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Abstract: 5SiO, and Al,O3 are two important minerals that can affect the mechanical and metallurgical
properties of sinter. This investigation systematically studied the influences of these minerals and
revealed their functional mechanisms on sinter quality. Results showed that with an increasing Al,O3
content in sinter, the sintering indexes presented an improvement before the content exceeded 1.80%,
while the quality decreased obviously after the content exceeded 1.80%. With an increasing SiO,
content, the sinter quality presented a decreasing tendency, especially when the content exceeded
4.80%. Consequently, the optimal content of Al,Os was <1.80% and that of SiO, was <4.80%. The
evolution of the microstructure and minerals in sinter showed that enhancing the Al,O3 content
increased the proportion of SFCA generated, which improved the sinter’s mechanical strength, while
excessive Al,Oj3 led to the formation of sheet-like SFCA with weak mechanical strength. Increasing
the content of SiO, strained the formation of SFCA and promoted the formation of calcium silicate,
the mechanical strength of which is lower than that of SFCA. The research findings will be useful in
guiding practical sintering processes.

Keywords: iron ore sintering; Al,O3 and SiO,; mineral evolution; function mechanism

1. Introduction

China has been the largest crude steel producers in the world since 1996; it has reached a production
level of 0.83 billion tons in 2017 [1]. The huge steel output has made it impossible for the domestic
iron ore deposits to meet the demand for iron ores. In fact, a major part of the iron ores consumed
rely on imports. Australia, Brazil, Canada, South Africa, etc. are the main iron ore exporters, and the
long-term data show that the iron ores imported by China have even exceeded 90% of the iron ores
consumed [2].

However, the high utilization of imported iron ores has also given rise to some problems. Iron
ores containing a high content of Al;O3 make up relatively higher proportions of those imported,
though these have been verified to have adverse effects on the quality and metallurgical properties
of sinter [3,4]. Moreover, the SiO, content in imported iron ores is relatively lower than that of the
domestic iron ore concentrates, which helps to produce sinter with lower impurity levels. However, an
excessively low SiO, content would lead to insufficient generation of SFCA (Quaternary compound of
calcium ferrite containing silicate and alumina) under the same basicity (mass ratio of CaO to SiO,
in sinter). In short, SiO, serves as an important mineral to guarantee the mechanical strength of
sinter [5,6]. To address the drawbacks of imported irons ore used for sintering and the subsequent
smelting process, much work has been conducted to investigate how the content levels of Al,O3 and
Si0O; affect sintering performance. Still, their influence has not been clearly revealed, and some points
were even found to be contradictory. It has been widely regarded that a content of Al,O3; exceeding
2.5% will deteriorate the sinter quality, while the influence of an Al,O3 content <2.5% on sinter quality
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has not been clearly elucidated [7-10]. The research regarding the influence of SiO, content on sinter
quality has mainly been conducted by changing the content of CaO in sinter as well, so it is difficult to
reveal how only the content of SiO; affects the sintering performance [11-14].

In this investigation, the influence of Al,O3 and SiO, contents on sintering performance was
systematically researched, with typical imported iron ores used to alter the contents of these minerals
in the sinter. Moreover, the potential function mechanisms of Al,O3 and SiO, were elucidated by
revealing the microstructure and mineral evolution, with the help of optical microstructure, SEM-EDS,
and mineral hardness testing devices. The research findings will provide theoretical guidance for the
production of desirable sinter products under the current situation of limited resources.

2. Materials and Methods

2.1. Materials

Typical iron ores, including Brazilian iron ores, Australian iron ores, Indian iron ores, South Africa
iron ores, Canadian iron ores, and domestic (Chinese) iron ores, were used in this investigation. They
were provided by integrated steelworks, and their chemical compositions are given in Table 1. It
was found that the Australian and Indian iron ores were characterized by relatively higher Al;O;
contents, while the domestic iron ores were characterized by higher SiO, contents. These iron ores
were used in varying proportions to prepare ore blends with different compositions, so that the Fe,
Si0,, and Al, O3 contents of the sinter could be adjusted over a relatively wide range. Table 2 gives
the chemical compositions of other necessary raw materials used to produce the sinter, including
limestone, dolomite, quicklime, coke breeze, and return fines.

Table 1. Chemical compositions of iron ores.

