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Abstract: The phenomenon of cracking and deterioration of iron ore particles is a widespread scientific
problem in the field of mineral processing and metallurgy. In this paper, the thermal decomposition
properties of iron ore were investigated by a non-isothermal method using thermogravimetric equip-
ment, and the crack evolution behavior of iron ore within Fe-C melt was investigated experimentally,
by scanning electron microscopy and Micro-CT. The results show that the start decomposition tem-
perature of #2 iron ore is 292.7 °C, which is 37.3 °C higher compared to that of #1 iron ore, because of
its smaller pores and the difficulty of water vapor diffusion. The initial decomposition of iron ore is
the decomposition goethite to form water vapor, and as heat transfer continues, hematite particles
break into smaller particles and decompose to form Fe3O,4. During the smelting reduction process,
the Crack index (CI) of #1 iron ore was 5.50% at 4 s, and the CI index increased to 23.54% when time
was extended to 16 s, and the internal evolved from locally interconnected holes to cracked structure.
The iron ore maintains a relatively intact form during reduction within the Fe-C melt, and interfacial
reduction reaction is dominant in the later stage.

Keywords: crack; iron ore; micro-CT; non-blast furnace ironmaking; thermal decomposition;
smelting reduction

1. Introduction

Crack and deterioration of iron ore particles is a common scientific problem during
the iron ore processing such as mining, blast furnace and smelting reduction process [1-5].
Generally, the cracking and microstructure transition of iron ore are caused by mechan-
ical degradation, thermal decomposition or reduction degradation [5]. The mechanical
degradation is mainly due to the crushing between the particles during transportation or
processing [4]. This has been more fully studied by previous authors.

Cracking of iron ore during thermal decomposition and reduction degradation is re-
lated to the volatilization of minerals containing volatile substances [6], thermal expansion
and phase transformation during reduction [7-10]. The influence of these factors varies
in the actual process. Strezov et al. investigated the thermal deterioration of two types of
iron ore, goethite and hematite, during thermal processing. The goethite would undergo
decomposition reaction near 300 °C because of removal of hydrogen bonds [4]. The study
have indicated that the high goethite content of iron ore will increase the fines during
thermal treatment [11]. The thermal decomposition of hematite starts at a higher tempera-
ture than that of goethite, and the decomposition products are mainly magnetite [12,13].
Qu et al. studied the decomposition behavior of iron ore fine in the Hlsarna smelting
reduction process [14]. The decomposition temperature of Fe,O3 in inert atmosphere
was 1200-1300 °C, and that of Fe304 was higher than 1500 °C. The activation energies
of hematite decomposition in air and inert atmosphere are 382 kJ/mol and 324 kJ/mol,
respectively [15]. Different atmospheres would cause different thermal decomposition
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temperatures. The thermal decomposition temperature in air atmospheres is lower than
that in inert places [16,17].

Meanwhile, iron ore as an important raw material for blast furnace ironmaking will
be broken inside the blast furnace. Qi et al. showed that after standard thermal cracking
experiments, a large number of cracks existed inside the lump, which were highly suscep-
tible to generate fine by extrusion inside a blast furnace [18]. Additionally, the thermal
cracking index of lump ore under a reducing atmosphere and a N, atmosphere at 900 °C
was compared and analyzed, showing that the thermal cracking effect of the reducing at-
mosphere on lump better reflects the objective situation of the blast furnace. Mizutani et al.
investigated the cracking phenomenon of sinter, pellet and lump due to reduction in the
blast furnace by an in situ evaluation method [19]. Large amounts of acoustic emissions
(AEs) are detected at the thermal process of iron ore containing goethite, and the cracking
is associated with the reduction ability of H, and CO. The decomposition and bursting
phenomena of iron ore in inert atmosphere, air atmosphere and reducing gas conditions
have been studied by previous authors, but less research has been performed on the crack-
ing and crushing of iron ore within Fe-C melt with the development of the bath smelting
reduction process [20-24]. The main differences with previous studies are as follows: firstly,
the temperature conditions of the iron ore are different; the former mainly studied the
decomposition phenomenon of goethite at 700-900 °C, while the temperature of high
temperature melts is generally 1400 °C and above. Secondly, the reducing atmospheres are
different; the microstructural transformation of iron ore under reducing gases such as Hj
or CO was mainly studied by previous authors, while the reducing agent of iron ore under
high temperature melt is liquid Fe-C melt, which could not be ignored [25-27]. Thirdly, the
confining pressure is different. The confining pressure of iron ore in the previous study is
atmospheric pressure, and the confining pressure is small, while the iron ore in the melt
is under the pressure of the melt, which results in a larger confining pressure. Therefore,
this paper firstly investigates the thermal decomposition properties of iron ore under the
TG-DSC method and X-ray diffraction analysis technique. Secondly, the microstructure
and characteristic indexes of iron ore within the Fe-C melt were explored by experiments,
scanning electron microscopy and Micro-CT technologies in order to clarify its cracking
and microstructural evolution within the Fe-C melt.

