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ABSTRACT: Decreasing the MgO content can improve most of the metallurgical
properties of sinter, but the low-temperature reduction disintegration index (RDI)
property will be worse. In order to improve the RDI property of sinter under certain
MgO contents, the effects of fine MgO-bearing flux on the strength of sintered samples
before and after reduction in three systems (Fe2O3-MgO, Fe2O3-MgO-CaO, and Fe2O3-
MgO-CaO-SiO2) were investigated in the present work. The experimental results show
that (1) in the three systems, the percentage of fine light calcined magnesite (LCM)
increases from 0 to 100%, and the compression strength of the samples before reduction
increases from 0.140 to 0.187 MPa, from 0.115 to 0.175 MPa, and from 0.121 to 0.164 MPa, respectively. The compression strength
of the samples after reduction increases from 0.062 to 0.151 MPa, from 0.100 to 0.156 MPa, and from 0.099 to 0.151 MPa,
respectively. (2) The fundamental reason is that the fine powders can increase the specific surface area and the surface energy of the
interface. It is beneficial to promoting the mineralization of MgO-bearing flux. More formation of MgO·Fe2O3 may increase the
strength of samples before reduction. Less transformation from Fe2O3 to Fe3O4 may increase the strength of samples after reduction.
The microstructures of samples are more compact and uniform. Therefore, fine LCM can improve the strength of sinter before and
after reduction. The outcomes of the present work can improve the sintering quality by using the fine MgO-bearing flux in the
sintering process.

1. INTRODUCTION

Slag-making is an essential link in blast furnace (BF) iron-
making. The properties of BF slag have a significant influence
on the output of the hot metal. MgO is one of the essential
components of BF slag. A proper MgO content can ensure
the fluidity and desulfurization ability of BF slag, especially
for slag with a high content of Al2O3.

1−7 Usually, the method
of adding MgO into BF slag is to add MgO-bearing flux into
sintering raw materials. Sinter is the main raw material for BF
operation, especially in China, and usually, the proportion of
sinter in the burden composition is above 75%,8−10 and its
cold strength and the low-temperature reduction disintegra-
tion index (RDI) are important indices for its quality.11,12

The quality of the sinter not only affects the gas permeability
of the upper part of the BF and the smooth operation of the
BF13−18 but also has a significant impact on the energy
consumption. Therefore, the influence of MgO on the
metallurgical properties of sinter has been widely re-
ported.7,19,20

Yang et al.21 reported that the addition of MgO restrained
the formation of CaO·Fe2O3 leading to the decrease in the
amount of the SFCA (silico-ferrite of calcium and aluminum)
bonding phase during the sintering process. Pan et al.22

reported that a low MgO content can effectively improve the
reduction rate of sinter. Low-MgO addition not only
improves the softening-melting characteristics of the
sinter12,23−25 but also reduces the fuel rate, sintering rate,

reducibility, and sinter strength as well as increase the initial
melt-down temperature.26−29 Based on the above studies, no
or little addition of MgO in the sinter can effectively improve
the efficiency of sintering production and get sinter with high
cold strength.27,28 However, MgO has a positive effect on the
RDI property of sinter.30−33 Therefore, how do we produce
the low-MgO sinter with a good RDI property?34 It is a
challenge in the sintering field recently. There are two key
points for this challenge: (1) MgO-bearing flux fully plays the
positive role for the DRI and (2) tries to avoid the negative
effect of MgO on the strength of sinter. However, to the best
knowledge of the authors, there are few reports on these two
challenges and few methods by which one can obtain low-
MgO sinter with a good RDI property.
Based on our previous work, ground MgO-bearing flux may

increase the specific surface area of the interface and the
surface energy. This is beneficial to the effective mineraliza-
tion of MgO-bearing flux, which is important to the strength
and the RDI property of sinter. Therefore, in the present
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work, the effects of fine MgO-bearing flux on the strength
before and after low-temperature reduction were investigated.
The main research contents and originalities included the
following:

(1) Compared with the traditional method, MgO-bearing
flux was first ground and then added into raw sintering
materials.

