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Abstract: It is a popular countermeasure to add MgO into sinter to cope with the use of high-Al2O3

iron ore. The effects of particle size with MgO-bearing flux on the strength of a sintered sample
(Fe2O3-MgO and Fe2O3-MgO-CaO series) are discussed in the present work for the purpose of
improving sinter strength before and after reduction. The experimental results show that (1) with
the increase in fine light calcined magnesite (LCM) from 0 to 100%, the compressive strength with
the Fe2O3-MgO series increased from 5.66 to 7.42 MPa before reduction and from 2.49 to 6.03 MPa
after reduction, and the compressive strength with the Fe2O3-MgO-CaO series increased from 4.62
to 7.01 MPa before reduction and from 4.00 to 6.23 MPa after reduction. The result of the sintering
pot experiment conformed with the laboratory result. In actual production, LCM with a 50% fine
grind should be added into the sinter based on economic concerns and environmental protection.
(2) The ball-to-ball model was introduced to explain the reason that the sample compressive strength
increased with the increase in fine LCM addition before reduction. (3) To quantitatively analyze
the relationship of mineralization rate and particle size with MgO-bearing flux, the mineralization
reaction experiment was carried out in the study and the result was as follows: the diffusion layer
thickness and diffusion rates with coarse MgO-bearing flux were 250.8 µm and 12.54 µm·min−1,
respectively, and those of fine MgO-bearing flux were 397.1 µm and 19.86 µm·min−1, respectively.
The experimental results also explained the reason that more fine LCM increased the compressive
strength of the sample before reduction. (4) The more compact and uniform microstructures and
less transformation of Fe2O3 to Fe3O4 resulted the increase in compressive strength with finer MgO-
bearing flux after reduction. Based on above results, adding fine MgO-bearing flux to the sinter is
effective in enhancing the sinter quality.

Keywords: strength; MgO-bearing flux; particle size; reduction; sinter

1. Introduction

A large number of iron and steel enterprises are using the high-Al2O3 iron ore to solve
the issues of the shortage of high-grade ore resources and increasing imported ore prices
in China [1–4]. However, the high-Al2O3 iron ore can bring a series of negative effects to
ironmaking process. To address this problem, it is a common countermeasure to add MgO
into the sinter in production process. The purpose of the countermeasure is to guarantee
the appropriate basicity of the sinter, to increase viscosity with slag, and to improve the
ability of desulfurization with slag; however, these countermeasures can bring a series of
negative effects, such as the decrease in sinter compressive strength and poor properties with
reduction and melting/dripping [5]. The drum strength and dropping strength are important
parameters that are used to represent the strength of the sinter [6,7]. In the case of the usage
of higher-strength sinter, the operation process of ironmaking is smooth and the production
efficiency is improved; therefore, the economic benefits of the process are improved.

Many researchers have investigated the performance of strength and reduction of
sinters and pellets [8–10]. Zhang et al. investigated the effect of MgO on sintering perfor-
mance and the metallurgical properties of sinter with high-chromium vanadium–titanium
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magnetite. They found that the vertical sintering speed and the tumbler index first in-
creased and then decreased with the increase in MgO in the sinter [11]. Guo et al. studied
the effect of an MgO additive on the metallurgical properties of a fluxed pellet. They
found that the compressive strength, low-temperature reduction disintegration index (RDI),
and reduction swelling index (RSI) decreased with the increase in MgO in the fluxed
pellet [12]. The tumbler strength decreased while the RDI increased with the increase in
MgO content in the sinter; the main reasons were as follows: (1) the generation of less
Fe2O3 in the sinter; (2) a small number of Fe2O3-CaO-SiO2-Al2O3 bonding phases (SFCA)
existed in the sinter [13]. Feng et al. investigated the migration behavior of the MgO
and its influence on the reduction of sinter. The results indicated that the reduction rate
of the sinter increased with the increase in MgO content, and the main reasons were as
follows: (1) the diffusion of Mg2+ into Fe3O4 resulted in the generation of more pores and
increased porosity; and (2) the available active sites of the sample were improved with the
increase in MgO [14]. In order to better utilize the MgO flux with agglomeration, some
researchers investigated systematically the effect of MgO on the characteristics of sinter
and pellets with high-chromium vanadium–titanium magnetite. The experimental results
indicated that the rational burden structure was the combination of high-MgO sinter and
a low-MgO pellet in the production process. [15]. According to the background analysis
above, there are many challenges: MgO-containing flux is beneficial because it inhibits the
low-temperature reduction disintegration, however, it reduces the self-strength of sinter.
As far as the authors know, methods to obtain a low-MgO sinter with a good RDI property
are rarely reported in the related literature.

Based on previous work, fine-grinding MgO-bearing flux might accelerate the reaction
mineralization in sinter, which increases the self-strength of sinter and inhibits the low-
temperature reduction disintegration. Therefore, in the present work, the effects of fine
MgO-bearing flux on the sample strength before and after reduction were investigated by
XRD and SEM. The main research content and innovations included the following:

(1) Compared with the previous method, the MgO-bearing flux was first grinded and
then added into raw materials in the sintering process.

(2) The effects of particle size of the MgO-bearing flux on the strength of the sample
(Fe2O3-MgO and Fe2O3-MgO-CaO series) were investigated before and after reduction. To bet-
ter understand the reaction mechanism, the phase components and microscopy were analyzed
and discussed for the sample with different fine MgO-bearing flux additive proportions.

(3) In this paper, the effect of fine MgO-bearing flux on mineralization reactions was
first investigated, and the relationship between particle size and diffusion layer thickness
and diffusion rate was obtained for the first time.

