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Abstract

For improving the strength of pellets made of ultrafine and super-high-grade magnetite concentrates, the influence of basic-
ity (CaO/Si0, ratio) on the roasting and consolidation of pellets was investigated. The results showed that with the basicity
of pellets increasing from 0.09 to 0.60, the compressive strength of both preheated and roasted pellets achieved an evident
improvement from 502 and 2519 to 549 and 3096 N/pellet, respectively; meanwhile, the roasting time decreased from 15
to 9 min. The low-viscosity liquid phases were easily generated in fired pellets at the basicity range of 0.40-0.60 under the
roasting temperature of 1240 °C, filled the voids between hematite particles and tightened the bonding among particles, effec-
tively restraining the generation of concentric cracks and decreasing the porosity of fired pellets; low-viscosity liquid phases
facilitated the solid diffusion of hematite, leading to the formation of coarse hematite crystals and thicker connecting necks.

Keywords Basicity - Consolidation - Ultrafine and super-high-grade magnetite concentrate - Fired pellet - Compressive

strength - Liquid phase

1 Introduction

Iron ore pellet is an indispensable component of burdens
for blast furnaces or shaft furnaces of direct reduction pro-
cesses given their incomparable advantages of uniform size,
high physical strength, excellent metallurgical properties
and low environmental pollution [1, 2]. Magnetite concen-
trate is the most widely used raw material for producing
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oxidizing fired pellets because of its high iron grade and
low energy consumption. However, availability of high-
grade natural ores is limited and enrichment of lower-grade
and fine-grained dissemination ores is necessary to meet the
demand of iron making industries [3]. Therefore, in order
to produce high-grade magnetite concentrates, the run-of-
mine iron ores have to be ground for increasingly finer sizes.
Thus, ultrafine high-grade magnetite concentrates have been
widely produced.

Generally, fine iron ore concentrates are in favor of
improving the strength of preheated and fired pellets [4].
However, ultrafine magnetite concentrates usually show
some problems during pelletizing and roasting processes,
such as low shock temperatures of green balls, lower poros-
ity of fired pellets and longer preheating and roasting time
[5-7]. In addition, previous researches showed that an
ultrafine magnetite concentrate (91% passing 0.025 mm)
from Western Australia possesses poor pelletizing and
roasting properties due to the low hydrophilicity, high sen-
sitivity to drying temperature and less liquid phase forma-
tion [8, 9]. In order to improve the pelletizing and roasting
properties of ultrafine magnetite concentrates, some meas-
ures were taken, such as using organic binder, optimiza-
tion of ore blends and increasing the pellet basicity [7-9].
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However, previous studies mainly focused on the ultrafine
magnetite concentrates containing about 65-67 wt.% Fe and
5-6 wt.% SiO,. The preheating and roasting characteristics
of ultrafine and super-high-grade magnetite concentrates
assaying above 70 wt.% Fe and less than 1 wt.% SiO, have
not yet been involved. Moreover, although lots of researchers
have already studied the effect of binary basicity R (CaO/
Si0, ratio) on the preheating and roasting characteristics of
iron ore pellets [10-17], few literatures have reported the
influence of basicity on the preheating and roasting charac-
teristics of pellets made of ultrafine and super-high-grade
magnetite concentrates.

In this paper, the influence of basicity on the preheating
and roasting characteristics of pellets made of ultrafine and
super-high-grade magnetite concentrate was investigated. In
addition, the mechanism for the influence of basicity on the
consolidation characteristics of fired pellets was revealed.
All of these will help to better understand the pelletization
of ultrafine and super-high-grade magnetite concentrates.

