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SUMMARY

The present work was undertaken with the objective of 1) stu-
dying the effect of type of binder and fluxes on the bonding mechanism
and 2) -evaluating peat moss as a binder for the production of self
fluxed pellets.

Pellets were produced from high silica specularite concen-
trates of Mount Wright origin. Two sets of pellets were produced i) at
the laboratory level, by producing green pellets in a small disc pel-
letiser and indurating them in a resistance furnace and ii) at a pilot
plant level, by producing pellets in a standard disc pelletiser and
indurating them in a pot grate. The first set of pellets were used
exclusively for bonding mechanism studies and the second set was wused
for evaluating peat moss as a binder.

Laboratory pellets were produced in the basicity range of
0.2-1.6 for bonding mechanism studies. Bentonite and peat moss were
used as binders. The specific basicity levels were obtained by using
only limestone or a combination of dolomite and limestone as flux. In
the pellets which were produced using dolomite as flux, the dolomite
addition was maintained at 9% of the dry mix and the rest being limes-
tone to achieve the specific basicity level. The bonding phases were

characterised by using optical microscope, image analyser and SEM-EDS.



It was observed that the bonding in acid pellet (i.e.: 0.2
basicity) mainly consisted of iron oxide bridges. The bonding phase was
predominantly a glassy silicate in the pellets produced in the basicity
range of 0.8 to 1.6. The glass phase had solidified from a melt which
was formed throughout the pellet during induration. The amount of glass
phase increased with increasing basicity due to larger amount of melt
formation. The glass phase contained varied amount of Fe, Ca, Si, Al
and Mg as its composition was dependent on local chemistry of the melt.
The iron content of this phase was found to decrease with increasing
basicity.

It was noticed that characteristic change 1in the mineral
structure and nature of the melt was brought about by the presence of
MgO in the mix. In the pellets with dolomite addition presence of a
zoned silicate structure was observed, which consisted of a pale gray
magnesian ferrugenous phase and a dark phase with little Mg and lower
Fe content. With increased basicity the quantity of magnesian ferruge-
nous phase decreased. Moreover, the formation of magnesioferrite in
these pellets was observed, which did not conform to the stoichiometric
composition (MgO-Fe;03) but a phase highly deficient in MgO. The quan-
tity of magnesioferrite was found to increase with increasing basicity.

The presence of calcium ferrite was observed in the pellet
with limestone and bentonite addition at basicity of 0.8, but no
appreciable amount of calcium ferrite was observed in the pellets with

limestone and bentonite addition at 1.6 basicity.
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The type of binder had marginal effect on the nature of the
bonding phase. Peat moss addition was found to decrease the amount of
calcium ferrite formation and invariably resulted in a highly porous
pellet matrix.

It was observed that melt formation through the addition of
fluxes has a great influence on the metallurgical properties of the
pellets as the strength properties and swelling characteristics are
improved by increasing the basicity. Optimum pellet properties were
obtained in the pellets of 1.3 basicity with peat moss and dolomite
addition as pellet reducibility was enhanced due to peat moss addition
and dolomite addition was beneficial in maintaining a balance between
various pellet properties.

The reducibility of the pellet was found to increase with
basicity, reach a maximum at 1.3 basicity and then decrease. The
reducibility of the pellets at the low basicity of 0.8 remained 1low
in spite of high porosity. Absence of fine intragranular pores in the
reduced wustite grains was found to be the cause of low reducibility in
these pellets. In pellets above 1.3 basicity, léw reducibility was due
to the decrease in the pellet porosity.

The pellets in the pilot scale were produced at 0.8, 1.1 and
1.3 basicity wusing peat moss, peat moss + bentonite and bentonite as
binders. The pellet basicity was maintained by addition of dolomite and
limestone, keeping dolomite level at 9%, similar to the laboratory
scale pellets. The pellets with peat moss addition were found to pos-

sess adequate green and fired strength properties although they were
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inferior to the pellets with bentonite additions. Superior metallurgi-
cal properties such as LTBT, reducibility and swelling were observed in
the pellets with peat moss addition. This was attributed to the higher
porosity in the pellets due to peat moss addition. The pilot tests dem-
onstrate that peat moss can replace bentonite as binder for the produc-

tion of self-fluxed pellets without compromising on pellet quality.



SOMMATIRE

Les objectifs du présent travail ont été, 1) d’étudier
1’'influence des agents liants et fluxants sur les mécanismes de liaison
et 2) d’évaluer le role de la tourbe en tant qu'’agent liant, lors de la
production des boulettes d'oxydes de fer auto-fondantes.

Les boulettes ont toutes été produites & partir du minerai
concentré d'hématite spéculaire du Mont-Wright. Deux séries distinctes
de Dboulettes ont été produites 1) en laboratoire, les boulettes vertes
étant formées dans un petit disque de boulettage puis cuites dans un
four & résistances 2) & 1’échelle pilote, les boulettes vertes étant
formées dans un disque de boulettage standard et la cuisson effectuée
dans un simulateur de cuisson. La premiere série de boulettes a servi
exclusivement & 1'étude des mécanismes de liaison et la deuxieme série
a l’évaluation de la tourbe comme liant.

Les boulettes de laboratoire ont été produites dans un inter-
valle de basicité variant de 0,2 4 1,6. La bentonite et la tourbe ont
été les deux agents liants utilisés. La basicité visée a été obtenue en
utilisant comme agent fluxant soit de la chaux soit un mélange de dol-
omie et de chaux. Pour 1les boulettes avec addition de dolomie, 1la
quantité de dolomie utilisée était maintenue & 9% poids dans le mélange
a sec, la chaux étant incorporée au mélange en quantité variable pour

atteindre la basicité désirée. Les phases 1liantes entre les grains
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d’'hématite ont été identifiées en se servant de la microscopie optique
de 1'analyseur d'images et du microscope électronique a balayage
(MEB-EDX) .

I1 a été observé que dans les boulettes acides (a 0,2 de
basicité) 1la 1liaison est principalement assurée par des ponts ou cols
entre grains d’'oxyde de fer. A basicité plus élevée (0,8 a 1,6), 1la
phase 1liante principale est une phase silicatée vitreuse. Cette phase
vitreuse résulte de la solidification d’une phase 1liquide, qui elle,
s’est formée durant 1la cuisson des boulettes. La quantité de cette
phase vitreuse croit avec la basicité. Cette phase contient des quan-
tités wvariables de Fe, Ca, Si, Ap et Mg, et sa composition varie selon
la localisation du liquide formé dans la boulette lors de sa cuilsson.
Le contenu en fer dans la phase vitreuse liante décroit lorsque la
basicité globale de la boulette croit.

I1 a été démontré que des changements caractéristiques de la
structure et de la nature de la phase liante sont liés & la présence de
MgO dans le mélange initial. Ainsi dans les boulettes avec addition de
dolomie 1la phase silicatée est formée de deux zones, l’une gris pale,
magnesio-ferrugineuse, 1l’autre trés foncée, contenant peu de magnésium
et un pourcentage en fer aussi réduit. A basicité croissante la quan-
tité de phase magnésio-ferrugineuse décroit. La présence de
magnésioferrite (MgO+<Fe;03) dans ces boulettes avec dolomie a aussi été
observée mais toujours avec une composition sous-stoechiométrique en
MgO. Toutefois a basicité croissante 1la quantité de spinelle

magnésio-ferrite, elle, croit.



La présence de ferrite de calcium a été aussi observée dans
les boulettes avec chaux et bentonite, & wune basicité de 0,8 mais
aucune quantité de ferrite de calcium n’'a pu étre observée dans ces
boulettes lorsque la basicité a été portée a 1,6.

La bentonite ou la tourbe en tant qu'agent liant n’'ont qu'un
effet marginal sur la nature des phases liantes. Une légeére
décroissance dans la quantité de ferrite de calcium a été observée dans
les boulettes avec tourbe. L’effet principal de la tourbe s'est manif-
esté invariablement par une porosité accrue.

Il a été observé que l’addition d’'agents fluxants exerce une
trés grande influence sur les propriétés métallurgiques des boulettes
notamment leurs propriétés reliées a la cohésion et au gonflement qui
croissent en fonction directe de la basicité. Les propriétés optimales
ont été obtenues avec des boulettes, de 1,3 de basicité, avec addition
de dolomie et de tourbe 1lorsqu’on prend en considération la
réductibilité des boulettes. Celle-ci est améliorée grace a 1l'addition
de tourbe, alors que la dolomie permet de maintenir un bon compromis
entre toutes les propriétés physiques et chimiques désirées.

La réductibilité des boulettes croit de fagon générale lorsque
la basicité croit jusqu’a 1,3 mais décroit au-dela. Dans notre étude la
réductibilité relative des boulettes a 0,8 de basicité était déja
faible en dépit d'une porosité élevée. Ceci serait di au fait que les
grains de wustite une fois réduits mne présenteront pas la porosité
intergranulaire que l’on a observé dans les autres cas. Toutefois & 1,3

de basicité et au-dela la baisse de réductibilité dépend directement de
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la décroissance de la porosité globale initiale de 1la boulette. Il
apparait donc qu’'il faille distinguer entre porosité initiale et poro-
sité en cours de réduction.

Pour les boulettes produites & 1’échelle pilote on a choisi
trois basicités seulement: 0,8, 1,1 et 1,3, avec addition de tourbe,
seulement, tourbe et bentonite et bentonite seulement comme référence.
Toutes les boulettes contenaient 9% de dolomie, la basicité étant
ajustée en réglant le pourcentage de chaux ajouté. Pour les boulettes
avec addition de tourbe les propriétés mécaniques atteintes, a vert et
apres cuisson, étaient adéquates quoique inférieures aux boulettes avec
addition de bentonite. Toutefois, pour ces mémes boulettes additionnées
de tourbe, des propriétés métallurgiques supérieures ont été obtenues
(LTBT, réductibilité et gonflement). Ces améliorations notables ont été
attribuées a 1la formation de boulettes de plus grande porosité
lorsqu'il y a ajout de tourbe. Ces essais a 1'échelle pilote ont donc
confirmé qu’il était possible de remplacer 1la bentonite par de 1la
tourbe pour 1la production de boulettes auto-fondantes sans compromis
inhibitoire sur la qualité des boulettes, a condition de bien contréler
la nature et la morphologie des phases liantes, donc de bien comprendre

les mécanismes de liaison dans ces boulettes.
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INTRODUCTTION

Iron ore pellets are spherical shaped materials produced from
concentrates having high iron content (more then 63% iron) with uniform
mechanical strength and even porosity in the range of 25-30%. Iron ore
pellets are mainly used as burden material in blast furnaces. Depending
on the amount of flux addition the pellets are classified as acid or
fluxed pellets. If the amount of flux in the pellet 1is sufficient to
produce appropriate amount of slag for the amount of iron in the pel-

let, then it is known as self fluxed pellet. The self fluxed pellets

possess superior pellet properties compared to acid pelletslin terms of
physical strength, reduction behaviour, swelling characteristics and
high temperature properties. As these pellets meet progressively strin-
gent quality requirements, more attention has been given to their use.
The properties of the pellets are largely governed by the form
and degree of bonding achieved between ore particles and the stability
of these bonding phases during reduction of iron oxides. Therefore
studies on the bonding mechanism of the pellets are of prime importance
in understanding the basis for the production of pellets of desired
quality. The bonding in a pellet is affected by the type and nature of

iron ore or concentrate, gangue and other additives and the pelletizing

process conditions.



A limited number of investigations have been carried out on
the bonding in fluxed hematite pellets in the basicity range of 0.5-1.0
[1,2,3,4,5,6,7]. the pelletizing conditions are char-

Moreover since

actieristic of a particular ore/concentrate, it is essential to inves-
tigate the bonding mechanism for each particular concentrate.

Mount Wright specular hematite deposit, which is situated in
the north of Quebec is one of the largest in Canada. Therefore, in this
study pellets produced from high silica specular hematite were used to
examine the effect of various parameters such as basicity, type of flux
and binder

on the bonding mechanism. The chemical composition of the

concentrate is given in Table 1.

TABLE 1 - Chemical composition of Mount Wright specularite concentrate.

% Others

% Fe

% S5i0;

% Al303

% CaO

% MgO

% TiO,

66

4.9

0.5

0.04

0.04

0.20

0.03

Bentonite is commonly used as binder in pelletizing industry.

Due to short supply of good quality bentonite, the price of bentonite

has increased. Moreover, use of bentonite 1is also associated with

disadvantages such as chemical contamination and additional flux

requirement.
beneficial as

Use of porous pellets has been found to be

reduction and high temperature properties are improved due to increased



porosity. This has resulted in higher productivity and lower coke rate
in the blast furnace [8,9,10].

In order to obviate the disadvantages of wusing bentonite as
binder and 1increase the porosity in the pellets, several alternative
combustible binders have been investigated [11,12,13,14,15]). One of the
combustible binders which has aroused considerable interest as a sub-
stitute to bentonite is peat moss. Use of peat moss in the production
of acid pellets has resulted in increased porosity, improved reduci-
bility and lower swelling [14]. Other advantages of peat moss addition
are: marginal heat saving during firing through realisation of heat
content of peat moss and non toxicity.

As peat moss is abundantly available in the mnorth of Quebec
and in the vicinity of iron ore mines, a study was undertaken to
evaluate peat moss as binder for production of self fluxed pellets.

So, in summary, the objectives of the present study are:

1. To study the effect of type of binder and flux on the bonding mech-
anism of self fluxed pellets.
2. To evaluate peat moss as a binder for the production of fluxed

pellets.

To achieve the objectives, two sets of pellets were produced

using high silica specular hematite concentrate. One set of pellets was



produced in the laboratory to study the bonding mechanism and the other
set was produced in pilot plant scale to evaluate peat moss as binder.
The pellets produced were of blast furnace grade. The basicity index B

used in the study is defined as

B Wt Cal0 + Wty MgO
T Wt Si0, + Wts Al,0;3

The pellets used for bonding mechanism studies were prepared in a small
disc pelletiser and indurated in a resistance furnace. Pellets were
produced at the basicity indices of 0.2, 0.8, 1.3 and 1.6. At each
basicity level, basicity index was maintained by addition of only
limestone or dolomite and limestone as flux. The dolomite addition was
restricted to 9% in order to maintain the MgO level in the pellet to
1.8 to 2%, which is the normal industrial practice. To investigate the
effect of binders the pellets were produced using 1% bentonite and 3%
peat moss as binders. The peat moss addition had to be limited to 3% as
the concentrate contained 1-1.4% coke breeze and any further addition
of peat moss would lower the mechanical properties of the pellets to
unacceptable levels. The coke breeze addition is now considered as a
standard energy saving practice in the pelletizing plants in Quebec.
The bonding mechanism studies were carried out by characterizing the
bonding phases wusing optical microscope, scanning electron microscope
and energy dispersive spectrometer. Some physical and reduction pro-
perties of the pellets such as porosity, compression strength, reduci-
bility and swelling were also determined wusing standard test proce-

dures.



The pellets used to evaluate peat moss as binder were produced
in a standard disc pelletiser and indurated in a pot grate. The pellets
were produced at 3 basicity levels of 0.8, 1.1 and 1.3. The basicity
index was maintained by addition of 9% dolomite and 1limestone. Peat
moss addition was made at two levels i.e.: 1.5 and 3%. Pellets were
produced with 1% bentonite addition which served as reference pellets
for the assessment of pellet properties of peat moss added pellets. To
study the combined effect of peat moss and bentonite, pellets were also
produced with 0.5% bentonite and 1.5% peat moss additions. The green

stage and fired properties along with pellet mineralogy were evaluated.

The thesis has been divided into five chapters.

The first chapter deals with basic aspects of pelletisation.
In this chapter the pelletisation process is briefly described which is
followed by a discussion on the bonding mechanism at various stages of
pelletisation. The current issues which are of concern to pelletisation
process are: alternative binder to bentonite, production of fluxed and
porous pellets. A literature review on these three issues has been
made. In the second chapter the experimental procedures for production
and testing of each set of pellets is described. The results of labo-
ratory scale pellets and pilot scale pellets are presented in chapters
3 and 4 respectively. In chapter 3, results of the bonding mechanism
studies are presented first which is followed by the presentation of
fired pellet properties. In chapter 4, green and fired stage properties

of the pilot scale pellets are presented. Chapter 5 contains discus-



sions on the bonding mechanism of fluxed pellets, the role of peat moss
on green stage properties and fired pellet properties, conclusion and
recommendations. The discussion on bonding mechanism is preceded by a

literature review on pellet mineralogy.



CHAPTER 1

BASIC ASPECTS OF PELLETISATION

1. PELLETISATION PROCESS

The pelletisation process essentially consists of three steps:
1. raw material preparation, 2. green ball formation and 3. induration.
Each process step is very important for good pellet production and is
influenced by the preceeding process step. A defect which is introduced
at one process step cannot be totally eliminated in subsequent steps.

In the first process step raw materials such as iron ore con-
centrate, binders, fluxes and other additives are ground to finer sizes
and mixed thoroughly. Thorough mixing is very essential to obtain wuni-
form distribution of binder and additives in the mix and to compensate
for the differences in the chemical composition of different constitu-
ents. In the second process step the mix is rolled in a pelletising
drum or disc with addition of small amount of water. Wet balls in the
required size range are formed which are known as green pellets. These
green pellets are indurated at a temperature just below the softening
point of the ore wunder oxidising atmosphere following an induration
cycle consisting of drying, preheating, firing and cooling. Under these
conditions suitable pellet properties such as good compression

strength, abrasion resistance, etc., are achieved. Different types of



kilns such as shaft furnace, travelling grate and grate kiln are used
to indurate green pellets.
For details on pelletising process, various publications [1,

16, 17, 18, 19, 20] can be consulted.

2. THE BONDING MECHANISMS DURING VARTOUS STAGES OF

PELLET FORMATION

A pellet should have adequate mechanical strength right from
the green ball formation stage so that it preserves its integrity dur-

ing subsequent process steps.

2.1 Bonding mechanism during green ball formation

Forces which contribute to the formation of green pellets are

of two kinds [23]:

1. Physical;

2. Applied or mechanical.

Physical forces responsible for formation of agglomerates

originate from following sources [21]:

1. Vaan der Waals, magnetic, electrostatic forces, etc. which cause
attraction between solid particles.
2. Surface dependant factors such as particle size, particle size

distribution, particle shape and crystal structure.



3. Material dependent factors such as wettability, absorption capacity
due to porous structure, availability of swelling component, che-
mical properties of primary ores.

4, Interfacial and capillary forces due to the presence of a liquid

phase.

Mechanical forces are required to bring individual wetted
particles within the pelletising charge into contact with one another
so that physical forces can facilitate their growth [22]. The mechani-
cal action of moving the material is provided by means of rolling,
tumbling, agitation and compressing in a suitable apparatus.

Forces such as Vaanderwaals', magnetic etc., have very insig-
nificant contribution to green ball formation. Raw material dependent
factors affect the ballability to a great extent. Therefore optimiza-
tion of process conditions for green pellet formation is attained by
adjusting factors such as amount of wetting agent, particle size and
shape, balling equipment, etc.

A liquid which completely wets the particle surface is
required for the formation of green balls out of solid particles. The
liquid acts 1like a binder. Capillary forces developing between the
particles due to air-liquid interfacial tension are the major force
which contribute to hold the particles together. Under the action of
such forces a certain tensile strength develops. The capillary forces
are dependant on the relative distribution of the liquid and air phases

in the porous agglomerate [22,23].



10

In the pelletising equipment such as drums or discs the solid
particles are subjected to rolling along with the liquid. The rolling
action of the solid particles have a high compression effect on the
green balls, in the order of several MN/m2 [24]. This high pressure is
generated on the surface of the balls where a few particles take the
load of the entire ball.

The formation of green ball takes place in several stages [1]
which 1is shown 1in Figure 1. The solid particles are wetted when they
come in contact with the liquid. The liquid coats the particle with a
thin film (phase A). Liquid bridges are formed when different wetted
particles contact each other due to surface tension (phase B). Due to
movement of the particles inside the balling unit and water droplets
the first agglomerates are formed (phase C). At this stage the ratio of
liquid to the void volume of agglomerate is quite low. The liquid is
held in discrete lens like rings at the point of contact between par-
ticles and the air phase forms a continuous phase. The liquid is said
to be in a pendular state. With increasing liquid content densification
of the agglomerates take place as the liquid rings coalesce to form a
continuous phase (phase D) and the air phase is trapped. The agglomer-
ate 1is said to be in a funicular stage. At this stage capillary forces
of the liquid bridges are fully active. When the void volume of the
agglomerate is completely filled with liquid the optimum of ball forma-
tion is said to have been achieved. At this stage the 1liquid has not
coated the outer surface of the agglomerate (phase E). Concave liquid

surfaces form on the outer pores and capillary suction is holding the
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ore particles together. The agglomerate 1is said to be in capillary
state. When the agglomerate is fully coated with liquid film the final
stage of ball formation is exceeded. The surface tension of the water

droppet become fully active.

FIGURE 1 - Different stages of green ball formation [1].

Apart from compacting the agglomerates due to pressure and
movement, the rolling movement of the particles in the pelletising
equipment also damages mechanically weak granules which have not
attained sufficient strength. The weak balls may desintigrate to minor
fragments or even finer particles. During green ball formation these

fractions are layered into moist stable green balls.
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Sastry and Fuerstenau [25] have suggested that the ball for-

mation takes place following a different method as shown in Figure 2.

1. Layering of fine particles to each other and formation of an
agglomerate.

2. Conglomeration of smaller balls already existing resulting from
relative motion and certain pressure.

3. Layering on and incorporation of minor fragments from damaged
green balls into existing sound ones.

4. TIncorporation of fine grained abraded material from weak pellets

into the surface of stronger pellets.

During green ball production the formation and disintigration
takes place simultaneously. Only strong balls survive and weakballs are
destroyed. Finally only uniform, dense and stable balls are produced.
Figure 2 describes alternative mechanism for green pellet formation.

According to the visco-capillary bonding model developed by
Wada and Tsuchiya [26] viscosity of interstial liquid also contributes
to the green pellet strength in addition to the capillary forces.

Since major bonding in the green pellets is provided by the
interstitial moisture, the binder plays a role in the bonding mecha-
nism. It 1is responsible for uniform distribution and control of mois-
ture inside the pellet structure [27]. According to Roorda et al. [11],
the binder improves green pellet bonding by increasing the viscosity of

the moisture.
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FIGURE 2 - Alternative of green ball formation [25].

2.2 Bonding mechanism during induration

During the 1initial stage of induration, 1i.e. drying, the
moisture inside the pellet begins to evaporate . As a result, the bon-
ding due to capillary forces and surface tension gradually diminishes.
Although physical forces such as molecular, adhesive, Vaander Waal'’s
and electrostatic may be active at this stage their contribution to
bonding is negligible. The binder which is dispersed through out the
pellet structure provides bonding between the ore particles by forma-
tion of contact bridges designated as "mortar bridges" by Rumpf [21].
These bonds are active until the formation of other types of bonds dur-

ing later part of induration.
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During the 1later part of induration several factors such as
recrystallisation and grain growth of the hematite, formation of com-
pounds due to reaction of flux with gangue and iron oxide are respon-
sible for the bonding in the pellets. Bonding occurs both in the solid
and 1liquid stage. However, in flu#ed pellets major bonding occurs due
to presence of a liquid phase.

Solid state bonding in iron ore pellets occurs in following

two stages [7,28]:

1. Activation of the movement of the crystal lattice which causes
molecular rearrangements, the closing together of particles (neck
growth) with slight aﬁount of densification.

