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Iljana, Mikko, Iron ore pellet properties under simulated blast furnace conditions.
Investigation on reducibility, swelling and softening
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 617, 2017
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

A blast furnace is the dominant process for making iron in the world. Iron ore pellets are
commonly used as iron burden materials in a blast furnace, in which iron oxides are reduced to
metallic molten iron. While descending, the charge faces various stresses, which affect the gas
flows in the shaft and the energy efficiency of the process. Charge material testing on a laboratory
scale is of crucial importance in regard to the development of material quality.

This doctoral thesis presents a couple of advanced novel experimental methods: a novel camera
imaging method to determine the amount of swelling during reduction; a novel reducibility test to
determine the reducibility in a solid state under simulated blast furnace conditions; and a novel
experimental program for the ARUL reduction-softening test to more accurately simulate blast
furnace conditions. Swelling tests under conditions of fixed temperature and gas composition
showed that isothermal tests do not give a realistic insight into the material behaviour in a blast
furnace. As a result, it is suggested that dynamic gas composition – temperature programmes
simulating actual process conditions should be used. Additionally, the test results showed that
circulating elements (sulphur and potassium) also affect the pellet volume change during
reduction, however no abnormal swelling was observed in any of the swelling experiments.

The factors affecting the high-temperature properties of iron burden materials for blast furnace
use were evaluated by both the experimental methods and computational thermodynamics. It was
shown that none of the studied pellet grades has as good reduction-softening properties as the
fluxed sinter because of the differences in the chemistry and macro-porosity. FeO-SiO2-CaO-
MgO-Al2O3 system examinations with FactSage was found to be a useful tool for predicting the
softening of an iron burden material using the original chemical composition. FactSage
computations suggest that the softening properties of an iron burden material can be improved
either by decreasing the proportion of SiO2, increasing the proportion of MgO or introducing an
appropriate amount of CaO in relation to the proportion of SiO2.

Keywords: blast furnace, high-temperature properties, iron ore pellet, ironmaking,
melting, reduction, softening, swelling, thermodynamics





Iljana, Mikko, Rautapelletin ominaisuudet masuunia jäljittelevissä olosuhteissa.
Selvitys pelkistyvyydestä, turpoamisesta ja pehmenemisestä
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 617, 2017
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Masuuni on merkittävin raakaraudan valmistusprosessi maailmassa. Masuunissa käytetään ylei-
sesti rautamalmipellettejä rautapanosmateriaalina. Masuunissa raudanoksidit pelkistetään metal-
liseksi rautasulaksi. Vajotessaan panos kohtaa monenlaisia rasitteita, joilla on vaikutusta kuilun
kaasuvirtauksiin ja masuuniprosessin energiatehokkuuteen. Panosmateriaalien testaus laborato-
riomittakaavassa on merkittävässä roolissa, kun niiden laatua kehitetään.

Väitöskirjassa esitetään useita kehittyneitä koemenetelmiä: uusi kamerakuvausmenetelmä,
jolla voidaan määrittää turpoaminen pelkistyksen edetessä; uusi pelkistyvyystesti, jolla voidaan
määrittää rautapanosmateriaalin pelkistyminen kiinteässä tilassa masuunia jäljittelevissä olosuh-
teissa; ja uusi koeohjelma, jolla voidaan jäljitellä aiempaa tarkemmin masuuniolosuhteita sula-
mis-pehmenemiskokeessa. Turpoamistestit vakioiduissa olosuhteissa osoittivat, että isotermiset
testit eivät anna realistista kuvaa materiaalin käyttäytymisestä masuunissa. Tämän vuoksi dynaa-
misia kaasukoostumus–lämpötila-ohjelmia tulisi suosia. Lisäksi tutkimustulokset osoittavat, että
myös masuunissa kiertävillä komponenteilla (rikillä ja kaliumilla) on vaikutusta pelletin tilavuu-
den muutokseen pelkistyksessä. Yhdessäkään turpoamiskokeessa ei kuitenkaan havaittu katast-
rofaalista turpoamista.

Masuunin rautapanosmateriaalien korkealämpötilaominaisuuksiin vaikuttavia tekijöitä arvi-
oitiin sekä kokeellisin menetelmin että termodynaamisin laskelmin. Yhdelläkään tutkitulla pel-
lettilaadulla ei havaittu sintterin veroisia korkealämpötilaominaisuuksia, mikä johtuu eroista
kemiallisessa koostumuksessa ja makrohuokoisuudessa. FeO-SiO2-CaO-MgO-Al2O3 systeemi-
tarkastelut rautapanosmateriaalin lähtökoostumuksella todettiin toimivaksi menetelmäksi arvioi-
da panosmateriaalin pehmenemiskäyttäytymistä. FactSage-laskennat antavat ymmärtää, että rau-
tapanosmateriaalin pehmenemisominaisuuksia voidaan parantaa joko vähentämällä SiO2:n
osuutta, lisäämällä MgO:n osuutta tai lisäämällä CaO:ta sopiva määrä SiO2:n osuuteen nähden.

Asiasanat: korkealämpötilaominaisuudet, masuuni, pehmeneminen, pelkistys,
raudanvalmistus, rautapelletti, sulaminen, termodynamiikka, turpoaminen
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Symbols and abbreviations 

σ  Standard deviation [N] 

β  Required precision for 95% confidence levels [N] 

d Diameter [mm or pix] 

m  Mass [g] 

n Number of pellets 

V  Volume [mm3] 

R Reduction degree [%] 

w1 Iron(II) oxide content before reduction [%] 

w2 Total iron content before reduction [%] 

 

AI Abrasion index [%] 

ARUL Advanced reduction under load  

B2  Basicity based on two components (CaO and SiO2) 

B4 Basicity based on four components (CaO, SiO2, MgO and Al2O3) 

BET Brunauer, Emmett and Teller method (surface area analysis) 

BF Blast furnace 

BFS Blast furnace simulator 

CCS Cold crushing strength [daN] 

CS Crushing strength [daN] 

EDS Energy-dispersive X-ray spectroscopy 

FAAS Flame atomic absorption spectroscopy 

FESEM Field emission scanning electron microscope 

HOSIM Hoogovens simulatie (blast furnace simulation) 

ISO International Organization for Standardization 

LOM Light optical microscope 

LTD Low-temperature reduction-disintegration index [%] 

RD Reduction degree [%] 

RDI Reduction-disintegration index [%] 

RSI Reduction-swelling index [%] 

RUL Reduction under load 

RQ Research question 

TI Tumble index [%] 

VFS Free-swelling index [%] 

XRF X-ray fluorescence  
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1 Introduction 

Steel is one of the most important materials in the world today. In 2015, the total 

world crude steel production was 1,620 million tonnes of which 49.6% was 

produced in China and 4.0 million tonnes in Finland. Production of pig iron was 

1,157 million tonnes of which 2.6 million tonnes was produced in Finland, in 

practice at Raahe Steel Works. Traditionally, pig iron is first produced in a blast 

furnace (BF) from iron ores and further refined into crude steel in a basic oxygen 

furnace. The blast furnace – oxygen blown converter remains the most utilized 

process route in the world for making crude steel. 74.2% of the crude steel produced 

in the world in 2015 was produced via the blast furnace – oxygen steelmaking route. 

An alternative process route is electric arc steelmaking, in which electric energy is 

used to melt scrap. Electric furnace steelmaking constituted 25.2% of the world’s 

crude steel production (World Steel Association 2016). 

The blast furnace is a continuously operating shaft furnace, which is charged 

with iron ore and metallurgical coke in separate layers from the top of the furnace. 

Iron ore is generally charged in the form of pellets, sinter or lump ore. In Finland, 

cold-bonded briquettes are also charged in blast furnaces in which internal waste 

materials are recycled back into the process. Iron ore consists mainly of iron oxides, 

but has also some gangue minerals (non-iron compounds). Pig iron is produced in 

a BF from iron oxides through reduction reactions achieved with coke, injected 

reductants and a hot air blast. Gangue exits the furnace in the form of liquid slag. 

This doctoral thesis focuses on iron ore pellets produced for blast furnace use 

and their behaviour in the blast furnace process. The reduction-softening behaviour 

of iron ore pellets was also compared to the sinter in Papers IV and V. No lump 

ores were studied in this thesis because Finnish blast furnaces do not traditionally 

have any lump ores in the selection of their raw materials. Neither were cold-

bonded briquettes studied in this thesis. 

There are different types of iron ore pellets on the market to meet blast furnace 

specific requirements for smooth BF operation. The most common types of pellets 

for blast furnace use are acid, basic and olivine fluxed pellets. The chemical 

composition of the pellets and firing process determine the mineralogy of the 

pellets. In order to produce high quality pellets with good reducibility and superior 

softening and melting properties, pellet producers use certain additives. Olivine 

(Mg2SiO4) and limestone (CaCO3) are common fluxing materials, and therefore 

both olivine and lime-fluxed pellets were studied in this thesis. Their behaviour was 
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compared to acid pellets which acted as a reference pellet grade and also to the 

sinter in Papers IV and V.  

While the iron burden descends in the blast furnace, it has to withstand different 

types of stresses on its way from the top to the bottom part of the furnace. Already 

before charging to the furnace, iron burden materials also have to withstand the 

load during storage and handling. In the shaft area of the furnace, they need to 

withstand the load of the burden material in the blast furnace. Especially sinter and 

lump ore — but also iron ore pellets — are vulnerable to fines formation during the 

first reduction step from hematite to magnetite. Formation of fines disturbs the flow 

of the reducing gases and decreases furnace efficiency and hence the formation of 

fines should be avoided. Fines can also be formed due to the swelling of the pellets 

while gaseous reduction takes place. The permeability is greatly reduced as burden 

materials start to soften and melt in the cohesive zone. Thus, the softening of iron 

burden materials should start at as high temperatures as possible (Geerdes et al. 
2015). 

Laboratory tests have been developed to estimate the ability of iron burden 

materials to withstand the requirements described above and some of them have 

been standardised. ISO standards are available to determine the crushing strength, 

tumble strength, low-temperature reduction-disintegration, free-swelling, 

reducibility and reduction under load. The standard tests are usually carried out 

under conditions of fixed temperature and gas composition, although iron burden 

materials are subjected to a continuously increasing temperature and changing 

gases in a blast furnace. Because of this, the validity of the standard tests for the 

BF process has been criticized. It has been argued that there is a danger that iron 

ore behaviour may be optimized under test conditions but not under prevailing 

process conditions (Geerdes et al. 2015, Prakash et al. 2000, Wright 1977). To 

respond to the criticism, advanced laboratory tests have been designed to simulate 

the actual BF conditions more accurately. In the research work of this thesis 

advanced laboratory tests with changing gas and temperature programmes have 

been carried out to better understand the behaviour of iron burden materials in the 

blast furnace.  

1.1 Thesis objectives 

The aim of this study was to evaluate the metallurgical properties of different types 

of iron ore pellets by conducting advanced laboratory-scale experiments and to 

produce new information about their behaviour in the BF process. The research 
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work of this thesis was carried out through laboratory experiments which simulate 

the conditions of an actual BF more accurately than standardised isothermal tests. 

Additionally, computational thermodynamic software FactSage was used to clarify 

the softening and melting behaviour of the iron burden materials observed in the 

reduction-softening tests. To achieve the objectives of the thesis the following 

research questions (RQ) were set for this thesis: 

RQ1: Effect of experimental conditions on the behaviour of iron burden 

materials at high temperatures 

RQ2: Effect of circulating elements on the reduction-swelling behaviour of 

iron ore pellets 

RQ3: Comparison of metallurgical properties among acid and lime-fluxed iron 

ore pellets 

RQ4: Comparison of reduction-softening behaviour among iron burden 

materials 

Table 1 shows how the research questions are discussed in the papers of this thesis. 

As can be easily recognised, each research question except for RQ3 is discussed in 

multiple papers.  

Table 1. Papers answering the research questions. 

Research question Paper I Paper II Paper III Paper IV Paper V 

RQ1: Effect of experimental conditions on the 

behaviour of iron burden materials at high 

temperatures 

X    X 

RQ2: Effect of circulating elements on the reduction-

swelling behaviour of iron ore pellets 
 X X   

RQ3: Comparison of metallurgical properties among 

acid and lime-fluxed iron ore pellets 
  X   

RQ4: Comparison of reduction-softening behaviour 

among iron burden materials 
  X X X 

An overview of the studies in this thesis is presented in Fig. 1 paper by paper. 



18 

Fig. 1. Illustration of different phenomena studied in the papers of this thesis. 
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2 Iron burden materials in the blast furnace 

2.1 Blast furnace process 

The purpose of the blast furnace is to chemically reduce and physically convert 

solid iron oxides into liquid pig iron. The blast furnace is a continuously operating 

shaft furnace based on the counter flow principle. Iron burden (pellets, sinter and 

lump ore) and metallurgical coke are charged in separate layers from the top of the 

furnace. Charge materials typically require 5 to 8 hours to descend to the bottom 

part of the furnace where they soften and melt. In the lower part of the furnace the 

hot blast (1000–1300 °C) is blown above the liquid level through tuyères. 

Additionally, auxiliary reducing agents are injected via tuyère apparatus. In front 

of each tuyère, the hot blast reacts with coke and injectants producing a reducing 

gas (CO and H2). The reducing gas ascends in the furnace, heats the descending 

burden and reduces iron oxides. The reducing gas that was generated in the front 

of the tuyères ascends to the top in 5 to 20 seconds after going through numerous 

chemical reactions and leaves the furnace with a temperature of 100–200 °C 

(Babich et al. 2016, Geerdes et al. 2015). 

In addition to pig iron, slag is formed from ore gangue, coke, coal, other ashes 

and flux. The liquid pig iron and slag are tapped out regularly at a temperature of 

about 1500 °C. Some flue dust exits the furnace from the top together with gas flow. 

The raw materials and the products of the BF process are marked in Fig. 1. The 

efficiency of the BF process is largely determined by the ability of the reducing gas 

to remove oxygen from iron oxides. Permeability differences inside the furnace are 

common and strong variation in a radial direction of the furnace in the temperature 

and the gas composition is possible (Babich et al. 2016, Geerdes et al. 2015). 

The most important phenomena that iron burden faces when descending in a 

blast furnace are discussed in Chapters 2.1.1–2.1.4. 

2.1.1 Fines formation 

Gas permeability is of crucial importance for stable BF operation. In the BF shaft, 

the permeability of the burden is determined by the amount of fines. Fines may be 

defined as the fraction of the material under 5 mm. Some of the fines are directly 

charged into the furnace, but fines are also generated in the BF shaft during the first 

reduction step from hematite to magnetite when the structure of the burden weakens. 
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The phenomenon is known as reduction-disintegration. The load of fines into the 

furnace is usually reduced by screening the burden materials before charging 

(Geerdes et al. 2015). 

Some of the fines exit the furnace from the top with the off-gases in the form 

of flue dust. A blast furnace operating with 100% pellets produces a higher amount 

of dust compared to a blast furnace using a mixture of pellets and sinter (Leimalm 

et al. 2010, Lundgren et al. 2010). 

2.1.2 Reduction reactions 

Hematite (Fe2O3) and magnetite (Fe3O4) are found in iron ore deposits, but wüstite 

(FeO) is not present in nature. Rather surprisingly, magnetite ores are more difficult 

to reduce than hematite ores, despite there being less oxygen to remove. The 

explanation for this phenomenon lies in the different crystal structure of the iron 

oxides (Walker 1986). 