(2) The effects of the amount of fine MgO-bearing flux on
the strength of samples before and after low-temper-
ature reduction were investigated.

(3) The micrographs of samples in three systems (Fe2O3-
MgO, Fe2O3-MgO-CaO, and Fe2O3-MgO-CaO-SiO2)
with different amounts of fine MgO-bearing flux were
analyzed and discussed. The outcomes of the present
work can improve the sintering quality by using the
fine MgO-bearing flux in the sintering process.

2. EXPERIMENTAL METHODS
Raw materials included pure chemical reagents Fe2O3, CaO,
and SiO2 and industrial flux (light calcined magnesite,
shortened to LCM). The chemical compositions of the
LCM were obtained by chemical analyses, which are listed in
Table 1. The main component of LCM was MgO (MgO =

71.35%). The particle size of magnesite was the only variable
in the experiment: coarse LCM was supplied by a steel
enterprise in China, and fine LCM was obtained by grinding
of coarse LCM. Figure 1 shows the size distribution of these
two kinds of LCM. The median size of coarse LCM was 143
μm, and the median size of fine LCM was 46.8 μm.
The experimental procedure was as follows:

(1) For sample preparation, the samples were designed as
the Fe2O3-MgO system, the Fe2O3-MgO-CaO system,
and the Fe2O3-MgO-CaO-SiO2 system listed in Table
2. The reasons for choosing these compositions were as
follows.

(a) In the present work, the main focus is MgO, and
MgO mainly reacts with Fe2O3 to form MgO·
Fe2O3. Therefore, the Fe2O3-MgO system was
designed.

(b) In order to compare the formation between
MgO·Fe2O3 and CaO·Fe2O3, the Fe2O3-MgO-
CaO system was designed.

(c) The main composition of the bonding phase in
real sintered ores includes Fe2O3, CaO, MgO,
and SiO2, so the Fe2O3-MgO-CaO-SiO2 system
was designed too.
The weighted chemical reagents according to

Table 2 were fully mixed in an agate mortar.
Then, they were pressed into briquettes (8 mm
in diameter and 5 mm in height) by using a
briquetting machine at a pressure of 12 MPa for
3 min. The weight of each sample was about 1 g.

(2) For sample calcination, the previous samples were
calcined at 1250 °C for 20 min. The sample obtained
by calcination was named as the “sample before
reduction” in the present work.
For the calcination temperature, the sample cannot

produce too much liquid phase during calcination.
Otherwise, the strength cannot be measured. There-
fore, the calcination temperature was lower than the
actual sintering temperature, and 1250 °C was selected.
For the calcination time, two reasons were

considered: (a) The time was short, the mineralization
reaction was slow, and the experimental results were
not obvious. In order to make the experimental results
obvious, we chose a longer time, 20 min. (b) The
calcination temperature (1250 °C) of the experiment
was lower than the actual sintering temperature
(1300−1400 °C). Therefore, the calcination time was
prolonged to 20 min for promoting the mineralization
effect.

(3) For sample reduction, part of the calcined sample was
reduced by a reducing gas in a Tammann furnace. The
experimental conditions in this paper refer to GB/T
3242-91. Figure 2 shows the schematic diagram of test
equipment. The main body of equipment was mainly
composed of a heating shaft furnace and a reaction
tube. The reaction tube height was 800 mm, and the

Table 1. Chemical Composition of Light Calcined
Magnesite (LCM) (Mass %)

MgO CaO SiO2 Al2O3 LOI

71.35 2.76 5.78 0.74 17.84

Figure 1. LCM particle size distribution: (a) coarse LCM and (b) fine LCM.
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inner diameter of the reaction tube was 75 mm. The
reduction temperature, atmosphere, and time are

shown in Table 3. The reduced sample was named
as the “sample after reduction”.

(4) For compression strength tests, the compression
strengths of the sample before reduction and the
sample after reduction were tested. The compression
strength of the sample after reduction was used as an
index to evaluate the RDI in present work.

