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Abstract 
                                                                                                                        
 
In the present study, the interaction between the additives olivine, quartzite 
and calcite and the iron oxides was studied during reduction at 500-1300ºC. 
Special lab pellets were prepared, including pellets with exaggerated 
amounts of additives, in order to enable analyses of phases that do not 
otherwise occur in sufficient amounts for X-ray diffraction and EDS-
analyses. The pellets were isothermally reduced in a tubular furnace and 
reduction was set to yield either magnetite or wüstite in the temperature 
range 500-1300ºC. For olivine, reduction tests were also performed to allow 
metallization in the range 1000-1300ºC. The mineralogical phases which 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. 
 
In the olivine sample, the forsteritic olivine particles react partly during the 
oxidation pre-treatment to form magnesioferrite and vitreous silica along the 
particle corona. This breakdown of the olivine particles during oxidation 
liberates magnesium from the particles, which do not react until temperatures 
of above 1150°C in reducing atmosphere. When the hematite in the sample is 
reduced, and when temperature is high enough to allow solid-state diffusion 
at ~800ºC, the magnesium of the magnesioferrite redistributes, so that the 
magnesium concentration approaches the same level throughout the 
structure. For magnetite, this does not occur below 800°C. At 1000°C, this 
magnesium reacts further with the silica in the glassy slag phase, which 
crystallizes into fayalitic olivine. At this temperature the magnesium diffuses 
over distances of more than 600μm from the olivine particles. From this 
point the primary slag phase in the pellet until melting is solid fayalite. The 
metallization front concentrates the MgO in the remaining wustite. which can 
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lead to MgO levels of up to 10% locally. The melting point of the fayalite is 
raised from 1145ºC to a melting range of 1238-1264ºC due to the MgO-
increase, as estimated based on the phase diagram adapted to the pellets 
tested. Much of the olivine which remained unaltered in the oxidation 
process will be encapsulated by iron before the particles begin to dissolve in 
reducing conditions, and therefore plays no role in the reduction before final 
melting of the particles occur. 
 
The quartzite particles are not affected by the oxidation pre-treatment. The 
binding strength of quartzite pellets therefore comes from the sintering of 
quartzite particles to neighbouring hematite as well as the glassy slag 
resulting from the acid gangue and the bentonite. Substantial reaction of the 
quartzite particles during reduction did not occur before 1000ºC, even though 
the process has occurred to a very low extent already at 900ºC. Also, the 
glassy slag crystallizes into fayalite in the presence of quartzite. From this 
point fayalite represents the primary phase in the pellet. The melting point of 
the fayalite in the sample was estimated to ~1140ºC, and the melt forming 
upon melting can dissolve up to 76wt% FeO. This leads to early softening, 
which is one of the main concerns for the softening/melting properties of 
pellets with quartzite.  
 
In the pellets with calcite, CaO reacts with Fe2O3 during induration to form a 
low-melting calcium-ferrite slag in the pellet that melts to react with silica in 
the pellets. If more calcium is added than what is required to react with the 
silica, calciumferrites become part of the binding mass together with the 
dicalcium silicate. The calciumferrites forming in pellets with larger 
additions of calcite are too weak to resist the tensions arising due to the low-
temperature reduction of hematite and are associated with low-temperature 
disintegration. As the reduction proceeds to wustite, the calcium from the 
ferrite dissolves in the wustite, so that porous calciumwustite forms. The 
dicalcium silicate remains stable during the entire reduction until reaction 
and melting of the phase begin at above 1280ºC.  
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1 Introduction 
 
 
During recent times, environmental concerns have placed increasing pressure 
on the CO2-intensive iron and steel industries to further optimize operation 
towards higher productivity and more efficient use 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) In recent decades an 
enormous increase in the demand for iron ore has led to many new iron ores 
with lower grades and more complex chemistries being taken into 
production. The presence of the impurities SiO2, MgO, CaO, Al2O3 and alkali 
metals in the ore, the first three being the same as the active components in 
common additives, further complicates the efforts to optimize the pellet 
recipes. Tailoring of the additive mix to be used for a certain iron ore for 
optimal product properties therefore requires detailed knowledge of the 
mechanisms by which these elements dissolve and react/interact in the pellet. 
 
After mixing the finely ground ore with additives and balling, the wet 
“green” pellets are fired in an induration furnace prior to reduction. This 
process produces a pellet containing minerals such as primary and secondary 
iron oxides, iron-containing compounds as well as crystalline and glassy slag 
phases.13) 

 

Numerous reports have been published on the effect of these minerals on the 
reduction behaviour of iron oxides, based both 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 
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intention of which was to understand why a certain additive influenced, for 
example, the reducibility in a certain way. However, the reducibility is also 
influenced by operational factors of the specific experiment and it has often 
been difficult to draw consistent conclusions about the true mechanisms 
behind the contribution of the additives. 
 
Some researchers have therefore devoted their studies solely to explaining 
the reactions of the mineral particles in pellets and how and at what 
temperature the active components dissolve in the surrounding iron oxides 
under different conditions relevant to the blast furnace. 
 
In a comprehensive microscopy study, Niiniskorpi13, 14) 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, Ryösä15) provided a detailed study on 
altered olivine particles in magnetite pellets with micro-Raman spectroscopy, 
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 system16) 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 addition of calcite leads to formation of calcium silicates 
and calcium-ferrites during induration.13, 17) The reactions of calcite during 
reduction of pellets are complex and appear to depend on the experimental 
conditions in each study. Determination of the specific ferrites forming is 
difficult, as the total amount forming is low, which hinders characterization 
by mineralogical analysis tools such as XRD.18). However, the reduction of 
most important binary and ternary calcium ferrites has been studied and 
described in detail.19, 20, 21) 
 
The overall view of the reactions taking place at different stages of the 
reduction process is hence not complete. The scope of this work is therefore 
to determine the reactions occurring in magnetite pellets with the additives 
olivine, quartzite and calcite during reduction, and the temperatures at which 
they occur. 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.  
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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.22) 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 pulverized 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 that these zones be split into four principal regions that are of 
significance for iron ore reduction:22) 
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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 occurs according to eq. 1-6 through indirect reduction with CO gas and 
H2 that ascend from below.23)  
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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.23) 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,24) 
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 through 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°C23) 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.22) 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. 
 

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 2.22) 
 

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.22) 
 

2.1.5 Ideal blast furnace operation and reality 
The ideal case for smooth operation and efficient use of raw materials would 
be to have as little as possible of unreduced iron oxides in regions 3 and 4.22) 
That means that all reduction would take place in regions 1 and 2, where the 
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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.22)  
 

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 conditions 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 to maintain the pellet’s 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. In general, the reducibility has 
been shown to correlate to the porosity of the iron ore units. Different 
additives have been shown to physically influence on the porosity to a great 
extent,25, 26) but also on the crystal level, facilitating contraction or expansion 
of the crystal lattice. The improvement in reducibility resulting from the 
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presence of additives has also been attributed to the introduction of disorder 
and hence increased number of active centres in the crystal structure.27, 28) 
 

2.2.2 Mechanical strength  
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.22) 
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, and they must also resist the tensions arising when 
the ore particles transfer between different iron oxide morphologies. The 
transfer from hematite to magnetite in the low-temperature reduction zone at 
500-700ºC is especially important, as this reduction step involves a volume 
expansion of ~10%.29-32) A comparison of specimens with additions of quartz 
and different silica-bearing gangue minerals primarily showed a close 
correlation of strength before and after low-temperature reduction to 
porosity.3) 

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 metallized 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, which results in a greater range in 
properties. The melting temperature of the reduced iron is not fixed, but 
changes during reduction while being carburized 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: 
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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.33) Abnormal 
swelling is detrimental for blast furnace operation and occurs only for 
particular ores under certain conditions.33) Numerous reports have shown that 
the occurrence of abnormal swelling can be eliminated through additions of 
the proper additives.  
 

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, iron ore was charged solely as lumps straight from the mines 
into the blast furnace. The desire to utilize 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 1902.34) 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 the 
U.S.A.35) 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 pelletizing 
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 pelletizing 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-scale plant was built 
in 1908.35) Soon after, plants were also built for agglomeration of iron-
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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.35) 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.35) 
 
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.A. led to the development of 
magnetite pellets.36) Taconite ore is characterized 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 pelletizing in experimental scale using a shaft 
furnace. 35) After World War II, work was also carried out in Sweden under 
the direction of Jernkontoret. The first commercial pelletizing 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.A., in 1955, 
based on a travelling grate plant.35) 
 

2.3.2 Pelletizing 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 oxidized to hematite. The 
oxidation reaction is highly exothermic, which means that more than two 
thirds of the total energy required for sintering is supplied by the oxidation 
reaction itself.37) 
 
The primary aim of the pelletizing 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 
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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: 
 

 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,37) 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 recrystallization temperature above 
1100°C. The oxidation of the magnetite occurs topochemically in a strictly 
zonal manner in the pellets18)  (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 oxidized 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.38) At higher 
temperatures, increased sintering cause large hematite crystals to grow, at the 
expense of smaller crystals, in the same particle and even across particle 
boundaries. 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.35) 
 
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 
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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.17)  

 

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 most common additive minerals used have been quartzite (SiO2), calcite 
(CaCO3), dolomite ((Mg,Ca)CO3) and olivine (Mg2SiO4), with the 
components being CaO, MgO and SiO2. The previous research about these 
additives is reviewed below.  

2.4.1 SiO2 
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 contained silica.  
 
A study of commercial acid pellets indicated the reduction rate of pellets to 
decrease with the silica content at 1200°C and above.25)  Another study 
showed that the reduction of oxidized 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 primarily showed 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.39) The same study showed 
that the rate of nucleation of magnetite increased, but that the growth of the 
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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 
to the ability of silica to dissolve large amounts of wüstite while forming a 
FeO-rich melt.22) 
 

2.4.2 CaO 
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.40) 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, 41) 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, 41) 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,42) 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.43) The reducibility has been positively correlated to the amount 
of calcium-ferrites.41)  
 
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.28) showed that the presence of 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.44, 45, 46)  
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2.4.3 MgO 
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. 
 
Many research studies have been conducted to describe the behaviour of 
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.22) Considerable efforts have 
therefore been made to understand the mechanisms by which olivine or MgO 
promote reducibility. It has been shown that reducibility correlates to a great 
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extent to the porosity of the sample,25, 26) and that the porosity increases with 
the addition of MgO.26, 28, 47) 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.28) However, the final reduction step was retarded by 
the MgO at a higher degree of reduction, as magnesiowüstite relics became 
entrapped and isolated from reducing gases by dense metallic iron. The high 
reducibility obtained with the MgO addition was attributed to an increase in 
porosity as well as an increase in number of active centres in the iron oxide 
structure.28) 
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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 one 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 balled, fired and 
reduced with laboratory equipment to create batches of samples of as high 
uniformity as possible. Three pellets were used for each pellet sample in each 
experiment. Two different reduction series were performed, and both series 
were performed isothermally in tubular furnaces at 500-1300°C, see Fig. 3 
and Fig. 4. The reduction conditions of all experiments are displayed in 
Table 1. The gas composition was adjusted according to the Fe-C-O-stability 
diagram23) to create an atmosphere limiting the reduction to magnetite, 
wüstite or to metallic iron. The temperature was recorded with a 
thermocouple located 2-3 cm under the samples. 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 cooled to room temperature. The first series of samples were 
cooled first at 125°C in a cooling zone above the furnace for 20 min. in 
nitrogen, after which the final cooling was made in air. The second series 
was reduced in another tubular furnace allowing higher reduction 
temperatures, here, the samples had to be lifted over into a cooling chamber, 
where they were cooled in nitrogen flow.  
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Fig. 3, Schematic view of the experimental apparatus used for the 
reduction tests. 

 
Table 1, Conditions for isothermal reduction of pellets with additions of olivine 
quartzite, and calcite at different temperatures.  
 
Series I Olivine and Calcite (Pap. II,V)   
CO/CO2 Temperature Stable iron 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 

Series I Olivine, quartzite and calcite (Pap. I)   
32/68 900 FeO 

48/52 1000 FeO 

68/32 1150 FeO 

Series II Fine/coarse olivine with/without fine quartzite (Pap. III, I V)   
50/50 1000, 1100, 1200, 1300 FeO 

100/0 1000, 1100, 1200, 1300 Femet 
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Fig. 4 Tubular furnace used for 
reduction tests. 
 

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

3.2 Sample preparation 
Two series of samples were produced; the first one based on a blend of 90% 
magnetite concentrate and 10% hematite concentrate, the second being a pure 
magnetite concentrate. The first series included pellets 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 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. The second series included pellets with fine and coarse olivine with 
and without fine quartzite. Complete raw material specifications, as well as 
calculated chemical analysis of the pellets, are given in Table 2 and Table 3. 
Information about the particles sizes of the additives in the second series of 
pellets is provided in Table 4. 
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Table 2, Chemical composition of raw materials and finished pellets in series I. 
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  

Commercial48) 

olivine pellets 66.8 1.8 1.3 0.45 0.06 

 
Table 3, Chemical composition of raw materials and finished pellets in series II. 

 
Fe FeO SiO2 MgO CaO  Na2O 

  +K2O 
Iron ore conc. 71.26  0.56 0.17 0.16 0.08 

Olivine coarse 5.19  40.96 44.93 0.44 0.173 

Olivine fine 5.04  38.80 45.16 0.13 0.14 

Quartzite 0.43  98.15 0.04 0.05 0.228 

Bentonite 3.83  51.46 3.87 7.16 3.56 

Sample 1 (S.1) 
calculated   96.10 2.14 1.45 0.18 0.13 
Sample 2 (S.2) 
calculated  92.95 5.29 1.44 0.18 0.13 
Sample 3 (S.3) 
calculated  96.16 2.08 1.46 0.18 0.13 
Sample 4 (S.4) 
calculated  93.01 5.24 1.45 0.17 0.13 
Sample 5 (S.5) 
(reference) 
calculated 

 98.42 1.05 0.24 0.18 0.13 
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Table 4, Additives used in the different samples of this study 

For the first series of pellets, 200 kg iron oxide and the additives were mixed 
and balled to pellets in a laboratory pelletizing disc. These pellets were then 
oxidized 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. The 
samples of the second series were prepared by micro-balling equipment, at 
LKAB, based on 7 kg batches of material for each sample. The pellets were 
sieved to collect the 9-12.5mm fraction, and the average pellet weight was 
3.3g. The pellets were then oxidized isothermally at 1250ºC for 2 hours in a 
tubular furnace after which they were cooled at room temperature in air  

3.3 Analysis 
The samples were characterized before and after reduction by scanning 
electron microscopy (SEM) and X-ray diffraction (XRD). SEM analysis was 
facilitated by a Phillips XL30 with a high-resolution Ge detector,  a Hitachi 
VPSEM S3400N with a Bruker quantax 800 detector, a Zeiss Merlin with an 
Oxford Instruments X-Max 3000 detector and a FEI Magellan 400 with an 
Oxford Instruments X-max 3000 detector.The pellets were mounted in epoxy 
resin and cut approximately in the middle with a thin diamond saw. Finally, 

- fineness with diamond pastes before gold 
or carbon coating, see Fig 6. 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 were found to vary across the pellet radius, images 
and point analyses were taken both from the pellet periphery and from the 
core. In the areas chosen for analysis, typically 10-25 chemical point 
analyses were taken to gain an overview of the phases present. In some cases, 
images and point analyses were all collected from only one pellet, whereas in 
other 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. 

 Olivine Quartzite Bentonite 
Sample 1 2.5 wt% >108μm None 0.5 wt% 

Sample 2 2.5 wt% <38μm None 0.5 wt% 

Sample 3 2.5 wt% >108μm 3.0 wt% <20μm 0.5 wt% 

Sample 4 2.5 wt% <38μm 3.0 wt% <20μm 0.5 wt% 

Reference None None 0.5 wt% 
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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 and a PANalytical Empyrean X-ray Diffractometer..  

3.4 Nomenclature 
C4F7   (CaO)4 2O3)7 
C2F1.6F7   Ca2Fe15.59O25 
CF2   2O3)2 
C3WF7   (CaO)3 2O3)7 
C4WF4   (CaO)4 2O3)4 
C4WF8   (CaO)4 2O3)8 
CWF   2O3) 
C2F   (CaO)2 2O3 
C2S   (CaO)2 2 
 

3.5 Thermodynamical calculations 
Thermodynamic calculations were made in Factsage 6.249) using compound 
database FS53base.cdb, FToxid53base.cdb and solution databases 
FToxid53soln.sda. FToxid-slagA, FToxidOlivA, FToxid-cPyrA, FToxid-
oPyr, FToxid-pPyrA and FToxid-MeO_A. During calculation, FS53base.cdb 
was suppressed contra FToxid53base.cdb to exclude duplications in the data 
set. 
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4 Results and Discussion  
 
 
This chapter 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. The reduction of each additive mineral is 
described in a separate section, and each section begins with a description of 
the interaction occurring already during induration of the sample. 

4.1 Olivine 
The reactions of olivine particles in magnetite pellets before and after 
reduction are described in paper I- XRD and SEM-EDS analysis of pellets 
after oxidation and subsequent reduction at 900-1150ºC, Paper II- Diffusion 
of Mg in magnesioferrite, magnetite and wustite after reduction at 500-
900ºC, Paper III-Diffusion of Mg in wustite and slag after reduction to 
wustite at 1000-1300ºC and Paper IV-Diffusion of Mg in wustite and slag 
after reduction to Femet at 1000-1300ºC  

4.1.1 Oxidation 
Fig. 7 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 forsterite50)), and is very unreactive in reducing conditions up to 
1150°C. However, the olivine particles do react in the oxidizing conditions 
during induration, and the secondary formed phases will react further during 
reduction already at lower temperatures.  
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The olivine particle in Fig. 7 is from an oxidized pellet and 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 8). 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, Ryösä15) 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 
has proceeded longer in the pellet core compared to the peripheral area.  

 
Fig. 7, SEM image from the outer areas of an olivine pellet 
oxidized at 1280°C. Fe2O3=hematite, MF=magnesioferrite, 
Ol=olivine. 
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Fig. 8, Chemical mapping of selected elements for the 
peripheral areas of an olivine pellet oxidized at 1280°C.  

 
Fig. 9, 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 spinel, and 
hematite (see Fig. 7, Fig.8 and Fig. 10). The magnesioferrite is associated 
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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, 
reaction is between olivine 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 oxidize further. The structure for the olivine particle and the 
surrounding iron oxides described for these samples was also observed in 
previous studies.13, 14, 15) 

 
Fig. 10, Structure of the core of an olivine pellet with olivine 
addition after oxidation at 1280°C. The magnetite particles 
have oxidized into hematite (Fe2O3) except for the 
magnesioferrite (MF), into which the magnesium has been 
concentrated. These magnesioferrite islands cannot oxidize 
further, due to the magnesium content. Fe2O3=hematite, 
MF=magnesioferrite, Ol=olivine, P=pore. 
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4.1.2 Reduction of pellets with olivine addition. 
The overall result after the reduction tests with olivine pellets at different 
temperatures is summarized in Table 5. 
 
 
Table 5, summary of the reactions occurring in the samples of the different 
olivine pellet experiments. 
 CO/ CO2 Temp, °C Stable 

phase 
Observed react ion 

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 fayalitic olivine. Also the binding glassy 
silica slag in the pellet reacts with MgO from the 
wusitite to form fayalitic olivine and remaining 
alkalirich inclusions. The MgO settles at 
equilibrium between the wustite and the fayalite  

i) 68/32 1150 FeO Same as in h)  

j) 50/50 1200 FeO Olivine particle cores from larger particles begin 
to dissolve supplying additional magnesium to 
the wustite and slag. 

k) 50/50 1300 FeO Even very large olivine particles have melted so 
that all magnesium is evenly distributed in the 
slag and wustite. An addition of 2.5% Olivine 
renders a melting interval of the fayalitic slag of 
1158-1200ºC 

L) 100/o 1200 Fe Same as in J) but here the entrainment of 
magnesium in the wustite has raised the 
magnesium content. When fine reactive olivine 
is used the slag is still mostly solid. When coarse 
olivine is used some magnesium is still 
entrapped in the olivine particle cores, and the 
slag has melted 
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M 100/o 1300 Fe A metal skin has formed on the pellet surface in 
all samples except for the sample with no 
additives and the sample with the highest 
MgO/SiO2 ratio. These two samples still have 
almost a 100% reduction degree.  

 
No changes were observed in the structure of the olivine particle in the 
sample up to a temperature of 1000°C. Reduction of hematite into magnetite 
occurs already at 500°C, and solid-state diffusion of magnesium from the 
magnesioferrite into the iron oxides starts at 800°C. This magnesium is then 
available to dissolve in the glassy slag at 1000ºC which makes the slag 
crystallize into fayalitic olivine. Coarse olivine particles that did not react 
during oxidation do not supply the magnesium until 1150ºC, and in this case 
the slag remains mostly vitreous until at least above 1100ºC. The results from 
analysis of the pellets after reduction at different temperatures are dealt with 
in more detail below. 
 

4.1.2.1 500-700°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. 11 and Fig. 12 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 oxidized sample. The structure of the olivine particles 
and the magnesioferrite islands are present in the same way as before 
reduction and no magnesium was detected in the secondarily formed 
magnetite. The boundary between the magnesioferrite has cracked to some 
extent in these samples, as shown in Fig. 13, which is from the pellet core of 
the sample reduced at 700°C. 
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Fig. 11, SEM image from the peripheral areas of an olivine 
pellet oxidized at 1280°C, and reduced for two hours at 600°C. 
Fe3O4=magnetite, MF=magnesioferrite, Ol=olivine, P=pore.  

 

 
Fig. 12, SEM image from the central areas of an olivine pellet 
oxidized at 1280°C, and reduced for two hours at 600°C. 
Fe3O4=magnetite, MF=magnesioferrite, Ol=olivine, P=pore.  
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Fig. 13, 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. 

 

4.1.2.2 800-900°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 
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 14 presents the changes in the Mg- 
level of the magnesioferrite islands in the samples reduced at 600-900°C.  



  

 31 

 
Fig. 14, MgO-level (wt%) in the magnesioferrite at different places 
in the laboratory-produced pellets after isothermal reduction at 
600-900°C. Reduction with CO/CO2 =32/68 gives magnetite at 
500-700ºC and wustite at 800-900ºC. 

 
The diffusion of magnesium first becomes significant at 800°C, according to 
Fig. 14. 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 occurred 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 denser particle morphology 
than at 500-700°C, which is clear when comparing Figs. 11-12 with Figs. 15-
16. 
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Fig. 15, SEM image from the peripheral areas of an olivine 
pellet oxidized at 1280°C, and reduced for two hours at 
900°C. FeO=wüstite (0-7% MgO), Ol=olivine. 

 

 
Fig. 16, SEM image from the central areas of an olivine pellet 
oxidized at 1280°C, and reduced for two hours at 900°C. 
FeO= wüstite(0-9% MgO), Ol=olivine, P=pore.
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4.1.2.3 1000-1150°C 
Reduction of the pellets at 1000°C and 1150°C has caused the structure of 
the oxidized coronas of the olivine particle to disappear (see Fig. 17). 
Instead, the vitreous silica of the corona has reacted with MgO and FeO, so 
that iron-rich olivine (fayalite) has formed. Also, the silica slag between the 
wüstite particles has reacted with magnesium as shown in the chemical 
mapping image in Fig. 18. Fig. 19 shows an image of fayalite precipitates 
with remaining glassy inclusions containing Na, K, Ca, Al, P, V and Ti. The 
presence of fayalitic olivine is also confirmed by the X-ray diffractogram in 
Fig. 20.  