The blast furnace is basically a reduction process. The iron burden which is 

charged in the form of pellets typically consists of hematite and magnetite which 

need to be reduced into metallic iron. Reduction is defined as the release of oxygen 

from oxide iron burden materials. Most of the reduction takes place in gaseous state 

by carbon monoxide and hydrogen (see Eqs. 1–6). The reactions are usually 

referred as ‘indirect reduction’ or ‘gaseous reduction’. A lot of carbon dioxide is 

generated in the reduction reactions, however when hydrogen acts as a reducing 

agent water vapour is formed instead of carbon dioxide (Walker 1986). 

The reduction from hematite to magnetite (see Eqs. 1 and 4) takes place first 

after charging in the shaft of the blast furnace at around 500 °C. The reduction from 

magnetite to wüstite (see Eqs. 2 and 5) takes place in the temperature zone from 

600 to 900 °C. The reduction from wüstite to metallic iron (see Eqs. 3 and 6) takes 

place at temperatures in the region between 900 and 1100 °C (Babich et al. 2016). 

 3Fe2O3 + CO(g) = 2Fe3O4 + CO2(g) (1) 
 Fe3O4 + CO(g) = 3FeO + CO2(g) (2) 
 FeO + CO(g) = Fe + CO2(g) (3) 

 
 3Fe2O3 + H2(g) = 2Fe3O4 + H2O(g) (4) 
 Fe3O4 + H2(g) = 3FeO + H2O(g) (5) 
 FeO + H2(g) = Fe + H2O(g) (6) 

The equilibriums between the various iron oxides and the gas composition have 

been taken from the data in the HSC Chemistry thermodynamic calculation 
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software (Roine 2006) and are shown in Fig. 2. Typical shaft gas composition lies 

between the red-coloured curves according to Geerdes et al. (2015). The reduction 

of hematite to magnetite is not shown in the graph, but takes place at a very low 

CO/CO2 ratio if the temperature is sufficient (at least approximately 500 °C). The 

reduction of magnetite to metallic iron is not marked in the graph, because its 

significance in the blast furnace process is very low due to slow reduction rates at 

low temperatures. As can be seen in the graph, below 570 °C wüstite is not a stabile 

phase of iron oxides.  

 

Fig. 2. Schematic presentation of the relation between temperature, gas composition 

and iron oxides. The stability area of hematite is not shown in the figure. Typical 

measurements from various furnaces lie between the red-coloured curves (modified 

after Geerdes et al. 2015). 

Iron burden materials are not fully reduced before softening. The remaining oxygen 

is removed by reduction with solid carbon in the lower part of the furnace shown 

in Eq. 7. The reduction by solid carbon is usually referred to as ‘direct reduction’ 

or ‘carbon reduction’ and it is a highly endothermic reaction (Walker 1986). 

Therefore in regard to process efficiency, the iron oxides should be reduced in a 

gaseous state to as high a reduction degree as possible.  

 FeO + C = Fe + CO(g) (7) 
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2.1.3 Swelling 

Pellets, in contrast to sinter and lump ores, can have the tendency to swell during 

reduction. Generally a volume increase of over 20%, measured according to ISO 

4698, is seen as critical. Swelling can be categorized into normal swelling, up to 

20% in volume, and abnormal, i.e. catastrophic swelling, which may exceed 400% 

in volume at worst. Normal swelling of up to 20 vol-% occurs during the 

transformation of the pellets from hematite to magnetite in the initial stages of 

reduction. Abnormal swelling occurs during the transformation of wüstite to 

metallic iron in the latter stages of reduction and is generally believed to be caused 

by the growth of iron whiskers during reduction of wüstite to metallic iron. Under 

certain conditions, for example in the presence of alkalis, the swelling can become 

excessive. This coincides with the low compression strength of this structure, with 

the possibility of generating fines (Geerdes et al. 2015). However, normal swelling 

can be considered advantageous for the reduction process due to the increased 

porosity of the pellets (Singh & Björkman 2004). 

Based on literature, the main factors influencing pellet swelling are basicity 

and gangue content. Pellets with a B4 basicity between 0.2 and 0.7 are found to be 

more vulnerable to swelling (see Fig. 3). The B2 and B4 basicity are calculated 

according to Eqs. 8 and 9. In the blast furnace process local conditions (temperature 

and gas composition) greatly affect the swelling behaviour (Geerdes et al. 2015).  

 

 2 =  (8) 
 

 4 =  (9) 
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Fig. 3. The effect of pellet B4 basicity on swelling. The maximum tolerated amount of 

swelling is marked with a horizontal dashed line (modified after Geerdes et al. 2015).  

2.1.4 Softening and melting 

The reduction of iron burden materials in a blast furnace takes place under 

conditions where the upper charge layers exert a load upon the lower layers. The 

pressure of the burden causes the deformation of the solid phases, which is 

increased at elevated temperatures by the melt onset and leads to loss of 

permeability in the cohesive zone. The formation of molten phases starts with local 

chemical compositions which have the lowest melting temperatures. The first melts 

that are formed in the blast furnace come from acid slag components mixed with 

iron oxides and iron. Melting of the iron burden materials leads to the collapse of 

the ore bed and the permeability of the gas decreases dramatically. It is estimated 

that the gas permeability disappears more or less completely between 1200 and 

1350 °C depending on the characteristics of the ore burden (Bakker 1999, Geerdes 

et al. 2015). 

Borinder and Bi (1986, 1989) have listed several factors influencing the 

softening and melting properties of iron burden materials. These include: the iron 

content; the amount of slag-forming components; the melting point of gangue and 

slag-forming additives; basicity; the SiO2, FeO and MgO content; reducibility; and 

the particle size of the iron ore. Geerdes et al. (2015) highlight that the three most 

critical factors are the basicity, the SiO2 content and the presence of remaining FeO. 

The lower the SiO2 content in the iron burden material and the lower the remaining 
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FeO content is, the higher the melting temperature will be. Additionally, the 

behaviour of the burden materials depends on operational factors of the BF, 

including the reducing gas atmosphere (CO, CO2, H2, sulphur, alkalis), the 

temperature profile, the load value, and contact with other burden materials 

(Borinder & Torssell 1986, Borinder & Bi 1989). 

2.2 Iron burden materials 

Pellets and sinters are commonly used as iron burden materials in a blast furnace. 

Some blast furnaces use also lump ores which are natural iron-rich materials and 

can be used directly from mines after crushing and screening without beneficiation. 

Lump ores are becoming increasingly scarce because of poorer properties for the 

BF burden and are used mainly as a cheap replacement for pellets. Many companies 

use both sinter and pellets, although the ratios vary widely (Geerdes et al. 2015). 

At SSAB Europe Raahe steelworks in Finland cold-bonded briquettes have been 

introduced after the transition from mixed sinter and pellet operation to full pellet 

operation (Lilja et al. 2012). 

Sinter and pellets are both formed by agglomerating iron ore fines from ore 

mines and have normally undergone an enrichment process.  

2.2.1 Pellets 

Pellets are small and hard iron ore balls. Their diameter is usually 10–16 mm. They 

are hot-bonded in order to have sufficient mechanical strength. Some additives are 

often used in order to meet blast furnace specific requirements. Iron ore pellets are 

usually bonded with bentonite, which is a clay mineral containing some silica. 

The most common pellet types for iron making purposes are: acid pellets 

(B2 < 0.5), basic or fluxed pellets (0.9 < B2 < 1.3) using limestone or dolomite as 

an additive, and olivine pellets using olivine as the fluxing additive. In order to 

produce high quality pellets with good reducibility and superior softening and 

melting properties, certain additives are necessary. The most common fluxing 

materials for iron ore pellet production are limestone (CaCO3), dolomite 

(Ca,Mg(CO3)2) and olivine (Mg2SiO4), but sometimes magnesite (MgCO3) is also 

used. Additives are used not only to enhance slag formation, but also to improve 

softening and melting properties and to enhance the gaseous reduction of the 

burden (Dwarapudi et al. 2012, Geerdes et al. 2015, Nogueira & Fruehan 2003, 

Umadevi et al. 2011). 
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Acid pellets are strong, but have moderate metallurgical properties. They have 

high compression strength, but relatively poor reducibility. The softening and 

melting temperatures of acid pellets are low compared to fluxed and olivine pellets. 

Basic and fluxed pellets normally have good metallurgical properties for blast 

furnace operation. Table 2 shows an overview of the metallurgical properties of 

different types of iron ore pellets (Geerdes et al. 2015). 

Table 2. Overview of pellet properties (modified after Geerdes et al. 2015). 

Pellet type Compression strength Reducibility Swelling 

Acid ++ - +/- 

Basic + + + 

Olivine + + + 

2.2.2 Sinter 

Sinter is made in three different types based on the short basicity: acid (B2 < 1.0), 

fluxed (1.0 < B2 < 2.5) and super-fluxed (B2 > 2.5) sinter, of which the most 

common type is the fluxed sinter. Sinter is very heterogeneous type of material and 

its properties vary considerably with the blend type and chemical composition. 

Sinter burdens are prevalent in Europe and Asia, while pellet burdens are used more 

commonly in Scandinavia and North America (Geerdes et al. 2015).  

2.2.3 Quality demands for iron burden materials 

Regarding the quality of iron burden materials for blast furnace use, both chemical 

and physical aspects must be considered. The chemical compositions of the burden 

materials have to be suitable so that after reduction and melting the correct iron and 

slag compositions are produced. The Fe content must be high enough for an 

efficient blast furnace process, preferably at least 58 wt-% Fe. The physical 

demands for the blast furnace burden require properties for both the cold and the 

hot state of the burden (Geerdes et al. 2015). 

While iron burden descends in the blast furnace, it has to withstand various 

forces in different parts of the furnace. Even before charging, iron burden materials 

have to withstand the load during storage and handling. In the BF shaft, iron burden 

materials have to withstand the load of the burden. In the shaft at around 500 °C 

hematite starts to reduce to magnetite. Similarly, fines are generated by low-

temperature reduction-disintegration. The amount of fines should be as low as 
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possible, because fines tend to disturb the gas flow in the shaft. In addition to the 

amount of fines in the BF shaft, the permeability of the burden is determined by the 

size of the burden materials (Geerdes et al. 2015). With iron ore pellets, a size range 

of 10–12.5 mm is mostly pursued. 

When the burden descends in the BF, it encounters higher and higher 

temperatures. In the temperature region of 900 and 1100 °C during transformation 

of wüstite into metallic iron, pellets may swell abnormally. Swelling should be 

avoided, because it can have a severe impact on the stability of the BF process 

(Geerdes et al. 2015). 

CO and H2 reduce iron oxides from 500 °C until the iron burden melts. At 

around 1100–1150 °C the iron burden starts to melt and the gas permeability is 

greatly reduced. The blast furnace is a gas-reduction process, in which the 

efficiency is largely determined by the ability of the reducing gas to remove oxygen 

from iron oxides. In order to provide sufficient time for gaseous reduction, the 

melting temperature of the ore should be as high as possible (Geerdes et al. 2015). 

The phenomena that the iron burden faces when descending in a blast furnace 

are described more compressively earlier in Sections 2.1.1–2.1.4.  

2.3 Characterization of iron burden materials  

2.3.1 ISO standard tests 

A good variety of ISO standard tests are available for characterizing the chemical, 

physical and metallurgical properties of iron burden materials for blast furnace use. 

According to Geerdes et al. (2015), the ore burden is characterised by: 

– Chemical composition 

– Size distribution, which is important for the permeability of the ore burden 

layers in the furnace 

– Cold crushing strength, which is used to characterise the degradation of ore 

burden materials during transport and handling 

– Reduction-disintegration, which characterises the effect of the reduction step 

of hematite to magnetite in the BF shaft 

– Reducibility, which characterises the ease of removing oxygen from iron ores 

– Swelling, which characterises the vulnerability to change in volume during 

reduction and is tested to ensure that the volume increase during reduction does 

not exceed a set maximum 
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– Softening and melting properties, which are important for the formation of the 

cohesive and melting zone in the furnace.  

In the following sub-sections the most common standard tests for evaluating the 

physical and metallurgical properties of hot-bonded pellets are introduced except 

for the chemical composition and size distribution. Some of the standards are also 

applicable to sinters and lump ores.  

Crushing strength, ISO 4700 

ISO 4700:2015 specifies a method for measuring the compressive load attained to 

cause breakage of pellets. The standard is applicable to hot-bonded pellets. In the 

test, a single oven-dried pellet in the size range of 10.0−12.5 mm is placed between 

flat platens made of steel in the loading unit and compressed at a speed of 

10−20 mm/min throughout the test period. The test is complete when either the 

load falls to a value of 50% or more of the maximum load recorded or the platen 

gap has reduced to 50% of the initial mean test-piece diameter. In either case, the 

crushing strength (CS) is the maximum load attained in the test. The procedure is 

repeated on each pellet in the test portion. The crushing strength is calculated as the 

arithmetic mean of all the measurements obtained. The result is expressed, in 

decanewtons per pellet, to one decimal place.  

One test portion comprises at least 60 pellets selected randomly from the test 

sample. The exact number of pellets is calculated according to Eq. 10 given below: 

 =  (10) 

where n is the number of pellets, σ is the standard deviation in newtons derived 

from several experiments and β is the required precision in newtons for 95% 

confidence levels (ISO 4700:2015). 

Tumble strength, ISO 3271 

The ISO 3271:2015 standard specifies a method to provide a relative measure for 

evaluating the resistance of iron ores to size degradation by impact and abrasion. It 

covers the determination of the tumble and abrasion indices. The method is 

applicable to hot-bonded pellets, sinters and lump ores. 

A test portion of 15 kg in a size range of 6.3−40.0 mm is tumbled in a circular 

rotating drum for a total of 200 revolutions, at a speed of 25 r/min. The internal 
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diameter of the rotating drum is 1000 mm and it is equipped with two equally 

spaced L-shaped steel lifters. An example of the tumble strength test apparatus is 

shown Fig. 4. After tumbling, the product material is removed from the drum and 

sieved with test sieves having square openings of 6.3 mm and 500 μm. The tumble 

index (TI) is expressed as the mass percentage of material greater than 6.3 mm (see 

Eq. 11) and the abrasion index (AI) as the mass percentage of material less than 

500 μm (see Eq. 12): 

 = × 100 (11) 
 

 = ( ) × 100 (12) 

where m0 is the mass in kilograms of the test portion before tumbling, m1 is the 

mass in kilograms of +6.3 mm fraction of the tumbled test portion, and m2 is the 

mass in kilograms of 500 μm − 6.3 mm fraction of the tumbled test portion (ISO 

3271:2015). 

 

Fig. 4. Schematic diagram of the ISO 3271 apparatus to test tumble strength (ISO 

3271:2015, modified and published by permission of the Finnish Standards Association 

SFS). 

Low-temperature reduction-disintegration by dynamic method, ISO 13930 

The ISO 13930:2015 specifies a method to provide a relative measure for 

evaluating the degree of size degradation of iron ores when reduced under 
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conditions resembling those prevailing in the low-temperature reduction zone of a 

blast furnace. The standard is applicable to hot-bonded pellets and also to lump 

ores. 

Either a size range of 12.5–16.0 mm or 10.0–12.5 mm for oven-dried pellets 

are used in the test. A 500 g test portion is isothermally reduced in a rotating tube 

bed at 500 °C, using a reducing gas consisting of 20.0 vol-% CO, 20.0 vol-% CO2, 

2.0 vol-% H2 and 58.0 vol-% N2 for 60 min. The total gas volume flow rate is 

20 l/min and the reduction tube is rotated at a constant rate of 10 rpm. The internal 

diameter of the reduction tube is 150 mm. Four equally spaced steel angle lifters 

are attached inside the tube. A dust collector is connected to the tube to trap fine 

particles carried in the gas stream out of the tube during the test. A schematic 

diagram of the LTD test apparatus is shown in Fig. 5. 

