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REDUCTION PROPERTIES OF DOPED EEMATITE PELIETS -
by & H Mellah

ABSTRACT

The objective of the present work was to study the reduction
properties of doped hematite pellets, with special reference to the
properties demanded by direct reduction (DR) processes, viz: high
reducibility coupled with low dimensional changes ;nd high strength
during reduction. Iron oxide ores doped with lime, silica and alumina
were studied microstructurally using optical and scanning electron
micfoscopy after compaction and sintering. A reduction-under-load
apparatus has been designed comprising a strain-gauged cantilver beam
at the bottom and a scaled screw-jack at the top which allows the
dimensional changes of the doped iron oxide pellets to be followed
during reduction under & range of different initial stresses.

The reducibility of doped iron oxide pellets has been determined in
hydrogen and in a hydrogen/carbén’monoxide gas mixture using a thermo-
gravimetric spring balance, The results showed that the reduction of
iron oxide pellets in hydrogen follows three different modes of
reduction, viz: homogeneous, mixed mode and topochemical., These modes
are associated with varying degrees of dimensional stability and
reducibility, The topochemical mode of reduction exhibits the highest
dimensional stability but lower reducibility than‘the homogepeous mode,
On the otper hand, the homogeneous mode gives better reducibilify but
less dimensional stability., In general, lime improves dimensional
stability but decreases reducibility, whereas silica and alumina both
increase reducibility and decrease dimensionsl stability,

The variation in these properties have been related in this work to

the phases present in the pellet microstructure and to their morphology.
Reduction in a mixture of hydrogen and carbon monoxidé showed that
doping agents have similar effects on reducibility as in pure

hydrogen but with overall slower rates of reduction.
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1. INTROGDUCTION

The reduction properties of hematite pellets are of vital interest
because of the abundant aveilability of hematite ores and their
use as & basic source for producing iron. At the present time two
such processes are in commercial use, These are the Blast
Furnace and the Direct Reduction processes in which iron oxide
in the form of lumps, fines and agglomerates are reduced. Thege
processes can be differentiated on the basis, that the iron
produced in the former is in liquid form, while iron produced in

the latter process is in solid form,

The demand for iron oxide pellets has inereased with the
development in the last two decades of the DRI-EAF route, because
of the availability of natural ges, the shortage or high price of
good quality cooking coal, and also the high capital cost of the
BF-BGS route,

Iron oxide pellets were initially produced for the blast furnace
process, but are now also used ag a major burden material for
DR processes. The ideal reduction properties of such pellets are
(1) high reducibility, (ii) resistance to degradation during heating
and reduction, (iii) minimum amount of swelling during reduction,
(iv) low tendency to stick and form clusters at reduction
temperature, (v) high strength of reduced product, (vi) resistance
to reoxidation of reduced pellets. The first three properties
quoted are common requirements for both processes but the other

properties are required particularly in DR processes.



The main objective of this work is to study the reduction
behaviour of iron oxide pellets to be used in DR processes, eg
Midrex and BYL, with reference to the above requirements, These
required properties are dependent on the gangue minerals, ie silica,
alumina and lime, which are usually contained in iron oxides as
impurities and also on the operating variables eg reducing
temperature, reductant composition and load on the pellets. In
practice the reduction temperature in DR processes cannot be
raised significantly due to the problem of sticking of iron oxide
pellets during reduction. The emphasis must therefore be on the
preparation of suitable iron oxide pellets in order to meet the
above requirements. Hence it was decided to dope hematite pellets
using different amounts of above gangue minerals, bearing in mind
that the DRI consumers demand low gangue contents especially with

regard to acid constituents.

This work was carried out to study the reduction properties of
doped hematite pellets. The second chapter of this thesis covers
the basic concepts of reduction of iron oxides and the influence
of initial constituents and operating variables on reduction
properties. The third chapter describes the various experimental
techniques including doping and sintering of the pellets,
thermogravimetric studieg using hydrogen gas and & CO + Hz gas
mixture, study of the dimensional changes occuring during
reduction with and without load, and the microscopy of initial
and reduced materials, The fourth and fifth chapters present

respectively the experimental results and discussion.,



2. INTRODUCTION

This chapter provides a commentary on the available technical
literature dealing with the nature and pelletization of iron oxides,
and the reduction behaviour of iron oxides and pellets based on such
oxides. Full details of the references quoted are given in the

reference section to be found on Page 152, -
2.1 NATURE OF THE OXIDES OF IRON

Iron oxides are compounds of iron and oxygen which appear at the
compositions shown in the binary phase diagram given in Fig.2.1
ag developed by Darken and Gurr§1). This figure shows that iron and
oxygen form three stable oxides containing differing amounts of
oxygen as follows:

a) Wustite Fe 0 (23.1 to 25.1 mass % of oxygen)

b) Magnetite Fe 0, (27.6 mass % of oxygen)

c) Hematite F9203 (30.1 mass % of oxygen)
Wustite has a cubic lattice of the NaCl type, that is a close-packed
oxygen lattice with the iron ions arranged in the octahedral
interstices between the larger oxygen ions. Wustite is unstable
below 560°G, it decomposes eutectoidally into iron and magnetite
(4 FeO ——-—-'>Fe304 + Fe). Wustite hag a variable composition
between F50.950 and F°0.84p’ depending on the oxygen potential and
temperature. Its variable composition arises because vacancies can
occur in the iron sub-lattice of its crystal structure. To maintain
electro-neutrality two iron ions become trivalent for each vacancy
present in the structure. The specific gravity is between 5.6 and

5.7 as the oxygen content increases over the above range.

-3 -



Magnetite, sometimes referred to as magnetic iron oxide, is strongly
magnetic, its colour varies from grey to black and it has a specific

gravity of about 5.0. Magnetite is an oxide of the 2-3 spinel type,

for which the general chemical formule is M92 2

ions form a close-packed cubic lattice structure with the divalent

+,M93*04. The oxygen

and trivalent ions occupying specific s;tes between fhe oxygen ions.
In the case of magnetite, divalent ions are ferrous ions Fel* and
its trivalent ions are ferric ions F93+. Magnetite is of variable
composition since its lattice can accept an excess of trivalent ionms.
However, the range of variable composition is much smaller than that

for wustite and is only significant at high temperature.

Hematite of ferric oxide is the most important mineral of iron. The
colour of the naturally occurring ores can vary from red to black and
steel grey. Hematite ores have values of specific gra#ity in the
range 4.9 to 5.3. There are two types of hematite:

a) Hexagonal a‘.-FeZO3 which is the most common type found in
iron ores. The oxygen ions are arranged in a close-packed
hexagonal lattice with two-thirds of the octahedral
interstices occupied by FeB* ions. The oxide has a small

oxygen deficit due to vacancies on the oxygen sub-lattice.

b)‘z{-FeZO3 which hag a structure similar to that of magnetite
and is generally regarded as unstable. It is only formed
under very specific conditions, e.g. by low temperature

oxidation of magnetite.



2.2 PELLETIZATION OF IRON OXIDES

Pelletization (pellet-forming) is a technique in which iron ore
fines are converted to a regular and smooth shape(z’a). The
pelletizing process became industrially significant in the U.S.A.
using magnetite fines, but today hematite is also used as a feed
material, There are three well-known methods used to produce
pellets onva commercial basis(A), viz, (i) the straight grate,
(1i) the circular grate, (iii) the grate-kiln process. The
earliest pellets formed in these processes were for feeding to the
blast furnace and were acid in nature. These processes are now
also used for producing pellets of a wider range of compositions
for reduction in DR processes, with the straight grate being the

most popular.

The main steps involved in pelletising are, (i) feed preparation,
(1i) balling, (1ii) drying, (iv) preheating and (v) firing. The
properties of the end-product are strongly dependent on the feed
preparation and firing conditions used, together with the chemistry
and mineralogy of the initial material and any additions made.

It has béen broadly accepted that the quality of pellets is largely
influenced by the degree of fineness of the initial feed particles.
Finer particles make an important contribution to the interlocking
of the grains in the green balls and hence increase the strength and
ease the balling kinetics(z’A). It has been recommended that feed

material should have a specific sqrface (Blaine index) of

6)

1500 = 2000 en/g’5). Urich and Ban(®) demonstrate that the

-5



quality of fired pellet can be controlled by the degree of
fineness of the initial particles. A specular hematite was ground

to give products with the -44mm content ranging from 45 to 100%

as given below:

% -44Mm in Green ball strength
Feed Material 1b kg
45 1.5 0.7
75 2.9 1.3
100 8.6 3.9

It was found that the green pellet strength increased with degree
of fineness, and that the balling rate increased ag the fineness
of the feed material increased. It was also found by Sandoval(5)
that increasing fineness of the feed material resulted in higher
compressive strength and decrease of porosity. A fineness of

(5)
80% -44Mm was recommended by Sandoval for optimum results.

During firing pellets are heated to different temperatures,
depending on the type of ore and the gangue content. Usually
pellets are fired in an oxiding atmosphere at temperatures of

up to 1250 - 1350°C. As a result, oxide bonding, grain growth and

some slag bonding occur, thereby improving the strength(7).

During firing the strength of hematite pellets is developed by
oxide bridging, recrystallization and slag formation. Grain
growth has been found to be directly related to the firing
temperature up to 1350°C. During firing small particles lose

their identity and recrystallize into rounded Fe203 granules

which act as bridges and bond together the large particles.
-4 -



On the other hand, large particles are subjected to varying
degrees of superficial migration, forming humps. Above 1350°C
temperature reversion of Fe203-—-.Fb 0, takes place, and

374
slag occurs as inclusions in the FeBQ4 formed and as intergranular
films between the Fe203 grains, replacing oxide bridges. As a
result the strength is decreased. It has also been reported that
this reversion can tike place at a temperature as low as 1358°C

in the presence of lime(B).

Magnetite pellets are oxidized during firing to F9203 and their
strength is developed by recrystallization and grain growth of the
Fe293(8). As a result, a duplex structure consisting essentially
of F3203 at the shell and Fe304 in the core is found. The relative
proportions of these phases present depends on the heating rate
and firing temperature. In the presence of gangue, slag formation
starts at 1100 = 1150°C, Only a small quantity of gangue is
sufficient to envelope the iron oxide particles in a film of slag
and if the viscosity of this film is high, the oxidation of

FeQOQ can be inhibited. Melting of slag at temperatures above
1150°C assists crystallization and grain growth, and hence aids

the development of strength.

2.2.2. Influence of Slag-forming Constituents on the Struc

and Phage Formation jn Iron Oxide Pellets Durjng Sintering

The main slag-forming constituents in iron oxides are calcium oxide,
silica and alumina. Extensive work heas been carried out on
laboratory-made as well as on commercial pellets, and also on
sinters, in order to examine the influence of slag-forming

constituents on micro-structure and phase formation during sintering.

-7 -



A phase diagram for the Fe203 - Ca08102 system as reproduced by
Philips and Moan(® is shown in Figure 2.2 (a). From this figure
it is clear that there is no compound formation between hematite
and silica. On the other hand, it will be seen that compounds
are formed between Ca0 and Fe,O, and between Ca0 and SiO..

273 2

Lime reacts with Fe203 to form the ferrites, i.e. GaO-Fe20 ’

2CaO-Fe203 and Ga0-2Fe203 as shown in Fig, 2.2 (b) . Begides
these ferrites, Ahsan et a1‘1%) have found hematite containing

7.0% of lime which they named as calcium ferrite.

Matsune(11) reported that calcium ferrite is formed by solid

state diffusion at 950 - 1000°C and melts at about 1200°C.

Calcium ferrite liquid, due to its low viscosity, disseminates very
easily throughout the pores in the pellet and result in a elose-
pored microstructure(12). In the literature there is disagreement
about the presence of calcium diferrite (CF2) at ambient
temperature. According to Philips et al'?’ CF,, is thermodynamically
unstable below 1155°C and decomposes during cooling into calcium
monoferrite (CF) and hematite, However, the presence of this phase.
has been mentioned by many workers - Turkdogan et al(13), Moon et al(14),
Friel et a1{'%), Ly et 81(12) ang recentiy by Staia(16),

Moon and Walker ("4} and Lu et a1('2) attribute the presence of CF,
at low temperatures to cooling rates high enough to suppress the
decomposition of calcium diferrite. On the other hand, Ahsan et 31(10)
have found a wide range of calcium ferritespresent in sinter in
addition to 02F and CF. They found phases containing 7.6 - 13.0 “/o
calcium and 47.2 - 62.3 "/o iron including those with a composition

corresponding to the stoichiometric values for CF2. At the same
-8 -



time they have found the phases present to be of variable
marphology including the presence of needles and laths.
Shehata et a1(17) have also reported the formation of all calcium

ferrite phases (CF, CF, and GzF) in lime doped pellets.

Phases are also formed between calcium oxide and silica as shown

in Fig. 2.2 (a). The extent of their formation depends upon their

(18)

contact and on the sintering temperature. Kunii et al studied

the mineral phases in self-fluxing pellets with various basicities

) . s Cal
(ratio of acid to bassic klzos + 510,

basicity is lower than 0.5, most of the siliceous constituents

) and found that, if the

react with constituents containing calcium oxide to form pseudo-
wollastonite (CaO-SiOZ) in the solid state. At higher bagicity
values greater than 0.5, psaudo-wollastonite (CaO-SiOZ), as well as
some calcium ferrite, is formed because excess calcium oxide reacts
with hematite. Similarly, Friel et al'®) found that caleium
silicates of formulae CaO-SiO2 and 309.0-28102 are formed at a
bagicity of 0.6 whereas at an increased basicity of 1.3, they found
30a0-2SiO2 together with calcium diferrite containing dissolved
silica. The presence of glass in silica-added pellets has also
been reported by Turkdogan and Vinter(13), Shehata et a1(17) and
Frazer et al(19).

Mamuro et al(zo)

studied the phases present in commercial acid and
basic pellets by X-Ray microanalysis and found slags mainly composed
of calcium oxide and silica with a smeller proportion of hematite.
They classified such slags on the basis of CaO/SiO2 ratio as of
high, middle or low basicity. As well as the slag they found

calcium ferrites, some of them containing significant amounts of

silica and alumina. These showed similar chemical composition to

-9 -



those mentioned by Ahsan et al1‘''~’ for gilico-ferrites of calcium
aluminate (SFCA)., Ahsan et al(1o) also found a wide range of

silicates present in fluxed sinters.

Further phase formation possible in the GaO—SiOZ-Fe203 gsystem is
between calcium ferrites and silica, e.g. where a CF melt reacts
with 8102 to form glassy ferrites. Such phases have been referred

to by Turkdogan and Vinter '), Kaneko and Narita®') and Matsuno(11).

Hemilton's(22) york has shown the effect of lime and firing
temperature on hematite pellets containing alumina and silica.
Different phases to those reported above were féund due to the
presence of alumina., In the temperature range 800 - 1000°C, this
worker found that calcium alumino-silicate (gehlenite and anorthite)
and calcium ferrites (2 GaO.Fe203 and CaO.Fe203) were formed by
solid state attack of lime on meta-kaolinite. Minor amounts of
mullite and cristobalite were also formed in lime-deficient regions.
At 1000 - 1200°C calcium alumino-silicates and ferrites are replaced
by & silico-ferrite of calcium and aluminium (SFCA) and a pyroxene
minerel. Formation of SFCA has also been reported by Coheur 23)

(10), Hancart(24) and Mukherjee and Whiteman(zs).

Ahsan et al
Hancart(24) found two complex crystallized phases. The first is
deficient in iron and is an alumino-silicate of the Fe-gehlenite type
having the stoichiometric formula Ca2Fe3+ (AlSi)07 which he
designated by the symbol GH, The second phase is rich in iron and
caleium, and contains a little silica and slumina. Its structure
derives from 2 Fe,0,.Ca0 and this phase is symbolized by SFCA. Other
phases in the A1203-Ca0-8102-Fe203 system mentioned by Mazanek and
(26)

include Ca0.A1,0,.2Fe 0., and 4 Ca0.Al.0..Fe.O..

Jasienska 203 203 203 203

- 10 -



2.3 REDUCTION OF IRON OXIDES BY REDUCING GASES

The reduction of iron oxides can only take place when the oxygen
potential above the iron oxides has been adequately reduced by the
presence of reducing gases, e.g. hydrogen, carbon monoxide or

hydrogen/carbon monoxide gas mixtures.

Four solid phases may exist during the reduction of hematite
(Fe,05) to iron except below 570°C, when wustite is not stable.

Below 570°C iron is directly formed from Fe,0, in two stages(27’ 28)’

Stage I Fe Stage II

viz. 1*'@203 304 s Fe. However, above 570°C,

when wustite is a stable phase, the reaction takes place in the

following three stages:

F9203 Stage I Fe304 Stage II FeO Stage III Fe.

During reduction, the following phase boundaries exist:
Fe203/F3304, Fe;0, / FeO and: FeO/Fe

The reduction of iron oxides by hydrogen is the net result of two

or more gas-solid reactions. Above 570°C the reduction of Fe. O

273
takes place through the following sequence of chemicel reaction:

(i) 3Fe203 + H, — 21«"43304 + HO
(i1) Fe304 + H, — 3§'eo + H)0
(1ii) FeO + H, —»Fe + H,0

The values of enthalpy changes (AH®) for these reactions are given

in Table 2.1. The reduction of hematite to magnetite liberates
-11 =



heat, whilst heat is absorbed in the reduction of magnetite to wustite
and wustite to iron. The net result of reduction of F9203 to Fe by

H2 is heat absorption.

The reduction of iron oxides by carbon monoxide follows similar steps

to those using Hz, viz,

(1) 3Fe,0; + €0 —— 2 Fe304 + 00,
(11) Fes0, + €O ———— 3 Fe0 + GO,
(1ii) FeO + C0 ————, Fe + co,

At low temperatures (below 800°C) carbon deposition is increasingly

favoured by the Boudouard reaction 200 &+——= 002 + C ag shown in

Fig. 2.3(28)

Carbon deposition is believed to be catalysed by the presence of

freshly reduced iron(zg). It can be seen from Table 2.1 and Fig. 2.3

that the reductions by carbon monoxide of Fe203 to FeBO4 and of

wustite to iron are both exothermic, whereas that from magnetite to
wustite is endothermic. The overall reduction of hematite to iron is

exothermic.

The reduction of iron oxides using H2 + CO gas mixture is now

widespread with the development of DR processes. The composition of

such reducing gas mixtures varies widely with respect to the hydrogen/

carbon ratio depending upon the source and method of gas manufacture(zs).

- 12 -



2.3.1 Direct Reduction Processes

Direct reduction is a process to produce iron without melting, and
as a smelting process can compete with the blast furnace. Up to now
more than one hundred techniques have been suggested to produce
Direct Reduced Iron (DRI), but the two processes of commercial
significance currently are the Midrex and HyL processes(zs’zg). In
view of the demands placed on the pellets charged for reduction in
such processes and on the recent rapid expansion of DR processes, it

is proposed to include a short description of each technique.

Midrex Procegs

This process basically consists of a gas reforming system for the
production of reducing gas, and a shaft furnace in which reduction
takes place in a similar manner to the upper region of a blast furnace.

These two main stages are shown clearly in Fig. 2.4(28).

In the gas reformer natural gas is converted to the reducing gas.

The oxygen removed from iron oxides as 002 and H20 provides the

oxygen required to reform the natural gas, as shown by chemical

reactions:
CH4 + H20 = CO + 3H2
CH 4 + 002 = 200 + 2H2

Therefore, part of the exit gas from the reduction furnace is re-

circulated to the reformers including heat, the remainder being
-13 =



burned to provide the necessary heat for gas-reforming and preheating
of the combustion air, or being used to prevent re-oxidation of

metallized product on cooling.

In the shaft furnace, iron oxide, generally in the form of pelletised
ore, descends and is heated and reduced by a rising stream of hot
reducing gas at a temperature of about 860°C. After reduction the
charged material enters the conically-shaped bottom section, where it

is cooled before discharge.

The Midrex process is attractive because it is continuous and
consumes about 20% less energy than other process utilizing natural
gas. It gives a product of reasonable quality with respect to degreé
of metallization and controlled carbon content, and has a high
production rate. At the present time furnaces which produce up to

1 million tonnes per year of DRI are in operation.

The DRI product from this process has a typical composition which
makes it an ideal charge material for the electric are furnace. By
careful control, the Midrex process can give degrees of metallization
in the range 85-98% and carbon conteﬁts of between 0.7 to 2%. The
gangue and sulphur contents depend largely on the initial composition
of iron ore used, but products containing 5% gangue and 0.005%

sulphur are typical,
- 14 -



HyL Frocesgs

This process has been in commercial operation for more than 25 years,
and is a batch-type process in which iron oxides in the form of
either lumps or pellets are converted to DRI stk . imictore of

CO + H2 reducing gas.

The reducing gas is prepared by catalytic conversion of natural gas
and steam in a reformer. A gas of composition (by volume) 75% H,,

14% CO, 8% 002 and 3% CH4 is obtained, and this flows through the
reducing units in series where preheating, reduction and cooling occur,
In the reduction units, reducing gases at about 1000 - 1200°C are
introduced to reduce iron oxides and subsequently cooling of the DRI

product and carburization to the desired level are performed.

In 1980, this process was modified to a continuous gas-based direct
reduction process with many inherent advantages. The features of this
modified plant, designed to produce 750,000 tonnes per year are given

in Fig., 2.5030),

Compared to the previous batch-type HyL process, the continuous plant
has the following advantages(BO):

(i) Less energy consumption,

(ii) Independent control of degree of metallization and carbon

content.
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(ii1) Lower capital investment.

There is still much more research required to improve the product-
ivify of these DR processes. Productivity can be improved by using
highly reducible, strong, non-sticking and non-swelling iron oxide
pellets. Good reducibility is related to the gangue content and
porosity of the pellets, low gangue content and highly porous pellets
favouring high reducibility but giving less strength, more swelling

and more sticking., On the other hand, higher gangue contents improve
all the other properties at the expense of reducibility, but the users
of DRI prefer low gangue contente which are consistent with lower energy
consumption in the EAF, Hence, further work is required to optimize
the chemical composition of iron oxide pellets as feed for DR processes

and for DRI consumers.

2,3,2 Use of Direct Reduced Iron in Electric Arc Furnace

At the present time about 95% of DRI produced is used in the electric
arc furnaece (EAF), where it provides the complete or partial source

of iron units. The main reasons for its use are(zs):

(1) The chemical composition of DRI is uniform and known exactly,
(11) DRI contains very low levels of undesirable metallic
impurities,

(1i1) use of DRI permits dilution with low cost scrap,



(iv) DRI is easy to transport and handle and can be continuous
charged,

(v) DRI increases furnace productivity.

In contrast to these advantages, DRI has an adverse efféct on energy
consumption in the EAF, This is related to the characteristics of

DRI including, (i) the amount of gangue, (ii) the composition of the
gangue and (iii) the degree of metallization definedvas the ratio of

metallic iron to total iron expressed as a percentage.

The gangue’content of DRI influences the slag weight as illustrated
in Fig. 2.6(31) for variﬁus percentages of DRI in charge. The weight
of slag produced in the EAF depends on the gangue content and the
amount of lime required to balance the acid constituents, alumina and
silica. Consumers are normally prepared to accept reduced pellets

containing an acid gangue content of up to 4%.

Additional energy is also required in the EAF to allow the endothermic
reduction of wustite present in reduced pellets of low degree of
metallization. The joint influences of gangue content, gangue

composition and degree of metallization are shown in Fig. 2.7(31).
)
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2.4 REDUCIBILITY OF IRON OXIDE PELLETS

Reducibility is arguably the most important characteristic of iromn
oxide pellets, and is the ease with which oxygen can be removed from
iron oxide pellets. Very simply defined, reducibility is a measure

of the masgs percentage of oxygen removed from iron oxides per unit
time for a selected degree of reduction (% oxygen removal/minute or
oxygen milligram removed/minute). Values for reducibility by
laboratory and other conventional testing methods have been determined

(28,32,33) | gome workers have used 90% reduction as

by many workers
an arbitrary degree of reduction for réducibility measurements:
others have used values as low as 50% reduction for reducibility
measurements whichever is most suitable for the particular process.
With improved reducibility, fuel consumption and productivity are

favoured(21’28).

It has been reported in previous work that reducibility is strongly
dependent on ﬁhe physical and chemical nature of iron oxide pellets
as well as on the operating variables. Before studying the effect
of these factors on reducibility, it is necessary to study the
mechanisms of reduction by which iron oxides are converted to the
metallic state. For reduction of iron oxide, these mechanisms are
very complex because the oiide must go through a series of changes
step by.step before the convergion is complete. The slowest step

in the process is referred to as the "rate-controlling step".

2.4.1 Mechanism of Iron Oxide Reduction

Reduction of iron oxides may be accomplished by hydrogen and carbon
monoxide either individually or as a mixture. Reaction takes plece
when reducing gases come in contact with iron oxide surfaces. In
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previous work(13’ 19, 34, 35) it has been reported that iron oxide
parti¢les are reduced either non-topochemically (homogeneously) or
topochemically (layer wise), the mode of reduction being minly
dependent on the porosity and size of particles.

Homogeneous reduction ocecurs when iron oxide pellets are very porous
and permit the reducing gases to diffuse freely throughout the

whole structure and reduce each iron oxide grain individually., 1In
such cases, microstructural observation does not show any distinct
interface between groups of reduced and unteduced oxides. Wen(35)
reported that iron oxide particles having moderate porosity values
(20 - 40%) are initially reduced in a homogeneous manner. However,
as the outer surface of iron oxide particles continues to be exposed
to the reducing gases whibh have sufficient potential to reduce

iron oxide to metallic iron, the outer zone becomes reduced to a
higher degree although the reduction occurs throughout the whole
particle. After a certain time a significant outer layer of reduced
iron forms and reduction thereafter proceeds by another mode similar
to that found by Turkdogan and Vinter(BA) reported as mixed mode and
described below.

Turkdogan and Vinter (34) requced hematite particles of varying size

in hydrogen and found three different modes of reduction, (1) Homogeneous,
(2) Mixed mode and (3) Topochemical. Homogeneous mode prevails in

small particles and reduction takes place throughout the whole

structure. Mixed mode is in:fact a special case of the topochemieal

mode of reduction, where partial internal reduction ahead of the

nominal iron/wustite interface takes place. The topochemical mode

of reduction they found confined to larger particles, where iron is
nucleated only at the iron/wustite interface. In this mode, reductioh
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follows theee advancing surfaces which proceed towards the centre
of the particle during reduction. Fig. 2.8 illustrates a typical
example of such type of reduction, where the hematite core is
surrounded by a layer of magnetite which, in turn, is surrounded by
a layer of wustite and finally by a layer of wustite and finally
by a layer of completely reduced iron.

Frazer ot a1(1?) reported two modes of reduction, under the names
topochemical and non-topochemical. He classified the reduction of
pellets exhibiting successive layers from the surface ¢f iron,
wustite and magnetite as "topochemicel”, On the other hand,
reduction of iron oxide pellets which are initially reduced
throughout the whole structure to magnetite, followed by reduction
to iron only after substantial reduction to magnetite and wustite,

is classed as "non-topochemical',

The above modes of reduction arise from different mechanismg of
oxygen removal. Oxygen is removed from iron oxides. through the

following basic steps:

(a) Diffusion of the reducing gas from the bulk gas phase
through the boundary layer, which builds up around the
surface of the iron oxide particle.

(b) Diffusion of reducing gases through the reduced layer
surrounding the unreacted core.

(¢) Chemical reaction at the interface of reduced and
unreduced layer.

(d) Diffusion of product gases H,0, €O, or H,0 + CO

2 2 2

through the reduced layer.

(e) Diffusion of product gases through the boundary layer.
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These steps are valid for the above reducfion modes except

steps (b) and (d), which are not significant in homogeneous
reduction, because, when iron oxide particles contain enough
voidage to allow the reducing gases to diffuse into the interior
of the particles, reduction of each grain takes place separately
throughout the particle and there is no distinction between the

product layer and the unreacted core,

In other modes of reduction, the reducing gas is unsble to contact
the magnetite layer and hematite core directly, Edstrom(36)
proposed a reduction mechanism based on solid state diffusion
of ferrous ions., The solid state diffusion of ferrous ions through
the wiistite crystal lattice is facilitated by the presence of
lattice vacancies. Ferrous ions and electrons diffuse across the
wustite and magnetite layers, where they react with magnetite and
hematite to produce wustite and magnetite respectively according to
the reactions:

Fe'' + Fe,0, + 26 = /,FeO

374
203 + 2¢ = 3Fe304

Fe++ + Fe

According to the McKewan(37) solid-state reduction of magnetite
and of hematite are faster than gas-solid reaction at the Fe/FeO
interface, the latter being regarded in his early work as the

rate-controlling step.

In topochemical reduction oxygen removal is the result of:
(i) Mass transfer through boundary layer.
(1i) Mass transfer through reduced layer(s).
(1ii) Chemicel reaction at the interface.

-21 -



In spite of extensive work carried out in this area, there is still
some disagreement about which is or are the rate-controlling step(g).
This is basically due to the complexity of the reduction of iron
oxides, the similarity of the rate relationships and the involvement

of many variables.

Magg Transfer Through Boundary Layerg

The gas boundary layer is one of the factors which influence heat
and mags transfer at the outer surface of a solid phase. The
reduction rate is partially controlled by the rate of diffusion of
gas and heat through the gas boundary layer that builds up around
each particle in the flowing process gas. The rate of diffusion of
gas through this layer is proportional to the concentration
difference of reactant or product gas across the layer. Similarly,
heat flow'is proportional to the temperature difference across this
layer. These rates are a function of the surface geometry, the
location along the surface, the fluid velocity, the properties of
the fluid and its concentration. IlMass transfer has been characterized
by the dimensionless Sherwood Number (Sh) which is a function of the
Reynolds Number (Re) and the Schmidt Number (Sc).

For a single particle of iron oxide suspended in a laboratory
reactor, most workers have stated that the boundary layer resistance
is minimized by maintaining the gas velocity above the "eritical
velocity", It is contended that further increase in the gas
velocity above this value does result in an increase in the rate of
(37),

reduction. Such views have been held by Edster(Bé), McKewan

Wright 3®) and Seth and Ross %),
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(40), Hills(41) and Harrington(42) have shown that

However, Warner
the establishment of a critical flow rate does not preclude the
existence of significant partial pressure differences across the
boundary layer. Establishment of ecritical flow merely indicates
that sufficient reactant gas is provided to the vicinity of the
sample for the reaction rate to be independent to the rate of gas
supply. At lower rates, the reaction uses up such a large fraction
of the gas supplied that the composition of the gas in the reaction
zone departs significantly from the inlet gas composition.

(4e)

Warner estimated the mass transfer coefficient at high reduction

temperature from a dimensionless correlation based on a room

temperature mass transfer analogue. Warner(bo)

studied the
vaporization of cast naphthalene cylinders of the same dimensions
as hematite specimens being examined. The rate of vaporization
was determined by using a quartz-spring balance. He plotted the
dimensionless term (Sherwood Number) (Schmidt Number)ﬁ against the
Reynolds Number in order to obtain the mean mass transfer
characteristics through the boundary layer. From his experimental
(40)

work, Warner deduced the following form of the Ranz and Marshall(AB)
equation:-

Sh = 2.0 + 0.6 (Re)?*5 (5c)0+33

Within the range of Reynolds number employed'to establish the
"eritical gas flow", the gas film mass transfer coefficient is not
affected and the employment of a critical gas flow rate only ensures
that the system is not suffering from gas starvation. The increase

of Reynolds Number from 1 to 2, by doubling gas velocity, increases
the mags transfer coefficient by only 15%. Harrington(42) has pointed
out a similar effect together with the influence of tube geometry.

He found that the reduction rate is more highly controlled by the gas
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boundary layer in a reaction chamber of larger diameter than in one
of smaller diameter even though in both sets of apparatus, the flow
rate used was above the critical flow rate. Rao and Moinpour(AA)
have mentioned very recently that mass transfer through the boundary
layer has a significant influence on the rate of reduction, even
though reduction was carried out in excess of starvation level.

