCA.
As a result of the tests performed in this study were determined that more than 32% of the total SFCA
consisted of platy SFCA (SFCA-I). The relationship between �ne iron ore particle size and the formation of
sinter phases during the sinter tests is summarized in Fig. 21.

In Fig. 21, considering the grain size smaller than 26 microns, the phases should be SFCA and SFCA-I.
Especially, grain sizes smaller than 16 microns may contain more SFCA-I phase. Grain sizes larger than 26
microns may have more hematite, magnetite, etc.

Conclusions
The current study investigated the effects of iron ore (A) pellet dust, sintering time, sintering rate, phase
content (especially SFCA, SFCA-I), and basicity on sintering morphology, quality, optical and microprobe
properties of iron ore sinters. Microscopic, XRD, SEM-EDS, chemical, and particle-based phase analyses
were performed to examine the physical and metallurgical quality properties of sintered samples. The
sinter quality was investigated according to the sintering morphology, which depends on the chemical
composition of the sintering blend. According to XRD analyses, total SFCA phase ratios in sinter samples
decreased slightly with increasing iron ore (A) pellet dust fraction (Tables 3 and 5). The SFCA phase did
not signi�cantly affect when the proportion of iron ore (A) pellet rose from 0% (Sin-1) to 17.88% (Sin-4),
but SFCA-I dropped from 16.20% (Sin-1) to 14.36%. The SFCA phase increased up to 27.13% (Sin-5), with
an additional increase in the percent iron ore (A) pellet dust fraction (Table 5 and Fig. 5). Replacing the
iron ore (A) pellet dust with iron ore (A) in the iron ore blend affected the formation of both the platy SFCA
(SFCA-I) and the blocky SFCA phase (SFCA). The chemical compositions of the analyzed SFCA phases
were then plotted on the Al2O3 - SiO2 - CaO - Fe2O3 and Si-Ca-Fe triple-phase system plane (Figs. 13–16).
These compounds of SFCA were in the vicinity of the SFCA and SFCA-I sites. It was found that the SFCA-
I/SFCA ratio decreased from 0.71 (Sin-1) to 0.38 (Sin-5) with an increase in iron ore (A) pellet fraction in
sinter samples (Fig. 6). Replacing �ne iron ore with pellet dust particles worsened the sintering rate and
SFCA-I structure (Fig. 8) but increased the sintering time (Fig. 9).
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In this study, it was signi�cant to meet an optimal between mineral compound and sinter property which
conforms to the commonly adopted characterization. The Sin-3 sinter obtained with a �ne ore particle size
of 13.53% has ideal properties that meet the de�nitions required by the blast furnace (Table 5, Figs. 5 and
7). Re�ected light microscopy and SEM investigation demonstrated that platy and blocky SFCA could not
be clearly recognized using EDS examination and measuring M14O20 and M20O28 stoichiometries of
phase structures. In this study, more than approximately 32% of total SFCA consisted of acicular SFCA
(SFCA-I) (Fig. 21). The chemical compounds of the SFCA phase structures moved towards the SFCA-I
hollow due to the increased rate of iron ore (A) pellet dust in the sinter mixture.
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Figure 1

Laboratory sinter pot apparatus 
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Figure 2

Preparation of the sintered sample for X-ray diffraction analysis.
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Figure 3

X-ray diffraction of sinter samples

Figure 4

Change in hematite, magnetite, and larnite contents in the sinter after pellet dust use.
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Figure 5

Change in SFCA and SFCA-I quantities after pellet dust use.

Figure 6

Change in SFCA-I/SFCA ratio of amount after pellet dust use.
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Figure 7

Variation of SFCA+SFCA-I and hematite phases in the sintered material.

Figure 8

The effect of �ne iron ore on the sintering rate, SFCA and SFCA-I.
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Figure 9

The effect of �ne iron ore on the sintering time, SFCA and SFCA-I.
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Figure 10

Optical micrograph of Sinter Samples. a) Sin-1, b) Sin-2, c) Sin-3, d) Sin-4, e) Sin-5, (Hem: Hematite, Mag:
Magnetite, Silico Ferrite Calcium and Aluminum (SFCA), SFCA-I (X500)
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Figure 11

SEM micrographs of sintered bodies. a) Sin-1, b) Sin-2, c) Sin-3, d) Sin-4, e) Sin-5, (Hem: Hematite, Mag:
Magnetite, Silico Ferrite Calcium and Aluminum (SFCA), SFCA- I (X1000)
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Figure 12

Structural morphology of SFCA. (a-1) SFCA and SFCA-I of SEM, (b-1) SFCA of SEM, (c-1) SFCA and SFCA-I
of SEM, (d-1) SEM 's SFCA. (a-2) SFCA and SFCA-I of EDS, (b-2) SFCA of EDS, (c-2) SFCA and SFCA-I of
EDS, (d-2) SFCA of EDS  
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Figure 13

Schematic diagram of the compositional relationship between hematite, magnetite, SFCA and SFCA-I and
SFCA-II in the sinter samples.
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Figure 14

Schematic diagram of the compositional relationship between SFCA and SFCA-I within the Fe2O3-Al2O3-
CaO-SiO2.
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Figure 15

Element map (Si/Ca/Fe tri-element map, Scale bar in each image is 100 µm).
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Figure 16

a) Microprobe analysis of the sinter samples. b) Mineral map of Si, Ca, and Fe (X1000)

Figure 17

Change of Fe content (%) in the total sinter samples.

Figure 18

Change of Si content (%) in the total sinter samples.
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Figure 19

Change of Ca content (%) in the total sinter samples.

Figure 20

Change of Al content (%) in the total sinter samples.
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Figure 21

Crystal particle size distribution in total sinter samples
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