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Abstract
In the current operational facility, due to the absence of pellet pot facility, a novel technique is developed wherein the pellets with 
different chemistries prepared in the laboratory are fired in an induration machine by placing them inside the Inconel baskets. In the 
present work, an attempt is made to optimize the pellet chemistry by developing 2 different flux pellets, viz., low basicity (B2: CaO/
SiO2 = 0.3) pellets and high basicity (B2 = 0.9) pellets, and further the effects of basicity on pellet properties, viz., cold compressive 
strength, porosity, swelling index, reducibility index, and softening and melting temperature, are studied. It has been found through 
the multiple operational trials that increasing the basicity of pellets from 0.3 to 0.9 results into improving the pellet strength, reduc-
ibility and softening and melting characteristics. Moreover, it is observed that the swelling index of pellets is reduced by adding 
2% MgO to both low and high basicity pellets that could be attributed to the formation of high melting point slag in pellets. The 
operational trial has resulted into producing pellets that exhibit a combination of desired mechanical strength, improved swelling, 
and reducibility index and possess better softening–melting behavior among all the chemistries studied.
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1  Introduction

The iron-ore beneficiation process generates inevitably huge 
quantity of fines. These fines cannot be directly charged 
into the blast furnace as fines hinder the gas movement that 

undesirably causes adverse effects inside the blast furnace. 
Therefore, these fines are agglomerated into sinter and pel-
lets and thereby are preferably charged into the blast furnace 
as a potential substitute to consume iron-ore fines gener-
ated during the beneficiation process. The sinter and pel-
lets are the potential charge due to their shape and size that 
favors the gas movement and promotes desired permeability 
required for the stable blast furnace operation. The metal-
lurgical characteristics of raw materials (sinter, pellets, and 
lump ore) are very different and hence they behave differ-
ently in the blast furnace under the same reducing condi-
tions. The present work is focused on producing the pellets 
suitable for the blast furnace charge. The pelletizing process 
consists of a 2-step operation. The stage I consists of grind-
ing iron ore in wet or dry ball mill, followed by mixing of 
raw materials in vertical or drum mixture, and subsequently 
forming the green pellets in drum or disc pelletizer with the 
addition of binder and moisture to achieve the necessary 
green ball strength. The stage II consists of firing of the 
fragile green balls either in the kiln or in straight grate to 
produce fired pellets with desired properties suitable for the 
blast furnace smelting process. The quality of fired pellets 
broadly depends on the type of ores, green pellet quality, 
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type and amount of binders, fluxes used, and subsequent 
treatment employed during the firing process [1]. High-
temperature metallurgical properties of fired pellets depend 
on their chemistry, induration conditions, raw material char-
acteristics, and porosity. Therefore, pellet chemistry plays a 
vital role in controlling their behavior during its reduction in 
blast furnace [2]. Many studies are conducted to improve the 
high-temperature properties of pellets, like varying the size 
of fluxes and solid fuels, lowering of induration temperature, 
fluxing pellets with CaO and MgO bearing fluxes [3–7].

Fluxes such as limestone, dolomite, pyroxenite, mag-
nesite, and quartzite are added to the blast furnace bur-
den to control its slag chemistry [8–10]. However, the 
earlier studies have reported that addition of the carbon-
ate fluxes like limestone and dolomite directly into the 
blast furnaces affects the blast furnace performance [11]. 
Also, with a rapid increase in the production rate of pel-
lets in India, the increase of pellet proportion in blast 
furnace burden is inevitable. Therefore, the sinter basic-
ity needs to be changed frequently if the pellets are being 
produced with low flux addition to control the blast fur-
nace slag chemistry. However, looking into the sinter 
properties, there is a limitation to control sinter basicity 
and MgO content, which means addition of excess fluxes 
in sinter is limited. Therefore, addition of some part of 
fluxes into pellets becomes an essential countermeasure. 
Many studies have reported the effect of basicity and 
MgO on the properties of agglomerates, and the results 
show that adding a satisfactory amount of fluxes has 
improved the pellet properties [12–16]. In fluxed pel-
lets, the bonding between the particles is achieved by 
the quantity of silicate melts formed during the indura-
tion that primarily depends on the amount of CaO and 
MgO content in the pellet. In fluxed pellets with a high 
amount of MgO, the formation of magnesio-ferrite and 
magnesio-silico ferrite takes place when MgO enters the 
magnetite lattice, while CaO reacts with silicate to form 
slag and with iron oxide to form calcium ferrite which 
allows crystal growth at substantially lower temperature. 
These slags help to bond the pellets to enhance the pellet 
strength [17–19]. An earlier work, reported by Sugiyama 
et al. and Lingtan et al., noted that increasing the MgO 
content in the form of magnesite/olivine increases the 
reducibility, and decreases the swelling because MgO 
increases the melting point of slag [20–26]. Dwarapudi 
et al. have reported the role of MgO and basicity on the 
pellet quality. It has been reported that by adding CaO 
in the form of limestone and by adding MgO in the dif-
ferent form (dolomite, pyroxenite, or magnesite), RDI is 
improved as basicity is increased, and by adding MgO, 
the swelling property is decreased because of the forma-
tion of low FeO slag that can resist reduction stress [17, 
22, 23].