2. Materials and Methods
2.1. Characterization

The dolomite, light calcined magnesite (LCM), and chemical reagents (Fe2O3 and CaO)
used in this study were obtained from a domestic enterprise. The chemical compositions
and XRD analysis (X’Pert Pro; PANalyical, Almelo, The Netherlands) of LCM are shown
in Table 1 and Figure 1, respectively. As shown in Figure 1, the mineral phases primarily
included magnesium oxide (MgO), magnesium carbonate (MgCO3), and magnesium
silicate (2MgO·SiO2). The chemical composition analysis agreed with the XRD results. The
chemical composition of dolomite is shown in Table 2. As shown in Table 2, the contents of
CaO and MgO were 31.3% and 19.01%, while the composition of other components was
lower; the loss of ignition (LOI) was higher (44.56%) compared with the LCM.

Table 1. Chemical composition of LCM (mass, %).

MgO CaO SiO2 Al2O3 LOI

71.35 2.76 5.78 0.74 17.84
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Figure 2. The SEM and particle size with LCM of different kinds. (a) coarse LCM (b) fine LCM. 

The experiment was mainly assigned to the Fe2O3-MgO and Fe2O3-MgO-CaO series. 
The main reasons were as follows: (1) in the study, MgO mainly reacted with Fe2O3 to 
generate MgO·Fe2O3. Therefore, the Fe2O3-MgO series was introduced in the paper. (2) In 
the case of actual production, CaO reacted with Fe2O3 to generate CaO·Fe2O3, which influ-
enced the strength and reduction of sinter. Therefore, the Fe2O3-MgO-CaO series was de-
signed.  

Figure 1. The XRD analysis of LCM.

Table 2. Chemical compositions of dolomite (mass, %).

CaO MgO SiO2 H2O LOI

31.3 19.01 1.36 0.07 44.56

The LCM of different particle sizes was used in this test aim to study the influence
mechanism of particle size of LCM on the sample strength before and after reduction. The
coarse LCM was grinded and the fine LCM was produced. Then, the coarse and fine LCM
were analyzed by laser granulometry (Mastersizer 3000, Marvin City, UK) and SEM (Zeiss,
Dresden, Germany). The results are shown in Figure 2. As shown in Figure 2, the median
size of coarse LCM was 143 µm and that of fine LCM was 46.8 µm.
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Figure 2. The SEM and particle size with LCM of different kinds. (a) coarse LCM (b) fine LCM.

The experiment was mainly assigned to the Fe2O3-MgO and Fe2O3-MgO-CaO series. The
main reasons were as follows: (1) in the study, MgO mainly reacted with Fe2O3 to generate
MgO·Fe2O3. Therefore, the Fe2O3-MgO series was introduced in the paper. (2) In the case
of actual production, CaO reacted with Fe2O3 to generate CaO·Fe2O3, which influenced the
strength and reduction of sinter. Therefore, the Fe2O3-MgO-CaO series was designed.

The detailed experimental design is laid out in Table 3. The dolomite replaced LCM in
the subsequent mechanism study (Section 4.1) to achieve better understanding of the effect
of MgO on the mineralization of sinter in actual production.

2.2. Procedures

The main process in the study is shown in Figure 3. It could be seen that the experiment
equipment mainly included the sample pressing equipment (Kexiang, Anshan, China)
(Figure 3 (step a)), the sintering basic characteristics furnace (Kexiang, Anshan, China)
(Figure 3 (step b)), and the compressive strength measurement device (Kexiang, Anshan,
China) (Figure 3 (step c)).
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Table 3. The experimental scheme of Fe2O3-MgO and Fe2O3-MgO-CaO.

Group No. Fe2O3 (mol)/
Weight (g)

MgO (mol)/
Weight (g)

CaO (mol)/
Weight (g)

Coarse LCM (%)/
Weight (g)

Fine LCM (%)/
Weight (g)

1

1–1 1/0.640 1/0.160 0 100/0.220 0
1–2 1/0.640 1/0.160 0 75/0.165 25/0.055
1–3 1/0.640 1/0.160 0 50/0.110 50/0.110
1–4 1/0.640 1/0.160 0 25/0.055 75/0.165
1–5 1/0.640 1/0.160 0 0 100/0.220

2

2–1 1/0.500 1/0.125 1/0.175 100/0.175 0
2–2 1/0.500 1/0.125 1/0.175 75/0.131 25/0.044
2–3 1/0.500 1/0.125 1/0.175 50/0.088 50/0.088
2–4 1/0.500 1/0.125 1/0.175 25/0.044 75/0.131
2–5 1/0.500 1/0.125 1/0.175 0 100/0.175
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For the low-temperature reduction experiment (Boston, MA, USA), the experiment
equipment is shown in Figure 4, and the reduction atmosphere and heating program is
shown in Figure 5. The experiment’s set-up mainly comprised eleven facilities, and the
reduction furnace was 800 mm in height and 75 mm in diameter. The experiment’s methods
of determining the sample’s compressive strength before and after reduction were the same,
as shown in Figure 3 step (c). The sample compressive strength after reduction was used
as an index to evaluate the RDI in the present work. In addition, the CS was defined as
the compressive strength before reduction, and the RCS was defined as the compressive
strength after reduction.

