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Abstract:  Induration of magnetite pellet involves three important phenomena, namely oxidation, sintering and 
associate heat transfer; these phenomena are interdependent on determining the final quality of the pellet.  In order to 
study the sintering a novel optical dilatometric method was used.  These studies were performed separately for 
magnetite and completely oxidized magnetite.  Further, the sintering phenomena was modeled taking cues from 
powder metallurgy literature.  In order to study the oxidation kinetics, TGA analysis were conducted both at powder 
and pellet scales at sufficiently low enough temperatures so that sintering effects are minimized.  Interesting results 
that has not been reported earlier have been observed and these results could be explained using available gas-solid 
reactions models both at powder and pellet scales.  Once the sintering and oxidation models were validated 
independently, they were integrated along with heat transfer model to realize a comprehensive induration 
model.  These efforts have resulted in a Single Magnetite Pellet Induration Model (SPIM) which in principle can be 
used for optimizing raw material mix as well as the process parameters at the reactor scale. 
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1. Introduction  
With increasing environmental awareness, demands 
for iron ore pellets have been steadily 
increasing.  On one hand industries need to produce 
quality pellets with diverse raw materials produced 
from increasingly lower grades of ores and on the 
other they need to recycle solid wastes into their 
processes through agglomeration, such as 
pelletization. 
 
Pelletization is a complex process involving 
sintering, chemical reactions and associated heat 
and mass transfer. More often than not, for 
optimizing process parameters for induration, 
industries have adopted a practice of conducting 
large number of experimental trials with varying 
process parameters with a subsequent analysis of 
experimental data that are primarily empirical and 
qualitative in nature.  Instead, a better approach, 
especially keeping the quantification of the 
phenomena in focus, would be to look at individual 
phenomena during induration process in isolation 

to the extent possible using carefully designed 
experiments.  
 

 
 

Figure 1: Schematic illustrating single pellet model 
helpful in both backward and forward integration in 

induration process 
 
From the experimental results the physics of the 
phenomena can be sought to obtain parameters 
which would quantify them. Subsequently 
individual phenomenon can be integrated to 
simulate the real phenomena.  This approach would 
help in both forward and backward integration in 
understanding pellet induration. On one hand, the 



parameters characterizing the individual 
phenomena can help in optimizing raw material 
quality in terms of composition, particle size and its 
distribution to obtain desired quality pellet. On the 
other can help in obtaining inherent quality 
variation in the industrial induration reactor through 
appropriate modeling techniques at the reactor 
scale. This is illustrated in Figure 1.  

 
With this vision, LKAB Sweden initiated a project 
at the Lulea University of Technology, 
Sweden in 2012 to understand and model physico-
chemical phenomena during induration of a single 
magnetite pellet. This paper gives the overall 
perspective of this project. 

 
2. Methodology 
Ideally, for the best quality of magnetite pellets, 
complete oxidation followed by sintering is 
preferred [1]. However, in the actual induration 
process, more often than not, one gets pellets away 
from the much wanted ideal one.  This depends on 
the evolution of temperature and gas composition 
profiles within the pellet with time. Besides, in 
industrial reactors, namely straight grate and rotary 
kiln furnaces, all the pellets would not go through a 
same heating and gas composition environment. 
This leads to variation in pellet quality in the 
product 
 
The quality of indurated magnetite pellets basically 
depends on three important phenomena, namely, 
sintering, oxidation and heat transfer. This is 
illustrated in Figure 2. Overall quality of the pellet 
depends on these phenomena and their 
interdependence on each other.  
 

 
 

Figure 2: Schematic showing different phenomena 
during induration of a magnetite pellet 

These phenomena are influenced by processes 
occurring at the scales of powder and pellet. At the 
powder scale, the process kinetics not only depends 
on process parameters like temperature and gas 
composition but also on particle size and mineral 
constituents. In the pellet scale, locally at any small 
region within the pellet, the process kinetics will be 
determined by that in the powder scale. However, 
depending on the transfer of mass and heat to any 
specific location within the pellet would result in 
non-uniform evolution of process in the pellet as a 
whole. For example, oxidation of magnetite 
progresses radially from the outer surface towards 
inner core primarily through diffusion of oxidizing 
gas through the pores of the pellet [2]. The oxidation 
becomes more and more difficult as it progresses 
since the oxidizing gas has to traverse larger 
distances through the product hematite layer [2]. At 
the same time, depending on the temperature and its 
distribution as well as the impurities present, 
sintering can happen both at the oxidized hematite 
phase as well as magnetite phase. Sintering could 
result in significant shrinkage in pellet.  
 
Sintering characteristics for magnetite and hematite 
are quite different.  This would result in differential 
shrinkage which along with oxidation and 
associated heat transfer phenomena could result in 
a duplex structure having pellet with a magnetite 
core surrounded by hematite shell [2]. Sometimes, 
owing to different crystal structures of magnetite 
and hematite substantiated by different thermal 
properties can result in circumferential crack within 
the pellet [3].  
 
