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Abstract: The induration process of oxidized pellet, containing the oxidation of magnetite phase
(Fe3O4) and the sintering of oxidized magnetite phase (hematite–Fe2O3), is significant to obtain
sufficient pellet strength. The current study focuses on the induration mechanisms of MgO flux pellet
in terms of the oxidation process of Fe3O4 and densification process of the pellet. It is found that MgO
dosage negatively affects the oxidation of Fe3O4 into Fe2O3. The number of recrystallized grain of
Fe2O3 in the MgO flux pellet is less than that in the Non-MgO flux pellet. Additionally, an unreacted
core model was applied to consider and clarify the oxidation of Fe3O4. According to the verification
experiments, the experimental data and calculated results fit well. Therefore, the unreacted core
model can describe the oxidation of Fe3O4 in the pellet induration process. Moreover, based on the
development of pore parameters during the pellet induration process, a new index, the so-called
oxide densification index (ODI) was defined to profoundly specify the densification degree of the
pellet. The results show that the ODI of the MgO flux pellet maintains at a lower level compared
with that of the Non-MgO flux pellet. It illustrates that MgO can substantially restrain the pellet
densification process.
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1. Introduction

Agglomeration of iron ore pellet begins with the grinding and cleaning of the iron ore to meet the
desired chemical quality. The pelletizing is done in a large pelletizing disc using water together with an
external binder as a binding medium. The wet green pellet is then dried and sintered in the pelletizing
machine to obtain fired pellet [1]. Acid pellet, as a traditional iron bearing burden for blast furnace
(BF), has many merits in terms of metallurgical properties and intrinsic properties [2]. For instance,
the mechanical strength of acid pellet is better, which is favorable for a pellet to withstand double
forces in BF process including the extrusion force from the top layer burden and the friction force from
the high-speed gas flow beneath the furnace; the iron-grade of pellet is higher, which is favorable for
effective iron content input in burden column and enhancing production efficiency; the particle size
of pellet is relatively uniform, favorable for burden permeability of BFs. Therefore, the pellet portion
in burden materials is increasing (20% in China and even 100% in some BFs of Europe and North
America [3]).

However, a traditional acid pellet also has some inevitable drawbacks. When the acid pellet
is reduced in BF, the lower melting point mineral (fayalite) gradually appears due to the higher
reaction rate between FeO and SiO2 [4]. As a result, the softening and melting behavior of the pellet is a
challenging issue, which may lead to lower permeability of cohesive zone [5]. In addition, the reduction
swelling index (RSI) of acid pellet is even up to 30% in some ironmaking plants. Thus, the reduction
swelling of the acid pellet is the other limit for its utilization in the BF process. For the purpose of
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overcoming the drawbacks of acid pellets, it is possible to introduce fluxes into the pellet. For example,
a CaO-bearing flux can be added to produce a CaO flux pellet for improvement in the softening and
melting properties. Nevertheless, the reduction swelling is still evident and results in a CaO flux
pellet that cannot be used in BFs on a large scale [6]. MgO flux pellet was recently developed as an
alternative candidate for the following reasons summarized from some previous studies [4,7,8]: (1)
MgO flux pellet can respectively improve the softening and melting properties, reduction swelling
index (RSI), and reduction disintegration index (RDI); (2) MgO flux pellet can meet the MgO needs in
slagging process of a BF, which makes it possible to fulfill the reasonable cohesive zone configuration,
the favorable gas distribution in BF, as well as the better metallurgical properties of BF slag.

Besides, some research and practices have also indicated that MgO can weaken pellet strength.
In a previous paper [9], it is pointed out that MgO adversely affects pellet strength due to the solid
solution between the MgO and FeO. Ahmed et al. [10] claimed that MgO in olivine can start to
significantly react with Fe3O4 after 1000 ◦C, and at 1250 ◦C fine olivine particles react completely
whereas the reaction is limited for larger olivine particles. Also, the practice results in Baotou Iron and
Steel Corporation China (Baotou, Inner Mongolia province, China) has shown that [11] when MgO
content in pellet increases from 0% to 2.0%, the compressive strength decreases by about 500 N/pellet.
Semberg et al. [12] also maintained that MgO addition obviously restrains the pellet strength, especially
by using a fine olivine (<38 µm). Singh et al. [13] stated that conversion from magnetite (Fe3O4) to
hematite (Fe2O3) is a key for sinter or pellet obtaining better strength, MgO substantially participates
in the conversion process. Similarly, targeting to obtain desired pellet strength, the MgO dosage in
pellet for Shougang Jingtang Iron and Steel Corporation China (Tangshan, Hebei province, China) is
controlled at a level of no more than 2.0% [14].