Most of the reported research were carried out either by 
varying the CaO or MgO content in pellet. However, there 
is limited information available about the influence of vary-
ing CaO and MgO content up to 3.7% and 2.4% respectively 
on the quality of pellets, which are important for maintain-
ing the pellet quality. Moreover, the experimental trials are 
usually performed in laboratory, where the green pellets are 
first dried in an oven and the dried pellets are fired either in 
maffle furnace or rotary hearth furnace which are electrically 
heated either in absence or presence of air flow across the 
pellet bed, whereas the actual plant process are much dif-
ferent from the laboratory-based experimental trials. Few 
researchers have also reported the firing of green pellets in 
pot grate facility [27–29]. The pot grate is a pilot facility 
where the green pellets are fired according to a defined heat-
ing and cooling cycle (i.e., drying rate, heating rate, and 
cooling rate) which simulate the actual condition which 
occurs in a pellet induration machine. The advantage of pot 
grate over other heating method is that it helps in evaluating 
the effect of different ores, additives, and firing condition 
for fired pellet quality. It is important to note that there is 
no considerable literature reporting firing of laboratory pre-
pared green pellets in induration furnace of pellet plant using 
Inconel baskets. This method is a novel way for firing the 
green pellets in absence of pellet pot facility to simulate the 
actual firing condition inside the induration machine in the 
plant. In the present work, an effort is made to develop pel-
let, by exploring the pellet chemistry at higher basicity and 
high CaO and MgO levels. Pellet properties were studied at 
two basicity (B2) levels, viz., 0.3 and 0.9, and varying the 
MgO content up to 2.0% and 2.4% by addition of limestone 
and olivine fluxes.

Table 1 shows the comparison between various available 
methods for firing of lab-prepared green pellets. Different 
pellet plants have different methods for firing of green pellets 
and most of the plants use muffle furnace. But the disadvan-
tage of this method over pot grate is that the pellets inside 
muffle furnace are not subjected to the same condition as 
that in actual plant. To overcome this drawback, Inconel 
basket method is developed, in which pellets are fired inside 
the actual plant and thus the pellet quality is comparable to 
pellets produced in actual plant.

1.1 � Experimental

1.1.1 � Raw Materials

Material for the test work is collected directly from the 
grinding unit of the pellet plant to match the plant grind-
ing condition. A representative sample post-grinding is col-
lected, i.e., ground ore concentrate (GOC), and coning and 
quartering technique is conducted to get the composite sam-
ple for the test work. Blaine number of the composite sample 
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measured was 3260 cm2/g. Along with GOC, bentonite 
(− 75 μm), limestone (− 10 mm), and olivine (− 5 mm) are 
used for preparing the green pellets. Limestone and olivine 
are ground separately in a laboratory ball mill to get the 
required fineness for pelletizing. GOC already has a carbon 
content of 1.1% as the plant has a dry co-grinding facility to 
grind coal and fluxes along with iron ore fines. Size analysis 
of GOC and other raw materials used is given in Table 2 and 
chemical analysis in Table 3.

