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Abstract: With the intensified depletion of high-grade iron ores, the increased aluminum content in iron ore concentrates has become unavoid-
able, which is detrimental to the pelletization process. Therefore, the effect mechanism of aluminum on pellet quality must be identified. In this
study, the influence of aluminum occurrence and content on the induration of hematite (H) and magnetite (M) pellets was investigated through
the addition of corresponding Al-containing additives, including alumina, alumogoethite, gibbsite, and kaolinite. Systematic mineralogical ana-
lysis, combined with the thermodynamic properties of different aluminum occurrences and the quantitative characterization of consolidation
behaviors, were conducted to determine the related mechanism. The results showed that the alumina from various aluminum occurrences ad-
versely affected the induration characteristics of pellets, especially at an aluminum content of more than 2.0wt%. The thermal decomposition of
gibbsite and kaolinite tends to generate internal stress and fine cracks, which hinder the respective microcrystalline bonding and recrystalliza-
tion between Fe,O5 particles. The adverse effect on the induration characteristics of fired pellets with different aluminum occurrences can be
relieved to varying degrees through the formation of liquid phase bonds between the hematite particles. Kaolinite is more beneficial to the in-
duration process than the other three aluminum occurrences because of the formation of more liquid phase, which improves pellet consolida-
tion. The research results can further provide insights into the effect of aluminum occurrence and content in iron ore concentrates on down-

stream processing and serve as a guide for the utilization of high-alumina iron ore concentrates in pelletization.

Keywords: iron ore; pellet; aluminum occurrence; consolidation behavior; element migration

1. Introduction

Oxidized pellets are characterized by high iron grade, de-
sirable cold compressive strength (CCS), preferable metal-
lurgical performance, low environmental pollution, and en-
ergy-saving production, and they have become one of the im-
portant burdens in modern blast furnaces [1-3]. Given the
severe shortage of high-quality pellet feeds in China, the high
external dependence of the country on overseas iron ores has
become unavoidable [4—5]. However, the constant consump-
tion and gradual scarcity of high-quality iron ore resources
have resulted in an evident increase in the usage proportion
of off-grade iron ores with relatively large quantities of im-
purities (ALOs, SiO,, P, S, etc.) [6—7]. Therein, the utiliza-
tion of high-alumina iron ores has become a concerning
problem in the production process of oxidized pellets and the
subsequent blast furnace processing. The Al,O; content of
pellets is suggested to be less than 0.9wt% [8]. However, the
Al,Os in iron ore concentrates from the main importing coun-
tries, i.e., Australia and Brazil, can reach 2.16wt% and
1.54wt%, respectively [9]. Domestic iron ore concentrates
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contain up to 1.5wt% Al,O; content after mineral processing
[10].

Previous studies have proved the huge effect of Al,O;
content in pellets on the properties of oxidized pellets. When
the AlLO; content was increased from natural content
(0.75wt%) to 1.5wt% in magnetite pellets via the addition of
Al,O; analytic reagent as an aluminum source, the CCS of
fired pellets climbed from 3307 up to 3403 N per pellet.
However, the CCS declined to 2855 N per pellet when the
AlO; content was increased continuously to 2.5wt% [11];
this finding implies the two-sided effect of aluminum on the
quality of oxidized pellets. On the one hand, a small quantity
of Al,O; can help form 2FeO-2A1,05-5Si0, by replacing the
FeO and Fe;Op from the fayalite phases (e.g.,
2Fe0-SiO,—FeO and 2FeO-SiO,—Fe;0,) at 1083°C. The free
FeO and Fe;0,4 can increase the recrystallization and grain
growth of Fe,0; and improve the consolidation efficiency of
pellets [12—14]. On the other hand, an excess Al,O; content
impedes mass transfer among crystal lattices because of its
low reactivity and restricts the growth of crystalline grains,
which results in the low mechanical strength of pellets
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[15-16]. Furthermore, an excess Al,O; content increases the
melting temperature and viscosity of liquid phases, which ad-
versely affects the improvement of liquid bonding phases
[17]. The weakened consolidation of oxidized pellets results
in an inferior pellet structure and low CCS of the fired pellets
[18]. Furthermore, fired pellets with a low CCS exhibit an
unsatisfactory metallurgical performance, especially in re-
duction swelling and reduction degradation [19-21].

The investigation regarding the effect of Al,O; content on
the properties of pellets has shown big progress in the past
several years. However, in the above studies, the Al,O; ana-
lytic reagent was mainly employed as an Al-containing ad-
ditive. In reality, the occurrence states of aluminum in iron
ores mainly include gibbsite, diaspore, kaolinite, alumo-
gocethite, etc. [22]. Furthermore, the Al-containing minerals
characterized by a complicated and fine-grained dissemina-
tion form different symbiotic relationships with iron oxides
and other gangue minerals [23]. In this study, four different
Al-containing additives (alumina, hercynite, gibbsite, and ka-
olinite) were used to investigate the effects of aluminum oc-
currence and content on the properties of hematite (H) and
magnetite (M) pellets. The influences of the occurrence states
of aluminum on the microstructure and consolidation effi-
ciency of fired pellets were also revealed. The findings of the
present study can aid in gaining further insights into the in-
fluence of aluminum in natural iron ores on downstream pro-
cessing and guide the utilization of high-alumina iron ore
concentrates in pelletization.

