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Abstract

High-alumina iron ore sintering is characterized by poor sinter indices and high carbon emission due to the limited formation
amount of liquid phase. In this study, the conventional Ca-bearing flux (i.e., burnt lime) was substituted by a new Ca-bearing
flux with low melting point (i.e., prefabricated calcium ferrite) for the improvement of the formation ability of liquid phase
during sintering. The substitution of prefabricated calcium ferrite for burnt lime contributed to the reduction of the formation
temperature of liquid phase and the improvement of liquid-phase fluidity. At the optimum substitution ratio of 20%, the
strength of sinter compacts was improved by 38.38% in the mini-sintering tests due to the more formation of liquid phase,
especially SFCA (i.e., Silico-ferrite of calcium and alumina). In addition, the proportion of high-alumina iron ore can be
appropriately increased from 10.20% to 25.20% at the substitution ratio of 20% under the premise of the similar strength of
sinter compacts. High-alumina iron ore can be effectively utilized during sintering by pre-preparing the low melting-point
flux, which will be further proved by the relevant sinter pot tests in our follow-up study.
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Introduction

The iron and steel production in China is still dominated
by the long process of blast furnace—converter route [1].
Iron ore sinter is the major burden for blast furnace, and its
average proportion in blast furnace is generally over 70%
[2]. However, the carbon emission of sintering process is
huge, which is only next to that of ironmaking process [3].
In addition, the quality of iron ore resources is increas-
ing deteriorated with the large consumption of high-grade
iron ore resources. The proportion of low-grade iron ore
resources is increasing, especially high-alumina iron ore
[4-6]. Its high Al,O5 content leads to the increase of the
formation temperature and viscosity of liquid phase dur-
ing sintering [7-9]. Higher consumption of solid fuel is
needed for the adequate formation amount of liquid phase
[10, 11], which not only leads to the deterioration of the
technical and economic indices of product sinter [9], but
also results in the further increase of carbon emission in
sintering process [12—-14]. In the conventional sintering
process, the solid fuel consumption of high-alumina iron
ore sintering reaches 70-90 kg/t, which is much higher
than that of ordinary iron ore sintering (30-50 kg/t). Pro-
moting the formation of liquid phase is key for the low-
carbon sintering of high-alumina iron ore.

At present, numerous studies on the low-carbon sinter-
ing technology of iron ores have been conducted mainly
including matching optimization sintering technology [15,
16], strengthening granulation technology [17], deep-bed
sintering technology [18], flue gas circulation sintering
technology [19, 20], and biomass fuel sintering technol-
ogy [21]. However, there are still some limitations in the
application of these techniques for high-alumina iron ore
sintering. Matching optimization sintering technology is
mainly based on the complementary principle of normal
and high-temperature characteristics of iron ores. How-
ever, the proportion of high-alumina iron ore is severely
limited (generally <50%) due to the excessive variations
in the types and compositions of the iron ores. The reduc-
tion of carbon emissions is achieved in deep-bed sintering
process by improving the self-heat storage of sinter bed
and prolonging the holding time of high-temperature zone.
The permeability of sinter bed is gradually deteriorated
with the increase of its height. In general, the height of
sinter bed is not exceeding 1000 mm, which is a great
limitation for carbon emission reduction. Carbon emission
can be reduced in flue gas circulation sintering process by
the improvement of sintering heating conditions, while
the result is not very ideal due to the low percentage of
flue gas recirculation (20-50%), insufficient O, content
(10-15%), and high humidity (> 10%) [22]. In addition,
strengthening granulation technology mainly aims to the
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improvement of the permeability of sinter bed, and the
pretreatment process of raw materials is always needed.
In biomass fuel sintering technology, the fossil fuels such
as coke are substituted by the clean biomass fuels for car-
bon emission reduction [23, 24]. However, the substitution
ratio of biomass fuels is generally not exceeding 40% due
to the excellent reactivity and fast combustion rate.