2. Formation of a coherent network of ore particles and connected

pores with recrystallisation and rapid densification.

Solid state bonding in hematite pellets is mainly influenced
by temperature and particle size. The formation of hematite network is
reported to occur above 1100°C ([1]. Higher extent of bonding is
achieved in pellets with increasing proportion of fine particles as
these particles recrystallise and form "bridges" between coarser par-
ticles (2, 3, 28, 29, 30, 31].

Fine hematite particles also react with lime to form ferrite
which also contribute to solid state bonding [6, 31, 32, 33, 34] in the
temperature range of 1000-1200°C. However, this bonding is of little

importance as the ferrites disappear at the advent of liquid formation.
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With increase in temperature a liquid phase appears in the
pellet due to melting of calcium ferrites [31, 32] or low melting
gangue minerals [2]. Presence of melt during induration radically
changes the strenghening mechanism which essentially follows three
classic steps of liquid phase sintering as described in ceramics and

powder metallurgy literature [35,36], i.e.:

1. Particle rearrangement;
2. Solution reprecipitation;

3. Solid state particle coalescence.

The above three stages overlap each other and are shown sche-
matically in Figure 3. The particle rearrangement step appears to be an
important bonding mechanism. There is rapid initial densification as
the wetting liquid exerts capillary force on the solid particles. As
the particles are drawn together due to surface tension forces, changes
occur in the shape of pores and the character of porosity. The extent
of densification attained by rearrangement is dependent on amount of
melt, particle size and solubility of the solid in the melt.

As the melt spreads through the space between the solid par-
ticles, dissolution of hematite and gangue particles takes place [31,
37, 38). The non metallic mineral components of the mix dissolve comp-
letely and the ore components dissolve to a limited extent. The fine
particles are fully dissolved and the larger ones are only attacked at

the surface [38]. Due to difference in the solubility of fine and large
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FIGURE 3 - The classic stages of liquid phase sintering involving mixed
powders which form a liquid on heating [36].

grains a concentration gradient is established in the melt. This causes
diffusion of material from small grains to larger grains resulting in
coarsening of larger grains [36]. This is the second stage i.e. the
solution reprecipitation.

The reaction of dissolved silica with ferrites leads to the
appearance of a silicate melt and reprecipitation of iron oxide [39].

The solid state particle coalescence which is the third stage
of liquid phase sintering, is not considered significant in bonding of
fluxed iron ore pellets. On the other hand the strengthening of the
pellets is influenced to a great extent by the binding phase which

solidifies from the melt. The silicate is the major binding phase in
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the fluxed pellet. The silicate slag phase is vitreous or crystalline
depending on the basicity, cooling rate and additives [38, 40, 41, 42].
At low basicity of 0.8 vitreous silicate is formed [38, 43, 44]. As the
basicity is increased with the addition of CaO, crystalline silicate
formation takes place along with crystallization of calcium ferrites.
At the basicities of 1.8 and above the binding phase mainly consists of
calcium diferrite and dicalcium silicate [45]. In the intermediate
basicity range the binding phase contains. varied amount of vitreous and
crystalline silicates and calcium ferrites [44,46]. The pellets having
only vitreous or crystalline binding phase are reported to have good
strength properties where as the pellets with mixed phases have infe-
rior strength properties. The lower strength is attributed to the het-
erogeneity of the binder phase [44, 46].

Nekrasov et al. [38] has observed the change in the nature of
silicate from glassy to crystalline by lowering the cooling rate and
addition of MgO.

Although bentonite is known to promote melt formation in the
presence of gangue and flux, its individual contribution to bonding is
not known. While Lu et al [39] have suggested that bentonite promotes
solid state bonding, Ranade et al [10] have suggested formation of
alumino-silicate due to bentonite addition. However, they have not
found any conclusive evidence of the presence of such a phase from the

microscopic studies.
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In summary, in the green pellets the bonding is provided by
water bridges between the ore particles. The slag phase solidifying out

of the melt provides the bonding in the fired pellets.

3. ALTERNATIVE BINDERS TO BENTONITE

Binders have been found to be indispesable for iron ore pel-
letisation as they influence each step of the process. The binders
affect green ball formation by controlling the movement of water within
the rolling ore mass by maintaining uniform water distribution. They
also control the pellet growth due to their good moisture absorption
capacity. They finally provide a stable bond during early stages of
induration.

Due to its inherent properties bentonite is the most commonly
used binder in pelletising industry. However, the drawbacks associated
with its use such as short supply of binder grade bentonite, increasing
cost and chemical contamination of the ore with silica and alumina had
led to the search of an alternative binder to bentonite. Several inor-
ganic and organic substances which are listed in Table 2 were tried as
binder. Their performance as binder is listed in Table 3.All the inor-
ganic substances were found to contaminate the ore concentrate,
influence metallurgical properties or cause environmental concern. On
the other hand as the organic binders burnt off or volatilised during
pelletisation no contamination in the pellet occurred. But these sub-

stances were not claimed as a suitable replacement to bentonite since
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they did not satisfy other requirements such as moisture controlling

ability [51, 54].

TABLE 2 - List of inorganic and organic substances which were tried as

an alternative binder to bentonite.

SUBSTANCES

REFERENCES

Inorganic NaCl, NaBy, KCl, NH4Cl, CaO, CaOH, CaCly, borax, NazCO3

substances

1, 47, 48, 49, 50

Organic Starch, dextrin, glucose, humic acid derivatives, sulphate, lye,
substances lignins, paper and sugar plant waste, ligours etc., jaguar,

peridur

11, 12, 15, 47,
50, 51, 52

TABLE 3 - Performance of the alternative binders.

BINDER GREEN STAGE DRY BALLABILITY WATER OTHERS REFERENCES
PROPERTIES PELLET ABSORPTION
STRENGTH CAPACITY
Alkali salts good good NA NA Contamination 47, 50
NaCO3, NaO, etc. swelling
Hydrated lime good good poor poor = 1, 48, 49
Starch, sulphit.e good good NA NA Poor strength | 50
lye, etc. during
induration
Humic acid good good poor poor = 52
derivatives
Peridur good good good good - 11, 12, 54
Peat moss good good poor good good 13, 14, 15
metallurgical
properties
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Redgion et al. [50] used organic substances such as starch,
dextrin, sulphite 1lye and alginate as binders. The green impact
strength was reported to improve with 3% sulphite lye addition. How-
ever, these substances burnt off during initial stages of firing, 1i.e.
before the commencement of recrystallisation bonding. Hence they do
not improve the strength during firing. Redgion et al. [50] also
observed that inorganic salts such as NaOH, Na;CO3, K;COs and CaCl, are
more effective than organic substances for the green, dry and fired
strength of the pellets. The favourable effect on the green strength is
attributed to the increased surface tension of water due to salt addi-
tion [50]. This appears to be an acceptable explanation since surface
tension of water is a major force which contributes to green pellet
strength.

Tigerschold [48] found that good pellets were obtained by
using lime as a binder as green and dry strength properties of these
pellets were comparable with those of the pellets with bentonite addi-
tion. Hydration of the lime is the reason for good pellet strength.
Lime hydrate acts like a hydrogel due to formation of high surface area
and adherence of high amount of water to the surface. The colloidal
properties of the hydrogel improved the plasticity of ore mix and
strengthened the bondiné mechanism or dried pellets [1]. In a latter
investigation [49] the combined effect of lime hydrate and increased
surface area was found to be beneficial in improving pellet properties.
Although hydrated 1lime is being used as a binder in several off shore

pelletising operations due to its lower cost, it is not considered as a
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good binder as it does not possess the water absorption and thixotropic
properties of bentonite [56].

Humate derivatives developed from various substances such as
animal manures to acrylamide polymers were claimed to be a suitable
substitute to bentonite [52]). However, they showed a poorer ballability
and moisture controlling ability to bentonite.

Ball et al. [47] studied the role of additives on the strength
of dry pellets by using water soluble electrolytes (NaCl, NaBr, NH,CI1,
etc.), non electrolyte (glucose, fructose) and non soluble substances.
They observed that the dry compression strength is a function of solu-
bility and cell volume of the water soluble additives. They argued that
pellets formed with an additive of high solubility and cell volume will
have good dry compression strength due to formation of dense thin crust
which closes the inter particle voids during drying. They further
observed that in the pellets with bentonite addition dry stage bonding
is provided by the random dispersion of bentonite in the pellet struc-
ture. Their observation that dry pellet strength 1is a function of
(Naz ,K3)0 content of the bentonite is in confirmity with the observa-
tions made by Stone [63] and Fuerstenau and Clark [64] who correlated
the improved dry strength to the high negative zeta potential resulting
from sodium salt addition.

Only two substances; peridur, a cellulose derivative and peat
moss a carbonaceous material appear to be most promising alternative to

bentonite (10, 11, 12, 13, 14; 54, 55).
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A cellulose based binder, peridur has been claimed as a sub-
stitute to bentonite [11l, 12, 54]. The pellets produced with peridur
are reported to have good green stage properties, dry strength and good
moisture retention capacity. The pellets have high drop number which is
attributed to the high viscosity of the interstitial moisture resulting
from peridur addition [11]). Improved reduction properties in the pel-
lets has been claimed due to increased porosity as the binder burnt off
during induration [10]. However, high cost of peridur may be a deter-
rent for replacing bentonite although very low peridure addition has
been claimed to give good pellet properties. Moreover, due to low level
of binder addition, high porosity in the pellets may not be achieved in
fluxed pellets (a requirement for high reducibility); the difference
between the porosities of peridur and bentonite added acid pellets is
found to be small [10, 11). What is not <clear 1is; how the pellet
strength 1is retained during preheating period as the cellulose bond
would burn off at preheating temperature. Since trials with peridur
were carried out with magnetite 1in most of the cases, the strength
retention problem might not have been acute as strength development due
to magnetite to hematite oxidation starts around 375°C. In case of
hematite the strengthening mechanism 1is slow during preheating as
appreciable strength is not obtained below 1100°C [1].

Peat moss has been periodically investigated as a binder since
initial industrial application of pelletisation in 1954 [57, 58]. The
investigations were discontinued as the process was considered econo-

mically unviable compared to the use of bentonite [13]. Increase in the
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price and inconsistency in quality of bentonite have renewed interest
to pursue further research on peat moss. Encouraging results were
obtained by Appleby, Lemay and Morimoto [59] by using peat moss as a
binder at Sidbec pelletising plant. On further investigation at Centre
de Recherches minérales, Quebec city it was observed that the binder
quality of the peat moss is not dependent on the humic acid content
[13]). Statistical analyses have also shown that there is no correlation
between the physical and chemical properties of the binder with green-
stage properties of the pellets [61,62]. It was observed that the
binder properties of peat moss are influenced by the addition of water
soluble bases at a particular pH which changed the surface of peat moss
from hydrophobic to hydrophilic. Small addition of KOH, Na;COz, NaOH is
found to be effective whereas slightly soluble CaOH produced opposite
results. The binding characteristics of peat moss 1is improved by
increasing peat moss concentration of the feed, increasing pH of the
feed with water soluble base and fine grinding of peat moss. However,
from all these studies [13, 60, 61], the influence of peat moss on the
fired pellet properties is not clear [13, 64] since low reducibility
and high swelling in the pellets are reported. It 1is possible that
other additives such as calcite and dolomite might have influenced
these properties. Investigations by Panigrahy et al. [l14] have shown
that acid pellets produced from low and high specularite concentrate
using 1-3% peat moss as binder possess adequate green, dry and fired
strength and have superior reducibility and swelling properties than

the pellets with bentonite addition. They [14] claim that high porosity
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in the pellets obtained, due to peat moss addition, was responsible for
the good reduction and swelling properties. Godin et al. [55] also
obtained good quality pellets wusing 1% peat moss as binder. They
reported low swelling in these pellets.

From the review of previous work it is seen that while the
binding properties of peat moss has been established from these
studies, adequate information on the effect of peat moss on the fired
pellet properties are not available since the study was limited to acid

pellets.

4. FILUXED PELLETS

Several investigators, Edstrom [65], Tigerschold [48], and
Ilmoni and Uggla [66] have observed that addition of lime to the iron
ore pellet mix improves cold compression and reduction strengths of the
pellets. Merklin and Devaney [67]) observed poor reducibility of the
lime fluxed pellets which they attributed to the slag sealing. Chang
and Malcolm [4] investigated quality of fired pellets using several
iron bearing raw materials and concluded that superior pellet property
requirements such as high strength, high reducibility and low swelling
could be met by producing lime fluxed pellets. They [4] attributed high
reducibility to the presence of calcium ferrites and superior strength
properties due to slag bond. Kortmann and Burghardt [68] studied the
influence of silica and lime on the quality or iron ore pellets. They

observed that the compression and tumbling strength of the fired pel-
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lets are improved with increasing Ca0/SiO, ratio of 1.0. Above that
ratio the strength values decreased. The reducibility initially
decreased with 1lime addition reaching a minimum at the Ca0/SiO, ratio
of 0.7 and then increased with increasing Ca0/SiO; ratio. The low redu-
cibility was ;ttributed to insufficient strength and heavy shrinkage
which adversely affect the passage of reducing gas inside the pellet.
The swelling was also reported to reach a maximum at low Ca0/SiO, ratio
of 0.4 and then decrease with increasing Ca0/SiO; ratio. Silica addi-
tion was effective in decreasing the swelling. However, they reported
heavy disintingration during low temperature disintigration test in
fluxed pellets. Similar observations were also made by Swedish
researchers [42, 69]), who found that lime pellets above the Ca0/SiO,
ratio of 1.8 showed very poor low temperature breakdown strength (LTB).
They inferred that calcium diferrite which is the major bonding phase
in these pellets 1is weakened during low temperature reduction and is
incapable of absorbing the strains generated during iron oxide reduc-
tion. But this is not a satisfactory explanation since calcium ferrite
is not reduced below 650°C [70,71]. Shigaki et al. [70] suggested that
the fragility of calcium ferrite is the reason for low LTB strength of
the pellet. On the other hand Mitra et al. [72] and Friel and Erickson
[73] have shown that calcium ferrite bonds are strong enough to with-
stand low temprature disintigration. Moreover, the high basicity pel-
lets show 1low swelling [42], indicative of high degree of structural
integrety in the binding phase which 1is unaffected by the reducing

atmosphere (6, 74). Therefore, it is unlikely that calcium ferrites is
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the possible cause of low temperature disintigration. Matsuno et al.
[89] also have found no correlation between LTB and calcium ferrite.

Because of superior pellet properties 1lime fluxed pellets
became a high quality burden in Japan and Russia [39, 75]. However,
lime fluxed pellets were found to have poor high temperature properties
such as 1low softening and melting down temperature, high degree of
contraction and retarded rate of reduction at high temperature [76,
77]. The 1lime fluxed pellets form a metallic shell on the surface and
an iron oxide slag with a lower melting point (below 1250°C) at the
core during reduction in the blast furnace. The molten slag migrates to
the surface from the inside of the pellet and seals off the pores. This
prevents the diffusion of reducing gas into the core thus resulting in
retarded rate of reduction. Efforts on improving high temperature
reduction properties of lime fluxed pellets led to the development of
dolomite fluxed pellets [69, 76, 77, 78). These pellets were found to
have a lower contraction ratio, higher softening and melting down tem-
peratures and less retardation of reduction as compared to lime fluxed
pellets [76]. This improvement in high temperature properties was
attributed to presence of MgO which raises the melting points of slag
and iron oxide [80]. The optimum MgO content of dolomite fluxed pellets
in the basicity range (Ca0/SiO;) of 1.2 to 1.8 is found to lie between
1.2 to 2.0% [76, 90].

Another laboratory study [45] showed dolomite addition to be
more effective than lime or magnesia addition on improving pellet

properties. Other MgO bearing fluxes such as olivine, magnesia, etc.
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also have been used for the production of fluxed pellets (80, 81, 82,
83, 84]. These studies were.carried out in order to understand the
effect of MgO on the pellet properties. Sugiyama et al. [80] have shown
that thermal decomposition of magnesite increases the porosity of fired
pellet and this serves to improve the reducibility. They have concluded
that the properties of MgO containing pellets are characterised by
magnesioferrite. The amount of magnesioferrite in the pellet is a
function of CaO/Si0O; ratio. Hasanek and Keddeman [81] studied the
effect of MgO addition the strength properties of fired pellets by
adding magnesite dolomite and olivine as flux. They [81] observed that
cold compression strength and 1low temperature breakdown (LTB) are
adversely affected by MgO addition. Similar observation has. also been
made by Kong Ling Tan et al. [84] who have identified the presence of
complex spinel as the cause of poor LTB. On the contrary, completely
opposite observation has been made by Thanning [42], who has stated
that the spinel is responsible for improving low temperature breakdown
strength.

Summarising, the fluxed pellets have better strength and
reduction properties compared to acid pellets. However, 1lime fluxed
pellets have poor high temperature properties which could be improvised
by the addition of MgO. Addition of MgO raises the melting points of
the slag and iron oxides. There are conflicting views on the effect of
magnesio-ferrite and calcium diferrites on the LTB property of the

pellets.
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5. THE POROUS PELLETS

The beneficial effect of the porosity on the reducibility of
the pellets has been known for a long time. The reactive gases reach
the interior of the pellet through the interconnected pores. With
increasing porosity the passage of reacting gas in the interior of the
pellet is facilitated and this results in higher reducibility.

The increase in porosity has also been found to decrease LTBT
[91] and swelling in pellets [69, 85]. Apart from the having beneficial
effect on the medium temperature properties of the pellet, the porosity
also has salutary effect on the high temperature properties of the
pellet. By increasing the degree of pre-reduction at lower temperature,
a smaller amount of wustite is made available for formation of liquid
slag at high temperature [39]. Further, the pores enhance high temper-
ature reducibility and are able to contain the liquid slag thus pre-
venting leakage [86].

Several methods have been adopted to increase porosity in the
pellets such as incorporation of MgO bearing compounds [83, 84, 85, 86,
87, 88), coarser feed [90]), carbonaceous materials [8, 9, 91] and com-
bustible binders [10, 11, 12, 13, 14] in the pellet. Most notable
improvement in porosity has been reported due to addition of carbona-
ceous materials.

An increase in pellet porosity has been reported due to addi-
tion of magnesite and dolomite [80, 85]. Increase in porosity is
attributed to the decomposition of carbonates and ‘is stated to be the

cause of increased reducibility and decreased swelling [80]. The poro-
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sity is also reported to increase due to olivine addition [83]. Due to
stabilisation of magnesioferrite a smaller degree of sintering takes
place in the pellet which is stated to be the cause of increase in
porosity. The reducibility of the pellet is favourably affected by Mg0
addition [96].

Sugiyama et al. [90] have increased open porosity of the pel-
lets and thereby improved the reduction properties of the pellets by
incorporating coarser feed of upto 40% without affecting mechanical
properties of the pellets.

A mnew type of fluxed pellet has been developed by Fujita et
al. [92]) to improve reducibility of the pellets. In this pellet a slag
phase containing rankinite and tridymite precipitates among iron oxide
grains. This precipitated slag phase initiates cracks, when heated dur-
ing reduction. The fragmentation of pellets 1is reported to have
improved the reducibility substantially.

Japanese researchers at Kobe Steel [8, 9] further improved the
quality of the dolomite fluxed pellets by enhancing the porosity in the _
pellets. By using 2.5% saw dust the porosity was reported to increase
from 26.3 to 34.7%. This resulted in the increase in the degree of
reduction by 8-12%. A decrease in the fuel rate by 13% was also
reported.

Elmquist et al. [91] had studied the effect of porosity on
pellet properties by using various carbonaceous additives such as saw
dust, peat and lignite. They observed that porosity and ferrous iron

content increased with increasing amounts of carbonaceous additives.
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The increase in porosity has a favourable effect on pellet reducibility
and adverse effect on compression and tumbler strength. Similar obser-
vation was also made by Stegmiller et al. [93] who wused 0.5 to 2.0%
charcoal fines 1in the pellets. They concluded that high porosity pel-
lets having overall good quality characteristics can be produced with
1-5% charcoal addition.

Bentell (87) has reported an 8-10% increase in porosity in the
pellets by addition of 2% peat moss of 50% moisture content. This
resulted in the increase in reducibility.

At Dofasco, marginal increase in reducibility in acid pellets
has been reported by Stewart [94] inspite of significant increase in
porosity by addition of carbonaceous substances such as peat moss saw
dust and tree bark. Similar observation is also made by Gariépy [64].
While Stewart [94] has stated the absence of fine interconnected pore
structure to be the reason for marginal improvement in reducibility,
pellet chemistry may have more contribution as he has also reported
improvement in reducibility by increasing MgO/SiO, ratio.

Producing porous pellets by using combustible binder has
already been discussed in a preceding section dealing with alternative
binders to bentonite. As stated earlier, two combustible binders per-
idur and peat moss have shown promising results.

Summarising, highly porous pellets can be produced by using
carbonaceous additives which have improved metallurgical properties at

low and high temperatures.



CHAPTER 2

EXPERIMENTAL PROCEDURES

1. PRODUCTION OF PELLETS

In the present work two sets of pellets were produced. One set
of pellets was produced in the laboratory to study the effect of fluxes
and binder on the bonding mechanism of pellets. The second set of pel-
lets was produced in the pilot plant scale to assess the effect of peat
moss on pellet properties. High silica specular hematite of Mount
Wright was used for the present study. the size and chemical analysis
of the raw materials are given in Tables 1 and 4. The proximate analy-

sis and heat content of peat moss and coke breeze is shown in Table 5.

TABLE 4 - Raw material size and chemical analysis.

RAW SIZE 2 Fe | 2 Si0z | 2 AlpO3 | 2 Ca0 | 2 MgO | Z NapO | 2 K20
MATERIAL
Dolomite 652 (- 44 p) | 0.22 1.0 0.4 30.30 | 20.75 = o
Limestone | 652 (- 44 p) - 2.0 0.6 53.00 0.50 = s
Bentonite | 692 (- 44 u) | 2.41 64.43 18.42 1.5 2.00 2.22 0.60
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TABLE 5 - The proximate analysis of peat moss and coke breeze.

PEAT MOSS COKE BREEZE
(moisture free)
(%) (%)
Fixed carbon 29.2 80
Volatile matter 59.1 5.5
Ash content 11.7 13.0
Specific heat content 20.580 kJ/kg 26.350 kJ/kg
2. PRODUCTION OF FLUXED PELLETS IN I.ABORATORY

For this part of fhe study pellets were produced in a wide
range of basicities; from 0.2 to 1.6. Bentonite and peat moss were used
as binders to assess their effect on bonding. Addition of 1% bentonite
was made in pursuance with the present industrial practice. Peat moss
addition was restricted to 3% in veiw of the fact that the concentrate
contained about 1.4% coke breeze and further addition of peat moss may
weaken the pellet. To study the effect of fluxes on bonding, limestone
and dolomite were wused as fluxes to obtain a specific basicity. In
dolomite fluxed pellets MgO content was maintained at about 2% at all
basicities. Therefore, 1in dolomite fluxed pellets some amount of
limestone addition was made to attain specific basicity.

Initially a few numbers of pellets were prepared by hand [95];
first making cyclindrical compacts and subsequently shaping those com-

pacts to spheres by abrasion technique. The pellets were indurated in a
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horizontal furnace having three different temperature zones. However,
the compression strength of these pellets was very low. Moreover, only
a small number of pellets could be prepared by this technique, which
was mnot adequate for carrying out tests to assess overall pellet pro-
perties. Therefore, this method of pellet preparation had to be dis-
continued. Green pellets were produced in a small disc pelletiser and
indurated in a Lindberg furnace. The compression strength of pellets

produced by the latter method improved considerably.