Fig. 17, 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. 

 
When a very fine reactive olivine is used, the magnesium is quite evenly 
distributed in the slag and wustite already at 1000ºC. The MgO level 
resulting from a 2.5 wt % addition of olivine is ~0.9 wt % in the wustite and 
~5.2 wt % in the fayalite of the crystallized slag which render a melting 
interval of this slag of ~1181-1198ºC(see Table 6). When a coarse olivine is 
used, a significant part of the MgO is entrapped in the olivine particle cores 
which do not begin to dissolve until 1150ºC. This was confirmed by 
microscopic examination of pellets from an 8-hour reduction experiment at 
1150°C, where no sign of further reaction of the olivine particles was 
observed compared to after oxidation only. The Mg diffuses across distances 
of more than 600μm from the particle even when the MgO-level is very low. 
However, with much of the olivine still unreacted, the dissolved MgO in the 
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slag remains very low in this temperature range. Reduction tests at 1000 and 
1100ºC confirmed that almost no fayalite formation in the slag occurred 
when very coarse unreactive olivine and bentonite were the only additives in 
the pellets. 

  
Fig. 18, Chemical mapping of selected elements in the area 
depicted in Fig. 26.  

 
Fig. 19,Wustite in equilibrium with a slag with portions of 
fayalite crystals and portions of glassy slag. Pellet sample 
with fine olivine after reduction at 1100ºC. A-slag=Slag phase 
containing Na, K, Ca, Al, P, V, and Ti. 
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Fig. 20, X-ray diffractogram over the olivine pellets oxidized at 
1280°C and reduced for two hours at 900-1150°C. 

4.1.2.4 1200-1300°C 
During reduction at 1200 and 1300ºC, the appearance of molten phases and 
the metallization pattern are very important for the reduction behaviour. The 
molten phases strongly increase sintering, which decreases the porosity and 
access to reducing gases. It also makes the sample soften and lose shape.  
 
All olivine particles, except for those larger than 150μm in diameter, dissolve 
at 1200ºC, and at 1300ºC even the largest ones have melted. If a fine reactive 
olivine is used, all magnesium will be liberated and distributed almost evenly 
in the pellet already at 1000ºC. The magnesium in the wustite has then 
equilibrated with that of the slag, and the total level now sets the melting 
point of the slag. The equilibrium relation shifts when the temperature 
increases, and upon melting of the slag it shifts markedly, so that a higher 
portion of the magnesium ends up in the wustite. It was found that the 
experimental results best agree with the Mg-levels predicted by the phase 
diagram MgO-FeO-SiO2 at 50ºC above the experimental temperature. With 
this fitting of the results to the diagram, the melting range of the slag in these 
pellets, resulting from different amounts of olivine addition during reduction 
to wustite, could be estimated. The results are presented in Table 6. 
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Table 6, Melting ranges for the fayalite forming in the slag with different 
amounts of fine olivine additions in the pellets 

Added 
Olivine** 

Wt% 

Added 
MgO 

Wt % 

Added 
MgO 
Mol % 

MgO level  
Phase diagram 

Tie-lines  
Mol % 

Melting 
range 

Phase 
diagram 

Tuned melting 
range* 

 
0 0 0 0 1194ºC 1144ºC 

1.6 1 1.8       3.0*** 1209-1218 1159-1182 

2.6 1.5 2.6 3.8 1218-1232 1181-1198 

3.6 2 3.6       4.8*** 1231-1248 1188-1207 

4.6 2.5 4.35       5.6*** 1236-1257 1196-1220 

10 1295-1325 1252-1282 

 
The MgO that has diffused out to the wustite is expelled when the wustite 
particle is metallized. The metal front advancing toward the centre therefore 
causes more and more magnesium to accumulate in the remaining wustite, 
so that higher levels of MgO result in the non-metallized portion. If the 
metallization front is diffuse and gradual, the MgO increase in the wustite 
and slag is quite moderate, whereas a sharp metal front can significantly 
raise the MgO-concentration. In the experiments of this PhD thesis the 
highest magnesium level of 10 mol% MgO were recorded just in front of the 
metal front in a sample with a high Mg/Si ratio. This increases the melting 
range in the local zone before the metal front to 1252-1282ºC as predicted by 
the phase diagram, see Table 6. It is important to notice that in a real iron 
making operation much metallization occur below 1150ºC; therefore, the 
metal will encapsulate the magnesium of the unreacted olivine particle cores, 
especially in the pellet peripheral portion, which will play no role until the 
pellet melts completely.  

                                                 
* The tuning of the phase diagram for the pellets tested is described in paper IV 
** The amount of olivine required if all MgO in the pellets was supplied by the olivine  
*** The correlation between the added olivine and the MgO-level  suggested by the phase 
diagram tie-lines was done for 2.6% added MgO. The difference of 1.2 mol % was then used 
for all other cases to correlate the amount of added MgO with the phase diagram.  
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4.1.3 Discussion 
 
General 
The hematite in olivine pellets reduces to magnetite already below 500ºC. 
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 magnesioferrite-hematite boundaries now appear very 
weak (this indicates a weaker part which could possibly give rise to cracks). 
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. This is exemplified by reaction formula 9.  

 
      

24243242 CO +SiO 1.5Mg+O2Fe  CO +SiO 1.5+ OFe 3Mg       (9)
       
 
The magnesium dissolving in the slag hence trigger the crystallization of the 
slag into fayalite crystals so that all Na, K, Ca, Al, P, V- and Ti is 
concentrated in small remaining glassy inclusions. The crystallization of a 
vitreous slag phase has been deemed critical for hindering abnormal swelling 
in pellets with low amounts of total slag61) The separation of the vitreous slag 
phase very near olivine particles was also described by Ryösä15). As the 
fayalite crystals appear to have nucleated at random locations in the slag 
(topochemical crystallization), Mg must first have dissolved in the glassy 
slag, which is an indication that the melting point for this slag is also close to 
1000ºC. The melting of the fayalite precipitates, on the other hand, depends 
on the magnesium content and ranges between 1144 to 1198ºC (see Table 8). 
1144ºC refers to the case with no magnesium in the precipitates, and 1198ºC 
refers to the case when all MgO of the olivine added to the pellets (2.6 mole 
% MgO or 1.5 mass% MgO) has dissolved evenly in the pellet. The addition 
of olivine hence implies a potential increase in melting point of ~140-200ºC 
for the slag in the pellets tested in this study.  
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Mg diffusion and crystal lattices 
The levels of magnesium measured in the magnesioferrite islands, as well as 
in the surrounding wüstite with reoxidized magnetite, show that the 
magnesium is more easily accommodated in wüstite than in magnetite. The 
oxygen lattice of magnetite is tighter than that of wüstite51), 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.52) 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, a temperature of 800°C or more is required to bring 
about magnesium diffusion of significance, both in the wüstite and in 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.29-32) Calculated values for single crystals range 
between 10 and 12.5% whereas measured values are slightly lower, 8-10%. 
The magnesioferrite island constitutes the core in many of the hematite 
particles in the oxidized pellet, and this core remains unaltered when the 
hematite in the particle expands while converting to porous magnetite. The 
strains created between the magnesioferrite and secondary magnetite by this 
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.53) 
 
Reducibility and swelling 
The reduction degree was calculated for pellets containing different 
combinations of olivine and quartzite in the temperature range 1000-1300ºC. 
The pellet’s diameter was also recorded, which served as a measure of the 
pellet swelling. It was demonstrated that the difference in reducibility was 
significant, especially at the highest reduction temperature, where sintering 
created a dense metal shell on the pellets, thus hindering further reduction in 
most samples. It appears that the best reducibility is obtained if the amount of 
silica is low. However, the negative influence of the silica component on the 
reduction can be cancelled to a great extent if the silica is fluxed by a 



  

 39 

sufficient amount of MgO in the form of fine olivine. The main reason for 
this is probably that the high magnesium level in the slag reduces sintering, 
so that a porous structure can be maintained despite the high temperature. If 
coarse olivine is used to supply the MgO, much of the olivine will have been 
encapsulated by metal before the olivine begins to dissolve at above 1150ºC. 
Because of this, a coarse olivine does not give the same good result as fine 
olivine. 
 
It appears that the samples with the most binding silica swell the least at 
1000ºC and 1100ºC, as primarily the dissolved olivine, but also the slightly 
sintered quartzite particles have formed fayalite. The addition of olivine 
reduces the swelling in the range 1000-1100ºC, which is believed to be due 
to the crystallization of slag into fayalite, which better resists the expanding 
forces from the metallization than does the melted glassy slag. The higher 
swelling at 1100ºC might be due to the swelling tension being higher due to 
faster reduction kinetics. At 1200ºC the samples swell slightly less, and at 
1300ºC there is even a net shrinking for the samples with added quartzite.  
The important factor for swelling between 1000-1100ºC therefore seems to 
be the amount of molten or sintered silica formed during induration, which 
transforms into fayalite during reduction, facilitating binding forces in this 
temperature range. At 1200ºC and above the fayalite has begun to melt, 
which is why sintering of the samples has increased, especially in the 
samples with added quartzite (higher total amount of silica). 
 
Summary 
The journey of magnesium in the core of a magnetite pellet during reduction 
is summarized in Fig. 21 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,14) (see Fig. 21). 

 
Fig. 21, 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.  
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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. 22. 
The hematite reduces to porous magnetite already at 500°C, and during this 
transition the hematite-magnesioferrite boundary cracks to some extent, as 
shown in Fig. 22a. 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. 22b). The magnesium of the wustite then triggers 
non-topochemical crystallization of the glassy slag into fayalite crystals, so 
that all Na, K, Ca, Al, P, V and Ti is concentrated in small remaining glassy 
inclusions (see Fig. 22c).  
 

 
Fig. 22, 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, which 
crystallizes into fayalitic olivine. 
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4.2 Quartzite 
The reactions of quartzite particles in magnetite pellets before and after 
reduction are described in Paper I- XRD and SEM-EDS analysis of pellets 
after oxidation and subsequent reduction at 900-1150ºC, Paper III-formation 
of fayalite in the vitreous slag phase after reduction to wustite at 1000-
1300ºC and Paper IV- formation of fayalite in the vitreous slag phase after 
reduction to Femet at 1000-1300ºC.  

4.2.1 Oxidation 
Fig. 23 shows a quartzite particle in the oxidized sample with quartzite 
addition. Pure quartz does not react with hematite or magnetite during 
induration conditions16), 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-SiO2,16) 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 
particles have sintered and bound to neighbouring hematite, and also 
dissolved smaller amounts of Fe along the particle periphery. However, small 
particles are more reactive, and these have formed melts locally in the 
presence of impurities such as Na, K or Ca that form low melting phases in 
the system. The binding slag phase is a glassy slag which is typical for 
Swedish acid gangue. Three phases are identified with XRD: hematite, 
quartz and cristoballite.  
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Fig. 23, SEM image from the peripheral areas of a pellet with 
added quartzite oxidized at 1280°C. Q=quartzite, 
Fe2O3=hematite. 

4.2.2 Reduction of pellets with quartzite addition 
Fig. 15 shows the pellets with added quartzite after oxidation and subsequent 
reduction at 900°C. The quartzite particles do not appear to have altered 
during reduction at 900°C compared to after oxidation only, but in the glassy 
slag phase fayalite has begun to crystallize topochemically as a thin layer 
along the wustite particle surfaces, see Fig 24. In the sample reduced at 
1000°C, a greater portion of the slag has crystallized and the peripheral 
portion of the quartzite particles has sintered and dissolved some iron. In the 
sample reduced at 1150ºC all quartzite has reacted to form fayalite, except 
for small remaining inclusions of the vitreous slag containing concentrated 
levels of Na, K, Ca, Al, P, V and Ti. 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. 25). Three phases are identified in the XRD-
diffractogram of the samples reduced at 900-1150ºC shown in Fig. 26, 
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. At 1200ºC and 1300ºC melting of this fayalite 
slag cause sintering and contraction of the pellets, which goes hand in hand 
with a decreasing reducibility.  
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Fig. 24, Wustite in equilibrium with a slag with portions of 
fayalite crystals and portions of glassy slag. Pellet sample 
with fine quartzite after reduction at 1000ºC. A-slag=Slag 
phase containing Na, K, Ca, Al, P, V, and Ti. 

 
 
 
 
 
 
 

 
Fig. 25, 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. 26, X-ray diffractogram over the pellets with added 
quartzite oxidized at 1280°C and reduced for two hours at 
900-1150°C. 

4.2.3 Discussion 
In the oxidation process, quartzite particles sinter to bind to neighbouring 
hematite; but, apart from this, they are unaffected by the oxidation treatment. 
Just as pellets with olivine, the pellets with quartzite form a glassy slagphase 
from the gangue and the bentonite, and this glass phase constitutes the 
binding phase in the finished product. 
 
The quartzite particles appear not to participate in the reduction until about 
1000ºC, but at this temperature the presence of the quartzite still causes the 
glassy slag to crystallize into fayalite. As the dissolution of Si into the alkali-
slag occurs at 1000ºC, it might be assumed that for this slag the melting point 
is also close to 1000ºC. The melting point of the fayalite in the pellets at 
equilibrium with wustite, on the other hand, is 1144ºC(see Table 6), which 
implies that there is a net increase of the melting point of the binding slag 
with ~150ºC because of the quartzite addition. 
 
These results are in agreement with the phase diagram.16) Fayalite is 
thermodynamically stable already at relatively low temperatures and is the 
only intermediate phase in the system. At 1150°C, all quartzite and silica 
from the gangue have reacted with surrounding FeO and turned into fayalite, 
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except for the small remaining alkali-rich inclusions. As 1150ºC is just above 
the estimated melting temperature, it is likely that the fayalite in this sample 
formed through crystallization of the melt during cooling of the sample. The 
addition of quartzite reduces the swelling in the range 1000-1100ºC which is 
believed to be due to the crystallization of slag into fayalite, which better 
resists the expanding forces from the metallization than does the molten 
glassy slag. The melting of this fayalite produces great amounts of liquid 
phase due to the ability of this melt to dissolve iron (76 wt % at the melting 
temperature). This sinters the pellet structure to become quite dense, with the 
fayalitic melt filling up a large part of the pores and old grain boundaries 
completely. This phenomena and the associated negative influence on the 
softening/melting properties is one of the main concerns with acid pellets. 
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4.3 Calcite 
The reactions of calcite particles in magnetite pellets before and after 
reduction are described in paper I- XRD and SEM-EDS analysis of pellets 
after oxidation and subsequent reduction at 900-1150ºC and Paper VI- XRD 
and SEM-EDS analysis of pellets after oxidation and subsequent reduction at 
500-900ºC. 

4.3.1 Oxidation 
Figures 27, 28 and 29 show the oxidized pellet cross section in the pellet 
periphery, mid-radius and centre respectively. Three phases are identified in 
the X-ray diffractogram of the pellet (see Fig. 30), hematite, C4F7, 
(alternatively C3WF7 or C2F1.6F7) and C2S. This result is different from most 
previous experiments in which the commonly reported ferrite has been CF2. 
The calcium ferrite is often sectioned into a darker part rich in magnesium 
and a lighter part where calcium dominates (see Fig. 27). The SEM-EDS 
results presented in Fig. 31 and Fig. 32 show the composition of the calcium 
ferrite phase. In these charts the amount the Fe2O3 was calculated from the 
theoretical amount in C4F7, (7/11=0.64) and the excess iron remaining in 
most points was labelled FeO. The theoretical composition of C4F7 and 
C3WF7 ((CaO)3(FeO)(Fe2O3)7) have also been added to the diagram for 
comparison.  
 
The physical character of the ferrite changes along the pellet radius. Fig. 27 
shows accumulations of ferrite surrounded by sintered spherical hematite 
particles in the peripheral portion which reaches down to about half the 
radius. The calciumferrite is the only binding phase, even though small 
inclusions of calcium silicate can also be found occasionally. In the 
intermediate zone large edgy hematite crystal have grown across old 
magnetite grain boundaries, with calcium ferrite entrained between the 
hematite (see Fig. 28). Silicate slag is sometimes found along the boundary 
between the hematite and the ferrites. In the centre all magnetite has still not 
oxidized in all pellets, the structure is more porous, and the main binding 
phase is dicalcium silicate (see Fig. 29), which most often contains 
vanadium. Locally, there is also another calcium silicate phase also 
containing titanium. The dicalciumsilicate is found as smaller inclusions 
along phase boundaries, whereas the second phase with titanium often 
envelopes the iron oxide particles completely. The titanium silicate is found 
only in the areas of the core which were never reached by the oxidation 
front, i.e., iron oxides are still in the magnetite form (which holds ~1.8 wt% 



  

 47 

Ca and ~0.4% Mg). In the oxidized part, the titanium, when present, is 
instead found at levels of ~0.8 wt % in the hematite phase.  
 
 

 
Fig. 27, SEM image from the peripheral areas of a calcite pellet 
oxidized at 1280°C. Fe2O3=hematite, 
CF=(CaO,MgO,FeO)4·(Fe2O3))7, P=pore. 

 
Fig. 28, SEM-BSE image from the intermediate zone of the 
calcite pellet oxidized at 1280°C. Fe2O3=hematite, 
C4F7=(CaO,MgO,FeO)4·(Fe2O3))7, P=pore. 
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Fig. 29, SEM-BSE  image from the inner areas of a calcite 
pellet oxidized at 1280°C and reduced for two hours at 
700°C. Fe3O4=magnetite, CF= calciumferrite, P=Pore. 

 
Fig. 30, selected X-ray diffractogram over the pellets with added 
calcite oxidized at 1280°C. 

4.3.2 Reduction of pellets with calcite addition 
The results after reduction of the calcite samples at different temperatures 
are given in Table 9 
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Fig. 31, composition of the calciumferrite in the peripheral portion of 
the oxidized pellet. 

 
Fig. 32, composition of the calciumferrite in the portion halfway from 
the edge to the centre in the oxidized pellet. 
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Table 7, summary of the reactions occurring in the samples of the different 
calcite pellet experiments. 
 CO/ CO2 Temp °C Stable 

phase 
Observed react ion 

a) 500 32/68 Fe3O4 Hematite->porous magnetite 

b) 600 32/68 Fe3O4 Hematite->porous magnetite. C4F7 breaks down 

c) 700 32/68 Fe3O4 Hematite->porous magnetite. C4F7 not present 

d) 800 32/68 FeO Slow lamellar Ca-diffusion from 
 calcium ferrite to form calciumwustite  

e) 900-1150 32/68 FeO Formation of porous calcium wustite 

f) 800 10/90 Fe3O4 Formation of dense magnetite. No calcium 
dissolution 

e) 900 10/90 Fe3O4 Formation of dense magnetite. No calcium 
dissolution 

Table 7 shows that reduction of hematite into magnetite occurs already at 
500°C, and at 600°C, the calcium ferrite in the sample has begun to 
decompose. At 700ºC the C4F7 phase can no longer be detected by XRD. 
Upon reduction to wustite at 800ºC, calcium dissolves in the wustite so that 
calciowustite forms. This process is limited to the periphery at 800ºC, but at 
900ºC almost the whole pellet has transformed into porous calciowustite. 
 
The results from analysis of the pellets after reduction at different 
temperatures are dealt with in more detail below. 
 

4.3.2.1 500-700ºC 
In the samples reduced at 500-700°C, the hematite has transformed to 
magnetite in all samples, except for small remnants in the inner core in some 
places. Severe cracking and fissuring has also occurred throughout the 
pellets in this temperature range. Fig. 33 shows calciumferrite at the 
reduction front in the pellet reduced at 500°C. The figure shows that the 
binding calciumferrite has cracked in the locations to the left in the figure 
where hematite has been reduced to magnetite, but remains intact in the 
unreduced portion. Some cracking was observed also in the calcium 
silicates. The samples are also characterized by long cracks having 
propagated through both magnetite and ferrite accumulations. The small 
cracks in the ferrite phase might have served as cleavage notches for these 
larger cracks. XRD results showed that C4F7 phase which were abundant in 
the pellets at 500ºC, had started to decay at 600ºC and could not be detected 
at 700ºC. It was not possible to detect any new phase forming in C4F7’s place 
by XRD. 
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.  
Fig. 33, SEM image from the oxidation front in the inner 
areas of a calcite pellet oxidized at 1280°C and reduced 
for two hours at 500°C. Fe3O4= magnetite, Fe2O3= 
hematite, C4F7= (CaO)4·(Fe2O3)7, P=Pore. 

4.3.2.2 800-1150ºC 
The sample reduced to wustite at 800 has begun to transform into porous 
wustite only along the pellet boundary. The inner structure resembles that of 
the 700ºC-sample, but cracking is less extensive. The sample reduced to 
wustite at 900°C is even more porous, and it is no longer possible to identify 
the original particles of the sample (see Fig. 33). The unreduced original 
magnetite as well as the slag phase in the core of the pellet appears not to 
have altered compared to the oxidized samples, even at 900ºC. The two 
samples reduced to magnetite at 800 and 900ºC are different, as the 
magnetite layer is very dense, so that the reduction front has advanced only a 
distance corresponding to about 1/3 of the radius. A similar structure results 
at 1150ºC, but the structure is now much coarser compared to the 900-
sample. 
 
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 of 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 oxidized 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. 
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Fig. 34, SEM image from the peripheral areas of a calcite 
pellet oxidized at 1280°C and reduced for two hours at 900°C. 
FeO=wüstite, P=Pore. 

4.3.3 Discussion 

The oxidized pellet
The results of this study indicated that the main binding phase in pellets with 
large additions of calcite is C4F7, with MgO and FeO substituting some 
calcium, and not CF2, which is the phase commonly reported in the 
literature. Previously, it has been shown that the presence of foreign 
elements such as Mg can stabilize the C4F7,54) and in the current study MgO, 
but also FeO in most places, substituted some of the CaO in the ferrite. The 
formation of C4F7 has been detected by previous authors also in the binary 
system. In a study of formation mechanisms for calcium-ferrites, C4F7 and 
C3WF7 were predominant phases in samples produced from quite a wide 
range of CaO-Fe2O3 blends at treatment above 795ºC.55) 
 
In the current study, accumulations of the ferrite were sectioned into a darker 
part rich in magnesium and a lighter part with calcium dominating, which 
implies that there might be an immiscibility gap between the magnesium- 
and calcium-rich ferrite. The increasing substitution of calcium for iron in 
the ferrite towards the core can be explained by the fact that the ferrite melts 
were for a longer time in equilibrium with magnetite here compared to in the 
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peripheral portion. According to the ternary phase diagram CaO-Fe-O, the 
phases that can coexist with hematite are most likely CF and or CF2, and 
with magnetite C4WF4 and C4WF8.56) The stoichometrical difference is that 
some ferrous iron enters the structure in the latter case, and similarly it is 
reasonable to suggest that C3WF7 can be expected instead of C4F7 in the 
presence of magnetite. The results of this study indicate that the amount of 
ferrous iron in the ferrite varies between different locations in the pellet. 
 
Reduction 500-1150 
The C4F7 phase decomposed at around 600ºC but it was not possible to 
identify the reaction product by XRD. However, (CaO)2Fe2O3, (C2F) and 
CaO·FeO·Fe2O3,  (CWF) are the phases expected from the phase diagrams,57 
and in a reduction study of synthetic C3WF7 in lean reduction gas 
(CO:CO2=30/70), CWF + wustite were confirmed as the reaction products 
by XRD.21) The same study showed that CWF reduces to C2F and wustite/ 
iron when the reduction potential of the gas is increased. The low total 
amount of ferrite resulting from the transformation C4F7=>CWF+W is 
probably the reason why the reaction product could not be identified by 
XRD. At 800ºC the reduction to wustite begins, and at 900ºC almost the 
whole pellet has reduced to a porous wüstite  with smaller amounts of 
magnetite remaining in the centre. 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-SiO2.58, 59) 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.  
 