2. Experimental
2.1. Materials

2.1.1. Iron ore concentrate

Table 1 presents the chemical composition of the as-re-
ceived hematite (H) and magnetite (M) concentrates, from
Brazil and China, respectively, used in this study. The results
indicate that H and M concentrates both have high iron
grades of 66.29wt% and 68.31wt% with different Fe;0, con-
tents of 0.97wt% and 69.37wt%, respectively. Meanwhile,
the contents of SiO, and Al,O; in H concentrate are 3.90wt%
and 0.30wt%, respectively, which are slightly higher than
those in M concentrate. Besides, H and M concentrates have
low contents of S and P. Fig. 1 illustrates the X-ray diffrac-
tion (XRD) patterns of the two types of iron ores. The figure
indicates that H and M concentrates mainly consist of hemat-
ite (Fe,0;) and magnetite (Fe;0,), respectively. Both contain
a fraction of quartz (SiO,).

Table 2 shows the size distribution and specific surface
area of iron ore concentrates. H and M concentrates have a
fineness of 98.62% and 97.48% passing 0.074 mm and spe-
cific surface areas of 1533 and 1549 cm’g ', respectively.
Hence, both meet the pelletization requirements.

2.1.2. Al-containing additives

Four Al-containing additives, i.e., alumina (AL,O;), her-
cynite (FeO-ALO;), gibbsite (Al(OH);), and kaolinite
(Al,05-2S8i0,-2H,0), were used to reveal the effect of alu-
minum occurrence and content on the properties of oxidized

Table 1. Chemical composition of iron ore concentrates wt%
Concentrate TFe Fe,0; Fe;0,4 SiO, AlL,O4 CaO MgO S P LOI
H 66.29 94.07 0.97 3.90 0.30 0.11 0.02 0.005 0.021 0.53
M 68.31 29.08 69.37 3.78 0.08 0.10 0.09 0.049 0.009 —2.62

Note: TFe—total Fe element; LOI—loss on ignition.

(2) m—Fe,0,, Hematite

[ ] 0—Si0,, Quartz

Intensity / a.u.

10 20

201/ (%)

Fig. 1. XRD patterns of iron ore concentrates: (a) hematite concentrate; (b) magnetite concentrate.
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Table 2. Size distribution and specific surface area of iron ore concentrates

Size distribution / wt%

ifi it Blaine i g
Concentrate 0074 mm  0.043-0.074 mm__ 0.025-0.043 mm  —0.025 Specific surface areas (Blaine index) / (cm™g )
H 1.38 3.19 17.71 77.71 1533
M 2.52 11.99 25.64 59.85 1549
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pellets. The particle size of Al-containing additives was less
than 0.5 mm (80% passing 0.074 mm). Therein, (1) alumina
and gibbsite were analytic reagents; (2) hercynite was pro-
duced using a high-temperature sintering method applied in

Int. J. Miner. Metall. Mater., Vol. 30, No. 12, Dec. 2023

industrial production to replace alumogoethite; (3) kaolinite
was a natural mineral that after washing and desliming pre-
treatment. Table 3 and Fig. 2 show the chemical composition
and XRD pattern of the Al-containing additives, respectively.

Table 3. Chemical composition of Al-containing additives wt%
Additive TFe FeO Al,O3 Si0O, CaO MgO S P LOI
Alumina — — 99.25 0.17 0.20 — — — 0.38
Hercynite 31.65 26.99 50.58 0.59 0.74 1.17 0.014 0.074 —2.87
Gibbsite — — 64.65 0.03 0.01 — — — 33.37
Kaolinite 0.99 — 33.49 46.24 0.11 0.34 0.038 0.007 11.15

(a) ] ! 1 1 1—ALO, 26.99wt% FeO, whereas gibbsite has a relatively high alu-

P l l ! l I l w i ! minum .content of 64.65wt% with a high LQI of .33.3.7wt%.

b) 3 ‘2_Fe ALO, Fig. 2 displays the occurrence states of aluminum in different

2 2 2
2 2

© 3—AI(OH),
‘ ) 333333 333 3
(d) . 4—Al,(81,05)(OH),
& 5—Si0,
| IER e 4 54

5710 15 20 25 30 35 40 45 50 55 60 65 70 75 80
201/ (°)

Fig. 2. XRD pattern of Al-containing additives: (a) alumina;

(b) hercynite; (c) gibbsite; (d) kaolinite.

Intensity / a.u.

According to Table 3, alumina has a high aluminum con-
tent of 99.25wt%, and kaolinite mainly contains a low Al,Os
content of 33.49wt% and a high SiO, content of 46.24wt%,
with an LOI of 11.15wt%. Hercynite is a spinel phase that

additives. The chemical compositions of the four Al-contain-
ing additives also showed good agreement with the major
mineral phases analyzed using the XRD patterns.
2.1.3. Binder

A kind of bentonite from India was used as a binder to im-
prove the ballability of iron ore concentrates. Table 4
provides the chemical compositions of bentonite, while
Table 5 shows its size distributions and physical properties.
Bentonite has a high montmorillonite content of 84.73wt%
and moisture absorption of 569vol%, indicating its good per-
formance in accordance with the Chinese standard GB/T
20973-2020.

Table 4. Chemical composition of bentonite wt%
TFe SiO, CaO MgO ALO; S P LOI

mainly contains 50.58wt% ALO,, 31.65wt% Fe, and 112 4790 159 — 1481 — 0057 1525
Table 5. Size distributions and physical properties of bentonite
Size distribution / wt%
0. -1 o] o . -1 0
005 mm 0045 mm ~ COU/DeGe T SV/(mL-g)  MA@2h)/voln  MBA/[g(100g)7]  MC/wt%

92.46 68.58 100 14 569 37.45 84.73
Note: COI—colloid index; SV—swelling volume; MA—moisture absorption; MBA—methylene blue adsorbed; MC—montmorillonite
content.
2.1.4. Flux and a speed of 25 revolutions per minute for pelletization for

To improve the roasting performance and consolidation of
H pellets, analytic-grade calcium carbonate powder with
100% passing 0.074 mm was employed to adjust the binary
basicity R (mass ratio of CaO to SiO,) of pellets for all cases.