The sintering pot experiment (Kexiang, Anshan, China) was carried out for verification
of the results of the above experiment. The raw materials used in the study were obtained
from an iron and steel enterprise in China, including blended ore, return ore, LCM, coke,
etc. The ore-matching scheme of the sintering pot test is shown in Table 4. As shown in
Table 4, the addition amount of LCM was fixed, and the variables were the proportions of
finely ground LCM powder of 1 mm, which were 0, 50, 100%. After sintering, the tumbler
index, falling strength and the RDI−3.15 experiments were carried out in the study. For
the tumbler index, the main steps were as follows: (1) the sinter was put in the tumbler
equipment that was design according to international standards (Diameter = 1000 mm,
Length = 200 mm). The sinter was weighted by particle sizes of 25~40 mm, 16~25 mm
and 10~16 mm by percentage and the total amount was 7.5 kg; (2) the tumbler equipment



Metals 2022, 12, 2088 5 of 18

started to rotate in 25 r/min and the running time was 8 min. (3) After the experiment was
complete, the sinter mass above 6.3 mm was denoted as M5.

Metals 2022, 12, 2088 5 of 19 
 

 

reduction furnace was 800 mm in height and 75 mm in diameter. The experiment’s meth-
ods of determining the sample’s compressive strength before and after reduction were the 
same, as shown in Figure 3 step (c). The sample compressive strength after reduction was 
used as an index to evaluate the RDI in the present work. In addition, the CS was defined 
as the compressive strength before reduction, and the RCS was defined as the compressive 
strength after reduction. 

 
Figure 4. Schematic diagram of reduction disintegration equipment. 

0 20 40 60 80 100 120 140
0

100

200

300

400

500
isothermal stage: 
30min

5L
/m

in
 N 2T/

°C

Time/min

10
°C

/m
in

15L/min N2

3L/min CO
3L/min CO2

9L/min N2

reaction: 60minheating stage: 50min

 
Figure 5. The test condition of low-temperature reduction. 

The sintering pot experiment (Kexiang, Anshan, China) was carried out for verifica-
tion of the results of the above experiment. The raw materials used in the study were 
obtained from an iron and steel enterprise in China, including blended ore, return ore, 
LCM, coke, etc. The ore-matching scheme of the sintering pot test is shown in Table 4. As 
shown in Table 4, the addition amount of LCM was fixed, and the variables were the pro-
portions of finely ground LCM powder of 1 mm, which were 0, 50, 100%. After sintering, 
the tumbler index, falling strength and the RDI-3.15 experiments were carried out in the 
study. For the tumbler index, the main steps were as follows: (1) the sinter was put in the 
tumbler equipment that was design according to international standards (Diameter = 1000 
mm, Length = 200 mm). The sinter was weighted by particle sizes of 25~40 mm, 16~25 mm 
and 10~16 mm by percentage and the total amount was 7.5 kg; (2) the tumbler equipment 

Figure 4. Schematic diagram of reduction disintegration equipment.

Metals 2022, 12, 2088 5 of 19 
 

 

reduction furnace was 800 mm in height and 75 mm in diameter. The experiment’s meth-
ods of determining the sample’s compressive strength before and after reduction were the 
same, as shown in Figure 3 step (c). The sample compressive strength after reduction was 
used as an index to evaluate the RDI in the present work. In addition, the CS was defined 
as the compressive strength before reduction, and the RCS was defined as the compressive 
strength after reduction. 

 
Figure 4. Schematic diagram of reduction disintegration equipment. 

0 20 40 60 80 100 120 140
0

100

200

300

400

500
isothermal stage: 
30min

5L
/m

in
 N 2T/

°C

Time/min

10
°C

/m
in

15L/min N2

3L/min CO
3L/min CO2

9L/min N2

reaction: 60minheating stage: 50min

 
Figure 5. The test condition of low-temperature reduction. 

The sintering pot experiment (Kexiang, Anshan, China) was carried out for verifica-
tion of the results of the above experiment. The raw materials used in the study were 
obtained from an iron and steel enterprise in China, including blended ore, return ore, 
LCM, coke, etc. The ore-matching scheme of the sintering pot test is shown in Table 4. As 
shown in Table 4, the addition amount of LCM was fixed, and the variables were the pro-
portions of finely ground LCM powder of 1 mm, which were 0, 50, 100%. After sintering, 
the tumbler index, falling strength and the RDI-3.15 experiments were carried out in the 
study. For the tumbler index, the main steps were as follows: (1) the sinter was put in the 
tumbler equipment that was design according to international standards (Diameter = 1000 
mm, Length = 200 mm). The sinter was weighted by particle sizes of 25~40 mm, 16~25 mm 
and 10~16 mm by percentage and the total amount was 7.5 kg; (2) the tumbler equipment 

Figure 5. The test condition of low-temperature reduction.

Table 4. Ore-Matching Scheme of the Sintering Pot Test (Mass, %).

No. Blended
Ore

Return
Mine LCM QuickLime Coke Outsourced

Coke Fly Ash Fine LCM
Proportion

No.1 66.63 15.57 3.53 8.69 2.70 1.23 1.64 0
No.2 66.63 15.57 3.53 8.69 2.70 1.23 1.64 50
No.3 66.63 15.57 3.53 8.69 2.70 1.23 1.64 100

The method of calculation for the sintering index was as follows: M1 is the weight of
the sintering charge after mixing with water; M2 is the weight of the remaining sintering
charge after loading into sintering pot; M3 is the weight of sinter after experiment; M4 is
the weight of sinter that particle size is greater than 5 mm when the falling strength test
was completed; M5 is the weight of sinter that particle size is greater than 6.3 mm when
tumbler strength test was completed; H: the layer height, 655 mm. The weight of bedding
materials used is 4 kg.
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(1) Vertical sintering speed V (mm/min):

V = H/t, (1)

where t is the sintering time.
(2) Yield nnp (%):

nnp =
M4 − 4
M3 − 4

× 100%. (2)

(3) Utilization coefficient N (t/m2·h):

N =
60 × (M4 − 4)
A × t × 1000

, (3)

where A is the cross-sectional area of the sintering pot
(4) Tumbler index DI (%):

DI =
M5

7.5
× 100%. (4)

Meanwhile, the low-temperature reduction degradation index (RDI) was obtained by
the reduction experiment. The experiment and calculation method a of RDI−3.15 refer to
the GB/T 13242-91.

