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Abstract

Steel is under increasing pressure from governments and environmental groups
to cut CO9 emissions. To fight this, a number of alternative ironmaking processes
have been devised to replace the blast furnace (BF) ironmaking process in modern
integrated steel plants. The blast furnace has been targeted, as it is the highest
producer of greenhouse gases in the steel plant. This is due to the high use of coal
as an active ingredient and the energy intensive processing of raw materials for use
in the furnace such as coking ovens and sintering. Tata Steel Europe have been
developing an alternative iron making plant called HIsarna that is a combination of
two technologies: cyclone converter furnace and Hlsmelt smelting reduction vessel.
The trials have shown that the process can cut CO2 emissions drastically compared
to the current BF ironmaking and has greater flexibility in the raw materials and
energy used for the process.

With the development of new processes, the issues that arise from new reac-
tions means that new fundamental knowledge is needed to understand the certain
phenomena in the. In this thesis, the interaction between iron ore and Ca-based
materials (lime, limestone, and basic oxygen steelmaking slag) will be studied with
an interest of these reactions occurring in the CCF. The process has seen issues
of accretions building up in the region between the CCF and SRV, and requires a
solution to dissuade the agglomeration of such accretions.

The accretions found in the process were taken from the IJmuiden HIsarna
pilot plant and analysed by examining the structure, composition, and thermal

properties. The structure and porosity were examined with XCT and microscopy.
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The sample had two defined sections (dense and porous) with some microstructural
aspects. The composition was detected by electron dispersal spectroscopy (EDS)
and was used to study the chemistry of the accretion against the iron ore used in
HIsarna. The thermal properties indicated the temperature at what temperature the
material will be molten to understand and stop the accretion forming. The results
allowed for the orientation of the accretion to be determined and theories on how
the formation of the accretion. It shows that how the classic formation via alkalis
of accretions found in a BF do not seem feasible due to the higher temperatures in
the Hlsarna.

The interactions between iron ore and Ca-based materials were then con-
ducted with the aim to show the benefits of doping the CCF with CaO to reduce
the melting point of the ore to increase fluidity. To increase Hlsarna’s flexibility of
raw materials, three Ca-based fluxes (lime, limestone and BOF slag) were compared
to show how they work in terms of reactivity and effectiveness in increasing the
molten material. This was done with in situ experimentation and post experimental
analysis of the flux-iron ore interface. The finding showed that limestone was the
most reactive from the test with a high molten fraction and evidenced from SEM
imaging. The BOF slag was also showed to be a potential source of fluxing material
in the Hlsarna process. Using BOF slag would help increase the environmental ben-
efits to the process and industry as this promotes recycling of BOF slag produced
in an integrated plant.

Finally, the study progresses from small scale bulk reactions to a single par-
ticle reaction with a Ca based pellet (lime and limestone) to test likelihood of how
the particles react in the CCF. This allowed for a more varied compositions of iron
ore due to the heterogeneous nature of particles to be studies with higher content
of impurities such as SiO9, AlsO3 and MgO. The test used a unique method imple-
menting a sessile drop camera (SDC) with the high temperature confocal scanning
laser microscope (HT-CSLM) to obtain a two-plane in situ view of a particle in-
teracting at high temperatures. The test showed that a high SiOy content in the

particle increased the melting point of a CaO-FeOy system. AlyO3/MgO also ef-
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fected the interaction negatively but by a smaller degree. The visualisation from
two angles allowed the particle to be measured over a period of 60 s and allowed for
a kinetic study of the interaction. This found that the composition of each particle
had a greater effect on the rate of reaction rather than the shape, size, and temper-
ature. It also provided further evidence of the increased activity of newly formed

CaO from calcination of limestone.
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Chapter 1

Introduction

The indispensable nature of steel within our modern society becomes apparent when
considering the vast industries reliant upon its production; these include major ap-
plications in construction, mechanical engineering, white goods production, auto-
motive industry, oil and gas, and aerospace. Due to the uptake of iron and steel
production processes by the sector globally, multiple steps of the steel manufactur-
ing process consume high amount of carbon as fuels and reaction agents resulting
in the steel industry producing 1.878 billion tons of crude steel in 2020 according to
the world steel association. With a COy emission per tonne of steel being around
2 2.2 tonnes via the integrated steel plant and equates to 3.756-4.136 billion tonnes
of CO4 produced by the steel industry[1]. This amount of CO9 emission is approxi-
mately 7 % of the COq emissions produced globally [2] and is unsustainable for the
steel industry. These figures have resulted in the EU to issue a challenge to cut COq
emissions by 80 % to 95 % by 2050 [3] compared to the 1990 level.

Each step of the integrated BF-BOF (basic oxygen furnace) steelmaking
process contributes to the emissions of the overall process. Figure 1-1 [4], shows
each part of the integrated steelmaking process and its CO2 emissions with the
blast furnace (BF), coke making and sintering producing the most. The current BF
ironmaking process is energy efficient but energy intensive and accounts for around

69 % of CO4 emissions of the whole BF-BOF integrated steel manufacturing process.
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Figure 1-1: Flow diagram of the integrated steel making process with figures of the
input of coal or coke and the output of COs from each step from data from 2012.
[4]

The challenge to substantially reduce CO2 emissions from the steel industry
has increased the activity in research and development on more sustainable ways of
producing liquid iron instead of BF process. Meanwhile, the fast-increasing demand
in steel in China, India and other growing Asian countries has led to an increase in
the price of raw materials on international market and the shortfall of premier iron
ore. These reasons cause a desire to find an alternative ironmaking process that can
substantially reduce COy emissions and to reduce the cost of raw materials by using
flexible raw materials.

The HIsarna technology offers great potential to be flexible in raw materi-
als and energy sources and to substantially reduce CO2 emissions from ironmaking
process. Hlsarna process is a combination of Rio Tinto’s HIsmelt SRV [5] and Tata
Steel’s CCF [6]. It is one of the four technologies (the other three are top gas
recycling, ULCORED and ULCOWIN) identified by the EU ULCOS programme
since its start-up in 2004. Although so far it has gone through five successful cam-



paigns, there is a serious lack of fundamental understanding of mechanisms involved
in the new technology. Uncovering the fundamental mechanisms of the reactions
in the Hlsarna process will greatly accelerate the development and upscaling of the
promising technology.

In 2017, it was reported that globally the production of lime (CaO) is es-
timated to be 350 million tons with the steel industry using between 140 to 160
million tons. The EU uses 20 million tons of lime with 40 % being consumed by the
iron and steel industry [7]. Most lime is produced at steel mills from the calcination
of limestone. Lime in the iron making industry is known as a fluxing agent and
is used as a chemical cleaner to remove unwanted materials [8]. The removed are
silica, alumina, sulphur and phosphorous, and the chemical equations of each can

be presented below in equations (1.1a - 1.1d).

25109 + 5Ca0 — (CazSi04) 4+ (Ca3SiOs), (
9A1503 + 16Ca0 — (CaAla04) + (CazAlaOg) + (Ca12Al14033) (1.1b
25 4+ 2Ca0 — 2CaS + Oy (
2P +3Ca0 + 5FeO = 3Ca0 - P,O5 + 5Fe¢ (

Lime is also used by the steel industry in forming sinters in the iron making
process as a binding agent and aids the quality of the sinter. This is due to its
ability to form a uniform blend, which influences the permeability of the charge
and increases the heat transfer. It is suggested that lime doping during the sinter
process can increase the productivity of the process by 20 % and reduce the costs,

raw materials used and COg of the process [9].

1.1 Objectives of Study

The objective of this study is to investigate how using lime based fluxing agents in the
HIsarna process can benefit and offer fundamental understanding of the interactions
between lime based fluxing agents and Hlsarna raw materials (e.g., iron ore) that
are likely to occur. This will include the introduction of such lime into the CCF
where it will interact solely with the iron ore. Understanding the reaction between
iron ore and CaO will offer insight into the potential benefits and drawbacks of lime
charging in the CCF.

First, the potential benefits of the lime addition (injection to CCF) will be

studied on the build up of accretions in the Hlsarna process. This will be studied by



analysing an accretion sample taken from the Hlsarna plant IJmuiden, in terms of
composition, structure and properties, using microscopy, X-ray Computed Tomog-
raphy (XCT) and calculations from the software FactSage™, and then theorising
the growth of accretions in the process and how fluxing can change/ avoid it.

Further study of the reaction kinetics between iron ore and different fluxing
agents (lime, limestone and BOF slag) will be carried out using the High Tem-
perature Confocal Scanning Laser Microscope (HT-CSLM). Three fluxing materials
will be compared by testing the properties of each and judging the viability and
effectiveness of each material in terms of interaction with iron ore in Hlsarna.

A novel study of a single particle from iron ore reacting with a fluxing agent
will be developed to allow for a full investigation of the interaction between iron ore
and fluxing materials. Using a Sessile Drop Camera (SDC) with the HT-CSLM, the
particle (iron ore) can be viewed in two planes and the spread of a molten particle
(iron ore) on the fluxing surface can be measured. This will provide important
information to HIsarna process on the viability of other Ca based fluxing agents,
the understanding of the reaction kinetics, and the optimal conditions that can alter

the process.

1.2 Thesis Structure

Following this introduction, the layout of the thesis will be as followed.

Chapter 2 is “Literature Review”. This chapter will examine the current
integrated steel plant as well as new alternative ironmaking processes including
Hlsarna, COREX® and FINEX®. It will then examine such topics as dissolution
of fluxing agents into slags, key thermodynamic models, unique lime use and studies
on reactivity and Kinetic models such as the shrinking sphere model.

Chapter 3 is “Hypothesis”. The hypotheses are identified with reasons gained
from the previous chapter (Chapter 2: Literature Review) and how they will be
investigated.

Chapter 4 “Materials” and Chapter 5 “Equipment” shows and describes the
materials and equipment used throughout this body of work, and more in-depth
descriptions of the experimental.

Chapter 6 is “Characterisation of an Accretion Sample Taken from Hlsarna
Pilot Plant to Investigate the Agglomeration in the CCF”. This chapter will analyse
the accretion sample taken from HIsarna plant, evaluate the properties, and use
literature to determine possible explanations for growth/build-up. In addition, how

the use of fluxing agents can solve the build-up of such material.



Chapter 7 is “Observation of the Reactions between Iron Ore and Metallur-
gical Fluxes for the Alternative Ironmaking HIsarna Process”. This chapter tests
three different fluxing agent against each other in terms of interactions and viability
as an alternative to quick lime in Hlsarna. With a kinetic study gained from SEM
analysis of post experimental samples.

Chapter 8 is “Investigation into the effect of Iron Ore Particle Composition
on the Melting and Fluxing Behaviour with Calcium Oxide and Limestone”. This
chapter investigates how different compositions in an iron ore can affect the inter-
action with a fluxing material and a full kinetic study of a particle using a novel in
situ experimentation.

Finally, Chapter 9 “Conclusion” and Chapter 10 “Future Work” will bring
together the findings of the research in the thesis and comment on the impact they
can have on the HIsarna process. In addition, it will suggest ways to continue the
work and to guide any further development, and greater understanding of the ideas

that are presented.



Chapter 2

Literature Review

2.1 Modern Integrated Steel Plant

The modern integrated steel plant refers to a steel plant consisting of BF ironmak-

ing (including coke making and sintering) and basic oxygen steelmaking (BOS),

in comparison to the mini mill of EAF steelmaking process. The BF-BOF inte-
grated process produced 74.2 % of the world crude steel in 2015 with the EAF

producing 25.2 % [10].
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Figure 2-1: A flow diagram of the integrated steel plant with EAF plant [11].

The BF ironmaking process produces hot metal by using coke from coke



making step and sinters of iron ore from sintering step [11]. The BF ironmaking
process is unable to utilise non-coking coal (which is much cheaper and widely
available than coking coal) and unprepared iron ore. The BOS process produces
crude steel by blowing supersonic oxygen into the hot metal in the BOF converter.
On the contrary, the mini mill produces crude steel in the electric arc furnace by

using scraps and direct reduced iron (DRI) as raw metal materials.

2.1.1 Coke Making

Coke is a purified form of coking coal; it is produced in an oven through loading
of coal and heating to 1100 °C under an oxygen deficient atmosphere [12]. This
softens the coal and once cooled, hard porous lumps are left.

The reason for this process is to remove some major impurities (moisture,
volatile matter, etc.) that would affect the overall performance of the coal in iron
making. The heat removes most of the impurities and leaves a carbon-rich coke.

Coke has three specific / important roles in the BF ironmaking. Firstly, the
coke acts as a reducing agent by producing carbon monoxide through combustion

which, reacts with iron oxides to form metallic iron [13].

Fep,Op +mC — nFe+ mCO (2.1a)
Fe,O,, + mCO — nFe + mCOy (2.1b)

Secondly, the combustion of coke acts as a heat source for the furnace, provid-
ing the high temperatures required for the melting of iron and slag. In addition, as
the reduction of iron oxide is an endothermic reaction, the heat from the combustion
of coke will help drive the reaction to completion. Finally and most importantly,
it provides a physical support for the burden as a permeable matrix through which
gases and liquids can pass allowing for separation [14].

Coke is produced in a coke battery which contains multiple coke ovens stacked
in rows, the coke is loaded and baked for 28 hours [15]. These chambers usually
have a width range of 450-600 mm, a height of 4-8 m and a length of 12-18 m.
These dimensions correspond to a volume of between 40-70 m? which equates to
a production range from 6,200 to 17,000 t/year or 25 to 36 kg m~2h~! [16]. The
heat permeates the chamber from the outside and causes the coking process to
instigate which is dependent on the temperature of the chamber. The general trend

of behaviour with respect to temperature is outlined below [17]:

A. <100 °C - The coal blend is dried (hydroscopic water is evaporated).



B. 100-350 °C - Absorbed gases such as nitrogen, methane and carbon dioxide
are extracted, and the coal is dehydrated. Above 250 °C, the first products of

thermal decomposition appear.

C. 350-480 °C - The coal loses its strength, and its plastic properties appear; the
coal swells which leads to the porous structure of the final product. At these

temperatures bitumen is evaporated.

D. 480-600 °C - Semi-coke is formed. The crack distribution is determined due to

shrinkage.

E. 600-1100 °C - Final coke is formed.

The lettering of the list corresponds to those shown in Figure 2-2, depicting

what happens at the given temperatures in the chambers [18].
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Figure 2-2: A schematic of a cross section of a coke oven at different times of the
process with corresponding temperature analysis of the cross sections. [18]

Coking coal is a highly sought-after resource especially in the steel making in-
dustry however it is dependent on the source and market fluctuations. For example,
India had shortage issues during 2011-2012 as the demand for coal was projected to

be 731 million tonnes over these years [19]. Therefore, the desire to remove coking



from the integrated process is of great interest to the industry. Removing this will
cut CO9 emissions as Coking contributes to 5 % of the overall CO4 emission from
the BF method of steel manufacturing [20]. The possible fuel flexibility in iron-
making process will allow for lower costings due to the choice for fuel and ability

to switch to a cheaper alternative fuel.

2.1.2 Blast Furnace Ironmaking

The BF is currently responsible for producing 95 % of liquid iron used around the
world, however this is predicted to reduce to 60 % by 2050. This reduction is because
of harsher climate laws / environmental regulations, which accelerate other processes
being discovered and introduced commercially [21]. Currently the BF ironmaking
step including coke making and sintering contributes 69 % of all the CO5 emissions
produced by the integrated steel manufacturing route [20].

The furnace is charged with iron ore sinters or briquettes, coke and flux
bearing materials to the top of the furnace. As the coke combusts there is a release
of carbon monoxide, this in turn reduces the iron oxide in the ore to metallic iron.
The molten metal drips through the porous coke and is collected in the hearth,

ready for tapping as shown in Figure 2-3 [22].
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Figure 2-3: A schematic of a cross section of a BF with labelled components. [22]




Coke goes through several reactions in the BF. The first of which is com-
bustion which creates the heat for the melting of iron as well as promoting the
endothermic reduction for iron oxide. The combustion produces carbon monoxide
either directly (see reaction 2.2) or at high temperatures (above 900-1000 °C) by

means of the Boudouard reaction (see reaction 2.3) [23].

2C + 03 — 200 (2.2)
C+ 0y — COs, (2.3&)
COy +C — 2C0 (2.3b)

The reduction of iron ore has multiple oxidation states that are achieved
through the BF. The process of reduction is a two or three step reaction; the given
pathway is temperature dependant. For temperatures higher than 570 °C, hematite
(Fe203) is reduced to magnetite (Fe3Oy4), then into wiistite (FeO) and finally into
metallic iron. However, below 570 °C the reaction skips the creation of wiistite, as
at this temperature wistite is not thermodynamically stable. The reactions of the

reductions are given in equations 2.4 - 2.6.

3Fes03 + CO — 2Fe304 + COq (2.4)
FesO4 +CO — 3FeO + CO9 (2.5)
FeO+ CO — Fe+ COq (2.6)

2.1.3 Basic Oxygen Steelmaking

Basic oxygen Steelmaking (BOS) is the process of taking the pig iron from the
BF and converting it to steel. The technology is referred to as basic due to the
fluxes, which are chemically basic. These fluxes are used to remove the impurities
from the pig iron, and to protect the lining of the converter. The most common
fluxes used in this step are burnt lime (CaO) and dolomite (CaMg(COs3)2). These
compounds are basic and are used to offer a physical and chemical pathway for the
removal of acidic oxides such as SiOs, AloO3 and P2Os5 from the hot metal, which
are produced due to oxygen reacting with residual elements. The oxygen is used to
remove carbon from the pig iron to create a low-carbon steel, which encompasses
the most common commercial steel grades, also creating a low alloyed product for
further chemical engineering for specialised applications. The main process with
BOS is a basic oxygen furnace (BOF), this is an open top vessel with a retractable

lance that blows high purity oxygen at 100-150 psi to the surface of the molten pig
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iron. A schematic of a BOF is given in Fig 2-4. [24]

<+—— Oxygen lance

Gas-slag-metal
emulsion

Figure 2-4: Schematic of a cross section of a basic oxygen furnace with notation of
material layers. [24]

The CO4 emission is quite substantial as the reaction of carbon and oxy-
gen creates CO and COs as seen in equations 2.3. The BOF method equates to
11 % of COy production for the entire process, this is second only to the BF itself

(approximately 7 times more) [20].

2.2 Alternative Ironmaking Technology

2.2.1 COREX®

COREX® is a smelting-reduction process that is industrially and commercially
viable with plants in operation around the world. These include two in China (Bayi
Steel and Baosteel), two in India (Essar steel and Jindal South west (JSW)) and
one in South Africa (Arcelor Mittal) [25]. This process works with two separate
reactors of the reduction shaft and the melter-gasifier.

The reduction shaft sits above the melter and an iron ore mix of 30-80 %
lumpy ore and 70-20 % pellets are charged into the shaft with some coals to avoid
clumping [26]. A reduction gas is introduced at 850 °C at 3 bars of pressure, which
reduces the iron containing material to 95 % metallisation. This process is called
direct reduction ironmaking (DRI). The product is then discharged into the melter-

gasifier which continues the process. [27]
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The melter-gasifier, where the product of the reduction shaft is charged can
be split into three clear sections. The freeboard, fluidised bed and the moving bed
all of which is presented in Figure 2-5 [28]. The free board is a large dome structure
with temperatures up to 1000-1100 °C in this section there are several tuyeres for
introducing material into the furnace including coal, coke, and iron ore to form the
DRI. There are also exhaust for the gases that are used in the DRI. The fluidised
bed is rested on a layer of liquid slag is where the coal from the freeboard is charred.
On the side are raceways in which oxygen is blown in and reacts with the coal
following equation (2.2 and 2.3) making CO. The moving bed acts like a hearth in
a BF where there is a layer of slag and the hot metal [29].

Coal, Coke

57y

Export gas «,

Figure 2-5: Schematic of the COREX® melter-gasifier with labelled sections of the
smelter. [29]

The process benefits from lack of necessity of coke and therefore the use
coking oven compared to BF ironmaking. A fuel saving of 18 % aided by the
reduction of the fuel rate form the re-circulation of the top gas back into the shaft
furnace and an oxygen reduction of 13 %. It also reduces emissions of gases such
as CO2 (20 % per tonne), NOx (30 % per tonne), significantly lower SOx and zero
volatile organic compound (VOC) emissions. The slag in the process is also reduced
by 18 % that has been industrially demonstrated in India. The process also offers
lower investment and operational cost to the BF. There are drawbacks of the process

that can affect its operation as a commercial process. The process cannot use 100 %
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iron ore fines and therefore must be combined with iron lumps affecting material

synergy and there are restrictions on the amount of non-coking coal.

2.2.2 FINEX®

FINEX® is a process that was developed by Primetals and POSCO combines
COREX® and FINMET technologies [30]. FINMET uses extremely dry iron ore
fines and of less than 12 mm in size for better flow in the process. The ore travels
down four fluidised beds while a reducing atmosphere travels up through the ore
with the reactors starting at 400 °C in R3 to 800 °C in R1 [31]. This is then added
to a COREX® smelter that continues the DRI reaction to produce molten iron
product. The FINEX® flowsheet can be found in Figure 2-6 [32].
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Figure 2-6: An image showing the flow of materials of the FINEX® process [32]

The FINEX®. process benefits from low cost raw materials meaning that
both the investment and production cost are lower than the BF. The process also
claims that a 1.5 Mtpa FINEX® process can produce hot metal more cost effective
than a 3 Mtpa BF [26]. There have been two commercial plants in Pohang works
the first in 2007 with a capacity of 1.5 Mtpa and the second one in 2014 with a
capacity of 2.0 Mtpa [33]. The first commercial plan has been in operation since
and producing 4300 tons per day with the best operational performance being 715
kg/THM for fuel [32].
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2.2.3 EAF-DRI

The US produces 60 % of its steel production from scrap steel recycling and is most
done by the EAF route. The recycled scrap does not require the energy needed
to reduce the iron ore or make coke drastically reducing the COs emissions when
compared to the BF. The issue with scrap is the content of impurities such as copper
and tin that can cause issues like cracking during casting.

The addition of DRI into the process, allows these materials in the scrap
to be lower thus increasing the quality of the steel. Secondly, the process is less
reliant on scrap and the cost it incurs from the scrap market price. Finally, the
DRI pellets can be produced on site of a steel plant off gases from other processes

cutting the cost of transport [34].

2.3 HlIsarna Technology

HIsarna is an emerging technology for alternative iron making. The technology came
together after the formation of ULCOS programme; a consortium of 48 European
companies that have committed to cooperative research and development to reduce
COg emissions from the steelmaking process [35]. The Hlsarna process is a strategic
merger between two technologies: smelt cyclone technology owned by Tata steel
and HIsmelt owned by Rio Tinto [36]. A pilot plant has been built up in Tata Steel
IJmuiden site, Netherlands, with a capacity of 60,000 t/a.

The IJumiden pilot plant has a SRV with a diameter of 2.5 m and a CCF
that was used previously in the original tests from the mid 1990’s. The output is
8 t/h of hot metal from a feed of 13-14 t/h of ore. As seen in Figure 2-7, HIsarna
is arranged with these two innovations working in tandem and is emerging as an
attractive option for future ironmaking with the success of initial campaigns. The
HIsarna pilot plant has successfully gone through five campaigns since 2011. The

proved advantages of the HIsarna process are:

1. It is flexible in raw materials and energy sources. It uses thermal coals (instead
of metallurgical coal or coke) and potentially new energy sources. It can use

low quality iron ore feed materials, complex iron ores, wastes and scraps.