On the basis of the analysis mentioned above, we can summarize that a proper MgO dosage is
beneficial for the metallurgical properties of pellet such as softening/melting properties, RSI and RDI
and so on. However, the strength of MgO flux pellet determined by the induration process appears to
gradually attenuate with the addition of MgO content. Hence, a detailed study about induration of
MgO flux pellet is a fundamental task to make MgO utilized efficiently. At present, the induration
process of MgO flux pellet is rarely reported. Unlike sinter agglomerated by the binding phase, pellet
induration is conducted maintaining the pellet in the solid state, which includes the oxidation of
Fe3O4 and the sintering densification of pellet [15,16]. These processes are the main reasons resulting
in the pellet’s shrinkage, densification and high strength. Similarly, Sandeep Kuma et al. [17,18]
reported that both the oxidation process of magnetite to hematite and the sintering process of hematite
are vital for pellet induration, the rates of these two processes not only depend on the thermal and
gaseous environment when the pellet gets exposed in the induration reactor, but also interdependent
on each other.

In the present work, the induration process of MgO flux pellet was analyzed and discussed in
aspects of oxidation process of Fe3O4 into Fe2O3 and densification process of pellet. Therefore, this
work actually consists of two parts, one is the influence of MgO on the oxidation of Fe3O4, and the
other is the influence of MgO on the densification of pellet. First of all, in order to clarify the effect of
MgO on the oxidation process of Fe3O4, the analytical reagent of MgO was used, and the analytical
reagent of Fe3O4 was also adopted instead of magnetite iron ore in oxidation experiments. It is because
that except for the iron oxide phase, the other gangue minerals also can be found in magnetite iron ore
such as SiO2, Al2O3 etc. These gangue minerals may affect the experimental results if the magnetite
iron ore is used as a raw material. Furthermore, an oxidation reaction model was proposed based
on the unreacted core model theory to specify the oxidation process of Fe3O4. Secondly, pelletizing
experiments using magnetite iron ore were also carried out in laboratory. The influence of MgO on the
densification of pellet was then studied by investigating the development of pellet pores during the
induration process. The target of this work is to reveal the induration mechanisms of MgO flux pellet
and provide a reliable control strategy of the induration process for the MgO flux pellet.
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2. Materials and Methods

2.1. Raw Materials

In the current work, in order to avoid the influence of other gangue minerals in magnetite iron ore,
the analytical reagents (MgO and Fe3O4) produced by Sinopharm Group (Beijing, China) were selected
instead of magnetite iron ore to prepare reagent ball and study the oxidation of Fe3O4 in the oxidation
experiments. The analytical reagent with a purity of 99.99% is pure enough to assure the accuracy of the
oxidation experiments. Besides, magnetite iron ore, bentonite, and light-burned magnesia (produced
by burning the magnesite in 850 ◦C for 1 h) were used for the pelletizing experiments to discover the
densification process of MgO flux pellet. The chemical composition of pelletizing materials is listed in
Table 1. Magnetite iron ore, Bentonite and light-burned magnesia contained in the pelletizing materials
were used for the Fe source, the binding media, and adjusting MgO content in pellet, respectively.
Actually, the light-burned magnesia is an MgO bearing flux prepared by an elementary roasting with
magnesite. The samples agglomerated with analytical reagent are named as reagent ball (base reagent
ball or MgO bearing reagent ball), while agglomerated with the magnetite iron ore, the bentonite, and
the light-burned magnesia are named as pellet (Non-MgO flux pellet or MgO flux pellet).

Table 1. Chemical composition of pelletizing materials for pellet, wt %.

Pelletizing Materials TFe MgO CaO SiO2 Al2O3 K2O + Na2O LOI

Magnetite iron ore 65.5 0.14 0.56 5.07 0.12 - -
Light-burned magnesia - 84.50 1.2 3.11 0.72 - 9.32

Bentonite 1.93 0.16 0.55 70.89 19.65 4.45 -

Note: LOI—loss on ignition.

The particle size of the pelletizing materials was analyzed using the MASTERSIZER2000 laser
particle size analyzer (Malvern Instruments, Malvern, UK) seen in Figure 1. At present, there is no
explicit ISO standard about the particle size of iron ore for pelletizing. In the national standard of
China [19], it is required that portion of the particles size less than 74 µm (−74 µm) should overtop 80%.
From Figure 1, the particle size of the pelletizing materials is fine enough to meet pelletizing demands.
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Figure 1. Particle size of pelletizing materials (a) magnetite iron ore; (b) light-burned magnesia;
(c) bentonite.

