‘.1
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Characteristics and Sintering Mechanisms of Iron Ores with a High
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ABSTRACT: In this study, a sintering test of high-alumina limonite from Indonesia, matched with an appropriate magnetite
concentration, is performed. The sintering yield and quality index are effectively improved by optimizing the ore matching and
regulating the basicity. For the optimal coke dosage of 5.8% and basicity of 1.8, the tumbling index of the ore blend is found to be
61.5% and the productivity is 1.2 t/(h-m*). The main liquid phase in the sinter is the silico-ferrite of calcium and aluminum (SFCA),
followed by a mutual solution, both of which maintain the sintering strength. However, when the basicity is increased from 1.8 to
2.0, the production of SFCA is found to increase gradually, whereas the mutual solution content decreases dramatically. A
metallurgical performance test of the optimal sinter sample demonstrates that the sinter can meet the requirements of small- and
medium-sized blast furnace smelting, even for high-alumina limonite ratios of 60.0—65.0%, thereby greatly reducing the sintering
production costs. The results of this study are expected to provide theoretical guidance for the practical high-proportion sintering of
high-alumina limonite.

B INTRODUCTION

Due to the depletion of low-impurity iron ore deposits, along
with the increase in demand for iron ore in China, the iron and
steel enterprises in that country have imported an increasing
amount of foreign iron ore in recent years."” Iron ores from
Australia, South Africa, and India account for a large proportion

development of an efficient application for high-alumina iron
ores could provide a new way to reduce production costs.”* In
this respect, when the maximum Al,O; content in the system is
1.5%, an alumina-to-silica ratio of <1.0 is considered to be ideal
for BF operation.'”"* For a sinter with a high alumina content,
the addition of a substantial amount of flux is recommended in

of these imports and usually exhibit high -alumina contents.””
Furthermore, there is no effective mineral processing technique
for removing alumina from high-alumina iron ores.”
Meanwhile, an iron ore sinter is a crucial material for the iron-
making process, and its chemical, physical, and metallurgical
properties significantly impact the blast furnace (BF) perform-
ance.” In turn, the main materials used for a sinter are iron ore
fines, and their chemical compositions play a critical role in the
sintering process. Due to the low reactivity of alumina-bearing
minerals and the high viscosity of the primary melts, the
presence of alumina in the sinter mix requires much heat for its
assimilation, thereby delaying the sintering process.'’~'* Hence,
it is essential to understand the role of alumina and its effects on
the sintering process and sinter quality. Moreover, the

© 2023 The Authors. Published by
American Chemical Society

7 ACS Publications

order to obtain more low-melting bonding phases and fluid slag
in the BF process."” ™" Therefore, increased basicity (CaO/
Si0,) is necessary for high-AL,O, systems."®

The major bonding phase in high-Al,Oj; systems is a complex
calcium ferrite known as the silico-ferrite of calcium and
aluminum (SFCA). This is essentially iron oxide with a

Received: November 30, 2022
Accepted: April 11, 2023
Published: April 27, 2023

https://doi.org/10.1021/acsomega.2c07659

15951 ACS Omega 2023, 8, 1595115959


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhikai+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhucheng+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boyang+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c07659&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07659?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07659?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07659?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07659?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07659?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07659?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07659?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/18?ref=pdf
https://pubs.acs.org/toc/acsodf/8/18?ref=pdf
https://pubs.acs.org/toc/acsodf/8/18?ref=pdf
https://pubs.acs.org/toc/acsodf/8/18?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c07659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Chemical Analysis of Raw Materials (wt %)