2.3. Analysis Methods

In order to undertake a qualitative analysis of the mineral phases of different samples,
the X-ray diffraction (XRD, X’Pert Pro; PANalyical, Almelo, The Netherlands), which is
monochromatic Cu-Ka X-ray radiation and whose wavelength is 1.5406 Å, was used in the
study under of 40 kV and 40 mA. The experimental parameters of XRD were as follows:
(1) Scanning range: 10~85◦; (2) Scanning speed: 6◦/min; (3) Step size: 0.05◦. The micromor-
phology of a sample may influence its compressive strength and reduction. So, the scanning
electron microscopy, based on energy-dispersive X-ray spectrometer (SEM/EDS; Ultra Plus,
Zeiss, Dresden, Germany) and the Schottky-type field-emission (Zeiss, Dresden, Germany),
was used in the experiment. The resolution ration is 0.8 nm/15 kV and 1.6 nm/1 kV at
20 V to 30 V, respectively. The mercury porosimeter is used in the study for obtaining the
porosity with CS and RCS of a different fine LCM addition. The main principle of mercury
porosimeter is that mercury is pressured into the pore and obtains the porosity based on
the cylindrical hole mode

3. Results
3.1. Experimental Results of Fe2O3-MgO Series and Fe2O3-MgO-CaO Series

The results of CS and RCS with Fe2O3-MgO samples are shown in Figure 6. It could
be seen that the CS increased from 5.66 to 7.42 MPa and that the RCS increased from 2.49
to 6.03 MPa with the increase in the fine LCM addition from 0% to 100%. In the case that
the level of fine LCM addition was the same, the RCS was significantly lower than the CS;
and the differential value between the CS and RCS decreased from 3.17 to 1.39 MPa with
the increase in fine LCM addition. Meanwhile, the porosity of a sample before reduction
decreased from 40.5% to 25.6% with the increase in fine LCM addition. The porosity of
samples and the CS had an inversely proportional relationship, which will be discussed
below. The main reason for the decrease in the differential value between CS and RCS
was that the generation of more MgO·Fe2O3 could inhibit the low-temperature reduction
degradation with the increase in fine LCM addition (refer to XRD and SEM).

The results of CS and RCS with Fe2O3-MgO-CaO samples are shown in Figure 7. It
could be seen that the CS and RCS increased from 4.62 to 7.01 MPa and from 4 to 6.23 MPa
with the increase in fine LCM addition from 0 to 100%. However, the increasing rate of CS
and RCS became low when the fine LCM addition exceeded 75%. The CS was more than
RCS of sample when the fine LCM addition was the same. The differential value between
CS and RCS increased from 0.62 to 0.78 MPa with the increase in fine LCM addition from 0
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to 100%. The main reasons were as follows for the above phenomenon: (1) the formation
of more CaO·Fe2O3 could decrease the porosity of sample with the increase in fine LCM
addition; (2) The transformation of Fe2O3 to Fe3O4 was inhibited in low-temperature
reduction process. Based on the above analysis, the differential value between CS and RCS
was similar for different fine LCM addition proportion. The porosity of sample without
reduction decreased from 28.7% to 9.9% with the increase in fine LCM addition. However,
the porosity was similar when the fine LCM addition exceeded 75%. The transformation
regularity of porosity was also a main reason for the change in CS of the sample.
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The relationship between compressive strength and porosity is defined in Equation (5),
as follows [16]:

S = K · d−α · exp(−βp), (5)

where S is the compressive strength; K, α and β are coefficients determined by the particle
size, shape and cracks of sample, the sample with different fine LCM amounts exhibit
different properties; d is the radius of sample; and p is the porosity. In Equation (5), the
compressive strength decreases with an increase in porosity.
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The critical rupture stress was explained using the Griffith microcrack theory [17,18]:

σ = Y

√
Eγ

C
, (6)

where σ is the critical rupture stress, Y is the correlation coefficient determined by the size
and shape of the sample and its crack, E is the elastic modular ration, γ is the surface energy,
and C is the half-length of the crack.

The relationship between the elastic modular ratio and porosity is expressed as follows:

E
E0

= 1 − K1 p + K2 p2 (7)

where E0 is the elastic modulus ratio of the sample without any pores, and K1 and K2 are
the coefficients determined by the shape and direction of the cracks.

As indicated in Equation (7), when p is small, K2p2 is relatively small and thus can be
ignored. Therefore, the relationship between the critical rupture stress and porosity can be
expressed as follows:

σ = Y

√
E0(1 − K1 p)γ

C
(8)

Equation (8) indicated that the critical rupture stress decreases with the increase in
porosity. Therefore, the porosity decreased, and compressive strength increased with the
increase in fine LCM.

3.2. XRD and SEM Analysis on the Sample of Fe2O3-MgO
3.2.1. Fe2O3-MgO System Sample before Reduction

Figure 8 presents the XRD patterns of Fe2O3-MgO series samples with different fine
LCM addition It could be seen that the main mineral components of the sample were Fe2O3,
MgO and MgO·Fe2O3 after roasting. In the case of the increase in the fine LCM addition
proportion, the peak corresponding to MgO·Fe2O3 strengthened gradually, whereas that of
MgO weakened, and the others mineral compositions had not undergone obvious variation.
It could be seen in the XRD local expansion diagram that the peak intensity corresponding
to Fe2O3 gradually increased with the increase in the fine LCM addition.
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Figure 8. The XRD analysis of Fe2O3-MgO.