Cracking 
During reduction at 500-700ºC severe cracking and disintegration occur in 
the pellets. This is due to the ~10% volume expansion associated with the 
hematite to magnetite reduction step (see discussion in section 4.1.3), which 
the binding phase is not strong enough to resist. The fact that no cracking 
occur in the unreduced portions of the pellets (see fig. 9) shows that this 
phenomena is not caused by thermal effects. According to previous authors 
the fissuring of the pellets appears with calcium ferrite, but not with vitreous 
silica which is a common binding phase in acid pellets.17) Previous research 
has also shown that the cold compression strength of the binary calcium 
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ferrites CF, CF2 and C2F varies a lot between the ferrites.60) The current 
study showed that the decomposition of the C4F7 phase starts at 500ºC, but 
the main decomposition does not take place until 600ºC. Since the cracking 
is intense in the whole range 500-700ºC, the reason for the cracks seems to 
be low strength of the phase as such, and not weaknesses induced by the 
reduction of the phase. 
 
It has been shown in previous research that small amounts of added CaO 
result in less cracking, as the silica in the sample binds a certain amount of 
calcium, forming dicalcium silicate (C2S). C2S does not undergo any 
transformations in itself during reduction and is, therefore, a stronger 
binding phase than the ferrite.17)  
 
Swelling 
One of the purposes of the additives in pellets from low-gangue ores is to 
give crystalline slagphases  in the pellet to avoid abnormal swelling.61) The 
slag formation is a little different with addition of calcite than with MgO or 
quartzite additions. In pellets with quartzite or MgO, the slag phase remains 
vitreous until reduction temperatures of around 1000ºC. With addition of 
sufficient amounts of CaO, the silica in the pellet reacts with calcium to form 
crystalline C2S already during oxidation. Tests have shown that the lime 
coefficient CaO/SiO2=1.2 is sufficient to obtain crystalline slag phases and 
obtain satisfactory swelling results with an ore that otherwise swelled 
badly.17) The improvement of the swelling in the range 1000-1100ºC resulting 
from the crystallization of the slag is believed to be due to formation of a 
solid slag that better resists the expanding forces from the metallization than 
does a low-melting glassy slag. 
 
Any excess CaO not reacting with silica in the pellets forms calcium ferrites, 
which increases the sample porosity upon conversion to wustite, but also 
lower the low-temperature reduction strength. 
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5 Concluding remarks 
 
 
This PhD work aimed at identifying and describing the important 
mechanisms involved during reduction of magnetite pellets including the 
additive minerals olivine, quartzite and calcite. As the focus was on 
identification of the reaction mechanisms rather than on the behaviour of 
commercial products, pellets with special compositions were produced in 
order to increase the amount of reaction products forming from the desired 
reactions. This included pellets with exaggerated amounts of the additives 
olivine, quartzite and calcite, pellets with very fine olivine, pellets with very 
coarse olivine as well as combined addition of 1) fine olivine + fine quartzite 
2) coarse olivine +fine quartzite. In this section the important aspects of the 
binding phases are discussed and the different additives’ behaviour is 
compared in regard to each aspect.  
 
The additive is an important component in the binding phase. During 
reduction of the pellet, three stages of the process are of certain importance. 
a) During the low-temperature reduction of hematite to magnetite at 500-
700ºC, the binding phase in the pellet should have enough strength to resist 
the tensions arising in the structure due to the 10% volume expansion 
associated with this reduction step. b) In the high-temperature reduction the 
volume expansion due to the metallization step is a main concern. The pellet 
must be designed in a way that does not give rise to so-called abnormal or 
catastrophic swelling associated with whisker-type metal growth, and the 
overall swelling must not exceed the accepted level of 20% (normal 
swelling). For Swedish ores, good swelling results have been obtained by 
addition of many different additives, the key factor which has been the 
additive’s ability to produce a crystalline binding phase. c) The pellet 
softening/melting properties are of greatest importance and, here, a high 
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melting point of the slag phase in the pellet is usually desired. This is because 
a higher melting point allows more reduction to occur before the pellets 
begin to soften and deform, and the reducibility is lost. 
 
Swedish acid gangue typically gives rise to glassy slag-phases in the pellets 
during oxidation. The additives influence the slag phase in different ways. 
MgO of added olivine dissolves in the magnetite, forming magnesioferrite, 
and the SiO2 of the reacted olivine particles forms additional glassy  slag. 
Quartzite particles remain quite inert, but sinter to stick to neighbouring 
hematite particles.  
 
Referring to a), the binding phase to resist the tensions during the low 
temperature reduction will, therefore, both for quartzite and olivine pellets, 
be mainly glassy slag phases. In calcite pellets, the binding phase is 
crystalline dicalciumsilicate if the amount of CaO added is balanced against 
the silica in the pellets. This phase is stable throughout the reduction process 
and is considered strong compared to calcium ferrites that forms if excess 
CaO is added. There is fairly good understanding about the strength of pellets 
with calcite, whereas the mechanisms governing the strength of pellets with 
mainly glassy slag phases should be studied further.    
 
Referring to b) both olivine and quartzite cause crystallization of the glassy 
slag to occur at ~1000ºC, so that the binding phase transforms into fayalite. 
As the dissolution of MgO into the glass is significant at 1000ºC, it may be 
assumed that the glassy slag has a melting point close to 1000ºC. The 
crystallization of the slag hence raises the interval where the slag can act as a 
binding media to resist swelling until the melting point of the fayalite.  
 
Referring to c). The melting point of fayalite depends on the composition of 
the fayalite and ranges between 1145ºC for pure fayalite to an interval of 
1240-1265ºC for the highest magnesium dissolutions recorded (based on the 
phase diagram tuned for the studied pellets). Upon melting, the fayalite can 
dissolve great amounts of FeO, around, 75 wt%, which is why the high 
melting MgO-fluxed fayalite in olivine pellets is superior to the low-melting 
fayalite in quartzite pellets..  
 
In calcite pellets, with dicalciumsilicate being the binding phase, the slag 
phase is crystalline already after oxidation and remains stable during the 
entire reduction until reaction and melting of the phase begin at 1283ºC and 
above.59) 
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6 Conclusions  
 
 
In this work, the reactions taking place in magnetite pellets with addition of 
olivine, quartzite and calcite have been studied. It was possible to determine 
the main reactions occurring in the pellets during induration as well as during 
subsequent reduction. The reaction mechanisms are different for the different 
additives and depend on how the components in the additive, i.e. MgO, CaO 
and SiO2, can interact with the different iron oxides existing in the pellet 
during the reduction journey, i.e. hematite, magnetite and wustite. 
 
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 particles during oxidation liberates magnesium 
from the particles, which, in reducing atmosphere, would not occur until 
temperatures of above 1150°C. When the hematite in the sample is reduced, 
and when temperature is high enough to allow solid-state diffusion at 
~800ºC, the magnesium of the magnesioferrite redistributes so that the 
magnesium concentration approaches the same level throughout the 
structure. For magnetite, this does not occur below 800°C. At 1000°C, this 
magnesium reacts further with the silica in the glassy slag phase, which 
crystallizes into fayalitic olivine. At this temperature the magnesium had 
diffused over distances of more than 600μm from the olivine particles. From 
this point the binding media to resist the swelling tensions in the pellet is 
mainly solid fayalite. The metallization front concentrates the MgO in the 
remaining wustite which can lead to MgO levels of up to 10% locally. The 
melting point of the fayalite is raised due to the MgO-increase from 1145ºC 
to a melting range of 1238-1264ºC, as estimated based on the phase diagram 
tuned to the pellets tested. Much of the olivine which remained unaltered in 
the oxidation process will be encapsulated by iron before the magnesium 
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begins to dissolve in reducing conditions, and therefore plays no role in the 
reduction before final melting of the particles occur. 
 
The quartzite particles are not affected by the oxidation pre-treatment. The 
binding strength of quartzite pellets therefore comes from the sintering of 
quartzite particles to neighbouring hematite as well as the glassy slag 
resulting from the acid gangue and the bentonite. The reaction of the 
quartzite particles during reduction occurs mainly below 1000ºC even though 
the process has occurred to a very limited extent already below 900ºC. Also 
the glassy slag crystallizes into fayalite in the presence of quartzite. From this 
point fayalite represents the binding media in the pellet. Melting of this 
fayalite was estimated to occur already at ~1140ºC and the melt forming 
upon melting can dissolve up to 76wt% FeO. This leads to early softening, 
which is one of the main concerns for pellets with quartzite additions.  
 
In the pellets with calcite, CaO reacts with Fe2O3 during induration to form a 
low-melting calcium-ferrite slag in the pellet that melts to react with silica in 
the pellets. If more calcium is added than what is required to saturate the 
silica, calciumferrites will be part of the binding mass together with the 
dicalciumsilicate. The calciumferrites forming in pellets with larger additions 
of calcite are weak to resist the tensions arising due to the low-temperature 
reduction of hematite and are associated with low-temperature disintegration. 
As the reduction proceeds to wustite, the calcium from the ferrite dissolves in 
the wustite, so that porous calciumwustite forms. The dicalciumsilicate 
remain stable during the entire reduction until melting of the phase occurs at 
1283ºC.59) 
 
The most important conclusions for pellet manufacture that can be drawn 
based on the current work concern the importance of the additive particle 
size for high-temperature reduction: 
The main influence of quartzite and olivine in the temperature region 1000-
1145ºC is that they cause the glassy slag to crystallize into solid fayalite. For 
olivine, only the portion that reacts to form magnesioferrite during oxidation 
participates in this crystallization. The use of a fine olivine enables reaction 
of all MgO to form fayalite. Also for quartzite, mainly the small particles will 
contribute to crystallization of the vitreous slag in the initial stage at 1000ºC, 
even though all quartzite forms fayalitic slags at higher temperatures. The 
conclusion is that for both olivine and quartzite it is mainly the fine fraction 
that is responsible for the benefits in the range 1000-1145ºC.  
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7 Future work 
 
In the concluding remarks section, three stages of the reduction process were 
specified as being of certain importance for pellet quality: a) the pellet 
strength to resist the tensions arising in the low-temperature reduction step, 
b) the swelling due to the metallization step in the high-temperature 
reduction, and c) the pellet softening/melting properties. Of these three 
stages, important work to be done was identified, especially in stages a) and 
b).  
 
Knowledge of the mechanisms governing the phenomena behind the 
behaviour of different pellets in respect to these reduction stages would 
greatly help to optimize the additive mix to be added to a certain ore 
concentrate in respect to its specific impurities.  
 
In respect to a) pellets with olivine pellets have demonstrated: 

- reduced cold strength in comparison with acid pellets5) and in 
comparison with compacts with added gangue minerals3) 

- reduced cold strength in pellets with increased MgO/SiO2
2), and with 

increased amount of olivine in compacts7) 
- reduced strength after reduction. 3) 

The binding phase to resist the tensions during low temperature reduction, 
both for quartzite and olivine pellets, is mainly glassy slag phases (Swedish 
ores). The difference is that the amount of the glassy slag is greater in the 
olivine pellets, as also the reacted portion of the olivine particles have 
formed glassy phases, and that in quartzite pellets, quartzite-hematite bonds 
have formed. Another difference is that olivine pellets are very porous and 
that the presence of magnesioferrite in the hematite introduces potential 
cleavage notches to the ore particles. It is however not clear by which 
specific mechanism the strength of the pellets with Olivine/MgO is reduced. 
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Future research in this area should start from studies of fracture surfaces 
occurring in pellets in the common test devices for cold strength after 
reduction, and then connect the fracture type to the distinguished chemical or 
physical properties of pellets with olivine/MgO addition. 
 
In respect to b) both olivine and quartzite cause crystallization of the glassy 
slag to occur at ~1000ºC, so that the binding phase transforms into fayalite. 
From this temperature up to the melting of the fayalite(which depends on the 
magnesium content), the fayalite phase is the main slag phase in the sample. 
The work of this study indicated that swelling in the range 1000-1100ºC 
correlated with the amount of fayalite in the sample. It is reasonable to 
suggest that the explanation for these results could be simply that a greater 
amount of binding fayalite better maintains the structure than lower amounts 
of slag phase. However, previously, calcium and alkali have been shown to 
play critical roles in regard to swelling. Upon the precipitation of fayalite in 
the glassy slag, alkali and calcium accumulate at relatively high levels in 
small glassy inclusions which are mostly separated from the wustite by 
fayalite. The interaction between this glassy slag phase, fayalite and wustite 
should be studied further. In particular, the transport of ions between the 
glassy slag and the wustite at different temperatures should be examined. 
With the low levels of these ions present in the wustite, equipment such as a 
microprobe instrument could be necessary for measurements in pellets of 
normal compositions. Synthetic systems with larger amounts of 
calcium/alkali could also be produced to enable reliable examination of the 
equilibrium ratios of ions between the wustite and the slag.  
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1. Introduction

During the recent years, environmental concerns have
placed increasing pressure on the CO2-intensive industries
such as iron and steelmaking. In Sweden, blast furnaces are
the greatest single net producers of CO2 from fossil fuels.
Therefore, research must continue to make efforts to further
optimize operation towards higher productivity and lower
consumption of reducing agents. In Scandinavia the main
iron-bearing material is olivine pellets, which allows opera-
tion with very low slag volumes and hence lower fuel-
rate.1,2) Other additives of particular importance are
quartzite and calcite. Previous research has shown that all
these additives have a significant influence on properties
such as reducibility,3–8) pellet strength,5,6,9) swelling5,6,8–11)

and softening/melting of the pellets.3,8,11–14)

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 op-
erational factors are also involved.13) Some researchers have
therefore devoted their studies solely to the behaviour of the
mineral particles and their interaction with the surrounding
iron oxides under different conditions relevant to the blast
furnace.

As for olivine, Ryösä15) provided a detailed study on 
altered olivine particles in magnetite pellets with micro-
Raman spectroscopy, both after oxidation in a pot furnace

and after subsequent reduction in an experimental blast fur-
nace. The focus of this study was, however, mostly on the
olivine particle and its reaction with nearby slag compo-
nents and not on the changes of secondary phases further
away from the particle. For quartzite, a good view of the 
eduction behaviour has been built up by the relative sim-
plicity of the SiO2–Fe2O3–FeO system16) 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 the mineralogical changes associated with
quartzite particles in pellets have been studied specifically.
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.17,18)

This study therefore aims to review and assess the basic
reactions and transformations of particles of the minerals
quartzite, calcite and olivine in magnetite 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 parti-
cles 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. 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 EDX-analy-
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ses. The effect of using exaggerated amounts of additives
and possible differences to the normal pellet case will be
discussed.

2. Method

2.1. Sample Preparation

The pellets were made from a magnetite concentrate
blend to which the additive minerals olivine, calcite and
quartzite had been added. Only one additive was used in
each experiment, even though 0.5% bentonite was added in
all pellets for balling purposes. The iron oxide blend was a
mix of 90% magnetite concentrate and 10% hematite con-
centrate. The amounts of additive mineral were set individ-
ually 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 1. For comparison, a commercial
olivine and a commercial acid pellets are also added in
Table 1.19) This shows that the olivine test pellet contains
about 3 times the MgO of the commercial olivine pellet, the
acid pellet 2 times the SiO2 of the commercial acid pellets,
and the calcite test pellet about 6 times the CaO in any of
the commercial pellets. A discussion on the implication of
the exaggerated additions is offered in the end of this paper.

Two hundred kilograms iron oxide and the additives were
mixed and balled to pellets in a laboratory pelletizing disc.
With the use of sieves, pellets of 9–12.5 mm in diameter
were then taken out for further treatment. These pellets
were then oxidised in an LKAB pot furnace with a heating
programme going up to 1 280°C, allowing about 20 min at
this temperature before cooling. Two kilograms pellets were
taken out for analysis and reduction tests. All pellets were
taken out from a small zone in the furnace centre to mini-
mize differences in oxidizing conditions that prevail, for 
example, in the bottom compared to the top of the furnace.

2.2. Reduction Tests

All reduction tests were carried out isothermally in a 
tubular furnace at 900–1 150°C (see Fig. 1). The gas com-
position was adjusted according to the Fe–C–O-stability di-
agram20) to create an atmosphere limiting the reduction to
wüstite (see 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. The
samples were then inserted and preheated for 2.5 min in ni-
trogen gas. The CO/CO2 gas mixture was then introduced at
the rate of 12 L/min. The sample weight loss was continu-
ously recorded by a thermo balance during the reduction
period. The samples were reduced for 2 h, after which the
samples 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.

2.3. Analysis

The samples were characterized before and after reduc-
tion by scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD). SEM analysis was carried out with a
Philips XL 30 with energy dispersive analysis (EDX) on

polished samples. The quantitative analysis was made with
ZAF-correction and calibrated against Cobalt. XRD analy-
sis was carried out on pulverized samples and using a
Siemens D5000 X-ray diffractometer. All samples were
scanned in 2q range of 10–90° for 1 h, and then depending
on the phases of interest, in selected ranges for periods up
to 10 h.

3. Results and Discussion

3.1. Quartzite
3.1.1. Before Reduction

Figure 2 shows a quartzite particle in the oxidised sam-
ple with quartzite addition. No sign of diffused silicon in
the surrounding iron oxides is observed, although some iron
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Fig. 1. Schematic view of the experimental apparatus used for
the reduction tests.

Table 1. Chemical composition of raw materials and finished
pellets.

Table 2. Reduction temperature and corresponding gas com-
position to yield wüstite at different temperatures.



is detected in the peripheral area of the particles. Local
melts have formed, typically on very small particles and
mainly in the presence of impurities such as Na, K or Ca.
Three phases are found with XRD: hematite, quartz and
cristoballite.

3.1.2. After Reduction

Figure 3 shows a quartzite particle in the pellet after 
reduction at 1 150°C. Three phases are identified in the
XRD diffractogram shown in Fig. 4: wüstite, magnetite and
fayalite. This is also consistent with the EDX-qualitative
analysis that showed that there is one iron–oxygen phase
and one iron–oxygen–silicon phase. No quartz particles
were found in the sample, and the iron oxide structure had
sintered to a great extent, so that most of the small pores
had disappeared through sintering or had been filled by fay-
alite (see Fig. 3). In the sample reduced at 1 000°C, both
fayalite and quartz were detected, and the peripheral area of
the quartz particles had sintered and dissolved some iron.
The quartzite particles did not appear to have altered during
reduction at 900°C compared to after oxidation only.

3.1.3. Discussion

Before reduction, the quartz particles in the pellets show
almost no tendency to have reacted or deformed through
sintering. This is in agreement with previous findings21) and
phase diagrams on the system.16) At 1 280°C, used for the
oxidising treatment, there is no reaction between SiO2 and
hematite or magnetite and the quartz particles therefore 
remain intact.

However, in reducing atmosphere the quartz particles
react with the wüstite to form a fayalitic melt. Fayalite is
thermodynamically stable already at very low temperatures,
and the lowest melting point of fayalitic oxides is only
1 140°C. With the impurities in the system that further
lower the melting temperature, formation of fayalite takes
place already at 1 000°C. At 1 150°C all quartzite has 
reacted with surrounding FeO and turned into liquid with
fayalitic composition. The formation of fayalitic melts is
associated with decreased permeability in the lower zone of
the blast furnace, which is considered a problem in this
zone.8,13) Now, since only very small quartz particles are 
interacting with the iron oxides below 1 000°C, it seems

that the total amount of quartzite could be reduced by
adding a finer and thus more reactive quartzite. The total
amount contributing to formation of fayalitic slags would
then be reduced even though the interaction with the iron
oxides during oxidation and low temperature reduction
would remain the same.

3.2. Calcite
3.2.1. Before Reduction

Figure 5 and Fig. 6 show a pellet with calcite addition
before reduction. Figure 5 is from the peripheral area and
Fig. 6 from the pellet core. EDX-qualitative analysis show
that the pellet is composed of an iron oxide with a binding
calcium–iron-rich phase filling up part of the pores and
cavities in the iron oxide. Three phases are identified in the
X-ray diffractogram in Fig. 7: hematite, (CaO)4(Fe2O3)7 and
(CaO)2SiO2. For convenience, the latter two will hereafter
be referred to as C4F7 and C2S. The morphology of the
binding calcium–iron-rich phase is different in the periph-
eral area compared to the core. In the peripheral area this
phase is found as isolated islands in a bulk mass of heavily
sintered iron oxides (see Fig. 5). The phase contains Fe, Ca
and small amounts of Mg, and the atomic ratio (Ca�Mg) to
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Fig. 2. SEM image from the peripheral areas of a pellet with
added quartzite oxidised at 1 280°C. Q�quartzite, Fe2O3�

hematite.

Fig. 3. SEM image from the peripheral areas of a pellet with
added quartzite oxidised at 1 280°C and reduced for 2 h at
1 150°C. FeO�wüstite, Fay.�fayalite, P�pore.

Fig. 4. X-ray diffractogram over a pellet with added quartzite 
oxidised at 1 280°C and reduced for 2 h at 900–1 150°C.



Fe is on average 1 : 5.2, according to point analysis. In the
centre the calcium-rich phase forms a matrix around the
iron oxide particles, and it appears darker than that in the
periphery (see Figs. 5 and 6). In addition to calcium and
iron, silica is also present. Point analysis of the silicate
phase gives 21–28% SiO2, 25–39% CaO and 37–51.4%
FeO.

3.2.2. After Reduction

Figure 8 shows the oxidised calcite pellet after subse-

quent reduction at 900°C. EDX mapping analysis shows a
few silicon-rich particles in the 900°C sample, and small
calcium-rich inclusions are found both after reduction at
900°C and 1 150°C. Other than that, only one phase is de-
tected, i.e. the porous iron oxide. This is consistent also
with the X-ray diffraction pattern in Fig. 9, in which the
phases, wüstite, magnetite and hematite were 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
1 150°C samples, respectively, but occasional readings of
up to 5% were observed 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 1 150°C sample,
even the core has reduced.

3.2.3. Discussion

Before reduction, the pellets structure is heavily sintered
and dense, with a liquid calcium–iron phase filling up a
large part of the pores and acting as binder in the structure.
The C4F7 phase, has an atomic ratio of Fe : Ca of 3.5 : 1,
whereas point analysis average of the phase in the sample
gave the ratio of Fe : (Ca�Mg) of 5.2 : 1. The high Fe con-
tent is probably due to the phase being a mixture of C4F7

and Fe2O3. The calcium–iron phase in the centre also con-
tains silica, which is in the form of C2S according to XRD.

In the reduced sample most of the pellet has reduced to a
porous wüstite already at 900°C with smaller amounts of
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Fig. 5. SEM image from the peripheral areas of a calcite pellet
oxidised at 1 280°C. CF�(CaO)4· (Fe2O3)7, Fe2O3=
hematite, P�pore.

Fig. 6. SEM image from the inner areas of a calcite pellet oxi-
dised at 1 280°C. Fe2O3�hematite, Fe3O4�magnetite,
P�pore.

Fig. 7. Selected X-ray diffractogram over the calcite pellets oxi-
dised at 1 280°C.

Fig. 8. SEM image from the peripheral areas of a calcite pellet
oxidised at 1 280°C and reduced for 2 h at 900°C. FeO�

wüstite, P�pore.

Fig. 9. Selected X-ray diffractogram over the calcite pellets oxi-
dised at 1 280°C and reduced for 2 h at 1 150°C.



magnetite remaining in the centre. The calcium ferrites of
the binding slag phase formed during oxidation are not sta-
ble in reducing conditions, but decompose when Fe3� is re-
duced to Fe2�. The calcium in the ferrite instead dissolves
into the wüstite to form calciowüstite. The calcium silicates
formed during oxidation remain as small silicate inclusions
in the wüstite during reduction. This is fully in line with the
phase diagram on the system FeO–CaO–SiO2.