2.2. Experimental Methods

2.2.1. Oxidation Process of Fe3O4

To eliminate the influence of gangue minerals contained in magnetite iron ore, the analytical
reagents of Fe3O4 and MgO were chosen to prepare reagent ball. The preparing and firing of the
reagent ball were successively carried out.

(1) Preparing of the reagent ball. The reagent ball was prepared via pressing equipment (Q-500,
Shenyang Metals Equipment, Shenyang, China). Generally, the desired MgO dosage in pellet
production should not be too high so that the pellet can maintain a higher iron grade. Therefore, three
kinds of reagent ball including base reagent ball (w(Fe3O4) = 100%), 2.5% MgO bearing reagent ball
(w(Fe3O4)/w(MgO) = 97.5%/2.5%), and 5.0% MgO bearing reagent ball (w(Fe3O4)/w(MgO) = 95.0%/5.0%)
were designed to contrastively clarify the effect of MgO on the oxidation of Fe3O4. A general view of
the pressing reagent ball process is shown in Figure 2. The diameter of the reagent sample is 12 mm
and the weight of per reagent ball is 6 ± 0.2 g.
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Figure 2. Preparing process of the reagent ball.

(2) Firing of the reagent ball. The reagent ball was fired at oxidizing atmosphere to simulate
the induration process of pellet. The schematic drawing of equipment is shown in Figure 3. Electric
balance (ME204, Mettler Toledo, Zurich, Switzerland) was used to record the weight increment of
reagent ball in firing process. The relation between oxidation ratio of Fe3O4 (Y) and time (t) was then
plotted. The detailed experimental conditions are shown as follows. Firing temperature: 1250 ◦C;
weight of total samples: 120 ± 4 g (Totally, 20 reagent balls were adopted); Accuracy of balance:
0.0001 g; oxidizing gas flow (O2:N2 = 1:4): 15 L/min.
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The weight increment of the samples (reagent ball) is recorded during the experiments of oxidation
from Fe3O4 into Fe2O3. The detailed reaction is shown in Equation (1):
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(1)

According to above, wO = 232 × wa/8. Then, oxidation ratio of Fe3O4(Y) = wO/wTotal.
Where, wO is the oxidation mass of Fe3O4, wa is the weight increment, and wTotal is the total mass

of Fe3O4 calculated by designed reagent proportion.
Generally, the pore condition of iron ore green pellet (unfired) is an important dynamic condition

for its firing and indurating. Therefore, it should be noted that the pressure of preparing the reagent
ball was set on the basis of ensuring the similar porosity and pore distribution between the unfired
reagent ball and the iron ore green pellet, which is carried out to confirm the similar dynamic condition
during the fired induration for the reagent ball and the iron ore green pellet. The pressure condition
was finalized at 10 MPa for keeping 2 min according to the pore condition analysis by mercury injection
apparatus (Auto pore IV9500, Micromeritics, Norcross, GA, USA).

2.2.2. Preparing Pellet with Magnetite Iron Ore

Except for the oxidation experiments with reagents, the pelletizing experiments with the
pelletizing materials were carried out in laboratory. The pelletizing of iron ore is a consolidation
method to obtain a high-strength pellet. This method contains granulation of the mixed materials
(such as iron ore, bentonite, and flux) in a pelletizing disc, drying of green pellet, firing of green pellet,
and air cooling finally. The pelletizing process is summarized in Figure 4.

In the pelletizing experiments, the portions of the light-burned magnesia in the pellet were
designed at 0%, 1.5%, and 3.0%, the bentonite content in mixed pelletizing materials was kept at
a constant of 1.0%, and the magnetite iron ore portions were finalized according to the other two
pelletizing materials mentioned above to ensure the total proportion of three kinds of pelletizing
materials is 100%.
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Figure 4. Pelletizing process of iron ore pellet.

The pelletizing parameters are listed as follows:

(a) Producing green pellet. The main parameters in this step include, 8.0 ± 0.5% of moisture content
in mixed raw materials, 30 min of pelletizing time, and 12.0 mm of size for the green pellet;

(b) Drying of the green pellet. The green pellet is dried at 200 ◦C for 3 h in a drying oven (H-201,
Kexiang Instrument Equipment, Anshan, China);

(c) Firing of the green pellet. In order to physically simulate the firing process of grate-rotary kiln in
pellet plants, the dried pellet is put into a preheated muffle furnace (MF400, Great Wall Electronic
Furnace, Shenyang, China) at 900 ◦C, and then the temperature of furnace is increased to 1250 ◦C
and finally maintains at 1250 ◦C for 20 min. In addition, the air is blasted into the furnace in
1.2 L/min after the dried pellet is put in the furnace. The details of firing process are shown in
Figure 5;

(d) Cooling of the fired pellet. Following the process of firing, the pellet is air-cooled to ambient
temperature; the cooled pellet is so-called fired pellet;

(e) Compressive strength (CS) testing. The CS is detected according to the ISO4700 standard [19];
the general method is this: 64 selected pellets with diameter of 10–12.5 mm are tested in a
compressive tester, the two maximum values and two minimum values are deleted; the average
of the remaining 60 values is regarded as the final CS.