2.2. Methods

2.2.1. Preheating and roasting tests for oxidized pellets of
iron ore concentrates

The iron ore concentrate was mixed well with a fixed pro-
portion of 1.4wt% bentonite and a required ratio of Al-con-
taining additives (natural content of Al,O;, 1.0wt%, 2.0wt%,
and 3.0wt% for pellets) and suitable water. H pellet has a 0.3
binary basicity adjusted by calcium carbonate, and M pellet
has a natural binary basicity (R = 0.03). Then, approximately
4 kg mixtures were slowly added to a disk pelletizer with a
diameter of 800 mm, an incline angle of 47° to the horizon,

a balling time of 14 min. The qualified green balls with sizes
between 10 and 16 mm were sorted and then dried at 105°C
for 3 h in a drying oven.

The bench-scale preheating and roasting tests of H (M)
pellets were performed in an electric tube furnace under pre-
heating at 950°C (900°C) for 15 min (i.e., preheated pellets)
in combination with roasting at 1250°C (1200°C) for 15 min
(i.e., fired pellets). Then, the preheated and fired pellets were
cooled for subsequent measurement of CCS.

2.2.2. Characterization methodology

Chemical analysis methods were used to determine the
chemical composition of raw materials. The specific surface
area of iron ore concentrates was measured in the Blaine in-
dex in accordance with the Chinese standard GB/T 8074. The
chemical composition, size distributions, and physical prop-
erties of bentonite were measured in accordance with the
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Chinese standard GB/T 20973-2007.

With the use of a simultaneous thermal analyzer (Netzsch
STA449F3), the thermogravimetry—derivative thermogravi-
metry—differential scanning calorimetry (TG-DTG-DSC)
was carried out on the four Al-containing additives to reveal
their thermodynamic properties during oxidation and indura-
tion processes at the temperature-rise period. In thermogravi-
metric experiments, approximately 20 mg of finely ground
Al-containing additives were used at the temperature range of
25-1250°C and under an air atmosphere with a flow rate of
50 cm*/min and a heating rate of 10°C/min.

The XRD instrument (SIMENS D500) and MDI Jade 6.0
software were used to determine the phase composition of
Al-containing additives. XRD tests were conducted under a
Cu K, source, a wavelength of 1.54056 A, a scanning angle
range of 26 = 5°-80°, and a step size of 0.02°.

To demonstrate the effect of aluminum occurrence and
content on the induration characteristics of H and M pellets,
the microstructure of preheated and fired pellets was further
identified by applying scanning electron microscopy (SEM,
MIRA3 LMH, TESCAN Ltd., Czech Republic) and energy
disperse spectroscopy (EDS, Oxford X MAX20, England).
SEM images were recorded in backscatter electron modes
operating at a low vacuum of 0.1 Torr and 20 keV. In addi-
tion, the effect of Al,O; content on the phase composition of
fired pellets was discussed based on the thermodynamic cal-
culations obtained using FactSage software (Version 8.0).
Image-Pro Plus 6.0 was employed to analyze and calculate
the perimeter and area of particles in the pellet.

The consolidation index (CI), particle growth index (GI),
and particle uniformity index (UI) were further proposed to
reveal the effect of aluminum occurrence on the consolida-
tion behaviors of oxidized pellets in quantitative form [24].
The related computational formulas are expressed as Egs.
(1)—(3), respectively:

CI = (SPP — SPP')/SPP )
GI = (APA — APA’)/APA ?)
Ul=1- ZNl |4, - A| /(VA) 3)

where CI refers to the perimeter change rate between oxid-
ized and roasted pellets (roasting at 800°C for 30 min); SPP
(SPP’) is the sum of the perimeter of particles in the oxidized
(roasting) pellets (um); GI indicates the area change rate
between oxidized and roasted pellets; APA (APA’) repres-
ents the average area of particles in the oxidized (roasting)
pellets (um?); Ul stands for the uniformity degree of particle
size in an area; N is the total number of particles; 4, corres-
ponds to the area of i-th particles (um?); A means the average
area of particles in pellets (um?).

3. Results and discussion

3.1. Thermodynamic properties of different aluminum

types

To disclose the thermal behavior and phase transforma-
tion of different aluminum types at the constantly elevated

temperature of the oxidizing roasting process, the respective
TG-DTG-DSC curves of gibbsite, hercynite, and kaolinite
were analyzed, and the results are illustrated in Fig. 3. Fig.
3(a) shows that the weight loss process of gibbsite was com-
pleted at nearly 600°C with a weight loss ratio of 32.60%.
Therein, the main dehydroxylation of the gibbsite started at
around 200°C and gradually formed diaspores (AIOOH), as
computed using Eq. (4). The first endothermic peak was ob-
served at the elevated temperature of 298°C. The second en-
dothermic peak was recorded at 523°C, and it was mainly at-
tributed to the dehydroxylation of diaspores to form alumina
(AL, O3), as shown by Eq. (5), with a weight loss ratio of
4.74%. For hercynite (Fig. 3(b)), a continuous mass gain can
be observed because of the oxidation reaction (Eq. (6)) that
transformed FeO to Fe,0;, with a weight gain rate of 2.91%
as the temperature increased to 1250°C. By contrast, for ka-
olinite, its first endothermic peak occurred at 514°C because
of the removal of its crystallization water, as proven by Eq.
(7) (Fig. 3(c)). With the continued in the temperature, an exo-

