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Effect of aluminum oxide on the compressive strength of pellets
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Abstract: Analytical-reagent-grade Al,O; was added to magnetite ore during the process of pelletizing, and the methods of mercury intru-
sion, scanning electron microscopy, and image processing were used to investigate the effect of Al,O3 on the compressive strength of the
pellets. The results showed that, as the Al,O5 content increased, the compressive strength of the pellets increased slightly and then decreased
gradually. When a small amount of Al,O; was added to the pellets, the Al,O; combined with fayalite (2FeO-SiO,) and the aluminosilicate
(2Fe0-2A1,05:5Si0,) was generated, which releases some iron oxide and reduces the inhibition of fayalite to the solid phase of consolidation.
When Al,O; increased sequentially, high melting point of Al,O3 particles hinder the oxidation of Fe;O, and the recrystallization of Fe,Og,

making the internal porosity of the pellets increase, which leads to the decrease in compressive strength of the pellets.
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Because of a rapid increase in iron ore consumption,
high-grade ore deposits have been gradually exhausted [1].
The alumina content in iron ores is increasing incrementally.
For example, the alumina content of iron ores from the
Newman and Hamersley mines in Australia and from the
Carlo Degas and Goa mines in India is greater than 2wt%
[2]. The ratio of high-aluminum ores will continue to in-
crease in ore matching. Compressive strength is an impor-
tant parameter for measuring the quality of ore pellets. Be-
cause of their repeated transportation and accumulation be-
fore charging, the finished pellets can withstand a harsh
mechanical action. In this process, the pellets with a higher
compressive strength will produce less patch and powder,
which can guarantee a good permeability after charging
[3-4]. Thus, the effect of aluminum oxide on the compres-
sive strength of ore pellets is an important research topic.

Recently, several scholars have studied this problem.
Zhang et al. [5] pointed out that, as the Al,O; content in-
creases from 1.5wt% to 4.5wt%, the compressive strength of
ore pellets decreases from 3800 N to 2900 N. This decrease
occurs because the increased amount of Al,O5; reduces the
viscosity of the silicate binding phase, which leads to an in-
crease in porosity. Thus, the compressive strength of ore
pellets decreases gradually with increasing Al,O3z content.
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However, the volume of research related to the relationship
between Al,O5; and compressive strength at the microscopic
level is limited.

By changing the raw material content of alumina in pel-
letized ores and by using the methods of mercury intrusion
and scanning electron microscopy (SEM) analysis, we stud-
ied the effect of alumina on the compressive strength of ore
pellets and explored the function of alumina in the process
of pellet roasting.

1. Experimental

1.1. Raw materials

The magnetic iron ore was acquired from a large iron and
steel enterprise in northern China. Its composition is shown
in Table 1.

Table 1. Chemical composition of magnetite used in the ex-
periments wt%

TFe FeO CaO MgO AlLO; SiO, S P
6726 2755 030 034 080 455 006 0.05

As shown in Table 1, the magnetite iron ore used in the
experiment has a high grade of 67wt%. The FeO content is
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high, which is beneficial to solid-phase consolidation. Gangue
is less, and the content of harmful elements is low. Therefore,
this magnetite is a good raw material for pelletization [6].
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Bentonite was added to the pellets at a concentation of
2wt%. The composition and bonding properties of bentonite
are shown in Tables 2 and 3.

Table 2. Chemical composition of bentonite used in the experiments wt%
SiO, Al,O4 Fe,05 Ca0 MgO K>,0O Na,O Burning loss
68.40 13.95 1.69 151 248 0.90 0.45 8.94
Table 3. Physical characteristics of bentonite used in the experiments
Colloid index / Expansion vol- Content of methylene blue ~ Montmorillonite con- Water absorption —200 mesh content /
(mL-(159)™) ume / (mL-g™) adsorbed / (g-(100 g) %) tent / wt% content (2 h) / wt% Wiv%
100 15 320 72.7 158 98.5

As shown in Tables 2 and 3, the experimental bentonite
has high montmorillonite content and small grain size,
which indicates that the bentonite is a high-quality pellet
binder [7].

The Al,O; additive used in the experiment was analyti-
cally pure Al,O3 from Sinepharm Chemical Reagent Co.

1.2. Experimental methods

Mixed with additional moisture (8 + 0.5)wt%, a series of
Al,O; green pellets with compositions listed in Table 4 were
made by using a balling disc. The green pellets were subse-
quently placed into a constant-temperature drying box at
105°C for 4 h. 10-12.5 mm balls were elected from each
group of dry pellets and weighed approximately 30 g, which
were used for oxidizing roasting.