Minerals 2018, 8, x FOR PEER REVIEW  6 of 18 

 

 

Figure 4. Pelletizing process of iron ore pellet. 

The pelletizing parameters are listed as follows:  

(a) Producing green pellet. The main parameters in this step include, 8.0 ± 0.5% of moisture content 

in mixed raw materials, 30 min of pelletizing time, and 12.0 mm of size for the green pellet;  

(b) Drying of the green pellet. The green pellet is dried at 200 °C for 3 h in a drying oven (H-201, 

Kexiang Instrument Equipment, Anshan, China);  

(c) Firing of the green pellet. In order to physically simulate the firing process of grate-rotary kiln 

in pellet plants, the dried pellet is put into a preheated muffle furnace (MF400, Great Wall 

Electronic Furnace, Shenyang, China) at 900 °C, and then the temperature of furnace is increased 

to 1250 °C and finally maintains at 1250 °C for 20 min. In addition, the air is blasted into the 

furnace in 1.2 L/min after the dried pellet is put in the furnace. The details of firing process are 

shown in Figure 5;  

(d) Cooling of the fired pellet. Following the process of firing, the pellet is air-cooled to ambient 

temperature; the cooled pellet is so-called fired pellet;  

(e) Compressive strength (CS) testing. The CS is detected according to the ISO4700 standard [19]; the 

general method is this: 64 selected pellets with diameter of 10–12.5 mm are tested in a 

compressive tester, the two maximum values and two minimum values are deleted; the average 

of the remaining 60 values is regarded as the final CS. 

0 30 60 90 120
0

500

1000

1500
   Fired pellet 

   for cooling

15
o C

·m
in
-1   t

o 
 9

00
 

o C
 into furnace at 900

 o
C

Air Blasted:

 1.2 L/min

900
 o

C

    

  1250 
 o

C

10
o

C·m
in

-1   to
  1

250
o C

 

 

T
 /

 o

C

t / min

 Temperature-adding process

1250
 o

C

Air Atmosphere

 Put dryed pellet

20min

Firing

 

Figure 5. Firing system parameters. Figure 5. Firing system parameters.



Minerals 2018, 8, 389 7 of 18

2.2.3. Densification Process of Pellet

The quality of magnetite pellet is primarily determined by the physical-chemical changes that the
pellet undergoes as it makes excursion through the gaseous and thermal environment in the induration
furnace. Among these physical-chemical processes, the oxidation of magnetite phase and the sintering
of oxidized magnetite phase (hematite) are vital [17]. The reaction adheres to the following order:

Fe3O4 −→ Fe2O3

Cubic lattice Hexahedral lattice

Simultaneously, the lattice transits from the cubic lattice to hexahedral lattice when the magnetite
(Fe3O4) is oxidized to hematite (Fe2O3) [20], the volume of pellet gradually shrinks due to the sintering
action. Then the pellet is dense and becomes the fired pellet which can meet the requirements of the
BF process.

The pore parameters (porosity and pore distribution) for both the green pellet and the fired pellet
were tested by a mercury injection apparatus (Auto pore IV9500, Micromeritics, Norcross, GA, USA).
Effect of MgO on the densification process of the pellet was investigated according to the variation of
porosity when the green pellet was fired into the fired pellet. Oxide densification index (ODI) was
defined to describe the densification degree as Equation (2):

η =
|ε2 − ε1|

ε1
× 100% (2)

where, η: oxide densification index (ODI), %; ε1: porosity of green pellet; ε2: porosity of fired pellet.
Generally, The ODI (η) is higher, the densification degree of the pellet is better, and then the strength
of fired pellet may be favorable.

2.2.4. Reproducible Experiment

Reproducible experiments were carried out to improve the accuracy of the results. Both the
oxidation experiments and the pelletizing experiments were repeated twice. The arithmetic mean of
the two results was then used as the final result.