They reduced hematite foils of 2.5 em long x 1.25 cm wide and
approximately 354 m in thickness and found the actual rate of
reduction to be much less than one‘which is not affected by boundary
layer resistance,

Mass Trangfer Through the Reduced Iron Layer

Many workers have reported that the rate of reduction is controlled
by the diffusion of reducing and product gases through the reduced
iron layer. Bogdandy and Janke(BB) have reported that reduction is
controlled by diffusion through pores of reduced iron. Warner(Ba)
came to a similar conclusion viz, that the rate of reduction depends
on the gas film resistance and particularly the diffusion of reactant
and product gases through the product layer, Seth(39) presented a
model based on the general rate equation for gaseous diffusion control
in spherical particles and showed that during the intermediate stages
of reduction, i.e. with a degree of reduction between 0.4 and 0.85,
the reduction rate is controlled predominantly by gaseous diffusion.
The deviations found in early and finsl stages could be due to the
other rate-controlling factors such as chemical control in the initial
stages and the influence of sintering of the reduced iron on diffusion
in the later stages, Turkdogan and Vinter(3#)| Touhiai amisgexery®*5)
and Olsen and McKewan(Aé) have also reported that gaseous diffusion
through the reduced iron layer playe an important role,
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Chemical Reaction at the Interface

Early studies, including those of McKewan(37), have examined the

role of the chemical reaction at the FeO-Fe interface. An early

model based on chemisorption of hydrogen at this interface as the
rate-controlling step up to about 70% reduction was subsequently

replaced by the same author in collaborative work with Olsen(46)

by a largely controlled diffusion-controlled model.

2.4.2 Influence of Chemical Constituents of Iron
Oxide Pellets on Reducibility

The iron oxides usually found in pellets are Fezo3 and FGBOA’

either individually or in combined form with other oxides. These

two oxides have different reducibilities, as determined by Edstr8m<36).
Hematite has a superior reducibility compared with raw magnetite
because when hematite is reduced it expands and the resulting

product (magnetite) is more porous, which favours its reducibility.

On the other hand, the reduction of magnetite results in a product
(wustite) which is dense and hence has a lower reducibility.
Edstr&m(36) showed that a small degree of oxidation can significantly
affect the rate of reduction. Oxidized magnetite was shown to give

very similar reduction rates to natural hematite.

Impurities have a profound effect on the reduction kinetics of iron
oxide pellets. Some improve the reducibility while others have a
deleterious effect. Some impurities in ores are in solid solution
whilst others are in the form of compounds with the iron oxides:
thereby lowering the activity of the latter. In other cases, the
impurities form a binding phase that cements the iron oxide particles
together. In these cases the binding phase or matrix affects the
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accessibility of the reductant. The commonest impurities are
calcium oxide, silica and alumina. These have different influences
on reducibility by forming different matrices depending on whether

they are present together or individually.

The effect of 1lime on the reducibilties of iron oxides has been
investigated extensively with considerable variation in the
experimentel observations made and the accomppnying explanations.
Some authors state that lime has an accelerating effect, while
others the reverse effect. Since many of the explanations include
reference to ferrite formation between lime and hematite, details

of ferrite formation are shown in Fig, 2.2 (b).

Ross et al(47) and Seth(48) have investigated the effect of lime
on the reducibility in hydrogen of ipon oxides. The effects of
the addition of up to 6.0 mass € lime were infestigated by Ross et al(Ay)
who found an improvement in reducibility at 0.6 mass % Cao. However,
higher additions did not have much influence. The beneficial effect
of 1ime up to 0.6 mass % was attributed to the increased porosity of
the pellets and also to the role of lime in promoting dissociation of
wustite. Seth(és), however, reported that reducibility increased
with the increase of lime because of the latter effect only, and
neither were due to change of porosity nor to the formation of
célcium ferrite. He suggested that wustite is unstable in the
presence of lime and breaks down according to the reaction

2 Ca0 + 3 FeO—w——>» Fe * 2 Ca0 : Fe, 0., into metallic iron and

273
dicalcium ferrite.

According to McKewan (37) formation of dicalcium ferrite allows
reduction to iron without passing through the wustite stage, which
is otherwise a rate-controlling step.
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Turkdogan and Vinter' <’ have reported that the addition of lime
in sintered synthetic 100% hematite pellets reduced at 900°C by
hydrogen has little effect on reducibility., However, lime lowers
the reducibility when added to sintered commercial grade hematite
or magnetite pellets. Similarly, the addition of silica and lime
up to 10% by mass does not have much effect on reducibility when
added to pure hematite pellets. On the other hand, when added to
commercial grade hematite pellets it lowers the reducibility to
half of the initial value. The same effect was observed with
magnetite and this was attributed to the formation of glassy ferrites
and a structure containing closed pores. The addition of lime to
hematite and magnetite ala§ changes the mode of reduction.
Whereas with lime addition pellets are reduced topochemically,
without lime addition they are reduced homogeneously. Kaneko and

Narita (2!

reported that the formation of calcium ferrites and

iron calcium silicates in the basic pellets giving low reducibilities
in comparison to pure iron oxide, because iron oxides fixed in this
slag are very difficult to reduce at the low temperatures at which

DR processes operate.

Moon and Walker(14) reduced iron oxide pellets in»carbon monoxide
Aand found that the addition of lime improves the reducibility
because the rgactioh of lime and hematite to form Ca0~2Fe203 results
in extensive pore formation. These pores may be expected to
facilitate gaseous diffusion, thereby accelerating the reduction
rate. Shehata et a1(19) reduced iron oxide pellets containing

0 - 5.0% limé in a hydrogen/carbon monoxide gas mixture and they
reported that lime improves the reducibility of iron oxide pellets
and suggested that this effect is partly due to the intrusion of
calcium atoms in the F9203 lattice which decrease its stability and
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and partly due to the formation of ferrites. They also reported
that with high lime content the reduction rate is less marked
because of CaO.Fe203 formation but despite this, it always remains
at a value higher than that of pure Fe,O,.

273
Mazanek(Ag) and Asada(so) reported the relative values of
reducibilities of wvarious compounds. Mazanek(Ag) reported
reducibilities in the following order:
F9203 > Ga0F9203>> 2CaOFe 03 > magnetite > olivine, i.e. slightly

0)

2
different from the Asada.(5 who quoted F9203) Ce.02Fe203 >

CaOFe 0, > 2Ca0Fe 0,

The combined effect of CaO, 8102 and A120 on reducibility is

3
related to the particular matrix formation and to its basicity,

defined as the ratio of caO/SiO2 + A1203. The matrices generally
comprise crystalline silicates, silicate glass, calcium ferrites
end silico-caleium alumino-ferrite (SCAF). Shehata et a1(17)

found that the reducibility decreases at a basicity in the range
0.58 - 0,77 because the iron oxide particles in this basicity

range are present in a glassy matrix of gilicates and also due to

the presence of fayalite. At higher basicities the reducibility

increases because of improved porosity.

However, Frazer et al(19) reported that the basic pellets reduce
more slowly than acid and less basic pellets because the former
pellets possess a coarse grain and close pores structure, while the
latter pellets possess an open-pore structure and provide a large

surface area for reduction.
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The influence of A1203 on the reducliblillty ol ilron oxides nasg been
studied by Bowling and Carter'>!), Maganek and Jastenka ?®) and
Suzuki et al(52). Bowling and Carter(51) reported that an
increase of alumina from 2 to d%pas no influence on reducibility.

(26)

Mazenek and Jasienka reported that the reducibility of sinter

containing 7% A1203 is lower than that of alumina-free sinter,
but the reducibility is higher at 12% A1203. They attributed this
effect to the varying reducibility of the minerals present,

e.g. the high reducibility at 12% A1203 arises from the presence

of Ca0:AL,0,Fe,0,, Suzuki et a1(52) Lave reported that the
addition of 5% coarse alumina to hematite increases the reducibility

and also produces cracks during reduction.

2.4.3 Influence of. Physical Characteristics of Iron
Oxide Pellets on Reducibility

Maximum porosity in a polycrystalline material would occur when
each individual grain is separated from its neighbour and has a

reducing atmosphere around it.

The result would be that each grain is reduced individually in
a topochemical manner. With increased porosity the surface area
for reduction increases in comparison with dense pellets ‘and hence

reducibility is improved(SB’ 54).

In general it may be said that an increase in initial porosity

reduces impedence to gaseous diffusion and increases reduction

rates. Where there is little or no porosity, then gas diffusion

nay become rate-controlling. Joseph(5>) has shown that the time

for 90% reduction is proportional to the reciprocal of % porosity.

Seth(As), however, reported that at higher reduction temperatures
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of 900 - 100000, the initial porosity does not favour the
reducibility.

In addition to the effect of initiasl pellet porosity, it has been
shown that any induced porosity caused by the reduction process
improves the reducibility. Wustite f&cme'cL from hematite is

more porous than from magnetite as a result of crystal structure
changes(36’56). This porosity during reduction is a fune¢tion of
the process and the size, shape and nature of the pores which,

in turn, are functions of the initial form of the oxide and
temperature of reduction. If quring reduction pores do not form,

a retaradtion in reducibility occurs(56’57).

A fiﬁer particle size is beneficial by virtue of the higher :surface
area per unit mass provided. It has been confirmed experimentally
that when a pellet is reduced by a CO--H2 mixture or by H2 alone,
the rate of removal of oxygen per unit mass of oxide decreases with
the increase of particle size, because large particles provide'a
lower surface area per unit mass. On the other hand, with packed
beds of particles of variable size, fine particles tend to choke
the beds during reduction. In practice, it has been found that
particles of size from 10 to 20mm appear to be ideal for DR

(28,45)

processes

2.4.4 Influence of Operating Variableg on Reducibility

It is generally known that increasing the reduction temperature
frequently causes a marked increase in the reduction rate(41),
For a simple reaction the rate may be considered according to the
"Arrhenius activation energy" concept, which states that the
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reaction rate varies exponentially with temperature., Thus, the

reaction rate at temperature 6is given by:

Wl= ", e» (Yro )
where Y_:ﬂ Y= reaction rate at temperature @ (K)
\.,= frequency factor
= activation energy

E
R = gas constant
)

temperature in K

As reported by Sandoval(S) the higher the reduction temperature
the faster is the rate of reduction. In direét reduction shaft
furnaces, it has been estimated that production can be increased
by as much as 20% for every 55°C increase in the reduction

temperature without any increased consumption of reducing gas.

It has been reported by Wright3®? 57)  enery(%®) kaneko and
Narita(21)'and Hills(41) that reaction rate increases with increase
of temperature, no minima or maxima in the reduction rate for
hematite being observed by such workers(21’ 38, 57, 58).
Contributory reasons proposed for such increase in reduction rate

- have been increased porosity by Wright(38’ 57) and Kaneko and Narita(21)
and cracking and gaseous diffusion by Henery(58). On the other

hand, Shehsta et a1(5%) and ceasy et 1(6%) observed minims and

maxima with temperature variation in the reduction rate. This is

purported to arise from such effects as sintering to produce a

dense iron layer, recrystallization and formation of slag.

As already indicated in Section 2.3 hydrogen, carbon monoxide or

gas mixtures of hydrogen and carbon monoxide can be used as
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reautllly agehits., w#iberg ° reported that at 1000°C hydrogen
reduces faster than carbon monoxide up to 75% reduction, beyond
which the reduction rate in hydrogen decreases more than in carbon
monoxide, resulting in a longer overall time for complete
reduction in hydrogen. The reason proposed for the faster
reduction in the.later stages of reduction by carbon monoxide is
that it carburizes the reduced iron forming thin shells surround-
ing the wastite. Reaction between the carbon in austenite and

- the oxygen in wustite results in a high pressure which breeks up
the iron shell, facilitating gas exchange at the oxide/metal

reaction interface, thereby favouring reducibility.

However, there is a general agreement among many workers -

(62) (60), Towhidi and Szekely(45): Szekely and

Nixon , Geaéy et al
Tawi1 (%), Turkdogan and vinter('3), Gare ot 1?7 shehata et a1(59)
and Mazanek et a1(63) that the higher the hydrogen content of
reducing gas the faster is the overall rate of reduction as shown

in Fig. 2.9(60). As reported by Nixon(62) and Geasy et al(éo)’ the
reduction rate is high in hydrogen because of high diffﬁsivity, and
the formation of a thin wustite layer, which has no marked effect

on diffusivity. In contrast to Wiberg's(61) finding, incomplete
reduction in carbon monoxide at 700 - 800°C is ascribed to the

greater amount of carbon deposition and sealing of the porosity,

thereby preventing diffusion of reducing gas.

It has been reported by previous workers - Wright(BB), Nixon(éz)
and Seth et al(ag), that at low flow rates of reducing gas, the
reaction rate is strongly dependent on thé velocity of reducing
gas. Increasing the flow rate has a decreasing effect on the

reaction rate until a plateau is established where the reaction
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rate is virtually independent of gas velocity. Some workers use the
term "critical velocity" for that beyond which reaction rate is
independent of flow rate. As explained in Section 2.4.1, use of a
flow rate above this value ensures that the system does not’suffer

from "gas starvation".

With single pellet studies in the laboratory, it is very easy to
work above critical flow rate, but in a commercial packed bed it
is quite difficult since segregation of coarse and finé particles
will alter the packing density, with the result that gas flow will
increase in the more open sections with concomitant decrease in
flow in the more close-packed sections. It is ckearly possible to
control gas flow above the critical flow rate by using properly

sized particles in the bed(zs).

Increased pressure of reducing gas has a favourable effect on
reducibility of iron oxide pellets because it gives a greater mass
of gas per unit volume. McKewan(37) investigated the effect of
hydrogen pressure and found the rate of reduction increases with

increase of pressure.

2.5 DIMENSIONAL CHANGES OF IRON OXIDE PELLETS DURING REDUCTION

The‘diménsional changes of iron oxide pellets during gaseous
reduction is not a recent discovery, although more attention has
been paid to this effect in recent years. This is 'because of the
increased use of pellets in place of sinter and lump ore in the
blast furnace (BF) and more recently as a major burden material

for direction reduction (DR) processes, e.g. Midrex and HyL.
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The dimensidnal- changes of iron oxides during reduction using
carbon monoxide (CO) as the reducing gas have been reported as
early as 1936 by Jospph(ss). A more fundamental study was carried
out by Edstrﬂm(Bé) and later on by other workers(13’ 21, &4, 65, 67,

69, €9, 70, T, 73, T4, 75). Edstr&m(aé) determined the specific

volumes at room temperature of hematite, magnetite, wustite and

iron as 0.272, 0.270, 0.231 and 0,128 cm’/g respectively. By simple
calculation the real solid volume would be decreased by 0.7, 14.3
and 37.9% as hematite is reduced successively through FeBO4 and

Fe 0 (x %0.95) to iron. On the other hand, Turkdogen et a1(13)
reported that at room temperature, the specific volumes of hematite, -
magnetite, wustite and iron are 0.146, 0.193, 0.175 and 0.127 cm;/é
respectively and from these values deduced that expansion in the
early stages of reduction followed by some shrinkage in the final

stages was likely to occur,

Although there is some disagreement in the values for specific
volume used by the above authors, it has been generally accepted
by these authors among others(64’ 65, €6, 67, 68, 69, 70, 71, 73, 74)
that iron oxide pellets show expansion and shrinkage during
reduction. The expansion of iron oxide pellets is classified as
normal and acceptable when it has values of up to 20% by volume.
Normal swelling is caused by structural and volumetric changes
occurring during the anisotropic transformation from hexagonal
structure of hematite to cubic structure of magnetite, followed by
the contraction which oceurs during further reduction to metallic
iron due to the lower volume and sintering of reduced iron(64’ 65).
Bleifuss(64) and Walker et al(65) reported that megnetite forms
from hematite in such a way that the (111) planes of the magnetite
are parallel to the (0001) planes in the hematite. The average
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spaclngs beilween oXygell alols 1ln UNe TWo siruciures are nowv,
however, equal so that considerable étress is developed in the
lattice when hematite is converted into magnetite, which causes
swelling, However, under certain conditions some pellets show
abnormal swelling with values considerably in excess of 20% This
is because swelling rather than contraction occurs during the

final reduction stage from wustite to iron. Bleifuss(éé)

reported
that swelling results due to the growth of iron whiskers from the
surfaces of wustite grains. Such whiskers are thought to exert
pressure against adjacent grains in the pellet ceausing extensive
swelling, On the other hand, Fuwa et al(67) suggested that excessive
swelling results from fibrous iron formation during reduction.

Walker et al(65) reported that excessive swelling may occur without
whisker formation and in this case iron grows as squat protuberances
from wustite. These protuberances cause swelling in the same way

as whisker growth.

Abnormal swelling and shrinkage both have adverse effects on the
productivity of reduction furnaces. Abnormal swelling lowers the
permeability of the bed and gas flow through the bed 28), shrinkage
increases the tendency to clustering, thereby preventing the smooth
descent of the charge in a shaft furnace and meking discharge more
difficult in & fixed-bed furnace 21728) The magnitude of the

dimensional changes during reduction has been found to be strongly

dependent on :

(1) the chemical constituents of iron oxide pellets,
(i1) the physical characteristics of iron oxide pellets,

(iii) the operating variables.
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2.5.1 Influence of Chemical Congtituents on the
Dimensional Changeg of Iron Oxide Pellets

Generally the gangue minerals present in iron»ores are oxides of
calcium, silicon and aluminium, forming different types of phases
as discussed in Section 2.2. The effect of these constituents
individually or together on dimensional changes has been studied
by many workers.

(60)

It has been reported by Bleifuss that the addition of celcium

oxide to magnetite or hematite could lead to the growth of iron
whiskers(éé). This worker argues that during reduction the limited
mutual solubility of CalO and FeO results in the production of
calciferrous wustite from calciferrous magnetite or calciferrous
hematite. He concluded that the presence of a thin lime-rich wustite
would prevent the general nucleation and growth of metellic iron on
the main surface., Instead, the iron migrates to a few nucleation
points only causing the development of an iron whisker. It has
been shown that the presence of calcium oxide in the pellets gives
abnormal swelling because of an uneven distribution of lime in
wustite, which favours whisker formation. The use of high firing
temperature has been recommended in order to homogenize the lime in

the iron oxide lattice, so avoiding the formation of calciferrous

hematite, magnetite or wustite.

Ponghis et a1 (68) have reported that the addition of limestone
improves the swelling properties by the formation of a better slag
bond. Turkdogan et a1(13) shoved that pellets with an addition up
to 4% of lime gave less swelling than lime-free pellets on reduction

in carbon monoxide. A detailed study was carried out by Kortman(ég),
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who has determined that the dimensionsl changes resulting from the
addition of lime .depends on the amount added and on the presence of
other impurities. He found maximum swelling to occur at 0.25% lime.
The effect of lime in the range 0.05 - Sm/Q has been studied by
Moon and Walker(14) who found that the presence of lime prevents
“abnormal swelling" provided that the firing temperature is high
20, and elininate free lime.Who found that
the extent of swelling decreases with increase of lime because of

enough to produce CaORFe

the bonding action of calcium ferrite: maximum swelling was observed
to occur at a degree of reduction of 30 - 40%. This work strongly
supports the work of Akitosh$7o) who considers that the presence of
free lime should be avoided by selecting a proper firing cycle.

(71) investigated a sample containing free lime using a pellet

Chang
containing 1% CaO fired at 900°C for 3 hours. In this sample, the
meximum swelling was recorded as 170%., Another similar sample fired
for an increased time of 6 hours gave homogenization of the lime and
less swelling was observed.

Only limited work has been carried out by Wright(Sé’ 57, 72) and

(21)

Kaneko and Narita on the influence of constitution with respect

to pellets to be reduced by Direct Reduction. The effect of lime
(21)

was studied by Kaneko and Narita uging a reduction-under-load
test apparatus.who: found that pellets shrink after a slight initial

swelling. Such shrinkage was less than observed with pure hematite.

It has been reported(70’ 5 T3, Thy 75) that the presence of silica
and alumina hinders excessive swelling and prevents cracking of
pellets during reduction. This is attributed to the nature of acidic
oxides which give slag bonds having enough strength to resist the

stresses developed during reduction. In such cases after noxmal
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swelllng slight shrinkage occurs., Suzuki'-™’ reduced green and
preheated iron oxide pellets containing separate additions of silica
and alumina in hydrogen. He found that preheated pellets containing
alumina expand more and contract less ijsy pure hematite, whereas
those containing silica expand slightly more but conéract to the
same extent as pure hematite. No conclusive reasons have been
suggested for these effects, but it is probable that the pellets
containing silica have a lower apparent density and therefore show
larger contraction. At the seme time, Suzuk55§3ported that green
pellets contract more than preheated because of the lower initial

apparent density of green pellets.

The effett of the CaO/SiO2 * A1203 basicity ratio on the dimensional
changes of pellets when reduced by carbon monoxide and hydrogen has
been studied by many workers(14’ 19, 57, 69), who have observed
maximum swelling to occur at basicity ratios of 0.2 - 0.8, low to 0.7,
0.7 and 0.49 respectively. According to Kortman(69), high swelling
at such bagicities is caused by the formation of olivines which bring
ebout a solution of iron oxide grains at their peripheries, thus
leading to the destruction of iron oxide bridges, and allowing volume

increase..

Frazer et a1(19) explained high swelling in the basicity range

0.2 to 0.8 to be caused by the "mobile" or "plastic!" nature of the
gangue which provides a medium for absorption of the reduction
stresses by increased distances between the particles. This theory
is supported by the observation that pellets containing low melting

point olivines show high swelling on reduction.
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Moon and Walker''*’ have shown that the maximum swelling value occurs
at a basicity value of 0.7 because, at this basicity, the slag bond
is very weak. Wright(®7) in his work found the maximum swelling to

occur at a bagicity of 0.49, but he did not givenany reason for this.

The influence of the mode of reduction on swelling has been studied
by Frazer et a1(19) and Granse(76). Frazer et a1(19) found that high
basicity pellets swell less because the microstructure of such pellets
possesses a "closed pore" structure and coarse hematite grains.

During reduction this structure does not permit rapid diffusion of

the reducing gas to the interior of the pellet. The resulting
concentric layer of iron produces sufficient resistance to the swelling,
On the other hénd, acid pellets possess an "open pore" structure and
fine hematite grains swell to a greater extent. This is because this
structure permits the rapid diffusion of gas throughout the pellet,
and reduction of the individual grains takes place. Hence cumulative
reduction stresses cause extensive swelling which the iron layer is
not sufficient to resist. Granse(76) has also reported that swelling

of iron oxide pellets is lowered due to topochemical reduction.

The influence of the speed of hematite to magnetite reduction has
been studied by Akitoshi(’®), Brill-Edvards'’®), Edstrtn3®) and
Surtees et a1(77) who have reported that the swelling is increased
when_maénetite is produced at higher rate, because of the high
stresses produced. Brill-Edwards(75) reported that these stresses
are relieved by the plastic flow of calcium monoferrites, Swann and
Tighe (78) have also shown in their work that the relief of
transformation stresses (hematite to magnetite) can only be brought

about by plastic flow in the magnetite or hematite.
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2.5.2 Effect of Physical Charscterigticg of Iron Oxide
Pellets on Dimensional Changesg

To date, little attention has been paid to the effect of physical
characteristics on dimensional stability, a possible reason being
that other parameters have been considered to be more important.
However, the work of Linder(79) and Thaning(go) shows that large
pellets swell. proporticnately less than smaller pellets when

reduced under similar conditions., No valid reason was given,

Frazer et al(19) found that pellets formed from mixtures containing
higher percentages of fines gave lower volume changes than those

formed from coarse mixtures but offered no explanation.

The influence of porosity of pure iron oxide pellets on swelling

has been studied by‘raMguc+é81) who showed the maximum swelling to

occur with initial porosity values of 25%. The view has been
proposed that, as the initial porosity increases, bonding becomes
weaker and the reduction rate increases leading to a large degree
of swelling. However, when the porosity exceeds a certain value,
the swelling tends to decrease, possibly because the larger pore

space can relieve the stresses responsible for swelling.

2.5.3 Effect of Operating Variables on Dimensjonal Changesg
The effect of the various operating variables on dimensional changes
has been studied, but with more attention being paid to the major

variables, i.e. temperature and gas composition.

The influence of reduction temperature on dimensional changes has

been reported by various authors with differing findings as follows.
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lhe effect of reduction temperature on dimensional changes was
investigated by Wright(57) who found that, at 700°C, pellets undergo
shrinkage throughout the whole reduction period, whereas a linear
relationship between temperature and expansion was experienced
between 800 and 1050°C. The reason for this is explained in terms
of mechanism of reduction, reported by the same author. For the
tempersturé from 700 - 950°C,T3n15uCW$82’ 83) reported that volume
increases with temperature, because with increase of temperature,
the developed stresses become higher so pushing the grains apart.
However, elsewhere, he reports without explanation that pure hematite
shows a minimum volume change at a reduction temperature of 800°C.

Lu(84) and Henery(ss)

reported a maximum swelling to occur at
reduction temperatures in the range of 800 - 1100°C., Brill et a1(75)
and Walker et a1(65) studied swelling in carbon monoxide and show
that swelling increases with the increase of reduction temperature

in the range of 800 - 1100°C. The reason for such expansion is

possibly due to the increase of carbon deposition.

There are also differing opinions about the effect of gas composition
on volume changes. EdstrSm(Bé),'Fuwa(67), Tuikdogan et al(13) and
Mazanek;xaisggve reported that pellets reduced by hydrogen swell
less than those reduced by carbon monoxide. Lu et al(84) found that
swelling did not occur at all with hydrogen as reducing gas because
a dense reduced layer is formed. Wright(57), on the other hand,
reported that severe swelling does occur with hydrogen, although
the swelling is usually less than with carbon monoxide and only
occurs when appreciable quantities of water vapour are present in
the system. Akitoshi(70) reported that only slight swelling occurs
‘in hydrogen. He assumed that the reduction power of hydrogen was
so high that the formation of metallic iron occurred very rapidly,
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wWitll the meval phase product resisting swelling.

The effect of stresses on volume changes have not been studied to
any great extent. Limited work has been carried out by Kaneko
and Narita(21) who found that, with the increase of stress,

expansion of pellets is decreased whilst shrinkage of the pellets

is increasged.

2.6 STRENGTH OF IRON OXIDE PELLETS DURING REDUCTION

It is important that the strength of iron oxide pellets during
reduction is high because any fines produced result in a drastic
decrease in the permeability of the shaft, giving poor fuel .
economy and variability in the degree of reduction(28).

When iron oxide pellets are charged into a DR furnace, they are
subjected to drying, preheating, reduction and codling. In the
initial step at low temperature (400 - 600°C) iron oxide pellets
decrepitate because of rapid evolution of free or combined
moisture or relief of stresses. As the reducing temperature
increases to about 1000°C, swelling and softening may occur, which
further diminish the strength of iron oxide pellets. However,

it has been reported by Heinrich et a1 (&%)

that low temperature
(400 - 600°C) disintegration of pellets is not relevant to direct
reduction processes,and therefore emphasis should be paid to their

behaviour at the high temperature range used in commercial DR

furnaces.

Reduction strength tests are often performed by determining the

compressive strength of individual pellets although usually this
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is done at room temperature. However, it has been shown that both

the binding phase and iron oxide phase display different strength
properties at ambient temperature than they do at the temperature

at which reduction actually takes place(73’ 74). Stalhed(86) and
Linder(79) developed the well-known technique by which the resistance
of the burden to degradation can be evaluated. Burghardt(87)
designed a test, which appears to be more realistic, in order to
measure strength at high temperature under constant load and

controlled reducing atmosphere throughout the reduction.

It can be seen ffom reduction phenomena that oxygen is being
progressively removed from the iron oxide pellets, and that the
bonds formed by oxide bonding or crystal growth during the
induration of pellets are disappearing. As a result of this, the
strength of the pellets during reduction is cheanging with the
strength in the reduced state depending on the degree of reduction,
the chemital composition and the physical changes which take place,

(56, 81) and volume(75’ 81), Therefore, a

e.g. changes in porosity
detailed study of the above influencing factors on strength is

important.

2.6.1 Influence of Chemical Composition and Mineralogy on Strength

It has Eeen reported by Russ and Fine(88) that magnetite possesses
high strength during reduction in comparison to hematite. The
reason suggested for the high strength of magnetite pellets is that
exothermic oxidation of magnetite to hematite increases the internal
temperature of the pellets and fosters diffusion, grain growth and
better bonding of individual grains. However, when hematite is

heated in air, the chemical structure remains stable and there is
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no such exothermic reaction to assist the agglomeration phenomena,

These views were supported by heating magnetite in a neutral atmos-
phere when the conversion to hematite is blocked and hence there

is no exothermic reaction with the result that the pellet never
acquires any significant hot strength. Removal of oxygen produces
wustite with a lower bulk density, thereby increasing the interstices

between the particles, and disrupting the pellet coherency.

Similar findings were later reported by Thaning(gg), who suggested
a different explanation. He contended that during reduction of
hematite to magnetite, transformation of the crystal structure
from hexagonal to cubic occurs creating defects in the lattice,
thereby initiating fissure of the magnetite grains and formation

of pores.

It can be concluded from a study of previous work that the
reduction strength varies inversely as the degree of oxidation of
pellet with magnetite having a higher reduction strength than

hematite.

The effect of mineral congtituents on the strength of iron oxide
pellets during reduction at high temperature has been described

in previous work(18’ 0, Ths 84 85) and is clogely related to the
amount of gangue minerals present, e.g. lime, silica and alumins.
whalter(9®) and Pepper(®!) reported that pure iron oxide or high
grade iron oxide (Fe ;> 65%) undergoes a large decrease in strength
during reduction at a degree of reduction of about 20%, because of
the structural changes and weak bonding of the grains. This means

strength can be improved with proper bonding, in the presence of
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gangue, such effects being related to the chemical composition and

amount of gangﬁe present,

It has been reported by Thaning(89),fkf“fﬁdwardgizd Pepper(91) from
hot compressive strength testing (HCS) and by Shehata et al(17) from
cold compressive strength testing (CCS) that the iron oxide pellets
with acid gangue have sufficient strength because, at basicity
values of less than 1, silicates are formed and act as binding
phases. These phases are not affected by reduction but remain
intact and have a sufficient mechanical strength to hold together

the structure of porous reduced phase.

With bagic gangue howeve; minerals such as calcium ferrite and
calcium silicate are formed.Eruhféymrdpéﬁd Shehata et 31(17)
reported that strength increases if there is sufficient calcium
ferrite present to hold the structure together, Thaning(gg)
reported that the addition of calcium oxide improved the strength
by the interlocking of dislocations in the wustite lattice formed
as a reduction product, and through the formation of a gel-like

binding matrix consisting mainly of calcium silicate produced
by hydrothermal treatment.

2.6.2 Effect of Operating Variables on Strength During Reduction

Since reduction temperature is a main operating variable, the
influence of this parameter on strength has been studied by
Shehata et a1(17),Ta“'13uc‘,get 818" yrignt(56) ang Thgning(so).
The first three authors have reported that the strength of reduced
pellets decreases with increase of reduction temperature. Shehatd:
et 81017 reported that the lover strength at high temperature is

due to the formation of micropores in magnetite, subsequently in
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iron. On the other hand, Tha.ningwo) reported that the strength
is higher at high temperature. This effect he attributed to the
dense magnetite formation. The difference in the findings of

these workers could arise from the use of different reducing gas

and testing conditions.

Taniquchi ¢t al(81) and Wright(56) have related strength to volume
changes and shown that strength varies inversly with swelling as
shown in Fig. 2.108"). The reason for the decrease in strength

is due to increase of porosity and destruction of bonds.



3.1 INTRODUCTION

The major aim of the present study, is to investigate the effect
of doping agents on the reduction properties of '%@matite iron
oxide pellets, with particular emphasis on the various micro-
gtructures developed during sintering. The main attention was
peid to the properties required by Direct Reduction (DR) processes
viz, high reducibility with high strength and low volume changes

during reduction.

In accordance with this aim, doped and undoped hematite pellets
were prepered, Optical and scanning electron microscopic
techniques were used to study the microstructure of these iron

oxide pellets and their reduction properties determined.

The reducﬁion properties studied are growed into two parts
according to the two different types of apparatus involved. The
reducibility of ifon oxide pellets was- determined by an existing
thermogravimetric spring balance technique, However, with regard
to dimensional changes and strength dwring reduction under load

it was considered that a suitable apparatus did not exist for the
study of such phenomena in a single pellet under constant load.
Hence a new apparatus was developed to determine the change in

’ length and strength of a single iron oxide pellet during reduction

under a range of initially constant stresses.

