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Abstract: Gangue existing states largely affect the high-temperature characteristics of iron ores. Using a micro-sintering method and scan-
ning electron microscopy, the effects of gangue content, gangue type, and gangue size on the assimilation characteristics and fluidity of liquid
phase of five different iron ores were analyzed in this study. Next, the mechanism based on the reaction between gangues and sintering mate-
rials was unraveled. The results show that, as the SiO, levels increase in the iron ores, the lowest assimilation temperature (LAT) decreases,
whereas the index of fluidity of liquid phase (IFL) increases. Below 1.5wt%, AL,O; benefits the assimilation reaction, but higher concentra-
tions proved detrimental. Larger quartz particles increase the SiO, levels at the local reaction interface between the iron ore and CaO, thereby
reducing the LAT. Quartz-gibbsite is more conductive to assimilation than kaolin. Quartz-gibbsite and kaolin gangues encourage the forma-
tion of liquid-phase low-Al,O;—SFCA with high IFL and high-Al,0;—SFCA with low IFL, respectively.
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1. Introduction

With the development of high-grade burden and
large-scale of a blast furnace (BF), sinter strength plays an
increasingly important role on the running conditions of BF.
To improve sinter quality, the properties of sintering raw
materials must be investigated, especially the high tempera-
ture characteristics of iron ores [1]. According to reports of
Wu et al. [2-5], iron ores exhibit five high-temperature
characteristics that accurately reflect the behavior and role in
the sintering process. Differences in assimilation character-
istics of various iron ores have been also studied [6—7]. In
addition, Kasai et al. [8-9] studied the influence of Al,O;
content and the particle size of iron ores and limestone on
the melt-formation process. The viscosity of melt formed
during iron ore sintering was investigated by Machida et al.
[10]. Hsien and Whiteman [11] studied the effect of raw
material composition on the mineral phase of iron ore sinter.
However, the influence of gangue existing states in iron ores
on the assimilation characteristics and the fluidity of liquid
phase in the sintering process have been little investigated.

In the present study, fundamental studies were conducted
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to gain insight on the influence of gangue existing states in
iron ores on the assimilation characteristic and fluidity of
liquid phase, by analyzing the lowest assimilation tempera-
ture (LAT) and the index of fluidity of liquid phase (IFL)
using a micro-sintering method. Based on the obtained re-
sults, the mechanisms were discussed, underlying the LAT
and IFL of pure reagent mixtures with different gangue

types.

2. Experiments
2.1. Samples

In the present study, five different types of iron ores were
used, and details on the chemical composition of iron ores
are summarized in Table 1. Ore-A, Ore-B, and Ore-C, com-
prising limonite, a mixed iron ore, and hematite, respec-
tively, were produced in Australia, while Ore-D and Ore-E
were hematite iron ores produced in Brazil. In addition,
Fe,0;, Ca0, SiO,, Al,O; pure reagent (AR, 99%), and kao-
lin pure reagent (CR) were also used. The chemical compo-
sition of kaolin pure reagent was Fe,0; = 0.35wt%, SiO, =
46.69wt%, Al,03 = 37.80wt%, and LOI = 13.58wt%.
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Table 1. Chemical compositions of iron ore samples wt%

Iron ore TFe Si0, CaO  AlLO; MgO LOI
Ore-A  58.07 530 0.03 1.55 0.05 10.18
Ore-B 60.84 396  0.03 2.26 0.05 6.30
Ore-C 6244 443 0.03 2.37 0.05 3.35
Ore-D 6462 469 0.03 0.79 0.08 1.47
Ore-E 6526 192  0.03 1.27 0.03 2.08

2.2. Assimilation

The influence of gangue existing states on the assimila-
tion characteristics of iron ores were clarified by assimila-
tion reaction tests. Figs. 1, 2, and 3 schematize the mi-
cro-sintering equipment, the temperature system and at-
mosphere condition of the assimilation reaction test, and the
assimilation states, respectively. The LAT was defined as
the reaction temperature at which slight liquid phase was
formed in the reaction between the iron ore and CaO pure
reagent. Iron ores of different particle size were ground to
—0.15 mm by a sealed crusher. Materials were shaped into
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Fig. 1. Schematic of the micro-sintering equipment.
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Fig. 3. Schematic illustration of assimilation states.
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tablets in two steel molds under a pressure of 15 MPa for
about 2 min. The CaO and iron ore tablets weighed 2.0 g
and 0.8 g, respectively. Both tablets were subsequently sin-
tered in the micro-sintering equipment.