In the roasting process, a part of MgO reacted with Fe2O3 through diffusion to form
an MgO·Fe2O3 solid solution, but the other part of MgO still was not fully diffused and
existed in the form of free MgO. In the case of that the level of fine LCM addition was lower,
there were a greater level of MgO in free state. Therefore, the increase in fine LCM addition
could promote the mineralization reaction in the system, and the decrease in unreacted
MgO was beneficial to increasing the CS of the sample. (Refer to Figure 8.)

Figure 9 and Table 5 shows SEM images and EDS analysis with different proportion of
fine LCM addition. It could be seen that the microstructure had changed obviously with
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the increase in fine LCM addition. (1) When the fine LCM addition proportion was 0%
(Figure 9a), the main phases were Fe2O3 (Point 2) and unmineralized MgO (Point 1). Ac-
cording to EDS analysis, Fe2O3 hardly reacted with MgO, and MgO·Fe2O3 (solid solution)
did not appear. (2) When the fine LCM addition proportion was 25%, the distribution of
Fe2O3 grains were relatively uniform; compared with Figure 9a, the content of free MgO
decreased and the MgO·Fe2O3 appeared. (3) When the fine LCM addition proportion
were 50% and 75%, the microstructures were similar and the main phases were Fe2O3 and
MgO·Fe2O3. When the fine LCM addition proportion was 100%, all MgO entered into
Fe2O3 through mineralization to form MgO·Fe2O3. Then, the structure of the sample be-
came more uniform and compact, and this was the main reason that the fine LCM resulted
in the increase in CS in the Fe2O3-MgO series.
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Figure 9. SEM analysis of the sample of Fe2O3-MgO. (a) 0%; (b) 25%; (c) 50%; (d) 75%; (e) 100%.

Table 5. EDS analysis of Fe2O3-MgO sample before reduction.

Zone
Mass Percent/%

Components
Mg Fe O Si Ca

Point 1 52.35 5.79 40.89 0.46 0.51 MgO
Point 2 6.99 60.34 32.19 - 0.49 Fe2O3
Point 3 27.25 9.78 43.36 16.81 2.79 MgO·Fe2O3

3.2.2. Fe2O3-MgO System Sample after Reduction

Figure 10 shows the XRD patterns of Fe2O3-MgO system samples after reduction with
different levels of fine LCM addition. The main minerals of the samples after reduction were
Fe3O4, MgO·Fe2O3, MgO and Fe2O3, and there were no diffraction peaks of other phases.
As the fine LCM addition proportion gradually increased, the intensity of the diffraction
peaks corresponding to Fe3O4 and MgO·Fe2O3 gradually increased and that of MgO
weakened. However, based on the previous analysis, it could be seen that the fine LCM
could promote the formation of MgO·Fe2O3. Therefore, the Fe3O4 and MgO decreased,
and MgO·Fe2O3 increased with the increase in fine LCM addition in the low-temperature
reduction process. With the increase in the fine LCM addition, the mineralization reaction
was promoted and the Fe2O3 content decreased. Therefore, the fine LCM was beneficial to
improving the RCS.

The SEM analysis of Fe2O3-MgO samples after reduction is shown in Figure 11, and
the EDS analysis is shown in Table 6. It can be seen that the sample included unmineralized
MgO, MgO·Fe2O3 by mineralized and iron oxide (Fe2O3 and Fe3O4). It should be noted that
the reduction degree was low in the low-temperature reduction process, and the iron oxide
included both unreduced Fe2O3 and reduced Fe3O4. When the f fine LCM addition was
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0%, there were more pores on the surface of the sample, and the degree of crystallization
was low. The free MgO appeared, however the solid solution of MgO·Fe2O3 was not found.
The reduction degree was low, and so it could be determined that the Fe2O3 content in the
matrix was higher (Point 2). When the fine LCM addition increased to 25% (Figure 11b), the
microstructure changed significantly: the MgO of free decreased and more MgO entered
the matrix (Point 3). Subsequently, the mineralization of MgO and Fe2O3 were enhanced,
and a small amount of a solid solution of MgO·Fe2O3 appeared.
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Figure 11. SEM analysis of Fe2O3-MgO sample after reduction. (a) 0% (b) 25% (c) 50% (d) 75% (e) 100%.

Table 6. EDS analysis of Fe2O3-MgO sample after reduction.

Zone
Mass Percent/%

Components
Mg Fe O Si Ca

Point 1 57.23 1.99 40.77 - - MgO
Point 2 1.18 68.94 29.87 - - Fe2O3

Point 3 7.01 62.35 30.64 - - Fe2O3, Fe3O4,
MgO·Fe2O3

Point 4 9.27 58.07 32.66 - - Fe2O3, Fe3O4,
Point 5 27.62 10.17 44.43 15.45 2.33 MgO·Fe2O3,slag
Point 6 8.79 58.86 32.35 - - Fe3O4

When the level of fine LCM addition reached 50%, the mineralization was further
strengthened. When the fine LCM addition rate reached 75%, the Fe2O3 content decreased
and the Fe3O4 was the main component of the matrix (Point 4); the solid solution of
MgO·Fe2O3 (Point 5) was uniformly distributed on the surface of the sample and grew
gradually and the MgO completely disappeared. When the fine LCM addition level reached
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100%, its microstructure was similar to that of 75%, and the MgO content in the matrix was
similar. The solid solution of MgO·Fe2O3 was surrounded by reduced Fe3O4 and Fe2O3,
and no other components appeared. Therefore, the fine LCM was beneficial to the increase
in RCS. The influence mechanism will be explained in detail below.