2. Materials and Methods
2.1. Raw Materials

Two iron ores containing goethite samples were selected in the experiment, of which
the chemical composition tested by the indicator titration method is shown in Table 1. The
total iron content (TFe) of #1 and #2 is 64.54wt % and 63.85wt %, respectively. The SiO,
content of #1 is 0.79wt %, which is lower than that of #2. The Al,O3 content of #1 of is
1.64wt %, which is higher than that of #2. The LOSS of samples indicates that the two iron
ores contain a goethite phase.

Table 1. Chemical composition of iron ore raw materials (wt %).

No. TFe FeO Si0, ALO; CaO MgO TiO, K,0 NaO S P LOSS
# 65.54 0.31 0.79 1.64 0.04 0.01 0.14 0.02 0.07 0.04 0.05 2.94
# 63.85 0.56 3.46 0.74 0.06 0.03 0.04 0.02 0.10 0.03 0.07 3.74

The microstructure of #1 iron ore is shown in Figure 1. The iron-bearing minerals are
embedded with the gangue in a distributed structure, and some of the gangues are covered
by hematite. Goethite and hematite in ore have symbiotic structure. Additionally, goethite,
that is mainly distributed in the edge of pores or holes, is mainly embedded inside hematite.
Most of the pore sizes inside #1 iron ore are around 20 pm in diameter.
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Figure 1. Microstructure and EDS results of #1 iron ore. (a) Microstructure image with 100 um scale;
(b) Microstructure image with 20 pm scale; (c) Microstructure image with 20 pm scale; (d) Pore
structure with 10 um scale; (e) Pore structure with 10 um scale; (f) Pore structure with 5 um scale;
(P1) EDS results for hematite in (d); (P2) EDS results for hematite in (e); (P3) EDS results for goethite
in (f).

The diameter of local connecting pores could reach 67 pm, and there are also 2.5 ym
tiny pores. The hematite in #2 iron ore (as shown in Figure 2) shows irregularly shaped
crystalline structure. Goethite in the hematite matrix presents a larger patchy structure,
with local strips of finer needle iron ore structures distributed at the edges of pores. The
pore diameters within #2 iron ore are smaller compared to that of #1 iron ore, with the small
pores being mostly 2.5 um in diameter; the large pores are mostly 20 pm in diameter.
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Figure 2. Microstructure and EDS results of #2 iron ore. (a) Microstructure image with 100 um scale;
(b) Microstructure image with 20 pm scale; (c) Microstructure image with 20 pm scale; (d) Pore
structure with 10 um scale; (e) Pore structure with 10 um scale; (f) Pore structure with 5 um scale;
(P1) EDS results for hematite in (d); (P2) EDS results for goethite in (d); (P3) EDS results for goethite
in (f).
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2.2. Experimental Methods

The equipment used for non-isothermal decomposition experiments of iron ore is the
simultaneous thermal analyzer (NETZSCH STA 449EF3). Iron ore of 50 mg was placed in
the equipment with temperature range of 30-1500 °C and heating rate of 20 °C/min. The
experimental atmosphere was protected by argon, and the weighing accuracy was 0.1 nug.
The data were automatically recorded during the experiment. The TG-DSC curve was
finally calculated and the thermal decomposition of iron ore.