2. There is no need of coke making and sintering as it uses fines of coal, iron ore

and fluxing agents. This can substantially reduce the CO2 emissions.

3. (3) Reduction in over 25 % COq emissions was achieved in the first four cam-

paigns, and 50 % COs emissions reduction was achieved in the 5"

without CCS, >80 % with CCS.

campaign
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4. High concentration CO3 in the off-gas as toxic CO is post combusted in the
CCF. The high concentration makes it easier for capture for geological storage
[36].

5. The hot metal from HIsarna was found to have a carbon content of 4.0 % [36].
Which is around the same levels of carbon (4.5 %) [37] found in the BF hot

metal.

CCF

<«— OreFeed

‘_
,.‘/ Oxygen

Figure 2-7: The HIsarna smelting vessel with labelled sections [36].

2.3.1 Cyclone Converter Furnace (CCF)

The CCF is a direct smelting technique originated from the CBF (Converter Blast
Furnace), which was created by three steel businesses in 1986: Hoogovens, British
Steel Technical and Ilva. The CBF uses lumpy ore, which is highly pre-reduced in
a shaft with final reduction and melting happening in an iron bath with vaporised
fine coal to aid reduction. This made the coke making process redundant. However,
there were problems with ore agglomeration. Due to the agglomeration the CBF was
modified to the CCF, which incorporated a melting cyclone to aid in pre-reduction
and ore melting. A small CCF plant was built in Taranto, Italy in 1989 [38].

The CCF implements a BOF type converter on which, a cyclone is mounted
on top of the BOF vessel. Coal and oxygen are supplied continuously to the molten
bath, ensuring constant carbon content in the bath and the temperature of the
bath by controlled combustion. Fine iron ore and coal are added tangentially with

lances using a carrier gas. The combustion results in hot gases which rises into the
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cyclone; where they mix with injected reactants, melting and pre-reducing the iron
ore. The molten pre-reduced iron ore collects onto the water-cooled walls and drips
into the molten bath below for final reduction. The waste gases leave the cyclone
at temperatures of 1600 °C-2000 °C. The expelled gases power a steam turbine and
are recovered and processed for reuse in the CCF or captured for other uses [39].

Figure 2-8 shows a schematic of a CCF including a flow of waste gases.
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Figure 2-8: A schematic of a CCF with labelled sections of the furnace and flow
diagram of reactants, products and waste. [6]

The CCF had potential to reduce CO2 emissions by two methods: firstly,
the cyclone allows the iron ore to be pre-reduced and melted in the exhaust gases
from the bath, meaning less thermal energy is needed for final reduction and thus
less coal input would be required. Secondly, the exhaust gases used in the CCF are
post combusted therefore the gas released is predominately COq instead of a mix
between CO9 and CO. This means the gas is easier to store as the gas does not

need to be separated when being stored.

2.3.2 Hlsmelt Plant

The HIsmelt process was started in the 1980’s by Rio Tinto Limited and a small-
scale plant was built at Maxhutte Works in Germany. The plant had campaigns run

with a 60 metric tonnes converter and designed around an enclosed horizontal vessel
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to overcome process containment issues [5]. After these successful campaigns the
HIsmelt Research and Development Facilities (HRDF') was established in Kwinana,
Australia. A plant with a capacity of 100,000 t/a was constructed which was a direct
scale up from the small scale plant in Germany [40]. The HRDF offered valuable
operational data, which was instrumental in HIsmelt being commercialised and the
first production facility was also located in Kwinana. It has a 6 m wall SRV and
designed to produce at 100 tonnes per hour of hot metal (800,000 t/a). [5] See
Figure 2-9 and Figure 2-10 for a schematic of Hlsmelt.
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Figure 2-9: Flow chart of the material and process of the HIsmelt Process. [5]
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Figure 2-10: Labelled schematic of the SRV in the Hlsmelt. [5]

The Kwinana HIsmelt was commissioned in April 2005 and operated at 80
tonnes per hour until December 2008 when it was forced to shut down due to financial
issues within the company. [41] To continue the development of the method, Rio
Tinto signed a MoU with JSPL of India [40]. The plant was then moved from
Kwinana to JSPL’s existing plant in Angul, Orissa under the terms of the MoU. A
portion of the Kwinana HIsmelt equipment was shipped to Molong (China) in 2013
and the Molong HIsmelt plant started operation in 2016.

HlIsmelt is an air direct smelting method that is simple yet innovative in
its design. It offers the benefits of using coal and iron ore without any need of
preparation, such as coking before the smelter. The core of the Hlsmelt is the SRV
that replaces the functionality of the BF. The SRV hearth contains a molten iron
bath and a slag layer above the iron bath. Iron ore fines, coals, and fluxes are added
by a lance into the bath, where the iron ore fines are reduced on impact with the
slag layer; more specifically the carbon dissolved in the bath, this reaction produces
iron and carbon monoxide [42]. The bath also rapidly heats the coal causing the
volatile matter in the material to crack resulting in the production of hydrogen. A

fountain of molten material (mainly slag and hot metal) erupts into the top space
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by the expulsion of gases such as, hydrogen, carbon monoxide and nitrogen (carrier
gas) from the bath [42]. Hot air enriched with oxygen at 1200 °C is blasted into
the top space of the SRV with a water cooled lance. The carbon monoxide and
hydrogen rising from the hearth are post combusted with the oxygen from the hot
air blasted releasing large amounts of energy. The heated metal and slag carried in
the expulsion of gas falls back down into the hearth, then using the thermal energy
from the gas combustion the iron ore is directly smelted to iron. The off gases are
stored and partially cooled. The energy from the off gases is reused in Hlsmelt for
processes such as preheating, pre-reduction and calcination of the metallic feed and
fluxes. The off gases are cleaned with a scrubber and used for fuel for the hot blast

heaters or in a cogeneration plant.

2.3.3 Difference Between HIsmelt and HlIsarna

The main difference between Hlsmelt and Hlsarna is the implementation of the CCF
to the SRV of the HIsmelt. This increases the efficiency of the process as the CCF
pre-reduces the iron ore before it moves into the SRV; lowering the thermal energy
needed for reduction of ore to pig iron. As well as the pre-reduction the CCF also
uses the gases coming from the SRV for the thermal energy for the pre-reduction in
the CCF. The energy efficiency was reported to be above 97 % in Hlsarna campaigns.
The CO4 concentration in the CCF off-gas is very high after pre-reduction and post-
combustion, which benefit the future CCS of the off-gas. The two systems work in

tandem and work together which gives Hlsarna advantages over the Hlsmelt.

2.3.4 HlIsarna Campaigns

The HlIsarna pilot plan was built in Tata Steel IJmuiden site with the aim of testing
the technology for upscaling demonstration. Campaigns have been running since
2011 and plan to continue until 2018 on the pilot plant. The first three campaigns
(A, B and C) are summarised below. The fifth campaign (campaign E) is completed

but the information is not available yet.

2.3.4.1 Campaign A

Campaign A was the first time that the pilot plant was used and as such the main
aim was to have HIsarna running to facilitate later tests with a usable procedure.
The campaign was planned to have four start-ups between May and June 2011.
The objectives of the Campaign were: to hot commission the pilot plant and to

develop safe and reliable procedures and demonstrate safe shutdown procedure for
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tapping of the slag and metal; to identify any plant modifications and to point out
any investigations to tackle in Campaigns B and C.

After Campaign A, modifications were identified, and changes were made so
that the next experimental campaign could provide vital data for commercialisation.
A redesign and rebuild of the fore hearth overflow and product runner were required
due to a breakout from the fore hearth which consequently terminated campaign
A. The product runner was repositioned allowing for lancing operations in the fore
hearth between runs. The new product runner was along the axis of the fore hearth
connection into the SRV thus removing the possible damage to the refractories in
the fore hearth side wall that caused the breakout.

Campaign A also saw issues with the process of adding ore and slag sand to
the SRV because the only method was through the melting cyclone. This caused
heavy accretions of unmelted materials during start up phases and when the cyclone
was cool. The problem was resolved for the next campaign by installing an uncooled
lance for direct addition of slag sand and ore. The accretions were a consistent
problem during campaign A as further accretions of solid iron oxide were found
on the lower levels of the cyclone below the ore and oxygen injectors. Another
material blowing lance was added to combat this problem. The lance was water
cooled and situated in the sloping roof of the SRV below the cyclone to increase gas

temperature in the area via a staged combustion strategy [43].

2.3.4.2 Campaigns B and C

After Campaign A finished and all the modifications were made two more campaigns
were planned. As the goal of Hlsarna is to become commercially viable, these
campaigns were the first look at how a scaled-up furnace should proceed.

The objectives for the new campaigns were: to investigating gas post-combustion
and how various factors such as oxygen distribution over cyclone and smelter affect
the reaction as well as lance positions; look at the optimisation of the productivity,
by observing and eliminating any process bottlenecks; to test the refractory strat-
egy and look at wear of the refractory in the slag regions; research different prime
raw materials being used in the furnace was introduced to improve knowledge on
the flexibility of materials used in the HlIsarna; study the secondary raw materi-
als such as sludges and dust that arise during the campaign run will be tested for
understanding of any future issues.

Another objective for the campaigns was the introduction of a pressure-less
cooling system however, this was dropped due to the need to redirect effort to

complete the modifications identified in campaign A. [43]
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2.3.4.3 Campaigns B

The campaign took place in Autumn 2012 and the main aims of this campaign were
to confirm feasibility of the process devised in campaign A at production efficiency
and over a long period of time, allowing for reliable and reproducible data. This
was to be done by attempting to achieve 75 % of nameplate capacity of the plant
(6 t HMm/h), which was maintained for a period of 24 hours at 90 % plant avail-
ability. Campaign B had a secondary objective to explore the operational window,
by improving the process performances and improve the operating points. This was
looked at over a period of 12 hours minimum at 90 % plant capacity.

The Campaign managed to produce the 2 and 3 t HM/h with a coal input
of 1500 kg/t.HM. This was below the aimed rate however, issues with slag foam-
ing caused problem during the testing. The plant operated safely throughout the
campaign including times of difficult start-ups and the slag foaming events. This
showed that the robust safe operating procedure devised in campaign A was suc-
cessfully followed [43].

2.3.4.4 Campaigns C

Campaign C was designed with following the collective feedback from the previ-
ous campaigns, in spring 2013 the campaign began. The main objectives of this
campaign were to extend the duration and availability at 75 % of the nameplate
capacity of the plant (6 t HM/h) and to increase the production rate and maintain
stable conditions for more than 12 hours. This was the first campaign where a range
of raw materials were tested including two high grade hematite ores (with differ-
ent particle size and distribution.), a low-grade ironstone ore, a semi-anthracic coal
(used in campaigns A and B) and a mid-volatile coal. The campaign also wanted
to test other secondary raw materials specifically, a BOF sludge from IJmuiden
as a lime substitute.

The BOF sludge was unsuccessful in campaign C during a test run because
of inadequate control of feed rate. The addition of this sludge would have been
interesting to see the interaction with the iron ore and the pre-reduced iron ore.

Cyclone pre-reduction degree varied from 12.6 % to 26.9 %; this is in line with
previous results from the melting cyclone. This area may benefit from further study
as to improve these rates the thermal energy required will be reduced allowing for

greater efficiency [43].
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2.4 Fluxing

Flux from a metallurgical standing is a chemical cleaning agent or purifying agent,
which are used in both extraction and joining of metals. The flux material that is
added during smelting is bound to unwanted minerals to help remove them, forming
slags [8]. As this is an important part of the iron making and steelmaking processes,
it has seen a large level of interest from the research community. Specifically, on
the ability of dissolution of fluxes in slag, research has focused on the dissolution of
CaQ. As this is an effective flux and already implemented in steelmaking processes
due to its price and availability. Thus, experimentation on finding the kinetics of
the dissolution of fluxes in slags is a specific area of interest.

Mstsushima et al [44] studied the kinetics of lime dissolution in slag by us-
ing a rotating CaO cylinder in slag. They tested various aspects effecting the rate
of dissolution including the effect of FeO content in slag, rotation speed and tem-
perature. They concluded that the mass transfer was the rate-determining step.
Natalie and Evans [45] then investigated the effect of lime properties on the rate
of dissolution in a CaO — SiO2 — FeO slag, this was done using a rotating disk ap-
paratus. They reported that the porosity of the lime played an important role in
the dissolution of the CaO. These early experiments were done in small laboratory
tests under static conditions and observing the slag penetration into the rotating
lime rod via post-mortem analysis.

However, these conditions are not close to those found in the actual BOS
process. Li et al [46] investigated the dissolution of lime in BOS-type slags from
three different sized furnaces: a 40 Kg induction furnace, a 6 tonnes pilot plant
converter and a 320 tonnes industrial converter. By observing the lime-slag interface
the behaviour of lime in the BOS-type slag samples from the three furnaces, the
results from each furnace differed. For the induction furnace across the slag-lime
interface there was two layers, a dense and continuous di-calcium silicate-calcium
phosphate (C2S — C3P) solid solution layer next to bulk slag and a FeO/MnO rich
layer next to the lime. However, in the 6 tonne pilot plant and the 320 tonne
industrial converter no continuous layer of CoS — CsP was observed. This was due
to the dynamic conditions in the furnaces where the boundary layer surrounding
the lime particle that had the possibility of forming the di-calcium silicate (C2S)
layer was moved away.

The fluxing practice used in Hlsarna campaigns B and C was to inject lime
into the slag layer in the SRV vessel [43]. This is the standard process in the HIsmelt

that the HIsarna inherited from. However, the Hlsarna technology could introduce
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flux in the CCF, which not only uses the heat in the CCF to calcinate the flux but
also brings forward the reactions between the fluxing agents and iron ore from SRV to
CCF. Introducing flux in the CCF will potentially result in the increased efficiency
in energy utilisation and production. Because of the innovative nature, there has
been no research on how a flux will interact with (pre-reduced) iron ore in the CCF.

The reports related to lime dissolution in slags offer good insights to the
current research on the interaction between fluxing agent and (pre-reduced) iron
ore in the CCF. The fluxing agents (e.g., lime, limestone, recycled BOF slag) will
be injected through lances into the CCF along with iron ore fines. The dynamic
situation surrounding the injected powders of fluxing agent and iron ore caused by
the carrier gas will have high mass transfer, which potentially benefit the dissolution
of the flux or the interaction of flux with iron ore. The investigation by Natalie and
Evans [45] gives information on the porosity of the lime aids in dissolution, effecting
the current studies of using different forms of CaO including lime, limestone, BOF
slag and dolomite. Each of these have different properties that may affect the
dissolution and consequently the pre-reduction of iron ore. From the test done
by Li et al [46] it is proposed that fast moving conditions such as in the CCF
may affect how the lime and other CaO containing material react with iron ore

under these conditions.

2.5 Calcination

Limestone is a material that widely used in industrial processes usually as an alkali
due to its large availability. However, for the full use of the material the lime-
stone (CaCOs3) must decompose to lime (CaO) this process is commonly known as

calcination. Calcination can be expressed with the equation 2.7.

CaCO3 + heat == C'aO + CO9 (2.7)

The reaction kinetics were studied by observing limestone particle (25 mm)
decomposing in a lime kiln. This study can be used to describe the decomposition of
limestone as well as dolomite and magnesian/dolomitic limestones. The particle is
heated to 800 °C and at this temperature; the pressure of the CO5 produced by the
decomposition equals the partial pressure of COs in the kiln gases. The temperature
of the limestone begins to rise allowing the surface layer to decompose, when the
temperature rises to 900 °C this layer of lime will be 0.5 mm thick. This corresponds
to around 5 % by the weight of quicklime for this size of particle. As the particle

increases past 900 °C the partial pressure and exceeds 1 atm; the dissociation can
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proceed deeper into the particle and the lime produced begins to sinter. However,
the lime sinters if the calcium carbonate dissociate before leaving the calcination
zone, this is very limited during the dissociation deep into the particle but can be
disregarded in most systems. Particles of lime are left and can have some residual

limestone and cooled. [47]

2.5.1 Ca Looping a carbon capture system

Calcium looping (Cal) is a carbon capture system that utilises the calcination
reaction to react with combusted COg with CaO to form CaCOQOj3 in a carbonator.
Then the CaCOg can then be heated to remove the cleaned COs in a calciner to
form CaQO that can be recycled in the process. The process is designed to remove
CO4 from the off gas of industrial industries to protect the environment and purify
the COq from off gases from other gases for containment or even resale. The process
was developed by Shimizu et at in 1999 and through in lab scale test the process and
sorbent behaviour was studied with the main method being TGA [48]. This allowed
the process to be developed further with bigger scale lab systems. A schematic of

the process can be seen in Figure 2-11. [49]
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Figure 2-11: A simple schematic of a CaL system with flow of materials through the
process [49]

The work from Shimizu et al 1999, CaL. was studied in further and between
2005 and 2010 with several lab scale plants. The first of these were 30 kWth system
in Oviedo, Spain at the carbon science and technology institute (INCAR) [50],
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75 kWth in Ottawa, Canada at Canada centre of mineral and energy technology
(CANMET) [51] and a 10 kWth at the university of Stuttgart [52]. Further plants
were opened later however the results from the initial lab scale plants showed the
process as a feasible method of carbon capture systems. With the INCAR process
showing a capacity of 90 % while CAMET and the Stuttgart facility reported 94 %
and 93 % respectively.

These lab scale tests increased the interest in and the further need to test
the process at a greater scale and under conditions that are more realistic. Three
CaL plants were built in Europe and a fourth in Taiwan. The three European
ones include a 1.7 MWy, at La Pereda by a consortium in Spain in 2011 [52], a 1
MWy, at TU Darmstrat, Germany in 2012 [53] and a 200 kWy, at the university
of Stuttgart, Germany in 2010 [54]. One more pilot plant was set up outside of
Europe and is a 1.9 MWy, plant at Industrial Technology Research Institute (ITRI)
in Taiwan [55]. The European plants and Taiwan plant differ as the European plant
are used as a CCS for cleaning power plant off gas while the Taiwan plant is used

in CCS with cement applications.

2.5.1.1 Advantages

The main advantage of the process when compared to amine scrubbing include
its overall efficacy, the materials needed for the process and its ease of upgrading
current CO9 sources with the system.

The efficiency of the CaL has been shown to capture 89.4 % of overall COq
while this is lower than an amine scrubber that had a COs capture of 90 %. However,
the plant overall had a lower net output of 700 MW while with the amine scrubber
increased to 900 MW. Hence the efficacy ratings were lower for the Cal. when
compared to amine with a penalty of 5-8 % and 8-12.5 % respectively [56]. This
shows that even though CaL has 0.6 % less COy capture the process over all is
more energy efficient.

The material needed for Cal is limestone, which is a natural product that
is already readily available to worldwide due to its use in multiple industries such
as Ironmaking and cement making. It is non hazardous meaning it can be dis-
posed of easily and can even be used in the cement industry in its manufacturing.
The availability of the material also leads it to being cheap when compared to the
chemicals needed for amine scrubbers.

The ability to implement it to existing power stations and other CO4 produc-
ing industries has been shown as the process is like current large scale circulating

fluidised bed combustors. While amine scrubbers require more bespoke solvent
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scrubbers. This means that CaL should be more attractive to industries as the
literature on these system using limestone is large allowing greater expertise on
the systems [56].

2.5.1.2 Drawbacks

The pilot plants have been promising as an alternative to amine scrubbing. How-
ever, the main issues facing the process are sorbent degradation and other tech-
nical implications.

Sorbent degradation is used to describe the reduction in activity of the sor-
bent used in the CaL process and occurs in three ways. The first of these is called
attrition which is where the natural brittle properties of lime causes the particles
to break apart on collision in the fluidised bed this decreases the pore size and in-
creases the sintering of the particles [57]. The second and third are caused by the
sulphation of the lime and limestone this is called indirect and direct sulphation the
equations for each is presented in 2.8 and 2.9 respectively [58]. These reactions are
due to the presence of SO2 in off gases and means the sorbent only lasts several

cycles before needing to be replaced.

1
CaO + SOy + 0z = CaSO, (2.8)

CaCOs + SO, + %og — CaSO, + CO;y (2.9)

The technical implication is twofold: the first is the closure of the pores and
the second is sintering. Closure of the pores inhibits the absorption of CO9 and its
ability to reach the reactive surface in the particle [59]. This is due to the surface
of the material becoming smoother over a series of calcinations and carbonations.
The sintering is aided by the attrition as the CaO particles are smaller and thus
removing void space which would allow for the adsorption of COgy [58]. A good

visualisation of the structure changes is presented in Figure 2-12 [56].
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Figure 2-12: Schematic representation of the CaO sorbent over cycles in the Cal
with CaO represented in light grey and CaCOg in dark grey [56]

2.5.1.3 How the iron industry can benefit

The iron industry is primed for the introduction of such systems as it is a high
CO2 industry that has access to limestone on most integrated steel plants. The
high temperature of the process can also be utilised to heat the Cal process to the
temperatures needed, thus saving more energy in heating the process. These plants
also have infrastructure such as fluidised beds which are already implemented for
the storage of material for the plant.

Another benefit is that research is being carried out on the possibility of
using BF slag as a sorbent in the material [60]. This is beneficial to the industry
to make judgments on if the material in the CO2 scrubbing process can be used
as a flux once it has deteriorate or sell it onto cement companies. Increasing the
circular economy of the materials used on plant.

The Hlsarna process has the potential of using this process as a CCS to reach
the full potential to reduce CO4 emissions. The high purity of the CO4 released from
the process could be used with little prior processing to scrub impurities from the
off gas. There is also possibility of that the degradation of the sorbent may be
utilised as a fluxing agent in the process as this should not affect the chemical
properties however the structure and size may reduce the reactivity of the material
and will need further research. The research that has been done on Cal. such as
the work on the sorbent degradation and the kinetics of calcination of limestone can
also benefit by to maximise the use of these materials at high temperature. This
will include the structure of the material and how it changes the reactivity, how
the material will react under high CO2 atmosphere like those found in the CCF of
HIsarna and the kinetics of the limestone as it goes through calcination with its
metastable state. All of these can be used to discuss reaction with other substances

in high temperature environment.
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2.6 Phase diagram for CaO — Fe;O system
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Figure 2-13: A phase diagram between CaO and FesO3 showing how the amount of
CaO effects the phase transitions of FeoO3 [61]

This phase diagram shows that introducing CaO to FesO3 reduces the temperature
from around 1600 °C to melt pure FesO3 to 1205 °C of eutectic point. This is due to
the fluxing effect of CaO on FeaOg [61]. The CaO — FeyO3 interaction was studied
in great depth by Phillips and Muan [62] with two aims. The first was to investigate
the CaO — FeO — FeaO3 system to build upon the literature of the system and fill
any information missed in the previously. The first part of experiment gave similar
phase diagrams to the one seen in the literature. The second aim was to study
the equilibrium of the same system under two different constant Og pressures (0.21
atm and 1 atm). The second part of experiment did show slight changes. The first
observation was that iron oxide melts at 1594 °C in air while at 1583 °C in 1 atm
of O2. However, when CaO is added to make around a 20 wt. % composition the
temperatures did decrease for both the atmosphere in air (the melting temperature
dropped from 1216 °C to 1205 °C) and in the higher level of O atmosphere (the
melting temperature dropped from 1218 °C to 1205 °C). The atmosphere change
also affects the temperature of the decomposition of hematite to magnetite. In air
the temperature of decomposition dropped from 1390 °C to a minimum of 1358 °C
and in the 1 atm of O the required temperature dropped from 1455 °C to 1430 °C
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when CaO was added to both samples.