2.1 Preparation of green pellets

The pellets were prepared at four basicity levels, i.e., 0.2,
0.8, 1.3 and 1.6. At each basicity level, pellets were prepared with
the addition of either 1% bentonite or 3% peat moss to assess the
effect of binder. At 0.2 basicity the pellets were produced with the
addition of 1.8% dolomite in confirmity with the practice adopted for
the production of acid pellets at some of Quebec’s pelletising plants.
All other basicity levels were achieved by addition of i) limestone and
ii) combination of 9% dolomite and balance limestoné. Addition of 9%
dolomite corresponded to a MgO content of approximately 2% in the fired
pellets. The iron ore concentrates contained 1.4% of coke breeze which
is a standard energy saving practice at majority of pelletising plants
in Quebec. The pellet designations and amounts of different additives
in the raw mix are shown in Table 6. The numbers 2, 3, 5 and 6 referred
to basicity levels 0.2, 0.8, 1.3 and 1.6 respectively. The letter L

referred to the pellets wusing limestone as flux and the letter D
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referred to pellets produced with dolomite or dolomite and limestone as
flux. The letters B and P referred to pellets using bentonite peat moss

as binders respectively.

TABLE 6 - Pellet designation and percent weight of binders and fluxes
in green pellet mix (dry basis).

BASICITY PELLET WEIGHT %. BINDER/ADDITIVE
TYPE
Ca0 + MgO
= Bentonite|Peat moss|Dolomite|limestone
Si0, + Al,0;3 (55% H,0)
2DB 1.0 1.8
0.2
2DP 3.0 1.8
3DB 1.0 9.0 0.1
3DP 3.0 9.0
0.8
3LB 1.0 8.9
3LP 3.0 7.4
SDB 1.0 9.0 6.4
5DP 3.0 9.0 3.7
1.3
SLB 1.0 14.9
5LP 3.0 12.8
6DB 1.0 9.0 10.5
6DP 3.0 9.0 6.8
1.6
6LB 1.0 18.7
6LP 3.0 16.1
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2.1.1 Preparation of pellet mix

About 1 kilogram of concentrate was mixed thoroughly by an
impeller type agitator after adding required amounts of binder and
flux. A small amount of NaOH addition was made to improve surface
properties of peat moss before mixing with the concentrate. NaOH was
dissolved in water and mixed with peat moss. The pH of the solution was

adjusted to 10.5-11.

2.1.2 Green pellet formation

Green pellets were prepared in a small disc pelletiser of
29 cm dia. at an inclination of 42° rotating at 20 rpm. The pellet feed
was charged to the disc through a vibratory feeder. The feed rate was
controlled through a variac. The water was added through a burette drop
by drop. The disc pelletiser is shown in Figure 4. After initial seed
formation the pellets grew with further addition of pellet mix. Pellets
fell off the disc after attaining a certain size and were collected on
a 10 mm screen. Pellets of + 10 mm -15 mm size were taken for drying.

By optimising pelletising conditions about 90% of the pellets
in the size range of + 10 mm - 15 mm were produced. The time for pro-
ducing peat moss added pellets were longer than that of bentonite added
pellets. NaOH addition to the peat moss was found to affect the balla-
bility of the pellets. With very low NaOH addition (0.01%) the balla-
bility was poor. With increasing NaOH addition to 0.1% the ballability
was improved. this confirmed that NaOH does change the surface charac-

teristics of peat moss and enhances its capacity for binding [13].
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FIGURE 4 - Laboratory disc pelletiser.
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2.2 Pellet induration

The green pellets were dried in an electric oven for 24 hours
at 110°C. The dried pellets were indurated in a Lindberg furnace. The
furnace was heated to the firing temperature and held at that tempera-
ture for 15 minutes. After that the furnace was shut off and the fired
pellets were allowed to cool inside the furnace. The induration cycle
of the pellets 1is shown in Figure 5. All the pellets were fired at
1300°C except the pellets produced with limestone and bentonite addi-
tion at 1.3 and 1.6 basicities. When fired at 1300°C, these pellets
partially melted and formed a semifused aggregate.* To avoid pellet

sticking, these pellets were fired at 1275°C. On the other hand no such
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sticking was observed in the pellets produced with peat moss as binder.
This was also not observed in any dolomite fluxed pellets using either

bentonite or peat moss as binder.
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FIGURE 5 - Pattern of thermal treatment and relationship between time
and temperature.

3.0 Production of pellets in pilot plant scale to

study pellet properties

To evaluate the performance of peat moss as a binder for the
production of self fluxed pellets and its effectlon the fired pellet
properties, pellets were then prepared in pilot plant scale. The green
pellets were produced in a standard disc pelletiser and fired in a pot
grate. The reason for conducting trials at this scale was to optimise
the process conditions for commercial scale operation. Pellets at 3

basicities; 0.8, 1.1 and 1.3 were produced by adjusting the basicities
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by the addition of dolomite and addition. The MgO content in the pellet
was maintained at approx. 1.8% conforming to industrial practice.
Therefore the dolomite addition had to be restricted to 9% and balance
of the flux requirement was met by limestone addition. Pellets were
made by adding 1.5% and 3% peat moss at each basicity level. For com-
parison of pellet properties pellets were made with 1% bentonite addi-
tion. In order to observe the combined effects of bentonite and peat-
moss pellets were also produced with 0.5% bentonite and 1.5% peat moss

addition.

3.1 Preparation of green pellets

Mount Wright specularite concentrates from Quebec’s north
shore were used for this study. The chemical composition of the raw
materials are given in Tables 1 and 4. The pellet designation and
weight percent of different additives are given in Table 7. The pellets
were designated according to the basicity and type of binder addition.
The numbers 1, 2 and 3 corresponded to basicities 0.8, 1.1 and 1.3
respectively. The 1letter B corresponded to pellets with 1% bentonite
addition, P, and P, to pellets with 1.5% and 3% peat moss respectively.

The pellets with 0.5% bentonite and 1.5% peat moss were designated BP.
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TABLE 7 - Weight percentages of additives for pellet production in
pilot scale. :

BASICITY | ‘PELLET % ADDITIVES
TYPE
Bentonite Peat moss limestone
1B 1.0 - 0.8
0.8 1 BP 0.5 1.5 0.2
1 P, - 3.0 -
2 B 1.0 - 4.2
2 BP 0.5 1.5 3.5
1.1
2 Py - 1.5 2.8
2 P, - 3.0 2.8
3B 1.0 - 7.0
1.3 3 BP 0.5 1.5 6.1
3 Py - 3.0 5.0

1% coke breeze and 9% dolomite were added to the raw mixes
for pellet production.

3.1.1 Preparation of pellet mix

Ore concentrates and other additives were thoroughly mixed in
a strutevent's mixer. NaOH was added to the pellet mix having peat moss
as binder similar to the laboratory scale pellets. This was added to
peat moss 1in a peekay mixer prior to mixing with other raw materials.

The pH was also maintained in the range of 10.5-11.
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3.1.2 Green ball formation

Green pellets were made 1in a standard disc pelletiser of 1
meter dia. at an inclination of 45° and 20 rpm. Water was added through
three different jets to maintain ball stability. Moisture content of
the pellets varied from 8-9.5%. With optimised green balling conditions
a narrow size distribution of the pellets was obtained. More than 90%
of the pellets fell in the range of 10-15 mm. For the peat moss added
pellets this was achieved with a slightly longer pelletising time. The
pellet size was slightly smaller than bentonite added pellets. Good
pellets could not be obtained with 1.5% peat moss addition due to poor
ballability other than pellets at 1.1 basicity. Therefore production of

pellets with 1.5% peat moss addition was abandoned.

3.2 Pellet induration

Green pellets were fired in a pot grate furnace following a
firing cycle of 41 minutes consisting of drying, preheating, firing and
cooling. The optimum firing cycle was decided on the basis of the trial
firing of the pellets with bentonite addition at 1.1 basicity. Temper-
atures at the top, middle and bottom layers of the bed were 1315, 1260
and 1235°C respectively. Figure 6 shows a typical pellet induration
cycle. No difficulties were encountered during firing of pellets with

peat moss addition.
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FIGURE 6 - Typical pellet induration cycle (pilot scale pellets).
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4. PROCEDURE FOR BONDING MECHANISM STUDIES

Bonding mechanism in the laboratory pellets was studied by
carrying out thermal analysis of the raw materials and pellet mixes and
characterising the bonding phases in the fired pellets. Information on
the interaction of the raw material constituents such as one concen-
trate, gangue, flux and binders was obtained from the thermal analysis

studies.

4.1 Thermogravimetric and differential thermal analysis
(TGA & DTA)

A Mettler thermoanalyser was used for carrying out thermogra-
vimetric analysis (TGA) and differential thermal analysis (DTA),
studies. Alumina powder was wused as reference material. The thermal
analysis was done for the raw materials such as iron ore concentrate,
limestone, dolomite, peat moss and coke breeze. This was also carried
out for the pellet mixes of 1.3 and 1.6 basicity pellets. Approximately
200 miligrams of the weighed sample was placed on a thermobalance and
heated following the simulated pellet firing cycle. Changes in the
weight (TGA) and heat content (DTA) of the material with temperature
was recorded in a chart recorder. From the thermal analysis results the
nature of the reaction, i.e. decomposition, oxidation, exothermic, etc.
was determined. By correlating the results of the individual raw mate-
rial components and pellet mix, information on bonding mechanism was

obtained.
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4.2 Pellet mineralogy and characterisation of bonding

phases

The mineralogy and the bonding phases of the pellets were
analysed by using optical microscope, image analyser and SEM-EDS. Min-
eralogical examination was made gsing a metallurgical microscope. The
mineralogical phases were quantified by using image analyser. SEM-EDS
system was used to determine the chemical composition of the bonding

phases.

4,2.1 Sample preparation

The pellets were sectioned and mounted in sample holders by
using a mixture of epoxy and hardener as embedding material. The
samples were polished by using standard polishing procedure and final
polishing was done by using diamond paste. The polished surfaces were
cleaned with carbon tetrachloride. A minimum of three samples were

prepared for each pellet type.

4.2.2 Pellet mineralogy

Pellet microstructure was analysed under reflected light by
using a metallurgical microscope. Various mineralogical phases were
identified and their distribution in the pellet microstructure was

noted.
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4.2.3 Phase area meausrement using image analyser

Information on the distribution of various mineralogical
phases were obtained by measuring the area of the phases. A Kontron
IBAS interactive 1image analysis system was used for this purpose.
Images of the peilet microstructure were entered into a special image
processing unit by video camera from the optical microscope. Area of
the phases were measured by using an IBAS measuring program which esti-
mated the phase area by discriminating the gray level of each phase. A
minimum of 50 fields were randomly scanned for phase area measurement.
The IBAS measuring program estimated the percentage area the mineralog-
ical phases in each field. The average percentage phase area was calcu-

lated on the basis of 50 fields.

4.2.4 Microanalysis

Distribution of elements in the crystalline and bonding phases
was determined from the semi-quantitative microanalysis by using scan-
ning electron microscope and énergy dispersive spectrophotometer. A
JEOL JSM 820 scanning electron microscope with Tracor Northern TN2000
analysis system was wused for the above purpose. The non conducting
epoxy surface of the specimen was coated with colloidal graphite to
make it electrically conducting. A filament voltage of 25 kV was used
throughout this work. Spot analysis in various phases was carried out
by accumulating X-ray spectra for 30 seconds. A minimum of 50 spots in

each phase were analysed for each pellet type.
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g PELLET TESTING PROCEDURE

Pellets are intermediate products which are subsequently
processed for iron making in the blast furnace or in a direct reduction
plant. Pellet property requirements are different in both cases. In the
present case pellets were produced for blast furnace use. The testing
methods used for evaluation of various pellet properties were by fol-
lowing standard procedures set by International Standards Organisation
(IS0) except for swelling. For swelling, a dilatometric method was

used.

5.1 Green compression strength

Compression strenggh of the green pellets was determined by
compressing the pellets between two parallel plates up to breaking. The
test was carried out on a platform balance with weight indication by
means of a pointer. The pellet was placed on the lower steel plate and
was gradually compressed with the upper still plate and the pointer
position was observed. The pellet breakage was indicated by the jumping
back of the pointer. The maximum weight load observed was taken as the
compression strength. Ten pellets were tested to obtain the average

compression strength of the pellet.

5.2 Drop number

The drop number of a pellet indicates the capability of the
pellet to withstand deformation during the drops it undergoes in the

course of its transportation. The green pellet was dropped on to a
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steel plate from a height of 46 cms and the number of drops each ball
could withstand without cracking or crumbling was noted. This was the
drop number of the pellet. Average drop number was determined by drop-

ping ten pellets.

5.3 Dry compression strength

The dry compression strength of the pellet was measured by
putting the dry pellet between two parallel plates similar to determi-
ning green compression strength. The average strength was determined by

measuring ten pellets.

5.4 Porosity measurements of fired pellets

The porosity of fired pellets was determined by the air pyc-
nometer and wax coating method [85]. The volume of the weighed pellets
was measured by a Beckman air comparison pycnometer shown in Figure 7.
Then the pellets were coated with molten wax at 60°C. The volume of the
wax coated pellet was measured and the porosity of the pellet was det-

ermined by the following formula

P°=[1-ﬂE-Jx100

where P, open porosity,
pt = apparent density of the sample,

pa = corresponding apparent density (before wax coating).

Fifty pellets were taken for porosity measurement.
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FIGURE 7 - Scheme of a Beckman air pycnometer.

5.5 Tumbler strength

According to ISO standard [96], a representative pellet sample
of 15 kilograms was tumbled in a horizontal drum of 1 meter dia. and
0.5 meter length. Two lifters of each 5 cm high were located inside the
drum. The drum was rotated for eight minutes at 8 rpm. The pellets were
screened and factions + 6.3 mm and - 0.5 mm were determined. T index or
tumbler index was reported as the weight fraction of -+ 6.3 mm fraction.

The equipment used for tumbling test is shown in Figure 8.
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FIGURE 8 - Equipment for the determination of tumbler strength
(ISO 3271-1975).

5.6 Compression strength of fired pellets

According to ISO procedure [97], pellets of uniform roundness
having 12 *+ 1 mm diameter were selected to ensure an even point load.
One individual pellet was placed between two parallel steel plates and
the compression load was applied according to a specified time schedule
till breaking of the pellet. Twenty five pellets were used for deter-

mining compression strength.

5.7 Low temperature breakdown test (LTBT)

Low temperature breakdown test (LTBT) indicates the behaviour
of the pellets near the top of the blast furnace where they encounter a

weak reducing gas at a low temperature of 500°C.



49

According to ISO procedure [98], reduction of 500 g of pellets
was carried out at 500°C for 60 minutes. A reducing gas containing 2%
H,, 20% CO, 20% CO; and balance N, was used. After cooling to room
temperature under nitrogen atmosphere the pellets were tumbled in a
drum and then screened. The LTBT value is expressed in percentage of

+ 6.3 mm fraction.

5.8 Reducibility test

Reducibility of the pellets was determined by a modified ISO
reducibility test procedure [1l4]. Approximately 100 grams of pellets
were heated to 950°C in nitrogen atmosphere. On attaining the temper-
ature, the pellets were reduced by using a gas mixture of 40% CO and
60% N, . The reduction was carried out up to 70% after which the reduced
pellets were cooled to room temperature in nitrogen gas. From a plot-
ting of percentage reduction and time the parameter reducibility

(dR/dt), o was determined by using the following relation ship:

[@] ___ 83.%
at Juo teo - tao

where t3o and tgp are times to attain 30 and 60 percent reduction res-
pectively. A schematic diagram of the reducibility apparatus is shown
in Figure 9 and in Figure 10, a typical reducibility curve for the pel-

lets is shown.
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5.9 Swelling test

Swelling test indicates the swelling behaviour of the pellets.
The swelling is caused by the expansion of volume due to the conversion
of hematite to magnetite. This results in development of stress in
pellet structure. Extent of damage cau;ed to the pellet structure 1is
dependent on the condition prevailing to counteract such damage.

Swelling behaviour of the pellets was determined in a dila-
tometer adapted to operate in a reducing chamber [99]. A schematic dia-
gram of the dilatometer 1is shown in Figure 11. A single pellet of
12 £ 0.5 mm diameter was placed in the centre of the reaction tube on a
perforated stainless steel support held in place by an alumina tube for
easy circulation of reducing gas. The pellet was heated upto 950°C
under nitrogen gas flowing at the rate of 0.5 litre/minute. After the
system had reached steady state condition the reducing gas of composi-
tion 40% CO + 60% N was introduced. The increase in the diameter of
the pellet was continuously recorded which was transmitted by a
quartz sensor tube touching the top of the pellet. A typical normal
swelling curve is shown in Figure 12. Maximum swelling in the pellet
was followed by contraction. At that point nitrogen gas was reintro-
duced and pellet was allowed to cool. Maximum swelling was the percent-
age change in the pellet volume. Five pellets of each pellet type were
used for the swelling test. The set up for swelling test 1is shown in

Figure 13.
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FIGURE 11 - Schematic diagram of dilatometer [99].
1) Iron oxide pellet, 2) stainless steel sample holder, 3) alumina support tube,
4) alumina furnace tube, 5) quartz sensor tube, 6) transducer, 7) watercooled O-ring
seals, 8) control thermocouple, 9) measuring thermocouple, 10) furnace, 11) glass bell,
12) valve, 13) flow meters.
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FIGURE 12 - Typical curve obtained from the dilatometer [99].
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FIGURE 13 - Set up for swelling test.



CHAPTER 3

RESULTS: LABORATOBY PELLETS

1. TGA AND DTA RESUILTS

The weight loss as a function of time and temperature of var-
ious raw materials such as ore concentrale, peat moss, coke breeze etc.
is shown 1in Figure 14. It is noticed that ore concentrate undergoes
virtually no weight loss during firing. Peat moss has almost entirely
burnt off before reaching preheating temperature of 950°C. The fluxes
limestone and dolomite were observed to undergo some weight loss in the
temperature range of 700-900°C indicating the dissociation of carbo-
nates. At 1200°C some amount of coke breeze still remained unburnt and
combustion of coke breeze was continuing.

From the above observations it was apparent that during indu-
ration of a fluxed pellet containing peat moss, the combustion of peat
moss and dissociation of flux is complete before the pellet has reached
950°C. These reactions cause formation of additional pores in the pel-
let.

Differential thermal analysis of some pellet mixes correspond-
ing to the composition of pellets at 1.3 and 1.6 basicity was done
along with the ore concentrates. The DTA curves in the temperature

range of 700, 1200°C are shown in Figure 15. In all the samples endoth-



% WEIGHT LOSS

+ Peo?m.oss ]
pa Dplom|1e 1200°C
O Limestone
O Coke Breeze
IO0F @ Ore Conc.
80+
60t
//‘J
4()’ /+
" 250°C

55

ermic peaks are observed at ~ 800°C and ~ 1200°C. In the pellet mix of
1.6 basicity two endothermic peaks are observed at 1205°C and 1225°C
respectively. These peaks are not observed in ore concentrate. The
endothermic peak around 800°C indicates the dissociation of fluxes, and
the peaks in the vicinity of 1200°C denote formation of liquid phase.
The peaks are observed to be more prominent with increasing limestone
addition. Absence of endothermic peak in the ore concentrate at this

temperature range indicates that melt formation does mnot take place

TEMPERATURE, °C

S0k / DRYING

0 I0 20 30 40 50 60 70 80 90 (00
TIME, min.

FIGURE 14 - Weight loss as a function of time and temperature of the
raw materials used.
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without flux addition. This also rules out the possibility of reaction
of silica with iron oxide which could form a melt. Since reaction
between silica and lime is not favoured due to kinetic considerations,
it 1is inferred that formation of calcium ferrites takes place due to
reaction of hematite with calcium oxide in the solid state. These fer-
rites have formed a melt as their melting points are between
1205-1225°C [100]. It is further noticed that a slight but significant
weight loss takes place with the commencement of the endothermic reac-
tion (see Figure 16). Regain of the weight is observed during cooling
period. This suggests that reduction of iron oxide is accompanied by
the formation of liquid phase which is reoxidised on cooling. According
to the Ca0-Fepz03 equilibrium phase diagram of Philip and Muan [101)
(see Figure 14) a small amount of magnetite is present at the melting
temperatures of calcium ferrites. Therefore, we conclude that some mag-
netite formation takes place during incongruent melting of the calcium

ferrites which reoxidise to hematite upon cooling.
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2F PHASE AREA MEASUREMENT BY ITMAGE ANALYSER

The amounts of different mineralogical phases present at var-
ious Dbasicity 1levels are shown in Table 8. The percentage phase area
was measured by using image analyser as described in Chapter 2. No data
on 0.2 basicity pellets are shown in Table 8 as negligible amounts of a
slag and magnesioferrites were observed in the pellets at this basicity
which was difficult to quantify in the image analyser. From the image
analysis results it 1is observed that hematite 1is the predominent
phase in all types of pellets. The amount of magnesioferrite which is
observed in dolomite fluxed pellets increases with increasing basicity.
It 1is generally observed that there is higher amount of slag formation
in limestone fluxed pellets than the pellets with dolomite addition.
The presence of Mg0 in dolomite fluxed pellets raises the liquidus
temperature of the slag phase so that less amount of 1liquid slag 1is
formed. The pellets produced with peat moss addition have less amount
of slag than pellets with the pellets produced with bentonite addition
at the same basicity level. This is attributed to the higher amount of
gangue content in bentonite added pellets which require higher amount
of flux to maintain the basicity level. This resulted in higher amount

of slag formation.
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TABLE 8 - Percentage area of different mineralogical phases, as
measured by image analysis.

BASICITY PELLET SLAG CALCIUM MAGNETITE/ HEMATITE
FERRITE MAGNESIOFERRITE
3 DB 12.7 - 8.5 78.8
3 DP 11.4 - 9.3 79.3
0.8 B
3 LB 16.8 - 6.2 (magnetite) 77.0
3 LP 15.9 - - 84.1
5 DB 16.2 - 11.4 72.3
1.3
5 DP 15.4 - 10.2 74 .4
6 DB 19.4 - 8.5 78.8
6 DP 17.2 - 9.3 79.3
1.6
6 LB 15.5 16.8 - 67.8
6 LP 19.6 0.9 - 79 .4

s

Pellet designation has been described on page 33.

3. MICROANALYSIS RESULTS

The results of microanalysis as estimated by SEM-EDS are given
in Tables 9 to 12. The average chemical composition of the glass phases
in dolomite and limestone fluxed pellets are given in Tables 9 and 10
respectively. The average composition of magnesioferrite is shown in
Table 11 and the average compositions of the major crystalline phases

are given in Table 12.