3.3. XRD and SEM Analysis on the Sample of Fe2O3-MgO-CaO
3.3.1. Fe2O3-MgO-CaO System Sample before Reduction

The XRD analysis of Fe2O3-MgO-CaO system samples is shown in Figure 12. It could
be seen that the main minerals were MgO·Fe2O3, CaO·Fe2O3, Fe2O3 and MgO. The peak
corresponding to MgO·Fe2O3 and CaO·Fe2O3 strengthened gradually, whereas that of
MgO weakened with the increase in fine LCM addition. Based on XRD analysis, a part of
MgO and Fe2O3 formed MgO·Fe2O3 through diffusion, and the rest existed in the form of
free MgO. Compared with the Fe2O3-MgO, the mineralization reaction of Fe2O3-MgO-CaO
samples was promoted by the liquid phase (CaO·Fe2O3), so the level of free MgO was
relatively decreased.
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Figure 12. The XRD analysis of Fe2O3-MgO-CaO.

Figure 13 and Table 7 show the SEM and EDS analysis of Fe2O3-MgO-CaO samples
after roasting. It could be seen that the microstructure had changed significantly with
the increase in fine LCM addition. (1) When the fine LCM addition proportion was 0%,
there was more non-mineralized MgO, and the particle diameter was larger. (2) When the
fine LCM addition proportion was 25%, the mineralization was enhanced. (3) When the
fine LCM addition proportion was 100%, the degree of crystallization was significantly
enhanced, and the free MgO decreased. When the fine LCM addition proportion was
higher than 75%, the microstructure was similar and the porosity was basically the same.

Table 7. EDS analysis of Fe2O3-MgO-CaO sample before reduction.

Zone
Mass Percent/%

Component
Mg Fe O Si Ca

Point 1 51.75 6.51 40.97 0.77 - MgO
Point 2 1.79 38.60 35.38 0.97 23.26 Fe2O3
Point 3 12.62 0.98 46.29 27.09 13.02 MgO·Fe2O3



Metals 2022, 12, 2088 12 of 18

Metals 2022, 12, 2088 12 of 19 
 

 

MgO weakened with the increase in fine LCM addition. Based on XRD analysis, a part of 
MgO and Fe2O3 formed MgO·Fe2O3 through diffusion, and the rest existed in the form of 
free MgO. Compared with the Fe2O3-MgO, the mineralization reaction of Fe2O3-MgO-CaO 
samples was promoted by the liquid phase (CaO·Fe2O3), so the level of free MgO was 
relatively decreased.  

 
Figure 12. The XRD analysis of Fe2O3-MgO-CaO. 

Figure 13 and Table 7 show the SEM and EDS analysis of Fe2O3-MgO-CaO samples 
after roasting. It could be seen that the microstructure had changed significantly with the 
increase in fine LCM addition. (1) When the fine LCM addition proportion was 0%, there 
was more non-mineralized MgO, and the particle diameter was larger. (2) When the fine 
LCM addition proportion was 25%, the mineralization was enhanced. (3) When the fine 
LCM addition proportion was 100%, the degree of crystallization was significantly en-
hanced, and the free MgO decreased. When the fine LCM addition proportion was higher 
than 75%, the microstructure was similar and the porosity was basically the same. 

 
Figure 13. SEM images and EDS analysis of sample of Fe2O3-MgO-CaO. (a) 0% (b) 25% (c) 50% (d) 
75% (e) 100%. 

Table 7. EDS analysis of Fe2O3-MgO-CaO sample before reduction. 

Zone 
Mass Percent/% 

Component 
Mg Fe O Si Ca 

Point 1 51.75 6.51 40.97 0.77 - MgO 
Point 2 1.79 38.60 35.38 0.97 23.26 Fe2O3 

Point 3 12.62 0.98 46.29 27.09 13.02 MgO·Fe2O3 

Figure 13. SEM images and EDS analysis of sample of Fe2O3-MgO-CaO. (a) 0% (b) 25% (c) 50%
(d) 75% (e) 100%.

3.3.2. Fe2O3-MgO-CaO System Sample after Reduction

The XRD analysis of Fe2O3-MgO-CaO samples after reduction is shown in Figure 14.
It can be seen from the figure: (1) the phase of the sample mainly included Fe2O3, Fe3O4,
MgO, 2CaO·Fe2O3 and MgO·Fe2O3; (2) the peak intensity corresponding to MgO·Fe2O3
and Fe3O4 gradually strengthened with the increase in fine LCM addition. However,
based on the analysis in the previous section, the content of Fe3O4 decreased and that of
MgO·Fe2O3 increased. (3) Compared with Fe2O3-MgO samples, the peak corresponding
to 2CaO·Fe2O3 appeared in the sample of Fe2O3-MgO-CaO, and the amount increased
with the increase in fine LCM addition. (4) The peak intensity corresponding to Fe2O3 was
weaker than those of Fe3O4 and MgO·Fe2O3.
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tion and microstructure were similar during the fine LCM addition were 75% and 100%, 
and so the RCS was similar.  

Figure 14. The XRD analysis of Fe2O3-MgO-CaO of samples after reduction.

The SEM and EDS analysis of Fe2O3-MgO-CaO of the sample after reduction is shown
in Figure 15 and Table 8, respectively. It could be seen from the figure and table: when the
fine LCM addition proportion was 0% (Figure 15a), a small amount of MgO (point 2) was
distributed between MgO·Fe2O3 and Fe3O4 (point 1). The MgO content decreased and
a small amount of MgO·Fe2O3 appeared with the increase to 25% in fine LCM addition.
When the fine LCM addition proportion increased to 75% (Figure 15)), the unmineralized
MgO decreased significantly, and the degree of crystallization was strengthened in the
surface. The 2CaO·Fe2O3 (Point 4) with heteromorphic crystals was distributed between
MgO·Fe2O3 and Fe3O4. When the fine LCM addition was 100% (Figure 15e), the surface of
the sample had a higher degree of crystallization. Based on XRD and SEM analysis, it could
be seen that the phase composition and microstructure had great differences while the fine
LCM addition was 0%, 25% and 50%. It should be noted that the phase composition and
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microstructure were similar during the fine LCM addition were 75% and 100%, and so the
RCS was similar.
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Table 8. EDS analysis of Fe2O3-MgO-CaO sample after reduction.