1.1.2 � Trial Plan

To study the effect of MgO content and basicity on pellet 
quality, pellets were prepared with two sets of basicity, 
i.e., 0.3 and 0.9 respectively, with varying MgO from 
0.77 to 2.4%. Raw material mix proportion used for pre-
paring green pellets with varying MgO contents along 
with basicity (CaO/MgO) and the chemical composition 
of green pellets are shown in Table 4. Ground ore con-
centrate as collected from plant is made as base 1 pellet 
batch whereas other pellet batches (i.e., base 2, trial 1, 

2, and 3) were made by adding fluxes as per the plan to 
change the basicity and MgO contents.

1.1.3 � Green Pellet Preparation

Green pellets were prepared from the mixture of ground 
ore concentrate, limestone, and olivine using a labora-
tory-scale pelletizing disc of 0.6 m in diameter and 0.2 m 
rim depth, rotational speed at 27 rpm and inclined at 45° 
horizontally. The green pellets were obtained at sizes of 
10 to 12.5 mm in diameter by screening and the moisture 
of green pellets was about 8–9%. For all set of trials, 
bentonite dosage was fixed at 0.5% of dry ground ore 
concentrate. Bentonite acts as a binder. It is a water-
soluble binder, which governs the green pellet strength. 
By varying the bentonite addition, green ball strength 
will also vary, which in turn will affect the fired pellet 
quality. Green pellets were tested for their drop strength, 
green compressive strength, and moisture content as 
shown in Table 5.

Table 1   Comparison between different methods for firing green pellets

Methods for firing lab 
prepared pellets

Parameters

Used for 
designing of 
plant

Used for testing of 
new raw materi-
als

Possibility of 
changing process 
variable

Simulation of 
operating 
plant

Uniformity of 
fired pellet 
quality

Similarity in quality 
of fired pellet with 
actual plant pellets

Pot grate ✔ ✔ ✔ ✔ ✔ ✔
Inconel basket in plant ⨯ ✔ ✔ ✔ ✔ ✔
Muffle furnace in lab ⨯ ✔ ⨯ ⨯ ⨯ ⨯

Table 2   Chemical composition 
of the material used for 
pelletizing

*LOI, loss on ignition

Materials Constituents, wt%

Fe(T)% SiO2% Al2O3% CaO% MgO% LOI%*

Ground ore con-
centrate

62.08 2.53 2.39 1.0 0.73 4.32

Limestone 0.26 1.92 0.12 50.5 4.97 42.71
Olivine 4.57 43.42 0.38 0.54 47.08 1.2
Bentonite 9.08 43.82 14.19 1.66 2.74 21.64

Table 3   Particle size 
distribution of the ground raw 
material used for pelletizing

Materials Size analysis, wt%

 + 150 µm  − 150 + 75 µm  − 75 + 63 µm  − 63 + 45 µm  − 45 µm

Ground ore 
concentrate

12.89 9.00 6.33 4.57 67.21

Limestone 3.10 8.90 8.60 13.00 66.40
Olivine 10.74 9.87 4.90 10.68 63.80
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1.1.4 � Pellet Firing Using Inconel Basket

In the absence of pellet pot grate facility, to simulate the 
firing condition of pellet plant indurating machine, the pel-
lets are fired in pellet plant induration furnace using Inconel 
basket of size (100*100*100 mm) shown in Fig. 1. The steps 
for Inconel basket testing are shown in Fig. 2. The testing 
is done with an objective of evaluating new materials (like 
iron ore mix, different additives, binders, solid fuel etc.). 
The fired pellet obtained will be then tested for their chemi-
cal, physical, and high temperature properties. Based on 
the result, same changes can be then applied into the actual 
plant. Induration furnace consists of four zones, i.e., dry-
ing, preheating, firing, and cooling. Ambient air is supplied 
from cooling zone for creating oxidizing atmosphere inside 
the furnace. Hot air from firing zone is recirculated in dry-
ing and preheating zone to facilitate drying of moist pellets 
while the pallet car travels from drying to cooling zone. Dur-
ing this trial, five numbers of cubical Inconel baskets are 
filled with green pellets according to the experimental plan 
and are kept at the center of the pellet bed 100 mm above the 

hearth layer. Baskets are charged into the induration furnace, 
in a pallet car at the feeding station while the induration 
machine is running at a stable condition and the pallet car is 
marked for its tracking as shown in Fig. 3. Once the marked 
pallet car crosses the cooling zone of induration furnace, 
the machine is stopped in such a way that the marked car is 
placed in between the cooling zone and discharge bin hood. 
The baskets are removed from the car with the help of a 
shovel. The corresponding operating parameters of indura-
tion furnace during the trial are shown in Table 6.