Chemical Compositions/%

Iron Ore Types Number bLOI/%
aTFe FeO CaO MgO SiO, Al,O;
1* 63.86  5.02 010  0.11 459 1.14 2.79
2 6569 101 000 011 391 069 1.72
#
Typical Brazilian iron ores 3 6722 014 007 027 1.04 1.00 1.78
4* 68.09 0.22 0.02 0.26 1.38 0.39 1.07
5 66.08 033 016 016 175 121 1.25
6" 60.85  0.51 012 007 842 1.82 2.08
7# 62.13  2.59 0.33 0.26 3.80 1.93 4.81
g# 61.79  1.15 008 026 422 1.98 4.88
#
Typical Australian iron ores 9 61.93  0.86 004 0.8 293 1.77 6.32
10* 61.20  0.41 0.08  0.09 322 251 6.30
11*# 60.19  0.29 048  0.20 2.67 1.14 9.08
12# 5721 129 000  0.10 5.62 1.37 11.21
13# 6332 1.72 0.05 0.16 284 232 3.71
Typical Indian iron ores 14%* 58.21 0.27 0.09 0.09 5.51 3.49 5.93
15# 62.80  1.54 0.29 034 479 264 2.19
16" 6433 029 0.19 024  4.84 1.60 0.90
Typical South Africa iron ores 17# 63.06 024 010 004 602 204 1.38
18* 65.17  0.29 0.15 0.04 426 1.15 0.63
Typical Canadian iron ores 19# 66.8 12.54 0.53 0.80 4.02 0.10 0.34
20# 5484 245 047 031 1364  1.68 1.05
#
Typical domestic iron ores 21 63.46 2242 119 0.82 597  0.89 1.61
20# 60.07 1811 133 0.93 700 216 3.02
23# 62.89 2127  0.09 0.38 9.68 0.84 1.40

a TFe = total iron contents; ® LOI = loss on ignition in air at 950 °C.
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Table 2. Chemical composition of flux, fuel, and return fines.

Chemical Composition

Material Types LOI/%
TFe FeO CaO MgO SiO, AlLO; S
Limestone - - 50.66 ~ 2.28 1.49 - - 40.72
Dolomite - - 3264 1983 0.71 - - 46.47
Quicklime - - 75.33  3.60 3.58 - 0.17 17.03
Coke breeze 4.11 - 1.54 0.28 2.63 1.88 - 89.16
Return fines 55.46 10.21 9.42 2.02 5.03 4.30 0.58 0.21
2.2. Methods

2.2.1. Sinter Pot Trials

A cylindrical laboratory-scale sinter pot (700 mm in height and 180 mm in diameter) was used to
conduct the sinter pot trials. The raw materials, including iron ores, fluxes, solid fuels, and return fines,
first underwent a mixing process. Water was added at the same time to wet the mixtures; the targeted
moisture was 7.5-8.0%. After that, a granulator (1400 mm in length and 600 mm in diameter) was
used to granulate the iron ores into bigger granules, with a size range of 3-8 mm, during which the
revolving speed was 15 rpm and the duration time was 4 min. One kilogram of sinter with a size range
of 10-16 mm was used to form a hearth layer in advance, and then the granulated mixture was used to
fill the whole sinter pot. After that, the coke breeze distributed in the surface layer was ignited using a
natural gas fueled igniter, with the ignition temperature of 1050 + 50 °C, ignition time of 1 min, and
pressure drop of 5 kPa. The combustion front could then move downward, sustained by an induced
draft fan.

The return fines balance (RFB), which is the ratio of the mass of produced return fines to the
mass of afforded return fines, was taken as an important indicator to validate the tests of typical
sintering indexes, including sintering speed. Productivity is the sinter output per unit area and unit
time, tm~2-h~!. The tumbler index is an important factor to determine the mechanical strength of the
sinter based on the methodology outlined in ISO3271 (2007), measured in mass %. However, 15 kg
sinter within 10-40 mm is difficult to obtain in laboratory-scale sintering trials. To achieve an effective
tumbler index, the width of the tumbler is typically reduced to half or one-fifth. In our investigation,
the width of the tumbler was reduced by half, and the standard weight was reduced to 7.5 kg for
tumbler index testing. More detailed information about these factors can be found elsewhere [15].

2.2.2. Minerals Analysis and Mechanical Strength Examination

A mini-sintering test was used to research the liquid generation properties of minerals under
a high temperature. A horizontal heating furnace whose temperature and atmosphere could be
controlled by a program was adopted to perform the mini-sintering experiment, which is schematically
shown in Figure 1.