22,23) In the 
binary system FeO–CaO with only smaller amounts of
CaO, calciowüstite and C2F are the stable phases, and at
temperatures above 1 070°C, calciowüstite is the only stable
phase. The reduction of the calciumferrites means a great
structural change in the binding slag phase which might
have serious implications for the reduction strength of the
pellets. Therefore it would be good to study the range of
different calcium ferrites that can form during normal 
induration conditions. The specific conditions for the reduc-
tion of these calcium ferrites in the pellets at temperatures
lower than 900°C should then be studied in more detail.

3.3. Olivine
3.3.1. Before Reduction

Figure 10 shows an olivine particle before reduction.
The particle can be divided into a core and two coronas
with different structures. The chemical mapping results in
Fig. 11 show that the chemistry of the coronas has changed
compared to the core of the particle. The dark core is an
Mg–Si rich phase with 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 Mg–Fe rich crystals in a silicon-rich
matrix. These crystals contain 14.1% MgO, according to
EDX-qualitative analysis. Small olivine particles have
turned completely into magnesioferrite crystals in a matrix
of silica. The surrounding iron oxides are split into a lighter
phase containing only iron, and a slightly darker phase that
contains iron and about 15.9% MgO according to point
analyses. Two phases are identified by XRD: hematite and
magnesioferrite.

3.3.2. After Reduction

Figure 12 shows an olivine particle in a pellet after 
oxidation at 1 280°C followed by isothermal reduction at
1 150°C. Two different areas can now be distinguished: the
core and one corona. According to the chemical mapping
analyses in Fig. 13, the core is rich in Mg and Si, and also
contains some Fe. The corona is lower in both Mg and Si,
but richer in Fe. The chemical analyses for the core and 
corona are given in Table 3 below. Formation of fayalite
was confirmed by X-ray diffraction at 1 150°C (see Fig.
14). Figure 15 illustrates this change in composition when
the olivine changes from the original forsteritic composi-
tion into a fayalitic composition after reduction.

The Mg level in the iron oxide is at 2.8–8% and
2.2–2.3% in the samples reduced at 900°C and 1 150°C 
respectively. The Mg level was found to vary a lot within
distances less than 50 mm. The highest Mg readings were
found close to the olivine particles.

3.3.3. Discussion

The decomposition of the olivine particles occurring 

before reduction has been accompanied by diffusion of
magnesium, so that the surrounding iron oxide has turned
into magnesioferrite. As the hematite structure cannot host
any dissolved magnesium, the final iron oxide structure has
become a mix of magnesioferrite and hematite as seen in
Fig. 11.

The olivine particles are not altered in reducing condi-
tions in temperatures up to 900°C, i.e. they show an unre-
acted core surrounded by a corona of magnesioferrite and
silica. However, above 1 000°C the silica-rich olivine coro-
nas react with the surrounding magnesium and iron, so that
fayalitic olivine and possibly also iron-rich pyroxene are
again formed. This is exemplified by reaction formulas (1)
and (2). In reducing atmosphere the overall pellet composi-
tion is in the corner down right in the phase diagram in Fig.
15, and the pellets therefore approach the equillibrium
phases of magnesiowüstite and fayalytic olivine. Figure 15
also shows how the olivine particle changes from the origi-
nal forsteritic composition (1) into a fayalitic composition
(2) in the corona after reduction.The olivine core does not
appear to have altered much, even at 1 150°C.
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Fig. 10. SEM image from the peripheral areas of an olivine 
pellet oxidised at 1 280°C. Fe2O3�hematite, MF�

magnesioferrite, Ol�olivine, Cor.�corona.

Fig. 11. Chemical mapping of selected elements for the periph-
eral areas of an olivine pellet oxidised at 1 280°C. 
a) Original, b) Mg, c) silicon and d) iron.



3(Mg, Fe)Fe2O4�3SiO2�CO
2Fe3O4�3(Mg, Fe)SiO3�CO2...............................(1)

3(Mg, Fe)Fe2O4�1.5SiO2�CO2

2Fe3O4�1.5(Mg, Fe)2SiO4�CO2...........................(2)

The exaggerated additions of olivine in this study made it
possible to also follow the magnesium that had diffused out
into the magnesioferrite phases away from the olivine parti-
cles. When the hematite is reduced, the magnesium that was
constrained to a limited area can again diffuse out evenly in
the pellet to give about the same Mg level throughout the
pellet. Already at a temperature of 900°C the magnesium
level in the former magnesioferrite islands has dropped sig-
nificantly, and at 1 150°C it has levelled out on about 2%

troughout the pellet. At 1 000°C this magnesium also 
reacted with the silica slag in the sample to form fayalitic
olivine. It was not possible to obtain any point analyses
from the small slag inclusions in the sample, but the chemi-
cal mapping images in Fig. 13 show that all silica is inti-
mately associated with magnesium. The magnesium 
increases the melting point both in the wüstite and the slag.
But since the olivine core remains seemingly inert during
reduction up to 1 150°C, the magnesium that enters the slag
and the wüstite comes only from the olivine coronas
formed during induration. Therefore, depending on at
which temperature magnesium has the greatest effect, it
might be possible to optimize the addition of olivine. If the
important contribution comes from increasing the melting
point of the pellet at 1 000–1 150°C, a more reactive fine
olivine would supply a greater amount of magnesium than a
course olivine. This implies a potential to savings on the
olivine. On the other hand, if the important contribution of
the magnesium is when the olivine particles begin to melt,
then a course olivine that serves a good oxidation degree
during induration24) should be used.
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Fig. 12. SEM image from the inner areas of an olivine pellet oxi-
dised at 1 280°C and reduced for 2 h at 1 150°C.
FeO�wüstite (2% MgO), Fay. Ol�fayalitic olivine, Ol
core�olivine core.

Fig. 13. Quantitative EDX analysis for selected elements for the
peripheral areas of an olivine pellet oxidised at 1 280°C,
and reduced for 2 h at 1 150°C. a) Original, b) Mg, c)
silicon and d) iron.

Table 3. Chemical point analyses averages on different parts
of an olivine particle.

Fig. 14. X-ray diffractogram over the olivine pellets oxidised at
1 280°C and reduced for 2 h at 900–1 150°C.

Fig. 15. Phase diagram showing the composition in the olivine
particle corona in the original olivine as well as after re-
duction at above 1 000°C.



4. Discussion on the Implication of Using Exaggerated
Amounts of Additives

In this study of mineralogical phases in iron ore pellets, a
first attempt at using exaggerated amounts of additives was
made. 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 implications of the exaggerated amounts
on the sample mineralogy is given below for each case sep-
arately.

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 compara-
ble to pellets with normal additions of quartzite. The
amount of fayalite formed as well as the densification of the
pellet structure should, however, be much lower in a pellet
with normal addition of quartzite.

Calcite addition led to formation of the C4F7 calcium 
ferrite 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,25–27)

and Niiniskorpi28) 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 can
therefore not be excluded that the large addition of calcite
used here has produced other phases than would have been
the case with a normal addition. C4F7 is not the expected
phase based on the phase diagrams either. However, it is 
reported that this phase can be stabilized by small amounts
of a third component such as MgO,29) 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. However, a lower calcite content would
lead to much less calcium dissolved into the wüstite, espe-
cially since the silica in the pellet consumes some of it in
the formation of calcium silicates during induration.

The addition of olivine was about 4 times the normal 
addition. The composition of the test pellets as well as that
of commercial olivine pellets are displayed as point 1 and 2
on the phase diagram in Fig. 16. Here it is shown that the
equillibrium points remain in the same compositional area
of the diagram with the equillibrium phases being magne-
siowüstite and iron-rich olivine in both cases. Also, since
the olivine particles did not melt in these experiments, each
olivine particle surrounded by iron oxides can be consid-
ered as its own system. The system of importance is hence
the same in the commercial pellet as well as in the test pel-
let, i.e., an olivine particle in reaction with the surrounding
iron oxides The amounts of dissolved Mg in the iron oxides
and slag should, however, be lower in a pellet with a normal
level of addition.

5. Conclusions

In this work the mineralogical phases formed in mag-
netite pellets with large additions of calcite, olivine and

quartzite, during reduction to wüstite, were examined.
For quartzite, the main reaction during reduction is the

formation of a liquid of fayalytic composition. This reac-
tion begin slowly at 1 000°C.

In the pellets with calcite, the main reaction during 
reduction is the transformation of calciumferrites, that
formed during induration, into a porous calciowüstite. This
reaction occur already at 900°C.

In the olivine sample, two main changes occur during 
reduction: Firstly the diffusion of magnesium from the
magnesioferrite to the surrounding iron oxide at 900°C or
below. Secondarily the diffusion of magnesium into the sil-
ica slag phase at around 1 000°C.

The identification of the main reactions during reduction
shows that only a small part of the quartzite and olivine is
participating through solid bondings or chemically during
reduction up to 1 000°C. The rest is isolated in the core of
large additive mineral particles. This indicates a potential to
reduce the amount of additives, and hence the total slag
amount, with the use of finer and more reactive olivine or
quartzite. The reduction of the calciumferrites means a
great structural change in the binding slagphase which
might have serious implications for the reduction strength
of the pellets. The specific conditions for the reduction of
different calcium ferrites in pellets at temperatures lower
than 900°C should therefore be studied in more detail.
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Interaction between iron oxides and olivine in
magnetite based pellets during reduction at
temperatures below 1000uC
P. Semberg*, A. Rutqvist, C. Andersson and B. Björkman

In this work, the solid state diffusion of magnesium was studied in magnetite based pellets at

temperatures between 500 and 1000uC. The samples were laboratory produced pellets with a

largely exaggerated addition of olivine. The results showed that the olivine particles after oxidation

had decomposed along the particle boundary and turned into magnesioferrite crystals and

pyroxene/vitreous silica. Large patches of magnesioferrite rich in magnesium oxide were spread

out among the haematites in the interior of the pellet. In the subsequent reduction, the haematite

was converted to magnetite at 500uC. At temperatures of 800uC and above, the magnesium in the

magnesioferrite diffused out to the secondarily formed magnetite and wüstite. During reduction at

600–700uC, cracks appeared along this boundary as the haematite transferred into secondary

magnetite. Comparison to a commercial olivine pellet showed that the diffusion of magnesium

followed the same pattern as in the laboratory pellets.

Keywords: Iron making, Reduction, Iron ore pellets, Additives, Olivine, Magnesium solid state diffusion

Introduction
The blast furnace has been used for reduction in iron
ores since at least the fourteenth century in Nordic
countries, and extensive research is still being carried out
to further optimise operation towards higher productiv-
ity and lower consumption of reducing agents. In
Scandinavia, the main iron bearing material is pellets,
and pellet properties are commonly improved by certain
additive minerals added to the pellet feed before 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

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.

The pellets are composed of an agglomerate of finely
ground magnetite or haematite ore to which a binder
such as bentonite clay and other additive minerals are
added. The pellets are then fired in an induration
furnace before reduction. This pelletisation process
produces complex microstructures containing primary
and secondary iron oxides, iron containing compounds
and glasses.13

In a previous study, the interaction during reduction
between the iron oxides and the three common additive
minerals (quartzite, calcite and olivine) was studied.

Olivine, which will be studied further in the current
work, decomposes during induration to form vitreous
silica and MgO that dissolve in the magnetite, forming
magnesiospinell or magnesioferrite.14,15 The magnetite
particles of the green pellet are hence converted into
parts oxidised into pure haematite and parts of
magnesiospinell with about 12–15% dissolved MgO.14

The boundaries between these two phases in the same
original magnetite particle are cohesive and extensive,
but have been reported to open up in wide gaps during
low temperature reduction.7

The many beneficial effects of MgO additions have
been summarised in a previous work,16 with the
important benefit considered to be the enhanced high
temperature properties of the pellets. However, with the
abovementioned influence of MgO on the low tempera-
ture characteristics of reduction, efforts to gain more
knowledge of the magnesium oxide at low to medium
temperatures are desirable. In the previous work, it was
shown that the magnesium from the magnesiospinell
phase in the pellets had diffused out to the rest of the
iron oxide particles at 900uC and that reaction with the
silica slag occurred at 1000uC. The reduction in
haematite starts at significantly lower temperatures than
this, so the aim of the current study is therefore to clari-
fy the diffusion behaviour of magnesium, from the
magnesioferrite phase in olivine pellets, at low to
medium temperatures.

In order to enable measurement and detection of the
magnesium diffusion in the samples, pellets with exa-
ggerated amounts of olivine were used. Tests were
therefore also performed on pellets with normal addition
of olivine for comparison.
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Methods
In this study, reduction tests were carried out isother-
mally in a tubular furnace (Fig. 1) at 500, 600, 700, 800
and 900uC. The gas composition used was CO/
CO2532 : 78, which thermodynamically limits reduction
to magnetite at all temperatures except for 800 and
900uC, where wüstite is the stable phase (Table 1). The
800 and 900uC tests were also run at CO/CO2510 : 90 to
limit the reduction to magnetite even at these higher
temperatures. 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 and
preheated for 2?5 min in nitrogen gas. The CO/CO2

mixture was then introduced at 12 L min21. The sample
weight loss was continuously recorded by a thermo-
balance during the reduction period. The samples were
kept in the furnace for 2 h, after which they were lifted
up to the water cooled upper part of the furnace tube
and cooled for 20 min at 125uC in nitrogen. The final
cooling was carried out in air at room temperature.

Sample preparation
The pellets were made from a magnetite concentrate blend
to which the additive mineral olivine was added. Bentonite
(0?5%) was also added to the pellets for balling purposes.
The iron oxide blend was a mixture of 90% magnetite
concentrate and 10% haematite concentrate. An exagger-
ated amount of olivine was used in order to enable analyses
of phases that do not otherwise occur in sufficient amounts
for X-ray diffraction (XRD) and energy dispersive

spectroscopy (EDS) analyses. This method was also used
and evaluated in a previous work by the authors.16

Iron oxide (200 kg) 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 1280uC, allowingy20 min at this temperature
before cooling. Pellets (2 kg) were taken out for analysis
and reduction tests. All pellets were taken out from a
small zone at the furnace centre to minimise differences in
oxidising conditions that prevail, for example, in the
bottom compared to the top of the furnace. For
comparison, pellets were also produced based on the
recipe of a commercial olivine pellet.17 A complete raw
material specification, as well as calculated chemical
analysis of the finished pellets, is given in Table 2.

Analysis
The samples were characterised before and after reduction
by scanning electron microscopy (SEM) and XRD. SEM
analysis was facilitated by a Philips XL 30 with energy
dispersive analysis. The quantitative analysis was carried
out with ZAF correction and calibrated against cobalt.
The pellets were mounted in epoxy resin and cut
approximately in the middle with a thin diamond saw.
Finally, they were polished down to 1 mm fineness with
diamond pastes before gold coating. The aim of the SEM
analysis was to obtain a representative view of the pellets
from each experiment. As chemistry and morphology in
the pellets were found to vary across the pellet radius,
images and point analyses were taken both in the pellet
periphery and in the core. In each of the chosen areas for
analysis, typically 10–25 chemical point analyses were
taken to gain an overview of the phases present. In most
cases, images and point analyses were all collected from
only one representative 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.
Analysis by XRD was carried out on pulverised samples
using a Siemens D5000 X-ray diffractometer. All samples
were scanned in 2h range of 10–90u for 1 h and then,
depending on the phases of interest, in selected ranges for
periods up to 10 h.

Nomenclature
This work concerns the solid state diffusion of magne-
sium in magnetite and wüstite. In order to be clear and
consistent, it is necessary to define the nomencla-
ture used. Magnetite (FeO.Fe2O3) and magnesioferrite
(MgO.Fe2O3) form the end members of the continuous
series of solid solutions between magnesium and iron in
spinel form. Pure magnesioferrite contains 20%MgO, but
the term ‘magnesioferrite’ has commonly been used loose-
ly to describe a phase that is isomorphous with magnetite
but having a significant content of MgO. The terms
magnesium ferrite and spinel have also been used as
synonyms for magnesioferrite in the literature.14 How-
ever, according to Niiniskorpi, it is possible to distinguish
three different phases of this series

1 Schematic view of experimental apparatus used for

reduction tests

Table 1 Conditions for reduction in pellets with additions
of olivine at temperatures of 900uC and below

CO/CO2 Temperature/uC 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

Magnetite MgO level usually
below detection limit
of SEM/EDS

Magnesium magnetite MgO level 0.5–3%
Magnesioferrite MgO level 12–15%
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The term ‘magnetite’ refers to spinel with a composi-
tion resembling the original magnetite ore particles, and
‘magnesioferrite’ refers to the composition usually
recorded in the finished product.

Unless otherwise clearly stated, this nomenclature will
be used in the current work.

Results

Oxidation
Figure 2 shows typical examples of magnesioferrite in
the core and shell of an oxidised olivine pellet cross-
section. In the oxidising atmosphere, the olivine particle
in Fig. 2a has decomposed along the particle periphery
to form magnesioferrite crystals and vitreous silica. The
lamellas in the olivine corona closest to the particle core
are too small to be analysed by EDS. However, Ryösä,15

based on micro-Raman spectroscopy, found this corona
to consist of magnesioferrite, orthopyroxene and olivine.
At the same time, magnesium has been released and
diffused out from the particle to the surrounding
haematite. In the pellet periphery, the magnesioferrite
is associated with the olivine particles, as shown in
Fig. 2a, whereas it is randomly spread out among the
secondary haematite at the centre, as shown in Fig. 2b.
The mechanism for the formation of magnesioferrite
during oxidation in olivine pellets has been described
elsewhere.14

Reduction
Table 3 summarises the reactions occurring in the
olivine pellet in different experiments of this study.
The conditions in the experiments are changed in a way
that shifts the equilibrium along the path marked out in
the Fe2O3–FeO–MgO system viewed in Fig. 3. In
oxidising conditions, haematite is in equilibrium with
magnesioferrite (state 1 in Fig. 3). In the reduction tests,
the equilibrium is shifted from haematite to magnetite
(state 2) and finally to wüstite (state 3). In both cases,
magnesium dissolves into the crystal structure, so that
the solid solutions of magnesium magnetite and
magnesiowüstite are ultimately formed.

The results of reduction showed that the samples
reduced at the temperatures of 500, 600 and 700uC were
all very similar, and the image in Fig. 4 of the structure
in the pellet core is representative of all three cases. In all
the reduced samples, all haematite have turned into
magnetite in the entire pellets all the way to the core.
The haematite particles that were reduced at tempera-
tures up to 500–700uC are porous, whereas reduction at
800 and 900uC yields a denser structure. Figure 4 shows
porous magnetite particles after reduction at 700uC,
whereas Fig. 5 shows dense wüstite particles after
reduction at 900uC. The structure in Fig. 4 is similar
to that in Fig. 2b, but the haematite in Fig. 2 is now
transferred into magnetite with a porous cheese type
structure. In Fig. 5, it is not possible to identify the old
magnesioferrite phase, and there are no small pores in
the wüstite particles.

In the samples reduced at 500–700uC, the boundaries
between the secondary magnetite and the magnesiofer-
rite have cracked to some extent. Figure 6 shows these
cracks in the pellet shell and core after reduction at
700uC. High magnification images of the magnesiofer-
rite/haematite boundary in the indurated pellet before
and after low temperature reduction are shown in Fig. 7.
The cracks formed are clearly visible in Fig. 7b.

The old magnesioferrite/haematite boundaries are
also visible to some extent in the samples reduced at
800 and 900uC (Fig. 5), even though the boundary
notches are less pronounced here. Except for the
reduction in haematite and the reduced extent of phase
boundary cracks, it is also more difficult to distinguish
between the magnesioferrite and the magnetite/wüstite
on the backscattered electron images of the 800 and
900uC samples. This is due to the decreasing magnesium
oxide level in the magnesioferrite as it diffuses out into
the surrounding magnetite/wüstite, as confirmed by
chemical analysis results presented in Fig. 8. In Fig. 9,
the Mg levels are also presented from the reference
olivine pellets for the most interesting temperatures.

Figure 8 shows how the magnesium oxide level in the
magnesioferrite phase in the pellets remains at y16%
during reduction at 600 and 700uC. At 800uC, the

2 Images (SEM) a from peripheral areas of olivine pellet after oxidation at 1280uC and b from central areas of olivine pel-

let after oxidation at 1280uC (Fe2O3: haematite; MF: magnesioferrite; Ol: olivine; P: pore)

Table 2 Chemical compositions of raw materials and finished pellets

Minerals Fe SiO2 MgO CaO SNa2OzK2O

Iron ore concentrate 70.88 0.71 0.20 0.13 0.10
Olivine 5.63 41.72 48.25 0.32 0.10
Bentonite 3.63 51.64 0.68 6.43 3.30
Test pellets with olivine 65.06 4.11 4.31 0.14
Commercial olivine pellets 66.8 1.8 1.3 0.45 0.06
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magnesium oxide level has dropped at the same time as
lower levels of Mg appear in the nearby magnetite/
wüstite. The Mg level has dropped even more in ferrite
at 900uC, but there are still areas of magnetite/wüstite in
the structure that have not gained any magnesium at all.
The two different gas compositions used for reduction in
the 800 and 900uC samples yielded similar results
concerning the diffusion of magnesium. The MgO levels
in the magnesioferrite are, however, slightly higher in the
samples reduced to magnetite than those reduced to
wüstite. In the pellet periphery, some reoxidation of
wüstite to magnetite occurred during cooling after
reduction at 900uC, due to air leakage into the cooling
cylinder. In this sample, the peripheral wüstite contained
3?0%MgO, whereas the magnetite rim formed on each
particle contained only 2?2%. The chemical mapping
image in Fig. 10 shows no sign of magnesium dissolving
in the vitreous silica present around the olivine particles
and the slag phase between iron oxide particles at this
temperature. Owing to the small size of the slag
accumulations, it was not possible to obtain any reliable
quantitative analysis on the slag phase.

The reference pellets are different in some respects but
show a similar behaviour regarding the formation of
magnesioferrite islands during oxidation and diffusion

of Mg diffusion during reduction, which is clear from
Figs. 8 and 9.

The commercial pellets have sintered much more,
producing a more dense structure where the shape of the
original magnetite particles could be identified only with
difficulty. The reference material also contains calcium
oxide, and some differences in phase composition were
detected, especially close to pores of decomposed calcite.
In addition, the silica in the olivine corona and the
binding silica phases between magnetite particles have
absorbed calcium and contain Mg in some locations
already at 700uC. However, the magnesioferrite islands
are present in the reference pellets in a similar manner to
that in the laboratory specimens, i.e. close to the olivine
particles in the pellet periphery, and more randomly
spread at the pellet centre. Cracks between the island
boundaries have formed, even though they are some-
times filled with a silica–calcium slag in some locations.

