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Abstract
                                                                                                                        
 
In the present study, magnetite pellets with large amounts of the additives 
olivine, calcite and quartzite were isothermally reduced in a tubular furnace 
to study the interaction between iron oxides and the additives. A first attempt 
at using exaggerated amounts of additives was made in order to enable 
analyses of phases that do not otherwise occur in sufficient amounts for X-
ray diffraction and EDS-analyses. The reduction was thermodynamically set 
to yield either magnetite or wüstite at three different temperatures, 900, 1000 
and 1150°C. For olivine, reduction tests were also performed at 500, 600, 
700 and 800°C. The mineralogical phases that had formed were studied after 
oxidation as well as after reduction. The results showed that it was possible 
to identify, by X-ray diffraction, the main phases formed by the additives in 
all samples, after oxidation as well as reduction. 

The quartzite particles were shown to have remained quite intact after the 
oxidation treatment, except for small particles in the presence of impurities 
that formed melts. During reduction the quartzite particles reacted with iron 
so that fayalitic melts were formed already at 1000°C. After reduction at 
1150°C all quartzite had transformed into a fayalitic melt so that most of the 
small pores had disappeared through sintering or had been filled by fayalite 
 
In the sample with calcium oxide the additive particles had reacted during 
the oxidation treatment and formed calcium ferrites and calcium silicates. 
Upon reduction, the ferrites that formed during oxidation reduce, so that a 
porous calciowüstite becomes the primary phase already at 900°C. Calcium 
silicates that were formed during oxidation also remain in the sample as 
silicates during reduction.  
 



 ii

The results showed that the olivine after oxidation had reacted along the 
particle boundary and turned into magnesioferrite crystals and 
pyroxene/vitreous silica. Magnesium is liberated when the olivine particle 
breaks down, and finally ends up as islands of magnesioferrite surrounded by 
hematite in the original magnetite particles. In the pellet core the magnesium 
has diffused relatively long distances so that the magnesioferrite islands are 
not just found close to-, but also further away from the olivine particles.  
Upon reduction, the hematite converts to magnetite already at 500°C and in 
the tests carried out at 500-700°C, cracks were observed along the hematite-
magnesioferrite boundary. At 800°C, temperature is enough to allow slow 
diffusion of magnesium from the magnesioferrite to the surrounding 
magnetite or wüstite, and at 900°C the cracks around the magnesioferrite 
phase disappear. The Mg stored in the wüstite then reacts with the silica slag 
in the sample when it approaches its melting point at 1000°C. The 
magnesium level in the wüstite then approaches a background level which 
was found to be about 2% after reduction for 2 hours at 1150°C.  
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1 Introduction 
 
 
The blast furnace has been used for reduction of iron ores since at least the 
14th century in the Nordic countries, and is still the dominating method of 
iron production. Major and extensive research is still being carried out to 
further optimize operation towards higher productivity and lower 
consumption of reducing agents. In Scandinavia the main iron-bearing 
material in the charge is pellets, and pellet properties are commonly 
improved by certain additive minerals added to the pellet feed prior to 
balling. The presence of these additives has a critical influence on properties 
such as reducibility,1-6) pellet strength,3, 4, 7) swelling3, 4, 6-9) and softening/ 
melting of the pellets.1, 6, 9-12)  
 
After mixing the finely ground ore with additives and balling, the wet 
“green” pellets are fired in an induration furnace prior to reduction. This 
induration process produces complex microstructures containing primary 
and secondary iron oxides, iron-containing compounds and glasses.13) 
 
Each iron ore concentrate has its own characteristic physical and chemical 
properties stemming from the amount and type of impurities. In addition, the 
reduction conditions vary from plant to plant.14) The role of the additives is 
therefore to interact with the iron oxides and the gangue in the pellet to 
provide optimal properties for an efficient ironmaking operation. This has led 
to the development of different types of pellets with different additives for 
different blast furnace operations. One of the keys to further improve pellet 
properties is therefore to increase the fundamental knowledge of how these 
additive minerals interact with the ore in the blast furnace during reduction.  
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Three oxides of particular importance are MgO, CaO and SiO2. They occur 
naturally as impurities in many ores, and are also the principal components 
in the minerals olivine, calcite and quartzite, which have attracted much 
interest in previous research about additive minerals. 
 
Numerous reports have been published on the effect of these minerals on the 
reduction behaviour of iron oxides, both based on commercial ores and 
chemical grade powders. Many of these reports also include microscopy 
studies of the mineralogical phases and morphology of the sample, the 
intention of which has been to understand why a certain additive produces a 
certain result. The importance of studying local mineralogical phases rather 
than bulk chemical composition was also stressed earlier.15) Historically, it 
has always been extremely difficult to find any satisfactory relationships 
between burden reduction quality parameters, such as reducibility or low-
temperature disintegration and furnace operation, because so many 
operational factors are also involved, including burden physical quality 
parameters, coke quality, charging distribution, blast parameters and 
operation policy.11) Some researchers have therefore devoted their studies 
solely to behaviour of the mineral particles and their exchange with the 
surrounding iron oxides under different conditions relevant to the blast 
furnace. 
 
In a comprehensive microscopy study, Niiniskorpi13, 16) studied and reviewed 
the reactions of olivine, calcite, dolomite, gangue and bentonite particles in 
magnetite pellets during induration. On the reduction side, this material is 
not as comprehensive. As for olivine, Ryösä17) provided a detailed study on 
altered olivine particles in magnetite pellets with micro-Raman 
spectroscopy, both after oxidation in a pot furnace as well as after 
subsequent reduction in an experimental blast furnace. This study focused 
mainly on the olivine mineral reactions and not primarily on the reduction 
behaviour of secondary phases further away from the olivine particle. For 
quartzite, a good view of the reduction behaviour has been built up by the 
relative simplicity of the SiO2-Fe2O3-FeO system18) together with the fact 
that silica has been present in the form of gangue in almost all ores. 
However, the authors are not aware of any studies where quartzite particles 
in pellets have been studied specifically with this approach. The reduction 
behaviour of calcites in pellets is complex and depends to some extent on the 
conditions of each experiment, but the reduction of the most important 
binary and ternary calcium ferrites has been studied and described in 
detail.19, 20) 
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The scope of this work is therefore to review and assess the basic reactions 
and transformations of particles of these three minerals in magnetite-based 
pellets during reduction. The mineralogical phases formed in the pellets will 
be studied both before and after reduction. Attention will be directed to 
alteration in the additive mineral particles as well as alteration in the 
surrounding iron oxides. The study also aims to determine specific 
temperatures that are required for different reactions to occur. The possibility 
to carry out accurate analysis of secondary mineral phases is usually 
restricted due to the very low amounts of additives in the pellets. In order to 
study the formation of mineral phases, a first attempt at using exaggerated 
amounts of additives will be made to enable analyses also of phases that do 
not otherwise occur in sufficient amounts for X-ray diffraction and Energy 
dispersive X-ray spectroscopy (EDS). 
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2 Background 
 

2.1 Reduction in the blast furnace 
A schematic view of the blast furnace is presented in Fig 1. Based on 
dissections of a number of commercial blast furnaces during the 1970s, 
Japanese authors proposed the furnace to be classified into 5 different zones: 
The lumpy zone, the softening/melting zone, the dripping zone, raceways and 
the hearth.14) Layers of iron ore in the form of pellets or sinter, and layers of 
coke are separately loaded in the top of the shaft. Some slag formers such as 
limestone and quartzite are also added. Hot reduction gas, mainly CO but 
also some H2, is formed when coke as well as injected pulverised coal, oil or 
natural gas is combusted at around 2200°C in the hot blast flames known as 
the raceway. This hot gas ascends through the bed while transferring its heat 
to the burden at the same time as it reduces the iron oxides in the ore. The ore 
and coke descends lower and lower in the shaft and eventually reaches the 
temperature at which some components of the ore and slag formers melt. 
Below this level follows the softening/melting zone, where the ore gets softer 
and softer and finally melts completely and drips down to the hearth. Below 
the softening/melting zone where all ore has melted, only coke remains intact 
as lumps, while the molten iron and slag accumulates in the bottom of the 
hearth.  
 