Cracking experiments of iron ore in Fe-C melt were conducted in a self-made high-
temperature tube furnace device. The 300 g mixed sample of reduced iron powder and
graphite was placed in a corundum crucible, then the corundum crucible was placed
in the high-temperature tube furnace device. The sample was heated to 1450 °C in
an inert atmosphere (Ar 5 L/min), and maintain for 30min for homogenization. The
10 mm x 10 mm x 10 mm iron ore was placed in Fe-C melt and left to quench to room
temperature after a certain period of time. The samples were further analyzed to study the
internal microstructure and crack distribution.

2.3. Analytical Methods

The microstructure of iron ore with different dissolution times are observed by
scanning electron microscope (SEM) (GEMINISEM 500, ZEISS, Oberkochen, Germany)
equipped with energy dispersive spectrometer (EDS) (ULTIM MAX40, Oxford Instruments,
Oxford, UK). Additionally, the internal cracking characteristics are obtained by Micro-CT
(YXLON FE35CT, YXLON, Hamburg, Germany).

3. Results and Discussion
3.1. Thermal Decomposition Analysis

The TG/DSC curves of #1 and #2 iron ore are shown in Figure 3. It can be seen
that #1 iron ore had two stages of decomposition weight loss during the heat process.
The weight loss in the first stage was 6.88 wt% with initial decomposition temperature
of 255.4 °C and end decomposition temperature of 303.0 °C, in which the decomposition
rate decreased by two-fold. The decomposition rate was the fastest at 291.2 °C, and then
the decomposition was obvious at 350.7 °C. The overall decomposition heat absorption in
the first stage was 66.41 J /g, with two decomposition heat absorption peaks. The weight
loss at high temperature (second stage) was 3.83%, the reaction started at 1053.8 °C and
ended at 1366.2 °C; in the second decomposition stage, the DSC curve showed a total of
two consecutive heat absorption peaks, 24.54 ] /g and 12.60 ]/ g, respectively.

The weight loss of #2 iron ore in first stage of decomposition is 6.75%. The initial
temperature of decomposition is 292.7 °C, the end temperature of decomposition is 382.7 °C
with endothermic peak of 209.8 ] /g. Compared with #1 iron ore, the initial decomposition
temperature #2 iron ore increased by 37.3 °C, the end of decomposition temperature
increased by 79.7 °C, and the heat absorption increased by 143.39 J/g. The weight loss of #2
at high temperature is 3.05%, the initial temperature of decomposition is 1165.0 °C, and the
end temperature is 1340.0 °C, with two heat absorption peaks of 258.18 ] /g and 254.94] /g,
respectively, which is higher than that of #1.

In order to investigate the phase transformation of iron ore during the whole de-
composition process, X-ray diffraction analysis was performed on the iron ore and with
different temperatures. The results of XRD analysis are shown in Figure 4. Combined with
TG curves analysis, what occurs in first stage is the decomposition of Fe; g33(OH)¢50; 5
phase, as shown in Equation (1) [4]. It was noted that the hematite was produced directly
without any intermediate phases [28,29]. The XRD results are mainly dominated by the
characteristic peak (Fe,O3 phase), and the SiO, phase is mainly quartz phase at 750 °C,
as shown in Figure 4b. When the decomposition temperature continued to increase to
1350 °C, XRD phase analysis results indicates that the disappearance of Fe,O3 phase peak
and the appearance of Fe3O4 phase peak occur at this time. The reaction is shown in
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Equation (2) [30]. XRD analysis shows that MgO in the ore would react with Fe;Oj3 in solid
phase to form the spinel phase.
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Figure 3. The TG/DSC analysis of #1 and #2 iron ore. (a) TG-DTG of #1; (b) TG-DSC of #1; (c) TG-DTG
of #2; (d) TG-DSC of #2.