2 Experimental
2.1 Raw materials

Iron ore concentrate was obtained from one dressing plant
in China. The chemical analysis of raw materials is shown
in Table 1. Iron ore concentrate contained 71.68 wt.% TFe,
29.49 wt.% FeO and very low impurity elements. X-ray dif-
fraction (XRD) analysis showed that the iron ore concentrate
is super-high-grade magnetite-type ore concentrate (Fig. 1a).
Table 2 shows the size distribution, Sauter mean diameter
D[3,2] and specific surface area (SSA) of raw materials. It
can be seen that iron ore concentrate has very fine particle
size of 95.5% passing 0.025 mm, Sauter mean diameter of
4.497 pm and specific surface area of 0.2782 m* g~!. The
above results show that the iron ore concentrate is a kind of
ultrafine and super-high-grade magnetite concentrate.
Limestone contains 52.69 wt.% CaO (Table 1), and it was
used to adjust the basicity of pellet feed. Limestone has a
fine size of 60% passing 0.025 mm, Sauter mean diameter of
9.837 pm and high SSA of 0.3524 m? g~! (Table 2). Benton-
ite is used as binder for improving balling and thermal shock
temperatures and has a size of 93.12% passing 0.074 mm
(Table 2). However, if too much bentonite is added into

Table 1 Chemical compositions of raw materials (wt.%)
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Fig.1 XRD pattern of iron ore concentrate

pelletizing mixture, more silica will be brought into fired
pellets, leading to lower iron grade and poor metallurgical
performance of fired pellets. In order to reduce the influence
of bentonite addition on the grade of fired pellets, CMC
(sodium carboxymethylcellulose) was also used as organic
binder to replace a part of bentonite for pelletizing in this
study.

2.2 Experimental methods

The chemical compositions of raw materials were analyzed
by titration. The mineralogical compositions of raw materi-
als were examined by XRD (Bruke D8 Advance). The pel-
let feed was made of ultrafine and super-high-grade mag-
netite concentrate, limestone, bentonite and CMC. Green
balls were prepared using a disk pelletizer with a diameter
of 800 mm, an edge height of 200 mm and a tilting angle of
47° at 22 r/min. The green balls with 9-16 mm in diameter
were obtained by screening, and all green balls characteriza-
tions were conducted using this size fraction. Table 3 shows
the effect of bentonite dosage on the properties of green
balls. The strength of green balls increases with the increase
in bentonite dosage. All of the green balls show very high
cracking temperature. The optimal dosage of binder was sug-
gested as 0.8 wt.% bentonite and 0.1 wt.% CMC. To ensure
that all the moisture is removed, green pellets were dried in
a drying oven at 105 °C for 3 h before firing. Roasting tests

Raw material TFe FeO Sio, CaO MgO Al,O4 K,O Na,O P S LOI

Magnetite 71.68 29.49 0.16 0.035 0.038 0.15 - - 0.002 0.005 -3.12
Limestone 0.42 - 2.32 52.69 0.78 0.38 0.15 0.01 - 0.100 42.25
Bentonite 11.81 - 49.97 2.03 3.03 25.34 0.14 2.27 0.067 0.040 13.22
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Table 2 Size distribution, Sauter mean diameter and specific surface area of raw materials
Sample Size distribution/wt.% D[3,2]/jum  SSA/(cm?g™")
+0.180 mm 0.074-0.180 mm 0.043-0.074 mm 0.025-0.043 mm —0.025 mm

Ore A 0 0.14 0.62 3.74 95.50 4.497 2782
Limestone 6.54 12.94 10.80 9.46 60.26 9.837 3524
Bentonite 0.06 6.82 28.86 24.38 39.88 - -
Table 3 Effect of bentonite dosage on properties of green balls
Bentonite/wt.% CMC/wt.% Moisture/wt.% Drop strength/times Compressive strength/ Crack

(0.5 m) (N pellet’l) temperature/°C
0.6 0.1 9.35 3.35 18.22 > 600
0.8 0.1 9.46 4.35 21.12 > 600
1.0 0.1 9.61 6.00 26.38 > 600
1.2 0.1 9.40 6.55 29.79 > 600
of the pellets were carried out using a two-stage horizontal @

3 a

electric tube furnace.

The detailed procedure of roasting experiment and the
temperature profile of preheating and firing are similar to
those in the previous study [2]. The dried pellets were fired
through four stages, including heating up, preheating at
850-1000 °C, firing at 1200-1300 °C and heat soaking from
firing temperature to 1000 °C for some time. Then, the fired
pellets were cooled down to room temperature in the air.
And then, the compressive strength of six fired pellets was
measured and then averaged. After the fired pellet samples
were mounted in the epoxy resin and polished, the micro-
structure and mineralogy of fired pellets were observed by
Leica optical microscopy and scanning electron microscopy
(SEM). The phase compositions of samples were charac-
terized by X-ray diffraction analysis and energy-dispersive
spectroscopy (EDS). The mineral areas of fired pellets were
tested by image analysis software Image-pro plus 6.0. In
addition, FactSage 7.0 was utilized to calculate the amount
and viscosity of liquid phases of the fired pellets at different
basicities.