2.3. Fluidity of liquid phase

To clarify the influence of gangue existing states on the
fluidity of liquid phase during sintering, the index of fluidity
of liquid phase was evaluated in fluidity tests of the five iron
ores mixed with pure CaO reagent at a binary basicity of 4.0.
The fine mixture (approximately 0.8 g) was shaped into a
tablet in a steel mold pressurized at 15 MPa for approxi-
mately 2 min. The equipment, temperature, and atmosphere
used to characterize the fluidity of liquid phase was essen-
tially the same as that used in the assimilation reaction tests
with the following exceptions: the experimental temperature
of fluidity tests was 1280°C, and the atmosphere was
changed to N, at temperatures exceeding 600°C. Fig. 4 is a
schematic of the flow state of liquid phase. Comparing the
areas of samples before and after sintering tests, the IFL is
calculated as
IFL=(FA —0A)/OA (1)
where OA and FA is the original area and the flowing area
before and after the sinter test, respectively.

Tablet of mixture,

$8 mm Alloy plate,

$25 mm

After sinter

Before sinter

Fig. 4. Schematic of liquid-phase flow state.
3. Results

Fig. 5 compares the LATs of the five iron ores. The
highest and lowest LAT are measured for Ore-D and Ore-A,
respectively.
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Fig. 5. The lowest assimilation temperatures of iron ores.

The IFLs of the five iron ores are compared in Fig. 6.
Here, Ore-A yields the highest IFL, while the lowest IFL is
obtained by Ore-E.
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Fig. 6. Indexes of fluidity of liquid phase of iron ores.

4. Discussion

4.1. Influence of gangue existing states on the LAT of
iron ores

In the present study, the gangue existing states were re-
flected by three indexes; gangue content (including SiO, and
Al,O5 contents), gangue particle size (especially that of the
predominant material, quartz), and gangue type (whether
quartz, gibbsite, or kaolin).

The relationship between SiO, content and the LAT of
the iron ores is plotted in Fig. 7. As evidenced in the figure,
except Ore-D, the LAT is a linearly decrease as a function
of SiO, content, consistent with previous reports [12—13].
According to thermodynamic data [14], the melting point of
Fe,05-Ca0 (CF) is 1216°C. As the SiO, content increases, a
eutectic mixture CaO-Si0O,—CaO-Fe,0;—Ca0-2Fe, 05 is
formed. Since the melting point of the eutectic mixture
(1192°C) is lower than that of CF, the assimilation tem-
perature of Fe,0;—SiO, mixture is reduced. Thus, as the
SiO, content increases, the lowest assimilation temperature
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of the iron ore reduces.

Conversely, Ore-A and Ore-D have the similar SiO,
content, but their LAT values vary widely. The anomalously
high LAT of Ore-D may result from the different quartz
particle size, as shown in Fig. 8. Here, although dense quartz
is present in both iron ores, the quartz particle size in Ore-A
exceeds 100 pm, while it is below 30 pm in Ore-D. The
large quartz particle size in Ore-A increases the topo-SiO,
content at the assimilation reaction interface, thereby lower-
ing LAT, compared with Ore-D with the small quartz parti-
cles.

1350
o

1300 +
&
=
{
fi |

1250 | © QOre-D

0 Other ores
1200 A
0 2 4 6

Si0O, content / wit%

Fig. 7. Relationship between SiO, content and the LAT of
iron ore.
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Fig. 8. Quartz particle size in Ore-A and Ore-D (L—limonite,
H—hematite, S—SiO,, and P—pore).

Fig. 9 plots the relationship between Al,O; content and
the LAT of iron ores. In this figure, the LAT decreases with
increasing Al,O; content up to 1.5wt%, and increases there-
after. At low levels of AL O;, the reduced LAT may be at-
tributed to the formation of SFCA, a compound with relative
low melting point. Once the Al,O; content exceeds 1.5wt%,
the SFCA contains superfluous high-melting point Al,Os,
which raises the LAT. Furthermore, Guo ef al. [15] reported
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that ALO; in the Fe,O;—~Al,O; mixture blocked the in-
ter-diffusion of Fe,O; and CaO, decreasing the formation
speed of calcium ferrite. In addition, because the standard
Gibbs free energy of CaO-2AlL,0; is small, CaO shows a
higher affinity to ALO; than Fe,Os, further reducing the
formation rate of calcium ferrite.
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Fig. 9. Relationship between Al,O; content and the LAT of
iron ores.