@__Jo%°C. N
100 Fe== S T -
160 ~ —~
90 | 0 40 g
N la0 2 g
s Y2 =
e 80f 32.60% = 5
120 4-05 =
70| =
10
60 e J-10
0 200 400 600 800 1000 1200 1400
Temperature / °C
104 400 430
300~ |0~
102 - N
o o E
= 1200 o
&) g <
[ 410 =
100 | O 2
1100 Z =
10
10
98 .
0 200 400 600 800 1000 1200 1400
Temperature / °C
40 102
102 k(c) 514°C
N
100 ~ Jo1 ~
98 | 120 2 =
R 6 11.49% e = |, £
r el g 7 <
E 991°C = 5
94 r 10.06% 109 =
o a {-o01
90 - \\——/-"-\-.._/
P S S 20 J-02
0 200 400 600 800 1000 1200 1400
Temperature / °C
Fig. 3. TG-DTG-DSC curves of different aluminum types:

(a) gibbsite; (b) hercynite; (c) kaolinite.
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thermic peak appeared at 991°C due to the crystal transition
of ALO; (0-ALO; — y-ALO;). However, the second exo-
thermic peak at 1240°C was mainly caused by the combina-
tion reaction between ALQO; and SiO, to form mullite
(AL,05-2810,), according to Eq. (8). Fig. 3(c) reveals a total
weight loss of 10.06% from the TG curve. From the above
results, the differences in the thermal behaviors of different
aluminum types predictably affected the properties of pre-
heated and fired pellets.

ALO; - 3H,0 = 2AI00H +2H,0 @)
2AI00H = AlLO; + H,0 (5)
4Fe0 + 0, = 2Fe,0; (©6)
ALO; -2S8i0; - 2H,0 = ALO; +2Si0, + 2H,0 (7)
3AL,0; +2Si0; = 3AL,0; - 2Si0, (8)

3.2. Effect of aluminum occurrence and content on the
consolidation characteristics of pellets

3.2.1. Induration characteristics of preheated pellets
Fig. 4 shows the effect of aluminum occurrence and con-
tent on the CCS of preheated H and M pellets. For the H pel-

| (a)

~
i
S

700

N
wn
S

600

—u— Alumina
—e— Hercynite
—a— Gibbsite

—e— Kaolinite

o
W
S

Compressive strength / N per pellet

500 : : : : :
05 1.0 15 20 25 30

AL O, content / wt%
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lets, when the Al,O; content increased from the natural con-
tent to 1.0wt%, the corresponding CCS of the preheated pel-
lets increased from 630 to 738, 719, 674, and 659 N per pel-
let with the addition of kaolinite, hercynite, free alumina, and
gibbsite, respectively. As the AL,O; content increased con-
tinuously from 1.0wt% to 3.0wt%, the CCS of preheated pel-
lets with different aluminum types exhibited various down-
trend levels. The adverse effects on CCS of the preheated H
pellets from free alumina and gibbsite were more evident
than those of preheated pellets from kaolinite and hercynite,
respectively. Especially when the Al,O; content in the pre-
heated pellets reached 3.0wt% in the form of free alumina
and gibbsite, the CCS were 584 and 523 N per pellet, re-
spectively, which were notably lower than the value ob-
served at natural Al,O; content. For M pellets, with the in-
crease in the Al,O; content from natural content to 3.0wt%,
the corresponding CCS of preheated pellets increased at first
and then decreased with the addition of kaolinite, hercynite,
free alumina, and gibbsite, which indicates a similar tend-
ency to that of H pellets. However, compared with observa-
tion on M pellets, the increased Al,O; content caused a more
evidently unfavorable effect on the CCS of H pellets.

775

~ (b)

= 750

Q

a

8 725+t

Z

<= 700

)

=

2

2 675+t

[

2

12}

2 650 —u— Alumina

E‘ —e— Hercynite

8 0251 —a— Gibbsite
—e— Kaolinite

600 .

0.5 1.0 1.5 2.0 2.5 3.0
AL O, content / wt%

Fig. 4. Effect of aluminum occurrence and content on the CCS of preheated H (a) and M (b) pellets.

To a certain extent, finely-grained Al-containing additives
can be used to optimize the size distribution of pellet feeds
and increase the contact area of iron ore particles. As a result,
the solid-phase reaction condition and connection bridges
between ore particles improved during the preheating pro-
cess. Hence, the alumina content remained at a low level of
nearly 1.0wt%, which contributed to the increased CCS of
the preheated pellets. However, the increased Al,O; content
deviated from the microcrystalline bonding observed
between Fe,O; particles because of the lower chemical activ-
ity of Al,O; than hematite. Hercynite can transform into
Fe,0; and Al,O; after an oxidation reaction. The newly gen-
erated Fe,0; benefited the formation of microcrystalline
bonding and relieved the adverse effect of excess Al,O; con-
tent on the CCS of preheated pellets. Meanwhile, gibbsite
and kaolinite had high LOI of 33.37wt% and 11.15wt%, re-
spectively. The high LOI of the added Al-containing addit-
ives led to a high mass loss and large internal stress during

the preheating process, resulting in an adverse effect on the
consolidation of preheated pellets. On the other hand, kaolin-
ite, as a typical clay mineral, also acted as a binder and im-
proved the ballability of iron ore concentrates and formed a
denser structure for the green ball, which was beneficial to
increase the CCS of the preheated pellet. Hence, the adverse
effect degree of kaolinite on the consolidation of pellets was
less than that observed for gibbsite.
3.2.2. Induration characteristics of fired pellets

Fig. 5 shows the results of the investigation on the effect
of aluminum occurrence and content on the CCS of fired pel-
lets. The results indicate that for H pellets when the alumina
content in the form of gibbsite increased from natural con-
tent to 3.0wt%, the CCS of fired pellets decreased from 3752
to 2487 N per pellet. As for kaolinite, hercynite, and free alu-
mina, the CCS of fired pellets was slightly elevated when the
alumina content increased to 1.0wt%, and it gradually de-
creased as the alumina content increased further to 3.0wt%.
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Fig.S. Effect of types and content of aluminum on the compressive strength of fired H (a) and M (b) pellets.