1.1.5 � Physical and Metallurgical Testing of Pellets

Fired pellets are tested for their cold compressive strength 
(CCS), porosity, swelling index, reducibility index (RI), and 
softening–melting characteristics. CCS and swelling index 
are tested as per IS 8625:1986 and IS 8624:1995 respec-
tively. RI and porosity are tested as per TS000:2014 and 
ASTM D4404-10 respectively. Softening and melting test 
is conducted as per the procedure mentioned by Dwarapudi 
et al. [22]

2 � Results and Discussions

2.1 � Fact‑Sage Studies

In this work, the ‘equilibrium’ module of the thermo-
dynamic software, Fact-Sage (v6.2), is used to investi-
gate the effect of flux type and dosage on melt formation 

Table 4   Experimental plan 
showing raw material mix 
proportion and chemistry of 
green pellets

Unit Base 1 Base 2 Trial 1 Trial 2 Trial 3

Material
GOC % 100 100 100 100 100
Olivine % 0 1.32 3.45 2.21 3.06
Limestone % 0 0.02 0.58 4.75 5.42
Bentonite % 0.5 0.5 0.5 0.5 0.5
Chemistry of green pellets
Total Fe % 64.67 63.85 62.40 61.64 60.94
CaO % 1.05 1.05 1.32 3.38 3.68
MgO % 0.77 1.40 2.40 2.00 2.40
SiO2 % 2.85 3.40 4.26 3.76 4.09
Al2O3 % 2.46 2.43 2.48 2.45 2.43
Basicity (CaO/SiO2) Ratio 0.37 0.31 0.31 0.90 0.90

Table 5   Green pellet quality 
of pellets with different 
chemistries

Base 1 Base 2 Trial 1 Trial 2 Trial 3

Drop number 4.8 5.2 6.2 6.4 7.4
Green crushing strength, kg/pellet 2.5 1.7 2.5 2.1 1.9
Green pellet moisture, % 7.0 7.2 7.5 7.6 7.4

Fig. 1   Inconel baskets (100*100*100 mm)
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and final phases in a pellet. Calculations are based on 
the principle of minimization of Gibbs free energy. 
Table 3 shows the composition of the pellet mixes used 

for thermodynamic simulations. The temperature of ini-
tial melt formation (TIM) and the amount of liquid melt 
formed during pelletizing are known to have a significant 
impact on the quality of pellets [30, 31] Hematite, sili-
cate, and magnetite (in fluxed pellets) are the predomi-
nant phases in pellets and are formed as a result of several 
physicochemical reactions that take place during pelletiz-
ing. The relative amounts of these phases depend on vari-
ous parameters such as the gangue content (CaO, MgO, 
SiO2, and Al2O3) of iron ore, the amount and type of flux 
added to the pellet mix, the amount of solid fuel used in 
the pellet mix, and the maximum temperature experienced 
by the pellets during induration. In Fact-Sage study the 
amount of melt phase formed within the pellet at peak 
induration temperature is determined and is correlated 
with the four-component basicity B4, i.e., (CaO + MgO)/
(SiO2 + Al2O3). Figure 4 shows the relationship between 
the amount of melt at maximum temperature and the 
basicity of the pellet mix. It can be observed that the 
amount of melt increases with an increase in basicity 
B4 and this could be attributed to the increase in sili-
cate phase with increase in pellet basicity [31]. And, with 
higher basicity and higher MgO level, the temperature of 
initial melt has also increased (Fig. 5). It is interesting 
to note that the amount of melt is higher even at higher 
MgO levels (> 2%) because MgO is known to increase the 
temperature of melt formation [30].