The mini-sintering method includes ore blending, briquetting, sintering, and cooling. Specifically,
fine-grained iron ores within a size range of =5 mm were mixed with fluxes (limestone, quicklime, and
dolomite), and then ground to a size under 0.074 mm and compressed into a standard pyrometric cone
(20 mm in height and a side length of 5 mm). The MgO content for each sample was kept at 2.0%. The
samples in pyrometric cones were settled on a pallet and the pallet was sent into the heating furnace for
roasting. During the roasting process, the heat rate was 10 °C/min and the atmosphere was adjusted
with the temperature (Figure 2) according to the reactions in the practical sintering process. While
being roasted, a group of triangular pyramid shape pictures were taken by a camera every 10 s, and the
property of liquid generation could be obtained through image processing software. The liquid phase
formation properties included the initial formation temperature, complete formation temperature,
average formation velocity of the liquid phase, and the amount of generated phase. Among them,
the initial formation temperature (Ts) refers to the point at which the sharp corner of the pyrometric
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cone begins to round, while the complete formation temperature (Te) refers to the point at which the
pyrometric cone becomes completely rounded. The average formation velocity of liquid phase was
calculated using Equation (1). The amount of liquid phase () was reflected by the deformation of
the pyrometric cone, which was defined as the variance of projection area between 1000 and 1300 °C.
The liquid phase content was calculated according to Equation (2). Detailed information can be found
elsewhere [16,17].

V =1000/(Te - Ts), (1)

M = (S1000 — $1300)/S1000 X 100%, ()

where 11 is the amount of liquid phase, 51300 is the area of the pyrometric cone at 1300 °C, and S1000 is
the area of the pyrometric cone at 1000 °C.

13

Figure 1. The device used for the mini-sintering test. 1 —Computer; 2—Camera; 3—Transparent glass;
4—Silicon tube; 5—Heating furnace; 6—Thermocouple; 7—Standard pyrometric cone; 8—Gas mixer;
9—Flowmeter; 10—Reducing valve; 11—Gas bottle; 122—Temperature display panel; 13—Controller.

0.5

0.4

0.3 4

0.2 4

Gas Flow (L/min)

0.1+

0.0 4

T T T T T
400 600 800 1000 1200 1400

Temperature (°C)

Figure 2. Temperature and atmosphere profile during the heating process.

First, 3.5 g iron ore mixture was briquetted into a cylindrical agglomerate under a pressure of 300
kg/cm?. After drying, the agglomerate was heated to 1200 °C for 1 h in a high-temperature furnace,
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and the whole heating process was conducted in an air atmosphere. The vertical compressive strength
of the agglomerate was examined. Subsequently, four parallel tests were conducted, the average value
of which was regarded as its compressive strength, N/P (Newton per pellets). An optical microscope,
model Leica DMRXE, was used to analyze the microstructure and mineral distribution of the heated
agglomerate. Leica Qwin V3 software was used to analyze the compositions of typical minerals
according to their special color.

Two important micromechanical factors—fracture toughness and Vickers hardness—were
employed to evaluate the mechanical strength-related properties of the sinter. A micro-hardness tester
FM-700 (F-T Corporation, Japan) was used to examine the Vickers hardness of typical minerals in
the sinter.

3. Results and Discussion

3.1. Influences of Al;O3 and SiO, on Sintering Performance

Figure 3 shows the influence of Al,O3; content on sinter quality, where the content of SiO, was
around 4.80%, the basicity (CaO/SiO,, mass ratio) was 2.0, and the content of MgO was 2.00%. The
permeability of each sintering bed was kept at a similar level with the optimization of the granulation
process to avoid the influence of permeability affecting sinter quality. It was found that when the
content of Al,O3 increased from 1.0 to 1.80%, the tumbler index and productivity changed marginally.
However, when the content exceeded 1.80%, both the tumbler index and productivity appeared to
drop obviously, which implied a weakened sinter quality. This phenomenon indicates that the optimal
content of Al,O3 in sinter should be within 1.80%.
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Figure 3. Influence of Al,O3 content on productivity and tumbler index.

Figure 4 shows the influence of SiO, content on sinter quality, where the content CaO was around
9.60%, the content of MgO was 2.00%, and the content of Al,O3 was around 1.60%. It was found that
when the content of SiO; increased from 4.0 to 5.5%, the tumbler index exhibited a continuous drop. In
particular, when the content exceeded 4.80%, the tumbler indexed exhibited a considerable drop from
66.13 to 63.53%. However, when increasing the content further, the tumbler index continued to drop.
The productivity remained constant at around 1.56 t-m~2-h~! as the content of SiO, increased from 4.00
to 4.80%, but dropped significantly as the content enhanced further. Therefore, the optiaml content of
SiO, should be controlled within 4.80% when the content of CaO is 9.60%.