 

Fig. 5. Schematic diagram of the ISO 13930 apparatus to test low-temperature 

reduction-disintegration (ISO 13930:2015, modified and published by permission of the 

Finnish Standards Association SFS). 

After 60 min of reduction, the rotation of the reduction tube is stopped and the test 

portion is cooled under a flow of N2. The reduced product is sieved with sieves 

which have square openings of 6.3 mm, 3.15 mm and 500 μm. Three low-

temperature reduction-disintegration indices (LTD) are calculated as the mass 

percentage of material greater than 6.3 mm (LTD+6.3), less than 3.15 mm (LTD−3.15) 

and less than 500 μm (LTD−0.5) in Eqs. 13, 14 and 15: 
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 . = × 100  (13) 

 

 . = ( ) × 100 (14) 

 

 . = ( ) × 100 (15) 

where m0 is the mass in grams of the test portion after reduction including the dust 

trapped in the dust collector, m1 is the mass in grams of the fraction retained on the 

6.3 mm sieve, m2 is the mass in grams of the fraction retained on the 3.15 mm sieve, 

and m3 is the mass in grams of the fraction retained on the 500 μm sieve. Each result 

is reported to one decimal place (ISO 13930:2015).  

Low-temperature reduction-disintegration by static method, ISO 4696-1 

and -2 

The ISO 4696 standard contains two parts, which are both based on a static method 

but the gas composition differs. The ISO 4696-1:2015 standard specifies a method 

to provide a relative measure for evaluating the degree of size degradation of iron 

ores when reduced in CO-CO2-H2-N2 gas under conditions resembling those 

prevailing in the low-temperature reduction zone of a blast furnace. It is applicable 

to hot-bonded pellets and also to sinters and lump ores. 

The size range for pellets in this test is 10.0–12.5 mm. A 500 g test portion is 

isothermally reduced in a fixed bed at 500 °C using a reducing gas consisting of 

20.0 vol-% CO, 20.0 vol-% CO2, 2.0 vol-% H2 and 58.0 vol-% N2 for 60 min. The 

flow rate of the reducing gas is maintained at 20 l/min. The internal diameter of the 

reduction tube is 75 mm. A schematic diagram of the RDI-1 test apparatus is shown 

in Fig. 6.  

After 60 min of reduction, the test portion is cooled under a flow of N2. The 

reduced test portion is then tumbled in a specific tumble drum with two equally 

spaced steel lifters for 300 revolutions at a constant speed of 30 rpm. After tumbling, 

the test portion is sieved with sieves having square openings of 6.3 mm, 3.15 mm 

and 500 μm. Three reduction-disintegration indices (RDI) are calculated as the 

mass percentage of material greater than 6.3 mm (RDI+6.3), less than 3.15 mm 

(RDI−3.15) and less than 500 μm (RDI−0.5) according to Eqs. 16, 17 and 18: 
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 − 1 . = × 100  (16) 

 

 − 1 . = ( ) × 100 (17) 

 

 − 1 . = ( ) × 100 (18) 

where m0 is the mass in grams of the test portion after reduction and before 

tumbling, m1 is the mass in grams of the fraction retained on the 6.3 mm sieve, m2 

is the mass in grams of the fraction retained on the 3.15 mm sieve, and m3 is the 

mass in grams of the fraction retained on the 500 μm sieve. Each result is reported 

to one decimal place (ISO 4696-1:2015). 

 

Fig. 6. Schematic diagram of the ISO 4696-1 apparatus to test low-temperature 

reduction-disintegration (ISO 4696-1:2015, modified and published by permission of the 

Finnish Standards Association SFS). 

The ISO 4696-2:2015 standard specifies a method to provide a relative measure for 

evaluating the degree of size degradation of iron ores when reduced in CO-N2 gas 

under conditions resembling those prevailing in the low-temperature reduction 

zone of a blast furnace. It is applicable to hot-bonded pellets and also to sinters and 

lump ores. 

The size range for pellets is 10.0–12.5 mm. A 500 g test portion is isothermally 

reduced in a fixed bed at 550 °C using a reducing gas consisting of 30.0 vol-% CO 

and 70.0 vol-% N2 for 30 min. The flow rate of the reducing gas is maintained at 

15 l/min. The internal diameter of the reduction tube is 75 mm. The RDI-2 test 

apparatus is similar to the RDI-1 test apparatus shown in Fig. 6 with the exception 

of less gases available in the test.  
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The reduced test portion is tumbled in a specific tumble drum for 900 

revolutions at a rate of 30 rpm and then sieved with a sieve having square openings 

of 2.8 mm. The reduction-disintegration index is calculated as the mass percentage 

of material less than 2.8 mm in Eq. 19: 

 − 2 . = × 100  (19) 

where m0 is the mass in grams of the test portion after reduction and before 

tumbling and m1 is the mass in grams of the fraction retained on the 2.8 mm sieve 

(ISO 4696-2:2015).  

Free-swelling, ISO 4698 

The ISO 4698:2007 standard specifies a method to provide a relative measure for 

evaluating the increase in volume of iron ore pellets, when reduced in an 

unconstrained bed under conditions resembling those prevailing in the reduction 

zone of a blast furnace. It specifies the determination of the free-swelling index and 

is applicable to hot-bonded pellets. 

A total of 18 pellets in the size range of 10.0−12.5 mm are placed on the test 

portion holder so that 6 pellets are placed on each on the 3 levels of the holder (see 

Fig. 7). The volume of the pellets in the test portion is measured at room 

temperature, using a volumetric apparatus, before and after reduction. The test 

portion is isothermally reduced under unconstrained conditions in a fixed bed at 

900 °C using a reducing gas consisting of 30.0 vol-% CO and 70.0 vol-% N2 for 

60 min. The total volume flow rate is 15 l/min. The free-swelling index (VFS) is 

calculated as the difference between the volume of pellets before and after the 

reduction, expressed as a percentage, in Eq. 20: 

 = × 100 (20) 

where V0 is the volume in millilitres of the test portion before reduction and V1 is 

the volume in millilitres of the test portion after reduction (ISO 4698:2007). 
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Fig. 7. Schematic diagram of the ISO 4698 apparatus to test free-swelling (ISO 

4698:2007, published by permission of the Finnish Standards Association SFS). 

Reducibility, ISO 7215 and ISO 4695 

ISO 7215:2015 specifies a method to provide a relative measure for evaluating the 

extent to which oxygen can be removed from iron ores when reduced under 

conditions prevailing in the reduction zone of a blast furnace. The standard is 

applicable to hot-bonded pellets and also to sinters and lump ores. 

A size range of 10.0−12.5 mm for pellets is used in the test. A test portion of 

500 g is isothermally reduced in a fixed bed at 900 °C using a reducing gas 

consisting of 30.0 vol-% CO and 70.0 vol-% N2 gas for 180 min. The flow rate of 

the reducing gas is maintained at 15 l/min. The inner diameter of the reduction tube 

is 75 mm. The final reduction degree is calculated from the oxygen mass loss after 

180 min (R180) in Eq. 21: 

 = ∆( . . ) × 100 × 100 (21) 
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where m0 is the mass in grams of the test portion, Δm is the mass loss in grams of 

the test portion after 180 min of reduction, w1 is the iron(II) oxide content, as a 

percentage of the mass, of the test portion prior to the test, and w2 is the total iron 

content, as a percentage of the mass, of the test portion prior to the test (ISO 

7215:2015). 

ISO 4695:2015 specifies a method to provide a relative measure for evaluating 

the extent to and the ease by which oxygen can be removed from iron ores, when 

reduced under conditions resembling those prevailing in the reduction zone of a 

blast furnace. The method is applicable to hot-bonded pellets and also to sinters 

and lump ores. 

The size range for pellets used in the test is 10.0−12.5 mm. The test portion of 

500 g is isothermally reduced in a fixed bed at 950 °C using a reducing gas 

consisting of 40.0 vol-% CO and 60.0 vol-% N2, and the mass loss of the test 

portion is recorded continuously or at specified time intervals until its reduction 

degree reaches 65%. The rate of reduction is calculated at the oxygen/iron ratio of 

0.9 meaning a 40% reduction degree. The flow rate of the reducing gas is 

maintained at 50 l/min during the entire reducing period. After the test the reduction 

degree is plotted against time and the time is read to attain reduction degrees of 30% 

and 60%. The reducibility index is calculated from Eq. 22: 

 ( / = 0.9) = .
 (22) 

where t30 is the time in minutes needed to attain a reduction degree of 30% and t60 

is the time in minutes needed to attain a reduction degree of 60%. The reducibility 

index is recorded to two decimal places (ISO 4695:2015). 

The ISO 7215 and the ISO 4695 standards, which are both designed to 

determine the reducibility of iron burden materials, utilize a similar test apparatus 

shown in Fig. 8. Furthermore, the test device is similar to the ISO 4696-2 test 

apparatus with the addition of a balance to record the weight loss during reduction. 
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Fig. 8. Schematic diagram of the ISO 7215 and ISO 4695 apparatus to test reducibility 

(ISO 4695:2015, modified and published by permission of the Finnish Standards 

Association SFS). 

Reduction under load, ISO 7992 

ISO 7992:2015 specifies a method to provide a relative measure for evaluating the 

structural stability of iron ores when reduced under conditions resembling those 

prevailing in the reduction zone of a blast furnace. The method is applicable to hot-

bonded pellets and lump ores. A schematic diagram of the RUL test apparatus is 

shown in Fig. 9. 

A test portion with a weight of 1200 g is isothermally reduced in a fixed bed in 

a tube made of heat-resistant metal at 1050 °C under a static load of 50±2 kPa using 

a reducing gas consisting of 40.0 vol-% CO, 2.0 vol-% H2 and 58.0 vol-% N2 until 

a reduction degree of 80% is obtained. The size range of the pellets and lump ores 

in the test is 10.0−12.5 mm. The reduction tube has an inner diameter of 125±1 mm 

and the total gas flow rate is 83±1 l/min. The differential gas pressure across the 

bed and the change in the test bed height are measured at an 80% reduction degree. 

The reduction curve is obtained by plotting the reduction degree against time. The 

time to reach an 80% reduction degree (t80), the differential gas pressure at 80% 

reduction (Δp80) and the change in the height of the test bed at 80% reduction 

(Δh80) are reported (ISO 7992:2015). 
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Fig. 9. Schematic diagram of the ISO 7992 apparatus to test reduction under load (ISO 

7992:2015, published by permission of the Finnish Standards Association SFS). 

Summary of ISO standard tests 

Table 3 summarizes the ISO standard test methods for hot-bonded iron ore pellets 

to evaluate their behaviour in a blast furnace.
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2.3.2 Comments regarding standard tests 

A great variety of laboratory tests have been designed to determine the iron burden 

material properties. Standardised tests provide the basis for material testing. 

However, some researchers have noticed big drawbacks in the standard tests. Loo 

& Bristow (1998) point out that standardised methods are fundamentally simple 

and when carried out under conditions of constant temperature and gas composition 

the results can even be misleading. Furthermore, Prakash et al. (2000) criticize the 

validity of standard tests and state that there is a danger that iron ore behaviour may 

be optimized under test conditions and not under prevailing process conditions. 

Wright (1977) concludes that because the pellets are subjected to a continuously 

increasing temperature environment in a blast furnace and the swelling 

characteristics of most pellets are temperature dependent, the applicability of 

results obtained from isothermal experiments is limited.  

Hooey et al. (2001) compared the laboratory test results to the actual behaviour 

of iron ore pellets in a blast furnace. They give an example of a pellet grade that 

cracked and swelled significantly in a blast furnace although it showed low 

swelling values in the laboratory. They also point out that sulphur compounds, as 

well as other potentially important trace components, are not included in the ISO 

standard swelling test, or any standard tests, thus severely limiting the reliability of 

the test. For instance, a small amount of sulphur added to the gas in the swelling 

test caused catastrophic swelling with a certain pellet grade. They conclude that the 

ability of laboratory tests to simulate the behaviour of iron ore pellets in a blast 

furnace is quite limited and therefore results from laboratory-scale tests should be 

treated with caution (Hooey et al. 2001). This also means that laboratory tests must 

be carefully designed to simulate the process conditions as precisely as possible. 

Geerdes et al. (2015) highlight that the great benefit in advanced simulation tests 

is that they give a more realistic description of the effects of the burden in the 

process compared to the isothermal ISO tests. 

2.3.3 Advanced process simulation tests 

Several companies have developed their own blast furnace simulation tests with 

varying temperature and gas composition programmes based on the conditions 

measured in the furnace. The idea is to simulate the conditions that a burden 

material encounters on its way down the furnace (Chaigneau et al. 2001).  
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The REAS test is an example of a well-known non-isothermal high-

temperature test which simulates the blast furnace process from stockline to 

melting. It is used to study the high-temperature properties of BF burden materials. 

The REAS test provides an insight into the reactions occurring during the softening 

and melting but also a range of indices upon which the blast furnace performance 

can be judged. In the test, a layer of burden material is placed between graphite 

layers and a thermocouple is put inside the burden material to monitor the sample 

temperature. By analysing the outlet the progress of reduction reactions is estimated. 

When sample reaches a certain differential pressure, the gas is by-passed to let 

molten material drip into a crucible. The weight change of the dripped material is 

monitored while increasing the temperature. The test is carried out from room 

temperature up to 1550 °C in a varying CO-CO2-N2 gas (Eklund & Lindblom 2006).  

The HOSIM test is a blast furnace simulation test developed by Corus in the 

Netherlands. It was originally designed to determine the reducing agent 

consumption of the blast furnace. In the test, a 500 g sample is reduced in a 

changing CO-CO2-H2-H2O-N2 gas to the endpoint of the gaseous reduction in a 

furnace. After the test, the sample is tumbled. The two quality control parameters 

resulting from this test are the time needed for gaseous reduction and the reduction-

disintegration represented by the percentage of fines (< 3.15 mm) after tumbling. 

The progress of reduction is determined by the weight loss of the sample in the test. 

Various temperature profiles estimated from temperature measurements in an 

operating blast furnace and the results from mathematical blast furnace model 

calculations have been used to simulate different operating conditions (Chaigneau 

et al. 2001, Geerdes et al. 2015, Loo & Bristow 1998, Rengersen 1990). 

Nippon Steel Corp. has developed a blast furnace inner-reaction simulator (BIS) 

which can simulate the reduction, softening and melting of iron burden materials 

in a blast furnace. The BIS apparatus consists of two sections: an upper furnace 

designed to simulate the shaft and a lower furnace designed to simulate the 

softening-melting and dripping zone of the blast furnace. The apparatus can be run 

in two modes using either only the upper furnace or both furnaces. Material in the 

lower furnace is reduced using off-gas from the upper furnace. Various input gas 

composition profiles have been used to simulate different operating conditions 

(Loo & Bristow 1998, Okamoto et al. 1986). 

LKAB internally uses its own swelling test called SW1000. The test is similar 

to the ISO 4698 standardised swelling test, but with rougher test conditions with a 

temperature of 1000 °C, a reducing gas of 40.0 vol-% CO and 60.0 vol-% N2 and 

a gas flow rate of 20 l/min to make the test more decisive. The test equipment is 
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the same for the swelling tests, using a platinum basket for 18 pellets kept 

separately in a tube furnace. In the SW1000 test the pellets are reduced to an 80% 

reduction degree. After the test the amount of pellet swelling is determined 

according to the ISO 4698 standard (Hooey et al. 2001). 