3.2 PREPARATION OF IRON OXIDE PELIETS

A high grade hematite iron ore concentrate supplied by

British Steel Corporation (Teesside Division) was used as base
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material for this work. Its grading and chemical composition
are given in Table 3.1l. In order to determine the effect of
doping agents, laboratory grades of lime, silica and alumina
supplied by Hopkin and Williams were used in the production of
doped pellets. Table 3.2 lists the impurity levels of these

agents,

The green iron oxide pellets were made im cylindrical form with
the addition éf 8 mass % of distilled water as a binder, The
doping agents were added in varying amounts as given below:

Iime: 0.88 fo 4.88 mass %

silica: 0.78 to 2,78 mass %

aluminat 0,76 mass %
The cylindrical undoped iron oxide pellets were made by mixing
the iron oxide concentrate with water. Where additions were used,
the required mass of these compounds were individually mixed care-
fully by hand followed by treatment in a rotating tumbler mixer
to which the required amount of water was then added. The green
mixture was weighed in a paper boat, an amount of 3,1 ¥ 0,01 gram
being adopted in order to get consistency in mass of the final
pellet, This materiel was pressed in a hardened steel die (Fig.3.1)
using an Avery compressive testing machine, A load of 300 * 20 kg
per pellet was found to give consistency of dimensions in the green
state, the pellets having dimensions 1.1 cm in height and 1.0 cm
in diemeter. Preference was given to a cylindrical pellet shape
because its dimensions could be reproduced more consistently and

because it allowed greater simplicity in the apparatus design.
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The green compacted pellets were fired in a muffle-type furnace
in air which provides & sufficiently oxidising atmosphere for
the reoxidation of any small proportion of magnetite present in
the initial iron ore. The green pellets were placed on platinum
foil in order to avoid reaction between the chrome-magnesite
refractory furnace base and the iron oxide pellets which would
result in contemination of the pellets. The sintering of iron
oxide pellets was carried out in such a way as to avoid cracking
and thermal shocks, These pellets were dried at 200 % 20°C for
two houfs, including the time taken to heat the furnace from
room temperature to 200°C, Preheating was carried out at 400 %
20°C for two hours also including the time taken to heat the
furnace from 200 to 400°C, Finally, sintering was carried out
at 1250°C and 13259C for various times in order to develop
different phases and microstructures., The time taken to heat
the furnace from 400 to either 1250°C or 1325°C, 1} hours or

2 hours respectively, wés not included in sintering time. The
final sizes of the fired pellets were found to be about 9.96-10.0
mm in diameter and about 10,0 mm in height, depending upon the
sintering time and temperature and the level of doping agents.
The initial calculated composition of the iron oxide pellets is
given in Table 3.3 and their physical properties (density and
porosity) after sintering are given in Table 4.1 and described

in section 4.2.

3.3 DEVELOPMENT OF THE REDUCTION-UNDER-LOAD APPARATUS

An apparatus was designed and built to allow assessment of the
dimensional stability and strength of a single iron oxide pellet

during reduction under specified initial stress.
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An outline diagram of the apparatus developed is shown in Fig.3.2
and photographs in plates 3,1 and 3,2. This apparatus was
designed to determine the above properties under various stresses
and at different temperatures up to 900°C, 900°C was the tempera-
ture limit because heat resistant 25% chromium, 20% nickel
stainless steel platens used in this apparatus would soften above
this temperature.

The iron oxide pellet was placed between two platens, the upper
platen being attached to a screw-jack system above the furnace
and the lower platen supported on a cantilever beam, Friction
between the platen and beam was minimized by the incorporation
of a roller bearing, As the pellet expands or shrinks during
reduction the stress in the beam is changed, these stresses being
determined using strain gauges attached to the beam and
connected to a resistance bridge with the out of balance voltage
read by a digit voltometer (see below). In order to maintain a
constant load on the specimen the digit voltometer reading was
returned to the specified original reading for each experiment
by the rotation of the top screw assembly., Since a constant load
on the beam implies a constant deflection, the dimensional
changes experienced by the pellet during its reduction could be
read by a micrometer scale attached to the rotating head of the

screw-jack assembly.

The furnace was heated electrically by silicon carbide rods and
its temperature controlled automatically using a Eurotherm
controller with an accuracy of 0.,5%. A vertical alumina tube

of 60 mm inside diameter and 630 mm long was used, the ends being
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closed by a water-cooled aluminium base and a similar top.
Reducing gas was introduced at the bottom end and was taken off
from the top of the assembly, the Rotameters being used to

monitor the flow of gases into the reaction chamber,

leakage of gases was prevented by use of a silicone-greased '0!
ring at the top and an oil seal at the bottom of the reduction
tube as shown in Fig.3.2, A detailed diagram of the oil seal
which consists of a tank filled with oil uwp to 15 mm and an
inverted cup attached to the lower platen is given in Fig.3.3.

This cup is adjustable to any positioh of the lower platen, using
zero and 3 kg load, in such a way that it can be ensured that it
is immersed in oil up to approximately 10 mm, This adjuétment of
the cup in the oil seal compensates for expansion of the platens up

to 6 mm and of the pellets up to 4 mm without leakage of gases.
A frictionless roller ball bearing, shown in Fig,3.4 supplied by
R.H.P. Components, was used to align the lower platen with its

axis vertical.

Strain Gauges

The strain gauges used in this work were type PL10 as supplied -

by Tokyo Sokkl Kenkyozo Co., Ltd. These are fixed on cantilever

beam as shown in Fig.3.5 to detect any strain produced by bending
the beam. The ratio between the percentage change in resistance

and the percentage change in length is called the gauge factor G,
and this had & value of 2.02 £ 1,0% for the gauges used in this

Work.
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Strain Gauge Bridge
The usual way of measuring the change in the resistance of strain

gauges is by incorporating them into a Wheatstone Bridge as shown
in Fig.3.6. The voltage output from this bridge is read through
a digit voltometer and given by:-

V output = e x V x G x no, of active gauges in strain gauge bridge
4

vhere: V output is in microvolts

e is strain in microstrain

V is bridge voltage inmput 5.95 2 0,01

G is gauge factor
Active gauges are those which are actually strained and mounted
on sirained material. The full bridge comprises four active
gauges since this arrangement gives better temperature compensa-
tion, all the gauges being subjected to similar temperature effects
and therefore not affecting the bridge output, and also gives

higher voltage output.

Cantilever Beam

The beam designed for this apparatus is shown in Fig,3.5 having
dimensions: length (1 = 1.10 m), width (h = 6.55 mm) and breadth
(b = 37 mm). The last 200 mm of the beam Were firmly held in an

horizontal clamp.

Any static or dynamic load applied at the free end, or at any

part along the beam, gives maximum stresses at the fixed end.

When a load is applied to the free end of beam the maximum slope
W2 . W2

and deflection are given by =7 and IEL respectively.
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Where I is the cross-section area of beam = bxh
b is the breadth (cm) of beam
h is the thickness (cm of beam
L is the length between the clamp support and the
point of application of the load
E is the modulus of elasticity of beam
W is the applied load kg (209 x 109 N mr?)

Scaled screw-jack system
The scaled screw-jack supporting the uwpper platen is used in

this apparatus to impose the desired stress on the pellet between
the upper and lower platen and to measure, using a micrometer
scale, the deflection of the beam and the expansion or shrinkage
of the pellet.

The stresses were developed between two platens by rotation of the
screw-jack assembly, Th_e load developed, as transmitted via the
lower platen to the beam, is detected by the strain gauges. A 360°
scale was mounted at the top of the Jack: one full revolution of

the screw corresponds to & movement of the upper platen of 6 mm,

The sensitivity of the system is such that a vertical deflection

of the beam or iron oxide pellet of 1 mm can be detected. This

corresponds to a sensitivity of 0.15;001‘ the origAinal cylindrical
pellet length,

3.3.1 Calibration of the strain-gauged cantilever beam

Calibration of the strain-gauged cantilever beam was carried out
at two different distances from the fixed end in order to avoid
overstraining the strain gauges at high load. It was decided to
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calibrate for lower loads with the lower platen supvorted at a
point 90 cm from the fixed end of the beam and for high loads at
a reduced distance of 60 cm from the fixed end of the beam. The
different loads were applied to determine the output of the
strain gauges at known voltage imputs using specially designed
weights, applied to the lower platen. Calibrations were carried
out both loading and reloading the cantilever beam in this way.
A constant voltage of 5,95 * 0,0l volts was supplied to the
bridge and the output read through the digit voltometer which was
sensitive to * 10MV, The different loads were applied for at
least ten times and mean values of the corresponding output
voltages are given in Tables 3.4 and 3.5 respectively. The
resultant calibration curves for output voltage versus load are
linear with correlation coefficients of virtually 1.0. These

curves are shown in Figs.3.7 and 3.8.

3,3.2 Temperature Control in the Reduction Furnace

A carbolite sillite-rod furnace of total resistance 60 nand with
a meximm operating temperature of 13000C was used. The tempera~
ture of the furnace was controlled by using a twin-bore ceramic-
sheathed platinum/rhodium thermocouple connected to a Burotherm
thyristor controller, The furnace thermocouple was positioned at
the mid-height of the furnace betweeh the heating elements and
the alumina tube.

The temperature profile along the axis of the alumina tube was
determined with the two platens positioned inside the tube as
shown in Fig.3.2 and in the presence of the water cooling coils::

on the aluminium base and top. This was done'in order to allow
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for any heat losses due to the presence of the platens and the
water cooling. The inside temperature was.measured by inserting
a chromel-alumel thermocouple of 1.5 mm diameter in a stainless
steel sheath as shown in Fig.3.2., The e.m.f. output was fed into
a Cropico P; Potentiometer. This system allowed accuraté deter-
mination of the actual temperature inside the tube., Temperature
variation in the reduction furnace at two different controller

settings is given in Fig.3.9.

It was observed that the hot zone at working temperatures

(* 2°C or better) extends over a distance of 3 cm from the 16,0 cm
to 19.0 cm positions measured from the top. The effect of gas
flow on the hot zone temperature profile was measured by blowing
Argon at a rate of 3.5 litres per minute through the reduction
tube after stabilization of the temperature. The hot zone tempera-
ture remained stable to within the maximum variation of  2,0°C.
However, the temperature variation over the length of the sample

held centrally in the hot zome is % 1°C,

3.3.3 Gas Purification

High purity (99.9%) Argon and Hydrogen were used in the heating
and reduction tests, removal of any moisture present being
accomplished by a two-stage drying system consisting of anhydrous
magnesium perchlorate with an intermediate stage to remove any
oxygen present using & 3.175 mm molecular sieve type 54 (Aluminium
caleium silicate). -

The gas flow was regulated by rotameter-type flow meters and
introduced to the furnace tube from the bottom. The gas purifi-

cation train is shown in Fig.3.10,
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3.3.4 Criticsl Flow Rate

In order to determine the critical flow rate, high grade

hematite (99.2%) pellets were reduced in hydrogen for 10 minutes
at 850°C, 1ising flow rates varying betwee}x 1.87 1/min and 7.5
1/min, The relationship between the percentage reduction occurring
in the given time and volumetric flow rate of hydrogen is shown

in Fig.3.11. On the basis of these results, it was decided to

use a hydrogen flow rate of 5.6 I/min in the subsequent reduction

runs in order to avoid any problem of gas starvation,

3.3.5 'Blank' testing and reproducibility of reduction-under-
load apparatus

'Blank' testing of apparatus was carried out at 830°C and 850°C,
Pellets of fused silica of a size identical to the initial size

of the iron ore pellets were used to determine the response of the
strain gauges caused by the behaviour of the platen at these tempera-
tures. Argon at a flow rate of 3.5 litres per minute was
introduced far 15 minutes before the stabilization of the hot zone
at both temperatures. By the end of the period of Argon flow

the platens have achieved an almost constant degree of expansion.
However, when the Argon flow was replaced by Hydrogen at a flow
rate of 5.6 litres per minute, the platens begin to contract.

Thg blank test in Hydrogen were carried out for 30 minuﬁes, which
is the normal maximum time for reduction used in this investiga-
tion. The values of the contraction of these platens with time

at both reduction temperatures used are given in Table 3.6. During
the subsequent reduction of iron oxide pellets these blank values

were used to correct the observed changes in pellet dimensions.
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Platens show this behaviour when Argon is replaced by Hydrogen
because of the different thermal conductivities of these gases
as can be seen from Fig.3.l2€94%t can be deduced from this
figure that Argon and Hydrogen have thermal conductivity values
at 800°C of 0,05 W.m~L °C=1 and 0,46 ¥,m~1 oG-l respectively,
j.e. the value for hydrogen is approximately nine times that of
Argon, During Argon flow less heat is conducted from the hot
zone and platen towards the cooler sides of reaction tube with
the result that more heat is conducted through the platens giving
a profile of higher temperatures in the platens. On the other
hand, during Hydrogen flow, heat is conducted at high rate from
the hot zone and platens resulting in a profile of low tempera~-

tures which gives rise to contraction.

The reproducibility of the apparatus was determined by reducing
iron oxide pellets containing 0.5 mass % lime at 8509C in
Hydrogen under an initial stress of 0.75 kg.cm‘z. Five samples
were reduced under nominally identicel conditions, for a period
of ten minutes each. The values of the percent change in length
against reduction time are given in Table 3.7 and Fig.3.13. Test
results show mean expansion values with corresponding standard
deviation and percent error at different times, The standard
deviation varies from 0.03 to 0,4% and the % error from (0.96 to

9.86) .

3,/ THE THERMOGRAVIMETRIC SPRING BALANCE

The reducibility of the pellets was determined by their loss in
weight during reduction, A gravimetric technique was used

involving a sensitive quartz spring. The spring balance apparatus
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used is shown diagramatically in Fig.3.14 and a photograph of the
whole system is given in Plate 3.3.

The description of the apparatus which follows is given in three
sections viz: the spring balance, the reduction chamber and furnace
and the gas flow system.

The spring balance

A quartz spring was used as the balance; the sensitivity of the
spring depends on the number of loops, the glass diameter and the
loop diameter. The length of the spring was chosen so that it
could support the weight of the sample and sample holder, that it
gave a high sensitivity with the weight changes and that, even with

the contraction of the spring, the sample remained in the hot zone.

The glass outer tube (see Fig.3.14) with a hook was used in which
to suspend the spring, A silica rod of 1 mm diameter suspended
from the lower end of the spring supported the sample holder and
sample in the hot zone of the furnace. The sample holder and its
hook were made of 0,2 mm diameter nichrome wire. The glass outer

tube was attached at the top of the reduction chamber by a water-
cooled aluminium head.

Reduction chamber and furnace

The reduction chamber consists of an alumina tube with inside
diameter 2,3 cm and 100 cm in length, sealed by means of O-rings
and clamping plates secured by Allen screws to aluminium head
and base pieces. A Wilson seal was incorporated at the bottom
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of the base piece to provide a gas tight seal for the working
thermocouple, The gases used were introduced vie the base and
teken off at the top after passing through the reduction
chamber,

A vertical tube furnace of the electric resistance type as out-
lined in Fig.3.14 was used, The furnace had a resistance, of
35 ohm, an internal tube diameter of 3,7 cm and a height of

37 cm. A porous plug was fitted just below the hot zone in-
order to ensure adequate heatipg of the gases and a more even
flow prior to entering the reduction zone. The porous plug was
of M23 siliceous alumina brick and of the necessary diemeter
just to fit inside the reduction chamber, The plug was 2 cm
thick bored with a 1.5 mm diameter hole through its centre to

accommodate the thermocouple.

Gas flow system

The gases used were introduced from the bottom of the reduction
chamber and taken off at the top. The seals used to prevent gas
leakaée from the reduction chamber and accessories have already
been described. The gases used were supplied from individual
gas'cylinders and were of high purity. Removal of any moisture
present was accomplished in the same manner as described in
Section 3.3.3. The system used for gas drying and mixing is

shown in Plate 3.3. These gases were introduced at the required
flow rates which were controlled by separate rotemeters for each
gas. The gases were mixed in a transparent plastic chamber filled

with spherical glass balls before entering the reduction chamber.
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3.4.1 Temperature control

A tube type furnace of resistance 35 and with maximum working
temperature 1000°C was used. The temperature of the furnace was
controlled using a twin-bore ceramic-sheathed chromel/alumel
thermocouple positioned at about mid-height between the reduction
tube and the furnace inside wall (see Fig.3.14). This control
thermocouple was connected to a carbolife commercial galvonometer

cut' -off controller,

The temperature profile along the reduction tube was determined
within the actual operating system (see Fig.3.14). To this end
a stainless steel sheathed chromel/élumél thermocouple of 1.5 mm
diemeter was incorporated inside the reduction chamber. The
e.m.f. output from this thermocouple was fed to Cropico P3
potentiometer allowing accurate determination of the actual
working temperature. The constant temperature zone was found to
be 6 cm long with temperature variation of ¥ 4°C as shown in
'Fig.3.15. The temperature variation in zone within which the

sample moved during reduction was no more than * 1.5°C.

3e4e2 Calibration of the glass spring

The glass outer tube was removed from the reduction apparatus and
clamped in a draught-free laboratory. The glass spring, silica
rod and specimen holder were suspended verticelly from the hook.
Grade A master w;ights to a total of 3 grams were added to the
specimen holder, successive weights were then removed to cover
the weight loss expected during reduction and the contraction of
the spring was measured using a cathetometer to sight onto the
tip of the silica rod and measuring its change of position, The

| results are given in Table 3,8.
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Figure 3.16 shows the relationship between the spring displacement
and the suspended ﬁeight. It can be seen that a linear relation-
ship has been obtained, with a regression coefficient of 3,722
and a spring constant of 26,86 mg.mm'l. As the minimum displace-
ment detectable by the cathetometer is 0,05 mm, the minimum
detectable weight change is 0,05 x 26,86 = 1.3/ mg i.e, of
sufficient sensitivity to detect a fractional loss of 0,15% the
available oxygen in the 2.9 gram hematite pellet used in this

work.,

To confirm that the spring calibration when assembled in the
reduction apparatus for actual reduction tests at high tempera-
ture gives the same calibration as determined in the priocr
calibration, the totel weight loss dwring several reduction tests
calculated from the calibration constant of the spring was
compared with the actual total weight loss determined by an
accurate analytical balance. The two figures always agreed to
within 0.5%.

2.4.3 Reduction procedure

Single iron oxide pellets of known weight were suspended via the
spring balance in the reduction chamber (see Fig.3.14). The
furnace was then heated to the required temperature: this
involved a heating period of 50 minutes to attain 830°C and 60
minutes to attain 850°C, as monitored by the working thermocouple
and recorder., After the above mentioned times, nitrogen was
introduced at a flow rate of 1.0 1/min. for about 10 minutes, in
order to flush out‘the air present in the reduction chamber, The
nitrogen flow was then replaced over a period of 30 sec. by

reducing gases, either hydrogen or a mixture of hydrogen and

carbon monoxide,
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The reducing gasss were supnlied at a total flow rate of

1.0 * 0,05 1/min. %X either totally hydrogen or a mixture of Hp
end CO each supplied at 0.5 £ 0,05 1/min, At the point of
cessation of nitrogen flow, a cathetometer reading was taken
with the telescope cursor focussed on the tip of the balance
sighting marker., Reduction time was monitored by a stop watch
and cathetometer readings were taken at minute intervals except
during the later stage of some samples when readings were taken
at two minute intervals. The reduction was regarded as complete
when no significant change in cathetometer readings was observed
for a period of 5 minutes, The furnace was then switched off
and the reducing gases replaced by nitrogen and the reduced iron
oxide pellets allowed to cool down to room temperature. The
reduced sample was reweighed by laboratory balance in order to
allow comparison between the spring balence and direct weighing

methods, -

Replication of the reduction testing of lime and silica doped
pellets was carried out in order to check the extent to which
variations in reducibility were due to variations in pellet
hamogeneity or testing procedure, It was found from replicate
tests that duplicate samples doped with 1% lime (Fig.3.17) and
1% lime plus 1% silic (Fig.3.18) showed a maximum scatter of

t 12¢ in the early stages of reduction decreasing to about £ 2,5%

in the later stages. At higher additions, however, the scatter

% Foobt Note: The reducing gases were used at a flow rate of
1.0 1/min, since this flow rate was known from previous work2)
to avoid any problem due to gas starvation in the reduction

chamber,
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wag significantly lower: duplicate samples containing 5% lime
(Fig.3.19), 5% lime plus 1% silica (Fig.3.20) exhibited a maxi-
mum scatter of less than ¥ 5% throughout reduction even lower in

the later stages.

3.5 POROSITY AND TRUE LENSITY DETERMINATIONS
The porosity of unreduced and reduced samples was measured by -
comparing the apparent desnity of samples with the true density

of their components.

True density was measured using the specific gravity bottle technique.
The procedure is described in Appendix I, The true density of the
iron ore used was found to be 5.12 g.cmr3 and the true density of
powders containing additions were calculated by taking the true den-
sitites of lime, silica and alumina to be 3.3, 1.8 and 3.97 g.cmr3
respectively. In calculating the porosity of reduced pellets, the
true density of iron was taken to be 7.86 g.cmr3.

The apparent density of unreduced pellets was determined by weighing
and by estimation of their external volume using a micrometer. The
apparent density of pellets was measured by the liquid displacement
method, Mercury was adopted as the liquid and mercury belance, as
‘shown in Fig.3.21, was used as laid down in British Standard BS1302
Part 1A 1966, In the absence of a pellet the piano-wire frame was
loaded until the marker just touched the surfaece of mercury. Then with
the sample in position,weights were loaded onto the pan until the
increased upthrust was balanced and the pointer again touched the

mercury surface.
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For both wnreduced and reduced pellets the percentage porosity was
then calculated from the relationshipi-

True density - Apparent density . 109
True density

For unreduced pellets this gave a value of gl - ‘ﬂg x 100
PV

WD

and for reduced pellets a velus of 1 -
(A4

x 100

wheres Wy is the weight of sample (pellet)
W, is the weight to overcome the increased upthrust
D is the density of mercury
P is the trus density of the pellet material
V is the volume of the pellet

3,6 METALLOGRAPHY

The microstructure of unreduced and reduced pellets were examined
by optical microscopy and by scanning electron microscopy
including micro-analysis.

3.6,1 Optical Microscopy
A Zeiss ultraphot III microscope was used to examine the micro-

structure and to produce photomicrographs. The latter were talken

on 35 mm F.P,/ film using automatic exposures.

The samples to be examined were mounted in a cold-setting epoxy-
resin using a catalyst as hardener. The samples Were vacuum
impregnated by means of & vecuum dessicator connected to & single
stage rotary pump, as shown in Plate 3.4, vacuum being applied for
30 minutes. These samples were then allowed to harden slowly for at

least 24 hours.

These samples were sectioned across the height using a diamond vheel
with paraffin as coolant. The sample surface was polished on &
rotary wheel using silicon carbide paper with paraffin as lubricant

and then re-impregnated as before using cold setting resin.
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After hardening the samples were hand polished on silicon

carbide paper using paraffin and polishing was continued until
scratch-free at 600 mesh,

Prolohged polishing was then carried out using an automatic
polisher in conjunction with a diamond wheel using 6um, 1/ m
and 1//Mm diamond paste with white spirit as lubricant. The
unreduced samples were found to be more difficult to polish
because of the tearing of grains on the silicon carbide paper.
The most successful sequence used to .produce a satisfactory

polish on both types of sample was as follows:-

240 mesh Hand polishing using a rotating wheel
400 mesh and carbide paper, with paraffin as
600 mesh lubricant.

6Mn for & hours Automatic polisher with diamond
1xm for 4 hours paste and white spirit as
1/4 M m for 4 hours | lubricant

3.6.2 Sc electron microseco S.E.M

A Cambridge scanning electron microscope with Edax (Energy
dispersive analysis of X-ray) facilities was used to analyse

thg microstructure quantitatively and qualitatively. The

samples used in optical microscopy were also used for analysis
by the scanning microscope except that they were attached to
aluminium specimen stubs by colloidal silver, a vacuum dessicator
being used to speed the drying of the colloidal _silver. In

order to produce a conducting surface the samples were then
surface treated with carbon. Throughout the work a filamemnt

voitage of 30 kV was generally us=d.
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The Edax system was employed to investigate the distribution of
particular elements, by selecting the energy level of the element
concerned and producing an 'X-ray map's In this work, the distri-
butions of lime, silice and alumina were studied by producing
maps of the distributions of calcium, silicon and aluminium. The
combination of the S.E.M, and Edax system allowed quantitative

analysis to *5% of the element content present.

3,7 GAS BOUNDARY MASS TRANSFER DETERMINATION EXPERIMENTS

In order to determine the mass transfer across the gas boundary
layer at the surface of iron oxide pellets, it was necessary to
gimulate the reduction system using a non-reduction system at
room temperature i.e. where effects due to the chemical reaction
and to product layer diffusion are non-existent., Naphthalene was
used for this work because it sublimes at such a rate that its
weight loss can be measured in reasonable time and because its

sublimation is known to be mass transfer controlled.

3,7.1 Naphthalens sample preparation
Cylindrical samples of nephthalene identical in shape and

dimensions to the iron oxide pellets used in reduction tests

were cast. Naphthalene was heated in & pyrex glass beaker until
just molten, i.e. to 82-85°C, then cast into the die shown in
Fig.3.22. Any overflowing naphthalene was removed by scalpel.
Several samples were cast at the same time to ensure consistency
of casting temperature thereby avoiding variations in pellet
grain structure. Careful handling was necessary when the pellets
were introduced imto or removed from the furnace tube due to

their friable nature.
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3.7.2 Temperature determination
Determination of the temperature during Naphthalene sublimation is

very important, because a very small change in temperature alters
the vapour pressure of nsphthalens significantly., The vapour presswre,
p in torr, of naphthalene is calculated from the relationship(4?) s

logp = 3765 + 11,55
oK

From this relationship it can be seen that & change of temperature
of only 2°C will alter the vapour pressure of naphthalene (CjoHg) by
about 0,018 torr,

A copper-constanton thermocouple calibrated in hot water against an
accurate thermometer was used to determine the temperature in the
non-reducing system. This temperature was recorded hourly on & data

logger.

3.7.3 Sublimation of Naphthalene pellets
The naphthalene pellets, identical in dimensions to hematite

pellets, were placed between the plattens in a similer manner to
hematite pellets during reduction experiments, Because of the
fragility of the naphthalene pellets, vaporization runs were
carried out only at zero stress, Sublimation was carried out in
alr at di_fferent flow rates, the temperature being continuously
measured by & copper conetantoh thermoéouple and automatically
recorded by a data logger.

The naphthalene pellets were weighed before and after each
sublimation experiment and from the total mass of the
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naphthalene evaporated, the vapour pressure of the naphthalene
for the mean air temperature recorded, and the duration of the
evaporation, the mean convective mass transfer coefficient was

calculated as later described in section 4.3.



4.1 IKTRODUCTION

This chapter presents the results of the experimental work
described in chapter 3 which was carried out to determine the
influence of doping agents on the reductiom properties of iron oxide

pellets,

Section 4.2 and 4.3 present the results of the investigations into
the physical characteristics (density and porosity) and the micro-
structural characteristics of the iron oxide pellets produced by
sintering at different times and temperatures. The results of the
study of mass transfer through the boundary layer im the reduction
apparatus are presented in section 4.4. These aegtions are followsd
in the mext two sections by the redustion properties of the range of
iron oxide pellets produced. Section 4.5 presents the reduction
rate data determined at different temperatures and gas compositions
and section 4.6 presents the results relating to dimensional
stability and strength during reduction in hydrogen at various

temperatures,

The results of density and porosity determimation for reduced irom
oxide pellets are given in section 4.7. The final section,
section 4.8 contains observations on the macrostructure and strength

of reduced samples,

4.2 IDENSITY AND POROSITY OF JRON OXITE PELIETS

The results of the density and porosity determimations on iron oxide
pellets containing varying amounts of lime, silica and alumina, and
sintered for various times and temperatures, are given below. The
apparent density was determined as described in section 3.5.
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4.2.1. Density of base material and doped hematite pellets
The results of the apparent density measurements on iron oxide

pellets at different levels of doping agents are shown in Table 4.1.
and in Fig.4.1.

The results for iron oxide pellets fired at 1250°C for 3 hours are
given in Table 4.la and Fig.4.l, from which it will be seen that at

low silice and alumina levels (0.22 and 0.2} mass percent respectively),
the apparent density of hematite pellets increases from an initial
value of 3.7 g.cx3 with increase of lime content up to 2.0 mass
percent, apd then decreases with further increase of lime up to

5,0 mass percent. The fractional changes involved are 0,103 {mass
percent Ce;,O.)fl and -0.038 (mass percent Ca0 )“ll respectively.

At high silice and low alumina content (1.0 and 0.2, mass percent)
respectively;, lime has a similar effect on apparent density with
fractional changes 0,007 (mass percent Ca0) and =0.028 (mass per-
cent Ca0)™' respectively. Simple mixing of lime (density 3.3 g.cm3)
would have given a factor of approximately -0.004 (mass percent ce0) "\,

It is also shown in Fig.4.1l that an increase of lime content in the
range 1 to 4 mass ¥ causes the density of pellets comtaining 1 mass §
alumina to decrease. The fractional change for such pellets with a
silica content of 0,22 mass § is 0,018 (mass percent 0a0)  whilst
at the higher silica level of 1.0 mass % the fractional change is
-0,038 (mass % Ca0)™' .

Fig./.1l also shows veriations of the density of iron oxide pellets
fired at 1325°C for 30 minutes, the date being given in Table 4.1b.
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It can be seen that the density is increased with inorease of lime

up to 2,0% and then decreases slowly.

Densities of an iron oxide pellet containing 1.0% lime, 3,04 silieca
and alumina 0,24 mass ¥, sintered at 1250°C for 12 hours are given
in Table 4.lc

4.2.2, Porosity of base material and doped hematite pellets
The porosity values of iron oxide pellets doped at different levels

of lime, silica and alumina are given in Table 4.1 and Fig.4.2.

Fig. 4.2 shows the results for iron oxide pellets fired at 1250°C for
3 hours. From this figure it will be seen that at both silica levels
(0.22 and 1.0 mass %) and with the lower alumina content 0.24%, the
porosity is decreased with increase of lime wp to 2,0% and then
increases, though not as far as the origimal valus, with increase of
lime wp to 5.0%. It will also be seen, for the range of composition
considered in this work, that increasing the silica content from
0.22 to 1.0 mass & increases the porosity of iron oxide pellets at

any given lime content.

For pellets containing & higher alumina content (1.0%) and at the
lower silica content (o. 22_%), the porosity rises with increase of
lime céntent. The porosity increases resulting from an increase in
alumina content from 0,2 to 1.0 mass § is greater than that result-
ing from a similar increase in silica., The higher values for
porosity are obtained with alumina and silica both at the 1.0%
level. In these pellets an increase of lime content from 1.0 to
2,0 mass % has the sahe elffect on porosity as it has at the alumina
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1.0% and silica 0,22%. However further increase of lime to 4.0%

causes a more rapid increase in porosity.

It will be seen also from Fig.4.2 that pellets containing the lower
content of silica and alumina (0,22 and 0.24 mass %) when produced
by sintering at the 1325°C for 30 minutes, compared with 1250°C for
3 hours, behave in a similar manner with respect to increases in
lime content but gensrally have lower porosities for any given

composition,

Porosities of iron oxide pellets containing 1.0 mass % lime, 3.0
mass % silica and alumina 0.2/ mass %, sintered at 1250°C for 12

hours are given in Table 4.lc.

L.3 THE MICROSTRUCTURE AND CONSTITUENT OF SINTERED TRON OXIDE
PELLETS

This section describes the metallographic study of iron oxide pellets
carried out by optical microscopy and scanning electron microscopy,
in order to examine the effect of doping agents on the microstructure
and phases formed during the sintering process. Separate and joint
additions of lime, sﬂic# and alumina in the range 0.12-5.0, 0.22-1.0

and 0,2{-1.0 mass percent respectively vere made.