3 Results and discussion

3.1 Influence of basicity on preheating
characteristics of pellets

Figure 2a shows the influence of basicity on the compres-
sive strength of preheated pellets at various preheating
temperatures. It can be seen that with an increase in basic-
ity from natural basicity (R=0.09) to 1.00, the compres-
sive strength of preheated pellets rises first and then falls.

@ Springer
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Fig.2 Influence of basicity on preheating characteristics of pellets
made of ultrafine and super-high-grade magnetite concentrate. a Pre-
heating for 10 min; b preheating at 950 °C
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At the preheating temperature range of 850-950 °C and
1000 °C, the recommended optimal basicity of pellets is
0.60 and 0.80, respectively. At the preheating temperature
of 1000 °C, the compressive strength of preheated pellets
is above 500 N/pellet in the range of tested basicity and
climbs gradually with the further increase in basicity. In
addition, the compressive strength of preheated pellets
increases with the rise in preheating temperature. This
is because most of magnetite particles were oxidized to
hematite particles and lots of microcrystalline bonding
was formed between hematite particles [18]. The effect of
basicity on the compressive strength of preheated pellets
at the preheating temperature of 1000 °C was less obvi-
ous than that at 850-950 °C in the whole tested basicity
range. Therefore, the appropriate preheating temperature
for green pellets was suggested as 950 °C.

It is noteworthy that these results are quite different
from previous research from Fan et al. [13], where the
compressive strength of preheated pellets would decrease
with the increase in basicity because of unmineral-
ized additives. However, in this study, the compressive
strength of preheated pellets rises first and then falls with
the basicity increasing from 0.09 to 1.00. One possible
explanation for this phenomenon is that the two concen-
trates possess quite different properties, and the present
concentrate has much higher iron grade and lower silica
than the previous one; thus, the ratio of limestone added
at this study is much lower, while the limestone has very
fine size (80.52% passing 0.074 mm) and high SSA of
0.3524 m? g~!, which greatly facilitates the solid phase
reaction between limestone and newly formed hematite
particles, leading to a high mineralization of limestone in
the preheated pellets. However, the compressive strength
of preheated pellets was decreased when the limestone in
the pellets is excessive. Thus, the compressive strength of
preheated pellets showed a peak value at a certain opti-
mum basicity.

Figure 2b shows the influence of basicity on the com-
pressive strength of preheated pellets at various preheat-
ing time. It can be seen that the longer the preheating
time, the higher the compressive strength of preheated
pellets at a given basicity. It is also observed that the
compressive strength of preheated pellets increases
with an increase in basicity and reaches peak values and
then declines regardless of preheating time. Only when
preheating at 950 °C for over 10 min, the compressive
strength of preheated pellets is above 500 N/pellet except
that at basicity of 1.00. Therefore, the optimal preheating
time for preheating pellets with basicity of 0.09-0.80 and
1.00 is suggested as 10 min and 13 min, respectively.

3.2 Influence of basicity on roasting characteristics
of pellets

The influence of basicity on the compressive strength of
roasted pellets at various roasting temperatures is revealed
in Fig. 3a. It can be seen that the compressive strength of
fired pellets increases sharply with basicity, peaking at
0.60-0.80 basicity, and then declines gradually when basic-
ity is over 0.60-0.80. In the meantime, the higher the firing
temperature, the higher the compressive strength of fired
pellets. However, the fired pellets have the lowest compres-
sive strength at natural basicity regardless of firing tem-
peratures. The compressive strength of all fired pellets is
above 2500 N/pellet when firing over 1240 °C regardless of
basicity. Therefore, the appropriate roasting temperature for
pellets is suggested as 1240 °C.

