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ABSTRACT

In response to the need for lower CO: emissions in ironmaking, steelmakers explored
alternatives to traditional blast furnace (BF) technology. One such alternative was the Direct
Reduced Iron Open Bath Furnace (DRI-OBF). As with BF slag, which has been widely used
as a clinker substitute in cement, this study evaluated the potential of DRI-OBF slag for
cementitious applications.

OBF slag was produced in a 1 MW prototype furnace, chemically adjusted during smelting,
and water-quenched to form a glassy slag comparable to ground granulated blast furnace slag
(GGBFS). Two composite OBF slag samples were prepared and compared with BF slags from
ArcelorMittal (South Africa) and Thyssenkrupp (Germany), with fineness levels standardized
around 275-296 m?/kg. Mortar and paste mixes were tested for workability, strength
development, drying shrinkage, chemical reactivity, and hydration phase evolution.

Cementitious performance was influenced by slag fineness, chemical composition, glass
content, and substitution ratio. With similar composition and glass content across samples,
performance differences were primarily attributed to fineness. Increased fineness enhanced
early strength gain but raised water demand and reduced workability. Slag reactivity—
governed by fineness and composition—influenced heat evolution and strength development
at later stages of curing.

The hydration phases in slag—cement blends were similar for both BF and OBF slags, forming
C-S-H, C-H, and C-A-S-H. Due to its lower sulphur content, OBF slag formed hydrotalcite or
hydrogarnet rather than ettringite. Mortar specimens containing OBF slag exhibited a reduced
greening effect, consistent with the lower sulphur levels.

Environmentally, OBF slag demonstrated strong potential as a clinker replacement. Its
production route via electric smelting offered CO- reductions of up to 50% with natural gas, or
up to 90% when green hydrogen was used. In cement applications, OBF slag reduced emissions
by up to 60% per ton and lowered energy demand associated with clinker production. It also
allowed broader use of lower-grade iron ores and aligned with emerging low-carbon steel
routes such as DRI-OBF and DRI/Scrap—EAF.

As the availability of fly ash and GGBFS declines, OBF slag and calcined clays were identified
as promising supplementary cementitious materials (SCMs). For optimal performance, the slag
was recommended to meet key criteria: >95% glass content, >300 m*kg fineness, 80% of
particles < 40 um, and <5% impurities.

To improve refractory lifespan, a second-generation slag (OBF Gen2) was proposed, produced
in a slag valorisation furnace (SVF). This MgO-saturated slag was less corrosive and was
expected to deliver improved cementitious performance, though further testing was required.
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A techno-economic comparison between DRI-OBF and DRI-OBF-SVF routes was also
suggested.

In summary, OBF slag proved to be a sustainable SCM with potential benefits for both the steel
and cement industries. Continued research was recommended to optimize its chemistry and
performance as a viable replacement for conventional GGBFS.
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NOMENCLATURE
AMSA: ArcelorMittal South Africa
AOBFS: Air-cooled open bath furnace slag
ASTM: American Society for Testing and Materials
BF: Blast furnace
BF-grade: Iron ore containing at least 57% iron
BM: Big ball mill
BOF: Basic oxygen furnace
BSE: Backscattered electron
CAPEX: Capital expenditures
Cement types: CEM I, CEM II, CEM I1I
DC: Direct current
DR-grade: Iron ore containing more than 67% iron
DRI: Direct reduced iron
EAF: Electric arc furnace
EF: Enthalpy flow
FPC: Furnace power consumption
GBFS: Granulated blast furnace slag
GGBFS: Ground-granulated blast furnace slag
GGOBFS: Ground-granulated open bath furnace slag
GHG: Greenhouse gases
GOBFS: Granulated open bath furnace slag

Green materials: Materials produced in an environmentally friendly manner. For example,
green steel, green pig iron and green hydrogen

HL: Heat loss
MP: Metallurgical power

OBF Gen 2 slag: Open bath furnace second generation slag
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OBF: Open bath furnace

OPEX: Operating expenses

PC: Portland cement

PSD: Particle size distribution

rpm: revolution per minute

RSM: Response surface methodology

SAF: Submerged arc furnace

SANS: South African national standards
SCM: Supplementary cementitious material
SCMs: Supplementary cementitious materials
SDG: Sustainable development goal

SEC: Specific energy consumption

SEM: Scanning electron microscope

SER: Specific energy required

SM: Small ball mill

SVF: Slag valorisation furnace

TkSE: Thyssenkrupp Steel Europe

TRL: Technology readiness level
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CHAPTER 1: INTRODUCTION

This chapter presents an overview of this study by covering the background, the aim and
objectives of the research, the problem statement, the research significance and novelty, and
the scope limitation.

1.1. Background

For over a century, conventional blast furnace (BF) slag has been used in the cement industry
to partially replace clinker, in an attempt to reduce carbon dioxide (CO2) emissions from the
cement industry (Ahmad et al., 2023; Ehrenberg, 2023). Blast furnace slag is an industrial
waste from the pig iron production stage in steelmaking, which is generally granulated from
the molten state and ground to a target fineness in order to improve its cementitious
performance (Naresh and Saravanan, 2022). Ground granulated BF slag (GGBFS) is the second
most abundantly used supplementary cementitious material (SCM) after fly ash (Orozco et al.,
2024), followed by silica fume and calcined clays. Furthermore, most SCMs make use of the
pozzolanic reaction in which the silica and alumina react with aqueous alkali hydroxides to
produce different hydrated binders responsible for strength enhancement, whereas GGBFS can
even react in the presence of water alone at a slower pace compared to when it is mixed with
alkali hydroxide activators (Kosmatka and Wilson, 2011; Kolani et al. 2012,). This shows that
GGBFS possesses both inherent hydraulic properties and pozzolanic properties, hence it is
generally referred to as a latent hydraulic material.

SCMs, excluding calcined clay, are waste materials from other production processes, and using
SCMs in blended cement also lowers CO:2 emissions in the clinker-making stage, which is
responsible for about 90% of CO:2 emissions in the cement production chain (Schneider, 2019;
Supriya et al., 2023). Although BF slag has significantly reduced CO2 emissions in the cement
industry, the BF technology is regarded as a carbon-intensive process in the steelmaking
industry (Sohn & Mohassab, 2016; Madhavan et al., 2022). Moreover, the steel industry is
reported as the second largest industrial CO2 emitter, accounting for about 7-9% of global
greenhouse gas (GHG) emissions, primarily from the ironmaking stage in the blast furnace
(BF) and basic oxygen furnace (BOF) steel production route (Cavaliere 2019:36—67; Graupner
et al. 2023). The steel industry, as a result, has started implementing measures that reduce CO2
emissions.

The need to address the impacts of global warming has pushed steelmakers and other industry
leaders to reimagine and innovate their processing operations (Levin et al. 2023). Some
steelmakers, particularly in Europe, have taken the initiative to replace the old energy-intensive
and high CO:z emitting BF with new eco-friendly production technologies to abide by the 2015
Paris Agreement of achieving net zero carbon emission by 2050 (Eyre & Killip 2019; Glynn
et al. 2019; Vogl et al., 2021). The quest for a suitable BF replacement has therefore become
central to the decarbonization of the BF-BOF route and integration of the circular economy
principle into the steel sector, together with a downstream benefit to the cement sector.

The first innovative decarbonization route for steel that has been implemented, consists of a
direct reduced iron (DRI) stage followed by an electric arc furnace (EAF) to produce green
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steel (Graupner et al. 2023; Ehrenberg, 2023). The DRI process currently uses natural gas but
is flexible for future modification to use green hydrogen, which will further improve its eco-
friendliness (Vogl et al. 2021). However, steel production by the DRI-EAF route has iron ore
quality constraints as the EAF can only process iron scrap and raw materials with more than
66% iron (DR-grade) to produce steel (Kim and Sohn 2022). In terms of iron ore supply, only
4% of global iron ore exports comprise DR-grade iron ore, and for the last 20 years the grade
of iron ores has been decreasing. This makes the DRI-EAF configuration unsustainable for
meeting the current and future global steel demand (Nicholas and Basirat 2022a). Alternative
technologies are therefore needed that can meet growing demand using lower-grade ores.

The limitation of iron ore quality in the DRI-EAF route has led to the current exploration of
the second innovative decarbonization route in steelmaking. This new route has attracted the
interests of steelmaking researchers, and it comprises a melting stage between the DRI process
and the BOF with the ability to take raw materials containing as little as 57% iron (BF-grade)
to produce electric pig iron (Nicholas & Basirat 2022b). Moreover, the melting stage consists
of either a submerged arc furnace (SAF), or an open bath furnace (OBF) heated with electrical
energy from renewable sources. The main function of the OBF/SAF in this route is to carburize
the DRI and remove impurities prior to the BOF process.