Discussion

General
Analysis of the samples reduced at temperatures of 500,
600, 700, 800 and 900uC showed that all haematites had
transformed to magnetite already at 500uC. The
magnesium in the magnesioferrite islands has, however,
not diffused out into the magnetite to any noticeable
extent in the 500, 600 and 700uC samples. The structure
of these samples is therefore similar to their structure
before reduction, except that haematite has transformed
into porous magnetite and that the boundary magne-
sioferrite/iron oxide has now cracked to some extent.
Under the conditions of these experiments, Mg does not
diffuse into magnetite or wüstite lattices at temperatures
up to 700uC. At 800 and 900uC, the diffusion of Mg has
started, but the concentration gradients still remaining
after 2 h of reduction implies that the diffusion is not
very fast at 800uC. The magnesium hence spreads out
evenly in wüstite and is subsequently available to react
with the silica in the slag phase when approaching its
melting point. In a previous paper, this was shown to
occur at temperatures of 1000uC and above.16

Mg diffusion in magnetite and wüstite
The levels of magnesium oxide measured in the
magnesioferrite islands as well as in the surrounding
wüstite with reoxidised magnetite show that magnesium
is more easily accommodated in wüstite than in
magnetite. The oxygen lattice of magnetite is tighter
than that of wüstite,18 and the melting point is y200uC

3 Phase diagram for MgO–FeO–Fe2O3 system obtained

by FactSage: compositions for equilibrium systems at

oxidation and reduction to magnetite and wüstite are

marked out in diagram as points 1, 2 and 3 respectively

4 Image (SEM) from central areas of olivine pellet oxi-

dised at 1280uC and reduced for 2 h at 600uC (Fe2O3:

haematite; MF: magnesioferrite; Ol: olivine; P: pore)

5 Image (SEM) from central areas of olivine pellet oxi-

dised at 1280uC and reduced for 2 h at 900uC [FeO:

wüstite (0–9%MgO); Ol: olivine; P: pore]
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higher for the latter. The diffusion coefficient for the
self-diffusion of iron in wüstite is also y100 times larger
than that for magnetite at 900uC.19 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 tempera-
ture of 800uC or more is required to bring about
magnesium diffusion of significance both in the wüstite
and in the magnetite case.

Cracking
In a previous research, disintegration during low
temperature reduction has been explained by the
volume expansion associated with the transformation
of haematite to porous magnetite.7,20 This volume
increase has been calculated and also measured by
many authors.21–24 The calculated values for single
crystals range between 10 and 12?5%, whereas the
measured values are slightly lower, i.e. 8–10%. The
magnesioferrite island remains as the core in most of
the haematite particles in the oxidised pellet, and this

core remains unaltered when the surrounding haematite
expands while converting to porous magnetite. The
strains created between the magnesioferrite and sec-
ondary magnetite by this 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 crystal structure, this
reaction step does not cause any more expansion, and
the wüstite formed instead inherits the structure of the
magnetite.25

Reference pellets
This comparison revealed the same mechanisms regard-
ing the diffusion of magnesium during reduction, but
some remarks must be made. In the commercial pellets,
the distances between different olivine particles are
much larger than in the laboratory pellets. In addition,
some calcium is added. At the pellet centre, the
formation of magnesioferrite takes place at quite large
distances from the olivine particles. In the laboratory
produced pellets, where the distance between olivine
particles is short, the magnesioferrite island distribution

6 Image (SEM–BSE) from a peripheral part of olivine pellet oxidised at 1280uC and reduced for 2 h at 700uC and b core

of olivine pellet oxidised at 1280uC and reduced for 2 h at 700uC (Fe3O4: magnetite; MF: magnesioferrite; Ol: olivine; P:

pore)

7 Image (SEM–BSE) of olivine pellet a after oxidation at 1280uC and b after oxidation at 1280uC and subsequent reduc-

tion for 2 h at 700uC; cracks have formed along magnetite/magnesioferrite boundary (Fe2O3: haematite; MF: magnesio-

ferrite; P: pore)

Table 3 Summary of reactions occurring in olivine pellet at different temperatures

CO/CO2 Temperature/uC Stable phase Observed reaction

a 32 : 68 500 Fe3O4 HaematiteRporous magnetite
b 32 : 68 600 Fe3O4 HaematiteRporous magnetite
c 32 : 68 700 Fe3O4 HaematiteRporous 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
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has a very random 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 laboratory pellets. This mechanism is sum-
marised below.

Summary
The journey of magnesium in the core of a magnetite
pellet during oxidation and reduction is summarised in
Fig. 11 and Fig. 12. Magnesium and iron from the
olivine form magnesioferrite crystals in the olivine
corona when the olivine particle decomposes during
oxidation. Magnesium also diffuses out from the olivine
particle to form magnesioferrite islands surrounded by
haematite in the original magnetite particles (Fig. 11).14

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 1000uC is schematically depicted
in Fig. 12. Haematite reduces to porous magnetite
already at 500uC, and during this transition, the
haematite/magnesioferrite boundary cracks, as shown
in Fig. 12a. At 800uC, the temperature is enough to
allow the slow diffusion of magnesium from magnesio-
ferrite to the surrounding magnetite or wüstite, and at
900uC, the cracks around the magnesioferrite phase
disappear (Fig. 12b). The Mg stored in wüstite then
reacts with the silica in the slag of the sample when it
approaches its melting point at 1000uC (Fig. 12c).16 The
magnesium oxide level now approaches a background
level, which was found to be y2% after reduction at
1150uC.

8 MgO level (wt-%) in magnesioferrite at different places

in laboratory produced pellets after isothermal reduc-

tion at 600–900uC

9 MgO level (wt-%) in magnesioferrite at different places

in commercial olivine pellets after isothermal reduction

at 700–900uC

10 Chemical mapping of selected elements for peripheral areas of olivine pellet oxidised at 1280uC and reduced for 2 h

at 900uC
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Conclusions
In the current study, the diffusion of magnesium in
olivine pellets was studied at temperatures ranging from
500 to 900uC. This magnesium is liberated when the
olivine particle decomposes during oxidation of the
pellet and finally ends up as magnesioferrite islands
surrounded by haematite in the original magnetite
particles. The conclusions from this work are as follows:

1. Haematite reduces to porous magnetite already at
500uC. Cracking occurs to some extent along the old
haematite/magnesioferrite boundary. No significant
diffusion of magnesium into secondarily formed mag-
netite takes place at 500–700uC.

2. At 800uC, the temperature is enough to allow the
slow diffusion of magnesium from the magnesioferrite to
the surrounding magnetite. This diffusion is slightly
higher if haematite is reduced to wüstite instead of
magnetite.

3. At 900uC, the diffusion of magnesium is even faster,
and sintering of the magnetite/wüstite makes the boundaries
of the old magnesioferrite islands disappear. The structure
created in the olivine particle itself during induration is not
affected by reduction treatment up to 900uC.
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1 Synopsis  
 
In this study the magnesium diffusion behaviour was studied in pellets with fine and course 
olivine, with and without additional fine quartzite(<20 μm) after isothermal reduction at 
1000-1300°C. It was found that, by using a fine olivine (<38 μm) the whole magnesium 
content of the olivine was dissolved evenly in the wustite and in the slag, already at 1000°C, 
in agreement with the equilibrium tie-lines of the FeO-MgO-SiO2 phase diagram. This lead 
the liquid slag to precipitate into fayalitic olivine and the Al, Na, K, Ca, P-content to enrich in 
remaining inclusions in the olivine. This crystallization did not occur in the sample with only 
bentonite addition, or in the sample with unreactive olivine at these temperatures. However, 
with further addition of fine quartzite, the slag of the sample with coarse olivine also 
crystallized. In the samples reduced at 1000-1100°C, magnesium gradients could be detected 
in the slag phase around coarse olivine particles until entering the interaction volume of an 
interfering particle at around ~600 μm, or occasionally at distances of more than 1 mm. For 
the coarse olivine the main rise in magnesium occurs at 1200°C when the olivine particle 
cores begin to dissolve. The dissolution of all magnesium of the 2.5% olivine addition during 
oxidation lead to 6.5% Mg in the crystallized slag phase. The increase in melting point 
resulting from this compared to fayalite with no magnesium is ~50°C, according to 
thermodynamic calculations.  
 
Keywords: Iron making, Reduction, Iron ore pellets, Additives, Olivine, Magnesium solid-
state diffusion 
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2 Introduction  
During the recent years, environmental concerns have placed increasing pressure on the CO2-intensive 
industries such as iron and steelmaking. In Sweden, blast furnaces are the greatest single net producers 
of CO2 from fossil fuels. Therefore, continued research efforts are necessary to further optimize 
operation towards higher productivity and lower consumption of reducing agents. In Scandinavia the 
main iron-bearing material is olivine pellets, which allows operation with very low slag volumes and 
hence lower fuel -rates.1,2)  Other additives of particular importance are quartzite and calcite. Previous 
research has shown that all these additives have a significant influence on properties such as 
reducibility,3-8) pellet strength, 5, 6, 9) swelling5, 6, 8-11) and softening/melting of the pellets.3, 8, 11-14).  
 
Olivine decomposes partly during induration to form vitreous silica and MgO that dissolves in 
the magnetite forming magnesiospinell or magnesioferrite.15,16) The magnetite particles of the 
green pellet are hence converted into parts oxidized into pure hematite and parts of 
magnesioferrite with about 12-15% dissolved MgO.15) When the hematite reduces during the 
subsequent reduction process, the magnesium of the magnesioferrite will diffuse out to 
dissolve in the surrounding magnetite and wustite. In a previous paper17) it was shown that 
this diffusion commenced at about 800ºC, and that the magnesium dissolved in the silicate 
slag at 1000ºC. The cores of larger olivine particles that did not react during induration remain 
seemingly inert, at least until temperatures of 1150ºC.  
 
The many beneficial effects of MgO additions during reduction have been summarized in a 
previous study,18) the most important benefits being enhanced high temperature properties due 
to the dissolution of magnesium in the wustite and the slag. There are two routes for the 
olivine-magnesium to dissolve and enter the slag and wustite: 1) magnesium released during 
oxidation in the form of magnesioferrite, which during the subsequent reduction dissolves in 
the slag phase at 1000ºC, 2) magnesium that is released from the olivine cores during 
reduction mainly at temperatures of more than 1150ºC. Due to the influence on the physical 
properties of the finished pellet product, previous researchers9,19) have suggested that a coarse 
olivine, which is less reactive during oxidation, should be used. However, the role of the 
magnesium in the wustite and slag in the temperature interval 1000-1150ºC is not, as yet, 
clearly understood. The aim of the current study is therefore to compare route 1 and route 2 in 
micro-balled pellets, to study the differences in the wustite and slag behaviour, during 
reduction, at high temperatures.  
 

3 Method 
In this study, micro-balled pellets were prepared with a very fine olivine as well as with a 
very coarse one to facilitate high and low reactivity during induration. Cases with extra silica 
enabling early slag formation, sintering and good contact in the sample were also included. 
The pellets were first oxidized in air at 1250°C, and then reduced at 1000, 1100, 1200 and 
1300°C. Both the oxidation and the reduction were done isothermally for two hours in a 
tubular furnace, see Fig. 1. The gas composition used for the reduction tests was CO:CO2= 
50:50, which thermodynamically limits reduction to wustite at all considered temperatures. 
The temperature was recorded with a thermocouple located 3 cm under the sample. The 
tubular furnace was preheated to the desired temperature and the samples were then inserted. 
The sample weight gain or weight loss was continuously recorded by a thermo-balance during 
the oxidation and reduction periods. The samples were kept in the furnace for two hours, after 
which they were lifted out. The oxidized samples were cooled in room atmosphere, whereas 
the reduced samples were quickly moved over into a cooling chamber and immediately 
cooled in a flow of nitrogen gas for 20 min, then in room atmosphere. During the 1300ºC-
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reduction experiment, the metal wires holding the sample melted and, therefore, this sample 
could not be removed as normal, but was cooled in the furnace in a nitrogen flow of 0.0002 
m3/s. This cooling required 3 hours to reach 600ºC and another 3 hours to reach 345ºC. Due 
to a mistake in the sample preparation the reference pellets(S.5) was not tested at this 
temperature. 

 
Fig. 1, Schematic view of the experimental apparatus used for the reduction 
tests. 

Sample preparation  
The pellets were made from a magnetite concentrate to which the additive mineral olivine and 
quartzite were added. 0.5% bentonite was also added to the concentrate for balling purposes. 
The olivine was sieved to produce one coarse(+108μm) and one fine fraction(-38μm). The 
fine fraction was wet-sieved followed by filtering and drying. The size distribution was then 
measured with a CILAS 1064, which gave a mean particle diameter of 184μm and 90% > 78 
μm for the coarse fraction and a mean particle diameter of 15.74μm and 90%< 33μm for the 
fine fraction. Pellets with fine quartzite were also prepared to provide larger amounts of slag 
and improved contact in the pellets. The quartzite was wet-sieved to separate the <20μm 
fraction, which was then filtered and dried. The size distribution was measured with a CILAS 
1064, giving 16 μm in mean particle diameter and 90% < 36 μm. A reference pellet, in which 
the only additive was 0.5% bentonite, was also prepared for comparison. The pellets were 
micro-balled at LKAB and sieved to collect the 9-12.5 mm fraction. The average pellet 
weight was 3.3 g after drying. Table 1 displays the specification of the different pellets tested. 
Table 2 provides a complete raw material specification, as well as calculated chemical 
analysis of the finished pellets. 
 
             Table 1, Additives used in the different samples of this study 

 Olivine Quartzite BentoniteTest  temp. 
Sample 1(S.1) 2.5 mass% >108μm None 0.5 mass% 1000-1300ºC 
Sample 2(S.2) 2.5 mass% <38μm None 0.5 mass% 1000-1300ºC 
Sample 3(S.3) 2.5 mass% >108μm 3.0 mass%<20μm 0.5 mass% 1000-1300ºC 
Sample 4(S.4) 2.5 mass% <38μm 3.0 mass%<20μm 0.5 mass% 1000-1300ºC 
Sample 5(S.5) 

(reference) 
None None 0.5 mass% 1000-1200ºC 
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Table 2, Chemical composition in mass % of raw materials and finished pellets. 
 Fe FeO SiO2 MgO CaO  Na2O+ K2O 
Iron ore concentrate 71.26  0.71 0.17 0.16          0.08 
Olivine coarse 5.19  40.96 44.93 0.44          0.173 
Olivine fine 5.04  38.80 45.16 0.13          0.14 
Quartzite 0.43  98.15 0.04 0.05          0.228 
Bentonite 3.83  51.46 3.87 7.16          3.56 
Samples 1(S.1) calculated   96.10 2.14 1.45 0.18          0.13 
Samples 2(S.2) calculated  92.95 5.29 1.44 0.18          0.13 
Samples 3(S.3) calculated  96.16 2.08 1.46 0.18          0.13 
Samples 4(S.4) calculated  93.01 5.24 1.45 0.17          0.13 
Sample 5(S. 5)( reference) 
calculated  98.42 1.05 0.24 0.18          0.13 

Analysis 
The samples were characterized before and after reduction by a scanning electron microscope 
(SEM) with an energy dispersive attachment (EDS). This was facilitated by a Zeiss Merlin 
with an Oxford X-Max 3000 detector. The quantitiative analysis was done with ZAF-
correction and calibrated against Copper. The pellets were mounted in epoxy resin and 
polished down - fineness with diamond pastes before carbon coating. As chemistry and 
morphology in the pellets were found to vary across the pellet radius, images and point 
analyses were taken both in the pellet periphery and in the core to obtain a representative view 
of the pellets from each experiment. In each of the chosen areas for analysis, typically 15-40 
chemical point analyses were taken to gain an overview of the composition in the phases 
present.  

Thermodynamical calculations 
Thermodynamic calculations. Thermodynamic calculations were made in Factsage 6.220) 
using compound database FS53base.cdb, FToxid53base.cdb and solution databases 
FToxid53soln.sda. FToxid-slagA, FToxidOlivA, FToxid-cPyrA, FToxid-oPyr, FToxid-pPyrA 
and FToxid-MeO_A. During calculation, FS53base.cdb was suppressed contra 
FToxid53base.cdb to exclude duplications in the data set.  

4 Results  

Oxidation 
In the oxidizing atmosphere the coarse olivine particles have decomposed along the particle 
periphery to form a reaction corona, see Fig. 2. This corona has been found to consist of 
magnesioferrite lamellas and vitreous silica.16) The fine olivine particles have reacted 
completely, so that it is very difficult to find the original particle sites, see Fig 3. No intact 
olivine cores can be found in the sample with fine olivine, and the appearance is therefore 
more homogenous than that of the sample with coarse olivine. At the same time as the olivine 
particles have dissolved, magnesium has been released and diffused out to form 
magnesioferrite amongst the surrounding hematite. The presence of this magnesioferrite is 
different in the shell and core of the sample with coarse olivine, whereas it is very evenly 
distributed in the pellet with fine olivine. In the case of coarse olivine, the magnesioferrite is 
associated with the olivine particles in the shell, whereas it is more randomly distributed 
among the secondary hematite in the centre. The magnesium content in the magnesioferrite 
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was 7-8 mass% in the shell and 4-6 mass% in the centre. The lower of the values represent the 
fine olivine samples. The mechanism for formation of magnesioferrite during oxidation in 
olivine pellets has been described elsewhere.14 

In the pellets with quartzite addition, quite intact 10-30μm quartzite particles are evenly 
distributed in the samples. These particles, especially the ones smaller than 10μm have 
sintered to stick to the nearest located hematite particles. Absence of very small quartzite 
particles is believed to be due to the fact that these are more reactive and hence have therefore 
dissolved in the slag. Other than that both the fine and the course olivine samples appear 
similar to those without quartzite addition.  

 
Fig. 2,  SEM-BSC image from the central areas 
of a pellet with coarse olivine after oxidation at 
1250°C. Mg-Ferr.= Magnesioferrite, Corona= 
Reaction corona of vitreous silica and 
magnesioferrite, P=pore. 

 
Fig. 3,  SEM-BSC image from the central areas 
of a pellet with fine olivine pellet after 
oxidation at 1250°C. Mg-Ferr.= 
Magnesioferrite, P=pore. 

Reduction  
Table 3 summarizes the main reactions occurring during reduction of the samples at the four 
test temperatures. In oxidizing conditions hematite is in equilibrium with magnesioferrite 
(state 1 in Fig.4). When the oxidized sample is reduced, equilibrium conditions are shifted 
along the path marked out in the Fe2O3-FeO-MgO-presented in Fig. 4. In the reduction tests, 
the stable iron oxide is shifted from hematite via magnetite to wustite (state 2) in Fig. 4. The 
magnesioferrite in the oxidized sample reduces also to magnesiowustite. As wustite (FeO) 
forms a complete series of solid solutions with MgO, the magnesium of the magnesiowustite 
can now freely dissolve in the wustite layer. 
 
Table 3 summary of the reactions occurring in the olivine pellet during reduction at different temperature. 
 Temp, °C Stable phase Observed react ion 
a) 1000 FeO Wustite particles + slag inclusions  

In course-olivine sample also almost intact olivine particles 
b) 1100 FeO Wustite particles + slag inclusions  

In course-olivine sample also almost intact olivine particles 
c) 1200 FeO Spherical wustite particles surrounded by olivine/alkali-slag phase. Some  

very large intact olivine particles still remaining in course olivine-samples 
d) 1300 FeO Spherical wustite particles surrounded

by olivine/alkali slagphase. No olivine particles remaining  
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Fig. 4, Phase diagram for the system MgO-FeO-Fe2O3 obtained using 
Factsage™. The compositions for the equilibrium systems at oxidation, and at 
reduction to wustite are marked out in the diagram as points 1 and ,2 
respectively. 

1000-1100ºC 
The samples reduced at 1000 and 1100ºC are quite similar and therefore Fig. 5 and Fig. 6 
from the 1100ºC-samples are representative for all samples. The samples are very similar to 
the oxidized ones except that the magnesioferrite has disappeared and the magnesium 
dissolved in the wustite and slag. Comparing the appearance of the wustite between the 
samples, the structure and porosity differ, especially at 1000ºC. The porosity appears to be 
highest, in descending order, in samples 2, 4, 1, 3 and 5. Samples 1 and 3 have not changed 
much from the oxidized ones, but sample 3 with its quartzite seems slightly more dense and 
sintered than sample 1. In samples 2 and 4 the character of the wustite particles is very 
different, as pores and defects seem to have been incorporated into each particle while 
transforming to wustite from the original hematite state. Sample 4 resembles sample 2, but the 
structure is more sintered and dense with a more developed slag phase. Of the samples 
reduced at 1100ºC, the porosity is highest for sample 2, lower for sample 3 and 4 and lowest 
for sample 1 and 5. Sample 2 has maintained much of the very fine pores and edges and 
resembles the character observed in the previous temperature step. Sample 3 and 4 have 
sintered to such a degree that the smallest pores and edges have disappeared, but a coarser 
porosity still appears throughout the samples. In samples 1 and 5, rounded edges still exist 
along the outer surfaces of structures of a more coarse character. However, the wustite in 
contact with the alkali-containing slag phase of these two samples has sintered to acquire an 
almost rounded shape that does not appear before 1200ºC in the other samples. The internal 
porosity of these structures is therefore relatively low. 
 
In the coarse-olivine samples (1 and 3) the banded corona have begun to transform into more 
homogenous fayalitic corona at 1000ºC, and at 1100ºC this transformation is complete. 
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Fig. 5, SEM-image from pellet with addition of 
coarse olivine ( S.1) after reduction to wustite 
at 1100ºC. P=pore.  

 
Fig. 6, SEM-image from pellet with addition of 
fine olivine ( S.2) after reduction to wustite at 
1100ºC. P=pore. 

 
Except for the olivine and the wustite, two separate slag phases were distinguished. The first 
one is fayalitic olivine that appears to have separated from the slag at some stage, and the 
second is the solidified remaining liquid. The relation of the Mg-level in the fayalitic olivine 
and that of the surrounding wustite fits to that given by the phase diagram FeO-MgO-SiO2 
when the two phases are in equilibrium, according to the solid phase tie-lines. The other slag 
is composed of mainly Si and Fe but also of Ca, Na, K, Al and P, but only very small amounts 
of Mg. This phase is hereafter labelled “alkali-slag”. In the reference sample as well as in 
sample 1 the alkali-slag is the only slag phase at these temperatures, whereas small inclusions 
of the alkali-slag are found in the fayalitic slag phase in all the other samples (samples 2, 3 
and 4). In the reference and in sample 1(except for very close to the olivine particles), the 
alkali and magnesium levels of the alkali slag are low at the same time as iron content is high. 
In the case where olivine has separated (samples 2, 3 and 4), the alkali-slag is higher in both 
magnesium and alkali, and it has a close to pyroxenitic composition. The exception here is the 
alkali-slag of sample 3 reduced at 1000ºC, which is higher in silicon, alkali, aluminium and 
phosphorus, but lower in magnesium and calcium, compared to the “normal” alkali-slag. The 
former one also seems to have formed with topochemical crystallization of fayalite from the 
slag along the wustite boundary, see Fig. 7, whereas non-topochemical crystallization has 
occurred in the latter, see Fig 8. 

 
Fig. 7, Wustite in equilibrium with a slag 
composed of olivine crystals and alkali slag. 
Non-topochemical crystallization in sample 4, 
1100ºC. A-slag=Alkali slag. 

 
Fig. 8, Wustite in equilibrium with a slag 
composed of olivine crystals and alkali slag. 
Topochemical crystallization in sample 3, 
1000ºC. A-slag=Alkali slag. 
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1200-1300ºC 
The samples reduced at 1200 and 1300ºC have become very homogenous as heavy 
sintering/partial melting has made the wustite particles almost spherical and surrounded by a 
matrix of olivine slag with small inclusions of the alkali-slag. This structure is shown in Fig. 9 
and Fig. 10. In the reference (S.5) this transformation has occurred only around the slag 
inclusions, so that pores and edges are still left in places where slag is absent. With its low 
slag content, S. 5 at 1200ºC therefore deviates from the other samples with a significantly 
higher porosity. At this temperature S.2 and S. 4 also show a structure of closed pores and 
defects which gives a slightly higher porosity than in S.1 and S.3. Samples 1-4 reduced at 
1300ºC appears similar to S. 1 and S.3 reduced at 1200ºC except for that the wustite spheres 
have grown larger. These 6 samples are very dense and appear to have almost no pores, and 
hence very low porosities. In the coarse olivine samples (samples 1 and 3) the largest olivine 
particles still remain seemingly intact at 1200ºC, (see Fig. 9), whereas all olivine is dissolved 
at 1300ºC. The relation in composition between the precipitated olivine and the alkali-slag 
was similar to that described for the samples reduced at 1000 and 1100ºC, but inclusions of 
alkali-slag not in equilibrium with secondary olivine were not observed. 
 

