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ABSTRACT

The major part of iron in the world is produced using a blast furnace
process. The blast furnace process refers to a shaft furnace in which
agglomerated iron ore and coke are charged alternately from the top and
blast air with additional carbon containing injection material is blown from

numerous tuyeres on the lower level of the furnace.

Agglomerated iron ore charge material undergoes high mechanical, thermal
and chemical stress in the blast furnace. Stress factors affect simultaneously
when iron ore burden material is reduced, warmed up and been subject to
pressure affected by high and heavy burden from above with particle flow
erosion. In spite of all the stress factors and in order to have high
permeability in the charged bed, iron ore burden material should remain
unbroken until softened and melted down on a cohesive zone. The higher
the reduction degree of iron oxides in burden achieved before the cohesive

zone, the more efficient and energy efficient is the blast furnace operation.

In this research, the focus is on the impurities analyzed in the phases in the
burden materials with measured content. The minor oxide components, such
as CaO, MnO, MgO, and especially TiO, and Al,O3;, were studied in this
thesis. TiO, and Al,Os were chosen because the correlation with reducibility
and reduction strength was discussed but not explained. The aim of the

research was to find the phenomena behind the degrading of the burden



material during reduction reactions. The aim of the thorough analysis of the
laboratory scale reduction and oxidation tests was to deepen the
understanding of the reduction disintegration phenomenon. Especially the
effect of the impurity element or minor oxide component solid solution in
iron oxides on expansion/shrinking of the crystal lattice was studied in this

thesis. The main attention was focused on crystal and lattice boundaries.

According to the results, impurity elements dissolved in iron oxide lattice
structure can have a considerable effect on the reduction rate of iron oxides
and reduction strength of iron burden material of the blast furnace. They
have also a clear effect on the oxidation rate and degree of iron oxides
during the sintering process. Minor oxide components in solid solution with
iron oxides have an effect on the lattice volume of the iron oxides.
Volumetric (or dimensional) expansion or shrinking of lattices in proportion
to one another can generate high tensile forces on the grain boundary of
hematite-magnetite or magnetite-wusite. The phenomenon has a substantial
effect on the momentary strength and the reducibility of the iron burden

material in the blast furnace process.

Keywords: Blast furnace, iron oxide, hematite, magnetite wiistite,

impurity element, crystal lattice, TiO,, Al O3, MgO, MnO, CaO
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1 INTRODUCTION

The major part of iron in the world is produced using a blast furnace
process. The blast furnace process refers to a shaft furnace in which
agglomerated iron ore and coke are charged alternately from the top and
blast air with additional carbon containing injection material are blown from
numerous tuyeres on the lower level of the furnace. Oxygen in blast air
reacts with carbon originated from coke and the injection material producing
reduction gas includes CO and H,. Reaction gas flows through the material
bed reducing iron oxides and warming up the burden material. Whilst the
burden material descends, it is warmed up, reduced to metallic iron, and
melt down. Melt hot metal and slag are tapped out regularly via a drilled

hole located in the wall near the bottom of the furnace.

In order to have stabile operation and effective reduction in the process,
sufficient permeability is essential in the blast furnace shaft. Thus the grain
size of burden material, charged from the top of the blast furnace, has to be
coarse enough to enable gas flow through the bed. However, the major part
of iron ores as well as coking coals have to be ground to fines for enrichment
and therefore have to be agglomerated before charging to the blast furnace.
The coking process is used as an agglomeration method for the coal and
sintering process for iron ore fines. Iron fines can also be pelletized before

the sintering process. Use of sinter or pellets as a single iron burden material



is possible, but mostly they are used as a mixture. Also lumpy iron ore is

used mainly as an additive to the iron burden material.

The burden material has to endure high mechanical, thermal and chemical
stress in the blast furnace. Stress factors affect simultaneously when iron
ore burden material is reduced, warmed up and been subject to pressure
affected by a high and heavy burden above with particle flow erosion. In
spite of the stress and in order to have high permeability in the charged bed,
the iron ore burden material should remain unbroken until it is softened and
melted down on cohesive zone. The higher the reduction degree of iron
oxides in the burden is achieved before the cohesive zone the more efficient

and energy efficient is the blast furnace operation.

In order to guarantee the quality of iron ore agglomerates various
standardized tests and indexes have been developed for testing reducibility
(reducibility index RI), cold strength (crushing strength test!, tumbler index
TI?), reduction strength (reduction degradation index RDI, low temperature
degradation index LTD* *) and softening and melting properties (Burghard
test, Reduction under load test RUL) of iron ore agglomerates. The optimal
iron ore agglomerate has a good reducibility, sufficient cold and low
temperature reduction strength and it begins to melt at a high temperature.
Crystal structure and the formed phase association are essential parts of the
factor to achieve good properties in iron ore agglomerate®. Also the chemical

composition of each phase, even as a minor content, can have a remarkable
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effect on the properties, especially in reduction or reduction strength. The
high quality of iron ore agglomerates enables high and efficient operation of
the blast furnace, in other words, high oxygen enrichment of the blast and a

high injection rate of the additive reducing agent.

High injection rate (oil/pulverized coal) increases the significance of
reduction strength due to a decrease in the coke rate. In order to improve
blast furnace efficiency, i.e. high productivity or low consumption of the
reducing agent, reduction strength of the burden material is emphasized.
Practical experiments show that improvement in the reduction degradation
property of sinter enables higher oil injection rate, higher productivity and

lower consumption of reducing agents ® '8,

Although correlation of different impurities on RDI and LTD index is well-
known, the phenomena behind the correlation, however, have not been
discussed in many papers. The purpose of this study is to examine the
individual crystal phase of the burden material with certain impurities under
the conditions corresponding to the cooling stage of the sintering process as
well as those corresponding to the blast furnace shaft. The research focuses
on the impurities analyzed from the phases in the burden material with
measured content. The aim of the research is to find the phenomena which
are degrading the burden material during reduction reactions. The minor
components of CaO, MnO, MgO, and especially TiO, and Al,Os are discussed

in this thesis.



The aim of the thorough analysis of the test sinters and laboratory scale
reduction and oxidation tests was to deepen the understanding of the

reduction disintegration phenomenon.

2 BACKGROUND

2.1 Iron oxides properties

Iron cation exists as two different valences (Fe®*, Fe3*) in oxides forming
three different iron oxides, i.e. hematite, magnetite and wdstite in
descending order of oxidation. Stoichiometric compositions in weight
percentages as well as the non-stoichiometry of each iron oxide is presented
in Figure 1. In addition to hematite, Fe,03 has also another crystalline form

called maghemite (y-Fe,0s), but that form is very unstable’.
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Figure 1. Fe-O phase diagram®.

Because of a considerable difference in oxygen and iron ions (Figure 2), iron
oxides consist of a crystal lattice formed by oxygen anions in which iron
cations are located in octahedral or tetrahedral cells. Each iron oxide has its
characteristic structure of crystal lattice as presented in chapters 2.1.1 -

2.1.3.

Figure 2. Oxygen anion and iron cations in relative sizes 0" 0,136
nm, Fe?* 0,078 nm and Fe3** 0,065 nm. The illustration is based on
Klein et al*.



2.1.1 Hematite

Hematite (Fe»,O3) rhombohedral structure is based on hexagonally stacked
close-packing series of oxygen anions (ABAB...) in which trivalent iron
cations are located in the middle of octahedrons in stoichiometric hematite
(Figure 3)'* 13 The non-stoichiometry of hematite typically exists as a lack
of anions, when charging equilibrium is compensated with divalent instead of

trivalent iron cations.

) ) » ® B *
ol P PR s R et @ 7=

Yo W Weo Weo W “Wo P
Vo W X Wo We W P
Py e S = 7= oY e, G

Vo X Weo Wo W We ¥

c,=1.3742 nm
a,=0.5034 nm

Wo W W Wo Wo X P
. e Y e . Py i
OV OO B O\

Figure 3. Structure of stoichiometric hematite in which two
sequential layers (AB...) of oxygen anions are presented as blue
spheres. Red spheres represent iron cations in the octahedron. The
illustration is based on Klein et al'’.

2.1.2 Magnetite

Magnetite (FeO-Fe;03) is a mineral of cubic crystal system and it belongs to
a group of spinel sturcture minerals. Magnetite consists of three different
layers of oxygen anions (ABCABC...) in which iron exists as divalent and
trivalent cations in oxygen forming a tetrahedron and octahedron with

11,12

respectively (Figure 4) . Stoichiometric magnetite consists of 2/3 of

trivalent cations and 1/3 of divalent cations. Non-stoichiometry typically



exists as a lack of cations when charge balance is compensated with extra

trivalent cations.

111 face
\Y level Aand B

v

oo Lt

e

111 face

, 111 face
level B and C

Figure 4. Magnetite levels presented on 111 face in which blue
spheres are oxygen cations and the placement of iron cations Fe?*
and Fe3®' are presented as tetrahedrons and octahedrons
respectively. The illustration is based on Klein et al''' 12,

2.1.3 Wiistite

Waistite has also a cubic crystal structure in which oxygen anions locate in a
formation of the face centred cupic and iron cations are in the middle of the
formed octahedron in the stoichiometric structure (Figure 5). Non-
stoichiometry exists as a lack of cations resulting in a pair of Fe3*-cations
per every cation vacancy. Fe3*-cations are located in the middle of the

tetrahedron.



Figure 5. Crystal lattice of stoichiometric wiistite. The illustration is
based on Waychunas®.

2.2 Reduction thermodynamic of iron oxides

Equilibrium diagram with stability area under different H,/H,O and CO/CO;
gas conditions for iron oxides is presented in Figure 6. Gasification of carbon

in accordance with the Boudouard reaction

CO: (g) + C(s) & 2CO (9) (Eq. 1)

is presented as a curve in the same illustration. The curve indicates the
equilibrium limit in which solid carbon formation from CO gas as well as
gasification of carbon are possible. In all presented CO/CO, gas
atmospheres, the partial pressure of oxygen (po2) is so low that hematite is

not stabile under those conditions.
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Figure 6. Equilibrium curves of Fe-O with H>/H>0 and CO/CO,-gas
connected with the Boudouard curve.

Impurity elements in solid solution with iron oxides change stability of iron

oxides (Figure 7).
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Figure 7. Effect of impurities on stability of iron oxides. ©

2.3 Reduction of iron oxides

Gaseous reduction of iron oxides can be presented in CO/CO, and H,/H>0

atmospheres as the following reactions (Eq. 2-7):

3Fe,03 + CO & 2Fe304 + CO» (Eq. 2)
3Fe;03 + H < 2Fez304 + H2O0 (Eq. 3)
Fes;04, + CO < 3FeO + CO; (T > 570°C) (Eq. 4)
Fez04 + H> < 3FeO + H>0 (T > 570°C) (Eq. 5)
FeO + CO < Fe + CO; (T > 570°C) (Eq. 6)
FeO + H> < Fe + H>0 (T > 570°C) (Eq. 7)

As a consequence, wdustite is unstable below 570 °C magnetite reaction
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straight to iron exists below 570 °C as presented in following reactions (Eq.

8-9):
FesOs+ 4CO <« 3Fe + 4CO, (T < 570°C) (Eq. 8)
Fez04 + 4H> < 3Fe + 4H>0 (T <570°C) (Eq. 9)

2.4 Compatibility of iron oxide lattice surfaces

In order to an iron oxide to reduce to another iron oxide, a new phase has to
form on the surface of the host oxide with its characteristic lattice structure.
The formation favours a certain face of the host phase and orientation in
proportion to host phase (Figure 8). Compatibility depends on the lattice

structures and size of the host and the oxide formed.
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Figure 8. Schematic illustration of the favourable orientation of iron
oxides. The calculated lattice volumes of wiistite and magnetite are
in right proportions in the illustration.

Epitaxy of hematite and magnetite during reduction is, according to previous
publications, as presented in the Figure 8, in which the surface 111 of the
formed magnetite is parallel with the 0001 surface of hematite. Goodness of
fit as well as volumetric difference between hematite and magnetite is
schematically presented in Figure 9. The volumetric shrinking of lattices from
hematite to magnetite is discussed'®, but the two dimensional (surface area

in the boundary) expansion in orientation of surface is about 40 %.
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Expansion during the reduction is stated to be caused only by porous
formation taking place simultaneously with lattice shrinking®!, but the
comparison of contact surfaces with each other on the phase boundary
results in expansion (Figure 9). This is proposed to be the main cause for

swelling in the phase transformation from hematite to magnetite.

The orientation of magnetite and wdustite in proportion to each others during
the reduction is, according to publications, a parallel in which both of the
oxides have a cubic crystal structure. The volumetric expansion calculated

for the lattices from magnetite to wistite is about 6 %.
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Magnetite

Figure 9. Compatibility and orientation of reduced magnetite on the
surface of hematite with proportional calculated lattice volume.

The formation of iron on the surface of wistite during reduction was studied
and the results published by Sasaki et al'’. Epitaxy of iron and orientation on
the wdastite (100) face is presented in Figure 10. The lattice parameter
values of a-iron (0.286 nm) and wdstite (0.428 nm) are presented in the
graph as well as the distance of iron cations calculated from one another in
the widstite lattice (0.303 nm). The difference in distance of iron cations
between wdistite and a-iron indicates the mismatch or shrinking of structures

when wustite reduces to a-iron.
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Oxygen atom

Figure 10. Epitaxy and orientation of iron on wiistite (100) face'’.

2.5 Research on impurities in iron ore agglomerates

The blast furnace burden material has to be agglomerated because the
permeability of the burden bed must be sufficient for the reduction of gases
to flow up from the low part of the furnace. The agglomeration is generally
carried out by pelletizing or sintering the iron concentrate. In both cases, the
material is warmed up to the temperature in which liquid eutectic phases
can occur and cation and anion diffusion in solid phases are accelerated. The
solid phases in a high temperature with initial melts enable changes in the
composition phases in the solid state. Possible composition gradients are
able to smoothen in high temperatures and ions solid solution in one phase

may dissolve to another one. Gas composition changes simultaneously with
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a temperature increase in the sintering process (both sinter and pellet
sintering). In particular, changes in partial pressure of oxygen cause a rapid
change of thermodynamic phasies and continuous disequilibrium among
phases. The composition of phases aspires to equilibrium but it is kinetically
limited when temperature is rapidly decreased during the cooling stage. The
reduction behaviour of different phases depends on the stage after sintering.
For example, a solid solution can be function of temperature; therefore
synthetically prepared samples were used for the study of impurities on
reduction behaviour of iron oxides in this study (Supplement II). The content
levels of impurities in the solid solution with iron oxides were adjusted and

based on analysed contents of iron oxides occurring in sinters or pellets.

The quality of sinter consists of two main factors, i.e. strength and
reducibility that are partly opposite to each other. The effect of impurity on
reducibility of iron oxides has been discussed in many papers. The cold
strength and the reduction strength should be good with, however, a high
level of reducibility. Since the sampling from the blast furnace process is
difficult, the quality of the agglomerates is measured using such standard
tests as the reducibility (HOSIM, RUL, ARUL, Burghard), the cold strength
(Thumble test) and the reduction strength (LTB, LTD, RDI) test for ensuring
good BF operation. Most of the minerals in BF agglomerates consist of iron
oxides (hematite and magnetite), but also calcium ferrites, vitreous slag and
crystallized slag. Hematite and magnetite are not pure iron oxides, but

contain impurity elements in solid solution. Some impurities have a radical
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effect on reduction kinetics and reduction strength via various mechanisms.
The impurity elements can generate disintegration of oxide phases,
accelerate reduction, enhance diffusion, increase gas-solid reaction surface
area and have an influence on thermodynamic stability of oxides .
Deceleration or acceleration of reduction can occur, if impurity components
cause the formation of new phases at the reaction front. The direction of the
effect depends on the stoichiometry and the stability of the existing phases
¥ 2 The reduction step from wistite to iron demands the
thermodynamically most reducible gas among pure iron oxides and it is
mostly the restrictive factor of the total reduction rate. However, previous
reduction steps have a significant effect on the following step via
morphology and surface area at the interface between the reduction gas and

2

wistite #. The dissolution of impurity elements or their insolubility in iron

oxides has an important effect on the reducibility of iron oxides.

Even a small amount of Ca (0.05 - 0.2 mol. %) was observed to have a
strong enhancing effect on the reducibility of wiistite ?2. The presence of MgO
and CaO (2 wt. % and 5 wt. %) were found to promote the metallization of
wiistite # and cause the formation of porous iron when reduced from wistite
in CO/CO,-atmosphere *. The formation of pores can be caused by the
precipitation of micro oxide particles at the interface of wiustite and iron
phases ?°. Deceleration in reduction of iron oxides was observed when

manganese content of magnetite was initially 1 wt. % (Supplement II).



-18 -

According to Molenda et al., the electrical conductivity of mangano-wdstite

was decreased when the content of manganese was increased .

2.6 Significance of reduction strength of iron ore agglomerates on
the blast furnace operation

The oil replaces coke and relieves volumetric space inside the furnaces for
iron burden reduction resulting in increased production capacity of hot
metal. Murty et al.” reported that an improvement of sinter RDI by 6 %
would lower the blast furnace coke rate by approximately 14 kilograms per
ton of hot metal and increase blast furnace productivity by 3 %. Kim et al.”
reported that the degradation of self fluxed sintered ore during low
temperature reduction of iron bearing material increases the permeability
resistance at the upper shaft of the blast furnace and the variation of gas
flow exerting an unfavourable in-furnace upon stable operation. Lecomte et
al.”® reported of a test in which eight types of iron-rich sinters were charged
into blast furnace. They found a clear correlation between burden
permeability and blast furnace operation using different sinters with
evaluated reduction strengths. Grebe et al.® reported on a magnitude of
laboratory based quality tests versus production scale and basket sample
experiments. They discovered that a real production scale atmosphere can
smooth the effect of a considerable change in quality analyzed under
laboratory conditions. For example, sulfur, alkalis, and chlorine compounds

in gas have some unexpected effects on burden behavior. Nevertheless,
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Grebe et al. observed a notable influence of fines rate on the deterioration of

permeability in blast furnace.

The factors affecting sinter RDI have been discussed in a great number of
papers. The parameters affecting the RDI can be categorized as sintering
parameters, properties of raw materials, and the chemical composition of a
sintering mix. For example, increasing the MgO content > * 3% 3 basicity 3%
31 (Ca0/Si0,), and fuel rate improves the reduction degradation property of
the sinter. On the other hand, increasing the content of Al,03 32 31/ 3% 34, 35,36
and TiO, 33 3% 373, 3 has 3 negative effect on RDI. Moreover, mineralogy of
sinter is a significant factor of reduction strength. One controlling factor of
mineralogy is the chemical composition, especially the CaO/SiO, ratio and
even small changes in the content of minor components such as MgO, Al,03
and TiO,, have a clear effect on the sinter mineralogy. 3% “ An increase in
the alumina content has been shown to cause more calcium ferrites or

5

SFCA-phase (silico-ferrite of calcium and aluminium) in sinter °. Similarly,

MgO has been shown to stabilize magnetite in sinter *.

The amount of hematite and secondary hematite in particularly is widely
regarded the main cause of disintegration of sinter in low temperature
reduction. However, the amount of hematite in sinter does not alone explain

the RDI variation observed °.

As mentioned earlier, the negative effect of titanium oxide on RDI has been
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demonstrated previously in several papers. However, neither the
degradative mechanism of TiO, nor the phase in which the phenomenon had
an effect is unambiguous. This study focuses on the distribution of titanium
oxide in sinter, and in particular on the effect of the titanium content on

reduction degradation of hematite.

RDI presents reduction strength of sinter similarly to the LTD index being

carried out for testing the pellet quality in this study.
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3 PROCESS CONDITIONS AND DEMANDS FOR RAW MATERIAL IN
IRON MAKING

Iron making process demands pretreatment of iron burden material before it
is charged to the blast furnace. Process flow from iron ore to liquid steel is

presented in Figure 11.

Green N Pellet
: : pellet Hot Liquid
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Sintering || Sinter ifon}
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Blast
furnace
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: Occurrence of the
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Figure 11. Schematic process flow chart about a process chain from
iron ore to steel. Red dashed line represents the processes in which
the phenomena studied in this thesis occur.

3.1 Iron oxide composition in ore

Iron ore always consists of iron ore minerals (as oxides or hydroxides etc.)
and gangue minerals. Grinding and enrichment decrease fraction of gangue,
but do not remove it. On this account, chemical analysis from enriched iron

ore bulk does not represent composition of iron oxide phases. Impurity
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components can be located in gangue but also in solid solution with iron
oxide, in which case an iron cation is replaced with an impurity element in
iron oxide lattice. The composition of magnetite and hematite is dependent
of ore and the adjacent mineral phases have been in contact with iron oxide
when ore has been generated. The chemical composition of different ore
fines analyzed from magnetite and hematite phases are presented in Table 1

and
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Table 2.

Table 1. Typical compositions of the magnetite in different iron ore
fines such as MAF (Malmgerget A Fines), Olenogorsk, Rautuvaara
and Mustavaara > %2,

Magnetite Magnetite Magnetite Magnetite/
(MAF) (Olenogorsk) (Rautuvaara) Mustavaara®

MgO 0.22 0.10 0.10 0.04

Al,O3 0.13 0.07 0.18 0.02

CaOo 0.00 0.00 0.00 0.04

TiO3 0.15 0.01 0.02 1.14

V5,03 N/A N/A N/A 1.4

MnO 0.02 0.10 0.09 0.03

Fe 71.4 71.3 71.1 68.5




- 24 -

Table 2. Typical compositions of the hematite in different iron ore
fines (XF) and hematite in pellet such as Kostamus.

Hematite Hematite
(XF) (Kostamus)
(natural) (initial
magnetite)

MgO 0.05 0.06

Al>,O3 0.04 0.15

Cao 0.01 0.00

TiO; 0.01 0.00

MnO 0.07 0.00

Fe 69.5

V,0s 0.003 0.02

SiO; 0.27 0.28

Na,O 0.17 0.03

3.2 Sinter production

Iron ore fines are agglomerated at a high temperature and the resulting
material is partly melted with the particles in the sinter feed are stuck
together forming continuous uniform sinter cake on the sintering belt. The
sinter cake is crushed in the end of the belt and cooled down in the rotary

coolers.

The temperature of the material rapidly increases in the sintering bed as well

as decreases after fuel, i.e. coke breeze is burnt out. Simultaneously with
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temperature change, the gas composition also changes from reducing to
oxidizing. Iron oxides are reduced from hematite and magnetite partly to
wistite until oxidized back to magnetite and partly to hematite (Figure 12).
Iron oxides also reach with such fluxes as CaO, SiO,, MgO, Al,Os3, TiO, and
other impurities, form for example different types of calcium ferrites,
magnesioferrites and crystallized or vitreous slag. The effect of different
factors on sinter mineralogy with magnetite based sinter at bacisity (B,) of

1.5 - 1.85 has been studied by Heindnen”.
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Figure 12. Reaction zones in sintering bed.®

In order to improve the quality of sinter and increase the amount of acid
pellet with sinter in the blast furnace, higher burden bacisity of sinter is

needed. The iron content of sinter varies usually between 56-58 wt. % in the



- 26 -

sintering plants in Central Europe and it used to be higher in magnetite
based sinter in Northern Europe. A typical chemical composition of high

bacisity magnetite based sinter (B, = 2.1 - 2.3) is presented in Table 3.

Table 3. Typical chemical composition of high bacisity sinter®.

Fe FeO |CaO |SiO, |[MgO |AlLO; |TiO, |CaO/SiO,
60.33 |10.87| 7.28 | 3.49 | 2.18 061 | 0.25 2.09
60.91 [10.95]| 6.95 | 3.02 | 2.02 0.58 | 0.27 2.30

The structure of high bacisity sinter (B, = 2.1 - 2.3) consist of many
minerals with their own chemical compositions. Typical mineral compositions

of sinter are presented in Table 4.

Table 4. Mineral composition of high bacisity sinter (B, = 2.1-2.3).