These tests at different atmosphere suggests that there is an effect of the
change in O2 pressure in the system on the phase transitions. It will be reducing
atmosphere in the CCF of the HIsarna technology. Hence a need for investigation
on how the atmosphere in CCF affects the dissolution of the CaO into the iron ore;

this may affect the barrier for pre-reduction of haematite.

2.7 Shrinking Sphere Model

In the literature the rate of the reduction of iron ore is studied by using a single
particle suspended in a flowing-gas stream with a known composition and constant
temperature. This allows for continuous measurement of weight loss which allows
inference of the reduction rate for kinetic study. [63] McKewan studied the mag-
netite (FezO4) reduction by hydrogen at temperatures below 570 °C. He investigated
a single interface within an unreacted shrinking reduction model for iron ore exper-

imentally. The unreacted shrinking core model is presented in Figure 2-14.
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Figure 2-14: Schematic diagram of shrinking sphere model. In which the particle is
mid reaction with a unreacted core and a moving reaction interface [64].

The model shows three phases: the gaseous phase, the product layer, and the
unreacted core. For iron ore, the removal of oxygen from the unreacted core creates
an interface between the product phase and the unreacted core; this is where the
reaction takes place. The loss of oxygen can be measured by the change of weight

during the reaction; the reaction process goes through the following steps:
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1. The transport of gas reactants (CO/Hs) from bulk gas to the exterior surface

of the iron ore particle at the gas solid boundary.

2. The diffusion of gaseous reactant through the product layer to the reactant

surface to continue the reduction reaction.
3. Chemical reduction of the iron oxide by the reactant gas CO or Ha.
4. The product gases (CO2 and H2O) move outwards through the product layer.

5. The gas products then move from the exterior of the product surface and

travels back into the bulk gas through the past.

Using the shrinking core model, a rate equation can be determined for the
reduction of a particle. This is done by studying each of the steps outlined above
and designing an equation around the steps.

This kinetic theory may have relevance in the study of the dissolution of CaO
into the iron ore collided in the CCF of the Hlsarna. The iron ore is not suspended
in the gas but moving through the furnace at high velocity so this may affect the
rate of reaction due to higher mass transfer. Not much study has been done on how
a flux will affect the kinetics of the reduction of iron oxide, for example, lowering

melting point may change the diffusion through the unreacted phase.

2.8 Literature Review Findings

This review outlines the challenges that the integrated steelmaking process is fac-
ing. The most pressing challenges are the amount of CO5 emissions generated and
lack of flexibility in energy and materials resources. The emissions of the integrated
route are unsustainable for the industry as governments and the populous put more
pressure on high COs producing industries. The need for greener and more sus-
tainable methods will alleviate this pressure. The flexibility of resources has arisen
through new competitive producers becoming strong contenders in the market this
has caused material process to rise. Along with the amounts of steel required by
consumers increasing means resources are in more demand.

Consequently, alternative iron making technologies are needed as the current
integrated route is struggling with these issues. HIsarna is one of these alternative
technologies being developed to appease these challenges. Due to its potential to
cut up to 40 % of COy (80 % with CCS) and its flexibility in resources (energy

and raw materials) will allow for use of the cheapest available materials without
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any negative effects on productivity. The early tests on the pilot plant have shown
promise to reach its potential.

However, due to the innovative nature of the Hlsarna technology and being
in early stage of its development there is a severe lack of fundamental knowledge to
underpin development. Though there has been some research done on the reduction
behaviour of the iron ore in Hlsarna, nothing has been done on the interactions of
fluxing agent and iron ore in the CCF.

Although the topic of fluxing has been highly researched in metallurgy the
focus was usually on the dissolution of fluxes into steelmaking slag. There has been
no research on the interactions between (pre-reduced) iron ore and CaO-based fluxes
under Hlsarna’s CCF conditions. The study in this area will reveal the reaction
mechanisms between flux and (pre-reduced) iron ore in the CCF with a unique

atmosphere of high temperature, reducing atmosphere and high mass transfer.
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Chapter 3
Approaching the Research

This chapter contains the hypothesis that drove the research for this thesis. Formed
through the gaps found from the literature review and the industrial problems facing
the development of the Hlsarna process. The hypotheses are listed below along with

a plan to explore and test the questions that arise from the statements.

3.1 Hypotheses

3.1.1 Hypothesis 1: The Structure of a HIsarna Accretion

“The structure of a HIsarna accretion gives information on position, growth and
potential effect on the HIsarna process that the accretion may have.”

Currently mechanism or causation of accretion growth is not clear. Advances
in structural experimental methods such as XCT can reveal the internal structure of

the accretion, which provides new insight into the materials agglomeration patterns.

3.1.2 Hypothesis 2: The Composition of a HIsarna Accretion

“The composition of an accretion from HIsarna has direct correlations to the ag-
glomeration and growth of such material.”

Compositions such as the levels of K5O in a material have shown to play a
role in the build-up of accretions in the BF. However, the materials found in the
BF differs from those found in the HIsarna CCF. The BF stack contains layers of
coal, slag, and iron ore while the CCF should only have iron ore present. As iron
ore injected into the CCF is pre-reduced in CCF, which has a higher level of FeO.
Does this high level of FeO or other components present in the accretion influence

the formation and growth of accretion?

32



3.1.3 Hypothesis 3: Viscosity of an Accretion and the HIsarna

Process

“A high viscosity of material within the CCF increases the agglomeration of ac-
cretions on the walls.”

HlIsarna’s design means that molten material must move from the CCF to
the SRV after the ore is pre-reduced. This with the advanced cooling system of
the refractories means that a material with high viscosity will low more slowly into
the SRV. A longer time in the CCF may induce the growth and agglomeration of

material in this zone.

3.1.4 Hypothesis 4: Alternative Sources of Fluxes for use in CCF

“Recycled BOF slag is an appropriate alternative to traditional fluxes (e.g., lime,
limestone) for application in the CCF.”

HIsarna claims to have flexibility with its use of raw materials in the process
like the use of unsintered ore and non-coking coal. To extend the economic and
environmental benefits that the Hlsarna process can offer, the use of recycled BOF
slag has potential as an alternative fluxing agent. It is viable as a fluxing agent due
to its high CaO content and readily available to a modern integrated steelmaking

plant with a basic oxygen furnace.

3.1.5 Hypothesis 5: Heterogeneous Iron ore particle in the HIs-
arna Process

“The heterogeneity of iron ore particles can have significant effects causing variable
behaviour within CCF conditions.”

Iron ore has multiple impurities (gangue minerals) such as other oxides like
silica, alumina, and magnesia. All these complexes can alter the behaviour of the
iron ore if the levels are different to those expected. With an addition of fluxing agent
into the CCF, the interaction of the fluxing material with a more heterogeneous

iron ore is expected to change.

3.1.6 Hypothesis 6: Particle Shape and Diffusion of CaO

“The size and shape of a particle determines the diffusion of CaO, and the time
taken to melt.”

CaO diffusion into a slag has been studied by combining experiment with
post experiment analysis of the quenched samples. However, by developing a novel

in situ visualisation method, reactions between CaO and slag can be studied at
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high temperatures during the reaction. Measurement of the particle over a reaction
period can give more fundamental knowledge of the interaction between fluxing

materials and iron ore at high temperatures.

3.2 Hypothesis Approach

3.2.1 Hypothesis 1

Hypothesis 1 will be studied by taking an accretion sample from the Hlsarna pilot
plant IJmuiden (TATA Steel Europe) and examining the sample visually in two
ways: First, to study the topography of the sample using microscopy (optical and
SEM) to examine surface pore structure and structure of the material and how it
bonds. Second, to study the internal structure with XCT technique for determining

the distribution of the pores within the structure and how this effects the process.

3.2.2 Hypotheses 2 and 3

These two hypotheses will be explored by further analysing the accretion sample.
This will include dissection and examination by SEM and composition gained from
SEM-EDS. This will then be used as a reference to compare against iron ore com-
positions used to distinguish differences and investigation of literature to determine
key factors in accretion growth. With the compositions’ theoretical models (e.g.,
FactSage™) will be used to calculate how compositions effect the flow of materials
in Hlsarna between the CCF and SRV.

3.2.3 Hypothesis 4

To explore this hypothesis reactions of different Ca-based material with iron ore
will be tested at high temperatures to understand the interactions they have with
iron ore. From the in situ test in the HT-CSLM, the materials interaction can be
observed visually. While further SEM analysis of quenched samples will reveal the
progression of the reactions and how the reactions happen. The comparison between
the materials will be used to examine the reaction between lime and CaO formed

from calcination of limestone.

3.2.4 Hypothesis 5

To test this hypothesis, the composition of individual particles will be gained from
SEM-EDS analysis. Then the HT-CSLM is used to determine the melting point
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of fluxing material reacted with iron ore. This is compared to the theoretical cal-
culations from FactSage™ for each particle to understand which impurities lower
the eutectic with interaction with CaO. FactSage™ can also highlight which com-

plexes are stable and how the eutectic point is reached.

3.2.5 Hypothesis 6

To test this hypothesis, the particles will be studied by using the novel method
developed in this study, i.e., the combination of the HT-CSLM and sessile drop
camera. This will allow the measurement of a particle (iron ore) over a set period
to determine the progression of a melting particle. These measurements evaluate
the diffusion of CaO into the particle (iron ore) and whether, the size of the particle

is a determining factor in the rate of reaction.
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Chapter 4
Experimental Material

To examine the research questions outlined by the hypothesis outlined in the previ-
ous chapter materials that would be used in the experimental research were sourced.
These include lab grade reagents such as pure CaO and other chemicals needed for
wet chemical analysis of samples. Industrial samples used in the HIsarna process
were provided by Tata Steel Europe IJmuiden from the bulk supplies and commonly
used in the HIsarna process which includes Iron ore, limestone and BOF slag. Fi-
nally, an accretion sample was taken directly from the Hlsarna process after shutting
down at the end of a campaign. All these samples are listed in this chapter along

with the information provided with them.

4.1 Chemical reagents

All chemical reagents were sourced from reputable chemical companies and of high
purity. The most significant of these is the pure CaO that had a purity of 99.99 %

and was in a powder form.

4.2 Bulk samples of materials used in HIsarna

The materials in this section were provided by Tata Steel Europe IJmuiden. These
were used by the HIsarna team and taken directly from the supply stores. The
materials are used in the process meaning that the interactions researched in the
experimentation can be expected in Hlsarna. The materials are iron ore, limestone
and BOF slag. The samples were dried before use and the compositions have been
altered to remove HoO in the materials. The compositions of these materials can
be found in Table 4-1 and were provided by TATA steel Europe IJmuiden.
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Table 4-1: Compositional information of the samples obtained by TATA steel Europe

IJmuiden used in HIsarna.

Sample %FeO  %CaO  %Si0s  %MgO %AlLO5 %K20 %TiOy %MnO  %COs

Iron ore 66.26 1.67 6.75 0.68 1.83 0.21 0.59 0.64 1.17
Limestone 0.84 57.12 1.13 0.85 0.24 0.06 0.02 0.85 38.46
BOF slag 2.30 41.94 14.14 4.69 2.14 0.02 1.20 4.69 0.83

4.2.1 Single particle Iron ore compositions for Chapter 8

The bulk materials used in this experiment including iron ore, lime (CaO) and

limestone can be found in Table 4-1.

The particles used in this experiment are
labelled with the compositions determined by SEM-EDS before experiment. Table

4-2 shows all iron ore particles used in experiments with CaO and Table 4-3 shows

all the iron ore particles used in experiments with the limestone pellets.

Table 4-2: All particles placed on a CaO pellet with labels and their corresponding

compositions.

Sample FesO3 SiOy CaO AlsO3 KO MgO
C-1 45.8 294 4.6 17.2 0.3 2.8
C-2 97.4 1.1 0.3 0.9 0.1 0.3
C-3 96.3 1.3 0.4 1.7 0.2 0.2
C-4 93.4 5.2 0.1 1.0 0.1 0.2
C-5 99.2 0.2 0.1 0.5 0.0 0.1
C-6 98.0 0.6 0.2 0.8 0.1 0.2
C-7 75.8 7.6 1.8 8.3 2.4 4.1
C-8 50.8 28.4 2.1 13.1 3.7 2.0
C-9 71.3 8.7 4.4 10.6 1.3 3.7
C-10 46.0 29.4 0.1 15.0 1.2 8.3
C-11 82.0 6.0 0.1 6.6 2.6 2.7
C-12 47.8 48.4 0.4 1.9 0.6 0.9
C-13 6.8 90.7 0.5 1.3 0.4 0.3
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Table 4-3: All particles placed on a limestone pellet with labels and their corre-
sponding compositions.

Sample FesO3 SiOs CaO Al,O3 KO  MgO
L-1 97.2 0.8 0.1 1.7 0.1 0.2
L-2 96.9 1.1 0.1 1.2 0.2 0.4
L-3 75.1 7.5 6.9 6.3 1.5 2.8
L-4 97.1 0.8 0.5 1.1 0.2 0.2
L-5 95.1 1.8 0.5 1.9 0.4 0.2
L-6 76.7 9.5 0.6 8.9 0.7 3.5
L-7 92.3 2.6 0.7 3.4 0.4 0.7
L-8 48.4 20.3 16.5 2.6 0.4 11.9
L-9 50.5 319 2.2 12.7 1.0 1.6
L-10 23.3 31.8 3.3 32.2 7.3 2.1
L-11 23.2 746 0.4 1.2 0.2 0.4
L-12 28.1 70.4 0.2 0.8 0.2 0.2

4.2.2 Accretion

The accretion is a sample provided Tata Steel Europe IJmuiden, however it was
taken directly from HlIsarna’s refractory wall. The accretion has been formed in the
CCF and has caused issues such as blocking the pathways between the CCF to the
SRV and potential increase of foaming. The sample did not come with any analysis
and a full examination of the materials properties are found in Chapter 6. A picture

of the whole sample is shown in Figure 4-1.

Figure 4-1: ITmage of the accretion sample sent from TATA Steel Europe for analysis.
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Chapter 5

Experimental Equipment

5.1 Introduction

This section will list and outline the equipment used in the research in this thesis
and the capabilities. A more in-depth description of the methods used with the
equipment can be found in the chapter in which they are most relevant due to the

novelty of some of the methods.

5.1.1 High Temperature Confocal Scanning Laser Microscope
(HT-CSLM)

The HT-CSLM is an in situ observation tool consisting of a gold-coated elliptical
chamber positioned bellow a UV imaging laser. The chamber can reach 1700 °C
at the heating rate of up to 700 °C/min and cooling rates of up to 3000 °C/min
(in the higher temperature range). Within the chamber, a halogen bulb is in one
focal point, which emits IR radiation. The IR radiation is subsequently focused
on to the sample which is positioned in the second focal point of the ellipse. The
sample sits on an instrumented alumina stage, where an R-type thermocouple is
threaded through and attached to the bottom of a platinum ring — the location the
sample sits upon. The atmosphere in the chamber can be controlled through the
rotary vacuum pump extraction and a high-purity gas feed. Images of the confocal
are presented in Figure 5-1 [65].

The furnace works in situ with a UV laser microscope, which avoids image
interference from the IR radiation from the bulb and hot sample. The microscope
sits above the chamber and can look at the sample through a quartz window at
the top of the chamber. The optics within a confocal microscope are designed to

give a very narrow depth field of view, allowing the equipment to image surface
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roughness and texture in high detail.
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Figure 5-1: HT-CSLM a) shows an image of the entire HT-CSLM with the tensile
compression stage, b) shows the interior of the high temperature chamber.

The HT-CSLM also has a rotary vacuum pump and high purity argon gas
feed which has a purity of less than 2 parts per billion (confirmed using mass spec-
troscopy). This is achieved by passing the gas through a series of filters, getters
drying chambers and a heated getter at 350 °C containing copper and magnesium
turnings. The system also has potential for quenching with a helium gas connected,

which increased the cooling rate to 2727 °C per minute.

5.1.1.1 Observations of Half-filled crucibles

An alumina crucible was half filled with iron ore and half filled with fluxing agent side
by side (Figure 5-2). The material was compressed in the crucible so that there is a
defined interface between the two materials. The sample was then heated to 1350 °C,
1400 °C and 1450 °C at 500 °C/min and held for 60s before being rapidly quenched.
The experiments were recorded at 15 fps. The experiments were conducted in an
air atmosphere at the appropriate partial pressure of oxygen ensuring no occurrence

of passive diffusion-led reduction in the iron ore during the experiment.
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Figure 5-2: The crucible samples before use the experiments. A) Crucible of iron
ore and lime. B) Crucible of iron ore and limestone. C) Crucible of iron ore and
slag.

The quenched sample was mounted in epoxy resin and polished to a flat sur-
face using SiC grinding pads incrementally increasing the grit from 800 p through to
1500 p. The sample was polished with oil-based diamond suspensions with particle
sizes from 9 pm, 3 pm to 1 pm in turn. This routine was done without the use of
water so as not to affect the anhydrous CaO in the samples. This polishing routine

gave a clean and flat surface ready for SEM imaging and EDS elemental analysis.

5.1.1.2 Sessile drop HT-CSLM

To study a single particle reacting with fluxes in the HT-CSLM, a novel approach
was used in conjunction with a sessile drop camera looking through a spare sample
port to gain a new perspective of a reaction happened in the furnace. The sessile
drop camera used was a FLIR® firefly MV USB 2.0 camera 1/3” with a Kowa
optical 2/3” 7T5mm/F2.5 lens. A labelled schematic of the HT-CSLM and the sessile
camera is shown in Figure 5-3. The software used with the sessile camera was
FTA32 to capture the image and ImagelJ was used to edit the images. Due to
the open sample port for the sessile camera, this study can only be performed

under an air atmosphere.
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Figure 5-3: Simple labelled schematic of HT-CSLM and sessile drop camera exper-
iment setup.

Sample

The experimental set combines deployment of a high temperature confocal
scanning laser microscope (HT-CSLM) with sessile drop camera SDC in tandem.
This offers a new angle to examine the particles and how they interact with the
Ca-based materials, which in this experiment is lime (pure CaO) and industrial
limestone form Tata Steel IJmuiden HIsarna pilot plant. In the experiment, an iron
ore particle is placed on a 5 mm pellet of the Ca-based material, as schematically

shown in Figure 5-4.

Iron ore particle ﬂ

—ﬁ

5 mm pellet

HT-CSLM SDC

Figure 5-4: A schematic of a single particle of iron ore on a pellet of Ca based
material labelled and shown from each imaging equipment.

For this experiment, the sample was heated to 1100 °C rapidly at 700 °C/min
and then the rate of heating is reduced to 60 °C/min up to a maximum of 1500 °C.

Once the particle starts to melt, determined by visual evidence from the microscope,
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the temperature is held for at least 60 s or until molten, then the sample is cooled.

An example nominal heating regime is show in Figure 5-5.
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Figure 5-5: A graph to show the heating routine used in the single particle exper-
iments. Showing the maximum heating routine (“Normal Routine”) and one that
has been held at 1350 °C (“Holding Routine”).

The SDC is used in tandem with the HT-CSLM by utilising an open port
in the HT-CSLM chamber to show the side profile of the particle melting. As this
is seen in situ the melting of the particle can be viewed from different angles to
further visualise the process of the interaction between the iron ore particle and the
Ca-based pellet. Having the extra angle allows a better indication of the particle
melting and when the particle is fully molten. A full schematic of the HT-CSLM with
the implemented SDC is presented in Figure 5-3 and a photo of the experimental

set up is in Figure 5-6.
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Figure 5-6: Labelled photos of the HT-CSLM and SDC experimental set up.

In both instances, the images and video were examined using image analysis
software image-J [66] and measured in size for both the cameras. The cameras
allowed the monitoring of a melting particle measuring its size. This is done at
intervals of 10 s and changes with particle this is seen as growth in terms of the
HT-CSLM and shrinkage from the SDC perspective as it interacts with the CaO
material. This allows the comparison of the melting activity from particle to particle,

with different compositions diverging from the same manufacture provided ore.

5.1.2 Image analysis methods

All images gained from the HT-CSLM and SDC were analysed using the imaging
software ImageJ. The program uses the scale bars imbedded in the image to set a
scale per pixel of the image which is then used to measure particles length, height,
and area. For both the HT-CSLM and SDC a schematic of the measurements

can be seen in 5-7.
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Figure 5-7: Schematic visualisation of the measurements of the particles from both
the HT-CSLM and the SDC.

A similar technique was used in the determination of the liquid fraction in
the 50/50 sample tests. At the end of the 60s hold the image was taken of the
interface and the visual molten areas were measured to gain a percentage of lig-

uid in the frame.

5.1.3 Horizontal Tube Furnace (HTF)

To produce pre-reduced ore, a horizontal tube furnace was used to partially reduce
iron ore from FepOs to FeO as outlined in Equations (2.4 - 2.6). The temperature
can reach 1600 °C and is heated with an electrical heating source. The tube is made
of 99.7 % alumina with the dimensions of 1100 mm in length, 85 mm in diameter
and 1.5 mm in wall thickness.

The tube furnace can fill with an inert atmosphere to aid the reduction of
the ore. The gas used was Argon with purity of 99.999 % and the gas is introduced
into one end of the tube with an exhaust outlet on the other end of the tube. The
sample size was of 50 mm in diameter with a sample weight of 40 g and placed in
the centre of the tube to the optimal position for the heating elements

HTF tests have been conducted so that pre-reduced iron can be produced
at different percentages of reduction. Both the effects of time and temperature
have been investigated to deduce the effect of increasing each factor separately
and simultaneously. All tests were completed in the furnace under an atmosphere
of argon so that reduction occurs slowly via a purely diffusion driven mechanism
(transfer of oxygen into the low oxygen potential gaseous atmosphere).

Samples of different iron ores were placed in an alumina crucible dried in a

Muffle furnace for 2 hours at 200 °C. The two variables of temperature are tested in
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slightly different methods. The dried samples are placed in a HTF in an atmosphere
of argon and at differing temperatures and times. The sample is cooled and measured

to see the amount of weight lost for a measurement of reduction.

5.1.4 Titration

To calculate the level of reduction of the ore, the Fet? content is measured with
a redox titration to measuring the standard reduction degree. The method follows
that outlined in the international standard (ISO 9035: 1989) [67]. The chemical

reaction is given in reaction 5.1.

CryO7%*~ + 14HV6e™ — 2CT3T + TH,0 (5.1)

This process uses potassium dichromate instead of potassium permanganate
because of the inherent benefits of the dichromate. These include availability in
high purity and stability up to its melting point. Aqueous solution is not attacked
by impurities like organic matter hence the solution is not affected by storage. The
solution is also not affected by light like that of the permanganate. While the Fe
ion were released into solution after dissolved in hydrochloric acid (40 %).

The stock iron ore received from Tata steel Europe was tested to gain the
Fe?* and the two sections gained from the accretion sample also from Tata steel

Europe.

5.1.5 Differential Scanning Calorimeter

The Differential Scanning Calorimetry (DSC) study was done using a NETZSCH
Thermal Analysis STA 449 and used to evaluate the accretions and reactions be-
tween the iron ore and flux material. The maximum temperature that the equipment
can reach is 1500 °C. The DSC has a stage made from platinum where 2 samples
can be placed, and this is where a sample and the reference can be placed. The
system also has a sample magazine in which a multiple sample can be sit and an au-
tomatic sampler, which the system can be automated. An image of the equipment

is presented in Figure 5-8.
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Figure 5-8: An image of the NETZSCH STA 449 DSC.