TABLE 9 - Average composition of glass phase
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in dolomite fluxed pellet

(SEM-EDS) .
BASICITY PELLET GLASS PHASE FepO3 | SiOp | Cad | MgO | Alz03 | RELATIVE
DESIGNATION (ZONED/SINGLE) PROPCRTION
IN GLASS
PHASE
( Pale gray 34.1 | 46.1 | 15.1 | 3.3 1.4 802
0.2 2 DB Zoned
( Dark 28.5 [ 57.4 | 11.7 [ 1.3 | 1.1 202
r Pale gray 38.2 | 36.2 | 22.2 | 2.8 0.6 702
3 DB Zoned
| park 21.5 | 49.5 | 28.3 - 0.7 302
0.8
fPale gray 42.2 | 33.8 | 20.7 2.7 0.6 702
3 DP Zoned {
| Dark 27.8 | 46.7 | 24.8 | - 0.7 302
{ Pale gray | 40.3 | 25.1 |32.2 | 1.6 | 0.8 502
5 DB Zoned {
( Dark 17.6 | 38.6 | 43.8 | - 7 202
Single 15.3 | 29.7 | 53.3 | 1.0 | 0.7 302
1.3
( Pale gray | 41.4 |27.8 |29.2 | 1.2 | 0.4 502
5 DP Zoned
| Dark 13.4 | 40.6 | 44.7 | 0.4 | 0.9 207
Single 14.4 | 35.5 [ 50.1 | - S 302
( Pale gray | 33.6 | 26.4 [38.1 | 1.0 | 0.8 252
6 DB Zoned {
| Dark 21.5 | 32.0 | 45.4 [ 0.4 | 0.7 152
Single 10.2 | 29.8 | 58.0 | 1.5 | 0.5 602
1.6
( Pale gray 34.2 | 22.0 | 42.6 | 1.1 0.1 -
6 DP Zoned {
| Dark 18.4 | 27.1 | 54.2 | - 0.3 -
Single 9.7 [ 27.2 | 63.1 | - - -




TABLE 10 - Average composition of glass phase in limestone fluxed
pellets (SEM-EDS).

BASICITY PELLET Fe, 03 Si0, Ca0 MgO | Al;03
DESIGNATION
3 LB 11.6 | 41.3 46.7 - 0.4
27.6 34.7 36.6 0.1 1.0
0.8
3 LP 17.7 36.9 45.4 - -
39.0 33.4 24.5 1.7 l.4
5 LB 13.4 32.5 53.7 - -
26.2 26.2 44,1 0.6 2.0
1.3
5 LP 9.5 33.5 57.0 - -
36.0 | 27.5 36.1 0.2 0.2
6 LB 10.1 28.0 61.3 - -
29.9 23.1 46.7 0.6 2.0
1.6

6 LP 13.6 29.8 56.3 | 0.2
33.2 22.8 | 43.8 -

[oNe]
N

TABLE 11 - Average composition of magnesioferrite in pellets fluxed
with dolomite (SEM-EDS).

BASICITY PELLET Fe,O3 | Si0O, | CaO | Mg0 | Al,0s
DESIGNATION
2 DB 96.1 - |o0.2]3.6| 0.1
0.2
2 DP - - - - .
3 DB 90.0 | 1.3 | 0.5 | 8.3 -
0.8
3 DP 91.3 | 0.8 | 0.4 | 7.4 | 0.1
5 DB 91.0 | 0.9 | 1.6 | 6.3 | 0.2
1.3
5 DP 91.9 | 0.3 [ 1.3 | 6.4 | 0.1
6 DB 91.7 | 0.4 | 1.6 | 5.9 | 0.4
1.6
6 DP 93.7 | 0.1 | 1.3 | 4.8 | 0.1
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TABLE 12 - Average composition of major crystalline phases (SEM-EDS).

MINERALOGICAL PHASE | Fep03 | SiOz | CaO | MgO | Alp03 REMARKS
Hematite (H) 99.5 0.4 0.1 - - All types of pellets
Hematite (H) 95.7 1.7 2.5 - 0.1 All types of pellets

(crystallized in slag)

Magnetite (M) g97.1 0.5 1.5 0.7 0.2 Only limestone fluxed pellets
(Fe304)

Calcium ferrites (CF) 80.3 5.9 12.7 0.1 1.0 Observed only at B = 1.3 and 1.6

Calcium ferrites (CF) 70.5 13.7 14.8 | 0.4 0.6 Observed in pellets B = 0.8

(crystallized in slag)

The analysed elements are presented in their respective oxide
form in which they actually exist. Fe exists in both ferric and ferrous
states. But determination of its respective state by SEM-EDS is rather
difficult and time consuming, it is assumed that all Fe existed in fer-
ric state unless otherwise specified.

From the analyses of micro constituents in the pellets it 1is
observed that the chemical composition of the glass phase is heteroge-
neous at each basicity level. The glass phase varied in its Fe, Si, Ca,
Mg and Al contents. The composition of the glass phase appeared to be
divided into 2-3 groups with different iron contents. The average com-
position of the glass phases are shown in Tables 9 and 10 respectively
for dolomite and limestone fluxed pellets.

In the pellets two different types of glass phases were

observed under the reflected light. One of the glass phases contained a
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zoned glass phase which consisted of pale gray and dark phase. The
other type of glass phase consisted of single dark phase. The pale gray
zone 1is rich in Fe and Mg. The zoned glass phase is observed in dolo-
mite fluxed pellets whose proportion to single silicate phase decreases
with increasing basicity from 0.8 to 1.6. The chemical composition of
the silicate phase does not vary much with type of binder.

It is seen from the Table 9 that zoned glass phase has rela-
tively high iron content. In the zoned glass phase, higher amounts of
magnesium oxide and iron oxide are present in the pale gray zone than
the dark zone. Since the zoned phase is observed in dolomite fluxed
pellet, its formation is attributed to the presence of Mg0 in the melt.
As the basicity of the pellet is increased to 1.3 and 1.6, the amount
of zoned glass phase decreases with the decrease in Mg content in the
pale gray zone.

The silicate phase in the limestone fluxed pellets consisted
of a single dark phase. As seen from the Table 10 the chemical composi-
tion of the glass fall into two separate groups with significantly dif-
ferent iron content. The iron content in the silicate varied inversely
with the Si and Ca content. The variation with respect to Ca is more
pronounced. This indicates that a melt containing high calcium oxide
dissolves less amount of iron oxide.

In the dolomite fluxed pellets a phase was observed under
optical microscope which resembled magnetite. From microanalysis pre-
sence of some amount of magnesium is noticed in this phase. Therefore,

this phase is identified as magnesioferrite. The average composition of
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magnesioferrite at various basicities is shown in Table 11. It can be
seen from the Table that the magnesioferrite phase does not conform to
stoichiometric composition of (MgO Fe;03) as it contains less amount of
Mg0. It 1s believed that magnetite which is formed during incongruent
melting of calcium ferrites reacts with MgO to form the complex spinel
of the type ((1 - x) Mgex Fe)0 during firing. This complex spinel dis-
sociates into magnesioferrite deficient in MgO during cooling as FeO
reoxidises to Fey03. The reoxidation during cooling is confirmed from
thermogravimetric analysis. With increasing basicity more amount of
magnesioferrite formation takes place with decreasing MgO content. This
is due to the dilution effect as the same level of dolomite addition
was maintained for all the pellets. The magnesioferrite phase contains
some amount of Ca0 and SiO, depending on the local chemistry (see
Table 11).

Formation of magnesioferrite also affected the distribution of
magnesium in the glass phase. With increasing amount of magnesioferrite
formation at higher basicities, less magnesium was available for the
glass phase. Therefore the magnesium content in the glass phase
decreased. The proportion of zoned phase also decreased.

The average chemical composition of calcium ferrites is shown
in Table 12. Presence of calcium ferrite was observed at 0.8 basicity,
in the pellets with bentonite and limestone addition. In pellets with
peat moss and limestone addition it was observed at 1.3 basicity. 1In
dolomite fluxed pellet calcium ferrite was observed at the basicities

of 1.3 and 1.6 irrespective of binder addition. However, appreciable
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amounts of calcium ferrite was formed only in pellets produced with
limestone and bentonite addition at 1.6 basicity.

Some amount of silicon and aluminium is present in the calcium
ferrite. Therefore, the ferrites may be termed as silicoferrite of cal-
cium and aluminium (SFCA). Two types of SFCA are observed which differ
in chemical composition and appearance. These two types of ferrites are
shown in Figure 18 as both types are present in the pellet with bento-
nite and dolomite addition at 1.3 basicity. The point analyses of the
ferrites in Figure 18 are shown in Table 13. As it can be seen from the
Figure 18 and Table 13, smaller size SFCA crystals contain comparative-
ly higher amounts of silicon, calcium and aluminium and lower amount of
iron than larger size crystals. The occurrence of small size crystals
is observed in pellets up to 1.3 basicity and the larger size crystals
are observed in the pellets above 1.3 basicity. It 1is apparent that
while SFCA crystallizes from a melt containing high calcium, its growth
is related to the solubility of iron in silicate glass phase. At lower
basicity high amount of iron oxide is dissolved in the glass phase. As
a result less amount of iron is available for SFCA formation and this
restricts the growth of the crystal. As the basicity increases, solu-
bility of iron oxide in the glass phase decreases. The excess 1iron
oxide from the melt precipitates in the ferrite phase and increases the
crystal size. Since crystal growth takes place due to iron oxide preci-
pitation, the concentrations of other elements in the phase such as
silicon, calcium, etc. are diluted. Therefore, the big ferrite crystals

are observed to contain lower amounts of these elements.



FIGURE 18 - Electron micrograph .f two types of calcium ferrites
observed in 5 LB pelleus.

TABLE 13 - Microanalysis of two calcium ferrite phases as shown in
Figure 18.

POINT Fez 03 S iOz Cal Mgo Alz 03

1 77.8 7.2 | 13.9 - 1.1
2 69.4 | 10.4 | 18.5 - 1.7
3 66.4 | 12.3 | 19.5 - 1.8

4 79.7 6.2 | 13.4 S 0.7
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4. MINERALOGY OF PELLETS AT VARTOUS BASICITY LEVELS

4.1 Basicity 0.2

Typical photomicrographs of the pellets at the basicity of 0.2
with bentonite and peat moss are shown in Figures 19 and 20 respec-
tively. The scanning electron microphotograph of bentonite added pellet
is shown in Figure 21 with point analysis in Table 1l4. In these pellets
bonding is provided mainly by consolidation of crystal bridges formed
by recrystallised hematite grain. The recrystallisation process took
place in solid state involving small and ultrafine particles. Since a
very small amount of flux (1.8% dolomite) addition was made to the pel-
let little amount of slag is formed due to incipient fusion of wultra-
fine ore particles gangue and flux during pellet firing. The slag
formed thin films between comparatively large hematite grains thus
providing bonding between them. A part of the ultrafine hematite crys-
tallised from the melt. The presence of free silica was often observed
(Figure 16) 1in the pellet as most of the silica did not react at this
basicity. This indicates that no reaction between silica and hematite
had taken place. The pellet structure is dominated by pores. In peat
moss added pellets more pores are formed and the pellet structure is
open textured. A small amount of magnesioferrite is present in the pel-
let with low MgO content. The composition of the slag does not differ
very much with the type of binder. Zoned silicate phases are noticed in
which pale gray phase is predominant. The slag phase contained high
amount of Si0;, Fe;03 with some amount of CaO, MgO and Al;03. The CaO

content in the slag phases varied between 14-19%. The zoned slag phases



FIGURE 19 - Typical microphotograph of 2 DB pellets. (0.2 basicity,
flux: dolomite; binder: bentonite).
H: hematite; S: free silica; G: glass; P: pore.-

.};!.’
FIGURE 20 - Typical microphotograph of 2 DP pellets. (0.2 basicity,

flux: dolomite; binder: peat moss).
H: hematite; S: free silica; G: glass; P: pore.
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FIGURE 21 - Typical electron micrograph of 2 DB pellets.

TABLE 14 - Microanalysis of

minerelougical phases shown in Figure

POINT

Fe; 03 Si0, Ca0 | MgO | Al;03 PHASE
1 98.0 1.2 | 0.8 - - Hematite
2 96.7 - - 3.3 - Magnesioferrite
3 95.2 - 0.4 | 4.3 0.1 Magnesioferrite

21.
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differred in chemical composition as the pale gray phase contained
higher amount of MgO and Fez;03 than the dark phase. The dark phase

contained higher amount of SiO,.

4.2 Basicity 0.8

Typical photomicrographs of pellets with bentonite and peat
moss addition for both limestone and dolomite fluxed pellets are shown
in Figures 22 to 25. The electron microphotographs are shown in Figures
26-29 with microanalysis of phases in Tables 15-18. Due to a higher
amount of flux addition, there increased glass formation at this basi-
city results in the bonding of the pellets via glass phase. The pellet
structure is somewhat consolidated due to the surface tension forces of
the liquid phase which was formed during induration and brought the ore
particles closer. The liquid has filled the pores and on cooling has
bonded the ore particles as can be seen from the pellet microstructure
(Figures 22-25). However, only a marginal decrease in the porosity was
observed. This shows that the melt which was formed locally is insuffi-
cient to close all the pores and enough pores are left behind in the
pellet structure.

Silicates formed from the melt are the major bonding phases in
limestone fluxed pellets with bentonite and peat moss addition. The
glass phase is somewhat evenly distributed between the hematite grains.
The liquid phase has attacked the big hematite grains on the faces thus
causing some amount of surface smoothening as seen in Figure 22. The

slag bond is heterogeneous in its mineral composition and structure. A
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FIGURE 22 - Typical photomicrograph of 3 LB pellets. (Basicity: 0,8,
flux: limestone; binder: bentonite).
H: hematite; G: glass; P: pore.

FIGURE 23 - Typical photomicrograph of 3 LP pellets. (Basicity: 0.8,
flux: limestone; binder: peat moss).
H: hematite; G: glass; P: pore.

73



FIGURE 24 - Typical photomicrograph of 3 DB pellets. (Basicity: 0.8,
flux: dolomite; binder: bentonite).
H: hematite; M: magnesioferrite; G;: glass (pale grey);
Gy : glass (dark); ©P: pore.
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FIGURE 25 - Typical photomicrographs of 3 DP pellets. (Basicity: 0.8,
flux: dolomite; binder: peat moss).
H: hematite; M: magnesioferrite; G;: glass (pale grey);
Gz: glass (dark); P: pore.
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FIGURE 26 - Electron micrograph of 3 LB pellet.

TABLE 15 - Microanalysis of mineralogical phases shown in Figure 26.

POINT | Fe;0s | SiO, Ca0 | Mg0 | Al,0; PHASE
1 99.3 0.5 0.2 - - Hematite
2 24.2 | 40.1 | 35.5 - 0.2 Glass
3 26.9 | 35.8 | 37.3 - - Glass
4 10.4 | 41.7 | 47.9 - - Glass
5 9.6 42.4 | 48.0 - - Glass
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FIGURE 27 - Electron micrograph of 3 LP pellet.

TABLE 16 - Microanalysis of mineralogical phases shown in Figure 27.

POINT Fez 03 SiOz Ca0o MgO Alz 03 PHASE

1 33.2 | 35.4 | 27.2 | 2.4 1.9 Glass
2 18.7 3.4 | 46.9 - - Glass
3 30.8 | 45.4 | 19.2 | 0.9 3.7 Glass
4 99.4 0.1 0.5 - - Hematite

5 98.3 1.2 0.5 - - Hematite




TABLE 17 - Microanalysis of mineralogical phases shown in Figure 28.

FIGURE 28 - Electron micrograph of 3 DB pellet.

POINT | Fez0; | SiO; Ca0 | MgO | Alz0; PHASE
1 33.3 | 38.0 | 21.8 | 4.6 2.3 Glass (pale gray)
2 25.2 | 56.4 | 17.2 - 1.2 Glass (dark)
3 39.2 | 35.3 | 21.4 | 3.9 0.2 Glass (pale gray)
4 22.9 | 43.6 | 33.5 - - Glass (dark)
5 35.4 | 37.4 | 22.4 | 4.8 S Glass (pale gray)
6 99.1 0.8 0.1 - - Hematite
7 98.5 1.0 0.5 S - Hematite
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FIGURE 29 - Electron micrograph of 3 DP pellet.

TABLE 18 - Microanalysis of mineralogical phases shown in Figure 29.

POINT | Fe;0; | SiO; Ca0 | MgO | Al,0; PHASE
1 37.2 35.8 22.5 3.8 0.7 Glass (pale gray)
2 29.3 46.6 23.3 - 0.8 Glass (dark)
3 35.1 | 36.8 22.6 | 4.7 0.8 Glass (pale gray)
4 91.4 : 0.1 | 8.5 | - Magnesioferrite
5 98.6 1.2 0.2 - - Hematite
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small amount of bonding phase was found to be calcium ferrite aproach-
ing the range of compositions of silicoferrites of calcium and alumin-
ium (SFCA). There 1is a large difference in the degree of porosity of
the bentonite and peat moss added pellets. The latter pellets have
higher porosity. The pore structure is also different. In pellets with
bentonite addition the pores approached spherical shape as the ore
particles were pulled together due to the presence of melt. In peat
moss added pellets this is less prominent due to higher porosity.

In pellets produced with dolomite addition, zoning of glass
phase was quite evident (see Figures 28 and 29). The major proportion
of glass phase was of pale gray phase. The pale gray phase is high in
MgO and Fe;03. It contained less amount of SiO;. Tﬁe dark phase is high
in SiO; and CaO with low Fe;03 and virtually no MgO. Relatively less
amount of slag was formed in these pellets due to the presence of MgO
which increased the liquidus temperature of the slag phase. The distri-
bution of Fe, Ca, Mg, Si and Al in the bonding phase varied widely.
This indicates that only localised melting has taken place. Some amount
of unreactéd silica was also observed in the pellets. In peat moss
added pellets more pores were distributed in the pellet matrix. How-
ever, the elemental distribution in the bonding phase did not show any
significant change. Some amount of magnesioferrite was formed as
described earlier. The microanalysis of this phase showed that MgO cori-

tent varied between 7-9%.
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4.3 Basicity 1.3

The typical photomicrographs of the pellets are shown in Fig-
ures 30-33. The typical SEM photomicrographs are shown in Figures 34-36
with the microanalyses, in Tables 19-21. With higher amount of slag
bonding the pellet structure has further consolidated and the big ore
particles are brought to closer contact and agglomerate. The pores have
tended to become spherical and their size has become bigger. This is
more visible in limestone fluxed pellets in which lower porosity was
observed. In dolomite fluxed pellets the decrease in porosity 1is mar-
ginal. The network of slag bond has spread to more areas in the pellet.
Due to increased flux addition the CaO0 content in the slag has
increased compared to that at 0.8 basicity. The SiO; and Fe;03 content
was observed to decrease. At this basicity free silica was absent in
the pellets indicating assimilation of silica in the slag.

In the pellets with limestone and bentonite addition, the
formation of calcium ferrites, particularly around pores, was noted
(Fig. 30). The pore denotes the former location of the flux which was
formed upon the calcination of the latter. The calcined flux has
reacted with adjacent hematite and gangue particles to form a melt from
which calcium ferrite has precipitated (see Fig. 30). Hematite 1is the
predominant crystalline phase. Magnetite amounted to approximately 10%,
correlating well with the relatively high FeO content noted for these
pellets. The bonding phase consisted of silicates with varied Fe, Ca,

Si, Al and Mg content and a small amount of calcium ferrite. Typical
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FIGURE 30 - Typical photomicrograph of 5 LB pellets (Basicity: 1.3,
flux: limestone; binder: bentonite).
H: hematite; CF: SFCA; G: glass; P: pore.
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flux: limestone; binder: peat moss).
H: hematite; CF: SFCA; G: glass; P: pore.

81



FIGURE 32 - Typical photomicrograph of 5 DB pellets (Basicity: 1.3,
flux: dolomite; binder: bentonite).
H: hematite; M: magnesioferrite; G: glass; P: pore.

f
FIGURE 33 - Typical photomicrograph of 5 DP pellets. (Basicity: 1.3,
flux: dolomite; binder: peat moss.
H: hematite; M: magnesioferrite; G: glass;- P: pore.
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FIGURE 34 - Typical electron micrograph of 5 LB pellets.

TABLE 19 - Microanalysis of mineralogical phases shown in Figure 34.

POINT Fe; 03 Sio, Ca0 Mg0 Al,03 PHASE"
1 24.6 | 30.2 | 45.2 - - Glass
2 16.8 | 30.4 | 52.8 - - Glass
3 9.9 | 34.1 | 56.0 | - - Glass
4 81.5 4.9 | 13.3 - 0.3 SFcA
5 | 81.3 5.2 | 13.2 - 0.3 SFCA
6 79.6 5.8 .13.3 | 0.5 0.8 SFCA
7 99.1 0.4 0.5 - - Hematite
8 97.7 1.2 1.1 - & Hematite




FIGURE 35 - Typical electron micrograph of 5 DB pellets.

TABLE 20 - Microanalysis of

mineralogical phases

shown in Figure 35.

POINT Fez 03 Sio, Cal Mg0 Al,03 PHASE

1 35.2 | 26.2 | 35.4 | 3.2 - Glass

2 . 21.0 | 35.8 | 42.9 - 0.2 Glass

3 11.1 | 29.8 | 54.6 | 1.8 2.7 Glass

4 90.6 | 0.8 1.7 6.9 - ﬁagnesioferrite
5 93.6 - 1.1 | 5.3 - Magnesioferrite
6 91.4 - 1.4 | 7.2 - Magnesioferrite
7 97.4 1.2 1.4 s - Hematite

8 99.5 0.3 0.1 - - Hematite

84

— ]



e 4

"*18

WU 38

FIGURE 36 - Typical electron micrograph of 5 DP pellets.

36.

TABLE 21 - Microanalysis of mineralogical phases shown in Figure
POINT | Fep0; | SiO, ca0 | Mg0 | Al,0; PHASE
1 43.7 | 27.8 | 26.1 | 2.4 - Glgss
2 22.5 | 30.8 | 46.7 - - Glass
3 92.5 - 0.8 | 6.7 - Magnesioferrite
4 91.4 - 0.9 | 7.3 0.4 Magnesioferrite
5 99.3 - 0.7 - - Hematite
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compositions of different mineralogical phases in a pellet with lime-
stone and bentonite addition is shown in Figure 34 and Table 19.

In pellets with dolomite addition, little formation of calcium
ferrites was observed. The amount of magnesioferrite in the pellet was
higher than that of 0.8 basicity with less MgO content. Zoning was
observed in the bonding silicate phase although the amount had some
what diminished. The pale gray phase contained higher amount of Mg and
Fe and the dark phase was relatively low in Mg and Fe and high in sili-
con and calcium. The pale gray phase contained less MgO than the pellet
of 0.8 basicity. Another silicate phase was observed which did not have
any zoned structure and 1its chemical composition was similar to the
composition of glass phase in the pellets with limestone addition. It
is Dbelieved that formation of this glass phase was facilitated due to
depletion of Mg from the melt as most of the Mg was concentrated in
magnesioferrite phase.

The pellets with peatmoss addition had similar mineral assem-

blage but a highly porous structure.

4.4 Basicity 1.6

Typical photomicrographs of the pellets of 1.6 basicity are
shown in Figures 37 to 40 and typical SEM photomicrographs are shown in
Figures 41 to 44 with microanalysis in Tables 22-26. As high amount of
flux was added to attain this basicity, large amount of melt was formed
which influenced the pellet structure significantly. Pore channels were

closed due to flow of the melt. A compact structure was formed due to
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FIGURE 37 - Typical photomicrograph of 6 LB pellets (Basicity: 1.6,
flux: limestone; binder: bentonite).
H: hematite; CF: SFCA; G: glass; P: pore.

FIGURE 38 - Typical photomicrograph of 6 LP pellets. (Basicity: 1.6,
flux: limestone; binder: peat moss).
H: hematite; CF: SFCA; G: glass; P: pore.



FIGURE 39 - Typical photomicrograph of 6 DB pellets. (Basicity: 1.6,
flux: dolomite; binder: bentonite).
H: hematite; M: magnesioferrite; G: glass; P: pore.