The reduction of the iron oxides by carbon monoxide and carbon takes place 
only in the first two zones i.e., at temperatures above melting of the ore. Lu 
et al suggested these zones to be split into four principal regions that are of 
significance for the iron ore reduction:14) 
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1. Coke inert region of lumpy zone  
2. Coke reactive region of the lumpy zone  
3. Reduction retarded region of the softening/melting zone 
4. Reduction completion region of the softening/melting zone 
 
These regions are dealt with in more detail below. 
 

.  
Fig 1, Schematic image of the cross section of an 
operating blast furnace. 

2.1.1 Coke inert region of lumpy zone 
In the coke inert region the temperature is still low, so that the coke lumps 
are inert with respect to CO2. This implies that removal of oxygen from the 
ore happens according to eq. 1-6 through indirect reduction with CO gas and 
H2 that ascend from below.21)  
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3Fe2O3 + CO�2Fe3O4 +CO2   (1) 
3F e2O3 + H2�2Fe3O4 +H2O   (2) 

 
Fe3O4 + CO�3FeO +CO2   (3) 
Fe3O4 + H2�3FeO +H2O   (4) 
 
FeO + CO�Femet +CO2   (5) 
FeO + H2�Femet +H2O    (6) 

 
Indirect reaction is exothermic and lowers the thermal requirement of the 
stack. Most of the indirect reduction especially that of wüstite, occurs in the 
temperature region 800-1000°C, which is usually referred to as the 
isothermal or thermal reserve zone.21) The reduction can on a particle level 
occur both topochemically or non-topochemically. However, from a 
schematic viewpoint, reduction on the pellet level starts on the surface of the 
ore agglomerates and advances inward according to the shrinking core 
model. Several of the oxides can be present in each pellet at the same time,22) 
as depicted in Fig. 2. Reduced test pellets therefore commonly show 
morphological differences in the peripheral part compared to in the core. 

 
Fig. 2, Schematic depiction of the transitions between different iron 
oxide phases during a) oxidation and b) reduction. During oxidation 
magnetite is converted to hematite trough 2.3% addition of oxygen. 
During reduction hematite converts first back to magnetite, then to 
wüstite and finally to iron through continuous removal of oxygen.  
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2.1.2 Coke reactive region of the lumpy zone 
CO2 is not stable in the presence of solid carbon above 1000°C21) but reacts 
with the coke according to the Boduard or solution loss reaction forming CO. 
This reaction is catalysed by the presence of for example alkalis, so for the 
conditions of the blast furnace, coke reactivity has been suggested to start at 
temperatures in the range 825-950°C depending on the quality of the raw 
materials.14) Direct reduction in itself is very fuel-efficient but is also strongly 
endothermic which means that heat must be provided from other regions for 
a proper heat balance. 
 

FeO+C�Fe +CO    (7) 
 

2.1.3 Reduction-retarded region of the softening/melting 
zone 

In the reduction-retarded region, the iron units are softening and losing 
shape, so that the ore layers become dense and impermeable. The reducing 
gases must therefore pass the cohesive zone through the coke layer windows 
(see Fig. 1).The iron oxides that are not yet reduced when entering the 
reduction-retarded region will either be in the form of a silicate slag or stay 
unreduced as contact with reducing gases is diminished. The reduction that 
takes place in this region is to be considered negligible compared to 
reduction in regions 1 and 2.14) 
 

2.1.4 Reduction-completion region of the softening/melting 
zone 

In this region, direct reduction of the remaining iron oxides will occur within 
a very short period when material melts and drips down, in the form of liquid 
slag, through the dripping zone. The endothermic nature of the direct 
reduction, as well as the rise in melting temperature of the slag when the iron 
content is reduced, may again make it solidify. The presence of solidified 
slag, solid iron, and the degradation of coke due to intensive gasification can 
seriously impair permeability in this zone.14) 
 

2.1.5 Ideal blast furnace operation and reality 
The ideal blast case for smooth operation and efficient use of raw materials 
would be to have as little as possible of unreduced iron oxides in region 3 
and 4.14) That means that all reduction would take place in regions 1 and 2, 
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where the temperature does not yet lead to any softening of the ore. The 
material in the softening/melting region would be only iron and a silica slag, 
poor in iron, which would hence have a relatively high melting point. If no 
reduction were to take place in region 4, the problem of re-solidification, by 
the chilling effect and rise in melting temperature that are associated with 
reduction in this region, would be much smaller.  
 
In reality the reduction of the ore in the blast furnace is not as uniform as in 
the schematic representation given above. Instead, disturbances such as gas 
channelling, segregation of material during charging and scaffolding etc. 
cause the conditions for different pellets to vary. Other reduction reactions 
than the one that dominates also take place at the same level and even in the 
same pellet, as described earlier. However, to deal with the problem of the 
rate retardation phenomena, all adjustments leading to higher reduction 
degree in regions 1 and 2, and hence less iron oxides in the softening/melting 
region, are desirable.14)  
 

2.2 Important properties of charged iron units  
The ore is to be charged into the blast furnace which is a multiphase packed 
bed reactor where descending solid iron oxides are reduced by ascending 
carbon monoxide gases. As for a packed bed reactor, the solid feedstock 
must have a certain particle size in order to maintain good gas permeability, 
which is necessary for efficient operation. There are many different means by 
which the operational condition of the blast furnace may be adjusted. 
However, permeability is an important keyword, as nearly all adjustments 
that contribute to better blast furnace performance in different ways are 
associated with permeability. 
 

2.2.1 Reducibility
Good reducibility of the pellets results in more of the iron oxides being 
transformed into iron before reaching the cohesive zone. The iron shell of the 
pellet will then help the pellet to maintain its shape, even if remaining 
wüstite and slag formed during induration melts due to their low melting 
point. A higher reduction degree also leads to less reduction in the dripping 
zone, according to the discussion in section 2.1.4. 
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2.2.2 Mechanical strength
The mechanical strength is important as breakdown and creation of fines in 
the blast furnace fill up the empty space between the pellets in the lumpy 
zone, which has a directly negative influence on the permeability. The 
adverse effect of fines cannot be corrected by any means by the furnace 
operators.14) The bonding phases created in the pellets during induration are 
of critical importance in this regard. The bonds should be stable under the 
mechanical pressure of the burden in the changing reducing environment. 
They must also resist the tension arising when the ore particles transfer 
between different iron oxide morphologies. 
 

2.2.3 High melting point and narrow softening-melting 
interval

As stated above, faster reduction helps to reduce problems associated with 
reduction in the cohesive zone. A high melting point of the slag in the pellet 
would be similarly beneficial, as more reduction can occur before the pellets 
begin to soften and lose permeability. But the temperature range from the 
melting point of the lowest melting components of the iron units, until 
complete meltdown is also important. Ideally, the metallised part and 
remaining unreduced wüstite/slags would melt at the same temperature. In 
that case, there would be no cohesive zone. Here, it should be noted that the 
melting points of the iron oxides and slag phases are greatly affected by 
impurities and additive minerals in the pellets. Many furnaces are also 
charged with a blend of pellets and sinter that results in a greater range in 
properties. The melting temperature of the reduced iron is not fixed, but 
changes during reduction while being carburised i.e., dissolving carbon. 
 

2.2.4 Low swelling 
Swelling of pellets in the blast furnace impairs permeability as the particles 
expand to fill in the space between them. A great degree of swelling also 
leads to crack formation, disintegration and creation of fines that also impair 
permeability, as described above. Two classes of swelling can be identified: 
normal swelling and abnormal swelling. Normal swelling(up to 20%) is 
associated with micro cracks as the result of directional growth of magnetite 
during low-temperature transformation of hematite to magnetite. Abnormal 
swelling is detrimental for blast furnace operation and occurs only for 
particular ores under certain conditions.23) Numerous reports have shown that 
the occurrence of abnormal swelling can be eliminated through additions of 
the proper additives. 
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2.3 Agglomeration of fine ore for blast furnace use 

2.3.1 History
The blast furnace has been used for reduction of iron ores since at least the 
14th century in the Nordic countries. Until relatively recently, by the end of 
the 19th century, the iron ore was charged solely as lumps straight from the 
mines into the blast furnace. The desire to utilise fine ore products, iron-
containing waste products, flue dusts, etc. led to the development of different 
agglomeration methods for producing a coarser product acceptable for the 
blast furnace. The first method was a briquetting process invented by the 
Swedish engineer Gustaf Gröndal. The first plants were set up at the 
Pitkäranta works in Finland in 1900, and in Bredsjö, Sweden, in 1902. 24) By 
1913, the process which involved mixing of fine ore with water and pressing 
into brick sized blocks, was in use at thirty-eight works in Europe and 
USA.25) Subsequently, different types of briquetting methods were in use for 
agglomeration of blast furnace burden material until around 1960. 
 