TFe Fe,04 FeO CaO SiO, ALO; MgO S LOI
H 50.2 71.3 0.4 1.0 3.1 9.6 0.2 0.1 143
J 48.0 67.8 0.7 1.6 32 11.2 0.9 0.1 14.5
K 58.3 83.1 0.2 0.7 4.3 3.1 0.2 0.03 8.4
D 64.2 63.7 25.2 0.9 6.5 1.4 0.4 0.08 1.8
T 66.5 65.4 26.6 1.0 1.7 2.8 1.7 0.02 0.7
dolomite 1.0 1.4 0.0 29.0 1.5 0.2 20.9 0.0 47.0
limestone 0.4 0.6 0.0 51.8 2.7 0.8 0.9 0.0 43.2
Table 2. Industrial Analysis and Ash Analysis of Coke Breeze (wt %)“
proximate analysis ash analysis
name FCy Vi Ay S TFe SiO, Al O, CaO MgO
content 85.2 2.5 11.6 0.7 11.4 41.1 27.6 5.8 1.8
“FC,q: fixed carbon; V4: volatile matter; A,4: ash.
Table 3. Particle Size Composition of Raw Materials (wt %)
+5 mm =S5+ 3 mm =3+ 1 mm —1 + 0.5 mm —0.5 + 0.1 mm —0.1 mm
H 6.6 7.5 34.5 11.4 23.7 16.3
J 2.3 6.9 34.8 18.9 22.6 14.5
K 7.4 3.8 444 20.0 14.0 10.4
D 0.0 0.0 0.0 0.0 2.1 97.9
T 0.0 0.0 0.0 0.8 7.6 91.6
dolomite 2.6 10.2 49.9 7.4 9.6 20.3
limestone 32 10.5 55.4 9.1 12.3 9.6
coke breeze 5.2 2.8 32.8 25.5 12.5 212

“The dolomite, limestone, and coke powder contained, respectively, 97.4, 96.8, and 94.8% of particles of <5 mm.

minimum of 3% Al,O; and plays an important role in influencing
key sinter quality parameters such as the tumbler index (TI),
reducibility, and reduction degradation index (RDI)."”*° The
SFCA can be divided on the basis of composition and
morphology into two main types: (i) a high-Fe, low-Si form
8103 (jow)-F €203 hign)-CaO-ALO; designated SFCA-I and (ii) a
low-Fe, high-Si form SiO;ygn)-Fe;O3(10w)-CaO-ALO;  desig-
nated SFCA.”"** A study by T. Umadevi indicated that an
increase in the alumina content (2.0—5.5%) in sinter hematite
resulted in an increase in both the SFCA and pore phase content,
whereas the magnetite and silicate phase contents were
decreased.'® In addition, both the sinter productivity and
tumbler index (TI) were found to decrease, while the
reducibility increased with the increase in alumina content.
Meanwhile, M.M. Hessien reported that a small increase in the
alumina content of the sinter blend can have substantial adverse
effects on the strength and reduction degradation characteristics
of the final sinter.”**

In brief, due to the low reactivity of Al,O; in high-alumina
systems, along with the high viscosity of the liquid phase,”*° a
lot of heat is inevitably consumed during the sintering process,
thereby increasing the fuel consumption,”””® delaying the
process,”””" and degrading the metallurgical properties of the
sinter (i.e., lowering the strength, increasing the RDI, and
degrading the droplet properties).'®' Meanwhile, limonite is
one of the principal types of iron ore and has a low melting point.
Consequently, if the fuel ratio is increased, the liquid phase is
more abundantly generated, and both the permeability of the
sintered high-temperature zone and the quality index of the
sinter are reduced.”**** Therefore, the sintering of high-
alumina limonite is characterized by a low sintering speed, low

15952

productivity, loose organization of the sinter cake, low yield, and
high fuel consumption.

Moreover, the Al,O; content has a very important impact on
the formation and crystallization of the SFCA, and this effect
involves many factors, including (but not limited to) the basicity
and operating conditions. Hence, a strategy for increasing the
limiting content of Al,O; in order to promote the SFCA
formation and inhibit its adverse effects on the sintering strength
and low-temperature reduction degradation is worthy of study.

Consequently, this study is aimed at realizing the efficient
utilization of high-alumina iron ore, using high-alumina limonite
as the research object. The sintering optimization of high-
alumina limonite is performed in order to evaluate the
applicability of this kind of ore in a given blending scheme
and under suitable sintering conditions.

B EXPERIMENTAL SECTION

Materials. The physical and chemical properties of the raw
materials used in the experiment are listed in Tables 1—3. The
ferrous materials included three types of imported high-Al,O;
limonite fines from the Limonite Mining Company, Indonesia,
in which the particles of <5 mm accounted for 93.4, 97.7, and
92.6% (designated H, J, and K, respectively), and two types of
domestic magnetite concentrates obtained from the Baowu Iron
and Steel Group, China, which had lower alumina contents and
>83.0% particles with sizes <200 mesh (designated D and T,
respectively). The dolomite (xCaCO5-yMgCOj;) and limestone
(CaCO,) fluxes, along with the coke breeze fuel, were obtained
from the Baowu Iron and Steel Group, China.