Hooey (1999) has presented an advanced reduction under load (ARUL) test 

apparatus in his doctoral thesis. The ARUL test has been developed at Rautaruukki 

(nowadays SSAB Europe, Raahe Steel Works) for both research and quality control 

purposes to study the reducibility and the high-temperature properties of iron ore 

pellets and sinter under simulated blast furnace reduction conditions. In the test, 

500 g sinter or 600 g pellets of particle size 10–12.7 mm were reduced in a 

CO-CO2-H2-N2 gas. Hooey (1999) has drawn conclusions mostly based on two 

experimental indexes: RE1000 (reduction extent at 1000 °C) and TDP20 

(temperature at a pressure drop of 20 mbar). The reduction rate was estimated from 

the off-gas composition. Additionally, the pressure drop and the shrinkage of the 

sample were used as indicators of the start of melting and softening.  
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3 Materials and methods 

3.1 Materials  

Three different types of blast furnace pellets (acid, olivine and lime-fluxed) and 

one type of sinter (fluxed) were used in the research work of this doctoral thesis. 

The chemical composition, the B2 and B4 basicity, and the amount of slag-forming 

components are shown in Table 4. The table also shows the papers (I–V) in which 

the original work is presented and the designations for the pellets and the sinter 

used in the original publications.   

Table 4. Chemical composition, basicity and amount of slag-forming components in the 

studied materials. 

 Acid pellets  Olivine pellet  Lime-fluxed 

pellet 

 Fluxed 

sinter 

 Acid1 Acid2 Acid3  Olivine  Limestone  Sinter 

Paper I, II IV III  IV, V  III  IV, V 

Designation in the 

original paper(s) 

Ref-Pellet Acid pellet Non-

fluxed 

(pellet) 

 Olivine pellet  Fluxed (pellet)  Basic sinter 

Type of sample Production Production Test  Production  Test  Production 

Chemical 

composition [wt-%] 

         

Fetot 65.3 65.8 65.6  66.6  63.8  60.6 

FeO NA 0.6 0.2  0.4  0.6  11.1 

SiO2 5.34 4.82 4.62  1.98  4.61  3.35 

MgO 0.21 0.15 0.15  1.48  0.18  1.99 

CaO 0.70 0.41 0.51  0.42  3.20  7.12 

Al2O3 0.27 0.33 0.38  0.37  0.34  0.58 

S 0.000 0.007 0.011  0.000  0.061  NA 

K2O NA 0.109 0.109  0.019  0.100  0.050 

Na2O NA 0.056 0.061  0.039  0.052  NA 

Slag-forming 

components [wt-%] 

 

6.52 

 

5.71 

 

5.66 

  

4.25 

  

8.33 

  

13.04 

Basicity          

B2 0.13 0.09 0.11  0.21  0.69  2.13 

B4 0.16 0.11 0.13  0.81  0.68  2.32 

NA = not analysed 
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The iron ore pellets were commercial pellets from two different suppliers except 

for acid3 and lime-fluxed pellets, which were manufactured for research purposes. 

These two test pellet grades were produced in a laboratory-scale pelletizing drum 

and fired in sample baskets set in the middle of the sintering belt on the same 

production line as the commercial acid pellets. The acid1 and acid2 pellets are the 

same commercial pellet grade, but were taken from different batch. The fluxed 

sinter sample represents the sinter used in the Raahe blast furnaces before transition 

to full pellet operation in 2011 and the sinter was studied to set a reference for the 

pellets. 

In Papers I and II, a batch of 19.6 kg olivine pellets were magnetically 

separated into three fractions, containing low, medium and high amounts of 

magnetite in the pellet core. The chemical composition, the B2 and B4 basicity, and 

the amount of slag-forming components are shown in Table 5 for the magnetically 

classified olivine pellets.  

Table 5. Chemical composition, basicity and amount of slag-forming components of the 

magnetically classified olivine pellets. 

 LoMag1 olivine MeMag2 olivine HiMag3 olivine 

Paper I, II I, II I, II 

Proportion [wt-%] 25 61 14 

Chemical composition [wt-%]    

Fetot 67.1 67.1 67.0 

FeO 0.1 0.2 2.9 

SiO2 1.69 1.71 1.76 

MgO 1.25 1.26 1.30 

CaO 0.38 0.37 0.38 

Al2O3 0.30 0.30 0.31 

S 0.000 0.000 0.000 

K2O NA NA NA 

Na2O NA NA NA 

Slag-forming components [wt-%] 3.62 3.64 3.75 

Basicity    

B2 0.22 0.22 0.22 

B4 0.82 0.81 0.81 
1 LoMag = low-magnetic, 2 MeMag = medium-magnetic, 3 HiMag = high-magnetic, NA = not analysed 
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3.2 Analytical methods 

The analytical methods used in the thesis are listed paper by paper in Table 6.  

Table 6. Analytical methods used in the papers of this thesis. 

Analytical method Model I II III IV V 

BET surface area analysis Micromeritics ASAP 2020 X     

Digital camera  X X X X X 

Microscopes       

Stereo microscope Olympus SZX9 X X X   

LOM Olympus BX51 X X X X X 

FESEM Zeiss Ultra Plus X X X   

Equipped with EDS Oxford Instruments  X X X X 

Chemical analysis       

XRF Thermo ARL 9800 or ARL 9900  X X X X X 

Titration Mettler Toledo DL50 X X X X X 

SiO2 Grav. MR170 furnace   X   

FAAS Analytik Jena contrAA® 700   X X  

Thermodynamic software       

HSC Chemistry Ver. 6 or 7 X X X  X 

FactSage Ver. 6.4 or 7.0    X X 

3.2.1 Chemical analysis 

The CaO, MgO, Al2O3 and S contents in the test materials were measured by 

ARL™ 9800 or ARL™ 9900 X-ray spectrometer. The SiO2 content was measured 

either by XRF or using a gravimetric method and MR170 furnace. Furthermore, 

the total iron content (Fetot) and the oxidation stage of the iron were measured using 

a titration method by Mettler Toledo DL50 and the content of alkaline components 

(K2O and Na2O) using flame atomic absorption spectrometry (FAAS) using an 

Analytik Jena contrAA® 700. All the chemical analyses were measured in a 

research laboratory at Raahe Steel Works.  

3.2.2 Microscopes 

An Olympus SZX9 zoom stereo microscope equipped with a camera was used to 

capture macroscopic images of single pellets after reduction-softening tests. The 

microscope has a magnification range of 0.63–5.7X. An Olympus BX51 light 
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optical microscope (LOM) equipped with a camera was used to visually observe 

polished sections of the samples. Lenses with magnifications of 40, 100, 200 and 

500X were used.  

Because the mineralogy has a major influence on the properties of the pellets, 

the mineralogy was studied with a field emission scanning electron microscope 

(FESEM) in this thesis both before and after the experiments. A Zeiss Ultra Plus 

field emission scanning electron microscope equipped with an Oxford Instruments 

energy-dispersive X-ray spectroscopy (EDS) detector was used to verify the phases 

and to measure the phase compositions of the polished samples. Before the EDS 

analyses, the polished sections were coated with a thin layer of carbon to ensure 

electrical conductivity, which is necessary for the FESEM-EDS analysis. The 

compositions of the phases were measured by a point analysis method and 

distributions of elements were illustrated with EDS mappings of elements. 

Additionally, secondary electron images were captured to show the topography of 

the pellets to evaluate the formation of iron whiskers. The operating parameters of 

the FESEM equipment are shown in Table 7. 

Table 7. Operating parameters for determining the phase compositions with FESEM-

EDS. 

Operating parameter Value 

EHT 15 kV 

Current 2.3 nA 

Aperture 60.0 μm 

Working distance 8.5 mm 

3.2.3 Thermodynamic software 

HSC Chemistry 

The chemical reaction and equilibrium software HSC Chemistry, developed by 

Outotec, is a well-known thermochemical software around the world. HSC is 

designed for various kinds of chemical reactions and equilibria calculations. HSC 

versions 6 and 7 were utilized in this thesis (Roine 2006, Roine 2009). 

The Fe-O-CO-CO2 phase diagram, in which the experimental conditions were 

plotted in this thesis, was drawn from the data in HSC. An equilibrium composition 

graph of the system consisting of C, K2CO3 and their possible gas components for 

the potassium generator of the blast furnace simulator (BFS) high-temperature 
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furnace was calculated with HSC in Paper II. The possibility that potassium or 

sulphur might condensate inside the BFS furnace tube was studied with HSC in 

Paper II. Furthermore, in Paper II HSC was used to draw a Fe-O-S phase stability 

diagram at 1000 °C, because the partial pressure of sulphur was at the highest level 

in the reduction-swelling experiments, in order to determine the most stabile phase 

of iron.  

FactSage 

The computational thermodynamic software FactSage (versions 6.4 and 7.0) and 

its FToxid database were used to predict the slag formation of the blast furnace 

burden materials in Papers IV and V. The software, its databases and its possibilities 

and restrictions are presented thoroughly elsewhere by the authors of the software, 

thus making it unnecessary to present the software here (Bale et al. 2002, Bale et 
al. 2009, Bale et al. 2013, Bale et al. 2014, Bale et al. 2015). 

Phase diagrams and for the 5-component FeO-SiO2-CaO-MgO-Al2O3 systems 

with constant CaO, MgO and Al2O3 contents were calculated using the original 

composition of the pellets and the sinter in Paper IV, respectively. Three types of 

solution phases were considered in the FactSage calculations: a molten oxide phase 

(FToxid-SLAGA), a solid monoxide phase (FToxid-MeO_A) and a solid olivine-

type phase (FToxid-OlivA). Additionally, 31 pure invariant solid phases were taken 

into account. The chemical compositions of the test materials shown in Table 4 

were used in the phase diagram calculations, so that the amount of Fetot was 

converted to the divalent form (Fe2+). Components other than SiO2, MgO, CaO, 

Al2O3 and Fetot were not considered, and the SiO2, MgO, CaO, Al2O3 and FeO 

contents were normalized to 100% before using them in the computations (see 

Table 8). Similar phase diagrams for the quaternary FeO-SiO2-CaO-MgO systems 

with constant CaO and MgO contents were calculated in an earlier published Paper 

V. 
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Table 8. Proportions of the components in the system definition for the FactSage 

calculations. 

Component [wt-%] Acid2 Acid3 Limestone Olivine Sinter 

SiO2 5.33 5.13 5.10 2.20 3.68 

MgO 0.17 0.17 0.20 1.65 2.19 

CaO 0.45 0.57 3.54 0.47 7.82 

Al2O3 0.37 0.42 0.38 0.41 0.64 

FeO 93.68 93.71 90.79 95.27 85.67 

Total 100.00 100.00 100.00 100.00 100.00 

3.3 Experimental devices 

3.3.1 CCS test device 

The cold crushing strength of the pellets was determined at Raahe Steel Works 

using a crushing strength test apparatus, which fulfils the requirements of the ISO 

4700 standard (see Chapter 2.3.1). 

3.3.2 LTD test device 

The size degradation of iron ore pellets in the low-temperature reduction zone of a 

blast furnace was evaluated at Raahe Steel Works using LTD test apparatus, which 

fulfils the requirements of the ISO 13930 standard (see Chapter 2.3.1). 

3.3.3 Reducibility test and reduction-swelling test device (BFS) 

The blast furnace simulator presented in Fig. 10 was used to study the reduction 

and swelling behaviour of iron ore pellets under simulated BF shaft conditions. The 

BFS, a tube furnace with an inner diameter of 95 mm, is capable of producing 

complex time and temperature-dependent atmosphere profiles according to pre-

determined programmes, having adjustable partial pressures of N2, CO, CO2, H2, 

H2O, S2 and K gases. The furnace tube and the sample basket are both made of 

heat-resistant steel, thus limiting the continuous operating temperature to 1100 °C. 

The furnace was equipped with a camera recording system in order to allow the 

study of the pellet dimension changes in one direction during the experiments. The 

weight of the sample together with the basket was measured continuously with 

laboratory scales on the top of the furnace assembly in order to study reducibility. 
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Fig. 10. Schematic diagram of the BFS high-temperature furnace (Paper I, modified and 

published by permission of ISIJ International). 

3.3.4 Reduction-softening test device (ARUL) 

The reduction-softening behaviour of iron ore pellets and fluxed sinter was studied 

with an advanced reduction under load (ARUL) high-temperature furnace. The 

ARUL test is a dynamic reduction and softening test for iron burden materials to 

study how a BF burden loses its permeability when undergoing reduction. The 

ARUL test should not be confused with the ISO 7992:2015 standardized RUL test, 

which is presented earlier in Fig. 9. A schematic diagram of the ARUL test device 

is shown in Fig. 11.  
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Fig. 11. Schematic diagram of the ARUL reduction-softening test apparatus (Paper IV, 

published by permission of ISIJ International).  

3.4 Experiments 

The experimental methods used in this thesis are shown in Table 9. 

Table 9. Experimental methods used in the papers of this thesis. 

Experimental method Device Location I II III IV V 

Magnetic classification Magnetic 

classifier 

OU1 X X X   

Reducibility BFS OU1   X   

Swelling BFS OU1 X X X   

Cold crushing strength  CCS SSAB2   X   

Low-temperature disintegration LTD SSAB2 X  X   

Reduction-softening  ARUL SSAB2   X X X 
1 OU = University of Oulu, 2 SSAB = SSAB Europe, Raahe Steel Works 
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3.4.1 Sample preparation 

The background for the magnetic classification of the pellets was that the size of 

the magnetite core had been reported to vary among the olivine pellets (Niiniskorpi, 

2004). In order to investigate the possible effect of the size of the magnetite core 

on the cracking and disintegration of the pellets, the olivine pellets were 

magnetically separated into three fractions, containing low, medium and high 

amounts of magnetite in the core, using a tailor-made device (see Fig. 12) in Papers 

I and II. The pellets were exposed one by one to a high magnetic field inside a 

plastic tube, the angle of which was adjustable. The angle of detachment of the 

pellet from the magnetic field was then used as the criterion for classification into 

low-magnetic (“LoMag”) pellets, which passed through the plastic tube without 

interference from the magnetic field, medium-magnetic (“MeMag”) pellets, which 

detached themselves from the magnetic field at an angle in the range of 15–

45 degrees, and high-magnetic (“HiMag”) pellets, which did not detach themselves 

from the magnetic field at all.  

In Paper III low-magnetic pellets having no magnetite nucleus or only a small 

one, in a size range of 12.5−16 mm, were used in the reducibility and reduction-

swelling tests in order to eliminate the effect of the fluctuation in the firing 

conditions on the pellet properties. 

 

Fig. 12. Magnetic classifier. 
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3.4.2 CCS test 

The number of pellet breakages during handling and charging the blast furnace was 

evaluated in Paper III according to the ISO 4700 standard test described in Chapter 

2.3.1 with an exception that only 50 pellets were compressed. 

3.4.3 LTD test 

The amount of size degradation of iron ores in the low-temperature reduction zone 

of a blast furnace was evaluated in Paper I and III according to the ISO 13930:2015 

standard described in Chapter 2.3.1. The standard test gives a relative measure for 

evaluating the disintegration of the iron burden materials when hematite is reduced 

to magnetite in the upper part of the blast furnace shaft. In this thesis, the results of 

the LTD test are shown as a percentage of the +6.3 mm fraction after reduction. 

LTD–3.15 and LTD–0.5 values are not calculated. 