3. Results

3.1. Effect of MgO on the Oxidation Process of Fe3O4

The porosity and pore distribution for both the unfired reagent ball and the iron ore green pellet
were contrastively tested to determine the pressure condition of preparing the reagent ball. The pore
parameters and cross section images of two kinds of samples are shown in Figure 6. It is worthwhile
mentioning that each result of porosity in Figure 6a,b is repeated twice. The arithmetic mean of the two
results is used as the final result. The results in Figure 6a,b indicate that as the pressure of preparing
reagent ball is confirmed at 10 MPa for keeping 2 min, the pore distribution and porosity between the
unfired reagent ball and iron ore green pellet appears similar. One can also conclude from Figure 6c
that the cross sections of both the unfired reagent ball and the iron ore green pellet are of similarity.
It is consequently deemed that the reagent ball can well represent the iron ore pellet due to similar
dynamic conditions (pore conditions). The oxidation experiment results of reagent ball are suitable to
be referenced for iron ore pellet. In the study, we also pick up the conclusion that the porosity and
pore distribution of all sorts of the green pellet (different light-burned magnesia dosage) are similar
if the pelletizing materials (especially for iron ore and bentonite) are stable and the preparing green
pellet parameters are the same.
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Figure 6. Pore parameters and cross section image of the unfired reagent ball and the iron ore green
pellet (unfired): (a) unfired reagent ball; (b) Iron ore green pellet; (c) Cross section of unfired reagent
ball and iron ore green pellet.

The relation between the Fe3O4 oxidation ratio (Y) and time (t) for different MgO portions in
reagent ball is shown in Figure 7. It is concluded that as increasing of MgO from 0% to 5.0% the
oxidation rate of Fe3O4 is gradually slower, especially at the range of 0~4 min. The difference of the
oxidation ratio (∆Y) between the base reagent ball and 5.0% MgO bearing reagent ball becomes larger
in this range. MgO adversely affects the oxidation of Fe3O4.
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The unreacted core model was used to discuss the reaction process for the oxidation of Fe3O4.
Based on this model [21,22], the expression is shown in Equation (3):

t∗ = gFp(Y) + σ2
s pFp(Y) + σ2

s
2Y
Sh∗

(3)
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In Equation (3): t*, the time getting to oxidation ratio (Y), is the sum of three processes which is
controlled by three independent steps containing chemical reaction, internal diffusion, and external
mass transfer. Therefore, for the right side of Equation (3), the gFp(Y) is chemical reaction control
process; the σ2

s pFp(Y) is the internal diffusion control process; and the σ2
s

2Y
Sh∗ is the external mass

transfer control process.
Where, t∗ = bkCAb

ρβ

(
Ap

FpVp

)
t, Non-dimensional time; σ2

s = k
2De

(
Vp
Ap

)
, unreacted core modules

of shrinkage; Sh∗ = k
De

(
FpVp
Ap

)
, Modified Sherwood number; gFp(Y) and pFp(Y) are the function of

conversion percent (Y); gFpY = 1− (1−Y)1/Fp

pFP(Y) = Y2 Fp = 1
= Y + (1 + Y) ln(1−Y) Fp = 2
= 1− 3(1−Y)2/3 + 2(1−Y) Fp = 3

 (4)

Ap and Vp is the surface area and volume of the solid pellet. De is the diffusion coefficient. k is
the interface reaction rate constant. CAb is the gas-reactant concentration. ρβ is the density of the solid
pellet. b is the number of molecules {A(g) + bB(s) −→ P}. Fp is the shape factor of solid particles (for
the infinite plate, Fp = 1; for the cylinder, Fp = 2; for the sphere, Fp = 3).

In this work, some known parameters are obviously utilized. For example, the diameter is 12 mm,
the Ap and Vp can be calculated based on sample diameter, b = 4{O2(g) + 4Fe3O4(s) = 6Fe2O3}. Also,
some assumptions were designed as follows, (a) external mass transfer resistance is ignored, which
means that gas is easy to reach the surface of solid phase, so the σ2

s
2Y
Sh∗ in the right side of Equation (3)

is omitted; (b) The reagent ball is absolutely sphere and then the Fp = 3; (c) The ρβ is the same for all
kinds of reagent ball; (d) The exothermic oxidation in the oxidation experiments is ignored.

The relation between oxidation ratio of Fe3O4 (Y) and time (t) in 1250 ◦C was proposed base on
the unreacted core model shown in Equations (5) and (6):

base reagent ball: t = 49.93 − 14.50 × (1 − Y)1/3 − 110.57 × (1 − Y)2/3 + 75.35 × (1 − Y) (5)

5.0% MgO bearing reagent ball: t = 60.21 − 22.17 × (1 − Y)1/3 − 126.08 × (1 − Y)2/3 + 85.23 × (1 − Y) (6)

In order to verify the accuracy of the model, verification experiments were carried out. Under
the condition of the model above, both the base reagent ball and 5.0% MgO bearing reagent ball were
fired for 35 min. Then two kinds of samples were taken out to test the chemical composition. Based on
the remaining Fe3O4 content of the fired samples in the verification experiments, it could obtain the
oxidation ratio of Fe3O4 (Y) which is 92.06% for base reagent ball, and 96.26% for 5.0% MgO bearing
reagent ball. Comparably, according to the unreacted core model shown in Equations (5) and (6),
the calculated value of Y is 92.47% for base reagent ball, and 95.93% for 5.0% MgO bearing reagent ball.
Obviously, the experimental data and calculated values by the model are coincidentally well. Therefore,
the unreacted core model can well describe the oxidation of Fe3O4 in the pellet induration process.