During high-alumina iron ore sintering, liquid phases are
very difficult to be formed due to it high Al,O, content and
poor reactivity of Al-bearing minerals, which is the major
reason for its poor sinter indices and high carbon emission.
In sintering process, calcium ferrite is the optimal type of
liquid phase with low melting point, strong bonding abil-
ity, and fluidity reducibility [25, 26]. If calcium ferrate is
pre-prepared as a substitute for the conventional Ca-bearing
fluxes such as burnt lime, the formation ability of liquid
phase would be improved with the reduction of formation
temperature of liquid phase. Currently, calcium ferrite is
mainly used in iron ore sintering for the treatment of NO,
[27]. The relevant studies are rarely conducted on the pro-
motion of liquid-phase formation. In addition, the action
mechanism of the flux of calcium ferrite is still unclear.

In this paper, based on the characterization of the prefab-
ricated calcium ferrite, mini-sintering tests were conducted
with the optimization of the substitution of prefabricated
calcium ferrite for burnt lime and the proportion of high-
alumina iron ore. The action mechanism was revealed by the
analyses of the formation temperature and fluidity of liquid
phase and the mineralogy of sinter compacts.

Materials and Methods
Raw Materials

The used raw materials mainly include six types of iron
ores (A-F), limestone, burnt lime, and a low-melting flux
A, which are all provided by a steel plant in China. The
chemical compositions of the raw materials are shown in
Table 1. Iron ores B, C, and D contain relatively higher
contents of Al,O;, especially iron ore D. Limestone and
burnt lime are both the conventional fluxes for sintering.
Flux A was pre-prepared via the rotary kiln process by
using the ordinary iron ores, limestone, and burnt lime.
Combined with Table 1 and Fig. 1, flux A is mainly in form
of 2Ca0-Fe,0; and CaO-Fe,0;, which is consequently
defined as the prefabricated calcium ferrate. It contains
36.47% TFe and 26.12% CaO, and its melting temperature
is as low as 1224 °C as shown in Fig. 2. Thus, flux A
can be used as a low-melting-point flux for sintering. In
addition, the size distributions of all raw materials are kept
at — 0.074 mm during mini-sintering tests.
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Table 1 Chemical compositions

. Types TFe CaO SiO, MgO Al,O4 P K,0 Na,O LOI
of raw materials (mass-%)
Iron ore A 62.60 0.19 7.60 0.10 1.50 0.083 0.010 0.010 1.80
Iron ore B 56.50 0.01 6.00 0.10 2.80 0.100 0.010 0.010 9.00
Iron ore C 60.00 0.19 4.30 0.10 3.00 0.120 0.006 0.010 6.00
Iron ore D 55.00 0.15 8.00 0.10 6.50 0.078 0.020 0.080 6.00
Iron ore E 66.80 0.20 5.50 0.60 0.60 0.005 0.043 0.059 -2.20
Iron ore F 65.30 0.55 7.50 0.10 1.02 0.005 0.043 0.059 —-2.20
Limestone - 52.50 1.90 1.80 0.18 0.010 - - 42.00
Flux A 36.47 26.12 1.11 0.12 0.14 0.008 - - 6.20
Burnt lime - 85.00 3.00 1.00 0.47 0.010 - - 0.00

TFe total Fe content, LOI loss on ignition
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Fig. 1 X-ray diffractions (XRD) of flux A

Experimental Procedure
Mini-Sintering Tests

In mini-sintering tests, the basicity (i.e., the mass ratio of
Ca0/Si0,) of sinter compacts was kept at 2.0. The substitu-
tion ratio of flux A for burnt lime was optimized from 0 to
40%. The blending of raw materials at different substitution
ratio of flux A is listed in Table 2. The substitution ratio was
defined as shown in Eq. 1. At the appropriate substitution
ratio, the proportion of high-alumina iron ore D was adjusted
from the base case (10.20%) to 30.20%. The blending of raw
materials at different ratio of iron D is listed in Table 3. The
theoretical composition of compacts is shown in Table 4.
The detailed method was presented as follows.

First, the raw materials were blended uniformly in the
designed proportions and then compacted into ore compacts
with 12 mm in diameter and 10 mm in height at the fixed
pressure of 3 kN for 1 min. Subsequently, eight ore compacts
were put into a porcelain boat with 25 mL in volume. When
the sintering temperature reached 1300 °C, the boat was loaded
into a horizontal tube furnace with 600 mm in diameter and
1000 mm in length and moved to the target zone in 5 min.