3.4.4 Reduction-swelling tests 

The reduction-swelling behaviour of iron ore pellets was studied with the BFS 

high-temperature furnace described in Chapter 3.3.3. Before the swelling tests, the 

pellets were screened and magnetically classified. Pellets having no magnetite 

nucleus or only a small one in the size range of 12.5−16 mm with an initial weight 

of 4.5±0.2 g and which were visually round-shaped were used in the tests. Mostly 

dynamic tests were carried out, but in the research work reported in Paper I, the 

swelling of blast furnace pellets was also studied under isothermal conditions in 

order to evaluate the effect of experimental conditions on the swelling behaviour. 

In a reduction-swelling test, the sample consisted of 8 selected pellets, two of 

each of the four types of studied. The experiment carried out under basic conditions 

in a CO-CO2-N2 gas was labelled the “Iron 1” or “No additives” test. In addition to 

the “Iron 1” test, one prolonged test was carried out named “Iron 2”, in which the 

“Iron 1” test was continued isothermally at 1100 °C for 60 min. Furthermore, two 

interrupted experiments, the first taking place up to the “Magnetite” stage and the 

second up to the “Wüstite” stage, were performed to study how the reduction 

degree would affect pellet swelling. Each dynamic reduction-swelling experiment 

followed the same operation line in the Fe-O-CO-CO2 phase diagram (see Fig. 13). 

The operation line simulates the temperature and the CO/CO2 ratio in an operating 

blast furnace shaft and is consistent with the general understanding of how CO-CO2 
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gas composition changes in the BF illustrated in Fig. 2. The dynamic test conditions 

were estimated based on data from an operating blast furnace and mass balance 

calculations. The total gas volume rate was 10 l/min in each reduction-swelling test. 

The gas composition and the temperature as a function of experimental time for the 

dynamic programmes are depicted in Paper I. 

 

Fig. 13. Reducing conditions in the dynamic and isothermal reduction-swelling 

experiments presented in a Fe-O-CO-CO2 phase diagram (Paper I, published by 

permission of ISIJ International). 

The basic, non-isothermal atmosphere profile was modified with three levels of 

sulphur partial pressures and two levels of potassium partial pressures in Paper II. 

The sulphur partial pressure was elevated towards higher temperatures with a 

maximum of 0.01 vol-% in the “Low-S”, 0.10 vol-% in the “Medium-S” and 

1.0 vol-% in the “High-S” experiment. The “High-S” experiment is an estimate of 

the extreme case when using a high amount of sulphur-containing hydrocarbon fuel. 

In the swelling experiments containing potassium gas, the maximum concentration 

of potassium was either 0.015 vol-% (“Low-K” test) or 0.03 vol-% (“High-K” test). 

The concentration of sulphur and potassium as a function of the experimental time 

is depicted in Fig. 14.  
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Fig. 14. Concentration of minor gas components in the sulphur and potassium 

containing reduction-swelling experiments. The scale of the “High-S” experiment is 

marked in the right axis of the graph (Paper II, published by permission of ISIJ 

International). 

Two reduction-swelling experiments were carried out under isothermal conditions 

(see Table 10), in both of which the sample was pre-heated in a nitrogen flow of 

10 l/min up to the experimental temperature according to the same heating 

programme as in the dynamic swelling tests. In the first one, named “Iron A”, two 

pellets of each grade were isothermally reduced at 1100 °C for 120 minutes, to 

serve as a reference for the isothermal “Iron 2” experiment. Here the reducing gas 

atmosphere consisted of 55.0 vol-% N2, 40.0 vol-% CO and 5.0 vol-% CO2, i.e. it 
was the same as at the end of the static “Iron 2” experiment. Furthermore, pellet 

swelling was studied simulating the ISO 4698 standard swelling test using a total 

gas volume flow of 10 l/min. The reducing conditions also in the isothermal 

experiments are illustrated in the Fe-O-CO-CO2 phase diagram shown in Fig. 13. 

Table 10. Reducing conditions in the isothermal experiments. The total gas volume flow 

rate was 10 l/min (Paper I, published by permission of ISIJ International). 

Experiment t [min] T [°C] N2 [vol-%] CO [vol-%] CO2 [vol-%] 

Iron A 120 1100 55.0 40.0 5.0 

ISO 4698 60 900 70.0 30.0 - 

Table 11 summarizes the reduction-swelling tests carried out in this thesis. 
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Table 11. Reduction-swelling experiments carried out in this thesis. 

Name of the test Type of the test t [min] Tmax [°C] Paper 

Dynamic tests 

Magnetite Interrupted programme 60 500 I 

Wüstite Interrupted programme 120 800 I 

Iron 1 Basic programme 280 1100 I, II, III 

Iron 2 Prolonged programme 340 1100 I 

Dynamic tests with sulphur addition to the gas 

Low-S Basic programme with a low amount of sulphur 280 1100 II 

Medium-S Basic programme with a medium amount of sulphur 280 1100 II, III 

High-S Basic programme with a high amount of sulphur 280 1100 II 

Dynamic tests with potassium addition to the gas 

Low-K Basic programme with a low amount of potassium 280 1100 II 

High-K Basic programme with a high amount of potassium 280 1100 II, III 

Isothermal tests 

Iron A Similar RD in relation to Iron 2 test 120 1100 I 

ISO 4698 Similar conditions in relation to ISO 4698 standard test 60 900 I 

3.4.5 Reducibility test 

The reducibility of the pellets under free conditions was determined in Paper III 

with the BFS furnace. The reducibility of the pellets was not studied according to 

the standardised reducibility tests (ISO 7215 and ISO 4695) because they are 

carried out under isothermal conditions and in a static gas, but the conditions in the 

BF process are actually dynamic.  

In the reducibility test, a loosely-packed layer of 26 pellets having no magnetite 

nucleus or only a small one and a total weight of 120±0.2 g was placed in the high-

temperature furnace in a sample basket. An initial sample size of 12.5−16 mm was 

used in order to eliminate the effect of particle size on the reducibility of the pellets. 

The reduction degree was determined based on the weight change of the pellet 

batch measured on laboratory scales before and after the experiment. In the 

calculations, to judge the reduction degree, the content of the total iron and the 

divalent iron were taken into account. The reduction conditions in the reducibility 

test were similar to the reduction-swelling test named “Iron 1” or “No additives” 

described in Chapter 3.4.4. 
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3.4.6 Reduction-softening tests 

In the ARUL reduction-softening test, a loosely-packed layer of iron burden 

material with a height of 90 mm was put in a graphite cylinder 70 mm in diameter 

with a perforated and removable bottom and lid. The initial sample weight was 

around 650–700 g depending on the bulk density of the test material. The batch of 

iron burden material was simultaneously heated in a resistor furnace and 

continuously reduced with gases simulating blast furnace reduction conditions. A 

compression force of 200 kPa was started at 800 °C or 820 °C, depending on the 

programme, and the compression lasted until the end of the test. During the test, 

the sample temperature inside the test burden, the pressure difference over the 

sample, and the height of the test material burden were measured continuously. The 

test was finished as the pressure difference over the sample increased to 70 mbar 

(corresponds to 7.0 kPa). At that stage, the structure of the sample had become so 

dense that the reducing gases have major difficulties penetrating through the 

material layer simulating the cohesive zone in a BF. After each reduction-softening 

test, the sample was cooled in a nitrogen flow for several hours in order to prevent 

sample oxidation. After that, the sample is removed from the furnace and weighted. 

The reduction degree is calculated based on sample weight before and after the test.  

The reduction-softening test was carried out with two different gas atmosphere 

– temperature programmes. The first one was named ARUL after the name of the 

high-temperature furnace and the latter — the more sophisticated programme — was 

named MASSIM being a Finnish abbreviation for blast furnace simulation. The 

MASSIM programme follows the same operation line as the “Iron 1” programme 

used in the reduction-swelling and reducibility tests, but is continued to 

temperatures above 1100 °C. For the reduction-softening test carried out by the 

ARUL programme the gas composition was adjusted stepwise, but in the MASSIM 

programme the gas composition was adjusted smoothly (see Fig. 15). Another 

major difference was that the gas atmosphere in the ARUL program included CO, 

CO2, H2 and N2 gases, but the MASSIM program had no H2 gas. No H2O was able 

to be used due to the limitations in the experimental setup. The differences in the 

ARUL and MASSIM programmes are listed in Table 12. The gas composition and 

the temperature as a function of experimental time for the both programmes are 

depicted in Paper V.  
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Fig. 15. Reducing conditions in the reduction-softening test with the ARUL and MASSIM 

programmes presented in a Fe-O-CO-CO2 phase diagram (Paper V, published by 

permission of Steel Institute VDEh). 

Table 12. Differences in the ARUL and MASSIM programmes for the reduction-softening 

test (Paper V, published by permission of Steel Institute VDEh). 

 ARUL MASSIM 

Gas atmosphere CO-CO2-H2-N2 CO-CO2-N2 

Gas adjustment mode Stepwise Smooth 

Start of compression [°C] 820 800 

Total gas flow [l/min] 23 20 

After the reduction-softening test, the sample was removed from the graphite 

crucible and photographed. After that, the sample was sliced and polished, as 

illustrated in Fig. 16. The micro-structures of the softened sample was first studied 

with a LOM and after that the phase compositions were measured with a FESEM 

equipped with an EDS detector.  

 

Fig. 16. Sample preparation after the reduction-softening test (Paper III, published by 

permission of Elsevier). 
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3.5 Handling of results 

3.5.1 Calculation of reduction degree  

The final reduction degree of the iron burden samples was calculated based on the 

weight change during the test and the total iron and divalent iron content from the 

chemical analysis. The weight change during the test was determined by 

measurements performed before and after the test with laboratory scales. The 

online weight measurement technique used in the reduction-swelling experiments 

gave an estimate of the average reduction degree at that moment. The reduction 

degree (RD) is represented by the ratio of the amount of oxygen removed from iron 

oxides to the amount bound to iron oxides, and is calculated according to Eq. 23:  

 = − × . × . ×  (23) 

where m0 is the sample weight before the test, m1 is the sample weight after the test, 

Fe is the total iron content and FeO is the divalent iron content. 

3.5.2 Calculation of reduction-swelling index 

The basis for the calculation of the amount of swelling was the assumption of a 

spherical shape for each pellet. The diameter of the pellets before and after the 

reduction-swelling experiment was measured manually with an electric-displayed 

slide gauge at regular intervals in nine directions, as shown in Fig. 17. The 

measuring accuracy of the individual measurements was 0.01 mm.  

 

Fig. 17. Manual measurement of pellet diameter. The arrows and angles indicate the 

necessary rotation of the pellet and the light grey lines represent directions that have 

already been measured (Paper I, published by permission of ISIJ International). 

Image files recorded during the reduction experiments enabled the measurement of 

dimensional changes in one direction after the test. In this procedure the pellet 
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diameter was measured from four angles, as shown in Fig. 18. The edges of the 

pellets at the measurement locations were detected visually and the pellet diameter 

was measured using image processing software to an accuracy of one pixel on 

720×576 pixel images. The limited resolution of the images led to a maximum error 

of 5% in the calculated volumes of the pellets. To cope with distortions caused by 

the increased gas temperature in the tests, the calibration line — the distance between 

certain holes in the bottom of the sample basket — was determined on each of the 

images processed. 

 

Fig. 18. Determination of pellet diameter based on a camera image. The reference line 

and thermocouple are also visible (Paper I, published by permission of ISIJ 

International). 

When calculating the amount of swelling, the average pellet diameter during or 

after the experiments was compared to the original average diameter, which was 

the 9-point measurement of the pellet or the 4-point measurement made on the first 

recorded image at the beginning of the swelling test. The reduction-swelling index 

(RSI) was calculated according to Eq. 24: 

 RSI = V VV × 100% = − 1 × 100% (24) 

where V0 is the volume of the pellet before reduction, V1 is the volume of the pellet 

after reduction, d0 is the diameter of the pellet before reduction and d1 is the 

diameter of the pellet after reduction. 

3.5.3 Measurement of TDP values and compression 

To characterise the behaviour of the iron burden materials in the ARUL reduction-

softening test, the following indices have been derived: The TDP20, TDP50 and 
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TDP70 values state the temperature at pressure differences of 20 mbar, 50 mbar 

and 70 mbar, respectively. The TDP20 value has been chosen to indicate the onset 

of softening, and the TDP70 value is the temperature when gases can no longer 

penetrate through the material layer and the test finishes. The compression of the 

material layer is calculated from the measured displacement (in millimetres) in a 

vertical direction during the test. Fig. 19 shows an example how the TDP20, TDP50 

and TDP70 values can be read from the pressure difference curve and how the final 

compression can be read from the compression curve. 

 

Fig. 19. Example figure showing how the three TDP values and the final compression 

were determined. 
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4 Results 

4.1 RQ1: Effect of experimental conditions on the behaviour of iron 

burden materials at high temperatures 

Paper I focuses on estimating the effect of dynamic and isothermal reduction 

conditions on the swelling behaviour of iron ore pellets. The swelling of the pellets 

was shown to be more pronounced under isothermal conditions compared to the 

dynamic conditions (see Fig. 20). The pellets in the dynamic “Iron 2” experiment 

reduced to an average reduction degree of 89.4% and swelled in volume by an 

average of 7.1%. However, the pellets in the isothermal “Iron A” experiment 

swelled in volume by an average of 43.7% and reduced to an average reduction 

degree of 84.8%. Although the final reduction degree was almost the same, the 

swelling of the pellets was significantly more pronounced under isothermal 

conditions.  

 

Fig. 20. Average reduction-swelling indices determined by the manual measurement 

method as a function of the average reduction degrees in the dynamic and isothermal 

reduction experiments (Paper I, modified and published by permission of ISIJ 

International). 

The internal structures of both the core and peripheral areas of the pellets after the 

experiments were examined by LOM. The results for a medium-magnetic pellet 

core after the dynamic and isothermal reduction-swelling experiments carried out 
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to the average reduction of 85−90% (experiments “Iron 2” and “Iron A”) are shown 

in Fig. 21. The black and dark grey areas in the LOM images represent pores in the 

pellet structure. Some pores are original, but the majority were formed during 

reduction. It is significant that the medium-magnetic pellet reduced under 

isothermal conditions developed a more porous structure than did the 

corresponding pellet stressed under dynamic conditions, the RSI value being 12.5% 

under dynamic conditions and 45.9% under isothermal conditions. The same trend 

was also observed in the other pellets studied in Paper I. 

 

Fig. 21. LOM images of pellet cores after the (a) dynamic and (b) isothermal experiments 

with the medium-magnetic olivine pellets reduced to a composition close to that of 

metallic iron (“Iron 2” and “Iron A” experiments). The white colour represents metallic 

iron, light grey wüstite, dark grey epoxy and black pores in the polished section (Paper 

I, published by permission of ISIJ International). 

The swelling of pellets under dynamic conditions was also compared to the ISO 

4698 standard swelling test, which is carried out under a fixed temperature. In the 

ISO 4698 test, the pellets swelled in volume by an average of 19.7%, although 

under dynamic conditions the average reduction-swelling index for the batch of 

pellets was 7.1% at the “Iron 1” stage. Furthermore, most of the pellet swelling in 

the isothermal tests was shown to occur at the beginning of the experiment, when 

the reduction rate was highest. This was verified with an online camera recording 

system, imaging the sample basket with the pellets during the experiments. Fig. 22 

shows the pellet swelling during the ISO 4698 test. Instead, in the dynamic 

experiments swelling was shown to increase as the reduction reactions proceeded. 

This was verified with interrupted experiments (see Fig. 20).  



 

61 

Fig. 22. Volume changes and average reduction degrees for the magnetically classified 

olivine pellets and the acid1 pellet as a function of time in the ISO 4698 test. The number 

at the end of the pellet name represents the sample order number (Paper I, modified 

and published by permission of ISIJ International). 