FIGURE 40 - Typical photomicrograph of 6 DP pellets. (Basicity: 1.6,
flux: dolomite; binder: peat moss).
H: hematite; M: magnesioferrite; G: glass; P: pore.
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FIGURE 41 - Typical electron micrograph of 6 LB pellets.

TABLE 22 - Microanalysis of mineralogical phases shown in Figure 41.

POINT | Fe;0s Sio; Ca0 | MgO | Al,0; PHASE
1 30.1 | 22.7 | 47.0 - 0.2 Glass
2 83.9 3.5 [ 11.7 | 0.3 0.6 SFCA
3 84.0 3.6 11.8 - 0.6 SFCA
4 84.9 3.1 | 11.8 - 0.2 SFCA
5 99.9 - 0.1 - - Hematite
6 99.6 - 0.2 - 0.2 Hematite
7 99.9 - 0.1 - - Hematite




FIGURE 42 - Typical electron micrograph of 6 LP pellets.

TABLE 23 - Microanalysis of mineralogical phase shown in Figure 42.

POINT | Fe,O3 Qioz Ca0 | MgO | Al,0; PHASE
1 17.9 | 32.1 | 49.6 - 0.4 Glass
2 29.2 | 15.3 55.5 S - Glass
3 96.9 0.7 2.4 - - Hematite
4 96.0 0.9 3.1 - - Hematite
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FIGURE 43 - Typical electron micrograph of 6 DB pellets.

TABLE 24 - Microanalysis of mineralogical phases shown in Figure 43.

POINT | Fe,0; | SiO, CaO | Mg0 | Al,0; PHASE
1 21.5 | 32.0 | 45.5 | 0.3 0.7 Glass
2 29.0 | 25.1 | 44.0 | 1.3 | 0.6 | Glass
3 10.0 | 58.5 | 29.6 | 1.0 0.9 Glass
4 79.7 4.9 | 13.4 | 0.7 1.3 SFcA
5 77.5 7.0 | 12.3 | 1.4 1.8 SFCA
6 88.9 1.3 3.3 | 5.6 0.9 Magnesioferrite
7 92.5 - 1.1 | 6.0 0.4 Magnesioferrite
8 99.9 - 0.1 - - Hematite
9 99.5 0.1 0.4 - - Hematite
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FIGURE 44 - Typical electron micrograph of 6 DP pellets.

TABLE 25 - Microanalysis of mineralogical phases shown in Figure 44.

POINT Fey03 Sio; Cao MgO Al,0; PHASE

1 12.4 | 24.2 | 63.4 - - Glass

2 16.1 | 30.2 | 53.7 1 - - Glass

3 35.2 | 20.9 | 43.9 - - Glass

4 37.1 | 23.9 | 38.1 | 0.2 0.7 Glass

5 80.2 5.8 [ 12.2 | 1.1 0.7 SFCA

6 84.5 4.3 | 10.5 | 0.7 - SFCA

7 92.2 - 1.3 | 6.5 - Magnesioferrite
8 95.1 - 0.7 | 4.2 - Magnesioferrite
9 99.9 - 0.1 - - Hematite
10 99.7 S 0.3 - - Hematite
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flow of the melt. A compact structure was formed due to surface tension
of the melt. As a result of shrinkage the coarse hematite particles
aproached each other and agglomerated as seen in pellets with limestone
and peat moss addition (see Fig. 38). This also causes the pores to
become spherical. A good amount of ore particles dissolve in the melt
during induration. On cooling various crystalline phases precipitate
out depending on the nature of the melt.

In pellets produced with limestone and bentonite an apprecia-
ble amount of calcium ferrite 1is as formed (Fig. 37). The hematite
still dominated the pellet structure. But unlike the basicities of 0.8
and 1.3, the magnetite formation has significantly reduced. The bonding
phase primarily consisted of calcium ferrites and to a lesser extent of
silicate glass phase.

Peat moss addition resulted in significant decrease in calcium
ferrite formation. The bonding was primarily by silicate glass phase
with small hematite crystals. The glass phase retained significant
amounts of hematite which contained some amount of Si and Ca. The pel-
let structure at this basicity appeared more consolidated in comparison
to the peat moss added pellets at other basicities.

In pellets with dolomite and bentonite much less zoning in the
silicate bonding phase was observed. The mineralogical assemblage is
similar to the pellet of 1.3 basicity. Higher amount of magnesioferrite
was formed. A typical pellet structure showing the presence of magne-

sioferrite with formation of lamellar hematite is shown in Figure 39.



94

The pellets with peat moss addition had the similar pellet
mineralogy as the pellet with bentonite but the pellet structure showed
a high degree of pore formation (Figure 40). However, the amount of
pores was less than the amount observed in pellet of 1.3 basicity and

the pellet structure appeared to be more consolidated.

Sk CHEMICAL ANALYSIS OF FIRED PELLETS

The chemical composition of the fired pellets are shown in
Table 26. It is observed that pellets produced with only limestone and
bentonite contain relatively high FeO. Since these pellets have compar-
atively low porosity and the intergranular slag phase envelopes the
magnetite phase, it is believed that magnetite phase could not undergo
sufficient reoxidation. This apparently is the reason for high FeO con-
tent of these pellets. Moreover, some amount of FeO may have been
retained in the slag phase as the slag forming conditions are better
with addition of limestone and bentonite. It is also noted that pellets
produced with peat moss addition have slightly higher Fe content due to

negligible contamination.



TABLE 26 - Chemical composition of fired pellets.

PELLET Fep03 FeO 5i0y | Alp03 Ca0 MgO K70 N20 | TiOz
DESIGNATION
2 DB 92.00 0.13 | 5.75 0.35 | 1.55 | 0.49 | 0.01 0.07 | 0.10
3 DB 89.94 0.05 | 5.50 0.32 | 1.95 | 2.10 | 0.007 | 0.08 | 0.08
5 DB 84.37 0.05 | 6.05 0.50 | 6.30 | 2.48 | 0.007 | 0.05 | 0.13
6 DB 82.94 0.13 | 5.55 0.45 | 8.25 | 2.16 | 0.005 | 0.05 | 0.17
3 LB 85.61 2.89 | 5.70 0.45 | 5.15 | 0.13 | 0.004 | 0.06 | 0.09
5 LB 80.16 4.84 | 6.45 0.65 | 7.85 | 0.14 0.003 0.04 0.09
6 LB 84 .65 0.20 | 5.05 0.40 | 9.05 | 0.18 | 0.003 | 0.03 | 0.18
2 DP 92.25 0.30 | 4.95 0.42 | 1.25 | 0.47 | 0.01 0.10 | 0.10
3 DP 89.34 0.05 | 4.95 0.40 | 2.80 | 2.15 | 0.011 | 0.09 | 0.09
5 DP 87.26 0.27 | 4.92 0.40 | 4.65 | 2.03 | 0.008 | 0.07 | 0.09
6 DP 84.66 0.13 | 4.72 0.33 [ 7.70 | 2.11 | 0.006 | 0.05 | 0.09
3 LP 87.16 1.92 | 5.45 0.45 | 4.55 | 0.37 | 0.006 | 0.08 | 0.19
5 LP 86.71 0.13 | 4.95 0.35 | 7.00 | 0.12 | 0.006 | 0.15 | 0.08
6 LP 86.90 0.05 | 4.50 0.25 | 7.85 | 0.13 | 0.005 | 0.07 | 0.09
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6. PROPERTIES OF THE FIRED PELLETS

As a small amount of pellets were produced, a limited number
of tests were conducted to characterise the physical properties of the
pellets. The tests conducted were: porosity, compression strength,

reducibility and swelling, test results are shown in Table 27.

6.1 Porosity

The variation of porosity as a function of basicity and pellet
type is shown in Figure 45, up to 1.3 basicity the porosities of the
pellets were observed to be high irrespective of flux and binder type.
The porosity of the pellets drastically dropped with increase in basi-
city to 1.6. Pellets with peat moss addition have very high porosity.
The high porosity is caused by the burning of peat moss. The 1liquid
phase which is formed during induration is insufficient to close these
extra pores.

A marginal decrease in the porosity of the pellets with dolo-
mite 1is observed as the basicity is increased from 0.2 to 1.3. Less
amount of liquid is formed in these pellets during induration due to
presence of Mg0O, which is not adequate to fill the pores. Good amount
of liquid formation at the basicity of 1.6 causes a substantial
decrease in porosity. The porosity of the pellets with peat moss addi-
tion is 7-10% higher than the porosity of pellets with bentonite addi-

tion.



TABLE 27 - Physical and reduction properties of the fired pellets.

BASICITY PELLET POROSITY | COMPRESSION | REDUCIBILITY | MAXIMUM
DESIGNATION 4 STRENGTH (dR/dt)40 SWELLING
kg /PELLET Z
DB 32.50 186.4 0.49 25.4
0.2
DP 40.09 115.9 0.60 23.35
DB 32.72 195.64 0.62 28.46
DP 41.14 120.45 0.82 24.35
0.8
LB 31.71 204.5 0.64 31.23
LP 37.04 210.64 0.76 24.79
DB 30.25 190.91 1.34 11.47
DP 40.91 127.27 1.75 21.99
1.3
LB 28.44 200.00 1.24 26.64
LP 30.92 222.73 1.27 16.34
DB 23.55 268.73 0.83 12.66
DP 30.34 200.00 1.40 10.52
1.6
LB 22.65 279.54 0.73 12.33
Lp 23.65 281.82 0.75 12.66
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FIGURE 45 - Effect of basicity on the porosity of the pellets.

The  porosities of the pellets with 1limestone addition are
lower compared to the pellets with dolomite addition. This 1is more
pronounced in the pellets with peat moss addition. Larger amount melt
formation during induration due to the presence of lime filled some of
the extra pores created by the burning of peat moss. At higher basi-
cities the difference between the porosities in the pellets with peat
moss and bentonite narrowed down as more number of pores were closed

due to higher availability of CaO.
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6.2 Compression strength

The variation of compression strength as a function of basic-
ity and type of pellet is shown in Figure 46. It is noticed that there
is 1insignificant change in the compression strength of the pellets as
the basicity is increased upto 1.3. On futher increase in pellet basi-
city to 1.6 a considerable improvement in the compression strength is
observed. The porosity of the pellets is considered to be the major
factor influencing the compression strength as a linear correlation is
observed in Figure 47. The compression strength is mnoted to decrease
with increase in porosity.

The pellets with dolomite addition have 1low compression
strength up to 1.3 basicity which are below the accepted compression
strength of 200 kg/pellet [1]. The compression strengths of pellets
with peat moss addition are also very low. The porosity values of these
pellets are very high. As the porosity of these pellets decrease at 1.6
basicity due to increasing amount melt at the induration temperature
the compression strength increases considerably and the pellets possess
acceptable compression strength.

The compression strength of pellets with 1limestone addition
are higher compared to pellets with dolomite addition. Even the pellets
with peat moss addition have compression strength above the minimum
accepted value. Increased amount of slag bonding in these pellets has
resulted in improved compression strength along with decrease in poro-

sity.
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6.3 Reducibility

The variation in pellet reducibility as a function

basicity
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of pellet

and pellet types are shown in Figure 48. The reducibility of

the pellet is seen to increase with increasing basicity which reaches a

maximum at
ity. This phenomenon is observed in
of peat moss and dolomite has the
cibility as maximum reducibility is
with these additives. The typical
lets are shown in Figures 49 to 57.
pellets with peat moss addition the
uniform through out the pellet i.e.
wustite at

was same

1.3 basicity and decreases with further increase in basic-

all types of pellets. The addition

most favourable effect on the redu-

acheived in the pellets produced

microstructures of the reduced pel-

From the mineralogy of reduced

extent of reduction was found to be

the proportion of metallic iron to

the periphery and the centre of the pellet (see

Figures 51, 53, 55 and 57). This indicates that due to high porosity of

these pellets the penetration

resulting in higher reducibility.
Lower reducibility

attributed to

loping of the iron oxide grains by the glass phase as seen in the

let with 0.8 and 1.3 basicity (see

reduced pellet shows that there is less

centre
cing gas to the iron oxide is

enveloping of slag phase.

of

in pellets

decreased due

reducing gas is facilitated thus

with limestone addition 1is

lower porosity in these pellets and partly to the enve-

pel-
Figs. 50 and 54). The mineralogy of

extent of reduction 1in the

than at the periphery of the pellet. The accessibility of redu-

to lower porosity and
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a) periphery

b) centre

FIGURE 49 - Typical photomicrographs of reduced pellets (3 DB).
W: wustite; Fe: metallic iron; G: glass; P: pore.
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b) centre

FIGURE 50 - Typical photomicrographs of reduced pellets (3 LB).
W: wustite; Fe: metallic iron; G: glass; P: pore.
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a) periphery

b) centre

P: pore.

Fe: metallic iron; G: glass;

- Typical photomicrographs of reduced pellets (3 LP).

W: wustite;

FIGURE 51
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a) periphery

b) centre

P: pore.

Fe: metallic iron; G: glassj

FIGURE 52 - Typical photomicrographs of reduced pellets (5 DB).
W: wustite;
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b) centre

FIGURE 53 - Typical photomicrographs of reduced pellets (5 DP).
W: wustite; Fe: metallic iron; G: glass; P: pore.
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b) centre

FIGURE 54 - Typical photomicrographs of reduced pellets (5 LB).
W: wustite; Fe: metallic iron; G: glass; P: pore.
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b) centre

FIGURE 55 - Typical photomicrographs of reduced pellets (5 LP).
W: wustite; Fe: metallic iron; G: glass;, P: pore.
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a) periphery

"b) centre

P: pore.

Fe: metallic iron; G: glass;

FIGURE 56 - Typical photomicrographs of reduced pellets (6 DB).
W: wustite;
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b) centre

FIGURE 57 - Typical photomicrographs of reduced pellets (6 DP).
W: wustite; Fe: metallic iron; G: glass; P: pore.
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It was noticed that although pellets with peat moss addition
have high porosity at the basicities of 0.2 and 0.8, the reducibility
values are much lower compared to pellets of 1.3 basicity. In order to
have a better understanding of this phenomenon, the pellets with peat
moss and dolomite addition of 0.2 to 1.6 basicity were reduced for 15,
30, 45 and 60 minutes and the mineralogy of the partially reduced pel-
lets were analysed; typical photomicrographs are shown in Figures

58-61. The following observations have been made:

- Presence of wustite with little amount of iron was observed after 15
minutes of reduction. In high basicity pellets of 1.3 and 1.6, pres-
ence of high amount of fine pores in the wustite grain was seen (see
Fig. 6l-a). On closer observation these pores were identified to be
fine cracks developed in the grain. In low basicity pellets of 0.2
and 0.8 the pores in wustite grains were fewer in number and coarser
in size (see Fig. 58). A small proportion of wustite grains had fine
pores. In the reduced pellets taken out after 30 minutes of reduc-
tion formation of metallic iron near the pore was observed. The wus-
tite grains were subdivided into numerous fine fragments due to
presence of the fine pores in the high basicity pellets (Figs. 60-b
& 61-b). In low basicity pellets the wustite grain was subdivided in
the fewer coarse grains (Figs. 58-b & 59-b). The presence of iron
was observed on the outer shell of the grain while wustite was
observed in the core. Substantial amount of iron formation was

observed in the high basicity pellets after 45 minutes of reduction
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(Figs. 60-c & 61-c). On the other hand a good amount of unreacted

wustite was still present in low basicity pellets.

From the above observations it is evident that the morphology
of pore formation changes with change in basicity. It is believed that
the new pores are associated with the cracks formed during hematite to
magnetite transformation.

The intergranular glass phase in high basicity pellets with
stand the volume expansion accompanied by the above transformation as
evident from the low swelling values in these pellets (to be presented
in section 6.4). The stress generated during the transformation is
believed to cause formation of intragranular cracks. In 1low basicity
pellets the volume expansion results in formation of coarser cracks and
fragmentation of hematite grains.

Reduction of iron oxide takes place in following stages

Fe, 03 o Fe3 0,4 -+ FeQ0 - Fe

The reduction in initial 2 steps occurs by diffusion of gas-
eous species. The presence of wustite in all the pellets after 15 min-
utes of reduction bears to the fact that rate of hematite to wustite
reduction was high due to high porosity of the pellets. The reduction
from wustite to metallic iron proceeds in solid state as a shell of

iron forms on the outer surface of the wustite grain. Faster rate of
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a) after 15 minutes b) after 30 minutes.
W: wustite Fe: metallic iron
G: glass P : pore

c) after 45 minutes d) after 60 minutes.

FIGURE 58 - Typical photomicrographs of reduced pellets after 15, 30,
45 and 60 minutes of reduction (pellet type 2 DP).
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a) after 15 minutes b) after 30 minutes.
W: wustite Fe: metallic iron
G: glass P . pore

c) after 45 minutes d) after 60 minutes.

FIGURE 59 - Typical photomicrographs of reduced pellets after 15, 30,
45 and 60 minutes of reduction (pellet type 3 DP).
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a) after 15 minutes b) after 30 minutes.

W: wustite Fe: metallic iron
G: glass P : pore

c) after 45 minutes

FIGURE 60 - Typical photomicrographs of reduced pellets after 15, 30,
45 and 60 minutes of reduction (pellet type 5 DP).
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a) after 15 minutes b) after 30 minutes.
W: wustite Fe: metallic iron
G: glass P : pore

c) after 45 minutes

FIGURE 61 - Typical photomicrographs of reduced pellets after 15, 30,
45 and 60 minutes of reduction (pellet type 6 DP).



118

wustite reduction in high basicity pellets was achieved due to forma-
tion of fine intragranular cracks. The reduction in the fine wustite
fragment was completed faster and this was facilitated by the easier
penetration of reducing gas. On the other hand as coarser fragments of
wustite were formed in low basicity pellets, the reduction was slower;
this has been noticed by the presence of large amount of unreacted wus-
tite. From the above observations we conclude that apart from the ini-
tial porosity of the pellets, morphology of the pores in the reduction
product may play a role in determining pellet reducibility.

From Figure 48 it 1is observed that the reducibility of the
pellets decreases on further increase in basicity after achieving a
maximum at 1.3 basicity. This decrease is attributed to the decrease in
the porosity of these pellets. In Figure 62 the variation of reduci-
bility as a function of porosity for the pellets of above 1.3 basicity
is shown. The reducibility increases with increase in porosity. In
pellets of 1.6 basicity the passage of reducing gas to the interior of
pellet is restricted due to the decrease in porosity and the presence
of intergranular slag, as a result, the reducibility is decreased. This
is evident from the photomicrographs of the reduced pellet with dolo-
mite and bentonite addition (see Figure 56). A difference in the
degree of reduction at the periphery and centre of the pellet is

noticed.



119

2.0

Reducibl ity
o

e}

0'8/0

0'4 A 1 s A
20.0 25.0 30.0 35.0 40.0 45.0

Porosi ty

FIGURE 62 - Effect of porosity on the reducibility of the pellets
above 1.3 basicity.

6.4 Swelling

The variation of swelling as a function of basicity and pellet
type are given in Figure 63. It is observed that swelling is high for
0.2 and 0.8 basicity pellets, being maximum at 0.8 then decreasing at
higher basicities. Addition of peat moss appears to be beneficial in
decreasing swelling. Pellets with dolomite addition swell less than
limestone added pellets.

Swelling is the result of structural change accompanied by the
reduction of hematite to magnetite phase. Any measure which can with-
stand the effect of structural changes will minimise swelling. A strong
bonding phase which 1is not affected by the reducing gas can decrease

the effect of swelling. In pellets of 0.2 basicity the bonding phase
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mainly consists of hematite bridges. As the bonding phase undergoes
reduction the structure is severely affected and this results in high
swelling. However, swelling of pellets at this basicity 1is slightly
lower than pellets of 0.8 basicity. Lower swelling may be attributed to
the presence of good amount of free silica in the pellet.

Maximum swelling was observed in the pellets of 0.8 basicity.
The low basicity glass formed at this basicity appears to be brittle to
withstand the stress due to transformation. The swelling decreases
considerably at higher basicities. This shows that very strong bond is

provided by the glass at high basicity.
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FIGURE 63 - Effect of basicity on swelling of the pellets.
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The pellets with peat moss addition have lower swelling values
than pellets with bentonite addition. The high porosity in the peat
moss added pellets appear to have beneficial effect on swelling. It is
believed that these pores minimise swelling by accommodating the
stresses due to hematite reduction.

The addition of dolomite is found to be beneficial in minimi-
sing swelling particularly at basicities of 0.8 and 1.3 basicity. Zoned
slag phase which was formed due to MgO addition is believed to be more
effective in minimising swelling than the slag formed by addition of

only Ca0 in the pellets fluxed with limestone.



CHAPTER 4

RESULTS: PILOT SCALE PELLETS

1. GREEN STAGE PROPERTIES
Green stage properties of the pellets such as green compres-
sion strength, dry compression strength, drop number and moisture con-

tent are shown in Table 28.

1.1 Green compression strength and drop number

From Table 28, it 1is seen that the pellets with peat moss
addition possess green compression strength ranging between 1.3-1.5
kg/pellet and drop number of 4-5/pellet. These values are adequate as
the minimum required compression strength and drop number are
1.1 kg/pellet and 4/pellet respectively [1l]. However, compared to the
pellets with bentonite addition, these pellets have inferior green
stage properties. This is attributed to extent of bonding achieved in
these pellets. Interstitial moisture is the major bonding phase 1in
green pellets and major strength is contributed due to the capillary
pressure of the moisture [10,11]). The moisture for bonding in peat moss
added pellets 1is made available by changing the surface properties of
peat moss fron hydrophobic to hydrophilic by small amount of NaOH

addition. Since the degree of conversion of the peat moss surface to
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hydrophilic was not fully achieved, this resulted in poorer bonding due

to lesser availability of moisture.

TABLE 28 - Green pellet properties.

PELLET | GREEN COMPRESSION | DRY COMPRESSION MOISTURE
TYPE* STRENGTH STRENGTH NUMBER | CONTENT
kg/PELLET kg/PELLET (%)
1B 1.7 6.8 18 8.8
1 BP 1.5 5.7 3 9.0
1P, 1.4 3.0 4 9.5
2 B 1.8 6.3 15 8.8
2 BP 1.6 6.2 5 9.0
2 P, 1.4 5.5 3 8.0
2 P, 1.3 4.0 4 9.0
3B 1.8 7.8 9 8.5
3 BP 1.3 4.5 3 8.5
3 P, 1.5 3.6 4 9.5

* Pellet type designation has been described on page 38.

1.2 Dry compression strength

The pellets with peat moss addition have dry compression
strength ranging between 3-4 kg/pellet. Since the desired dry compres-
sion strength in a pellet is 1.1 kg/pellet the strength can be consid-
ered to be adequate although pellets with bentonite addition have

higher strength wvalues. It is believed that bonding in the dried pel-
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lets with peat moss addition is achieved through the recrystallisation
of sodium hydroxide which formed a bridge between ore particles similar
to the action of sodium montmorillonite in bentonite [27]. In case of
bentonite added pellets, however, sodium is more uniformly dispersed in
the pellet than the peat moss added pellets due to typical character-
istics of sodium montmorillonite. This provides superior binding

strength in the dried pellets,

21 CHEMICAL ANALYSIS OF FIRED PELLETS

The chemical analysis of the pellets is shown in Table 29. It
is observed from chemical composition of the pellets that the pellets
with peat moss addition have slightly higher iron content than the
pellets with bentonite addition. The FeO content varied between
0.03-0.38%. The pellets contained 1.8-1.9% MgO. The pellets with peat
moss addition have less amount of gangue than the pellets with bento-

nite addition.