(5) For XRD tests, a part of the sample before reduction
and the sample after reduction was ground into a fine
powder using an agate mortar and pestle and then
sieved completely through a 325 mesh sieve. Then,
powder XRD analyses were carried out using an X-ray
diffractometer. Cu Kα was used as the radiation source
(40 kV, 400 mA) with a graphite monochromator in
the diffraction beam path. The XRD data were
collected by using the continuous scanning mode, of
which the scanning speed was maintained at 10°/min.

(6) For morphology tests, the remaining part of the
samples was polished by setting them into ethylenedi-
amine-doped epoxy resin for the preparation for SEM-
EDS analyses. SEM was performed using a scanning
electron microscope. The accelerating voltage was 20
kV. Energy-dispersive spectroscopy (EDS) was per-
formed on the same instrument.

(7) For sintering pot tests, in order to confirm the results
of the above model samples, the sintering pot
experiments were carried out in sintering equipment
of the Iron-making Institute of Northeast University in
China. The sintering raw materials used in this test
were from a Chinese iron and steel enterprise,
including blended ore, return ore, dolomite, quicklime,
coke, outsourced coke, fly ash, etc. The ore-matching
scheme of the sintering pot test is shown in Table 4. In
the test, dolomite was used as MgO-bearing flux, the
proportion was fixed, and the variable was the
proportions of finely ground dolomite powder of 1
mm, which are 0 (i.e., the not ground dolomite powder
particle size was 3 mm), 50, and 100%. In addition, for
a quantitative consideration of the strength degradation
because of reduction, the reduction rate of sinter was
tested under RDI test conditions.

Table 2. Experimental Scheme of Sample Preparation

group no.
Fe2O3 (mol)
/weight (g)

MgO (mol)
/weight (g)

CaO (mol)
/weight (g)

SiO2 (mol)
/weight (g)

coarse magnesite (%)
/weight (g)

fine magnesite (%)
/weight (g)

1 1-1 1/0.799 1/0.201 100/0.201 0/0
1-2 1/0.799 1/0.201 75/0.151 25/0.050
1-3 1/0.799 1/0.201 50/0.100 50/0.101
1-4 1/0.799 1/0.201 25/0.050 75/0.151
1-5 1/0.799 1/0.201 0/0 100/0.201

2 2-1 1/0.624 1/0.157 1/0.219 100/0.157 0/0
2-2 1/0.624 1/0.157 1/0.219 75/0.118 25/0.039
2-3 1/0.624 1/0.157 1/0.219 50/0.078 50/0.079
2-4 1/0.624 1/0.157 1/0.219 25/0.039 75/0.118
2-5 1/0.624 1/0.157 1/0.219 0/0 100/0.157

3 3-1 2/0.558 2/0.141 2/0.196 1/0.105 100/0.141 0/0
3-2 2/0.558 2/0.141 2/0.196 1/0.105 75/0.106 25/0.035
3-3 2/0.558 2/0.141 2/0.196 1/0.105 50/0.070 50/0.071
3-4 2/0.558 2/0.141 2/0.196 1/0.105 25/0.035 75/0.106
3-5 2/0.558 2/0.141 2/0.196 1/0.105 0/0 100/0.141

Figure 2. Schematic diagram of the reduction disintegration
experiment.

Table 3. Reduction Experimental Conditions

temperature gas composition gas flow time

500 °C 20% CO+20% CO2+60% N2 15 L/min 1 h

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

blended ore return mine dolomite quicklime coke outsourced coke fly ash fine dolomite