Table 4. Compositions of the pelletizing mixtures ~ wt%

Number Magnetite Al,O4 Bentonite
1 98.0 — 2
2 975 05 2
3 97.0 1.0 2
4 96.5 15 2
5 96.0 2.0 2
6 95.5 25 2

The process of oxidizing roasting was conducted in a
temperature-programmed tubular resistance furnace. The
green pellets were placed in the resistance furnace at 900°C.
The temperature inside the furnace was then increased to
1280°C at a rate of 5°C/min and maintained at 1280°C for
20 min [8]. Air was allowed to flow through the furnace via
the air compressor and control cabinet at a flow rate of 1.5
L/min during the whole process. When the roasting process
was completed, the pellets were allowed to cool to room
temperature along with the furnace, and the experimental

oxidized pellets were subsequently obtained [9-10]. The
oxidizing roasting equipment is shown in Fig. 1.

o 0O

1—Air compressor, 2—Control cabinet, 3—Thermocouple, 4—Pellets, 5—

Tubular resistance furnace, 6—Alumina tube, 7—Molybdenum wire basket.

Fig. 1. Schematic diagram of the oxidizing roasting setup.

The compressive strength of six groups of pellets was
measured using a pressure test machine. Each group was
measured in six replicate trials. The pore size distribution
and porosity of each group of pellets were measured using a
mercury injection apparatus. The microscopic analysis of
pellet center sections was performed by SEM. The main pa-
rameters of the balling disc, the pressure testing machine,
and the mercury injection apparatus are shown in Table 5.

Table 5. Main parameters of the experimental equipment

Equipment Main parameters
Balling disc Diameter 0.5 m revolution speed
13-65 r/min; angle 0—45°
Pressure testing machine range 10 kN
Mercury injection apparatus Pore size 0.003-1080 um;
pressure 413.6 MPa

2. Results and discussion

The compressive strength of the six groups of pellets is
shown in Fig. 2. As evident in Fig. 2, the compressive
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strength of the pellets increased slightly and then decreased
gradually with increasing Al,O; content. When the Al,O;
content in the pellets was increased from 1wt% to 1.5wt%,
the compressive strength increased from 3307 N to 3403 N.
However, when the Al,O5; content was further increased to
3.5wt%, the compressive strength decreased from 3403 N to
2855 N.

The pore size distribution and porosity of the six groups
of pellets were measured using the mercury injection appa-
ratus, and the results are shown in Fig. 3.

As shown in Fig. 3, when the Al,O; content was in-
creased from 1wt% to 1.5wt%, the porosity decreased
slightly. However, when the Al,O; content was increased
from 1.5wt% to 3.5wt%, the porosity increased gradually
from 22% to 27% and the main peak of pore diameter in-
creased from 5 um to 18 um. These results indicate that an

increase in the Al,O3; content resulted in a larger internal
pore size and a more scattered pore size distribution [11].

4000
= Compressive strength
;J —=— Average compressive strength
2
Z 3500 F .
B
=
2
2 3000
:
£ -
g |
S 2500

0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Content of ALO; in pellets / wt%

Fig. 2.
pellets.

Effect of Al,O; content on the compressive strength of

Fig. 3. Effect of Al,O3; content on the porosity (a) and pore distribution (b) of pellets.

The centers of the cross-sections of pellets with different
Al,O; contents were analyzed by SEM [12]. Moreover, us-
ing software, we processed the images such that the base
and aperture were represented as black and blue regions, re-
spectively, and thereby calculated the porosity based on the
SEM images. The results are shown in Fig. 4.

Fig. 4 shows that pellets represented in images (a) and (b)
are relatively dense and have fewer cracks and low porosity.
The pore area fraction was approximately 18%. However,
pellets represented in images (c) to (f) exhibit more internal
cracks, greater porosities, larger pore sizes, and more disor-
dered pore distributions. The pore area fraction ranged from
19% to 28% in these samples.

During the oxidizing roasting of magnetite pellets, the
increase in their compressive strength occurs primarily
through solid-phase consolidation [13], i.e., the microcrys-
talline connection of newly generated Fe,O5 crystallites and
the recrystallization and polycrystallization of the already

grown Fe,05 crystallites. In this process, grains in the pellets
proceed sequentially through aggregation, combination, and
growth. The pore size becomes small, and the ball shrinks
into a compact whole, which results in a substantial increase
in compression strength of the pellets [14]. Therefore, any-
thing that hinders oxidation from Fe;O,4 to Fe,O5 and the re-
crystallization and polycrystallization of Fe,O; will reduce
the compressive strength of the pellets [15].