4e3.1. Variation in microstructure with the addition of different
amounts of do ent

The main content of this section comprises a description of the
microstructure of pellets of varying composition sintered at 1250°C
for a period of 3 hours. Subsidiary sub-sections describe the micro-
structure of pellets produced under different conditions of time and

~ temperature. -72-



4¢3.1.1. The microstructure of iron oxide pellets sintered at
12§0°G for 3 hours

Iron oxide pellets were studied in the unetched condition using the
Zeiss Optical Microscope. The pellets examined were divided into
four series with respect to content in mass percent of doping agents

as follows:

mass § Ca0 mass % Si0, mass § Al503

Series 1  0,12-5.0 0,22 0.2
Series 2 0.12-5.0 1,00 0.2,
Series 3 1.0-4.0 0.22 1.0
Series 4  1.,0-4.0 1,00 1.0

Series 1: In this series the silica and alumina content were kept
constant at their initial levels (0.22 and 0.2} mass % respectively)
and the lime content was varied in the range 0,12-5.0 mass percent.

The microstructure of iron oxide pellets made from thevbase material
and at the original low lime level is shown in Plate 4.1 and
comprises angular hematite grains., The photomicrograph reveals the
presence of considerable porosity but bonding across grains is also
evident. With an increase of lime content to 1.0%, the pellets
formed are more dense and less porous than those containing 0.12
mass % lime, The microstructural features of these pellets are
shown in Plate 4.2 from which it will be observed that the lime has
formed some calcium ferrite vhicﬂ is non-uniformly distributed and
that & high amount of fine inter-connected pores is also present.
The hematite grains have lost their angular shape and more grain
growth and cross-grain bonding are observed compared with the
structure at the original lime content.
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The microstructure of the iron oxide pellets with an addition of
2.0 mess % lime (Plate 4.3) shows a denser and less porous structure
than pellets at other levels of lime content. Larger grains of
hematite encircle calcium ferrites and pores. Plate 4.4 shows the
microstrusture of the same pellet at a high magnification, which
reveals the presence of calcium ferrites on the grain boundaries.
The well-bmnded microstrusture of this pellet has resulted from
grain growth and also from considerable replacement of porosity by
‘the calcium ferrite phase.

Plates 4.5-4.7 show the microstructures of pellets containing 3, 4
and 5.0 mass § lime respectively. The microstructures of these
pellets are similar to the 2.0 mass % lime pellets (Plate 4.3),
except for the presence of an increasing fraction of calcium
ferrite and large globular pores, ‘

Series 2: in this series, the silica and alumina contents were
kept constant at 1,0 and 0.2} mass % respectively and the lime
content varied as for series 1. At this level of silica (1.0 mass %)
there was little evidence of phases other than hematite in the
pellets containing 0,12 and 1.0 mass % lime. Plates 4.8 and 4.9
show the microstructures of both these pellets to consiat of very
fine grains together with microporosity. However, a difference
between these structures is that the pellet of low lime content
(0.12 mass %) has angular hematite grains (Plate 4.8), whilst at
1.0 mass ¢ of lime the hematite grains become less angular (Plate 449).
A very small proportion of a very fine grey phase is aiso present
at this composition.
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Plate 4.10 shows the microstructure of pellets containing 2,0 mass %
lime., This material has a random distributiom of calcium ferrite
phase in smaller proportion than the corresponding sample with a low

level of silica (0,22 mass %). The microstructure shows fine pores.

The microstructure of pellets containing 3,0 mass § lime is shown in
Plate 4.11, which shows fine hematite grains, fine porosity and a
fine calcium ferrite phase which exists partially in the form of
peedles. Plate 4.12 shows the microstructure developed in the pellet
containing 4.0 mass % lime. This microstructure reveals that the
phases formed in this pellet are coarser and consist mosily of
ncedles and laths, with lomg channeled pores. Plate 4.13 shows the
same microstrusture at high magnification and clearly reveals the
calcium ferrite laths interlocking with the hematite grains.

Plate 4.l4-4.16 show the.nicrostrmtural features of pellets contain-
ing 5,0 mass % lime, Plate 4.14 shows porous grains of caleium
ferrite with internal and surface needle and lath formation. The
structure also contains pores in the farm of elongated channels.
Plate 4.15 shows the lath formation at a higher msgnification.

Plate 4.16 shows needie formation at high magnification and reveals
the porous nature of the calciuvam ferrite. The pores are mostly

angular in shape.

Serjes 33 In this series the silica and alumina content were kept
eonstant.at 0.22 and 1.0 mass % respectively, the lime content being
used in the range 1.0 to 4.0 mass . Plate 4.17 shows the micro-
structure of a pellet containing 1.0 mass § lime, to cobtein globular

phases, adjecent to and bonded to the hematite grains. Plate 4.18
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shows at high magnification one of the globular phases present in
Plate 4.17. In this photomicrograph alumina in dendritic form is

surrounded by calcium ferrite.

Plate 4.19 shows the microstructure of pellets containing 2,0 mess %
lime, The micrograph shows rounded particles containing pores, and
needles and hematite grains separated by elongated pores.

Plate 4.20 shows the microstructure of pellet containing 4.0 mass ¥
lime, This shows that ecaleoium ferrite has formed in the solid state
on the grain boundaries as well as in the pores, The hematite

grains are relatively coarse.

Series 4¢ In this series the silica and alumina were kept constant
each at their high levels of 1.0 mass % and the lime content varied

in the same range as in series 3.

Plate 4.21 shows the microstructure at 1.0 mass ¥ lime which shows

two different types of graintl grey in colour . formed by adclitionc 2and
surrounded by:white hematite grains,- Plate 4.22 shows the miero-
structure of pellets containing 2.0 mass § lime. A particular

feature is the presence of globular particles with large central
cavities, . -Most ‘of the hematite grains which show slight grain

growth are relatively disconnected by pores.

The microstructwre of pellets containing 4.0 mass % lime is given in
Plate 4.23 which shows globular type caleium ferrite phases with
considerable needle and pores formation. Plate 4.2, shows celcium
ferrite in needles form in the same pellet examined at higher

magnification.
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4e3.1.2. The microstructure of iron oxide pellets sintered at
1325°C for 30 minutes

This section describes the microstructures of iron oxide pellets
containing 0,22 mess ¥ silica, 0.2 mass ¢ alumina and lime in the
range of 0,12 to 3.0 mass %. A section.of an iron oxide pellet
containing 0,12 mass ¥ lime is shown in Plate 4.25. This miero-
structure reveals that the hematite grains have sintered together
and slight grain growth has cocurred although the structure retmins
a high degree of porosity.

The microstructure of the pellet containing 1,0 mass % lime is shown
in Plate 4.26. In this pellet the calocium ferrite is evenly |
distributed along the grain boundaries as a continuous network and

the pores are isolated from one another.

The microstructure of pellets containing 2,0 mass 4 lime is shown in
Plate 4.27. In this pellet, lime has reacted with some of the iron
oxide to form small grains of calcium ferrite uniformly distributed
along thé hematite grain boundaries. The matrix is strongly bonded
by calcium ferrite and the structwre is less porous and stronger.
Plate 4.28 shows & section of the pellet containing 3.0 mass ¥ lime,
The microstructure of this pellet is similar to that displayed in
Plate 4.27 except for a slightly higher amount of calcium ferrite
and porosity.

4e3.1.3. The microstructure of an iron oxide pellet sintered at
1250°C for 12 hours

The microstructure of a pellet containing 1,0 mass ¥ lime, 3,0 mass %

silica and 0,24 mass ¥ alumina is shown in Plate 4.29., This micro-

structure shows a fine grained hematite matrix with high porosity.
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The phases found were hematite and irom-calcium silicate. The latter
phase is present as very fine particles and at the hematite grain
boundaries.

4.3.2. Analysis of picrostructural conetitmnte of iron oxide

pellets

A scanning electron microescope (SM) with energy dispersive micro-
analyser (BDAX) was used to analyse the microstructural

constituents of most of the oxlde pellets considered in section 4.3.1.
The phases present in the sintered pellets were studied both
quantitatively and qualitatively. With point analysis being carried

carried out on various phases at a number of locations.

Table 4.2 shows the content of various Oxides present, and the

mean point analysis of each phase detected in the different iron
oxlide pellets.

4e3.2.1, \ Analysis of microstructural constituents of iron oxide
pellets sintered at 12509C for 3 hours

Microstructural analysis of these pellets was carried out on four
series of composition as described in section 4.3.1.

Series 1: The microstructure of iron oxide pellets containing silica,
alumina apd lime (0,22, 0.24 and 1,0 mass § respectively) is shown in
Plate 4.30 with Plate 4.31 and- 4.32 showing X-ray maps of the
corresponding clacium and silica distribution. These photomicro-
graphs show that some grains are particulerly rich in lime, but that
silice is more uniformly distributed. Analysis at various positions
confirms that the structure consists primarily of hematite a small

proportion of calcium ferrite. g
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Plate /.33 shows a section of the microstructure of an iron oxide
pellet containing 0,22 mass ¥ silica, 0.2, mass % alumina and

2,0 mass ¥ lime at high magnification, with Plate 4,3, showing an
X-ray map of the corresponding calcium distribution, chm these
plates it can be seen that phases rich in lime have developed at
grain boundaries. Analysis of these phases shows that a wide range
of calcium ferrites have formed (see Table 4.2). The microstructure
consists mainly of hematite and calcium ferrites, These ferrites
are classified as Ca0 - Fey03 and Cal: 2Fe303,

Plate 4.35 shows the miérostructm of & pellet containing 0,22 mass %
silica, 0.2/ mass ¥ alumina and 5.0 mass ¥ lime, followed by the
corresponding X-ray map of calcium distribution in Plate 4.36. The
analysis of this pellet and also the pellets containing 3.0 and 4.0
mass § lime at the same silica and alumina level confirms that the
phases are mainly hematite and calcium ferrites but a very small
proportion of silicate can also be detected.

ies 2: Plate 4.37 shows the microstructure of an iron oxide pellet
containing 1.0 mass % silica, 0.2/ mass ¥ alumine and 1.0 mass ¥ lime
whilst Plates 4.38 and 4.39 show the corresponding X-ray maps of
calcium and silicon distribution. The phases formed and detected by
microanslysis are very fine and difficuit to see on the unetched
samples by optical microseopy. The phases found are mainly hematite
and silicates of varying composition as given in Table .2

Plate 4.40 shows the microstructure of a pellet containing 1.0 mass %
silica, 0,2 mass ¥ alumina and 2,0 mass % lime, followed by the
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. corresponding X-ray maps of silicon and calcium distribution in
Plates 4.41. and 4.42. The microanalysis of this pellet and also of
a pellet containing 3.0 mass % lime at the same silica and alumina
levels confirms that the microstructure consists mainly of

hematite-calecium ferrites and complex iron-calcium silicates.

Plate 4.43 shows the microstructure of a pellet containing 1,0 mass %
silica, 0,24 mass ¥ alunina and 5.0 mass % lime with plates 4.4 and
4e45 showing X-ray maps of the corresponding calcium and silicon
distributions. The analysis of this pellet and also of a pellet
containing 4,0 mass § lime at the same silica and alumina levels
confirms that the phases are mainly hematite and a wide range of
calcium ferrite (see Table 4.2).

Series 3: Plate 4.46 shows the microstructure of a pellet containing
0.22 mass % silica, 1.0 mass % alumina and 1.0 mass % lime, whilst
Plate 4.47 and 4.48 shows corresponding X-ray maps of aluminium and
calcium. From these Plates it is clear that the dendritic structure
previously observed is rich in alumina and the encircling phase is
rich in lime. Though few other grains have a high content of lime
and alumina, analysis confirms that the phases present are mainly
hematite, free alumina and calcium diferrites with a small proportion
of silica and alumina (see Table 4.2).

Plate 4.49 shows the microstructure of a pellet containing 0,22 mass %
silica, 1.0 mass % alumina end 4.0 mass % lime, with corresponding
X-ray maps of aluminium and calcium distribution shown in Plates 4.50
and 4.51 respectively, These Plates show that the phases other than

‘hematite are rich in lime only. Analysis confirms that mainly
- 80 -



hematite and calcium ferrites are formed (see Table 4.2). Some
caleium ferrites also contain a smaller proportion of silica and
alunina.

Series 4t In this series analyses of pellets containing 1iine

(1 and 4.0 mass %) at 1.0 mass % of silica and 1.0 mass % alumina
were carried out. Plate 4.52 shows the microstructure of an iron
oxide pellet containing 1.0 mass % silica, 1.0 mass % alumina and
1.0 mass ¢ lime, with Plates 4.53 and 4.55 showing corresponding
X-ray maps for the distribution of aluminium, silicon and calcium
respectively. Point analyses at four locations in the large grain
were taken with the following results.

%:s;tion Location Mean

1 2 3 4
Fe0, 23.45 | 33.90| 41.83| 50,69 | 37.49 * 10
Ca0 31.18{ 32.2 | 25.22| 27.35 |28.99 T 2.82
510, 22,99 | 20,54 9.67| 13.60 [16,7 * 5.32
A1,04 22,47 13.27| 23.27| 8,37 |16.8 2 6,27

From these figures it can be seen that this phase varies in chemical
composition even within a single grain. The main phases found in
this pellet are hematite and calcium ferrites. Most of the calcium
ferrites contain a significant amount of silica and alumina

(see Table 4.2).
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The microstructure of a pellet containing 1.0 mass § silica,

1.0 mass € alumina and 4.0 mass % lime is shown in Plate 4.56 with
Plate 4.57 and 4.58 showing X-ray maps of aluminium and calcium
distribution. Again it will be seen that alumina is almost
uniformly distributed, but that a high proportion of lime is present
in significant grains, The phases found in thig pellet are mainly
hematite and calcium ferrites.

3.402.2. Analysis of the microstructural constituents of iron
oxide pellets sintered at 13259C for 30 minutes

The microstructure of a pellet containing 0,22 mass ¥ silica,

0.2, mes % alumina and 1.0 mass ¥ lime is shown in Plate 4.59 with
Plates 4.60 and 4.6l showing X-ray maps of calcium and silicon
distribution respectively. These plates confirm that some graims
show enrichment in calcium, forming different types of calcimm
ferrites (see Table 4.2).

Plate 4.62 shows the section of a pellet containing 0.22 mass &
silica, 0.2/ mass % alumina and 3.0 mass ¥ lime with Plates 4.63 and
4.6/ showing corresponding X-ray maps of the distribution of silicon
and calcium respectively. From these Plates it will be seen that
silicon is uniformly distributed but again with enriclment of calcium
in the network. The phases developed during sintering are mainly

" hematite and calcium ferrites as detailed im Table 4.2.

4e3.2.3. Analysis of the microstructural comstitutent of iron
oxide pellet sintered at 12500C for 12 hours

Plate 4.65 shows & section of iron oxide pellet containing

3.0 mass % silica, 0.2/ mass % alumina and 1.0 mass £ lime with

Plates 4.66 and 4.67 showing X-ray maps of the distribution of
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calcium and silicon respectively. These plates show that the phases
developed during sintering are rich in both lime and silica.
Anglysis of this pellet confirms that the phases found are calciumm
silicates and complex-iron calcium silicates.

4.4  RESULTS OF MASS TRANSFER EXPERIMENTATION
Values of the mass transfer coefficient were determined using
naphthalene as described in section 3.7. The mass transfer

coefficient for evaporating naphthelene was evaluated from the
relationship95) e 2

4 - =T‘\ R T = " RT -------- (1)
Cl083: = -3 V, tMgoHg S Vp

vhere: T\ = the rate of mass loss of naphthalene
W = mass loss in time ¢
Mg)oHg = molar mass of naphthalene (= 128 g.mol™l)
S = gurface are of the cylindrical sample
T = temperature (K)
R = gas constant (= 82,06 cm3 atm,K~1 mo1-1)

Vp = the equilibrium vapour pressure of naphthalens

The above relaticnship regards the equilibrium vapour pressure of
naphthalens as the driving force for evaporation by assuming the
partial pressure of naphthalene in the bulk gas to be zero. The
equilibrium vapour pressure-of naphthalené was calculated from the
following equation®?) :- '

Lg p = 8.67-308 ________ (2)

where: p is in atmospheres and T is in K,
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The results for the mass transfer coefficient of naphthalene for
varying air flow rates through the system are presented in Table 4.3.
Figure 4.3(a) shows that there is & linear relationship between
these two variables. This is consistent with a dimensionless corre-
lation of the forms-

Sh=A+BReB SY3 oo (3)
and Sh = oLi d (the Sherwood number)
DA-B

&i = mass transfer coefficient
DG, oBg-Air = diffusivity of naphthalens in air
d = is a characteristic length of sample (1 cm)
R = U d (the Reynold's number)
Y

U = the flow rate per unit cross-sectional area
N = kinematic viscosity of flowing medium (air)
and S, = Yy /DA-B (Schmidt number)

The values of A, B and n in equation (3) are specific to the tube-
particle geometry imvolved in this experimental work. The value of
A, can be determined from Fig.4.3(a), where the intercept on the
ordinate axis is A Dgy,Ha-pir/d. At room temperature, the binary

1(96)

diffusion coefficient, Dqloﬂe_m, is 0,0611 cm? sec™ giving

A, the value of 1.68.

The valus of B and n can then be determined from the intercept and
slope respectively ofs: MgB&-I. 68) /scl/ 3] against log Re as shown
in Fig.4.3(b), drawn from the data given in Table 4.4. Substituting
the values thus obtained for B and n into equation (3) gives:-
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Sh = 1,68 + 0,126 Rele22 S6'/3 - - - - - - - (%)
In equations (3) and (4) the Schmidt number exponent has been
assumed to be 4 3 in view of the almost universal acceptance of
this value for turbulent flow conditions. (The definition of the
Chilton Colbur J-factor for mass transfer, for example, 1s based

on this exponent valus).

Using this mass transfer correlation and substituting values for
the kinematic viscosity, molecular diffusivity of 32/320 gas system
(see Appendix 2 and 3) and Re calculated for a hydrogen flow rate
of 5.6 Lninl, the mass transfer coefficient® H,-E,0 during
reduction at 1123 K would have value of 16.80 cm.sec~l. The
relationship between this estimated value for mess transfer
characteristics based on the gas flow model and the actual rate of
reduction experience in the reduction-under-load apparatus are

discussed in section 5.2.

4.5 _THE REDUCIBILITY OF IRON OXIDE PELIETS

The reducibility of iron oxide pellets with varying contents of lime,
gilica and alumina has been determined in hydrogen at 830°C and 850°C
using & thermogravimetric spring balance. Reduction tests at 830°C
using a gas mixture of hydrogen and carbon monoxide were also carried
out. The results obtained in these reducibility tests are given in
the sections which follow.

4.5.1 Reducibility in hydrogen gas at 830°C of different iron
oxide pellets sintered at 12509C for 3 hours

Reducibility curves for iron oxide pellets containing 0,22 mass ¥
gilica and 0.2 mass ¥ alumina with different amounts of lime in the
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range 0,12 to 5.0 mass % are shown in Fig.l,.),. It can be seen from
this figure that the reducibility is decreased with increasing
content of lime., At higher silica and low alumina contents

(1.0 mass % and 0.2, mass % respectively), the varistion in
reducibility of the pellets with change of lime content shows a
different behaviocur as shown in Fig...5. The reducibility is slightly
increased when the lime content is changed from 0.12 to 1.0 and from
2,10 to 4.0 mass %, However changes from 1.0 to 2.0 mass € and from
4.0 to 5.0 mass & both result in a decrease in reducibility. An
addition of silica from 0,22 to 1.0 mass % at the low alumina level
(0.2, mass ¥) increases the reducibility at all. the levels of lime
considered in this work except at the lowest lime level (0,12 mass %)
where reducibility is slightly decreased.

Figure 4.6 shows the reducibility curves of pellets containing

1.0 mass % alumina and 0.22 mass ¥ silica at different lime contents.
The reducibility of these pellets is decreased with increase of lime,
but the curves show that increasing the alumina content from 0,24 to
1.0 mass % increases the reducibility of the pellets, at.all:lime
levels, much more than a similer increase in silica content.

At high contents of alumins andsilica (each equal to 1,0 mass %),

the reducibility is marginally decreased with increase of lime content
a8 shown in Fig.Z.7.

These pellets have very similar rates of reduction at the 2,0 mass %
lime level to high alumina low silica pellets, but, at all other lime
contents, the latter pellets have a greater reducibility, indeed they

were the most reducible pellets studied in this investigation.
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Using the reducibility curwes in Figs.4f.4 to 4.7 the times required
for a degree of reduction of 95§ for different pellets have been
abstracted and are shown in Fig.4.8.

4+.5.2 BReducibility of doped iron oxide pellets produced b
sintering 1250°C for 3 hours and reduced in & gas mixture
of hydrogen and carbon monoxide at 830°C

Pellets of compositions given in series 1 and series 2 (section

4.3.11.) were reduced in an equi-molar mixture of hydrogen and

carbon monoxide at 8309C. Graphs of the apparent degree of

reduction versus time are given in Figs.4.9 and 4.10. The most
significant differences between such reduction and that in pure
hydrogen were the lower rate of reduction experienced and the
occurrence of carbon deposition with the mixed reductant. Carbon
deposition was suspected because the reduction appeared to stop at

a degree of about 0,88 rather than at 0,95 often experienced in

hydrogen. Also, after taking the samples out of the therﬁogravi—

metric spring balance, it was observed that the reduced samples
possessed & deposit of soot which was particularly heavy on those
pellets which contained a low proportion of doping agents. The
presence of carbon in one of the undoped samples was confirmed by
chemical analysis when a content of 0,3% carbon was found in the‘

reduced sample.,

The reducibility of pellets with two silica levels, 0,22 e.nd 1.0
mass ¥ and with varying amounts of lime in the gas mixture of
hydrogen and carbon monoxide is shown in Fig84.9 and 4.10
respectively. It cen be seen from these figures, that the
reducibility is increased when the lime content is increased up to
1.0 mess %, beyond which a decre#se is experienced, It will be
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seen that an increase of silica from 0,22 to 1.0 mass % increases

the reducibility at all the lime levels.

This confirmed in Fig.4.11 which plots the lime required for the
end of reduction against lime content for both silica levels, The
detrimental effect of increasing lime content on the reducibility

of pellets in this composition range is also evident.

4e5.3 The reducibility in hydrogen at 8509C of iron oxide pellets
sintered at 13259C for 30 minutes

Figure 4.12 shows the reducibility curves of pellets containing
0,22 mass § silica, 0.2 mass % alumina and lime in the range of
0.12 to 3.0 mass %¥. It can be observed that the reducibility is
decreased with increasing lime content. Figure 4.l1l3 shows the time
taken for the 95% redustion of these peilets.

4e5.4 The reducibility in hydrogen at 850°C of iron oxide pellets
sintered at 1250°C for 12 hours

The reducibility of pellets containing 1,0 mass % lime, 0.2, mass %
alumina and 3.0 mass % silica were found to behave similalry to the
. reducibility of pellets containing 0,12 mass ¥ lime as described in
section 4.5.3. The percent reductions at different times are shown
in Table 4.5.

4.6  DIMENSIONAL STABILITY AND STRENGTH OF IRON OXIDE PELLETS
DURING REDUCTION IN HYDROGEN

The dimensional changes of iron oxide pellets during reduction were

determined in the specially designed apparatus described in

section 3.3. The tests were carried out at three nominal levels of

loading vizs O, 1.18 and 2,36 kg for 2 nominal pellet diemeter of
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10 mm and corresponding to initial compressive stresses of 0, 1.5
and 3.0 kg cn2, To allow for slight variation in pellet diameter,
yet to maintain the same initial stress, the loads used were in the
ranges, 0, 1.11-1.18 and 2,22-2,36 kg. The results based on graphs
of percentage change in length against reduction time for different
pellets are given in this section.

4.6.1 Dimensional changes

The dimensiana] changes ocourring during reduction of pellets con-
taining controlled contents of silica, alumina and lime are given
in Fige4.14 tc  4.25 as graphs of linear expansion against tims,
Details of the camposition, reduction temperature and initial stress
applying to the respective figures are as followss

Composition of doping _
agent, Mass ¥ Reduction Stress Figure No.
Temperaturs

510, A1203 Ca0

0.22 | 0,24 0.12 . 830°C
1,00 0 %A
2,00
3.00 1.5 kg em™2 4.15
4,00 3.0 kg cmr? 4e16
5.00
1.00 | 0.24 0.12
1,00 0 4017
2.00 1.5 kg ca2 4.18
3,00 3.0 kg car? 4419
,00
5,00
0,22 | 1,00 1.00
2,00 0 4620
3,00 3.0 kg cmr? 4e21
1.00 | 1,00 1.00
2,00 0 4e22
3.00 3.0 kg em~? 4e23

Table continued overleaf . . . .
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Composition of doping
agent. - Mass % Reduction Stress Figure No.
Temperature

Si0, | 410, | Ca0

3,00 | 0,24 1.00 850°C

0.22 | 0.2 0.120 0 4e2l
1.000 1.5 kg em?2 4e25
2,00
3,00

The results given in Figs.f.l) to 4.25 together with those of the
reducibility tests described in Section 4.5 have been used to relate
the dimensional changes of the pellets to the degree of reduction,
assuming that identical rates of reduction apply in both apparatus.
The resulting curves are shown in Figs.4.26-4.33.

4e6.2 Relationships between composition and reduction properties
reducibility and linear change) of iron oxide pellets con-
tai

varying amounts of do agents at different stresses

Percentage changes in length are shown in Figs.4.26~4.33 plotted
against percentage degrees of reduction for iron oxide pellets reduced

at 830°C with Fig.4.3/ showing the results for pellets reduced at
850°¢C,

Figures 4.26 and 4.27 present results for pellets conteining 0,12 to
5.0 mass ¢ lime, 0,22 mass % silica and 0,24 mass ¥ alumina of two

different stress levels, zero and 3 kg cmr2 respectively.

Figure.l,.26 shows that low lime pellets (0.12 mess % 1lime) expand
significantly up to a degree of reduction of about 35% and then
shrink with further reduction. Pellets containing 1.0 mass % lime
expand progressively and significantly up to 80% reduction and then
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shrink in the later stage of reduction. In contrast, iron oxide
pellets containing 2 to 5.0 mass ¥ lime expand slowly, some only
showing expansion maxima at degrees of reduction in excess of 80%.
Figure 4.27 shows corresponding relationships at the high stresses
level of 3.0 kg cuwr2. At this stress, iron oxide pellets containing
0,12 and 1.0 mass % lime expand significantly up to about 30% and
60% reduction respectively, followed by high shrinkage. Pellets
containing 2-5 mass £ lime show similar expansion behaviour to
their behaviour at gzero stresses.

Figure 4.28 and 4.29 show the results obtained at two different
stresses (zero and 3.0 kg cm™2) for a range of iron oxide pellets
containing 0.12 to 5.0 mass % lime, 1,0 mass % silioca and 0,24
mass § alumina, Figure 4.28 demonstrates that these high silica
low elumina iron oxide pellets show an initial rapid expansion
during the early stages of reduction at zero stress followed by &
period of dimensional stability and then varying degrees of
contraction in the final stages of reduction. In general terms,
the degree of expansion exhibited decreases with increasing lime
content wp to 5.0%.

Figure 4.29 shows results at the stress of 3.0 kg cu2 for the same
series of pellet compositions. In general the expansion characteris-
tics are similar to those shown at sero stress although the degrees
of expansion are lower. Indeed, for two of the pellets, vizs those
containing 0.12 and 2.0 mass § 1ime, the final lengths show an overall

contraction.,

Figures 4.30 and 4.31 give plots of expansion against degree of

reduction at stresses of szero and 3 kg en™2 respectively for a range
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of iron oxide pellets containing 1.0-4.0 mass % lime, 0,22 mass %
silica and 1,0 mass ¥ alumina., Both sets of curves are of simllar
formt initial expsnsion, a plateau of reletive dimensional
stability followed by shrinkege in the final stages o reduction.
Figure 4.32 and 4.33 show plots of the degree of expansion versus
percentage reduction of stresses of sero and 3.0 kg cmr2
respectively for a range of iron oxide pellets containing

1.00 t0 4.00 mass ¢ lime, 1,0 mass § silica and 1.0 mass % alumina,
These figures have the same general form as that shown by the
previous set with the degree of expansion decreasing with inéreasing

lime content and increasing streasses.

Figure 4.3, shows results of a range of iron oxide pellets contain-
ing 0,12 to 3.0 mass % lime, 0.22 mass % silica and 0.2, mass 3
alumina and a single sample containing 1.0 mass % lime, 3.0 mass %
gilica and 0,2, mass % alumina et 850°C and zero stresses. Again
the format of the curves is expension during the early stages of
reduction, relative stability or slight expansion in the intermediate
stages and varying degrees of contraction in the final stages. It

is interesting to note that the sample containing 1.0 mass % lime,
3,0 mass § silica and 0.2, mass % alumina exhibits the highest

degres of expansion of all samples examined.

4.6.3 Relationship between peak expansion and pellet composition
at different stresses

Values obtained for the peak expansion.of the iron oxide pellets
reduced at 830°C in hydrogen.expressed as a percentage of the initial
pellet length are plotted against lime content in Fig.4.35-4.38,
different curves being presented for the different levels of initial
stress. Table 4.6 shows similar data for a reduction temperature of
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850°C, For the low silica (0,22 mass %) and lov alumina (0.24 massf)
pellets, Fig.4.35 ‘reveals that the maximum peak expansion is shown by
iron oxide pellets containing some 1.0 mass % of lime and that the
value of the peak expansion decreases with ‘Ehe increasing lime
content up to 5.0 mass %. It can also be seen that the peak
expansion at all compositions in this series decreases with increase
of load, this decrease being particularly significant for pellets
containing 1,0 mass % of lime,

Figure 4.36 shows peask expansion values for the high silica

(1.0 mass %) low alumina (0.24 mass $) pellets conteining 0,12 to 5.0
mass % lime, These results again show that maximum peak expansion
occurs in pellets containing some 1.0 mass % lime and then decreases
with further increase in lime content. Again, increasing the applied
stresses reduces the peak expansion, particularly in those pellets
for which the values of peak expansion are high.

Comparison of Fig.4.35 and 4.36 shows that the increase in silica
content from 0.22 to 1.0 mess % has raised the values of the peak
expansion for all lime contents, Figure 4.37 and 4.38 show how the
peak expension varies with lime content between 1.0 and 4.0 mass %
for low silica (0.22 mass %) high alumina (1.0 mass %) pellets and
for high.silica (1.0 mass %) and high alwmina (1.0 mass %)
respectively. It is clear from these figures that the peak expansion
values in both series decreased with an increase of lime content

and with an increase of atress.

It is clear that low silica pellets containing 1,0 mass ¥ alumina
have lower maximum peak expansion values at 1.0 mass § lime than
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those containing only 0.2 mass § alumina, However, increasing the
lime content beyond 1.0 mass % has a smaller effect in the high
alumina pellets than in the low alumina pellets, with the result
that, at 4.0 mass ¥ lime, the peak expansion value for the high
alumina pellets is ﬁhe higher,

Table 4.6 shows values of peak expansien at 850°C at various lime
content for low silica (0,22 mass %) low alumina (0,24 mass %)
content at sero and 1.5 kg cm2 stresses. From this Table it will
be observed that the peak expansion value decreases with increasing
lime content and increasing initial stress. The highest fractiomal
peak expansions 8.4% and 6.1% at the stress levels of sero and

1.5 kg cmr? respectively were determined for pellets containing
1.0 mass § lime, 3.0 mass § silica and 0.2, mass § alumina, Plots
of peak expansion values during reduction at 830°C, against lime
content given in Fig.4.35 and 4.38 are summar ised in Fig.4.39a and
4.39b. The general effects are that the peak expansion valus
decreases with increase of stresses, with increase of lime content
above 1.0 mass %; and with decrease of silica content whatever the

total level doping agents present.

Increase of alumina increases the peak expansion value at all levels
of doping agent except of 1.0 mass ¥ lime. However, its influence
in this direction is less than for corresponding additions of

silica.
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4.6.4, Relstionship at different stresses betwsen the terminal
expansion and composition of iron oxide pellets containing

varying amounts of doping agents
Values for the fractional terminal expansion of iron oxide pellets

reduced at 830°C and 850°C are shown in Figs.4.40-4.43 and in

Teble 4.6 reapectively. For the purpose of this section terminal
expansion is defined as that occurring at e degree of reduction
equal t§ 95%, or at the finally achieved degree of reduction, which-
ever is the lower. Values for terminal expansion against lime
contents varying between 0,12 and 5.0 mass % are plotted in Fig.4.40
for pellets containing 0,22 mass % silica and 0.2, mass % alumina
for two different initiel stresses vizs O, 3.0 kg om~2, This
figure shows that, for these low silica low alumina pellets at
stress of sero, there is a sharp increase in the fractional

- terminal expansion as the lime content increases from 0.12 and 1.0
mass %, followed by a gradusl decrease as the lime content rises to
5,0 mass % Similar changes occur at 3.0 kg cnr~2 with the maximum
terminal expansion occurring at 2,0 mass % lime. At all the lime
levels used, the terminal expansion is lowered by applied stress.
A1l pellets, except the two low lime compositions at maximum stress
bhave positive values for their terminal expansions.