.
(a)
e —————
1055°C |
1224°C|

Fig.2 Melting characteristics of flux A a initial state, b softening
temperature, ¢ melting temperature
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Table 2 The blending of

. ; Substitution IronA TronB IronC IronD IronE IronF Limestone Burntlime Flux A
raw nllate.rlals a.t different ratio of flux A
substitution ratios of flux A
(mass-%) 0 7.5 2858 2144 857 1115 7.5 888 7.10 0.00
10 7.03 28.14 21.10 8.44 1097 7.03 8.19 6.55 2.53
20 6.91 27.65 20.74 8.30 10.78 691 7.50 6.00 5.20
30 6.79 27.14 2036 8.14 10.59  6.79 6.75 5.40 8.05
40 6.66 26.64 1998 7.99 10.39  6.66 5.94 4.75 11.00
Table; The lflending Of raw RatioofironD Iron A IronB IronC IronD IronE IronF Limestone Burntlime Flux A
materials at different ratios of
iron D (mass-%) 10.20 691  27.65 2074 829 1079 691  7.50 6.00 5.20
15.20 6.88 27.51 1659 1229 10.73 6.88 7.66 6.13 5.32
20.20 6.83 27.33 1246 1623 10.66 6.83 7.88 6.30 5.47
25.20 6.79 27.17 840 20.13 10.60 6.79 8.06 6.45 5.60
30.20 6.75 27.01 438 2398 1054 6.75 8.25 6.60 5.73
Table 4 . Thc theoretical Types TFe CaO Si0, MgO ALO,
compositions of compacts
(mass-%) Substitution ratio of flux A 0 7270 15.65 7.80 0.54 3.32
10 73.08 15.44 7.70 0.51 3.28
20 73.41 15.28 7.59 0.49 3.23
30 73.80 15.08 7.48 0.46 3.18
40 74.26 14.81 7.37 0.43 3.13
Ratio of iron D 10.2 73.41 15.28 7.59 0.49 3.23
15.2 72.73 15.58 7.78 0.49 3.41
20.2 71.96 15.99 7.95 0.50 3.59
25.2 71.26 16.34 8.13 0.51 3.77
30.2 70.55 16.69 8.30 0.51 3.95

After sintered for 5 min, the boat was removed from the
furnace at the same speed and cooled to the room temperature
in air atmosphere. The compressive strength of sinter compacts
was determined by means of a domestic mechanical press, and
the average values were obtained. The mineralogy of sinter
compacts was analyzed by means of the optical microscope
(DMA4P, Leica Microsystems, Germany) and scanning electron
microscopy and energy-dispersive spectrum (SEM—-EDS,
Sigma 300, ZEISS, Germany).

Substitution ratio = 0.261Wgy, 4 /(0.850Wg et lime

+0.261 W, 1) X 100%, M
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where: Wy, o2 Mass of flux A, kg; Wg,,,..; 1ime: Mass of burnt
lime, kg; 0.261: Mass ratio of CaO in flux A; 0.850: Mass
ratio of CaO in burnt lime.

Determination of Melting Characteristics and Liquid-Phase
Fluidity

The melting characteristics of flux A were determined in a
high-temperature horizontal tube furnace (® 14 X 280 mm)
equipped with a high-resolution digital camera as shown
in Fig. 3. First, the sample of flux A was compacted into
a cylinder with 3 mm in diameter and 5 mm in height.
Subsequently, the cylinder was placed on a square corundum
substrate with 15 mm in length, 10 mm in width, and
3 mm in thickness. After the substrate was loaded into the



Journal of Sustainable Metallurgy

Fig.3 Equipment diagram of
melting characteristics and

liquid-phase fluidity p——

High-resolution
digital camera

Temperature controller

Thermocouple

Corundum substrate

horizontal tube furnace, the heating program was started
with a heating rate of 5 °C/min. The sample was gradually
melted in air atmosphere. The melting process was recorded
by the high-resolution digital camera, and the photos were
captured at a rate of 1 frame per second. Initial melting
temperature and melting temperature were determined
based on the reduction of the sample height in the photos to
1/4 and 2/4 of its initial value, respectively. In addition, the
blended ores at different substitution ratio of flux A were
prepared according to the methods in “Mini-Sintering tests”
section. Its melting characteristics were determined via the
same method above for promulgating the effect of flux A on
the formation of liquid phase during sintering.