At the same alumina content, kaolinite contributed to the rel-
atively higher CCS of the fired pellets, followed by hercynite
and free alumina. For the M pellets, as the alumina content of
different alumina occurrences increased from natural content
to 3.0wt%, the corresponding impact trend on the CCS of
fired pellets was similar to that of H pellets. The effect extent
of each alumina occurrence on the CCS of fired H pellets was
more evident than that on the CCS of fired M pellets. This
finding indicates that H pellets with a high-alumina content
should be given more attention in terms of the CCS of fired
pellets than M pellets.

In the case of fired pellets, recrystallization consolidation
of Fe,O; and liquid phase bonding benefited the preferable
CCS. A certain amount of the liquid phase can accelerate the
recrystallization and crystal growth of Fe,O; and improve the
consolidation and CCS of the fired pellets [11]. However, the
increase in the Al,O; content, to a certain extent, greatly in-
creased the viscosity and limited the mass transfer effects of
the reaction system because of its high melting point and low
reactivity, adversely affecting the consolidation of fired pel-
lets. Fig. 6 presents the quaternary phase diagram of
Si0,—Ca0-Al,0,—MgO depending on the chemical compos-

Si0,—Ca0-Al,0,-MgO
Projection (A—Slag-Liq.),
MgO/(SiO, + CaO + Al O, + MgO) (g/g) = 0.003, 1 atm &ctSage'“
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Fig. 6. Quaternary phase diagram of SiO,—~Ca0O-Al,0;-MgO

(FactSage 8.0; points 0-3: natural, 1.0wt%, 2.0wt%, and
3.0wt% AL O; contents in the fired H (a) and M (b) pellets).

ition of the fired pellets. With the increase of the Al,O; from
natural content to 3.0wt% (corresponding to point 0 to point
3) in the fired H (a) and M (b) pellets, the tendency of melt-
ing point for the slag decreased first and then increased. For
the H pellets, the slag with the Al,O; content of approxim-
ately 1.0wt% (point a,) resulted in a low liquidus temperat-
ure below 1250°C, which can improve the liquid phase bond-
ing among Fe,0; particles.

For the different aluminum types, the oxidation of hercyn-
ite can generate Fe,O; and Al,O; accompanied by heat re-
lease, which benefits the recrystallization consolidation of
Fe,0;. The excessive increase in the generated Al,O; negat-
ively affected the consolidation of the fired pellets. For gibb-
site and kaolinite, the removal of crystal water at elevated
temperatures resulted in micropores and fine cracks inside
the fired pellets, which reduced the CCS. However, the ad-
verse effect on fired pellets with kaolinite weakened because
the suitable increase in SiO, generated from the thermal de-
composition of kaolinite accelerated the formation of liquid
phases, which improved the consolidation of the fired pellets.

3.3. Effect of aluminum occurrence on the consolidation
behavior of pellets

3.3.1. Consolidation behavior of preheated pellets with dif-
ferent aluminum types

To further reveal the effect mechanism of aluminum types
on the consolidation of preheated pellets, the microstructure
and elemental distribution of preheated H and M pellets with
different aluminum types were investigated, and the results
are illustrated in Fig. 7 and Table 6. The particles underwent
solid-phase diffusion, especially Fe,Os, and formed connec-
tion bridges with each other, which was the main contribu-
tion to the CCS of preheated pellets [4]. As shown in
Fig. 7(a) and (b), compared with the preheated H pellets, the
preheated M pellets with the same Al,O; occurrence and con-
tent exhibited a preferable consolidation performance be-
cause the phase transformation from magnetite to hematite is
an exothermic reaction, which can accelerate their solid-
phase reaction with each other. Furthermore, for one type of
iron ore, the pore morphology of the preheated pellets varied
at the same alumina content for a different alumina occur-
rence. This condition indicates the variation in the effect de-
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Table 6. EDS analysis results for the spots in preheated pellets in Fig. 7

Elemental composition / wt%

Spot - Mineral phase
Fe Al Si Ca Mg (0]

1 70.62 0.08 0.20 0.13 0.11 28.86 Hematite

2 1.03 — 43.34 — — 55.63 Quartz

3 2.18 50.12 0.13 0.10 0.02 47.45 Alumina

4 38.37 2431 0.34 0.25 0.08 36.65 Iron-aluminum oxides
5 3.52 48.13 1.14 0.89 0.03 46.29 Alumina

6 4.71 23.32 21.19 1.49 0.20 49.09 Anorthite

7 70.89 0.11 0.18 0.16 0.09 28.57 Hematite

8 2.11 — 42.37 — — 55.52 Quartz

9 341 48.13 1.10 0.36 0.10 46.90 Alumina

10 35.98 23.87 2.19 1.10 0.89 3597 Iron-aluminum oxides
11 4.31 48.89 1.10 0.33 0.81 44.56 Alumina

12 5.11 22.98 23.28 0.24 0.09 48.30 Anorthite

gree of each alumina occurrence on the consolidation of pre-
heated pellets.