Typical minerals in sinter with B, bacisity of 2.1 - 2.3 Proportion
Magnetite Fe;0, 50-54 % *
Hematite Fe,O4 17-19% *
Silicoferrite of calcium and aluminium (SFCA) 15-19% *
Hemi-calcium ferrite CaFe,0, <5% *x
Larnite Ca,SiO, <5% *x
Vitreous slag 9-14 % *
Dicalcium titanate-ferrite of silicon Ca,(Si,Fe, Ti)O, <1% **
liImenite FeTiO; <1% *x
Forsterite (Olivine) (Mg,Fe),FeO, < 3% *x

* Typical analysis of LOM figure analysis determined for four phases

** Estimated content



-27 -

The structure of sinter depends on initial mineralogy and chemical
composition of minerals as well as sintering conditions. The reactions and
change of chemical composition of an individual phase during sintering
depends on the adjacent mineral phases. Certain mineral association
produces characteristic compositions for the minerals depending on the
adjacent minerals included in the association. Typical minerals and mineral

associations in high bacisity sinter are presented in Figure 13.
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Figure 13. Different minerals and mineral groups in high bacisity
sinter (Ca0/SiO, = 2.1-2.3). Ma = magnetite, He = hematite, HCf =
hemi calcium ferrite, SFCA = Silico-ferrite of calcium and aluminium,
La = Larnite, Lk = vitreous slag. 43

Different compositions of minerals analysed in the sinter are presented

Table 5.



- 29 -

Table 5. Typical composition of minerals with different phase
associations in sinter.> 43 °°

Mineral in sinter
FeO |Fe |MgO|CaO |SiO, |TiO, |Al,O3|V,05|MnO |K,0
Magnetite
relic phase 85.08 0.22 0 0.15| 0.13 0.02
magnetite with in hematite 6-8 12% 1.1
crystallised into matrix 84.09 2.09 | 0.99 0.53
Hematite
lamellae with in magnetic relic | 83.62 0 0
crystallised hematite on magnetite
Y periphery 9 85.60 0.5
hematite HE1 81.95|63.7| 0.37 | 0.81 7.39 | 1.08 0.21
hematite in two-p_hase area 83.21 0.44 0 19 | 073
between magnetite crystals
SFCA-phase 62.88 0.53 |15.59| 8.29 | 0.63 | 1.64
Hemi calcium ferrite 70.95 11.88| 3.02 1.01
Larnite 2.18 61.39(31.48| 0 1.62 0
Vitreous Slag 10.8 0 |38.36(31.02|3.19 | 0.61 0 6.3 | 0.99
Silicon titanium dicalcium ferrite
Ti-rich phase 18.13 0 |40.88(10.03|23.2|044 | O
Fe-rich phase 29.37 0 |40.43(10.33|9.82| 0.73 | 0.92
lImenite 76.00 7.86 0.57
Forsterite with its periphery
Forsterite crystal 8.72 476 | 0 |39.01| - 0
Magnesioferrite corona 75.73 7.52 | 1.53 0 - 0.62

3.3 Sintering of pellets

Concentrated iron oxide fines with selected additives are pelletized before
sintering of pellets. Typical additives in the raw material mixture are
quartzite (Si0O;), forsterite (Mg,SiO4), limestone (CaCOs) and clay minerals
such as bentonite. In order to increase mechanical strength of the pellets
two different methods are commonly used in the sintering of pellets. The
grate kiln sintering process with pre-treatment i.e. pelletizing process flow is

presented in Figure 14.
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Figure 14. Grate kiln sintering process of pellets at Kiruna (KK3)*.

The straight-grate sintering process is presented in Figure 15.

oooooOO \.T|2. '
()\ N \/
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Figure 15. Straight-grate sintering process of pellets.**

The properties in the pellet sintering process are oxidizing with the

maximum temperature of approximately 1,250 °C causing oxidation of
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magnetite to hematite and forming a small amount of melt slag phase
functions as a binder. The chemical composition of different pellets is

presented in Table 6 and mineral composition in Table 7.

Table 6. Chemical composition of different pellet types* *.

Pellet Fe FeO Cao Si02 MgO TiO2 Al203 Ca0/Sio,

Acid pellet I 65.1 | 1.4 0.41 5.98 0.14 0.01 0.30 0.07

Acid pellet II 66.9 | 0.4 0.55 2.6 0.52 0.18 0.23 0.21

Fluxed pellet 63.8 | 0.9 3.45 4.61 0.25 0.01 0.30 0.75

Olivine pellet I 66.6 | 0.5 0.46 2.1 1.4 0.18 0.23 0.22

Olivine pellet II | 66.8 | 0.5 0.45 1.8 1.3 0.35 0.35 0.25
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Table 7. Mineral composition of sintered olivine pellet’’ and acid
pellet®

Typical Mineral minerals in Mineral

minerals in |formulain acid pellets formulain
olivine pellet |olivine pellet (Kostamus) acid pellet
Hematite Fe,O3 Hematite Fe,O5
Magnetite Fe;0,
Forsterite (Mg,Fe),FeO,
Vitreous slag
Quartz SiO, Quartz SiO,
Magnesioferrite | (Mg,Fe)Fe, 04
Orthopyroxene | (Mg,Fe)SiO3

3.4 Hot metal production from iron ore agglomerates

Pelletized or sintered iron ore fines are charged into the blast furnace from
the top alternately with coke agglomerated from coal. Preheated blast
enriched with oxygen is blown via numerous tuyeres in the lower part of the
blast furnace. Reaction of oxygen with carbon, originated from coke and
injected oil or pulverized coal, generates heat in the process as well as
carbon monoxide and hydrogen gas. The generated reduction gas flows
through iron oxide burden materials and reduces iron oxides to metallic iron
step-by-step from hematite to magnetite, from magnetite to wdistite and
finally to metallic iron. Simultaneously charged burden material is heated up
and finally smelted by hot reducing gas and exothermic reactions

downstream from the tuyeres.
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The iron blast furnace is divided into different zones which are the indirect
reduction zone, thermal reserve zone, cohesive and direct reduction zone,

dropping zone, “dead man” and hearth (Figure 16).

indirect
reduction
zone

1000 °C

1400 °C

Figure 16. Blast furnace process®.
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Indirect reaction zone:

is located below from the charging level down in the shaft, on the
level in which hematite and magnetite are reduced to wustite.
- iron oxides are reduced by the gas generated on raceway
(downstream from the tuyeres)
- wadstite is partly reduced to metallic iron.
- regeneration of reducing gas is insignificant
Next down the indirect reaction zone is the chemical and thermal reserve
zone in which
- reducibility and temperature are not strong enough to induce
significant reduction from wdustite to iron, because the reduction
gas is almost on phase equilibrium of with wiistite and iron
- temperature increases slowly being about 900 - 1000 °C and is too
low for regeneration of reduction gas.
When the burden descends down in the shaft and the temperature increases
up to about 1,100 °C, reduction gas becomes rapidly regenerated and
wistite is able to reduce to iron by strongly reductive gas. The regeneration
of reduction gas is a strongly endothermic reaction called the Boudouard
reaction or “solution loss reaction”. The said reaction just mentioned occurs

in the direct reduction zone.

The melt down of iron burden material starts in the cohesive zone and the
permeability of ore layers decreases dramatically causing channelling of gas

flows through the coke layers. The rest of the iron oxides are reduced to
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metallic iron while melt slag begins to flow down to the dropping zone.

Direct reduction is localized in the cohesive zone.

Melted slag and metallic iron flow towards the deadman and hearth of the
blast furnace in dropping zone. While metal droplets flow down,
carburization occurs in hot metal when it contacts carbon of coke or via high
CO content and reductive gas. Simultaneously melted slag flows down to
hearth and impurity oxides, ash of coke and sulphur is dissolves in slag

forming the second slag composition.

“Dead man” consists of coke is not reached with anything. "Dead man” can
float on hot metal and slag or lie in the bottom of the hearth. In general, the

latter situation is unwanted.

Blast air enriched with oxygen is blown via numerous tuyeres into blast
furnace with possible injection material such as pulverized coal (PC), oil,
plastic or gas. Oxygen and carbon, from coke or injection material, are
reached downstream of the tuyeres, in the area called raceway. The reaction
produces reduction gas including CO gas from carbon and H,-gas from
injected hydrocarbon or vaporized water. The gas and heat produced in the
raceway is utilized in the shaft in indirect reduction reactions. Gas containing
CO and H; reduces iron oxides producing CO, and H,O gas in the reduction
reactions. The reducibility of gas is diminished while reduction gas flows up

in the blast furnace shaft.
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Both melted hot metal and slag accumulates in the hearth of the blast
furnace and be regularly tapped from the blast furnace via a tap hole. The
tap hole is drilled open for example every two hours being always closed for
about 30 minutes between drillings. The length of the tapping period
depends on the size of the blast furnace and production rate. Three or four

tap holes can be used in bigger blast furnaces.

4 THESIS OBJECTIVES

The purpose of this thesis is to study the phenomena in which minor oxide
components in solid solution with iron oxides have an effect on the
reducibility and reduction strength of iron oxides and iron ore agglomerates.
The reducibility of iron oxides and the reduction strength of iron ore
agglomerates are connected because the phenomena reflect a real process
as follows:
- Good reducibility of iron oxide agglomerate with good reduction
strength enable effective operation of the blast furnace
- Good reducibility of iron oxide agglomerate because of an
increased surface area on the reaction zone between the reduction
gas and oxides caused by low reduction strength. This causes
disturbances in the blast furnace process via low permeability of
the shaft resulting in lower productivity and increased consumption

of the reducing agent in the process.
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- Low reducibility with good reduction strength requires increased
consumption of the reducing agent in the process because indirect
reduction is insufficient and the proportion of direct reduction
increases and needs more reducing agent in the blast furnace
hearth.

The objective of the research was to study the effect of minor oxide
components as solid solution in iron oxides on

- Reducibility and reduction mechanism.

- Phenomena and mechanism behind reduction strength.

The minor components such as CaO, MnO, MgO, and especially TiO, and
Al;Os3 were studied in this thesis. TiO, and Al;Os were chosen because
correlations with reducibility and reduction strength have been discussed but

not explained in other publications.

The aim of the thesis was to focus on the most essential factors among
indirect reduction of iron oxides in the blast furnace from the aspect of minor
oxide components solid solution in iron oxides. The phenomena occurring in
the end of the sintering process (oxidizing of magnetite), low temperature
reduction strength occurring in the upper shaft of the blast furnace
(reduction of hematite to magnetite) and reducibility occurring in the whole
shaft of the blast furnace (reduction of iron oxides to iron) are concerned in

this thesis (Figure 17).
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Figure 17. Occurrence of phenomena studied in the blast furnace
process.

5 EXPERIMENTAL RESEARCH

The purpose of the experiments is to simulate an individual phenomenon in
an individual structure caused by an impurity element and observed in the
burden material of blast furnace. In order to prepare a certain structure with
a certain impurity composition in the initial stage, controlled chemicals with
right heat treatment are needed. When the initial stage is achieved and
confirmed, the study of the reaction can be carried out under controlled

conditions.
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In this thesis, every test on the effect of impurity on reduction or oxidation
behaviour consists of the experiment procedure with the following three
main functions:

1. The preparation of samples is of the utmost importance, moreover, the
initial state hast to be familiar and confirmed for main reaction tests.

2. Reaction test in which reduction or oxidation is executed in a selected
temperature and gas atmosphere.

3. The analysis includes numeric results from the tests and an analysis of
the samples. The numeric results consist of, e.g. values achieved in
the reduction strength test, reducibility as well as reduction slopes.
etc. The analysis of the samples includes the preparation of polished
sections, powder samples for mineralogy and chemical analysis
combined with the results from gravimetric data, optical and electron

microscopy views and microanalysis.

In order to have results comparable with on another, especially with
reference to the pure samples, reproducibility of the sample preparation and
reaction tests is crucial. Tests on the reproducibility of the reduction
experiments including sample preparation is presented in (Figure 18).
Moreover, attempts were made to prepare samples identically for

mineralogy and chemical analysis.



- 40 -

100

90

80 -

70

60 = Examination 1

50

= Examination 2

40

30

Degree of reduction (%)

Examination 3
20

10 = Examination 4

0 50 100 150 200 250

Time (min)

Figure 18. Reproducibility of reduction experiment (reference
sample).

5.1 Solid gas reactions

In order to arrange comparable properties and reduction/oxidation tests for

each sample, the aim was to adjust some variables:

as a consequence of the sample height and diameter being

constant, the macroscopic solid-gas surface area between sample

and reaction gas was constant

- in order to achieve equal solid-gas surface area in micro scale the
used sintering temperature was high for homogenous solid solution,

- experiments were static i.e. temperature and gas composition were

constant

- starting and ending the experiments were carried out equally
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- the cooling of the samples after the experiments were executed

rapidly in argon atmosphere

5.2 Laboratory experiments
5.2.1 Materials

In order to research the selected phenomenon, commercial magnetite fines
as well as synthetic iron oxides were used for sample preparation. Varying
amounts of impurities such as Al;03, TiO2, MgO, CaO and MnO were added in
into the initial iron oxides. More accurate details on the composition and

quality of oxides used in the experiments are presented in Supplements.

5.2.2 Preparation of mixture

The powder mix, to which approximately 15 wt. % of purified ethyl alcohol
had been added, was forced into the briquettes with the pressure of 50 MPa.
The wet briquettes were dried at 110 °C for the minimum of two hours (e.g.

Supplements I - III).

5.2.3 Preparation of sintered samples

In the sintering tests, the initial stage had been prepared and aimed for the
reduction experiments. In this part of the test, the actual sintering process
was not simulated but in order to get a solid solution of certain oxides,
sufficiently high preparation temperature was required. During the sample
preparation, the conditions have to be constant and within the stability area

of the prepared iron oxides such as magnetite or hematite.
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Pressed magnetite briquettes (diameter = 12 mm and height = 5 mm), as
described earlier, were sintered in a 34 mm diameter tube furnace at 1300
°C for 5 hours in a CO/CO, atmosphere (CO/CO, = 5/95 and flow rate 1
I/min) for magnetite. The briquettes were quickly quenched in a copper
chamber cooled by water and at argon atmosphere after sintering. After
cooling, the briquettes were ready for the reduction experiment. The aim
was to produce compact and dense briquettes for topochemical reaction
during the reduction. Hematite briquettes were sintered in air at the same
temperature and for the same duration as magnetite samples. (e.g.

Supplements I - III).

5.2.4 Preparation of calcium ferrites via melt

Hemi-, mono- and dicalcium ferrites were prepared by melting hematite and
calcium oxide in proportions to the homogenous melts and then crystallising
them. The first attempt on the preparation of calcium ferrites was made by
carrying it out in a solid state but no successful preparation of homogenous
calcium ferrites was made. The more detailed preparation is presented in

Supplement 1V.

5.2.5 Reduction of the samples

The reduction of iron oxide in the blast furnace is a dynamic process in

which temperature and reducibility of gas increases all the time. In order to
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achieve the highest possible degree of identical repeatability in this study,

the experiments were performed under static conditions.

Once prepared and sintered, the briquettes were reduced in the 34 mm
diameter tube furnace, in a reducing gas mixture of N, Hy, CO, and CO;

with a flow rate of 2 |/min.

Reduction experiments from hematite and magnetite were done with strong
reducibility gas (CO/CO, = 90/10, 950 °C), but also some reduction
experiments from hematite to magnetite were executed. In that case, the
gas composition was the same as that of the RDI test and was kept constant
during the experiments. The reduction temperature was maintained constant
at 500 °C during the reduction. Before the reduction, the sample was first
heated in an argon atmosphere to 500 °C for 5 minutes. The reduction
period was 60 minutes. A more detailed description about the experiment is

presented in Supplements I, II, III and V.
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Figure 19. Thermo gravimetric analyzer equipment.

During the reduction test, the sample was in a platinum basket hanging on a
gravimeter connected to a computer for data collecting. After the reduction,
briquettes were rapidly cooled in a copper chamber at the argon atmosphere

described earlier.

5.2.6 Oxidation of the samples

Four magnetite briquettes (0, 0.5, 2 and 5 wt. % doped with TiO,), sintered
as described earlier, were set on a platinum crucible at the same time. The
briquettes were oxidized in a chamber furnace in air for 15 minutes and
cooled at room temperature. The oxidation temperature of 950 °C was
measured using thermo element placed in the centre point, on the same

depth level as the samples. (Supplement III)
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5.3 Pilot experiments

The effect of titanium content on the sinter RDI was studied using pot
sintering tests. Raw materials and the test equipment were designed to
resemble the production scale characteristics and materials as closely as
possible. All of the materials with the exception of rutile have been in
production scale use at Raahe Works of Ruukki. The coke breeze rate was
adjusted to reach equilibrium with the return fines rate similarly to that of a
production scale Dwight-Lloyd-type sintering process. The detailed
experiment procedure and results are presented in Supplement III, V and

VI.

Sinter was analysed very thoroughly by sieve analysis, tumbling tests (ISO
3271 1975 (E)), reduction degradation test, reducibility tests, mineralogical
and chemical analysis. The reduction degradation index (RDI) equipment
was constructed in total compliance with the international standard (ISO
4696-1). Reducibility, softening and melting properties were analysed using
a method developed by Rautaruukki®. Other indexes were: TI (tumbler
index <6.3 mm), RDI (reduction degradation index <3.15 mm), REXT
(reduction extends at 1,000°C, %), DRINT (reduction rate between 800 -
900°C, %), TK50 (softening index, 50% collapse in voidage °C), TDP20 (first
melt formation temperature, 20 mbar pressure drop reached, ©°C).
Mineralogy was analysed by an optical light microscope by texture analysis.
The analysis was capable of separating plastic, vitreous slag/silicate phases,

calcium ferrites, magnetite and hematite. Reflectivity of some of the calcium
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ferrite types and magnetite/magnesioferrite was partly overlapped which led

to lower validity.

5.4 Analytical methods

The polished sections from the sintered, reduced and oxidized samples were

examined optically and by a scanning electron microscope.

5.4.1 Light optical microscope examination

Olympus BX51 optical microscope was used for the optical examination.
Reflected polarized/non-polarized light with 40, 100, 200 and 500 times
magnitudes were possible to use. Phases were visually identified and

confirmed using SEM-EDS and XRD analysis.

Figure 20. Olympus BX51 light optical microscope with camera was
used in the study.
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An example of a microscopy image of the sample is presented in Figure 21.

M 7 S

Figure 21. A light optical microscope view of synthetic crystallised
sample prepared from Ca-Ti-Fe-O -melt>..

5.4.2 Scanning electron microscopy - energy dispersive spectroscopy
analysis (SEM-EDS)

Microprobe analyses were performed with a JEOL JSM-6400 scanning
electron microscope using energy dispersive spectrometry. The equipment
included a digital camera and Oxford Instruments Inca 3.03 software for the
evaluation of the analyses. Back scattery image setting is used with SEM
images in this thesis. Chemical analysis was executed using energy
dispersive point analysis and line analysis. In order to achieve about 1-2 pm
diameter analysis beam, an accelerating voltage of 15 kV and a beam

current of 120 nA were used.
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5.4.3 X-ray diffractometer analysis

Crystallographic analyses were made using a Philips X'Pert PW3040/00 X-ray
powder diffractometer with a PW3376/00 Co LFF ceramic X-ray tube and
Philips Data Collector 2.0c (2003). Phase identifications from the diffraction
patterns were performed with the aid of PANanalytical X'Pert HighScore 1.0d

software (2003).

5.4.4 Chemical analysis using X-ray fluorescence method

X-ray fluerescence method was used for the bulk chemical analysis using
Philips PW 2404 equipment. The atoms of each chemical element in the
sample are excited using high energy X-ray radiation causing removal of
electrons from the outer shells. The free place thus generated is replaced by
electrons from the outer shell and the excited state is discharged initiating
energy release from the atoms. This release of energy is called as X-ray
fluerescence radiation and is characteristics of each chemical element. The
intensity of each characteristics radiation is measured by detectors. The
content of chemical elements in a sample is determined based on the
intensities. All of the chemical components were analysed using XRF-method

with the exception of FeO content that was analysed chemically.

5.4.5 Iron content and valence analysis using titration method

In order to confirm proportion of Fe?*- and Fe3*-ions of iron oxides,

complementary analysis were carried out using the titration method. Total
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iron content as well as Fe?* content were determined by titration and Fe3*

content was calculated to cover the rest.

Determination of the Fe?*-content is suitable when FeO-content is 0.1 - 100
%. The method is disturbed by metallic iron, but could be corrected, if the
metallic iron content is known. A pulverized sample is dissolved in HCI
simultaneously warming up the sample. Oxidation of iron is prevented using
carbon dioxide flow through the solution. Fe**-ion is oxidized after cooling of
the solution by titration using potassium dichromate as the titration solution

(Eq. 10).

6 Fe’* + Cr207> + 14 H* > 6 Fe** + 2C¢r** + 7H,0  (Eq. 10)

Titration is carried out as potentiometer determination. >

Total iron analysis is an accredited method and applicable when iron content
is 5 - 100 % Fe. The sample is dissolved in salt-fluorhydric acid mixture
using microwave dissolution method. Iron is reduced by chromo sulphate

solution after sulphur acid addition as in Eq. 11.

2 Fe3t + 2Ccr** >  2Fe?* + 2 cr?t (Eq. 11)

Reduced iron is titrated using potassium dichromate solution corresponding
to the Fe?* analysis mentioned earlier according to Eq. 10. Titration is

carried out as potentiometer determination. >
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6 RESULTS AND DISCUSSION

The detailed results from the study of minor oxide components and their
effects on the reduction phenomena of iron oxides are presented in the
Supplements I - VI. Five different impurity elements were studied from the
aspect of their occurrence in the iron burden material of the blast furnace.
Supplement numbers, in which different impurity elements and iron oxides

are discussed are presented in Table 8.

Table 8. Supplements in which cations with different iron oxides are
discussed.

INER Ti¢+ CaZ* MgZ* Mn2*

Hematite III, V, VI |1V, V, VI

Magnetite | I, II III, V,VI |11, IV, V,|II II
VI

Wiistite I, 11 III, V, VI |II,IV,V |II II

Iron I, 11 111, V II II II

6.1 Sintering tests

In sintering tests initial stage have been prepared and achieved for reduction
experiments. Analysis of each sample prepared for and achieved in the
sintering tests and the composition of phases have been presented in

Supplements I - VI.
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6.2 Dissolution of TiO; into iron oxides

TiO2, up to the maximum amount used in the experiment of 5 wt.%
TiO,, is completely solid solution in hematite and magnetite. Moreover, TiO;
was uniformly distributed and according to the SEM-EDS analysis the
content was practically constant. The XRD analysis of the hematite synthesis
indicated only the alpha hematite phase in all the TiO, contents. However, a
slight shift from peaks of hematite towards peaks of ilmenite with hematite
doped with 5 wt. % TiO; could be observed. This is logical phenomena in two
oxide solid solution in which different size of impurity cations have an effect
on the lattice dimension of the host oxide. In the case in which hematite is
the host phase the solid solution of Ti**-cation causes also reduction of Fe3*
-cation to Fe®*-cation (supplement 5). Increasing the TiO, content from 0
wt.% to 5 wt.% increased the content of Fe?"-cation from <0.1 to 3.0 wt.%.
Considered on an atomic level, this means that each Ti*'-cation caused

reduction of one Fe3"-cation to Fe®"-cation.

6.3 Reduction

Minor oxide components in solid solution with host oxide have a clear effect
on the reduction rate of iron oxides as shown in Figure 22. As presented in
Supplement II, the impurities were prepared identically in order to get
comparable samples and a solid solution with magnetite. However, a high
amount of MgO and CaO did not form a homogenous solid solution with
magnetite but also magnesio-ferrite and calcium ferrite phases occurred in

the prepared samples.
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Figure 22. Results of reduction tests in TGA.