3.2. Influences of Al,O3 and SiO; on Microcharacteristics of Sinter

Figure 5 shows the influence of the Al,O3 content on the microstructure of sinter, revealing
that when the content of Al,O3 ranged from 1.00% to 2.25%, the distribution area of SFCA showed
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an increasing tendency. The statistical data given in Figure 6 shows that the total content of SFCA
increased from 37.9 to 52.6% with the content of Al,O3 ranged from 1.00 to 2.25%. Moreover, the
content of needle-like SFCA increased from 17.2 to 22.3% with the content of Al,O3 increasing to 1.80%,
and again increased slightly to 22.0% with the content of Al,O3 increased to 2.25%. The content of
sheet-like SFCA exhibited an obvious enhancement from 11.7 to 22.6%. Additionally, the content of
granule-like SFCA changed slightly, within 8.0-11.7%.

Basicity
2.4 2.1 1.9 17 1.6 15 14
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Figure 4. Influence of SiO; content on productivity and tumbler index.

Figure 5. Cont.
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Figure 5. Effects of AlO3 content on microstructure. (a-1,a-2,a-3) AlO3 = 1.00%; (b-1,b-2,b-3)
Al,O3 = 1.55%; (c-1,¢-2,c-3) AlL,O3 = 1.80%; (d-1,d-2,d-3) Al,O; = 2.25%; M-—magnetite;
H—hematite; CS—silicate.
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Figure 6. Effects of Al,O3 content on mineral composition.

Figure 7 shows the influence of the SiO; content on the microstructure of sinter, indicating that
with an increasing content of SiO,, the distribution area of SFCA showed a decreasing tendency.
From Figure 8 it can be seen that the total content of SFCA dropped from 44.3 to 30.6%. Among the
different SFCA varieties, the content of needle-like calcium dropped from 19.7 to 13.2%, the content
of sheet-like SFCA dropped from 15.1 to 8.5%. However, the content of silicate increased from 8.4 to
15.3%. Moreover, a large amount of glass phase with low mechanical strength could be observed with
an increasing content of SiO,. The SEM-EDS analysis showed that with an increasing content of SiO,
(Figure 9 and Table 3), the content of Ca in silicate was increased, which indicated that more Ca was
combined with Si. Consequently, this phenomenon resulted in the decrease of Ca to combine with Fe,
which served as the reason for the decreased content of SFCA.
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Figure 7. Effects of SiO, content on microstructure. (a-1,a-2,a-3) SiO, = 4.80%; (b-1,b-2,b-3) SiO; =
5.32%; (c-1,¢-2,¢-3) SiO; = 5.59%; (d-1,d-2,d-3) SiO; = 6.60%; M—magnetite; H—hematite; CS—silicate.
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Figure 8. Effects of SiO; content on mineral composition.
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Figure 9. SEM-EDS of silicate. (a-1) SiO, = 4.00% SEM,; (b-1) SiO; = 5.32% SEM; (c-1) SiO; = 6.00%
SEM; (a-2) SiO; = 4.00% EDS; (b-2) SiO, = 5.32% EDS; (c-2) SiO, = 6.00% EDS.

Table 3. Effects of SiO; content on composition of silicate.

Si0y/% Ca/% Si/% Al/% Fe/%
4.00 23.44 16.64 2.89 11.39
5.32 26.71 18.15 3.24 9.46
6.00 27.06 18.80 2.52 11.70

3.3. Function Mechanisms of Al,O3 and SiO, on Sinter Quality

Figure 10 shows the effect of the Al,O3 content on the formation temperature of the liquid phase,
illustrating that with an increasing content of Al,O3, the initial generating temperature of the liquid
phase and the completely generated temperature exhibited an increasing tendency. Especially when
the Al,O3 content exceeded 1.8%, the temperatures presented an obvious rise. From Figure 11 it can
be seen that with an increasing content of Al,O3, the amount of formed liquid phase deceased and
the average formation speed showed a continuous drop. An obvious drop could also be observed
when the content exceeded 1.80%. Therefore, increasing the content of Al;O3 weakens the liquid phase
generation ability.
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Figure 10. Effects of Al;O3 content on the formation temperature of the liquid phase.
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Figure 11. Effects of Al;O3 content on the production and formation rate of the liquid phase.