Compared with that of preheated pellets with natural alu-
mina content (Fig. 7(al) and (bl)), the size distribution of
preheated pellets with separate addition of Al-containing ad-
ditives (Fig. 7(a2—a5) and (b2-b5)) improved evidently via

fine-graded filling among the gaps of hematite particles. The
compact distribution of particles was beneficial to the in-
crease in the CCS of preheated pellets. The free alumina in
preheated pellets mainly presented as an independent phase,
which showed an unobvious consolidation with hematite
particles because of its poor chemical reactivity. However,
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the external diffusion of Fe from hematite to free alumina
was attributed to their solid-phase reaction with each other, as
proven by spots 3, 5, 9, and 11 in Fig. 7. This condition was
conducive to the bonding of solid phases. For the preheated
pellets with hercynite, the FeO in hercynite was oxidized to
Fe,0; (Fig. 7(a3) and (b3)). The phase transformation with a
change in lattice accelerated the migration capacity of ions on
the crystal surface, which benefited the crystal bonding
between neighboring particles [22]. In addition, the exo-
thermic oxidation of hercynite was a favorable factor for the
consolidation of preheated pellets. However, the dense struc-
ture of hercynite resulted in limited reactivity for the further
improvement of consolidation efficiency. For the preheated
pellets with separate additions of gibbsite and kaolinite, more
micropores and fine cracks can be observed, especially in the
former (Fig. 7(a4—a5) and (b4-b5)). This finding deviates
from the respective microcrystalline bonding and recrystal-
lization between Fe,0; particles.

Furthermore, from the map scanning of pellets with dif-
ferent aluminum types, the elements, such as Fe, Al, Si, and
Ca, showed a certain degree of migration during the preheat-
ing process. The migration behavior was commonly attrib-
uted to the relatively low Tammann temperature and the
crystal transfer and phase transformation during the preheat-
ing process. Therein, the Al in preheated pellets with kaolin-
ite and gibbsite presented a more evident migration property
than those with hercynite and free alumina. However, most of
them were maintained in the Al-containing additives on site.
Moreover, with the addition of CaCOj; to improve the consol-
idation property of pellets, CaO was generated by the pyro-
lysis of CaCO;. Ca** was mainly distributed around the
particles of hematite, Al-containing phases, and quartz,
which possibly contributed to their solid-phase reaction with
each other during the preheating process, as proven by the
migration of Ca (Fig.7). After the thermal decomposition, the
Si** from kaolinite exhibited a better reactivity for the solid-
phase reaction than that from quartz. The generation of calci-
um ferro aluminosilicate (Fig. 7(a5) and (b5)) substantiated
the migrations of Ca*" and Fe*". In sum, the differences in
aluminum types resulted in evident effects on the consolida-
tion efficiency of preheated pellets. In general, kaolinite was
more beneficial to obtaining comparatively better consolida-
tion performance of preheated pellets, followed by hercynite,
free alumina, and gibbsite, consistent with the findings
shown in Fig. 4.

3.3.2. Consolidation behavior of fired pellets from different
aluminum types

Fig. 8 shows the microstructure and elemental distribu-
tion of fired H and M pellets with different Al-containing ad-
ditives, and the related EDS analysis of mineral phases is il-
lustrated in Table 7. The bonding degree between the
particles in the pellets showed a remarkable improvement in
the form of line—surface connection via a roasting process in
comparison with the point connection observed in the pre-
heating process. The high consolidation degree contributed to
the great growth of crystal particles and the low porosity of

pellets. The preferable consolidation resulted in a desirable
CCS for the fired pellets.

As displayed in Fig. 8(a) and (b), the fired M pellets with
the same alumina content and occurrence showed a better
consolidation performance in comparison with the fired H
pellets because the newly generated hematite from the oxida-
tion of magnetite caused the recrystallization of Fe,O; in
comparison with the original hematite. In general, in addition
to the recrystallization of Fe,0s, the liquid phase bonding was
an important consolidation form of the fired pellets. For the
pellets with the addition of CaO, the calcium ferrite
(CaO-Fe,05) generated with a suitable content was sugges-
ted because of its better bonding strength and wettability than
other liquid phases [5]. Hence, the calcium ferrite is com-
monly used to fill the gaps between solid particles and fur-
ther accelerated the recrystallization of Fe,O;.

Furthermore, the microstructure of fired pellets with dif-
ferent aluminum occurrences (Fig. 8(a2—a5) and (b2-b5)) re-
vealed that the recrystallization degree of Fe,O; weakened to
some extent in comparison with that with natural aluminum
content. Thus, Al,O; has a negative effect on the recrystalliz-
ation of Fe,0;. As shown by the elemental distribution of
fired pellets in Fig. 8(a2—a5) and (b2-b5), Al*" showed a
more evident elemental migration than that in the preheated
pellets, and a large proportion of AI’" remained enriched in
the Al-containing additives on site. To further quantitatively
evaluate the consolidation characteristics of oxidized pellets
with different Al-containing additives, the effect of alumin-
um occurrence on the consolidation behaviors of oxidized
pellets was observed (Fig. 9).

The results demonstrated that the different aluminum oc-
currences had a notable influence on the CI, GI, Ul, and
porosity of oxidized H and M pellets. As shown in Fig. 9(a),
when the aluminum content of oxidized H pellets was in-
creased to 2.0wt% with the separate addition of alumina, her-
cynite, gibbsite, and kaolinite, the CI varied from 0.43 to
0.37, 0.39, 0.30, and 0.46, respectively. The presence of
Al,05 caused difficulty in the particle interface removal. Fig.
9(b) shows the particle GI of H pellets with various Al-con-
taining additives. Similar to the changes in CI, with the addi-
tion of different Al-containing additives, the GI of the
particles varied from 1.73 to 1.48, 1.54, 1.35, and 1.60, which
indicates that A,O; may restrict the formation of hematite
crystals. Fig. 9(c) depicts the Ul of particle dispersion in H
pellets with various Al-containing additives. The figure re-
veals that when the Al,O; content in the pellets increased
from natural content to 2.0wt% via the addition of different
Al-containing additives, the Ul increased from 1.07 to 1.23,
1.18, 1.42, and 1.12. This result was mostly due to the differ-
ences in minerals and their low reactivity with each other,
which impeded the formation of aluminum minerals and res-
ulted in an uneven distribution of particles. Fig. 9(d) shows
the porosity of H pellets with various Al-containing addit-
ives. The figure illustrates that when the Al,O; content in the
pellets increased from natural content to 2.0wt% with the
separate addition of alumina, hercynite, gibbsite, and kaolin-
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Table 7. EDS analysis results for the spots in the fired pellets in Fig. 8