3. PELLET MINERALOGY

The typical photomicrographs of the pellets are shown in Fig-
ures 64-72. The amounts of different mineralogical phases are given in
Table 30 from image analyser measurement. The electron micrographs are
shown in Figures 73-76 with microanalysis in Tables 31-34. The mineral-
ogy of the pellets were identical to the mineralogy of the pellets made
in the laboratory at the corresponding basicities with dolomite addi-

tion which has been discussed. Only the pellets earlier produced in the
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pilot scale appeared more consolidated than the laboratory pellets. The
major mineralogical phases observed were hematite, magnesioferrite and
glass. The mineralogy of pellets with peat moss and bentonite addition
were similar. The pellets with peat moss addition contained higher

amount of pores.

TABLE 29 - Chemical composition of fired pellets.

PELLET FeT FeO | Si0, | Al,04 Ca0 | Mg0
TYPE (%) (%) (%) (%) (%) (%)
1B 61.8 | 0.06 | 5.65 0.47 | 3.14 | 1.83

1 BP 62.8 0.15 | 5.05 0.38 2.70 | 1.91

1P, 62.6 | 0.15 5.05 0.34 | 2.70 1.91

2B 61.0 | 0.06 | 5.65 0.37 | 4.30 1.76

2 BP 61.4 | 0.07 | 4.88 0.47 4.14 1.83

2 P 61.8 0.05 | 5.65 0.47 3.14 1.86

2 Py 61.6 | 0.03 | 4.99 0.40 4.06 1.93

3B 60.1 | 0.38 | 5.29 0.76 5.80 1.80

3 BP 60.6 | 0.18 | 4.67 0.72 5.70 1.90

3 P, 60.7 0.05 5.20 0.72 5.30 1.90
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FIGURE 64 - Typical photomicrograph of the 1 B pellet.
(Basicity: 0.8, binder: bentonite).
H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.

FIGURE 65 - Typical photomicrograph of the 1 BP pellet.
(Basicity: 0.8, binder: bentonite + peat moss).
H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.
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FIGURE 66 - Typical photomicrograph of the 1 P, pellet.
(Basicity: 0.8, binder: peat moss 3%).

H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.

FIGURE 67 - Typical photomicrograph of the 2 B pellet.
(Basicity: 1.1, binder: bentonite).
H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.
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FIGURE 68 - Typical photomicrographs of the 2 BP pellet.
(Basicity: 1.1, binder: bentonite + peat moss).
H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.

FIGURE 69 - Typical photomicrographs of the 2 P; pellet.
(Basicity: 1.1, binder: peat moss 1.5%).
H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.



129

FIGURE 70 - Typical photomicrographs of the 2 P, pellet.
(Basicity: 1.1, binder: peat moss 3%).
H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.

FIGURE 71 - Typical photomicrographs of the 3 B pellet.
(Basicity: 1.3, binder: bentonite).
H: hematite; M: magnesioferrite; G: glass;
S: Free silica; P: pore.



FIGURE 72 - Typical photomicrographs of the 3 P, pellet.
(Basicity: 1.3, binder: peat moss 3%).
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TABLE 30 - Percentage phase area of the mineralogical phases in pellets
produced in pilot scale (measured by image analyser).

PELLET TYPE SLAG Ca MAGNETITE | HEMATITE
FERRITE
1B 12.0 - 9.4 78.60
0.8
B 1P, 11.20 - 7.30 81.50
2 B 13.0 - 12.1 74.9
1.1
B 2 P, 12.7 - 11.5 75.8
3B 15.3 - 15.8 68.9
1.3
B 3 P, 13.5 - 15.0 71.5




FIGURE 73 - Electron micrograph of 1 B pellet.
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TABLE 31 - Microanalysis of mineralogical phases shown in Figure 73.

POINT Fez03 'Si0; Ca0 | MgO Al, 05 PHASE

1 100.0 - - - - Hematite

2 94.4 0.6 0.4 | 4.6 - Magnesioferrite
3 45.0 | 31.3 | 20.4 | 3.2 0.1 Glass

4 95.0 - 0.2 | 4.8 - Magnesioferrite
5 94.5 0.5 0.4 4.7 - Magnesioferrite
6 92.0 1.4 2.0 | 4.6 - Magnesioferrite
7 49.0 | 27.9 | 19.8 | 2.8 0.5 Glass

8 59.4 | 23.0 | 15.3 | 2.3 - Glass
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FIGURE 74 - Electron micrograph of 2 P, pellet.
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TABLE 32 - Microanalysis of mineralogical phases shown in Figure 74.

POINT | FeO03 Sio; Ca0 | Mg0 | Al,0; PHASE
2 91.3 0.2 1.6 | 6.6 0.4 Magnesioferrite
3 25.3 | 35.7 | 39.0 - -
4 39.7 | 30.0 | 29.7 | 0.6 -
5 97.4 1.1 1.5 - - Hematite
6 91.0 0.1 2.6 | 6.0 0.3 Magnesioferrite
7 6.1 | 43.1 | 50.7 - 0.1




FIGURE 75 - Electron micrograph of 3 B pellet.

133

TABLE 33 - Microanalysis of mineralogical phases shown in Figure 75.

POINT | Fe,O03 | SiO, | €aO | Mg0 | Al,0; PHASE

1 80.2 | 5.7 | 12.5 | 0.2 | 1.4 | sFea

2 80.6 5.4 | 12.9 | 0.5 0.6 SFCA

3 20.3 | 36.8 | 42.3 | 0.2 0.4 Glass

4 39.7 | 27.2 | 31.7 | 1.3 0.1 Glass

5 92.5 0.8 1.4 | 5.3 - Magnesioferrite
6 99.3 - 0.7 - - Hematite

7 99.9 - 0.1 - - Hematite
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FIGURE 76 - Electron micrograph of 3 P, pellet.
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TABLE 34 - Microanalysis of mineralogical phases shown in Figure 76.

POINT Fez 03 Sio; Ca0 Mg0 | Al20; PHASE

1 95.3 - 0.9 3.8 - Magnesioferrite
2 19.6 | 34.7 | 4.0 | - 1.7 | Glass

3 100.0 - - - - Hematite

4 100.0 - - - - Hematite

5 93.9 - 1.1 | 5.0 - Magnesioferrite
6 91.9 0.5 1.9 | 5.7 - Magnesioferrite
7 94.8 - 1.0 | 4.2 - Magnesioferrite
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The average chemical composition of the bonding slag phase
magnesioferrite and crystalline phases are given in Tables 35, 36 and
37 respectively.

Presence of zoned glass phase was observed in the pellets
similar to that observed in 1laboratory pellet which provided major
bonding in the pellets. The proportion of pale gray phase which con-
tained higher amount of Mg and Fe was found to decrease with increasing
basicity. The amount of slag bonding was found to increase with
increasing basicity due to higher amount of melt formation. This
resulted 1in further consolidation of pellet structure as the basicity
was increased from 0.8 to 1.3 which can be seen from the photomicro-
graphs.

Presence of magnesioferrite similar to the type discussed
earlier was observed. The Mg0 content was found to decrease with
increasing basicity (see Table 36).

Hematite was the predominant phase in all the pellets. The
presence of calcium ferrite was not observed until 1.3 basicity. The
amount of calcium ferrite present at 1.3 basicity was very small. The
chemical composition of the hematite and calcium ferrite are shown in

Table 37.



TABLE 35 - Average composition of glass phase in pilot scale

pellets (SEM-EDS).

BASICITY PELLET GLASS PHASE FepO3 | Si0Op | Ca0 | Mgo | Al,03
DESIGNATION
( Pale gray | 49.2 | 27.70 | 20.0 | 2.7 0.4
1B Zoned {
( Dark 30.7 [34.7 |[33.1|1.5 -
0.8
( Pale gray 42.6 | 30.4 22.9 | 3.2 0.9
1P Zoned «{
( Dark 28.6 | 35.9 | 32.8 | 2.0 | 0.7
[ Pale gray 40.2 | 26.1 30.8 | 1.1 1.8
2B Zoned {
| park 20.6 | 41.5 |37.8 | - -
1.1
([ Pale gray 36.5 | 31.3 29.7 | 1.3 1.2
2 Py Zoned ~{
| park 19.6 | 42.3 | 37.9 0.2 -
( Pale gray 43.5 | 23.7 31.9 | 0.7 0.2
3B Zomed {
| park 22.8 | 31.9 | 44.6 | 0.4 | 0.3
1.3
( Pale gray 40.9 | 24.6 33.0 | 0.8 0.7
3 Py Zoned {
| park 19.6 | 34.7 |44.0 | - 1.7

136
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TABLE 36 - Average composition of magnesioferrite in pellets produced
in the pilot scale.

BASICITY PELLET Fe,03 | Si0, | Ca0 | MgO | A1,03
DESIGNATION
1B 92.1 | 1.1 1.2 | 5.6 -
0.8
1 P, 90.6 | 1.7 1.4 | 6.3 .
1.1 2 P, 92.8 | 0.40 | 0.3 | 6.2 0.3
3B 91.4 | 3.1 0.8 | 4.6 0.1
1.3
3 P, 94.6 | 0.1 1.2 | 4.1 .

TABLE 37 - Average composition of hematite and calcium ferrite in
pellets produced in pilot scale.

MgO | Sio, | Ca0 | MgO | Al,0s
PHASE

Hematite 99 .7 0.3 = - -

Calcium ferrite 80.8 5.7 12.6 0.4 0.5
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4. POROSITY

The porosity wvalues of the fired pellets are shown in Table
38. The value is based on the measurement of 50 randomly selected pel-
lets of 12 * mm diameter for each type of pellet.

The porosity of the pellets as a function of peat moss addi-
tion 1s shown in Figure 77. Addition of peat moss has resulted in
increased porosity in the pellets as the porosity wvalues of pellets
with peat moss addition are 3-6% higher compared to pellets with ben-
tonite addition. High amount of pores were created in the pellets due
to combustion of peat moss during early period of induration. Amount of
melt formed during the latter stage could not completely £fill these
extra pores thus leaving behind a porous structure [108]. The effect
of peat moss addition in increasing the porosity is more pronounced at
the basicities of 0.8 and 1.1 due to less amount of slag formation at
these basicities. At 1.3 basicity the porosity of the pellet with peat

moss addition decreased due to increased amount of melt formation.



TABLE 38 - Porosity of the fired pellets.

z

Porosity

22.01

22.0

FIGURE 77 - Effect of peat moss on the porosity of the pellets.
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BASICITY PELLE™ POROSITY
DESIGNATION (%)
1B 28.9
0.8 1 BP 30.5
1P, 34.7
2B 28.8
2 BP 32.6
1.1
2 Py 32.25
2 P, 34.7
3B 29.8
1.3 3 BP 32.6
3 P, 32.7
00.88B 41.1B 01.3B

0.0

1.0 2.0
Z Peot Moss Addition

3.0
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5)5 COMPRESSTION STRENGTH

Compression strength values of the fired pellets are given in
Table 39. The effect of peat moss addition on compression strength as a
function of basicity is shown in Figure 78. The pellets with peat moss
addition possess adequate strength for use in the blast furnace as the
compression strength of these pellets are above the acceptable strength
level of 200 kg/pellet required by most industries [1]. However, these
pellets are weaker than the pellets with bentonite addition. From Fig-
ure 78 it is seen that the strength of pellets with only peat moss
addition 1increases with increase in basicity where as in case of pel-
lets with only bentonite addition the maximum strength wvalue 1is
achieved at 1.1 basicity. In pellets with peat moss and bentonite
addition the strength is seen to decrease with increasing basicity. 1In
a pellet, development of compression strength is influenced by the
interaction of several factors such as nature of binding phase, amount
and nature of porosity, particle size and size distribution and addi-
tives etc. In the present set of pellets the porosity can be considered
to be the major factor influencing the compression strength of the
pellet by interacting with slag bond of the pellets. the slag phase 1is
the major binding phase in these pellets as observed in the pellet
microstructure (see Figures 64-72). As porosity decreases with
increasing amount of slag phase formation the strength of the pellet
improves considerably which is observed in pellets with peat moss addi-
tion. A linear correlation between porosity and compression strength is

seen in Figure 79. With increasing porosity the compression strength is



found to decrease. We may, therefore, attribute the

lower

strength of peat moss added pellets to higher porosity.
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compression

TABLE 39 - Compression strength of the fired pellets.

BASICITY PELLET COMPRESSION
DESIGNATION | STRENGHT
kg/PELLET
1B 269
0.8 1 BP 298
1P, 214
2 B 338
2 BP 274
1.1
2 Py 298
2 P, 232
3B 304
1.3 3 BP 254
3 P, 265
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FIGURE 79 - Effect of porosity on the compression strength of the

pellets.
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6. TUMBLER STRENGTH

The tumbler strength "T" index of the pellets are shown in
Table 40. It is observed that the tumbler strength of the pellets with
peat moss addition is slightly below the industrially accepted value of
94% (1l). Pellets with peat moss and bentonite addition have adequate
tumbler strength. The tumbler strength is a measure of abrasion resis-
tance of the pellets. The relationship between porosity and tumbler
strength 1is shown in Figure 80. The tumbler strength decreases with
increasing porosity. Therefore the poor abrasion resistance of the peat
moss added pellets may be attributed to the high porosity of the pel-
lets. Lower amount of peat moss addition results in high tumbler
strength due to comparatively lower porosity. Increased amount of slag
bonding might have some effect in improving the tumbler strength of the

pellets.

/e LOW TEMPERATURE BREAK DOWN TEST (LTBF)

Low temperature break down test (LTBT) value is the measure of
resistance to desintigration of the pellet after reduction at low tem-
perature under reducing gas. The desintigration in the pellet is caused
by hematite to magnetite transformation. The magnetite nuclei which
nucleate at several points of the hematite grain on further growth
impinge on one another and exert pressure on the hematite grain to
disintigrate [114]. A strong binding phase which is not affected by the

reduction atmosphere is capable of preventing disintigration.
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TABLE 40 - Tumbler strength of the pellets.

BASICITY PELLET TUMBLER STRENGTH
DESIGNATION T INDEX
% + 6.3 mm

1B 96.0
0.8 1 BP 96.1

1 P, 93.0

2 B 96.9

2 BP 95.2
1.1

2 Py 95.0

2 P, 92.6

3B 96.5
1.3 3 BP 94.3

3 P, 93.5
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FIGURE 80 - Tumbler strength as a function of porosity.
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The LTBT results are given in Table 41. The minimum acceptable
values for the pellets to be used in blast furnace is 80% of + 6.3 mm
fraction. All the pellets have higher LTBT wvalues than the minimum
acceptable except the pellet with bentonite addition at 1.1 basicity.
Peat moss addition appears to be beneficial in improving LTBT values as
the pellets with peat moss addition have higher LTBT values than ben-
tonite added pellets. At 1.1 basicity the LTBT values of all types of
pellets are low [the lowest value being that of the pellets with ben-
tonite addition]. The LTBT value of bentonite added pellets at that
basicity is 68%. This indicates that the bonding glass phase at this
basicity is not capable of preventing disintigration of the pellets.
Partial or full substitution of peat moss has improved the LTBT. It is
believed that the cracks which occurred due to low temperature reduc-
tion were prevented from propagation by the pores resulting from peat
moss addition. This improved the LTBT value of the peat moss added pel-
lets at that basicity. At 1.3 basicity the LTBT values are high indi-

cating the presence of a stable glass phase.
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TABLE 41 - Low temperature breakdown test (LTBT) of the peat moss and
bentonite added pellets.

BASICITY PELLET L.T.B.T.
DESIGNATION $ + 6.3 mm
$ + 6.3 mm
1B 90.9
0.8 1 BP 91.6
1 Py 94.5
2 B 68.8
2 BP 92.0
1.1
2 P, 90.2
2 P, 86.2
3B 94 .5
1.3 3 BP 94 .4
3 P 97 .4
8. REDUCIBILITY

Reducibility (dR/dt);o values of the fired pellets are shown
in Table 42. The variation of reducibility as a function of basicity
index and type of binder is shown in Figure 8l. For all types of pel-
lets the reducibility is observed to increase with increase in basic-
ity. In pellets with bentonite addition the increase in reducibility is
marginal. In peat moss added pellets the increase 1is significantly
noticeable. At higher basicities of 1.1 and 1.3 the difference between

the reducibilities of peat moss and bentonite addition is very high.
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The high reducibility of the pellets with peat moss addition
is solely attributed to the high porosity of the pellets. As it was
observed from the pellet microstructure (Figs. 70 & 72) the pellets
with peat moss addition have high amount of large interconnected pores.
These pores facilitate easier passage of reducing gas inside the pellet
structure and enhance the rate of reduction of iron oxides. Due to the
presence of pores the reduction mechanism changes to predominantly
homogeneous. This is evident from the photomacrographs of the polished
sections of the pellets with bentonite and peat moss addition of 1.1
basicity which were reduced up to 70% (see Fig. 82). It can be seen
that more amount of metallic iron is present at the periphery than at
the centre where more amount of wustite is present. This denotes topo-
chemical mode of reaction. In pellets with peat moss addition the
metallic iron is observed to be distributed in the pellet which sug-
gests a homogeneous mode of reaction [111].

However, at lower basicity of 0.8, the high porosity does not
appear to be beneficial in increasing reducibility. Low reducibility in
the pellets with peat moss addition was reported. The cause of low
reducibility at low basicity has been discussed in the earlier chapter
and is mainly attributed to the morphology of pores in the wustite
grains. This is further suﬁported by the photomicrographs of the
reduced pellets (see Figs. 83-85). It was observed that the pores
formed in wustite grain of 0.8 basicity pellets are coarse and this

resulted in low reducibility as unreacted wustite was seen to be pre-
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sent. On the other hand fine pores were observed in the pellets of 1.1
and 1.3 basicity which enhanced wustite reduction rate.

Formation of some amount of fayalite due to the reaction of
FeO with free silica might have contributed to the low reducibility of
the pellets.

While increase in basicity improved the reducibility of the
pellets, it is the high porosity of the pellets due to peat moss addi-
tion which is the single most important factor responsible for the high

reducibility in these pellets.

TABLE 42 - Reducibility of fired pellets.

BASICITY PELLET REDUCIBILITY
DESIGNATION (dR/dt) 40

1B 1.01
0.8 1 BP 0.75

1l P, 0.90

2 B 1.04

2 BP 1.35
1.1

2 Py 1.30

2 P, 1.38

3B 1.07
1,3 3 BP 1.20

3 Py 1.22
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FIGURE 81 - Effect of basicity on the reducibility of the pellets.

FIGURE 82 - Polished sections of reduced bentonite - and peat moss-
added pellets basicity of 1.1.
Fe : metallic iron
Few: wustite partly reduced to iron.
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FIGURE 83 - Typical photomicrographs of reduced pellets (1 Paz).
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FIGURE 84 - Typical photomicrographs of reduced pellets (2 P,).
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FIGURE 85 - Typical photomicrograph of reduced pellets (3 Pz).
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oF SWELLING

Maximum swelling values obtained from the dilatometric method
are presented in Table 43. Typical swelling curves for pellets with
peat moss addition at different basicities are shown in Figure 86. The
swelling starts at point A with commencement of reduction of iron oxide
and reaches a maximum at point B after which a contraction is noticed.
The extent of maximum swelling is observed to vary with basicity. Sim-
ilar swelling curves for other types of pellets were also obtained.

The effect of basicity on the swelling behaviour of the pel-
lets is shown in Figure 87. It is observed that the swelling is high at
the 0.8 basicity and decreases with increasing basicity. The pellets
with peat moss addition swell 1less than the pellets with bentonite
addition.

High swelling in the pellets of 0.8 basicity may be attributed
to the weak bonding phase formed at that basicity. The bonding phase at
this basicity consists of low basicity glass which is believed to be
brittle to resist the volume expansion due to hematite to magnetite
transformation. The pellets were observed to have cracked after swel-
ling. As the basicity of the pellets are increased to 1.1 and 1.3 the
binding glass phase becomes stronger to resist swelling of the pellets.

Reducibility of the pellets may have influenced the swelling
in the pellets. Swelling in pellets mainly occurs during hematite to
magnetite reduction steps due to increase in volume. During subsequent
reduction steps decrease in volume 1is reported. In pellets ;f high

reducibility such as porous pellets of higher basicity all the reduc-
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tion steps occur simultaneously which minimises swelling due to simul-
taneous occurrence of volume expansion and contraction [112]. On the
other hand in the pellets of 0.8 basicity as the reducibility 1is low,
the magnetite formation precedes subsequent reduction steps and swel-
ling occurs before the counter balancing effect of subsequent reduction
could be realised. Due to these above factors high swelling is observed
in pellets of 0.8 basicity.

Peat moss addition is found to be beneficial in decreasing
swelling of the pellets. High porosity due to peat moss addition is
considered to be effective in minimising swelling. Apart from improving
the reducibility of the pellets the porosity 1is believed to have
accommodated the stress generated during reduction and decrease swel-

ling.



TABLE 43 - Maximum swelling of fired pellets.

BASICITY PELLET % MAXIMUM
DESIGNATION SWELLING
1B 26.27
0.8 1 BP 28.96
1P, 25.86
2 B 20.94
2 BP 15.00
1.1
2 P 18.01
2 Py 18.02
3B 12.41
1.3 3 BP 11.35
3 Py 11.14
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FIGURE 86 - Typical swelling curves of peatmoss added pellets at
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different basicities.
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CHAPTER 5

SYNTHESIS

1.1 PELLET MINERALOGY

From the mineralogical study it is observed that hematite is
the predominating phase in all types of pellets. Presence of magnetite
is not generally observed, although it is present in minor quantities
in some types of pellets. In pellets fluxed with dolomite presence of
magnesioferrite is observed which is deficient in MgO content.

The binding phase is observed to be glassy up to 1.6 basicity,
the highest basicity for the present study. The type of flux 1is found
to influence the nature of glass formation. With dolomite addition a
zoned glass phase is observed in the pellet. With the 1increase in
basicity the amount of zoned phase decreases.

The morphology of the pores is also observed to change with
increasing basicity. The pores approached spherical shape and were
smaller in number at 1.6 basicity. Compared to irregular pores observed
at 0.2 basicity. The above observations confirm the findings of some of
the previous investigators.

It was well established that various factors which affect
pellet mineralogy are, additives such as binder, flux, carbonaceous

materials and pellet induration cycle. The possible mineralogical
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reactions which may take place during induration of the pellet have
been summarised in Figure 88.

The three main phases in indurated pellets are: iron oxides,
pores and slag. Since pellet firing takes place in an oxidizing
atmosphere the final iron oxide phase is expected to be hematite. How-
ever, some amount of magnetite may be present depending on indurating
temperature, additive, etc. Mainly three types of hematites are
observed in the pellet microstructure namely primary, secondary and
tertiary. The original hematite grains which do not undergo melting or
chemical reaction during induration are known as primary hematite and
those hematite grains which melt and recrystallise during induration
are known as secondary hematite. Tertiary hematite grains are the
results of reoxidation from the magnetite grains during cooling and are
lamellar in nature. The magnetite observed in the pellet are secondary
in nature as they are reduced from the original hematite grains.

The nature of iron oxide, slag and the configuration of pore
are affected by the changes in basicity which is a function of flux
addition.