The system is operated by NETZSCH-Proteus-61 software, which controls
the temperature program including heating rate. This also controls the gas flow into
the equipment, which has potential for an inert atmosphere (argon in 99.999 %),
synthetic air (80 % nitrogen and 20 % oxygen) and reactive gases (COz). The Scales
used to measure sample is made by (Satorius) and has been accurate to 0.001 mg.

The samples used are incompatible with alumina due to the nature of the
samples, so the crucibles used were platinum crucibles. However, the nature of high
temperature of the experiment still causes issues of the platinum crucibles and the
platinum stage. To fix this the samples have an alumina spacer to protect from this
issue. This may cause some thermal lag, but this is easily fixed by calibrating the
equipment to account for this. A labelled image of the sample stage and set up with
platinum crucibles is presented in Figure 5-9. The samples were heated to 1550 °C
at 10 °C/min and were cooled to 1000 °C 10 °C/min. This was repeated three times

and on the final cooling the sample was cooled to 20 °C.
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Figure 5-9: Image of the sample stage set up with platinum crucibles and alumina
spacers with labels.

5.1.6 SEM
5.1.6.1 Material preparation

Samples were prepared for SEM analysis by mounting them in epoxy resin due to
the porosity of the samples. The resin is made using EpoThin™ 2 Epoxy Resin
and EpoThin™ 2 Hardener in a two to one ratio. Once mixed the resin was moved
to a vacuum desiccator to remove trapped gas bubbles in the sample and left for 24
hours to cure at room temperature. The samples once cured are cut to show the
interface between the two materials in the reactions both seen in section 3.4.1 and
remounted in the same epoxy as before. The material is ground to a flat surface
using Si — C grinding pads incrementally increasing the grit from 800 p through to
1500 p. The sample is polished using Buehler AutoMet™ 250 Pro-Grinder Polisher
with oil-based diamond suspensions with particle sizes 9 ym, 3 um to 1 pym in turn.
This routine is done without the use of water so as not to affect the anhydrous

CaO in the samples.

5.1.6.2 Scanning Electron microscope

The SEM used for this study was a mixture of a Zeiss Supra 55VP SEM and JEOL
7800F model. Both have an acceleration voltage between 1-20 kV, fitted with a
FEG source and EDAX analysis system. As the material used is non-conducting,
this causes charging disorders due to the discharging of electrons from the sam-

ple. To counter this the sample is gold-coated and use of sliver DAG applied to
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the edge of the sample.

5.1.7 X-ray Computed tomography

X-ray computed tomography (XCT) was used to investigate the physical structure
of the accretion. This method uses x-ray radiation to obtain 2-D image slices of the
sample which when compiled together a 3-D image can be visualised. The technique
is non-destructive which is keen for the correlative approach of investigation needed
to understand macro-micro relationships of the material. The Scanner used was
a Nikon X-TEK XTH 4.3.1 which has far greater resolution when compared to a
medical CT machine and can detect small defects. XCT is already being used in
industry and is used to detect voids and cracks in a material on both the surface
and the internal surface. When applied to the accretion a map of pours cracks and
other structural anomalies that can be seen.

The process works by pointing an X ray source at the sample on a rotating
table, which is in line with a detector, creating a back projection on the detector.
After the scanning is completed, the full projected images are reconstructed using
Nikon’s associated reconstruction software. Using analysis software (in this case
Aviso™) the image can then undergo grayscale thresholding and segmentation al-
lowing for the quantitative measurement of physical structures. A schematic of the

scanning process is presented in Figure 5-10. [68].
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Figure 5-10: A schematic representing the imaging process of the scanning a sample
in a XCT. [68]
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5.1.8 FactSage™ Calculations

FactSage™ was used in this chapter to determine the theoretical melting point of
particles taken from the bulk iron ore. Kach of the particle’s compositions Table
4-2 and Table 4-3) were imported to the program using and these were used in
FactSage™ equilibrium calculations to determine the theoretical melting point of
the material. This was when the program showed the sample to be 100 % liquid
slag. This was then further expanded by reacting different levels of CaO to the
individual particles to test the effect of the addition of the CaO on the melting
point. The samples were reacted with an addition 5 wt. %, 10 wt. %, 15 wt. %, and
20 wt. % of CaQ. This allowed for the experimental result and theoretical result to
be compared. For the limestone samples, CaO was used instead of CaCOj3 as the

CaCO3 data would complicate the system.

5.2 Evaluation of novel Experimentation

Throughout this work, different experimental methods have been used, ranging from
well-known techniques such as SEM, chemical titration, and DSC to more novel and
unique ways of using equipment and developing on existing techniques used in the
steelmaking industry research including HT-CSLM, XCT and a HT-CSLM based
sessile drop method.

This chapter evaluates the novel techniques used in terms of success and
ways to improve. This will help in moving these techniques forward and progress-
ing these techniques for use in the research relevant to the steel industry or for

modification in other industries.

5.2.1 HT-CSLM

The HT-CSLM is a key piece of equipment used in this work, though the use of a
HT-CSLM may not be novel in its use within high temperature experimentation.
This study has used methods that open a new aspect of the equipment in both
sample design and the addition of a second viewing angle. Below is an analysis of
these novel methods showing the benefits, drawbacks and improvements that can

be made for future use in other researchers.

5.2.1.1 50/50

During the investigation of iron ore and Ca-based materials reactions as seen in
Chapter 7, the HT-CSLM was used to examine a crucible filled with the two ma-
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terials with an interfacial boundary in between. This allowed the interface to be
tracked in situ at high temperatures with the HT-CSLM and helped analyse three
different flux materials (lime, limestone and BOF slag). This showed how they each
react differently with the iron ore. The quenched samples were then analysed fur-
ther with more common post experimental methods such as SEM and EDS, showing
how the reactions progressed through different temperatures and the composition
of the molten material between the two materials.

The main benefit of this method was the in situ visualisation of materials at
temperatures above 1300 °C and gives new insight into how each material interacts
with iron ore where furnaces that are more conventional would rely solely on post
experiment analysis. The HT-CSLM gives a view of the whole reaction and though
post experimental examination is valuable and used in this series of test it is a
snapshot of the reactions. Another benefit is that the way the sample is set up is
it can be expanded to other materials in terms of slags or other reactions at high
temperatures. The interface between the materials can give kinetic information on
diffusion of materials across an interface or even through a material.

The drawbacks of this process are firstly the sample is only viewed from
a top-down plainer view. This means that the depth of the sample cannot be
examined, and it relies on the top surface to be indicative of the entire sample. The
second planer view can be gained from SEM analysis; however, the in situ nature
is lost. The second is due to the nature of examining slags at high temperature
raises the importance of selecting a correct crucible. Through the beginning of
the experiments, the molten slag began to eat the alumina crucibles and had the

potential to interfere with the chemistry of the reaction being studied.

5.2.1.2 Sessile drop camera (SDC)

The use of a second camera with the HT-CSLM allows a second planer view of a sam-
ple. The modification allowed for a second angle for the high temperature reactions
between two materials. This was done through the removal of a side port directly in
line with the sample stage. The samples in these experiments were a single particle
(iron ore) on the pellet (flux). The reaction between two materials was tracked and
measured using image analysis software such as ImageJ. The shrinking of the parti-
cle observed from the SDC, and the growth of the molten pool observed from the HT
CSLM allowed for a kinetic study of the iron ore particle and the Ca-based material.

This method showed promise as a way of increasing the capabilities of the HT-
CSLM. The addition of a second planer view allowed the side profile of reactions to

occur. This can add another layer to kinetic studies. This second planer view could
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also introduce the studies of slag wettability at high temperatures that could become
an interesting topic slags or metals interacting with refractories. Using the current
format of experiment, the kinetic studies at these high temperatures can be explored.

The results collected in Chapter 8 found some issues. The first issue was
to get a side profile shot of the sample, as port was removed unveiling the sample;
however, this means that the chamber did not have a controlled atmosphere. Any
reactants that will have an adverse reaction to air or require an inert atmosphere
needs to find a solution. An airtight seal with a quartz window can rectify this so
an atmosphere can be controlled with the use of the SDC.

Another issue was the SDC was not integrated into HT CSLM controls mean-
ing the cameras were controlled separately. The SDC needed to be studied to de-
termine the same starting point of reactions and start the recording. To omit this
problem the cameras can be connected by a system via code or use a visual cue
to show the start of the reaction.

The samples used in the test also showed evidence of thermal expansion in
the pellet and changed the position of the particle. The camera would then need
moving to accommodate this change. The understanding of the materials used in the
system so that the camera can be refocused on the sample or prepping the samples
by sintering or heat-treating so the sample does not go through such expansion.

The final drawback of this method is the lack of crucible used in the experi-
ment, as the walls of the crucible did not block the view of the camera. The sample
sat on two different spacers one alumina and the other was platinum to give some
protection to the gold-plated furnace. This overall meant that during the experi-
ments BOF slag was not used, as this would have turned molten and damaged the
confocal chamber. The two live feeds form the cameras allowed samples to be mon-
itored so no molten material got near the edge of the pellet. However, to run this
experiment in a safer fashion a low walled crucible could be made to add another

layer of protection to the equipment.

52



Chapter 6

Characterisation of an Accretion
Sample Taken from HIsarna

Pilot Plant to Investigate the
Agglomeration in the CCF

6.1 Introduction

Accretions also known as “scabs” and “scaffolds” are formed through the gradual
accumulation of material by adhesion onto a growing mass and are an unavoidable
part of the BF process due to the nature of the process. High temperatures, ag-
gressive flow rates and the presence of volatile chemicals, all play their part in the
formation of accretions. In most cases, a thin layer of accretion on the refractory
is not only accepted but also desired in the BF and other furnace designs [69] even
though this slightly decreases the furnace volume and obstruct the movement of
material. The accretion lining is vital to keep a healthy refractory, protecting it
from the corrosive effects of gas and liquids present in the process and thus extends
the life of the refractory, reducing the cost of replacing them. This encouraged
behaviour is called scabbing [70].

Controlling the accretion layer is vital as an unwanted growth can be disrup-
tive and lead to shut down of the entire plant if it builds beyond reasonable levels.
As such, this issue has an ongoing effect on the productivity of a plant and was
historically a common problem for a BF [71],[72]. There were two way in which
this was managed the first being to lower the flow of cooling water to melt off the

accretion [73]. The other was to shut down the furnace for cleaning which most
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commonly resulted in using explosives to dislodge the accretions [74]. Thankfully
with modern process control, developments in modelling and increased use of in situ

sensors in the BF [75], this issue is now uncommon.

6.1.1 Factors of accretions in a Blast Furnace

Though the definite mechanisms for the formation of accretions is not completely
known, some factors are considered major contributors. These include alkali circu-
lation, Zinc enrichment, quality of sinter and Coke, cooling and the burden dis-
tribution [76].

Alkalis are the metals that are found in group one of the periodic table. In
the BF, this is predominantly K and Na. These elements react with materials found
in the BF, forming different complexes, dependant on reactant and environment.
The temperature of the different sections of a BF determines the complexes that
form and changes as they circulate up and down the furnace’s temperature zones.
The different regions is presented in Figure 6-1 [77] along with the complexes that

potassium forms including carbonates, silicates and cyanides [78].
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Figure 6-1: Schematic of the blast furnace and with the circulation of potassium
in the BF. With the complexes it form, where they form in the furnace and the
temperature [77]

Zinc enrichment is introduced in the furnace in two ways. The first is in
impurities in the ores in the forms of zinc oxides and more complex forms such

as ZnO -Fes03/27Zn0 -SiO4 and recently, it has been introduced by using recycled
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steel in the process [79] [80], with zinc being a common coating material for steel
products in use. The Zinc vaporises at temperatures higher than 1200 °C however
in the higher stack of the BF, condenses on the colder walls, and descends back
to the burden. For this reason, zinc accretions are found higher in the stack than
alkali-based accretions.

The quality of the sinter and coke is also a factor in the formation of ac-
cretions. As the residuals in the ores such as alkalis, zinc and sulphur content can
be found in the screening process. Also sinter morphology played a big role in the
build-up of accretions due to the interactions of fines and coarser sinter [81]. This led
to a worldwide shift towards skip screening on coke and sinter in the 1950s and onto
double-deck screens excluding a large part of fines from the burden [82]. Allowing
for the fines and coarser sinters being charged independently.

Burden distribution is controlling the material in the furnace. Meaning that
the furnace maintains the right levels with the correct distribution of materials such
as ores, coke, and fluxes. A poorly distributed burden will cause a slower decent
down the furnace and lead to longer residence times of material within sticking zones
of the BF. The best way to combat this is to keep the furnace stocked of all materials
because if this is not sufficient the layers of the burden will be uneven.

The cooling method for the furnace is another factor in the formation of
accretions as the development and use of refractories has changed over time. Cooling
used to sustain the temperatures of the shell to prevent material fatigue as any
buckling or failure would result in severe damage. More modern furnaces implement
a self-lining refractory wall which is cooled to allow a thin layer of accretion to form,
acting as a protective layer for the refractories during the process [83]. Both these
allow thermal balance to increase the longevity of the process. However, if the
cooling is too much then this accretion layer can be allowed to grow and thus a
problematic scaffold can form.

Another way that cooling is introduced into the BF is through the addition
of materials. The carrying gas (normally nitrogen) is not heated thus, accretions
are most commonly found around tuyeres as material enters the process and are
described as mushrooms due to their shape [84]. Like that of the accretion layer
on the refractories the mushrooms are wanted to protect the tuyeres and is called a

shrouded injection and a schematic is presented in Figure 6-2 [85].
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Figure 6-2: A Schematic of a shrouded injection system of a BF with the mushroom
accretion forming around the injection site. [85]

6.2 DRI processes

In DRI, a reducing atmosphere is used to reduce the Iron ore partially through the
reduction of the FesO3 to FeO. The gases used are normally Hy or CO/CO2 which
is generated from coal or methane gas. The product from this process is sponge iron
made from the iron ore being reduced but maintaining the form of the iron ore and
usually occurs in the temperature range of 800-1200 °C [86]. The product produced
from this method has the physical properties of the ore and contains significant
porosity allowing gas flow through the material unlike pig iron produce from the
BF [87]. This product is reported to also be used in the EAF instead of 100 %
scrap steel as it helps create foaming which protects the furnace walls and extends
refractory life [88]. However it is likely included from a more pragmatic point to
ensure chemistry of produced steel is met, avoiding out of scope levels of residuals
which are likely to occur from 100 % scrap usage [80].

As it has undergone partial reduction sponge iron has a higher FeO content
than iron ore, however the sponge iron also has an increased weight percentage
of SiO2 due to the loss of weight from reduction [89] which means comparatively
the product with have high acidity within the process. The higher FeO content in
the slag will change the chemistry of a slag and understanding this may affect

accretion formation.

56



6.2.1 HlIsarna

HIsarna is an accumulation of a DRI method in the CCF and a smelting reduction
vessel in the SRV. The CCF product is like that of DRI due to the reduction of the
ore in this region by reducing gases from the hearth, except the CCF process is at a
higher temperature and creates greater fluidity within the material. Accretions are
causing issues in the development of the process, as passageway between the CCF
and SRV is being blocked. This pathway is vital as it allows the movement between
the two sections and complete reduction of the ore. Trial runs showed evidence
of accretions building in the process that is presented in Figure 6-3. The image
is taken from inside the SRV looking up into the CCF and the accretion growth is
blocking the pathway. Previously discussed contributions to accretion formation are
likely active in this part of the process including cooling, sinter, coke quality and
the presence of residuals. In addition, other factors that are unique to Hlsarna that
may promote accretion build-up such as the refractory cooling system, turbulent

mixing, and the flexibility of raw materials.

Accretion

Tuyeres
Pathway to CCF

SRV Refractory

Figure 6-3: A labelled image looking up from the SRV to the CCF and showing the
accretion that forms in Hlsarna.

The cooling system implemented in HIsarna is more pronounced than a stan-
dards BF. This is due to the highly turbulent nature in the way it mixes material
in both the CCF and the SRV [6] [42]. The refractories take the brunt of this and
are used up at a faster rate and the cooling is used to help them last longer [39].
The utilisation of a more aggressive cooling and mixing means that the furnace will
have cooler areas to which material can adhere and grow into an accretion.

HIsarna and other novel ironmaking processes focused on cutting CO2 have

the ability of using a more varied raw materials compared to the conventional iron-
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making process [26]. Materials such as unsintered ore, Coal instead of coke and the
ability of using scrap metal as an additional source of iron. This fulfils the goals
of cutting CO9 from the ironmaking method but also introduces residuals such as
alkalis. The addition of scrap with iron ore in the process has caused issues with the
increased levels of zinc in the process. Evidence of this is seen in HIsmelt where high
levels of zinc dust was left in the furnace and FINEX® has found zinc accretions
which have disturbed the process [90],[91].

For these reasons, it is beneficial to understand the accretions that are form-
ing in Hlsarna and learn how they are forming by looking at multiple aspects of
a sample obtained from Tata Steels Europe Hlsarna pilot plant in IJmuiden and
studying its structure, composition and melting properties. The structure was in-
terrogated at the external and internal structure including the pores in the sample.
The composition provided information about the chemical make-up and compared
to the ore used in the process and the quantity of zinc in the material. Finally, the
melting and solidification of the material were tested to understand the conditions

needed for the accretions forming.

6.3 Results

Looking at the accretion visually there were two distinct parts, which can be de-
scribed as a dense area with smaller pores with less dispersion and a porous region
with larger pores and more concentrated. Another feature in the sample is a crack
down the middle, which acts as a soft border between the two defined regions. These
sections are presented in Figure 6-4. With labelled areas under optical microscope,

these two areas were examined further and is presented in Figure 6-5.
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Figure 6-4: Image of the accretion bisected and labelled to distinguish between the
dense and porous sections of the accretion.

Figure 6-5: Images of the accretion sample under an optical microscope of both the
dense and porous sections of the accretion.

The accretion was examined using SEM and section of both the dense and
porous areas is presented in Figure 6-6. Both have a similar structure with larger
iron particles suspended in a matrix of other oxides. In this slag matrix, there is faint
dendritic crystal formation, which is more visible in the porous section than that
of the dense section. The porous section shows large pores in the material clearly
seen in the bottom corners of both optical and SEM images. The dense section does

not show any large pores however there seems to be smaller imperfections on the
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surface that are potential smaller pores.

Dense Section

Figure 6-6: SEM image of the accretion with an image of the dense section and
porous sections

Figure 6-7 shows SEM and EDS data of the dense section and the slag area
showing the microstructural properties. In image A there is a dendritic crystal
forming in the slag matrix between the larger particles. Image B shows that the
particles are iron, and the slag matrix is composed of Si, Al, Ca, and other elements.
Image C shows an EDS map of the detected iron and confirms that the dendritic
formation in the slag is iron precipitating out of the slag.

In Figure 6-8, the microstructure of the porous region of the accretion is
examined. In image A there is visible lines in the slag matrix of the sample. Image
B show the EDS map of the elements discovered in the sample and the particles
are still iron and the slag region is similar composition as the dense area. Image
C is the EDS map of the sample of the calcium in the sample and the needle like
structure becomes prominent showing its high calcium content, and the lack of

calcium within the iron particles.
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Figure 6-7: SEM and EDS images of the slag interface in the dense section of the
accretion. A) SEM image of the slag interface showing the dendritic formation. B)
EDS map of the area and the colour code of the elements found. C) The iron only
overlay of the EDS map showing the structure to be iron precipitate.

Porous Section 1 A

Porous Section

Porous Section

Figure 6-8: SEM and EDS images of the slag interface in the porous section of the
accretion. A) SEM image of the slag interface showing a needle like structure. B)
EDS map of the area and the colour code of the elements found. C) The iron only
overlay of the EDS map showing the structure to be calcium needles.

6.3.1 XCT of the accretions

X-ray Computed Tomography was used to analyse half of the accretion detecting

pores that are present in the sample and with each pore the coordinates and size
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of the void was measured.

The Images in Figure 6-9 show grey scale XCT slices of the sample where the
pores are black and the material present is in lighter colours depending on density.
Image A shows a slice from the Y-plane and is a similar picture to that of the photo
image in Figure 6-5 with the dense, porous and crack visible. Image B shows a
slice from the X-plane as this is the axis where the change between the structures
labeled as dense and porous . The images doesn’t show the crack as the X-plane
is parallel to the crack and therefore will only ever be in one of the regions. Image
C show a slice of the Z-plane again the denser and porous section of the accretion
are visible as the left side of the image shows the dense section and the porous on
the right. The boarder between them is also clear and sits just right of the samples
centre and seems to be layers of pores before transitioning into the porous section.
where the pores are greater in number than the dense section with some larger pores
dispersed through the sample. In image D the sample is shown in a 3 D form with
the sample cut in the Z-plane with the whole sample visible in block at the bottom,

and semi-transparent at the top.

Figure 6-9: Four images taken from the XCT of the accretion sample. A) An image
of a slice of the XCT taken from the Y-axis. B) An image of a slice of the XCT
taken from the X-axis. C) An image of a slice of the XCT taken from the Z-axis.
D) An image of the XCT with sample in 3D representation.

The pores of the accretion has are visualised in Figure 6-10. Image A shows
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the sample and its orientation with some of the pores visible on the surface of the
as seen in the multi colour spots while Image B shows every single pore detected
by the test. The pores seem to be collected towards the left of the image and a
cluster of small pores in the right side near the edge of the sample. From both
images it is evident that the pores that allowed the labels of porous and dense are

constant throughout the entire sample.

Figure 6-10: Two images gained from XCT showing the pores in the sample colour
coded to denote size. A) Shows the outer samples in grey with some of the surface
pores poking through and showing the orientation of the sample. B) Shows only the
pores in the sample found throughout the sample.

Overall 19443 pores were detected in the sample and the coordinates of the
central point and volume of each one was measured. The size of sample was cal-
culated as the maximum X, Y and Z distance with the X-axis having maximum
distance of 76.97 mm, Y has a maximum distance of 67.67 mm and the Z distance
has a maximum of 12.78 mm. The data also says that the smallest pore had a
volume of 4.19x10-4 mm?, while the largest pore had a volume of 75.046 mm?. The
average pore size was calculated to be 0.126 mm?. Using the number of pores and
the size of the sample the porosity was calculated for the whole sample and each of
the defined sections. The whole sample had a porosity of 4.02 % while the dense
section had a porosity of 3.69 % and the porous section had a porosity of 4.41 %.

Using the coordinates of each pore is plotted showing the distribution of

the pores throughout the sample along each axis. The pore data was taken from
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Table 6-1: The XCT data given from the pores of the accretion samples sorted by
their X coordinates and spilt into 0.5 mm sections. Showing the number of pores
and the average volume of pores per section.

X-Axis
Start (mm) Finished (mm) Number of pores Average volume of pores (mm?)
0 0.5 222 0.006
0.5 1 1218 0.034
1 1.5 2053 0.040
1.5 2 1692 0.068
2 2.5 1634 0.094
2.5 3 2046 0.186
3 3.5 1629 0.242
3.5 4 1239 0.141
4 4.5 1050 0.304
4.5 ) 1031 0.181
5 9.5 1217 0.140
5.5 6 1234 0.152
6 6.5 1477 0.118
6.5 7 1259 0.061
7 7.5 401 0.023
7.5 7.697 41 0.015

5 mm sections from each axis, the number of the pores in each and the average
pore size. For each axis any pattern to the pore distribution throughout the sample
can be extrapolated.