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
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3. EXPERIMENTAL RESULTS
3.1. Experimental Results of Model Samples. Figure 3

shows the compression strength of the sample before

reduction. As the percentage of fine LCM increases from 0
to 100%, the compression strength of the sample in the
Fe2O3-MgO system increases from 0.142 to 0.186 MPa, the
compression strength of the sample in the Fe2O3-MgO-CaO
system increases from 0.115 to 0.175 MPa, and the
compression strength of the sample in the Fe2O3-MgO-
CaO-SiO2 system increases from 0.121 to 0.164 MPa. Among
the three systems, the strength of the Fe2O3-MgO system is
obviously higher than those of the other two systems. The
reason is that there is some liquid phase formed in Fe2O3-
MgO-CaO and Fe2O3-MgO-CaO-SiO2 systems (refer to
Figures 8 and 10 in Section 4). The liquid phase becomes
a glass phase during the rapid cooling, which can result in
low strength for these two systems.
Figure 4 shows the compression strength of samples after

reduction. In the three systems, the percentage of fine LCM

increases from 0 to 100%, and the compression strength of
the sample after reduction increases from 0.062 to 0.150
MPa, from 0.100 to 0.156 MPa, and from 0.099 to 0.151
MPa, respectively. Among the three systems, in the case of
low fine LCM addition (0 and 25%), the strength of the
Fe2O3-MgO system is the lowest. The reason is that less
MgO·Fe2O3 formed during calcination, and then, more Fe2O3

is reduced to Fe3O4 during reduction, which can result in a
lower strength after reduction. In the case of high fine LCM
addition (75 and 100%), more MgO·Fe2O3 formed during
calcination in the three systems. Then, the strength of the
three systems is similar.

3.2. XRD and SEM Analyses on the Sample before
Reduction. 3.2.1. Fe2O3-MgO System Sample before
Reduction. Figure 5 shows XRD patterns of the Fe2O3-

MgO sample before reduction. The major mineral compo-
nents in the sample are Fe2O3, MgO, and MgO·Fe2O3. With
the increase of fine LCM, the peak value of MgO·Fe2O3
becomes higher and the peak value of MgO decreases, which
shows that the content of MgO·Fe2O3 increases and the
content of MgO decreases. The reason is that some MgO
reacts with Fe2O3 to form MgO·Fe2O3 in the sample before
reduction, but some unreacted MgO still exists in the sample.
Especially when adding a small amount of the fine LCM in
the sample, the unreacted MgO is higher. Therefore, the
increase of fine LCM promotes the mineralization reaction in
the system, and the decrease in the content of unreacted
MgO is beneficial to the strength of the sample before
reduction.
Figure 6 shows the SEM images and EDS analyses of the

Fe2O3-MgO system sample before reduction. The focus in
the present work is the mineralization of MgO. Therefore,
the mineralization reaction between MgO and Fe2O3, the
products of the reaction, and unreacted MgO were mainly
analyzed. Basically, there are two phases in this sample, (a)
the unreacted MgO phase represented by point 1 and point 3
and (b) MgO·Fe2O3 represented by point 2. It can be seen
that with the increase of fine LCM, the microstructure of the
sample has an obvious difference. With the increase of fine
LCM, the size of unreacted MgO particles is smaller because
more MgO reacts with Fe2O3 to form MgO·Fe2O3.
Therefore, the mineralization reaction between MgO and
Fe2O3 is enhanced during the calcination process due to the
increase in the specific surface area and surface energy of fine
LCM (details can be found in Section 4 “Discussion”). Then,
the structure of the sample becomes more uniform and
compact, and this is the key to the increase in the
compression strength of the sample before reduction with
the increase of fine LCM in the Fe2O3-MgO system.

Figure 3. Compression strength of samples before reduction.

Figure 4. Compression strength of samples after reduction.