Therefore, as shown in in Figure 2 individual 
phenomenon is studied experimentally in isolation 
to the extent possible keeping the focus to quantify 
each phenomenon. Subsequent sections describe the 
experimental design and further analysis of 
sintering and oxidation phenomena in isolation. 
 
3. Sintering 
 

Sintering results in reduction of pores which 
ultimately results in overall shrinkage of the pellets.  
Sintering characteristics were studied for magnetite 
and oxidized magnetite pellets separately.  Oxidized 
pellets were prepared from magnetite pellets 
oxidized for several hours at low temperature to 
avoid sintering.  Sintering studies on magnetite 
pellets were performed under inert atmosphere to 
avoid any oxidation.   



A novel technique, named as Optical Dilatometer 
was used to measure the shrinkage characteristics.  
Optical Dilatometer works on the principle in-situ 
capture of shadow images of a pellet kept in s 
furnace illuminated by a light source (See Figure 3). 

 

 
Figure 3: Schematic of an Optical Dilatometer 

A typical expansion/shrinkage profile from the 
optical dilatometer is shown in Figure 4.   

 
Figure 4: A typical optical dialotmeter profile for a 

pellet. 

The dimensional change is cumulative effect of the 
thermal expansion during heating and shrinkage due 
to sintering. The thermal expansion can be easily 
isolated from the overall dimensional change to 
obtain the shrinkage due to sintering alone.   

The shrinkage characteristics were quantified using 
models proposed by Wynnyckyj et al [2] adapted from 
powder metallurgy literature. As per the model 
sintering is characterized by, shrinkage ratio γ, 
defined as the ratio of sintering accomplished to 

sintering yet to be accomplished. The following rate 
equation was used to describe the sintering, 

𝛾𝛾 =  𝐾𝐾0 exp �−𝑛𝑛𝑛𝑛
𝑅𝑅𝑅𝑅
�  𝑡𝑡𝑛𝑛    (1)  

where 𝐾𝐾0 is the pre-exponential factor, 𝑄𝑄 is 
activation energy, 𝑛𝑛 is time exponent and 𝑡𝑡 is 
isothermal time.  

The figure below shows the validity of the model 
wherein all the experimental points fall in a single 
line as expected by the model [3,4]. 

 

Figure 5:  Validity of the power law model for sintering 
of oxidized magnetite in a pellet 

Thus, sintering characteristics of magnetite and 
oxidized magnetite were captured through 3 
parameters, namely, 𝐾𝐾0, 𝑛𝑛 and 𝑄𝑄.   It may be also 
noted that these parameters can also be used to 
optimize the characteristics of the raw materials for 
green mix, namely, size and distribution of 
particles, mineralogical constituents, etc.  
 
4. Oxidation 
In order to quantify the oxidation kinetics thermo-
gravimetric experiments (TGA) were conducted 
both with powder and pellet samples. 
 
Isothermal TGA experiments were conducted on 
powder sample. Typical oxidation curve for powder 
sample is shown in Figure 6. The curve shows 
oxidation rates at the initial stage are quite high 
followed by drastic decrease. Interestingly at low 
temperatures, the rates become so low that 
oxidation reaches a plateau.   Experiments were 
conducted to understand the effect of particle size, 



oxygen partial pressure and temperature on 
oxidation kinetics. 
 

 
 

Figure 6: Typical oxidation (fractional weight gain, f) 
kinetics of a powder magnetite. 

 
Different models are being explored to quantify the 
oxidation of magnetite at the powder scale.  Among 
the models, the one based on Avarami’s equation [5] 
was found to be the most suitable in predicting the 
oxidation kinetics.  Further studies on this aspect is 
in progress. 
 
Oxidation experiments were also conducted on the 
pellet scale.  Rate of oxidation (𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
) of magnetite 

pellet with time from TGA  under constant furnace 
temperature for different oxygen partial pressures is 
shown in Figure 7. It is interesting to note that there 
are two distinct peaks. This could possibly due to 
temperature variation within the pellet arising out of 
exothermic oxidation combined with oxidation 
kinetics at the powder scale showing high initial 
rates followed by drastic decrease. Modeling efforts 
are in progress to simulate the oxidation kinetics at 
the pellet scale.  
 
5. Single Pellet Induration Model (SPIM) 
A comprehensive Single Pellet Induration Model 
(SPIM) is also being developed wherein the sub-
models to simulate sintering of magnetite and 
oxidized magnetite, oxidation kinetics of magnetite 
in the pellet and the associated generation of heat 
and its transfer are being integrated.  
 

 
 

Figure 7: Typical oxidation rate (rate of fraction weight 
change) kinetics of a magnetite pellet 

 
Preliminary results from such a model is shown 
below clearly depicting the formation of duplex 
structure formation during induration of magnetite 
pellet.  
 

 
 

Figure 7: Preliminary results showing the duplex 
structure formation during induration of a magnetite 

pellet. 
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