For the characterization of liquid-phase fluidity during
sintering, the basicity of the blended ores was increased to
4.0. Similarly, the blended ores were compacted into a cyl-
inder and put on a square corundum substrate with the same
size. They are sintered at 1300 °C for 5 min in the horizontal
tube furnace under air atmosphere. The sample was cooled
to 900 °C in the furnace at a rate of 10 °C/min and then
removed from the furnace and further cooled to the room
temperature under air atmosphere. The liquid-phase fluidity
index was determined according to the Eq. (2) [28].

LI=S,/Sy -1, )

where LI: liquid-phase fluidity index; S;: area of the sintered
compact; and S, area of the initial compact.

Results

Influence of the Substitution Ratio of Flux
A for Burnt Lime

The variation of the strength of sinter compacts with the
substitution ratio of flux A is shown in Fig. 4. As the
substitution ratio of flux A is increased from 0 to 30%, the
strength of sinter compacts is increased significantly from
24.88 MPa to 36.92 MPa. When the substitution ratio of
flux A is further increased to 40%, the strength of sinter
compacts is decreased to 34.63 MPa. It can be observed

w w
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The strength of sinter compacts/MPa
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Fig.4 Influence of the substitution ratio of flux A on the strength of
sinter compacts

that the increased extent of the strength of sinter compacts
is much higher with the substitution ratio of flux A increased
to 20%. Under this condition, the strength of sinter compacts
is greatly improved by 38.38% compared with the base case.
Thus, the appropriate substitution ratio of flux A should be
20% in the comprehensive consideration of the strength of
sinter compacts and preparation costs of flux A.

Influence of High-Alumina Iron Ore D Ratio

The variation of the strength of sinter compacts with the
ratio of high-alumina iron ore D is shown in Fig. 5, when
the substitution ratio of flux A for burnt lime is kept at 20%.
When the ratio of high-alumina iron ore D is increased
from 10.20% to 25.20%, the strength of sinter compacts
remains stable, which is slightly reduced from 34.43 MPa
to 33.82 MPa. With the further increase of the ratio of
high-alumina iron ore D to 30.20%, the strength of sinter
compacts is obviously reduced to 32.44 MPa. At the
substitution ratio of flux A of 20%, the ratio of high-alumina
iron ore D can be increased by 15.00% under the premise of
the equal strength of sinter compacts. The results indicates
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that the substitution of flux A for burnt lime contributes to
the more effective utilization of high-alumina iron ore D
during sintering.

Discussion

Melting Characteristics of Blended Ores

The variations of the melting characteristics of blended ores
with the substitution ratio of flux A for burnt lime are shown

in Fig. 6. As the substitution ratio of flux A is increased
from 0 to 40%, the softening temperature and hemisphere

The strength of sinter compacts/MPa
w w w w
[—} w (=) -]
1 1 1 1

N
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1

10 15 20 25 30
The ratio of ore D/%

Fig.5 Influence of high-alumina iron ore D on the strength of sinter
compacts
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Fig.6 Variations of melting characteristic temperatures with the
substitution ratio of flux A
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temperature are obviously reduced from 1285 °C and
1410 °C to 1247 °C and 1355 °C, respectively. The results
indicate that the increase of the substitution ratio of flux A
contributes to the reduction of the formation temperature
of liquid phase during sintering. Thus, less solid fuel
consumption and better sinter indices can be achieved due
to the improvement of the formation ability of liquid phase.