Methods. As shown schematically in Figure 1, the sintering
experiments were performed using a laboratory sinter pot with a
diameter of 200 mm and a height of 700 mm and having a

https://doi.org/10.1021/acsomega.2c07659
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Figure 1. Schematic diagram of the sintering pot.

removable grate bar at the bottom. The sintering mix and the
hearth layer charges were fixed at about 32.0 and 2.0 kg,
respectively. The sintering test conditions are listed in Table 4,
and the proportions of raw materials for the five ore batches are
indicated in Table S.

Table 4. Parameters of the Sintering Test

items conditions
coke breeze (—3 mm) >90%
dolomite and limestone (—3 mm) >85%
basicity (Ca0O/SiO,) 1.8-2.0
MgO 2.3%
coke breeze rate 5.5-6.1%
mix moisture 9.5—12.0%
granulation time 180 s
ignition suction —5 kPa
ignition temperature 1050 + 30 °C
ignition time 90 s
ignition heat preservation temperature 980 + 20 °C
ignition heat preservation time 60 s
sintering suction —8 kPa
sinter return proportioning 30%
cooling time S min

Table 5. Mix Proportion for Different Ore Batching Schemes

ore blending schemes H J K D T
1 100.0 0.0 0.0 0.0 0.0
2 0.0 100.0 0.0 0.0 0.0
3 45.0 10.0 15.0 25.0 S.0
4 45.0 15.0 0.00 35.0 S.0
S 50.0 15.0 0.0 25.0 10.0

A flow chart of the sintering test is presented in Figure 2, and
the operating parameters are listed in Table 6. For the sintering
process, the mass batching method was adopted, in which the
water for mixing was added manually three times, followed by
mixing and granulating in a drum mixer (®600 mm X L1400
mm; 20 r/min). After granulation, the mixture was transferred to
a sintering cup (®©150 mm X H720 mm) with bedding material
to give a total layer height of 700 mm. The gas used for the
ignition was natural gas. The sintering time was defined as the

time taken for the sintering waste gas to reach its maximum and
just start to cool down. When the sintering endpoint was
reached, the material was discharged after cooling for 5 min,
then broken by a single-tooth roller crusher, and tested for
shatter strength, particle size distribution, and tumbling
strength. Additionally, a final sinter sample was taken for
chemical analysis and determination of its metallurgical
properties and mineralogical phases.

The formulae for calculating the evaluation indexes (vertical
sintering speed, productivity, and tumbling strength) are as
follows

V,=H/t (1)

V| —vertical sintering speed, mm-min”;
H—height of the sinter layer, mm;
t—sintering time, min.

r =765 x 10* M/(D*-t) (2)

r—productivity, t-m~>h™";
M—weight of the final sinter, kg;
D—inner diameter of the sintering cup, mm.

P = (m —1)/(my — 1) X 100% (3)

P—yield, %;
m;—weight of +5 mm size fraction, kg;
my—total weight of the sinter, kg.

TI = M,/M, X 100% (4)

TI—tumbling strength, %;

M, —weight of the sinter put into the drum, kg;

M,—weight of +6.30 mm size fraction after trundling and
screening, kg.

Characterization. The metallurgical performance was
evaluated using the reducibility test, low-temperature reduction
degradation index (RDI) test, and high-temperature soft melting
properties test. The reducibility test was conducted in
accordance with the international standard ISO 7215-201S:
Iron ores for blast furnace feedstocks — Determination of the
reducibility by the final degree of reduction index. The RDI test
was conducted in accordance with ISO 4696-1-2015: Iron ores
for blast furnace feedstocks — Determination of low-temper-
ature reduction-disintegration indices by static method — Part 1:
Reduction with CO, CO,, H,, and N,. The high-temperature
soft melting properties test was performed using a 30:70 mix of
CO and N, as the reducing gas at a flow rate of 15 L/min and a
load of 980 X 10 Pa. During the test, the samples were heated
up to 900 °C at a rate of 10 °C/min, maintained at a constant
temperature of 900 °C for 30 min, and then heated above 900 °C
atarate of 5 °C/min to determine the temperatures at which the
total heights of the ore samples shrink by 10 and 40% (T, and
T.,) and the temperature at which the liquid phase begins to drip
(Tp). Additionally, the microstructural characteristics of the
sinter were examined by using an environmental scanning
electron microscope (ESEM) equipped with an EDAX energy-
dispersive X-ray (EDX) spectrometer. The chemical composi-
tion of the sinter was determined by chemical dissolution
analysis at the Changsha Research Institute of Mining and
Metallurgy in Hunan Province, China.