This study is focused on the OBF process in the DRI-OBF-BOF steelmaking configuration.
The OBF process needs to be optimized in order to generate products that are similar to current
BF products, thereby ensuring a smooth transition from the BF to the DRI-OBF technology.
The novel OBF slag must therefore possess similar cementitious properties to the conventional
BF slag in order to be a suitable clinker substitute in cement. Likewise, the electric pig iron
from the OBF must be similar to the conventional pig iron from the BF so that it can be
processed in the existing downstream BOF steelmaking units.

1.2. Problem statement

Climate change is one of the most prominent environmental challenges facing the world today,
and which can have a drastic impact on the future of human civilization and any other forms
of life on the earth. Global warming and climate change are often used interchangeably.
According to Lineman et al. (2015), global warming means the increase in the average
temperature of the earth's surface, while climate change refers to long-term changes in global
or local weather patterns. With the current rise of strict environmental regulations, increased
emissions taxes, and implementation of multinational agreements, such as the 2015 Paris
agreement, to achieve net zero carbon emission by 2050, every carbon-consuming industry is
under pressure to decarbonize its operations in order to stay relevant and competitive in the
global market. The steelmaking and cement-making industries, as major consumers of fossil
fuels, are not spared from this pressure.

The steelmaking industry, as a result, is currently developing technologies to replace the BF
and lower its carbon footprint (Vogl et al., 2021). The DRI-OBF route offers a promising,
sustainable alternative to BF technology, producing BF-equivalent products (slag and pig iron)
with lower environmental impact. BF technology uses fossil fuel as the energy source, whereas
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the novel OBF technology uses electricity. This has the potential for renewable energy
utilization in this green energy transition era.

At present, around 66% of conventional BF slag is water-quenched from the molten state and
used in the manufacturing of Portland slag cement (Ehrenberg et al., 2020; Tripathy et al.,
2020). The usage of cement blended with ground granulated BF slag has been deemed to have
significant advantages such as reduction of CO2 emissions in cement making, and — in cement
applications —reduced heat of hydration, reduction of thermal stress, low long-term shrinkage
and creep, decreased permeability, and overall improved long-term strength as compared to
pure PC (Sakai et al. 1992; Dunne, 2019; Escalante et al. 2001; Kolani et al. 2012; Binici et al.
2007). Moreover, concrete incorporating BF slag generally costs less than concrete made only
with Portland cement (PC) as the cementitious component, because the BF slag, as a by-
product from steelmaking, is cheaper than PC (Dunne, 2019). The substantial benefits of BF
slag in cement, coupled with the need to reduce COz emissions, have driven the steelmaking
industry to explore modifying the chemistry of novel OBF slag with the objective of having
the same cementitious properties as conventional BF slag. OBF technology is still in
development, and no data currently exists on the cementitious performance of its slag.

Several studies have investigated modifying steelmaking slags for use as clinker substitutes to
reduce cement industry CO: emissions (Criado et al., 2018; Adolfsson et al., 2007; Ryu et al.,
2024; Bharati et al., 2022; Kim et al., 2015; Kourounis et al., 2007, Zhang et al., 2024).
However, the scope of these studies has not covered the simultaneous CO2 emissions reduction
through the reformulation of the BF slag using a greener production process. This study
therefore covers the modification of an OBF slag composition to achieve a BF-equivalent slag
so that it can be used as a SCM in the cement industry and a low COz alternative to granulated
BF slag (GGBFS).

The expected future volume production of novel OBF slag will be less than that of conventional
BF slag due to the low gangue content of the DRI. This demonstrates that although the OBF
slag might meet the qualitative requirement of a BF slag replacement, it cannot meet current
BF-slag volumes required by the cement industry. The lower quantities of OBF slag could be
solved by modifying all the emerging steel slags (BOF slag, EAF slag) in a separate slag
valorisation furnace (SVF). Further improvement of the slag’s cementitious properties could
increase levels of replacement of conventional clinker in the cement industry and improve the
feasibility of achieving zero-waste steel production. This will further increase the
environmental and economic benefits of steel production by the DRI-OBF-BOF route.

1.3. Research aim

This study aims to establish and understand the relationships between the properties of a novel
open bath furnace (OBF) slag and its efficacy as a supplementary cementitious material in the
production of eco-friendly cement.

1.4. Research objectives

The objectives of this study are:
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o To modify molten OBF slag, in-situ, in order obtain a chemical composition similar to
conventional BF slag

o To granulate the molten OBF slag to enhance its cementitious performance, and to
characterize it in terms of bulk density, particle size distribution (PSD), glass content,
and phase-chemical properties. These properties will be compared with those of
industrially produced granulated BF slag.

o To optimize the laboratory-scale ball mill grinding process and grind samples of
granulated OBF slag (GOBFS) to a fineness similar to standard production of ground
granulated blast furnace slag (GGBFS).

o To compare the cementitious performance of the novel OBF slag with conventional BF
slag mortars in terms of workability, strength development, and drying shrinkage tests,
conducted at cement replacement levels of 15%, 30%, and 50%, and at age intervals
from 2 to 168 days under controlled curing conditions.

o To measure the heat of hydration and determine the evolution of hydrated phases in
OBF and BF slag-cement pastes.

o To evaluate the potential to extend the furnace refractory’s campaign life by producing
a second generation OBF slag (OBF Gen2 slag) that is less corrosive to and more
compatible with the refractory lining.

o To assess the possibility of conditioning the molten OBF Gen2 slag in a separate slag
valorisation furnace (SVF) to a composition similar to Portland cement clinker, or
alternatively to a valorised slag of higher cementitious properties than conventional BF
slag.

1.5. Research significance

Most of the past attempts to produce cementitious materials from other steelmaking slags, such
as EAF slags, while comparing to BF slag, did not reach the stage of industrial application and
commercialization because of less promising outcomes (Andersson et al., 2023; Lee et al.,
2019; Hekal et al., 2013). The OBF slag for this study was produced in a 1 MW OBF Metix
prototype, which was designed and constructed to de-risk and assess the industrial
practicability of this novel DRI-OBF technology by demonstrating its technology readiness
level (TRL). In addition, the DRI-OBF-BOF configuration is a green steel production route
which is currently under development, particularly in Europe, where some steel producers are
actively developing and investing in this route. As an example, Thyssenkrupp Steel Europe
(TKSE), has published plans to replace four BFs with new DRI-OBF technologies by 2045,
with the first unit being replaced by 2026 (Thyssenkrupp Steel Europe). TkSE will use two 100
MW OBFs designed and constructed by Metix (a South African subsidiary of SMS Group
GmbH) to melt the DRI before sending the electric pig iron to an existing BOF. It is intended
that the OBF slag arising from this process will be supplied to the cement industry.

If widely adopted, this new green production route will phase out BF slag. Novel OBF slag
could then replace clinker in cement, significantly reducing GHG emissions across both
industries. This novel production process showcases the combination of the following
sustainable development goals (SDGs) as per adjusted descriptions from UN PAGE (2024):
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o SDGY: Promote industrial innovation through the adoption of low-emission
technologies

o SDG12: Encourage responsible consumption and production by recycling steelmaking
by-products

o SDGI13: Take climate action by reducing CO: emissions in steel and cement industries

Currently, fly ash and GGBFS are the most widely used SCMs (Orozco et al., 2024). However,
with declining interest in coal-fired power plants in favour of renewable electricity in this
energy transition era, as well as the gradual phasing-out of the BF technology from the
steelmaking chain, for low-COz alternative ironmaking technologies, these two SCMs might
no longer be part of the cement market in the foreseeable future, thereby leaving a demand
deficit. Moreover, there is also rising interest in the production of calcined clays as SCMs due
to the abundant clay reserves worldwide, as well as the relatively low temperature and CO2
emissions associated with the calcination of clays compared to clinker (Overmann et al., 2024).
As low-CO: alternatives, calcined clays and novel OBF slag are likely to shape the future SCM
market.

The success of the DRI-OBF-BOF configuration will enable steel producers to fall in line with
the 2015 Paris agreement and meet global climate targets (Olsson et al., 2021). It will further
benefit the cement industry if the novel OBF slag possesses similar cementitious properties to
conventional BF slag, features that translate into comparable clinker reduction potential and
lower CO2 emissions from cement production. Moreover, if a slag of higher cementitious
properties than the BF slag is produced, then the reduction of clinker will potentially be higher
for a given cementitious performance, thereby allowing further reduction of energy and CO2
emissions with clinker production. This study supports steel-cement industry collaboration
toward CO: reduction by producing and evaluating the novel OBF slag for cementitious use.