Fluidity of Liquid Phase During Sintering

The variations of the fluidity of liquid phase of blended ores
with the substitution ratio of flux A for burnt lime are shown
in Fig. 7. As the substitution ratio of flux A is increased
from 0 to 30%, the liquid-phase fluidity index is greatly
increased from 12.4 to 20.74. When the substitution ratio
of flux A is further increased to 40%, the liquid-phase flow
index is further increased to 21.27. The results indicate that
the partial substitution of flux A contributes to fluidity of
liquid phase during sintering, which is conducive to the
improvement of the solid-liquid bonding effect and the
strength of sintered compacts. Consequently, less solid
fuel consumption and better sinter indices can be achieved.
However, the overhigh liquid-phase fluidity is adverse to
sintering process due to the excessive extending of liquid
phase and the more formation of large pores.

Mineralogy of Sinter Compacts
Action of Low Melting-Point Flux A

The microstructure of sinter compacts at different
substitution ratios of flux A) is shown in Figs. 8 and

22

Liquid phase fluidity index
= > 3 S

[
[ 5]
T

0 10 20 30 40
Substitution ratio of flux A/%

Fig.7 Effect of the substitution ratio of flux A on the fluidity of
liquid phase during sintering
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SR:“" o-1 o

Fig.8 Microstructure of sinter compacts at different substitution ratios of flux A under optical microscope. SR substitution ratio of flux A, M
magnetite, H hematite, F fayalite phase, SFCA silico-ferrite of calcium and alumina, P pore

SR=20%

,,:r‘w, .
A /4
2 A

Fig. 9 Microstructure of sinter compacts at different substitution ratios of flux A under SEM. SR Substitution ratio of flux A

9. Combined with Table 5 and Fig. 10, sinter compacts
in the base case possess large pores with thin wall and
the porosity is as high as 43.03% while SFCA amount
is limited (i.e., 22.87%). With the substitution ratio of
flux A increased to 20%, the porosity of sinter compacts
is reduced to 28.98% and the connectivity of pores is
also weakened. Meanwhile, SFCA amount is increased to
76.29% due to the reduction of the formation temperature
of liquid phase and the improvement of liquid-phase

fluidity. When the substitution ratio of flux A is further
increased to 40%, SFCA is continuously increased to
91.54%. However, the pores are increasingly irregular and
the porosity is also increased to 49.53%, which is mainly
due to the excessive expansion of liquid phase. Overall,
the substitution of flux A for burnt lime contributes to
the formation of liquid phase, especially SFCA. However,
the overhigh amount of liquid phase is adverse to the
consolidation of sinter compacts. Thus, the recommended
substitution ratio of flux A is 20% which is consistent
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Table 5 EDS analysis of the

oo ened Point No Elemental compositions/(mass-%) Phases
marked points in Fig. 9
Fe Ca Si Al Mg (0]
1 72.42 0.34 0.00 0.41 0.00 26.83 Hematite
2 56.08 9.94 2.56 2.07 0.31 29.05 SFCA
3 15.74 28.16 15.64 1.24 0.11 39.10 Fayalite
4 72.36 0.21 0.04 0.43 0.00 26.96 Hematite
5 53.08 10.39 3.28 2.17 0.35 30.73 SFCA
6 15.62 27.26 16.22 1.87 0.17 38.87 Fayalite
7 19.03 24.78 14.02 2.63 0.35 39.20 Fayalite
8 45.61 14.91 4.90 1.65 0.40 32.52 SFCA
9 72.10 0.35 0.00 0.55 0.03 26.97 Hematite
10 54.92 9.79 2.33 1.65 0.22 31.07 SFCA
11 37.01 23.68 8.67 0.96 0.13 29.55 Fayalite
12 70.82 0.11 0.10 0.09 0.00 28.88 Hematite
13 71.92 0.30 0.01 0.05 0.00 27.72 Hematite
14 42.50 14.94 7.70 1.61 0.22 33.02 SFCA
15 19.33 24.28 15.49 1.62 0.23 39.05 Fayalite
60 100 porosity is slightly increased due to the increase of Al,0O;
content. However, the strength of sinter compacts can still
so b % remain stable due to the more formation of SFCA combined
K with Table 6. Thus, the strength of sinter compacts can be
- 2 maintained stable as shown in Fig. 5. When the ratio of
%‘ or ¢ 5  high-alumina iron ore D is further increased to 30.20%, pore
'z 5 structure with the greater deformation degree, much larger
:c: 30k 5 diameter and higher connectivity is formed and the porosity
40 = of sinter compacts is obviously increased. Furthermore,
wl the solid phases such as hematite and magnetite cannot be
well wetted by SFCA. The strength of sinter compacts is
2 obviously reduced at the high-alumina iron ore D ratio of
10 1 A 1 A 1 A 1 A 1

0 10
Substitution ratio of flux A/%

20 30 40

Fig. 10 Porosity and SFCA amount of sinter compacts at different

substitution ratios of flux A

with the results in “Influence of the substitution ratio of

flux A for burnt lime” section.