B RESULTS AND DISCUSSION
Characteristics of High-Alumina Limonite Sintering. In
this test, the ore blending was performed at a set basicity of 1.9

https://doi.org/10.1021/acsomega.2c07659
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Figure 2. Flow chart of the sintering test.
Table 6. Operating Parameters of the Sintering Test
blending time/min height of sinter layer/mm sintering ignition
I 1I total material height bedding material temperature /°C time/min negative pressure /kPa
manpower 3 700 ~20 1050 + 30 1.5 N
keep warm after ignition sintering cooling
temperature/°C time/min negative pressure/kPa negative pressure/kPa time/min
980 + 20 1 8 8 N

Table 7. Sintering Quality Indexes of High-Alumina Limonite

schemes mix moisture/% coke dosage/% sintering speed/ mm-min~ yield/% tumbling strength/% productivity/ tm >h~!
1 10.5 S.5 25.8 61.1 54.2 1.0
11.0 S.5 28.3 61.2 54.6 1.1
11.5 S.S 30.2 56.8 55.0 1.0
11.0 5.8 30.9 63.2 53.1 12
11.0 6.1 26.7 67.8 54.5 1.1
11.0 6.4 27.8 66.3 52.1 1.1
2 12.0 6.1 25.2 558.1 49.6 0.8
12.0 6.4 24.7 65.2 55.5 1.0
12.0 6.7 23.1 71.1 58.3 1.0
12.0 7.0 21.6 70.6 44.3 0.9
11.0 6.7 19.7 68.0 51.2 0.4
11.5 6.7 21.1 71.2 59.0 0.9
15954 https://doi.org/10.1021/acsomega.2c07659
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Table 8. Sintering Quality Index of High-Alumina Limonite Ore Blending

schemes mix moisture/% coke dosage/% sintering speed/mm-min~" yield/% tumbling strength/% productivity/t-m™>-h™"
3 9.0 5.8 28.0 71.1 54.6 14
9.0 6.1 30.6 73.4 55.2 1.6
9.0 6.4 28.9 71.9 50.0 14
8.0 6.1 20.9 75.5 S1.8 1.1
8.5 6.1 253 73.5 559 13
4 8.5 S.5 21.9 72.6 S1.7 1.3
8.5 5.8 21.7 74.1 56.6 1.2
8.5 6.1 22.3 752 S2.1 12
8.0 5.8 15.6 57.0 42.0 0.7
9.0 5.8 27.2 72.1 53.9 14
S 8.5 5.5 21.9 69.2 559 1.0
8.5 5.8 22.0 73.3 59.1 1.2
8.5 6.1 24.3 713 53.2 12
8.0 5.8 20.3 71.9 56.8 0.9
9.0 5.8 22.3 68.8 58.8 0.9
Table 9. Sintering Quality Index of Optimized Test
basicity mix moisture/% coke dosage/% sintering speed/ mm-min~! yield/% tumbling strength/% productivity/ t-m~2h7!
1.8 9.0 5.8 22.7 75.3 61.5 1.20
1.9 8.5 5.8 22.0 73.3 59.1 1.17
2.0 8.5 5.8 22.7 75.0 60.3 1.18
Table 10. Main Mineral Composition of Sinter/%
basicity Fe,04 Fe;0, SFCA SS Olivine magnesium ferrite calcium silicate CaO vitreous
1.8 21.0 37.3 19.4 14.5 13 1.6 22 0.6 22
1.9 23.3 36.3 23.1 6.6 14 2.1 2.3 2.8 22
2.0 23.9 33.2 25.1 5.7 13 2.3 24 3.8 24

and an MgO content of 2.3%. The effects of varying the moisture
content and coke dosage of the high-alumina H and J limonite
fines on the specific quality indexes of the sinters are listed in
Table 7.