As shown in both Table 6-1 and Figure 6-11, the X-axis shows that the
number of pores in between 1 mm to 3.5 mm along the X-axis is high in number,
when compared to the rest of the sample. This is due to the number of pores
dropping for the rest of the sample between 3.5 mm to 7 mm. There is a small
increase in this region between 6 mm to 6.5 mm but there is no continuation of this
trend and may be due to a crack running through this area. Also at the beginning
and the end of the sample the number of particle drastically decreases however this
is due to the shrinking Y and Z-axis. The volume of the pores shows that in the
range there is a high concentration of pores with a small volume which corresponds
with the idea of this being the porous section of the sample. In the middle of the
sample the size of the pores increases and at the point where the number of pores
is at its lowest. It was also found that the volume of the pores is highest with 0.304

3

mm® was found in the middle of the axis.

64



F . —m— Number of Pores
Pore Analysis of Y-Axis u- Average Volume of Pores
2800 ~0.30
2600 -
] 7N o
2400 ] ¥ ; L 0.25 =
2200 = LSS E
,, 2000 ;’ e ¢
g 1800 ] | N - 0.20 é
4 | -
96- 1600 / N s
a { n =
o 1400 / n R 0.15 ]
o 1200 4 ™ n—" AW | S
E 1000 2 " LAY S
= e i
= ] / = = L -0.10
800 \ <)
] '-.\ s
600 ' o
] \ =
400 e Rl
200 \-.,
0 —— —————10.00
0 2 3 4 5 6 7
Region of Pores (mm)

Figure 6-11: A graph showing the dispersal of pores along the X-axis with the
number of pores and the average volume within 0.5 mm sections of the axis.

In Table 6-2 and Figure 6-12, the pores are along the Y-axis. The graph is
equivalent to the shape of the sample as the volume of each section changes with the
size of the X-axis and Z-axis. At the beginning of the sample (0 mm and 1.5 mm)
the number of pores is low however the volume is relatively high. This could be due
to surface imperfections being classed as pores leading to larger volumes. Between
1.5 mm and 3 mm the number of pores drastically increases while the volume drops
to approximately 0.1 mm?. From this point on the number of pores starts to slowly
decrease from 3 mm to 6 mm before a sharp drop off to the samples end (6 mm to
6.767 mm). The volume is consistent until the 6.5 mm to 6.767 mm where it drops to
0.059 mm3. The plane does not show any of the features (dense, porous or crack) due

to this plane having all sections in each slice as it runs perpendicular to the boarders.
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Table 6-2: The XCT data given from the pores of the accretion samples sorted by
their Y coordinates and spilt into 0.5 mm sections. Showing the number of pores
and the average volume of pores per section.

Y-Axis
Start (mm) Finished (mm) Number of pores Average volume of pores (mm?)
0 0.5 255 0.173
0.5 1 434 0.272
1 1.5 588 0.202
1.5 2 1089 0.136
2 2.5 2212 0.123
2.5 3 2655 0.095
3 3.5 2232 0.128
3.5 4 2050 0.132
4 4.5 2020 0.104
4.5 ) 1813 0.109
) 9.5 1639 0.150
5.5 6 1427 0.113
6 6.5 971 0.129
6.5 6.767 58 0.059
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Figure 6-12: A graph showing the dispersal of pores along the Y-axis with the
number of pores and the average volume within 0.5 mm sections of the axis.

Along the Z-axis as seen in Table 6-3 and Figure 6-13, the shape of the graph
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Table 6-3: The XCT data given from the pores of the accretion samples sorted by
their Z coordinates and spilt into 0.5 mm sections. Showing the number of pores
and the average volume of pores per section.

Z-Axis
Start (mm) Finished (mm) Number of pores Average volume of pores (mm?)
0 0.5 50 0.069
0.5 1 163 0.154
1 1.5 280 0.216
1.5 2 432 0.105
2 2.5 464 0.062
2.5 3 542 0.133
3 3.5 768 0.175
3.5 4 892 0.140
4 4.5 950 0.078
4.5 5 1024 0.111
5 9.5 1169 0.173
5.5 6 1444 0.083
6 6.5 2151 0.160
6.5 7 1908 0.141
7 7.5 1399 0.120
7.5 8 1246 0.105
8 8.5 944 0.102
8.5 9 792 0.167
9 9.5 793 0.121
9.5 10 703 0.074
10 10.5 381 0.124
10.5 11 298 0.119
11 11.5 261 0.095
11.5 12 226 0.062
12 12.5 151 0.162

is linked to the the shape of the sample along the Z-axis. The number of pores
increase at a stable rate up to 6 mm then there is a sharp increase in the middle of
the sample. After the peak, the number of pores drop quickly then levels off around
the 8 mm to 9.5 mm section before another large drop and a slow decline to the end
of the sample. The area of the pores fluctuates around a middle point (0.125 mm3)
however there is no visible trend in the changing of volume. Like that of the Y-axis

the crack and sections are not visible due to the features running through the axis.
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Figure 6-13: A graph showing the dispersal of pores along the Z-axis with the
number of pores and the average volume within 0.5 mm sections of the axis.

6.3.2 Melting properties

Overall, the plains consistently follow the trend of more pores in the middle of the
sample where the most mass is. Unless there was a significant structural anomaly
that was sectioned out, such as the separation of the porous and dense section in the
X-axis view. The volume of the pores showed little trend throughout the material
but the areas on or close to the surfaces had evidence of a greater pore size.

The accretion melting point is examined to determine if there was a difference
between the dense and porous section.

The dense section results in Figure 6-14 show the phase change temperature
boundaries of solidification. The dense section shows that the material starts to melt
between 1463.5 °C and 1473.5 °C. The peak temperature denotes the crystallisation
temperature (7;) is between 1500.6 °C and 1506.7 °C.
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Figure 6-14: A graph showing the DSC results if the dense section of the accretion.

This includes three of the cooling measurements of the sample and the temperature
it solidifies.

The porous section results in Figure 6-15 show that the temperature at which
solidification ends is between 1463.5 °C to 1473.5 °C. The peak of the crystallisation
temperature (Tc) is between 1522.4 °C to 1525.1 °C.
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Figure 6-15: A graph showing the DSC results if the porous section of the accretion.

This includes three of the cooling measurements of the sample and the temperature
it solidifies.
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6.3.3 Composition

The EDS analysis was used to gain the composition of the sample of both defined
sections. The results in Table 6-4 show the composition of the iron ore from Tata
Steel that was used in HIsarna’s pilot plant. An increase in the impurities most
significantly SiOs, AloO3 and CaO was detected in the accretion compared to the
original ore. The potassium content also increases significantly from 0.2 wt. % to
4.4 wt. % for the dense region and 3.4 wt. % in the porous section. The FeoO3
content is lower in the iron ore than in the accretion as the iron ore has 60.99 wt. %

while the dense section has 65.8 wt. % and the porous section has 71.0 wt. %.

Table 6-4: Table showing the compositions gained from EDS of the accretion of
both the Dense and Porous sections.

Accretion Section Fe,O3 SiOs AlbO3 CaO KO MgO

Iron ore 60.99 6.31 1.71 1.57 0.2 0.64
Dense 65.8 15.1 9.1 5.1 4.4 0.5
Porous 71.0 14.1 7.5 3.6 3.4 0.4

When comparing the section, a lower FeaOgs content in the dense section
which is replaced by the detected impurities. The porous section conversely has a
higher FesO3 with lower levels of impurity.

As it is difficult to determine the oxidation state of the iron complexes by
EDS, titration was used to find the FeO content in the accretion samples. The
results show (Table 6-5) that the dense section has a higher FeO content than the
porous 18.16 % and 17.10 % respectively. The FeO value given for the iron ore was

0.95 % significantly lower than that of the accretion samples.

Table 6-5: The results from the titration of the accretion sample showing the FeO %
in the samples from the Dense and Porous sections.

Titration 1 Titration 2 Titration 3 Average
Accretion Section

(FeO %) (FeO %) (FeO %) (FeO %)
Dense Section 18.09 18.27 18.14 18.16
Porous Section 16.94 17.22 17.13 17.10

70



6.4 Discussion

6.4.1 Orientation of the Sample in HIsarna

The structure of the accretion sample surface images Figure 6-4 show two distinct
sections of the accretion defined as porous and dense. This structure can give
information about the orientation of the accretion on to the refractory walls. The
pre-reduced ore created from DRI processes produces a more porous structure hence
the name sponge iron and can assume a similar product would be made the CCF of
HIsarna [92]. The process should continue to form a molten material when moving to
the SRV. However, with the presence of the accretion this is clearly being inhibited
by processes conditions.

The pores come from the reduction of the iron from its haematite (FeaOg)
state to its magnetite (FesO,4) form [78]. This would suggest that the more porous
section would be more reduced than that of the dense section of the accretion.
From the results gained from the titration of the accretion sample, there is not a
significant difference between the sections with regards to reduction progress. The
results showed a 1 wt. % difference. The dense section of the material showed a
higher FeO content at 18.16 wt. % with the porous section giving 17.10 wt. %.
These results suggest that the structure of the sections should be the opposite way
around if purely dictated by reduction progress.

Other factors that could influence this miss match of expectation include the
time in the CCF and the cooling rate of the accretion. Linking this back to the
results, it is reasonable to suggest the dense section of the accretion formed first and
has been present in the process longer due to its higher reduction level.

The cooling rate of slags influences the solidified structure. A quick quench

“vitreous solidification” while a slower cool allows for more growth of

gives a more
the crystals and thus more time for crystal growth [93]. This idea is promoted by the
results in the microstructure between the iron-based particles where, the formation
of dendritic FeOy in the area is seen. The porous section had a vast amount of
unordered Ca needles forming in the region that suggest a quicker cooling of the
area. The dense structure shows dendritic precipitation of iron in the slag matrix
between the iron particles suggesting a slow cool rate for the structure to grow.
Cooling of the dense section next to the furnace wall is likely to be driven by heat
loss during the process, whereas the porous section may have been formed only
when the process was shut down and thus a more rapid reduction of temperature

would have dictated solidification features.
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6.4.2 Pores, Structure and Foaming

The XCT of an accretion has not been done and allowed examination of the internal
structure of the sample with a focus on the pores present in the structure. The
method is non-destructive and allowed further test to be conducted on the sample
with the information gained from the scans. It also provided quantitative data
to back up the visual clues form an external examination. It also allowed us to
theorise how these structural properties effect foaming and further build-up of these
accretions in HlIsarna.

As this is from the solidified sample taken after the furnace had cooled, the
structure may not be like its structure in during the process. However, without in
situ testing of the accretion, the structure studied can offer important findings on
how this material can cause process failure. In Figure 6-4, the cross section of the
accretion is shown. The visible crack seen in the top part of the material suggests
that the structural integrity of the accretion is not secure. Though breakages of the
accretion will help stop the blocking of the passage between the CCF and the SRV
this can cause other issues in terms of process.

An accretion break off into the SRV can contribute to increase foaming due to
sudden additions of reactive iron oxides that reduce rapidly increasing the CO/CO,
production of the process. In addition, the breakdown of the accretion and the
release of the trapped gases within could contribute further to process instability.

Increasing the FeO in a slag will increase the possible reactions with carbon in
the process, which increases the amount off CO, and COs produced. The additional
gas formed by the reaction will aerate the slag [93]. As the foaming levels can be
tracked during the process, steps to decease this can be taken within normal process.
However, this rapid addition of accretion material could cause uncontrollable levels
of foaming leading to the need to shut down the process.

The Second idea of introduction of the reducing atmosphere in the bath is
due to trapped gas in the accretion. As the CCF uses CO and CO5 to pre-reduce
the iron ore in the cyclone, this gas can be trapped in the pores in the accretion.
From the XCT scan of the sample the presence of 19443 pores and a total volume
of space detected was 2453.29 mm?. This was from a relativity small sample that
was approximately 609375 mm? in total volume. The sudden release of the trapped

gas in the slag will contribute to more foaming.

72



6.4.3 Composition of the accretion

The composition of accretions in CCF is not like those that will be found in a BF or
any other ironmaking process. Though the materials used in the process are the same
such as iron ore and Ca-based materials they are not mixing with other materials like
in a BF. It is important to look at the information from how these build up happen
in these processes and compare to the HIsarna sample to see where they differ.

Alkali content is a key factor in BF accretion formation and as such, it is a
key issue to analyse to see if similar phenomena occur in the Hlsarna process. In
Table 6-4, the compositions of the ore used as well as the accretion in the form of
the subsections outlined as dense and porous is presented. These results captured
the wt. % of K20 in each of the materials which was 0.2 wt. % in the bulk Iron ore,
4.4 wt. % in the dense section of the accretion and 3.4 wt. % in the porous section
of the accretion. This is evidence of a significant enrichment of potassium in the
process being deposited in the region of the accretion.

As seen in the circulation of the potassium in Figure 6-1 there are several of
complexes that KoO favours at different regions in the BF. However, the BF has a
temperature in the hot region of 900 °C to 2000 °C with the top exhaust cooler at
250 °C. While in HIsarna, the temperature in the CCF is 1450 °C while the SRV
holds a temperature of 1450 °C to 1500 °C. [94]

The lower temperature variation in the process means that the potassium
has a narrower set of complexes to form. The main complexes that potassium forms
in the BF all are in the liquid phase at temperatures over 1100 °C and at this
temperature, the most common is K9SiO3. However, other complexes are KoCOg
and K20 (which is unstable above 770 °C) [95]. This means that for the alkali to
have a role in the accretion build up in the HIsarna process the refractory cooling
will have to reduce the temperature to lower than 1100 °C.

The levels of zinc in HIsarna could be high due to the flexibility in raw
materials use as Hlsarna has the option to dope the charge material with scrap
metal adding a high level of Zn to the process. In the analysis of the accretions’
compositions, there was no detected zinc. As the boiling point of zinc is 907 °C,
this is substantially lower than that of the operating temperature of Hlsarna leading
to the assumption that Zn plays no role in the build-up of the accretion during
operation. However, this may cause issues in any off-gas capture system and may

lead to dust in the furnace after shutdown.
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6.4.4 Viscosity on Build up

There is evidence that the turbulence of both the CCF and the SRV is the cause
of the build-up of material around the joining of the two sections. With the CCF
the cyclone created in this zone pushes molten material to the wall where it flows
into the SRV. As seen in Figure 6-3 the accretion is building up in the transition
area where the molten slag flows into the SRV. The build-up in this location could
be down to the flow of the material slowing and building at the precipice due to the
surface tension of the slags as well as the viscosity of the material. Figure 6-16 is a

schematic on how the viscosity affects the flow of a liquid in HIsarna.

Low viscosity High viscosity

Refractory wall

Molten slag

Figure 6-16: A schematical look at how a low viscosity material and high viscosity
liquids would flow off the refractory walls of HIsarna. A low viscosity can be seen
to flow off the lip easily while a high viscosity would be slower and hold on the lip
to surface tension.

The slowing of the dripping material means that the material is against the
cooled wall of the furnace and means there is a longer time for the material to cool
in this area. If the material solidifies at this region, it will form an area for which
the accretion can agglomerate. In addition, as the solidified mass grows the angle
for the liquid to flow over will be increasing and result in a longer time in this region
of the furnace. Figure 6-17 is a schematic of this phenomena and how the accretion

will increase the distance and physics of a liquid flowing on the refractory walls.
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Figure 6-17: A schematic of how a growing accretion can affect the angle of flow of
the refractory wall due to the increased distance and time on the refractories.

The chemical composition of the any slag effects the materials viscosity.
Hence using the compositions, the theoretical viscosity of a slag can be calculated
using the computational program FactSage™ [96]. This program uses a modi-
fied Quasichemical Model from thermodynamic principles and experimental data
for the model.

Using FactSage™ and the three main compositions from the dense and
porous sections of the accretion as well as the bulk iron ore used in the process,
viscosities have been calculated. As well as this, the compositions have been cal-
culated with a pre-reduction of 20 wt. %, meaning the FeoO3 in the ore has been
converted to 20 wt. % of FeO and how the addition of CaO will affect the viscos-
ity by the addition of 20 wt. % CaO. All these calculations were done at three
temperatures 1300 °C, 1400 °C and 1500 °C and is presented in Table 6-6.
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Table 6-6: Table of calculated viscosities of the accretion and ore with no additions
(standard) with an addition of 20 % CaO and pre-reduction of iron oxide where the
iron had been reduces to give 20 % transformation of FesO3 to FeO (20 % FeO).

Viscosity (Pa-s)

1300 °C 1400 °C 1500 °C
Standard 0.018 0.013 0.01
Iron ore 20 % CaO 0.051 0.034 0.023
20 % FeO 0.016 0.012 0.009
Standard 0.092 0.056 0.037
Dense 20 % CaO 0.103 0.063 0.041
20 % FeO 0.061 0.04 0.027
Standard 0.058 0.037 0.026
Porous 20 % CaO  0.084 0.053 0.035
20 % FeO 0.043 0.029 0.021

Sample

The calculations show that the accretion samples have a higher viscosity than
the composition of the ore obtained from the bulk sample, meaning the accretion
material would flow slower in the furnace than the original ore. This would increase
the time on the cooled refractories and lead to potential solidification that could act
as agglomeration sites for the growth of the accretion. When comparing the two
different accretion regions dense/porous, there is a further difference in the viscosity
of the samples. The dense region has a viscosity of 0.092 Pa-s at 1300 °C while the
porous section had a viscosity of 0.058 Pa-s. As previously evidenced, the dense
section is the first part of the accretion to form due to its structure and composition
and the higher viscosity adds further evidence to this theory. The slow flowing
nature of the material is likely to spend more time on the walls and thus be more
likely to be affected the cooled refractories.

The numbers calculated by FactSage™ give indication on how these compo-
sitions will theoretically flow in HIsarna. However, when compared to figures with
the viscosities of industrial BF slags the viscosity are between 0.3 and 0.5 Pa-s at
1500 °C [97]. However, these slags are not found in HIsarna and SRV slags have
been reported at 0.05 Pa-s [98]. This is like the results gained for the accretion
samples calculated without any additions. This means that the slag found in the
SRV of Hlsarna will be a similar of these materials. As this does not need to flow
inside the process this is not as much of a factor until tapping the slag. In the
SRV there is a high level of slag movement in a way that is described as a “splash”
and is throw in the vessel [99]. This volatile behaviour could throw material into

the CCF, and the viscosities do show evidence of this occurrence. However, the
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composition does not show evidence for this being a common occurrence to affect
the formation of the accretions.

HIsarna is partly a DRI method of iron making, especially in the terms of
the CCF and the iron ore is reduced in the CCF meaning that that the accretion
sample will have more FeO than the injected ore, EDS measured the sample to have
20 % conversion of the FeoO3 into FeO. This is potentially higher than the pre-
reduction found in HlIsarna’s trials; however, it is within the region of little effect
on the calculated viscosity. These results show that the viscosity decreases with the
increase of FeO in the system in all of the samples calculated and has been shown
by other sources [100]. The increased fluidity should help in the transfer of material
from the CCF to the SRV. Meaning the higher the reduction made in the CCF the
more of a benefit in terms of viscosity.

However, the higher level of FeO does come with other issues in terms of the
increased amount of Fe in these accretion samples. High silica content along with
high iron oxide content in the form of wiistite (FeO) can be a chemical pathway for
slag accretions to form. These oxides form more complex compounds with a higher
melting point and intern reduce the fusing temperatures on the refractories and
increase the potential of material to grow into an accretion [92]. Another problem
with the increased FeO is that when a chunk of accretion drops into the SRV bath
it can cause foaming. This is because as the FeO is introduced to the hot bath it
reduces to Fe releasing CO increasing the volume of the slag from foaming [101].

The viscosities were also calculated with an addition of 20 wt. % of CaO
to the bulk ore, dense section and porous section of the accretion examining the
effect of the addition of this as a fluxing agent on the viscosity. The results from
FactSage™ shows that the addition of CaQ increases the viscosity suggesting that
this will not aid the flow of material. As the slower flow rate will take longer to flow
through the CCF to the SRV increasing the possibility of accretions.

However The benefit of the CaO addition is the reduced melting point of the
iron ore and reduce the possibility of accretions [62]. This is not considered for the
FactSage™ calculations as it takes temperature as a constant in the calculation
to give a value regardless of state hence theoretical. Experimentally the addition
of CaO would decreases the melting point of the system and mean the viscosity at
lower temperatures are lower and possible. Z. Ge, et al, shows this as the viscosity
of a slag is measured at 1454 °C at different CaO/Fe2O3 ratios. The sample with
0:10 ratio has a viscosity of 1.8 Pa-s but the 2:8 ratio has a 1.1 Pa-s. At higher
temperatures (>1500 °C) the 0:10 ratio has a lower viscosity then the 2:8 ratio
[102]. As the removal of the accretion in the CCF is important to the process the
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lower viscosities at these lower temperatures are required.

6.5 Conclusion

The structure, composition and physical properties gained from the analysis of the
accretion sample from HIsarna provided information and evidence for the growth
of such material.

The structural differences inside the sample categorised as dense and porous
allowed a clear distinction of possible orientation in the process. As the dense
section would most likely have solidified slowly as the structure is uniform and
allowed the gas to release from the material. In addition, the microstructural crystal
formation with the precipitating iron oxide in the slag matrix supports the theory
of slower cooling in this part of the sample. Contrasting with the high pore count
and high needle like Ca crystals found in the porous section. The dense section
is the bases of the accretion formation and points to a slower solidification of the
sample and subsequent growth of the accretion. The external porous structure
(porous section) could also be contributed to post process shutdown allowing for
relatively faster cooling.

The composition of the materials also suggests this orientation as the dense
section had a higher quantity of FeO in the sample as found through titration and
means the sample had more time to reduce. Along with the orientation informa-
tion found, the composition of the accretions showed it had higher levels of alkali
elements, in this case K2O. These are historically known to cause accretion in the
BF however, the higher temperatures of the CCF means these are unlikely to cause
solidification. The content of SiO2 in the accretion is considerably higher than the
bulk iron ore and may influence the melting point of the sample and react with other
compounds such as FeO to make complex oxides. These oxides have higher melting
points and thus can form agglomeration points for the growth of the accretion.

Finally, the review of the physical properties showed that the solidification
point of the accretion sample was between 1463 °C and 1506 °C. Though this is under
the reported temperature of the CCF the higher level of cooling of the refractories
in the process may lead to solidification if these areas have lower temperatures. This
also means that a lower contact time would be beneficial leading to the theoretical
properties of the compositions being calculated. The viscosities were found to be
lower than slag in a BF but as the material is known to form an accretion this
suggests a lack of flow.

The ore found in the CCF is likely to have a higher FeO content. The
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increase of FeO has been calculated to show a lower viscosity that should aid in
the flow of material from the CCF to the SRV. However, the high FeO content of
such accretions can cause issues such as break off and can cause release of CO from
the reduction of the oxide causing foaming. The high porosity shown in the XCT
of the sample will mean that a large surface area is present on dropping into the
SRV, greatly speeding up any likely reactions.