Reduction rate difference from the reference sample, i.e. undoped magnetite
sample, can be seen for each impurity elements in Figure 23. In the graph,
the reference curve has been diminished from every other curve to achieve a
comparison for the impurity elements studied. MgO and especially CaO have
a strongly accelerative effect on the reduction of magnetite. The higher the
content the higher the effect was. Correspondingly, MnO decelerated

reduction of magnetite when impurity content was only 1 wt. % as MnO.
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Figure 23. Comparison of reduction curves with impurity differences
and with a reference sample (i.e. x-axis and value is readable form
secondary x-axis)

TiO, has an irrelevant decelerating effect on the reduction of hematite to
magnetite in the beginning of the reduction. However, angular coefficient of
the reduction graph continuously rises with the experiments using the
samples doped with 2 wt. % and 5 wt. % TiO, unlike the samples undoped
and doped with 0.5 wt. %. One hour after initiating the test, the reduction
process was interrupted in compliance with the standard RDI test. The
results revealed that the degree of reduction exceeded 50 % with the
samples doped with 2 wt. % and 5 wt. % and was approximately 20 % with

samples undoped and doped with 0.5 wt. %.
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6.4 Reduction of hematite to magnetite with impurities

Manufacture of iron ore agglomerate always involves thermal treatment as
sintering of material. During sintering, solid diffusion occurs not only in iron
oxide and foreign phases but also between them, although the treatment
time is only 15 to 30 minutes. Contact of different phases and diffusion of
ions are enhanced by eutectic melt between the solid phases. During
sintering composition of iron oxide phases can be significantly changed and
had effect on the reduction phenomena of iron ore agglomerate in the blast
furnace. The solubility of different impurities on iron oxides is dependent on
the properties of ions as electric charge and cation size compared with
ferrications or ferrocations. When impurity cation is soluble in iron oxide,
iron cation must be replaced in solid solution. In the stoichiometric iron

oxides the cation replacement can be presented as follows:

In hematite

(Fe®*)2(0%)s + (Me®*) > (Fe®*,Me’*),; (0%); (Eq. 12)
(Fe**), (0%)s + (Me**) > (Fe3*, Fe?*,Me**), (0%); (Eq. 13)

In magnetite

(Fe3*).(Fe?*) (0%)4 + (Me®*) > (Fe3*,Me®*),(Fe?*) (0%*), (Eq. 14)
(Fe3*).(Fe?*) (0%)4 + (Me?*) > (Fe3*,Fe3*),(Me?*) (0%*), (Eq. 15)
In wastite

(Fe?*) (0%) + (Me?*) > (Fe?*, Me?*) (0?%) (Eq. 16)
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In the natural case all oxides are characteristically non-stoichiometric lacking
anions or cations. In order to preserve charge equilibrium, vacancies are
replaced by cations with higher or lower electric charge. In consequence,
wistite and magnetite have short of cations wiistite contains Fe3* -cations
while magnetite contains an excess of Fe>* cations. Hematite contains also a
small amount of Fe?*, because it has short of anions. Non-stoichiometric

structure can be presented with hematite:

(Fe3*)2 (0%2%)s + Fe?* > ( (1-2x) - Fe3*, 2x - Fe?*), (0%2%)s«x (Eq. 17)

and correspondingly with wustite:

Fe2*0%* + Fe3* > ( (1-2x) - Fe?*, 2x - Fe3*),., 0% (Eq. 18)

It is proposed that the charge equilibrium can also be preserved by impurity

cation in each case.

The effect of impurities in the reduction of hematite to magnetite is
dependent on the size and vacancy of impurity cation. The consequence of
vacancy of impurity cation effect also on the vacancy of Fe-cation this has
effect on stability of formed oxide as shown in Figure 7. In addition impurity
cation has an effect on the lattice parameter value of the host mineral when

|54

impurity is dissolved in host phase. Bbérge et. al>® have published a paper in
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which the effect of different impurity cations in magnetite with lattice
parameter has been studied. An equation for calculating the lattice

parameter was the result of the publication (Eqg. 19):

[841.1 - 0.30 wt. % (MgO) - 0.60 wt. % (Al,O3) + 0.36 wt. % (TiO;)
- 0.020 wt. % (V205) - 0.10 wt. % (Cr,03) + 0.24 wt. % (MnO) - 0.17
wt. % (CoO) -I).33 wt. % (NiO) - 0.23 wt. % (Cu;0) - 0.057 wt. %
(ZnO)+ 0.52 wt. % (CdO)] pm (Eq. 19)

Expansion or shrinking of the crystal lattice, caused by impurity cation,
initiates also change in the volume of crystal lattice. Comparison of volume
changes of different spinel structure oxides and magnetite (belonging in

spinel structure oxides) is presented in Figure 24.
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Figure 24. Lattice volume compared with magnetite based on the
value of lattice parameters>*.

The volumetric changes with different “impurity”-iron solid solution oxides
are mainly logical with cation sizes between iron cations and “impurity”
cations (Figure 25). For example, replacing all Fe?* -cations in magnetite
with Ca?*-cation, volumetric expansion is more than 10 %. The expansion
can be forecast by comparing the cation size of Ca®*- and Fe®*-cations. The
same logic can occur with Mg?*, Mn?* (Fe?*) and with AI** (Fe3*) -cations.
Ti- cation is exception. Ti** is considerably smaller than Fe3* which is
replaced while spinel structure is expanded due to Ti. Ulvdonspinel (TiFe;04)
is another structural exception when compared with other normal spinel

structures including two divalent cations and having inverse spinel structure.
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Figure 25. Relative size of different cations!! 12,

6.5 Degradation phenomena caused by low solubility of impurity in
wiistite - case alumina

The presence of Al cations in magnetite induced swelling and cracking of the
briquettes during reduction. Al cations have a low solubility in wdustite
because of which Al cations have to diffuse in the magnetite away from the
growing wadstite during the reduction (Figure 26). As the reduction process
proceeds the average content of Al in magnetite increases approaching that
of hercynite. This made the oxide structure shrink because the lattice
volume of hercynite is smaller than that of magnetite. If the stoichiometry of
wistite is FepgsO and magnetite is pure, the structure expands about 6%
during the reduction from magnetite to wiustite, but if the spinel structure is
as hercynite the expansion is over 16 %. In the latter case high tensile
forces are generated in the hercynite/magnetite solid solution at the
interface with wdustite which presumably causes the fracturing of the

structure during the reduction from hercynite/magnetite to wadstite.
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Aluminium in magnetite promoted the reduction if the surface area became
the limiting factor controlling the rate of reduction. The explanation for this

difference is that Al cracked the structure of iron/iron oxide.

Tensile forﬁ’ Reduction de%ree

:
3
.

U

frostre
frostre

Figure 26. Schematic presentation of crack formation caused by low
solubility of alumina on wiistite during reduction.
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6.6 Case TiO2 - Solid solution of TiO, with iron oxides - Reduction
and Oxidation

The effect of titanium oxide in solid solution in magnetite on the magnetite
to hematite oxidation was separately studied in order to simulate the final
stage of the sintering process. In the reduction experiments, hematite
samples doped with various titanium oxide contents were studied using
thermogravimeter under a controlled gas atmosphere (CO/CO2/H2/N3)
corresponding to the atmosphere used in RDI tests. The samples were

studied using microscopy and SEM-EDS-analysis.

6.6.1 Reduction

The titanium oxide content of hematite has a clear effect on reduction
degradation of the samples. The polished sections prepared from the
samples reduced for 1 hour at the atmosphere corresponding to the RDI
conditions are presented in Figure 27. The sharpness or front of the
magnetite-hematite boundary changes less clearly when TiO, content of
samples increases. Also the thickness of the magnetite layer on the surface
of the sample is clearly wider in the samples containing more TiO,.
Magnetite layer on the undoped sample is a quite pure and no outstanding
hematite relic phases can be observed contrary to the sample doped by 5

wt. % of TiO,.
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Figure 27. The polished sections prepared from the samples reduced
for 1 hour at the atmosphere under conditions corresponding to
those used in the RDI test.

SEM-EDS line analysis from the polished section indicates a constant Ti-
content in the samples over the hematite and magnetite phases (Figure 28).
Although Ti cation has been observed to favour hematite in certain cases,
under the RDI conditions in which temperature is as low as 500°C, diffusion

of Ti cation in magnetite is supposed to be so slow that it is not substantial.
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Figure 28. SEM-EDS line analysis from hematite (dark grey) grains
with magnetite surface layers (light grey). The green curve
represents O-content with proportional intensity, blue iron and red
oxygen respectively.

6.6.2 Oxidation

Increasing titanium oxiden content in solid solution in magnetite radically
accelerated the oxidation rate (Figure 29). The thickness of hematite layer
after oxidation was about 5 um in the samples doped with 0 wt. % and 0.5
wt. % TiO,. The sample doped with 2 wt. % TiO, increase of hematite
lamellae can be observed but significant acceleration of oxidation does not
occur. The sample with 5 wt. % TiO, oxidation was dramatically accelerated.
The layer of hematite was about 100 - 400 um. On the other hand, the
hematite layer was not a pure hematite phase but maybe includes some

inclusions. Moreover, hematite lamellae can be observed.
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Figure 29. Comparison of microscope images from polished section
prepared from magnetite samples with various TiO, content oxidized
in 950 °C and interrupted after 15 minutes.

Being uniformly in solid solution with magnetite (5 wt. % as TiO;) TiO;
diffused immediately into newly formed hematite during oxidation. TiO»
content increased from 5 wt. % up to 15 wt. % in hematite lamellae during
15 minute oxidation at 950 °C. Enrichment of TiO, can be seen in SEM-EDS
line analysis in Figure 30 and SEM-EDS point analysis in Figure 31 in which

dark grey hematite is lamellae and light grey magnetite
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Figure 30. Increased titanium content in hematite lamellae formed
in magnetite during 15 minute oxidation in 950 °C. SEM-EDS line
analysis from hematite (dark grey) lamella in magnetite (light grey).
The green curve represents the Ti-content with proportional
intensity, blue iron and red oxygen respectively.

Fe3*,0; + 2 Ti**0, > 2 Fe?*Ti**03 + 1/2 05(9g) (Eq. 20)

Analysed Calculated as oxide
Point| Ti | Fe | TiO, |Fe,O5 [Fe;0, |Sum
1] 8.9 [59.6]| 14.8 85.1 99.9
2| 8.2 160.3| 13.6 86.2 99.8
3] 7.3160.4] 12.2 86.3 98.5
4] 8.4 161.1| 14.1 87.4 101.4
5| 7.7 160.4] 12.9 86.3 99.2
6] 1.9 [69.4| 3.2 95.9 99.0
7| 2.2 [67.7| 3.7 93.5 97.2
8] 1.4 169.3[ 24 95.8 98.2
9] 1.4 168.0] 2.4 94.0 96.4
— . Eleciron imags 1 10( 1.4 [68.6| 2.4 94.8 97.1

Figure 31. SEM-EDS analysis of hematite and magnetite phases of
the sample with 5 wt. % TiO, doped, oxidized at 950 °C until
interrupted after 15 minutes.
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Inclusions smaller than 1 um on the reaction front are presented in Figure

32.

Magnetite

- irm
1168 20KV X4,888 2¢

— 1Mm
1161 2KV  X18,888 26mm

Figure 32. Light optical microscope image and SEM-images from the
oxidation front in which tiny dark unknown phases within hematite
can be observed.
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7 CONCLUSIONS

7.1 Objectives achieved in this thesis

Modern and effective iron production makes demands for the charge
material of in the blast furnace process such as pellet/sinter iron ore, coke
and fluxes. The most important demands for iron burden material are high
reducibility and sufficient reduction strength that enable effective reducibility

of iron burden on a larger scale in the blast furnace shaft.

All iron burden materials contain impurity elements which have a significant
effect on the reduction behaviour of iron oxides. The structure of the iron
burden material and composition phases change as early as in the sintering
process. The elements that have high solid solution with iron oxides can
cause tension in the structure by changing the lattice volume of iron oxides
already in the sintering stage. In the blast furnace during reduction
comparability of iron oxides with an another, especially in the vicinity of
lattice/grain boundary, as well as proportional volume of oxides (lattice
volume), have a substantial effect on momentary strength and reducibility of

the iron burden material in the blast furnace process.

Regardless of today’s advanced thermodynamic models comprehensive
modelling of the reduction phenomena influenced by an impurity element is

unfeasible to do. Although the effect on the thermodynamic equilibrium can
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be modelled, the structural changes at various stages caused by different
impurities are not known. Moreover, the changes in the material structure
are essential for reduction strength and reducibility of the iron burden

material.

In this thesis, the effect of an individual impurity element on reduction
behaviour of iron oxides and iron burden material has been experimentally
studied. The important thing to take into account experimental procedure is
to produce reproducible of experiments, which include three factors:
- control of initial state as through composition, grain size,
homogenity, porosity of prepared sample
- control of experimental properties such as temperature, gas
composition, reproducibility, cooling
- control of analysis through preparation of samples for different

analyses, interpretation of results.

A correlation between the concentration of dissolved alumina and the degree
of degradation of iron oxides during reduction has been discussed in many
papers. The fundamental mechanism behind the degradation was studied in

this study.

The reduction degradation strength seems to have quite a clear but

sometimes ambiguous impact on the blast furnace process. The RDI is
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affected by several factors but variation in TiO, content was observed to be

the most significant factor, while other variables were quite stable.

In the case of aluminium the degradation mechanism of iron oxides caused

by alumina during reduction from magnetite to wistite was studied with the

conclusions are:

The presence of Al cations in magnetite induced swelling and
cracking of the briquettes during reduction.

Because of the low solubility of Al cations in wdustite during the
reduction of Al,O3 doped magnetite to wustite Al cations have to
diffuse in the magnetite in the opposite direction from the growing
wustite. As the reduction process proceeds the average content of
Al in magnetite increases approaching that of hercynite.

If the stoichiometry of wistite is Fep.gsO and magnetite is pure, the
structure expands about 6 % during the reduction from magnetite
to wdustite, but if the spinel structure is that of hercynite the
expansion is over 16 %. In the latter case, high tensile forces are
generated in the hercynite/magnetite solid solution at the interface
with the wdistite which presumably causes the fracturing of the
structure during the reduction from hercynite/magnetite to wustite.
Aluminium in magnetite promoted the reduction, provided the
surface area became the limiting factor controlling the rate of
reduction. The explanation for this difference is that Al cracked the

structure of iron/iron oxide.
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The main results regarding TiO; in this study are:

The increase in TiO,-content deteriorates clearly the RDI index of
test sinter using both rutile and crushed hematite pellets
containing TiO; as additives although the change in the TiO,
content was quite small.

- TiO;, additions to test sinter mix increased the amount of
hematite phase in sinter.

- The higher the TiO, content in doped hematite briquettes the
more significant their disintegration which was detected visually
and also by a microscope.

- Oxidation of TiO, doped magnetite briquettes showed that
increase in the TiO, content of magnetite accelerated the
oxidation of magnetite to hematite.

The degradation mechanism demands further study but the phenomenon

seems to occur in the magnetite phase during low temperature reduction.

7.2 Recommendations for further research

Single component effect on reduction behaviour of iron oxides was
investigated in the thesis. However some preliminary experiments were
executed with two and three component systems (Figure 33 and Figure 34).
Preliminary results showed that the results are unforeseen and therefore

additional investigation is needed. One impurity with a poor and decelerating
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effect can perhaps be compensated by another. It is also possible that two
components, having one by one accelerative effect on the reduction,

simultaneously together have a negative effect on the reduction.

Reduction degree of undoped magnetite (%)
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Figure 33. Effect of two impurities simultaneously on reduction of
magnetite.

The important thing to take into account in the investigation, when sample
for multi-component system is prepared, is that the initial stage of a sample
is confirmed and identified. Also the preparation procedure and details

mentioned in Chapter 4 should be considered.
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Figure 34. Effect of three impurities simultaneously on reduction of
magnetite.

Degradation mechanism demands further study but the phenomenon seems
to occur in the magnetite phase during low temperature reduction. However,
other phases in some mineralogical structures may also react under the RDI
test conditions and are capable of dissolving TiO,. They, too, require further

study.

A limitation to the research was the insufficient resolution and analysis
accuracy of the scanning electron microscopy to identify small phases (under
100 nm diameter) on the grain boundary of hematite magnetite when
titanium containing iron oxides were reduced. In order to get more

information about the mechanism and reduction phenomenon higher
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resolution for identification would be required. Recommendation for further
research is to use transmission electron microscopy (TEM). In this thesis,
static reduction experiments were executed, but recommendation for further
research is to use a precision-controlled reduction programme to simulate
the conditions corresponding to those in the blast furnace shaft. Also a
further in-depth research for multi-component system would be needed with

static and dynamic reduction experiments.
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The degradation mechanism of iron oxides caused by alumina during reduction from magnetite has been
studied. The experiments were carried out by reducing briquettes containing various mixtures of commer-
cial magnetite fines and Al,O; in a CO/CO, atmosphere at 950°C in thermo-gravimetric equipment.
Following reduction, samples were examined using optical microscopy, SEM-EDS and XRD.

The diffusion of Al cations into the magnetite during reduction induces swelling and cracking of the bri-
quettes. The composition of the magnetite phase approaches the composition of hercynite during reduc-
tion. Assuming the spinel structure is that of hercynite, reduction to non-stoichiometric wiistite (Fegg,0)
causes an expansion of over 16 %. This transformation causes high tension forces in the magnetite/her-
cynite phase in the vicinity of the interface with the wistite which presumably account for the breakdown

of the structure during the reduction.

KEY WORDS: degradation; degradation mechanism; reduction; hercynite; magnetite; wistite; alumina.

1. Introduction

The effects of alumina on the degradation of iron oxides
during reduction have been investigated much recently by
evaluating reduction degradation index (RDI). A correla-
tion between the concentration of dissolved alumina and the
degree of degradation of iron oxides during reduction has
been shown in many papers.”™ The fundamental mecha-
nism behind the degradation has not however been re-
vealed. The deleterious effect of alumina on RDI is associ-
ated with the hematite—-magnetite reduction step or the ef-
fect of aluminium on calcium ferrite.”

The effect of alumina on pore radius in the reduction of
wiistite, has been examined by Suzuki et al¥ using
H,/H,O-reduction and Iguchi er al.”’ using CO/CO,-reduc-
tion. Both of them noticed that alumina reduces the pore
size in iron formed by the reduction. De Bruijn examined
the effects of additives on the reduction of hematite under
dynamic conditions (gas, temperature) and concluded that
Al dissolved in iron oxide retarded the reduction by form-
ing a hercynite cover between the iron oxide and iron.®’ On
the other hand according to Piepenbrock” reduction is pro-
moted by the formation of hercynite, because the reduction
proceeds along the grain boundaries intersected by the her-
cynite. The effect of additives in hematite pellets on reduc-
tion swelling and the crushing strength has been studied by
Sharma ef al® Alumina clearly decreased the crushing
strength. The swelling of the alumina bearing pellets was
less than that of the pure pellets, but not as low as that in
pellets containing other additives like CaO, SiO, and MgO.
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All the above phenomena are related to the reduction mech-
anism. The cation size of the additive and its solubility in
iron oxides has a very significant effect on the mechanisms
in the all the hematite—magnetite—>wiistite—iron reduc-
tion steps.

Crystallography is an important tool when researching
reduction and reduction mechanisms of iron oxides.
Reduction from magnetite to wiistite means forming of
wiistite phase in magnetite. Crystal structure of both miner-
al phases is based on cubic crystal system. Magnetite has
an inverse spinel structure and wiistite has a halite struc-
ture.™” In the reduction process, crystallographic orienta-
tion of the host magnetite and wiistite replacing it are de-
tected to be epitaxial.'” With hydrogen reduction orienta-
tion relations of both (100) magnetite// (100) wiistite and
(011) magnetite// (011) wiistite has been found.'? In the
case of oxidation from steel orientation relations as (100)
steel //(100) wiistite//(100) magnetite has been identi-
fied 13

In the present work, the degradation mechanism of iron
oxides caused by alumina during reduction from magnetite
has been studied.

2. Experimental

2.1.

The test material comprised commercial magnetite fines
from a Swedish mine mixed with various amounts of Al,O,.
The magnetite content of the fines was 96.1 wt% and the
total iron oxide content. including hematite, was about 97.8

Materials

© 2003 ISlJ
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wt%. The most signjﬁcam quamities of other oxides are Table 1. The oxide contents of the magnetite fines, wit%o.
shown in Table 1. Fe;0; | Fe,05 | Si0, | Ti0, | MgO | ALO; | V.05 | CaO | others
The aluminium additive was o-Al,O; powder with a
grain size of less than 44 [im and a purity of 99.99 %. 96.101) 170 {060 | 040 ) 040 | 025 | 024 | 018 ) 007
2.2. Preparation of Samples
The magnetite concentrate was ground and sieved into a
grain size less than 74 um. Then e-Al,O; was mixed into ;gg .
the fines in amounts corresponding to 0.95, 1.89 or 3.78 ‘é’ 80 /‘,——_—'—‘
wt%. The powder mix to which about 15 wt% of purified 3 ;8 7/
ethyl alcohol had been added was pressed into the bri- 3 50 —+3.78 wt.%
quettes with compressive stress of 50 MPa. The wet bri- § ‘3‘3 / m.ﬁ:z{il"/
quettes were dried at 110°C for a few hours. § ﬁg ’! Alzz); °
2.2.1. Preparation of Porous Samples for Reduction 0 :
(Program A) a ° il Timlo(?nim U ey
The briquettes (23¢ X5 mm) were first heated in a 34 mm
diameter tube furnace at 900°C for 2 h in a CO/ CO, atmos- -128 —
phere (CO/CO,=5/95 and flow rate 2//min). The hot bri- % 80 //
quettes were quenched into water and afterward dried at '3; gg /
110°C for a few hours. The dry briquettes were ground and T 50 I —_—t3.78 W%
pressed again into briquettes. The heating program de- 5 gg / AIZOJ'I
scribed above was performed three times but on the last % 20 w?lvg.k
time, the briquettes were prepared smaller (12¢ X5 mm). In e ‘g T
order to achieve porous structure for more extensive surface e = T o m
area of reaction between iron oxide and reduction gas the b. Time (min)
samples were not heated after the last pressing process. Fig. 1. Reduction curve of doped and un-doped samples, where

2.2.2. Preparation of Dense Samples for Reduction
(Program B)

The ground and sieved powder mix was pressed to the
briquettes (12¢X5 mm) as described above and sintered in
a 76 mm diameter tube furnace at 1395°C for 2h in a CO/
CO, atmosphere (CO/CO,=5/95 and flow rate 8 //min). The
briquettes were quickly quenched into water after sintering.
After drying the briquettes were ready for the reduction ex-
periments. The aim was to make compact and dense bri-
quettes for topochemical reaction during the reduction.

2.3. Reduction of Samples

Briquettes prepared using programs A and B were re-
duced in the 34 mm diameter tube furnace, in a reducing
gas mixture of CO and CO, with a flow rate of 2 //min. The
CO/CO, ratio was kept constant at 90/10 during the experi-
ments. The reduction temperature was maintained constant
at 950°C during the reduction. Before the reduction. the
sample was first heated in an argon atmosphere, to about
400°C for 10min and the heated to 950°C. In order to
achieve over 90% reduction, the reduction time was 180—
200 min using program A for the porous samples and 450
min using program B for the dense samples. The dense bri-
quettes were also performed the experiments using reduc-
tion was interrupted after 30 min.

During the reduction test the sample was held in a plat-
inum basket hanging on a gravimeter connected to a com-
puter for data collecting. After the reduction, briquettes
were quenched into water and dried at 110°C.

2.4.

Microprobe analyses were performed with a JEOL JSM-
6400 scanning electron microscope using energy dispersive
spectrometry. The equipment included a digital camera and
an Oxford Instruments Inca 3.03 software for evaluation of

Mineralogical and Microprobe Chemical Analyses

© 2003 IS
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aluminium is assumed to be (a) Al,O; and (b) bound with
FeO as hercynite.

the analyses. An accelerating voltage of 15kV and a beam
current of 120 nA were used.