Here, the sintering process of high-alumina limonite powder
in the absence of magnetite powder is seen to be sensitive to the
amount of water and coke in the process. When the moisture and
coke powder content are varied by only a small amount, the
technical indexes of the sintering process are seen to fluctuate
greatly. Consequently, the sintering process of the high-alumina
limonite powders H and ] requires a high content of coke
powder and moisture, and a low sintering yield, tumble strength
index, and productivity index are obtained. Therefore, it is
necessary to add a certain amount of magnetite powder into the
sintering mixture and then improve the quality of the sinters by
optimizing the ore blending and adjusting the basicity.

Sintering of Blends Containing High Proportions of
High-Alumina Limonite. The sintering tests were performed
at a fixed basicity of 1.9 and an MgO content of 2.3% using the
following three blends: Blend 3 consisting of a 45:10:15:25:5
ratio of powder H, powder J, powder K, fine D, and fine T; Blend
4 with a 45:15:35:5 ratio of powder H, powder J, fine D, and fine
T; and Blend § with a 50:15:25:10 ratio of powder H, powder ],
fine D, and fine T. The effects of varying the moisture content
and coke dosage for each of the three ore blending schemes are
indicated in Table 8.

Here, it can be seen that substituting the low-alumina powder
K for a proportion of powders H and ] does not produce the
ideal sinter. Hence, powder K is excluded from Blends 4 and §,
and the dosage of magnetite is increased accordingly. The
magnetite crystal is an equiaxed crystal system, whereas the
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hematite is a hexagonal system. Hence, changes in the lattice
structure occur during the sintering process, and these enhance
the migration ability of atoms within the structure, which is
conducive to the formation of bonds between adjacent particles,
thereby improving the strength of the sinter.”* The present
results also indicate that the introduction of an appropriate
amount of magnetite concentrates into the high-alumina
limonite ore can significantly improve the granulation effect of
the mixture and the quality of the sinter, while, concomitantly,
significantly reducing the amount of coke powder. After
optimizing the ore distribution, the ratio of powders H and ]
is 65.0% in Blend 5, and the optimum sintering index is obtained
under the optimum moisture and coke dosage conditions.
Therefore, Blend § is selected for further experiments.

Sintering Optimization of Blends with High Propor-
tions of High-Alumina Limonite. For ores with 2.3% MgO,
the effects of varying the basicity, moisture content, and coke
dosage upon the sintering quality indexes of the blends are
presented in Table 9.

Here, the sinter exhibits the highest quality index when the
basicity reaches 1.8, giving a sinter yield, tumbling index, and
productivity of 75.26%, 61.53%, and 1.2 t-m~*h "', respectively.
When the basicity reaches 2.0, the quality is seen to diminish,
and the lowest quality is observed at a basicity of 1.9. This may
be attributed to the initial decrease and subsequent increase in
the tumbling strength of the sinter with the increase in basicity.

B MICROSTRUCTURE OF THE SINTER

Main Mineral Composition of the Sinter. In this section,
the optimal sinter samples of Blend S with three basicity levels
are selected for the ore facies identification. The detailed

https://doi.org/10.1021/acsomega.2c07659
ACS Omega 2023, 8, 15951-15959
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component composition by percentage is shown in Table 10.
Thus, the sinter is seen to be mainly composed of magnetite
(Fe;0,), hematite (Fe,0;), four-dimensional calcium ferrite
(SFCA), SS (silicate containing Ca, Fe, Al, Ti, Mg, and other
elements), fayalite (2FeO-SiO,, CaO-FeO-$i0,), magnesium
ferrite (MgO-Fe,05), calcium silicate (2Ca0O-SiO,, CaO-Si0,),
and vitreous and free CaO.