The most likely reason for the formation of these accretions is the solidi-
fication of the material in the CCF due to lower temperatures in this region. A
suggestion to fix this is to add a Ca based flux material to lower the melting point
of the ore to maintain the liquid state on the refractories. The viscosity calculations
have shown this will increase the viscosity however as shown the addition allows for
lower melting points. These allow that at lower temperatures the viscosity can flow

better and decrease the formation of any agglomeration points in the material.
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Chapter 7

Observation of the Reactions
between Iron Ore and
Metallurgical Fluxes for the
Alternative Ironmaking HIsarna

Process

7.1 Introduction

Technological advancement and greater understanding of the steel production pro-
cess have contributed greatly to the improvement in raw material use efficiency in
the modern steel industry. However, the nature of the integrated steel plant is still
reliant heavily on the use of coal, coke, and electricity. The steel industry con-
tributes to 6.7 % of anthropogenic COy emissions globally [26], which means that
COg4 reduction in the steel industry cannot be ignored as a key step in meeting in-
ternational climate control agreements. The European Union (EU) has made efforts
with the aim of cutting the COy emissions of industry by 80 to 95 % by 2050 [3],
however, the steel industry as a whole is estimated to be only 25 to 30 % higher than
the theoretical limit of energy consumption possible [26]. Hence, to reach the EU
CO3 emission reduction target, the European steel industry (and morally the wider
community) must develop novel ironmaking processes to transform the industry.
Hlsarna [36], [103], [43], FINEX® [17] and COREX® [25] are all alternate
ironmaking processes being developed to reduce COs emissions, replacing the cur-

rently main COs contributing step in production, the blast furnace (BF) ironmaking
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process. All the three processes rely on direct reduction or partial reduction of the
iron ore. In addition, direct reduced iron (DRI) is a key feedstock for electric arc
furnace (EAF) practice in countries such as the USA and Turkey where there is an
abundance of natural gas. Direct reduction requires a reductive gas atmosphere,
usually CO from coal or natural gas to reduce the ore to iron. Pre-reduction par-
tially reduces the ore before complete reduction of the ore in a hearth or smelting

vessel. Reduction of the ore consists of multi-steps shown in Equations 7.1-7.3.

3Fes03 + CO — 2Fe304 + COq (7.1)
FesO4+ CO — 3FeO + CO9 (7.2)
FeO + CO — Fe+CO, (7.3)

The reduction reactions in these novel ironmaking processes are conducted
in solid-state. As in most cases, solid-state reactions are kinetically slower than
liquid state reactions and are therefore potentially limiting to the iron production
rate if these technologies are to be widely adopted. The rate of this reaction can
either be increased through optimising conditions such as temperature, pressure, and
variant in iron source or through creating intermediate active species to encourage
a fundamental step change in the rate-limiting step of the reaction.

Flux from a metallurgical standing is a chemical cleaning agent or purifying
agent, which is used in both extraction and joining of metals. A flux material added
during smelting is bound to unwanted minerals to help remove them, forming slags
[8]. As this is an important part of the iron making and steelmaking processes,
it has seen a large level of interest from the research community. Specifically, on
the capability of CaO fluxes as this is an effective flux and already implemented in
steelmaking processes due to its price, availability and effectiveness at removing key
impurities such as silica and phosphorus [104].

Adding flux in HIsarna in the cyclone converter furnace (CCF — the location
of solid state pre-reduction in the process) with the addition of iron ore offers the
normal production advantages such as removal of SiOy from the ore, but also offers
early fluxing opportunity. Due the mixing mechanics, the iron may form an early
liquid slag inside the CCF, which should aid the reduction of potential accretions
in the furnace, as the lower melting point will stop solidification of the material
at cool spots of the furnace. These can cause significant processing problems as

pathways can be blocked, for instance the most vital being that between the CCF
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and the smelting reduction vessel (SRV — the location of carbon fuel injection and
full conversion to liquid hot metal).

This paper will investigate interactions between CaO-bearing fluxes and iron
oxide in iron ore. Lime, limestone and readily available BOF slag present a well-
established set of CaO containing derivatives due to their current use and availability
on a steel plant and the cross comparisons of cleaner and heavily mixed substances.
The focus of this study is on each materials ability to encourage the presence of
a liquid state within the ore at short interaction times. The phase diagram for
Ca0O and FeOyx which can be found in slag atlas based on the work from Phillips
and Muan.[61], [105] Shows that between 0 — 40 % CaO has a strong influence on
reducing the melting point of the iron species from around 1600 °C to 1205 °C
at the eutectic.[61] The presence of a liquid species as discussed above has the
potential to unlock the rate of reduction, with mass transfer of species such as
oxygen, phosphorus, and sulphur being orders of magnitude higher in liquid phase

compared to solid diffusion.

7.2 Experimental method

Samples of iron ore were placed in contact with the chosen fluxing agent and heated
to the designed temperature (1350 to 1450 °C) to begin reaction between the materi-
als. During heating, the reaction between iron ore and fluxing agent is viewed in situ
using a High-Temperature Confocal Scanning Laser Microscope (HT-CSLM), and
subsequently interrogated using post analysis techniques such as Scanning Electron
Microscopy (SEM) and Energy dispersive spectroscopy (EDS). The performance of
each flux will be compared by looking at the liquid phase of the composition of the
melt and the effects of liquid fraction and reaction mechanism discussed as to their

potential of effect on reduction rates.

7.3 Results

A high-grade iron ore (62 % Fe) has been placed into alumina crucible along with
three chosen fluxing agents. The two materials have been observed in situ while
heated to 1400 °C and held for 60 s. The quenched samples have then been cut,
polished, and investigated via SEM and EDS. Each material pair is presented bellow

with brief comments on key observations on how the materials have interacted.
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7.3.1 Lime — Iron Ore

Figure 7-1 shows the images from the HT-CSLM of the lime (CaO) - iron ore samples.
Image A shows the sample before the heating and image B shows the sample after
holding at 1400 °C for 60 seconds. At 200 °C the two materials have a distinct
interface between the lime on the right and the ore on the left. At 1400 °C the two
materials appear significantly changed, with the ore on the left showing evidence
of melting — depicted by the bright section near the centre of the image (at the
original sample interface). This section was seen to be fluid and appears brighter
due to the flat nature of the liquid surface allowing for a larger section of the field

of view to be in focus at a single time point.

1400°C

Figure 7-1: HT-CSLM images of lime-iron ore reaction before (A) and after (B)
heating.

Figure 7-2A displays SEM images of the sample with the lime on the left
and ore on the right. The lime is seen to be unaffected by the heat and seems
almost homogeneous. The bulk of ore is also like that before the heat treatment,
with the particles appearing angular and discrete showing no signs of fully melting.
The images also show that there is an interface region between the two materials,
which has undergone significant mixing. The interface is clearer in the EDS mapping
(Figure 7-2B) where the purple region shows the elemental mixing of the two main
species (Ca and Fe). The liquidus interface which has formed during the experiment

appears to strongly adhere/wet the bulk lime phase preferentially.
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Figure 7-2: Images from the 1350 °C lime sample. A) Electron image of the lime
sample. B) EDS map of the lime electron image.
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Figure 7-3: Images from the 1400 °C lime sample. A) Electron image of the lime
sample. B) EDS map of the lime electron image.

1450 °C

Figure 7-4: Images from the 1450 °C lime sample. A) Electron image of the lime
sample. B) EDS map of the lime electron image.
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The reaction of lime and iron ore was studied further by holding the reaction
at different temperatures of 1350 °C (Figure 7-2), 1400 °C (Figure 7-3) and 1450 °C
(Figure 7-4). The SEM images allowed for the measurement of liquid fraction over
the three temperatures. These were measured at 16 %, 32 % and 41 % respectively.
The increased temperature sped up the reaction and shows the progression of the
reaction seen through the holding times. The molten area interface between the two
materials is more defined and consistent at the higher temperatures. At 1350 °C,
the interface is thin, and the blue calcium is dispersed throughout the molten phase.
While the sample after holding at 1400 °C for 60 seconds is thicker in width and
shows less dispersion of the pure CaO flux solution interface. The progression of
the reaction pathway can be viewed between these three samples with the higher

temperatures showing further progression of mixing.

7.3.2 Limestone — Iron Ore

The HT-CSLM images in Figure 7-5 shows that at 200 °C the limestone (right) -
iron ore (left) sample (Due to the larger particle size of the limestone, the image
is rougher on the surface and is not as clear as the finer particle size lime sample
(Figure 7-1). The image after heating to 1400 °C the image shows evidence of liquid

in the sample seen in the white areas in the iron ore side of the interface.

Figure 7-5: Images from the HT-CSLM of the limestone - iron ore sample of (A)
before and (B) after heating.

85



) ]
L

1350°C

Figure 7-6: Images from the limestone (left) - iron ore (right) sample after holding
1350 °C for 60 seconds: (A) SEM image and EDS mapping of the limestone-iron
ore sample.
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Figure 7-7: Images from the limestone (left) — iron ore (right) sample after holding
at 1400 °C for 60 seconds: (A) SEM image, and (B) EDS mapping of the sample.

1450 °C

Figure 7-8: Images from the limestone-iron ore sample after holding at 1450 °C for
60 seconds: (A) SEM image and (B) EDS mapping of the sample.

86



The SEM images of this sample (Figure 7-6A) show that the limestone had
a substantial effect on the ore’s appearance after heating. Unlike the ore in the lime
samples, the ore is more homogeneous with less distinct particles and more connected
mass. The bulk limestone in the left of the image seems to look like the material
before the experiment. The limestone particles near the ore interface; shown clearly
in Figure 7-6B, have an external reaction layer. These particles surrounded by
reacting material are the closest this sample came to forming a continuous/defined
reaction interface between the two materials.

The test was carried out at three temperatures of 1350 °C (Figure 7-6),
1400 °C (Figure 7-7) and 1450 °C (Figure 7-8), and the liquid fraction was measured
to be 26 %, 64 % and 99 % respectively. In the 1350 °C image, the ore is one homoge-
neous phase; however, there is a dispersion of iron and calcium throughout. Between
the two interfaces the limestone particles can be seen mid reaction as the particles

have a coating of CaO-FeO solution. The 1450 °C sample shoes a single phase.

7.3.3 BOF Slag — Iron Ore

Figure 7-9 shows the samples of iron ore and BOF slag as observed via HT-CSLM.
The slag (right) is less bright than the fluxing phase in the previous samples, but
the interface is still clearly visible before the experiment. The Images taken af-
ter the heating show that unlike the previous samples, molten material is present

throughout the crucible, not only in the ore side or at the interface.

Figure 7-9: Images from the BOF slag-iron ore sample after holding at 1350 °C
for 60 seconds: (A) SEM image and (B) EDS mapping of the BOF slag — iron ore
sample.
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Figure 7-10: Images from the HT-CSLM of the BOF slag - iron ore sample: (A)
before and (B) after heating.

1400 °C

Figure 7-11: Images from the 1400 °C slag samples. A) electron image of the BOF
slag sample, B) EDS map of the BOF slag electron image.

1450 °C

Figure 7-12: Images from the 1450 °C slag samples. A) electron image of the BOF
slag sample, B) EDS map of the BOF slag electron image.
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The SEM results from the slag sample are show in Figure 7-10A. The electron
image shows that the iron ore (left) still displays similar properties to an unmolten
sample, as there are small separated particles like that found in the lime sample.
However, there is no linear reaction interface between the two phases as seen in the
lime sample. At the interface, the sample appears as an exaggerated form of the
limestone sample, with particles surrounded by reacting material (Figure 7-10B).
In addition, the slag seems to be fully molten, which is to be expected due to its
theoretical melting point, displaying a greater increase of iron content throughout
the bulk phase compared to the other two fluxing materials.

The test was done at three different temperatures of 1350 °C (Figure 7-10),
1400 °C (Figure 7-11) and 1450 °C (Figure 7-12) and have a liquid fraction of 23 %,
34 % and 100 % respectively. In the 1350 °C slag, the sample shows that the iron
ore can still be seen as individual particles however, they are suspended in a matrix
of the slag. The slag itself is molten, however it seems to have no reaction with
the iron ore despite flowing through the material. The 1450 °C sample shows that
there is one homogeneous structure. The sample has been fully molten due to the

meniscus shape of the sample.

7.4 Discussion

7.4.1 Fluxing material difference

By segmenting molten material from the SEM images and measuring the surface
area fraction with image analysis software, the percentage of iron ore in molten state
has been calculated for each material pairing. The lime and BOF slag have similar
levels of molten iron ore at 1400 °C with results of 32 % and 34 % respectively,
while limestone had a significantly higher result of 64 % liquid material.

Lime and BOF slag gained very similar liquid percentage however, the nature
of the liquid fraction and its dispersion throughout the samples differ greatly. The
lime-ore sample has a thick molten area at the interface connected to the lime. The
BOF slag-ore sample shows no defined molten interface, as compared to that which
was observed, in the lime-ore sample, and the molten section is spread throughout
the iron ore in the sample. Furthermore, the lime in the sample is still solid and
tightly packed whereas the BOF slag has fully melted into a continuous medium.

Due to the solid phase reaction between the lime and iron ore, the reaction
has a defined reaction zone, which is limited by the size of the contact interface. The
reaction can only progress through this liner interface and perpetuate through the

dissolution of the materials into either side of this experimentally size determined
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reaction interface. This reaction interface width would continue to grow in depth
if the experiment was conducted for longer period, but the reaction area would
remain approximately the same.

The BOF-iron ore slag sample has a different reaction path due to the lower
melting of the fluxing agent. Being molten at experimental temperatures the mate-
rial appears to have permeated through the iron ore matrix, resulting in an exponen-
tial growth of the liquid reaction interfacial area. Although at the time point these
experiments were predetermined to stop at, the liquid fraction is similar between
lime-ore and BOF slag-ore samples, the extensive mixing and more complex nature
of the interface topology developed by the BOF slag-iron ore reaction preludes a
higher interfacial area and faster interface development through the bulk phase.

The limestone sample outperformed both lime and BOF slag for liquid frac-
tion development. The limestone follows similar conditions to the lime; however, it
benefits from two key differences. The first is that limestone undergoes calcination
at 900 °C to form the CaO actually utilised in the reaction, the calcination reaction
is shown in equation (7.4) [47]. The literature has previously stated that limestone
calcination results in newly formed CaO which has a higher reaction activity than
aged lime in processes such as lime dissolution in slag [106]. Secondly the lime-
stone used is of larger particle size than the lime, as such when a particle begins to
flux the connectivity of the fluxing agent is effectively larger, allowing for wetting

phenomena to surround or “drag” the material into the molten pool.

CaCO3 + Heat — CaO + CO, (7.4)

Because of the sample size usable in the HT-CSLM, the actual effect of these
materials on reduction kinetics is beyond the scope of this paper as there is not
enough material for any quantitative analyses to be conducted. However, the mech-
anisms and influencing physical factors of three key metallurgical fluxing agents
have been observed and discussed as to their expected effect on reduction. This
work will be combined with larger bulk furnace trials and reductive environments
in the near future, enabling a direct assessment on reduction performance under
fluxing effects. From the above, limestone and BOF slag could both be consid-
ered potentially useful materials to add into gas reduction processes of iron ore.
The higher order fluxing rate of limestone presents a key case for increasing liquid
fraction. However, the permeation of liquid BOF slag through the bulk ore at the
reaction temperatures presents a potentially exploitable fluxing pathway which will
only be exacerbated by the large volume/bulk production facilities used in ironmak-

ing (as opposed to the lime and limestone which develop a liquid reaction interface
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purely on a pre-determined engineered interfacial area). Based on the shrinking
core model the reduction mechanism of iron ore [63], [64] can be broken down into

several stages including:
1. Mass transfer of reductive species in the gas phase
2. Diffusion of reaction species and products across the gas boundary layer
3. Diffusion of CO through the partially reduced ore particle
4. Reaction at the reduction frontier
5. Diffusion of COg away from the reaction interface

To begin with, due to the ultra-high temperature of the system and the high
Gibbs free energy, it is fair to assume that the reaction at the reduction frontier is
unlikely to be reduction rate limiting. In addition the ultrasonic gas turbulence and
abundant supply of reductive gas species leads the assumption that mass transfer
in the gas phase is also non-rate limiting. This leaves diffusion through the gas
boundary layer and transport of reduction reactants/products through the reduced
layer of the ore particle as possible rate limiting steps.

Boundary layer diffusion can be qualitatively interrogated through calcula-
tion of the dimensionless Sherwood number expressed in equation 7.5. Using the
same form as the Ranz-Marshall Correlation for heat transfer to a sphere, sub-
stitution of the Prandtl number for the Schmitt number (defined as the ratio of
momentum diffusivity and mass diffusivity) (equation 7.6) gives an analogous form
to appreciate the controlling factors on this variable with relation to other trans-

port phenomena:

Convective mass transfer rate
Sh = (7.5)

Diffusion rate

Sh=2+0.6Re2S¢5,0 < Re < 200,0 < Se < 250 (7.6)

Both the Reynolds and Schmitt numbers are calculated from variables in-
cluding matter viscosity, density, diffusivity, distance, and velocity. The controlling
factor for most of these variables is temperature, a process parameter that is more
technologically defined /restricted in industrial reduction processes rather than sci-
entifically targetable.

As a result, this leaves diffusion of reactants and products through the iron
ore particles as the main way of influencing reduction kinetics. Fluxing/formation of

a liquid phase within the process is likely to have two opposing contributions to this:
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Formations of liquid/a continuous medium reduces surface area of the iron ore
and thus increases the physical reaction pathway from the bulk gas to the unreacted
material inside ore particles

Diffusion/transport kinetics are much faster in liquid phase than in solid,
not only due to high diffusion coefficients but also convection stirring within the

liquid medium.

7.4.2 Temperature

The temperature of the test has shown an increase of the liquid fraction in all three
of the fluxing agents but to differing degrees of influence. The temperature has
the effect of speeding up reactions and giving more energy to the reactants. This
determined that the interaction is governed by the diffusion rates of the ore into the
flux. If the reaction rate was controlled solely the size of the interface than there
would be no difference as the temperature changes.

The lime samples show this by the sharp increase of fluid fraction between
1350 °C and 1400 °C from 16 % to 32 % and another increase at 1450 °C to
41 %. This is due to the diffusion rate increasing in line with the greater thermal
energy within the system.

The limestone samples reacted more at the higher temperature with the
highest temperature samples becoming molten. At the temperatures, 1350 °C and
1400 °C when compared to the CaO samples this can be explained by the higher
liquid fraction created around the core of the shrinking core. This liquidus fraction
material increases and intern speeds up the rate of interaction between the materials
due to the diffusion transforming from solid to solid to liquid to solid thus generating
a runaway effect on the rate of interaction.

The BOF slag sample suffers in terms of reaction rate due to the melting
point of the slag being lower than the product of the iron ore and flux. This means
that the liquid to solid interaction is reached at lower temperatures. In the highest
temperature sample, the crucible shows a full meniscus showing a full homogeneous
matrix of the ore and the slag combined. The lower temperatures have a molten
slag and the solid matrix of iron ore. The temperature is important in this reaction
to reach a critical phase reaction barrier to enable the process to take place. Once

these boundaries are met the slag can be seen as a valid option as a fluxing reagent.
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7.5 Conclusion

The mechanistic interactions between iron ore and three common metallurgical flux-
ing agents (CaO, CaCO3 and BOF slag) have been observed in situ at temperatures
of 1350, 1400 and 1450 °C and through ex-situ electron microscopy. The aim of the
experiments was to begin to uncover the potential benefit that the co-injection of the
reactants could provide to the reduction or pre-reduction of iron ore within the low
carbon ironmaking technology HlIsarna. In addition, the specific use of BOF slag
offers a recycling and metallic content reclamation potential within an integrated
steelworks improving overall yield.

Experimentally the fluxes can be ranked on liquid fraction formed over the
same defined reaction period as limestone >> slag > lime. The limestone results
show that newly formed CaO reactant species offer increased fluxing reaction ki-
netics.

Despite this, the use of a fluxing agent which is operating above its melting
point (BOF slag) presents a technological advantage when scale up is considered for
industrial application. Liquid fluxes will mix faster and more consistently with the
ore, allowing for the formation of an overall larger reaction interface with greater

growth potential throughout the bulk process.
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Chapter 8

Investigation into the effect of
Iron Ore Particle Composition
on the Melting and Fluxing

Behaviour with Calcium Oxide

and Limestone

8.1 Motivation from the Work in Previous Chapters

The previous chapters investigated how iron ore and Ca based materials interact
in bulk form. This was done at different temperatures and with three different
Ca based materials: lime (CaO), limestone and Basic Oxygen Steelmaking slag
(BOF slag). The results showed the progression of the interaction as a function
of temperature. The outcomes help identify and instruct Hlsarna in the potential
benefits of using each ca-based material. The findings showed that the limestone as
a Ca-based material worked better than both lime (CaO) and BOF slag.

During the experimentation, there was evidence of impurities in the ore caus-
ing issues in the interactions between the iron ore and Ca-based materials. As seen
in Figure 6-3, a particle in the top of the image did not interact with the other
materials. This image brings into question the effect of impurities in the ore, and
how they can affect the interactions between iron ore and Ca based materials. As
one of Hlsarna’s key features is its flexibility or materials used in the process, it is

important to consider the influence of impurities on the process.
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8.2 Introduction

Ironmaking as a process is massive in scale with 1869.9 million tonnes of crude
steel being made in 2019 an increase of 3.4 % on 2018 [107]. When working to
improve a process of this magnitude, small gains can affect efficiency or energy
saving exponentially. The influences of impurities in the iron ore on the ironmaking
process is thus an important aspect to understand for process efficiency.

HIsarna as a novel alternative ironmaking process needs to prove to the in-
dustry that it offers more benefits over that of the BF currently being used. This
comes in many ways, and the most prevalent one is of course the environmental ben-
efits it offers. However, there are additional advantages producers may be interested
in from a production aspect. The key aspect of HIsarna for this study is its flexibility
in materials which can be used, including non-sintered ore and different Ca-based
materials. The fundamentals of material interaction and how different materials
will change the way that the process works are key to enabling the deployment of
claimed advantages. By studying the effects of impurities in iron ore, the interaction
of material can be studied and if there needs to be additional consideration with
regards to the use of the materials.

Iron ore is added to HIsarna differently to in the BF. In the BF, ore is added
to the system at the top of the furnace straight into the shaft and makes its way
down to the hearth [108]. This leads to the ore reacting in a bulk state with the
other materials and gases in the process. In HIsarna the ore is injected into the
CCF at high speed, into a turbulent environment [102]. This method of injecting
or will cause a greater volume of micro/particle-to-particle reaction sites, compared
to the bulk reaction usually found in the BF.

One drawback discovered from the pilot plant is the formation of accretions
between the CCF and SRV, which is presented in Figure 6-3. In the image, it
is clearly seen that the pathway is partially blocked between the SRV and CCF
that obviously causes issues in operation. However, this pathway blockage has been
reduced by the injection of Ca based material into the CCF. This accretion may
be a product of the impurities in the ores causing issues with common occurrences
such as a slag foaming and controlling the basicity of the slag.

Chapter 6 thoroughly examined the accretion sample taken from the HIsarna
pilot plant trials and investigated various factors which may affect the formation of
accretions. However, how accretions formed in the process is still not fully under-
stood. There are theories and factors that have the potential to cause such material

to build up to a problematic accretion. These include slag foaming, changes to slag
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basicity and large amounts of stirring in SRV causing slag to splash into the CCF.
All these can be affected by the addition of impurities added by the slag and ore
hence the importance of understanding how impurities such as SiOy, AlsOg interact

with iron oxide is key to deployment of the technology at scale in the future.