An acid pellet, i.e. with no flux addition, normally consists
of primary hematite, pores, a small amount of slag and unreacted gangue
[5]. The pores are irregular in shape with some interconnections. Some
amount of magnetite may be observed due to high firing temperature and

low oxygen partial pressure during firing. Hematite does not react with
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silica wunder mnormal indurating conditions [2, 32, 102]. However, the
presence of iron silicate melt has been reported [29, 31, 48], due to
reaction of ferrous oxide with silica at hematite dissociation temper-
ature.

The formation of mineral phases in fluxed pellets begins dur-
ing preheating period and continues up to cooling stage in the pellets.
With Ca0 addition, formation of calcium ferrite takes place in the
solid state in the temperature range of 800-1000°C [6, 31, 32, 34, 103,
104]. Negligible amount of calcium silicate formation takes place due
to lack of direct contact between lime and silica [32]. Hamilton [6]
has reported the formation of calcium silicates (gehlenite and anor-
thite) due to reaction of lime with meta kaolinite along with calcium
ferrites at 800-1000°C in the Mount Tom Price ore pellets of Australia.
These ferrites and silicates are replaced by complex silico ferrites of
calcium and aluminium SFCA and pyroxene in the temperature range of
1000-1200°C [6].

With further increase 1in temperature the calcium ferrite
begins to melt around 1200°C. The dissolution of silica takes place and
the ferrite melt is replaced by a silicate melt with precipitation of
iron oxide [32, 33, 102, 103, 104]. Hamilton [6] has observed the
incongruent melting SFCA and pyroxene to magnetite and vitreous slag at
about 1200°C and the magnetite reoxidation to hematite up to the tem-
perature of 1350°C. The nature of melt is influenced by the amount of
limestone addition, temperature and time of firing. With increase in

limestone addition there 1is an increase in the quantity of the melt.
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Dissolution of 1iron oxides 1in the melt takes place with increase in
temperature,

As the pellet is cooled the solidification of slag takes place
with the precipitation of iron oxide. The mineralogy of the pellet
consists of primary and secondary hematite, and slag. Presence of cal-
cium ferrite 1is observed in pellets above the Ca0/Si0O; ratio of 1.8
[45]. Hamilton [6] has reported these ferrites as silico ferrites of
calcium and aluminium (SFCA). The nature of the slag phase is reported
to be glassy at lower basicity and changes to be crystalline at higher
basicities [38, 40, 42, 88]. The basicity at which the slag phase
changes from glassy to crystalline is reported to be different by dif-
ferent investigators. While Thanning [42] has reported crystalline slag
phase formation at the basicity of 0.8, Matsuno [32] has reported
presence of glass phase up to 1.6 basicity. Nekrasov [38], Fraser [40]
and Granse [105] have observed formation of glassy-slag phase up to 1.0
basicity. Nekrasov [38] has also observed the transformation of glassy
to crystalline slag phase by changing the cooling rate. The crystalline
slag phases observed were pseudo wollastonite (a-CaSiOz), Wollastonite
(B-CaSil3) and dicalcium silicate [40, 42].

A different mineral formation due to the presence of magnesium
has been reported in dolomite fluxed pellets [2, 38, 41, 86]. A zoned
silicate structure has been observed in dolomite fluxed pellets [38,
41] which has been termed as glass-ceramic structure by Nekrasov [38].

The zoned structure is formed from the common melt and the ceramic
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phase contains higher iron and magnesium than the glass phase and is
~considered to be wollastonite [38].

Although formation of magnesioferrite in hematite concentrates
is not considered favourable as it involves a change in crystal struc-
ture unlike in magnetite concentrates (73], presence of a solid solu-
tion of magnesioferrite and magnetite has been reported byISasaki et
al. [2] and Kong et al. [84]. The mechanism of formation of solid solu-
tion 1is related to magnetite formation. While Kong et al. [84] have
suggested formation of metastable magnetite due to low oxygen poten-
tial, Sasaki et al. [2] have also suggested that MgO is responsible for
dissociation of hematite to magnetite.

The morphology of pores changes with the change in basicity.
In acid pellets the pores are irregular in shape and are intercon-
nected. With increase in basicity the melt formation takes place which
flows through the space between the particles and seals off the pores.
Furthermore, as the melt causes shrinkage in the pellet structure the
shape of the pores tend to become spherical. Thus increase in basicity
results in fewer rounded pores.

The present study is in agreement with the previous findings
(2, 32, 103] that hematite and quartz do not react with each other at
1300°C.

Our investigation has thrown new light on the mechanism of
magnesioferrite formation in the pellets produced from hematite con-
centrate [113]. As discussed earlier, previous investigators [2, 84]

have shown that magnesioferrite formation takes place through magnetite
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formation. But how the magnetite was formed was not clear. Our thermal
analysis study shows that magnetite was formed due to incongruent melt-
ing of calcium ferrite. This magnetite reacted with MgO to form magne-
sioferrite.

Our study has shown that as the calcium oxide content
increases, less amount of iron dissolves in the glass phase.

The present study has also provided some information on the
formation of silicoferrites of calcium and aluminium (SFCA). Presence
of significant amount of SFCA was not observed in the pellets until 1.6
basicity. This shows that SFCA formation is a function of calcium oxide
composition in the melt. With increasing basicity as the CaO content in
the melt increases and less amoﬁnt of iron oxide dissolves in the glass
phase, more amount of SFCA forms. Decrease in the amount of SFCA in
pellets with peat moss addition may be attributed to comparatively

lower CaO content in these pellets.

1.2 Bonding mechanism of the pellets

In this work we have found that the bonding phases of both
laboratory scale and pilot scale pellets, having similar pellet chem-
istry, are same. The chemical composition of the binding phases are
identical. This shows that similar melts were formed during induration
which was not influenced by firing cycle.

The basicity of the pellet and the nature of the flux are the
two major factors which determine the nature of bonding phase in self

fluxed pellets; they influence melt formation in the pellet during
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induration. It was observed that with increase in basicity degree of
consolidation of pellet structure and assimilation of gangue increased
due to increased melt formation. Since presence of calcium oxide causes
higher amount of melt formation, this is more pronounced in pellets
with limestone addition than in pellets with dolomite addition. In
dolomite fluxed pellets less amount of melt is formed as MgO raises the
liquidus temperature of the melt. The iron oxide content in the sili-
cate binder is found to decrease with increasing basicity as less
amount of 1iron dissolves in the silicate with increasing calcium con-
tent. In dolomite fluxed pellets a zoned slag structure was observed
due to the presence of MgO in the melt.

The type of binder has marginal effect on the nature and com-
position of slag bond. This shows that binders play a minor role in the
localised melt formation process taking place throughout the pellet
involving flux, gangue and ore particles. However, in pellets with peat
moss addition, a large amount of pores are created due to combustion of
peat moss at a temperature much below the formation of melt. As the
amount of melt is not sufficient to fill the pores, a large number of
pores are left behind. In comparison with bentonite added pellets this
results in a different degree of pellet structure consolidation.

Based on the macro and microscopic observations described in
chapters 3 and 4 the following overall bonding mechanisms are post-
ulated.

Solid state bonding of the ultrafine and fine hematite par-

ticles takes place due to bridge formation and this was observed in
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acid pellets (0.2 basicity). In the fluxed pellets calcium oxide dis-
sociates from calcium carbonate around 800°C and reacts with ultrafine
hematite particles to form calcium ferrites in solid state. With fur-
ther increase in temperature the liquid phase appear in various local-
ities of the pellet as calcium ferrites melt incongruently in the
vicinity of 1200°C. A small amount of magnetite formation takes place.
The melt begins to flow through the pore channels and comes in contact
with silica and is assimilated by formation of a silicate melt in pre-
ference to ferrite melt. Other components of the gangue and flux such
as Al;03 and MgO also dissolve in the melt. The MgO in the melt reacts
with magnetite thus forming magnesioferrite. Due to surface tension of
the melt the ore particles are drawn together resulting in particle
rearrangement and consolidation of pellet structure. In pellets having
high porosity resulting from the combustion of carbonaceous materials
the consolidation of pellet structure is achieved by high amount of
melt formation. The melt also dissolves some fine hematite grains. The
larger grains are attacked only at the surface. As a concentration
gradient of the iron oxide exists in the melt, the iron oxide is tran-
sported in the liquid medium towards the larger grains and precipi-
tates. This aids in agglomeration of hematite grains which is obsreved
in pellets of 1.6 basicity.

During cooling of the pellets crystalline phases 1i.e., 1iron
oxides, magnesioferrite, silicoferrites of calcium and aluminium pre-

cipitate out of the melt depending on pellet chemistry. The remainder
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of the melt solidifies as silicate glass with heterogeneous chemical
composition,

It 1is worthwhile to review the work of previous investigators
on the bonding mechanism. Matsuno [32] observed formation of calcium
ferrite at the temperature of 950-1000° due to reaction of caustic lime
with hematite. The calcium ferrite melted at about 1200°C and reacted
with quartz to form silicate. Bojarski et al. [34] also reported forma-
tion of calcium ferrites in the pellets below 1150°C which on increase
in temperature disappeared with formation of calcium silicate. Similar
observations have also been made by Kunii et al. [103], Nequist [104],
Fitton and Goldring [33). The present study is in agreement with the

above observations.

1.3 Effect of peat moss on green stage properties

It was seen from the evaluation of green stage properties of
the pilot scale pellets that adequate green strength can be obtained in
the pellets by using peat moss as binder although these pellets are
weaker than the pellets produced with bentonite addition. By comparing
the present results with the results of a previous investigation in
which peat moss was wused as a binder for production of acid pellets
[14]) it is seen that the green stage properties are similar.

During pelletisation it was observed that the pellets with
peat moss addition, fell into a narrower size distribution than bento-
nite added pellets. This is attributed to the better moisture retention

capacity of the peat moss. It can be seen from the Table 28 that peat

Py



166

moss added pellets have slightly higher moisture content. As the sur-
face of peat moss is generally hydrophobic and is changed to hydroph-
ilic by NaOH addition, most of the moisture is retained in the peat
moss structure and less amount of it is available on the surface for
pelletisation. This controls the growth of the pellets. Moisture reten-
tion capacity is considered to be an important property of the binder
as it controls the pellet growth. Bentonite is considered to be a good
binder due to its good moisture retention ability in its typical layer
structure [54, 63].

This study has demonstrated that peat moss fulfills the crite-
ria of a good binder. However, the binder properties of peat moss could
be improved by improving its surface properties with optimisation of
NaOH addition and particle size of peat moss. It is believed that with

finer grinding more surface area will be available for NaOH treatment.

1.4 Effect of peat moss on fired pellet properties

The pellets produced in the laboratory scale possessed high
porosity and compression strength which is below the acceptable level.
Since these pellets were not compacted to a similar extent as would be
expected in a much larger disc in a pelletising industry or pilot
plant, it was not possible to obtain pellets of acceptable green stage
properties. As the defects introduced during green stage were not rec-
tified to the full extent during subsequent induration step, the fired
pellets were weak and highly porous. On the other hand the results

obtained from the pilot scale pellets has shown that both good green
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and fired strength could be obtained in the pellet produced from a sim-
ilar pellet mix.

However, from the analysis of the results of the properties
of the laboratory scale pellets, it is seen that the pellet properties
correlate well with the pellet chemistry, and microstructure. Therefore
the present investigation on the laboratory scale pellets have provided
informations on the influence of basicity, flux and binder on the pel-
let properties apart from the information obtained on bonding mechanism
which was the primary objective of this work.

Porosity of the pellets was found to be a function of binder
addition and amount of melt formation. The present study has demon-
strated that the high porosity in the pellets is achieved by peat moss
addition which created additional pores by burning off during indura-
tion. Dolomite addition was found to be more effective in increasing
porosity than limestone. As amount of melt during induration increased
with increasing flux addition at higher basicities, the porosity of the
pellets decreased.

The compression strength of the pellet is influenced by sev-
eral factors such as particle size, induration time and temperature,
amount and distribution of the slag bond and porosity. In the pellets
under study porosity appears to have major influence on the compression
strength. Pores in the pellets weaken the pellet structure and the pel-
lets have low compression strength.As the amount of pores decreases,
the pellet compression strength increases. Our observation on the nega-

tive effect of porosity is in agreement with the observations made by
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Elmquist [91] and Wright [106]. Therefore, lower compression strength
of the peat moss added pellets can be attributed to higher porosity.
The beneficial effect of peat moss addition on the reducibil-
ity of the pellets is established from this study. High reducibility in
the pellet was achieved due to high porosity. However, the high poro-
sity is seen to be more effective in increasing reducibility at higher
basicities (1.3 and 1.6). The formation of fine intragranular pores in
the wustite grains were found to be the cause of high reducibility in
these pellets. The pores were the sites of iron nucleation. As penetra-
tion of reducing gas was made easier through the pores, the rate of
wustite reduction was faster. Although the formation of fine pores was
noticed in pellets with peat moss addition after initial 15 minutes of
reduction, this phenomenon also occurs in other types of pellets which
is evident from the morphology of reduced iron in those pellets. Simi-
lar reducibility behaviour has also been observed in low silica pellets
[110]. However, in some pellet types with low porosity presence of
porous wustite was seen at the periphery whereas dense wustite was
obsreved at the centre of the pellet (see Figure 56). This shows that
the composition of the reducing gas may have some influence on the for-
mation of the pores. In these pellets high concentration of the reduc-
ing gas was maintained at the periphery which resulted in fine pore
formation.Due to low porosity, the passage of the gas to the interior
was affected and the concentration of the reducing gas was low. On the
other hand in pellets with high porosity, concentration of reducing gas

was the same 1in all locations facilitating fine pore formation. Low
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reducibility 1in pellets of low basicity was reported earlier by Nekra-
sov [38] et al., Fraser [40] and Kortmann and Burghardt [74]. They have
attributed the low reducibility to formation of calcium olivine due to
the reaction of wustite with the slag. They asserted that the olivine
blocked the passage of reducing gas and decreased the rate of reduc-
tion. Nekrasov [38] has also reported the increase in the iron content
in the slag phase of the reduced pellet. From our investigation no sig-
nificant increase in the iron content of the slag phase in the reduced
pellets was observed. Moreover, in the highly porous pellet under dis-
cussion the olivine formation will not have major influence on the pel-
let reducibility. It is our contention that low reducibility in these
pellets is caused by the morphology of pore formation 1in the wustite
grain which slows down the wustite to iron reduction. The pore morphol-
ogy 1s influenced by several factors such as pellet basicity, porosity,
etc. Our observation 1is 1in agreement with that of St-John and Hayes
[107] who have noted that morphology of porous wustite and iron forma-
tion 1is dependent on chemical potential of the reducing gas, tempera-
ture, etc.

High reducibility in the fluxed pellets has been attributed to
the = presence of calcium ferrite in the pellet by Chang and Malcolm [4]
and Onoda et al. [109]. Our study does not find any correlation between
the presence of calcium ferrites and reducibility. It is seen that in
the pellets of high reducibility a negligible quantity of calcium fer-
rite 1is present. On the other hand, good amount of calcium ferrite is

present in limestone fluxed pellets at 1.6 basicity, but the reducibil-
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ity is low. Our study shows that at the basicities higher than 0.8 it
is the porosity of the pellets which has greater influence on the pel-
let reducibility than the mineralogical phases of the pellets.

Our studies have shown that peat moss addition has a benefi-
cial effect on the swelling by increasing porosity in the pellets. It
is also observed that pellets undergo high swelling in the basicity
range of 0.2 to 0.8. this phenomenon has also been reported by previous
investigators [40, 74, 105]. However, no satisfactory explanation has
been provided by them for the high swelling at these basicity range.
Kortmann [74] has attributed the high swelling to the olivine formation
which destroys iron oxide bridges by dissolving them and penetrating
into the weaker zones of iron oxide particles. On the other hand Fraser
et al. [40] have suggested that olivine formation has the opposite
effect as it provides stable bonding phase. Granse [105] and Fraser et
al. [40] have suggested non topochemical mode of reduction to be the
cause of high swelling which is contrary to our findings. Our observa-
tion 1is that the low basicity glass formed in the basicity range under
consideration is too fragile to withstand structural transformation.
This results in high swelling in the pellets. Our finding that non
topochemical reduction of iron oxide is accompanied by low swelling is
in agreement with the observations made by Panigrahy et al. [14] and
Jallouli and Ajersch [112].

Although the properties of the 1laboratory scale and pilot
scale pellets made out of the same pellet mix are not of the similar

magnitude, it is seen that the factors which influence the pellet
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properties are same in both cases. Our study demonstrates that superior
metallurgical properties 1in the pellets are obtained by addition of
peat moss which is attributed to the increase in the porosity of the

pellets.

2. CONCIUSTONS AND RECOMMENDATIONS

The present work was undertaken with the following objectives:

1. To study the effect of type of binder and flux on the mineralogy
and bonding mechanism of self fluxed pellets and,
2. To evaluate peat moss as a binder for the production of fluxed pel-

lets.

The above objectives were achieved. We have shown that,

1. The bonding phases 1in self fluxed pellets produced from specular
hematite consist of two silicate phases;
a) a zoned glass phase consisting of magnesian ferrogeneous phase
and a phase with no Mg and low Fe;
b) a single glass phase containing iron, silicon, calcium and alu-
minium.
2. Formation of bonding phases are influenced by type of flux. A zoned
silicate phase 1is formed due to dolomite addition. The amount of

magnesian ferrugeneous phase decreases with increasing basicity.
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Peat moss or bentonite have marginal effect on the pellet bonding
mechanism.

The silicate phase contains high amount of iron at low basicity,
with 1increasing basicity solubility of Fe in the glass decreases
with increasing Ca content.

Magnesioferrite which is highly deficient in Mg is formed in pel-
lets with dolomite addition.

Although presence of calcium ferrites is noticed at the basicity of
0.8 no appreciable formation takes place until the basicity of 1.6.
Appreciable amounts of Ca ferrites are formed only in pellets with
limestone and bentonite.

Melt formation during pellet induration through the addition of
fluxed has a great influence on the metallurgical properties of
pellets. With increased basicity up to 1.6 while there 1is an
improvement in terms of pellet strength and swelling characteris-
tics, well balanced metallurgical properties are obtained at the
basicity of 1.3.

Dolomite addition is necessary to maintain a balance between vari-
ous pellet properties.

Low reducibility in pellets of 0.8 basicity is attributed to the
morphology of pore formation in wustite grains.

Peat moss can be successfully used as a binder for producing self
fluxed pellets since it has favourable properties as a binder. With
its lower cost peat moss may be regarded as a very interesting sub-

stitute for bentonite during green balling.
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11. Peat moss added pellets have adequate strength properties for
processing in the blast furnace.

12. Excellent metallurgical properties such as high reducibility, 1low
swelling and good LTBT value in the pellet are obtained due to peat
moss addition. This is mainly attributable to 1increased porosity
provided by the combustion of peat moss during induration of the

pellets.

2.1 Recommendations

From the present study it has been established that addition
of peat moss to the pellet results in remarkable improvement in the
reduction properties while retaining adequate mechanical strength in
fired pellets. Moreover, adequate green stage properties can be
obtained by using peat moss as binder although there pellets are infe-
rior to green pellets with bentonite addition. However, the major
advantage of peat moss addition is the superior reduction properties
which will improve the performance of pellets in the blast furnace.
Therefore the use of peat moss as a binder for production of self
fluxed pellets is recommended.

An addition of 3% peat moss in the pellets is recommended
which wiil provide adequate green and fired strength along with excel-
lent reduction properties. With 1lower amount of peat moss addition
difficulty in green balling was observed. Furthermore, it was observed

that the combination of 0.5% bentonite and 1.5% peat moss addition does
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not 1improve the green balling of the pellets. Therefore, this combina-
tion is not recommended.

Presence of MgO in the pellet is found to be beneficial to the
pellet properties. MgO content in the pellet should maintained in the
range of 1.8-2.0% by dolomite addition. This will ensure sufficient
amount of slag formation which is the major bonding phase in self
fluxed pellets. It was observed that peat moss added pellets have good
compression strength at 1.3 basicity. At that basicity the pellets also
have high reducibility, low swelling and low LTBT values. Therefore
production of self fluxed pellets at 1.3 basicity using peat moss as
binder is recommended.

The green stage properties of the peat moss added pellets
could be further improved by optimising green balling conditions. More
detailed study on the optimisation of green balling condition should be
taken up.

The high temperature reduction behaviour of the pellets is
very important for the efficient performance in the blast furnace.
Because of the MgO addition and high porosity, the peat moss added self
fluxed pellets are expected to have good high teperature properties.
The presence of MgO will raise the liquidus temperature of the slag.
Moreover, due to high porosity the pellets have high reducibility. As a
result less amount of FeO will be available at high temperature which
is the cause of liquid slag formation. However, assessment of high tem-

perature properties of the pellets was beyond the scope of the present
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work. Therefore it is suggested that determination of high temperature

properties of these pellets should be taken up.

2.2 Claims of originality

The original contributions in this work has been:

1) Evaluation of peat moss as a binder for production of self fluxed
pellets.

2) Studying the effect of peat moss on fired pellet properties.

3) Carrying out bonding mechanism studies on the Mount Wright specu-
larite concentrates.

4) Identification of causes for low reducibility in low basicity pel-

lets.
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APPENDIX 1

REDUCTION KiNETICS OF IRON OXIDE PELLETS

It was seen from the reducibility studies of the pellets that
the reducibility is greatly influenced by the basicity, binder and flux
additions. The reducioiiity was found te increase with the increase in
basicity, reach maximum at a particular basicitv and then decrease with
increase in basicitv. In this section the reaction mechanism of the

peliet reduction 1s analyzed.

For enalyzing the reduction mechanism of the pellet, it is
pertinent to review the kinetic models which have been deveioped to
analyze the reduction kinetics in a porous pellet. fAnalvsis of the
reaction kinetics is found to be difficult due to the absence ot a
sharp reaction intertace. The reduction 1n a porous pellet is

represented by the +{ollowing gas-solid reaction :

A{gas) + B(solid) = Cigas) + D(solid; (A—1}

The reacting gas penetrates through the porous structure of the
pellet and chemical reaction takes place on the surface of the pore
walls. Depending on the relative rate of chemical reaction and

diffusion through the pores of the solid oxide, the reaction could take
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place in the interior of the pellet. Due to this reason, it 1is not
possible to obtain a sharp interface between the reacted and unreacted
phases. The reaction takes place in a diffuse zone whose width varies

depending on the porosity of the pellet.

From the literature it is seen that twoc models have been
developed to analyze the reduction kinetics. One of the models is
developed by Szekelv et al [1133 which is known as "grain model". The
other model is develoered by Fihey and Ajersch ({1163i. The models have

been developed with two different approaches.

According to Szekely et al E1151, their model 1is a
generalized model for gas—-solid reactions. They have assumed the
porous solid to be consisting o+ uniformly sized dense particles of a
particular shape (filat plate, long cvlinder or sphere), The chemical
reaction takes place on the external surtace of the grains {(see Figure
A-11. Since the grains are dense the reaction i1s assumed to proceed
topochemically at the grain level. The differential equations tor the
mass balance and diffusion are derived at the grain surtface on the
basis of topochemical model. These equations are further modified by
introduction of position coordinates and dimensiorniless quantities which
enables these equations to be applicable at the pellet surface. By
introducing a parameter ;, which they have defined as shrinking core

modulus, they have tried to explain different rate controlling

mechanisms.
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o e e e —

Raodial Posit ion;

Figure A- 1. Representation of a grain model for the reaction of

porous solid with a gas (1211

REACTION ZONE

STAGE !