2.2 � Microstructural Phase Quantification

Optical images of fired pellets (pellets A and B) with basic-
ity 0.3 and MgO 1.4 and 2.4 MgO respectively are shown in 
Fig. 6. The phase quantification of fired pellets revealed that 
hematite, silicate melt, magnesioferrite, and unreacted oli-
vine are the major phases, as shown in Table 7. It is observed 
that the porosity of the pellets increased with increase in 
MgO content. The increase in porosity is due to the forma-
tion of more high-temperature magnesio ferrite slag bonds. 
It was also inferred from microstructural quantification that 

Raw material preparation

Green ball preparation in laboratory

Testing of green pellet properties

Firing of pellets at pellet plant furnace in 

Inconel basket

Testing of fired pellets

Is green pellet 

properties in acceptable 

range

Is fired pellets 

properties in acceptable 

range

No

Yes

No

Yes

Fig. 2   Steps followed in Inconel basket testing

Fig. 3   Pictorial view of basket 
charging and retrieval point

Point of basket 
feeding into 
green pellet bed

Pictorial view of induration furnace

Basket 
collection point 
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magnesioferrite content in the pellet increased with increase 
in MgO content in fired pellets. The increased magnesiofer-
rite may be attributed to the more availability of MgO to react 
with Fe2O3 [30].

2.3 � Cold Compressive Strength

Cold compressive strength indicates the ability of pellets to 
withstand the load during their transportation, storage, and 
load of burden material in blast furnaces. Figure 7 shows 

that CCS of pellets with different chemistries are above the 
acceptable limit for the blast furnace. Pellet CCS shows a 
good correlation with the amount of melt formed in the pel-
lets at peak firing temperature (1320 °C) and it is inversely 
proportional to the porosity of pellets as shown in Figs. 7 
and 8. Pellet CCS increases with an increase of melt phase 
up to 10–12% and with further increase in melt phase it 
decreases. This could be attributed to formation of more slag 
bonds as compared to oxide–oxide recrystallization bonds as 
pellet matrix get weakens with the formation of excess melt 
and results in lower strength [30]. Figure 8 shows the pellet 
CCS and porosity as function of TIM. With increase in the 
TIM, the porosity is found to increase, and CCS decreases. 
This could be attributed to the delay in the melt formation 
as the pores inside the pellet are not fully filled with melt 
phase leading to high amount of open porosity leading to 
lower strength.

2.4 � Swelling Index

Swelling of iron ore pellets takes place during their reduction 
from hematite to magnetite and wustite in the blast furnace. It 
can be mainly attributed to the increased volume requirements 
for the anisotropic growth of magnetite (111) planes paral-
lel to the hematite (0001) planes [32]. Swelling is related to 
the strength of the slag phase to resist the stress developed in 
individual oxide particles during the reduction process. A high 
melting point slag would produce enough bonding strength to 
limit swelling and a low melting point slag enhances swell-
ing. Figure 9 shows the swelling index of pellets with different 
chemistries. At basicity of 0.3 and 0.9, swelling index decreases 
with increases in MgO content and remains within the accept-
able control limit. Low swelling index of pellet with an increase 
in MgO content can be compared with the earlier studies of 
Onoda et al. that have reported that the addition of MgO to 
pellets increases the melting point of the slag or silicate melt 
formed between the oxide particles [32], but higher porosity, 
on the other hand, increases the swelling due to the more open 
structure of pellets for the reducing gas as observed in trial 3.

2.5 � Reducibility Index

Reducibility of the pellet is one of the important parameters 
along with the other properties. It is defined as the measure 
of the ability of pellet for transferring oxygen during indirect 
reduction in the blast furnace. By improving the reducibility of 
pellets, indirect reduction in blast furnace could be improved 
leading to better performance of blast furnace. Figure 10 shows 
the effect of basicity and MgO on the reducibility of pellets. 
Pellets with basicity 0.3 have shown an increase in reduc-
ibility index with the increase in MgO content. Pellets with 
basicity 0.9 have also exhibited high reducibility index but 
further increase in MgO content from 2 to 2.4% has lowered 

Table 6   Inconel basket testing philosophy

Parameters UoM Values

Feed rate tph 900
Machine speed m/min 6
Bed height mm 430
Firing temperature °C 1310
Burn through temperature °C 420
D R main temperature °C 850

Fig. 4   Correlation between basicity and % melt formation in pellet

Fig. 5   Temperature of initial melt formation (TIM) in pellets with dif-
ferent chemistries
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the reducibility index. This could be attributed to the higher 
TIM of trial 2 pellets than the trial 3 pellets, as showed in Fig. 5. 
During reduction process, the slag got soften and retards the 
reduction process by resisting the reducing gas flow within 
the pellet. Pellet with high MgO content, forms high melting 
point silicate melt between iron oxide grains which does not 
soften at reduction temperatures and keeps the pores open for 
reducing gas thereby enhancing reduction could be attributed 
to this improved reducibility of pellets [30].