Elemental composition / wt%

Spot - Mineral phase
Fe Al Si Ca Mg (0]

1 69.39 0.24 0.41 0.25 0.20 29.51 Hematite
2 1.42 0.09 42.42 0.11 0.04 55.92 Quartz
3 44.23 0.19 491 12.31 0.20 38.16 Calcium ferrite
4 10.85 27.31 8.89 3.37 0.18 49.40 Calcium ferro aluminosilicate
5 3.19 46.74 1.99 0.31 0.09 47.68 Alumina
6 29.37 15.75 7.31 3.10 0.09 44.38 Calcium ferro aluminosilicate
7 12.98 29.45 10.31 3.81 0.11 43.34 Calcium ferro aluminosilicate
8 3.82 11.34 24.35 4.11 0.13 58.25 Calcium aluminosilicate
9 69.87 0.12 0.31 0.19 0.09 29.42 Hematite
10 1.98 0.03 42.89 0.10 0.02 54.98 Quartz
11 9.38 25.23 8.10 3.01 0.04 54.24 Calcium ferro aluminosilicate
12 2.21 45.87 1.82 0.28 0.04 49.78 Alumina
13 28.11 15.10 6.24 2.89 0.04 47.62 Calcium ferro aluminosilicate
14 10.81 27.71 8.36 3.07 0.09 49.96 Calcium ferro aluminosilicate
15 9.01 10.49 23.51 4.97 0.10 51.92 Calcium ferro aluminosilicate

ite, the porosity of H pellets varied from 15.2% to 18.1%, of oxidized pellets. Furthermore, compared with M pellets,
17.4%, 21.8%, and 14.4%, respectively. The increase in the the H pellets showed lower CI and higher UI and porosity un-
aluminum content had a detrimental effect on the shrinkage der the same aluminum occurrence and content condition.
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The combined results in Figs. 7-9 indicate that compared
with the bonding efficiency between the Fe,O; particles, the
Al-containing particles showed a poorer consolidation prop-
erty with Fe,0; particles. Hence, the excessive increase in
aluminum content caused a decrease in the CCS of fired pel-
lets. In addition, for the fired pellets with different aluminum
types, the internal layer of hercynite particles maintained a
dense structure. On the contrary, the external surface of the
particles exhibited an evident solid-phase reaction. The con-
solidation performance may be attributed to the formation of
a quaternary eutectoid of CaO—Fe,0;—Al,05-SiO, between
the particles of hercynite and hematite. The existence of qua-
ternary eutectoid benefited the relatively high activity of
Fe,0; and AL, O; generated by the oxidation reaction of her-
cynite. In addition, the quaternary eutectoid in the fired pel-
lets with other aluminum occurrences improved the consol-
idation efficiency. However, in the fired pellets with gibbsite,
the micropores and cracks generated from the thermal de-
composition of gibbsite during the preheating stage still exis-
ted, which resulted in a remarkable decrease in the CCS of
fired pellets. For the fired pellets with kaolinite, the adverse
effect of crystal water removal of kaolinite on the CCS of
pellets was substantially weakened by the formation of qua-
ternary eutectoid filling the mineral particles, which enhan-

ced the consolidation performance. The newly generated
Si0, and Al,O; from the decomposition of kaolinite also con-
tributed to the mass transfer effect and solid-phase reaction, as
proven by the disappearance of the original shape of kaolinite.
3.3.3. Migration regularity of elements near the particle
boundary of Al-containing phases in fired pellets

The high-heat solid-phase reactions of mineral particles in
the pellets were commonly accompanied by mass transfer
and element migration, and this condition affected the con-
solidation efficiency and CCS of the fired pellets [8]. Hence,
the migration regularity of elements near the particle bound-
ary of Al-containing phases in fired H pellets was further
studied. Fig. 10(a) shows the energy spectrum and line scan-
ning analysis of the reaction interface between hematite and
quartz in the fired pellets at the natural aluminum content.
Fe’* exhibited a more evident diffusion behavior from hemat-
ite to quartz in comparison with Si*" from quartz to hematite.
At zone 3 (Fig. 10(a)) near the particle boundary, in addition
to the 18.63wt% Fe**, 11.39wt% Ca*" was detected, and this
result was attributed to the diffusion behavior of Ca*". The
migration of multiple elements benefited the formation of
connection bridges between the particles of hematite and
gangue minerals, which resulted in a preferable consolida-
tion performance of the fired pellets.
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Fig. 10. Energy spectrum and line scanning analysis of the reaction interface near the particle boundary of Al-containing phases in
the fired H pellets with (a) natural aluminum content, (b) alumina, (c) hercynite, (d) gibbsite, and (e) kaolinite.