It cannot be ignored that the influence of basicity on the
compressive strength of fired pellets under different roast-
ing temperatures exhibits some differences, as displayed
in Fig. 3a. At the roasting temperature below 1240 °C, the
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Fig. 3 Influence of basicity on roasting characteristics of pellets made
of ultrafine and super-high-grade magnetite concentrate. a Roasting
for 15 min; b roasting at 1240 °C
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compressive strength of fired pellet shows a rapid downward
trend when the basicity is above 0.60. However, at the roast-
ing temperature range of 1240-1300 °C, the compressive
strength of fired pellets increases gradually with the basic-
ity increasing from 0.60 to 1.00. This finding also disagrees
with the reports of Fan et al. [13], where the compressive
strength of fired pellets rises first and then decreases rap-
idly at basicity of 0.60 in the basicity range of 0.03-1.20
when firing at 1250 °C. It should be noted that the used
concentrate had 67.08 wt.% Fe and 5 wt.% SiO, in the
research performed by Fan et al. However, in this study,
the ultrafine and super-high-grade magnetite has 71.68 wt.%
Fe and 0.16 wt.% SiO,. A big difference in main chemical
composition exists between the two magnetite concentrates,
leading to a significant difference in roasting characteristics
of fired pellets. In this study, the test results showed that
basicity has an obvious impact on the compressive strength
of ultrafine and super-high-grade magnetite pellets under
different roasting temperatures. And the mechanism will be
further demonstrated in Sect. 3.3.

Figure 3b shows the influence of basicity on the compres-
sive strength of roasted pellets at various roasting time. It
can be known that the compressive strength of fired pel-
lets increases with basicity, peaking at basicity of 0.60, and
then declines. In addition, it is also shown that the pellets at
natural basicity need longer roasting time to reach the target
compressive strength of above 2500 N/pellet. The compres-
sive strength of roasted pellets can be significantly improved
by adjusting the basicity of pellets. The appropriate roast-
ing time of pellets with basicity of 0.09, 0.20, 0.40-1.00
is recommended as 15, 12 and 9 min, respectively. Taken
together, the higher the basicity, the shorter the roasting time
for pellets.

3.3 Influence of basicity on consolidation
characteristics

Above research results show that basicity significantly
affects the preheating and roasting characteristics of pellets
made of ultrafine and super-high-grade magnetite concen-
trate. At the optimal basicity, the compressive strength of
fired pellets can be improved under the lower preheating and
roasting temperatures and shorter preheating and roasting
time, which is beneficial to reducing operation costs and
energy consumption. In order to further reveal the influ-
ence mechanism of basicity on the roasting characteristics
of ultrafine and super-high-grade magnetite pellets, the fol-
lowing research was carried out.

3.3.1 Influence of basicity on microstructure of fired pellets

The photomicrographs of shell, mantle and core of the
fired pellets at various basicities are shown in Fig. 4. Lots
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of concentric cracks were observed in the fired pellets at
basicity of 0.09 (natural basicity). Generally, the formation
of concentric cracks is due to the large radial temperature
gradients at a high heating rate, shrinking core reaction char-
acteristics and phase transformation of magnetite to hema-
tite [9, 19]. In this study, the concentric cracks were further
developed in the fired pellets at natural basicity due to the
ultrafine size distribution and high specific surface areas of
the ultrafine magnetite concentrate [9, 19, 20].

As shown in Fig. 4, the micromorphology of pores and
concentric cracks in fired pellets changes with the increase
in basicity. Pores can be observed in shell, mantle and core
of fired pellets, and their size gradually becomes larger from
shell to core in the fired pellets. At basicity of 0.09, many
small round pores were observed in the shell of fired pellets.
With the increase in basicity from 0.09 to 1.00, the micro-
morphology of pores in the shell of fired pellets gradually
becomes larger and irregular, which is attributed to the ther-
mal decomposition of more limestone in the pellets during
roasting process.