Zone
Mass Percent/%

Components
Mg Fe O Si Ca

Point 1 8.19 56.97 33.01 - 1.84 MgO·Fe2O3
Point 2 60.21 1.01 38.75 - - MgO
Point 3 4.46 40.26 37.62 1.16 16.51 Fe3O4, Fe2O3
Point 4 1.03 35.17 36.10 1.68 26.02 CaO·Fe2O3

3.4. Results of Sintering Pot

Figure 16 shows the changes that occur during the operating parameters of the sinter-
ing process under different levels of fine LCM addition. The vertical sintering speed of a
0% level of fine LCM was the lowest in all the cases, as this had sufficient reaction time to
bond with the other raw materials of sintering. The vertical sintering speed was relatively
fast when the fine LCM addition was 50%, which resulted in poor metallurgical properties
of the sinter. The vertical sintering speed was increased from 25.66 to 31.1 mm·min−1 with
the increase in fine LCM addition from 0 to 100%. The tumbler index of a 0% fine LCM was
the lowest (74.93%) and that of a 50% was the highest (76.13%). The utilization coefficient
first increased from 2.52 to 2.94 t·m−2·h and then decreased from 2.94 to 2.91 t·m−2·h, and
the yield increased from 69.41 to 71.32% with the increase in fine LCM addition.

The main reasons for the increase in the trend of tumbler index were twofold. Firstly,
the reactions between iron ore powder and fine LCM are more rapid and complete, which
can decrease effectively the lowest assimilation temperature. The fluidity of liquid phase is
excellent, which is beneficial to improving the bonding effect between iron ore. Secondly,
the increase in fine LCM addition can accelerate the mineralization between MgO and
iron ore powder, which results in the formation of more magnetite; the intergranular
consolidation is effectively strengthened for magnetite. Thirdly, during the cooling process,
the fine LCM is more easily soluble in the β-C2S lattice, and the behavior can effectively
restraint the phase transition between the lattices. Based on the above interpretation, the
fine LCM can result in the increase in tumbler index in the sintering process.

The effects of fine LCM on the RDI−3.15 of sinter are shown Figure 17. It could be
seen that the RDI−3.15 decreased from 16.25% to 12.59% with the increase in fine LCM
addition from 0% to 100%. The effects of fine LCM on RDI−3.15 became weakening when
the fine LCM addition exceeded 50%. In production, it was recommended that a 50% MgO-
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bearing flux be ground to below −1 mm, and that the RDI−3.15 of sinter could decrease to
4 percentage points under the condition.
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The hematite in sinter is mainly divided into two types: (1) the original hematite in
iron ore: it is directly brought in sinter and does not take part in any reaction; (2) the other
type is that which takes part in the reaction with oxidation–reduction, and finally forms
the secondly hematite that it is related to the RDI of the sinter. In the sintering process,
the MgO is easily brought into the sinter by a mineralization reaction with the increase in
fine LCM addition, which can decrease the imbalance degree of electrovalence; then the
stable magnetite forms, and secondly hematite content decreases in the sinter. In addition,
the MgO that it is formed in hematite by enhanced dispersion can inhibit the reduction
reaction with the increase in fine LCM, and the decrease in RDI of sinter.

4. Discussion
4.1. Effect of Particle Size with LCM on Strength before Reduction

Based on above results, the LCM with different particle size can influence the CS of
the sample. The ball-to-ball model is introduced in the study for explaining the result [19].
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As shown in the model, the inherent strength of the sample and the percentage of the
bonding interface can influence the CS and the bonding interface and ration of the effective
contact area between adjacent particles are the proportional relationship. The bonding area
between two contacting particles is calculated as follows:

s = πx2, (9)

where x is the median size of coarse and fine LCM and the spherical cross-sectional area (S) is:

S = πr2, (10)

where r is the initial radius of sample, the radius of sample is 4 mm. The ratio (R) of the
effective binding area in each particle is expressed as:

R =
s
S
=

πx2

πr2 =
( x

r

)2
. (11)

Then, the R and other parameters of fine and coarse LCM were obtained and listed in
Table 9. As shown in Table 9, the specific surface area is larger and the effective binding area
is lower in the case of fine LCM. Based on previous study, the ration of the effective contact
bonding (specific surface area) between adjacent particles determined the CS. The specific
surface area of coarse LCM is 15.541 m2/g and that of fine LCM is 47.447 m2/g, which
leads to improvement in the CS. It can be known from the formula that the decrease in
particle size and increase in the effective bonding area can benefit the increase in sintering
driving force and the CS.

Table 9. Comparison of coarse and fine LCM.

LCM Particle
Radius (µm)

Surface
Area (m2)

Density
(g/m3) Mass (g)

Specific
Surface

Area (m2/g)
R

coarse 71.5 6.42 × 10−8 2700 4.131 × 10−9 15.541 3.19 × 10−4

fine 23.4 6.88 × 10−8 2700 1.450 × 10−9 47.447 3.42 × 10−5

The dolomite-Fe2O3 mineralization reaction experiment was used to explain the
influence mechanism of fine MgO-bearing flux on the strength, and its production method
could be referred to the relevant literature [20]. It should be noted that the particle size of
dolomite is consistent with that of coarse and fine LCM.