Figure 4.41‘ shows similar plots for pellets containing a higher
silica content (1.0 mass %) but the same alumina content (0.24 mass %)
at different loads. The results shown in this figure are gimilar to

those for the lower silica levels except that:

(i) the terminal expansion values are higher for corresponding
caleium oxide and stress levels at zero kg cm™2,

(i1) the maximum terminal expansion was obtained in all cases
at 1.0 mass % lime
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(111) sharper decreases occur beyond the peak values as the
lime content increases,
(iv) the curve for 3.0 kg cn™2 has a minimum at 2.0 mass %
followed by a gradual increase up to 5.0 mass % lime,
(v) there is a slight increase in terminal expansion
between 4.0 and 5.0 mass % lime.

Figure /.42 shows the results of terminal expansion against lime
content between 1,0 and 4.0 mass ¥ for pellets at low silica

(0,22 mass ¥) and high alumina (1.0 mass %) for initial stress
levels of gzero ax_ld 3 kg cxr2, It can be seen from this figure that
the behaviour is similar at both stress levels, the expansion value
in each case being decreased by increasing the stress level and with
the lowest value at 2.0 mass % lime; Figure 4.43 shows graphs of
terminal expansion values obtained at two loads plotted against lime
for iron oxide pellets containing high silica (1.0 mass %) and high
alumina (1.0 mass ¥). At both stress levels, the terminal
expansion decreases almost linearly with lime content between 1.0
and 4.0 mass ¥, the valuss obtained at 3 kg cm2 being lower than
those obtained at szero stress. This figure also demonstrates that
pellets containing 4 mass ¥ lime show a slight terminal contraction
under an initial stress of 3.0 kg om 2.

Terminal expansions measured for pellets of the fowr compositions
reduced at 830°C are plotted against lime content in Figs.4.44a and
4e4tb for the two initial stress levels used.

From Fig.4.448 it can be seen that, at zero stress, the terminal
expansion of pellets containing silica in the range 0.22-1.0 mass %
- 96 -



and alumine in the range 0.2/-1.0 mass % are high up to a lime
content of 1.0 mass % and then decrease as the lime content is
further increased with the exception of pellets containing

0.22 mass ¥ silica and 1.0 mass % alumina, Pellets with a silica
content of 1.0 mass % at the 0.2 mass % alumina level gave the
highest terminal expansion of all the pellets studied. However,
when the alumina content was also increased to 1.0 mass %, the
terminal expansion observed was found to be less than that observed
for pellets with 0.22 mass % silica and 0.2 mass % alumina except
at 4.0% lime.

Figure 4.44b shows that under the stress of 3.0 kg em~2 iron oxide
pellets containing silica in the range 0.22-1.0 mass % and 0.2/ mass %
alumina contract considerably at 0,12 mass ¥ lime., At 1.0 mass % Cal
on the other hand, pellets containing 0.22 mass % silica expand and
pellets containing 1,0 mass & silica contract. At 2.0 mass % lime
and 0,22 mass % silica, pellets show a small significant expansion
but the remainder of the campositions produce no signifi'cant
behaviour, showing almost insignificant expansions or contractions
without clear patterns emerging. The terminal expansion at 850°C

of pellets containing 0,12 mass % lime, 0,22 mass % silica and

0.2, mass % alumina are plotted against lime content in Table 4.6.
From this Table it can be seen that the results are similar to

those obtained at 830°C but at a lower level of expansion throughout.
In one further solitary result, a single pellet containing 3.0 mass %
silica, 1.0 mass % lime and 0.2} mass % alumina showed the high

terminal expansion value of 7.0%.
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4.7 IENSITY AND POROSITY OF IRON OXIIE PELLETS REDUCED IN
HYDROGEN AT 830°C

The results for density and porosity of unreduced and reduced iron
oxide pellets are shown in Figs.4.45 and /.46 respectively. The
density vﬁlﬁes for unreduced pellets, previously quoted in Fig.4.1
are combined with those for pellets with dggrees of reduction
0.92-0,95 and shown in Fig.4.45. It is clear from these figures
that the density of reduced pellets is much lower than the
unreduced pellets for all pellets examined,

The porosity valuss for unreduced pellets, previously quoted in
Fig.4.2, are combined with those for pellets with degrees of
reduction 0,92-0,95 and shown in Fig.4.46. It is clear from this
figure that the porosity of reduced pellets is much higher than the
unreduced pellets at all doping agent concentrations examined.

4.8 MACROSCOPIC OBSERVATION OF PARTIALLY REDUCED PELIETS

Partially reduced iron oxide pellets of a wide range of doped
compositions were emminéd by optical microscopy. Typical macro-
and micrographs obtained are shown in Plate 4.68 and 4.69.

Three distinct modes of reduction behaviour were identified and
these, agter ﬁlrkdogan(13) ’ havé been termed homogeneous, mixed
mode and topochemical. ,
Plate 4.68 presents several macrographs (x3.5) of the vertical mid-
section of the upper half of pellets at different degrees of
reduction and illustrates most clearly the distinction that has
been recognised between the different reduction modes. These
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distinections are further clarified in Plate 4.69 which shows a
geries of micrographs (X320) for each mode of reduction, the micro-
grephs being taken from particular pellets for which macrographs
are presented in Plate 4.68. The micrographs were taken at the mid-
plane of these pellets at the radial positions indicated by the

arrows in Plate 40680

In the homogeneous mode of reduction, the reduction step from
hematite to magnetite occurs very rapidly at an early stage in the
reduction process - certainly well before reduction is 30% complete.
The next reduction step, from magnetite to wustite, then occurs
generally throughout the entire pellet so that both phases exist
together within the immer regions of the pellet during much of the
reduction process. Iron, morecover, is also nucleated generally
throughout the pellet although the growth of this nucelated irocn
occurs more rapidly in layers closest to the surface. Thus, an outer
layer of almost pure iron can be recognised even in the pellets that

show the homogeneous reduction mode.

In the topochemical mode of reduction, on the other hand, the
reduction stepa'from hematite to magnetite and from magnetite to
wustite occur slowly., Thus unreduced hematite exists in the centre
of the pellet until a late stage in the reduction process and the
magnetite and wustite phases are concentrated in a narrow region
separating the hematite from the outer layer of pure iron. Magnetite
and wustite are indistinguishable under the optical microscope so
that it has not been possible to ascertain whether they are

distributed wniformly within the two phase region or whether a
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layer of wustite exists outside & layer of magnetite, It is
possible to ascertain, however, that iron nucleates almost
exclusively within a narrow band on the outside of the magnetite/

wustite region.

In the mixed mode of reduction, the hematite reduction step occurs
sufficiently fast for it to be almost compiete by the time 50% of
the reduction proceés is complete. Much of the pellet is thus
occupled by the two phase magnetite/wustite region. Moreover, the
nucleation and growth of iron is restricted to the outer regions of
the pellet, although these regions are more extensive and diffuse
than they are in the topochemical mode.

The main features of the different modes are set out in the table
below and Table 4.7 shows which of the pellets investigated exhibited
which mode of reduction. This latter table also indicates the exbent‘
to which the pellets became cracked during reduction and suggests
that pellet cracking is strongly associated with the homogeneous mode

of reduction,

- Mode Homogeneous Mode d mode Topocﬁzg:cal
Constitusnts
Fe ' White outer layer Mhite outer |White outer
plus particles layer layer
nucleated through-
out

FeO/FeBO.,+ mixture | Throughout the cord Wide inter-|Narrow inter-
mediate mediate zone

Zone

}.7'9203 None present Smll Large
following central central
extremely rapid region region
reduction through-
out the pellet
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5,1 COMMERCIAL IMPORTANCE OF REDUCTION PROPERTIES OF IRON OXIIE
PELIETS

It is generally accepted that the most important properties of iron
oxide pellets influencing uniformity of operation and productivity
of Direction Reduction furnaces are reducibility, strength and
dimensional stability.

High reducibility, sccording to Kaneko and Narita® and

Stephenson et a1(28) is associated with improved productivity and
low fuel consumption. High strength lowers the proportion of fines
produced, thereby preventing an increase in the pressure difference
through the furnaces and decreasing dust losses. Significant volume
changes, positive or negative, are undesirable in that expansion |
results in loss of pellet strength and contraction leads to cluster-
ing at high temperature. The latter effect causes hanging problems
interfer ing with smooth descent of the charge and ease of discharge

from the furnace.

The present work recognises (a) the dependence of reduction
properties of pellets on the presence of oxides present with iron
oxide, (b) the method of preparation of pellets, (c) the general
desirability of having minimum gangue present as far as the pellet
consumer -is concerned e.g. to ensure maximum iron units and minimum
energy for melting, (d) the general view that lime is a desirable
impurity oxide and (e) the gemeral view that silica and alumina are
undesirable impurity oxides.



With this background, pellets containing up to 5.0% lime and up to
only 1.0% each of silica and alumina were prepared and used to
develop the wide range of microstructures obtained and examined.
The microscopic examination detailed in Chapter 3 has revealed
variations in morphology as well as in uniformity of the individual

constituents,

The rates of reduction of pellets of varying composition in a
thermogravimetric apparatus have been compared at temperatures con-
sistent with industrial reduction temperatures (830-850°C) in
hydrogen and a hydrogen/carbon monoxide mixture (830°C) of
industrial signifance, In the iatter gas mixtures, the significance
of carbon deposition will be discussed. In another apparatus, of
known ges flow characteristics, the dimensional stabilities of
pellets of varying composition reduced in hydrogen and at varying
stresses of (0 to 3.0 kg.cm'z), related to the stresses experienced
in industrial furnaces, will be discussed.

Density and porosity determinations of unreduced and reduced pellets
will be used to supplement the discussion of the results of the
metallographic studies, These properties of reduced pellets are of
particular concern to the steelmaker using them, The densities and
porosities of uncracked reduced pellets measured in the present
investigation are of the same order as the denser end of the range
(density 3.3 g.cm™3 and porosity 50-60%) (28) of currently used
industrial pellets i.e. in & range for which transport costs and

ease of charging are tolerable without compaction of the finished
pellets prior to melting.
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5,2 DISCUSSION OF EXPERIMENTAL ACCURACY AND MASS TRANSFER THROUGH
GAS BOUNDARY LAYER

5.,2.1 Assessment of experimental errors

The experimentel work was carried out to study reducibility and
dimensional stability during reduction of doped hematite pellets.
A wide range of doped hematite pelleis in cylindrical form was
prepared. Green masses of 3,10 * 0,001 gram were compressed on an
Avery machine at load of 300 * 20 kg/pellet and sintered in a
muffle furnace in air generally at 1250 ¥ 150C, but with & few
samples at 1325 X 15°C, |

Porosity and density
The porosities of most of the pellets in each batch were found to

vary in absolute terms by * 1.0% and density by * 0,05 g.cm3.

Any pellets lying outside these limits were discarded. The pellets
showed a great consistency in dimensions, having a maximum
relative error of ¥ 0,1% in both height and diameter.

Composition
The quantitative analysis of the microstructural constituents

present in the vertical central cross-section * 0.1 mm of the
pellets, as determined by the combination of scanning and energy
dispersive .x—-ray analysis, is considered to be correct to 54107,
The greater variation in analysis that was found in some of the
pellets examined in this work was therefore taken to suggest non-
uniformity of phase composition. This will be discussed in

detail later in section 5.5.
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Reduction time and temperature
The reproducibility data can be assessed from the curves shovn in

Fig.3.17-3.20. These show a maximum scatter of * 6.7% at the lower
doping levels and less scatter with increasing additions of doping
agents. The higher scatter in the former pellets is possibly due |
to an uneven distribution of phases, while in the latter the micro-
structure possesses & more even distribution. The time for a degree
of reduction of 0.95 shows & maximum variation of ¥ 30 seconds

e.g. pellets containing 5% lime, 0,22% silica, see Fig.3.19.

In the reduction appamtus, the hot sone temperature varies by % 4°C
whereas within the zone of pellet movement during reduction the
temperature variation is * 1,5°C as shown in Fig.3.15. With such a
low temperature variation, it can be assumed that the differences
determined between the reducibilities of pellets of varying compo-
sitions are dus to the variations in composition and not to any

significant extent to minor variation in temperature.

The gas flow rate in the ﬁhermogravimetric ‘spring balance varies
by £ 0,05 1/minute when hydrogen is used alone, but with the gas
mixture of hydrogen + carbon monoxide, the flow rate varies by

% 0.1 1/minute. The calibration data for the glass spring gave &
regression correlation coefficient of 1.0 as shown in Fig. 3.16.
The cathetometer used is able to detect & displacement of 0,05 mm
which allows the detectlon of a weight change of 1.3, mg. This
welght is about 0,16% of the mass lost during the reduction of a
typical undoped pellet of 2,86 £ 0,01 g. Hence the system used to
determine weight changes during reduction is of adequate

sensitivity.
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Dimensionsl changes
Apparatus designed in this work is able to determine dimensional

changes in the length of the pellet (expansion/shrinkage) as
explained in detail in section 3.2.4. Curves showing the results
of a series of runs to study the reproducibility of the measure-
ment of length changes are given in Fig,.3.13 and Table 3.7. The
values of standard deviation varies from 0,03 to 0.4% and the
percentage errcr from (0.96 to 9.86) . In fact, this reduction
under load apparatus works at a flow rate of 5.60 % 0.1 1/minute
with hot zone temperature variation of ¥ 1.99C. The strain gauges
used having a gauge factor 2.1 ¥ 1,0%, and power supply of 5.96

% 0,01 volts. Calibration curves for the cantilever beam clamped
at two fixed distances from the free end showing load against the
milivolt output from the strain gauges are shown in Fig.3.7 and 3.8
These figures give correlation factors of 1.0 and 0.99 respectively.
The actwel millivolt output is readable to X 0,005 mv on the digit-
voltmeter, this accuracy being equivalent to an applied load T 3,42
or * 4.2, grams depending on the position of the clamp, these
weights being equivalent to 1.5 kg £ 0.29% and 3.0 kg * 0,15%
respectively., As far as pellet length is concerned, this error of
digitvoltmeter is equal to £ 0,0125 mm and 0,015 mm, depending on
clamp position, equivalent to % 0,125% and * 0,15% of a pellet
having 10,0 mm length.
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5,2,2 Comparison of mass transfer across the gas boundary layer
“iIn the reduction under load (RUL) apparatus and in the
the rmogravimetric spring balance

In section 4.6.2 an assumption has been made that the rate of

reduction is _of/ ::mg magnitude in both sets of apparatus used in

this work., However it is known from the work carried out by

e.g Warner(40), m111s( 40 , Harringbon( 42 and Reo and Moinpom'(w

that mass transfer across the boundary layer plays some role in

controlling the rate of reduction. Hence, work was carried out to
deterhhe mess transfer coefficient between bulk ges phase and
surface of pellet in (RUL) apparatus by use of a mass transfer
model using naphthalene pellets. Mass transfer coefficients in the
spring balance apparatus were calculated from the well known

correlation developed by Ranz and Marsha1(43),

The results of mass transfer across the boundary layer in the
reduction under load apparatus have been presented in section #.4.
The mass transfer coefficients determined in this system have a

correlationst-
1
Sh = 1,68 + 0,126 Rel*22 sc /3

and mass transfer coefficient is given as:-

(1)

0( Ho-Hy = (1.68 + 0,126 Rele22 331/3) DH; . go
' d

Values at 1123 K of the kinematic viscosity, the molecular
diffusivity of Hp/H;0 (from Appendix 2 and 3) and the values of Re
at & hydrogen flow rate 5.6 1/minute~! were substituted and & mass

transfer coefficient was determined.
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d = characteristic length of sample (1 cm)

= u.d = Py
Re 5 1.31

= 12,65 cm.sec~L

i<t

V = 364 em3. sec~1
A = 28,27 enR
YH, at 1123K = 9.955 cm?. sec-l
DH, - Hy0 at 1123k = 8,9833 cm?, sec-1

s/ =(_"2 )1/3

D520

= 1, 108

i BTHZO = 16' 80 Cllle Sec-l

The mass transfer coefficient through the boundary layer in the
spring balance has been calculated from the available mass transfer
correlation, reported by Ranz and Marsha1(43),

Sh = 2+ 0,6 Re0e5 scl/B

which gives the mass transfer coefficient asi=-

l By - B0 = (2 + 0.6 Re0:5 é’cl/B) DHp = H0 - (2)
]

Values at 1123K of the kinematic viscosity , the molecular diffusivity
of Hp/H, (from Appendix 2 and 3) and the valuss of Re at a flow rate
of 1.0 1/minute~l can be substituted in equation (2):-

Re = %4 =1,33
Hp

u = ‘If = 13,26 cm. sec™L
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6 = 64.99 cm3.sec"1
A = L9 cm?
A Hr-HO0 = 24,86 cm, sec—1

Thus the values of the mass transfer coefficient in the two
apparatuses used in this work do not differ very greatly. The
slight difference . s due to the different flow patterns set up
sround the suspended sphere in the reduction apparatus and around

the two plattens in the reduction under load apparatus.

In order to assess the effect of this difference on the validity

of the assumption that the rates of reduction do not vary very
greatly between the two apparatuses, it is necessary to assess the
role that mass transfer plays in determining the kinetics of the
reduction reaction. This can be done by calculating the reduction
rate in the reduction wnder load apparatus on the assumption that

it is entirely mass transfer controlled and comparing this with the
experimentally measured rate. The ratio between the two rates will
indicate approximately the fraction of the overall resistance to the

reaction that is contributed by the mass transfer process.

If the rate of reduction were controlled by mass transfer of hydrogen

through a gas boundary layer it would be given by:-

M B0 = Al - '
w0 = 1kt [em0) - Cag) | (0

.

wvhere W = rate of molar transfer of H20 from the
surface of the pellet

J\i = mgss transfer coefficient
@ = Temperature K
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A = the surface area of pellet

(Pazo) = partisl pressure of Hp0 at the surface of pellet
8

(Puy0) = partial pressure of Hy0 in the bulk gas flow
b

The partial pressure of H;0 in the bulk gas phase is normally low

" and can be taken as zero, Hence equation (1) becomes:

b H20 ® A% {(f‘nzo) equilibrium} (2)

assuming the H,0 content of the gas at the pellet surface to have

reached equilibriwm with H,, FeO and Fe.

The rate of f£ilm mass transfer of H,0 at 1123° K was calculated by
substituting the values of the mess transfer coefficient
£ (16,80 cm.sec~l) and the values of (Pgy0) equilibrium in
equation (2). The values of (PH,0) equilibrium were calculated
considering the equilibrium FeO + Hy==Fe + H0 and assuming the
total pressure P = QPHZ) + (Ppy0)

8 equil
1 atm. The thermodynamic data were drawn for this calculation

}to remain constant at

from Kabaschewilkd and Aleock(%7). The rate of reduction ™ g0

wes found to be 1.13 x 10~4 gemol.sec™l, This calculated rate

is some three times higher than the experimentally determined rate
3,28 x 10~5 g.mol.sec-l for an undoped pellet during the first five
minutes <;f reduction, suggesting that the resistance to mass
transfer constitutes some third of the overall resistance to the
reaction. This appreciable proportion of the overall resistance
that is due to mass transfer occurs even though experiments carried
out in the reduction under load apparatus were carried above the so-

called "critical flow rate',
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Howsver, even during the first five minutes of reaction time, the
bulk of the resistance to the reaction stems from processes that
ocour within the pellet., As the reaction proceeds further, the
relative importance of these processes will increase so that gas
phase mass transfer will play a less important role. Thus,
overall, we would expect mass transfer in the gas phase outside the
pellet to contribute no more than 10% to the total reduction
resistance. Since the mass transfer coefficients in the two
apperatuses are fairly close, we would not expect the difference
that does exist to lead to significantly different total reduction

times in the two apparatuses.

5,3 PHESENTATION OF THE RESULTS IN TERNARY DIAGRAM FORM

In this work, reduction properties of doped hematite pellets have
been studied, the doping agents being lime, silica and alumina. The
results have been presented in Section 4.5 in the form of graphs
showing the variation of each measured property with changes in the

content of one doping agent.

This form of presentation tends to obscure the effect of different
combinations of doping agent content and it was therefore decided
to present the data on ternary diegrams, Figures 5.1(a) and (b)
show the two base diegrams that were used and show the compositions
of the individual pellets or series of pellets that were studied.

Figure 5.1(a) shows the compositions of those pellets in which the
basic hematite ore was doped with varying amounts of lime and
silica. The iron-rich corner of the diagram contains the compositions
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that were studied wp to 5% Ca0 and wp to 1% 8i0,. The 'iron oxide
corner' of the diagram represents the composition of the original
hematite ore less its lime and silica contents. Thus 100% 'Fey03'
on the diagram represents 100% of the mixture: 99.46% Fe20,,

0.24% 4103, the remaining 0.3% comprising Mn0, P05, Cr03, V0s,
T10,, Mgo,

Figure 5.1(b) shows the compositions of those pellets in which the
original alumina content was increased to 1%. The 'iron oxide
corner! of this diagram represents 98.7% Fey03, 1% Al503, the
remaining 0,3% being as for Fig.5.1(a).

The reduction properties of the pellets are shown in Figs.5.2 and
5.4 in which the measured values of each parameter are entered on
the diagram as spot values at the points representing the composi-
tions of the pellets on which the measurements were mede., The
diagrams also show the estimated paths of isometric lines for each
parameter each line linking compositions on the diagram where the
parameter would have the same measured valus., The paths of these
isometrics have been drawn to be as consistent as possible with the

spot values measured on the individual pellets.

The redu¢ibility results are presented as the time in minutes for
95% reduction for pellets reduced in hydrogen and for the '‘end! of
reduction for pellets reduced in the hydrogen/carbon monoxide gas
mixture.
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Figures 5.2(a) and 5.3(b) show, respectively, the variation of
reduction times for doped pellets at the two alumina levels, 0.24%
and 1.0%. The isometrics in these figures show that an increase
of lime content as the doping agent decreases the reducibility, but
increases in silica and alumina contents increase the reducibility.
There is also, however, a dip in reducibility curves at about 3 to
4% lime at the higher silica level.

The microstructures of partially reduced pellets at each composition
were studied and it was observed that their reduction follows three
different modes as given in Table /.7and Fig.5.2(b). The isometrics
in this figure show that the mode of reduction varies from
homogenous to mixed mode and topochemical mode, with the increase
of lime content as the doping agent, at low alumina content 0.24%.
With the increase of lime as doping agent at 0,22% silica, the mode
of reduction changes from homogenous to topochemical, but at a
content of 1,0% silica the mode changes in sequence from homogenous
to mixed mode and topochemical mode. On the other hand, at 1.0%
alumina content, lime does not have any influsnce on the mode of
reduction and all the pellet compositions studied are reduced by

the homogenous mode.

The reauits of dimensional changes during reduction of doped
hematite pellets are shown in Figs.f.l4-4.25 and the results of the
important parameters based on these figures, i.e. peak expansion
and terminal expansion values at various stresses are presented in
the ternary diagrams shown in Figs.5.2(c, d, e, £) and 5.3(b, ¢)
for two alumina levels, 0,24% and 1.0% respectively. For the low.

- 112 -



alumina pellets the values of peak expansion at the two stress
levels, zero and 3.0 kg.cmr?, are given in Figs.5.2(c), 5.3(b) and
5,2(d), 5.3(c) respectively, The isometrics in these figures shows
that peak expansion increases with increase of silica and alumina
contents in the doping agent and decreases with increase in lime .
content and stress. It was particularly noted that the decrease in
peak expansion with increase of stress was more significant at
those pellet compositions which exhibited high peak expansion.

The results for terminal expansion at sero and 3 kg. cx2 are shown
in Figs.5.2(e) and 5.2(f) respectively for low alumina pellets. The
isometrics in Fig,5.2(e) show that an increase of lime content as
the doping agent to pellets reduced at zero stress decreases the
terminal expansion, whereas an increase in silica content increased
the terminal expansion value. On the other hand, the isometrics in
Fig.5.2(f) for a stress of 3 kg.cmr2, show that an increase of silica
content or a decrease of the lime content results in a decrease of
the dimensionsl stability of iron oxide pellets and the high
shrinkage encountered in some cases giving negative values for the
terminal expansion. Corresponding ternary diagrams for the terminal
expansion of the high alumina pellets could not be drawn because

the results that had been obtained were inconsistent.

The isometrics in Fig.5.4 for the hydrogen/carbon monoxide gas
mixture show that doping agents have a similar effect on
reducibility as they have in pure hydrogen. Comparing the iso-
metrics of Fig.5.2(a) and 5.4, it is observed that the times for
tend! of reduction in the hydrogen/carbon monoxide mixture are

- 113 -



higher than in the pure hydrogen. The extension of reduction time
has been increased by a factor of 22-66%.

The isometrics in Fig.5.5(a) and (b) show the porosity variation
for iron oxide pellets of varying composition. Fige5.5 (a) for low
alumina pellets shows that porosity decreases with increase of lime
up to 2% and then decreases with further increases of lime content.
On the other hand, silica increases porosity at all lime levels
studied, Figure 5.5(b) for higher (1%) alumins pellets shows that
porosity continuously increases with increase of lime content with
consistently higher porosity values than for the corresponding low
alumina pellets.

5., THE IESIGNATION OF THE DIFFERENT REDUCTION MODES AND THEIR
INFLUENCE ON DIMENSIONAL STABILITY

Section 4.8 in the results section showed that the reduction
process in the pellets investigated occurred in one of three
different modes — designated as topochemical, mixed mode and
homogenous. As the description of the different modes suggests,
their incidence is controlled by the different relative speeds of
the reduction steps from hematite to magnetite and from wustite to

iron. These relationships can be set out as:-

Homogenous ﬁF9203—’ Fe304 }) T.‘Feo —sFe
Mixed NFe203—s Fe30, > MPeO—sFe

Topochemical ﬁF9203—.F9304 R Npe0—sFe

The different reduction modes desecribed by Wen(35 ), Turkdogan and
Vinter(34) and Fragzer et a1(19) resemble those identified in this

work.
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Wen(35) examined iron oxide pellets having & porosity 20-40%. These
were obgerved to be reduced homogenously in the early stages but as
the degree of reduction increased, the outer surface of pellets
with a greater potentiasl for reduction formed an iron layer, i.e.
the reduction mode changed from homogenous to shrinking mode with
reduction claimed to be controlled by gaséous diffusion through the
iron layer. This mode seems quite similar to the homogenous mode

as presently designated.

Turkdogan and Vinter(37) reduced hematite particles of different
sises in hydrogen and found three different modes of reduction.

These were homogenous reduction and two different types of reduction
which he called (a) topochemical and (b) mixed mode of reduction.
Homogenous reduction he defined as that which takes place throughout
the whole structure i.e., like the initiasl part of the presently
found homogenous., Theyattributed the other two modes to the formation
of layers of different products and distinguished 'topochemicel!

from 'mixed mode' on the basis of the location and extent of the
nucleation of metallic irom. In 'mixed mode! iron is nucleated to

a greater extent ahead the iron-wustite interface whilst in his
'topochemical mode! iron is nucleated only at the iron/wustite inter-
face. These modes have points of similarity to the mixed mode and

topochemical mode of reduction respectively of the present work.,

Frazer et a1(19) identified only two modes of reduction, naming them
non-topochemical and topochemical. He classified the reduction of

pellets initially reduced throughout the whole volume of the pellet
to magnetite, followed by reduction to iron only after substantial
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reduction to magnetite and wustite as non-topochemical. On the
other hand pellets exhibiting successive layers from the surface

of iron, wustite and magnetite they classed as 'topochemical’,

Such modes resemble homogenous and topochemical mode of the present

work.

The relationship between the different feduction modes and the
doping composition of the low alumina pellets is represented in the
ternary disgram in Figure 5.2(b). A similer diagram is not shown
for high alumina pellets because all such pellets reduced by the

homogenous mode.

The ternary diagrams showing isometrics for 95% reduction time and
for peak pellet expansions at initial loads of zero and 3 kg.cm'2
are shown in Figs.5.2(a)(c) and 5.2(d). Comparison between these
figures and Fig,5.,2(b) shows that the reducibility of pellets
decreases as the mode of reduction changes from the hamogenous to

the topochemical mode but the dimensional stability increases.

The dimensional stability of the pellets can be assessed in three
ways., In the first place and obviously, the lower the expansion
of the pellet during reduction, the higher will be its dimensional
stability. It is thus the isometric curves in Figs.5.2(c) to (f)
that should be considered in assessing the dimensional stability
of the low alumina pellets. Similarly, Figs.5.3(b) and (¢) should
be considered for the high alumina pellets. In the main these

figures show the dimensional stability of pellets to increase as

the lime content increases and as the silica content decreases.
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The influence of the higher alumina content is small. It increases
dimensional stability at low lime contents, but decreases it

marginelly at high lime contents.

The isometrics for the terminal expansion of low alumina pellets at
an initial load of 3 kg.om 2 behave unusually, This is in part

due to the negative expansion shown under these conditions at low
lime contents followed by a slight prominence where the terminal
expansion can rise as high as 2.0%. At low contents higher than
some 2%, however, a large 'plateau’ region is shown in which the

terminal expansion is virtually zero.

The second indicator of dimensional stability is provided by
comparison between the behaviour of the pellets at the two stress
levels considered. The behaviour of the pellets showing high
dimensional stability will be more or less independent of the
initial stress level at which reduction took place, The use of
this criteria as a method of assessing dimensional stability is
restricted to the low alumins pellets, thus to comparisons between
Figs.5.2(c) and (d) and Figs.5.2(e) and (f). Once again, we see that
high dimensional stability is linked with high lime contents - when
the lime content is about 4% the peak expansion of the pellets, for
example, 'is almost independent of load. We also see that the large
plateau region of ahwt gzero terminsl expansion that existed for
pellets reduced under the initial load of 3 kg .co~2 can also be
discerned at gzero stress, although it is of somewhat smaller extent.
Moreover, terminal expansions at low lime contents behave in

significantly different fashions at the low stress levels showing
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that dimensional stability of these pellets is very poor indeed.

Considerable similarity exists between the shapes of the isometrics
concernsd with dimensional stability and the boundaries drawn in
Fig.5.2(b) showing the compositional ranges in which the different
modes of reduction have been observed. The similarity is certainly
sufficient to support the conclusion that the topochemical reduction
mode is linked to high dimensional stability during red_uction.

The third criterion that can be used to e;ssess dimensiopal stability
is the tendency of the pellets to crack during reduction. This
criterion, although not shown in ternary diagram form, also shows

the link between the topochemical mode and dimensional stability.

Table /7 presents the entire 1ist of pellets that have been investigated
in this work showing their mode of reduction and the degree of crack-
ing. Without exception, the pellets that did not crack were those

that showed the topochemical mode of reduction.

The conclusion that the topochemical mode is associated with high
dimensional stability is in keeping with the conclusions of

Frazer et al(19) and of Granse(76), TFrazer(19) concluded that®the
formation of a suitably thick outer layer of metallic iron during
reduction is likely to produce resistance to further deformation®

and Granse came to the same comclusion,

The full nature of the link between dimensional stability and the

topochemical mode of reduction will be considered subsequently.

For the moment, however, it is pertinent to note that the enwidope
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of porous iron that forms during the topochemical mode appears to
allow the pellet as a whole to resist the effect of applied stress.
The regions of the ternary diagrams in which the dimensional

changes are independent of the level of the applied stress are those
which the topochemical mode exists. In regions where reduction
follows the homogenous mode, on the other hand, the dimensional
changes at the two stress levels are significantly different. For
the lowest lime contents, for example, pellets which react
homogenously show & terminal expansion of 3% at zero load but a
terminal contraction of 4% at a load of 3 kg .cxr2, It would appear
that the iron envelope present in the topochemical mode is able to

bear the applied stress without deformation.