2.6 � Softening and Melting Characteristics

Softening and melting test is used to evaluate the performance 
of ferrous burden in the cohesive zone of a blast furnace. Sof-
tening and melting properties are affected by low melting point 
liquidus phase that is formed between the wustite and slag 
phase during reduction [30]. Figure 11 shows the softening and 
melting temperatures of pellets with different chemistries. Pel-
lets with basicity 0.9 exhibited superior softening temperatures 
in the range of 1115 to 1121 °C whereas pellets with basicity 
0.3 have shown relatively lower softening temperature in the 
range of 1072 to 1114 °C. This could be due to fact that MgO 
increases the melting point of slag. During reduction, MgO 
forms a solid solution with wustite called magnesio-wustite 
of higher melting point [33] that also helps in improving the 
softening–melting characteristics This could be because slag 

that formed at higher temperatures in the pellet also softens at 
higher temperatures during the reduction in the blast furnace. 
Inferior softening melting characteristics of trial 1 pellets could 
be attributed to very high silica content in the pellets, resulting 
from higher olivine addition for keeping the MgO at 2.4%. The 
excess silica, during reduction, reacts with Fe2+ to form a low 
melting point phase fayalite (Fe2SiO4) that melts at 1175 °C, 
leading to lower S-M temperatures [12].

Fig. 6   Optical image of fired pellets of varying MgO contents

Table 7   Phase quantification 
of fired pellets of varying MgO 
contents

Hematite Magnetite Magnesioferrite Silicate Pores Unreacted olivine

Base 2 (1.4 MgO) 43.6 0.05 9.01 9.21 20.5 17.63
Trial 1(2.4 MgO) 39.27 0 10.55 9.37 22.5 18.31

Fig. 7   CCS and porosity of pellets with different chemistries
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3 � Conclusion

This work has been undertaken to develop suitable chemistry 
regime to achieve good high-temperature metallurgical prop-
erties, by exploring the pellet chemistry at higher basicity 
and high MgO levels. Pellet properties like CCS, swelling 
index, and reducibility index are studied at two basicity (B2) 
levels, 0.3 and 0.9 CaO/SiO2, varying the MgO at 0.77% 
and 2.4%. Pellets are fired in the plant indurating machine 
in Inconel baskets. The following conclusions can be drawn 
from the experiment and test results obtained:

1.	 CCS of both low and high basicity pellets are within the 
acceptable limit for the blast furnace. High fluxed pellets 
with 0.9 basicity have better strength as compared to pel-
lets with 0.3 basicity due to more melt phase formation.

2.	 Porosity of the high basicity pellets did not drop, despite higher 
melt phase, due to the presence of MgO which is known to 

increase the temperature of melt formation, TIM. High basicity 
pellets with high MgO exhibited high TIM and high porosity.

3.	 MgO in pellet considerably reduced the swelling ten-
dency of pellets due to the formation of high melting 
point slag that gives enough bond strength to withstand 
the reduction stresses.

4.	 MgO addition considerably improved the reducibility of 
the pellets. The formation of less amount of liquid slag 
due to the presence of MgO could be attributed to this 
improved reducibility of pellets.

5.	 High basicity and high MgO pellets exhibited high sof-
tening temperatures compared to low basicity pellet as 
presence of MgO results in the formation of high melting 
point slag and magnesio-wustite phase during reduction.

6.	 This operational practice of using Inconel basket is now 
established and it has become a part of standard operat-
ing procedure for testing of any new material in pellet 
plant before its usage in actual plant.

Fig. 9   Swelling index of pellets with different chemistries

Fig. 10   Reducibility index of pellets with different chemistries

Fig. 11   Softening–melting temp. of pellets with different chemistries

Fig. 8   Relationship between TIM and pellet properties
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