Increase of High-Alumina Iron Ore D Ratio

The microstructure of sinter compacts at different ratios of
high-alumina iron ore D is shown in Figs. 11 and 12 when
the substitution ratio of flux A is 20%. With the increase
of high-alumina iron ore D ratio from 10.20% to 25.20%,
the pore structure in sinter compacts is transformed from
approximative circular pores to irregular pores, and the
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30.20%. Consequently, the ratio of high-alumina iron ore
D can be increased by 15.00% when the substitution ratio
of flux A for burnt lime is 20%. In the follow-up study, the
relevant sinter pot tests would be conducted for the further
investigation on the positive effect of the low melting-point
flux on the utilization of high-alumina iron ores during
sintering.

Conclusion

(1) The prefabricated calcium ferrate (i.e., flux A) contains
36.47% TFe and 26.12% CaO and its melting tempera-
ture is as low as 1224 °C, which can be used as a new
low melting-point flux for promoting the formation of
liquid phase during high-alumina iron ore sintering.
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DR=10.2%-1§

o

Fig. 11 Microstructure of sinter compacts at different ratios of high-alumina iron ore D under optical microscope. DR iron ore D ratio, M
magnetite, H hematite, F fayalite phase, SFCA silico-ferrite of calcium and alumina, P pore

Fig. 12 Microstructure of sinter
compacts at different ratios of
high-alumina iron ore D under
SEM. DR iron ore D ratio)

@

3

[l= #3135 4

DR=10.2% &
2 ,'%ﬁ‘

With the optimization of the substitution ratio of flux
A for burnt lime, the strength of sinter compacts can
be improved by 38.38% compared with the base case
when the substitution ratio of flux A is 20%. Based on
this, the proportion of high-alumina iron ore can be
increased from 10.20% to 25.20% when the strength of
sinter compacts is kept stable.

The substitution of flux A for burnt lime contributes
to the reduction of the formation temperature of liquid

o, S

phase and the improvement of liquid-phase fluidity. The
high-alumina iron ore can be more effectively utilized
in sintering process when the substitution of flux A is
20% due to the improvement of formation ability of
liquid phase, especially SFCA. The relevant sinter pot
tests would be conducted in the next-step study for the
further elucidation of the action mechanism of flux A
on high-alumina iron ore sintering.
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Table 6 EDS analysis of the

A Point No Elemental compositions/(mass-%) Phases
marked points in Fig. 12
Fe Ca Si Al Mg (0]

1 19.03 24.78 14.02 2.63 0.35 39.20 Fayalite
2 45.61 14.91 4.90 1.65 0.40 32.52 SFCA
3 72.10 0.35 0.00 0.55 0.03 26.97 Hematite
4 72.63 0.35 0.00 0.87 0.04 26.10 Hematite
5 51.74 8.21 2.56 743 0.10 29.96 SFCA
6 71.08 0.13 0.05 1.91 0.00 26.84 Hematite
7 72.63 0.35 0.00 0.87 0.04 26.10 Hematite
8 51.74 8.21 2.56 743 0.10 29.96 SFCA
9 71.08 0.13 0.05 1.91 0.00 26.84 Hematite
10 72.63 0.35 0.00 0.87 0.04 26.10 Hematite
11 51.74 8.21 2.56 7.43 0.10 29.96 SFCA
12 71.08 0.13 0.05 1.91 0.00 26.84 Hematite
13 72.63 0.35 0.00 0.87 0.04 26.10 Hematite
14 51.74 8.21 2.56 7.43 0.10 29.96 SFCA
15 71.08 0.13 0.05 1.91 0.00 26.84 Hematite
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