Figure 5. XRD patterns of the Fe2O3-MgO system sample before
reduction.
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3.2.2. Fe2O3-MgO-CaO System Sample before Reduction.
Figure 7 shows XRD patterns of the Fe2O3-MgO-CaO system

sample before reduction. The major mineral components in
the sample are MgO·Fe2O3, CaO·Fe2O3, Fe2O3, and MgO.
With the increase of fine LCM, the content of MgO·Fe2O3
increases and the content of unreacted MgO decreases.
Figure 8 shows the SEM images and EDS analyses of the

Fe2O3-MgO-CaO system sample before reduction. Similar to
Figure 6, the mineralization reaction between MgO and other
oxides, the products of the reaction, and unreacted MgO
were mainly analyzed. Compared with the Fe2O3-MgO
system, there is some CaO·Fe2O3 liquid phase (point 5) in
the Fe2O3-MgO-CaO system sample because the melting

point of CaO·Fe2O3 is low (the lowest melting point at the
eutectic point is only about 1200 °C). Also, the unreacted
MgO phase (point 4) decreases (consistent with the XRD
analyses). Similarly, with the increase of fine LCM, the size of
unreacted MgO particles is smaller because more MgO reacts
with Fe2O3 to form MgO·Fe2O3 and more MgO dissolves
into the CaO·Fe2O3 liquid phase. The mineralization among
MgO, Fe2O3, and CaO is further enhanced in the calcination
process. Then, the structure of the sample becomes more
uniform and compact, and this is the key to the increase in
the compression strength of the sample before reduction with
the increase of fine LCM in the Fe2O3-MgO-CaO system.

3.2.3. Fe2O3-MgO-CaO-SiO2 Sample before Reduction.
Figure 9 shows XRD patterns of the Fe2O3-MgO-CaO-SiO2
system sample before reduction. The major mineral
components in the sample are MgO·Fe2O3, CaO·Fe2O3,
2CaO·Fe2O3, Fe2O3, and MgO. With the increase of fine
LCM, the peak intensity of MgO·Fe2O3 becomes higher and
the content increases. Therefore, the unreacted MgO is
relatively less. There is no obvious change in other phases
from the XRD diagram. Since the melting point of SiO2 is
low, there is a plurality of liquid phases. These factors are
beneficial to the improvement of the strength.
Figure 10 shows SEM images and EDS analyses of the

sample in the Fe2O3-MgO-CaO-SiO2 system before reduc-
tion. Similar to Figures 6 and 8, with the increase of fine
LCM, the mineralization effect between substances enhances
obviously and the pores on the surface of the sample become
compact.

3.3. XRD and SEM Analyses on the Samples after
Reduction. 3.3.1. Fe2O3-MgO System Sample after
Reduction. Figure 11 shows XRD diagrams of the Fe2O3-

Figure 6. SEM images of (a) 0, (b) 25, (c) 50, (d) 75, and (e) 100% fine LCM and EDS analyses of (f) point 1, (g) point 2, and (h) point 3
in the Fe2O3-MgO system sample before reduction.

Figure 7. XRD patterns of the Fe2O3-MgO-CaO system sample
before reduction.
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MgO system sample after reduction. The major phases are
Fe3O4, MgO·Fe2O3, Fe2O3, and MgO. With the increase of
fine LCM, the peak intensity of MgO·Fe2O3 becomes higher
and the peak intensity of MgO becomes lower. The reason is
that fine LCM can promote mineralization, resulting in the
Fe2O3 content decrease. The decrease in the Fe2O3 content
inhibits the transformation of Fe2O3 to Fe3O4 and the
volume expansion. Therefore, fine LCM is beneficial to
improving the sample strength.
Figure 12 shows SEM analyses of the Fe2O3-MgO system

sample after reduction. EDS analyses are shown in Table 5.
In the case of no fine LCM, the mineralization reaction is
relatively poor, and the sample contains more MgO (point
10) and Fe2O3 (point 11). Under the reducing atmosphere,

more Fe3O4 is generated, resulting in the lower compression
strength of the sample. When adding 25% of fine LCM, the
matrix still contains more Fe3O4 (point 12) and the
compression strength changes little. With the increase of
fine LCM, the mineralization effect enhances obviously and
more MgO·Fe2O3 (point 14) forms in the sample. Therefore,
the high content of fine LCM is beneficial to the compression
strength.