Furthermore, it can be calculated from Equations (5) and (6) that the oxidation of Fe3O4 for the
base reagent ball will be completed at 49.93 min, while this value goes to 60.21 min for the 5.0% MgO
bearing reagent ball. These results substantively verify the conclusion that MgO adversely affects
the oxidation of Fe3O4. Moreover, The XRD analyses were performed to determine the main phase
changes in the oxidation process. For convenient contrast, the reagent balls were fired at the same
time (15 min). The XRD pattern is shown in Figure 8. It can be seen from Figure 8 that the Fe2O3 peak
strength of base reagent ball is stronger than that of 5.0% MgO bearing reagent ball. Obviously, some
of Fe3O4 is still un-oxidized in 5.0% MgO bearing reagent ball, the MF phase {(Fex·Mg1−x) O·Fe2O3,
x = 0.36} is of existence.
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Figure 8. XRD patterns of reagent ball (fired for 15 min).

The presence of MF phase is also proven by the SEM analysis result with the 5.0% MgO bearing
reagent ball in Figure 9. Figure 9b,c proves that the elemental Fe and elemental Mg coexists in a mutual
solution way, then generates MF phase shown in Figure 9e.
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Figure 9. SEM photo and element distribution of 5.0% MgO bearing reagent ball (a) SEM photo; (b) Fe
element; (c) Mg element; (d) O element; (e) EDX analysis of/point.

The fired pellet in pelletizing experiments was polished and observed by optical microscopy (Axio
Imager M2M, ZEISS, Oberkochen, Germany). The metallographic of the pellet is shown in Figure 10.
In the figure, “A” phase (pale-white) is hematite (Fe2O3); “B” phase (brown-gray) is magnetite and MF
phase—{(Fex·Mg1−x) O·Fe2O3}; and “C” phase (charcoal-gray) is gangue minerals. It is seen that: (1)
For Non-MgO flux pellet (Figure 10a), the recrystallization of Fe2O3 has done completely; (2) For MgO
flux pellet (Figure 10b,c), the Fe2O3 crystals is relatively less and uneven.

In order to pick up the detailed quantitative of each mineral phase in the iron ore pellet, the color
aberration method via a software (Image-pro plus 6.0, Media Cybernetics, Rockville, MD, USA) was
adopted. Actually, the color aberration method is a statistical calculation method.
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For convenient explanation of color aberration method, a concrete example is shown in Figure 11.
According to the color difference of each phase in Figure 11a, the software will compute the portion of
each phase with different color (Red, Yellow, and Green) in Figure 11b–d.
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Figure 11. An example of color aberration method.

Based on the color aberration method, the detailed quantitative of the mineral composition in the
pellet can be obtained. Here, it is remarkable that four samples for each kind of pellet are selected for
analysis via the color aberration method, and the arithmetic mean value of the four results is used as
the final result. The standard deviation of the hematite portion using color aberration method is 2.39%.
The detailed mineral composition of different MgO dosage pellet is shown in Figure 12. Figure 12
illustrates that as the portion of light-burned magnesia increases from 0% to 3.0%, the hematite (Fe2O3)
content decreases gradually from 85.22% to 72.34%, and the magnetite and MF phase content increases
from 5.27% to 17.83%. These results indirectly prove that the MgO dosage restrains the oxidation of
Fe3O4 into Fe2O3.
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Figure 12. Effect of light-burned magnesia dosage on the mineral composition of iron ore pellet.

Summarily, both the oxidation experiments with reagent ball and the pelletizing experiments with
magnetite iron ore have proven that MgO negatively affects the oxidation of Fe3O4; this phenomenon
is unfavorable for the pellet induration process.

3.2. Effect of MgO on the Densification Process of Pellet

Effect of MgO on the pellet densification was investigated based on the changes of porosity and
pore size distribution between the green pellet and fired pellet. The experimental results are shown
in Figure 13. It should be noted that the porosity of the first sample is tested four times to obtain the
standard deviation of the testing (here is 1.03%), which means that the testing accuracy of porosity is
higher enough. Therefore, for the other samples, each testing result of porosity is repeated twice and
finalized in the arithmetic mean of the two results.