Crystallographic analyses were made using a Siemens
D5000 X-ray powder diffractometer with Mo Ko radiation.
Phase identifications from the diffraction patterns were
done with the aid of EVA application software 5.0.1.8.

The samples were also examined with an Olympus BX51
optical microscope.

3. Results

3.1.

3.1.1.  Porous Samples (Program A)
Figure 1 shows reduction results. The percentage reduc-

The Reduction Process

tion was calculated from the specimen mass by assuming
the decrease was caused by loss of oxygen from iron oxide.
The porous briquettes were reduced rapidly and more than
90% reduction was achieved after 80 min. Aluminium did
not retard the rate of reduction but, rather, caused it to ac-
celerate after 60% degree of reduction. Aluminium oxide is
not reduced under the prevailing conditions; however, it can
exist either as Al,O; or hercynite (FeO- Al,O,). The calcu-
lated degree of reduction depends whether aluminium is as-
sumed to be present as pure Al,O; or as FeO- AL O;. In the
latter case the oxygen of FeO component is excluded from
the calculation base.

The briquettes made from magnetite concentrate with no
Al,05 addition withstood reduction and cooling very well
but Al-doped samples did not, being prone to swelling and
cracking as shown in Fig. 2.
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+0wt% +0.95wt% +1

.89

b. C.

a.

o

wt.%

+3.78 wt.%

Fig. 2. Appearance of the heated (program A) briquettes. where were increased 0wt%, 0.95 wt%.

1.89wt% and

3.78 wt% Al,0;, after the reduction (950°C, CO/C0O,=90/10). The upper photographs are showed the briquettes
with scale bar interrelated and the lower ones are shown distant shots from same briquettes.

100
g9 =

T 80
s 70
360 —+3.78 wt. %
S0 V4 ALO;
e s —t0 Wt %

@

:ué 20 7 Al O3
8 1014

0 .
a. o 100 200 300 400
Time (min)
100
zF 9
T 80 -
S 70
S 60 -
T 50 A =438 wt. %
5 40 7 ALO;
8 gg 0 WL, Yo
&% ALO,
O .
0 100 200 300 400

b- Time (min)

Fig. 3. Reduction curve of doped and un-doped samples, where

aluminium is assumed to be (a) Al,O, and (b) bound with
FeO as hercynite.

3.1.2.  Dense Briquettes (Program B)

The densely sintered briquettes with no Al,O; (program
B) did not break down during or after reduction though a
small amounts of very small cracks could be observed (Fig.
4). On the other hand Al-doped samples were broken down
as shown in Fig. 4. The reduction process took more time
because of the denser structure (Fig. 3). At the beginning of
the reduction process, the Al-doped briquettes were clearly
reduced faster than the un-doped briquettes, as shown in
Fig. 3. The difference in the degree of reduction at the end
of the experiments depends on the assumptions made in the
calculation.

3.2. SEM-EDS Analysis
3.2.1. Porous Samples (Program A)

The presence of aluminium in the magnetite phase was
observed using SEM-EDS analysis. SEM images showed
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Appearance of the sintered (program B) briquettes, where
were increased 0 wt% and 3.78 wt% Al,0O,, after the re-
duction (950°C, CO/CO,=90/10).

20um

Eiectron image 1

SEM BSE compo image (3000x) of a reduced sample,
where was increased 3.78 wt% Al,0;. The white colour is
iron and the darker spots are probably mainly mag-
netite-hercynite solid solutions.

that there were very small relic phase, which was thought to
be magnetite—hercynite solid solution, in the iron phase as
shown in Fig. 5. The contents of aluminium in those small
particles could not be quantified using SEM-EDS analysis
because of their very small size. This was the main reason

© 2003 ISIJ
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Eiectron Image 1

Fig. 6. SEM BSE compo image (500X) of an un-doped sample
after reduction.

100um Electron Imace 1

Fig. 7. SEM BSE compo image (500X) of a doped sample
(+3.78 wt% Al,Q,) after reduction.

for including sintered samples in the experiments as it was
supposed this would increase the scale of the reactions.

3.2.2. Dense Samples (Program B)

At low magnification, the morphology of the doped sam-
ples after reduction appears the same as that of the un-
doped ones (Figs. 6 and 7). However, differences can be
identified at higher magnifications. Iron, reduced from un-
doped magnetite, was formed mainly as a homogeneous
pure iron phase (Figs. 8 and 10), although there were grey
areas (points 1-3 in Fig. 10) including small content of Al,
Si, Ti and V. The reduction product from doped magnetite
is heterogeneous, i.e. iron containing tiny dark particles or
relic phases (Figs. 9 and 11). The results of the analysis
from the relic phases (points 1, 2 and 3 in Fig. 11) are
shown in Fig. 12. The point 4 shows that the white phase in
the SEM-image is iron. The right column shows the com-
position of stoichiometric hercynite (FeALO,) and it is not
result of any point. There can be seen that the composition
of the relic phase is almost same with that of stoichiometric
hercynite.

It is generally accepted that reduction of magnetite to
wiistite is a topochemical phenomena. However, as can be
seen in the Fig. 13, the reduction process clearly seems to

© 2003 ISlJ

TEiectron Image 1

Fig. 8. SEM BSE compo image (3 000X) of an un-doped sample
after reduction.

YNNG RS S
L Y ,’ oY ¥
P A

PElectron Image 1

Fig. 9. SEM BSE compo image (3000x) of a doped sample
(+3.78 wt?% Al,O5) after reduction.

r ‘1 ﬂ'.‘

A

-
i N - j J ”
M &m 1 Eectronimaget

Fig. 10. SEM BSE compo image (6 000X) of an un-doped sam-
ple after reduction. The grey areas (points 1-3) include
small contents (0.3-0.8 wt% analysed) of Al, Si, Ti and
V.

favour certain internal lattice planes of the magnetite host.
The lamellae or network like replacement of magnetite with
wiistite most likely seems to advance along (100), or per-
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Qn Electron image 1
Fig. 11. SEM-image (6 000x) of a doped sample after reduction

(+3.78 W% ALO;). (The results of analysis points is
showed in Fig. 12.)

100 %
90 %
80 %
70 %
60 %
50 %
40 % -
30 %
20 %
10 %

0%

Element (wt. %)

o

o

2
yozIved

Fig. 12. Normalised results of analysis points in Fig. 11.

»”
r Toum 1

Fig. 13. SEM BSE compo image (3000X) of a doped sample
(+3.78 wt% Al,O;) after 30 min reduction. The lighter
grey phase is wiistite and the darker one magnetite.

ps also along (011), lattice planes of the host. The adja-
nt allotriomorphic magnetite grains are randomly orient-
, which can be seen from the different orientation of the
istite lamellae in each grain (Fig. 14).

In the reduction tests interrupted after 30 min the un-
ped sample has reduced about 4 percentage units less
i the doped sample as shown in Fig. 15. The un-doped
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e

Fig. 14. SEM BSE compo image (1000X) of a doped sample
(+3.78 wt% Al,O,) after 30 min reduction. The lighter
grey phase is wiistite and the darker one magnetite.

14
I —+3.78 wt. %

1 1
129 ~ 30,
©10 40 wt. %
: .
8 817 s
e
w 6|
°
g 4 —

0
0 10 20 30
Time (min)

Fig. 15. The degree of reduction up to 30 min.

SEM BSE compo image (250X) of the surface of an un-
doped briquette after 30 min reduction. The light grey
phase is wiistite, the darker one is magnetite. The black
areas are pores.

sample has reduced to wiistite on the surface of the bri-
quette and the structure of the briquette is still unbroken
(Fig. 16). Wistite lamellae are also apparent in the mag-
netite, where reduction has proceeded along the lattice
planes. Also the surface of the doped briquettes has reduced
more than the centre of briquettes and a small amount of
metallic iron is also present at the surface (Fig. 17). The
doped sample is split, where iron has formed and the reduc-

© 2003 ISIJ
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Fig. 17. SEM-image (250X) of the surface of a doped briquette
after 30 min reduction (+3.78 wi% Al,0;). The white

direction of
lattice plane
(100 or 110)

;o

hercynite relic

crack & /

Fig. 20. SEM BSE compo image (10000X) of the surface of a
doped briquette after 30 min reduction (+3.78 wt%

phase is iron and the grey one the wiistite/magnetite ma- ALO,).
trix.
»
2t magnetite
ot h 7\ L
fayalite
wstite %
R
. i
P %
Tb.
. <~
f 20um 1 Spm
Fig. 18. SEM BSE compo image (3 000X) of the surface of an Fig. 21. SEM BSE compo image (10000X) of the surface of a

doped briquette after 30 min reduction (+3.78 wt%
ALO;). (The results of analysis points are showed in
Fig. 22.)

un-doped briquette after 30 min reduction.

and wilstite phases (Fig. 19). In the un-doped sample there
is mainly magnetite containing wiistite lamellae near the
surface of the briquette (Fig. 16). The small magnetite—her-
cynite solid solution relics in the wiistite phase found in the
doped briquettes (Fig. 19) are not observed in un-doped
using 3000-fold magnification (Fig. 18). Only a few stripes
of fayalite (Fe,SiO,) can be seen in the middle of the
wiistite phase (Fig. 18).

The dark particles of magnetite—hercynite solid solution
in wiistite would look like continuing as cracks near the re-
duced iron phase (Fig. 20). The structure of wiistite grains
containing the particles, seem to be split mainly along lat-
tice planes (Fig. 20 and Fig. 21). Some hercynite relics can
Fig. 19. SEM BSE compo image (3000X) of the surface of a be also observed as inclusions in iron. Analysis results for

doped briquette after 30min reduction (+3.78 W% the most important elements from the points shown in Fig.
ALO,). 21 are shown in Fig. 22. Because the particles are smaller
than the analysis spot the results are only semi-quantitative.
However content of aluminium is clearly increased in the
points 4, 5, 6, 8 and 9 with respect to wiistite (analysis
points 1 and 2). The same trend can be observed with iron

f 20pm 1

tion can be seen to have progressed further. The main oxide
around the iron phase is wiistite. Apparent darker mag-
netite—hercynite solid solution grains appear in both iron
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analysis (points 7 and 3). 4. Discussion

3.3. XRD Analysis The experiments clearly show that there is a correlation
According to the X-ray diffraction results, the minerals between the amount of alumina and degradation of mag

in sintered briquettes doped with 3.78 wt% AL, are mag- netite during reduction at 950°C (Fig. 2). This degradation

netite (Fe,0,) and maghemite (y-Fe,0;). The reduced sam- phenomenon above is not, however, the same as break down

ples contained ¢-iron and hercynite (Fig. 23). during the hematite-magnetite reduction step.

Above 858°C, the solubility of AI** in magnetite is about
30wt%'¥ and in the case of that, the phase of the spinel
group is hercynite. For temperatures above 900°C solid
solution between magnetite and hercynite is complete.'
On the other hand the solubility of AI** in wiistite is only
about 0.5 wt% at 900°C.' Consequently during the reduc-
tion of magnetite to wiistite Al cations must diffuse away
from the wistite accumulating in the surrounding mag-
netite. The more the reduction advances the higher the
average content of Al in magnetite and the composition
of the phase approaches that of hercynite. This is also ener-
getically favourable, because a new phase need not form.
The process is shown schematically in Fig. 24. Step 1:
Fig. 22. Normalised compositions of the points in Fig. 21. Magnetite reduces to wiistite (light grey) and only part of

Element (wt. %)

a0 2333
Point g 8 §

£0Z33
$OzZived

(81340192 (*) - Hercynite, syn - FeARO4
19-0629 (*) - Magnetite, syn - FeFe204
[W139-1346 (*) - Maghemite-C, syn - Fe203

g

2 Lin(Counts)

20 25 30 35
2-theta-scale

Fig. 23. XRD-chart of doped (+3.78 wt% Al,0,) and sintered (1 400°C) magnetite briquette before reduction.

Step 1. Step 2.

FeO P

Fe''Fe",0,

Wl rearo,

9% AL 9% AL"

X X
Fig. 24. A schematic diagram of the cracking mechanism during the reduction of Al-containing magnetite to wiistite.
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dissolved aluminium in magnetite (darker grey) can remain
in wiistite so that it has to diffuse into magnetite. Content of
aluminium is highest on the interface of wiistite and mag-
netite. Step 2: The amount of wiistite increases. Step 3: The
content of aluminium in magnetite phase increases and the
composition of the phase approaches that of hercynite. The
volumetric difference between hercynite and wiistite causes
cracks at the time. These phenomena can also be observed
in the SEM micrographs (Figs. 17-20 and Fig. 26). The ex-
istence of hercynite in the reduction product could also be
observed using XRD. The maghemite found in the initial
doped unreduced material using XRD may have been mag-
netite, containing a little dissolved alumina, which would
make the lattice constant smaller (Fig. 23 and Fig. 25). On
the other hand the peaks were a quite sharp and matched
well with maghemite.

When magnetite is reduced to wiistite, the crystal struc-
ture transforms from spinel to fce structure. There is a volu-
metric difference between the two structures, which can
casily be calculated from the values of lattice constants.
The volumetric change depends on the degree of non-stoi-

433 -I — T 124
4.325 A 122
4.32 120 _
£c
g 4315 —— 18 3 g
- U = -
E a3 ® 16 2EE
3 e$ i8¢
§ 4305 @‘ 114 g E %
@ 5@
$ 4.3 & 112 g2
= 4.295 ° 10 2 5
420 [T g 108 " -
4285 W 106
428 T T T T 104
0 002 004 0.06 008 01 012 014
non-stoichiometry of wiistite (Fe,.,0)
O measured lattice constant of wustite (Foster et. al 1956)
A measured lattice constant of wustite (Katsura et al. 1967)
@ measured lattice constant of wustite (inami et al. 2002)
¥ \olume of wustite vs. magnetite
—#— Volume of wustite vs. hercynite
Fig. 25. Volumetric changes in the reduction step from mag-

netite/hercynite to wiistite calculated from the value of
17-19)

the lattice constants.

Fig. 26.
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chiometry of the wiistite and the Al content of the spinel
structure as shown in Fig. 25."1% If wiistite has the formu-
la Feyg0 and the magnetite is pure, the structure expands
about 6% during reduction to wiistite, but if the spinel
structure is as hercynite the expansion is over 16 %. Wiistite
formation should then cause high tension forces in the mag-
netite/hercynite near the interface which may enough to
fracture the structure during the reduction of magnetite to
wiistite.

The reduction does not proceed as a single front, but it
rather along the lattice planes of the magnetite forming a
kind of grid structure (Figs. 13 and 14). The magnetite
phase shrinks to small particles or islands between the ex-
panding plates of wiistite. The presence of Al promotes the
reduction by causing cracks (Fig. 26). The three images on
left side show development of magnetite reduction to
wiistite. The direction of lattice planes is clearly seen espe-
cially in two middle images and in the latter one hercynite
relics begin to form. Both of the images on right side can
be observed cracks on the interface of hercynite relic and
wiistite phase and the cracks seem to be in the direction of
lattice plane. Those images show also that hercynite relics
exist in the phase. This also explains why the densely sin-
tered (B) briquettes were reduced faster in the beginning of
the reduction and the porous briquettes at the “end” of the
reduction. The grain size was small in the porous samples
and the smallest particles were reduced first without any
substantial accumulation of Al cations, thus the surface
area between iron/iron oxides and gas became the limiting
factor when there were only the largest particles unreduced.
At that stage cracking of the structure by Al became signifi-
cant as it was in the case of the sintered samples even at the
beginning of the reduction.

The final degree of reduction indicates that Al,O, binds
with FeO creating hercynite, which was not reduced in the
prevailing conditions used in the experiments (Fig. 3). This
is also supported by Bruijn, because there has been repre-
sented that hercynite is stability up to CO/CO,=97/3 gas
composition in 950°C.® The swelling could be a conse-
quence of the formation of micro-pores between iron and
the hercynite phase.

SEM images showing the development of doped magnetite reduction (+3.78 wt% Al,O,).
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5. Conclusions

The degradation mechanism of iron oxides caused by
alumina during reduction from magnetite to wiistite has
been studied. The experiments were carried out by reducing
briquettes containing various mixtures of commercial mag-
netite fines and Al,O; in a CO/CO, atmosphere at 950°C in
thermo-gravimetric equipment.

(1) The presence of Al cations in magnetite induced
swelling and cracking of the briquettes during reduction.

(2) Because of the low solubility of Al cations in
wiistite during the reduction of Al,O; doped magnetite to
wiistite Al cations have to diffuse in the magnetite away
from the growing wiistite. As the reduction process pro-
ceeds the average content of Al in magnetite increases ap-
proaching that of hercynite.

(3) If the stoichiometry of wiistite is Fe, 4O and mag-
netite is pure, the structure expands about 6% during the
reduction from magnetite to wiistite, but if the spinel struc-
ture is hercynite the expansion is over 16%. In the latter
case high tensile forces are generated in the hercynite/mag-
netite solid solution at the interface with the wiistite which
presumably cause the fracturing of the structure during the
reduction from hercynite/magnetite to wiistite.

(4) Aluminium in magnetite promoted the reduction of
porous briquettes after 60% reduction. On the other hand,
in the case of densely sintered briquettes, the Al-doped ma-
terial was reduced faster than the un-doped material at the
beginning of the reduction. The explanation for this differ-
ence is that Al cracked the structure of iron/iron oxide
when the surface area became the limiting factor control-
ling the rate of reduction.
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Effect of Impurity Element on Reduction Behaviour of Magnetite

Timo Paananen

Laboratory of Metallurgy, Department of Process and Environmental Engineering, PO BOX 4300, FIN-90014 University of Oulu

The present paper investigates the effect of impurity elements on sintering and reduction behaviour of magnetite solid solution. The main
impurity elements of magnetite are Mg, Al, Ca, Mn and small amount of Si. The effects on reduction kinetics and phenomena are studied
separately and for each element as well as combinations of them. The content of elements doped in magnetite are at the same levels as in
industrially produced sinter. It is found that CaO and MgO significantly accelerate the reduction of magnetite to iron, MnO, however, slightly

retards reduction.

Keywords: Reduction, iron oxide, impurity, magnetite

Introduction

The blast furnace burden material has to be agglomerated
because the permeability of the burden bed must be suffi-
cient for reduction gases to flow up from the low part of the
furnace. The agglomeration is generally carried out by pel-
letizing or sintering the iron concentrate. Quality of sinter
includes two main factors, i.e. strength and reducibility that
are partly opposite to each other. The cold strength and the
reduction strength must be good and, however, reducibility
should hold on a high level. Since the sampling from the
BF-process is difficult, the quality of the agglomerates is
measured using standard tests like the reducibility, the cold
strength and the reduction strength for ensuring good BF
operation. Similarly, sinter is often tested according to these
tests.

Most of the minerals in BF agglomerates consist of iron
oxides (hematite and magnetite), but also calcium ferrites,
vitreous slag and crystallized slag exist. Hematite and mag-
netite are not pure iron oxides, but contain impurity ele-
ments in solid solution. Some impurities have a radical ef-
fect on reduction kinetics and reduction strength via various
mechanisms. The impurity elements can generate disinte-
gration of oxide phases [1], accelerate reduction, enhancing
diffusion, increasing gas-solid reaction surface area and
have an influence on thermodynamic stability of oxides [2].
The retardation or acceleration of reduction can occur, if
impurity components cause the formation of new phases at
the reaction front. The direction of the effect depends on the
stoichiometry and the stability of the existing phases [3,4].
The reduction step from wiistite to iron demands the ther-
modynamically most reducing gas and it is mostly the re-
strictive factor of the total reduction rate. However, previ-
ous reduction steps have a significant effect on the follow-
ing step via morphology and surface area at the interface
between the reduction gas and wiistite. The dissolution of
impurity elements or their insolubility in iron oxides has an
important effect on the reducibility of iron oxides.

Even a small amount of Ca (0.05 — 0.2 mol-%) was ob-
served to have a strong enhancing effect on the reducibility
of wiistite [5]. The presence of MgO and CaO (2
and 5 wt %) were found to promote the metal-

ide particles at the interface of wiistite and iron [8]. Ac-
cording to J. Molenda et al., the electrical conductivity of
mangano-wiistite was decreased when the content of man-
ganese was increased [9].

The purpose of this paper is to investigate the effect of
impurity elements on magnetite solid solution. The compo-
sition of magnetite crystals in industrially produced sinter
was analysed in order to prepare synthetic magnetite with
corresponding contents of the impurity elements. That was
only possible using a heating process in a controlled gas at-
mosphere. Reduction tests for these pre-sintered samples
were executed to find out the effect on reduction kinetics
and mechanisms.

Experimental

Materials. The test material comprised commercial mag-
netite fines from a Swedish mine mixed with various
amounts of MgO, CaO, MnO. The magnetite content of the
fines was 96.1 wt% and the total iron oxide content, includ-
ing Fe;03, was about 97.8 wt%. The most significant quan-
tities of other oxides are shown in Table 1.The impurity ad-
ditives MgO, MnO and burnt CaO were powders with a pu-
rity of 95%, 99% and 99.9%, respectively.

Preparation of samples. The magnetite concentrate was
ground and sieved into a grain size less than 74 um. Then
impurity oxide powders were mixed into fines in amounts
presented in Table 2. The powder mix to which about
15 wt. % of purified ethyl alcohol had been added was
pressed into briquettes with a compressive stress of 50 MPa.
The wet briquettes were dried at 110°C for a few hours.

Sintering of samples for reduction. The aim was to
make compact and dense briquettes to ensure topochemical
reaction during the reduction. The ground and sieved pow-
der mix was pressed to briquettes (¢12 x 5 mm) as de-
scribed above and sintered in a tube furnace of 34 mm di-
ameter at 1300°C for five hours in a CO/CO, atmosphere
(CO/CO;7 = 5/95 and flow rate 1 1/min). The briquettes were

Table 1. Chemical composition of the magnetite fines, wt%.

lization of wiistite [6] and cause the formation of

porous iron when reduced from wiistite in Fe;0. | FexO; | Si0; | TiO, | MgO | ALOs | Vx0s | CaO | Others
CO/CO,-atmiosphere [7], ’Ith? fql‘mﬁtl?l} Pf PaIes 96.10 | 170 | 0.60 | 040 | 0.40 0.25 024 | 0.18 | 007
can be caused by the precipitation of micro ox-

steel research int. 78 (2007) No. 2 91
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Table 2. Typical SEM-EDS analysis of mag-
netite doped with 2 wt% of MgO. (Fe content is
presented as FeO and oxygen has been calcu-

Table 3. Typical SEM-EDS analysis of mag-
netite doped with 1 wt% of MnO. (Fe content is
presented as FeO and oxygen has been calcu-

Results

Sintered samples. The solu-

lated lated . J 3
) ) tion of added impurity compo-
Component Content (wt%) Component Content wt%) nents into magnetite was first
Na,0 0.05 Na:0 0.07 checked using optical mi-
AAAIg(()) (‘)ES MgO 0.32 croscopy and scarching differ-
H03 .2 ALO; 0.31 —_ . .
SiOs 026 sio, 035 ent Phases formed after ex
P,0s 0.01 P,0: 0.00 ceeding the component solu-
S 0.02 S 0.02 bility limit in magnetite. The
K0 0.03 KO 0.00 iti
c:0 0.02 T b composition of ' the phases
TiO, 027 TiO 028 were analysed using X-ray en-
V,0s 0.21 V105 0.37 ergy  dispersive  analysis
MnO 0.02 MnO 1.06 (SEM-EDS)
FeO 89.08 FeO 91.16 o
Zn0 0.06 710 0.01 ) Solublhty_ of 2 wt% MgO
Total 92.21 Total 93.99 nto magnetite was not a prob-

Figure 1. Magnetite sample sintered after
adding 2 wt% MgO (Magnification of 500x).

quenched after sintering under argon atmosphere in a water
cooled copper chamber. After the cooling the briquettes
were ready for the reduction experiments.