The effect of experimental conditions was also studied in Paper V, in which the 

reduction-softening behaviour of pellets and fluxed sinter was studied by using two 

different gas atmosphere – temperature programmes. As mentioned earlier, in the 

ARUL programme the gas composition was adjusted stepwise, but in the MASSIM 

programme the gas composition was continuously adjusted. The sinter sample 

reduced to a reduction degree of 92.9% by using the ARUL programme and almost 

to the same extent by using the MASSIM programme in which the final reduction 

degree was 90.2%. However, the final reduction degree for the olivine pellet sample 

was 92.7% by using the ARUL programme, but only 68.7% by using the MASSIM 

programme. Fig. 23 showing the cross-sections of the ARUL and MASSIM 

samples for the olivine pellet and the fluxed sinter highlights the difference in the 

behaviour of the olivine pellet in the reduction-softening experiments. The amount 

of wüstite especially varies among the samples between the test programmes. Table 

13 compares the TDP values, the final compression and the final reduction degree 

in the reduction-softening tests between the ARUL and MASSIM programmes. 
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Fig. 23. Comparison of the cross-sections of the ARUL and MASSIM samples (Paper V, 

modified and published by permission of Steel Institute VDEh). 

Table 13. Numerical indices of the reduction-softening tests carried out for the olivine 

pellet and the fluxed sinter using two different gas composition – temperature 

programmes (ARUL and MASSIM).  

Index Olivine pellet  Fluxed sinter 

 ARUL MASSIM Difference  ARUL MASSIM Difference 

TDP20 [°C] 1195 1194 1  1271 1240 31 

TDP50 [°C] 1244 1220 24  1338 1310 28 

TDP70 [°C] >1350 1252 NA  >1350 1329 NA 

TDP70 – TDP20 [°C] >155 58 NA  >79 89 NA 

Compressionfinal [%] 64.3 56.0 8.3  43.9 48.8 -4.9 

RDfinal [%] 92.7 68.7 24.0  92.9 90.2 2.7 

NA = not analysed        

4.2 RQ2: Effect of circulating elements on the reduction-swelling 

behaviour of iron ore pellets 

As mentioned earlier, some elements circulate in a BF shaft including sulphur and 

potassium. In Paper II and III gaseous sulphur and potassium were added to the gas 

in the reduction-swelling experiments. Paper II answers RQ2, and the findings are 
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consistent with Paper III. Pellet images after the swelling experiments are depicted 

in Fig. 24. Crack formation during reduction is clearly visible in the figure.  

 

Fig. 24. Pellet cracking in the reduction-swelling experiments. The upper images in each 

experiment represent sample no. 1 and the lower ones no. 2.  
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Even if the olivine pellets were separated into three groups based on differences in 

magnetic characteristics, pellet cracking tends to be somewhat an individual feature 

of a pellet. Hence, it is difficult to say how sulphur or potassium affect crack 

formation in the pellets. It seems that large amounts of potassium in the reducing 

gas enhance crack formation especially in the olivine pellets, which was also the 

pellet grade most vulnerable to cracking during reduction. Large amounts of 

sulphur in the reducing gas led to an early melting in the “High-S” experiment both 

with the olivine and the acid pellets. 

The average reduction-swelling indices and the average reduction degrees for 

the magnetically classified olivine pellets and the acid1 pellet in the sulphur and 

potassium containing reduction-swelling experiments are presented in Fig. 25. The 

RSI value shows the volume change of the pellets; a positive RSI value indicates 

swelling, and a negative value shrinkage. The “No additives” test sets the reference 

level when estimating the effect of sulphur and potassium on pellet volume change. 

The volume of the acid1 pellets in the “Medium-S” experiment decreased markedly 

during reduction, but not such a visible effect can be seen in the magnetically 

classified olivine pellet samples mainly as a consequence of the crack formation 

during reduction. Because of the melt formation it was not possible to calculate the 

amount of swelling and the reduction degree of the pellets in the “High-S” 

experiment. The swelling behaviour in the “Low-K” experiment showed even 

lower levels of overall swelling when compared to the reference experiment 

without additional gases. But large amounts of gaseous potassium in the reducing 

gas led to an overall volume increase in the pellets. Acid1 pellets contracted in each 

reduction-swelling experiment with gaseous potassium, but the volume change 

decreased with increased amount of potassium in the reducing gas. 
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Fig. 25. Average reduction-swelling indices (columns) and average reduction degrees 

(dots) for the magnetically classified olivine pellets and the acid1 pellets in dynamic 

reduction in CO-CO2-N2 atmosphere with a) gaseous sulphur and b) gaseous potassium 

(Paper II, modified and published by permission of ISIJ International). 

The average reduction-swelling indices and the average reduction degrees for the 

acid3 and lime-fluxed pellets in the dynamic “No additives”, “Medium-S” and 

“High-K” reduction-swelling experiments are presented in Fig. 26. Sulphur in the 

reducing gas led to a volume decrease of the pellets and potassium in the reducing 

gas to a volume increase in the pellets when compared to the reference experiment 

without additional gases.  

 

Fig. 26. Average reduction-swelling indices (columns) and average reduction degrees 

(dots) in the reduction-swelling experiments with acid3 and lime-fluxed pellets (Paper 

III, modified and published by permission of Elsevier).  
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In conclusion from Fig. 25 and Fig. 26 no abnormal swelling (up to 20% in volume) 

occurred in CO-CO2-N2 gas with or without sulphur or potassium in dynamic 

reduction when the temperature was elevated at a moderate rate with either of the 

studied pellet grades. 

Fig. 27 shows the average reduction-swelling indices of the whole eight-pellet 

sample consisting of three grades of magnetically classified olivine pellets and the 

acid1 pellets as a function of the average reduction degree under different reducing 

conditions. The figure indicates that sulphur in the reducing gas results in the 

smaller volume of the pellets after reduction, and large amounts of potassium lead 

to a larger volume of the pellets after reduction when compared to the reference 

test without additional gases. The largest pellet swelling was noticed in the “High-

K” test, the RSI value being 10.5 vol-%. 

 

Fig. 27. Average reduction-swelling indices as a function of the average reduction 

degree under different reducing conditions (Paper II, published by permission of ISIJ 

International). 

Microscopic studies showed that the softening and melting of pellets in the sulphur 

containing gas was caused by iron sulphide (FeS) melt which was formed in the 

grain boundaries of wüstite (FeO) as can be seen in Fig. 28. The phase diagram of 

iron-saturated melts in the FeO-FeS system by Oelson and Schürmann and von 

Hertwig shows that the lowest liquidus temperature in the high sulphur area of the 

system is as low as 910 °C (Verein Deutscher Eisenhüttenleute 1995). Formation 

of FeS melt caused the partial melting of the pellets. Additionally, the pellet surface 

was markedly denser when sulphur existed in the reducing gas compared to the 

basic reducing atmosphere without additional gases or potassium addition due to 

FeS melt formation (see Fig. 29).  
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Fig. 28. Iron sulphide (FeS) liquid phase on the grain boundaries of wüstite (FeO) (Paper 

II, published by permission of ISIJ International). 

 

Fig. 29. Secondary electron images by FESEM of a medium-magnetic olivine pellet 

surface after dynamic reduction in the (a) “No additives” experiment, (b) “Medium-S” 

experiment and (c) “High-K” experiment (Paper II, published by permission of ISIJ 

International). 
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Potassium-containing phases were sought with the FESEM from the pellets which 

were reduced in the “High-K” experiment, but no especially K-rich phases were 

detected. FESEM-EDS mapping of elements showed that potassium existed in 

small concentrations in the silicate phases. Increased pellet cracking was possibly 

due to the stress caused by the migration of potassium inwards the pellet core and 

the remarkable growth of fibrous iron in the cracking boundary.  

4.3 RQ3: Comparison of metallurgical properties among acid and 

lime-fluxed iron ore pellets  

Reducibility, reduction-swelling behaviour and reduction-softening behaviour of 

acid3 and lime-fluxed iron ore pellets with the same SiO2 content were studied in 

Paper III, providing an answer to RQ3. The reducibility of the lime-fluxed pellets 

was higher compared to the acid3 pellets because the porosity of the lime-fluxed 

pellets increased as the limestone decomposed in the sintering. In the “No additives” 

reducibility test carried out for a 120 g batch of pellets, the final reduction degree 

for the acid3 and lime-fluxed pellets was 59.4 %, and 63.5 %, respectively. The 

increase in the reducibility after limestone addition was also seen in the results of 

the reduction-swelling experiments (see Table 14). The acid3 pellets shrank during 

reduction, but the lime-fluxed pellets shrank less in the “No additives” and in the 

“Medium-S” experiments and slightly swelled in the “High-K” test. 

Table 14. Average reduction-swelling indices and average final reduction degrees for 

the acid3 and lime-fluxed pellets in the reduction-swelling experiments.  

 “No additives”  “Medium-S”  “High-K” 

 RSI [%] RDfinal [%]  RSI [%] RDfinal [%]  RSI [%] RDfinal [%] 

Acid3 pellets -15.1 68.9  -24.0 64.2  -8.6 69.9 

Lime-fluxed pellets -5.2 74.9  -9.2 75.6  7.3 77.3 

Effect of limestone ↑ ↑  ↑ ↑  ↑ ↑ 

Cracking of the acid3 pellets was very limited, as in Papers I and II. Generally, 

adding limestone led to the increased cracking of the pellets under reducing 

conditions containing sulphur and potassium. In CO-CO2-N2 gas, lime-fluxed or 

the acid3 pellets did not crack. Pellet images after the reduction-swelling 

experiments are shown earlier in Fig 24.  

The reduction-softening test was carried out with the ARUL high-temperature 

furnace presented in Fig. 11 with the MASSIM programme for the acid3 and lime-
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fluxed pellets. After the reduction-softening test, the samples were sliced and the 

cross-sections were polished. Images of the cross-sections of the samples are 

presented in Fig. 30. No major difference can be noticed in the sample cross-

sections between the acid3 and lime-fluxed pellets. The orientation in the image is 

similar to the orientation in the test device, thus the reducing gases have gone 

through the burden from bottom to top. In the top part of the sample, the pellets are 

somewhat flattened due to the load showing a softened structure. At the end of the 

reduction-softening experiment, melt has started to squeeze through the top holes 

in the graphite crucible.  

 

Fig. 30. Digital camera images of the cross-sections of the acid3 and lime-fluxed pellet 

samples after the reduction-softening test with the MASSIM programme (Paper III, 

modified and published by permission of Elsevier). 

With the lime-fluxed pellets, the pressure difference across the sample (see Fig. 31) 

started to increase at a lower temperature compared to the acid3 pellets indicating 

earlier softening. However, the final reduction degree was higher in the reduction-

softening test with the lime-fluxed pellets compared to the acid3 pellets. In a blast 

furnace process, this means a cohesive zone located higher in the vertical direction 

when using fluxed pellets. However, a lower amount of direct reduction occurs in 

the blast furnace hearth when using lime-fluxed pellets, and thus the need for 

reducing agents is less. Numerical values attained in the reducibility test and the 

reduction-softening test carried out with the MASSIM programme are shown in 

Table 15.  

 



 

70 

Fig. 31. Compression and pressure difference curves for the acid3 and lime-fluxed 

pellets in the reduction-softening test with the MASSIM programme (Paper III, modified 

and published by permission of Elsevier). 

Table 15. Reducibility and reduction-softening test results for the acid3 and lime-fluxed 

pellets.  

 Reducibility  Reduction-softening (MASSIM programme) 

 RDfinal  

[%] 

 TDP20 

[°C] 

TDP50 

[°C] 

TDP70 

[°C] 

Compressionfinal 

[%] 

RDfinal 

[%] 

Acid3 pellets 59.4  1122 1137 1140 48.4 45.9 

Lime-fluxed pellets 63.5  1087 1112 1130 50.5 50.2 

Effect of limestone ↑  ↓ ↓ ↓ ↑ ↑ 

Earlier softening of the lime-fluxed pellets is linked to CaO dissolved in fayalite, 

which leads to liquid formation at lower temperatures. This can be seen later in 

Table 17 showing the solidus temperature for the acid pellets and the lime-fluxed 

pellets and in Fig. 39 presenting the FactSage-computed evolutions of the liquid 

oxide phase as a function of temperature.  

Adding limestone slightly decreased the cold crushing strength of the acid 

pellets as can be seen in Fig. 32. The average value for the cold crushing strength 

of the acid pellets decreased and the portions of weak pellets (<150 daN) and very 

weak pellets (<60 daN) increased. Furthermore, the formation of fines in the 

hematite to magnetite reduction stage in the low-temperature reduction-

disintegration test increased (see Table 16). However, the CCS and LTD values for 

the fluxed pellets are within the acceptable range for blast furnace use.  
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Fig. 32. Cumulative distribution for the CCS values of the acid3 and lime-fluxed pellets 

(Paper III, modified and published by permission of Elsevier). 

Table 16. CCS and LTD test results for the acid3 and lime-fluxed pellets.  

 CCS  LTD 

 Average 

[daN] 
Standard 

deviation [daN] 

Proportion of 

<150 daN [%] 

Proportion of  

<60 daN [%] 

 Proportion of  

>6.3 mm [%] 

Acid3 pellets 265.1 93.1 12 0  89.1 

Lime-fluxed pellets 213.7 82.8 20 2  73.3 

Effect of limestone ↓ ↓ ↑ ↑  ↓ 

4.4 RQ4: Comparison of reduction-softening behaviour among iron 

burden materials  

The reduction-softening behaviour of different types of iron burden materials was 

studied in Papers III–V. The reduction-softening behaviour of acid and olivine 

pellets and fluxed sinter was studied in Paper IV with the ARUL furnace using the 

MASSIM programme, in which the gas composition is continuously adjusted. The 

reduction-softening behaviour of acid and olivine pellets was also studied in Paper 

V using both ARUL and MASSIM programmes, from which the results attained 

with the MASSIM programme are discussed in this chapter. Additionally, the 

reduction-softening behaviour of acid and lime-fluxed iron ore pellets was studied 

in Paper III with the ARUL furnace using the MASSIM programme. The chemical 
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compositions of the acid pellets studied in Papers III and IV — even though they 

were the same commercial pellet grade — were slightly different as can be seen in 

Table 4. In a BF operation the softening of iron burden should occur at as high a 

temperature as possible in order to provide sufficient time for gaseous reduction. 

4.4.1 Differences in the reduction-softening behaviours 

The cross-sections of the samples after the reduction-softening test are shown in 

Fig. 33 providing a visual estimate of the reduction extent. The final reduction 

degrees of the materials studied in this thesis increased in the following order: two 

acid pellet grades, the lime-fluxed pellets, the olivine pellets and the fluxed sinter. 

The cross-sections also revealed that the sinter sample retained its macro-porosity 

markedly better in relation to the pellets even when softening providing routes for 

reducing gases, and hence resulted in a higher final reduction degree. The 

differences among the studied materials are significant and highly affect the BF 

operation.  

 

Fig. 33. Digital camera images of the cross-sections of the samples after the reduction-

softening test carried out with the MASSIM programme.  
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The TDP values indicating the loss of permeability of the packed iron burden 

material bed and the final reduction degrees in the reduction-softening tests are 

shown in Table 17. The solidus and liquidus temperatures computed with FactSage 

are also shown in the table.  

Table 17. Reduction-softening test results with the MASSIM programme and 

FactSage-computed solidus and liquidus temperatures for acid pellets, olivine pellets, 

lime-fluxed pellets and fluxed sinter.  