1.6. Research novelty

The OBF slag is a novel by-product material, arising from the steel industry decarbonization
plans for replacing the old BF technology with new eco-friendly ironmaking technology (DRI-
OBF) that can be set up to produce the same products as the BF. Several studies on the DRI
process have already been documented in the existing body of knowledge (Muscolino et al.,
2016; Hasanbeigi et al., 2014; Cavaliere, 2016; Mohsenzadeh et al., 2019; Jiang et al., 2013).
However, the combination of the DRI-OBF production process for green ironmaking purposes
is relatively new, and the cementitious properties of the OBF slag have not been studied. This
study may provide the first demonstration of OBF slag’s cementitious performance, potentially
supporting its acceptance as a supplementary cementitious material (SCM) and viable
alternative to BF slag. This would position OBF slag as a replacement for the BF slag during
the expected phasing-out of the BF technology from the steelmaking process. The DRI-OBF
configuration constitutes the first part of this study, which is covered in chapters 3, 4, 5, and 6.

Another novel aspect involves producing a refractory-compatible slag in the OBF, which is
subsequently modified in a separate slag valorisation furnace (SVF) to yield a BF-equivalent
or higher-performance slag. The exploration of this supplementary process route (DRI-OBF-
SVF) could lead to the substantial life-span extension of the OBF’s refractory linings and could
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enable the steelmaking industry not only to replace the BF slag qualitatively, but also to meet
the quantitative demand from the cement industry. This would ensure that once the BF
technology is phased out, the new OBF slag could fulfil the role of the BF slag and sustain the
volume demand in the cement industry. Additionally, producing a slag with superior
cementitious performance may further enhance CO: reduction in the cement industry,
strengthening the case for the OBF process as a next-generation solution. However, the
viability of this supplementary process route requires a feasibility study of slag-refractory
interactions for both furnaces (OBF, SVF), which is covered in chapters 7 and 8.

The DRI-OBF-SVF configuration is a recommended improvement from the DRI-OBF
configuration, and it constitutes the second part of this study. However, there will be a need to
perform detailed techno-economic and emission-reduction evaluations in order to highlight the

benefits of the DRI-OBF-SVF slag production compared to the DRI-OBF.

1.7. Scope limitation

The scope of this study is applicable to the following parameters and materials,
Materials:

o Reference Portland cement (AfriSam CEM I: 52.5 R)
Samples of novel OBF slag, produced by Metix Pty Ltd (6 April to 2 May, 2024)
Industrial conventional BF slag samples, one produced by ArcelorMittal South Africa
(AMSA) and the other produced by Thyssenkrupp Steel Europe (TkSE).

Paste and mortar mix design:
o Water to binder ratio of 0.5 for all the mixes
1.8. Dissertation framework

The layout of this study report is summarized in Figurel. It should be noted that every chapter
incorporates an individual reference list with the exception of the concluding chapter (Chapter
9). The study is covered in two parts as follow:

o Part 1: DRI-OBF configuration comprising chapters 3, 4, 5, and 6
o Part 2: DRI-OBF-SVF configuration covered in chapters 7 and 8, which only includes
a feasibility study and evaluation of slag properties

Chapter 1 and chapter 2 take into consideration both the DRI-OBF and the DRI-OBF-SVF
configurations. Lastly, chapter 9 highlights the main conclusions drawn from this study and
provides recommendations for possible further work.
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CHAPTER 2: LITERATURE REVIEW

Introduction

This chapter covers the different concepts, processes, and theories that have already been
developed and reported in the existing body of knowledge around the topic of this study, which
is the greening of steel and the application of slag in cement. It also highlights the challenges
which have been encountered and the developed solutions around this topic as well as the
research gaps that still need to be uncovered. Furthermore, it also sheds light on the current
initiatives taken by the steelmaking and cement industries to mitigate the foreseeable future
impacts of global warming. The key factors that are driving the novel technology of melting
the DRI (direct reduced iron) in an open bath furnace (OBF) are also critically discussed in this
chapter. This chapter is subdivided into 4 themes as follows:

Theme 1: Overview of the ironmaking and steelmaking processes
Theme 2: Slags in the iron and steel industry

Theme 3: Cement making process and hydration of slag-cement blends
Theme 4: DRI-OBF ironmaking technology

2.1. Theme 1: Overview of ironmaking and steelmaking processes

This theme provides information on the steelmaking process by reviewing the conventional
steelmaking routes as well as the new innovative technologies in ironmaking. The emphasis is
on highlighting the importance of steel and describing blast furnace (BF) technology and recent
alternative ironmaking technologies.

2.1.1.Global steel production and importance

The importance of steel and its usage in human activities dates back to the iron age (Verdeja et
al., 2020). Steel is the most widely utilised metal in the world, and the production of crude steel
has increased by over 1000 million tonnes in the last two decades as illustrated in Figure 2.
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Figure 2: World crude steel production 1950-2023 (World Steel Association, 2024)

The trends in Figure 2 are an indication of the recent peak in the demand for steel by various
sectors over the last two decades. Steel has significantly contributed to the modernization of
the world and will continue to do so. The majority of steel is consumed in the construction
sector for building and infrastructure. The second major consumption sector is in the
manufacturing of mechanical equipment, and in the automotive industry. Figure 3 highlights
the main sectors that consume steel and their proportions.

Electrical Domestic
1T Equipment  Appliance
T 3% 2%

Building and
infrastucture
52%

Mechanica
Equipment
16%

Figure 3: Usage of steel per sector (Mateus et al., 2022)

Mateus et al. (2022) noted that the high demand for steel in the civil construction sector driven
partly by the current need for bigger and better buildings, which use increasingly more steel.
As the world evolves, the need for infrastructural development increases together with the
technology advances, ultimately requiring more steel to sustain that demand. Therefore, the
future outlook for steel demand will be controlled by the developments in these major
consuming sectors: construction, mechanical equipment, automotive and metal products.
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China has been the world’s leading producer of crude steel over the last decade, with a 2023
contribution of up to 53.9% to global production as shown in Figure 4. However, most of the
iron ores used in China as raw materials for steel production are imported. Australia is the
largest global producer of iron ore with a 2022 output totalling 944 Mt, more than 90% of
which is exported (World Steel Association, 2024).

Crude steel production Crude steel production
1654 Mt 1892 Mt
EU 27): 6.7 %
Others: 5.8 % EUR7): 9.3 % Others: 6.7 x (27):
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Figure 4: Major producing countries’ share of global crude steel production in 2013 and
2023 (World Steel Association, 2024)

2.1.2.Steel production routes

There are two main steelmaking routes: the Blast furnace — Basic oxygen furnace (BF-BOF)
route, and the electric arc steelmaking (EAF) route. It should be noted that both routes use iron
as raw material, but in different states and with different energy sources. The BF uses iron ore
in pelletized, sintered, or lumpy form as charge, with coke as the main reductant and energy
source when blasted with hot air. Subsequently, the BOF uses blown-oxygen to reduce the
carbon in pig iron, and the energy source is chemical energy from the combustion reaction of
carbon and oxygen. On the other hand, the EAF uses metallic iron in the form of scrap, or DRI
(direct reduced iron), as charge, with electricity as energy source (Geerdes et al., 2020, pp.1—
12). Moreover, the BF-BOF process is considered as the primary source of global steel since it

accounts for up to 75% of the total steel output as illustrated in Figure 5 (Lungen and Schmole,
2018; Geerdes et al., 2020).
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Figure 5: Steelmaking routes and iron source (Lungen and Schmole, 2018)

Figure 5 shows that the BF’s hot metal is the major source of metallic iron charge, followed by
steel scrap, and finally DRI together with hot briquetted iron (HBI). The hot metal from the
Corex/Finex process is part of the innovation in ironmaking and will be briefly described in
this chapter.

2.1.3.Ironmaking processes

The ironmaking process is the production of iron, also called hot metal, which is ultimately
used as raw material for the production of steel. The hot metal, also called pig iron, is saturated
with carbon at approximately 4-5%, which makes it very hard, but brittle, thereby limiting its
use (Wang, 2016). The Blast furnace process is the primary production source of hot metal.
Recent technological advances have allowed innovative ironmaking technologies such as
smelting reduction (Corex process, Finex process, ITmk3 process), and DRI (Energiron
process, MIDREX process) to emerge in the ironmaking industrial sector (Hasanbeigi et al,
2014). The main process of this study, the melting of DRI pellets in an open bath furnace
(OBF), is also an innovative ironmaking technology (Nicholas and Basirat, 2022).

The primary drivers behind the exploration and development of these alternative ironmaking
technologies are the reduction of energy consumption and CO2 emissions in the BF process to
mitigate the foreseeable impact of climate change (Pardo and Moya 2013, Hasanbeigi et al,
2014). In the steelmaking sector, the BF process is both an energy-intensive and CO2-emitting
process (Sohn & Mohassab, 2016; Madhavan et al., 2022).

Schmole et al. (2012) analysed the different factors that affect the path of steel production
technologies and noted that the acceptance of technologies is mainly driven by CO2 emissions
policy requirements, and also by technological developments, price, and process efficiency.
The reduction of CO2 emissions is the current main driving factor of steelmaking innovations.
A technological performance model, developed by Schmole et al. (2012) to indicate the
evolution of major ironmaking processes 10 years ago is shown in Figure 6.
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Figure 6: Maturity of ironmaking technologies in 2012 (Schmole et al., 2012)

The main ironmaking processes which will be described in this study together with the BF
process are the Corex and Finex processes, the ITmk3 process, and the major DRI processes
such as the Midrex process, and Energiron process.