As shown in Figure 3, the main binding phase ratio of the
high-alumina limonite sinter is relatively low, which is the main

40.00

m SFCA O Solid solution

solution

35.00
30.00 - _. :

Solid .- -Solid -
25.00 solution - solution’
20.00 __
15.00
10.00

5.00

The ratio of main binding phase(%)

0.00

18 1.9
Binary basicity(Ca0O/Si0,)

Figure 3. Comparison of the ratio of main binding phase at different
basicity.

reason for the decline in the strength and other indexes.
Concurrently, with increasing basicity, the content of SFCA in
the sinter is seen to gradually increase, while the other main
binding phase (a mutual solution of silicate containing Ca, Fe,
Al, Mg, and other elements) decreases drastically.
Microstructural Characteristics of the Sinter. The
ESEM images of the SFCA in the sinter under various basicity
conditions are presented in Figure 4, where the SFCA exhibits a
dark gray color due to the high content of aluminum in the

mixture. Further, the scanning results in Table 11 indicate that
an increase in the Al,O; content of the mixture results in an

Table 11. SEM Results of SFCA at Different Basicities /%

basicity Fe Ca Al Si (0)
1.8 Wt 54.1 8.9 6.0 3.3 27.7
At 29.6 6.8 6.8 3.6 53.2
1.9 Wt 49.3 10.2 7.9 4.5 28.1
At 26.3 7.6 8.8 4.7 52.6
2.0 Wt 47.8 11.0 9.0 S.1 27.1
At 25.6 8.2 10.0 S4 50.8

increased Al,Oj; activity as well as a stronger thermodynamic
binding tendency of Al,O; with CaO rather than Fe,O;. Thus,
the incorporation of a simple calcium ferrite or dicalcium ferrite
to form the four-dimensional SFCA is a simple strategy for
promoting the chemical potential. Meanwhile, the ferrite liquid
phase plays a crucial role in cementation and also provides the
sinter with the highest strength and the most effective reduction
of minerals. As the basicity is increased, the formation of SFCA is
gradually increased. Thus, at a basicity of 1.8, the formation of
SFCA in the sinter is relatively low, and the crystals are small
(Figure 4). At a basicity of 1.9, the amount of SFCA has
increased, and the crystals have become thick, stripe-shaped, and
columnar. Moreover, when the basicity is increased to 2.0, the
SFCA content reaches a maximum (25.1%), and the crystalline
grains are thicker. The results in Figure 4 also indicate that some
of the solid iron oxide phases are surrounded by the SFCA,
thereby increasing the binding force of the liquid—solid phase.
This, in turn, increases the strength of the sinter.

As SFCA is one of the main minerals in the binding phase of
the aluminum-containing sinter, a greater SFCA content
produces a stronger sinter. This suggests that the mixture with
a basicity of 2.0 should exhibit the highest sintering index.
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Figure 4. SEM energy spectrum of SFCA at different basicities (a) 1.8, (b) 1.9, and (c) 2.0.
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Figure S. SEM energy spectrum of mutual solution at different basicities: (a) 1.8, (b) 1.9, and (c) 2.0.

However, due to the high proportion of high-alumina limonite in
the present study, the sinter index is also affected by other
factors. Another major binding phase of the sinter, but obtained
under different basicity, is the mutual solution. This consists of
silicate containing Ca, Fe, Al, Ti, Mg, and other elements. The
ESEM images of the mutual solution phase are presented in
Figure S, and the scanning results are presented in Table 12.

Table 12. SEM Results of Mutual Solution at Different
Basicities/%

basicity Fe Ca Al Si Ti (¢}
1.8 Wt 9.0 24.0 5.3 19.8 6.7 35.2
At 4.0 15.0 4.8 17.7 3.5 55.0
19 Wt 30.0 242 0.0 10.3 7.6 27.9
At 15.7 17.7 0.0 10.7 4.7 S1.2
2.0 Wt 11.3 33.4 0.0 17.0 7.6 30.7
At 5.4 22.4 0.0 16.2 4.3 S1.7

The results in Figure S, along with those in Figure 3 and Table
10, indicate that the content of the mutual solution in the sinter
is significantly decreased with the increase in basicity. When the
content of calcium ferrite in the sinter is low, this silicate liquid
phase plays a crucial role in increasing the strength of the
sinter.”> Moreover, when the basicity is 1.8, the content of
mutual solution is equivalent to that of SFCA in the sinter