Figure 12 depicts the influence of the SiO, content on the initial liquid phase and complete
formation temperatures, showing that with an increasing content of SiO,, the temperatures showed
an increasing tendency. Moreover, after the content of SiO; exceeded 4.80%, the complete formation
temperature exhibited an obviously rise. Figure 13 shows the influence of the SiO; content on the
generation amount and generation speed of the liquid phase. It was found that increasing the content
of SiO; led to a decrease in these factors. Especially when the content of SiO, exceeded 4.80%, an
obvious drop was observed.
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Figure 12. Influence of SiO; content on the formation temperature of the liquid phase.
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Figure 13. Influence of SiO; content on the amount and generation velocity of the liquid phase.

Figure 14 shows the relationship between different species of SFCA and the initial and complete
formation temperatures of the liquid phase. It was found that the formation of sheet-like SFCA
required higher temperatures—the initial and complete formation temperatures were 1291 °C and
1284 °C, respectively. However, the two typical temperatures of needle-like SFCA were 1279 °C and
1248 °C, respectively. This phenomenon indicates that needle-like SFCA corresponds to lower initial
and complete formation temperatures. Figure 15 shows the amount of formed liquid phase and the
formation speed. It can be seen that the formation of needle-like SFCA corresponded to the rapid
formation of the liquid phase.
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Figure 14. Relationship between the structures of SFCA and the liquid formation temperatures of SECA.
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Figure 15. Relationship between the structures of SFCA and the liquid formation properties and SFCA.

As stated above, increasing the content of Al,Os in sinter promoted the formation of SFCA, with
the content of sheet-like SFCA being enhanced to a much extent compared to needle-like SFCA. This
could be attributed to the increased formation temperature of the liquid phase and the decreased
generation velocity of the liquid phase, which favored the liquid formation properties of sheet-like
SFCA, especially when the content of Al,O3 exceeded the recommended value of 1.80%. Moreover,
with an increasing content of 5iO;, the amount of SFCA decreased. This also be attributed to its
influence on the formation properties of the liquid phase, with the exception of that fact that more Ca
was transformed into silicate. A higher content of SiO, in sinter led to a higher formation temperature
of SFCA, and the generation velocity of SiO, also presented an obvious drop when the content of SiO,
exceeded 4.80%.

To further reveal the effects of SiO, and AlO3 on sinter quality, the mechanical strengths of different
species of SFCA were examined. As shown in Figure 16, needle-like SFCA showed the highest compression
strength of 1809 N, which was considerably higher than that of sheet-like SFCA, which reached 1186 N,
and that of the calcium silicate, which showed the lowest compression strength of 1035 N. These results
agree well with those of Loo et al. and Ying et al. [18,19]. Moreover, the fracture toughness and Vickers
hardness of different kinds of minerals were also measured, and the results are shown in Figure 17. It can
be seen that the silicate presented the lowest hardness of 404.38 Gg/m? and fracture toughness of 0.524
MN/m3/ 2, Therefore, increasing the content of SiO, in sinter would lead to the decrease of the tumbler
index as more silicate is formed. Moreover, among the different SFCA types, needle-like SFCA showed
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the highest hardness of 683.31 Gg/m? and fracture toughness of 1.30 MN/m??. Sheet-like SFCA showed a
much lower hardness of 489.34 Gg/m? and a fracture toughness of 0.65 MN/m>2. As a consequence, it is
not hard to understand that increasing the content of Al,O3; would decrease the tumbler index of sinter, as
more sheet-like SFCA with lower mechanical strength is formed.
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Figure 16. Average compressive strength of typical kinds of minerals.
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Figure 17. Fracture toughness and Vickers hardness of typical kinds of minerals.

4. Conclusions

(1) The influence of the Al;O3 content on sinter quality was revealed—increasing the content
to 1.80% improved the tumbler index and productivity, while an obvious drop occurred when the
content. exceeded 1.80%. This suggests that the optimal Al,O3 content in sinter should be controlled
to be within 1.80%. A potential reason for this result is that the generation amount of bonding phase
SFCA increases as the Al,O3 content rises, while sheet-like SFCA with a lower mechanical strength
predominates when the content exceeds 1.80%.

(2) The influence of the SiO, content on sinter quality was revealed—enhancing the content led
to the decrease of the tumbler indeX, especially when the content exceeded 4.80%, while the average
amount of silica in sinter in practical sintering plants ranges between 5 and 5.5%. This result can
be attributed to the formation of calcium silicate with lower mechanical strength, which reduces the
effective amount of CaO to react with Fe, O3 to form SFCA with a lower mechanical strength.

(3) Our research findings elucidated the effects of changing Al,Os and SiO, contents on sintering

performance, which is useful for guiding efficient sinter production processes using large amounts of
imported iron ores.
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