2.1.3.1. Blast furnace (BF) process

The blast furnace process is the conventional route for the production of iron. A BF is a counter-
current shaft furnace, where reduction and smelting of iron oxides with coke takes place. Fluxes
are added to facilitate the formation of the slag and its separation from the hot metal (Anameric
et al, 2019). The furnace is top-fed with the charge mix containing fluxes and the iron ore with
mainly hematite (Fe2O3) and alternatively magnetite (Fe3Oa) in pelletized, sintered, or lump
form. The charge descends under the influence of gravity, and hot blast air is injected through
the tuyeres at the bottom to react with coke from the charge and form carbon monoxide (CO)
(Huang and Andrade, 2018). The hot gases rise up the shaft and are utilised in the reduction of
iron oxide, as well as heating and melting of the descending charge (Ahmed et al., 2016;
Biswas, 2011, p.528). As such, the descending charge and rising hot gases form the counter
current working principle of the BF. The hot metal usually contains 4-5% carbon and 0.3—1%
silicon and should be suitable for subsequent refining into steel (Anameric et al, 2019). The
reaction zones in the BF along with the processes that occur in each zone are summarized in
Figure 7 (Ranade and Chaubal, 2004, Ahmed et al., 2016).
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Figure 7: Zones and reactions in the blast furnace (Ranade and Chaubal, 2004)

It can be seen that most of the pre-reduction reactions of iron oxides occur in the granular zone,
while the iron metal is formed in the cohesive zone. The charge undergoes various
transformations from swelling, contraction, softening and melting. The gasification of coke by
the hot blast air occurs in the raceways, where the highest temperature of 1900-2300 °C can
be located (Geerdes et al., 2020, pp.1-12). The hot gas ascends through the blast furnace while
heating, reducing, and melting the descending charge. Its composition changes through
chemical reactions and its temperature decreases to 100-200 °C at the gas exit at the top of the
BF. Geerdes et al. (2020, pp.1-12) illustrated the interactions between the ascending hot gas

and the descending charge as depicted in Figure 8.
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Figure 8: Order of reduction of iron ore (a), counter current hot gas-charge interactions (b)
(Geerdes et al. 2020, pp.1-12)

Figure 8 shows that the main process in blast furnace operations is the gasification of coke,
generating hot reducing gas that fulfils two purposes: the reduction of the descending charge
to Fe and the melting of the reduced charge. Ahmed et al. (2016) stated that the charging
system is extremely important in modern BF operation because the distribution of coke and

burden materials inside the furnace can significantly impact the overall productivity of the
furnace.

Overall, the BF is still the dominant ironmaking process despite the environmental concerns
linked to CO2 emissions that have been raised for the last two decades. Over 500 years, the BF
process has seen technological improvements and innovations to abate the emission of
greenhouse gases (GHG) of which the major component is COz. These efficiency
improvements include improvement of the feeding system, alternate fuels injection through the
tuyeres, recirculation of waste gases, and heat recovery practices (Cavaliere, 2019). However,
the continuous reliance of the BF process on metallurgical coke for fuel and reduction purposes

18 | Page



has raised serious environmental concerns, leading to the exploration of ironmaking
technologies that utilise non-coking coal, natural gas, and hydrogen gas as reducing agents.
The CO2 emissions in a typical integrated BF-BOF steel plant are summarized in Figure 9
(Birat and Maizicre-les-Metz, 2010; Hasanbeigi et al, 2014), indicating that the total CO2
emissions stand at 1815 kg CO2/t rolled coil with over 1700 kg of CO2 (94%) associated with
coal and about 100 kg of CO2 associated with the calcination of limestone. Moreover, the BF
alone contributes about 69% of CO2 emissions to the total emissions of the integrated steel
plants.
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Figure 9: CO2 emissions in a typical integrated BF-BOF steel plant (Hasanbeigi et al, 2014)
2.1.3.2.Corex/Finex processes

The Corex and Finex processes are direct smelting processes that were invented to avoid the
reliance of the BF process on metallurgical coke by using non-coking coal. These two
processes, developed by Siemens VAI, are industrially proven and commercially available
technologies to produce hot metal (Lu et al., 2013; Hasanbeigi et al, 2014). The production of
hot metal is achieved through two stages, with the Melter-gasifier being the final stage in both
processes. The Melter-gasifier is a fluidized bed chamber resting on liquid slag and hot metal
bath, in which coal gasification occurs upon charging of non-coking coal and injection of
oxygen through the tuyeres around its circumference (Hasanbeigi et al, 2014). Then, the
generated hot reducing gas is used for reduction in the upper unit.

For the Corex process, the upper unit is a shaft furnace in which reduction of iron ore lumps or
pellets with the hot gas produces hot DRI that is charged in the Melter-gasifier to ultimately
produce hot metal and molten slag (Diez et al., 2023). In comparison, the Finex process utilizes
a series of fluidized bed reactors forming a counter-flow system, typically with three to four
stages, to reduce fine iron ore into DRI fines. The DRI fines are then agglomerated into hot
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compacted iron (HCI), which is charged in the Melter-gasifier to produce hot metal and molten
slag (Hasanbeigi et al, 2014).

These processes were deemed cost-effective and environmentally friendly due to their
capability of using non-coking coal (coal with less fixed carbon and high ash content) for
reduction and smelting operations (Lu et al., 2013). However, a small proportion of coke was
also reported to be used alongside non-coking coal for heat generation (Diez et al., 2023).
Figure 10 illustrates a generic representation of the Corex and Finex processes in comparison
to the blast furnace (Bohm et al., 2009; Hasanbeigi et al, 2014).
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Figure 10:Comparison of Corex and Finex processes to the Blast furnace process
(Hasanbeigi et al, 2014)

As can be seen in Figure 10, there is no requirement for sintering and coking plants in the Corex
and Finex routes, which is effective in eliminating the CO2 emissions associated with these
additional plants. In addition, the Finex technology can treat fine iron ores directly, and the two
processes can produce products similar to the BF (Hasanbeigi et al, 2014). The two routes were
claimed to have a lower capital and operational cost compared to the BF routes (Lu et al.,
2013). However, these two processes still use carbon-bearing materials for reduction and heat
provision, which contribute to high CO2 emissions. Furthermore, although these processes
reached the commercial stage a decade ago, the global adoption rate is very low in the steel
industry as noted in Hasanbeigi et al, (2014).

2.1.3.3. DRI processes

DRI technologies are processes used to directly reduce iron ores at solid state to metallic iron
using natural gas (NG), or non-coking coal as the energy source. As such, the DRI technology
can be either gas-based (NG), or coal-based, depending on the availability of NG and coal in
the region where the DRI process is employed (Liu et al., 2021). The DRI process is currently
among the most dominant ironmaking technologies, and the gas-based DRI process has
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recently attracted a lot of attention due its environmental friendliness and the possibility of
using hydrogen as fuel (Ji et al., 2024). Currently, the two leading DRI technologies, and which
are commercially available, are the Midrex process and the Energiron process, together
contributing up to 82% of the global DRI output (Hamadeh et al, 2018). The remaining
proportion is produced using processes such as the Rotary kiln and Rotary hearth. The Midrex
process is the leading technology, producing around 65% of global DRI, with 17% produced
by the Energiron process (Hamadeh et al, 2018; Bailera et al., 2021).

The Midrex and Energiron DRI processes are similar in that they both use a shaft furnace to
directly reduce iron pellets or lumps with NG. They both have the advantages of using gases
from other processes such as hydrogen, syngas produced from coke oven gas (COG), or a fossil
source (Yilmaz and Turek, 2017; Duarte and Becerra, 2015; Ji et al., 2024). The main
difference is that the Energiron process uses an in-situ NG-reformer to generate the reducing
gases (H2 and CO) with capture and reinjection of the CO: in the shaft together with the NG,
whereas the Midrex process uses an external NG-reformer to generate the reducing gases (Hz
and CO). Moreover, the DRI product in the Energiron process has a relatively higher carbon
content (Yilmaz and Turek, 2017; Bailera et al., 2021).

The DRI process plays a major role in this study. As such, further details regarding these two
DRI technologies are covered separately in theme 4 of this chapter.