Unfortunately, it would appear that the topochmical mode is also
linked to low reducibility. Figure 5.2(a) shows the time taken

for low alumina pellets to be reduced to 95%. As with the iscmetrics
relating to dimensional stability, the isometrics on this diagram
exhibit the same shape as the boundary showing the extent of the
topochemicel mode of reduction, The region of the diegram in which
the topochemical mode exists, however, is the region in which long
reduction times occur - in some cases as much as twice the reduction

time for the undoped hematite.

The microstructural and composition factors that influence the mode

of reduction will be considered further in the next two sections.
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5,5 INFLUENCE OF DOPING AGENTS QN THE MICROSTRUCTURE OF THE
SISTERED PELIETS

5.5.1 Identification of phases
The pellet microstructures examined in this work have been

presented in Section 4.3. The pellets were examined by optical
microscopy and the compositions of the phases involved determined
by quantitative X-Ray energy dispersive analysis. Apart from
hematite, the most prevelant phases were & range of calcium
ferrites containing varying amounts of silica wp to 13% and an
iron calcium silicate phase. In addition, pure alumina and calcium
aluminates were occasionally found in the high alumina pellets and
some of the calcium ferrites found in these pellets contained

dissolved alwmina as well as silica.,

Table 4.2 in the results section shows all the phase analyses that
were obtained and Table 5.1 below groups those analyses in terms
of the calcium ferrite which is closest to the determined phase
composition, The first phase listed in the table, however, is onme
which has a composition that can be represented by OaO(FegO3) 3.5
so does not resemble a known calcium ferrite, It is a phase that
has been recognised before, however, being reported by

Ahsan et 31(10) as a calcium ferrite.

The secox;nd phase listed in the table is calecium di-ferrite
(Ga0.2FezO3) - Depending on the silica content of the pellet, this
phase was found either with negligible silica content, or with

appreciable silica contents up to 13% dissolved silica, 4An
asterisk has been used in the table to denote these high silica
phases. . Moreover, the calcium di-ferrite phase was additionally
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found to contain dissolved alumina in the high alumina pellets.
Two asterisks have been used in the table to denote such phase

compositions,

The presence of calcium di-ferrite in sintered iron ore pellets has
been reported by & number of different authors(2, 13, 14, 15, 16, 17),
However, the binary lime-hematite phase diagram(9 ) indicates that

the di-ferrite should deéompose. at 11559C to form hematite and the
mono-ferrite, Moon and Walker(4) and Lu et al(lz) suggested that

the presence of the di-ferrite in pellets at room temperature is due
to high pellet cooling rates that suppress its decomposition. As

we will see later on, however, the results obtained in this work

suggests a somewhat more complicated situation.

Calcium mono-ferrite (CaO.Fey03) is the third of the phases listed
in the table. It was only found in the low alumins pellets and so
either contained negligible amounts of dissolved silica or
dissolved concentrations of up to lﬁ% (one asterisk). The presence
of the mono-ferrite in sintered iron ore pellets has also been
reported by many previous workers including Shehata et al(17) ’

Ahsan et al(lo) é.nd-Matsuno(ll).

The fourth phase listed in the table is di-calcium ferrite (2CaO.F6203)
although this phase was found only rarely and then principally in the
high alumina pellets. The presence of this phase has also been
reported by a number of previous workers, Shehata et a1( 17),—'

Ahsan et al(lo), Matsunol 11) and Mukherjee and Uhitema.n( 25) . The
presence of CFZ has also been reported by Friel et a1(15) though
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not designated separately from CF,. The presence of Cﬁg*has also
been reported by a number of workers including Ahsan et al(lc»,
Hamilton(zz), Hanca.rt(zlb), Cohewr(23) and Mukher jee and Uhiteman(25)
who have all symbolised this phase as SFCA (silica ferrite of
caloium aluminium). On the other hand Mamoru(20) has classified
this phase simply as calcium ferrite,

The final phase in the diagram is a complex iron calcium silicate
which has also been reported by previous authors Brill£dwardset al(75)
and Kansko and Narita(?l) and Turkdogan and Vinter(13),

5.5.2 Incidence of phases

Not all the phases listed in the table Were present in all the
samples., Indeed, each phase was found to exist only within a
definite range of pellet doping compésitions although the ranges for
the different phases overlap.

The ternary diagram shown in Fig.5.6(a) shows the composition ranges
over which the different phases existed in the low alumins pellets.
The only phase present at}the lowest lime levels was hematite but
calcium di-ferrite was to be found at the low silica levels at all
lime concentration exceeding 1%, At the 1% silica level, however,
the lime content that coincided with the appearance of the di-ferrite
phase was some 2%, At this silica level, the first phase to appear
within the hematite was the iron calcium silicate that existed at
lime contents between 1 and 3%. At lime contents greater than 3%

at this higher silica level, the calcium di-ferrite phese was found
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to be the only phase present - at least until the lime content had

risen to something approaching 5%.

Although calcium di-ferrite was found at the low silica levels as
soon as the lime content exceeded 1%, it was found together with

the complex calcium ferrite of composition GaO.(F9203) 3,5 and this
complex phase persisted until the lime content had risen to some-
thing between 3 and 4%. Inaddition calcium mono-ferrite was found
at these low silica levels once the lime content had exceeded about
2%, Indeed, the presence of the mono-ferrite in the high silica
content pellets containing 5% lime, suggested that the range of
silica levels over which the mono-ferrite can exist increases as the

lime content increases.

In addition to these phases, and apparently unusuelly, di-calcium

ferrite was found in one pellet containing 3% lime and 1% silica.

In the high alumina pellets, calcium di-ferrite was found to exist
at all the doping compositions investigated and the only other
forrite observed was the di-calcium ferrite, once again & relatively
rare occurrence and principally at low lime levels., At low lime and
silica levels, pure alumina and calcium aluminate phases could be
observed, The occurrence of these phases is shown in the ternary
diagram shown in Fig.5.7(a).

Typical optical micrographs and scanning electron micrographs of the
pellets are shown in Plates 4.1 to 4.6 and have been described in
the results section of the thesis. The morphologies of the different
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phases shown by these plates have also been found to be dependent

of composition. Figure 5,6(b) shows how the presence of the
different morphologies varies. At low lime levels, the phases other
than hematite are rare and the hematite has an open porous structure
Plates 4.1 (pure hematite), 4.2 (low silica and 1% lime) and 4.11

(3% lime and 1% silica) show typical structures. Hematite is present
alone in Plate 4.1 but Flate 4.2 shows a structure in which iron
calcium silicate is also present and Plate 4.1l is taken In the

region where these two phases are Joined by calcium di-ferrite.

At higher lime levels and low silica levels, the porosity of the
structure is still high but the pores are closed and the calcium
ferrite phase are dense and tightly bound to the hematite grains

-~ Plate 4.7 at 5% lime is an example showing the presence of both
celcium di-ferrite and calcium mono-ferrite. At the higher silica
level and high lime levels, the porosity is more open and linked,
the ferrite phases having a needle-~like structure. Plates 4.12
(at 4% 1ime) and 4.14 (at 5% lime) illustrate typical structures,
calcium di-ferrite being present alone in Plate 4.12 but joined by
the mono-ferrite in Plate 4.1l4.

Figure 5.7(b) shows how the morphologies of the high alumina
pellets vary with composition, At low lime levels, the structure
is an open porous structure and the phaseé, other than hematite,
are globular in form, suggesting that they have been formed in the
solid state. Certainly there is no phase present that has flowed
in the molten state between separate grains under the action of
surface tension. Plate 4~17 shows a typical structure and Plates
447 and 4.48 show X-Ray meps of the typical distributions of
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aluminium and calcium. These maps show that the centre of the
globular phases is alumina with calcium ferrite forming the outer
layers. It is the abrupt and smooth outer demarcation of these
outer layers that indicates that liquid calcium ferrites were not

formed at the sintering temperature.

Plate 4.21 shows a pellet composition in the composition range
where calcium di-ferrite and di-calcium ferrite are the phases
other than hematite present in the high elumina pellets., At low
silica levels and most lime levels, where the principal phase

other than hematite is purely the calcium di-ferrite, the micro-
structure is extremely porous. At high silica levels and low lime
levels it is the di-calcium ferrite that is formed. When this phase
contains dissolved silica it has & porous structure (see Plate 4.19)
but it has a dense structure in the absence of dissolved silica
(see Plate 4.20)., Only very rarely is there evidence in the micro-
structure of the high alumina pellets that a molten phase has been
pregent in firing, This is probably the explanation for the high
porosities of the high alumina pellets at all doping levels.

Figure 5.5(b) for the high alumina pellets demonstrates that the
porosities of the fired pellets increase with the level of doping
doping agents. Comparison with Fig.5.5(a) for the low alumina
pellets shows that the porosities of the high alumina pellets are
very much greater than those of the low alumina pellets.

5.5¢3 Comparison with previous work
A mumber of other workers have reported structures similar to those

found in this work for the low alumina pellets.
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Turkdogan and Vinter(13) reported that lime added to iron ore
reacted with the hematite to form calcium di-ferrite. This phase
is fluid at the sintering temperature and the action of this

fluid results in growth of the hematite crystals and the formation
of faceted surfaces - & structure similar to that shown in Plate Leb
in this work, He also reported that the calcium di-ferrite did not
decompose to the mono-ferrite on cooling as the phase diagram
would suggest. Indeed, Turkdogan and Vinter(13) did not report the
presence of the mono-ferrite at all, determining the presence of
calcium di-ferrite by X-Ray crystal analysis. A similar result has
been reported by Moon and Halker(u') who used microprobe analysis
to show that the di-ferrite formed at high temperature did not

decompose to the mono-ferrite on cooling.

In high silica pellets Turkdogan and Vinter(13 ) were umable to
detect crystals of the di-ferrite and concluded that the silica
reacted with the ferrite to form a glassy phase. Frazer et a.l(lg)
reported very similar observations, X-Ray analysis of his high
basicity pellets indicating the presence of crystalline di-ferrite
but erystalline products of lime and silica being undetectable in
the high silica pellets., Frazer et a1(19) also concluded that a

glass was formed in the presence of silica.

The presence of mono-ferrite has been reported by Matsuno(ll) whose
investigation involved very much higher levels of lime and silica.
‘Indeed his least doped pellets contained 10¢ of lime and silica and
the first pellets to show the presence of the mono-ferrite had a
composition of 20% lime and 10% silica. BHe reported, however, that
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the mono-ferrite formed by solid state diffusion in pellets heated
to temperatures below 1200°C but when the pellets were heated to
higher temperatures, a liquid phase was formed which lead to
calcium di-ferrite. The presence of the mono-ferrite was also
reported by Shehate et a1(17) using X-Bay analysis of doped
hematite pellets. They investigated pellets containing about 2.5%
silica and from 1.0 to 5.0% lime and detected dicalcium ferrite

and calcium diferrite as well. In the pellets that were acid, they

reported the presence of calcium silicate glasses.

The occurrence of calcium mono-ferrite in the pellets imvestigated
in this work appears, however, to be unusual, The fact that pellet
ranges were also found in which the di-ferrite existed alore,
together with the weight of previous evidence suggesting that the
di-ferrite does not decompose on cooling, would suggest that the
mono-ferrite found in this work had been present at the firing
temperature., Indeed the binary/lime hematite phase diagram shows
that liquid containing the mono-ferrite can exist on the lime rich
side of the eutectic just as liquid containing the di-ferrite exists
on the hematite side. The region of contact between a hematite
grain and a lime grain at the firing temperaturs would thus contain
both the mono-ferrite and the di-ferrite. The chance that the di-
ferrite would have to remain throughout the firing cycle would
depend on the amount of lime present., In line with this, Fig.5.6(a)
shows that the region in which the mono-ferrite has been found increases

in size as the lime level is increased.
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5,6 INFLUENCE OF THE MICROSTRUCTURE ON THE SPEED OF THE HEMATITE
TO MAGNETITE REDUCTION AND HENCE ON THE REDUCTION MOIE

Figures 5.2(e) and (b) whow that the high rates of reduction in
the low alumina pellets occurred in the regions where the reduction
process took place by the homogenous mode, Movement across these
ternary diagrams in the direction of longer reduction times is also
a movement towards the composition ranges in which the reduction

occurrs in the topochemical mode.

Section 5.4 showed that the nature of the reduction mode appears to
be determined by the releative speeds of the reduction steps from
hemetite to magnetite and from wustiteto iron. In the homogenous
mode, the first of these steps occurs very much more rapidly than
the second. In the topochemical mode, on the other hand, the two
reduction steps occur at very much the same speed. Since the change
from homogenous to topochemical mode corresponds to reduction in
overall reaction speed, it can be seen that the reduction in the
speed of the hematite to magnetite reduction step must be even more
marked, Indeed, it appears likely that it is the speed of this
particular reduction step that is the factor that most principally
controls the mode of reduction. A substantisl reduction in the
first reduction step appears to be required to change from the

homogenous mode to the topochemical mode.

The speed of a gas/solid reaction is determined by the speed at
which reactant and product gases can diffuse into the porous solid
and by the intrinsic reactivity of the solid itself. Which of

these two phenomena has the greater influence over the reduction
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of hemstite has been a matter of continuous debate over several
years e.g. (33,34,37,39,40,41,45,46,), The currenmt investigation
éuggests that the two phenomena can interact so that a clear

distinction cannot. perhaps, be made between them.

The situation is complicated by the substantial volume change that
occurs when hematite is reduced to iron - theoretically a reduction
of 53% - and by the intermediate volume changes that occur as the
intermediste oxides form. Using theoretical values of the specific
volumes of the different materials(93) shows that 1 mole of hematite
occupies 30.4 cm3 and that the magnetite, wustite and iron that this
yields on reduction would occupy 29.8 cm3, 25.2 cm3 and 14.2 cmd
respectively at their theoretical densities, That the reduction of
pellets is normally accompanied by some degree of expansion, or at
least by minimal shrinkage, shows that the porosity of the pellets
incresses considerably during the reduction process, Moreover, the
initial hematite pellets are themselves porous and the initial
diffusion of gases into the pellets, at least to reduce hemetite to
magnetite, may be strongly influenced by this initial pellet porosity.

A clear connection cannot necessarily be drawn, however, between
the porosity of pellets and the rates of gaseous diffusion into and
out of the pellets. If, for example, a substantial proportion of the
porosity is in closed pores,.this porosity will not be available to
the reactant gases from the outset. In addition, gaseous diffusion
in iron ore pellets involves Knudsen diffusion(16) and this diffusion
process is influencéd by the sizes of pores as well as by thé overali
porosity., If it is the reduced &iffusion into the hematite pellets
that explains the decrease in the hematite reduction rate with
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increased lime contents in the low alumina pellets, it must be due
to & considerable increase in the proportion of closed pores.
Figure 5.5(a) shows a ternary diagram showing the isometrics of low
alumine pellets for overall fired pellet porosity plotted from the.
data shown in Fig.4.2. It can be seen that the shape of these iso-
metrics shows no similarity with the shape of the isometrics for
reduction time, reduction mode or percentage expansion. Moreover,
after a rapid reduction in porosity in the 2% lime region, the
porosity of the pellets consistently increases with subsequent
inereases in lime content, This increase in porosity occurs in the
region where the overall reduction rate decrease and where, as
inferred from the increased prevelance of the topochemical mods,
the rate of the hematite to magmetite reduction step shows an even
greater decrease, Thus the rate of this reduction step is decreasing
as the initial pellet porosity increases.

It is possible, however, that the increased volumes of molten phases
present at the firing temperature with increased lime content in the
low alumina pellets result both in reduced pore sizes and in increased
proportions of the porosity that is initially closed. Eifher of these
processes would reduce the rate at which the hematite structure is
reduced to magnetite and could therefore explain the increased
prevelance of the topochemical mode. FPlate 4.1 (the original hematite)'
and Plate 4.3 (2% lime low silica) show micrographs that indicate

that such a change could take place in the nature of the porosity.
However, as we will see below, increased prevelance of the topochemical
mode tends to be associated with lower slag volumes rather than with

higher slag volumes.
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An important coincidence shown by the ternary diagrams throws
further 1ight on the influences that control the speed of the
hematite to maegnetite reduction and hence the reduction mode.
Comparison of Figs. 5.2(b) and 5.6(a) shows that the topochemical
mode of reduction only occurs in the low alumina pellets when
calcium mono-ferrite is present in the structure, That a link
exists between the topochemical mode and the presence of the
calcium mono-ferrite is further supported by consideration of the
high alumina pellets. Nome of the pellets was found to contain
the mono-ferrite and they all reduce in the hapogenous mode.

This link between the topochemical mode and the presence of
calcium mono-ferrite shows that the topochemical mode is not
associated with the larger slag volume A given mass &f lime will
form a larger mass, and therefore volume of calcium ferrite if it
forms the di-ferrite than if it forms the mono-ferrite. Thus
regions on the phase diagrams in which mpono-ferrite is formed are
regions of low slag volume rather than regions of higher slag
volume. That these are also regions in which the topochemicel mode
of reduction occurs tends to suggest that the topochemical mode is
not associated with higher slag volumes.

That this is so is also supported by the effect of silica. The
X-Ray energy dispersion maps, e.g. Plates 4.40 to 4.42, show that
the silica in the high silica pellets is incorporated into the
molten calcium ferrite phase at the firing temperature, thus
increasing the volume of this molten phase. Figure 5.2(b), showing
the incidence of the different reduction modes, shows that the
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presence of increasing amounts of silica decreases the likelihood of
the reduction process following the topochemical mode. Once again

the topochemical mode is associated with the lower slag volumes.

This association of the topochemicel mode with the presence of
calcium mono-ferrite rather than with the presence of higher slag
volumes suggests that it is not a reduction in gaseous diffusion
rates as lime is added to the low alumina pellets that slow down
the speed of the hematite to magnetite reduction step. It appears
that the calcium mono-ferrite behaves in a way that celcium di-ferrite
does not and the binary F3203/Ga0 phase diagram shown in Fig.2.2(b)
suggests what this difference in behaviour may be. The diagram
shows that the mono~-ferrite is stable down to room temperature
whereas the di-ferrite is unstable at temperatures below 1172%.
Under the oxidising conditions that exist in the normal firing of
pellets the di-ferrite formed during sintering does not decompose
on cooling which, of course, is the. reason why it has been observed
in fired pellets by so many different workers. Undef reducing
conditions, however, it is likely that the instability of the
di-ferrite will have a significant effect on its reducibility. Thus
it would be expected that the di-ferrite would be reduced more
rapidly than the mono-ferrite and independent evidence exists to
suggest that this is so. Asada, Omori and Senbongi (%) studied the
reducibility of different calcium ferrites determining reduction
times for calcium mono-ferrite that were 35% greater than those

for the di-ferrite. They also, incidentally, obtained reduction
times for hematite that were 14% shorter than the corresponding

reduction times for calcium di-ferrite.

The microstructure of the low alumina pellets containing lime and
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silica (e.g. Plates 4.3, 4.5 to 4.7) show that the calcium ferrite
phases surround hematite grains. These phases must therefore be
reduced substantially before the reducing gases can contact the

surface of hematite grains. The lower reducibility of the mono-ferrite
suggests that this reduction would occur much more slowly for the
mono-ferrite than for the di-ferrite and that the presence of the
mono-ferrite would therefore lead to low rates of hematite reduction.
As we have inferred previously, it is low rates of the initisl

hematite reduction step that cause the reduction process to adopt

the topochemical mode.

At first sight it might appear contradictory that low, intrinsic
rates of hematite reduction lead to the topochemical mode of
reduction. It is normally inferred that low solid reactivity is
associated with homogeneous reaction since unspent reactant gas can
penetrate into the interior of the porous pellet allowing reaction
to occur generally throughout the entire pellet. Topochemical
behaviour, on the other hand, is normally considered to accur when
the solid's intrinsic reactivity is high since the reactant gas is
then used up before it can penetrate into the interior of the pellet.
The reaction must therefore be concentrated into a narrow band or
reaction front which separates reacted from unreacted material.
However, the above arguments ignore the effect that the reaction rate

can have on the structure of the porous solid.

Magnetite has a cubic crystal structure whereas hematite is hexagonal.
It has been generally established(e°g‘ 64, 65) that magnetite forms
from hematite in such a way that the (111) planes of the magnetite
are parallel to the (0001) planes in the hematite. The average
spacings between oxygen atoms in the two structures are not, however,
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equal so that considerable stress is developed in the lattice when
hematite is converted into magnetite. This stress can either be
relieved by solid state diffusion in the lattice or by the formation
of massive cracks in the product magnetite grains. The fasgter
magnetite is formed from the hematite, the less time will be avail-
able for stresses to be relieved by solid state diffusion and the
more porous will be the magnetite that forms. Diffusion rates in
through this highly porous magnetite will thus be very high and the

subsequent reduction will tend to occur homogeneously.

It might be argued, however, that the porosity of the magnetite is
not important since the subsequent diffusion processes are through
wustite reduced from the magnetite or through iron reduced from that
wustite. However, it is the reduction from hematite to magnetite
that involves the major crystallographic change since both wustite
and iron are cubic structures. Thus the formation of neither phase
produces so much lattice stress as the formation of magnetite from
hematite. This reaction therefore is all but entirely responsible
for the structure that the pellets have throughout the remaining.
resction time. High rates of magnetite formation would thus be
associated with the creation of an open structure and therefore with
high degrees of swelling. High gaseous diffusion rates will exist

in the open structure thus leading to the homogeneous reduction mode.

When the magnetite is formed slowly, on the other hand, the stress
in the magnetite lattice can be relieved by solid state diffusion,
micro-cracks do not form, the gaseous diffusion rates are low and
reduction occurs in the topochemical mode. Low rates of magnetite
formation are associated with the presence of calcium mono-ferrite

because its 1ower‘reducibility means that it exists in the pellet

microstructure for a considerable time during reduction, impeding
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the access that the reducing gases have to the hematite.

A similar effect of mono-ferrite has on hematite reduction has
been reported by Brill-Edwards et a1(75) who made pellets from
hematite with mono-ferrite or iron clacium silicate added as a
specific constituent before firing, These pellets were then
subjected to compressive strength tests after through reduction to
the different oxides. Pure hematite pellets and those containing
iron calcium silicate showed brittle fracture behaviour. At
temperatures above about 800°C, however, the pellets containing
the mono-ferrite did not fracture but deformed plastically up to
the 5% limit that was chosen by the authors as a 1imit to their
experiments. These pellets also showed greater strength after
reduction and swelled to a much lesser extent. Both these
characteristics were explained by the authors in terms of the
relief of transformation stresses by plastic flow in the mono-
ferrite. This explanation is obviously very similar to that
advanced here except that it is not obviocus how plastic flow in the
celcium ferrite slag phase can relieve transformation gtresses at
the hematite/bagnetite interface due to lattice mismatch., The
relief of such stresses can only be brought about by plastic flow
in the magnetite or hematite phases as has been shown by the work
of Swann and Tighe (78).

It is much more likely that the effect of the mono-ferrite is to
slow down the rate of the hematite to magnetite reaction by impeding
the access of gas to the boundary where that reaction is taking
place. Once the rate of reaction has been reduced in this way,

plastic flow and lattice diffusion in the nmagnetite phase will
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have greater time to relieve the transformation stresses.

The effect of the plasticity of the mono-ferrite phase itself is
more probably related to its own reduction. The more plastic is
the mono-ferrite, the less will it be fractured during its own
reduction and hence the longer will it be able to impede gas flow
to the hematite grains.

Thus it is suggested that the mode of the entire pellet reduction
process and thus the pellet's swelling characteristics are
controlled by the speed of the hematite to magnetite reduction
step. The effect on these characteristics that different
congtituents in the as-fired pellet microstructure have is

related to their effect on gaseous access to the hematite/magnetite
reaction zone., Mono-ferrite has a particularly marked effect
because its thermodynemic stability and its plasticity give it
greater permanence as a microstructural component during the

reduction process.

This explenation is in keeping with the reduction characteristics
of the high alumina pellets as determined in this work. The
reduction process in these pellets alwaeys followed the homogeneous
mode and was slowed relatively little by the addition of lime.
Examinaﬁion of typical microstructures of these pellets prior to
reduction - Plates 4-17 to 4-24 - shows little evidence of the
formation of a molten slag phase during firing. Only in plate
4=20 for the low silica pellet containing 4% lime is there any
evidence of a molten phase and even then its volume fraction in
the microstructure is extremely small., It appears that the |
incorporation of alumina raised the melting point of the slag
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phases that from above the firing temperature thus prohibiting
their flow through the structure., As a consequence, the calcium
di-ferrite phases that do form containing silica and alumina take
on a globular or acicular shape. The globular shape is shown in
the calcium and aluminium maps obtained by X-Ray energy dispersive
anelysis shown in Plates 4-46 to 4-58 and the acicular form is
shown typically in the optical micrograph in Plate 4~24. In all
these cases, it can be seen that outer surfaces of the hematite
graing are relatively little obscured by the non-hematite phase
which contain the lime, alumina and silica. These latter phases
thus have a small effect on the rate at which hematite is reduced
to magnetite. The wustite that forms thus tends to be porous
whatever the lime level so that the reduction process occurs

homogeneously and rapidly.

This tendency is shown in detail by the 95% reduction time
isometrics in Fig. 5.3(a) which demonstraée that the speed of
reduction is relatively little affected by the level of doping.
Only for the low silica pellet containing 4% lime has there been
any effect. The lesser reduction rate that this pellet shows is
in keeping with the small volume of molten slag formation that

has taken place in the microstructure as shown in Flate 4-20.

Although the alumina/silice/calcium di-ferrite phase that forms

in the high alumina pellets does not slow the hematite to magnetite
reduction reaction sufficiently for the topochemical mode to occur,
its presence in the microstructure obviously adds some strength.
The peak expansion isometrics shown in Figs. 5.3(b) and (¢) show
the dimensional stability of the high alumina pellets to increase
on doping, an initial change at low doping levels being followed by
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relatively little subsequent alteration. It is apparent that the
doping agents produce phases in the structure that strengthen the
pellet whereas their low fluidity on firing allows the reduction
process to occur rapidly. The reduction process is homogeneous,

the pellets remaining highly porous and cracking during reduction.

Thus, this work has shown that it is the presence of a fluid slag
at the firing temperature that slows the reduction rate gsufficiently
for non-cracking dimensionally stable pellets to be produced.
Although very few previous workers have isolated the effect of the
mono-ferrite, a number have come to very similar general conclusions
about the effect of slag constituents in the microstructure.
Turkdogan and co-workers(13) showed that the addition of lime to
hematite with and without silica lessened its reducibility and
changes the reduction mode from homogeneous to topochemical. They
attributed these changes to the blockage of pores in the hematite
by molten calcium ferrites at the firing temperature. Similarly,
Fragzer et al(19) attributed the topochemical mode of reduction in
basic pellets to the presence of closed pores which he stated did

not form in acid pellets.

A number of other authors have reported tﬁat the addition of lime,
while lessening swelling, increase reducibility. The conditions in
their eiperiments, however, cannot be eagily compared with those in
this work. Moon and Walker(14), for example, varied the lime and
silica contents of their pellets so that their totel Temained
constant at 1.5% in one set and at 4% in a second set. The former
set of compositions lie in the extreme right hand corner of the
ternary disgram in Fig. 7.2 é):, where the result obtained in this
work does not provide information oh a fine scale, and the latter
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set lie beyond the range of silica values studied. Furthermore,
reduction was carried out under step wise composition changes
either athermally or isothermally at 950°C - conditions that are
significantly different from the isothermal reduction in pure
hydrogen at 830% used in this work. Shehata et alia’l?) algo
found that the addition of lime improved reducibility but in
pellets that initially contained 2.5% silica as well as a range of
other gangue impurities. Seth and Ross(48) also found thaf lime
increased the reducibility of hematite pellets and showed that
this improvement was paralleled by an increase in the porosity of
the as-fired pellets., The compaction pressures that they used in
their work were very much higher than those used in almost all
other investigations and the pellet porosity was all uncharacteristic-

ally low - typical values in their experiments were some 7%.

Although no previous workers have discussed the effect of alumina

content in the range cover here (0.24 - 1.0%), other workers

(51)

including Bowling et al have reported that an increase of alumina

from 2 to 4% has no influence on reducibility. Mazanek and
(26)

Jasienka reported that the reducibility of sinter containing

7.0% A1203 is lower than that of alumina-free sinter, but that the

reducibility is higher at 12% Al They attributed this effect

203.
to the varying reducibility of the minerals present, e.g. the high
reducibility at 12% A1203 arises from the presence of GaO-AlQOB'FeZOB.
Suzuki et al(sz) have reported that addition of 5% coarse aluminium
to hematite increases the reducibility but produces cracking during

reduction,

From this work, and by inference from that of a number of other

workers, it appears that microstructural components in hematite

- 139 -



pellets are effective solely through their effect on the speed of
the hematite to magnetite reduction. If this is so, it would be
expected that similar effects would result from alternate methods
of controlling the speed of this reaction. Thus it would be
expected that pellets reduced to magnetite at reduction potentials
lowered to produce magnetite at slow controlled rates would show
much less expansion and cracking and would also reduce in the
topochemical mode. No systematic study of such an effect has been
undertaken but a number of workers, principally Akitoshi(70),
Brill-Edwards(7), Edstrtn®®) end Surtees!””) have reported that
pellet swelling is reduced when magnetite is produced slowly at
reduction potentials lowered sufficiently to produce it as the

only reduction product.

5,7 INFLUENCE OF DOPING AGENTS AND A HYDROGEN/CARBON MONOXIDE
GAS MIXTURE ON REDUCIBILITY

The isometrics of Fig. 5.2(a) and Fig.5.4 show that doping agents
heve & similar effect on reducibility in hydrogen/carbon monoxide
gas micture as they have on reducibility in pure hydrogen, i.e.
reducibility decreases with increase of lime and increases with

increase of silica.

Fig.4-10'and 4-11 represents the reduction curves of doped hematite
pellets in an H2/CO gas mixture., These figures show that the
reduction of some pellets appears to stop before 95% reduction,
e.g. reduction of an initial hematite pellet (without any addition)
appears to stop at 88% reduction. This apparent arrest of the
reduction process results from carbon deposition, such deposition

to be expected because freshly formed iron was a great potential
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as a catalyst for carbon deposition., Carbon deposition is more
pronounced with highly porous and less doped pellets, possibly
because of their large surface area that is available for carbon
deposition and because these pellets are heavily cracked during

reduction providing more surface area available for carbon deposition,

Carbon deposition has already been reported by previous workers,

e.g. Towhidi et al(45) and Geasy et al(éo)

s who found respectively
that the reduction of commercial pellets stopped slightly above
85% reduction in an equimolar hydrogen/carbon monoxide gas mixture

at 780°C and at 800°C.

Due to carbon deposition it is difficult to estimate the influence
that the reducing gas mixture has on the rate of reduction

compared to pure hydrogen. This is because reducibility curves

such as those shown in Fig. 4-10 and 4-11 have been determined from
direct measurement on thermogravimetric spring balance, and do not
indicate the balance between the weight reducing process of iron

ore reduction and the weight increasing process of carbon deposition.
However, if carbon deposition is ignored, and a comparison made
between the time for the end of reduction in the gas mixture

(see Fig. 5-4) and the time for 95% reduction in hydrogen (see Fig.
5.2 (a)), it can be deduced that reduction is slower in the gas
mixture than in pure hydrogen. The comparison is influenced by the
level of doping agent, i.e. the time for 88% reduction of commercial
pellets in ths CO/H2 gas mixture is 66% higher than for 95% reduction
in hydrogen, although for pellets with the maximum lime content, this
difference is less than 22%.

This shows that the rate of reduction of the pellets in CO/H2 gas
mixtures was decreased by the addition of lime to a lesser extent
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than the rate of reduction in pure H2. A full investigation of
this phenomenon was not carried out because reduction under load
experiments could not be carried out in GO/H2 gas mixtures and
because metallographic investigations were not carried out on the
semples used in these experiments. However, the explanation
advanced previously in this discussion that the reduction mode
changes from homogeneous to topochemical as the rate of the initial
hematite reduction reaction is decreased, is in keeping with these
findings. The slower hematite reduction reaction that would occur
would mean‘that the reaction in the undoped pellets was closer

to the topochemical mode in the CO/H2 mixture than in pure hydrogen.
Thus the change in reduction mode and rate that would occur on

doping would be less in the CO/H2 mixture than in pure hydrogen.