To clarify the influence of gangue type on the assimila-
tion temperature, the iron ores were subjected to X-ray dif-
fraction (XRD) analysis and pure reagent simulating tests.
The XRD patterns of the five iron ores are displayed in Fig.
10. Gangues in Ore-A and Ore-D chiefly comprise quartz
and gibbsite, while those in Ore-B, Ore-C and Ore-E are
kaolin, quartz, and gibbsite. Table 2 lists the mixing condi-
tions of materials in the pure reagent simulating tests of as-
similation. Schemes 1 and 2 simulate the gangue existing
states of quartz and gibbsite with SiO, and Al,O; pure re-
agents. The Si0,/Al,0; ratio by mass in schemes 1 and 2 is
1.24. The SiO,/Al,0O; ratio in kaolin used in schemes 3 and
4 is also 1.24. Schemes 1 and 3 are low gangue mixtures of
chemical composition (Fe,O; = 98.30wt%, SiO, = 0.94wt%,
and ALO; = 0.76wt%), while schemes 2 and 4 are high
gangue mixtures of chemical composition (Fe,O; =
96.60wt%, Si0, = 1.88wt%, ALO; = 1.52wt%). Fig. 11 dis-
plays the results of the pure reagent simulating tests. The
quartz-gibbsite (Q-G) gangue existing state yields a lower
LAT than that of kaolin (K) gangue.

4.2. Influence of gangue existing state on the IFL of iron
ores

The relationship between SiO, content and the IFL of the
iron ore is plotted in Fig. 12. The IFL linearly increases with
increasing SiO, content. Under the condition of certain bi-
nary basicity, more CaO is added in the iron ore, and the
CaO mixture with the increase of SiO, content of iron ore
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Fig. 10. XRD patterns of the five iron ores.

Table 2. Mixing conditions in simulating tests of assimilation
wt%
Scheme  Fe 04 SiO, AlL,O; Kaolin Total
Scheme 1  98.30 0.94 0.76 0 100
Scheme2  96.60 1.88 1.52 0 100
Scheme3  98.00 0 0 2 100
Scheme4  96.00 0 0 4 100
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Fig. 11. Results of pure reagent simulating tests.
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Fig. 12. Relationship between SiO, content and the IFL of
iron ores.



966

and the subsequent formation of liquid phase, such as cal-
cium ferrite, may raise the IFL.

Fig. 13 plots the relationship between Al,O; content and
the IFL of iron ores. Same to the relationship between Al,O4
content and LAT, the five types of iron ores are separated
into two parts by the ALLO; content of 1.5wt%, high ALL,O;
iron ores and low Al,Oj; iron ores. As the Al,O3 content in-
creases, the IFL decreases in both high Al,Os iron ores and
low AlLOj; iron ores. Similarly, Machida ez al. [10] found
that the viscosity of the mixed iron ore and CaO increased
with increasing Al,O; content in four different iron ores. In
addition, Wu et al. [3] reported that Al,O; had a very high
melting point (2050°C), and it promoted the formation of
silicate network structures, which could increase the viscos-
ity of melt, and eventually decrease the fluidity of liquid

phase.
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Fig. 13. Relationship between AL O; content and the IFL of
iron ores.

The influence of gangue type on the IFL was evaluated in
pure reagent simulation tests. Table 3 lists the mixing condi-
tions of the pure reagent mixtures used in the simulating
tests. Quartz and gibbsite were simulated by SiO, and Al,Os,
respectively. The chemical compositions of Sch 1, Sch 2,
and Sch 3 were retained constant, i.e., Fe,0; = 75.1wt%,
SiO, = 4.5wt%, CaO = 18.0wt%, ALO; = 2.3wt%, MgO =
0.1wt%, and the basicity was 4.0. Fig. 14 displays the results
of pure reagent simulating tests. The IFL decreases linearly
with the gradual replacement of pure reagents SiO, and
Al,O; by kaolin, possibly because high-Al,O;—SFCA is
formed when SiO, and Al,O; exist as kaolin. Following the
simulating tests, the samples were subjected to scanning
electron microscopy (SEM) and energy spectrum analysis.