2.1.3.4. ITmk3 process

The ITmk3 (Ironmaking Technology Mark 3) process is a direct reduction ironmaking
technology that uses a rotary hearth furnace (RHF) as a stand-alone unit to produce highly-
metallized iron nuggets (97% iron and 3% carbon) with no gangue, unlike other RHFs that
reduce iron ores to about 80% metallic Fe and require a secondary smelting unit (Hasanbeigi
et al, 2014). This process was developed by Kobe Steel and is classified as the third generation
of ironmaking following the BF, and DRI technologies, and hence the label “mark 3” (Kikuchi
et al., 2010). It is a rapid ironmaking process that combines reduction, carburization, melting
of iron and slag separation all at relatively low temperatures. Reactions occur much faster in
the ITmk3 process — within 10 minutes — compared to the 8 hours retention time in the BF
process and the 6 hours in the Midrex process (Kikuchi et al., 2010). Figure 11 illustrates the
process flow in the ITmk3 process.
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Figure 11: ITmk3 overall process flow (Kikuchi et al., 2010)

This process uses iron ore and non-coking coal as feedstocks. The temperature is raised in the
last zone of the RHF to melt the reduced iron ore and separate it from the gangue. The produced
iron nuggets can be used directly in the BOF or EAF for refinement to crude steel. This
technology offers the same benefits as the smelting reduction technologies in using non-coking
coal, as opposed to coke in the BF process, but with a faster production time. Unlike the HBI
and DRI, the iron is completely reduced in the ITmk3 process and easily acceptable by EAF
operations (Kikuchi et al., 2010). However, like the Corex/Finex processes, the ITmk3 process
also uses coal as an energy source and reductant, which results in high CO2 emissions. An
ITmk3 process plant with an annual capacity of 500 000 tons was commissioned in USA in
2010 (Hasanbeigi et al, 2014), but the current commercial status indicates that no additional
plants have been built.

2.1.3.5. CO; emissions in ironmaking technologies

Overall, DRI processes have a promising future in the ironmaking industry due to their
flexibility of accommodating different reducing gases, including carbon-free hydrogen (Ji et
al., 2024). This makes DRI processes the possible cornerstones of ironmaking in the future,
unlike reduction smelting technologies (Corex, Finex, ITmk3), which rely heavily on carbon-
bearing reductant and fuel as shown in the preceding sections. However, the reduction of iron
in the DRI process is not 100% complete, and with the process being at solid state means that
the gangue is still in the DRI. This requires an extra smelting stage to complete the reduction
process and separate the gangue in the form of slag. Hence, DRI products are currently being
smelted in electric arc furnaces (EAF) to produce steel.

2.1.4. Steelmaking processes

After ironmaking, the produced hot metal has limited use because it contains 3-4% carbon,
making it very hard, brittle, and prone to corrosion during applications (Chen et al., 2022;
Wang, 2016). Hence, the requirement of a hot metal refining stage to transform the hot metal
into a strong and corrosion resistive material, known as steel. This refining process of the hot
metal is known as steelmaking, which produces steel that can be used in major applications as
noted in Mateus et al., (2022) and World Steel Association, (2024). Globally, the major

22 | Page



steelmaking processes are basic oxygen furnace (BOF) steelmaking and electric arc furnace
(EAF) steelmaking, accounting for 71.1% and 28.6 % of steel production respectively, with
the former being the most carbon intensive as shown in Figure 12 (World Steel Association,
2024).

Share of BOF steel in Share of EAF steel in
global production global production
71.1% 28.6%

)

. - _’:,{' /
Average Average Average
BF-BOF DRI-EAF scrap-EAF
CO, intensity CO, intensity CO, intensity
2.33 1.37 0.68

Figure 12: Crude steel production by process (World Steel Association, 2024)

In the final steel product, the carbon is lowered to less than 1% and alloys (secondary metals),
such as manganese and chromium, are added to improve the physical and chemical properties
(Wang, 2016; Pistorius et al., 2019).

2.1.4.1. Basic Oxygen furnace (BOF)

The BOF is usually charged with hot metal and some steel scrap, and the major operation is
the blowing of oxygen through a lance to remove carbon from the hot metal and produce steel.
Scrap addition is used to control the temperature of the BOF process, and the level of carbon
is reduced from 4% to 0.5%. The reaction of carbon and oxygen results in the release of heat,
which keeps the hot metal molten, and the release of CO gas which vigorously mixes the charge
as it leaves the vessel (He and Wang, 2017). Therefore, the BOF does not require an additional
heating source. Lime (CaO) is added to facilitate slag formation and there is also the occurrence
of other oxidation processes for elements such as sulphur, phosphorus, silicon, and manganese
(Pistorius et al., 2019).

2.1.4.2. Electric arc furnace (EAF)

EAF steelmaking is the second major steelmaking route after the BF-BOF. It uses an electric
arc generated by the electrodes to melt the charge and produce steel. Steel scrap of given grades,
and DRI pellets are generally the charge to this furnace, together with the fluxes used to form
the slag, thereby enabling its separation from steel (Lee and Sohn, 2014; Pistorius et al., 2019;
Kerimov and Shakhov, 2020). It has been noted that carbon powder and COz-oxygen mixed
gas are also injected to foam the slag and improve the furnace’s performance (Li et al., 2023).
It can be seen that the furnace requires electrical energy to generate the arc depending on
whether it is a direct current (DC) furnace or an alternate current (AC) furnace. For AC
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furnaces, the arcing occurs between the electrodes, whereas for DC furnaces, arcing occurs
between the electrode (cathode) and a conductive hearth (anode) at the bottom (Kleinschmidt
etal., 2010).

2.1.4.3. CO; emissions in steelmaking routes

Overall, steelmaking via an EAF using scrap, or DRI, is the most promising steelmaking route
for the future due to the lower CO2 emissions compared to BF-BOF steelmaking as shown in
Figurel2. In addition, Figure12 shows that the scrap-based EAF is the most environmentally
friendly with a CO2 intensity of 0.68 compared to the 1.37 COz intensity in the DRI-based
EAF. However, the EAF-scrap route heavily depends on the availability of scrap. It should be
noted that the COz intensity is the ratio of tons of CO2 per ton of steel produced (World Steel
Association, 2024). The BOF process in itself does not release a substantial amount of CO, it
is the raw material (pig iron) from the BF process which contributes significantly to the total
emissions in the BF-BOF route, as previously shown in Figure 9.

Another factor that contributes to the CO2 emissions in EAF operations is the practice of slag
foaming, which is critical in providing exceptional performance such as enhanced heating
efficiency, and protection of electrodes and refractory lining materials (de Almeida et al., 2017,
Zhu et al., 2012). Slag foaming results in the release of CO gas from the bath, which then
contributes to the overall CO2 emissions of the EAF process (Liu and Yan, 2024).

2.2. Theme 2: Slags in the iron and steel industry

During the ironmaking and steelmaking processes mentioned in theme 1, slags are formed as
by-products, which are discussed in this theme. The emphasis is on the BF slag, however other
steelmaking slags, such as the BOF and EAF slags, are also briefly discussed.

2.2.1. Statistics of slags in the iron and steel industry

Slags are molten oxide by-products from either ironmaking or steelmaking, arising from a
mixture of gangue and fluxing materials during the process (Pistorius et al., 2019). The addition
of fluxing materials enables the removal of gangue materials (impurities) from the iron ore, or
DRI, in the form of slag that is lighter than the liquid metal, hence it floats on top of the metal
and can easily be separated. In 2023, the global iron slag production was estimated to be
between 330 million and 390 million tons, and steel slag production (EAF + BOF) was
estimated to be between 190 million and 290 million tons (Callaghan, 2024). These figures are
influenced by the global production patterns of crude iron and steel. Moreover, slags are among
the largest solid by-products from the iron and steel industry, by mass, as shown in Figure 13
(World Steel Association, 2021). Hence, slags necessitate careful management, including
recovery and re-use, and handling procedures to avoid landfill and risks associated with waste
disposal.
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Figure 13: Solid by-products in iron and steel industry (World Steel Association, 2021)

The molten slags are either air-cooled or water-granulated, which affects their downstream uses
(Tripathy et al., 2020). The major application of slags is in the construction industry as
aggregate and supplementary cementitious materials, while other applications include road
paving and asphalting, road bases, and inert fillers (World Steel Association, 2021). The usage
as aggregates in concrete is at a low level compared to natural aggregates, such as crushed
stone, sand and gravels which are widely available. Callaghan (2024) highlighted that 90% of
the value from the total slag output comes from BF slag, mostly the granulated slag. Hence,
the granulated BF slag is the most valuable solid by-product from the iron and steel industry.
The extended application of granulated BF slag in the cement industry will increase the global
value of slag, especially with the emerging ironmaking technologies that are planned to
produce lower CO2 products (hot metal and slag). The types of utilization of steel slags (BOF
+ EAF) in Europe and major steel producing countries are shown in Figure 14.
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Figure 14: Steel slags (BOF and EAF) utilization per region around the world (Guo et al.,
2018)
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With the exception of China, it can be seen that the main use of steel slags is in road
construction as aggregates. Japan has almost a 100% utilization rate compared to China, which
disposes about 70% of its steel slags. A higher disposal rate of steel slags leads to excessive
land occupation and environmental risks linked to the leaching toxicity of heavy metals like
Mn and Cr (Sun et al., 2024).