3.3.2. Fe2O3-MgO-CaO System Sample after Reduction.
Figure 13 shows XRD analyses of the sample in the Fe2O3-
MgO-CaO system after reduction. The major phases are
Fe2O3, Fe3O4, MgO, 2CaO·Fe2O3, and MgO·Fe2O3. With the
increase of the fine LCM, the peak intensity of MgO·Fe2O3

becomes higher. The content of MgO·Fe2O3 increases and
the Fe3O4 content decreases in the sample. The reason is that
fine LCM increases the specific surface area of the interface,
enhances surface energy, and enhances mineralization.
Therefore, fine LCM inhibits the Fe2O3 reduction to
Fe3O4. This is beneficial to improving the strength of the
sample.
Figure 14 shows SEM analyses of the sample in the Fe2O3-

MgO-CaO system after reduction. EDS analyses are shown in
Table 6. Without the addition of fine LCM, a small amount
of MgO (point 17) distributed between MgO·Fe2O3 and
Fe3O4 (point 16). With the increase of fine LCM, the
unreacted MgO decreases and the crystallinity of the sample
improves. 2CaO·Fe2O3 (point 19) distributed between MgO·
Fe2O3 and Fe3O4. Therefore, with the increase of fine LCM,
the mineralization enhances. Inhibiting the transition from
Fe2O3 to Fe3O4 is beneficial to improving the compression
strength of the sample.

Figure 8. SEM images of (a) 0, (b) 25, (c) 50, (d) 75, and (e) 100% fine LCM and EDS analyses of (f) point 4, (g) point 5, and (h) point 6
in the Fe2O3-MgO-CaO system sample before reduction.

Figure 9. XRD patterns of the Fe2O3-MgO-CaO-SiO2 system
sample before reduction.
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3.3.3. Fe2O3-MgO-CaO-SiO2 System Sample after Reduc-
tion. Figure 15 shows the XRD analyses of the sample in the
Fe2O3-MgO-CaO-SiO2 system after reduction. The major
phases are Fe3O4, Fe2O3, MgO, MgO·Fe2O3, 2FeO·SiO2,
MgO, and 2CaO·Fe2O3. Compared with the other series of
the sample, 2FeO·SiO2 appeared in the Fe2O3-MgO-CaO-
SiO2 system, and with the increase of fine LCM, the 2FeO·
SiO2 increased and the change of other phases were
consistent with the other series of the sample. Therefore,
the same conclusion can be drawn: fine LCM can effectively
enhance the mineralization, increase the strength, and
improve the RDI of the sinter.

Based on the previous analyses, the microstructure changes
of the samples were similar, so the samples of the Fe2O3-
MgO-CaO-SiO2 system were not analyzed by SEM-EDS.

3.4. Experimental Results of the Sintering Pot. The
sintering pot test results are shown in Table 7. With the fine
dolomite increases from 0 to 100%, the tumbler index of
sinter increases slightly from 74.93 to 75.33%. The RDI of
sinter increases from 83.75 to 87.41%. However, the increase
in the RDI slows down when the fine dolomite exceeds 50%.
With the increase of fine dolomite from 0 to 100%, the RI
(reducibility index) of sinter after reduction is 8.7, 5.2, and
4.6%. The decrease in the RI obviously slows down when the
fine dolomite exceeds 50%. The high RDI corresponds to a
low RI, which shows the strength degradation of sinter
because of reduction. This confirmed the results of the model
samples. Therefore, the fine dolomite is beneficial to forming
MgO·Fe2O3 and decreases the reduction rate of sinter and
then improves the RDI property of sinter.

4. DISCUSSION
In order to clarify the fundamentals of the effects of fine
LCM on the strength of samples before and after reduction,
elaborate discussion was carried out, including the specific
surface area and surface energy analysis and the mineral
components in the model samples before and after reduction.

4.1. Specific Surface Area and Surface Energy
Analysis. The size of coarse/fine LCM is different, and
the specific surface area and the surface energy are different
too. Supposing that the LCM particles are spherical, then, the
specific surface area can be obtained according to eq 1. The
surface energy can be obtained according to eq 2.