Furthermore, with the addition of different Al-containing illustrates the energy spectrum and line scanning analysis of
additives, the related migration regularity of elements was in- the reaction interface near the particle boundary of Al-con-
vestigated to further reveal the effect mechanism of alumin- taining phases in the fired pellets with separated addition of

um occurrence on the consolidation of pellets. Fig.10(b)—(e) free alumina, hercynite, gibbsite, and kaolinite.
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As shown in Fig. 10(b), the Al content of 2.10wt% (zone
3) and Fe content of 6.65wt% (zone 1) can be detected in the
interior phases of hematite and free alumina, respectively.
Fe*" had a more remarkable diffusion tendency from hemat-
ite to free alumina in comparison with that of AP’ from free
alumina to hematite. Zone 2 (Fig. 10(b)), which was located
at the particle boundary between hematite and free alumina,
was a transition region of elemental migration. In the trans-
ition region, aside from Fe’* and AI*", Ca®>* and Si*" can be
detected. The existence of multiple elements benefited the
formation of low-melting-point phases and their transforma-
tion into liquid phases during the roasting process, which en-
hanced the mass transfer. Combined with the line scanning
results for the different phases, the diffusion of elements into
the transition region from the free alumina and hematite
particles was the main form that caused the adverse effect of
low-activity free alumina particles on the consolidation effi-
ciency. However, the formation of low-intensity aggregation
and the existence of pores in large numbers deviated from the
consolidation efficiency of pellets. Hence, the high content or
excessive concentration of alumina resulted in the low CCS
of fired pellets.

Fig. 10(c) illustrates that hercynite showed a more evident
solid-phase reaction with other mineral particles at the roast-
ing stage in comparison with that in the preheating stage due
to the elevated temperature. The newly generated Fe,O; and
Al,0Os had a relatively good reactivity, which was beneficial
to the migration of Fe and Al to the boundary of particles and
the formation of a eutectoid with SiO, and CaO. The poly-
basic CaO—Fe,0;—Al,0;-Si0, eutectoid is a preferable slag
layer on the exterior of hercynite particles, and it serves as a
connection bridge to bond with the hematite particles. The
formation of polybasic eutectoid is conducive to improving
the consolidation efficiency of pellets. Furthermore, the com-
plete oxidation of hercynite resulted in the composition se-
gregation of Fe,O; from FeO, which indicates the opposite
distribution regularity of AI’" and Fe'", as proven by the line
scanning results in Fig. 10(c). However, the interior of her-
cynite particles still maintained a compact structure, which
led to a less adverse effect on the CCS of fired pellets.

Furthermore, for the fired pellets with gibbsite, the fine
cracks and pores of alumina particles, which were generated
by the dehydroxylation of gibbsite during the preheating
stage, still existed in the roasting stage and provided an ad-
vantageous condition for elemental migration. Hence, the in-
terior of alumina particles can contain 8.29wt% Si*,
13.96wt% Fe’, and 8.86wt% Ca’" in zone 2 (Fig. 9(d)). The
line scanning results of alumina also revealed the strong
spectral peaks of Si*', Fe, and Ca*". The multielement diffu-
sion to alumina contributed to the formation of polybasic eu-
tectic solutions. As a binding phase, the CaO-Fe,Os—
Al,O5-Si0, eutectic solutions can fill in the interior of alu-
mina particles to enhance the consolidation efficiency of Al-
containing phases. However, limited by a large number of
cracks and pores in the interior of the alumina particles, the
beneficial effects of the adhesive property of polybasic eu-
tectic solutions were insufficient to eliminate the adverse ef-
fect of the dehydroxylation of gibbsite. The generation of

cracks and pores caused an evident decrease in the consolid-
ation efficiency and CCS of fired pellets.

For the fired pellets with kaolinite (Fig. 10(e)), the fine
cracks and pores caused by the decomposition of kaolinite
disappeared, and this result was attributed to the formation of
polybasic eutectoid followed by the sufficient bonding of li-
quid phases. The sufferable porous structure inside the kaol-
inite particles provided a good diffusion condition for the
newly generated AL,O; and SiO, at the initial roasting stage,
which benefited the generation of CaO-Fe,0;—Al,05-Si0O,
via the combination with the Fe,O; and CaO from hematite
and calcium carbonate, respectively. The elemental migra-
tion also exhibited a regular gradient distribution, as revealed
by the line scanning in Fig. 10(e), and no independent alu-
mina particles were observed. Hence, the dense structure,
which benefited from the addition of kaolinite to form a suit-
able bonding of liquid phases, was advantageous for the im-
provement of consolidation efficiency and CCS of fired pel-
lets compared with other aluminum occurrences.

4. Conclusions

Based on their detection in typical iron ore concentrates,
the effects of aluminum types, including alumina, hercynite,
gibbsite, and kaolinite, on the consolidation efficiency of H
and M pellets were determined by the addition of corres-
ponding Al-containing additives, and the related mechanism
was revealed. Conclusions were drawn as follows.

(1) During the preheating and roasting processes, the alu-
mina from different aluminum sources adversely affected the
induration characteristics of pellets, especially H pellets, be-
cause of its low chemical reactivity that impedes the recrys-
tallization of Fe,Os. Limited by the adverse effects, the sug-
gested alumina content in pellets is below 2.0wt% or 1.0wt%,
depending on the respective proportion of different alumin-
um types. In the fired pellets with the addition of CaO, alu-
minum was commonly present in the form of alumina, her-
cynite, calcium aluminosilicate, and calcium ferro alumino-
silicate.

(2) The thermal decomposition of gibbsite and kaolinite
generated internal stress and fine cracks, which deviated from
the respective microcrystalline bonding and recrystallization
between Fe,O; particles. The adverse effects on the indura-
tion characteristics of fired pellets with different aluminum
types can be relieved to varying degrees through the forma-
tion of slag bonds of polybasic CaO-Fe,0;—Al,0;-Si0O, eu-
tectic solution between the particles of aluminum-bearing
compound and H in the presence of CaO. Kaolinite was more
beneficial to the induration process than the other three alu-
minum minerals because of the formation of a more liquid
phase, which improved the consolidation of the resultant pel-
lets.
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