In recent years, there has been increasing interest in valorising the BOF and EAF slags as
clinker substitutes in the cement industry due to the higher CO2 emissions associated with the
BF technology. However, these steelmaking slags have limited application in the cement
industry due to their higher content of free CaO, free MgO, and heavy metals (Pistorius et al.,
2019, Horii et al., 2017; Sun et al., 2024). According to Das et al. (2007), 50 to 90% of steel
slags have a high concentration of sulphur and phosphorus, thereby limiting their direct
recycling to the ironmaking and steelmaking industries. Hence, steel slags are mostly re-used
to recover the lost iron during recycling, with the resulting slag recycled to other industries.
Granulation of steel slags is not widely practised while hot-stage slag engineering is sometimes
employed to improve the properties of steel slags (Pistorius et al., 2019).

2.2.2. BOF slag

The BOF process, as a major contributor to the global output of steel, also generates a
substantial amount of slag. Based on data summarized by Yildirim and Prezzi (2011), the
chemical composition of BOF slags is in the range of CaO (35 - 55%), FeO/Fe203 (10 - 38%),
S102(8 -20%), Al203(1 - 6%), and MgO (1 - 15%). The high CaO content is due to the addition
of lime for slag formation with the oxidized silica during oxygen blowing, while the Fe loss to
the slag depends on the efficiency of the given BOF process. The content of free CaO can go
up to 12% while Horii et al. (2015) noted that hydration of free CaO and MgO leads to poor
volume stability, thereby limiting the usage of BOF slag in construction work, for example:
road construction.

2.2.3. EAF slag

EAF slag is similar to BOF slag, except that the BOF slag has high alkalinity (MgO +CaO) and
the EAF slag has higher heavy metals content (Horii et al. 2015). The chemical composition of
EAF slags varies widely depending on the type of steel produced. The typical composition is
in the range of CaO (22 - 55%), FeO/Fe203 (10 - 35%), SiO2(8 - 20%), Al203 (5 - 13%), MgO
(3 - 15%), and MnO (3 - 8%) as per the data gathered by Yildirim and Prezzi (2011). EAF slag
may also contain chromium and other heavy metals if stainless steel is produced (Shen et al.,
2004).

The problems with recycling steelmaking slags (EAF and BOF) in the cement industry whether
as a raw material addition in clinker production, or for blending with a cement product are
linked to the high iron content and the presence of leachable heavy metals, which can pose
environmental risks.

2.2.4. BF slag
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2.2.4.1. Importance and chemical composition

The BF slag is the highest value solid by-product from the entire iron and steel industry,
particularly as granulated BF slag, due to its cementitious application (Callaghan, 2024). The
chemical composition of the BF slag varies widely depending on the region and the
composition of the raw materials used. The reported chemical composition range is Al2O3 (8 -
24%,), CaO (30 - 50%), MgO (1 - 18%), and SiO2 (28 - 38%) (Dom et al., 2022; Shetty and
Jain, 2019). Unlike steel slags, the BF slag generally contains trace levels of heavy metals, and
the iron content is usually less than 2% (Pistorius et al., 2019). Hence, the leaching of heavy
metals is comparatively low in BF slag.

2.2.4.2. Glass structure

The main components of the BF slag form the Al203-Ca0O-Si02-MgO glass structure, in which
SiO2 is a network former while basic components, such as CaO and MgO modify the glass
network. Al2O3, on the other hand, displays amphoteric behaviour by acting either as acidic, or
basic depending on the concentration of the basic components (Blotevogel et al., 2020).
Generally, glass structures that are more modified, or depolymerized, dissolve faster when
mixed with water, thereby allowing the slag to display higher reactivity (Zhang et al., 2022).
Therefore, the degree of depolymerization increases as the proportion of network modifiers
(CaO, MgO) increases. Moreover, the significant presence of other elements, such as in EAF
and BOF slags, decreases the total proportion of the network formers and modifiers in the slag,
thereby affecting the overall reactivity of glass. Hence, the EAF and BOF slags are not widely
employed in cementitious applications, only the BF slag possesses viable reactivity due to its
chemical composition when finely milled.

The theories behind glass formation play a very important role in the slag designing process
and are further covered in chapter 7. The degree of depolymerization is commonly measured
using the basicity (CaO+MgO)/SiOz value. In a more precise way, it is measured by calculating
the number of non-bridging oxygen atoms per silicate tetrahedron (NBO/T) as reported by
Blotevogel et al. (2024). Silica forms the silicate tetrahedron (SiO4*) through covalent bonds,
whereas basic cations (Ca*" and Mg®") react with the oxygen through ionic bonds to
depolymerize the glass (Mills et al., 2012). The NBO/T ranges between 0 (complete 3D
tectosilicate network) to 4 (no bridging oxygen - nesosilicate network). Therefore, the lower
the NBO/T, the lower the proportion of basic cations, the less depolymerized the glass
structure, and the lower the corresponding reactivity of the BF slag.

2.2.4.3. Thermophysical properties

The main thermophysical properties of the molten BF slag which are generally important
during smelting operations are the liquidus temperature, the viscosity, the thermal conductivity,
and the electrical conductivity. These properties are also dependent on the structure of the
silicate network, which in turn rely on the chemical composition of the slag. The liquidus
temperature is the temperature above which the slag becomes 100% liquid, or the temperature
at which the first solids form on cooling (Mills et al., 2012). The viscosity is the measure of
the fluidity, or flowability of the slag. The slag should be fluid enough so that it can be separated
from the metal and easily tapped from the blast furnace.
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The thermal conductivity highlights the heat transfer capability of the slag. Mills (1993) stated
that the thermal conductivity of the slag at the liquidus temperature decreases almost linearly
as the silicate network becomes more depolymerized, demonstrating that thermal conduction
in the slag favours covalent bonds. It was further noted that it is the opposite effect for electrical
conductivity. The slag conducts electricity through the motion of cations, and the more cations
present in the slag, the more depolymerized the glass structure, and the higher the electrical
conductivity (Mills et al., 2012). Therefore, all the physical properties of the slag depend on
the chemical composition, a more depolymerized glass structure at liquidus temperature will
lead to reduced viscosity and thermal conductivity, with increased electrical conductivity.

2.2.4.4. Granulation and uses

According to Tripathy et al. (2020), air-cooled BF slag contains more than 50% of crystalline
phases, while water-quenched or granulated BF slag contains more than 90% amorphous or
glass phases. Crystalline phases are inert and do not possess hydraulic properties (Escalante et
al., 2001; Tripathy et al. 2020). Hence, the more glass content, the higher the reactivity of the
slag, provided that the degree of depolymerization is constant. Currently, over 66% of
conventional BF slags are granulated to form granulated BF slag GBFS and used in the
manufacturing of Portland slag-cement blends (Ehrenberg et al., 2020). Moreover, air-cooled
slags are mainly used as aggregates in the construction industry, and other applications such as
asphalting and road paving.

Temperature and viscosity are the main factors that affect the final glass content of the slag
(Escalante et al., 2001). The slag needs to be molten and fluid enough before water granulation
to ensure sufficient glass formation. Hence, granulation units are generally installed next to the
furnace to avoid major temperature drops. Moreover, GBFS is the only solid by-product with
a high monetary value in the iron and steel industry (Callaghan, 2024). It can be seen that water
granulation is the most valuable route for the valorisation of the BF slag into a cementitious
material that can be used in the cement industry in a sustainable application which contributes
to decarbonization.

2.2.4.5. Size reduction

Prior to the application in the manufacturing of slag-cement blends, GBFS is ground to a fine
particle size in order to improve its reactivity. This is because the hydration of coarser particles
is slower, leading to inferior cementitious performance for both slag and cement (Binici et al.,
2007). Industrially, the grinding of GGBEFS is done using ball mills, or the more energy
efficient vertical roller mills (Tamashige et al., 1991). However, the cement industry is still
widely using the ball mill technology because of its simplicity of operations, and comparatively
lower investment cost (Xu et al., 2015). Moreover, when granulated blast furnace slag (GBFS)
is ground, it is known as ground granulated blast furnace slag (GGBFS), which is the final
product that is mixed with Portland cement to produce a range of slag-cement blends that are
commercially available in the market, for example: CEM II B (21 — 35% slag) and CEM III A
(36 — 65% slag).

2.2.5. GGBFS utilisation and circular economy
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The utilisation of granulated BF slag to the cement industry prevents massive landfilling of
waste slags, reduces the requirement of the COz-intensive clinker in cement by replacing it
with slag, allows conservation of natural resources, and reduces the overall energy requirement
associated with clinker production. These are attributes that will contribute to sustainability
and the achievement of zero-waste steel production. In 2023, cement producers in the European
Union and Great Britain reduced the emission of 12Mt of CO:z through the substitution of
clinker with granulated blast furnace slag(Global Slag, 2024). Moreover, up to 42% of
embodied energy and 59% embodied CO2 emissions can be saved by replacing Portland cement
with slag-cement blends in concrete without counting the CO2 emissions associated with slag
production (Skyway Slag Cement, 2024; World Steel Association, 2021).