Today, two commercial process routes are used for agglomeration of iron ore 
for blast furnace use: the continuous sintering strand and the pelletising 
process. Throughout the world, different burden designs have been 
developed for different blast furnaces. This includes all-pellet, all-sinter and 
mixed pellet/sinter burden. The sintering process produces inch-sized lumps 
by burning ore fines and coal powder in a bed at above 1000°C. During 
firing, the bed sinters, forming a solid hematite cake which can then be 
crushed into suitable sinter size. The pelletising process produces centimetre-
sized balls by mixing of finely ground moist ore with a binder such as 
bentonite. This mixture is then balled and fired to pellets at around 1300°C in 
air.  
 
The continuous sintering process was developed in Mexico for sintering of 
copper ore in the early-1900s, and the first commercial process was built in 
1908.25) Soon after, plants were also built for agglomeration of iron-bearing 
fines, flue dust and mill scale for charging into the blast furnace. The process 
was by the 1930s and ‘40s widely established for material too fine to be 
charged straight into the blast furnace. 25) After World war II, extensive 
research efforts made it possible to greatly improve the sinter quality, for 
example by introducing basic additives to the process. Furnaces in countries 
such as Sweden, the U.K. and Russia reported excellent results using sinter 
as almost the sole source of iron ore.25) 
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At the same time, the interest in the low-grade taconite ores of the Mesabi 
Range in the Great Lakes area of the U.S. led to the development of 
magnetite pellets.26) Taconite ore is characterised by the iron oxides and 
silica present in fine alternating sedimentary layers. The concentrating 
process therefore necessitates very fine grinding which makes agglomeration 
in the sintering process problematic. In 1943, workers from the University of 
Minnesota first demonstrated pelletising in experimental scale using a shaft 
furnace. 25) After World War II, work was also carried out in Sweden under 
the direction of Jernkontoret. The first commercial pelletising process was 
based on a shaft furnace and was started in Sweden in the early-1950s. The 
first large-scale operation was then started at Silver Bay, U.S., in 1955, based 
on a travelling grate plant. 25) 
 

2.3.2 Pelletising of magnetite ore 
Magnetite pellets are produced from magnetite ore that is crushed and 
enriched, typically by magnetic separators, to produce a concentrate of high 
purity. A binder, such as bentonite, and sometimes different additives are 
added to the concentrate before balling to centimetre-sized balls in certain 
balling discs. In the following induration step, the wet or “green” pellets are 
fired in an induration furnace, and here the mechanical strength of the pellets 
increases significantly while the magnetite is oxidised to hematite. The 
oxidation reaction is highly exothermic, which means that a more than two 
thirds of the total energy required for sintering is supplied by the oxidation 
reaction itself.27) 
 
The primary aim of the pelletising process is to create strong and large 
enough agglomerates of the finely ground ore that can resist the tension 
caused by the mechanical load as well as the physical and chemical changes 
taking place along the pellet journey through the blast furnace shaft. 
However, the induration process also produces complex microstructures 
containing primary and secondary iron-oxides, iron-containing compounds 
and glasses.13) The understanding of the interaction between iron oxides and 
additives in the blast furnace therefore also requires a thorough knowledge of 
the mineral phases formed during the previous induration step. 
 
Three aspects of the induration process are of certain importance for 
understanding the following reduction process: 
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� Solid-state sintering 
� Liquid state sintering 
� Oxidation of the magnetite to hematite, and formation of secondary 

mineral phases from the additives 
 
The oxidation of the magnetite particles starts at below 400°C,27) and at this 
conversion, solid hematite bonds will form at contact points between 
different magnetite particles. These particle-particle connections continue to 
grow with increased oxidation, but a more significant effect on growth rate 
and strength is first evident close to the recrystallisation temperature above 
1100°C. The oxidation of the magnetite occurs topochemically in a strictly 
zonal mannerin the pellets28)  (see Fig. 2), which means that the magnetite 
particles further toward the centre will remain as such longer than those 
located in the pellet centre. The magnetite that has not oxidised when 
temperature reaches 900°C will start to sinter to form solid bonds at particle-
particle contact points. Sintering of magnetite begins slowly at about 800°C, 
while the main sintering starts at about 950°C. The corresponding 
temperatures for hematite are 900 and 1100°C, respectively.29) The 
production of pellets with large monocrystalline grains of hematite, or groups 
of such crystals with the same crystalline orientation, is desirable to promote 
adequate strength under reducing conditions. It is therefore essential that 
sintering and this type of crystal growth is achieved throughout the pellet.25) 

The gangue that is always to some extent present in the pellets will start to 
form slags in the temperature range of 1100-1150°C. Only small amounts are 
required to envelope iron oxide particles in a film of slag, and this slag can 
have a retarding effect on the oxidation of remaining magnetite. 
In the case of acidic gangue, which is most often the case with Swedish ore, 
the gangue will form amorphous silica slags. The resolidified silicate will 
contribute to the pellet strength that, apart from these silicate bonds, is built 
up by the hematite bridges between grains created through sintering. 
However, the low-temperature reduction of hematite to magnetite involves a 
volumetric expansion, due to formation of fine pores in the magnetite 
structure. This both weakens the iron oxide bridges and creates strains in the 
iron oxide structure. Since the silicate slag bonds are not affected by 
reduction at this stage, they have the ability to hold the structure together 
even in the porous magnetite stage.30)  
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2.4 Additives in magnetite pellets 
Each magnetite concentrate has its own characteristic physical and chemical 
properties stemming from the amount and type of impurities of the ore and 
the binder as well as the physical character of the magnetite particles. The 
conditions of the induration and reduction processes vary from plant to plant, 
and some blast furnaces operate on a mixed burden. The pellets are therefore 
tuned up by addition of slag forming additives to interact with the iron oxides 
and gangue in the pellet to provide optimal properties for each specific 
ironmaking operation. This has led to the development of different types of 
pellets with different additives for different blast furnace operations.  
 
The results from previous research on the additive minerals quartzite, calcite 
and olivine are reviewed below. 

2.4.1 Quartzite 
Before the 1970s, almost all pellets produced were acid i.e., having silica as 
the main non-iron-bearing component. This was due to small amounts of acid 
gangue commonly still remaining after concentrating the ore. For this reason 
most studies from that time refer to pellets that were rich in silica.  
 
A study of commercial acid pellets indicated the reduction rate of pellets to 
decrease with the silica content at 1200°C and above.31)  Another study 
showed that the reduction of oxidised compacts at temperatures under 
1000°C was not affected much by the quartzite addition.3) A comparison of 
specimens with additions of quartz and different silica-bearing gangue 
minerals showed primarily a close correlation of strength before and after 
low-temperature reduction to porosity and also to low-temperature 
reducibility at 900°C. Hence, the difference in reducibility and strength 
mainly depended on the extent to which the quartz/gangue had contributed to 
liquid sintering, contraction and, hence, lower porosity during induration. 
Reduction tests with synthetic grades of iron oxides and SiO2 have, however, 
indicated that the reduction step hematite to magnetite at lower temperatures 
is indeed impeded by the presence of the silica.19) The same study showed 
that the rate of nucleation of magnetite increased, but that the growth of the 
nuclei and the total reduction rate were greatly retarded by the silica the more 
silica that was added.  
 
However, the main concern with silica in the pellets has been the high-
temperature characteristics, with early softening and increased gas pressure 
drops over the BF burden reported by many authors. This has been connected 
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to the ability of silica to dissolve large amounts of wüstite while forming an 
FeO-rich melt.14) 
 

2.4.2 Calcite
In the early-1970s, growing attention turned to “fluxed” or “basic” pellets. 
These labels were given to the pellets as the idea was that basic additives 
such as CaO and MgO would help to flux impurities into the slag phase in 
the blast furnace.32) Much research has been done on the additives calcite 
CaCO3 and dolomite (Mg,Ca)CO3.  
 