Representative results of the energy spectrum analysis are
presented in Fig. 15 and Table 4. The bonding phase and
pores in the samples are labeled B and P, respectively. The
results reveal that scheme 1, using quartz and gibbsite,
yields low-Al,Os-SFCA. The highest Al content in the
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SFCA formed under scheme 1 is below 1.90wt%; however,
more ALLOj; exists in the slag (portion 5 in Fig. 15). On the
contrary, scheme 3 using kaolin yields high-Al,O;—SFCA.
The lowest and highest Al contents in the SFCA formed
under this scheme are 2.2wt% and 2.95wt%, respectively,
and rare Al,O; is discovered in the slag under scheme 3.
From the above results, a plausible mechanism can be
deduced for the reaction between gangue and other sintering
materials. The mechanism is presented in Fig. 16, where
Fe,0;, Si0,, Al,O3, and CaO are labeled as F, S, A, and C,

Table 3. Mixing conditions of mixtures used in the simulating

tests wt%
Reagent Scheme 1 Scheme 2 Scheme 3
Fe,0; 75.10 74.74 74.38
CaO 18.00 17.92 17.84
MgO 0.10 0.10 0.10
SiO, 4.50 3.08 1.64
ALO; 2.30 1.16 0
Kaolin 0 3.00 6.04
25
20F

i
|
1.0 F
0.5}
0.0
Schemes
Fig. 14. Results of pure reagent simulating tests.

Fig. 15.

Identified phases in schemes 1 and 3.
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Table 4. Identified phases in schemes 1 and 3 wt%
Schemes Portion Identified phase (0] Al Si Ca Fe Total
1 SFCA 29.53 0.70 0.35 15.36 54.06 100.00
2 SFCA 28.94 1.32 0.36 14.69 54.69 100.00
Scheme 1 3 SFCA 29.35 1.90 0.64 12.56 55.55 100.00
4 SFCA 28.18 1.80 1.08 13.11 55.83 100.00
5 Slag 40.55 7.84 24.06 7.02 20.53 100.00
I SFCA 27.46 295 1.00 11.03 57.56 100.00
2' SFCA 26.75 233 2.02 12.33 56.57 100.00
Scheme 3
3 SFCA 26.34 222 1.42 12.16 57.86 100.00
4 Slag 53.02 0.24 593 17.94 22.87 100.00
while the excess AlLO; infuses into SFCA to form
Flgp| € [dF| s |qF| A high-ALOs-SFCA. Lu ef al. [16] reported that high ALOs
;2 content in the calcium ferrite liquid phase increased the vis-
=== -mo= - : cosity of liquid phase. This likely explains why liquid phase
@I F %%E%} Al in Fig. 16(b), with kaolin gangue, is less fluid than that in
i iec o 6 """ : Fig. 16(a), with quartz and gibbsite gangue.
L 5. Conclusions
To elucidate the effect of gangue exiting states on the
T e e e high temperature characteristics of iron ores, the assimi-
Fldh|c|d|sa lation characteristics and the fluidity of liquid phase were
analyzed by a micro-sintering method in five iron ores with
A% different gangue exiting states. From the results, a putative
(b) = 4}- cla[sana reaction mechanism of gangue and other sintering materials
in the liquid formation process was proposed.
O

Fig. 16. Reaction mechanism of gangue and other sintering
materials.

respectively; A; and A, represent the parts of Al,O;; and
LA-SFCA and HA-SFCA represent low-Al,0;—SFCA and
high-Al,Os—SFCA, respectively. In Fig. 16(a), the gangue
existing state is Q-G, and ALO; and SiO, are physically
separated. In this case, Al,O; in the liquid formation reac-
tion is unaffected by SiO,, so the A,-labeled portion of
Al O; reacts with Fe,03-Si0,—CaO to form low-AlL,O3—
SFCA. Another portion of Al,O;, labeled A,, becomes in-
volved in other reactions, such as slag formation. By con-
trast, in Fig. 16(b), the gangue existing state is K, and SiO,
and Al,O; are chemically combined. In this case, Al,O3 in
the liquid formation reaction is inevitably influenced by
Si0,, so most of the Al,O; reacts with Fe,Os—SiO,—CaO,

(1) As the SiO, content increases in the iron ores, the
LAT decreases while the IFL increases. In addition, pro-
vided that the Al,O; content remains below 1.5wt%, the as-
similation reaction is benefited by increasing the Al,O3 con-
tent. Further increase of Al,O5 content increases the assimi-
lation temperature.

(2) Larger quartz particles in the iron ore can increase the
SiO, content at the local reaction interface between the iron
ore and CaO, thereby lowering the LAT.

(3) The quartz-gibbsite gangue is more conducive to the
assimilation reaction than the kaolin gangue, because the
two gangue classes interact differently with other sintering
materials.

(4) Quartz-gibbsite gangues yield low-Al,O;—SFCA with
high IFL during the liquid phase formation reaction, while
kaolin gangues produce high-Al,O;—SFCA with low IFL.
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