The results of XRD analysis of #2 iron ore at different temperatures (Figure 5) indicate
that the decomposition in the first stage is mainly the process of decomposition of goethite
such as Feq g33(OH)g 50,5 and FeO(OH) to produce Fe,O3 and O,. Additionally, the
microstructure analysis shows that the goethite of #1 iron ore is mostly dispersed around
the pores, while the goethite of #2 is mostly embedded in the hematite matrix; the pore
diameter of #2 is smaller than that of #1, which makes it more difficult to diffuse water
vapor generated by decomposition, so its decomposition temperature is higher and higher
heat-absorbing value. It can be seen from Figure 6¢ that the reaction of Equation (2) mainly
occurs in the high temperature decomposition stage, but a part of Fe,O3 phase still remains
at this time. It has been reported that the thermal decomposition of Fe3O4 occurs at high
temperature, such as above 1600 °C [31]. There is no decomposition of magnetite in
this study:.
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Figure 4. XRD physical phase analysis results of #1 iron ore after thermal decomposition at different
temperatures. (a) raw material; (b) 750 °C; (c) 1350 °C.
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Figure 5. XRD physical phase analysis results of #2 iron ore after thermal decomposition at different
temperatures. (a) raw material; (b) 750 °C; (c) 1350 °C.
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Figure 6. Internal cracking microstructure during the smelting reduction of #1 iron ore. (a) Mi-
crostructure of cracks at 4 s with 100 um scale; (b) Microstructure of cracks at 4 s with 10 um scale;
(c) Microstructure of cracks at 8 s with 100 um scale; (d) Microstructure of cracks at 8 s with 10 um
scale; (e) Microstructure of cracks at 12 s with 100 um scale; (f) Microstructure of cracks at 12 s with
100 um scale; (g) Microstructure of cracks at 16 s with 20 um scale; (h) Microstructure of cracks at
16 s with 10 pm scale; (P1) EDS results in (b); (P2) EDS results in (d); (P3) EDS results in (g); (P4) EDS
results in (h); (P5) EDS results in (h).

3.2. Study on the Evolution of Micromorphology

Figure 6 shows the microstructure results of internal cracks during the smelting
reduction of #1 iron ore in the Fe-C melt. Measurement of crack widths by processing SEM
photos through image recognition. It can be seen from Figure 6a that when the iron ore
is immersed in the melt for 4 s, the mineral phase inside is heated to produce expansion,
which makes a certain amount of internal cracks with a crack width of 33 um. During
the crack growth, some pores would provide space for the stress, as shown in Figure 1,
so the cracks formed at this stage are small and show the characteristics of connecting
the pores of iron ore [32-34]. From Figure 6b, it indicates that the water vapor generated
by the decomposition of goethite would increase the internal pressure after reaching
decomposition temperature, resulting in new cracks inside the goethite particles.

The analysis of Figure 6¢,d demonstrate that when the iron ore is immersed in the
melt for 8 s, the cracks inside #1 would grow further and the width of the cracks because of
heat expansion, resulting a large number of small hematite particles. When the immersion
time increases to 12 s, there are still mainly fine hematite and gangue grains. Additionally,
when the crack expands to the interface layer, the crack disappears at the interface layer.
The Fe,O3 on the surface of hematite gradually decomposes into Fe3O4 as reaching the
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decomposition temperature of hematite at 16 s [35]. Therefore, the surface of hematite
particles in Figure 6g is looser and the inside is denser. The Fe3O,4 phase produced by the
decomposition will react with the surrounding gangue phase in solid phase, as shown in
the EDS results for P3 and P5 of Figure 6.

The results of the internal microstructure of #2 iron ore during smelting reduction
process are shown in Figure 7. It can be seen from Figure 7a that its internal cracks generated
at 4 s of smelting reduction are mainly micro-cracks formed along the direction of original
pores and through all pores. There is no splitting phenomenon in hematite particles. Large
cracks have been formed internally at 8 s with a crack width of 36 um, at which time the
larger hematite particles split into fine particles, producing more fine cracks, as shown in
Figure 7c,d. Figure 7e,f shows the internal microstructure of #2 at 16 s of smelting reduction.
It can be seen that the hematite particles are basically all split into smaller particles at this
time, and the solid phase reaction between gangue phase and surface of the small particles
starts at this time.

Micro-crack

Figure 7. Internal cracking microstructure during the smelting reduction of #2 iron ore. (a) Mi-
crostructure of cracks at 4 s with 100 um scale; (b) Microstructure of cracks at 4 s with 5 um scale;
(c) Microstructure of cracks at 8 s with 20 um scale; (d) Microstructure of cracks at 8 s with 5 um
scale; (e) Microstructure of cracks at 16 s with 33 um scale; (f) Microstructure of cracks at 16 s with
5 um scale.