The concentric cracks are mainly distributed in the man-
tle and core of fired pellets. At basicity of 0.09, long and
wide concentric cracks were observed at the mantle of fired
pellets. With the increase in basicity from 0.09 to 0.60, the
concentric cracks in the mantle of fired pellets gradually
become shorter and narrower, and disappeared at basicity
of 0.80. However, the concentric cracks occur again at the
mantle of fired pellets at basicity of 1.00. Similarly, the con-
centric cracks at the core of fired pellets firstly decreased and
then increased with the increase in basicity. The smallest and
least concentric cracks were observed at the core of fired
pellets with basicity of 0.60, resulting in the highest com-
pressive strength, as shown in Fig. 3b. The results indicated
that there is a negative correlation between the extent of
concentric crack propagation and the compressive strength
of fired pellets. Fortunately, the concentric cracks of fired
pellets can be effectively restrained by adjusting the basicity
of fired pellets.

3.3.2 Influence of basicity on mineral compositions of fired
pellets

Figure 5 shows the XRD patterns of fired pellets with vary-
ing basicity. Only the diffraction peak of hematite was
detected in the fired pellets with varying basicity, which
indicates that the absolute dominant mineral in the fired
pellets with varying basicity is hematite.

Figure 6 shows the image analysis of fired pellets with
varying basicity. It can be seen that the fired pellets mainly
consist of hematite, slag phases and pores. Due to the super-
high iron grade and low gangue content of the concentrate,
less slag phases exist in fired pellets. The proportion of slag
phases rises at first, then decreases and reaches peak value
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Core Mantle

Fig.4 Photomicrographs of shell, mantle and core of fired pellets made of ultrafine and super-high-grade magnetite concentrate at various basicities. P Pore; C con-
centric crack
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Mass fraction

Fig.7 Liquidus regions of Fe,0;—CaO-SiO, ternary systems at
1200-1400 °C

at basicity of 0.60, which can be further explained by Fig. 7,
where the liquidus regions of Fe,0;—CaO-SiO, ternary sys-
tems exist between 1200 and 1400 °C. It can also be found
that the lowest melting point slags occur in the fired pellets
in the basicity range of 0.40-0.60. With the basicity increas-
ing from 0.60 to 1.00, the liquidus temperature increases
gradually, which leads to the decrease in the content of slag
phases in fired pellets. By comparing Fig. 6b with Fig. 3b,
it indicates that there is a positive correlation between the
amount of slag phases and the compressive strength of the
fired pellets. In addition, as shown in Fig. 6, the propor-
tion of pore in fired pellets decreases at first, then rises and
reaches the minimized value at basicity of 0.60. The results
indicate that the fired pellets at basicity of 0.60 have a tighter
structure than other pellets, which contributes to improving
the compressive strength of fired pellets.

Generally, the amount of liquid phases affects the con-
solidation of fired pellets in three ways: (1) shrinking and
compacting the pellets by wetting the surface of particles
and tightening the particles; (2) promoting the dissolu-
tion and recrystallization of fine grains; and (3) promoting
crystal growth by accelerating solid phase diffusion [18].
In this study, the liquid phases played an important role in
reducing the generation and extension of concentric cracks
in the fired pellets by way (1), as shown in Fig. 4. In addi-
tion, ways (2) and (3) can be well interpreted by comparing
Fig. 8a with Fig. 8b, c. As shown in Fig. 8, magnetite was
not observed in the optical photographs of fired pellets,
which indicated that the ultrafine high-grade magnetite
pellets have been adequately oxidized under their optimal
preheating and roasting conditions. At basicity of 0.09,
many fine hematite grains and slender connecting necks
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Fig.8 Optical photographs of fired pellets made of ultrafine and super-high-grade magnetite concentrate preheated at 950 °C for 10 min and
roasted at 1240 °C for 15 min. a R=0.09; b R=0.60; ¢ R=1.00. H Hematite; S slag phase

were observed, and the edge of hematite crystals was sharp
and angular in the fired pellets. On the contrary, at basicity
of 0.60, coarser hematite crystals and thicker connecting
necks were found and the edge of hematite crystals was
smooth in the fired pellets. Therefore, the fired pellets with
basicity of 0.60 possess higher compressive strength than
those with basicity of 0.09. The fired pellets with basicity
of 1.00 have the similar microstructure with those with
basicity of 0.60. However, due to the low amount of liquid
phase in the fired pellets with basicity of 1.00 (Fig. 6b),
more concentric cracks were generated in the mantle and
core (Fig. 4) and the connecting necks between hematite
crystals are thinner than those of the fired pellets with
basicity of 0.60. Therefore, the fired pellets with basicity
of 0.60 possess higher compressive strength than the fired
pellets with basicity of 1.00.