 
Fig. 9, SEM-image from pellet with addition of 
coarse olivine ( S.1) after reduction to wustite 
at 1200ºC. A-slag=Alkali slag, P=pore. 
 

 
Fig. 10,  SEM-image from pellet with addition 
of fine olivine (S.2) after reduction to wustite 
at 1200ºC. Mg-Ferr.= Magnesioferrite, A-
slag=Alkali slag, P=pore. 

Magnesium diffusion 
The magnesium diffusion was analysed with SEM-EDS and it was possible to obtain a good 
view of the magnesium level in the wustite and in the slag for all samples. The magnesium 
level in the fine-olivine samples (S.2 and S.4) is quite stable all over the sample and close to 
its equilibrium level already at 1000ºC. In the coarse-olivine samples (S.1 and S.3) the main 
rise in the wustite magnesium-level occurs at 1200ºC. At this temperature the smaller olivine 
particles have melted and dissolved in the slag. The magnesium gradient which was recorded 
within 300-500μm from remaining large olivine particles indicates that these ones are also in 
the process of dissolving. The magnesium level close to the olivine particles in these samples 
is higher at 1000ºC than at 1100ºC, at the same time as the background level is higher at 
1100ºC. Hence, there are not yet any significant amounts of new magnesium being supplied 
from the olivine particles. The magnesium gradients in S.1 and S.3 at 1000-1100ºC appear to 
continue until entering the volume of an interfering olivine particle. As this interference 
usually seemed to occur after 600 μm, this distance was chosen to represent the background 
level for these samples, even though gradients up to 1200 μm were recorded in some cases 
around larger olivine particles. In the coarse-olivine samples of the 1000ºC-test, the 
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magnesium content ceases under detection limit very close to the olivine particles. However, 
as the magnesium in the olivine slag and the wustite are in equilibrium, the gradient recorded 
in the olivine slag shows that a gradient must continue also in the wustite. The schematic 
illustration in Fig. 11 views the magnesium gradient in wustite and the slag between two 
adjacent olivine particles. The magnesium levels recorded in the wustite and in the slag of the 
different samples in the experiment are displayed in Fig. 12 and 13 respectively. Also, the 
expected levels based on the phase diagram tie-lines, at different temperatures, are included. 

 
Fig. 11,  Schematic representation of the magnesium level between two adjacent olivine particles. The 
magnesium level in the olivine crystals of the slag appears to be at equilibrium with that of the wustite.
 

 
Fig. 12, The background magnesium levels 
recorded in the wustite of the tested pellets at 
1000-1300ºC. “Tie-lines” represent the 
concentrations expected based on phase 
diagram tie-lines. 

 
Fig. 13, The background magnesium levels 
recorded in the slag of the tested pellets at 
1000-1300ºC. The value of S.1 1000ºC and S.5 
1100-1200ºC come from the alkali-slag due to 
absence of secondary fayalite. “Tie-lines” 
represent the concentrations expected based 
on phase diagram tie-lines.

 
 
 

5 Discussion 

General 
After oxidation, the samples in this study differed mostly in the content of slag and 
magnesioferrite. After reduction the greatest physical difference is in the samples reduced at 
1000 and 1100ºC, where the samples which had the most magnesioferrite after oxidation seem 
to have incorporated pores and defects into the wustite particles. After reduction at 1200 and 
1300ºC the homogenous structure for all samples with spherical wustite particles in a slag 
matrix indicate melting/partial melting of the slag phase. 
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The magnesium of the slag appears to trigger separation of the slag into fayalite crystals and a 
remaining alkali-rich remnant. The separation of the vitreous slag phase very near the olivine 
particles into secondary fayalite and vitreous inclusions was also described by Ryösä16). In the 
fine olivine samples with high Mg levels(S. 2 and S. 4) this occurs already from the point 
when Mg can dissolve in the slag, at 1000ºC, whereas it occurs in the coarse-olivine 
sample(S. 1) only at 1200ºC and 1300ºC. The fact that the fayalite crystallizes differently in 
S.3 reduced at 1000ºC could be an indication of that the mechanism triggering the separation 
could be different in this sample. 
 

Magnesium diffusion 
Based on the trends for the magnesium concentration in the wustite and slag, obtained by 
SEM-EDS and displayed in Fig 12 and 13, the following can be concluded. In the coarse-
olivine samples(S1 and S3) more and more magnesium dissolves both in the wustite and in 
the slag until 1200ºC, whereas the magnesium levels in the fine-olivine samples (S.2 and S.4) 
seem to follow the equilibrium trend suggested by the phase diagram.  
 
The coarse olivine has reacted to a very low extent during reduction at 1100°C and below, 
and most of the magnesium available at these temperatures probably comes from the 
magnesioferrite formed around each olivine particle during induration. This means that the 
magnesium from the magnesioferrite around the olivine particle diffuses outward during 
reduction, which leads to an increase in the background level with temperature at the same 
time as the level very near the olivine particle decreases. At 1200ºC the olivine cores that 
were not affected during the induration have begun the process of dissolving, which liberates 
new magnesium so that the background level increases noticeably.  
The fine olivine has reacted completely, so that the magnesioferrite is quite evenly distributed, 
already after induration. Therefore, equilibrium between the magnesium in the wustite and in 
the olivine-precipitates of the slag can be reached soon after the magnesium dissolves in the 
slag. In a previous publication this was shown to happen at above 900ºC17.  
The interesting thing here is that the equilibrium magnesium-level relation between the 
wustite and the crystallized fayalite shows the condition of the samples before cooling. As 
long as the fayalite-slag is in solid state the equilibrium shifts so that more magnesium diffuse 
from the slag to the wustite the higher the temperature is. However, when the fayalite slag is 
fast cooled from a molten state, an even higher ratio of magnesium will report to the wustite 
phase compared to the slag phase. The measured equilibrium concentrations in the current 
study suggest that the slag of the 1000ºC and 1100ºC samples were solid, but that of the 
1200ºC molten, before quenching of the samples started. This is discussed separately for the 
different experimental cases below.
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Fig. 14, Phase diagram at 1050ºC with 
equilibrium compositions 1, 2 and 3 for the 
slag and wustite in the sample reduced at 
1000ºC, 1100ºC and 1300ºC. Tie-lines from 
the phase diagrams at 1150 and 850ºC have 
been superimposed onto the diagram. The 
marker shows the calculated average 
composition for the fine olivine samples. 

 
Fig. 15, Phase diagram with composition 4 for 
the slag and wustite as well as selected tie-
lines explaining these compositions in the 
sample reduced at 1200ºC. The marker shows 
the calculated average composition for the fine 
olivine samples. 

 
The data point-pairs 1, 2, and 3 taken from Fig 12 and Fig 13 for the wustite and slag of the 
fine 1000, 1100 and 1300ºC-samples(Mg-concentrations were calculated as averages of S.2 
and S.4) were found to agree with the calculated tie-lines 1, 2 and 3 at 1050, 1150 and 850ºC 
respectively, as displayed in Fig 14. These tie-lines were found at a temperature 50ºC higher 
in the phase diagram than the experimental temperatures. The reason for that the data point-
pair of the 1300ºC-sample match with the equilibrium given at 850ºC is the long cooling time 
for this sample, which is why the equilibrium has had enough time to adapt to the changing 
equilibrium conditions until ~800ºC when diffusion of magnesium ceases in wustite .17)  The 
encircled intersection of the three tie-lines in Fig.14 and 15 is the composition of the sample 
suggested by the tie-lines from the phase diagram, and the closeness between this intersection 
point and the calculated average composition for the fine olivine pellets is a sign of reasonable 
accuracy in this calculation.  
 
At 1200ºC the slag is molten, which is why the data point-pair 4 for the magnesium in the 
wustite and in the fayalite slag could not be found on the solid-state side of the phase diagram 
in Fig 15. The best agreement with the phase diagram tie-lines for the data point-pair 1, 2 and 
3 were found 50ºC above the experimental temperature and by considering the tie-lines at 
1250ºC also the data point-pair 4 could be explained.  Right before the first crystallization in 
the slag, wustite of composition A is in equilibrium with slag of composition B according to 
tie-line 1, 1250ºC in the phase diagram in Fig. 15. Note that this tie-line intersects the same 
encircled overall compositional point as the three tie-lines of Fig. 14. Upon cooling, the first 
fayalite crystals with composition C will form in equilibrium with wustite of composition A 
according to “tie-line 2”, 1250ºC. If the cooling rate is high, this wustite will “freeze” in 
composition and not change much during cooling of the sample. Subsequently, during the 
interval 1250ºC to 1208ºC, all remaining liquid slag with composition B crystallizes into 
fayalite and new wustite. During this temperature interval, the wustite-fayalite tie-line 
gradually changes position from tie-line 2 to intersect point B at tie-line 3, 1208ºC (tie-line 3 
superimposed on the phase diagram in Fig. 15) where the final crystallization occurs. As the 
crystals forming in the slag are very small these can, despite the fast cooling, probably adapt 
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to the changing equilibrium so that all fayalite crystals end up with composition close to point 
D. Similarly, the composition of the wustite precipitating from the slag below 1250ºC changes 
from that of point A to at point E, but since the amount is small it is not believed to have 
much influence on the total wustite composition. With this explanation for the crystallization 
of the slag during cooling, the expected composition of the wustite and slag should be close to 
points A and D respectively.  
The measured magnesium contents is somewhat higher in the fayalite and a little lower in the 
wustite, compared to the expected points, which indicates that some Mg-diffusion from the 
slag to the wustite has still taken place during cooling. That is confirmed by the fact that small 
wustite particles surrounded by slag in the 1200ºC-sample had magnesium contents typically 
16-32% lower than large wustite particles, and lower than wustite particles in very limited 
contact with the slag.  
The temperature for complete melting of the fayalite crystals is 1250ºC, according to the 
phase diagram. However, it was shown that there is a mismatch of +50ºC between the phase 
diagrams and these experiments, and therefore the temperature for complete melting of the 
fayalitic slag in the fine olivine samples should be just under 1200ºC. 
 

Implications of results for pellet design 
The results of the current study indicate that the magnesium diffusivity in the pellets is 
sufficient to create an olivine particle interaction volume larger than 600μm in radius. The 
addition of extra silicon seems to increase the transport of Mg slightly, but the greatest 
influence on the magnesium concentration is obtained from increased olivine fineness which 
implies a more even distribution of the olivine and also higher reactivity during the induration 
step. The added silica and Magnesium makes the alkali-containing slag separate into fayalite 
crystals with its Mg-level in equilibrium with the surrounding wustite. In the sample with fine 
olivine as well as in both samples with added silica the main part of the slag has separated to 
form fayalitic crystals already at 1000°C, which is not the case for the slag in the reference 
(S.5) and the sample with course olivine (S.1). The reshaping of the wustite particles into 
spheres in a slag matrix begin already at 1100°C in these two samples but not before 1200°C 
in the other samples. As the dissolution of Mg into the alkali-slag begins at 1000ºC it might 
be assumed that for this slag the melting point is also close to 1000ºC. The melting point of 
the olivine precipitates, on the other hand, depends on the magnesium content and varies from 
1200 to 1250ºC. 1200ºC is for the case with no magnesium in the precipitates, and 1250ºC is 
for the case when all MgO of the olivine added to the pellets (2.6 atom% MgO or 1.5 mass% 
MgO) has dissolved. The addition of olivine hence implies a potential increase in melting 
point of 200-250ºC for the slag in the pellets tested in this study.  
At this stage it is important to bear in mind that in a real ironmaking process several of the 
different hematite-magnetite-wustite-iron reduction steps may take place simultaneously at 
different locations along the pellet radius. As the wustite transforms into iron more and more 
magnesium will concentrate into the remaining wustite, in front of the growing iron layer, 
which could probably create enriched magnesium levels completely different to the values 
described in this study. A future study by the authors will focus on this phenomenon. 
 

6 Conclusions 
In this study the difference between two different chemical supply routes of magnesium into 
the wustite and slag in the reduction of magnetite pellets was studied. The Mg-sources were 
1) fine olivine (<38 μm) converting entirely to magnesioferrite during the previous 
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indurationstep. 2) coarse olivine(>108μm) almost entirely remaining as olivine during the 
induration. Conclusions: 
*By using a fine olivine the whole magnesium content of the olivine can be dissolved evenly 
in the wustite and in the slag, already at 1000°C. This makes the liquid Al, Na, K, Ca, P-
containing slag precipitate into fayalitic olivine and the Al, Na, K, Ca, P-content enrich in 
remaining inclusions in the olivine. The relation between magnesium in the fayalite crystals 
and wustite is described by the equilibrium tie-lines between wustite and olivine in the FeO-
MgO-SiO2 phase diagram. The melting point of these fayalite crystals is 1200ºC, according to 
the phase diagram. 
*Without additives, no precipitation of the slag occurs in the range 1000-1200ºC.  
*By using a coarse olivine, the main supply of Mg comes first above 1100ºC when the coarse 
olivine particles begin to dissolve. The Mg diffuses to reach areas more than 600μm (normal 
distance for interference between two olivine interaction volumes) away from the olivine 
particles, but the concentration is too low to cause precipitation of the slag.  
*The addition of fine quartzite also makes the slag in the sample with coarse olivine, and 
hence low Mg-content, precipitate. 
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1 Synopsis 
The addition of MgO to iron ore pellets is known to beneficially influences many high 
temperature reduction properties such as reducibility and swelling. When the pellet is 
metallized, MgO dissolved in the wustite concentrates in the unmetallized part, which is why 
MgO-levels much higher than the average concentration could be expected locally.  In this 
work the impact of the elevated MgO-content on the reduction at 1000-1300ºC was studied by 
SEM-EDS. The MgO content in the pellet was also varied by additions of a), highly reactive 
olivine b) unreactive olivine c) combined addition of reactive olivine and fine quartzite and d) 
combined addition of unreactive olivine and fine quartzite. Two cases of metallization were 
observed 1) a gradual reduction front with only moderate magnesium levels and 2) a sharp 
reduction front with strongly elevated magnesium levels before the metal front. The samples 
with added quartzite reduced a little better at 1100ºC, compared to those with only olivine, but 
apart from that, reduction was not affected much by the additives in the range 1000-1200ºC. 
The greatest difference in reduction degree appeared at 1300ºC where a metal skin formed in 
most samples, hindering further reduction. At this temperature, the sample with addition of 
only reactive olivine had superior reducibility due to a porous morphology of the iron being 
mantained throughout the experiment. 
 
Keywords: Iron making, Reduction, Iron ore pellets, Additives, Olivine, Magnesium solid-
state diffusion  
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2 Introduction 
Recently, environmental concerns have placed increasing pressure on the CO2-intensive iron 
and steel industries to further optimize operation towards higher productivity and lower 
consumption of reducing agents. At the same time, high demand for iron ore has made new 
iron ores with lower grades and more complex chemistries viable in production. In 
Scandinavia the main iron-bearing material is magnetite based pellets with olivine, which 
allows operation with very low slag volumes and hence lower fuel rate.1,2) In these pellets both 
the MgO and SiO2 of the olivine as well as the elements of the gangue of the ore, i.e. Si, Mg, 
Ca and Al, interact with the iron oxides to give the finished pellet product its final properties 
in the blast furnace. Tailoring the additive mix to be used for a certain iron ore for optimal 
product properties therefore requires detailed knowledge of the mechanisms by which these 
elements dissolve and react in the pellet. 
 
The many beneficial effects of MgO additions during reduction have been summarized in a 
previous study,3) the most important one being the enhanced high-temperature properties due 
to the dissolution of magnesium into the wustite and the slag. However, during oxidation, the 
olivine decomposes partly, so that MgO dissolves in the magnetite forming magnesioferrite.4, 

5) As the magnetite oxidizes, the original ore particles turn into parts oxidized into pure 
hematite and parts of magnesioferrite.4) The boundaries between these two phases in the same 
original magnetite particle are cohesive and extensive, but have been reported to open up in 
wide gaps during low-temperature reduction.6) It is desirable to avoid the low-temperature 
impact and still keep the high-temperature benefits, and therefore it has been recommended 
that a course unreactive olivine should be used to minimize the magnesioferrite formation 
during the oxidation process6,7) However, the olivine itself is very unreactive until above 
1150ºC in reducing atmosphere; still, olivine is known to possitively influence both swelling 
and reducibility in the temperature range of 900-1100ºC. Therefore, a series of studies was 
started to clarify the reaction mechanisms for MgO in pellets during reduction.  
 
Previous studies showed that diffusion of magnesium from the magnesioferrite to the 
magnetite and wustite forming commenced at about 800ºC8) during reduction, and that further 
dissolution from the wusitite into the silicate slag occured at 1000ºC3). Another recent study 
by the authors9) showed that a fine reactive olivine, converting completely into 
magnesioferrite during oxidation, caused the slag to separate into fayalite and an alkali-rich 
remnant. When a course unreactive olivine was used, very little magnesioferrite formed 
during oxidation, and then the separation of the slag occurred first at 1200ºC when the 
unreacted olivine cores started to dissolve in reducing atmosphere. These results indicate that 
the magnesium of the magnesioferrite forming during oxidation is also the portion responsible 
for the beneficial effect on important phenomena such as reducibility and swelling until above 
1100ºC. 
 
In the current study the impact of the metallic iron formation on the pellet was studied, during 
reduction in the temperature range of 1000-1300ºC. The dissolution of all magnesium in a 
2.5% olivine addition into the wustite and slag raises the melting point of the fayalitic slag 
from about 1200 to 1250ºC compared to fayalite with no magnesium, according to 
thermodynamic calculations. However, in a real ironmaking process several of the different 
hematite-magnetite-wustite-iron reduction steps may take place simultaneously at different 
locations along the pellet radius. As the wustite transforms into iron, more and more 
magnesium will concentrate into the remaining wustite, in front of the growing iron layer, 
which could significantly raise the local magnesium concentrations and thereby also strongly 
influence the high-temperature properties. The samples were the same as those tested during 
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reducion to wustite9): pellets with fine and course olivine, with and without additional fine 
quartzite(<20 μm). 
 

3 Method 
In this study, micro-balled pellets were prepared with a very fine olivine as well as with a 
very coarse one to facilitate high and low reactivity during induration. Cases with extra silica 
enabling early slag formation, sintering and good contact in the sample were also included. 
The pellets were first oxidized in air at 1250°C, and then reduced at 1000, 1100, 1200 and 
1300°C. Both the oxidation and the reduction were done isothermally in a tubular furnace, see 
Fig. 1. The gas used for the reduction tests was 100% CO, which, thermodynamically gives 
reduction to metallic iron at all considered temperatures. The temperature was recorded with a 
thermocouple located 3 cm under the sample. The tubular furnace was preheated to the 
desired temperature and the samples were then inserted. Three pellets were tested for each 
sample. The sample weight gain or weight loss was continuously recorded by a thermo-
balance during two hour-long oxidation and reduction periods, after which the samples were 
lifted out. The oxidized samples were cooled in room atmosphere, whereas the reduced 
samples were quickly moved over into a cooling chamber and immediately cooled in a flow 
of nitrogen gas for 20 min, then in room atmosphere.  

 
Fig. 1, Schematic view of the experimental 
apparatus used for the reduction tests. 

Sample preparation  
The pellets were made from a magnetite concentrate to which the additive minerals olivine 
and quartzite were added. 0.5% bentonite was also added to the concentrate for balling 
purposes. The olivine was sieved to produce one coarse (>108 μm) and one fine 
fraction(<38μm). The fine fraction was wet-sieved followed by filtering and drying. The size 
distribution was then measured with a CILAS 1064, which gave a mean particle diameter of 
184μm and 90% >78 μm for the coarse fraction and a mean particle diameter of 15.74 μm and 
90% < 33 μm for the fine fraction. Pellets with fine quartzite were also prepared to provide 
larger amounts of slag and improved contact in the pellets. The quartzite was wet-sieved to 
separate the <20 μm fraction, which was then filtered and dried. The size distribution was 
measured with a CILAS 1064, giving 16 μm in mean particle diameter and 90% <36 μm. A 
reference pellet, in which the only additive was 0.5% bentonite, was also prepared for 
comparison. The pellets were micro-balled at LKAB and sieved to collect the 9-12.5 mm 
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fraction. The average pellet weight was 3.3 g after drying. Table 1 displays the specification 
of the different pellets tested. Table 2 provides a complete raw material specification, as well 
as calculated chemical analysis of the finished pellets. 
 
Table 1, Additives used in the different samples of this study 

 Olivine Quartzite BentoniteTest  temp. 
Sample 1(S.1) 2.5 mass% >108μm None 0.5 mass% 1000-1300ºC 
Sample 2(S.2) 2.5 mass% <38μm None 0.5 mass% 1000-1300ºC 
Sample 3(S.3) 2.5 mass% >108μm 3.0 mass%<20μm 0.5 mass% 1000-1300ºC 
Sample 4(S.4) 2.5 mass% <38μm 3.0 mass%<20μm 0.5 mass% 1000-1300ºC 
Sample 5(S.5) 

(reference) 
None None 0.5 mass% 1000-1200ºC 

 
Table 2, Chemical composition in mass % of raw materials and finished pellets. 
 
 Fe FeO SiO2 MgO CaO  Na2O+ K2O 
Iron ore conc. 70.88  0.71 0.20 0.13          0.10 
Olivine coarse 5.19  40.96 44.93 0.44          0.173 
Olivine fine 5.04  38.80 45.16 0.13          0.14 
Quartzite 0.43  98.15 0.04 0.05          0.228 
Bentonite 3.83  51.46 3.87 7.16          3.56 
Samples 1(S.1) calculated   96.10 2.14 1.45 0.18          0.13 
Samples 2(S.2) calculated  92.95 5.29 1.44 0.18          0.13 
Samples 3(S.3) calculated  96.16 2.08 1.46 0.18          0.13 
Samples 4(S.4) calculated  93.01 5.24 1.45 0.17          0.13 
Sample 5(S. 5)( reference) 
calculated  98.42 1.05 0.24 0.18          0.13 

Analysis 
The samples were characterized before and after reduction by a scanning electron microscope 
(SEM) with an energy dispersive attachment (EDS). This was facilitated by a Zeiss Merlin 
with an Oxford Instruments X-Max 50mm2 detector, and a FEI company Magellan 400 with 
an Oxford X-max 80mm2 detector . The quantitative analysis was done with ZAF-correction 
and calibrated against Copper. The pellets were mounted in epoxy resin and polished down to 

- fineness with diamond pastes before carbon coating. As chemistry and morphology in 
the pellets were found to vary across the pellet radius, images and point analyses were taken 
both in the pellet periphery and in the core to obtain a representative view of the pellets from 
each experiment. In each of the chosen areas for analysis typically 12-40 chemical point 
analyses were taken to gain an overview of the composition in the phases present.  