Reduction of Samples. The sintered briquettes were re-
duced in the tube furnace, in a reducing gas mixture of CO
and CO, with a flow rate of 2 I/min. The CO/CO, ratio was
kept constant at 90/10 during the experiments. The reduc-
tion temperature was 950°C. Before the reduction stage the
sample was preheated in an argon atmosphere at 950°C for
5 minutes. In order to achieve nearly 90 % reduction, the re-
duction time was 360 minutes. Other samples were reduced
according to the same program, but with an interruption af-
ter 60 minutes. During the reduction test the sample was
held in a platinum basket hanging on a gravimeter connect-
ed to a computer for data collecting. After the reduction, the
briquettes were cooled in argon atmosphere in the water
cooled copper chamber.

Mineralogical and microprobe analyses. Microprobe
analyses were performed with a scanning electron micro-
scope using energy dispersive spectrometry. An accelerat-
ing voltage of 15 kV and a beam current of 120 nA were
used. The content of oxygen has not been analysed but cal-
culated according to stoichiometry. The samples were also
examined with an Olympus BXS51 optical microscope.

92

Figure 2. Magnetite sample sintered after
adding 1 wt% MnO (Magnification of 500x).

lem. A nearly constant content
of MgO was achieved
throughout  the  magnetite
phase (Figure 1 and Table 2).
An analogous behaviour oc-
curred with 1 wt% MnO con-
tent (Figure 2 and Table 3).

When the MgO content was
increased to 8 wt%, part of
MgO was dissolved into mag-
netite (~6 wt%) and the rest
was in a newly formed magne-
sio-wiistite phase as can be
seen in Figure 3 and Table 4.
The same kind of phenomena
occurred in magnetite doped
with 2 wt% and 4 wt% CaO
(Figure 4 and Table 5). The
solubility of CaO into magnetite in prevailing conditions
was about 1 wt% and the rest of CaO formed calcium fer-
rites (Table 5). The sum of the analysis in Tables 2 — 5 de-
viates from 100%, because the iron content is presented as
FeO (oxygen calculated). When the sum is near 93%, the
analysed iron oxide can be assumed to be magnetite (and
wiistite at 98-100%).

Reduction examinations. The content of 1 wt% MnO
and 2 wt% MgO in magnetite have an almost identical re-
tardation effect on the reduction of magnetite in the begin-
ning of the experiment (Figure 5). However, the effect was
slightly stronger with MnO. The duration of the effect was
about 30 minutes. After the 30 minutes the pure magnetite
sample was reduced about 20 %. The sample doped with
1 wt% MnO was reduced 5%-units less and that with 2wt%
MgO was reduced 2%-units less than the non-doped sample.

The reduction rate was considerably increased with every
addition level of CaO as well as 8 wt.% of MgO. The de-
gree of reduction for a pure magnetite sample was 33.5 %
after an hour. For the sample with 4 wt% CaO addition it
was 84 % (33.5% + 50.5%) as can be seen in Figure 5. A
double degree of reduction compared to without doping was
achieved with as low as 2 wt% addition of CaO.

The same effect of the impurities on the reduction of
magnetite can be seen with optical microscopy of the pol-

steel research int. 78 (2007) No. 2
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Table 4. Typical SEM-EDS analysis of two different phases in the
sample doped with 2 wt% of MgO, contents in wt%. (Fe content is
presented as FeO and oxygen has been calculated.)

ished samples (Figure 6 — Figure 11). The white phase is
iron and the grey one is wiistite. The amount of iron phase
is much higher in the samples doped with 4 wt% CaO and
8 wt% MgO compared with the sample doped 1 wt% MnO.

Discussion

Problems of the preparation. The effect of the sample
preparation on the reduction rate was strong. Even a small
variety of gas composition or temperature during sintering
caused a radical change to the reduction rate (Figure 12). It
was tried to prepare every sample with similar grain size,
compression pressure and sintering procedure for achieving
sufficient repeatability.

Solution of components. MgO causes a shift of the sta-
bility line between wiistite and magnetite extending the sta-
bility area of wiistite in certain CO/CO,-atmospheres. This
phenomenon appears during sintering in an atmosphere cor-
responding to the thermodynamic stability field of mag-
netite. High MgO content (8 wt%) causes the formation of
wiistite in ‘“‘magnetite”-atmosphere. Magnetite having
8 wt% MgO and 4 wt% CaO in solid solution was found in
industrially produced sinter. The difference between the real

Magnesio-
Component Mag; wiistite
Na,0 0.23 0.17
MgO 5.91 15.16
ALOs 0.28 0.08
Si0, 2o o
PO 0.02 0.06
s 0.01 0.03
K.0 0.01 0.02
Ca0 0.04 0.03
TiO, 0.27 0.01
V105 027 0.15
MnO 0.01 0.08
FeO 85.91 81.96
Zn0 0.01 033
Total 93.22 98.44 Figure 3. Magnetite sample sintered after adding 8 wt% MgO (Mag-

nification of 500x).

sintering process and experimental sintering is caused by
different oxygen pressures. The conditions are a lot of more
oxidative in the end of real sintering processes than in the
experimental procedure having a CO/CO, ratio of 5/95.

Figure 4. Magnetite sample sintered after adding 4 wt% CaO (Mag-
nification of 500x). The marked numbers are points of SEM-EDS
analysis seen in Table 5.

Table 5. SEM-EDS analysis of the phases existing in the magnetite sample sintered after doping 4 wt% CaO. (Fe content is presented as

FeO and oxygen has been calculated.)

Point | Na,0O | MgO | ALO; | SiO, | P,Os S KO [ €CaO | TiO, V,05 | MnO FeO ZnO Total
1 0.00 | 039 | 034 0.13 0.06 | 0.01 | 0.01 1.06 0.32 0.17 0.08 91.52 | 0.63 94.72
2 0.13 | 040 | 0.22 0.11 0.05 | 0.01 | 0.01 1.22 0.23 0.19 0.02 91.96 | 0.14 94.69
3 0.00 | 041 | 0.29 0.17 | 0.00 | 0.00 | 0.00 1.05 0.19 0.24 0.00 91.63 | 0.00 93.98
4 0.08 | 0.13 | 0.15 0.10 | 0.03 | 0.00 | 001 | 17.33 | 0.61 0.23 0.00 77.39 | 0.00 96.05
5 012 | 0.11 | 0.30 028 | 0.00 | 0.00 | 001 | 17.04 | 0.78 0.16 0.03 78.02 | 044 97.30
6 0.00 | 0.01 | 022 0.16 | 007 | 0.02 | 0.00 | 17.34 | 0.6l 0.30 0.08 77.97 | 0.19 96.97
7 0.00 | 0.17 | 0.32 0.11 0.00 | 0.02 | 0.01 1.00 0.13 0.18 0.00 92.44 | 030 94.69
8 0.00 | 042 | 0.07 0.00 | 000 | 0.04 | 0.00 4.19 0.00 0.15 0.04 94.92 | 0.00 99.83
9 035 | 051 ] 0.19 0.10 | 0.00 | 0.00 | 0.00 0.75 0.02 0.07 0.04 96.20 | 0.00 98.22

10 0.00 | 0.11 | 0.12 0.08 | 0.13 | 0.03 | 0.07 | 16.99 | 0.6l 0.48 0.00 78.15 | 0.00 96.75
11 0.00 | 027 | 0.15 0.00 | 0.00 | 0.00 | 0.00 1.03 0.36 0.20 0.16 90.47 | 023 92.86
12 0.17 | 030 | 0.34 0.07 | 0.07 | 0.01 | 0.02 1.01 0.22 0.21 0.21 91.07 | 038 94.07
13 0.15 | 0.10 | 0.18 0.54 | 001 | 0.08 | 0.00 | 1831 | 0.74 0.43 0.07 75.15 | 0.00 95.76

steel research int. 78 (2007) No. 2
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Reduction of samples. The effect of

Reduction degree of undoped magnetite (%) 1 wt% MnO and 2 wt% MgO slowing
0 335 73 94 97 97 97 down the reduction rate in the beginning
60 ——Ca0 4% of the reduction indicates the retardation

| effect existing in the magnetite-wiistite
| stage. After that stage MnO has no sig-
Ca0 2% nificant effect but MgO has a strong ac-
celerating effect on the reduction. Addi-
tion of 8 wt% MgO increases the rate of
—MgO 8% reduction from the beginning of the ex-
periment. The same effect occurs with
CaO contents of 2 and 4 wt%.

— MgO 2% The reasons are not yet clear but addi-
tion of CaO has been seen to form a lot
of pores in the iron oxide, thus enlarging
- MnO the surface area at the interface of gas
: and oxide phases. Ca-cations are clearly

Difference from reduction curve of
undoped magnetite (% -unit)

% . 200 e bigger than Fe-cations causing defects in
ime:{min) the lattice of wiistite and furthermore ac-
Figure 5. Effect of impurity components on reduction of magnetite. celerating the diffusion of cations and

Figure 6. Edge of magnetite briquette doped with 1% MnO, after 60
min reduction.

Figure 7. Edge of magnetite briquette doped with 1% MnO, magni- Figure 9. Edge of magnetile briquotto dopod with 8% MgO, magni-
fied section of Figure 6. fied section of Figure 8.
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gas molecules to the reaction zone. Mg-cations are slightly
smaller than Fe-cations. Previous results have shown that a
large amount of MgO in wiistite reduced by hydrogen gas
did not accelerate reduction [10]. In this study, however,
CO/CO; atmosphere was used and the result was that the
higher the MgO content, the faster is the reduction.

Summary

The purpose of this paper was to bring out some results
concerning the effect of impurity elements on sintering and
reduction behaviour of magnetite solid solution. The con-
tent of the elements doped in magnetite were at the same
levels as analysed from magnetite in industrial sinter. The
test material comprised commercial magnetite fines sin-
tered after mixing with various amounts of MgO, CaO and
MnO. In the dissolution procedure it was found that the sol-
ubility of MgO and CaO into magnetite is a function of oxy-
gen pressure. The amounts which completely dissolved into
magnetite at a gas atmosphere of CO/C0O,=5/95 were not as
high as analysed from magnetite of real sinter.

Ca0 and MgO clearly accelerated the reduction of mag-
netite to iron regardless of the impurity content. However, a
slight retardation effect could be observed with 2 wt% MgO
at the beginning of the reduction. MnO (1 wt%) has a quite
small slowing effect on the reduction of magnetite to iron.
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The Effect of Titanium on Reduction Degradation of Iron Ore

Agglomerates

T Paananen' and K Kinnunen?

ABSTRACT

A strong correlation between the reduction degradation index (RDI) of
production sinter and the titanium content of the sinter mix was identified
at the Ruukki sintering plant between 2000 and 2004. The titanium
distribution in different mineral phases was studied using samples from
pot sintering tests. Titanium additions were made using two different
materials: rutile and crushed titanium-bearing haematite pellets. While
both titanium additions clearly increased the RDI, titanium seemed to
favour secondary haematite. The study focused on the effect of titanium
in haematite, because haematite is reduced to magnetite in the RDI test.
During the haematite-magnetite reduction, reduction degradation was
observed. To increase accuracy, the phenomenon was investigated first by
sintering and then reducing synthetic minerals under controlled
laboratory conditions at the University of Oulu. The effect of titanium
oxide in solid solution in magnetite on the magnetite to haematite
transformation rate was studied first in order to simulate the final stage of
the sintering process. In other experiments, haematite samples doped with
0.5, 2.0 and 5.0 wt per cent titanium oxide were studied using
thermogravimetry under a controlled gas atmosphere (CO/CO»/Ha/N2).
Sintered samples were reduced using the same gas composition as in the
RDI test. Polished sections for optical microscopy and SEM-EDS
analysis were prepared from both reduced and oxidised samples and
unreduced sintered samples. The titanium oxide content of haematite had
a clear effect on reduction degradation of the samples. Furthermore,
increasing titanium oxide content in solid solution in magnetite radically
accelerated the oxidation rate. Similar observations regarding the effects
of titanium have been reported earlier, but this was the first time the effect
of very small additions of titanium were shown to deteriorate blast
furnace burden quality and a reason suggested behind the process.

INTRODUCTION

The Rautaruukki sintering plant at Raahe Works consists of three
identical Dwight-Lloyd-type sintering machines. The suction area
of the sintering machines totals 225 m? with an annual blast
furnace sinter production of 2.9 million tonnes. The main raw
material is magnetite fines. Sinter basicity (Ca0O/SiO,) has been
typically 2.2 and the MgO content 2.3 per cent. The Fe content is
61 per cent and the FeO content has been high (ten to 12 per
cent) because of the high amount of relic magnetite. The
reduction degradation index RDI; 5, (ISO4696-1) was 22.2
per cent on average with variations from 13 to 33 per cent during
2006. The large variation of RDI was found to correlate strongly
with the titanium content of the sinter. The sinter produced is
used in two small blast furnaces (about 1200 m* with a
relatively smaller amount of pellets (390 kilograms per tonne of
hot metal (kg/tHM)). About 117 kg/tHM of heavy oil was used
as an auxiliary reductant. The oil replaces coke and relieves
volumetric space inside the furnaces for iron burden reduction,
resulting in increased production capacity of hot metal. Practical
experiments show that an improvement in the reduction
degradation property of sinter enables a higher oil injection rate.
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Mury et al (1984) reported that an improvement of sinter RDI
by six per cent would lower the blast furnace coke rate by
approximately 14 kg/tHM and increase blast furnace productivity
by three per cent. Kim, Je and Jeong (2003) reported that the
degradation of self-fluxed sintered ore during low temperature
reduction of iron-bearing material increases the permeability
resistance in the upper shaft of the blast furnace. Lecomte and
Vidal (1976) reported on a test in which eight types of iron-rich
sinters were charged into a blast furnace. They found a clear
correlation between burden permeability and blast furnace
operation using different sinters with measured reduction
strengths. Grebe et al (1991) reported on a large number of
laboratory-based quality tests versus production scale and basket
sample experiments. They discovered that a real production scale
atmosphere can smooth the effect of a large change in quality
observed under laboratory conditions. For example, sulfur,
alkalis and chlorine compounds in the gas have some unexpected
effects on burden behaviour. Nevertheless, Grebe er al (1991)
observed a notable influence of fines rate on deterioration of
permeability in the blast furnace.

The factors affecting sinter RDI have been discussed in a great
number of papers. The parameters affecting the RDI can be
categorised as sintering parameters, properties of raw materials
and chemical composition of the sintering mix. For example.
increasing the MgO content (Panigrahy ef al, 1984a; Mishra,
Thakur and Mediratta, 1996; Heindnen, 1993: Hsieh and
Whiteman, 1993), basicity CaO/SiO, (Panigrahy et al, 1984b;
Mishra, Thakur and Mediratta, 1996), and fuel rate improves the
reduction degradation property of the sinter. On the other hand,
increasing the content of Al,O; (Hsieh and Whiteman, 1993:
Mishra, Thakur and Mediratta, 1996; Pimenta and Seshadri,
2002a; Kim, Park and Cho, 2002; Pimenta et al, 1993; Pimenta
and Seshadri, 2002b) and TiO, (Loo and Bristow, 1993; Pimenta
et al, 1993; Pimenta and Seshadri, 2002a; Bristow and Loo,
1992) has a negative effect on RDI. Moreover, the mineralogy of
sinter is a significant factor in reduction strength. One controlling
factor of mineralogy is the chemical composition, especially the
Ca0/Si0, ratio, and even small changes in the content of minor
components, such as MgO, Al,O; and TiO,, have a clear effect
on the sinter mineralogy (Hsieh and Whiteman, 1993: Yang and
Matthews, 1997). An increase in the alumina content has been
shown to cause more calcium ferrites or SFCA-phase in sinter
(Heiniinen, 1993). Similarly, MgO has been shown to stabilise
magnetite in sinter (Panigrahy er al, 1984).

The amount of haematite and secondary haematite in particular
is widely regarded as the main cause of disintegration of sinter in
low temperature reduction. However, the amount of haematite in
sinter does not alone explain the RDI variation observed
(Heindinen, 1993).

As mentioned earlier, the negative effect of titanium oxide on
RDI has been demonstrated previously in several papers.
However, neither the degradative mechanism of TiO, nor the
phase in which the phenomenon has an effect is unambiguous.
This study focuses on the distribution of titanium oxide in sinter,
and in particular on the effect of the titanium content on
reduction degradation of haematite.

A deeper understanding of high basicity magnetite-based
sinter is convenient for the operation of blast furnaces at Raahe
‘Works, especially for burden permeability. A high oil injection
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rate increases the significance of reduction strength due to a
decrease in the coke rate. In this study, the test sinters with
varying TiO, contents were prepared and the properties of sinters
evaluated. The aim of the thorough analysis of the test sinters
and laboratory scale tests was to deepen the understanding of the
reduction disintegration phenomenon.

EXPERIMENTS
Pilot experiments

Materials

Raw materials and test equipment were designed to resemble the
production scale characteristics and materials as closely as
possible. Oversized particles were carefully screened off
(>10 mm) to stabilise the chemical analysis. The materials
included magnetite fines, pellet fines (12 per cent), burnt lime
(1.7 per cent), limestone (6.4 per cent), coke breeze, LD-slag (2.1
per cent), quartzite (0.7 per cent), olivine (2.2 per cent), return
fines (30 per cent), TiO,-bearing haematite pellets and rutile. All
of these materials, with the exception of rutile, have been in
production-scale use at Raahe Works. The coke breeze rate was
adjusted to achieve equilibrium with the return fines rate similar
to that for a production scale Dwight-Lloyd-type sintering
process. The haematite pellets were a by-product of another plant
and used at Raahe Works because of their high iron-content and
titanium that is believed to protect the blast furnace hearth.
Titanium as a protective material of the hearth is a quite widely
accepted theory, but at present information on the subject in the
literature is somewhat limited.

In order to avoid unwanted changes in sintering conditions, the
tests were prepared using two totally different TiO,-bearing
materials: TiO,-bearing haematite pellets and fine rutilite.
Rutilite is a material containing rutile, magnesium titanium oxide
((Mgg75Tir05)05),  quartz  and  hedenbergite  (CaFeSi,Og).
Haematite pellets were crushed to a grain size distribution
corresponding to that of the pellet fines. The amount of pellet
fines was decreased in relation to the amount of crushed
haematite pellets used in order to minimise the effect in
permeability. Test materials containing TiO, had different
thermal properties affecting the solubility of titanium during the
sintering process. The chemical composition of the materials is
presented in Table 1.

TABLE 1
Chemical composition of TiO,-bearing additives in test sintering.

Material | Fe MgO | ALO; | Si0, | CaO | TiO,

WO 587 | 043 2.3 3.0 151 7.0
Rutilite 3.9 2.94 5.2 252 | 321 54.5
Test equipment

The sintering mix was prepared using a separate granulation
drum to achieve the optimal permeability and properties
corresponding to those of the production scale process. The final
moisture content of approximately 4.2 per cent was adjusted in
order to maximise the average permeability during sintering. The
permeability was adjusted to the optimum level using separate
test equipment that measures the gas flow with a constant
pressure drop. The test sinter mix (110 kg) was then charged into
the cylindrical pot sintering equipment. The pot diameter was
400 mm and the bed height 400 mm, which is fairly low due to
the relatively low permeability of the mix. The bed was ignited
for at least 1.5 minutes with a direct flame burner until a certain
ignition temperature was achieved. Low suction during ignition
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was applied. For the ignition gas, propane was used instead of
coke oven gas that would be used at production scale. The
under-pressure below the bed was controlled to remain constant
at about 13 kPa after ignition until the end of sintering. The
sintering was completed one minute after the maximum exhaust
gas temperature was reached. Temperature was monitored
continuously at three sinter bed depths beginning from the top
(ignition temperature). The completed sinter was cooled and
processed in a specially designed apparatus that simulates the
stress and abrasion during handling to obtain the correct return
fine generation rate. The ratio of return fines was accepted only
if it was between 0.95 and 1.05. The sinter was analysed very
thoroughly, including for example sieve analysis, reduction
degradation test and mineralogical and chemical analysis. The
reduction degradation index (RDI, reduction degradation index
<3.15 mm) equipment was constructed in total compliance with
the relevant international standard (ISO 4696-1).

Laboratory experiments

Materials

The test material comprised commercial magnetite fines from a
Swedish mine mixed with varying amounts of TiO,. The
magnetite content of the fines was 96.1 wt per cent and the total
iron oxide content, including haematite. was approximately
97.8 wt per cent. The most significant quantities of inpurities are
Si0,. TiO,, MgO (0.6, 0.4, 0.4 wt per cent correspondingly) and
other >0.45 wt per cent. The other test material was an analytical
grade haematite chemical (99.5 wt per cent) also mixed with
varying amounts of TiO,.

Rutile powder with a grain size below 44 um and a purity of
99 per cent or above was used as the titanium oxide additive.

Preparation of samples

Preparation of mixture

The magnetite grain size was less than 74 um and the haematite
44 pm. TiO, was mixed into the fines in amounts corresponding
to 0.5, 2 and 5 wt per cent. The powder mix to which
approximately 15 wt per cent of purified ethyl alcohol had been
added was forced into the briquettes with a pressure of 50 MPa.
The wet briquettes were dried at 110°C for a minimum of two
hours.

Preparation of dense samples for reduction and
oxidation

Pressed magnetite briquettes (12¢ % 5 mm), as described earlier,
were sintered in a 34 mm diameter tube furnace at 1300°C for
five hours in a CO/CO, atmosphere (CO/CO, = 5/95 and flow
rate 1 L/min) for magnetite. The briquettes were quickly quenched
in a copper chamber cooled by water in an argon atmosphere
after sintering. After cooling, the briquettes were ready for the
reduction experiment. The aim was to produce compact and
dense briquettes for topochemical reaction during the reduction.
Haematite briquettes were sintered in air at the same temperature
and for the same duration as the magnetite samples.

Reduction of samples

Once prepared and sintered, the briquettes were reduced in the
34 mm diameter tube furnace in a reducing gas mixture of N,.
H,. CO and CO, at a flow rate of 2 L/min. The gas composition
was the same as that for the RDI test and was kept constant
during the experiments. The reduction temperature was
maintained constant at 500°C during the reduction. Before the
reduction, the sample was first heated in an argon atmosphere
to 500°C for five minutes. Processing the briquettes took
60 minutes.

Iron Ore Conference
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During the reduction test, the sample was located in a platinum
basket hanging on a gravimeter connected to a computer for data
collection. After the reduction, the briquettes were rapidly cooled
in a copper chamber in an argon atmosphere described earlier.

Oxidation of samples

Four magnetite briquettes (0, 0.5, 2 and 5 wt per cent doped),
sintered as described earlier. were set on a platinum crucible at
the same time. The briquettes were oxidised in a chamber
furnace in air for 15 minutes and cooled at room temperature.
The oxidation temperature of 950°C was measured using a
thermoelement placed at the centre point of the furnace at the
same depth level as the samples.

Mineralogical and microprobe chemical analyses

The polished sections from the sintered, reduced and oxidised
samples were examined optically and by a scanning electron
microscope. An Olympus BX51 optical microscope was used for
the optical examination and texture analysis. The analysis was
capable of separating plastic, vitreous slag/silicate phases,
calcium ferrites, magnetite and haematite. The reflectivity of
some of the calcium ferrite types and magnetite/magnesioferrite
were partly overlapping, which compromised the validity of
some of the results. Microprobe analyses were performed with a
JEOL JSM-6400 scanning electron microscope using energy
dispersive spectrometry. The equipment included a digital
camera and Oxford Instruments Inca 3.03 software for evaluation
of the analyses. An accelerating voltage of 15 kV and a beam
current of 120 nA were used.

Crystallographic analyses were made using a Philips X’Pert
PW3040/00 X-ray powder diffractometer with a PW3376/00 Co
LFF ceramic X-ray tube and Philips Data Collector 2.0c
(2003). Phase identifications from the diffraction patterns were
performed with the aid of PANanalytical X Pert HighScore 1.0d
software (2003). All of the chemical components were analysed
using XRF, with the exception of FeO content that was analysed
chemically.