The presence of CaO in the pellets changes the reaction kinetics drastically, 
as formation of liquid slags and liquid calciumferrite start already during 
induration of the pellets.13, 33) This helps liquid sintering for fast densification, 
but also lowers the slag melting point during reduction.7) The CaO in this 
system is sensitive to temperature and oxygen potential, and can form a 
number of different ferrites, which makes this system relatively complex.20) 
Tests of pellets with limestone additions have indicated high reducibility6, 11, 

33) and narrow meltdown range.6, 11) as compared to acid pellets. The narrower 
softening to melting range has been ascribed to higher reducibility, so that 
less FeO remains to flux the slag component.11). The low melting point was 
believed to result for the same reason, as high reducibility and little 
remaining FeO in coexisting slags would result in high carbon dissolution in 
the metallic iron of the pellet.6) Carbon dissolution significantly lowers the 
melting point of metallic iron,34) and it has also been shown that the carbon 
content at the surface of the iron increases with decreasing FeO content in 
coexisting silicate melts.35) The reducibility has been positively correlated to 
the amount of calcium ferrites.33)  
 
Much work has been done to understand the mechanism behind the enhanced 
reducibility by CaO addition. In a series of studies on hematite compacts 
doped with MgO and CaO and reduced stepwise first to magnetite, then to 
wüstite, then to iron, El Geassy et al.36) showed that the presence of the CaO 
enhanced the reduction in all the different stages. The improved metallization 
in the last step of reduction has also been confirmed by other authors, the 
positive effect resulting from CaO promoting a porous growth of iron.37, 38, 39)  
 

2.4.3 Olivine
Since the early-1980s, there has been a wide interest in the magnesia silicate 
olivine as an important additive, mainly for the purpose of increasing the 
melting temperatures of silicate slags, thereby improving the softening 
melting properties of the pellets. 
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Many research studies have been conducted to describe the behaviour of the 
olivine in the blast furnace. The experimental conditions as well as the raw 
material properties have, however, varied slightly and the results are 
sometimes contradictory. Pellets or compacts of natural ore concentrates and 
olivine additions have demonstrated: 
 

� Increased reduction rate at 40% reduction degree with increased 
olivine addition2, 8, 9) 

 
� increased reducibility at 900°C, compared to specimens with 

different gangue minerals3), compared to specimens with no addition, 
with addition of dolomite and with combined addition of dolomite 
plus olivine4) and also compared to acid pellets5) 

 
� higher melting temperature, Tm, compared to acid11) or fluxed 

pellets,1, 6) higher Tm the higher the Mg/SiO2 content in the pellet,2) 
and higher Tm the higher the addition of olivine8) 

 
� reduced swelling, compared to acid pellets7), compared to compacts 

with added gangue minerals,3) compared to compacts with no 
addition, with addition of bentonite, with addition of dolomite and 
with combined addition of dolomite plus olivine4), and reduced 
swelling the higher the MgO/SiO2 content in the pellet5)  

 
� reduced cold strength compared to acid pellets5), compared to 

compacts with added gangue minerals3) reduced cold strength in 
pellets with increased MgO/SiO2

2), and with increased amount 
olivine in compacts7)  

 
� reduced strength after reduction. 3) 

 
Of these, the reducibility has been considered most important in the 
literature, as early metallization helps the pellets to maintain their shape 
when remaining wüstite begins to soften.14) Considerable efforts have 
therefore been made to understand the mechanisms of olivine's promoting 
effect on reducibility. It has been shown that reducibility correlates to a great 
extent to the porosity of the sample,31, 40) and that the porosity increases with 
the addition of MgO.36, 40, 41) In a study with hematite compacts doped with 
MgO and CaO that were reduced stepwise first to magnetite, then to wüstite, 
then to iron, it was shown that the presence of the MgO enhanced the 
reduction at all stages.36) However, the final reduction step was retarded by 
the MgO at a higher degree of reduction, as magnesiowüstite relics became 
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entrapped and isolated from reducing gases by dense metallic iron. The high 
reducibilities obtained with the MgO addition were attributed to increases in 
porosity as well as an increase in number of active centres in the iron oxide 
structures.36) 
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3 Method
                                                                                                             

3.1 Reduction tests 
The approach of this experimental study was to create simplified systems 
where the interaction between the additive of interest and the iron oxide 
could be studied under carefully controlled experimental conditions. The aim 
was to have a sufficient amount of only additive mineral in each pellet in 
each experiment, to enable detection with X-ray diffraction and EDS. Special 
lab pellets were therefore produced, and these samples were rolled, fired and 
reduced with laboratory equipment to create samples of as high uniformity as 
possible. Three pellets were then used in each experiment. All reduction tests 
were carried out isothermally in a tubular furnace at 900-1150°C (see Fig. 3 
and Fig. 4). The gas composition was adjusted according to the Fe-C-O-
stability diagram21) to create an atmosphere limiting the reduction to 
magnetite or to wüstite (see Table 1 and Table 2). The temperature was 
recorded with a thermocouple located 2 cm under the sample. The tubular 
furnace used was preheated to the desired temperature and the samples were 
then inserted in a basket made of heat-resistant steel wire (see Fig. 5). After 
preheating for 2.5 min in nitrogen gas, the CO/CO2 mixture was introduced 
at 12 l min-1. The sample weight loss was continuously recorded by a thermo 
balance during the reduction period. The samples were reduced for 2 hrs, 
after which they were lifted up to the water-cooled upper part of the furnace 
tube and cooled for 20 min at 125°C in nitrogen. Finally, the samples were 
allowed to cool in air at room temperature. 
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Fig. 3, Schematic view of the experimental apparatus used for the 
reduction tests. 

 
Table 1, Conditions for reduction of 
pellets with additions of quartzite, 
calcite and olivine.  
CO/CO2 Temp, °C Stable phase 

32/68� 900� Fe3O4�

48/52� 1000� Fe3O4�

68/32� 1150� Fe3O4�
 
 
 
 
 
 

Table 2, Conditions for reduction 
of pellets with olivine additions at 
temperatures of 900°C and below.
CO/CO2 Temp, °C Stable phase 

32/68� 500� Fe3O4�

32/68� 600� Fe3O4�

32/68� 700� Fe3O4�

32/68� 800� FeO�

32/68� 900� FeO�

10/90� 800� Fe3O4�

10/90� 900� Fe3O4�
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Fig. 4 Tubular furnace used for 
used for reduction tests. 

 
Fig. 5, Steel wire basket used for 
reduction tests in the tubular 
furnace

3.2 Sample preparation  
The pellets were made from a magnetite concentrate blend to which the 
additive minerals olivine, calcite and quartzite had been added. With the 
exception of 0.5% bentonite, which was also added to all pellets for balling 
purposes, only one additive mineral was used at a time. The iron oxide blend 
was a mix of 90% magnetite concentrate and 10% hematite concentrate. The 
amounts of additive mineral were set individually for calcite and quartzite, 
and the amount of olivine was then calculated to provide the same amount of 
added silica as with quartzite addition. A complete raw material 
specification, as well as calculated chemical analysis of the pellets, is given 
in Table 3.  
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Table 3, Chemical composition of raw materials and finished pellets. 
Minerals Fe SiO2 MgO CaO � Na2O+ K2O 
Iron ore conc. 70.88� 0.71� 0.20� 0.13� 0.10�
Calcite  0.32� 0.54� 0.70� 53.35� 0.17�
Olivine 5.63� 41.72� 48.25� 0.32� 0.10�
Quartzite 0.42� 97.52� 0.08� 0.02� 0.31�
Bentonite 3.63� 51.64� 0.68� 6.43� 3.30�
Test pellets with 
calcite 66.75� 0.67� 0.28� 3.01� �

Test pellets with 
olivine 65.06� 4.11� 4.31� 0.14� �

Test pellets with 
quartzite 68.04� 4.11� 0.25� 0.12� �

Commercial42) 

olivine pellets 66.8� 1.8� 1.3� 0.45� 0.06�

 
200 kg iron oxide and the additives were mixed and balled to pellets in a 
laboratory pelletising disc. These pellets were then oxidised in an LKAB pot 
furnace by heating to 1280°C, allowing about 20 minutes at this temperature 
before cooling. 2 kg pellets were taken out for analysis and reduction tests. 
All pellets were taken out from a small zone in the furnace centre to 
minimize differences in oxidizing conditions that prevail, for example, in the 
bottom compared to the top of the furnace. 