Index Acid3 Acid2 Limestone Olivine Sinter 

Reduction-softening test 

TDP20 [°C] 1122 1132 1087 1194 1240 

TDP50 [°C] 1137 1150 1112 1220 1310 

TDP70 [°C] 1140 1160 1130 1252 1329 

TDP70 – TDP20 [°C] 18 28 43 58 89 

Compressionfinal [%] 48.4 57.0 50.5 56.0 48.8 

RDfinal [%] 45.9 48.7 50.2 68.7 90.2 

FactSage computations 

Solidus [°C]  1133 1144 1115 1138 1207 

Liquidus [°C] 1348 1347 1346 1435 1446 

The pressure difference curves for the studied materials are shown in Fig. 34. A 

steep increase in the pressure difference curve indicates that reducing gases have 

had major problems in penetrating through the material bed and softening has 

started. There is a large difference in the loss of gas permeability between the 

studied samples. 
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Fig. 34. Pressure difference across the sample cakes during the reduction-softening 

tests carried out with the MASSIM programme. 

Compression curves for the studied materials are shown in Fig. 35. The sinter 

sample started to compress at a relatively higher temperature compared to the 

pellets.  

 

Fig. 35. Compression of the sample cakes during the reduction-softening tests carried 

out with the MASSIM programme.  
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4.4.2 Structure and phase composition after softening 

The microstructures of the samples were analysed to obtain information about the 

structure after softening. The microstructures of the test materials after the 

reduction-softening tests are shown in Fig. 36. The images are captured by FESEM 

and taken near the top of the cross-sectioned samples from the poorly reduced area, 

in which a lot of wüstite remains. The reason for analysing the top part instead of 

the bottom part of the cross-sectioned samples was that the gases lose their reducing 

capability while ascending through a packed bed of iron burden material and hence 

the differences in the reduction extent are at the largest near the top surface of the 

sample cake.  

In the pellet samples, the slag phase surrounds the wüstite. The wüstite grains 

are round in shape, showing a softened structure and that some wüstite has been 

dissolved in the slag. However, the fluxed sinter is rich in metallic iron due to a 

high reduction degree. In contrast to the softened structure of the wüstite in the 

pellet samples, the wüstite particles in the sinter are connected to each other, 

forming a partly uniform structure. 
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Fig. 36. Backscattered electron images by FESEM from the top parts of the samples 

after the reduction-softening tests. “Fe0” stands for metallic iron, “Fe2+” for wüstite, “S” 

for slag and “C2S” for dicalciumsilicate.  

The chemical compositions of the phases in Fig. 36 have been analysed by FESEM-

EDS (see Table 18 and Table 19). The slag in the acid pellets is fayalite, in which 

minor amounts of MgO (0.9–1.2 wt-%) and CaO (0.5–2.1 wt-%) are dissolved. 

Due to a lack of additives (MgO and/or CaO) and a high amount of SiO2, the acid 
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pellets have inferior reduction-softening properties. The melting temperature of 

pure fayalite is only about 1205 °C (Verein Deutscher Eisenhüttenleute 1995). The 

minimum eutectic temperature for the FeOn-SiO2 system in contact with iron is 

1177 °C in the composition section of FeOn-2FeO·SiO2 (Muan & Osborn 1965, 

Verein Deutscher Eisenhüttenleute 1995). The minimum eutectic temperature for 

the inter-granular slag in the acid pellets is even lower because of the CaO dissolved 

in the fayalite, but the amount of FeO-CaO-SiO2 eutectic liquid is very small due 

to the small amount of CaO in the acid pellets. 

The slag in the lime-fluxed pellets is a Ca-Fe olivine type if the small amount 

of MgO (0.5 wt-%) is ignored. The Ca-Fe olivines are located in the composition 

section of 2CaO·SiO2-2FeO·SiO2. For this system, the minimum eutectic 

temperature is 1115 °C, with a composition of (Fe1.6Ca0.4)SiO4. Evidently, primary 

slag with a composition close to eutectic liquid has formed in the reduction-

softening experiment and the composition of the primary slag has changed to 

contain less FeO due to reduction reactions during softening. To verify this 

hypothesis interrupted experiments should be carried out. 

In the olivine pellets a significant amount of MgO (10.2 wt-%) is dissolved in 

the fayalitic slag, increasing the solidus temperature. The forsterite-fayalite phase 

diagram (Verein Deutscher Eisenhüttenleute 1995) shows that the more MgO is 

dissolved in the fayalite the higher the solidus temperature is.  

Fayalite was not identified in the fluxed sinter, but was substituted by 

dicalciumsilicate Ca2SiO4, which itself has a high melting temperature. The solidus 

temperature for pure α-2CaO·SiO2 is 2130 °C (Verein Deutscher Eisenhüttenleute 

1995). Some FeO was dissolved in the dicalciumsilicate in the sinter. Practically 

all the MgO in the sinter sample was dissolved in the wüstite phase, increasing the 

melting temperature of the wüstite. Some MgO was also dissolved in the wüstite in 

the olivine pellets. In each sample, no minor elements were dissolved in metallic 

iron.  

Table 18. Average compositions of the silica phase in the softened samples. Numbers 

are in wt-%. 

Sample MgO SiO2 CaO FeO Total Formula 

Acid2 1.2 30.6 0.5 71.2 103.5 (Fe1.92Ca0.02Mg0.06)SiO4 

Acid3 0.9 29.9 2.1 68.3 101.2 (Fe1.87Ca0.08Mg0.05)SiO4 

Limestone 0.5 32.0 28.2 40.2 100.9 (Fe1.04Ca0.94Mg0.02)SiO4 

Olivine 10.2 31.0 4.3 50.6 96.1 (Fe1.36Ca0.15Mg0.49)SiO4 

Sinter - 31.5 57.5 4.0 93.0 (Ca1.89Fe0.11)SiO4 
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Table 19. Average compositions of the wüstite in the softened samples. Numbers are in 

wt-%. 

Sample MgO FeO Total Formula 

Acid2 - 99.5 99.5 FeO 

Acid3 - 97.9 97.9 FeO 

Limestone - 98.0 98.0 FeO 

Olivine 1.7 89.7 91.4 (Fe0.97Mg0.03)O 

Sinter 12.2 82.0 94.2 (Fe0.79Mg0.21)O 

4.4.3 Estimation of softening with thermodynamics 

The differences in the softening behaviour among the iron burden materials studied 

in Papers III–V were assessed as being caused mainly by different chemistry. Hence, 

the thermodynamic calculation software FactSage was used to estimate the 

softening behaviour of the studied materials. The computational results were 

compared to the experimental results. Phase diagrams for the 5-component 

FeO-SiO2-CaO-MgO-Al2O3 systems with constant CaO, MgO and Al2O3 contents 

were calculated with the Phase Diagram module in FactSage using the original 

composition of the pellets and the sinter.  

The FeO-SiO2-CaO-MgO-Al2O3 phase diagrams are presented in Fig. 37 for 

the studied iron burden materials. The dashed vertical lines illustrate the SiO2 

content in the materials, and the dots are the TDP20, TDP50 and TDP70 values of 

the reduction-softening tests using the MASSIM programme. The solidus 

temperatures at which liquid phases start to form varies from 1115 °C to 1207 °C 

being the lowest with the lime-fluxed pellets and the highest with the fluxed sinter. 

The liquidus temperatures at which all wüstite has been dissolved in slag varies 

between 1346 °C and 1446 °C, respectively. The liquidus temperatures of the test 

materials are significantly higher compared to the final temperatures in the 

reduction-softening tests.  

According to the computed phase diagrams in Fig. 37 the existing phases are 

slag, wüstite and olivine for the acid pellets and the lime-fluxed pellets, and slag 

and wüstite for the olivine pellets and the sinter when the reduction-softening test 

finished. The same phases were identified with microscopy, but also some 

dicalciumsilicate was found in the polished section of the sinter sample. A reason 

for this is probably that the sinter sample was almost fully reduced and there was 

practically almost no wüstite dissolved in the dicalciumsilicate. The computed 

phase diagrams also show that the solidus temperature of the sinter is vulnerable to 
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decrease due to changes in the SiO2 content. Thus, the amount of SiO2 in the sinter 

must be strictly controlled. 

Fig. 37. FactSage-computed FeO-SiO2-CaO-MgO-Al2O3 phase diagrams for the studied 

materials. The dashed vertical lines depict the SiO2 content in the samples, and the dots 

are the TDP values attained in the reduction-softening tests. “M” stands for the solid 

monoxide phase, (Fe,Mg)O, “O” for the olivine-type phase, (Fe,Mg,Ca)2SiO4, “S” for the 

liquid oxide phase (slag), “C2S” for dicalciumsilicate, Ca2SiO4, “C2AlS” for gehlenite, 

Ca2Al2SiO7 and “CAlS2” for anorthite, CaAl2Si2O8. 

The proportions of the existing phases in the materials as a function of temperature 

was further calculated with FactSage for the FeO-SiO2-CaO-MgO-Al2O3 systems 
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(see Fig. 38) using the Equilib module. The evolution of the liquid oxide phase was 

set as the focus when analysing the results. Fig. 39 shows the proportion of slag in 

the materials studied in this thesis as the temperature increases. The dots illustrate 

the estimated amounts of slag after the reduction-softening tests. 

Fig. 38. FactSage-computed proportions of the existing phases for the studied 

materials. The TDP20, TDP50 and TDP70 values have been marked with black dots in 

the slag evolution curves. 
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Fig. 39. FactSage-computed evolutions of the liquid oxide phase as a function of 

temperature. The experimental estimations of the proportions of the slag phase at the 

end of the reduction-softening tests with the MASSIM programme have been marked 

with dots. 

Significant differences exist in the FactSage-computed evolutions of the slag phase 

among the materials. A significantly lower amount of liquid oxide had been formed 

with the acid pellets and the lime-fluxed pellets compared to the olivine pellets and 

especially to the fluxed sinter as the gases could not penetrate through the material 

bed anymore and the test finished. One reason for this is the lower macro-porosity 

of the pellets compared to the sinter. Another explanation might come from the 

different reducibility. The higher the reducibility is the less divalent iron will be 

present forming the slag phase and less slag will be formed worsening the gas 

permeability. The third explanation is the fact that alkaline components could not 

be taken into account in the FactSage-computations because the system had to be 

determined to a certain degree of simplicity and it is generally known that alkalis 

and sulphur lower the solidus temperature of the system even in small amounts 

(Nogueira & Fruehan 2006). The proportion of K2O and Na2O was higher in the 

acid and lime-fluxed pellets compared to the olivine pellets and sinter.  
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5 Discussion 

5.1 Development of iron burden material testing 

Material testing on a laboratory scale is of crucial importance to gain an insight into 

the material behaviour in the BF process. A lot of work to develop test methods to 

determine the iron burden material properties that are the most critical in BF 

operation has been carried out during the research work of this thesis. High-

temperature tests from ambient temperatures up to elevated temperatures have been 

carried out simultaneously changing the gas atmosphere in order to better simulate 

the actual conditions in a working BF in relation to isothermal tests including ISO 

standard tests.  

The blast furnace simulator was introduced for the first time in a peer-reviewed 

journal in Paper I, in which the apparatus was used to study the reduction-swelling 

behaviour of iron ore pellets. The furnace was equipped with a camera recording 

system and the image analysis method was found to be appropriate for determining 

pellet swelling during reduction. In Paper II the effect of gaseous sulphur and 

potassium (both are circulating elements in BF shaft) on the swelling and the 

reduction of iron ore pellets was studied. The method of introducing S and K in the 

experimental gas was introduced for the first time in a peer-reviewed article. It was 

found that both circulating elements affect the volume change of pellets while 

descending in a BF.  

A new reducibility test with the BFS furnace was introduced in Paper III 

involving 18 pellets with a weight of 120 g. An advanced test with a new 

sophisticated programme to characterise the reduction-softening properties of iron 

burden materials was introduced in Paper III. Papers IV and V handle reduction-

softening test results, as well. Additionally, a novel method was presented for 

analysing the ARUL test results including TDP50 and TDP70 values and the 

determination of the final reduction degree based on the sample weight 

measurements before and after the test compared to the studies by Hooey (1999). 

In conclusion, it can be stated that various laboratory-scale apparatuses are 

needed to gain a sufficient clear insight into the material behaviour in the blast 

furnace process. Different devices are needed to study various phenomena, and by 

combining the experimental results an overall understanding of how the material 

behaves in the real process can be formed.  
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5.2 Effect of experimental conditions on the iron burden material 

behaviour at high temperatures 

The results of the experimental work carried out in Paper I and V of this thesis show 

that the experimental conditions had a significant effect on the behaviour of the 

iron burden materials. The amount of swelling of the olivine fluxed pellets and the 

acid pellets was significantly higher in Paper I in isothermal reduction compared to 

dynamic reduction under simulated BF conditions. Similar results have been 

attained in studies by Wright (1977) and Sharma (1994).  

In the literature, there are a lot of comments regarding the standard tests. Some 

researchers have even criticized the validity of the standard tests for the BF process 

as mentioned in Section 2.3.2. To my understanding, in the ISO 7992 reduction 

under load test the focus is only on the reduction of iron oxides under mechanical 

and chemical stress, not on the softening phenomenon because the test temperature 

is so low that liquid phases are not formed when using traditional iron bearing 

materials. Another weakness in the RUL test is that it should not be finished at a 

fixed reduction degree, but the differential gas pressure at the endpoint of the test 

should be fixed in order simulate the loss of permeability of a packed material bed. 

Instead of the RUL test, the reduction-softening behaviour of the pellets and 

the sinter was studied with a more sophisticated ARUL test in this thesis. When 

using the ARUL programme in the reduction-softening experiments presented in 

Paper V, the final reduction degree was similar for the olivine pellets and for the 

sinter. However, the MASSIM programme revealed that a layer of sinter does not 

lose its permeability until higher temperatures compared to the olivine pellets, 

leading to a higher reduction degree in gaseous reduction for the sinter.  

Both two findings above show that the choice of experimental conditions is of 

crucial importance when designing laboratory testing. Hence, the experimental 

conditions should be chosen carefully so that they simulate the actual process 

conditions as accurately as possible in order to gain a proper insight into the 

material behaviour in the process.  

The results of Paper I indicate that reduction-swelling tests carried out under 

fixed conditions emphasize the swelling behaviour of pellets relative to dynamic 

tests conducted under simulated BF conditions (see Fig. 20). The increase in pellet 

porosity was more significant under isothermal conditions due to the high reduction 

rate at the beginning of the experiment, which can lead to abnormal swelling 

behaviour. 
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The weakness of isothermal experiments is that they actually measure and 

compare artefacts not present in the actual process. In both isothermal reduction-

swelling experiments, acid pellets swelled markedly, but in dynamic reduction only 

restrained swelling was observed in the initial stages of reduction but in the latter 

stages of reduction the volume of the acid pellets decreased to a lower level than 

before reduction. Hence, the implications drawn from the isothermal tests can be 

misleading. 

5.3 Factors affecting the properties of iron burden materials 

The results of the reduction-softening experiments in Papers III–V and FactSage 

computations in Papers IV and V show that the original composition of the iron 

burden material has a marked effect on the softening behaviour. The final reduction 

degrees in the reduction-softening tests with the MASSIM programme increased in 

the following order: two acid pellet grades, the lime-fluxed pellets, the olivine 

pellets and the sinter. The final reduction degrees varied from 46% to 90%. As the 

reduction-softening test ended, there was assumed to be less than 10% liquid oxide 

phase in the pellets, but slightly over 40% in the fluxed sinter based on the FactSage 

calculations. Based on this, the chemical composition does not merely determine 

the softening behaviour of the iron burden material. Instead, macro-porosity affects 

the softening behaviour and the macro-porosity was shown to be higher in the sinter 

compared to the pellets in the softened samples. However, it has to be admitted that 

the amount of alkalis was not included in the system definition of the FactSage 

calculations. It is generally known that alkaline components (K2O and Na2O) lower 

the solidus temperature of the system even in small amounts (Nogueira & Fruehan 

2006).  