RESULTS

Sintering tests

The chemical compositions and the most significant quality
indexes of the test sinters produced are presented in Table 2. The
marking WO refers to the test sinter in which crushed haematite
pellet was used as TiO,-bearing material and RU refers to the
same procedure using rutilite additions to increase the total TiO,
content. B, is short for the basicity index (CaO/SiO,). The target
values for chemical composition were Fe 61.5 per cent, MgO
2.1 per cent and B, 2.1. The realised values differ from the goals,
but most of the variation is considered to be the result of
disturbances in chemical analysis or sample preparation. The raw
materials were weighted very carefully and therefore there
cannot be big differences in preparing the mixtures. The test
sintering was performed only once, which explains the variation

in results. However, the sintering test always requires repetition
if the amount of generated return fines differs from the charged
amount. Disturbances obviously occurred also in the RDI values,
but the differences were so small that no more tests were
necessary.

The TiO, distribution of the test sinters was not investigated.
because it was well known and already had been analysed
previously (Kinnunen, 2005; Heiniéinen, 1993). It is known that
titanium favours haematite, dicalciumferrite ((CaO),-Fe,0;),
monocalciumferrite  (CaO-Fe,03),  the  hemicalciumferrite
(Ca0O:(Fe,05),)/SFCA-phase and some presently unknown phase
that resembles dicalciumferrite but contains more SiO,. The
unknown phase seems to be formed of residue melt or it may be
a phase that has a most favourable structure for titanium and
therefore a high amount of titanium has dissolved into its
structure. Unlike dicalciumferrite, hemicalciumferrite and
monocalciumferrite are not very favourable structures. The
amount of vitreous slag phases was typically very low in the tests
sinters, similar to typical high basicity sinter. Figure 1
demonstrates the correlation between the TiO, content and the
RDI for two different TiO,-bearing materials. An increase in the
titanium content deteriorated the RDI when using both additives
containing TiO,.

60
© Crushed Ti-
bearing iron
H : —
£y oxide s
2 || © Rutiite et
E Il
% 30 -
o o2
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2T
no Ti-additions
10
0 T T

0.4 05 0.6 0.7 08 0.9
TiO,-content

Fig 1 - Correlation between TiO, content and reduction
degradation index for two different additives containing TiO,.

Figure 2 illustrates the optically analysed mineralogical
composition of the test sinters. The results are reported in area-
contents. The higher titanium content increased the haematite
content systematically while simultaneously decreasing the
magnetite content. The main part of the slag phase is relict
olivine crystals.

The chemical composition of various fractions of the partly
disintegrated test sinters was analysed after the RDI test. The test

TABLE 2
Chemical composition and quality analysis of test sinters.
Test Fe Ca0O Sio, MgO A0, TiO, B, FeO RDI
Ref 61.63 6.49 3.15 2.04 0.49 043 2.06 5.2 18.3
WO 0.44 61.21 6.66 3.16 2.02 0.59 0.73 211 52 36.5
RU 0.44 61.41 6.44 3.08 2.12 0.52 0.73 2.09 5.1 312
WO 0.35 61.30 6.65 3.20 2.06 0.53 0.62 2.08 5.1 26.8
RU 0.50 61.50 6.57 2.98 1.87 0.54 0.83 2.20 49 37.7
WO 0.52 61.14 6.55 3.11 2.10 0.60 0.88 2.11 49 50.8
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FiG 2 - Mineralogical composition of test sinters for different
TiO,-additions.

sinter in which TiO, content was increased to 0.73 wt per cent
using rutile addition was compared to the reference case. In
addition to an increase in the MgO content in the -0.5 mm
fraction, the TiO, content was also higher than the average
content in tested sinter. The TiO, content of the reference sinter
(10.0 mm to 12.7 mm) was 0.43 wt per cent and in the -0.5 mm
fraction the content was higher at 0.54 wt per cent, which was 25
per cent higher that the average content. The change was more
pronounced when fractions were analysed for the doped sinter.
TiO, content was 1.11 wt per cent in the -0.5 mm fraction, which
was 52 per cent higher than the original average of 0.73 wt per
cent. Titanium clearly was enriched in the smallest fraction after
the RDI test, which indicated that the TiO,-rich parts of the sinter
were the weakest in the low temperature reduction stage.

Dissolution of TiO, into iron oxides

TiO,, up to the maximum amount used in the experiment with
5 wt per cent TiO,, completely dissolved into haematite and
magnetite. Moreover, TiO, was uniformly distributed and the
content was practically constant according to the SEM-EDS
analysis. The XRD analysis from haematite synthesis showed
only the alpha haematite phase in all the contained TiO;.
However, a slight shift from haematite peaks towards peaks of
ilmenite with haematite doped with 5 wt per cent TiO, could be
observed. In the case of haematite, the dissolution of the
Ti**-cation was caused by reduction of the Fe**-cation to the
Fe*-cation as described in Equation 1. Increasing the TiO,
content from O to 5 wt per cent increased the content of the
Fe**-cation from <0.1 to 3.0 wt per cent (Table 3). Considered on
an atomic level, this means that each Ti**-cation caused
reduction of one Fe**-cation to a FeZ*-cation. The lattice

TABLE 3
Effect of titanium oxide on Fe®*-cation content in haematite
(-ilmenite solid solution) represented as FeO.

Addition of TiO; wt % | FeO content wt % Fe total wt %
0.0 <0.1 70.2
0.5 0.4 69.9
2.0 1.3 69.3
5.0 3.0 67.5
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structure remained unchanged despite of reduction of the
Fe**-cation, which was proved by XRD analyses:

Fe,0, +aTiO, — (aFe?*,[1- 4 a]Fe’*)

()
(aTi**.[1-YalFe’ )0, 5, +a/ 4 0,(g)
where:
0<a<2 and the composition of solid solution changes from
pure haematite to ilmenite respectively
Reduction

TiO, has an irrelevant retarding effect on the reduction of
haematite to magnetite in the beginning of the reduction.
However, the slope of the reduction graph continuously rises in
the experiments using the samples doped with 2 and 5 wt per
cent TiO,, unlike the samples undoped and doped with 0.5 wt per
cent. One hour after initiating the test, the reduction process was
interrupted in compliance with the standard RDI test. The results
revealed that the degree of reduction exceeded 50 per cent with
the samples doped with 2 and 5 wt per cent TiO, and was
approximately 20 per cent with samples undoped and doped with
0.5 wt per cent.

100
90 1 —59;
80 1—
=2%
70 1
0.5%
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50 +—
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Degree of reduction from haematite to
magnetite (%)
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FIG 3 - Curves for undoped and TiO, doped haematite samples
during reduction in a reduction degradation index atmosphere.

Visual and optical observations

TiO; has a clear visual effect on degradation of samples during
the RDI test (Figure 4). The undoped and 0.5 per cent doped
samples appear unchanged, but the sample doped with two per
cent TiO, is thoroughly cracked and the sample doped with five
per cent TiO, totally disintegrated.

According to images examined using the optical microscope,
TiO, dissolving into haematite fractured the sample during RDI
reduction. The higher the content of TiO,, the clearer is the
disintegration. The major disintegration seemed to be in the
magnetite phase in which macro-cracks and a considerable
amount of micro-cracks could be observed in the sample doped
with 5 wt per cent TiO, (Figure 5).

Oxidation

Titanium oxide had an accelerative effect on oxidation of
magnetite. Differences in oxidation between undoped and 0.5 per

Iron Ore Conference
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cent TiO, doped samples were insignificant. However, apparent
differences could be observed in the sample doped with two per
cent TiO, (Figure 3). The quantity of haematite lamellae clearly
increased. Furthermore, the oxidation of the sample doped with
five per cent TiO, was considerably faster than that of the others.

b) 0.5% TiO,

FiG 4 - Samples after the reduction program corresponding to
the reduction degradation index test.

FiG 5 - Optical images from polished sections of samples doped
with varying TiO, content after the reduction program
corresponding to the reduction degradation index test. The white
phase is haematite and the darker one magnetite. Magnifications
were 40x (left column) and 500x (right column).

Iron Ore Conference

The zone oxidised to haematite was clearly less than 10 um in
the samples undoped and doped with 0.5 per cent TiO,., with the
exception of a few haematite lamellae. The corresponding zone
was 100 - 300 um and an even wider area full of haematite
lamellae could be detected in the sample doped with five per
cent TiO,.

SEM-EDS analysis

The polished sections of a haematite sample reduced in the
laboratory tests using similar conditions to the RDI test were
analysed using SEM-EDS after optical microscopy. The polished
section illustrated in Figure 5, from the sample doped with 5 wt
per cent TiO,, was analysed using point and line analysis. The
titanium content of magnetite and haematite was roughly
constant after the reduction tests performed under conditions
resembling those for the RDI test. The analysed content of TiO,
in magnetite was 4.5 - 5.1 wt per cent (average 4.9 wt per cent)
and in haematite 4.7 - 5.1 wt per cent (average 4.9 wt per cent)
respectively. According to the line analysis, no change in the Ti
content occurred across phase boundaries between magnetite and
haematite, but instead Ti was roughly constant throughout both
of the phases (Figure 7).

The polished sections of a partly oxidised magnetite sample
were also analysed using SEM-EDS after optical microscopy.
The polished section illustrated in Figure 6, from the sample
doped with 5 wt per cent TiO,, was analysed using point and line
analysis. SEM-EDS line analysis across the haematite and

FiG 6 - Optical images from the polished section of the samples
doped with varying TiO, content after the 15 minute oxidation
program. The white phase is haematite and the darker one
magnetite. Magnifications were 40x (left column) and 500x
(right column).
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FiG 7 - SEM-EDS line analysis illustrated in the optical microscope
image for the reduced haematite sample. The grey phase is
magnetite and the white one haematite. The black areas are pores
and cracks. The yellow line represents the scanned line.

magnetite phases indicated clearly that Ti**-cation favoured the
haematite phase and diffused there from magnetite during
oxidation (Figure 8). The TiO, content in haematite was higher
(up to 15 wt per cent) than in magnetite (about 2.5 wt per cent),
as was the TiO, content in the magnetite in the central area
between the haematite lamellas. The Ti**-cation substituted for
the Fe**-cation in haematite, decreasing the iron content. A slight
decrease in the oxygen content of haematite could also be
observed, but the reason for that is yet unknown. Similar line
analyses were also performed for the undoped sample, but then
the oxygen content was higher in the haematite than in the
magnetite as expected.

XRD analysis

The results of the XRD analysis of doped haematite samples
indicated that dissolution of TiO, into haematite was complete;
the other phases did not occur in the XRD analysis. The peaks of
the XRD-spectrum analysed for the sample doped with 5 wt per
cent TiO, shifted slightly from those of haematite towards those
of ilmenite, which complies with complete solid-solution of
haematite and ilmenite at sintering temperature.
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DISCUSSION

An increase in the TiO, content clearly deteriorated the RDI of
the test sinter using both rutile and crushed haematite pellets
containing TiO,, although the change in chemical composition
was quite small. When the TiO, content increased from the
original 0.43 per cent to 0.88 per cent, RDI 3 5y, increased from
18.3 to 50.8 per cent respectively. Such a marked change in the
RDI could be expected to affect blast furnace operation and
productivity. The changes in the TiO, content of the production
sinter at Raahe Works are considered the most prominent factors
causing variation in the sinter RDI.

A higher TiO, content caused an increase of approximately
30 per cent in the optically analysed amount of haematite phase
from 27 area per cent to 35 area per cent. It is generally known
(Pimenta and Seshadri, 2002a) that increasing the TiO, content
stabilises haematite both in sinter and pellets. The purpose of the
laboratory experiments, in which magnetite was partly oxidised
was to simulate the oxidation phenomenon during the final stage
of sintering. Therefore the effect of TiO, on formation of
secondary haematite was assumed to be a significant
phenomenon in contrast to the general literature (Pimenta and
Seshadri, 2002a). The result of the present study is that the main
part of secondary haematite in magnetite-based sinter is
considered to be formed from magnetite via oxidation. A small
portion of the haematite is crystallised from the melt, but the
amount of haematite (so-called tertiary haematite) is low in
Raahe sinter. Relict haematite has a different effect from that of
secondary euhedral haematite in which the titanium content is
typically higher depending on other phases that are in the same
structure. The formation of secondary haematite was simulated
in laboratory tests, which showed clearly the accelerative effect
of titanium on oxidation of doped magnetite. The difference in
oxidation rate between undoped and doped samples with five per
cent TiO, was tremendous (20 to 100 times). The TiO, content of
sinter is low, typically 0.5 per cent. However, it isn’t distributed
uniformly into all phases, but favours haematite. The TiO,
content in haematite can be locally up to 7 wt per cent in both
production and test sinter. Therefore the TiO, content in
magnetite briquettes was very high in the laboratory tests. The
accelerative effect of TiO, on oxidation of magnetite can be
explained by the structure of the haematite-ilmenite solid
solution. Fe?* is not forced to oxidise to Fe* when the
Ti**-cation is present and the O%*-anion does not necessarily
diffuse on the oxidation front (Equation 1). Transformation of the
crystal structure occurs at a specific content of TiO,. However,

20pm

FiG 8 - SEM-EDS line analysis and SEM backscattered image for the partly oxidised magnetite sample. The darker grey lamellas are
haematite and the lighter one is magnetite. The black areas are pores and cracks. The yellow line represents the scanned line.
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an increase in the haematite content was not supposed to be the
only factor affecting degradation. Titanium dissolves into
haematite in a partly oxidised structure even if titanium is able to
dissolve also into magnetite. Figure 8 shows a line analysis for
partly oxidised magnetite. Titanium obviously has a tendency to
favour the haematite structure over magnetite. The TiO, content
of magnetite is higher in the central area between the haematite
lamellas. Thus Ti*-cations seem to diffuse into haematite and
the diffusion rate in magnetite is likely to be a limiting factor in
cationic diffusion from magnetite to haematite.

TiO, was uniformly distributed in the magnetite and haematite
in the sample reduced partly from haematite to magnetite in an
atmosphere corresponding to the RDI test. This observation
contrasts with partly oxidised samples in which diffusion of
Ti**-cation from magnetite to haematite occurred as illustrated in
Figure 8. The phenomenon is still partly unknown, but it is
believed to be caused by the temperature difference between the
tests. Thus, the diffusion rate is much slower in the RDI test
(500°C) than in the oxidation tests (1200°C) due to the
exponential dependency of the diffusivity coefficient according
to Fick’s law:

EA

D=Dye ¥ 2)

On the other hand, a high Ti content in the catalytic phase is
believed to be present in the reaction front during the oxidation
tests but not in the reduction tests. While the phase could not
occur in reductive conditions, it was possible in oxidising ones.
Further examination of the unclear phenomenon should be
continued along with the degradation mechanism occurring in
the magnetite phase during the RDI test on TiO, doped samples.

CONCLUSIONS

The reduction degradation strength seems to have quite a clear
but sometimes ambiguous impact on the blast furnace process at
Raahe Works. The opportunity to reduce coke consumption by
injecting heavy oil in tuyeres appeared to be possible only if the
sinter RDI1 35 ,,, Was improved to a sufficiently low level below
25 per cent. The RDI is affected by several factors, but variation
in TiO, content was observed to be the most significant factor at
Raahe Works at the present, while other variables were quite
stable. The main conclusions based on the data analysis, test
sintering results, and finally, reduction and oxidation experiments
with laboratory-scale doped synthetic materials reported in this
paper are:

® An increase in TiO,-content clearly deteriorates the RDI
index of test sinter using both rutile and crushed haematite
pellets containing TiO, as additives, although the change in
the TiO, content was quite small. When the TiO, content
increased from the original 0.43 per cent to 0.88 per cent,
RDI 55 nm increased from 18.3 per cent to 50.8 per cent
respectively.

® TiO, additions to test sinter mixes increased the amount of
haematite phase in the sinter.

® The higher the TiO, content of doped haematite briquettes,
the more significant their disintegration, which was detected
visually and also by microscope.

® Oxidation of TiO, doped magnetite briquettes showed that an
increase in the TiO, content of magnetite accelerated the
oxidation of magnetite to haematite.

Degradation mechanisms demand further study, but the
phenomenon seems to occur in the magnetite phase during low
temperature reduction. However, other phases in some
mineralogical structures may also react under the RDI test
conditions and are capable of dissolving TiO,. They. too, require
further study.
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Preparation of Mono-, Di- and Hemicalcium Ferrite Phases via Melt for
Reduction Kinetics Investigations
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Iron ore concentrates that are used in the iron production are usually agglomerated into sinter or pellets in order to improve their properties
in the blast furnace. The main minerals in the magnetite base sinters are hematite, magnetite and Si and Al containing calcium ferrites of
which the latter can exist as either monocalcium ferrite, dicalcium ferrite or hemicalcium ferrite depending on the conditions and on the
material’s iron/calcium-ratio. In order to study the reduction behaviour of the sinter in the iron production, samples of monocalcium ferrite,
dicalcium ferrite and hemicalcium ferrite were prepared by melting different proportions of pure calcium and iron oxides. After melting the
samples were cast and cooled. Samples of hemicalcium ferrite were also heated at a certain temperature before the actual reduction
experiments in order to ensure the wanted phase composition of the samples. The mineral compositions of the samples were verified using
scanning electron microscopy (SEM-EDS) as well as X-ray diffraction (XRD). The verification showed that it was possible to produce the
samples of calcium ferrites via melting. The conditions needed to reduce the calcium ferrites were estimated with thermodynamic

calculations.

Keywords: calcium ferrites, sample preparation, reduction, SFCA, hemi-calcium ferrite, monocailcium ferrite, dicalcium ferrite
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Introduction

In order to improve the properties of blast furnace
burden materials, iron ore concentrates are usually
agglomerated into sinter or pellets. The mineralogical as
well as the macroscopic structure of the material is
changed due to melting and crystallization phenomena that
take place in the sintering due to high temperatures (close
to 1400°C). The main minerals in the magnetite based
sinters are hematite, magnetite and Si and Al containing
calcium ferrites (SFCA: Silico Ferrite of Calcium and
Alumina). Although the content of calcium ferrites is low
compared with the amount of hematite and magnetite, it is
a determining factor in melt formation and crystallization
of high bacisity, magnetite based sinters (CaO/SiO, > 2).

Calcium ferrites have a significant effect on the cold
strength and reduction strength of the sintered material
since it causes particles to stick to each other. In oxidizing
conditions the calcium ferrites can exist as either mono-
calcium ferrite (CaFe,0,), dicalcium ferrite (Ca,Fe,Os) or
hemicalcium ferrite  (CaFe,O;) depending on the
conditions and on the material’s and especially melt’s
iron/calcium ratio. It should be noted that in real processes
the sinters - as well as the iron concentrates they are made
from - always include some impurities (e.g. aluminium
and silicon) and therefore it is very unusual for calcium
ferrites to exist as pure phases.

A lot of examinations concerning the preparation of
synthetic calcium ferrite and SFCA samples for the
reduction tests have been published. The methods
presented in the literature can be divided in three
categories (i.e. solid state sintering, sintering in a partly
molten state and via melt) of which the first two were
reported to be functional in practice. In most cases the
calcium ferrites were prepared using a solid state sintering
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method [1,2], in which the formation of calcium ferrites
takes place in solid state via diffusion between CaO and
Fe;O; at low temperatures (below 1200°C). In another
method (sintering in a partly molten state) the temperature
is slightly higher (approximately 1300 - 1400°C) than in
the solid state sintering method, which causes calcium
ferrite formation to take place via solid-melt reaction [3-6].
In order to achieve crystallisation from completely molten
material, the temperature has to be even higher depending
on the ratio of CaO and Fe,O;. However, there are
problems such as high reactivity of calcium ferrite melt
that has been reported in the literature concerning the
preparation of calcium ferrites via melt [7.8]. In this study
the purpose was to prepare all main calcium ferrite types
(hemi-, mono- and di-) via melt.

This study consists of two main topics. In the first part
thermodynamic calculations were used to estimate the
equilibrium conditions to be used in the preparation of
calcium ferrite samples as well as in the reduction tests of
these materials in which the reaction kinetics and
mechanisms of the calcium ferrites were defined. The
second part of this study consists of actual preparation of
the calcium ferrite samples via melt. The purpose of the
study was to investigate the stability of calcium ferrites in
various gas atmospheres and temperatures. Thermo-
dynamic calculations were used to estimate the partial
pressures of oxygen in equilibrium with different oxide
phases with various iron/calcium ratios.

Methods

Thermodynamic calculations. In order to estimate the
partial pressures of oxygen (p(CO)/p(CO,) ratio to be

steel research int. 80 (2009) No. 6
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exact) in equilibrium with different oxide phases with
various iron/calcium ratios, equilibrium compositions of
the Ca-Fe-O-C-systems were determined computationally
using a FactSage software and its databases [9]. The
software, its database and its possibilities and restrictions
have been presented thoroughly elsewhere by the authors
of the software [10], thus making it unnecessary to present
the software here.

The purpose of the computations was to determine
predominance area diagrams describing the stability
regions of different phases as a function of partial
pressures of CO and CO, at different temperatures. The
stabilities of different calcium ferrites and iron compounds
(oxides, carbide and metallic iron) were considered using
three different Ca/Fe ratios. The systems that were
considered computationally are presented in Table 1. In
all the calculations, all the solid compounds were assumed
to be pure phases with a single composition.

Table 1. Descriptions of the systems considered for thermo-
dynamical calculations.

Elements Variables |Temp. |Fe/(Cat+Fe) -ratios
[’c]
Ca-Fe-0-C |pco: peox [950 _0.50 ...0.67 [0.67 ...0.80 [0.80 ...1.00
Ca-Fe-0-C |pco: Peoz |1000 [0.50...0.67 |0.67 ...0.80 |0.80 ... 1.00
Ca-Fe-O-C |pco: pcoz |1050 |0.50 ... 0.67 |0.67 ... 0.80 |0.80 ... 1.00
Ca-Fe-0-C |pco: peoz |1100[0.50...0.67 |0.67 ... 0.80 [0.80 ... 1.00
Ca-Fe-O-C |pco: pcoz [1150 |0.50 ... 0.67 |0.67 ... 0.80 |0.80 ... 1.00
Ca-Fe-O-C |pco: pcoz [1200 ]0.50 ... 0.67 ]0.67 ... 0.80 |0.80 ... 1.00

Table 2. CaO/Fe20s ratios and chemical compositions of calcium
ferrites.

Ca0O | Fe,0O5 Ca Fe (6] Fe/(Ca+tFe)
(Wt.%) | (wt.%) | (wt.%) | (wt.%) | (Wt.%)
2CaOFe,0; | 41.3 58.7 29.5 41.1 294 0.58
CaO-Fe,0s 26.0 74.0 18.6 51.8 29.7 0.74
CaO-2Fe,05 | 149 85.1 10.7 59.5 29.8 0.85

Preparation of calcium ferrites. Calcium ferrites were
prepared from synthetic CaO and Fe,O; powders with the
purities of 99.95 wt.% and 99.998 wt.%, respectively. In
order to ensure that the CaO powder is free of hydroxides,
it was calcinated before the powder mixtures with different
CaO/Fe,0O; ratios were prepared. CaO/Fe,O; ratios and
chemical compositions of calcium ferrites are described in
Table 2.

The powder mixes with certain CaO/Fe,O; ratios were
set in a platinum crucible placed in a spinel (MgO-ALO;)
crucible and melted in a chamber furnace in air. The
Temperature was increased slowly to 1500 or 1600°C
depending on the type of calcium ferrite (cf. Figure 1 in
which the numbers 1-3 describe conditions and
compositions of the initial melts). Calcium ferritic melt
was quickly cast into a mould and cooled down as
described in Figure 2.

Metastable hemicalcium ferrite samples were annealed
at 1170°C which is located in the stability area of
hemicalcium ferrite in air (cf. number 4 in Figure 1).

Polished sections were prepared from the calcium ferrite
samples for optical and scanning electron microscopy and
analyses.
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Figure 1. Binary phase diagram of system CaO-Fe203 [11].

Figure 2. Casting of calcium ferrite melt into a copper mould
placed on a water cooled copper plate.