3.3 Analysis 
The samples were characterized before and after reduction by scanning 
electron microscopy (SEM) and X-ray diffraction (XRD). After reduction, 
the three pellets that were reduced in each experiment were cut in two with a 
thin diamond saw. One half of each pellet was then mounted in epoxy for 
microscopical analysis, and one half was ground with a ring mill for analysis 
with XRD. SEM analysis was carried out with a Philips XL 30 with energy 
dispersive analysis (EDS). The samples were polished down to 1�m- 
fineness with diamond pastes, and coated with gold prior to analysis (see 
Fig. 6). The quantitative analysis was made with ZAF-correction and 
calibrated against Cobalt. The aim with the SEM-analysis was to obtain a 
representative view of the pellets from each experiment. As chemistry and 
morphology in the pellets was found to vary across the pellet radius, images 
and point analyses were taken both from the pellet periphery and from the 
core. In each of the chosen areas for analysis, typically 10-25 chemical point 
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analyses were taken to gain an overview of the phases present. In most cases, 
images and point analyses were all collected from only one pellet, whereas in 
a few cases, cracks or other deviances necessitated examination of all the 
three pellets to obtain a representative result. In order to distinguish between 
magnetite and wüstite, the samples were in a few cases etched with 0.02M 
hydrofluoric acid. 

 
Fig.6, Pellets mounted in epoxy, polished 
and gold coated for SEM-analysis. 

XRD analysis was carried out on pulverized samples and using a Siemens 
D5000 X-ray diffractometer. All samples were scanned in 2� range of 10-90° 
for one hour to determine the general character of the sample. After 
examination of this diffractogram new scans were carried out in selected 
ranges of interests for periods up to 10 hours. In this way, it was possible to 
obtain a signal also for peaks of relatively low intensity. 
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4 Results and Discussion
 
This section presents the results of a series of reduction experiments for 
pellets with additions of quartzite, calcite and olivine. As these minerals react 
already during the induration process, the input components in the 
subsequent reduction process might be mineralogical phases other than the 
input additive mineral itself. A brief description of the oxidised pellets is 
therefore given as an introduction. 
 

4.1 Phase transformations during oxidation 

4.1.1 Quartzite 
Fig. 7 shows a quartzite particle in the oxidised sample with quartzite 
addition. Pure quartz does not react with hematite or magnetite during 
induration conditions18), and the quartzite particles (95.5% SiO2) of this study 
have remained relatively intact during the induration process. This is in 
agreement with previous findings.13) According to the phase diagram FeO-
Fe2O3-SiO2,18) SiO2 and hematite do not form any reaction products, and the 
lowest melting point of this system is fairly high, about 1450°C. At a 
temperature of 1280°C, used for the oxidizing treatment, the SiO2 is stable 
and the quartz particles therefore remain intact. The only change is that the 
peripheries of the quartzite particles have dissolved a smaller amount of Fe. 
However, small particles are more reactive, and these have formed melts 
locally in the presence of impurities such as Na, K or Ca that lower the 
melting point of most phases. Three phases are identified with XRD: 
hematite, quartz and cristoballite.  
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Fig. 7, SEM image from the peripheral areas of a pellet with 
added quartzite oxidized at 1280°C. Q=quartzite, 
Fe2O3=hematite.

4.1.2 Calcite
Fig. 8 and Fig.9 show a pellet with calcite addition after oxidation at 
1250°C. Fig. 8 is from the peripheral part and Fig. 9 from the pellet core. 
Unlike quartzite, calcite is highly reactive and has during induration 
transformed completely into new phases, mainly calcium ferrite 
(CaO)4(Fe2O3)7 and dicalcium silicate (CaO)2SiO2, as identified with X-ray 
diffraction (see Fig. 10). In the peripheral part, the calcium-iron phase is 
found as isolated islands in a bulk mass of heavily sintered iron oxides, 
whereas it forms a binding matrix in the centre (see Fig. 8 and Fig. 9). This 
difference has also been observed by other authors and is suggested to stem 
from that highly reactive CaO, formed by calcination of calcite at 
temperatures above 825°C, reacting with hematite in the pellet periphery, 
and with unoxidised magnetite in the core.13, 28) The melting point of this 
system is relatively low, the lowest being 1192°C,14) which contributes to 
liquid sintering and fast densification of these pellets. The calcium phases in 
the pellets of the current study have hence formed during cooling through 
precipitation of binary components from a slag melt. Silica was found in the 
slagphase in the pellet centre, but it was not possible to detect it in the pellet 
periphery. C4F7 is not the phase typically reported for pellets with calcite 
addition. However, according to previous findings,43) C4F7 can be stabilized 
by small amounts of a third component such as MgO, which was found as an 
impurity in the peripheral calcium-iron phase. It should also be noted that the 
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exaggerated amount of calcite, in itself, as well as the very dense structure 
created by early liquid formation, could well have produced other phases in 
the indurated sample than would have been the case with a more moderate 
addition.  
 

 
Fig. 8, SEM image from the peripheral areas of a calcite pellet 
oxidised at 1280°C. CF=(CaO)4·(Fe2O3))7 , Fe2O3=hematite,
P=pore. 

 
Fig. 9, SEM image from the inner areas of a calcite pellet 
oxidised at 1280°C. Fe2O3=hematite, Fe3O4=magnetite P=pore. 
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Fig. 10, selected X-ray diffractogram over the pellets with added 
calcite oxidized at 1280°C. 

4.1.3 Olivine
Fig. 11 shows an olivine particle after oxidation at 1280°C. Olivine is a solid 
solution between the end members fayalite (Fe2SiO4) and forsterite 
(Mg2SiO4) Magnesium-rich olivine has a fairly high melting point (1890°C 
for pure forsterite44)), and is very unreactive in reducing conditions up to 
1150°C. However, the olivine particles do react in the oxidising conditions 
during induration, and the secondary formed phases will react further during 
reduction already at lower temperatures.  
 
The particle in Fig. 11 can be divided into an almost intact core and two 
coronas of reaction products with different structures. The dark core has 
gained a pattern of small light inclusions. The first corona with the lamellar 
structure close to the core has lost Mg and gained a bit of Fe. The second 
corona is split into fairly large magnesioferrite crystals in a matrix of mainly 
silica (see Fig 12). The inclusions in the core as well as the lamellas in the 
first corona were too small to be analysed with EDS analysis. However, in a 
study of LKAB olivine pellets, Ryösä17) recently showed the inclusions to be 
hematite and vitreous silica, and the lamellas to be olivine, orthopyroxene 
and magnesioferrite. Small olivine particles have reacted completely so that 
the entire particle has the structure of the second corona i.e., into 
magnesioferrite crystals in a matrix of silica. This alteration also appears to 
have proceeded longer in the pellet core compared to the peripheral area.  
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Fig. 11, SEM image from the outer areas of an olivine pellet 
oxidized at 1280°C. Fe2O3=hematite, MF=magnesioferrite, 
Ol=olivine.

 
Fig. 12, Chemical mapping of selected elements for the 
peripheral areas of an olivine pellet oxidized at 1280°C.  
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Fig. 13, X-ray diffractogram over the pellets with added 
olivine oxidized at 1280°C. 

 
The breakdown of the olivine is accompanied by diffusion of magnesium so 
that the surrounding iron oxide is turned into magnesioferrite. The hematite 
structure cannot host any dissolved magnesium, so the final iron oxide 
structure is a mix of magnesioferrite, which is in the form of a spinell, and 
hematite (see Fig. 11 and Fig.13). The magnesioferrite is associated with the 
olivine particles in the pellet shell, but more randomly distributed in the 
pellet core. An explanation for this different distribution of magnesioferrite 
in the pellet was offered by Niiniskorpi.13) In the shell, the magnesioferrite 
forms by reaction of magnesium and previously formed hematite. Therefore 
the magnesioferrite is limited to the area around the olivine particle. As the 
magnetite remains un-oxidized much longer in the pellet core, reaction here 
is between magnesium and magnetite. When the reaction front reaches the 
core, the 0.5-3% magnesium that has dissolved in the magnetite has to 
concentrate in randomly distributed magnesioferrite islands that eventually 
will not oxidise further. The structure for the olivine particle and the 
surrounding iron oxides described for these samples was also observed in 
previous studies.13, 16, 17 
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Fig. 14, Structure of the core of an olivine pellet with olivine 
addition after oxidation at 1280°C. The magnetite particles 
have oxidised into hematite (Fe2O3) except for the 
magnesioferrite (MF), into which the magnesium has been 
concentrated. These magnesioferrite islands can not oxidise 
further, due to the magnesium content. Fe2O3=hematite, 
MF=magnesioferrite, Ol=olivine, P=pore. 
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4.2 Reduction of pellets with quartzite addition 
Fig. 15 shows the pellets with added quartzite after oxidation and subsequent 
reduction at 1150°C. Three phases are identified in the XRD-diffractogram 
shown in Fig. 16, wüstite, magnetite and fayalite. This is also consistent with 
the chemical mapping results that indicated the existence of one iron-oxygen 
phase and one iron-oxygen-silicon phase. No quartz particles were found in 
the sample, and the iron oxide structure has sintered to a great extent so that 
most of the small pores have disappeared through sintering, or have been 
filled by fayalite (see Fig.15). In the sample reduced at 1000°C, both fayalite 
and quartz are detected, and the peripheral area of the quartz particles have 
sintered and dissolved some iron. The quartzite particles do not appear to 
have altered during reduction at 900°C compared to after oxidation only. 
 