The two types of dolomite, coarse and fine, were used in the mineralization rate
experiment, and the results are shown in Figure 18. It could be seen that the average
diffusion layer thickness increased from 250.8 to 397.1 µm and that the average diffusion
rate increased from 12.54 to 19.86 µm·min−1 with the decrease in particles size of dolomite.
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dolomite; (c) the effect of particle size with dolomite on mineralization reaction.
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The main reaction process is as follows: (1) The dolomite is first thermally decomposed
to generate CaO (850 ◦C) and MgO (780 ◦C) with the increase in calcination temperature [21].
(2) The CaO·Fe2O3 (CF) formed by the CaO reacts with Fe2O3 (molar ratio of 1:1), and then
2CaO·Fe2O3 (C2F) and CaO·2Fe2O3(CF2) are generated at the CF/CaO interface, respec-
tively. (3) The iron magnesium spinel is (MgO·Fe2O3) generated by the reaction of MgO and
Fe2O3. The melting points of CF and CF2, completely turn into liquid phase temperature,
are 1216 ◦C and 1226 ◦C, respectively. The above phenomena can be summarized by the
mechanism diagram, as shown in Figure 19.
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Therefore, the generation of liquid phase promotes the reaction between dolomite and
Fe2O3. According to the above analysis, the mineralization rate of MgO flux and Fe2O3
increases with the increase in fine MgO-bearing flux, resulting in the appearance with more
MgO·Fe2O3 and liquid phase, which eventually leads to improvement in the CS of sample.

Based on the above analysis, the mineralization rate increases, and more MF appears
when the fine MgO-fluxed is used. Therefore, there are two primary reasons for improving
the CS of the sample: first, a smaller particle size has greater specific surface area and
contact area. According to ball-to-ball model, the strength is effectively improved; secondly,
the mineralization rate increases for the fine MgO-bearing flux, which improves the content
of MF and leads to the increase in CS of sample.

4.2. Effect of Particle Size with LCM on Strength after Reduction

In the case that the reduction temperature is 500 ◦C, the main reaction of the samples
are the change of Fe2O3 to Fe3O4. Therefore, the change in Fe3O4 content is investigated
in the present work, which is the main influencing factor for the RCS. The effects of fine
LCM on the mineral composition of samples after reduction are shown in Table 10. As
shown in Table 10, with the increase in fine MgO-bearing flux addition, the samples of
MgO·Fe2O3 (MF) can generate and reaction mineralization is strengthened in the samples.
It is clear that the Fe3O4 content decreases with the increase in fine LCM in the Fe2O3-
MgO and Fe2O3-MgO-CaO series samples after reduction. It is well known that the lattice
transformation, from Fe2O3 to Fe3O4, is the primary reason for the strength loss of iron ore
during low-temperature reduction. As a result, the main reason for the increase in RCS
with high-percentage fine LCM is that the samples contain more MF and Fe3O4. The MF is
more stable than Fe2O3 and has a low reduction degree. The unfavorable effect of lattice
transition is alleviated, and the RCS is improved.
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Table 10. Effect of fine LCM on the mineral composition of sample after reduction.

Sample System Components EDS Points Change a

Sample after
reduction

Fe2O3-MgO

Fe2O3 Figure 11-Point 2 D
MgO Figure 11-Point 1 D
Fe3O4 Figure 11-Point 6 D

MgO·Fe2O3 - I
Slag Figure 11-Point 5 I

Fe2O3-MgO-CaO

Fe2O3 - D
MgO Figure 15-Point 2 D
Fe3O4 - D

MgO·Fe2O3 Figure 15-Point 1 I
CaO·Fe2O3 Figure 15-Point 4 I

a Notes: D decrease; I increase.

5. Conclusions

In this work, the effects of fine LCM on the CS and RCS were investigated. Based on
the laboratory model samples’ test, fine LCM could effectively improve the CS and RCS.
The XRD and SEM-EDS analyses indicated that the strengthening of mineralization was the
major reason for the increase in CS and RCS in the sample. Finally, the mineralization mech-
anism of fine MgO-bearing flux was investigated. The results confirmed the correctness of
all experimental analysis. The main findings could be summarized as follows:

(1) In the case of the MgO-Fe2O3 series, the CS increased from 5.66 to 7.42 MPa and
the RCS increased from 2.49 to 6.03 MPa with the increase in fine LCM from 0 to 100%.
In the case of the MgO-Fe2O3-CaO series, the CS increased from 4.62 to 7.01 MPa and the
RCS increased from 4.00 to 6.23 MPa with the increase in fine LCM from 0 to 100%. The
ball-to-ball model was used to explain the reason for the increase in CS of fine LCM; the
higher diffusion rate for the fine LCM could increase the CS of a sample.

(2) In the sintering pot experiment, the vertical sintering speed of a 0% fine LCM was
the lowest (25.66 mm·min−1) in all the cases and that of a 50% fine LCM had a relatively
fast vertical sintering speed (31.1 mm·min−1). The tumbler index of a 0% fine LCM was the
lowest (74.93%) and that of a 50% was the highest (76.13%). The utilization coefficient first
increased from 2.52 to 2.94 t·m−2·h and then decreased from 2.94 to 2.91 t·m−2·h, and the
yield increased from 69.41 to 71.32% with the increase in fine LCM addition.

(3) Less transformation from Fe2O3 to Fe3O4 and microstructures of more compact and
uniform increased the RCS of samples. The outcomes of the present work could improve
the sinter quality by using the fine MgO-bearing flux in the sintering process.
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