Results and Discussion

Predominance area diagrams describing the phase
stabilities of the Ca-Fe-O-C system at 950°C (with two
different Fe/Ca-ratios) and 1200°C (with one Fe/Ca-ratio)
are presented in Figures 3 to 5 as examples of the results
from the thermodynamics computations.

The predominance area diagrams were used to define
the partial pressures of oxygen (p(CO)/p(CO,) ratio to be
exact) in equilibrium with different phases. As an example
a phase boundary between the stability areas of CaFe,O, +
Fe;0, and Ca,Fe,0O5 + Fe;0, (i.e. the phase boundary
between mono- and dicalcium ferrites in contact with
magnetite) in Figure 3 can be examined. It is seen that the
ratio between the partial pressures of CO and CO, has a
constant value of approximately 0.24-107, which
corresponds  to  a ganial pressure of oxygen of
approximately 1.6-10" atm. At higher values of po,
monocalcium ferrite is thermodynamically more stable
than dicalcium ferrite and at lower values the situation is
opposite. A similar approach can be used to define the
equilibrium values of po; (or peo/peos) for other phase
boundaries in the system. The plus symbols (+) in Figures
3 to 5 signify the area in which the sum of partial pressures
of CO and CO; equals 1 atm (i.e. the atmospheric pressure
with only these two components in the gas phase).
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Figure 3. Predominance area diagram describing phase stabilities of a
system containing calcium, iron, oxygen and carbon with an Fe/(Fe+Ca)

ratio between 0.67 and 0.8 at 950°C .
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Figure 4. Predominance area diagram describing phase stabilities of a
system containing calcium, iron, oxygen and carbon with an Fe/(Fe+Ca)

ratio between 0.8 and 1 at 950°C .
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Figure 5. Predominance area diagram describing phase stabilities of a
system containing calcium, iron, oxygen and carbon with an Fe/(Fe+Ca)

ratio between 0.8 and 1 at 1200°C .
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According to the calculations the CO/CO; ratio in
the gas is approximately 22/78 at the phase
boundary between magnetite and wiistite in
equilibrium with dicalcium ferrite. This differs
from the value of pure magnetite reduction, where
the CO/CO;ratio is 10/90 [12].

Thermodynamic computations were used to
estimate the stability regions of pure calcium
ferrites in order to define the conditions in which
different phases were prepared experimentally and
especially to define the conditions for reduction
experiments. However, due to limitations of
available databases, it was mnot possible to
computationally estimate the distribution of trace
elements (e.g. silicon) in different solid solutions.

Dicalcium ferrite was crystallized straight from
the melt, and it formed a homogeneous matrix in
which distinct dicalcium ferrite crystals could be
observed as is seen in Figure 6. The stoichiometric
composi-tions of the calcium ferrites (C2F, CF and
2CF) are presented in the same diagram as a bar
chart together with the compositions from the
sample. This bar chart shows that the composition
of the crystals in the sample is close to the
stoichiometric composition of the dicalcium ferrite.

In the casting of the melt, corresponding to the
composition of monocalcium ferrite, the formation
of columnar dicalcium ferrite crystals was observed
to take place from the surface to the core of the
samples (Figure 2). Between the dicalcium ferrite
crystals there was a streaky area where the chemical
composition varied between hemicalcium ferrite
and monocalcium ferrite as can be seen in Figure 7.
It is proposed that both phases co-exist due to quick
cooling. Quenching caused a situation in which the
samples did not have enough time to form the
thermodynamically most stable phases. Thus both
calcium ferrites are proposed to occur in the area.

Homogenous hemicalcium  ferrite  was not
achieved by only casting the melt to the mould. The
sample had to be annealed after the casting in order
to achieve the wanted structure. The crystallised
sample before annealing was full of CaO-bearing
iron oxide and one or two calcium ferrites as seen
in Figure 8.

The chemical analyses of the present phases did
not correspond accurately to the stoichiometric
phases. This implies that two separate phases exist
that cannot be detected separately by electron
microscopy due to the tiny crystal size in proportion
to the analysis spot of the electron microscope.
Therefore, they did not match the composition of
either hemi- or monocalcium ferrite as described in
Figure 9.

After heating at 1170°C, the sample consisted
mainly of hemicalcium ferrite, although a few
hematite crystals could also be observed in the
sample (cf. Figure 10). The chemical composition
was close to the composition of stoichiometric
hemicalcium ferrite as can be seen in Figure 11.
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Figure 6. Optical microscope images from a polished section made from the cast sample with the total composition corresponding to
dicalcium ferrite.
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Figure 7. SEM-image and analysis from a polished section made from the cast sample with the total composition corresponding to
monocalcium ferrite.
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Figure 8. Microscope images from polished sections made from the cast sample with the total composition corresponding to hemicalcium ferrite.
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Figure 9. Results of analysis from cast melt corresponding to the composition of hemicalcium ferrite. The last five patterns on the right
show chemical compositions of calcium ferrites, hematite and magnetite.
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Figure 10. Microscope images from polished sections made from the cast and annealed sample with the total composition corresponding to

hemicalcium ferrite.
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Figure 11. Scanning electron microscope image and analysis from the cast and heated sample. The total chemical composition of the
sample corresponds to that of hemicalcium ferrite. The result of the analysis is described in the bar chart.
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Figure 12. Scanning electron microscope image and analysis from the cast and heated sample. The total chemical composition of the
sample corresponds to that of hemicalcium ferrite. The result of the analysis is described in the bar chart.

Small areas of monocalcium ferrites could also be
observed in the core of the sample as seen in Figure 12.
This means that the annealing time should have been
longer in order to have enough time for the formation of
hemicalcium ferrite from the CaO-rich monocalcium
ferrite and CaO-pore hematite.

In addition to the predominance area diagrams presented
in Figures 3 to 5 computational thermodynamics were
used to define the reduction route for the calcium ferrites
as well as the p(CO)/p(CO,) ratios at which the different
phases are in equilibrium with each other. The results of
these computations are presented in Figure 13.
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Conclusions

Thermodynamic computations were used to support the
experimental procedures for the reduction of hemi-, mono-
and dicalcium ferrites, and the main results are described
in Figure 13. However, due to the limited resources of
available databases, it was not possible to computationally
estimate the behaviour of trace elements in solid solutions.

Preparations of hemi-, mono- and dicalcium ferrites
were executed and confirmed. Dicalcium ferrite demanded
the highest casting temperature but was the easiest to
prepare as nearly homogeneous phase. The other calcium
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Figure 13. Stepwise reduction of hemicalcium ferrite in equilibrium

thermodynamic calculations.

ferrites demanded either very slow cooling (for the
preparation of the monocalcium ferrite samples) or heating
after casting (for the preparation of the hemicalcium ferrite
samples).
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Effect of TiO2>-content on Reduction of Iron Ore Agglomerates
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The effect of titanium oxide on iron ore agglomerates is studied by the use of test sinter, test pellets and synthetic briquettes under
laboratory conditions. Titanium favours secondary hematite rather than magnetite, which is the main phase in the sinter of Rautaruukki's
Raahe plant. Additionally, the effects of sinter RDI and pellet LTD on the blast furnace process are evaluated using the test results of
basket trials in LKAB's Experimental Blast Furnace. The effect of titanium in synthetic hematite is studied as hematite is reduced to
magnetite in the RDI test. This occurrence causes deterioration in burden permeability.

Synthetic titanium-bearing iron oxides under controlled conditions are investigated at the University of Oulu. The effect of TiOz, in solid
solution in magnetite, on the magnetite to hematite oxidation is studied separately in order to simulate the final stage of the sintering
process. In other experiments, hematite samples doped with various contents of TiO2 are studied using thermogravimetry under a
controlled gas atmosphere (CO/CO2/H2/Nz). The TiO2 content of hematite has a clear effect on reduction degradation. Also increasing
content of TiOz2 in solid solution in magnetite radically accelerates the oxidation rate. In the pilot tests, TiO2 content has a similar negative

effect on the reduction strength of both sinter and pellets

Keywords: pellet, reduction degradation, iron ore, titanium oxide, hematite, RDI, LTD
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Introduction

Approximately 3 million tonnes of magnetite based iron
ore sinter is produced at Raahe sinter plant annually.
which accounts for more than 70% of the blast furnace
iron burden. The magnetite iron ore and some titanium
bearing secondary raw materials contain some TiO,. Sinter
basicity (CaO/Si0,) is been typically approximately 2 and
the MgO content 2.3 mass-%. The Fe content is close to
61 mass-% and the FeO content is high (10 - 12 mass-%)
because of the high amount of relic magnetite. During the
year 2006 the average of the reduction degradation index
RDI 3 js5mm (ISO4696-1) was 22.2 %, with variation being
from 13 to 33 %. The RDI was found to correlate strongly
with the titanium content of the sinter. The sinter produced
is used in two small blast furnaces (about 1200 m°) along
with a relatively small amount of pellets (390 kg per ton of
hot metal (kg/tHM)). About 117 kg/tHM of heavy oil was
used as an auxiliary reductant. The oil replaces coke and
relieves volumetric space inside the furnaces for iron
burden reduction, resulting in increased hot metal
production capacity. Practical experiments have shown
that an improvement in the sinter RDI enables a higher o1l
injection rate.

A number of papers have been published regarding the
factors atfecting sinter RDI. The parameters affecting the
RDI can be categorized as sintering parameters, properties
of the raw materials, and chemical composition of the
sintering mix. For example, increasing the MgO content
[1-3]. basicity CaO/SiO, [4,1.2] and fuel rate improves the
reduction degradation properties of the sinter. On the other
hand, increasing the content of Al,O; [3,2.5,6] and TiO,
[4,6-10] has a negative effect on RDI. Moreover, the
mineralogy of sinter is a significant factor in reduction
strength. One controlling factor of mineralogy is the
chemical composition, especially the CaO/SiO; ratio, and
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even small changes in the content of minor components,
such as MgO, AL,O; and TiO,, have a clear effect on the
sinter mineralogy [1,11]. An increase in the alumina
content has been shown to cause more calcium ferrites or
SFCA-phase in sinter [10]. Similarly, MgO has been
shown to stabilize magnetite in sinter [1].

An adequate range of pellet LTD. g3, (ISO 13930:
1998(E)) suitable for the blast furnace process has not
been widely published, probably because the reduction
strength of pellets is generally assumed to be significantly
better than that of sinter [12]. Both RDI- and LDT-tests
are used in analysing pellet quality, these test values are
not easily comparable, however, The effect of pellet
chemical composition on reduction degradation properties
has been discussed in several papers [13.14]. Also, the
effect on pellet microstructure of the chemical
composition, the physical properties of the raw materials
and the sintering temperature has been studied [15]. A
high content of skeletal rhombohedral hematite has been
found to be detrimental to pellet reduction strength [15].
Additionally, reduction strength is affected by mineral
hardness/density surrounding characteristically hematite
(secondary hematite) shaped crystals [6].

The negative effect of titanium oxide on RDI has been
studied previously in several papers but there are no
published studies of the effect of titanium on LTD for
pellets. Laboratory made test pellets having different TiO»-
contents are investigated in this paper. The pilot scale tests
of this study additionally focus on the relevance of LTD
results in the BF process under pilot scale experimental
blast furnace (EBF) conditions. The correspondence
between analysed LTD-values and behaviour under EBF-
conditions is compared. The mechanism affecting both
sinter and pellet reduction strength is investigated by
preparing synthetic briquettes and subjecting these to
reduction. This laboratory study focuses on the effect of
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dissolved TiOs in iron oxides on the reduction reactions of
hematite and magnetite and on the oxidizing of magnetite
to hematite. The latter indicates that the phenomenon
occurs after the sintering process when sinter or pellets are
cooling down under oxidizing conditions.

Methods

Pilot scale experiments

The test pellets were prepared under laboratory
conditions. The pelletizing mix was prepared by weighing
the amount of raw materials, mixing and feeding manually
to the pelletizing drum. The green pellet size after
pelletizing was screened to 10 — 12.7 mm and the moisture
content was very close to 7.2 %, thus, a little extra
moisture was required in the case of the hematite
concentrate compared with magnetite concentrate.

After pelletizing the green pellets were dried at a
temperature of 105°C for one day. The dried pellets were
then sintered in a small electric furnace. The furnace was
preheated to 600°C and the sintering atmosphere was
adjusted to enable oxidizing of magnetite to hematite. The
target FeO-content of the sintered pellets was set to 0.5 %.
Therefore, a constant amount of air was blown into the

furnace during the sintering stage. Sintering time in these
tests was 1-2 hours. The chemical compositions of the iron
ore concentrates used are presented in Table 1. The grain
size distribution of materials was similar to that of typical
production scale materials.

The chemical compositions of the additives used are
presented in Table 2. Bentonite was used to improve the
pelletizing process. Rutilite is a rutile-containing material
used to increase the TiO,-content in the test pellets. Lime
stone was also used as an additive to adjust the pellet
quality and mineralogy.

Two separate test sets were carried out. The aim of the
first test was to study the effect of TiO,-content on test
pellet LTD using different sintering parameters. The
second test set was carried out to study the test pellet
behaviour under experimental blast furnace (EBF)
conditions.

Test pellets: Set 1. The first set of test pellets were
sintered under the conditions presented in Table 3. The
aim of this test program was to study the effect of
increased TiO,-content on iron ore pellets. The bentonite
addition to each pellet type was identical. Rutilite
additions were realized at two levels. Sintering
temperature was kept constant. Sintering time is always an

Table 1. Chemical composition of iron ore concentrates, in mass-%.

Concentrate Fe CaO S10, MgO ALO; TiO, V,0s Sum

Magnetite A 71.1 0.12 0.39 0.25 0.24 0.46 0.32 72.88

H: i 68.2 0.14 1.04 0.15 0.35 0.30 0.14 70.32

Magnetite B 714 0.16 0.57 0.18 0.12 0.11 0.22 72.76
Table 2. Chemical composition of additive materials for test pellets, in mass-%.

. ; s s 5 Weight loss
Raw material Fe CaO Si10, MgO ALO; TiO, V.05 FeO in% at 900°C
Bentonite 3.18 9.95 48.40 295 16.50 0.74 0.03 0.30 14.70
Rutilite 3.86 3.21 25.20 2.94 5.20 55.05 0.50 0.00 0.43
Lime stone 0.24 52.90 0.85 0.94 0.45 0.03 0.00 - 42.90

Table 3. Sintering conditions and composition of test pellet set 1.
Bentonite Rutilite Temperature Sintering time
Test Set 1 Concentrate [mass-%] [mass-%] r°c] [min]
MaA 1h Magnetite A 1.0 0.00 1250 60
MaA 2h Magnetite A 1.0 0.00 1250 120
MaA 1h TiO, Magnetite A 1.0 0.31 1250 60
MaA 2h TiO, Magnetite A 1.0 0.31 1250 120
He 1h H 1 1.0 0.00 1250 60
He 2h H 1.0 0.00 1250 120
He 1h ++Ti0, H: 1.0 0.80 1250 60
He 2h ++Ti0, H: 1.0 0.80 1250 120
MaB 1h Magnetite B 1.0 0.00 1250 60
MaB 2h Magnetite B 1.0 0.00 1250 120
MaB 1h +TiO, Magnetite B 1.0 0.31 1250 60
MaB 2h +TiO, Magnetite B 1.0 031 1250 120
MaB 1h ++TiO, Magnetite B 1.0 0.70 1250 60
MaB 2h ++Ti0, Magnetite B 1.0 0.70 1250 120
Table 4. Sintering conditions and composition of test pellet set 2.
Bentonite Calcite Rutilite Temperature Sintering time

5 2
Test Set 2 Concentrate [mass-2] [mass-2%] [mass-2%] r°c] [min]
MaB 1.5h Magnetite B 1.0 0.0 0.00 1250 90
MaB 1.5h + TiO, Magnetite B 1.0 0.0 1.39 1250 90
MaB 1.5h + TiO, + CaO Magnetite B 1.0 3.0 139 1250 90
MaB 1.5h + CaO Magnetite B 1.0 3.0 0.00 1250 90
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important parameter and therefore all of the tests were
carried out using two sintering times (1 h and 2 h).

Test pellets: Set 2. The second set of test pellets was
sintered under slightly different conditions (Table 4).
Bentonite addition, sintering time and temperature were
constant for each of these tests. Lime stone and rutilite
rates were the variables adjusted, affecting pellet
mineralogy and quality. The aim of CaO-addition was to
affect pellets mineralogy and produce pellets of very poor
quality, and then study the mechanism affecting reduction
strength.

Laboratory experiments

Materials. The test material used in the oxidizing
experiments was magnetite fines mixed with varying
amounts of TiO,. The magnetite content of the fines was
96.1 mass-% and the total iron oxide content, including
hematite, was approximately 97.8 mass-%. The most
significant quantities of other oxides are shown in Table 1
(Magnetite A). The test materials, used in the reduction
experiments, were Puratronic grade hematite (99.998
mass-%) and magnetite chemicals (99.997 mass-%) also
mixed with varying amounts of TiO,. Rutile powder
(TiO,) with a grain size below 44 pm and a purity of 99 %
or above was used as the titanium oxide additive.

Preparation of samples. The Magnetite A fines were
ground and sieved to a grain size of less than 74 um. The
Puratronic oxide powders (magnetite and hematite) were
used without any additional treatment. TiO, was mixed
into the fines in amounts corresponding to 0.5, 2 and 5
mass-%. The powder mix to which approximately 15
mass-% of purified ethyl alcohol had been added was
pressed into briquettes under a pressure of 50 MPa. The
wet briquettes were dried at 110°C for a minimum of 2 h.
Pressed briquettes (12 mm ¢ x 5 mm), as described earlier,
were sintered in a 34 mm diameter tube furnace at 1300°C
for 5 h, the magnetite briquettes in a CO/CO, atmosphere
(CO/CO, = 5/95 and flow rate 1 I/min) and hematite in air.
Upon completion of sintering the briquettes were quickly
quenched in a water cooled copper chamber, in an argon
atmosphere. After cooling, the briquettes were ready for
the reduction/oxidizing experiments. The aim was to

produce compact and dense briquettes for topochemical
reaction during the reduction.

Reduction of samples. Two different types of reduction
experiments were carried out. The hematite-magnetite
reduction step was examined under the conditions used in
the standard RDI-test where the temperature was 500°C
and the gas composition CO/CO»/Ho/N, = 20/20/2/58
respectively, whilst the reduction of iron oxides to iron
was examined under conditions of temperature of 950°C
and gas composition of CO/CO, = 90/10. The prepared
and sintered briquettes were reduced using the thermo-
gravimeter (TGA). The TGA included a 34 mm diameter
tube furnace in which a reducing gas mixture of H,, N,
CO and CO, at a flow rate of 2 I/min was achieved. The
gas composition and reduction temperature were kept
constant during the experiments. Before the reduction, the
sample was first heated to reduction temperature in an
argon atmosphere for 5 min. The reduction time was 360
min, for the samples reduced to iron (CO/CO, = 90/10)
and 60 min for the hematite briquettes reduced to
magnetite under RDI-conditions. During the reduction test,
the sample was located in a platinum basket hanging on a
gravimeter connected to a computer for data collection.
After the reduction, the briquettes were rapidly cooled in a
copper chamber in an argon atmosphere as described
carlier.

Results

Effect of TiO,-content on the LTD of test pellet Set 1.
The final chemical composition of the test pellets can be
seen in Table 5. The only obvious change is in the TiO,-
and SiO,-contents. SiO,-content increases slightly with
Ti0O, because rutilite also contains a small amount of silica.

The effect of increased TiO,-content on test pellet LTD
is presented in Figure 1. All test pellets were sintered
using two different sintering times: 1 h and 2 h. The
difference in the level of the lines is caused by the
properties of the iron ore concentrates used. The only
change being made is that of the rutilite content. For
example the sample MaA is coarser in grain size
distribution. As can be seen, however, the slope of the
lines to the X-axis is almost the same.

Table 5. Final chemical composition of test pellet set 1.

Test Set 1 Fe FeO MgO ALO; Si0, CaO TiO;
MaA 1h 68.5 0.5 0.24 0.33 0.87 0.23 0.38
MaA 2h 68.5 0.1 0.24 0.33 0.88 0.22 0.38
MaA 1h T10, 68.3 0.5 0.25 0.36 1.01 0.23 0.67
MaA 2h TiO, 683 0.2 0.25 0.36 1.02 0.23 0.67
He 1h 68.3 0.1 0.14 0.44 1223 0.22 0.26
He 2h 68.4 0.2 0.11 0.40 1.07 0.18 0.26
He 1h ++TiO, 68.0 0.2 0.17 0.48 1.45 0.23 1.00
He 2h ++TiO, 68.0 0.2 0.17 0.49 1.50 0.23 1.00
MaB 1h 68.6 14 0.14 0.21 1.02 0.22 0.09
MaB 2h 68.4 0.2 0.14 0.21 1.03 0.24 0.09
MaB 1h +TiO, 68.0 0.1 0.15 0.23 LI5 0.23 0.37
MaB 2h +TiO, 68.1 <0.1 0.15 0.23 1.15 0.23 0.36
MaB 1h ++TiO, 68.2 0.1 0.19 0.27 133 0.25 0.72
MaB 2h ++Ti0, 68.1 0.1 0.19 0.28 1.38 0.25 0.73
410 steel research int. 80 (2009) No. 6



SUPPLEMENT V
PAANANEN, T & KINNUNEN, K: EFFECT OF TIO2-CONTENT ON REDUCTION
OF IRON ORE AGGLOMERATES, STEEL RESEARCH INTERNATIONAL,
80(2009)6, PP. 408-414.

Process Metallurgy

Quality and mineralogy of test pellets Set 2. The
quality and chemical composition for test pellet set 2 are
presented in Table 6. The codes in the table are as follows:

- REXT: Reduction EXTend at 1000 °C, in %

- TDP20: first melt formation temperature in °C, when 20
mbar pressure drop reached

- TK350: softening index, 50% collapse in voidage, °C

- LTD: Low Temperature Disintegration index in %, for
pellet fraction < 6.3 mm

The increase in CaO-content by 1.5 % had a very strong
effect on the pellet LTD value. Reducibility is not
significantly different between the tests, whereas the
softening temperature increased in the case in which CaO-
content was increased.

LKAB'’s experimental blast furnace (EBF) located in
Lulea was used to compare the LTD test value and
disintegration rate under blast furnace conditions. The test
materials were charged to 5 separate levels inside the EBF
before quenching. The aim was to study material
disintegration as a function of reduction degree. The
samples in Figure 2 were the samples from the highest
level in the furnace, where the reduction degree was 60-
95 % compared to the state when all of the iron is reduced
to pure magnetite. The reduction degree followed logically
on reducibility presented in Table 6. The results of the
EBF-trial and LTD are presented in Figure 2. The LTD
value presented is the standardized test result and EBF
+63mm Means the >6.3 mm fraction in the excavated
samples, which were treated using the RDI-test drum in
order to induce some disintegration.

Dissolution of TiO, into ironm oxides. The TiO,
dissolved completely into the hematite and magnetite up to
the 5 mass-% which was the maximum amount of TiO,
used in the experiment. The XRD analysis from hematite
synthesis showed only the alpha hematite phase in all the
samples containing TiO,. However, a slight shift from
hematite peaks towards peaks of ilmenite with hematite
doped with 5 mass-% TiO, could be observed. Moreover,
TiO, was uniformly distributed and the content was

Table 6. Final chemical composition and quality of test pellet set 2.