The oxidation of Fe3O, is incomplete in regions where
the diffusion of oxygen is weak. Fe;O4 will combine with
SiO, to form fayalite (2FeO-SiO,) at 1000°C. Fayalite has a
low melting point (1205°C) and will continue to form lower-
melting compounds with iron oxide, such as 2FeQ-SiO,—
Fe;0, (1142°C) and 2FeO-SiO,—FeO (1177°C). Some lig-
uids can be formed in this process that wrap a portion of
unoxidized Fe;O, and formative Fe,Oz;, which hinders the
continued oxidation of Fe;O, and the recrystallization of
Fe,0s. Simultaneously, fayalite combines portions of FeO
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and Fe;0,4, which hinders the continued oxidation of FeO
and Fe;0, and reduces the crystallinity of Fe,0s;. We calcu-
lated the Al,O5-SiO,—FeO ternary phase diagram using the
thermodynamics software of Factsage 6.2. As shown in Fig. 5,
when a small amount of Al,Os is added, the Al,O5; will enter
into the silicate system, forming 2FeO-2Al,05:5Si0, at
1083°C; the formation of this phase thereby reduces the
quantities of FeO and Fe;0, combined with SiO, and re-
leases some FeO and FesO,4, which reduces the ability of

The relationship between the compressive strength and the
porosity is described by the following empirical formula [7]:
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fayalite to inhibit the recrystallization and polycrystalliza-
tion and improves the crystallinity of Fe,O,;. Consequently,
the compressive strength of the pellets is slightly elevated.
However, with further increases in the Al,O3; content, some
Al,O; diffuses throughout the pellets. The high-melting
Al,O; particles will hinder the diffusion of ions within the
lattice and the growth of grains. Thus, the compressive
strength of the pellets gradually decreases as the content of
Al,O5 increases sequentially.

Fig. 4. SEM images of pellets with different Al,O;
contents: (a) 1.06wt% Al,Os, (b) 1.56wt% Al,Os, (C)
2.06wt% Al,O3, (d) 2.55wt% Al,Oz (e) 3.05wt%
Al,Os, and (f) 3.54wt% Al,O3; (g) pore area fractions
of the center sections determined from the SEM im-
ages.

R = Kd™%exp(-0p),
where R and p represent the compressive strength and the
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porosity, respectively, d is the radius of a grain, and K, ¢,
and p are coefficients. According to this empirical formula,
an increase in porosity of the pellets will reduce their com-
pressive strength.

Fig.5. Al,O3-SiO,~FeO ternary phase diagram.

In conclusion, when the Al,O; content is low, the silicon
aluminum acid salts destroy the structure of iron fayalite,
reduce the ability of SiO, to constrain Fe;O, and FeO, re-
lease a portion of iron oxide, diminish the ability of fayalite
to inhibit the recrystallization and polycrystallization, and
improve the crystallinity of Fe,Os. Therefore, the compres-
sive strength of the pellets increases slightly. However,
when the Al,O; content is increased further, the high-melt-
ing Al,O; particles hinder the continued oxidation of Fe;O,
and the recrystallization of Fe,Os, which results in an in-
crease in porosity of the pellets, improves the pore size, and
makes the pore size distribution uneven. These effects
eventually lead to a decrease of the compressive strength of
the pellets.

3. Conclusions

(1) When the Al,O3 content in the pellets was increased
from 1wt% to 3.5wt%, the compressive strength first in-
creased slightly and then gradually decreased. Although the
compressive strength decreased to 452 N, this value still
satisfies production requirements.

(2) SEM microscopy and subsequent processing of the
images revealed that, when the alumina content was low, the
cracks were small and the distribution of holes was rela-
tively dispersed. When the alumina content was increased,
the cracks became thick and the distribution of holes was

concentrated.

(3) The compression strength increased slightly after the
addition of a small amount of Al,O; to the pellets because
Al,O5 entered the silicate system, forming 2FeO-2Al,055Si0,
at 1083°C. The additional Al,O3 can reduce the quantities of
FeO and Fe;O, combined with SiO,, weaken the ability of
fayalite to inhibit the solid-phase consolidation, and improve
the crystallinity of Fe,Oz. Thus, the compressive strength
increases slightly.

(4) As the content of Al,Oz; was further increased, the
high-melting Al,O; particles hinder the diffusion of ions
within the lattice and the growth of grains. It adversely af-
fects the continued oxidation of Fes;O, and the recrystalliza-
tion of Fe,Os, which results in an increase in porosity of the
pellets, increases the pore size, and makes the pore size dis-
tribution uneven. Consequently, the compressive strength of
the pellets gradually decreases.
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