 
Fig. 15, SEM mage from the peripheral areas of a pellet with 
added quartzite oxidized at 1280°C, and reduced for two hours 
at 1150°C. FeO=wüstite, Fay.=Fayalite, P=Pore. 
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Fig. 16, X-ray diffractogram over the pellets with added 
quartzite oxidized at 1280°C and reduced for two hours at 
900-1150°C. 

4.2.1 Discussion
The quartz particles in the oxidised pellets are not stable in reducing 
atmosphere, but react with the wüstite to form a fayalitic melt. With the 
exaggerated addition of quartzite in this study, the presence of fayalite 
having precipitated from this melt, during cooling of the sample, could 
clearly be identified with XRD, as shown in Fig. 16. This result is also in 
agreement with the phase diagram18), where fayalite is the only intermediate 
phase. Fayalite is thermodynamically stable already at relatively low 
temperatures, and the lowest melting point of fayalitic oxides is only 1140°C. 
The impurities in the system further lower the melting temperature, which 
could explain why formation of fayalite can take place already at 1000°C. At 
1150°C, all quartzite has reacted with surrounding FeO and turned into liquid 
with fayalitic composition. With the great ability of this melt to dissolve 
large amounts of iron, (76 wt% at 1175°C.14)) the structure becomes quite 
dense, with the fayalitic melt filling up a large part of the pores and old grain 
boundaries completely. This can be compared to studies on softening/melting 
of acid pellets, where one of the main concerns is the formation of a low-
melting slag of fayalitic composition through dissolution of FeO into the 
silicate slag.6,11)



4 Results and Discussion 

 34 

4.3 Reduction of pellets with calcite addition 
Fig.17 and Fig.18 show the oxidised calcite pellet after subsequent reduction 
at 900 and 1150°C, respectively. Chemical mapping analysis indicated a few 
silicon-rich particles in the 900°C-sample, and small calcium-rich inclusions 
are found in both samples. However, one main phase dominates the sample 
at both temperatures, and that is the porous iron oxide. This is also consistent 
with the X-ray diffraction pattern in Fig. 19, in which the phases, wüstite, 
magnetite and hematite were identified. The low intensity peaks at 2-theta ~ 
33° is an indication of minor amounts of additional phases that could not be 
identified.  
 
Point analysis on the iron oxide phase in the peripheral area reveals a CaO 
level of 1.5% and 2.2% in the 900°C and 1150°C samples respectively, but 
occasional readings on up to 4.9% were made in both samples. In the pellet 
core, no changes can be detected in the sample reduced at 900°C compared 
to the oxidised sample. In the 1150°C sample, the core has also begun to 
reduce, so that the matrix phase observed after oxidation has now turned into 
a pattern of larger pores or defects filled up with the calcium-silica-rich slag. 
 

 
Fig. 17, SEM image from the peripheral areas of a calcite 
pellet oxidised at 1280°C and reduced for two hours at 
900°C.FeO=wüstite, P=Pore. 



 

 35 

 
Fig. 18, SEM image from the peripheral areas of a calcite 
pellet oxidised at 1280°C and reduced for two hours at 
1150°C. FeO=wüstite, P=Pore. 

 

  
Fig. 19, selected x-ray diffractogram over the calcite pellets 
oxidized at 1280°C and reduced for two hours at 1150°C.  
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4.3.1 Discussion
In the reduced samples most of the pellet has reduced to a porous wüstite 
already at 900°C with smaller amounts of magnetite remaining in the centre. 
This is shown in the SEM images in Fig. 17 and also in the diffractogram in 
Fig. 19. The higher reduction temperatures produce a similar result, even 
though the porous structure is coarser and less magnetite remains in the 
centre. Except for the calcium that has dissolved into the wüstite, calcium is 
present together with silica in small inclusions everywhere in the structure. 
This is fully in line with the phase diagram of the system FeO-CaO-SiO2

19, 20) 
In the binary system FeO-CaO with smaller amounts of CaO, calciowüstite 
and C2F are the stable phases, and at temperatures above 1070°C, 
calciowüstite is the only stable phase. Silica, when present, will form calcium 
silicates. The calcium ferrites formed during oxidation are hence not stable in 
reducing conditions, but decompose when Fe3+ is reduced to Fe2+. The 
calcium in the ferrite instead dissolves into the wüstite to form calciowüstite. 
The calcium silicates formed during oxidation will also remain as silicates 
during reduction.  
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4.4 Reduction of pellets with olivine addition 
The overall result after the reduction tests with olivine pellets at different 
temperatures is summarised in Table 4. 
 
Table 4, summary of the reactions occurring in the samples of the different 
olivine pellet experiments. 
 CO/CO2 Temp, °C Stable phase Observed reaction 
a)� 32/68� 500� Fe3O4� Hematite�>porous�magnetite�
b)� 32/68� 600� Fe3O4� Hematite�>porous�magnetite�
c)� 32/68� 700� Fe3O4� Hematite�>porous�magnetite�
d)� 32/68� 800� FeO� Mg�levels�in�mg�ferrite�decrease�when��

Mg�diffuses�out�from�islands�to��
surrounding�iron�oxide�

e)� 32/68� 900� FeO� Same�as�for�d)�but�with�a�greater��
decrease�in�Mg�level�

f)� 10/90� 800� Fe3O4� Same�as�for�d)�but�with�a�smaller�
decrease�in�Mg�level�

g)� 10/90� 900� Fe3O4� Same�as�for�d).�The�decay�in�Mg�level�is��
higher�than�in�d),�but�less�than�in�e)�

h)� 48/52� 1000� FeO� Mg�ferrite�lamellas�and�crystals�in�olivine�
coronas� react� with� the� silica� in� the�
corona� to� form�olivine.�Also� the�binding�
silica�slag�in�the�pellet�react�with�MgO.��

i)� 68/32� 1150� FeO� The� Mg� in� the� iron� oxides� is� uniformly�
distributed�in�the�surrounding�wüstite�at�
levels�of�1.3�1.4%�

 
Table 4 shows that no changes were observed in the structure of the olivine 
particle in the oxidised sample up to a temperature of 1000°C. However, 
reduction of hematite occurs already at 500°C, and solid-state diffusion of 
magnesium in the iron oxides was observed at 800°C. The results from 
analysis of the pellets after reduction at different temperatures are dealt with 
in more detail below. 
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4.4.1 500-700°C 
The results of reduction of hematite to magnetite at 500, 600 and 700°C led 
to very similar results in all samples, and the images in Fig. 20 and Fig. 21 of 
the structure in the pellet shell and core are representative of all three cases. 
In all the reduced samples, all hematite has turned into porous magnetite in 
the entire pellet all the way to the core. Except for this, the sample remains 
similar to that of the oxidised sample. The structure of the olivine particles 
and the magnesioferrite islands are present in the same way as before 
reduction. No magnesium was detected in the secondarily formed magnetite. 
The boundary between the magnesioferrite has also cracked to some extent in 
these samples. This is clearly shown in Fig. 22 from the pellet core of the 
sample reduced at 700°C. 
 

 
Fig. 20, SEM image from the peripheral areas of an olivine 
pellet oxidized at 1280°C, and reduced for two hours at 600°C. 
Fe2O3=hematite, MF=magnesioferrite, Ol=olivine, P=pore.  
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Fig. 21, SEM image from the central areas of an olivine pellet 
oxidized at 1280°C, and reduced for two hours at 600°C. 
Fe2O3=hematite, MF=magnesioferrite, Ol=olivine, P=pore.