It is worth noting that the proportion of liquid phases
increases firstly and then drops with the basicity increas-
ing from 0.09 to 1.00, as shown in Fig. 6, which agrees
with the trend of compressive strength of the fired pellets.
In fact, there are no excessive liquid phases generated in
the fired pellets at the basicity above 0.60. Lack of liquid
phases in the fired pellets will lead to poor strength of fired
pellets. Given the great significance of liquid phase on the
consolidation of pellets, the influence of basicity on the
liquid phases of fired pellets will be further discussed in
the following sections.

3.3.3 Influence of basicity on liquid phases of fired pellets

Table 4 shows the chemical compositions of fired pellets.
The amount and viscosity of liquid phases of fired pellets
with varying basicity were calculated according to the chem-
ical compositions of fired pellets by FactSage software, and
the results are shown in Fig. 9.

From Fig. 9a, the liquid phase amount increases with
the augment of firing temperatures. At the temperature of
1240 °C, the liquid phase amount increases firstly and then
drops with the increase in basicity from 0.09 to 1.00, which
is in accordance with the results of Fig. 6. When the basic-
ity of pellets increases from 0.60 to 1.00, the liquid phase
amount rapidly drops from 1.3% to O at the temperature of
1240 °C. This is probably the main reason for the results
shown in Fig. 3a, where the compressive strength of fired
pellet rapidly declines when the basicity is above 0.60 at the
roasting temperature lower than 1240 °C. The liquid phase
of fired pellets at basicity of 0.80 sharply rises with the roast-
ing temperature increasing from 1240 to 1260 °C. Similarly,
the liquid phase of fired pellets at basicity of 1.00 sharply
rises with the roasting temperature increasing from 1240 to
1260 °C. This is why the compressive strength of pellets has
no obvious decline with the increase in basicity from 0.60 to
1.00 at the roasting temperature range of 1240-1300 °C, as
shown in Fig. 3a. These results indicate that the generation
of liquid phase in fired pellets at high basicity is extremely
sensitive to roasting temperatures. In fact, due to the highly

Table 4 Chemical compositions of fired pellets at different basicities (wt.%)

R Fe,0, Si0, Ca0 MgO ALO, K,0 Na,O P S
0.09 98.77 0.54 0.05 0.06 0.34 0.009 0.032 0.003 0.005
0.20 98.70 0.54 0.11 0.06 0.34 0.010 0.032 0.003 0.005
0.40 98.59 0.55 0.22 0.06 0.34 0.010 0.032 0.003 0.005
0.60 98.46 0.55 033 0.06 0.34 0.010 0.032 0.003 0.006
0.80 98.34 0.56 045 0.07 0.34 0.011 0.032 0.003 0.006
1.00 98.21 0.56 0.56 0.07 0.34 0.011 0.032 0.003 0.006
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Fig.9 Effect of temperature on liquid phase amount (a) and liquid
viscosity (b) of fired pellets made of ultrafine and super-high-iron-
grade magnetite concentrate with varying basicity calculated by
FactSage software

exothermal nature of magnetite oxidation reactions, the real
firing temperature inside pellets is probably considerably
higher than the firing gas temperatures [21, 22]. Therefore,
at the roasting temperature of 1240 °C, it is possible that a
small amount of liquid phases is generated in the fired pel-
lets at the basicity of 0.80—1.00, which is further proved by
the SEM-EDS analyses of fired pellets, as shown in Fig. 10.

Figure 9b shows the effect of firing temperatures on the
liquid viscosity of fired pellets with varying basicity. The
viscosity of liquid phases decreases with the increase in fir-
ing temperatures. The viscosity of liquid phase increases
and then sharply decreases with the increase in basicity
from 0.09 to 1.00. Viscosity peaks appeared at the basic-
ity of 0.20. Firing at 1240 °C, the compressive strength of
fired pellets at basicity of 0.09-0.20 is low (Fig. 3b) because
of the low amount of liquid phase and its high viscosity.
When the basicity increases from 0.20 to 0.60, the viscosity