Figure 13 shows that during the induration process (from green pellet to fired pellet), both the
pore size and porosity of the pellet decrease gradually, the structure of the pellet becomes dense.
The pore-shrinkage and densification of MgO flux pellet are lower. For example, the porosity of
Non-MgO flux pellet (fired pellet) decreases by 16.05% compared with that of green pellet and the
pore size of fired pellet mainly distributes in 0–10 µm (Figure 13a). However, the porosity of MgO
flux pellet decreases by 9.03% and the pore size of the fired pellet mainly distributes in 10–20 µm
(Figure 13c). Moreover, as the proportion of light-burned magnesia increases from 0% to 3.0%, the pore
size of the fired pellet obviously increases and the porosity increases from 18.61% to 24.77%.

Oxide densification index (ODI) of the pellet calculated by Equation (2) is shown in Figure 14.
It is indicated from Figure 14 that the ODI (η) decreases from 46.3% to 26.7% with the increasing of
light-burned magnesia portion from 0% to 3.0%. There is no doubt that MgO plays a negative role in
the densification process.
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Figure 13. Variation of porosity and pore distribution of the pellet during the induration process (a) 0%
of light-burned magnesia; (b) 1.5% of light-burned magnesia; (c) 3.0% of light-burned magnesia.
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Figure 14. Effect of MgO on ODI (η) of the pellet.

MgO adversely affects the oxidation process of Fe3O4. Also, MgO has a drawback to reduce
the densification process of the pellet. The macroscopic phenomenon is that the strength of MgO
flux pellet appears lower. The enhancing process of compressive strength (CS) was studied and the
results are shown in Figure 15. The enhancing rate of CS for the MgO flux pellet (1.5% and 3.0% of
light-burned magnesia) is slower than that for the Non-MgO flux pellet (0% of light-burned magnesia).
It takes 20 min for Non-MgO flux pellet to obtain the desired CS (>2500 N/pellet [19]), while 35 min is
needed for producing desired MgO flux pellet (3.0% of light-burned magnesia). Therefore, prolonging
the induration time is an available method to obtain desired CS for producing the MgO flux pellet.
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Figure 15. Enhancing process of pellet CS for different MgO dosage.

4. Analysis and Discussion

It is acknowledged that both the oxidation of magnetite (Fe3O4) into hematite (Fe2O3) and the
sintering of hematite are important for pellet induration process. The lattice will also transit from cubic
lattice to hexahedral lattice when the Fe3O4 is oxidized to Fe2O3. Because of sintering action and the
lattice transition, the inner structure of pellet appears compact gradually and obtaining high strength.
However, the MgO is found to impede the oxidation of Fe3O4 and then weak the densification behavior
and lead to lower pellet strength. From Fe2O3-MgO phase diagram [23] shown in Figure 16. It is
proven that the presence of MgO will low the temperature of which the hematite dissociates back into
the magnetite, which means that the presence of MgO will make the dissociated temperature lower
from hematite to magnetite or magnesioferrite (MF phase), and therefore, result in restraining the
oxidation of magnetite (Fe3O4) into hematite (Fe2O3).
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The Fe2+ and Mg2+ can achieve a solid solution in the fired temperature of pellet (dotted line
rectangle in Figure 16), which is also proved by the SEM analysis of MgO flux pellet in Figure 17.
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Figure 17 shows that most of the elemental Mg and elemental Fe distribute almost uniformly in iron
oxide phase. That means the elemental Fe and elemental Mg coexists in the pellet in a mutual solution
way. There is a reaction between MgO and Fe3O4, which will produce MF phase—{(Fex·Mg1−x)
O·Fe2O3}. It has been also found for MF—{(Fex·Mg1−x) O·Fe2O3, x = 0.36} in 5.0% MgO bearing
reagent ball as shown in Figure 8, which is in accord with the phase diagram. The appearance of MF
phase means that a part of Fe2+ is actually un-oxidized, which may result in the oxidation of Fe3O4

into Fe2O3 is impeded in a way. In addition, the MF phase has the same reverse spinel structure as
the magnetite [10]. Consequently, the crystal transition from Fe3O4 to Fe2O3 existing in acid pellet is
inhibited by MF phase. It may cause the uncompleted Fe2O3 recrystallization, limit the filling action of
Fe2O3 crystal for the inner pore of pellet, and finally prevented the shrinkage and densification of the
fired pellet. Therefore, MgO adversely affects the densification of pellets.
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In addition, it is generally acknowledged from the material mechanics theory that the material
properties will be determined by the material inner structure [24,25]. In this article, it has been proven
that the pore structure of a fired pellet changes gradually and porosity increases from 18.61% to
24.77% when the light-burned magnesia dosage increases from 0% to 3.0%. According to the Griffith
micro-crack theory [25], the relationship between the critical rupture stress (σ) and the elastic modular
ratio (E) (i.e., the ratio of a normal stress to the corresponding normal strain) can be expressed as
Equation (7):