INERT ZONE REACTION ZONE

STAGE U
e

EXTERNAL REACTION FRONT

Figure A- 2. Schematic representation of the two stages of reduction

of a porous pellet [122]
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On the other hand Fihey and Ajersch (1161 have developed
the kinetic model by considering a porous spherical oxide pellet
undergoing reduction by a teducing gas. They have indicated that it is
not necessary to consider exact reaction position on the grain surtface.
It 1s sufficient to define the rate o+ reaction per unit area of the
grain. They have considered the reaction to be taking place 1n two
different stages inside the pellet {Figure A-2). In the +first stage
the degre= of reaction is a function of the radius but the reaction 1is
not complete on the surface o+ the pellet. The second stage reaction
starts when the reaction on the external surtace is complete. At this
stage two zones in the pellet are evident. The outer zone is inert and
an increase of this zone takes place at the expense of the other =zone
active and diminishing towards the center. They are able to present
analvtical solutions for the rate of progress of the reaction of a
pellet far two limiting cases i.2.35 purely topochemical to completely
homogeneous. This has been done with the help of three parameters, the
Thiele modulus ;PD, the mass transfer modulus KF and @, minimum fime

required fot complete reaction.

Both the models are based on the following assumptions :

1. The reaction is isothermal.
2. No structural change takes place 1nside the

pellet during reaction and the +free surface area
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remains unchanged.

3. The chemical reaction is of first order.

4. The diffusion of gas in the porous structure is
under a unique concentration gradient.

3. The characteristic system parameters such as
reaction rate constant, diffusion coefficient,

porosity, etc. remain unchanaed.

Fihev and Ajersch have assumed steady state condition tor
the first stage of reaction and quasi steady state condition +or the
second stage of the reaction by considering a moving interface between
two zones of reaction. This assumption 1is valid because o+t the
relatively slower movement ot the intertace with respect to gaseous
species. Szekely et al have considered the gquasi steadv state

appiroximation to be appropriate.

A briet description ot the models are given beliow =

1. SZEKF1Y'S MODEL

The mass balance equation is written as :

)
Dsg VECy — vy =0 (A=)
VC. + v =40 (A-3)
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Where
DeH = effective ditfusivity in the pellet
€ ., C.= molar concentration of the reactant and

A° C
product gas

= local rate of consumption cf gaseous

v
[4)
treductant
v. = (1 —=)k(A /7 VIA r F V¥ )Fq_ 1(E - C_ 7 E_)
A =" g " g g ¢ g g 7 A CTE
(A=-4)
khere

£ = initial porosity of the pellet

k = reaction rate constant

Ag = external surtace area ot the grain

V; = volume of the grain

r; = position ot the moving reaction front in the grain
Fg = shape factor

Eé =equilibrium constant

By substituting for v, in eqn. (R-2) and introducing

A

dimensionless variables

x = (CA—CC/hE)/(CAS—CCS/hE) (A-D)
(relative concentration:

£ =Ar /FV (shape factor: (A—6)
9¢c 349

g



*
t = bk F YIC, _~C_ /K )t
bk/o_(AF_/V ) (€ Coorty

(dimensionless time}

o=F ¥ /Y{l-<)k/D A /V (1+1/E_)
PP etf g g

+ E

tollowing eguations are obtained.

*2 2 -
Vo x -ox(Fsl = 0

and
*
a/at = -y
where
CQS’ CCS = molar concentration of the gaseous

and product in the gas stream respectively
2

-—

(A=7)
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(A-B)

{(A-3)

(A-10)

reactant

*
¥ = laplacian operator with 7 as the position coordinate

n= ARFV
Y’ P PP

= surface area of the pellet

a
R = distance from the center of symmetry of

pellet

VP = volume of the pellet

b = stoichiometric coefficient

ps = molar concentration of the solid reactant

The parameter o 1is analogous to the Thi

{(A—11)

tne

ele

modulus



in heterogeneous catalysis [1173]. This parameter incorporates both
kinetic and structural properties and 1s a measure of the relative
magnitude of chemical reaction and diffusion. The significance of (o7
has been discussed by examining asvmptotic behaviors. As o apptroaches
zero , pore diffusion ott+ers negligible resistance to the progress of
the reaction. The reactant concentration 1s uniform throughout the

pellet and is equal to that of the bulk (y = i). @As { is independent

ot n
* - . L 1/F -
t = S (X} = 1—(1—X;1 q (A-1Z2)
9
As o approaches infinity, reaction occurs mostly 1n a narrow
zone between the unreacted core and completely reacted layer. The
concentration driving force (CA = CC/KE) drops to nearly zero at the

reaction zone. Diffusion through the product laver is the overall

reaction rate controlling factor.

A generalized modulus <, known as shrinking core modulus 1s

introduced at this stage which takes the shape factor of the arains and

pellets inte account.

o=c/Y3F F=V /A Y(1-2)kKF_72D (A /F V Y (1+1/K)
E B P’ et g’ 'ga'g E

(A—-13)
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For the intermediate value of 2, pumerical solution of the
dif+erential equation has been obtained atter setting up

appropriate boundary conditions ([11%1].

£ = g_ (X) + op_ (X (A-14)

In other words., the time required to reach a certain conversion
ic of the time to reach same conversion under the chemical teaction

control and that under the diftusion control.

Atter incorporatins the effect of external mass transrart the

equation becomes

* . 2 ) e
t = (X + o + (2 j A—
9 ) pF (X) ( X/Nsh» (A-15)
2] P

where
* ) ] - :
t = bk/c (A _/F ¥V 3tLC, -C /7K _1 (A—1&)

s g aa Ac co E
and
N = Sherweood’ s number

sh
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2. FIHEY®*S MODEL

As mentioned earlier, Fihey and Ajersch have considered
the reaction to be proceeding in two stages. For the first stage of

reaction, the mass balance and diffusion equation is written as:

6NA/6P = —4nrzakr(1+1ka)(xA—xAE) (A-17)
Nﬁ = —4nr2cDe++6xA/6r (A-1i8)

Where

NFi = molar flux of the reducing gas

+ = radius of the pellet

a = free solid surtface per unit volume
kr = chemical reaction constant

E_ = equilibrium constant

c = molar concentration of the gas

= molar fraction of the reacting gas

1
n

f
Ry e= equilibrium molar fraction of the reacting gas
Deff = effective diffusion coeftficient

From the solution of the above eguations {A-17) and
{A-18), expressions for the concentration profile and molar flux Iis

obtained:
* . o * . s
/ = 1/r Sinh{(mr r Y/sinh{(mr )
o )

(A—-19)

H.— ® x - ¥
A A.2e A.s A.e
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o * - *
N =—(x - Y4rcr. x D Lmr + coshi{mr v+ )
e 0 eft a] a]

I -

* = *
- sinhtmr r )/sinh(mr r 1]
o o

(A-20)
Where
®aLs molar fraction of reacting gas at pellet surface
ro = radius of the pellet
*
r = reduced radius
kr = chemical reaction constant
- = 2 e 7 1 —
mr = Y Lak (1 + 1/E VT, (A-21)

{Thiele modulus)

The time ti taken for completion of first stage of reaction

is given by

e

t = 60/mr [1 + (mr coth(mr )= 1)/K_ (A-22)
1 o o o I
with
@=cr ° /&b .. cli-x, ' (A-23)
[a)l'a) eff R.8

(minimum time taken for complete reaction)

o 2z .
(= + T < c)/4mr —2
hF 17(i/N A 1f4ﬁr0 kdc) 4 rDcDe++ (A—-24)

(mass transfer modulus)

kd = mass transter coefficient

Expressions for the local reduced fraction o, overall
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reduction +raction F 1s obtained.

The overall reduction fraction F is given by

(A—23)

F=F t/t

Where F1 = overall reduced fraction at the end of first

stage.
F, = 3(mr _cosh(mr _}
o o

)
- 1}/mr
1 fa)

and

t = time

F, 1s a function of Thiele modulus. For low values of LU

1

the first stage reaction predominates and for higher values

(mr < 1)
o *
R L

of mr_, (mr_>30), the reaction during the first stage o+ reaction is

negligible.

The analytical solution for the second stage ot reaction is

The mass balance eguation leads to the

saomewhat motre complex,.
that

expression which is considered tc be the product of two functions,
is of time and of pellet radius.

dx /8% = wir ). G(t) (A-27

*
A dimensionless radius r 1s introduced at this stage which

is the ratio of interface radius and pellet radius.

The local reduced {fraction o« is found to be



. o * *., - ~ * Lyt
o = sinh(mr r < r_/ssinh(mr r_ ) (A-28)
a] 1 i o1

The total time of reaction tC is given by

~

il
t = @1+ 2/E_ + &/ mr) (A-29)
C F (u}

From the above it is seen that although the models were

developed with two different arproaches, the expression for the time o+

reaction consists of three similar parameters in both the models. In

Szekely's model these parameters are chemical reaction control
> .

parameter, qu(X), ditfusion control parameter, qu(X) and mass

transfer parameter, 2X/NS . The corresponding parameters 1in Fihev’'s

h

model are &, the minimum time required for complete reaction, mro, the
Thiele modulus and KF, the mass transter modulus.
In both models the effect of mass transter on the reaction

rate has b=en recognized.

~ In cases where the effect of mass transfer is negligible, the

treaction rate is mainly dependent on the diffusion control parameter.

]

e
It is shown that for low values of diffusion control parameter (o <0.:

and éro <1 ) the etftect of diffusion is negligible theretore chemical

reaction is overall reaction rate controllina. According to Fihey and
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Alersch the reaction is homogeneous and maximum conversion takes place
during the first stage of the reaction. For higher values of diffusion
control parameters (o - o and mro} S50 ) diffusion is rate controlling

and topochemical reaction prevails. For the intermediate values, the

reaction proceeds under mixed control.

The approach made by Fihey and Ajersch is similar to the one
made by 1lshida and Wen {1181. Howevet, the anaivtical solution
obtained by Fihey and Ajersch appear to be 1less complex tham that

obtained by Ishida and Wen.

Due to the particle geometry considerations in Szekely’'s model
the solution ot the differential egquations are complex. By appropriate
manipulation of numerical results the ettect of particle geometry is

minimized and a solution is obtained.

Szekely's model was developed as a generalized model for gas
solid r=actions.” It is based upon certain assumptions such as uniform
distribution of ide=ally shaped grains in the pellets which 1s very
unrealistic. As a result, the local surtace area 1z considered to be
ﬁSFSHUS(I—s) which 1is different from the actual surtace area.
Moreover, it does not account for the dependence of local rate of
reaction with local extent ot reaction. Gn the other hand Fihey's

model has incorporated the equation for the local extent of reaction

and obtained the solution.
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Szekely et al have recognized this and have modified their
model by making an alternative approach. In tue modified approach they
have correlated the 1local tate of reaction with 1local extent of
reaction and arrived at the results similar to the ones obtained by

Fihey and #Ajersch.

It 1s also seen that by correlating the grain size factor
with order of treaction, 1.e., Fq = 1i/1-m where m = order of the

reaction, the results o+ Fihev'model 1s identical to the results

obtained by Ezekely’'s model.

Szekely et al have found their model to be consistent
with the euperimental measurements of the rate of reduction of nickel
oxide by hvdrogen below a temperature at which serious structural
changes occurs due to sintering [1191. Fihey and Ajersch also have
found good agreement between the predicted and experimental reduction

curves by usina their model for iron titanium axide reduction [1203.

From the compariscn of the two models we find that both
models have arrived at identical reiationships although they were
developed with alternative apptroaches. 0Out of the two models, Fihey’'s

model appears to be simrler and more realistic.

However, due to the ditficulties encountered in determining
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diffusivity etc., Fihey's model has not +ound wide application.
Recently Muravama and Ono [117]7 have proPosed a method tor
determination of these parameters +rom experimental data. Another
limitation for use ot this model {for iron oxide reduction could be the
assumation which says that no structural change takes place in  the

pellet. The iron oxide pellets are known to swell during reduction.

Fihey's model can be used aqualitatively to explain
reduction behavior of the present set of pellets. The reduction - time
relationships as a function of basicity., flux and binder addition are
shown in Figures A-Z to A-9. The time-reduction curves tor all tvpes
cf pellets at basicities 0 8. 1.2 and 1.6 are shown 1in Filgures A-3.

A-4, and A- 5 respectively.The reduction curves tor each type of binder

and fluy are shown in Figures A-6 t0O A-9.

It 1s seen from the reguction curves that each curve consists
ot two rarts which appear to overias at a point. The initiai wrart of
the curve may be cons:dered to represent the +first stage of reauction.
The rpoint at which both parts ot the curve overlap denotes tne end of
tirst stace of reduction. The corresponding fraction of reduction 1s
the extent of reduction which occured ouring the +irst stage of
reduction. According to Fihey's model the +raction of reduction during
tirst stage is a function of Th:ieile modulus: ;FD. For low values of

mrD, the +irst stage of reduction 1s predominatina and a high fraction

ot reduction can occur during the +irst stage.



From Figures A-2 to A4-3, i1t 1s seen that the fraction
reduced during the first stage of reauction is higher {far peat moss and
dolomite added pellers. G5Since these peilets have higher porosity than
other fypes o+ peliets i(see Table 27, Chapter 2;. This increases the
effecitive diffusivity ot the reducing gas 1nside the pellet. Since
Thiele modulus is inversely proportional to the sguare rtroot of the
effective diffusivityv, the Thiele modulus 15 considerably decreased.
in ehysical terms, the penetration of the reducina gas 1i1nside the
pellet is facilitated due to higher porosity and this i1ncreases the

gdegree of reductiacn,
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Figure a-Z., Time-reduction relationships in the pzllets at 0.8

basicity
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in Figures A-6 to A-9, the effect of basicity an the
reduction curve for each tvee of additive 1s shown. The reduction
mechanism appears to be ditferent with gifferent tvees ot binder and
flux addition. However, 1t 1s seen that Fl’ the reduction fraction
during the first stage of reduction increases up to the basicitv of
i.%7. On further increase in basiciiy, the Fl decreases. Formation of
intragranular pores was observed 1n the microstructure of partially
reduced pellets of higher basicitv and the amount of pores was found to
increase with basicity. This increased the eftective diftusivity 1n
the peliets of 1.3 basic:ity compared to the pellets of G.B basicity
although the initial macrororositv values are comparable. The enhanced
eftective diffusivity wvalues in 1.7 basicity pellets resulted in higher
Fi vyalues., #&s the basicitv of the pellets was i1ncreased to 1.4 the
porosity decreased drastically due to higher amount of melt formation.

This decreased the F1 value. In pellets with peat moss and dolomite

addition of 1.é& basicity, the pellets still have hign porosity

value {~ I0%¥. Therefore the F1 value tor this pellet 1s found to De

reasonably high.

It 15 also seen from the time-reauction curves that the
reduction time to atrain & certain degree o+ reduction varies for
different types of pellets. The time taken for attaining 704 reduction
is seen to be minimum for pellets of peat moss and doiomite addition at

1.3 basicity. According to Fihey's modeil, th= total time tc for



attaining a certain reduction fraction 1s a +function of three
parameters, o, ;Po and KF . Since these parameters are depenedent on
effective diffusivity, an increase in this value results in a decrease
in total time tc. fAs discussed eatrlier, peat moss and doliomite addea
pellets at 1.3 basicity have hignher diffusivity due to effect of

enhanced macro and micro porosity. Theretore these pellets took

minimum time to reach 70% reduction.
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From the above discussion we find that the reduction in the
peliet proceeds undet mixed control,i.e.jhomogeneous and topochemical.
In case of high porosity pelilets of high basicity the homogeneous

reaction 1s predominating. Fihey’'s model could be eftectively used to

understand reaction mechanism.



APPENDIX 2

PHASE EQUILIBRT A DURING PELLET INDURATION

The major constituents in the fluxed pellets under present
investigation arej iron o:ides, silica, calcium oxide, maanesium oO:iide,
and alumina.The formation of various mineralogical phases and their
chemical composition was mainly dependent on tine interaction o+ these
constituents during pellet induration. 1In this section the formation
of the mineralogical phases wiil be discussed in the 1light of phase
equilibria. Due to involvement ot several components the phase
relationships are complex. They are {further complicated due to the
presence of both bivalent and ¢trivalent iron. However, in this
section the evolution ot pellet morphology during pellet induration

will be discussed with respect to the available pseudo binarv, ternary

and gquaterpary phase diaarams.

fmong the above mentioned oxides, the contribution of Al_G

may be considered to be negligible due its low concentration.

i. IRON OXIDE - SILICA SYSTEM

The FeO - 5102 and Fel.Fe_0_ - SiQ0, phase diagrams in air are



shown in Figures A-10 and A-11 respectively {122, 1231. From Figure
A-10 1t ‘s seen that liguid iron silicate slag formation (favalite)
occurs at 1217 Dc. The formation of fayalite regquires the presence of
FeG and the reduction of hematite or magnetite to FeO takes place at a
very low oxygen partial pressure ( <3.3 10—5 atm. at 1300 ° 3 [B21.
Since iron ore pellets are indurated under oxidizinag atmosphere,such a
low oxygen partial pressure is not achieved. From Figure #A-11 1t is
also seen that ligquid formation occurs at a temperature above 1445 ° ¢
in FeD.Fe203 = 8102 svstem, at a temperature much higher than normail

pellet induration ' temperature. Therefore, it is wunliikely that any
liguid formation takes place during pellet induration. This is evident

from the presence of free silica in the pelliets of low basicity epellets

(2.2 and 0.8 basicityv}.
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Figure A-10. The system Fel - 5i0, in air
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IRON OXIDES - CALCIUM OXIDE SYSTEM

tormation of a number of calcium ferrites has been reported
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in iron oxide - CaD svstem [10G4, 124, 1251 which are ternary in natutre
and their formation derenas on the temperature and nvgen  partial
pressure. The phase diagrams are shown in Figures A-12 and A-13. As
shown 1in the EaD—FE?DE rseudo binary rphase diagram (Figure 17, chapter

-

), three tvpes ot calcium territes are formed in

air: namely, Cab . 2Fe_0, (calcium diferrite), Ca0 . Fe_0_ {(calcium

~
i

A

P

mono—-+ferrite’, and 2Ca0 . Fe_ 0. (di-calcium ferrite) derending on the

L -2

composition of calcium and iron oxide. Calcium diferrite forms in a

- =c D + 2=, 0 % b~ =4 2] 5
narrow temperature range of 1135 c to 1203 c. below 1135 c it
dissocliates ta calcium monoferrite and hematite. In a recent
investigation Bergman [126] has shown the dissociation temserature of

.. . . e O . . . .
caicium diferrite to be 1125 c. These +errites are formed in the
solid si=zte. Calcium diterrite and calcium monoterrite meit
. R R . . o
incongruently at 1205 € and 1Z16 Cc respectively [1003, At  the
melting temeperatures ot these ferrites some amount ot magnetite +forms
due to substitution of Fe © ions bv Ca (see lower part of the Figure
17}. As it has been discussed in Chaster 3. weiaght 1lozs at the
comm2ncement of melting was observed during thermal analvsis studies of
the pellet mi:. This confirms the {ormation of maanetite during
meltinc of calcium ferrites which reoxidised guring cooling. Similiar
observation have been reported by Hughes et al [125%] and Hamiiton [é61].

The liguid flowed through the pore channels and dissolved silica

and other o:xzides resulting in the formation of glassy silicates and



multi component calcium
was observed in the peil
these compounds will be

ferrite.
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3. IRON OXIDES - MGO SYSTEM

The M0 - Fel pseudo binary svstem in air L[1273 i1s shown 1n

. . 2t S
Figure A-14 . The system contains varving amounts ot Fe and re
ions depending on the oixvgen partial pressure and temperature. The
— . .. O
re0—-Fe,_0_,-Mall ternary svstem at various oxvgen pressures and 1300 c
S
L1281 i1s shown in Figure A-15 . The Mad containing phase in the 1iron

agxlde rich region 1s & spinel anc 1ts tormation is reported to be due
to the substitution o+ bivalent iron by Mg [12%3. Depending on the
degrez2 of substitution bv Mg, the compcsition of the spinel varies and

is generalily expressed by (Fe Mg j0.Fe_U. (magnesio srinel; {843
o 2

P

(5 S

where ¥ 1s the concentration of MgO. [t mav be noted +from the Figure
A-14 that ligquid faormation does not take piace below 1600 ° (B4
Theretore spinel +ormation takes place in solid state. As the spineil
is formed due to substitution of bivalent Fe by #g, 1t 1s wusuaily
observeg in pellets ot magnetite concentrates. In hematite pellets tne
formstion of spinél 1s attributed to the presence of magnetite either
originaily present in the concentrate or formed during induration. in
the present set of pellets magnetite formation was due to the
incorgruent melting of caicium ferrites. The Mgl in the peiiet reacted

with the magnetité to form magnesiospinel (Fe -Hiﬁgw)ﬁ.Fe a.. During

1= 2

e P A

cocling the ferrous oxide was renxidised to ferric state. As a resuilt
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the spinel which was observed in these pellets was found to be highly

deficient in MgO.
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4. IRON OXIDES - CAOQ - SIOa— MGO SYSTEM

The iron oxide - Calb -5i18, pseudo ternary system in air is
shown in Figqure A-1é6 (13403 . The lowest temperature at which 1iiquid
tormation takes place is 1192 e c. Several phases such as silicates,
ferrites are observed to exist at equilibrium around 1300 e C, 1l.2.3

peliet induration temperature. However, at lower basicities formation

of glassy silicates are reported i3B, 42. 1051.

In order to determine the effect of basicity on the type of
silicate formation, Matsuno [3Z3 prepared mixtures of Cal,FezDIJ and
SiDE at different compositions and heated up tao 1400 ° e Atter
keeping at that temperature for 15 minutes, the samples were quenched
in water and their mineral composition and microstructures were
determined. Depending on the original composition of the mixture six
ditferent groups of mineralogical phases were obtained which are shown
in the Figure A-17. The composition of the present set of pellets +ail
in the "A" region of the Figure A-17. Glassy silicate phase was
observed as . the main binding phase 1in these pellets. This 1is

similar to the observation made by Matsuno [3Z23.

The presence of multi cowmponent calcium ferrite 1is mainly



Ane
-

reported in fluxed sinters which are known as siliceoterrites of caicium
and aluminium (SFCAY [131, 13Z. 1331. The composition of SFCA is -
reported to be similar to that of calcium diterrite with some
substitution of Si and Al for Fe ({13:Z]. In the present study, the
chemical comsosition ot the calcium observed territes corresponded to
the SFCA composition. The binary calcium fertite which formed in solid
state reacted with the silica to form silicate melt. At iow
concantration of Cal in the melt, solidification of glassv silicate
tock place. aAs the Cal concentration increase with increasing

basicity, SFCA crystallized out of the melt.

The Cal - Mgh - Fe_O_ ternary system at 1500 ® ¢ 1s shown in
Figure A-18 [13%4]1. The pseudo binarv system CaﬁSiD4 = HQFE?G4 £135]

and the system Ca_fFe 0

- Ca_ 510, - MgFe_O0 - Mg _Si0 t isotherms
= < Ca?_blﬁ4 MaFe O a hQESIJ4 melt  isotherm

{1613 are shown in Figures A4-12 and A-ZO respeciivelv. It 1s noted

from these Figures that the lowest temperature fo+ ligquid formation is

R . S . - .

1300 © c which is higher than that of Cal - 510, - Fe_0, svystem
= -t

a] . i - .
(1192 €). Due to this reason less amount ot melt +ormation took place

in dolomite fluxed pellets compared to peilets with limestone addition.

From the above discussion, we observe that morph o logical
evolution during pellet induration is related to the phase equilibria

particulariv for crystalline phases.
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