TestSet2 | MaB 1.5h '““l}T'i"" _ggf . 13:0 '“fga'é"‘
Fe [%] 68.6 68.4 67.1 67.4
FeO [%] 0.60 0.60 0.40 0.20
Si0; [%] 1.01 131 137 1.05
Ca0 [%] 024 0.26 1.70 1.68
TiO: [%] 0.09 0.73 0.75 0.09
REXT [%] 62.7 60.8 64.6 61.9
TDP20 [°C] 1126 1145 1155 1285
TK50 [°C) 1227 1221 1259 1325
LTD [%] 922 612 13 75
S;:::::;Ti;!}l 276 257 241 180
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Figure 1. LTD of laboratory made test pellet set 1.
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Figure 2. Comparison between LTD value and disintegration rate
under EBF-conditions for test pellet set 2.

practically constant according to the SEM-EDS analysis.
In the case of hematite, the dissolution of Ti* -cations was
caused by reduction of Fe’"-cations to Fe*'-cations as
described in an earlier publication [7]. Increasing the TiO»
content from 0 to 5 mass-% increased the content of the
Fe*"-cations from <0.1 to 3.0 mass-% as measured using
the titration method. Considering on the atomic level, this
means that each Ti*'-cation caused the reduction of one
Fe*-cation to onme Fe'-cation. The lattice structure
remained unchanged despite the reduction of the Fe*'-
cation. which was proved by XRD analyses [7]. It is
proposed that this reversible phenomenon is responsible
for enhancing the oxidizing of magnetite to hematite in the
final stage of sintering when sinter is cooling down under
oxidizing conditions [7].

Reduction of synthesised briquettes. TiO, has a clear
accelerative effect on reduction of magnetite at contents of
2 and 5 mass-% Ti0,, which can be seen from Figure 3,
where the reduction curve of the pure sample has been
linearized and presented in the graph as the x-axis. The
degree of reduction of the pure magnetite sample can be
seen at the top of the figure on the secondary x-axis. The
three curves presented are the differential degree of
reduction for samples with various TiO,-content compared
with the degree of pure sample reduction. For example, the
sample doped with 5 wt. % TiO, has been reduced 64 %
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Figure 3. Effect of titanium dioxide on reduction of magnetite. The
curves show the difference from the reduction curve of pure
magnetite. The degree of reduction for pure magnetite can be read
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Figure 5. Hematite briquettes before and after RDI-reduction with
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(39% + 25%) as opposed to 39 % for the pure sample,
after 120 minutes reduction. Correspondingly the sample
doped with 0.5 wt. % TiO, has been reduced less than the
pure sample, approximately 32 % (39 % - 7 %) after 120
minutes reduction.

TiO, had a clear effect on reduction of hematite to
magnetite under RDI-conditions (Figure 4). At the
beginning of the reduction the samples containing 2 and 5
mass-% Ti10, were reduced more slowly than both the
pure sample and that containing 0.5 mass-% TiO,.
However, after a few minutes the rate of reduction
increased significantly in the samples containing 2 and 5
mass-% Ti0,. The final degree of reduction was close to
100 % in the samples containing 2 and 5 mass-% Ti0O,, but
only 60 % in the pure sample.

The largest structural changes during reduction occurred
with the samples containing the most TiO,. The sample
containing 5 mass-% Ti0, showed thorough fracturing and
was full of cracks (Figure 5). This phenomenon can also
be seen with lower TiO,-content but it is not as strong as
with the sample containing 5 mass-% TiO,.

The hematite to magnetite reduction mechanism was
observed to be changed by TiO,. The reduction front
between hematite-magnetite is quite sharp and clear with
RDI-reduction of pure hematite. The higher the TiO, -
content of hematite the more fragmented and disintegrated
is the reduction front. The degree of reduction after 15 min
reduction was approximately 30 % with pure hematite and
correspondingly approximately 25% with the hematite
sample containing 5 mass-% TiO,. Although the degree of
reduction was lower with the hematite containing 5 mass-%
Ti0,, the reaction penetrated at least three times deeper
into the hematite sample, while hematite phases occurred
very close to the surface of the sample.

TiO, also had an accelerative effect on hematite
reduction to iron although during a short period at the
beginning of the process retardation of reduction occurred
with the samples containing TiO, (Figure 6). This
phenomenon is similar to the RDI-reduction mentioned
above in connection with Figure 4. The final degree of
reduction is about 99 % for pure hematite but the more
TiO, the sample contains the lower is the final degree of
reduction. Contrary to the RDI-reduction, the samples
reduced to iron did not disintegrate.

Discussion

The effect of TiO,-content on LTD was as dramatic as
in the case of sinter [7]. The increasing TiO,-content
caused a systematic deterioration of the reduction strength,
which could be observed in both laboratory reduction tests
and the standard LTD- and RDI-tests. The results were
dependent also on properties of the iron ore concentrates
used, chemical composition and grain size distribution.
Magnetite A was coarser than the other materials. The
results were also dependent on the original TiO,-content.
The added rutile was not fully reacted and relict minerals
were found in SEM-EDS-analysis of the sintered pellets.
The effect of TiO, is even stronger therefore than the
results presented according to this study.

steel research int. 80 (2009) No. 6
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CaCOj; addition increased pellet porosity due to being
calcinated to CaO. The increased CaO content also caused
the formation of large characteristically shaped hematite
crystals as can be seen in Figure 7. Molten phase formed
during the sintering stage increased diffusion. This
characteristically shaped hematite crystal structure is very
detrimental to the pellets, especially if the surrounding
structure is dense or glassy. The glassy phase disintegrated
dramatically during the LTD-test due to the expansion of
hematite inside the structure. The glassy phase
[composition close to Iron-Calcium-Olivine, 2(Fe.Ca)O «
S10,)] included a quite high content of TiO,, but the LTD
was still insufficient because of formation of characteristic
secondary crystals and a dense structure around them. The
pellets with an LTD of 1-8 % are absolutely unsuitable for
the blast furnace process.

In this study it was found that the LTD and the
disintegration under real blast furnace conditions did not
correspond to each other. The LTD-value of 61 % appears
to be as good as a value of 92 %. It is widely recognized
that pellets have more strength under BF-conditions than
sinter and that the LTD-test is harder for the material.
Therefore, the LTD value for pellets is not as critical as is
RDI for sinter. The reactions are in any case faster under
EBF-conditions and obviously the results of this study are
not directly comparable with larger, production scale BF
conditions. The residence time in the region where
hematite is reduced to magnetite is shorter in the EBF and
this residence time is very important to the disintegration.
Additionally, worse reducibility in the case of samples
including higher TiO,-content enabled surface formation
of wiistite and metallic iron before the material was
reduced to magnetite in the core. It was also observed in
laboratory scale reduction tests that TiO, seemed to
stabilize and retard the hematite reduction at the beginning
of the process, and also at low contents (Figures 4 and 5).
In addition, the final degree of reduction to iron was lower
with the sample containing 5 mass-% TiO, than with pure
hematite and magnetite. Contrary to the RDI-reduction,
the hematite samples reduced to metallic iron did not
disintegrate. This phenomenon was assumed to be the
consequence of metallic iron formation on the surface of
briquettes and it is proposed that this prevents the
degradation of the briquettes. In the laboratory reduction
tests under RDI-conditions, TiO, caused changes in the
reduction mechanism. In the test sample containing 5
mass-% TiO, the degree of reduction was interrupted at
about 30 %, and the hematite reaction had penetrated at
least three times deeper into the hematite sample. However,
hematite relict phase occurred very close to the surface of
the sample. It is suggested that the cause of this is
disintegration of the structure and furthermore, formation
of increased surface area contact between reduction gas
and hematite. A consequence of this disintegration was the
acceleration of the reduction after approximately the 20
minute reduction stage (Figure 4).

Conclusions

The increase in TiO,-content of iron oxide agglomerates
has a clear negative effect on their reduction degradation
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Reduction degree of pure hematite
reduction (%)
0 84 924 966 98 98.7 99

c

.{._j 15
c

>
8% 112
3
es 9
S E
o 6
- A
1.03
g5 e 3
T a< @
=5 {0
E; \.‘._
5 o -3
E
oQ

E '6

S o 60 120 180 240 300 360

Time (min)

| ==5% TiO: 2% TiO: 0.5% TiO.

Figure 6. Effect of titaniumodioxide on reduction of hematite. The
curves show the difference from the reduction curve of pure
hematite. The grade of reduction for pure hematite can be read
from the secondary x-axis at the top of the figure.

Figure 7. Detrimental structure of characteristically shaped
hematite crystals found in the test pellets.

property. The value of sinter RDI is more significant than

pellet LTD under real blast furnace conditions. The

residence time for iron burden material in the magnetite

facies zone is a critical factor. The magnetite facies is

probably shorter in the case of the experimental blast

furnace. Wiistite and metallic iron is formed on the surface

before the pellet core is fully reduced to magnetite. The

metallic iron prevents degradation and repairs the structure.
Two major occurrences can be said to strongly affect the

quality of sinter and pellets:

- TiO,-content of secondary hematite crystals —

should be low.

The amount and crystal size of secondary hematite —

should be low/small.

- Structure morphology and porosity surrounding
secondary hematite crystals, including structure —
should not be dense or glassy.
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The TiOs-content of sinter and pellets should be
minimized in order to maximize the quality. The presence
of glassy phase surrounding characteristically shaped
hematite crystals is very detrimental to quality. The
formation of glassy phase in pellets should be minimized.
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Kimmo Kinnunen & Timo Paananen

Ruukki Production, Finland

ABSTRACT

Mineralogical characterization for two ultra basic production sinter-test sinter pairs was
made using optical microscopy and scanning electron microscopy. Basicities (Ca0/510,)
of the sinter pairs were 2.1 and 2.3 respectively. Despite of the equal composition, the
mineralogy and microstructure of the corresponding test and production sinters were
significantly different.

The production sinters were composed mainly of fine-grained equigranular matrix rich
in newly formed magnetite. Sporadically, some coarse magnetite or olivine relicts created
a porphyritic-like structure. The matrix magnetite was clearly the primarily crystallized
phase with interstitial vitreous slag, SFCA phase, dicalcium silicate, siliceous dicalcium
titanoferrite, tertiary hematite and/or hematite-dicalcium silicate intergrowths.

The test sinters were characterized by a porphyritic-like structure with a great amount
of relatively coarse magnetite and olivine relicts in a newly formed fine-grained matrix
having hemicalcium ferrite as the primary phase. The interstices between the columnar
hemicalcium ferrite grains were typically filled with calcium ferrite-dicalcium silicate micro-
intergrowths and slightly coarse-grained droplet-like siliceous dicalcium titanoferrite grains.
In places the micro-intergrowths were missing and the matrix was composed of randomly
oriented acicular hemicalcium ferrite, siliceous dicalcium titanoferrite, and dicalcium
silicate. Magnetite and vitreous slag did not typically exist in the test sinter matrix.

Both sinter types contained some secondary hematite existing mainly in the zone
around the partially hematitized magnetite relicts.

It is proposed that the main reason for the mineralogical difference is the different
melting or reaction degree originating from the difference in the sintering temperatures

between the pot and production sintering processes.
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INTRODUCTION

Pot sintering is not a standardized test, but it is widely used worldwide to investigate the
fundamental phenomena and to test the sintering characteristics of different iron ore
blends prior to full scale plant trials and plant production. As studied elsewhere in detail,
the test sintering is a very sensitive method for changes in the process conditions and
properties of the sinter blend materials [4, 5, 6].

At the Ruukki Production, the produced test sinter is put into different mineralogical
and metallurgical tests. Estimations are made about the behaviour of the sinter mix in
real sintering process and quality of the sinter and its behaviour in the blast furnace [3].

The quality of sinter is mainly governed by the structure and phase composition of the
agglomerate [1, 7]. In principle, most, if not all of the properties of sinter are straightly
related to the structure and mineralogy of the agglomerate. However, the sinters are typi-
cally very heterogeneous materials in macro- and micro-scale and this connection is very
difficult to find out and even more difficult to prove.

Ruukki Production has developed a constant pot sintering procedure, which produces
test sinters having quite well the same RDI (Reduction degradation index) values as the
production sinters made from the same blend. This is basically quite astonishing, because
of the known differences between the condition of the test and production sintering.

The following results were made during a co-operation project between Ruukki Pro-
duction and Laboratory of Process Metallurgy, University of Oulu. The project aimed to
stabilize the blast furnace operation by decreasing the quality variations of the sinter.

METHODOLOGY

Sample materials and Research Methods

The test sinters were produced according to constant pot sintering route of the Ruukki
Production [3]. The sinter was screened and the fines were returned into repeated sinter-
ing until the ratio between the produced and returned sinter fines was from 0.95 and
1.05. Coke breeze was used to adjust the ratio.

The production sinter samples from Dwight-Lloyd type sinter plant of the Ruukki Pro-
duction were collected using automatic sampling equipment. The same ratio between the
produced and returned sinter fines was used for the sinter optimization.

The reduction degradation tests were dene according to international standard (ISO
4696-1)

Polished samples from the test and production sinters were made in the mineralogi-
cal laboratory of Ruukki Production. The polished sections from the sinter samples were
examined optically with Olympus BX51 polarized microscope. Compositions of the dif-
ferent phases were assayed with a JEOL JSM-6400 scanning electron microscope using
energy dispersive spectrometry. An accelerating voltage of 15 kV and a beam current of
120 nA were used. Oxford Instruments Inca 3.03 software was used for the evaluation of
the analyses.
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RESULTS AND DISCUSSION

Sample Composition and Test Results

Chemical compositions and some test data for the test sinters and production sinters are
seen in Table 1. The compositions are quite close to the targeted basicity values (B2) of
2.1 and 2.3, and the Fe content and MgO-contents of 61.5% and 2.1%, respectively.

The image analysis revealed that the phase composition of the production and test sin-
ters were very different. The production sinters were higher in magnetite (MA) and lower
in hematite (HE) than the test sinters (See Table 1). The difference in FeO content (ti-
trated analysis) is also an indication of this. The actual content of calcium ferrites (CF) is
somewhat uncertain, due to the difficulties to distinguish different calcium ferrites from
magnetite. Both the glass phase and the crystals of silicate phases (olivine relicts) are
classified as part of the vitreous slag (VS).

Table 1: Composition and test data for test sinters (TS1 and TS2) and production sinters (PS1 and PS2)

sample Fe  Ca0 S0, Mg0 Al0, Ti FeD B, RDI CF HE MA VS

151 60,28 7,55 3,57 208 0,558 0023 520 211 21,7 188 31,1 388 11,3
152 60,43 7,62 3,24 215 0,54 0,23 600 235 186 21,2 300 37,2 11,7
PS1 60,44 7,45 3,40 1,99 0,59 0,25 10,87 2,09 20,7 159 187 53,6 11,9
PS2 61,06 7,16 2,97 1,72 057 0,27 10,95 2,30 21,6 19,2 169 49,9 14,0

The measured RDI values of the test and production sinters were quite low and indicated
good behaviour in the blast furnace.

Mineralogy and Structure

Production Sinters

The production sinters were highly magnetite dominated. The total magnetite content
was at least 50-60%. Most of the sinter fragments (Figure 1) consisted of newly formed,
fine grain granular magnetite (Ma, light grey) matrix with interstitial minor phases (dark-
er areas). Some coarse grain magnetite relicts (Figure 2), partially oxidized to hematite
(He, white), occurred sporadically making the structure look porphyritic-like. Proportion
of the relicts in the production sinter was about 20%. At the reaction zone between the
magnetite relicts and magnetite rich matrix, hybidiomorphic secondary hematite grains
were identified.

MOLTEN 2009. Santiago, Chile 949
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Figure 2: Typical porphyritic-like structure of production sinter

Closer look into the matrix interstices revealed the existence of two kinds of main phase
associations. In the first one (Figure 3), matrix magnetite (Ma, light grey) was surround-
ed by SFCA phase (SFCA,medium grey, columnar) with intervening glass phase (Gl, dark
grey, smooth) and dicalcium silicate (La, dark grey, granular). In some cases a few grains
of siliceous dicalcium titanoferrite (not seen in Figure 3) was also detected.

The second association (Figure 4) consisted of magnetite with interstitial ternary hem-
atite (He, white), existing mainly as dendritic crystals and as micro-intergrowths with di-
calcium silicate. Some glass phase and a few grains of the siliceous dicalcium titanoferrite
(DCTif, medium gray, a few grains around the glass phase in the central part of the photo)
were typically present.

Variations in phase proportions and mixing and gradation of the types into each other
were not rare.
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Figure 4: Typical interstitial phase association of the production sinter

Test Sinters

The test sinters were totally different from the production sinters. Most of the test sinter
fragments were very distinctively characterized by a porphyritic-like structure (Figures
5 and 6). The relatively coarse grain magnetite and occasional olivine relicts, making up
about 50% of the sinter, were surrounded by newly formed fine grain hemicalcium fer-
rite rich matrix. Oxidation of the magnetite relicts to hematite was generally more pro-
nounced than in the production sinters.

At the contact zone between the magnetite relicts and matrix, idiomorphic secondary
hematite was observed.

With very few exceptions, magnetite and vitreous slag were absent from the test sin-
ter matrix.

MOLTEN 2009. Santiago, Chile 951
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Figure 6: Typical structure of the test sinters

The test sinter matrix had two main phase associations characterized by specific micro-
structures. In most sinter fragments, the matrix was characterized by randomly oriented
columnar hemi-calcium ferrite (Figure 7). Between the hemicalcium ferrite columns (HCf,
light grey) existed allotriomorphic droplet-like grains of siliceous dicalcium titanoferrite
(DCTif, medium grey) and very fine grain intergrowth of dicalcium silicate and some form
of calcium ferrites (almost white with darker spots), probably the hemicalcium ferrite.

The second type of the matrix (Figure 8) was characterized and dominated by random-
ly oriented acicular to columnar hemicalcium ferrite (HCf, ligh grey), long-shaped dical-
cium silicate grains (La, dark grey) and allotriomorphic siliceous dicalcium titanoferrite
(medium grey). Grain size of the phases was quite alike. Amount of the dicalcium silicate
and dicalcium ferrite phase was low in places.

Variations in phase proportions of the main types and mixing and gradation of the
types into each other were not rare.
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Figure 8: Another typical phase association of the test sinter matrix

Optical microscopy revealed the differences between the production and test sinters. It
seems most obvious, that the main reason for the difference in the mineralogy and struc-
ture was the sintering temperature. The lower sintering temperature in the pot sinter-
ing process created a lower reacting and melting degree for the material. Because about
half of the magnetite grains were not involved in the reactions, the reacting material was
lower in Fe and higher in CaO and SiO,. This caused that primary crystallization started
from the hemicalcium ferrite phase field instead of the magnetite field of the Fe-richer
system taking part in the sintering reactions in the production sinter.

Mineral Chemistry

Typical chemical compositions of the production and test sinter phases are presented
in Tables 2 and 3 respectively. Numbers of the first column in Table 2 refers to phases:
magnetite/matrix (1 and 2), magnetite/relict (3), olivine/relict (4), hematite/secondary
(5), hematite/ternary (6), dicalcium silicate (7), siliceous dicalcium titanoferrite (8 and
9), vitreous slag (10), and SFCA phase (11). In Table 3 the numbers refer to phases: hemi-
calcium ferrite (1 and 2), magnetite/relict (3), olivine/relict (4), hematite/secondary (5),
dicalcium silicate (6), siliceous dicalcium titanoferrite (7 and 8). All Fe is calculated as
total FeO (FeO,).
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In general, magnetite and olivine relicts of different sister types were quite comparable in
chemical composition. The same was true for the hematite oxidation lamellas, secondary
hematite grains and dicalcium silicate. The matrix magnetite of the production sinters
had always clearly increased CaO and MgO contents.

Table 2: Typical chemical compositions of the phases existing in the test sinters

No. Mg0 AL,0, 5i0, a0 Tio, V,0, MnO FeO,
1 5,52 0,00 0,00 3,57 0,00 0,00 1,08 77,21
2 1,02 0,00 0,00 2,12 0,00 0,00 0,00 85,01
3 0,00 0,00 0,00 0,00 0,00 0,00 0,00 85,08
4 47,60 0,00 39,01 0,00 0,00 0,00 0,00 8,72
5 0,00 0,78 0,00 0,97 1,68 0,00 0,00 83,57
6 0,00 0,70 0,00 1,51 2,07 0,00 0,00 79,21
7 0,00 0,00 31,63 62,17 0,00 2,08 0,00 1,93
8 0,00 0,44 10,03 40,88 23,18 0,00 0,00 18,13
9 0,00 0,00 10,57 41,46 6,29 1,06 0,00 30,73
10 0,00 0,53 30,94 39,68 5,01 5,45 0,00 10,32
11 0,00 2,21 7,62 16,35 1,68 0,00 0,00 62,59

Table 3: Typical chemical compositions of the phases existing in the test sinters

No. Mg0 AL,0, 5i0, a0 Tio, V,0; MnO FeO,
1 0,00 0,93 1,94 14,55 0,00 0,00 0,00 70,16
2 1,50 0,53 0,00 9,75 0,00 0,00 0,00 75,52
3 0,00 0,39 0,00 0,00 0,00 0,00 0,00 87,28
4 50,64 0,00 40,11 0,00 0,00 0,00 0,00 7,62
5 0,00 0,53 0,00 0,43 0,50 0,00 0,00 84,37
6 0,00 0,00 30,63 59,84 0,00 1,81 0,00 1,97
7 0,00 0,56 8,75 40,13 11,01 0,00 0,00 31,01
8 0,00 0,00 10,11 39,60 1,73 0,81 0,00 38,04

Composition of the calcium ferrites of the production sinters and test sinters are com-
pared in Figure 9. Although there was some overlapping in the compositions, production
sinters usually contained the higher SiO, containing SFCA phase. In the test sinters the
calcium ferrite was typically a hemicalcium ferrite with lower SiO, content.

Composition of the siliceous dicalcium titanoferrite is clarified on the basis of 92 SEM
assays in Figure 10. This phase had quite stable CaO and SiO, contents and variable TiO,
and FeO contents. TiO, content in the production and test sinters varied from 6.3% to
23.2 % and from 1.6% to 11.0% respectively. [t was obvious, that Ti is replacing Fe in the
siliceous dicalcium titanoferrite structure. Despite of numerous mineralogical characteri-
zations made for different test and production sinters [1, 2, 3, 7], this kind of siliceous
dicalcium titanoferrite has not been reported earlier for iron ore sinters.

954



SUPPLEMENT VI
TANSKANEN P, KINNUNEN K & PAANANEN T: SIGNIFICANT
MINERALOGICAL DIFFERENCES BETWEEN BASIC TEST AND PRODUCTION
IRON ORE SINTERS WITH EQUAL CHEMICAL COMPOSITION, MOLTEN
SLAGS FLUXES AND SALTS, SANTIAGO 2009, PP. 947 - 956.

Significant Mineralogical Differences between Basic Test...

SFCA phase and hemicalcium ferrite
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Figure 9: Composition variation of the SFCA phase and hemicalcium ferrite from production sinters
(black open squares) and test sinters (black full squares). Scales are in oxide w-%

Siliceous dicalsium titanoferrite
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Figure 10: Composition variation of the siliceous dicalcium titanoferrite expressed as Ca0 vs. Ti0, (black full
squares), FeO vs. Si0, (black open squares), and FeO vs. Ti0, (full gray squeres). Scales are in oxide w-%

Part of the variation in the composition is analytical error due to the very fine grain size of
the phase, especially in the case of the production sinters. This generates increased varia-
tion in the CaO and SiO, content especially for the high TiO, (low FeO) compositions.

CONCLUSIONS

RDI values of test sinters made using a pot sintering equipment has been observed to
predict quite well the RDI values of the production sinter made from the same mix. Min-
eralogy and structure of the test sinter-production sinter pairs with basicity of 2.1 and
2.3 was made using optical and scanning electron microscopy.

Results revealed that mineralogy and texture of the test and production sinter made
from mix was totally different. The structure and phase composition of the production
sinters were dominated by newly formed magnetite matrix with some magnetite relicts,
while in the test sinters were dominated by hemicalcium ferrite rich matrix with a
great amount of magnetite relicts. In both sinters a new type of dicalcium ferrites was
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identified. It was a siliceous dicalcium titanoferrite with constant $i0, and CaO contents
and varied TiO, contents up to 23%.

It is proposed that the reason for the mineralogical difference is the different melting
or reaction degree of the production and test sinters, in turn caused by differences in the
sintering temperature between the pot and production sintering processes.
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