8.3 Results

8.3.1 HT-CSLM and Sessile drop In situ test

Figure 8-1 and Figure 8-2 show the interaction between an iron ore particle C-13 and
Ca0Q. At 1538.0 °C the particle begins to melt this is presented in the sessile image
(Figure 8-2A) as a bulge at the contact point of the pellet is formed. Meanwhile,
the confocal image (Figure 8-1A) no visible signs of melting. After 10 seconds at the
temperature, the particle has continued to melt, and the bulge of the particle seen
in the sessile image (Figure 8-2B) has increased. The confocal image (Figure 8-1B)
now shows evidence of the melting with a bright bulge in the top right of the particle.

The particle continues to interact with another white spot appearing on
the left of the particle and continuing the top left as seen in the 20s confocal pic-
ture (Figure 8-1C). The sessile image (Figure 8-2C) shows the particle increase
the molten area at the bottom while the left-hand side had yet to come into con-
tact with the pellet.

The phenomenon continues with and after 30s, the particle is now in full
contact with the pellet seen in the sessile image (Figure 8-2D). This is evident with
reference to the confocal image (Figure 8-1D) as now the entire circumference is in
contact with the pellet, and the white patches that indicate molten material are
more distinct around most of the particle.

After another 10s the sessile image (Figure 8-2E) shows the particle has be-
come more droplet like, however the top surface is not smooth and still has evidence
of some of the particle has yet to melt. Now with full contact with the pellet the
confocal image (Figure 8-1E) the shape of the particle becomes more rounded at 40s.

At 50s, the particle has continued the trends already being observed. The
sessile drop image (Figure 8-2F) shows that the particle now has full contact with the
pellet and the height of the particle has decreased which indicates the continuation
of the process. As already stated, the progression of the pellet in the confocal
image (Figure 8-1F) is the smoothing of the boarders to a spherical shape which
is seen it at the 50s point.

At the completion of the experiment seen in the 60s images the particle has
shrunk in height further (Figure 8-2G) than that of the 50s sessile image (Figure
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8-2F) and has a smoother top showing the particle is molten. As seen the confocal
image (Figure 8-1G) show the particle is even more spherical in shape with smoother

boarder denoting a more molten particle.
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Figure 8-1: A Series of images taken from the HT-CSLM of particle C-13 and show
an example of the particles process while interacting with the CaO. A) Particle at
0 s. B) particle at 10 s. C) Particle at 20 s. D) particle at 30 s. E) particle at 40 s.
F) Particle at 50 s. G) Particle at 60 s.
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Figure 8-2: A Series of images taken from the SDC of particle C-13 and show an
example of the particles process while interacting with the CaO. A) Particle at 0 s.
B) particle at 10 s. C) Particle at 20 s. D) particle at 30 s. E) particle at 40 s. F)
Particle at 50 s. G) Particle at 60 s.
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Figure 8-3 and Figure 8-4 shows the progression of the reaction between an
iron ore particle and the limestone pellet. The sequence of images shows the reaction
in 10 seconds intervals to give full visual example of the reaction between the iron
ore particle and the limestone pellet. The temperature that these images are taken
is 1249.0 °C and the sample shown is labelled L-10.

At 0 seconds of 1249.0 °C, the confocal image (Figure 8-3A) of iron ore
particle has a roof outline with white speckles in the centre of the particle. These
white speckles are the rough surface of the solid particle that the laser microscope
has focused on. In the sessile drop image (Figure 8-4A), the particle seen would be
at room temperature with a similar rough exterior and no signs of any molten phase.

After 10 seconds of the reaction, the confocal image (Figure 8-3B) that the
particle has become more spherical than that at 0 seconds, the white speckles scene
at 0 seconds have also moved suggesting the particle has moved. Both occurrences
suggest that a molten interface between the particle and the pellet has formed
causing the movement of the particle and growth in this confocal image. The sessile
image (Figure 8-4B) shows that the particle seems to have rotated anticlockwise
slightly and at the contact area of pellet and particle shows evidence of a molten
phase by evidence of wetting.

At 20 seconds into the reaction, the confocal image (Figure 8-3C) that the
particle has grown, and the white spots have now moved to the centre of the particle,
suggesting this is the highest point of the particle. The more rounded outline of
the particle and subsequent growth suggest the molten area is spreading. The
sessile drop image (Figure 8-4C) shows the particle looking like a mountain in shape
with a peak at the centre where the white spots would be present in the confocal
image and the lower section of the particle it is starting to take the shape of a
droplet on a substrate.

After 30 seconds into the reaction, the confocal image (Figure 8-3D) shows
the white spots to be gathering in the centre of the particle in greater numbers and
the outline of the particle has grown again and is beginning to take a smoother
shape. The sessile drop photo (Figure 8-4D) is like the 20 second image (Figure
8-4C), however, the left-hand side of the droplet described is smoother than in the
previous image and the peak is slightly more prevalent.

After 40 seconds into the reaction and now at the centre of the confocal
image (Figure 8-3E) the small white spots have coalesced into a larger white spot.
This is due to the confocal focusing on the top of the droplet and the molten phase
is seen. The small white spots around the centre spot show that there are still a

solid phase floating on the molten one. The outer area of the particle has grown
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again but still does not have a smooth circumference as evidenced in the bottom
right of the image. In the sessile image (Figure 8-4E), the particle is now like a
droplet on a substrate, however, at the top of the droplet that seems to be a small
circular area floating on top that is solid.

After 50 seconds into the reaction, the circumference of the particle has now
become more circular as seen in the confocal image (Figure 8-3F) but is a similar
size of the last image at 40 seconds (Figure 8-3E). Large white circle, which shows
the top of the droplet, has grown; however, there is a dark spot in the centre that
suggests a small amount of solid material still present in the particle. The sessile
drop image (Figure 8-4F) now shows what seems to be a molten droplet on top of
the pellet with no evidence of any solid material.

In the final image taken at 60 seconds, a similar image in the confocal (Figure
8-3G) as the 50-second image with the white spot having some solid material floating
on top. The circumference is a similar size and shape to the last image. The sessile
image (Figure 8-4G) is also as the previous 50 seconds image (Figure 8-4F) with a
fully molten, drops are visible on top of the pellet.
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Figure 8-3: A Series of images taken from the HT-CSLM of particle L-10 and show
an example of the particles process while interacting with the limestone. A) Particle
at 0 s. B) particle at 10 s. C) Particle at 20 s. D) particle at 30 s. E) particle at 40
s. F) Particle at 50 s. G) Particle at 60 s.
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Figure 8-4: A Series of images taken from the SDC of particle L 10 and show an
example of the particles process while interacting with the limestone. A) Particle
at 0 s. B) particle at 10 s. C) Particle at 20 s. D) particle at 30 s. E) particle at 40
s. F) Particle at 50 s. G) Particle at 60 s.
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8.3.2 Experimental melting points

The HT-CSLM can determine the melting point of the particle with visualisation
as seen in Figure 8-1 to Figure 8-4. The results of the iron ore particles used with
lime (CaO) pellets is presented in Table 8-1 and the results of the iron ore particles

used in reaction with limestone pellets can be found in Table 8-2.

Table 8-1: The melting points of the experimental melting points obtained through
the HT-CSLM for all samples reacted with CaO.

Sample FepOs SiO2 CaO  AlbOs3 KO MgO Experimental m.p ( °C)

C-1 45.8 294 4.6 17.2 0.3 2.8 1172 °C
C-2 97.4 1.1 0.3 0.9 0.1 0.3 1239 °C
C-3 96.3 1.3 0.4 1.7 0.2 0.2 1253 °C
C-4 93.4 5.2 0.1 1.0 0.1 0.2 1257 °C
C-5 99.2 0.2 0.1 0.5 0.0 0.1 1262 °C
C-6 98.0 0.6 0.2 0.8 0.1 0.2 1263 °C
C-7 75.8 7.6 1.8 8.3 24 4.1 1269 °C
C-8 50.8 284 2.1 13.1 3.7 2.0 1272 °C
C-9 71.3 8.7 4.4 10.6 1.3 3.7 1288 °C
C-10 46.0 294 0.1 15.0 1.2 8.3 1309 °C
C-11 82.0 6.0 0.1 6.6 2.6 2.7 1355 °C
C-12 478 484 04 1.9 0.6 0.9 1443 °C
C-13 6.8 90.7 0.5 1.3 0.4 0.3 1538 °C

Table 8-2: The melting points of the experimental melting points obtained through
the HT-CSLM for all samples reacted with limestone.

Sample FepO3 SiO2 CaO  AlbOs3 KO MgO Experimental m.p ( °C)

L-1 97.2 0.8 0.1 1.7 0.1 0.2 1164 °C
L-2 96.9 1.1 0.1 1.2 0.2 0.4 1170 °C
L-3 75.1 7.5 6.9 6.3 1.5 2.8 1172 °C
L4 97.1 0.8 0.5 1.1 0.2 0.2 1173 °C
L-5 95.1 1.8 0.5 1.9 0.4 0.2 1184 °C
L-6 76.7 9.5 0.6 8.9 0.7 3.5 1193 °C
L-7 92.3 2.6 0.7 3.4 0.4 0.7 1205 °C
L-8 484 203 16.5 2.6 04 119 1207 °C
L-9 50.5 319 22 12.7 1.0 1.6 1228 °C
L-10 23.3 318 3.3 32.2 7.3 2.1 1249 °C
L-11 232 746 04 1.2 0.2 0.4 1379 °C
L-12 281 704 0.2 0.8 0.2 0.2 1409 °C
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The results of the particles reacted with CaO in the experiment with the
corresponding compositions found in Table 8-1. The results show that the sample
with the lowest experimental melting point was C-1 with a melting point of 1172 °C,
while sample C-13 had the highest melting point of 1538 °C.

Table 8-2 and the corresponding compositions of the iron ore particles used.
The experimental result shows that the lowest melting point observed was L-1 with
a melting point of 1164 °C and the highest melting point was sample L-12 with
a melting point of 1409 °C.

8.3.3 Comparison of Particles

Each particle has different compositions even though all the particles come from the
same iron ore. The average temperature gives a good indication of the improved
activation of limestone. However, with the compositions of each particle assessed
before the experimentation, the composition of the particles can be compared and
scrutinised, by looking at particles with similar chemistries.

In the experiment, there were three pairs of particles with similar composi-
tions. Each pair had one sample reacted with a CaO pellet and one sample reacted
with a limestone pellet. These pairs are C-6 and L-4, C-3 and L-5, and C-2 and

L-2, and their compositions can be found in Table 8-3.

Table 8-3: The three pairs of samples with their compositions and experimental
melting point of each.

Sample FepO3 SiO2 CaO  AlbOsz KO MgO Experimental m.p ( °C)

C-6 98.0 0.6 0.2 0.8 0.1 0.2 1263 °C
L-4 97.1 0.8 0.5 1.1 0.2 0.2 1173 °C
C-3 96.3 1.3 0.4 1.7 0.2 0.2 1253 °C
L-5 95.1 1.8 0.5 1.9 0.4 0.2 1184 °C
C-2 97.4 1.1 0.3 0.9 0.1 0.3 1239 °C
L-2 96.9 1.1 0.1 1.2 0.2 0.4 1170 °C

In the first, pair of particles, C-6, and L-4 all the compounds apart from
FeoO3 are within 0.3 % of each other while the iron is 0.9 % difference. The second
pair C-3 and L-5 are within 0.5 % concerning each compound; however, the FesO3
has a larger difference of 1.2 % between the two samples. The Third pair C-2 and
L-2 have most the compounds within 0.3 % with the FesOs compound having a
0.5 % difference. All the samples have a high FeoO3 content over 95 %.

The temperatures of melting for these pairs all show that the limestone sam-
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ples had a lower melting point than that of the CaO samples. With the difference
in temperature being 90 °C between C-6 and L-4, 69 °C between C-3 and L-5 and
69 °C between C-2 and L-2.

8.3.4 Measurement of the Particles

From the in situ visualisation of how the particles react with the CaO and limestone
as shown in Figure 8-1 to Figure 8-4, and the progression of the reaction between
iron ore particles and Ca-based materials. Using these images from both the HT-
CSLM and the SDR, the particle size can be measured as it melts to determine the
reaction rate of a particle. From the HT-CSLM, the Y-axis, X-axis and Z-axis area
of the particle can be measured and the SDC the Z-axis, contact size, Y-plane area
and droplet angle. A schematic of the measurements in Figure 5-7.

From the matrix of experiments, eight particles were measured using the
video clips from the HT-CSLM and SDC recordings. Four of the selected parti-
cles reacted with a CaO pellet and the other four selected particles reacted with
limestone. These particles are found in Table 8-4 with the particle size before the

reaction with the pellets.
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8.4 Discussion

8.4.1 Limestone increased performance

As found in the previous chapter, limestone out preformed both pure CaO and
BOF slag by looking at small-scale bulk on bulk materials in the HT-CSLM. Per-
formance was discerned by looking at how the interactions changed the morphology
after the high temperature interaction and the melting of the interface from the
in situ visualisation.

The HT-CSLM and SDC method added more evidence of the performance
of limestone against the pure CaO as the same interactions would happen but on
a single iron ore particle. This suggestion builds on the work from Chapter 7 with
reactions with limestone and the ideas from Glasson [106] and Valverde et al [109]
put forward in limestones reactivity. The method was unable to compare these
against the BOF slag as the BOF slag (or part of the BOF slag) has a lower melting
point than that of the iron ore. Hence, a pellet would not maintain solid phase at
the temperatures required for this experiment. This would make the SDC image
not suitable for analysis and be inconclusive meaning that only limestone and pure
CaO can be compared. In addition, there would be a high chance of damaging the
equipment with falling molten material.

From the 25 samples of particles of iron ore tested against the two Ca based
materials it was found that on average the limestone samples melted at lower tem-
peratures than that of the CaO samples. This is seen as the average melting point of
the CaO particle samples was measured at 1301.53 °C while the limestone samples
had an average of 1227.75 °C.

Although the compositions of the particles used in each experiment are not
the same, by comparing the particles with similar compositions like the three pairs
found in Table 8-3. Each pair showed that the limestone particle lowered the melting
point of the particle more than the pure CaO samples. The highest change is 90 °C
between the C 6 and L-4 and the other two particle pairs are both 69 °C. As the ma-
terial in the pellet is the only difference, the limestone influences the melting point.

These findings further support those found in the previous chapter and that
the formation of newly formed CaO through calcination is more reactive than that

of pure CaO.
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8.4.2 The effect Fe;O3, SiO; and CaO on the melting behaviour of
the particles

The bulk iron ore used in this experiment, as seen in Table 4-1, has the two main
components FeoOs and SiOo with compositions of 66.26 wt. % and 6.75 wt. %,
respectively. This is also seen in the particle compositions found in Table 8-1 and
Table 8-2, where FeoO3 and SiOs had the two highest wt. % of most particles taken
from the bulk material. The FesO3 wt. % ranges from 6.8 wt. % to 99.2 wt. % while
the SiOy wt. % ranged from 0.2 wt. % to 90.7 wt. %. The other main components
are CaO, which is the reactant in the form of lime (pure CaQ), and limestone, which
forms CaO via CaCOg calcination. The two other complexes (AloO3 and MgO) also
play important roles in the interaction. Their amount in the bulk material and most
particles is on the scale of being an included residual than a significant impurity.
However, they play an important role and will be discussed later in this chapter.
To understand the basic interactions, the system can be simplified from the
six components to the three most common ones. This simplified interaction means
the tertiary phase diagram between FeyO3, SiOs and CaO can be studied to see
how a system containing these three compound will react [110]. The phase diagrams
presented in Figure 8-5 and shows the thermodynamic properties of these materials
at different compositions studied to understand the melting behaviour and how

each changes the melting properties of the system.
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Figure 8-5: Phase diagram of FesO3, CaO and SiOs. [110]

8.4.2.1 Fe,O3 Content

FeyO3 is the highest composition in the iron ore and on its own has a melting point
of 1596 °C; however, with mixing with either CaO or SiOy the melting point can
be lowered. The two binary phase diagrams of FeOy — SiO2 and FeOyx — CaO show
that a similar amount of either CaO or SiOy can causes a eutectic point in both
systems this being 20 wt. % of CaO and 18 wt. % of SiOy. The temperature of
these two eutectic points are significantly different where in the FeOy - CaO system
the eutectic temperature is 1205 °C [61]. While the eutectic temperature of the
FeOy - SiOg system is 1455 °C [111]. This means that CaO effects the melting
temperature of iron more than SiOs. In the tertiary phase diagram (Figure 8-5) the
lowest melting point is at 1192 °C with a composition of 68 wt. % Fe;03, 6 wt. %
SiOs and 26 wt. % CaO. This also shows that the increasing iron in the system
decreases the melting point of a high CaO — SiO4 system as the boundaries lower
with increasing FesO3. This is shown in Figure 8-6 and Figure 8-7 the result of the
experimentation with the particles with both materials showing the melting point
and its FeoO3 wt. %. The experiment shows the particles with the higher FesO3
content have a lower melting point however the temperature does not increase until
the FesO3 decreases below 30 wt. %.
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Figure 8-6: FeoO3 content of samples and its measured experimental melting point
of all CaO samples.
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Figure 8-7: FeoO3 content of samples and its measured experimental melting point
of all limestone samples.

8.4.2.2 SiO, Content

In the iron ore used in the experiment, one of the biggest impurities found was silica

with 6.75 wt. % of the bulk iron ores composition. However, comparing the com-
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position of the bulk ore and the individual particles the silica content varied from
each composition gained. The SiOs content ranged from 0.2 wt. % to 90.7 wt. %
and this variation from particle to particle means that some feeds may have a higher
SiO2 content than expected. Understanding the role SiO2 has on the reaction be-
tween CaQ and iron ore in terms of the melting of the ore. Understanding the
phenomenon will help control the material in the process better and control the
properties beneficial for the process.

In Figure 8-8 and Figure 8-9, the results of the experiment are shown and
the SiO5 content of the particles and its measured melting point. They show that
when reacted with the CaO based material the content of SiO9 in the particle
has little effect on the melting point until the SiOs value is higher than 40 %.
Once this threshold is reached, the melting point of the particle in the reaction

drastically increases.
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Figure 8-8: SiO2 content of samples and its measured experimental melting point
of all CaO samples.
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Figure 8-9: SiO2 content of samples and its measured experimental melting point
of all limestone samples.

The ternary phase diagram as seen in Figure 8-5 shows that with the in-
creased amount of SiOs in the system the melting point becomes as high as 1700 °C.
The first line from the top of the diagram runs from 28 wt. % CaO to 32 wt. %
SiO2 with temperatures running from 1671 °C to 1707 °C. This shows that particles
with the higher SiO5 content have a higher temperature. Also, by considering the
two-complex system of SiOs and CaO the eutectic point is with 63 wt. % SiO4 at
1436 °C. There is another point with a similar eutectic point at 1460 °C this is with
55 wt. % SiO2 [112]. This shows that more CaO is needed in the system to melt
pure SiOs than that needed with the FesOs.

8.4.2.3 CaO Content

CaO is the reactant in both the above experiments in its “pure” form as lime or
formed from the calcination of limestone (CaCO3). The amount of the CaO needed
to melt the system will change depending on the other materials in the particle. To
show the effect of the addition of the CaO, the melting point of each particle was
calculated using FactSage™. This shows how the different levels of CaO affecting
melting; hence, the calculations were done with additions of 5 wt. %, 10 wt. %,
15 wt. % and 20 wt. % of CaO this is due to the how 20 wt. % CaO corresponds
to the phase diagram in Figure 2-13. The results in Table 8-5 give the melting
points for the iron ore particles reacted with CaO and Table 8-6 for the particles
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reacted with limestone.

Table 8-5: All particles reacted with CaO with experimental melting point and
theoretical melting point calculated from FactSage™ of different levels of CaO
reacted with each particle

Theoretical Calculated melting point ( °C)

Sample  Expmp (°C) o/ 0.0 5% CaO 10 % CaO 15 % CaO 20 % CaO

C-1 1172 1528 1519 1492 1449 1390
C-2 1239 1665 1500 1405 1325 1216
C-3 1253 1664 1596 1500 1375 1230
C-4 1257 1646 1608 1537 1436 1308
C-5 1262 1682 1610 1515 1394 1254
C-6 1263 1673 1604 1507 1387 1244
C-7 1269 1595 1570 1539 1494 1434
C-8 1272 1573 1542 1504 1447 1381
C-9 1288 1555 1552 1501 1459 1400
C-10 1309 1555 1545 1525 1523 1512
C-11 1355 1616 1537 1486 1441 1383
C-12 1443 1542 1538 1497 1447 1396
C-13 1538 1641 1655 1657 1662 1666

Table 8-6: All particles reacted with Limestone and there experimental melting
point and theoretical melting point calculated in FactSage™ of different levels of
CaO reacted with each particle.

Theoretical Calculated melting point ( °C)

Sample  Expmp (°C) o/ «.) 5% CaO 10 % CaO 15 % CaO 20 % CaO

L-1 1164 1673 1602 1503 1376 1231
L-2 1170 1663 1597 1405 1381 1212
L-3 1172 1520 1489 1451 1402 1337
L-4 1173 1665 1594 1497 1372 1228
L-5 1184 1656 1589 1464 1369 1222
L-6 1193 1585 1531 1507 1476 1431
L-7 1205 1645 1576 1475 1343 1259
L-8 1207 1622 1606 1580 1537 1501
L-9 1228 1538 1530 1507 1469 1420
L-10 1249 1550 1498 1465 1427 1389
L-11 1379 1650 1646 1640 1581 1448
L-12 1409 1654 1699 1628 1523 1371

The theoretically calculated melting point of the particle at 0 wt. % added
CaO and the experimental melting point observed are drastically different. This

difference continues as when the wt. % of CaO is increased in the system, the melting

114



temperature drops for most particles. However, the theoretical melting points of the
particles with 20 % CaO does not match the ones observed experimentally. This
suggest that the experiment continued past these values to reach a CaO % that met
the eutectic point of the experiment. Particle C-13 is the best example of this as
the addition of CaO increased the melting point from 1641 °C to 1666 °C while the
experimental melting point was determined to be 1538 °C.

To determine the amount of CaO needed to reach the observed melting points
from the experiment the FeoO3-Si02-CaO phase diagram was used. The particles
needed to be changed to a pure FeaO3/SiO2 meaning the other components were
removed to get a percentage of FeoOg and SiOs. Using the phase diagram, a line is
drawn that corresponds to the addition of CaO with a constant ratio of FeoOg and
SiOs. The line was used to find the eutectic point and its corresponding CaO %.
This CaO % was then used against the particles to see how this compared to the

experimental melting point and the results is presented in Table 8-7 and Table 8-8.

Table 8-7: All particles reacted with CaO with the eutectic point gained from the
phase diagram and the calculated amount of CaO needed to reach lowest eutectic
temperature from FactSage™.

Sample Binary Phase Particle Phase Diagram Eutectic Calculation of Particle Exp m.p ( °C)

Sum of FesO3 FesO3 (%) SiOs (%) Eutectic Eutectic with CaO % ( °C)

and SiOz ( %) e2i3 L % 20 a0 (%) Temperature ( °C)
C-1 75.2 61 39 35 1291 1423 1172
C-2 98.4 99 1 21 1247 1221 1239
C-3 97.5 99 1 21 1247 1211 1253
C-4 98.6 95 5 28 1339 1349 1257
C-5 99.4 100 0 20 1205 1254 1262
C-6 98.7 99 1 21 1247 1223 1263
C-7 83.4 91 9 27 1314 1352 1269
C-8 79.1 64 36 34 1310 1360 1272
C-9 80.0 89 11 27 1289 1387 1288
C-10 75.4 61 39 35 1291 1429 1309
C-11 88.0 93 7 24 1261 1341 1355
C-12 96.2 50 50 40 1304 1287 1443
C-13 97.5 7 93 34 1428 1435 1538
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Table 8-8: All particles reacted with limestone with the eutectic point gained from
the phase diagram and the calculated amount of CaO needed to reach lowest eutectic
temperature from FactSage™.