(Table 12); this slightly lower-strength liquid phase occupies
14.49% of the sintered mineral phase and is closely bonded with
the Fe,O; and Fe;0, particles, thereby supporting the strength
of the sinter together with the SFCA. When the basicity is
increased to 1.9 or 2.0, however, the amount of mutual solution
is decreased sharply, while the SFCA content increases slightly.
At the same time, more limestone particles are incorporated, and
these require substantial heat for decomposition. As a result,
under the optimal condition of 5.8% coke, increasing the basicity
is equivalent to decreasing the sintering temperature.
Furthermore, the free CaO content in the sinter is seen to
increase with the increase in basicity (Table 12). This is further
evidenced by the appearance of white spots due to the presence
of free CaO in the cross-sectional SEM image of the sinter at a
basicity of 2.0. This component easily absorbs water, thereby
decreasing the sinter strength. Moreover, the addition of more
limestone leads to an increase in the amount of Fe,O; crystals in
the sinter. Thus, when the basicity is 2.0, many unbound crystals
are observed, and the liquid phase is cemented to the sinter,
thereby resulting in low structural strength.

In brief, the SFCA and the mutual solution phases are the
main binding phases of the high-alumina limonite sinter, and
both phases provide strength to the sinter when a suitable
basicity is used. In addition, the microstructure and phase
analyses demonstrate that it is possible to increase the amount of
SFCA by increasing the basicity, although this sharply lowers the

Table 13. Metallurgical Properties of the Sinter

low-temperature reduction degradation index

(RDI)/%
basicity RDL, 43 mm RDL,; ;5 mm RDI_ g um reducibility index (RI)/% Tgs /°C Tgs /°C A\Ts /°C Tp /°C
1.8 79.3 89.6 39 75.6 1141 1209 68 1407
1.9 70.4 85.0 S.1 819 1073 1200 127 1379
2.0 53.1 75.1 8.3 81.3 1040 1152 112 1372
15957 https://doi.org/10.1021/acsomega.2c07659
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amount of mutual solution.>® Furthermore, increases in the
amount of free CaO and granular Fe,O; crystals in the sinter
affect the structure and decrease the strength of the sinter.

B METALLURGICAL PROPERTIES OF THE SINTER

The effects of basicity on the reducibility, low-temperature
reduction degradation, and high-temperature soft melting
properties of the sinters are indicated in Table 13.

RDI, 63 mum RDL 315 mmy RDI_g 5 it after being rotated by the
drum for 10 min, the mass proportion of particle size fractions of
+6.3 mm, 3.15—6.3 mm, and —0.5 mm, respectively, in the
sample; RI: reducibility index; T's: temperature point at 10% of
total height shrinkage of the sinter; Tgg: temperature point at
40% of total height shrinkage of the sinter; Tp: temperature
point at which the liquid phase of the sintered ore sample begins
to drip; /\T: softening range.

Here, the three types of sinter each exhibit a high reduction
degradation index (RDI) that decreases with the increase in
basicity. Meanwhile, the reducibility is seen to increase with the
basicity. With respect to the high-temperature soft melting
properties, the sinter with a basicity of 1.8 exhibits a narrower
soft melting interval and higher dripping temperature than those
observed at other basicities. This results in an increased
permeability and is beneficial to BF production. Therefore, the
sinter with a basicity of 1.8 exhibits the highest index regardless
of its RDI or high-temperature soft melting properties. Hence,
the metallurgical properties of this sinter can meet the
requirements for smelting in small and medium BFs.

B CONCLUSIONS

(1) The sintering of high-alumina limonite in the absence of
magnetite powder requires a high coke dosage, and the
optimum range of coke dosage is narrow. By optimizing
the ore blend and adjusting the basicity, the ratio of coke
dosage is effectively reduced, and the sintering quality
index is improved.

(2) The microstructure of the sinter indicates that, due to the
high content of Al,O;, the main liquid phase is the silico-
ferrite of calcium and aluminum (SFCA), followed by a
mutual solution. The SFCA and the mutual solution
provide synergistic support to the strength of the sinter.
However, the basicity has a great influence on the
formation of SFCA and the mutual solution. Thus, when
the basicity is increased from 1.8 to 2.0, the amount of
SECA is gradually increased, whereas the amount of
mutual solution is drastically decreased.

(3) Under the optimal ore blending conditions, the sinter
with a basicity of 1.8 has good microstructural and
metallurgical properties, thereby meeting the require-
ments of medium and small BF smelting conditions,
enabling the use of high-alumina limonite with a
proportion of 60.0—65.0%, and greatly reducing the
sintering production cost.
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