 
Fig. 22, SEM-BSE image from the peripheral areas of an 
olivine pellet oxidized at 1280°C, and reduced for 2 hours at 
700°C. Fe3O4=magnetite, MF=magnesioferrite, Ol=olivine, 
P=pore.

4.4.2 800-900°C 
Reduction at 800 and 900°C with the gas composition CO/CO2 =32/68 leads 
to formation of wüstite instead of magnetite. In these samples, the 
magnesium level of the Mg-ferrite islands has decreased slightly, and in the 
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sample reduced at 900°C the islands are not easily distinguished from the 
surrounding wüstite. When the magnesium diffuses out from the island, the 
Mg-level increases in the nearby wüstite; so, overall, the Mg-level is 
smoothening out in the sample. Figure 23 presents the changes in the Mg- 
level of the magnesioferrite islands in the samples reduced at 600-900°C.  

 
Fig. 23, MgO-level(wt%) in the magnesioferrite at different places 
in the laboratory-produced pellets after isothermal reduction at 
600-900°C. 

 
The diffusion of magnesium first becomes significant at 800°C, according to 
Fig. 23. As this coincides with wüstite becoming the stable iron oxide, two 
extra reduction tests with lower reduction potential were carried out to allow 
reduction to progress only to magnetite. It is clear that the magnesium has 
diffused to a higher extent in the wüstite than in the magnetite at these 
temperatures. Also, in the pellet periphery, some re-oxidation of wüstite to 
magnetite happened during cooling of the 900°C sample due to air leakage 
into the cooling cylinder. In this sample, the peripheral wüstite contained 
1.8% Mg, whereas the magnetite rim formed on each particle contained only 
1.3%. Reduction at 800 and 900°C generates a more dense particle 
morphology than at 500-700°C, which is clear when comparing Figs. 20-21 
with Figs. 24-25. 
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Fig. 24, SEM image from the peripheral areas of an olivine 
pellet oxidised at 1280°C, and reduced for two hours at 
900°C. FeO=wüstite(0-7% MgO), Ol=olivine. 

 
Fig. 25, SEM image from the central areas of an olivine pellet 
oxidised at 1280°C, and reduced for two hours at 900°C. 
FeO= wüstite(0-9% MgO), Ol=olivine, P=pore.
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4.4.3 1000-1150°C
Reduction of the pellets at 1000°C and 1150°C has caused the structure of 
the oxidised coronas of the olivine particle to disappear (see Fig. 26). Instead, 
the silica has reacted with MgO and FeO, so that iron-rich olivine (fayalite) 
has formed. Both the silica in the olivine particle rim and the silica slag 
between the wüstite particles have reacted with magnesium, as shown in the 
chemical mapping image in Fig. 27. Chemical analysis of the fayalitic corona 
of the olivine particle is presented in Table 5. The core has the same 
chemistry as the raw olivine. The fayalitic corona is lower in both Mg and Si, 
but richer in Fe. The presence of fayalitic olivine is also confirmed by the X-
ray diffractogram in Fig. 28. It was not possible to get chemical analysis 
values from the slag between wüstite particles. 
 

Table 5, Chemical point analyses averages on different 
parts of an olivine particle. 

    Corona     Corona 
Core   Toward 

   core 
     Outer      
   periphery 

MgO (wt %) 47.6� 20.8� 16.5�
SiO2 (wt %) 43.2� 36.0� 35.0�
FeO (wt %) 9.3� 43.0� 48.4�

 
The olivine particle core that did not react during oxidation is not very 
reactive in reducing atmosphere at temperatures of 1150°C and below. In a 
special case, reduction of the olivine pellets was continued for 8 hours at 
1150°C. Microscopic examination did not give any indication that a larger 
part of the olivine particles had reacted compared to after oxidation only.  
 
Mg-diffusion is faster the higher the temperature, and has levelled out almost 
perfectly in the sample reduced at 1150°C The wüstite MgO-level is 2.2% in 
the peripheral area of the pellet. In the pellet core, it is 2.3%.  
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Fig. 26, SEM image from the inner areas of an olivine pellet 
oxidized at 1280°C and reduced for two hours at 1150°C. 
FeO=wüstite(2%MgO), Fay. Ol=fayalitic olivine, Ol 
core=olivine core. 

 

Fig. 27, Chemical mapping of selected elements for the 
peripheral areas of an olivine pellet oxidized at 1280°C, and 
reduced for two hours at 1150°C.  
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Fig. 28, X-ray diffractogram over the olivine pellets oxidized at 
1280°C and reduced for two hours at 900-1150°C. 

4.4.4 Discussion
 
General 
Analysis of the samples reduced at temperatures 500, 600, 700, 800 and 
900°C showed that all hematite had transformed to magnetite already at 
500°C. The magnesium in the magnesioferrite islands has, however, not 
diffused out into the magnetite to any noticeable extent in the 500, 600 and 
700°C samples. The structure of these samples is therefore similar to the 
structure before reduction, except that the hematite has transformed into 
porous magnetite, and that the boundary magnesioferrite-iron oxide has now 
cracked to a great extent. Under the conditions of these experiments, the Mg 
cannot diffuse into the magnetite or wüstite lattices at temperatures up to 
700°C. At 800 and 900°C the diffusion of Mg has started, but the 
concentration gradients still remaining after 2 hours of reduction imply that 
the diffusion is not very fast at 800°C. The magnesium hence diffuses out to 
be stored at lower levels in the wüstite, and is then available to react with the 
silica slag when it approaches its melting point. Also the silica-rich olivine 
coronas react, at this temperature, with the surrounding magnesium and iron, 
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so that fayalitic olivine, possibly also iron-rich pyroxene, is again formed. 
This is exemplified by reaction formulas 1 and 2.  

 
2343242 CO +Fe)SiO3(Mg,+OFe 2  CO +3SiO+ OFe)Fe 3(Mg, �       (8)

      
 

24243242 CO +SiO Fe)1.5(Mg,+OFe CO +SiO 1.5+ OFe Fe) 3(Mg, �       (9)
       
 
It was not possible to obtain any point analyses from the small slag 
inclusions in the sample, but the chemical mapping images in Fig. 15 show 
that all silica is intimately associated with magnesium. This increases the 
melting point of the slag, and is a reason for the high meltdown temperature 
associated with olivine pellets. 

Mg diffusion and crystal lattices 
The levels of magnesium measured in the magnesioferrite islands, as well as 
in the surrounding wüstite with reoxidised magnetite, show that the 
magnesium is more easily accommodated in wüstite than in magnetite. The 
oxygen lattice of magnetite is tighter than that of wüstite45), and the melting 
point is about 200°C lower for the latter. The diffusion coefficient for self-
diffusion of iron in wustite is also about 100 times larger than that for 
magnetite at 900°C.46) In this experiment, it was shown that the magnesium 
in the magnesioferrite islands diffused to a slightly greater extent when the 
sample was reduced to the wüstite-level compared to when limiting reduction 
to magnetite. However, for the conditions of this experiment, it seems that a 
temperature of 800°C or more is required to bring about magnesium 
diffusion of significance, both in the wüstite as well as the magnetite case. 
 
Cracking
During the low-temperature transformation of hematite to magnetite, cracks 
appeared along the boundary between the secondary magnetite and 
magnesioferrite. This has also been observed previously7) and might be due 
to the volume increase associated with conversion of hematite to magnetite at 
low temperature. Such a volume increase has been calculated and also 
measured by many authors.47, 48,49, 50) Calculated values for single crystals 
range between 10 and 12.5% whereas measured values are slightly lower, 8-
10%. The magnesioferrite island remains as the core in most of the hematite 
particles in the oxidised pellet, and this core remains unaltered when the 
surrounding hematite expands while converting to porous magnetite. The 
strains created between the magnesioferrite and secondary magnetite by this 
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expansion, and the straight boundaries of the magnesioferrite acting as 
cleavage planes could well be the reason for the cracks observed in this 
study. As the magnetite-wüstite conversion does not involve any major 
change in the lattice, this reaction step does not cause any more fissuring and 
the wüstite formed instead inherits the structure of the magnetite.51) 
 

4.4.5 Summary
 
Summary 
The journey of magnesium in the core of a magnetite pellet during reduction 
is summarised in Fig. 30 below. The magnesium is liberated when the olivine 
particle breaks down during oxidation of the pellet and finally ends up as 
magnesioferrite islands surrounded by hematite in the original magnetite 
particles,16) (see Fig. 29). 
 