Figure 10. SEM images of (a) 0, (b) 25, (c) 50, (d) 75, and (e) 100% fine LCM and EDS analyses of (f) point 7, (g) point 8, and (h) point 9
in the Fe2O3-MgO-CaO-SiO2 system sample before reduction.

Figure 11. XRD patterns of the Fe2O3-MgO system sample after
reduction.
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S
s

M
=

(1)

where S is the specific surface area, s is the surface area, and
M is the mass.

E s E
1
2

= ×γ
(2)

where Eγ is the surface energy, s is the surface area, and E is
the sum of all bond energies per unit surface area (the bond
energy of the same material is a constant; here, E = 1 is
assumed).
Then, the specific surface area and surface energy of

coarse/fine LCM were obtained and are listed in Table 8.
From the table, it can be seen that fine LCM has a larger
specific surface area and surface energy than the coarse LCM.

In the present work (Figure 1), the diameter of LCM
particles decreases from 143 (median size of coarse LCM) to
46.8 μm (median size of fine LCM), the specific surface area
of LCM increases from 15.541 to 47.44 m2·g−1, and the
surface energy per unit mass increases from 7.771 to 23.724
J. The increase in surface energy is the fundamental and key
point for the mineralization and increasing the strength of
samples.

4.2. Mineral Components of Samples before
Reduction. The effects of increasing the percentages of
fine LCM on the mineral components of the samples
confirmed by X-ray diffraction and EDS results are shown in
Table 9.
In the present work, the primary focus is MgO, and the

main reaction during calcination (before reduction) is the
mineralization reaction between MgO and Fe2O3 to form
MgO·Fe2O3. Therefore, the change in the MgO·Fe2O3
content is the key point for the strength of samples before
reduction. It can be seen from Table 9 that with the increase
of fine LCM, the content of MgO·Fe2O3 in the samples
before reduction in the three systems increases and the free
MgO decreases. For example, in the case of fine LCM =
100%, MgO was not found in the three systems by the EDS
test. The reason is that more fine LCM increases the specific
surface area and the surface energy, which can enhance the
mineralization between MgO and Fe2O3, and then, most of
MgO has reacted with Fe2O3 to form more MgO·Fe2O3, and
the unreacted MgO is very little. Consequently, it results in a
compact structure.
Therefore, the main reason for that the strength of the

sample with high fine LCM increases before reduction is that
the mineralization reaction between MgO and Fe2O3 is
enhanced by the higher specific surface area and the surface
energy, and hence, more MgO·Fe2O3 is formed. This is
beneficial to the strength of samples before reduction.

4.3. Mineral Components of Samples after Reduc-
tion. In the case of low-temperature reduction, the main
reaction is the reduction from Fe2O3 to Fe3O4. Therefore, the
change in the Fe3O4 content is investigated in the present
work, which is the main influencing factor for the strength of
the sample after reduction. It can be seen from Table 9 that
with the increase of fine LCM, the content of Fe3O4 in the
samples after reduction in the three systems decreases. For
example, at a high percentage of fine LCM, there was no
Fe3O4 found by the EDS test, and more MgO·Fe2O3 was

Figure 12. SEM images of (a) 0, (b) 25, (c) 50, (d) 75, and (e) 100% fine LCM in the Fe2O3-MgO system sample after reduction.

Table 5. EDS Analyses of the Fe2O3-MgO System Sample
after Reduction (Mass %)

zone Mg Fe O Si Ca

point 10 57.23 1.99 40.77
point 11 1.18 68.94 29.87
point 12 7.01 62.35 30.64
point 13 9.27 58.07 32.66
point 14 27.62 10.17 44.43 15.45 2.33
point 15 8.79 58.86 32.35

Figure 13. XRD patterns of the Fe2O3-MgO-CaO system sample
after reduction.
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found. It is well-known that the lattice transformation from
Fe2O3 to Fe3O4 is the main reason for the strength of iron
ore decreasing during low-temperature reduction.