In order to further investigate the internal microstructural evolution of iron ore contain-
ing goethite in Fe-C melt, #2 iron ore was selected for a 30 s smelting reduction experiment,
and the internal microstructure are shown in Figure 8.
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Figure 8. Cracking microstructure of #2 iron ore at 30 s of smelting reduction. (a) Cracking microstruc-
ture with 100 um scale; (b) Cracking microstructure with 20 um scale; (¢) Cracking microstructure
with 20 um scale; (d) Cracking microstructure with 6.7 um scale; (P1) EDS results in (d); (P2) EDS
results in (d).

The hematite particles are undergoing decomposition reaction, resulting a dense Fe,O3
core and porous Fe3O4 boundary layer. Additionally, part 2of Fe3O4 reacts with the gangue
in solid phase, so the cracks produced by shrinkage are formed between the particles, as
shown in Figure 8a.

3.3. Internal Crack Evolution

The internal morphology of iron ore and the distribution characteristics of cracks
were studied based on the reduction reaction between iron ore and Fe-C melt, and the
coupling of the action of heat transfer from the high temperature melt. Figure 9 shows
the crack morphology structure evolution of #1 iron ore at different smelting reduction
moments. At the time of 4 s, the #1 retains a good original form, with only some internal
micro-cracking. At 8 s of smelting reduction, the internal cracks would grow and widen,
and defects generated by the reduction reaction with Fe-C melt will appear in the upper
part of the iron ore. After a further increase in the smelting reduction time, the internal
bursting factor of iron ore gradually decreases, and the disappearance of the iron ore is
mainly caused by its reduction reaction.

As the iron ore dissolves in the iron liquid, a liquid interface layer would be produced
on the surface, the stress of its internal cracks will be released in the interface layer region,
so that the iron ore within Fe-C melt to maintain a complete shape and does not undergo
bursting and crushing phenomenon that happens inside the blast furnace.

Figure 10 investigated the crack morphology structure of #2 at different smelting
reduction time. It was so found that an interfacial layer is formed on the surface of
the iron ore in contact with Fe-C melt. At reaction times of 4 s and 8 s, the changes in
the iron ore morphology are mainly the evolution of its cracks and internal pores, with
less disappearance produced by the reduction reaction. A certain amount of interfacial
disappearance was observed only at 16 s.
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Figure 9. Crack morphology structure evolution of #1 at different smelting reduction moments.
(a—d) 4 s; (e-h) 8 s; (i-1) 16 s.
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Figure 10. Crack morphology structure evolution of #2 at different smelting reduction moments.
(a—c) 4s; (d-f) 8s; (g-i) 16 5.
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In initial period, what happens in the interface of the iron ore is a reduction reaction
between iron ore and Fe-C melt, of which in interior is thermal decomposition reaction of
iron ore [24,27]. In order to further investigate the differences between the bursting and
reduction reactions of iron ores, the cracking index (CI) was further taken to characterize
the development characteristics of cracks generated by heat transfer, the smelting reduction
index (SI) was taken to characterize the smelting reduction and internal crack expansion of
iron ore, and the interfacial reduction index (IRI) was taken to characterize the interfacial
reduction reaction of iron ore. The schematic diagram and expression formulas of the three
indices are shown in Figure 11 and Formulas (3)—(5).

Cl = Vpores in the selected area _ E % 100% 3)
Vselected area Vi
Sl — Vpores in iron ore T Vconversion zone _ vp +V; % 100% )
Viron ore Vo
IRI = SI — CI ®)

e

Iron ore

Figure 11. Schematic diagram of interfacial reaction and internal crack development in two-
dimensional state.

V is the volume of the selected area in internal central part of iron ore, mm?3; V. shows
the volume of cracks inside the V; region, mm?3; V) is the initial volume of iron ore, mm3;
Vp is the volume of all cracks inside iron ore, mm?; V; is the volume of the part of iron ore
interface that disappears due to reduction reaction, mm3.

Figure 12 shows the results of pore structure evolution in V; region for samples #1
and #2 at different smelting reduction times. #1 sample produces more connected pores
at 4 s, while #2 has mainly smaller pores. Goethite in #1 iron ore is mainly distributed at
the boundary of pore, resulting that gas generated by decomposition easily connect with
the pore. So, it is easy to form locally interconnected holes. The mesh structure formed by
cracks when the time was increased to 8 s. Meanwhile at 16 s, the cracks inside the #1 iron

ore increased significantly compared to #2.
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#1
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Iron ore
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Figure 12. Evolution of the internal pore structure of iron ore at different times of smelting reduction.
(a) Pore structure of #1 iron ore at 4 s; (b) Pore structure of #1 iron ore at 8 s; (c) Pore structure of iron
#1 ore at 16 s; (d) Pore structure of #2 iron ore at 4 s; (e) Pore structure of #2 iron ore at 8 s; (f) Pore
structure of #2 iron ore at 16 s.