It can be seen that the utilisation of slag is also pivotal to the current transition towards a greener
and circular economy in the iron and steel industry. Furthermore, it is the development of
innovative technologies and the synergy with the cement industry to utilize slags that can bring
the steel industry closer to its goal of zero-waste and green production (World Steel
Association, 2021). Therefore, the untapped potential of slags arising from these emerging new
technologies in the steelmaking industry needs to be explored, studied, and improved for
efficient utilization.

2.3. Theme 3: Cement making process and hydration of slag-cement blends

This theme highlights the importance of cement in human civilization as a building and
construction material. It further shows the current environmental challenge related to CO:2
emissions from the cement industry as well as the solutions taken to reduce these emissions.
Lastly, it includes a brief description of the cement making process, the hydration of cement,
and the contribution of BF slag to the cement industry as a supplementary cementitious
material.

2.3.1.Importance of cement and associated CO; emissions

The binding properties of ordinary Portland cement (PC) has made concrete (a mixture of
cement, sand, aggregates, and water) the most widely used material in the world aside from
water (Gagg, 2014). Moreover, the ability of concrete to withstand severe environmental
conditions and support heavy compressive loads has made it the most consumed product in the
civil and construction sector (Antunes et al., 2021). However, the CO: emissions associated
with the production process of PC have raised serious environmental concerns. In 2022, around
4158 Mt of cement was produced with a COz intensity 0.58 t CO2/t cement, bringing the overall
annual CO2 emissions to 2411 Mt (IEA, 2024). Currently, the cement industry contributes 6-
8% of global CO2 emissions (Ahmad et al., 2023), very close to the global CO2 emissions from
the iron and steel industry. Hence, the cement industry is currently seeking ways to reduce its
COz emissions with a projected CO: intensity of 0.45 in 2030 for net-zero emission scenarios
(IEA, 2024) and fulfilment of the 2015 Paris agreement to achieve carbon neutrality by 2050.
The distribution of CO2 emissions in the cement industry is shown in Figure 15.
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Figure 15: Distribution of CO2 emissions in the cement industry (Cement Industry
Federation, 2023)

It can be seen that the majority of the CO2 emissions comes from the calcination of limestone.
The share of global cement production by leading producing countries, in 2022, is summarized
in Figure 16.
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Figure 16: Global cement production by leading countries for 2022 (USGS, 2024,
Cembureau, 2023).

It can be seen that China is the biggest producer with a contribution of 53% to the total global
output of cement, followed by India with a contribution of 8%. The World Cement Association
(2024) further stated that the global production of cement has increased by 30 times since 1950
due to increased urbanisation and economic development across the world.

2.3.2. Cement making process

Cement is the main binding material in concrete, typically making up 10 to 15% of the mix by
volume (Gagg, 2014). The preparation of raw materials for PC consists of calcining limestone
and clay in a kiln at temperatures up to 1450°C to produce clinker, the main component of
cement (Nicolas et al., 2019). The mixing raw materials require careful proportioning to control
the quality of the clinker produced. Clinker is primarily made up of four constituents:
Tricalcium silicate (alite) 3Ca0.SiO2; Dicalcium silicate (belite) 2Ca0.SiO2; Tricalcium
aluminate 3Ca0.Al203; Tetracalcium aluminoferrite 4Ca0.Al203.Fe203. In cement notations,
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Ca0, SiO2, A203, H20, SO3, Na20, and CO:> are represented as C, S, A, H, S, N, and C
respectively (Hewlett and Liska, 2019). Therefore, the main components of clinker in cement
notations are C3S, Cz2S, C3A, C4AF respectively. Table 1 summarizes the main components of
cement as well as their impact during hydration.

Table 1: Main components of cement (Sahin, 2023)

Name . Shunh_and Effect Amount
(compound) notation
Tricalcium * Liberates a large amount of heat
S kiringte CA * Can cause early stiffening and flash set 5%-10%
Aluminates * Prone to sulfate attack
: Tetracalcium * Contributes little to strength "
Feenie aluminoferrite S * Contributes to gray color B%-1E%
e aloim * Hydrates and hardens rapidly )
Alite ista C.S * Largely responsible for initial set and 50%—70% Clinker
early strength
Silicates = Hydrates and hardens slowly
Dicaleiim = Contributes to strength increase after
Belite B C,S one week 15%-30%
silicate E :
* Contributes to low concrete
permeability
Sulfates Gypsum*  Calcium sulfate CS * Controls the hydration of C A 3%-5% Gypsum

After calcination, the clinker is cooled, finely ground together with a small amount of gypsum
to form Portland cement (Gagg, 2014). Nicolas et al. (2019) added that PC can also contain
some minor inclusions of unreacted (free) lime (CaO) and magnesia (MgO), also some alkali
sulphates. A typical Portland cement chemical analysis comprises by weight CaO (60 — 67%)),
Si02 (17 — 25%), Al203 (3 — 8%), Fe203 (0.5 — 6%), MgO (0.1 —4%), SO3 (1 —3%), and lasty
Na20 + K20 (0.2 — 1.3%) as noted by (Sahin, 2023).

A flow diagram highlighting the calcination process which results in clinker production, as
well as the milling of clinker together with gypsum to produce cement is illustrated in Figure
17.
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Figure 17: Cement production process chain (Sahin, 2023)

Traditionally, closed-circuit ball mills have been used to grind the clinker after production.
However, vertical roller mills (VRMs) have recently become the standard milling equipment
for clinker and more than 80% of new plants are using VRMs (Nicolas et al., 2019; Harder,
2010).

2.3.3. Hydration of Portland cement

The main hydrate that provides all the beneficial properties of cement is C-S-H, which is
generated along with portlandite (CH) through the hydraulic reaction of C3S and Ca2S as shown
in Equation 1 (Nicolas et al., 2019).

(CsS, CaS) from Portland cement + H = Primary C-S-H + CH (1)

Using the CaO-Si0: system, the possible phases and their polymorphs that are likely to form
are alite (C3S), belite (C2S), rankinite (C3Sz), and wollastonite (CS) in decreasing CaO content.
Moreover, only alite and belite are hydraulically active with alite presenting higher hydration
kinetics (Antunes et al., 2021). It can be seen that as the SiO2 content increases, the crystal
structure becomes more compact and ultimately decreases the hydraulic reactivity of the
calcium-silicate phases, as per the notions of depolymerization elaborated earlier in this
chapter. This has further been attributed to the organization and spatial distribution Ca atoms
and SiOx units in the crystal structure (Freitas et al., 2015).

Pure Portland cement contains around 95% clinker and 5% gypsum. The other types of cements
are made by substituting a certain proportion of clinker with supplementary cementitious
materials (SCMs). It should be noted that this only applies when the SCMs are added at the
clinker milling stage. In practice, SCMs are usually separately milled and then mixed with
Portland cement.
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Other phases, such as the alumina-ferrite-trisulphate (AFt), sometimes called ettringite, and
mono-sulphate (AFm) also formed through the hydration of C3A, C4AF (Nicolas et al., 2019).
However, these hydrated phases do not contribute to strength development. Moreover, alite
(CsS) makes up 50 to 70% of PC and its hydration is the primary early strength inducer up to
28 days. Belite, on the other hand, only contributes to strength development at later ages and
makes up 15 to 30% of PC (Chatterjee, 1996). The hydration of PC is exothermic and the usage
of supplementary cementitious materials (SCMs) as replacement of PC helps reduce the heat
of hydration as one of the benefits (Wang et al., 2023; Hewlett and Liska, 2019). The main
stages of the hydration process along with the heat released are illustrated in Figure 18.
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Figure 18: Heat released at different stages of hydration (Sahin, 2024)

The strength contribution of every major clinker component is summarized in Figure 19.
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Figure 19: Contribution of cement components to strength development (Sahin, 2023)
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It is clear that alite (C3S) and belite (C2S) are the components that strongly contribute to
strength development of cement specimens. Alite strongly contributes to the early while
belite’s contribution is only significant at later ages.

2.3.4. Supplementary cementitious materials

From the total CO2 emissions in the cement industry, 90% arises solely from the clinker making
process (Supriya et al., 2023; Benhelal et al., 2021). Moreover, in the total CO2 emissions from
the clinker production stage, around 60% is associated with the decomposition of limestone
(CaCOs3) and 40% with the combustion of the fuel used for kiln firing (Imbabi et al., 2012).
The usage of SCMs is one way to minimize CO2 emissions by using industrial by-products,
such as fly ash, silica fume, and GGBF slag, as well as calcined clay, as partial replacements
for PC. Some SCMs are also known as pozzolanic materials, which are described as materials
with active silica (SiO2), or alumina (Al203) that react with external hydrated lime (CH) to
form secondary calcium silicate hydrates (C-S-H) or calcium aluminate gel (C-A-H), as well
as C-A-S-H gel as shown in Equations 2 and 3 (Wang et al., 2023).