 
Fig. 29, Schematic view of magnesium’s path during oxidation. a) Diffusion 
of magnesium out to the magnetite before the oxidation front reaches the 
inner areas. b and c) Oxidation of the magnetite forces the magnesium to 
accumulate in remaining magnesioferrite islands.  
 
These magnesioferrite islands are also found further away from the olivine 
particles. The diffusion of magnesium from this magnesioferrite during 
reduction at temperatures up to 1000°C is schematically depicted in Fig 30. 
The hematite reduces to porous magnetite already at 500°C, and during this 
transition the hematite-magnesioferrite boundary cracks, as shown in Fig. 
30a. At 800°C, the temperature is sufficiently high to allow slow diffusion of 
magnesium from the magnesioferrite to the surrounding magnetite or wüstite, 
and at 900°C, the cracks around the magnesioferrite phase disappear (see Fig. 
30b). The Mg stored in the wüstite then reacts with the silica slag in the 
sample when it approaches its melting point at 1000°C (see Fig. 30c). The 
magnesium level in the wüstite now approaches a background level which 
was found to be about 2% after reduction at 1150°C.  
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Fig. 30, Schematic view of magnesium’s path during reduction. a) The 
hematite is reduced to magnetite during reduction at low temperature. 
Cracks form along hematite-magnesioferrite boundaries. b) At 800°C the 
temperature is high enough to allow the magnesium from the magnesioferrite 
islands to diffuse out into the secondary magnetite/wüstite. c) At 1000°C iron 
and magnesium from the magnetite/wüstite react with the silicate slag to 
form fayalitic olivine. 
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5 Concluding remarks 
 
These studies of mineralogical phases in iron ore pellets involved a first 
attempt at using exaggerated amounts of additives. The results showed that it 
was possible to identify, by x-ray diffraction, the main phases formed by the 
additives in all samples, after oxidation as well as reduction. A brief 
discussion on the implication of the exaggerated amounts on the sample 
mineralogy is given below for each case separately. 
 
The quartzite particles, which are not much affected by the oxidation pre-
treatment, react in reducing atmosphere to form fayalite. As fayalite is the 
only intermediate phase in the SiO2-FeO system, the results here should be 
comparable to pellets with normal additions of quartzite. The amount of 
formed melt as well as the extent of sintering should, however, be much 
lower in pellets with a lower addition.
 
Calcite addition led to formation of the C4F7 calcium ferrite and C2S phase 
during oxidation, which is not a phase commonly reported in the literature. In 
studies of pellets with added dolomite, CF2 has been reported as a 
predominant phase,28, 52, 53) and Niiniskorpi13) found that in commercial 
pellets with additions of olivine and calcite, almost all calcium of the original 
calcite particles ended up in the silicate slag. It is hence likely that the large 
addition of calcite used here has produced other phases than would have been 
the case with a normal addition. Also, the C4F7 can be stabilized by small 
amounts of a third component such as MgO,18) which was found as an 
impurity in the sample in the current study. During reduction, the calcium 
turned into a calciowüstite phase and calcium silicates. Due to the stability of 
these phases in reducing atmosphere, it is likely that the same result would 
appear upon reduction also of pellets with more normal addition of calcite. 
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However, a lower calcite content would lead to much less calcium dissolved 
into the wüstite, especially since the silica in the pellet consumes some of it 
in the formation of calcium silicates during induration.  
 
The results of the experiments with olivine pellets were compared with 
results from tests with a commercial olivine pellet supplied by LKAB. This 
comparison revealed the same mechanisms regarding diffusion of 
magnesium during reduction; however, there are some differences. In the 
commercial pellets, the distances between different olivine particles are 
much larger than in the lab pellets. Also, some calcium is added. In the pellet 
centre, formation of magnesioferrite takes place at quite large distances from 
the olivine particles. In the lab pellets with a close distribution of olivine 
particles, the magnesioferrite island distribution therefore attains a relatively 
smooth character. In the commercial pellets with fewer olivine particles, the 
magnesioferrite island distribution has a more local character, and there are 
also areas that are quite poor in magnesioferrite. However, the important 
result is that the overall mechanism remains the same in the commercial 
pellets as in the lab pellets. 
 
The iron concentrate used in this study contained 10% hematite as 
commercial concentrates typically contain low amounts. However, analysis 
of the samples did not indicate any significance of this on the result of 
oxidising and reducing the samples. It is the opinion of the authors that the 
presence of the hematite does not affect the overall reaction mechanisms 
presented in this paper.  
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6 Conclusions
 
 
In this study, the mineralogical phases formed in magnetite pellets with large 
additions of calcite, olivine and quartzite, during reduction to wüstite, were 
examined. The reaction behaviours are quite different, and relate to how the 
components of the additive can form reaction products with the different 
forms of iron oxides that is present during induration and in the subsequent 
reduction. 
 
The quartzite particles are not affected by the oxidation pre-treatment. 
However, in reducing atmosphere reaction with FeO leads to formation of 
fayalite already at temperature of 1000°C. At 1150°C, no quartzite particles 
are left in the sample, and instead the low-melting fayalite spreads out all 
over the pellet to fill in pores and old grain boundaries.  
 
In the pellets with calcite, CaO reacts with Fe2O3 during induration to form a 
low-melting calcium ferrite slag in the pellet that also dissolves silica. The 
early liquid sintering results in a dense structure of the indurated pellet. In the 
subsequent reduction a porous calciowüstite becomes the primary phase 
already at 900°C. Calcium silicates that were formed during oxidation also 
remain in the sample as silicates during reduction.  
 
In the olivine sample, the forsteritic olivine particles react partly during the 
oxidation pre-treatment to form magnesioferrite and vitreous silica. This 
breakdown of the olivine particle liberates magnesium from the olivine that, 
at temperatures up to 1150°C, is not otherwise very reactive during 
reduction. When the hematite in the sample is reduced, and when 
temperature is high enough to allow solid-state diffusion, the magnesium of 
the magnesioferrite redistributes, so that the magnesium approaches the same 
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levels all over the iron oxide structure. For magnetite, this does not happen 
below 800°C. At 1000°C, the magnesioferrite crystals in the olivine particles 
react with the vitreous silica, so that fayalitic olivine is formed. Also, the 
silica in the slag phase reacts with MgO and FeO to form fayalitic olivine.  
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7 Future work 
 
The reactions of the additives quartzite, calcite and olivine occurring in 
magnetite based pellets during reduction were described in this thesis. The 
Fe2O3-FeO-SiO2 systems are today fairly well understood. Quartzite particles 
are not very reactive during oxidation, but silica rich slags formed from 
impurities and binding clay during induration still seems to be of great 
importance for the reactions during the subsequent reduction. It seems that 
many reactions commence at the temperature when this slag begins to melt. 
It would therefore be beneficial to know which reactions in iron ore pellets 
that rely on the contact that the molten silica slag provides between particles 
in the pellets. 
 
Experiments with exaggerated amounts of calcite additions in the pellets 
showed that the calcite had formed C4F7 during induration of the sample, 
according to X-ray diffraction. This is not the ferrite commonly reported in 
the literature. On the other hand, the Fe2O3-FeO-CaO system is complex and 
a variety of different calcium ferrites can form under indurating conditions. It 
would be interesting to study which ferrites that form in pellets when the 
conditions of the induration process is varied, and also if different 
calciumferrites react differently during the subsequent reduction step.  
 
In the present study of pellets with olivine additions, the un-reacted forsterite 
core was shown to be only slightly affected by the reducing treatment, even 
at 1150°C. However, the magnesium that was liberated during oxidation 
fluxes the silica phase in the pellet already at 1000°C during reduction. It 
therefore appears that the more the olivine particles are made to react during 
the oxidation process, the more MgO diffuses into the iron oxides and would 
thereby be made available to flux the slag phase during reduction in the 
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temperature range ~1000-1150°C. It would therefore be beneficial to know to 
what extent the magnesium in the silica slag contributes to the to the high-
temperature properties of the pellets at temperatures between 1000°C and 
meltdown.
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