σ = Z

√
Eγ

C
(7)
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where σ is the critical rupture stress (MPa); E is the elastic modular ratio (MPa); Z is a correlation
coefficient that is determined by the size and shape of the sample and its crack (dimensionless); γ is
the surface energy (J); and C is the half-length of the crack (m).

The empirical formula expressing the relationship between the elastic modular ratio (E) and the
porosity (ε) is shown in Equation (8) [26]:

E
E0

= 1− K1ε + K2ε2 (8)

where E0 is the elastic modulus ratio of a sample without any pores (MPa); K1 and K2 are constants
determined by the shape and direction of the cracks (dimensionless); ε is the porosity (%). If the ε is
relatively small, the last term K2ε2 in Equation (8) can thus be ignored. Therefore, the relationship
between the critical rupture stress (σ) and the porosity (ε) can be then expressed as Equation (9):

σ = Z

√
E0(1− K1ε)γ

C
(9)

Equation (9) shows that the critical rupture stress (σ) decreases when the porosity (ε) of a pellet
increases and the compressive strength of the pellet will consequently be diminished. additionally, if
the pores are not evenly distributed in a pellet, they will assemble at the boundary of crystal grains,
which may result in assembly stress, a bigger half-length (C) of pores in a pellet, eventually, a lower
critical rupture stress (σ). Therefore, an increase in MgO content may result in an increase in the
porosity of pellet; subsequently cause a decrease in the CS of the fired pellet.

In summary, some researches and trial practices [4,27,28] have shown that the improvement of
metallurgical properties, such as softening and melting properties, reduction swelling index (RSI), and
low-temperature reduction disintegration (RDI) can be well achieved through MgO addition in the
pellet. However, the results in current work indicate that MgO has a negative influence in the oxidation
of Fe3O4 into Fe2O3, MgO is also found to inhibit the densification of pellet. Besides, in a previous
study, Gao et al. stated that [29] MgO can rapidly diffuse and dissolve into Fe3O4; the diffusion rate
can get to 13.64 µm·min−1 at 1250 ◦C, which means that MgO can diffuse into a 74 µm magnetite
iron ore particle in just 5 min. Generally speaking, the induration time of pellet nowadays is much
longer than 5 min and adequate diffusion and reaction of MgO in pellet can be fulfilled effectively.
Consequently, targeting to obtain enough induration degree and better metallurgical properties, the
advisable decisions containing the MgO content, the proper firing time and firing temperature should
be made with comprehensive consideration. The goal is to not only use the positive effect of MgO
on the metallurgical properties, but also to avoid its negative influence on the induration of pellet.
Foreseeability, the MgO flux pellet will be a prospective candidate for ironmaking charging if both the
merits and drawbacks of MgO existing in MgO flux pellet can be well handled.

5. Conclusions

For the purpose of obtaining the induration mechanisms of MgO flux pellet, both the oxidation
process of Fe3O4 into Fe2O3 and densification process of pellet were studied. The main findings are
summarized as follows:

(1) MgO is found to adversely affect the oxidation process of Fe3O4. The oxidation rate of Fe3O4 for
the MgO bearing reagent ball (w(Fe3O4)/w(MgO) = 95.0%/5.0%) is slower than that for the base
reagent ball (w(Fe3O4) = 100%).

(2) Based on the unreacted core model, the relationship between the oxidation ratio of Fe3O4(Y) and
time (t) was proposed. The calculated results coincide well with the experimental data according
to the verification experiments. The unreacted core model is therefore suitable to discuss the
oxidation of Fe3O4 in pellet induration process.



Minerals 2018, 8, 389 17 of 18

(3) The densification of the pellet is limited after the addition of MgO. The oxide densification index
(ODI) of MgO flux pellet is lower compared with that of Non-MgO flux pellet, which makes CS
of the MgO flux pellet maintain at a lower level.

(4) MgO negatively affects pellet induration and then restrains the pellet strength. However,
prolonging the fired time and adjusting the MgO dosage are available to overcome these
drawbacks. Therefore, the MgO flux pellet will be a prospective candidate for ironmaking units
if an appropriate balance can be made between the merits and drawbacks of MgO flux pellet.
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