By further analyzing the CT results, the characteristic indexes were derived, as shown
in Figures 13 and 14. The CI of #1 is 5.50% at 4 s and 23.64% at 16 s. Additionally, it can be
seen that the crack volume of #1 at 16 s is larger than that at 4 s. The CI of #1 at 4 s is higher
compared to the IRI, but the IRIs after 8 s is higher than CIs. It can be seen that the smelting
reaction is accelerated after 8 s due to the increase in interfacial reduction. #2 has higher CI
at4 s and 8 s compared to #1, but lower CI at 16 s compared to #1. Before 16 s, the growth
of internal crack of #2 was the main occurrence, and the proportion of interfacial reaction
was low. Compared with the characteristic indexes of smelting reduction at 16 s, the IRI of
#1 iron ore is 26.44%, while that of #2 iron ore is 12.06%, so the smelting reduction reaction
speed of #1 is faster.

50 60
23.54 - (b)
| ]
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BT /e 49.98
wor N IRI

35k

30

25
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20

2
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0 A
100 11 12 13 14 15 16 17 4s 8s 16s

Time/ s Time/ s

Figure 13. Characteristics Index of #1 iron ore at different times of smelting reduction. (a) CI results;
(b) CI and IRI results.
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Figure 14. Characteristics Index of #2 iron ore at different times of smelting reduction. (a) CI results;
(b) CI and IRI results.

According to the analysis, the crack evolution mechanism of iron ore containing
goethite in Fe-C melt is shown in Figure 15, when the iron ore is immersed in melt, due
to the influence of heat transfer, goethite mineral of iron ore decomposes and produces
water vapor, which generates cracks inside the iron ore. The morphology and number of
cracks vary from one iron ore to another, because of different microstructures and goethite
mineral content in iron ore. A liquid interfacial reduction layer is formed on the surface
of the iron ore in Fe-C melt. When the internal temperature increases further, hematite
particles gradually break into smaller hematite particles, and the hematite particles begin
to decompose to produce Fe304 and O,, where the gangue elements would react with the
surrounding generated Fe3Oy. This crack grows and extends furtherly in the process, and
the crack disappears into the liquid interface layer on the surface. The iron ore remains in a
relatively intact form. Thereafter, the iron ore is gradually reduced and disappeared by the
reduction reaction.

Liquid interface layer

Heat transfer ooy Heat transfer

FeO(OH)—Fe,03;+H,0
Liquid interface layer

Fe-C melt

Heat
transfer Heat transfer

Heat Heat Fe-C melt
transfer transfer

IFe-C melt

Figure 15. Crack formation mechanism of iron ore in Fe-C melt.

4. Conclusions

The thermal decomposition crack evolution mechanism of iron ore containing goethite
were investigated in the paper. The main conclusions were drawn as follows:

(1) In the decomposition process of iron ore, internal goethite decomposition occurs
to produce water vapor and hematite. However, due to the difference in internal
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microstructure, differences in internal decomposition temperature arise. As the tem-
perature continues to rise, the hematite begins to decompose to produce Fe3O;.

(2) The microstructural evolution revealed that the crack width produced during low
temperature decomposition rupture was fine and increased with time within Fe-C
melt, gradually extending to the liquid interfacial layer produced due to reduction
reaction. The internal large grains of hematite break up to form finer grained hematite,
and the gangue elements would react in solid phase with surrounding nascent FezOj.

(3) After the iron ore is immersed in the Fe-C melt, when smelting reduction time is
4s, the CI of #1 iron ore can be up to 5.50% with the local connected pores mainly
generated by decomposition reaction. As the time is extended to 8 s, the CI gradually
increases, and the net-like cracks appear. In the late stage of smelting reduction, the
disappearance of iron ore is mainly caused by interfacial reduction reaction, and for
instance, the IRI of #1 iron ore at 16 s is 26.44% and the CI is 23.54%.
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