When the material softens it is important to consider the simultaneous 

reduction of FeO from the slag. Simultaneously the proportion of other components 

except for SiO2 increases in the slag phase. The reduction rate in the gaseous state 

and during softening affects the temperature at which gases can no longer 

significantly penetrate through the material layer. With iron burden materials fluxed 

with MgO (for instance olivine pellets), the composition of the slag changes to 

contain even more MgO, which increases the solidus temperature of the system. 

Interrupted reduction-softening tests would be needed to verify this hypothesis.  

There are also other factors affecting the softening behaviour, including the 

particle size distribution of the iron burden material (which affects reducibility and 
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gas permeability) and the grain size of additives, for instance olivine (which affects 

solubility). However, this thesis does not focus on those factors. 

5.4 Estimation of softening with thermodynamics 

Papers III–V have many scientific suggestions concerning the softening behaviour 

of iron burden materials in blast furnaces because they contain some discussion 

based on thermodynamics. Phase diagram examination with the computational 

thermodynamic software FactSage was found to be a useful tool for predicting the 

solidus and the liquidus temperature of the system and the formation of liquid 

phases using the chemical composition of the iron burden materials.  

In Papers III and IV phase diagrams for quaternary FeO-SiO2-MgO-CaO 

systems with constant MgO and CaO contents were computed. The Al2O3 content 

was ignored in those calculations although it is one of the main slag-forming 

components. Later in Paper IV, Al2O3 was involved in the system definition and 

phase diagrams for 5-component FeO-SiO2-MgO-CaO-Al2O3 systems with 

constant MgO, CaO and Al2O3 contents were computed, resulting in an even better 

estimate of the material softening.  

The results of the previous study by Kemppainen et al. (2015) indicate that 

softening of the pellets is caused by the softening of the pellet core where wüstite 

is the dominant phase of iron, and reduction degrees of 50–70% have no significant 

effect on the softening behaviour. Additionally, the microscopy of the softened 

samples revealed that all iron was in the form of wüstite or metallic iron and no 

magnetite or hematite existed. Hence, the focus was on the core regions of partly 

reduced materials where wüstite was the dominant phase of iron, and it is assumed 

that all the iron is in a divalent (Fe2+) form. However, the sinter sample was almost 

fully reduced in the reduction-softening test and hence it would have been better to 

also consider the reduction reactions of iron in the FactSage calculations for the 

sinter.  

The FactSage-computed phase diagrams gave a good estimate of the liquid 

formation; however, some limitations were found because of the need to define the 

system to a certain degree of simplicity. The ability to utilize thermodynamic 

software with a phase diagram module allows us to estimate the effect of 

compositional changes (SiO2, MgO, CaO and Al2O3) on the softening behaviour of 

BF iron burden materials. The author of this thesis suggests that the FactSage 

software could be used when designing the chemical composition for a new pellet 

grade. 
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The effects of the main slag-forming components on softening are discussed 

more comprehensively in the following three sub-sections including SiO2, MgO 

and CaO. In these examinations Al2O3 is not included in the system definition.  

5.4.1 The effect of SiO2 

The effect of SiO2 on material softening was estimated with Fig. 40 which shows 

the relation between the SiO2 content and the evolution of the liquid oxide phase 

during softening. The calculation has been done for an MgO fluxed iron burden 

material with an original composition of 1.50% MgO and 0.24% CaO. It can be 

clearly seen that the decrease in the SiO2 content in the material leads to slower 

formation of the liquid oxide phase preventing the material from softening. The 

decrease in the SiO2 content in the material also increases the liquidus temperature 

at which the system is fully melted. However, the SiO2 content does not have an 

effect on the solidus temperature at which the first liquid phase is formed. The 

examination suggests that lowering the silica content is one of the means to improve 

the softening properties of an iron burden material. 

 

Fig. 40. Effect of SiO2 on liquid formation. The SiO2 contents are marked in wt-% above 

the curves. 
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5.4.2 The effect of MgO  

The effect of MgO was studied for an iron burden material with a chemical 

composition of 3.0% SiO2 and 0.24% CaO with two alternative MgO proportions 

(1.5% and 2.0%). From Fig. 41 it can be deduced that the increase of MgO increases 

both the solidus and the liquidus temperature of the system and leads to the slower 

formation of liquid oxide phase thus preventing the material from softening. This 

conclusion is congruent with the Fe2SiO4-Mg2SiO4 phase diagram (Verein 

Deutscher Eisenhüttenleute 1995), which suggests that the higher the MgO content 

in the iron burden material is the higher the solidus and the liquidus temperatures 

are because MgO dissolves into the initial slag. This FactSage examination 

suggests that MgO increases the softening temperature of an iron burden material.  

 

Fig. 41. Effect of MgO on liquid formation. The MgO contents are marked in wt-% above 

the curves. 

5.4.3 The effect of CaO  

The effect of CaO was studied for an iron burden material containing 1.5% MgO 

and 3.0% SiO2. Fig. 42 shows a FactSage-computed FeO-SiO2-CaO-MgO phase 

diagram, which shows the relation of the CaO proportion and the temperature to 
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the existing phases. The dashed vertical line depicts the original CaO content in the 

material and the bold-type curve the solidus. This kind of computed phase diagram 

enables an evaluation of how the CaO content in an iron burden material affects its 

softening behaviour. It can be deduced that if an iron burden material is fluxed with 

CaO, the proportion of CaO must be at a sufficient level. This means that the CaO 

should be added far enough in regard to the SiO2 content. 

 

 1: AMonoxide + AOlivine 5: AMonoxide + AOlivine + Ca2SiO4  

 2: ASlag(liq) + AMonoxide + AOlivine 6: ASlag(liq) + AMonoxide + AOlivine + Ca2SiO4 

 3: ASlag(liq) + AMonoxide 7: ASlag(liq) + AMonoxide + Ca2SiO4 

 4: ASlag(liq) 8: AMonoxide + Ca2SiO4 

Fig. 42. Effect of CaO on liquid formation. The dashed vertical line depicts the CaO 

content in the iron burden material. The bold-type curve depicts the solidus.  

5.5 Utilization of thesis results in quality development of iron 

burden materials 

The author of this thesis has participated in developing an R&D tool to improve the 

iron burden material properties for blast furnace use. Advanced burden material 

tests are used to select and develop materials and to understand the material 

behaviour in the BF process. The method contains metallurgical tests to determine 
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the most critical properties of blast furnace pellets, including the cold crushing 

strength, low-temperature disintegration, reducibility, swelling and softening (see 

Fig. 43). The method is a combination of ISO standard tests and modified tests, 

from which the latter are designed to simulate actual BF conditions more accurately. 

Additionally, FactSage-computed systems with the original composition of iron 

burden materials are used to estimate compositional change on material softening. 

 

Fig. 43. A set of tests to evaluate the quality of iron burden materials for BF use 

(Kemppainen et al. 2016, modified and published by permission of Swerea MEFOS). 

The suggested procedure is to first determine the interesting compositions of iron 

burden materials by utilising thermodynamic software and phase diagrams 

presented in the literature and after that to manufacture production samples and to 

carry out metallurgical tests to characterise their properties (see Fig. 44). 
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Fig. 44. The procedure to evaluate iron ore pellet quality for BF use. 
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6 Conclusions 

This doctoral thesis had two targets: (1) to design laboratory-scale high-

temperature tests to simulate the conditions in a blast furnace more accurately and 

(2) to study factors affecting the high-temperature properties of BF burden 

materials by comparing the properties of some iron burden materials. Both 

experimental furnaces and computational thermodynamics were utilized. 

This thesis presents some advanced novel experimental methods, upon which 

basis the quality of an iron burden material can be valued. Dynamic test 

programmes with increasing temperature and changing gas composition were 

preferred in the research work rather than fixed conditions. Based on a method 

which magnetically classified pellets, the size of the magnetite nucleus was proven 

to affect the disintegration of pellets in the BF shaft in Paper I. A novel method 

involving a camera recording system and image analysis to monitor pellet swelling 

during reduction was introduced for the first time in Paper I. Unique to Paper II, 

sulphur and potassium were added to the experimental gas when studying the 

swelling of pellets. A novel reducibility test to determine the reducibility in solid 

state under simulated blast furnace conditions was presented in Paper III. A novel 

experimental programme for an ARUL reduction-softening test to simulate BF 

conditions more accurately was presented in Paper IV and V. A new computational 

method to evaluate the softening behaviour of an iron burden material based on 

original chemical composition was introduced in Paper V and the method was fine-

tuned in Paper IV. The computational method was shown to be appropriate when 

designing the chemical composition for a new pellet grade.   

The most important conclusions reached among the topics of this thesis can be 

summarised as follows: 

 

RQ1: Effect of experimental conditions on the behaviour of iron burden 

materials at high temperatures 

– The swelling of pellets was more pronounced under conditions of fixed 

temperature and gas composition compared to simulated blast furnace 

conditions. 

– The ISO 4698 standard swelling test overestimated the amount of swelling, 

because the pellets were rapidly exposed to a strongly reducing gas under high-

temperature conditions. 
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– The experimental gas composition – temperature programme (either ARUL or 

MASSIM) significantly affected the softening behaviour of iron burden 

materials.  

– In conclusion, the material behaviour should preferably be studied dynamically 

under simulated process conditions instead of under simplified static 

conditions.  

RQ2: Effect of circulating elements on the reduction-swelling behaviour of 

iron ore pellets 

– No abnormal swelling occurred in dynamic reduction in CO-CO2-N2 gas with 

the addition of sulphur or potassium with any of the studied acid, olivine and 

lime-fluxed pellets when the temperature was elevated at a moderate rate.  

– Medium amounts of sulphur (0.10 vol-% at the highest during the test) in the 

reducing gas resulted in a smaller volume of the pellets after reduction 

compared to the reference test in the CO-CO2-N2 gas. Simultaneously, 

FeO-FeS liquid phases were formed at elevated temperatures. Hence, a high 

sulphur load in a blast furnace may cause materials to stick and lead to 

operational difficulties.  

– Large amounts of potassium (0.03 vol-% at the highest during the test) in the 

reducing gas resulted in a larger volume of the pellets after reduction compared 

to the reference test in the CO-CO2-N2 gas, especially with the olivine and 

lime-fluxed pellets.  

RQ3: Comparison of metallurgical properties among acid and lime-fluxed 

iron ore pellets 

– The reducibility of the lime-fluxed iron ore pellets under unconstrained 

conditions was higher compared to the acid pellets probably due to the added 

limestone which had decomposed during sintering increasing porosity.  

– The lime-fluxed pellets swelled and cracked slightly more than the acid pellets 

during dynamic reduction.  

– The lime-fluxed pellets began to soften at a lower temperature, however they 

attained a higher final reduction degree in the dynamic reduction-softening test. 

This suggests a lower proportion of direct reduction occurring in the BF hearth 

and decreased consumption of reducing agents in a blast furnace when using 

lime-fluxed pellets instead of acid pellets.  

– The reason for the earlier formation of a gas-impermeable structure with the 

lime-fluxed pellets in relation to the acid pellets is linked to the CaO dissolved 
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in the fayalitic slag in the lime-fluxed pellets which reduces the solidus and 

liquidus temperature. 

– The cold crushing strength of the lime-fluxed pellets was slightly lower 

compared to the acid pellets. Slightly more fines were generated in the hematite 

to magnetite reduction stage in the low-temperature reduction-disintegration 

test with the lime-fluxed pellets compared to the acid pellets. However, the 

CCS and LTD values of the both pellet grades are within the acceptable range 

for blast furnace use. 

RQ4: Comparison of reduction-softening behaviour among iron burden 

materials 

– The final reduction degrees in the dynamic ARUL reduction-softening test with 

the MASSIM programme increased in the following order: the acid pellets with 

two different chemical compositions, the lime-fluxed pellets, the olivine pellets 

and the fluxed sinter. The variation was large and ranged from 46% to 90% and 

this has a strong effect on BF energy efficiency.  

– The differences in the softening behaviour among the iron burden materials is 

mainly caused by different chemistry. Slag-forming components — especially 

SiO2, MgO and CaO — have a marked influence on material softening. The 

decrease of the SiO2 content in the material leads to the slower formation of 

the liquid oxide phase preventing the material from softening. MgO in the 

initial slag increases the solidus temperature providing more time for gaseous 

reduction. A sufficient amount of CaO is needed if an iron burden material is 

fluxed with lime because CaO either increases or decreases the solidus 

temperature depending on the amount of added lime. Furthermore, one should 

remember that the SiO2 content should be low in order to reasonably flux the 

material with MgO or CaO. 

– The sinter sample retained its macro-porosity markedly better in relation to the 

pellets, providing routes for reducing gases even when softening. Hence, not 

only the chemical composition but also porosity has a strong effect on the 

softening behaviour of iron burden materials. 

– The early softening of the acid pellet is due to melting of fayalite at 1205 °C. 

This could be avoided by adding MgO or an appropriate amount of CaO in 

relation to the proportion of SiO2 to the pelletizing blend. Another potential 

means to prevent liquid formation would be to decrease the SiO2 content in the 

iron burden materials.  
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7 Recommendations for further research 

The experimental conditions were shown to have a significant effect on the 

swelling and softening behaviour of iron ore pellets during their reduction. This 

thesis contains a lot of discussion about how the experimental conditions affect the 

results on a laboratory scale. Kemppainen et al. (2012) have studied the effect of 

H2-H2O on the reduction of iron ore pellets in CO-CO2 gas. The authors noticed 

that the addition of H2-H2O had an increasing effect on the rate of reduction of 

pellets at temperatures below 900 °C. Hence, introducing hydrogen and water 

vapour to the simulated BF gas is an issue for future research and this covers 

reducibility, reduction-swelling and reduction-softening experiments.  

Temperature and gas measurements taken in a radial direction in a blast furnace 

have shown that the conditions are markedly different near the wall compared to 

the centre of the furnace (Bachhofen et al. 1998, Chaigneau et al. 2001, Geerdes et 
al. 2015). Additionally, it is known that the operational practice (injected material, 

amount of injection) affects the conditions inside the blast furnaces. The effect of 

varying conditions especially on the reducibility of the iron burden materials needs 

to be investigated.  

Interrupted reduction-swelling experiments were carried out in this thesis. 

Similar interrupted reduction-softening experiments are suggested to be carried out 

in order to further investigate how the decreasing FeO amount due to reduction 

affects the material softening. Furthermore, how big an influence alkalis and 

sulphur have on the early softening needs to be investigated. 

Thermodynamic software FactSage was shown to provide a fast method to 

estimate the effect of compositional change on the liquid formation of iron burden 

materials. In this thesis, the effect of SiO2, MgO and CaO on the softening was 

computationally studied with FactSage, but the effect of Al2O3 was not clarified. 

Al2O3 is an interesting component in that regard it is one of the main slag-forming 

components, but it has not received much attention in the literature according to 

Bakker (1999). However, how each major slag-forming component (SiO2, MgO, 

CaO and Al2O3) affect the liquid formation needs validation through reduction-

softening tests to gain a deeper understanding of the phenomena. Additionally, the 

effect of MnO and TiO2 on the softening behaviour should be also investigated. 

Furthermore, preliminary tests to involve the oxygen partial pressure in the 

FactSage system definition to simulate reduction conditions were successful, 

however this needs deeper analysis.  
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