Thermodynamic calculations 
Thermodynamic calculations were made in Factsage 6.210) using compound database 
FS53base.cdb, FToxid53base.cdb and solution databases FToxid53soln.sda. FToxid-slagA, 
FToxidOlivA, FToxid-cPyrA, FToxid-oPyr, FToxid-pPyrA and FToxid-MeO_A. During 
calculation, FS53base.cdb was suppressed contra FToxid53base.cdb to exclude duplications 
in the data set. In the study the experimental results were compared with calculated ternary 
phase diagrams. The best fit to the experiments was obtained by using a temperature 50ºC 
higher than the experimental temperature. Therefore, the phase diagrams used to explain the 
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samples are always calculated 50ºC higher than the actual temperature of interest. As an 
example, the phased diagrams calculated at 1150 and 1250ºC are used to display the Mg-
equilibriums in the samples reduced at 1100 and 1200ºC. 
 
Nomenclature  
The results from this study of reduction to metallic iron will be compared with results from a 
previous study with the same experiments done on similar samples, but with reduction only to 
wustite. For convenience this study will hereafter be labelled RedWUS.9) 

4 Results  

Oxidation 
In the oxidizing atmosphere the coarse olivine particles have decomposed along the particle 
periphery to form magnesioferrite crystals and vitreous silica, see Fig. 2 a. The fine olivine 
particles have reacted completely, so it is very difficult to find the original particle sites. No 
intact olivine cores can be found in the samples with fine olivine (S.2 and S. 4), see Fig. 3, 
and the appearance is therefore more homogenous than that of the samples with coarser 
olivine (S.1 and S. 3). At the same time as the olivine particles have dissolved, magnesium 
has been released and diffused out to form magnesioferrite amongst the surrounding hematite. 
The presence of this magnesioferrite is different in the shell and core of the sample with 
coarse olivine, whereas it is very evenly distributed in the pellet with fine olivine. In the case 
of coarse olivine, the magnesioferrite is associated with the olivine particles in the shell, 
whereas it is more randomly spread out among the secondary hematite in the centre. The 
mechanism for formation of magnesioferrite during oxidation in olivine pellets has been 
described elsewhere.4) 

 In the pellets with quartzite addition, quite intact 10-30μm quartzite particles are smoothly 
distributed in the samples. These particles, especially the ones smaller than 10μm, have 
sintered to stick to the nearest hematite particles. Absence of really small quartzite particles is 
believed to be due to these being more reactive and hence having dissolved in the slag. Other 
than that, both the fine and the course olivine samples appear similar to those without 
quartzite addition. 

 
Fig. 2, SEM-BSC image from the central 
areas of a pellet with coarse olivine after 
oxidation at 1250°C. Mg-Ferr.= 
Magnesioferrite, Corona= Reaction corona 
of vitreous silica and magnesioferrite, 
P=pore. 

 
Fig. 3, SEM-BSC image from the central 
areas of a pellet with fine olivine after 
oxidation at 1250°C. Mg-Ferr.= 
Magnesioferrite, P=pore.
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Reduction  
Table 3 summarizes the main reactions occurring during reduction of the samples at the four 
test temperatures. In oxidizing conditions hematite is in equilibrium with magnesioferrite 
(state 1 in Fig.4). When the oxidized sample is reduced, equilibrium conditions are shifted 
along the path marked out in the Fe2O3-Fe-MgO-system, as seen in Figure 4. In the reduction 
tests, the stable iron oxide is shifted from hematite via magnetite and wustite to metallic 
iron(state 2) in Fig. 4. The magnesioferrite in the oxidized sample reduces also to 
magnesiowustite, and then to metallic iron. In the last step the magnesium that does not 
dissolve in the iron is expelled and must concentrate in remaining wustite and in the slag. As 
wustite (FeO) forms a complete series of solid solutions with MgO, the magnesium of the 
magnesiowustite can now freely dissolve in the wustite layer. 
 

Table 3, Summary of the reactions occurring in the olivine pellet during reduction at different 
temperatures 

 Temp, 
°C 

Stable 
phase 

Observed react ion 

a) 1000 Fe Advancing gradual metal front, wustite particles + slag inclusions  
In course-olivine sample also almost intact olivine particles 

b) 1100 Fe Advancing gradual metal front, wustite particles + slag inclusions  
In course-olivine sample also almost intact olivine particles 

c) 1200 Fe Advancing gradual metal front, remaining wustite particles rounded if 
in contact with slag. Fayalitic slagphase with vitreous alkali rich inclusions.  
Some very large intact olivine particles still remaining in course olivine-samples 

d) 1300 Fe No olivine particles remaining. Two cases, 1) Metal shell closing the structure 
for further reduction in S.1 , S.3 andS.4. Thick layer of slag between the iron  
shell and main body of spherical wustite particles surrounded by olivine/alkali 
slag phase. 2) S.5 and S.2 reduced almost completely, and magnesium levels  
high enough to keep the slag by the iron front. 

 

 
Fig. 4, Phase diagram for the system MgO–Fe–Fe2O3 obtained using Factsage. 
The compositions for the equilibrium systems at oxidation, and at reduction to 
iron are marked out in the diagram as points 1 and 2, respectively. 
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Fig. 5, Relative loss of weight during 
reduction for S. 1- S. 5 at 1000-1300ºC. 

 
Fig. 6, Swelling measured as relative 
increase in diameter during reduction 
for S. 1- S. 5 at 1000-1300ºC. 
 

Weight loss 
The reduction curves in Fig. 5 show that the reduction in general is higher, the higher the 
temperature, until 1200ºC. But at 1300ºC the reduction is much lower in all samples except in 
that with fine olivine (S. 2) and in the reference (S. 5). In S. 1, S. 3 and S. 4 the melting of the 
slag components causes the metal to sinter into a dense shell, which introduces a significant 
obstacle for further reduction at 1300ºC. At 1100ºC, the samples with added quartzite reduce 
slightly more slowly than those with only olivine. At 1200ºC and 1300ºC sample S. 3 shows 
the slowest reduction behaviour. 

Swelling 
Results presented in Fig. 6 show that the swelling was greatest for the reference over all 
temperatures, and that the different additives helped to reduce expansion or even cause 
shrinking at the highest temperature. The greatest swelling is at 1100-1200ºC for S. 1-S. 4, 
whereas the reference (S.5) has the highest swelling in the beginning, followed by a decrease 
the higher the temperature gets. The relative order of the swelling between S. 1-S. 4 changes 
between 1100º and 1200ºC. At 1000 and 1100ºC, S. 1 swells the most, S. 2 and S. 3 are 
intermediate and S. 4 swells the least. At 1200 and 1300ºC there is not much of change for  
S. 1, S. 2 and S. 5, but S. 3 and S. 4 clearly shrinks here.  
 
The impact of metallization 
1000-1100ºC 
In the samples reduced at 1000 and 1100ºC the iron formation is complete in the peripheral 
region, and then decreases gradually towards the core. Due to this gradual increase of iron, no 
front with highly elevated magnesium levels occurred at these temperatures. However, in 
most samples the iron formation has occurred topo-chemically on larger particles in the 
periphery, which has led to very high magnesium concentrations, up to 50% MgO, in wustite 
entrapped in the centre of metallized particles. This is true especially in S. 1 and S. 2 reduced 
at 1000-1100ºC. Inclusions next to olivine particles in S. 1 and S. 3 also hold high MgO 
contents, even up to 80%, after reduction at 1000ºC. 
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Fig. 7, Particles with large amounts of 
pores and defects in the periphery of S. 2 
after isothermal reduction at 1000ºC. 
P=Pore. 

 
Fig. 8, Particles with less pores and 
defects in the periphery of S. 3 after 
isothermal reduction at 1000ºC. P=Pore. 

 
At 1000ºC, in the peripheral region, the iron has formed topochemically to enclose a core of 
wustite in all particles. But the particles in the samples   S. 1, S. 2 and S. 4 have also 
incorporated significant amounts of pores and defects, which has led to a higher conversion to 
iron in each particle, compare Fig. 7 and Fig. 8. In the centre of the pellets the greatest impact 
seems to come from the presence of quartzite. Iron formation in S. 1 and S. 2 occurs non-
topochemically, whereas that of S. 3 and S. 4 occurs topochemically. The quartzite particles 
in S. 3 and S. 4 have sintered to bind to neighbouring wustite particles; apart from that, they 
are unaffected at this temperature. 
At 1100ºC the porosities of the S. 1-S. 4 now reflect the same trend as the swelling properties 
with the highest porostity for S. 1 and lowest for S. 4. Again, however, S. 2 and S. 4 show a 
higher microporosity in particles because of irregular shapes and defects. In the centre, iron 
formation has occurred non-topochemically in all samples. The quartzite particles have 
melted in both S. 3 and S. 4 to form fayalite at 1100ºC. 
 
1200ºC 
After reduction at 1200ºC the metallization is high and the iron formation has reached the 
centre in all samples except for in sample 3 which has the lowest reduction degree. The fully 
metallized part reaches down to a ~3.5mm depth in the pellets and beyond this depth the 
presence of unreduced wustite increases gradually along the radius to the centres. S. 1-S. 4 
consist mostly of wustite in the centre. Even here, the absence of a distinct reduction front 
leads to only moderate Mg-levels in the samples. Sintering has occurred mainly at locations in 
contact with the slag, which has left many macropores in the samples in locations where no 
liquid slag could facilitate densification. However, in S. 3 the core has sintered more than the 
other samples to aquire the structure typical for the samples reduced at 1300ºC, which is 
rounded wustite spheres completely surrounded by a slag matrix, and only few remaining 
macropores. 
 
1300ºC 
After reduction at 1300ºC, a dense iron shell has formed in S. 1, S. 3 and S. 4, and this metal 
shell, with a thickness of 100-250 μm, has stopped further reduction in the samples, see Fig 9. 
Inside the metal shell is a 200-550 μm-thick layer of fayalitic slag with small wustite 
inclusions forming a pattern resembling crystals forming from a precipitating liquid. The 
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inner structure of wustite spheres and molten slag is very similar to that observed in 
RedWUS.9) In the reference, the wustite has reduced to iron throughout the pellet and also in 
S. 2 the reduction has been almost complete in two of the three pellets in the sample. Wustite 
inclusions in the metallized particle in the pellet centre reached levels of up to 70% MgO. The 
iron front in the third pellet of S. 2 was quite narrow, and high MgO levels, 10-15%, were 
found also just before this front.

 
Fig. 9, A dense metallic shell and a zone of crystallized 
liquid slag around the unreduced wustite in S. 1 after 
isothermal reduction at 1300ºC.  

Magnesium distribution 
The magnesium concentration in the slag and wustite in the centre of S. 1-S. 4 is displayed in 
Fig. 10 and Fig.11. Also, for comparison, the data of the samples reduced only to wustite at 
1000-1200ºC9) is included in pale grey in the diagram. Overall the trends for the change in 
magnesium for the samples resemble those for reduction only to wustite, even though the 
magnesium levels are generally slightly higher in the current study. A few remarks may be 
made: 
 
In the course olivine S. 1 and S. 3 the magnesium level appears not to be affected significantly 
by the presence of iron. The magnesium from the olivine has not dissolved much during 
oxidation, which is why the main increase appears at 1200ºC when intact olivine particles 
begin to dissolve in reducing atmosphere. Sample 4 has a slightly lower magnesium content at 
1000ºC compared to when reduced only to wustite, but at all the other temperatures the Mg-
level is higher after reduction including metallization
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Fig. 10, The background magnesium levels 
recorded in the wustite of the tested pellets 
at 1000-1300ºC. Concentrations calculated 
for reduction to wustite (RedWUS9)) 
superimposed in pale gray.  

 
Fig. 11, The background magnesium levels 
recorded in the slag of the tested pellets at 
1000-1300ºC. Concentrations calculated 
for reduction to wustite (RedWUS9)) 
superimposed in pale gray. *In S. 1 (1000-
1100ºC) the slag is mostly of the vitreous type, i.e. 
fayalite crystals have not precipitated. 

 
To describe the magnesium diffusion behaviour, four chosen cases from the fine olivine 
samples (S. 1 and S. 2) were selected and presented in detail.  
 
1100ºC 
The magnesium content in the fayalitic slagphase and the wustite in the pellet centre was 
recorded by SEM-EDS and the compositions plotted in the phase diagram in Fig. 12. The 
relation between the wustite and slag matches very well with the phase diagram tie-line in the 
figure. An increasing Mg-content means that the total composition shifts left along the 
horizontal arrow in the figure. It is clear that the proceeding metallization has caused the 
overall composition to enrich in magnesium compared to the composition of the sample when 
only reducing to wustite (RedWUS9)).  
 

 
 
Fig. 12, Phase diagram with equilibrium composition for the slag and wustite in the sample 
reduced at 1100ºC. The slag and wustite compositions and tie-line for the sample reduced 
only to wustite (RedWUS9)) is also superimposed in dashed gray for comparison. The asterisk 
shows the calculated average composition for the fine olivine samples (S. 2 and S. 4), and the 
circle the composition determined by the tie-lines in RedWUS.  
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1200ºC 
The difference in magnesium concentrations between the samples reduced to metal and 
wustite is largest at 1200ºC, therefore, the compositions for the slag and the wustite in both 
these samples were plotted in the phase diagram below. 

 
Fig. 13, Phase diagram with equilibrium composition for the slag and wustite, marked by 
small black asterisks, in the sample reduced at 1200ºC. The slag and wustite compositions for 
the sample reduced only to wustite (RedWUS9)) is also superimposed in pale gray asterisks 
for comparison. The large asterisk shows the calculated average composition for the fine 
olivine samples (S. 2 and S. 4), and the circle the composition determined by the tie-lines in 
RedWUS. A=wustite composition in three-phase region ABC, B=slag composition in three-
phase region ABC, C=fayalite composition in three-phase region ABC. D= fayalite 
composition when the final melt with composition B crystallizes. 
 
 
Comparing the data points in Fig. 13, it is clear that the slag of the metallized samples has 
been enriched in magnesium compared to those reduced only to wustite at 1200ºC. This 
means that the overall composition is also higher for the metallized sample. A detailed 
description of the mineralogical behaviour for a molten slag, and an estimation of the overall 
composition for the fine olivine samples reduced to metal at 1200ºC, is offered under the 
discussion heading. 
 
 
1300ºC 
The samples reduced at 1300ºC show three different compositional cases: the edge, the 
reduction front and the core, which provide important information on the magnesium 
diffusion behaviour during cooling of molten phases after reduction above the melting 
temperature of the slag. Two cases are discussed:  
 
Case 1 
In S. 1, S. 3 and S. 4 a dense metallic shell formed on the pellet surface, which stopped further 
reduction. The dense slag layer with small inclusions of wustite extending inside the iron 
layer (see Fig, 9) has a different magnesium ratio compared to the main pellet body of larger 
wustite spheres embedded in a fayalitic slag matrix. The pattern of the fine wustite close to 
the iron is the same as that typical for crystals precipitating from melts and matches well with 
the phase diagram assuming that the dense material close to the iron was all liquid slag from 
which small wustite crystals precipitated during cooling. The best match with the phase 
diagram was obtained for onset of slag crystallization taking place at 1215ºC (see Fig. 14). 
The compositions of the dense fayalitic slag, the fine wustite precipitates as well as the 
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fayalite slag matrix and the larger wustite spheres in the periphereral portion of the main 
pellet body are marked with asterisks in the phase diagram below at point D, point E, point X 
and point A, respectively. Superimposed onto the diagram, the tie-line shows the equilibrium 
between the wustite and slag at the final crystallization at 1164ºC of a slag with composition 
B.  

 
Fig. 14, Phase diagram at 1215ºC with average compositions for the slag and wustite, 
marked by black asterisks, in the sample reduced at 1300ºC. The large asterisk shows the 
calculated average composition for the fine olivine samples (S. 2 and S. 4), and the circle the 
composition determined by the tie-lines in RedWUS.9) A=wustite composition in three-phase 
region ABC, B=slag composition in three-phase region ABC, C=fayalite composition in 
three-phase region ABC. D= fayalite composition when the dense fayalitic slag with 
composition B crystallizes, E= wustite precipitates composition when the final melt with 
composition B crystallizes and X= fayalite slag matrix composition when the final melt with 
composition B crystallizes. 
 
Case 2  
Sample 2 (S. 2) reduced at 1300ºC reduced almost completely to iron in a similar manner as 
the pellet with only 0.5% bentonite added. In two of three pellets in S. 2, the metallization was 
complete, but the the third pellet had a yet unreduced core with MgO-levels of 10% recorded 
in front of the iron layer. The elevated magnesium levels decayed over a distance of about 
500μm toward the centre before settling at the same level as that of the pellet core in S. 4.  
 
5 Discussion 
Weight loss and impact of metallization  
It is very clear that the presence of MgO and SiO2 has an impact on the formation of iron and 
the physical texture of the iron oxide and iron that forms during the reduction process. 
However, it also appears that the effect of a certain additive varies between the periphery and 
the core of the pellets, and also with the temperature. This indicates that the effect of the 
additives, in this respect, is quite sensitive to temperature and reduction potential (the 
concentration of the CO-gas decreases and is lower toward the centre). On the macro level it 
is clear that a higher magnesium to silica ratio influences both the reducibility and the 
swelling, and especially at 1300ºC the impact is very pronounced. Upon reduction only to 
wustite (RedWUS.9)), the magnesium in the wustite appeared to create a more porous and 
irregular structure, more open and accessible for reducing gases. The metallic iron formed in 
the metallized fine olivine samples is also more irregular, with defects and pores, making the 
total conversion to iron greater in each particle. This effect is especially pronounced in S. 2 
reduced at 1300ºC, where the iron formed is very porous, with a very “broken up” type of 
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structure with few remaining wustite inclusions. The same structure is also seen in S. 5, but in 
all the other samples the metal formed in the beginning, probably due to an early presence of 
liquid slag, has sintered extensively to form a shell closing the structure for further reduction. 
As the reference (S. 5) reduces very well both at 1200 and 1300ºC it appears that the liquid 
slag components are the ones that cause the sintering and hinder reduction at higher 
temperatures. It also appears that the high magnesium levels in the slag of S. 2 are able to 
neutralize the effect of the silica in the sample.  
 
Swelling 
The swelling is greatest for S. 5, and it is the highest at 1000ºC, decreasing more as the 
temperature increases. It appears that the samples with the most binding silica swell the least 
at 1000ºC. The amount of binding media is highest in the order S. 4, S. 2, S. 3, S. 1 and S. 5, 
as primarily the dissolved olivine, but also the slightly sintered quartzite particles, have bound 
to surrounding iron oxide particles during oxidation. The higher swelling at 1100ºC might be 
due to the swelling tension being higher due to faster reduction kinetics, or that the silica 
phase is now fully or partly molten to provide less binding strength. But the samples still keep 
the relative order of swelling as at 1000ºC, which indicates that the silica still plays a role 
here. At 1200ºC the samples swell slightly less, and at 1300ºC there is even a net shrinking 
for S. 3 and S. 4. Now the swelling appears to depend mainly on the amount of quartzite in 
the sample. It appears that the quartzite facilitates sintering, which becomes important at 
1200ºC, and becomes the dominant factor at 1300ºC. The important factor for swelling 
between 1000-1100ºC therefore seems to be the amount of molten or sintered silica formed 
during induration, which facilitates binding forces. From 1200ºC and above the total amount 
of silica is the dominant factor, facilitating sintering and contraction of the structure.  
 
Magnesium distribution 
Initially, the question at start of this study was whether the growing metal shell in the pellet 
during reduction would greatly raise the magnesium levels in the wustite and slag components 
in the inner part of the pellet, to significantly change the melting conditions for this wustite 
and slag. The result showed that for the conditions of this reduction study a significant MgO 
raise in the unreduced wustite occurred only in one case, at 1300ºC. In all other cases high 
MgO-levels were found only in inclusions left behind the reduction front. This was due to 
relatively long and widespread reduction fronts with gradually more and more iron, which led 
to only moderate increases in magnesium content.  
 
1000-1100ºC 
At 1000 the presence of the iron front appears to hinder the diffusion from the 
olivine/magnesiumferrite slightly, so that the level in the slag in the centre of the fine olivine 
samples is lower compared to that of redWUS.9) In redWUS the magnesium levels had 
reached equilibrium already at 1000ºC, but in the current study there is a distinct increase in 
magnesium when increasing the temperature from 1000 to 1100ºC. This suggests of that the 
iron might act as a barrier, hindering diffusion of MgO from the olivine particles, especially in 
the real blast furnace process where most wustite reduces in the indirect reduction zone at 
800-1000ºC. Since the cores of large olivine particles remain unreactive until above 1100ºC, a 
large part of the olivine magnesium will be entrapped by metal to play a role in the reduction 
only after melting of the pellet. The reason for the lower level of Mg in S. 4 compared to S. 2 
is probably that in S. 2 all slag points chosen for analysis are previous olivine particles, 
whereas the points in S. 4 might also have been previous quartzite particles. In all samples 
reduced at 1000-1100ºC there is a gradual decrease in metallic iron from the edge until the 
centre and at no location is the Mg-level significantly different from the levels in the pellet 
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centres presented in Fig. 10 and Fig. 11. The MgO level in the centres of the pellets is about 5 
% compared to 4% in RedWUS,9) (see Fig. 12) which corresponds to a rise in slag melting 
point by ~15ºC(slow temperature rise) according to calculated phase diagrams. 
 
1200ºC  
At 1200ºC the presence of the iron front has led to increased magnesium content, so that the 
relation between magnesium in the wustite and slag indicates that the slag in the centre of the 
fine olivine pellets (S. 2 and S. 4) was mostly solid, even before onset of cooling. The rise of 
melting point resulting from this increase in magnesium is ~20ºC(slow temperature rise) 
according to the phase diagram. Hereafter follows an explanation of how this interpretation of 
the data was done based on the phase diagram in Fig.13, first for the samples reduced to 
wustite,  then for the metallized samples. The encircled sample average composition for S. 2 
and S. 4 in Fig. 13, was determined by the intersection point for the solid-state equilibrium 
tie-lines between fayalite and wustite at three different temperatures after reduction to wustite. 
This point lies quite close to the large asterisk, which is the average composition calculated 
based on the raw material specification. At 1200ºC the point for the total composition 
coincides with line AB, which implies that the equilibrium is between two phases; wustite 
with composition A and molten slag with composition B. The magnesium of the wustite was 
measured in the centre of large particles with the assumption that the magnesium level has not 
changed significantly during the rapid cooling. Upon fast cooling, the liquid slag crystallizes 
during a temperature interval of 42ºC, initially to form fayalite with composition C and new 
wustite with composition A, and with final crystallization at 1158ºC to form fayalite with 
compostion D and wustite with composition E, according to the superimposed dashed tie-line 
to the right. The assumption for the solidifying slag with small crystals forming in a liquid is 
that the crystals will adapt to the changing equilibrium until the final crystallization occurs, so 
that all fayalite adopts the composition of point D. The new secondary wustite precipitates on 
the old one, and the two cannot be distinguished. Therefore no measurements could be made 
on the secondary wustite. The measured Mg-level of the slag, marked with a grey asterix is 
slightly higher in magnesium than suggested by this explanation. This is assumed to be caused 
by the flow of magnesium from the wustite particles trying to adapt to the changing 
equilibrium during cooling. This is supported by results in RedWUS,9) showing that the 
magnesium content in very small wustite particles were only 0.68-0.84 times the amount in 
large particles, as they adapted faster to the changing equilibrium during cooling.  
 
At reduction to metallic iron the transformation of wustite to iron concentrates the magnesium 
in the remaining wustite and slag giving a slag much richer in magnesium (composition 
labelled with a small black asterisk in Fig 13). The only way to explain this new slag 
composition is that the overall composition has drifted left along the horizontal arrow to lie 
quite close to the tie-line AC, see Fig 13. That means that most of the slag was solid before 
cooling with composition C. The presence of a smaller amount liquid of composition C in the 
slag leads to the slag settling at an overall composition at the point marked with an asterisk in 
the diagram, when the sample is cooled.  
 