@ Springer

of liquid phase decreases rapidly. Theoretically, it can be
inferred from Fig. 9a that there are no liquid phases gener-
ated in the fired pellets at basicity of 0.80 and 1.00 below
the firing temperature of 1220 °C. Therefore, the viscosity
of corresponding liquid phases is not presented in Fig. 9b.
At the basicity of 0.60, the maximum amount of liquid phase
with the low viscosity was formed in the fired pellets, result-
ing in the highest compressive strength. When the basicity
increases from 0.60 to 1.00, the compressive strength of fired
pellets drops slightly due to the reduction in liquid phase
amount. Obviously, the results indicate that low viscosity
of liquid phase is beneficial to the consolidation of the fired
pellets.

Figure 11a shows the SEM-EDS results of the fired pel-
lets at basicity of 0.09. Lots of pores are distributed in the
hematite grains and among the hematite particles. Only the
small round pores and elongated pores were filled with lig-
uid phases because of the shortages of liquid phases. Given
a small fraction of silicon dioxide distributed in the hematite
lattice (spot 3 of Fig. 11a), it is possible that the basicity of
liquid phase is higher than 0.09. The high viscosity liquid
phase with basicity of 0.17 (spot 1 of Fig. 11a) is filled in
the round pores, while the lower viscosity liquid phase with
basicity of 0.11 (spot 2 of Fig. 11a) is filled in the elon-
gated pores due to its better liquidity. Figure 11b shows the
SEM-EDS results of the fired pellets at basicity of 0.60.
Large and compact crystals of hematite can be observed in
the SEM image. The round pores and elongated pores are not
observed inside hematite grains. Most of the pores are filled
by the low-viscosity liquid phase with basicity of 0.58 (spot
1 of Fig. 11b). The results indicated that basicity strongly
influences the viscosity of liquid phase. At appropriate
basicity, the low-viscosity liquid phase can be generated in
the fired pellets and promote the recrystallization and growth
of hematite crystals, which is conducive to improving the
compressive strength of fired pellets.

4 Conclusions

1. Ultrafine and super-high-grade magnetite concentrate
has very fine particle size and high SSA, which leads to
poor compressive strength because of many concentric
cracks being generated in the fired pellets. The short-
age of liquid phases intensifies the development of con-
centric cracks in the fired pellets. Therefore, the pellets
made of ultrafine and super-high-grade magnetite con-
centrates need long preheating and firing time to acquire
sufficiently high compressive strength. To reduce opera-
tion costs and energy consumption, it is necessary to
take some effective measures to improve the roasting
performance of the pellets made of ultrafine and super-
high-grade magnetite concentrates.
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Fig. 10 SEM-EDS analyses of fired pellets made of ultrafine and super-high-iron-grade magnetite concentrate. a Basicity of 0.80, preheating at
950 °C for 10 min and roasting at 1240 °C for 9 min; b basicity of 1.00, preheating at 950 °C for 13 min and roasting at 1240 °C for 9 min

2. Adjusting basicity is one of effective measures to 3. At the basicity range of 0.40-0.60, low-viscosity lig-

improve the preheating and roasting performance of pel-
lets made from ultrafine and super-high-grade magnetite
concentrates. When the basicity of pellets increases from
0.09 to 0.60, the compressive strength of both preheated
and roasted pellets is greatly enhanced from 502 and
2519 to 549 and 3096 N/pellet, respectively, while the
roasting time is decreased from 15 to 9 min, which is
beneficial to reducing operation costs and energy con-
sumption and increasing output.

uid phases are easily generated in fired pellets under the
roasting temperature of 1240 °C and filled in the voids
among hematite particles, which effectively restrains the
generation and development of concentric cracks and
decreases the porosity of fired pellets. In addition, the
low-viscosity liquid phases also promote the recrystalli-
zation of fine grains and the growth of hematite crystals,
which facilitates the formation of coarse size hematite
crystals and thick connecting necks.
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Fig. 11 SEM-EDS analyses of fired pellets. a Basicity of 0.09, preheating at 950 °C for 10 min and roasting at 1240 °C for 15 min; b basicity of
0.60, preheating at 950 °C for 10 min and roasting at 1240 °C for 9 min. RP Round pores; EP elongated pores
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