Whether the experimental evidence gives strong support for this
trend or not was obscured by the carbon deposition process that
occurred more vigorously in the undoped pellets than in the doped
pellets. For example, the undoped pellets cracked in the CO/H2
mixture whereas the doped pellets did not. This observation in
itself is in keeping with the trends discussed earlier for
reduction in pufe hydrogen since it would be expected that the
undoped pellets would present a greater surface area for carbon
reduction, the rapid hematite to magnetite reaction producing an
open porous strﬁcture which, once reduced to iron, would provide

a large surface area for carbon deposition.

The slower rate of reduction in GO/H2 gas mixtures is due to the
bigger CO molecules which cannot easily penetrate through the

micropores. On the other hand, small hydrogen atoms can easily

.
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penetrate into micropores and also hydrogen has a better absorption
ability on oxides surfaces. The influence of GO/H2 gas mixtures on
reducibility has been mentioned by e.g. Towhidi et al(45)’

K1 Geasy et a1(?) ang Mazanek et a13) uho have reported that the
rate of reduction in CO/H2 gas mixtures is less than in pure
hydrogen, the decrease in rate depending on the proportion of the

two gases.

5.8 INFLUENCE OF DOPING AGENTS ON THE REDUCTION PROPERTIES OF
HEMATITE PELLETS REDUCED AT 850 C IN HYDROGEN

Some initial experiments have been carried out in which the
reduction characteristics of hematite pellets were studied at
850°C, These experiments were carried out as part of the initial
investigation aimed at determining the consistent conditions to
be used for the bulk of the work. Thus the pellets used were
fired at more than one temperature and at different times. No
detailedvdiscussion of the reduction characteristics determined
at 850°C can thus be underteken, it is merely pertinent to show

that they are similar to those determined at 830°C.

The reducibility results, presented in Fig. 4-13 and Table 4.5,
again confirm that reducibility decreases with increase of lime

content and improves with increase in silica content.

The results of dimensional changes during reduction at 850°C of
doped hematite pellets are shown in Fig. 4-24 and 4~25 and the
parameter defining these changes, viz. peak expansion and terminal

expansion values, are shown in Table 4~

It will be seen that the peak expansion value increases with
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increase of silica content of the doping agents, decreases with
increase in lime content, and decreases at higher stress. The results
for terminal expansion at zero stress show that higher levels of
doping with lime decreases the terminal expansion, whereas increased

doping with silica raised the terminal expansion values.

As experienced with reduction at 830°C the influence of doping agents
on the reduction properties can be related to the microstructure of
original sintered pellets, and to the mode of reduction. Pellets
undergoing reduction at 850°C follow two modes of reduction, viz.
homogeneous and topochemical as described in Table 4~7. The
influence of these modes on reduction characteristics is &imilar to
that experienced at 830°C, i.e. pellets undergoing the homogeneous
mode exhibit high reducibility and low dimensional stability, whilst
those reduced in the topochemical mode show greater dimensional
stability but less reducibility. The reasoms for these relationships
are believed to be sgimilar to those given in Section 5.3 and 5.6 for

reduction at 830°0.

5.9 RELEVANCE OF PRESENT FINDINGS TO INDUSTRIAL DR PROCESSES

In this work the influence of doping agents on the reducibility and
dimensional stability of hematite pellets has been determined. These
properties are most important for DR furnace operation. Reducibility
is importent because reduction takes place in the solid state at
relatively low reduction temperatures to minimise cluster formation.
However, this tends to result in inefficient use of reducing gases
and lower productivity of the DR process. The tendency to cluster
and the strength during reduction are also related to the dimensional
changes which occur during reduction. It has been shown by
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(82) that pellets exhibiting high

wright(72) and Taniguoni et al
expansion characteristics are weaker both during and.after
reduction. On the other hand, as reported by Kaneko and Narita<21),
pellets with a high degree of contraction have a greater
susceptibility to produce stable clustering which can cause a

hanging problem, making it difficult to discharge the furnace.

Although experiments carried out on single pellets in a
laboratory reactor cannot be directly related to behaviour in an
actual DR furnace, considerable understanding can be developed.
In DR furnaces iron oxide pellets undergo drying, preheating
and reduction with temperature, gas compesition and stress all
varying from the top of the furnace to the reduction zone. The
main part of the present work was carried out at constant
temperature of 830°C in hydrogen at stresses varying between zero'
and 3 Kg.cﬁ2 together with a limited number of reduction tests
in a mixture of carbon monoxide and hydrogen. Such conditions
resemble those under which iron oxide pellets are reduced in

different locations in the Midrex and HyL reduction units.

The reduction properties of doped hematite pellets as determined

in the present work are summarised in Fig. 5.2 and 5.3 at two
alumina levels, 0.24 and 1.0% respectively., Values for dimensional
changeé and degrees of reduction for pellets reduced Ey hydrogen
at 830°C are shown in these figures, from which it will be seen
that expansion values increase with increasing reducibility.

Most of the published work has stipulated that adequate pellet
strength in the DR process is obtained where pellet expansion is
less than 20% by volume (28, 57, 72, 82). Assuming expansion to

be uniform in all directions this would correspond to linear
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expansion values of about one third of this value, i.e. less than
about 6.7%. Except for one with a value of 8.4%, all the pellets '
tested satisfy this criterion for the conditions stated.
Accordingly, all those pellets which did not crack heavily during

reduction are acceptable, preferably those with high reducibility.

On an industrial scale, one of the most important properties of
DRI required is high stréngth to resist handling stresses during
transportation and the loading stresses to which the pellets are
subjected during charging and melting in the EAF process. It has
been shown by Wright(72) and Taniquci et al(82) that metallizéd
pellet strengths are closely related to the volume change undergone
by the pellet during reductiont the lower the volume expansion

or greater the contraction, the higher is the final metalligzed
pellet strength.

It has been reported (20) that DR plants, e.g. Midrex and HyL
accept iron oxide pellets with & maximum gangue content (Al203 +
Si02) of 3%. Such limitation on gangue content is due to the
associated increased energy consumption in DR processes and
electric arc furnaces (EAF) resulting from the presence of gangue.
In the EAF energy consumption depends upon the amount of DRI

used as a charge material and also on the content and type of
gangue.present. The more acid the gangue is, the more lime is
needed to give a slag basicity in the range 1.5-2.0, thereby
increasing the amount of slag and energy required. Figs. 2.4 and
2.5 show the increase of slag weight and energy consumption

' regpectively with variation in gengue content and composition of

metallized pellets.
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The work presenied il T1lsS UISols oUpsSebe LUab LBE go=sres
dimensional stability of iron oxide pellets is associated with
the topochemical mode of reduction. Unfortunately, this mode of
reduction has an adverse effect on reducibility. On the other

hand, greater reducibility is associated with the homogeneous

mode of reduction but with less dimensional stability.

Bearing in mind the requirements of DR processes and suitable
specifications for the DRI product, it has been possible to deduce
the 1likely acceptebility of a range of pellets tested. The
following table has been drawn up, classifying the acceptability
or otherwise of a range of pellets based on the following spec-

ification for expansion characteristics and weducibility :

Maximm peak expansion ¢ 3% at 3.0 Kg.em 2

Termingl expansion : =0.7 to 07% at 3.0 kg.cm"2

Average rate of reduction : Y 5% min,~?

(thermal balance test)

Sample % Composition Reducib- Peak Terminal
Designation | Ca0 SiO2 A1203 ilivy Expansion® | Expansion*

A13 2.0 0,22 1.00 v v/ v
A, 4.0 0,22 1.00 x 4 v
A18 4.0 1.00 1,00 v v Y/
03 1.0 0.22 0424 v v 4
E3 2.0 0.22 0.24 / v v/
F, 3.0 0.22 0.24| x Y /
G3 4.0 0.22 0.24% X v/ Y
Hy 5.0 0.22 0.24 x / J/
F 3.0 1.00 0.24] =x J/ J
¢ 40 1.00 0.24) x / J/
H 5,0 1.00 0.24] x v /

Y = within specification

e
nnu

outgide specification
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This table suggests that only four pellets (A13’ Al8, 03 and E3 )
fulfil &1l these requirements. However, due to their cracking
during reduction and their porous nature, all except E3 are not
suitable to transport over long distances because of disintegration
and reoxidation., These are only acceptable if used at the same
place since such use would minimise the handling they received.
Furthermore, the gangue content of pellet A18 is high so that its
use in electric arc steelmsking would result in inefficient power

utilisation.
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6. CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

CONCLUSION

In the present investigation, the influence of doping agents on the

microstructure of iron oxide (hematite) pellets and on their

reduction properties (reducibility in H, and a CO + H_ gas mixture,

and dimensional stability in hydrogen) has been examined,

conclusion of this work stems from the different modes of reduction

2 2

that have been recognised.

(1)

(i)

(1ii)

Three different modes of reduction in hydrogen have been
identified, viz., (i) Homogeneous Mode, (ii) Mixed Mode
and (iii) Topochemical Mode. These modes have been
related to the doping composition of the pellets and

their resulting microstructure.

The dimensional stebility of iron oxide pellets is
related to the mode of reduction. The topochemical
mode of reduction offers the greatest dimensional
stability. Dimengional stability in general decreases
from the topochemical mode of reduction through the

mixed mode to the homogeneous mode of reduction. On

‘the other hand, reducibility is increased from the

topochemical mode through the mixed mode to the

homogeneous mode.

The addition of lime as a doping agent decreases the
reducibility and increases dimensional stability. On
the other hand, increase of silica and alumina increases

the reducibility and decreases the dimensionsl stability.
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(iv) Carbon deposition as a soot was observed when &
carbon monoxide-hydrogen gas mixture was used.
The reduction rate was found to be slower using

this gas mixture than pure hydrogen.
SUGGESTIONS FOR FURTHER WORK

(1) It would be useful to dope hematite pellets with
0.5% silica and 0,5%¢ alumina at similar lime
levels in order to investigate whether the mode
of reduction is affected and what effect this
has on the reduction properties and also to
confirm the consistency of isometrics for each

measured parameter.

(2) In this work, the main reduction experiments were
carried out at 830°G; it would be valuable to
work over a range of slightly higher temperatures
go that an even closer relationship to industriél

DR processes could be investigated.

(3) It would be interesting to modify the platens in
the reduction under load apparatus in order to |
reduce two cylindrical pellets in contact under
load with a view to investigating their sticking

properties.

(4) Tt would be useful to investigate more fully the
effects of various sintering times and temperatures

for a similar doping range in order to examine
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(5)

whether different phases and marphologies could be
produced and then to investigate their influence on

reduction properties.

It would be interesting to measure the effect of
different doping agents on gaseous diffusion rates
in reduced and unreduced pellets, in order to
investigate the extent to which gaseous diffusion
characteristics control pellet reducibility.

- 151 -



REFERENCES

Darken L., S., Gurry R. W., J. Am. Chem. Soc. 68, 1946, P.798

Abouzeid A. Z. M, and Seddik A, A, "Effect of Iron Ore

Properties on its Balling Behaviour" Powder Tech. 29 (1981)

P.233-241.

Filton J. T. and Goldering D, C. "Constitution of Iron Ore
Pellets in Relation to Time and Temperature of Firing"

JISI May 1966 P.452.

Traice F. B. and Lappin R. L, "Survey of Modern Pelletizing

Techniques" Special Report BSC General Steel Division.

Sandoval J. A. et al "Method of Reducing Iron Ore

Background of the Invention" U.S.A. Patent No. 3957486
18th May 1976.

Urich D, M. and Tsu-Ming Han. Agglomeration P.669-714,
Interscience, New York, 1962.

Ball D. F., Filton, J. T., Dawson P.R. and Goldring D, C,
"Effect of Additives on the Strength of Fired Iron Ore
Pellets". Inst. Mining and Met. March 1947. C.47.

Strathmore R. B, Cooke and Thomas E. Ban "Microstructure in
Iron Ore Pellets", Tran. AIME November 1952 Mining Engineer

P.1052.

Philips B. and Muan A, "Phase Equilibra in the System

Cal~ Iron Oxide-Si0,. in Air", Journal American Ceramic

2
Sopiety, 42’ 19590 P0413-4230

Ahsan S. N., Mukherjee T. and Whiteman J. A, "Structure of
Fluxed Sinter". Iron Making and Steel Making, 1983, Vol.10
No.2 P.54~64.

Matsuno F. "Changes of Mineral Phases»During the Sintering
of Fe,0,-Ca0-S5i0,, System"., Transactions ISIJ, Vol.19,

273 2

1 979 . Po 595"'6040
- 152 -



12 - Lu W. K., Hegde V., Trofimor V. and Lu Yang "The Quality of
Iron Ore Pellet", Irommeking Proc, Vol,40, Canada 1981,

13 - Turkdogan E. T., Vinter J. V. "Reducibility of Iron Ore Pellets
and Effect of Addition". Canadian Meta. Quar. Vol.12 No.1
(1973) P.9.

14 - Moon J. T. and Walker, R. D, "Swelling of Iron Oxide Compacts
During Reduction". Iron Making and Steel Making (Quarterly)
1975 No.1 P.30,

15 - Friel J. J. et a1 "Chemistry and Reduction Characteristic of
Dolomite Fluxed Magnetite Pellets®". Met. Trans. B. Volume 11B
June 1980 P.233.

16 - Staia M, H, Ph.D. Thesis 1983.

17 -~ Shehata K. A., El-Geasy A. A. and Nasr M. J. "Binding Phases
in El-Gedida Iron Ore Pellets". Iron and Steel International
February 1982 P.46.

18 - Kuni, K., Nishida R. and Koizuni. Cited by Ref. No.12.

19 - Frager F. W., Westenberger H.,, Boss K. H. and Thumm W. "The
Relationship Between Basicity and Swelling on Reduction of
Iron Ore Pellets". International Journal of Mineral
Processing 2 (1975) P.353-365.

20 - Mamoru Onoda, Osamu Tsuchiya "Quality Improvements on Lime-
Fluxed Pellets".

21 - Kaneko D., Narita K. "Evaluation of Raw Materials for Gaseous
Direct Reduction Processes" SEAISI Quarterly January 1979.

22 - Hamilton J. D. G. "Constituents of Bond Development in Hematite
Ore Pellets Fluxed with Lime Sand"., Journal of Mining and
Metallurgy. March 1976 C30.

23 - Coheur P; "Continuous Quality Control of Dwight-Lloyd Sinter".

Journal of the Iron and Steel Institue. October 1969. P.1291-1297.

24 - Hancart et al cited by Ref.23.

- 153 -



25 -

26 -

27 -

28 -

29 -

30 -

31 -

32 -

33 -

34 -

35 -
36 -

37 -
38 -

Mukherjee T. and Whiteman J. A, "Structure of Fluxed Sinter".
Centenary Conference - Department of Metallurgy, University

of Sheffield., 16th - 18th July, 1984.

Mazanek E, and Jasienska S. "Effect of A1203 on the Mineral
Constituents of Self-Fluxing Sinters". Journal of the Iron
and Steel Institute. April 1964. P.319-324.

Gare T. et al "A Review of the Fundamentsl Studies into the
Gaseous Direct Reduction of Iron Ores". Private report.
Stephenson R. L. "Direct Reduced Iron Technology and Economics
of Production and Use", 1980

Davis C. G., McFarlin J. F. and Pratt H. D. "Direct-Reduction
Technology and Economics". Iron making and Steel making 1982.
Vol.9 No.3.

Rual Quintero "Operational Results of HyL 111 Process".

Iron Making Proceedings, Vol.40. Toronto, Ontario, Canada 1982,
Rigaud M., Marquis A. H., and Dancy T. E. "Electric Arc Furnace
Steelmeking with Pre-reduced Pellets". Iron making and Steel
making 1976. No.5 P,366-372.

Davison J. "Burden Testing and its Application to Blast Furnace
Operation", JISI February 1973. P.106-114.

Bogdandy Von L., Engel H, J. "The Reduction of Iron Ores".
Revised and English translation edition. Springerverlag,
Berlin 1971,

Tﬁrkdoga.n E. T and Vinter J. V. Metallurgical Trans:2, 3175 (1971)
Wen C. Y. Ind. Eng. Chem, 60  ,34 (1968)

Edstr8m J. D. "The Mechanism of Reduction of Iron Oxides"
Journal of Iron and Steel Ingtitute. November 1953. P.289.
McKewan W, M, Trans MS-AIME (1060) Vol.218 P,2-6

Wright J. K. "The Reduction of Iron Ore Pellet-bed with
Gaseous Reductants", The Aus, I.M.M. Newcastle and District

Branch, Pellets and Granules Symposium October 1979. P.121.

= 154 -



39 - Seth B, B, L. "Kinetics of Hydrogen Reduction of Ferric Oxide
Briquettes". JISI August 1969. P.1104~1109.

40 - Warner N. A. "Reduction Kinetics of Hematite and the Influence
of Gaseous Diffusion". Trans. of Metallurgical Society of
AIME Volume 23, February 1964. P.163-176,

41 - Hills A. W. D. "Role of Heat and Mags Transfer in Gas-Solid
Reactions Involving Two Solid Phases within Sintered Pellets".
Proceedings of a symposium held by the John Percy Research
Group in Process Metallurgy. Imperial College, London
19th and 20th April, 1966.

42 - Harrington M., J. PhD, Thesis 1972,

43 - Ranz W. E. and Marshall W. R. Chem. Eng. Prog. 48, 141 (1952).

44 - Rao Y. K. and Moinpour M, "Kinetics of Reduction of Hematite
with Hydrogen Gas at Modest Temperature". Metallurgical
Transactions B. Volume 14B December 1983 P,711-723.

45 - Towhidi N, and Szekely J. "Reduction Kinetics of Commercial
Low-Silica Hematite Pellets with CO—H2 Mixture Over Temperature
Range 600 - 1234°C", Iron meking and Steel making 1981. Nov.
P,237.

46 - Olsen and McKewan Trans: Metl Society AIME, 236, 1966, P.1518.

47 - Ross et al -Blast Furnace Coke Ovens, Raw Material Proceedings.
ATME 20, P,266-279, 1961.

48 - Seth B, B. L. and Rass H. U. "The Effect of Lime on the
Reducibility of Iron-Oxide Agglomeration", Canadian Metallurgical
Quarterly Vol.2, No.1 Jan-Mar 1963 P.15.

49 - Mazanek E, and Jasienka S, "The Mineralogy and Reducibility of
Self-Fluxing Sinter", JISI, 1963, 201, P.60-67.

50 - Asada et al Trans ISIJ, 1968, 8. P.245-250.

51 - Bowling K. McG. and Carter N. B, "Chemical and Physical Variables
Affecting Iron Ore Pellets Properties". Australia Japan Extractive
Metallurgy Symposium. Sydney, Australia 1965. P.361.

- 155 -



52 - Suguki S., Sayama S. and Nishisha K. "Expansion and Contraction
During Hydrogen Reduction of Green and Pre-heated Hematite
Compacts Containing Foreign Oxides". Transactions IS1J
Vol.21 1981 P.870-878,

53 = Basu S.N. and Ghosh A, "The Influence of Porosity on the
Kinetics of Reduction of Hematite by Hydrogen". JISI August 1970
P.765.

54 = Brill-Edwards H. et al "Structural Changes Accompanying the
Reduction of Polycrystalline Hematite". JISI April 1965. P,361

55 - Joseph T. L. Trans AIME (1936) Vo.120 P.72-98,

56 - Wright J. K. "Swelling of High Grade Iron Ore Pellets Reduced
by Hydrogen in Fixed Bed". Pro: Australias Inst:Min, Metall.
No.265, March 1978, P.1-7.

57 - Wright J. K., Morrison A. L. "Volume and Structural Changes
Occurring during the Isothermal and Non-Isothermal Reduction
of High Grade Hematite Pellets". Australia Japan Extractive
Metallurgy Symposium, Sydney, Australia 1980. P.167.

58 — Henry U, Ross and Anatoly N, Pyricov. "The Agglomeration of
Iron Ore Materials and their Behaviour during Reduction'.
Agglomeration 1977.

59 - Shehata K. A. et al "Study of the Final Stage of Reduction
of Iron Oxides". Inst. Mining and Met. March 1973 (38).

60 - Geassy A. A. El et al "Mechanism of Iron Oxide Reduction with
ﬁz/bo Mixture"., Transaction JISI, Vol.17, 1977 P.629.

61 - Wiberg, M. Discussion of the Faraday Society No.4 (1948) P.231-233.

62 — Nixon I. G. "Relationship between Degree of Reduction of Iron
Ore and Operating Variables". Iron making and Steel making
1980. No.1 P.2.

63 - Mazanek E., Jasienska S., Brachucy A., Bryk C. A. "The
Influence of Hydrogen in Gas Mixture of H2 and CO on the

Dynamic of the Reduction Process'. Metallurgia 1 Odlenictwo-

Tom 8 - Zeszyt 1 — 1982,
- 156 -



64 - Bleifuss R. L. "Volumetric Changes in the Hematite Transition
Related to the Swelling of Iron Ores and Pellets During
Reduction", Proceedings ICSTIS 1971 P,52-56,

65 - Walker R, D., Ford N. S. and Carpenter D, L. "Structural
Changes in Iron Oxide During Reduction by Carbon Monoxide".
Proceedings ICSTIS Supl. Trans: ISIJ Vol. 11, 1971, P.473-477.

66 - Bleifuss R. L. "Calcium as a Cause of Catastrophic Swelling
of Pellets During Reduction". Society of Mining Engineers
AIME Transaction Vol.247 September 1970. P.225,

67 - Fuwa T. and Shiro-Ban-ye "Swelling of Iron Ore Pellets
During Reduction". Transactions ISIJ, Vol.9, 1969, P.137.

68 - Ponghis N. et al "Degradation of Iron Rich Pellets During
Reduction"., Iron Making Proceedings 1967. P.146.

69 - Kortman H, A. et a1l "Effect of Lime Addition upon the Behaviour
During the Reduction of Iron Ore Pellets". Society of Mining
Engineers. AIME Trans Vol.254, June 1973, P.184.

70 - Akitoshi Ishimitsu "On the Swelling of Pellets During Reduction",
Tetsu~to-Hagane Overseas, Vol.5, No.3, September 1983.

71 - Chang M, C., Vlinaty J. and Kestner D. W, "North American
Pellet-Swelling Characteristics During Rediction". Iron making
Proceedings 1967, P.140.

72 - Wright, J. K. "Swelling of High Grade Iron Ore Pellets Reduced
in a Fixed Bed Under Isothermal and Non-Isothermal Conditions'.
Trensaction ISIJ, Vol.17 1977, P.726.

73 - Borje Bjorkval and Gunnar Than "Test Methods for Agglomerated
Products". Part III. Scandinavian Journal of Metallurgy. 1
(1973). P.157-158.

74 - Borje Bjorkval, Cyrill Schaub and Gunnar Thaning "Test Methods
for Agglomerated Products"., Part IV, Scandinavian Journal of
Metallurgy. 1 (1972). P.293-294.

- 157 -



75 - Brill-Edwarls H)\ Stone H. E, N, and Daniell B, L, "Effect of
Structural Changes on the Reduction Strength of Compacted and
Sintered Hematite". JISI, December 1969, P.1565.

76 ~ Granse L, "The Influence of Slag Forming Additions on the
Swelling of Pellets from Very Rich Magnetite Concentrates".
Proc. ICSTIS, Suppl. Trans Japan, 1971, 11, 45.

77 - Surtees N, et al "Effect of Reduction Rate on the Swelling
and Cracking of Some Commercial Hematite Pellets"., JISI
July, 1970, P.609.

78 - Swann P, R, and Tighe N, J. "High Voltage Microscopy of the
Reduction of Hematite to Magnetite". Metallurgical Trams B.
Volume 8B, September 1977. P.479.

79 ~ Linder R, Journal of Iron and Steel Institute 1958. 189,
233-43. v

80 - Thanning G. "Reduction Strength of Super Fluxed Pellets Made
from Rich Magnetite Concentrate". Iron making and Steel
making, 1976, No.2, P.57.

81 - Taniquehi et al "Influences of Reduction Temperature and Porosity
on the Swelling Behaviour of Pure Hematite Pellets During
Reduction". Presented at the One Hundredth ISIJ Meeting,
October 1980. Lecture No.5610.

82 - Taniqucni et al "Influence of Strucfural Changes and Swelling
During Reduction upon Crushing Strength of Metallized
Pellets". Trans: ISIJ, Vol. 18, 1978. P.633.

83 -~Taniguch’ et al "Structural Changes of Hematite Grains
Coﬁposing Self-Flufing Pellets During Hydrogen Reduction!.
Trans. ISIJ Vol.20, 1980, P,753.

84 - Lu W. K, "On the Mechanism of Abnormal Swelling During Reduction
of Iron Ore Pellets". Scandinavian Journal of Metallurgy 3
(1974) P.49-55.

- 158 -



85 -

86 -

87 -

88 -

89 -

90 -
191.-

92 -

93 -

9% -

95 -

96 -

97 -

98 -

99 -

Heinrich, Kortman A, and Burghardt O, P. "Test Methods for
Evaluating Iron Ores, Pellets and Sinters". Agglomeration 77.
Stalhed Medd Jerkn. Tekn. 1955, 18, 415+458.

0. P. Burghardt and Grebe K. "Study of the Mechanical Behaviour
of Iron Ores and Pellets under Isothermal Reduction Conditions'.
Stahl und Eisen, 89, 561.73. 1969.

Ryuss J. L. and Fine M, M. "Physical Strength of Iron Ore
Pellets at Elevated Temperature". Private communication.
Thening G. "Testing of Reduction Strength of Iron Ore Pellets".
Private communication from Royal Institute of Technology
Division of Mineral Processing, Stockholm.

Wahlster M. Krupp Technical Information 1961, 19, No.1.

Pepper M. D. and Daniell B, L. "Changes in Compressive Strength
and Volume Associated with the Radﬁction of Iron Ore Compacts'.
JISI, June 1970, P.553.

Szekely J. and Tawil Y, E1 "The Reduction of Hematite Pellets
with Carbon lMonoxide-Hydrogen Mixture", Metallurgicel Transaction
Volume 7B, September 1976, P. 490.

Handbook of Chemistry and Physics 1972-1973.

Geiger G. H., and Poirer D. R. - Trangport Phenomena in
Metallurgy, Addison Wesley Publishing Co., 1973.

Spiers H. M. Technical Data on Fuel, 1962, P.159.

International Critical Tables V.3 P.208. |

Kubaschewski 0. and Alcock C. B. Metellurgical Thermochemistry
5th Edition, Pergamon Press, New York, NY, 1979. P.378-84.
Fuller E. N., Schettler P, D. and Gidding J. C. - Ind. Eng.
Chem 58, (5), 1966.

Hirschfelder J. 0., Curtis C. F, and Bird R, B, - Molecular

Theory of Gases and Liquids, Wiley, N.Y. (1956).

- 159 -



APPENDIX 1

DETERMINATION OF THE TRUE IENSITY OF THE IRON ORE CONCENTRATE

The true density of iron ore concentrate supplied by British Steel
Corporation (Teesside Division) was determined by the specific gravity
bottle method, using the following procedure and giving the stated

resultss

(1) the demsity bottle was oven dried,

(2) the bottle was weighed in air (A g),

(3) the bottle was filled with distilled water and reweighed (B g)
hence the weight of the contained water (B-A)g,

(4) the bottle was again oven dried, a known mass (xg:) of
concentrate added, and filled with water. v
The total weight of bottle + ore + water = y g. Hence the
weight of water in the (partially filled) bottle
=y-(a+2x g

Therefore the weight of water displaced by the mass of concentrate
=(B-8) -[y-(a+27)
=B-y+x g

Therefore the true density of concentrate =
X X (Py) 20°C

Bwy+ =
ﬁ—P“ 200: Bay+x

The true density of iron ore concentrate was calculated by determining

(1)

the values of 4, B, x, y for use in equation (1). The values obtained
weres

A= 2303755 gy B = 7208715 g, X = 4.0 g and Yy 76.%2 e
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The density of water at amblent temperature of 200G is considered to

(93)
to be 0.9983 g.cr3, Hence trus density of iron ore concentrate iss

x 0,998 = 5,12 g.cn3
7208715 - 760@2 + 4.0
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APPENDIX 2

CAICULATION OF THE DIFFUSION COEFFIDIENT IN BINARY GAS MIXTURE

It has been necessary to find a value for the diffusion coefficient
Dilz - Hy0 at 1123 K in order to determine the corresponding mass
transfer coefficient (VLHZ - Hy0).

The value in this work has not been determined experimentally but
has been calculated from thecretical equation developed by

Fuller et a1{%8), which is based on the kinetic theory of gases.
They developed the following relationship for the binary diffusion

coefficient Dy p for the gas pair AB:

Dpp = 11;75 x:w;3 1.1 ()
P (Vg /3 +vA/3)2 :

where: T = temperature (K)
M, and My = molecular masses of the two species A and B
P = Total pressure
Vj and Vg represents the diffusion volumes given for
simple molecules.

Using this relationship they were able to predict the binary diffusion
coefficients Dpg to within 10% of the measured values for most cases

considered.

Equation (1) has been used in the present work to calculate the binary
. diffusion coefficient D(H2 - Hy0) at different temperatures., These

valuss, using values of VH2 and Vnzo equal to 7.07 and 12,70
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respectively and values for Mp, and My,0 of 2 and 18 g.mol=l are
presented in Table .

Temperature ngz - Hy0
. cm?, sec—1
900 6.098
973 6,98
1000 7.34
1073 8.29
1100 8,66
1103 8.70
1123 8.9833
1173 9.6997
1200 10,088
1273 11.18

* The values of Df, - Hy0 was calculated for 1 atm pressure
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APPENDIX 13

CALCULATION OF THE KINEMATIC VISCOSITY OF GASES

The kinematic viscosity is a fundamental quantity which is & measure
of momentum diffusivity. Kinematic viscosity is defined as the
viscosity of a fluid divided by its density:

v-*—;—, (2)

vheres Y = kinematic viscosity cm?/s
W = viscosity g/cm.s
P = density g/cm3

The viscosity of a single, non-polar gas at low pressure is given by
the equation developed by Chapman and Enskeg(?9) using the Lenard-
Jones potentials

J Mr
O'ﬁ.n

N = 267x1005 e - —— (D)

whore T

temperature, K
o
6 = characteristic diameter of a moleculs A
fNn = collision integral which is a function of the

dimensionless temperature parameter kpT/
K§ = Boltzmenn constant

¥ = force constant in the Lenard-Jones

: potential function,
The viscosity of hydrogen wes determined by using equation (b)
appropriate values of = /Kp, fl, and obtained from tabulated data.