Sample Binary Phase Particle Phase Diagram Eutectic Calculation of Particle Exp m.p ( °C)
Sum of Fe;03 FesO3 (%) SiOs ( %) Eutectic Eutectic with CaO % ( °C) '
and SiO2 ( %) €2t L 2 L) a0 (%) Temperature ( °C)

L-1 97.9 99 % 1% 21 1247 1214 1164
L-2 98.0 99 % 1% 21 1247 1216 1170
L-3 82.5 91 % 9% 27 1314 1417 1172
L-4 97.9 99 % 1% 21 1247 1216 1173
L-5 96.9 98 % 2% 21 1264 1213 1184
L-6 86.2 89 % 11 % 27 1289 1431 1193
L-7 94.9 97 % 3% 22 1272 1275 1205
L-8 68.7 70 % 30 % 30 1340 1701 1207
L-9 82.5 61 % 39 % 35 1291 1394 1228
L-10 55.1 42 % 58 % 44 1345 1419 1249
L-11 97.7 24 % 76 % 49 1413 1407 1379
L-12 98.5 29 % 1% 47 1389 1387 1409

For most of the particles with a combined FesO3 and SiOs over 90 % the the-
oretical melting point is within 50 °C of the experimentally measured temperature.
However, two particles do not fit this trend, C-12, and C-13. These have the highest
melting point and the highest SiO2 content of the samples reacted with the lime.
These factors mean that a high percentage of CaO is needed to reach this eutectic
point, which are 40 wt. % and 34 wt. % respectively. The high amount of CaO
needed for the eutectic to be met means more diffusion into the particle. As the
heating in the confocal was set to a steady rate, the required CaO could be reached
after the temperature boundary has been met. This would lead to a higher melting
point being recorded, as the kinetics of the reaction could not match the heating rate.
The limestone samples have similar high CaO needed to meet the eutectic point;
however, limestone has been shown to increase the reaction speed of the system [106].

Sample L-8 also shows a very high-calculated melting point from FactSage™
of 1701 °C while the experimental was 1207 °C. The sum of the Fe;O3 and the SiO»
was 68.7 wt. % of the particle. This means the other 37.3 % are the other materials
in the particle (CaO, AloO3 and MgO). In this particle, the amount of CaO was
high as the particle already contains 16.5 wt. % CaQ. Therefore, in the calculation
with all the compositions of the particle with extra CaO gained from the three-phase
system the calculation had 46.5 wt. % CaO which would increase the temperature

away from any eutectic.

8.4.2.4 Al,0O3 and MgO

The FesOs, Si02 and CaO system has been studied in detail because the particles
used in the study have a composition of mostly FesO3 and SiOs which is being
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reacted with Ca based fluxes. The other particles that do not follow these trends
must be affected by the other components in the particle such as AloO3 and MgO.
These components are known for changing slag chemistry in different ways. AlsOsg
is known to increases the slag viscosity making it less fluid and MgO can be added
to control the effect of the AlaOs to decrease the viscosity of the slag and increase
the fluidity [113], [114]. These are important factors in determining the interactions
occurring in the experiment.

As a slag acts as a non-Newtonian fluid, it is affected by shear rate which
can be either shear thinning or shear thickening. At high temperature where the
material is liquid the structural is more disordered with [AlO4]> making the Al-
O bonds unconstrained to a direction. The implementation of shear stress on the
material will align these bonds along the direction of the force lowering the viscosity.
However, at lower temperatures are some solid crystal precipitating in the melt
and grow on cooling. With significant precipitation of crystals the viscosity can
drastically increase with shear stress due to the shear thinning effect on a non-
Newtonian fluid [115]. These are important factors in determining the interactions
occurring in the experiment by looking at how AlyO3 and MgQO effect the melt to
see how these factors affect the viscosity of the iron ore in the CCF.

The experiment showed these compounds effect the melting point of the sys-
tems being studied but their influence is dependent on the ratio of the two. From
FactSage™ the complexes that are being formed can be determined and thus deter-
mine which are hindering the low melting points that can be achieved in simpler sys-
tems. AlpOz and MgO are in the form of corundum [116] and an Al/Mg spinel [117].

In particle C-8, the AlyO3/MgO ratio favours the AlyOs significantly at
13.1 wt. % while MgO is 2.0 wt. %. The FactSage™ calculations with 20 wt. % CaO
showed a melting point of 1381 °C, however from 1312 °C there are two corundum
(M20O3) left in the solid form, and the rest of the system is liquid slag. The AlyO3
corundum only accounts for 2 wt. % of these, the other is Fe5Og3 as the temperature
increases the iron complex melts into the slag. A particle with much lower AloO3
content such as C-2 sees its corundum phase dissolve as early as 1180 °C degrees.

In particle C-10, the AlyO3/MgO ratio is more even with 15.0 wt. % AlsOg
and 8.3 wt. % MgO. The system follows a similar trend to that with the high AloO3
content where at 1361 °C the corundum dissolves into the slag phase. However, a
spinel (~44 % Fe304[1‘]) is still solid in the system and requires higher temperatures
to melt. This turns full molten at 1512 °C. This high temperature diffusion into the
slag phase is its reason for the high overall melting point.

In particle L-8, the AlyO3/MgO ratio is more in favour of the MgO with
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Aly03 at 2.6 wt. % and MgO at 11.9 wt. %. The progression of species in the system
changes as the corundum does not interfere with the material becoming liquid. The
spinel (Fe304!1) follows the same trend as when the ratio of Al;03/MgO is even.
However, there is a third species, an MgO monoxide at less than 1 % that stays in
the solid phase with the spinel. The spinel becomes molten at 1469 °C but the MgO
requires the temperature to reach 1501 °C before the system is fully molten.

The addition of these materials will cause higher melting temperatures. How-
ever, the amount of this was less than 1 % of the particle, so most of the ore will be
molten. In addition, the temperatures to reach a molten state is still lower than the
iron ores melting point alone. These small particles of unmelted particles materials

could be nucleation and agglomeration sites for the formation of accretions.

8.4.3 Basicity

As shown above, all the components in the iron ore particle have some effect on the
reaction/melting behaviour of the particle. One way in which this can be represented
is the basicity of the particle components. Hence a simple slag basicity calculation
of the four impurities SiOy, CaO, Al,O3 and MgO using equation 8.1 [118] is used.
This gives all these materials a value to test against the melting point of these
samples. For the calculation, the FesOs content in the sample was disregarded,
as it does not feature in the slag basicity calculations. The results can be seen

graphically in Figures 8-10 and 8-11.

wt(CaO) + wt(MgO)
wt(Al203) + U)t(SlOz)

The results show that a basicity calculation below 0.04 increases the melting

= Basicity (8.1)

temperature to the highest in this experimental matrix. This suggests that particles
with very acidic slag require a higher temperature to melt in the reaction. This
can suggest that the addition of CaO to the system this raises the basicity of the
particle and thus helps to aid the melting once the threshold has been met.
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Figure 8-10: All CaO samples with the experimental melting point and the slag
basicity.
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Figure 8-11: All limestone samples with the experimental melting point and the slag
basicity.

This does not work as a rule, as the particles with higher basicity does not
have the effect of lowering the temperature of the particles. The high acidity may
just be showing the role that high SiOy has on the reaction.
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8.4.4 Kinetic information gained from the particle measuring

From basic kinetics, the size of a material can affect the rate and the time of a
reaction to reach completion. The overall size of a particle can determine the overall
time that a particle takes to react. This is due to a larger particle having more to
react with; hence, a larger particle will take longer to react. In the experiment,
the sessile camera measured the contact size of the particle with the pellet. The
experiment can also measure the size of a particle from two planes and observe the
particles planer area as it reacts. The reaction progression of the particles with
Ca-based materials is given in Figure 8-12 for CaO and Figure 8-13 for limestone.
The contact size of the particles does not seem to have any significant change
in the rate of reaction. The results show that no matter the size of the particle the
rate of growth is consistent between the starting size of contact and the rate of reac-
tion. If this was the case the particles C-11 and L-10 should have had the steepest
growth, however they followed a similar trend to all other particles. The size of the
particles has no effect on the rate of the reaction and the period of time shows that

60 s was not sufficient time for the particle to complete the reaction with the pellet.
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Figure 8-12: Graphs of how the particles that reacted with CaO changed over 60s by
measurements of HT-CSLM planer area, SDC planer area, SDC contact and SDC
height.
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Figure 8-13: Graphs of how the particles that reacted with Limestone changed over
60s by measurements of HT-CSLM planer area, SDC planer area, SDC contact and
SDC height.

The temperature that these particles reach activation should also determine
the speed of the reaction between the two reactants. This is because the energy
in the system is higher at higher temperatures. The results show that temperature
does not improve the rate of reaction. The particle C-13 results were recorded at the
highest temperature of all the particles. However, the results showed that it has the
lowest rate of reaction in all the particles throughout the measured variables. This
continued with the limestone samples as their reaction speed are more consistent
indeterminate of the temperature that they are reacting.

The reaction rates between the iron ore particle and limestone offers a higher
rate than that of the iron ore particle and CaO and is demonstrated in two ways.
Firstly, the rate of reaction in the first 30 seconds of the reaction is higher in the
limestone samples than in the CaO samples. The second is that the shape of the
cure suggests that the limestone reactions are finished in the 60 s while this is not
reached in the 60 s for the CaO samples.
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Overall, the reaction rate seems to be determined more by the composition
of the individual particles rather than the shape, contact area or temperature. The
heterogeneous particle composition in a commercial iron ore means that the reactions
with CaO will not be determined in the cyclone of the CCF. As the results showed
that, none of these factors affected the reaction rate and thus the diffusion of CaO
into the iron ore will be the determining step. CaO interaction will more likely
occur on the walls of the CCF rather than in the free space of the furnace. If the
particles were more homogeneous from particle to particle, the common factors of
the kinetic would take more of an effect on the reaction rate.

These compositional effects are evident most in particle L-8 because it has
extremely high CaO in the particle with a weight percentage of 16.5 wt. %. This
affects the rate of reaction as it starts slowly and then increases quickly at 40 s. This
suggest that the CaO in the system is reacting with the particle meaning it is less
reliant on diffusion from the pellet. Using this material is quicker as the interaction
with the pellet is though the contact point. Once the system requires more CaQO

then the interaction with the pellet will start and progress at a quicker rate.

8.5 Conclusion

This chapter conducted a detailed examination into the reaction of iron ore particles
with CaO based materials in the CCF of the Hlsarna process. The introduction
of iron ore into the process suggests that the particles will be dispersed in the
process and then react with the CaO. Material will be on a particle scale until the
material flows on the wall of the CCF to the SRV. The heterogeneous nature of
the composition from particle to particle (of iron ore) means the compositions will
change the reaction with CaO based materials. The outcomes of this experimental
data provide understanding on the influence of the impurities in the ore on the
interaction with CaO.

Silica is shown to have the biggest effect on the melting of a particle with
high content drastically increasing the melting point of the particle. The results
show that a particle with over 40 wt. % of SiOy drastically increases the melting
point and follows the phase diagram in terms of CaO, FeoO3 and SiO». Suggesting
that if HIsarna would use a high silica iron ore the chances of a more solid material
may increase the probability of accretion formation. The other components such as
alumina and magnesia do not need to be scrutinised as much as the silica in the ore
selection. However, it is still important to have the knowledge of how they interfere

with the components and increase the amount of CaO that is needed to decrease
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the melting point. The melting point changes and the difference in how the material
melts will also affect the viscosity as a non-Newtonian fluid. As lower temperature
the slag could see the benefits of shear thinning increasing the flow. While knowledge
of precipitate may increase the viscosity due to the shear thickening effects of the
material which must be avoided for the formation of accretions.

The kinetics study conducted showed that the composition of each individual
particle is more important than the normally beneficial aspects of kinetics. The
contact size, temperature and other size aspects of the particle did not show an
increase in the rate of reaction. If the particles were more homogeneous in terms of
composition, these factors would be more visible in a similar test. This finding could
lead to materials being selected on an engineering preference rather than chemical
control requirements. These findings also give the possibility of using degraded Cal.
sorbent as a fluxing agent as the material is structurally compromised after the
reactions in the process.

The results suggest that the reaction with CaO would benefit the process in
terms of increasing fluidity of the ore at lower temperatures. The reaction would
take place on the walls of the CCF rather than in transit in the CCF from the
tuyeres. The CaO would have more time to diffuse into the bulk material on the
walls of the CCF, where the iron would be in a more homogeneous form and closer
to that given in the bulk iron ore composition.

Continuing the evaluation of different sources of CaO shows the benefits of
newly formed lime like that found in (Chapter 7). The lower average melting point of
the particles when reacting with limestone along with the comparisons of particles
with similar composition, shows the similar trends evidencing that the reaction
comes to completion at a quicker rate. This continues to suggest newly formed CaO
from limestone has production benefits. HIsarna can benefit from using these sources
of limestone without using kilns to form quick lime adding to the environmental
benefits of the process. This may come with no drawbacks, however the high CO,
content within the CCF may hinder the calcination process, as this is a product
from the reaction. The production of COs from the limestone could enrich the COq
production in the process and make the off gas more suitable for CCS.

The theoretical calculations that have been conducted from FactSage™ with
different amounts of CaO were calculated to see the effect on the melting point of
each sample. The results show how a single composition reacts with a CaO and from
this 20 wt. % of CaO has the greatest effect on most compositions of the material.
It also gives an idea of how different levels of CaO will affect the fluidity of the

materials in the CCF with the correct balance of iron ore and CaO.
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Chapter 9

Conclusion

9.1 Accretion Growth and Removal

From the examination of the accretion sample in Chapter 6, the growth of Hlsarna
accretion has been theorised. The nature of the split structure and its properties
orientation of the accretion in relation to the wall of the CCF including the time
spent in the CCF have been clearly observed. The split structure ended up being
a dense section and a porous section. The assumption was that the dense section
was on the refractories of the CCF for a long period and thus was able to solidify
slowly allowing a dense solid structure. The porous section suggests the material
has not settled and captured gas from the CCF to form the pores, which also could
be formed by a quick quench at the end of a trial. The dendritic crystals found in
the dense section of the accretion also suggests a slower melting while the uneven
needle crystalline structure is observed in the porous structure.

Historically alkali content most commonly the K50 is the source of accretion
growth and the compositions gained from EDS show that the accretion has as much
as 4.4 wt. % in the sample compared to the 0.2 wt. % in the bulk iron ore. This
suggests that alkali help the agglomeration to build on the refractory walls in CCF.
However, the temperatures in the CCF reach upward to 1450 °C that is well above
the melting point of most potassium complexes of ~1100 °C. This means that the
alkali content in the process should not have an influence on the accretion formation.

The measured solidification of the accretion showed that this occurs between
1463 °C and 1473 °C. This is in the region found in the CCF that sits between
1450 °C and 1500 °C. This also indicates that the sample could be solid in the
CCF. This becomes more likely as Hlsarna has an extensive cooling system in

the refractories when compared to the ones found in the BF to protect the refrac-
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tories. The cooling could be key to the build-up of the accretion in the contact
with the refractories.

Viscosity of the accretion calculated by FactSage™ showed that the vis-
cosities of the dense and porous sections were higher than the bulk iron ore which
means as the material becomes the composition of the accretion the material flows
slowly. The increase amount FeO in the system would increase fluidity but as the
material in the CCF should have a Higher FeO content this is not enough so stop
the formation of the accretion. The addition of CaO has the opposite effect on the
viscosity making it flow slower however, the chemical benefits of a molten medium
will benefit the flow more than a semi solid system that the calculation ignore.

From the result of Chapter 8 the residuals in the ore have shown to increase
the melting point of the iron ore in the CCF. The most problematic residual is SiO»
as this increase the melting point as seen by the particles with a high SiOs content
had the highest melting point of all samples. The other components such as Al and
Mg species have been shown to remain solid in a sample. These residuals could be

the cause of agglomerations of solids and can be a reason to the growth of accretion.

9.2 Fluxing Agent

By adding a fluxing agent to the process with iron, ore in the CCF the melting
point of the iron ore can be reduced significantly. As seen in the basic FeaO3/CaO
binary phase diagram, the addition of 20 wt. % of CaO can lower the melting point
of FeaO3 by 400 °C. This effect may hinder the building of accretion in the CCF
and help improve the fluidity of the material and flow through to the SRV.

One of the main reported benefits of the Hlsarna process as an alternative
to BF ironmaking process is its flexibility of the primary materials with no need for
pre-processing of raw materials. Iron ore does not need to be sintered and coal does
not need to be coked or of coking standard. The possibility of extending this to the
fluxing agent has been shown with limestone and BOF slag. Both limestone and
BOF slag showed promising as a fluxing agent in effecting the melting point of iron
ore in the CCF as all samples showed evidence of melting at temperature of 1350 °C.

The most effective Ca-based material was shown to be limestone from both
the bulk 50/50 tests and the particle test observed in the research. This was due
to the calcination of limestone to CaO being more reactive than pure CaO. This
is accounted to the formation of a metastable form of CaO formed as COs releases
from the CaCOgs and proved to have a massive effect on the liquid fraction of the

iron ore. The benefit to Hlsarna is a molten ore in the CCF and using limestone
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instead of quicklime from kilns reduces the environmental benefits. BOF slag is a
source of CaO that is readily available to modern integrated steel mills and can
offer an interesting alternative with significant environmental benefits in terms of

BOF slag or Cali sorbent utilisation.

9.3 Compositional effects

The compositional analyses of the particles of the industrial iron ore showed that
on a particle level the compositions varied from the bulk compositions given. The
resulting reactions showed the effects that impurities in the ore could have on the
reaction with fluxing agents. In Chapter 8 the experiment showed that of the in-
creased amount FeaO3 content in the particle lowered the melting point to its lowest
temperatures. SiO2, AlsO3 and MgO all had negative effects on the fluxing of CaO.
High SiO4 content disrupted the interaction the most and showed that a SiO9
content of over 40 wt. % had a negative effect on the interaction with CaQO. The
interactions between Ca and Si oxides meant that the iron was left in solid form and
was left to higher temperature to become molten. Other impurities like AloO3 and
MgO also effect the interaction with Ca-based materials, increasing the melting point
of interaction as they hinder the diffusion of iron into the molten state. The AlyOg
causes the less effect than the MgQO, but it is a more common complex in the ore.
For the HIsarna process, this means that ore selection can be examined
to have the wanted effect of the addition of Ca based flux into the CCF. This
can give reasons to the formation of accretions as the heterogeneous nature of the
compositions of the particles may see increased amounts of SiOs or other components
in the selected area. This could induce the growth of accretions despite the low

levels of impurities in the ore being a low level.

9.4 Kinetics of diffusion

Limestone has proven to be more reactive than lime. This is shown in Chapter 7 by
showing a more molten iron ore in the 50/50 test, an overall lower temperature and
evidence of a more complete reaction in the particle experiment (Chapter 8). This
is supporting the CaO produced from the calcination of limestone is more reactive.
This is theorised to be due to a meta stable structure formed during this calcination
process and the surface area of the escaped COs is the reason behind this.

BOF slag is an interesting alternative fluxing agent when compared to lime

and limestone. As shown in Chapter 7 that it forms a liquid medium and may
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help the diffusion of CaO into the iron ore. The change from a solid solid reaction
to a solid liquid reaction where the contact is increased, and diffusion times are
quicker. This may also benefit the reduction of the iron ore if a liquid state is
achieved at lower temperature as the reaction of CO and COy will diffuse through
a liquid. This will change from the diffusion through a solid particle as theorised
in the shrinking sphere model.

The findings of the chemical composition being a driving factor in the inter-
action with the Ca based materials. This can offer the Hlsarna process an interesting
benefit as the size of the ore does not have to be dictated by chemical control. This
allows the process to pick particles size for engineering preference to benefitting the

running of the process.

128



Chapter 10

Future work

10.1 Furnace to Mimic HIsarna

The gas furnace (Figure 10-1) is a bespoke furnace developed for reactions to be
done in reactive atmospheres; it has the capabilities to run at temperature up to
1600 °C under different atmospheres. The gases that can be used in the furnace are
argon, nitrogen, hydrogen, carbon dioxide, carbon monoxide and methane. As it is
capable of running with hydrogen, it has been designed with many safety features
installed to minimise the risk of using this gas. The furnace has also been designed
with two sampling bellows mounted above the reaction vessel and has the ability
to sample while at high temperatures multiple times without interfering with the

atmosphere in the reaction chamber.
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Figure 10-1: Image of the gas furnace chamber and gas board with bellows.

The bellows also have the ability to add material to the reaction crucibles
while under temperature and atmosphere. The capabilities of the furnace offer great
opportunities for the research because the atmosphere is controlled including carbon
dioxide, which is found in the CCF of Hlsarna. The bellows allow for the addition
of fluxes to samples, such as melting pre-reduced iron ore to simulate the drippings
of the CCF then through the bellows add the flux to study the interaction.

During this PhD the development of this furnace in its design and instal-
ment through rigorous testing and discussion. The instalment process came with
the understanding of the system and functions such as the bellows and gas uses.
This also came with the safety devices in place for this equipment to use hydrogen
in a safe environment.

Following this a series of test was conducted for understanding the limitations
of the furnace and reported potential design issues to the suppliers. These tests

resulted in parts being changed that improved the atmosphere within the chamber

130



and added safety feature to the furnace. These changes improved the process in
terms of functionality and running of the furnace.

The furnace has potential to be a valuable research method for the iron-
making industry. The controlled atmosphere will allow reactions to be studied in
bigger quantities than can be used in the HT-CSLM. However, the main feature is
being able to safely use reducing atmospheres at high temperature. HIsarna and
other novel ironmaking methods using a DRI method can benefit from the use of
the furnace and these capabilities. The ability to add materials such as slags, fluxes
or coal to another material via the bellows means that additions of materials under

different atmospheres can be tested with a bespoke piece of equipment.

10.2 Continuing the work

Below are suggestions on how future work can be built on the findings of this

body of work.

1. To investigate the reactions of limestone with the iron ore in a reducing at-
mosphere. This may indicate if a high concentration of CO2 will affect the
production of lime from limestone and confirm the benefits of using limestone

are still viable in the process.

2. From the work and the use of the novel gas furnace established in the research
group, benefits of adding CaO in the CCF increases the pre-reduction of the
iron ore. This will also be able to determine what level of CaO has the best

effect on the iron ore.

3. How the pre-reduced ore with a higher FeO content will change the interac-
tion with Ca-based fluxing agents. Pre-reduced iron ore is the nature of the
material in the CCF.

4. The kinetic research can be continued to study how the properties such as size,
shape and temperature has on a particle with consistent composition, so the
chemical factors seen driving the reactions in this work are negated. Providing

a further understanding of the shape and size on the reaction.

5. To investigate how a bulk amount of iron ore in CCF conditions changes as a
Ca-based material is added to the ore. This will reveal if adding a quick burst
of CaO can remove accretion found in the CCF or study the diffusion of CaO

into an accretion or iron ore on the walls of the CCF.
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6. To implement the addition of CaO-based materials into the CCF and deter-
mine how this affects the process in terms of accretion and overall process. To

aid the continuing the development including upscaling of HIsarna process.
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