1300ºC 
At 1300ºC the composition of the pellet seems to be crucial for the reduction behaviour. The 
reference(S. 5) and S. 2 with its high Mg to Si ratio have maintained a porous structure 
whereas S. 1, S. 3 and S. 4 have sintered heavily, so that further access to reducing gases has 
been cut off. Two cases from this temperature were described under the results heading; 
firstly, the slag layer inside the metal shell in S. 1, S. 3 and S. 4, and secondly the metal front 
with very high levels of magnesium in the wustite before the metal in S. 2. The former is 
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discussed in detail, since it proves the cooling mechanism presented for the magnesium in the 
samples with molten slag.  
 
Case 1 
In the pellets in S. 1, S. 3 and S. 4 a dense zone of slag with small wustite particles was found 
between the metal shell and the regular structure of larger wustite spheres embedded in a slag 
matrix. The composition of the wustite and slag in the dense zone matches very well with the 
phase diagram if assuming that the wustite and slag in the dense zone were all molten before 
cooling. The following explanation is offered: After melting of the slag phase and sintering of 
the wustite to form spheres, the interparticular forces in the liquid makes the wustite spheres 
pull closer to each other, so that molten slag is pushed out to the periphery to accumulate next 
to the metal shell. The magnesium in the wustite spheres and surrounding slag matrix matches 
well with the phase diagram of 1215ºC, which indicates that the crystallization of the slag has 
started at 1215ºC during cooling, according to the same mechanism as described for the 
1200ºC samples. But the 1300ºC samples also clearly show the solidification behavior of a 
slag that crystallizes into new wustite and slag. That was not the case in the 1200ºC samples, 
where the new secondary wustite precipitated on the old wustite, giving no opportunity to 
separate the two. Also, the flow of magnesium from the wustite to the slag enriched the slag 
in magnesium, as compared to the point suggested by the mechanism. This is why the 
composition for the slag matrix in Fig. 14 has drifted left to point x from the theoretical point 
D suggested by the cooling mechanism. In the periphery of the 1300ºC samples, with no 
wustite spheres in close proximity, the dense slag separates into secondary wustite and 
fayalite which are almost perfectly aligned with the dashed tie-line for final crystallization in 
the diagram, see Fig 14. 
 
Case 2 
 
It is clear from the results that the mechanism with an accumulating wave of magnesium 
moving before a front of advancing metal can lead to Mg-concentrations of much higher 
orders than when the magnesium is evenly distributed in the pellets. The rise in melting point 
resulting from the level of 10% MgO recorded just before the reduction front corresponds to 
120ºC, compared with pure fayalite. The implication of a higher MgO-level would certainly 
be a longer time period before the silicate portion melts, which would give a greater 
conversion of wustite to iron and a faster accumulation of Mg in the remaining wustite and 
slag, which again increases Mg further. When approaching the melting point of the slag, 
increased sintering reduces reduction rate, which lets the magnesium level decay, thereby 
reducing the melting point further, which in turn reduces the reduction rate. The magnesium 
concentration in front of the iron front is hence increased by the reduction, which in in turn 
appears to increase with an increased Mg-level. The whole process is then a kinetic 
competition with the reduction rate and the dissolved Mg acting on the positive side, and the 
sintering of the pellet on the other side. But it is difficult to say if the superior reduction has 
come mainly as a result of the high magnesium levels or if it was the superior reduction that 
gave rise to the magnesium accumulation in the first place. 
 
6 Conclusions 
In this study the impact of the growing metal front during reduction of pellets at 1000-1300ºC 
was studied. The following conclusions could be drawn: 
Pellets with fine reactive olivine end up with much more magnesium dissolved in the wustite 
and slag than pellets with coarse unreactive olivine. This is true especially in the temperature 
range 1000-1100ºC, as the unreactive olivine released the main part of its magnesium at 
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1200ºC. But even at 1200ºC the magnesium concentration was higher when using fine 
reactive olivine. The dissolved olivine makes the slag of the pellet separate into fayalitic 
olivine and an alkali-rich remnant. The swelling of the samples appeared to decrease the 
higher the amount of fayalitic slag in the sample. 
 
The Mg-concentrations in the metallized samples rise only moderately compared with 
samples reduced only to wustite if the metal formation occurs without a sharp metal front. 
However, high Mg-levels result in wustite inclusions entrapped in metallized particles close to 
olivine particles (up to 80%MgO) and also in inclusions behind the metal front(up to 50% 
MgO) 
 
Higher levels of MgO in the yet non-metallized portion of the pellets occur only in case of 
iron formation with a sharp metal front. This was the case at 1300ºC for the sample with 
addition of only fine olivine, where the MgO content just before the reduction front measured 
~10% MgO. At equilibrium with a fayalite slag this MgO content implies a rise of melting 
point of the slag by 120ºC, according to thermodynamic calculations. The high MgO/SiO2 
resulting from the addition of fine olivine significantly improved the reducibility at this 
temperature, where formation of a dense metal shell hindered reduction in most other 
samples.   
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Abstract 
 
In the current work the reactions of magnetite-based pellets with large additions of calcite 
during reduction have been investigated. This made it possible to use both X-ray diffraction, 
(XRD), and Scanning electron microscopy, (SEM), to detect reaction phases that normally 
occur in very small amounts. The main binding phase in the pellets after oxidation was 
(CaO,MgO,FeO)4(Fe2O3)7, whereas the one commonly reported in the literature is 
(CaO)(Fe2O3)2.  
During reduction at 500-700°C severe cracking occurred in these pellets, especially in the 
calcium ferrite phase. However, the decomposition of this phase began at 600°C, and 
therefore it is believed that the reason for the cracks is low strength of the phase itself, rather 
than weakness induced by reduction of the phase. Upon reduction of magnetite into wustite at 
800°C, the calcium began dissolving in the wustite, and at 900°C porous calciowustite had 
formed in the entire sample, except for some remaining magnetite left in the pellet cores.  
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Introduction 
 
Recently, environmental concerns have placed increasing pressure on the CO2-intensive iron 
and steel industries to further optimise operation towards higher productivity and lower 
consumption of reducing agents. At the same time, high demand for iron ore has made new 
iron ores with lower grades and more complex chemistries viable in production. In order to 
further optimise blast furnace operation, understanding of the chemical and physical 
interaction between the iron-bearing material and non-iron components is of primary 
importance. One of the components added in the blast furnace charge is calcite, both in the 
form of a lump slag-former and as an additive incorporated into agglomerated iron ore units. 
In Scandinavia the main iron ore source is pellets. 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.1)  
 
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.2, 3) This 
helps liquid sintering and densification of the pellets during induration, but also lowers the 
slag melting point during reduction.4) 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.5) Tests of pellets with limestone additions have indicated high 
reducibility6, 7, 3) and narrow meltdown range.6, 7) 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.7) 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,8 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.9 The 
reducibility has been positively correlated to the amount of calcium ferrites.3 Stepwise 
reduction tests have shown that all reduction steps, Fe2O3=>Fe3O4=>FeO=>Fe improve by the 
addition of calcite10 the positive effect in the metallisation step ascribed to CaO promoting a 
porous growth of iron.11, 12, 13)  
 
Reliable analysis of reaction phases in the pellets has always been difficult due to the very 
low amounts of additives present. In a previous work, magnetite based pellets with 
exaggerated amounts of calcite were therefore studied, before and after reduction to wustite at 
900-1150ºC, the purpose which was to obtain sufficient amounts of the reaction phases for 
identification by XRD.14 This study indicated that the main binding component in the 
indurated pellets was C4F7, which reacted further during reduction at 900ºC to form porous 
calciowustite. The current work aimed at determining the reactions of the calcium ferrite, in 
magnetite pellets with added calcite, during low temperature reduction, and to determine the 
specific temperatures at which the reactions occur. 
 
Method 
 
In this study, reduction tests were carried out isothermally in a tubular furnace (see Fig 1) at 
500, 600, 700, 800 and 900°C. The gas composition was adjusted according to Table 1, which 
thermodynamically limits reduction to magnetite between 500-700°C, and to wustite at 800-
900°C. The 800 and 900°C tests were also run at CO:CO2=10:90 to limit the reduction to the 
magnetite even at these higher temperatures. The tubular furnace used was preheated to the 
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desired temperature and the samples were then inserted and preheated for 2.5 min in nitrogen 
gas. The CO/CO2 mixture was then introduced at a rate of 12 l min-1. The samples were kept 
in the furnace for 2hrs, 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. The final cooling was done in air at 
room temperature. 
 

 
Fig. 1, Schematic view of the experimental apparatus 
used for the reduction tests.  
 

 
 
 
 
Table 1, Conditions for reduction of pellets 
with additions of calcite at 500-800°C. 

 
 
 

Sample preparation  
The pellets were made from a magnetite concentrate blend to which the additive mineral 
calcite was added. 0.5% bentonite was also added to the pellets for balling purposes. The iron 
oxide blend was a mix of 90% magnetite concentrate and 10% hematite concentrate. 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 
minimise differences in oxidising conditions that prevail, for example, in the bottom 
compared to the top of the furnace. A complete raw material specification, as well as 
calculated chemical analysis of the finished pellets, is given in Table 2. 
 

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           0.175 
Bentonite      3.63  51.64  0.68 6.43            3.30 
Test pellets  
with calcite 

    66.75   0.67  0.28 3.01  

 
Analysis 
The samples were characterised before and after reduction by scanning electron microscopy 
(SEM) and X-ray diffraction (XRD). SEM analysis was facilitated by a Hitachi VPSEM 
S3400N with a Bruker quantax 800 detector and a Zeiss Merlin with an Oxford X-Max 3000 
detector. The pellets were mounted in epoxy resin and cut approximately in the middle with a 

- fineness with diamond pastes 
before gold coating. The aim with the SEM-analysis was to obtain a representative view of 

CO/ CO2 Temp, °C Stable iron  
oxide 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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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 in the pellet 
periphery and in the core. Images and point analyses were collected from three different 
pellets in each sample to obtain representative results. XRD analysis was carried out on 
pulverised samples using a Siemens D5000 X-ray diffractometer.  
 
Nomenclature 
C4F7   (CaO)4 Fe2O3)7 
C2F1.6F7  Ca2Fe15.59O25 
CF2   2O3)2 
C3WF7   (CaO)3 2O3)7 
C4WF4   (CaO)4 2O3)4 
C4WF8   (CaO)4 (Fe2O3)8 
CWF   2O3) 
C2F   (CaO)2 2O3 
C2S   (CaO)2 2 
 
Results 
 
Oxidation 
Figures 2, 3 and 4 show the oxidised pellet cross section in the pellet periphery, mid-radius 
and centre, respectively. Three phases are identified in the X-ray diffractogram of the pellet 
(see Fig. 5), hematite, C4F7, (alternatively C3WF7 orC2F1.6F7) and C2S. This result is different 
from most previous experiments in which the commonly reported ferrite has been CF2. The 
calcium ferrite is often sectioned into a darker part rich in magnesium and a lighter part where 
calcium dominates (see Fig. 2). The SEM-EDS results presented in Fig. 6 and Fig. 7 show the 
composition of the calcium ferrite phase. In these charts the amount the Fe2O3 was calculated 
from the theoretical amount in C4F7, (7/11=0.64) and the excess iron remaining in most points 
was labelled FeO. The theoretical composition of C4F7 and C3WF7 has also been added to the 
diagram for comparison.The physical character of the ferrite changes along the pellet radius. 
Fig. 2 shows accumulations of ferrite surrounded by sintered spherical hematite particles in 
the peripheral portion which reaches down to about half the radius. The calcium ferrite is the 
only binding phase, even though small inclusions of calcium silicate can also be found 
occasionally. In the intermediate zone large edgy hematite crystals have grown across old 
magnetite grain boundaries, with calcium ferrite entrained between the hematite (see Fig. 3). 
Silicate slag is sometimes found along the boundary between the hematite and the ferrites. In 
the centre all magnetite has still not oxidised in all pellets, the structure is more porous, and 
the main binding phase is dicalcium silicate (see Fig. 4), which most often contains vanadium. 
There is also another calcium silicate phase also containing titanium (see Fig. 4). The 
dicalciumsilicate is found as inclusions or along the phase iron oxide phase boundaries. The 
titanium containing slag is sometimes found as inclusions in the dicalcium silicate (see fig 4), 
and in this case the composition correspond to (CaO)5 (TiO2)4. Locally large amounts of 
titanium containing slag are completely enveloping the iron oxide particles. The titanium 
silicate is found only in the areas of the core which were never reached by the oxidation front, 
i.e., iron oxides are still in the magnetite form (which holds ~1.8 wt% Ca and ~0.4% Mg). In 
the oxidised part, the titanium, when present, is instead found at levels of ~0.8 wt % in the 
hematite phase.  
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Fig. 2, SEM image from the peripheral areas of the 
calcite pellet oxidised at 1280°C. Fe2O3=hematite, 
C4F7=(CaO,MgO,FeO)4·(Fe2O3))7, P=pore. 

Fig. 3, SEM-BSE image from the intermediate zone 
of the calcite pellet oxidised at 1280°C. 
Fe2O3=hematite, 
C4F7=(CaO,MgO,FeO)4·(Fe2O3))7, P=pore.

 

Fig. 4, SEM-BSE image from the core of a 
calcite pellet oxidised at 1280°C. 
Fe2O3=hematite, Fe3O4=magnetite, 
C2S=(CaO)2SiO2, CT=(CaO)5(TiO2)4. 
 

 

Fig. 5, X-ray diffractogram over the calcite 
pellets oxidised at 1280°C. 
 
 

Fig. 6, composition of the calciumferrite in the 
peripheral portion of the oxidised pellet. 
 

 
Fig. 7, composition of the calciumferrite in the 
portion halfway from the edge to the centre in 
the oxidised pellet. 
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Reduction 
Table 5 summarises the reactions occurring in the calcite pellet in the different experiments of 
this study. The reduction of the samples shifts the equilibrium iron oxide phase from hematite 
(after oxidation) to magnetite (reduction at 500-700°C) and finally to wustite (reduction at 800-
900°C). Two extra tests were also performed with a leaner reduction gas yielding magnetite 
also at 800 and 900ºC. No diffusion of calcium from the calcium ferrite was detected at 
reduction with magnetite, but at reduction to wustite, the calcium dissolved into the crystal 
structure, so that calciowustite formed. The calciowustite reaction is very slow at 800ºC and 
occurred only in the pellet peripheral zone. At 900ºC, the calciowustite formation is almost 
complete.  
Table 5, summary of the reactions occurring in the calcite pellet during reduction at different temperatures 
 Temp, °C CO/ CO2 Stable I ron 

oxide phase
Observed react ion 

a) 500 32/68 Fe3O4 Hematite->porous magnetite 
b) 600 32/68 Fe3O4 Hematite->porous magnetite. C4F7 breaks down 
c) 700 32/68 Fe3O4 Hematite->porous magnetite. C4F7 not present 
d) 800 32/68 FeO Slow diffusion of calcium from  

 calcium ferrite to form calciowustite  
e) 900  FeO Formation of porous calciowustite 
f) 800  Fe3O4 Formation of dense magnetite. No calcium dissolution 
e) 900 32/68 Fe3O4 Formation of dense magnetite. No calcium dissolution 
     

 
Physical appearance 
The results of reduction showed that the samples reduced at the temperatures 500, 600 and 
700°C were all very similar. Therefore, the image in Fig. 8 of the structure in the pellet core is 
representative of all three cases. In all the reduced samples all hematite has turned into 
magnetite with minor amounts remaining only in the inner core in some cases. The hematite 
particles that were reduced at temperatures 500-700°C are porous and severe cracking has 
occurred throughout the structure (see Fig. 8).  
 
The sample reduced to wustite at 800ºC has begun to transform into wustite only along the 
pellet boundary. The ferrite has sectioned into portions rich in calcium and portions with less 
calcium. Low concentrations of Ca are detected in the wustite. The inner structure resembles 
that of the 700ºC-sample, but cracking is less extensive. The sample reduced to wustite at 
900°C is even more porous, and it is no longer possible to identify the original particles of the 
sample (see Fig. 9). The unreduced original magnetite as well as the slag phase in the core of 
the pellet appears not to have altered compared to the oxidised samples, even at 900ºC. The 
two samples reduced to magnetite at 800 and 900ºC are different, as the magnetite layer is 
very dense, so that the reduction front has advanced only a distance corresponding to about 
1/3 of the radius.
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Fig. 8, SEM image from the inner areas of a 
calcite pellet oxidised at 1280°C and reduced 
for two hours at 700°C. Fe3O4=magnetite, CF= 
calciumferrite, P=Pore. 

 
Fig. 9, 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. 

 
Cracking at 500-700°C 
In the samples reduced at 500-700°C severe cracking and fissuring has occurred throughout 
the pellets. Both small cracks in individual particles and cracks that have propagated 
throughout the pellet structure are visible. Fig. 10 shows calcium ferrite at the reduction front 
in the pellet reduced at 500°C. The figure shows that the binding calcium ferrite has cracked 
in the locations to the left in the figure where hematite has been reduced to magnetite, but 
remains intact in the unreduced portion. Cracks have not only formed in the ferrite phase. 
There are some cracks in the calcium silicates and long cracks cutting through both magnetite 
and ferrite accumulations are also observed. The cracks in the ferrite phase might have served 
as cleavage notches for the latter.  

 
Fig. 10, SEM image from the oxidation front in the inner areas of a calcite pellet oxidised at 1280°C 
and reduced for two hours at 500°C. Fe3O4= magnetite, Fe2O3= hematite, C4F7= (CaO,MgO,FeO)4· 
(Fe2O3)7, P=Pore. 
 
Decomposition of calcium ferrite at 600ºC 
In the X-ray diffractograms of the reduced pellets, the peaks from the C4F7 appears as intense 
as in the oxidised sample at 500ºC, with reduced intensity at 600ºC and have vanished 
completely at 700ºC. This is also supported by the fact that the calcium ferrite, which looked 
very uniform at 500 and 600°C, has changed so that it appears sectioned into areas of 
different shading at 700°C. No difference between the darker or lighter sections could, 
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however, be detected by SEM-EDS. By XRD it was not possible to detect any new phases 
forming in C4F7’s place.  
 
Discussion 
 
XRD-results of this study indicated that the main binding phase in pellets with large additions 
of calcite is C3WF7, C4F7 or C2W1.6F7 and not CF2, which is the phase commonly reported in 
previous literature. Previously, it has been shown that the presence of foreign elements such 
as Mg can stabilise the C4F7,15 and in the current study MgO, but also FeO in most places, 
substituted for the CaO in the ferrite. The formation of C4F7 has been detected by previous 
authors also in the binary system. In a study of formation mechanisms for calcium ferrites, 
C4F7 and C3WF7 were predominant phases in samples produced from quite a wide range of 
CaO-Fe2O3 blends at treatment above 795ºC.16 
 
In the current study, accumulations of the ferrite were sectioned into a darker part rich in 
magnesium and a lighter part with calcium dominating, which implies that there might be an 
immiscibility gap between the magnesium- and calcium-rich ferrite. The increasing 
substitution of calcium for iron in the ferrite towards the core can be explained by the fact that 
the ferrite melt was in equilibrium with magnetite for a longer time, here compared to in the 
peripheral portion. According to the ternary phase diagram CaO-Fe-O, the phases that can 
coexist with hematite are most likely CF and or CF2, and with magnetite C4WF4 and C4WF8

17. 
The stoichometrical difference is that some ferrous iron enters the structure in the latter case, 
and, similarly, C3WF7 can be expected instead of C4F7 when more magnetite is available. The 
results of this study indicate that the amount of ferrous iron in the ferrite varies between 
different locations in the pellet. 
 
The C4F7 phase decomposed at around 600ºC, but it was not possible to identify the reaction 
product by XRD. However, (CaO)2Fe2O3, (C2F) and CaO FeO Fe2O3,  (CWF) are the phases 
expected from the phase diagrams,18 and in a reduction study of synthetic C3WF7 in lean 
reduction gas (CO:CO2=30/70), CWF + wustite were confirmed as the reaction products by 
XRD.19The same study showed that CWF reduces to C2F and wustite/ iron when the 
reduction potential of the gas is increased. The low total amount of CWF resulting from the 
transformation C4F7=>CWF+W is probably the reason why the reaction product could not be 
identified by XRD. 
 
The low-temperature hematite-to-magnetite reduction step is associated with a net volume 
increase due to micropores being incorporated into the magnetite lattice. This volume increase 
has been calculated and also measured by many authors.20, 21,22,23 Calculated values for single 
crystals ranges between 10 and 12.5% whereas measured values are slightly lower, 8-10%. 
The disintegration of the binding calciumferrite phase has been suggested to stem from the 
combined effect of the stress created by this volume expansion, and the weakening of the 
binding phase due to the fact that calciumferrites themselves are being reduced already at low 
temperatures. 
 
According to previous authors, the fissuring of the pellets appears with calcium ferrite, but not 
with vitreous silica, which is a common binding phase in acid pellets.24 The cold compression 
strength of the binary calcium ferrites CF, CF2 and C2F was also tested- and was found to 
vary considerably between the ferrites.24 CF2 had a very low initial strength, and contrary to 
the other ferrites, the strength also decreased significantly in the initial stage of reduction 
(20% reduction degree). This indicates that different calcium ferrites differ considerably in 
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strength. In the current study it took until above 600ºC before the main decomposition of the 
ferrite occurred. Since the cracking is intense in the whole range 500-700ºC, the reason for the 
cracks seems to be low strength of the phase as such, and not weaknesses induced by the 
reduction of the phase. 
 
It has been shown in previous research that a lower amount of added CaO results in less 
cracking, as the silica in the sample binds a certain amount of calcium, forming dicalcium 
silicate(C2S). C2S does not undergo any transformations in itself during reduction and is 
therefore a stronger binding phase than the ferrite.25 One of the purposes of the additives in 
pellets from low-gangue ores is to crystallise the vitreous slag(resulting from acidic gangue) 
in the pellet, to avoid abnormal swelling.26 The crystallisation can also be triggered by MgO 
or quartzite.27 Quartzite and MgO do not interact with the slag phase during oxidation, and the 
binding phase therefore remains vitreous during reduction until around 1000ºC before 
crystallisation occurs. However, with addition of sufficient CaO, the silica reacts with calcium 
to form C2S already during oxidation. Tests have shown that the lime coefficient 
CaO/SiO2=1.2 is sufficient to crystallise the slag and obtain satisfactory swelling results with 
an ore that otherwise swelled badly.25 All excess CaO not reacting with silica will form 
calcium ferrites, which increases the sample porosity upon conversion to wustite, but also 
lowers the pellet reduction strength. 
 
Conclusions 
 
The main binding phase in pellet with large addition of calcite is C4F7, with Fe and Mg 
substituting for some of the calcium in the phase.  
 
The ferrite cracks to a large extent during reduction from hematite to magnetite at 500-700ºC. 
The calcium does not diffuse into the magnetite below 900ºC, but when wustite begin to form 
at 800ºC the calcium from the ferrite diffuses into the wustite lattice, so that a very porous 
calciowustite is formed.  
 
The main decomposition of C4F7 occurs above 600ºC, but the cracking in the ferrite phase and 
fissuring of the pellets is severe throughout the 500-700ºC range. This phase transformation is 
therefore believed not to be the main reason for the breakdown. Instead, it is believed that 
C4F7, just like CF2, is a very poor binding phase because of low cold strength. The calcium 
addition to magnetite pellets should therefore not be more than what is required to saturate the 
SiO2 in the sample to form dicalciumsilicates. Any excess CaO forms calciumferrites which 
contributes to a high porosity when calciowustite forms at above 800ºC, but also induces 
weaknesses to the pellet during the low-temperature reduction. 
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