The density of hydrogen was calculated from(96)
Fam;lﬁ x 0,089 x 1003  gicw3 ———— (o)
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Using the three relationships (a2), (b) and (c), values of density,
viscosity and kinematic viscosity have been estimated at different
temperatures and are presented in the following table:

Tex;y;ratm Densit g (P) isco_aity ('\:)L Kinematic Viscosity (V)
/g, om= g.com™+ sec~i | /em2,sec~1
900  |0,0273x10~3 187,70 6.876
973  |0,0252x10~3 | 197,31 7.83
1000  |0.02456x10-3|  201.46 8.203

1073 0.02288x10~3 210,72 9.21

1100  |0,0223x10-3 214.37 9.613
1103 0,0222x10-3 214,70 9.657
1123 0,02186x10~3 217.67 9.955
1173 0,02093x10-3 223,90 10,70
1200 0,0205x10~3 227.65 11,105
1273 0.01929::11-3, 235,34 12,20
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TABLE 2,1 THERMOCHEMICAL DATA FOR REACTIONS OF INTEREST

(Mean valuss for the standard enthalpy and
entropy changes over the temperature range

600-1000°C)
AHo Ag°

Reaction (kJ/mol) (J/mol K)
3 Fep03 + H, —»2 Fe30; + H0 ~10,0 7440

F3304 + H2—P'3 FeO + Hzo +59.0 6205

FeO + H,—Fo + H0 +15,0 10,0

Fe30, + CO—3 FeO + GO, +18,5 18.0

FeO + CO— Fe + CO, -18,5 19.5
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TABLE 3.1

Grading and Chemical Composition of Hematite

Ore Concentrate used as Base Material

Grading

Chemical Composition

Sieve dimension/ | retained Oxide Mass %
Mm ‘
63 93.6 810, 0.22
45 . "M.0 MnO <0,01
P05 0,06
(}.'..",‘:,'03 0.05
V05 0.05
‘l!.':l.O2 0,06
MgO 0,066
Ca0 0.120
A1203 0.24

TABIE 3.2 The Composition of Doping Agents

Lime (Ca0) Silica (810,) Alunina (A1504)
Element Mass % | Element Mess 4 | Element Mass k%
Sulphur ( S) 0,005 Sodium 0,01 Water 0,2

soluble
matter
Chloride (C1) | 0.005 | Potassium| 1.005 | Ghloride| 0.005
Iron 0,015 Sulphate 0.005
Loss on 0.9
ignition
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TABIE 3,3 Initisl Constituents of iron oxide pellets

Semp1d Chemical Composition

No % Fe | % 510,]% MnO[% P,05|% Orp0, |# Ti0,|% Mg0|% Cal |% A1505% V05
1A f69'l*7 0,22 |0.,014| 0,06 | 0,05 | 0,06 {0,066| 0.12| 0,24 | 0.05
&M " n n n n n ] n " n
'03 k8.85 n n n " n ] 1,00| *® "
"04 n ' f n n fn n n 1§ n "
IEB 68.16 n n " n n n 2.00 n n
IIEI' " n n n n n n n n n
HFB 67.37 f n ] n " n 3,00 L] "
@4 L] ] ] n ] n " n f ]
'G3 6. 67 " L] " n n n 4,00 " n
tH 5097 n n n " n L 5,00 " Lg
'AB o8| 1.00| * " " " " {o0,12| ®

10 22| " " " n m | 1,00 *® "
IE 7.52 n n u n 1 n 2.00 n

17 6.82 n n " n ] n 3,00 n ]
1G 6.12 n n n n n n 4.00] "
tq 5e42 n n n n n n 5,00 " n
Xp 166,93 3.00] * n n n » | 1,00| " "
41, leg.236 0,22 " | " n n | 1,00[12.00 | ®
!AlB 7. 54 n f f n " " 2. 00 1.00 "
U n4 66,14 n n " n L] n 4.00 L n
A1, [67.70 | L.00f " n n uf n §1,00f " "
lL‘L7 n " LJ n f n ] 2. 00 " n
lAlS P65060 n ] n n ”n n 4_.00 ]

"B, 69,10 | - 0,221 LI T B R ": 6.50] = n

'  Firing temperature 1250°C for 3 hours
®*  Firing temperature 1325°C for 30 minutes
¥ Firing temperature 1250°C for 12 hours
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TABIE 3,4 Calibration of strain-gauged cantilever beam at 90 cm
from fixed end
Load in kg |Voltage output in mv
0,20 0.29
0,30 Q.44
- 0,50 0,72
0.7 1.00
1.00 1.45
1.2 1.76
1.5 2,20
1.6 2.30
== —
IABLE 3,5 Calibration of strain-gsuged cantilever beam
at 60 cm from fixed end
Load in kg |Voltage output in mv
1.2 1.40 ]
2,0 2,30
. 2,40 2,80
2.45 2,87
2,75 3,20
2,95 3.40
3,00 3.50
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TABIE 3,6 Blank test of reduction-under-load apparatus

At 850°C At 830°%
Time in minutes|Contraction of | Time in minutes|Contraction of
Platens in mm Platens in mm
1l 0.03 1 0.05
2 0.06 2 0.06
3 0.13 3 6.10
4 0,16 4 0,13
5 0.18 5 0.16
6 0.21 6 0.16
7 0.25 7 0.18
8 0,25 8 c,18
9 0,26 9 0,20
10 . 0.30 10 0,20
11 0,31 11 .21
12 0,31 12 0.21
13 | J 6. 31 13 0,21
14 0.31 1 0,21
15 0.33 15 0.21
20 0.35 20 0.21
25 0.35 25 0.21
30 0,35 30 0.21
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TABIE 3,7 Values of percentage change in length against
time for five samples ZBEE reduced at 8%006
at a constant stress of 0,75 kg,cm™

Semple No

féﬁg tos 1 2 3 4 5 |Mean |g % o
T |3.40]3.08}3.07 | 3.24 | 3.26 | 3.222] 0.13 | 4.05
2 4023} 3.4 14,07 | 3.73 | 4.09 | 3.906 | 0.337] 8.48
3 |3.68]3.35 | 3.85 | 3.84 | 4.03 | 3705 [ 025 | 6.67
4 |3.68]3.51 ) 4.0114.17 | 4.20 | 3.915 | 0.306| 7.82
5 |3.63]3.80}4.301 4011 | 4031 | 2.03 | 0.304] 7.55
6 |3.46|3.60} 4.30| 4.28 | 2.14 | 3.956 | 0. 39 | 9.86
7 |3.46 |3.68) 4,12 4.21 | 3,81 | 3.836 | 0.28 | 7.30
8 3435 [3.35] 3.68 | 3.67 | 3.51 | 3.516 ] 0.15 | 4.27
9 |3.13|3.13) 3.63] 3.45. 3.31{3.33 | 0.20 | 6,00
10 |33 3.2 | 3.13] 322315 | 5.1 o.03 | 0.9

TABIE 3,8 (Celibration of Glass Spring

Weight in basket/gram

Displacement of Spring/cm

3.0
0.1
0.2
0.3
0.4
0.5
0.6
0.8
1.0

2.0

11.065
0.350
0.720
1.075
1.460
1.830
2,23
2,95
3.695
7.5
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TABLE 4.1(a)

THE DENSITY AND POROSITY OF JRON OXITE PELLETS AT

DIFFERENT IEVELS OF DOPING AGENTS AND PRODUCED BY
SINTERING AT 1250°C FOR 3 HOURS

Sample Hematite | Content of doping agent | Density Porosity
Designation| content /mass % /g em=> /Volume
/mess & e | Silica | Alwmima percent
I3 99.12 0,12 | 0,22 0.2 3.7 28.4
03 98.24 1.0 0.22 0.2 3.9 23.0
E3 97.24 2.0 0,22 0.24 bLeb 15.0
F3 96424 3.0 0.22 0.24 4e15 18.0
G3 95424 4.0 0.29 0.24 4.10 19.0
53 94,24 5.0 0.22 0.2 3.9 21.0
A 98.34 0.12 | 1.0 0.24 3.6 28.8
c 97.46 1.0 1.0 0.24 3.8 27.6
E 96446 2.0 1.0 0.24 bel 19.5
F 95.46 3.0 1.0 0.24 1 3.95 21.5
G 94446 4.0 1.0 0.24 3.90 22.0
H 93.46 5.0 1.0 0.24 3.8 23.0
I\ 97.48 | 1.0 | 0.22 | 1.0 3.6 | 2.2
414 96.48 2.0 0,22 1.0 3.5 32.0
514 94.48 4.0 0.22 1.0 3.4 32.5
A16 96,70 1.0 1.0 1.0 3.5 30.0
Al,, 95.70 2.0 1.0 1.0 3.35 32,50
A18 ' 93.70 4.0 1.0 1.0 3.10 38440
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TABIE 4.1(Db)

THE IENSITY AND POROSITY OF IRON OXITE PELIETS AT

DIFFERENT LEVELS OF DOPING AGENTS AND PRODUCED BY
SINTERING AT 13250C FOR 30 MINUTES

Sample Hematite | Content of Doping Agent | Density | Porosity

Designation | content /mass % /g cnr3 | /Volume
/mass % percent
: Lime | Silica | Alumina

A 4 99.12 0,12 | 0,22 0.24 3.70 28.5

04 98.24 1.00 | 0,22 0.24 4.10 19.50

E " 97.24 2,00 |0,22 0.2 YAYA | 13.0

]?'4 96.24 3.00 | 0,22 0.24 4,10 19.50

TABLE 4.1(¢) _THE DENSTTY AND POROSITY OF AN TRON OXITE PELLET

PRODUCED BY SINTERING AT 1250°C for 12 HOURS

Semple Hematite Main doping agent Density Porosity

No /mass $ mass /g cmr3 /Volume

percent
Lime | Silica | Alumina

95.46 1.0 3.0 0.24 3.6 27.9
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TABIE 4,2 POINT ANALYSIS OF DIFFERENT PHASES PRESENT IN VARIOUS
SAMPLES, CATEGORISED IN TERMS OF MOLAR Fe/Ca RATIO

Semple Range of analysis wt % Mean analysis

No. Fe50, Ca0l 8105 Fe05 | Gal 5105 |Phases
96,9-99.5( 0,1-0.8 1.2- 2,5(97.9 | 0.4 | 17| E

cy 86,1-89.5| 6.0~9.5 1.2- 5.6 86s4 | 7.6 | 6,0 | CFy

73.7-82.9(10,5-14.8 | 7.7-12,0| 77.1 | 12,6 [10.3 | CF;

_

9443~99.4| 0s1=4ud 0.7~ 3.4|95.8 | 29| 1.3 | E
Ey 88,3-90.6] 9.3-11,1 | O.4= 2.3 | 88.4 | 10,2 | 1.4 | CFy
81.6-85.2(14.6-16,9 | 0,0-1.7 | 83,0 | 16,2 | 0.84| CF;

- - - 9.7 | 2004 | = CF

94e4=99.8| 0.1=3.4 0.2-2.4 [97.2 | 1.6 | 1.2 | H

Fy 81.6-87.8|12,0-13,9 | O.4=4e7 | 85.2 | 13.0 | 1.8 | CF,

57.8-79.6|19.9-38.,2 | 0,0-3.94| 68.9 | 29.10| 1.9 | CF

e =t

93.6-99.7| 0.1-3.4 0,0~3.9 |97.6 | 1.2 | 13| E
Gy 8946=9445| 5.6-844 0,0-5.6 [91.7 | 6.9 | 1.4 | CFy

78.2-81.4/15,0-19,5 | 0.0-6,9 | 79.0 | 17.0 | 4.0 | CFy

57.8-80,0/11,0=30,3 | 0.0-3.9 [ 68.9 | 29.1| 1.9 | CF

—

93.7-99.9| 0.2-3.6 0,9-2.7 | 96.6 | 1.5| 19| E

Hy - - - | 66.4 | 25.6 | 87| CF

79.6-84,9{13,6-18.5 | 0,0-3,8 | 82,6 | 16,3 | 1.2 | CF,

c 38.6-69.7| 7.0-29.4 | 17.6-35.8{ 59.3 | 12,5 |28.2 | Complex
iron-
calcium
silicate
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Semple - Range of analysis wt % Mean analysis
No. F6203 Ca0 8102 Fe203 Cal 8102 Phases
9309‘9808 000' 2.5 104‘ 308 96.7 lol 2.2 H
E T1e4-82.9| 9.3-L4.3| 9.9-15.2| 77.6 | 10.9| 11.5 CF3
24e3-52.9 | 23.8-38.5| 22,5-42.9 | 40.40{ 26.7| 32.9 Complex
iron-
calcium
silicate
‘%“
98.,0-99,5| 0.1- 0,3| 0,7- 1,5 |98.5 0.2 1.3 H
F 500 7-51. 6 40. 6‘46. 2 llo 7"' . 70 8 510 0 44. 2 4.0 8 CZF
678778 | 11.2-17.5 | 1L,0-15.0 | 702 |15.4 |13.5 | %
380 6"5507 1209"3500 1804"2608 5307 23.8 25.6 Complex
iron-
calcium
sllicate
— —:—_:—w
97.8-99.9 | 1.1~ 2,0 - 98,2 1.8 - H
G 82. 1-8701 100 5"’13.5 109- 506 83.9 12.3 3.7 CFZ
68,0-72,9 | 15.3-16.1 | 11,6-16,0 | 70.4 |15.7 |13.9 cF’;
lm ——— —
95.3‘9806 003“ 104 0.2- 201 97.3 006 201 H
H - - - 80,3 | 19.6 - CF
62,1-74.8 | 13.6-20,8| 9.0-21,2 [ 71.1 | 16.6 |{12.3 CF’;
- - - 95.9 | 41| = H
cA 57.8-8000 1909"38.3 000- 309 68.9 29.1 1.9 CF
- - - 85.0 | 14.0 - CF,
- - - 970 9 00 3 lo 7 H
FI" 8507-8707 1204-1403 - 86.9 13.1 - CF2
57.6=80,2| 1440=31.0| 0,0= 4.0 [70.7 |28.9 1.4 CF

Continued overleaf . . . . . . .
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Semple Range of analysis wt % Mean analysis
No. Fe 203 Cal 8102 Fe203 Cal 8102 Phases
- - - 9.4 | 0.3| 0.3 H
p* 48.8=53.7 | 12,0-18,4 | 32,8=35.0 | 51,0 |15,2 ]| 33.8 | iron-
, calcium
silicate
23. 7"3809 25. 7"37.0 330 0—3904 3303 300 2 36.4 iron-
calcium
silicate

j-l76"
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TABLE 4.3 Msesurement of the mass transfer coefficient in the
naphthalene-air system
Naphtha-| 7/ Temp/ |Time/ |Loss of Mass|P/ Ao {1/
lene cm3 sec~l| K sec /mol. atmos mol sec~l | cm sec
Sample
1 16.84 291. 16 |122400| 0,0157 5.47x10~% 9,378x10-9| 0.1500
2 25.43 293,16 |. 32400] 0, 0075 6.7x10~ | 1.80x10~9 | 0.2050
3 25.6 295.16 | 24400( 0,0062 8,19x10-5| 3.36x10~9 | 0.2154
4 |25.43  |293.16 | 12600]0.0027 6.7x10~5 | 1.67x10-9 | 0.19
5 34.5 293,16 | 36000/ 0,0091 6,7x10~5 |1.9739x10-% 0.225
6 34.14 295.16 | 36000| 0,0092 8.,19x10-5| 1,9735x10~9 0.2512
7 42.68 295,16 | 21600} 0,0073 8.19x10~5| 2,639x109 | 0.2477
J .
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TABLE 4./ Measurement of the mass transfer coefficient of
naphthalene-air systems results used for derivation
of mags transfer equation

A/ cn sec | 0.15| 0,205 0.215: 0.19 | 0.225 | 0.2512| 0.2477
T/ om3 sec™l| 16,84 [25.43 [25.6  |25.43 B4.5 Ph.14 |42.68
U= %. cm sed 0,60 0,90 | 0,90 0,90 {1.22 |1.20 1.51
Re 4.02| 5.96 | 5.89 | 5.96 |8.07 [8,07 | 9.88
Log Be 0.61] 0.775| 0,770 | 0.775|0.907 | 0.896 | 0,996
=50 | 245336 | 3.53 [ 3.20 13,69 421 | 4.06
Scl/3 1.34] 1.35 | 1.36 | 1.35 [1.35 |1.36 | 1.36
Log&%};@ - 0.24] 0.095| 0.136 | 0,0219 0.169]0.255 | 0.24

* 1 i

A = Crossectional area of tube 28.27 en?.

Characteristic length of naphthalene lecm.

~z
']

Kinemstic viscosity of Air 0.133 cm2,sec~l.
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TABLE 4,5 REDUCTION TIME vs. PERCENT REDUCTION OF AN IRON OXIDE
PELLET CONTAINING 1,0 MASS ¢ CaQ, 3,0 MASS ¢ SILICA
AND 0,2/ MASS ¢ ALUMINA, REDUCED IN HYDROGEN AT 850°C

Time in minutes Percent oxygen removed
1-30 _ 12.7
2-30 24.9
3-0 31.9
4=0 4.2
5-0 51.5
6=0 61,7
7-0 70.6
8-0 T4
9-0 842

10,0 88.2
11,0 92.6
12.0 95.7
13,0 97.7
1.0 98.8
15.0 98.8
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TABIE 4.6 REDUCTION PROPERTIES OF DOPED HEMATITE PELIETS REDUCED
L N e P ST R
IN HYDROGEN AT 850°C AND SINTERED AT 1325°C FOR 30 MINUTES

Composition of doping |Reduction Initial stresses
agents mass time in

mins for Zero 1,5 kg cmr?

95% Peak Terminal |Peak Terminal
Ca0 | 810, A1203 : Expansion | Bxpansion|Expansion] Expansion
0’12 O_Q 22 0,‘ % X 13 6. 2 10 2 40 2 -
1,00 | 0,22 | 0,24 17 2,65 2.4 2.0 -
2. 00 0. 22 Oou 25 102 006 102 -
3.00 | 0,22 | 0.24 25 1.1 0.15 0.35 -
!-looo 3000 0024 12 904 7.0 6.0 -

% Sintered at 1250°C for 12 hours
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_TABIE 4,7 GENSRAL OBSERVATION ON REDUCED PELIETS

‘§Eﬁb1e Mode of
Degree of Cracking

Designation | Number Reduction
13' 1 Cracked Homogeneous
03' 2 Cracked Homogeneous
.03' 1 No cracking Topochemical
f3' 3 No cracking Topochemical

GB' 1 No cracking Topochemical
HS' 1 No cracking Topochemical
A 1 Cracked Homogeneous
c! 2 Heavily cracked Homogeneous
Et *¥ 1 Cracked Homogeneous
F! 1 Slightly cracked Homogeneous

G 2 Slightly cracked Mixed mode
H! 2 No cracking Topochemical
A12' 2 Cracked Homogeneous
313' 1 Cracked Homogeneous
A14' 2 Cracked Homogensous
Al 2 Cracked Homogensous
Aly! 1l Cracked Homogeneous
a4 2 Cracked Homogeneous
AL" 2 Cracked Homogeneous
q&“ 3 Slightly eracked Homogensous
EA“ WX % 3 No cracking Topochemical
F," 3 No cracking Popochemical
p* 1l Heavily cracked Homogeneous

For sample composition see Table 3.3.

#¢  3-0 kgcht
xx% 1O k_g.crﬁ‘2
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MICRO-ANALYSIS OF PHASES PRESENT, CATEGORISED IN TERMS

OF MOLAR Fe/Ca RATI0 AND APPROXIMATE FORMULA

_ Molar
% Fo 0, | % Ca0 % 510, # M0, |Fe/Ca Compounds
Ratio
84.7-9L.7 | 6.9-10.2 | 1.3- 7.6 | -  |7.93%L.15 | GCa0(R.05)5 5
T, 0-8704 12, 3"170 6 oo C- 50 0 - 4. 22:00 65 Ca0,2 F6203
70.4=77.5 | 11.9~16.8 | 10,2-13.9 - 3.85%0,60 | Ca0,2 Fep0,*
67.0-76,0 [ 11.8-15.7 | 2.8~ 7.8 | 5.2-12.8/3.7820.24 | Ca0.2 Pe,0,%%
-6910 0-800 0 190 7"%0 1 oo 0- 1097 - 2. 47:00 55 GaO F9203
66.3 25.6 8.0 - 1,85 Ca0 -Fe304™
51. 0 44. 2 4. 8 - O. 83 2 Ca0. F3203
37. 5 290 0 160 7 1609 00 93 2 Ca0 FGzOBn
3304=59.3 | 12,5=30,6 | 22,0-36.4 - 1.8421 Complex iron
calcium
silicates
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PLATE 3,4

VACUUM IMPREGNATION SYSTEM
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Plate 4.1

Plate 4.2

Plate 4.3

A polished section of iron oxide pellet without
addition, containing Ca0 0.12%, SiO, 0.22%,
A1505 0,24% sintered at 12509C for 3 hours.
Black pores, white hematite grains. (190 x).

A polished section of iron oxide pellet
containing Ca0 1,0%, Si0y C.22%, AlpO3 0.24%,
sintered at 12509C for 3 hours. Shows pore
distribution (Black) white hematite grains
end grey cslcium ferrite phese. (190 x).

A polished section of iron oxide pellet
containing Ca0 2,0%, Si05 0.22%, alumina 0.2/%
sintered at 1250°C for 3 hours, showing black
pores, white hemstite and grey celcimm
ferrite. (190 x). '






Plate 4.4 A polished section of iron oxide pellet, shown
in Plate 4.3 at a high magnification (960 x)
showing calcium ferrite grey in colour distributed
on white hemstite grain boundaries.

Plate 4.5 A polished section of iron oxide pellet containing
Ca0 3,0%, SiO, 0.22%, A1203 0.24% sintered at
12509C for 3 hours. Shows black pores, grey calcium
ferrite and white hematite grains (480x).

Plate 4.6 A polished section of iron oxide pellet containing
Ca0 4.0%, Si0, 0,227, Al,03 0.24%, sintered at
12509C for 3 hours, showing hematite, calcium
ferrites and pores. (480 x).

- 189a -






Plete 4.7 A polished section of iron oxide pellet containing
Ca0 5.0%, Si05 0.22%, Al;03 0.24% sintered at 1250°C
for 3 hours showinz dark pores, white hematite and
grey calcium ferrite. (190 x).

Plate 4.8 A polished section of iron oxide pellet containing
Ca0 0,12%, Si0O, 1.0%, 41504 0.24% sintered at 1250°C
for 3 hours, showing white hematite, black pores.
(190 x).

Plate 4.9 A polished section of iron oxide pellet containing
' Ca0 1,0%, Si05 1.0%, Al50, 0.2,% sintered at 12509C
for 3 hours sEowing whi%e hematite, dark pores and
very fine grey phase (slag).. (190 x).
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Plate 4.10

Plate 4.11

Plate-4.12

. & polished section of iron oxide pellet
containing Ca0 2,0%, Si0, 1.0%, Al 203 O. 24%
sintered at 1250°C for 3 hours showlng grey
calcium ferrite encircled by white hematite
grains, dark pores. (190 x).

A polished section of iron oxide pellet
containing CaO 3,0%, Si0p 1.0%, Al,0, 0.24%
sintered at 1250°C for 3 hours sho fine
distribution of ‘grey phese calcium ferrite
white hematite, dark pores. (190 x).

A polished section of iron oxide pellet
containing Cal 4.0%, Si0, 1,0%, Aly03 0.24%
sintered at 1250°C for 3 hours showing grey
needles of calcium ferrite, white hematite,
dark pores. (190 x).
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Plate 4.13

Plate 4.14

Plate 4.15

A polished section of iron oxide pellet -
containing Ca0 4.0%, Si0, 1.0%, 41,04 0.24%
sintered at 1250°C. for 3 hours, showing
calcium ferrite, grey in colour in laths and
needle, white hemstite, dark pores. (480 x).

A polished section of iron oxicde pellet
containing Ca0 5.0%, SiO, 1.0%, A1203 0. 24%
sintered at 1250°C for 3 hours showihg dark
pores, white hematite, grey calcium ferrite
with pores and in solid state. (190x).

A polished section of iron oxide pellet shown
in Plate 4.14 at high magnification (480 x)
showing grey calcium ferrite phase with pores
and leths, white hematite, dark pores.
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Plate 4.16

Plate 4.17

Plate 4.0 18

A polished section of iron oxide pellet shown
in Plate 4.1/ at high magnification (480 x)
showing grey calcium ferrite with needles and
pores, dark pores, white hematite.

A polished section of iron cxide pellet
containing Ca0 1.0%, SiO 0,22%, Alp03 1.0%
sintered at 12509C for 3 hours. White hematite

dark pore and dark phase with grey encircle.,
(190 x). .

A polished section of iron oxide pellet shown
in Plate 4.17 at high megnification (480 x).

Dark pores, grey phase with encircle white,
white hematite.
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Plate 4.19

Plate 4.20

Plate 4.21

A polished section of iron oxide pellet
containing CaO 2,0%, SiO; 0,22%, Al504 1.0%
sintered at 12509C for 3 hours, showing
dark pores, white hematite, grey calcium
ferrite with pores and needles. (190 x).

A polished section of iron oxide pellet
containing Ca0 4.0%, Si0p 0.22%, Alp03 1.0%,
sintered at 1250°C for 3 hours, showihg

dark pores, grey calcium ferrite and white
hematite. (480 x).

A polished section of iron oxide pellet
containing CaO 1,0%, SiO; 1.0%, Al1505 1.0%
sintered at 12500C for 3 howrs, showing
dark pores, white hematite, grey ghase of

‘doping agents with pores. (190 x
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Plate 4.22

Plate 4.23

Plate 4.24

A polished section of iron oxide pellet conteining
Ca0 2.0%, Si0, 1.0%, Al503 1.0% sintered at 125000
for 3 hours, showing dark pores, white hematite,
grey phases. (190 x).

A polished section of iron oxide pellet containing
Cal 4.0%, SiO, 1.0%, Al1704 1.0% sintered at 1250°C
for 3 hours, showing dark pores, white hematite,
grey calcium ferrite phases with pres. (190 x).

A polished section of iron oxide pellet shown in
Plate 4.23 at high magnification (480 x) shows
grey clacium ferrite in needle and grain form,
dark pores with hematite.
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Plate 4.25

Plate 4.26

Plate 4.27

A polished section of iron oxide pellet
containing Cal 0,12%, SiOy 0,22%, 41704 0e24%
sintered at 1325°C for 30 minutes showing
dark pores, white hematite. (190 x).

A polished section of iron oxide pellet
containing Ca0 1,0%, SiO, 0.22%, Al 03 Q. 24%
sintered at 1325°C for 38 minutes, showlng

~ dark pores, white hematite, grey calcium

ferrite. (190 x).

A polished section of iron oxide pellet
containing Ca0 2,0%, Si0, 0.22%, A1203 0.24%
sintered at 1325°C for 30 minutes, showing

dark pores, white hematite grey calclum
ferrite. (190 x).
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Piate 428

Plate 4.. 20

& polished section of iron oxide pellet containing
Ca0 3,0%, Si0, 0.22%, Als0, 0,24% sintered at 1325°C
for 30 minutes show1ng darﬁ pores, grey calcium
ferrite and white hematite. (190 x).

A polished section of iron oxide pellet containing
Ca0 1,0%, Si05 3,0%, Alp05 0,24% sintered at 12500C
for 12 hours showing dark pores, whlte hematlte and
very fine grey phases. (190 x).
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Plate 4.30 Scanning photomicrograph of iron oxide pellet
-containing Ca0 1.0%, SiOp 0,22%, Al503 0.24%
sintered at 12500C for 3 hours. (575 X).

Plate 4.31 ZX-Ray map of Celcium distribution in the area
shown in Plate 4.30. (575 x).

Plate 4.32 Z~Ray map of Silicon distribution in the area
gshown in Plate 4.30. (575 x).
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Plate 4.33 »

Plate 40 34

Plate 435

Plate 4.36

Scanning photomicrdgraph of iron oxide pellet
containing Ca0 2,0%, SiOp 0,22%, A1503 0,24%
sintered at 12500C for 3 hours. (4560 x).

X-Ray map of Calcium distribution in the area
shown in Plate 4.33. (4560 x).

Scanning photomicrograph of iron oxide pellet
containing Cal 5,0%, SiO, O. 22%, 5.1203 0.24%
sintered at 12500C for 3 hours. (6007x).

X-Ray map of Calcium distribution in area shown
in Plate 4.35. (600 x). .
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Plate 4.33

Plate 434

Plote 435 Plate 436
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Plate 4.37 Scanning photomicrograph of iron oxide pellet
containing CaQ 1,0%, SiOp 1.0%, Al504 0.24%
sintered at 1250°C for 3 hours. (1580 %),

Plate 4.38 ZX-Ray map of Calcium distribution in the area
shown in Plate 4.37. (1500 x).

Plate 4.39 ZX-Ray map of Silicon distribution in area shown
in Plate 4.37. (1500 x).

—-200a-






Plate 4.40 Scanning photomicrograph of iron oxide pellet
containing Ca0 2,0%, SiOp 1.0%, Al0 0.24%
sintered at 125000 for 3 *hours, (1530

- L]

Plate 4.41 X-Ray map of Calcium distribution in the area
shovn in Plate 4.40. (1500 x).

Plate 4.42 ZX~Ray map of silicon distribution in the area
shown in Plate 4.40. (1500 x).
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Plate 4.43 Scanning photomicrograph of iron ox.me pellet
containing Ca0 5,0%, SiO, 1.0%, Al 0. 24%
sintered at 1250°C for 3 hours. (363

Plate 4.44 X-Ray map of Calcium distribution in the area
shown in Plate 4.43. (960 x).

Plate 4.45 X-Ray map of Silicon distribution in the area
shown in Plate 4.43. (960 x).
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Plate 4.46 Scanning photomicrograph of iron oxide pellet
containing Ca0 1,0%, SiOp 0.22%, A1203 1.0%
sintered at 12500C for 3 hours. (6007x).

Plate 4.47 X-Ray map of Aluminium distribution in the area
shown in Plate 4.46. (600 x).

Plate 4.48 ZXZ-Ray map of Calcimh distribution in the area
shown in Plate 4.46. (600 x).
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Plate 4.49 Scanning photomicrograph of iron oxide pellet
containing Cal 4.0%, S10,-0,22%, A1;05 1.0%
sintered at 1250°C for 3 hours. (6007x).

Plate 4.50 ZX-Ray map of aluminium distribution in the area
shown in Plate 4.49. (600 x).

Plate 4.51 X-Ray map of Calcium distribution in the area
shown in Plate 4.49. (600 x).
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Plate 4.52

Plate 4.53

Plate 4.54

Plate 4.55

Scanning photomicrograph of iron oxide pellet
containing Ca0 1.0%, SiO, 1,0%, Al 02 1.0%
s:.ntered at 125000 for 3 hours. 80 ).

X-Ray map of aluminium distribution in area
shown in Plate 4.52. (3000 x).

X-Ray map of Silicon distribution in area
shown in Plate 4.52. (3000 x).

X-Ray map of Calcium distribution in area
shown in Plate 4.52. (3000 x).
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52

Plate 4

Plote 455

54

Plate 4.
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Plate 4.56 Scanning photomicrograph of iron oxide pellet
containing Ca0 4.0%, SiOy 1.0%, Al50 1.0%
sintered at 12500C for 3 hours. (78

Plate 4.57 ZX-Ray map of aluminium distribution in area
shown in Plate 4.56. (780 x).

Plate 4.58 X-Ray map of Calcium distribution in area
shown in Plate 4.56. (780 x).
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Plate 4.59 Scanning photomicrograph of iron oxide pellet
containing Ca0 1,0%, SiOy 0,22%, Al,0 0.24%
sintered at 13250C for 30 minutes. (1800 x).

Plate 4.60 ZX-Ray map of Calcium distribution in area
shown in Plate 4.59. (1800 x).

Plate 4.6l ZX-Ray map of silicon distribution in area
shown in Plate 4.59. (1800 x).

-207a-






Plate 4.62

Plate 4.63

Plate 4.64 .

Scanning photomicrograph of iron oxide pellet
containing Cal 3.0%, SiO, 0.22%, A1505 0,24%
sintered at 1325°C for 38 minutes. (isoo x).

X-Ray map of Calcium distribution in area
shown in Plate 4.62. (1800 x).

X-Ray map of Silicon distribution in area
shown in Plate 4.62. (1800 x).
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Plate 4.65

Plate 4.66

Plate 4.67

Scanning Photomicrograph of iron oxide pellet
sintered at 12509C for 12 hours. (gsoo x).

X-Ray map of Calcium distribution in area
shown in Plate 4.65. (1800 x).

X-Ray map of Silicon distribution in area
shown in Plate 4.65. (1800 x).
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FIG:2,2(s) A Phase diagram of Ca0-Fep05-Si0p systen(9)
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FIG:2,2(b) Phase equilibrium diagram for the Ca0-Fe,0, system

at one atmosphere pressure of oxy%en, as & function

of temperature a?d composition. (Reproduced from
Philips and Myan(9)).
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Fig43(a) The effect of air flow rate on the mass transfer

coefficient obtained from naphthalene sublimation

experiments-
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Fig,4.17 Change in length of different pellets reduced in hydrogen
at 830°C at zero stress (sintered at 12500C).
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Fi 18 Change in length of pellets reduced in hydrogen at 8300C
Flfed 10 at stress of 1.5 kg cm~< (sintered at 12509C).
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Fig,4.20

Change in length of pellets reduced in hydrogen at 830°C
at zero stress (sintered at 1250°C)
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Fig.4.21 Change in length of pellets reduced in hydrogen at 830°C

at stress of 3 kg cm2 (sintered at 12500C)
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Fig.4.22 Change in length of pellets reduced in hydrogen at 830°C
at zero stress (sintered at 1250°C).
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Fiz.4,23 Change in length of pellets reduced in hyd.rogen at 830°C
at stresses of 3.0 kg cm~? (sintered at 12509C),
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Fig.4. Change in length of pellets reduced in hydrogen at 850°C
at zero stress (sintered at 1325°C),
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Fig,4.25 Change in length of pellets reduced in hydrogen at 850°C
at stresses of 1.5 kg cm~2 (sintered at 1325°C).
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