Therefore, the main reason for that the strength of the
sample with high fine LCM increases after reduction is that
more MgO·Fe2O3 is present in the samples. MgO·Fe2O3 is
more stable than Fe2O3 and results in a low reduction degree
and a low Fe3O4 content. Then, the negative effect of lattice
transformation from Fe2O3 to Fe3O4 is partly relieved, and
consequently, the strength after reduction is improved.

4.4. Summarization. The fundamentals of the effects of
fine LCM on the strength of samples before and after
reduction are summarized in Figure 16. Basically, the
mechanism may be explained as follows. (1) Fine LCM
can increase the specific surface area and surface energy. (2)
The mineralization between MgO and Fe2O3 is enhanced,
and more MgO·Fe2O3 is formed. (3) Little unreacted MgO
exists in the sample and results in a compact structure; then,
the strength before reduction is increased. (4) The reduction
degree and the Fe3O4 content are decreased because MgO·
Fe2O3 is more stable than Fe2O3, and the lattice trans-
formation is relieved; then, the strength after reduction is
increased.

5. CONCLUSIONS

In this work, the effects of fine LCM on the strength of
calcination before and after low-temperature reduction were
investigated. Based on the laboratory model samples’ test, fine
LCM can effectively improve the strength of the sample
before and after reduction. XRD and SEM-EDS analyses
indicate that the strengthening of the mineralization effect is
the major reason for the increase in the sample compression
strength before and after reduction. Sintering pot test results
illustrate that fine dolomite is beneficial to forming MgO·
Fe2O3 and decreases the reduction rate of sinter and then
improves the RDI property of sinter. The results of the
sintering pot test also confirm the correctness of model
samples. Finally, the theoretical calculation of the specific
surface area confirms the correctness of all experimental
analyses. The main findings can be summarized as follows.

Figure 14. SEM images of (a) 0, (b) 25, (c) 50, (d) 75, and (e) 100% fine LCM in the Fe2O3-MgO-CaO system sample after reduction.

Table 6. EDS Analyses of the Fe2O3-MgO-CaO System
Sample after Reduction (Mass %)

zone Mg Fe O Si Ca

point 16 8.19 56.97 33.01 1.84
point 17 60.21 1.01 38.75
point 18 4.46 40.26 37.62 1.16 16.51
point 19 1.03 35.17 36.10 1.68 26.02

Figure 15. XRD patterns of the Fe2O3-MgO-CaO-SiO2 system
sample after reduction.

Table 7. Effect of the Fine Dolomite Proportion on the
Sintering Pot Index (Mass %)

fine dolomite tumbler index RI RDI+3.15

0 74.93 8.7 83.75
50 76.13 5.2 88.22
100 75.33 4.6 87.41

Table 8. Comparison of Coarse LCM and Fine LCM

LCM particle diameter (μm) surface area (m2) density (g/m3) mass (g) specific surface area (m2/g) surface energy (J/g)

coarse 143 6.42 × 10−8 2700 4.131 × 10−9 15.541 7.771
fine 46.8 6.88 × 10−9 2700 1.450 × 10−10 47.448 23.724
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(1) In three systems (Fe2O3-MgO, Fe2O3-MgO-CaO, and
Fe2O3-MgO-CaO-SiO2), the percentage of fine LCM
increases from 0 to 100%, and the compression
strength of the sample before reduction increases
from 0.140 to 0.187 MPa, from 0.115 to 0,175 MPa,
and from 0.121 to 0.164 MPa, respectively. The
compression strength of the samples after reduction
increases from 0.062 to 0.151 MPa, from 0.100 to
0.156 MPa, and from 0.099 to 0.151 MPa, respectively.

(2) The fundamental reason for the effects of fine LCM on
the strength of sinter is that the fine powders can
increase the specific surface area and the surface energy
of the interface. It is beneficial to promoting the
mineralization of MgO-bearing flux. Therefore, fine
LCM can improve the strength of sinter before and
after reduction.

Applying the above findings to the actual sintering
production can reduce the use of MgO and produce the
low-MgO sinter with a good RDI property. This is of great
significance to improve the quality of sinter.
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