Si02 from pozzolanic materials + CH = Secondary C-S-H (2)
Active Si0O2 and active Al2O3 + CH = C-A-S-H 3)

While comparing the rate of the hydraulic reaction to the pozzolanic reaction in blended
cements, the hydraulic reaction of PC is faster than the pozzolanic reaction. It is the occurrence
of the hydraulic reaction that generates free hydrated lime, which then activates the pozzolanic
reaction as shown in Equations 1-3 (Sun and Zhang, 2021; Chen and Brouwers, 2006). None
the less, the addition of pozzolanic materials to cement enhances the durability of concrete and
the resistance to chemical attack since the generated secondary C-S-H gel and other gels fill
the pores created by cement grains, which ultimately improves the overall mechanical
properties of concrete (de Brito and Kurda, 2020). The ternary diagrams incorporating the
different SCMs before and after hydration are shown in Figure 20.
a) Before hydration b) After hydration
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Figure 20: Ternary diagram of cementitious phases in the CaO—-SiO2—-AI1203 system (Nicolas
etal., 2019)

Fly ash and GGBF slag are among the most widely used SCMs (Orozco et al., 2024) and are
included in the list of standard blended cements that are used globally (CEM II, CEM III, CEM
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IV) as per the common cements in SANS 50197-1. However, with the declining interest in
coal-fired power plants and preference for renewable electricity in this energy transition era,
together with the phase-out of the BF technology from the steelmaking chain for low-CO2
alternative ironmaking technologies, these two SCMs might no longer be part of the cement
market in the foreseeable future. The production of coal fly ash (CFA) is already significantly
reduced in countries that are mostly using electricity from non-carbon sources, for example, in
Europe as shown in Figure 21.
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Figure 21: Global production and consumption of coal fly ash (Gollakota et al., 2019)

The same scenario is likely to happen to GBFS during the transitional phase to green iron and
steel production. There is also rising interest in the production of calcined clays as SCMs due
to the abundant clay reserves worldwide, and the relatively low temperature and CO2 emissions
associated with the calcination of clays compared to clinker (Overmann et al., 2024). The focus
of this study is on slag; therefore, it is only the hydration properties of slag-cement blends that
will be discussed in detail.

Market Research Future (2023) predicted that the market share of fly ash, BF slag, and silica
fume will increase in the next decade are shown in Figure 22. However, the future marketing

trends will also be driven by the current global challenges linked to CO2 emissions for all the
SCMs.
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Supplementary Cementitious Materials Market, By Type, 2023 & 2032
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Figure 22: Market size of SCMs (Market Research Future, 2023)

2.3.5.Hydration of slag-cement blends
2.3.5.1. Hydrated phases evolution

Unlike other SCMs such as silica fume and calcined clays, the granulated BF slag is latent
hydraulic because it possesses inherent hydraulic properties that can be activated either with
the addition of Portland cement to form a slag/cement blend (CEM II or CEM III), or with
alkali activators to form what is known as alkali-activated cement (Nicolas et al., 2019; Ahmad
et al., 2023).

Alkali-activated cements with BF slag have been demonstrated in various projects but are still
not yet commercially available in the cement market (Nicolas et al., 2019). The most widely
used alkali activator is sodium silicate (Na2SiO4) which forms another hydration product, N-
A-S-H by substituting CaO in the main hydration product from blended slag-cement, C-A-S-
H. This study focuses mainly on the activation of slag with the addition of pure PC to produce
blended slag-cement.

In slag-cement blends, the MgO content leads partial accommodation of Mg?* into the C-A-S-
H gel (Nicolas et al., 2019; Kolani et al. 2012). Moreover, other secondary Mg-Al phases
known as hydrotalcite (magnesium-aluminium hydroxycarbonate (MgsAl2CO3(OH)16.4H20)),
fitting the M-A-H and M-A-C-S structures also form during hydration depending on the
availability of magnesia in the slag and carbonate (Hewlett and Liska, 2019). Hence, these
hydration reactions can also be expected from a blend of cement with a slag of similar chemical
composition to the BF slag. The hydration of slag-cement blends is further discussed in chapter
6 of this study.

It should be noted that the hydration process needs to be stopped in order to study the evolution
of phase. The hydration stoppage is done by removing the free water at a given curing age
thereby preventing further hydration. According to Snellings et al. (2018), the common
methods of hydration stoppage are: oven drying at 105°C, freeze drying at low temperature and
pressure (-78°C and <0.3 Pa), vacuum drying at low temperature and pressure (-78°C and <0.3
Pa), and lastly, solvent extraction using an organic solution. Ideally, the best hydration stoppage
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method is the one that preserves the original hydration assemblage, and solvent extraction by
isopropanol solution was the best recommended method (Snellings et al. 2018).

2.3.5.2. Cementitious properties of slag

According to Nicolas et al. (2019), the cementitious reactivity of slag is dependent on the
degree of depolymerization of the aluminosilicate framework and on the particle size
distribution (PSD). The degree of depolymerization is directly linked to the chemical
composition of the slag and the phases present in the slag as shown in the previous sections of
this chapter. Amorphous or glassy phases tend to display higher reactivity than crystalline
phases (Tripathy et al., 2020), and the more depolymerized the glass structure, the higher the
reactivity (Zhang et al., 2022). The degree of depolymerization increases with increasing
proportion of network modifiers (CaO, MgO) in the Al203-CaO-SiO2-MgO slag system
(Blotevogel et al., 2024). The PSD of milled slag helps gauge the fineness of the slag, and finer
slag particles tend to display higher reactivity by dissolving faster due to the large surface area
(Binici et al., 2007).

The other main parameter that determines the cementitious properties is the replacement level
of PC by the slag, which can affect the degree of hydration since the reaction of slag depends
on the hydraulic reaction of PC for activation (Hewlett and Liska, 2019). Therefore, it can be
stated that the cementitious properties, or the overall reactivity of the slag is defined by the
combined effect of:

e Slag properties: the chemical composition, the glass content, and the fineness
e The mixing ratio of PC and slag

2.3.5.3. Cementitious performance tests

Several tests are generally conducted to evaluate the cementitious performance of slag-cement
blends. These tests can use various types of cement specimens, including concretes (mix of
slag-cement, sand, aggregates, and water), mortars (mix of slag-cement, standard sand, and
water), and pastes (mix of slag-cement, and water). This study will use mortar and paste
specimens to avoid variations in the test results that may be caused by the variability of
aggregate materials. The use of a standard sand in the mortar tests enables comparison with a
larger test database. The main tests include workability, compressive strength, drying shrinkage
for mortar specimens, and heat of hydration along with the analysis of hydrated phase evolution
for paste specimens (Hewlett and Liska, 2019). It should be noted that these performance tests
will be defined and fully described in chapter 3 of this study.

2.3.5.4. Slag reactivity enhancement

The reactivity of the slag can be increased by modifying the cementitious performance-defining
parameters, such as the chemical composition, the glass content and the fineness of the slag. In
this study, the enhancement of cementitious performance will be done by modifying the
chemical composition of the slag in ways that increase the degree of depolymerization of the
aluminosilicate glass network for improved dissolution rate of the glass during hydration. The
improvement of the degree of depolymerization of the glass will make the slag more reactive
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than conventional BF slag, thereby increasing the potential substitution ratio of the new slag
for a given cementitious performance requirement (Blotevogel et al., 2024). Moreover, further
reduction in clinker proportion implies that the CO: emissions and energy consumption
associated with the production of clinker is reduced. A typical CO2 emission reduction diagram
by substitution levels of clinker with BF slag is shown in Figure 23.
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Figure 23: CO2 emission reduction from clinker substitution by blast furnace slag (Bolte et
al, 2023)

As per SANS 50197-1:2013, these common slag cements have the following proportions:

CEM II/A = 6-20% slag and 94-80% clinker
CEM II/B = 21-35% slag and 79-65% clinker
CEM III/A = 36-65% slag and 64-35% clinker
CEM III/B = 66-80% slag and 34-20% clinker

O O O O

From Figure 23, it can be seen that CO2 emissions from cement clinker production are reduced
progressively as the proportion of clinker replaced by blast furnace slag increases. However,
the increment in replacement levels of clinker corresponds with a reduction of Portland cement
in cement-slag blends, which reduces the early strength development and affects the degree of
hydration of the slag. This is because it is the hydration of clinker phases such as alite and belite
that releases portlandite, which then activates the reactivity of slag as noted earlier in this
theme. Therefore, a balance between the required strength development and the level of clinker
substitution by the slag must be found and investigated.

The ideal scenario is producing a slag that can substitute clinker at higher levels yet providing
similar cementitious performance to the BF slag at lower clinker substitution. Therefore,
production of such slags will increase the CO2 emissions-reduction potential in the cement
industry and allow the cement industry to further lower its global CO2 emissions.

The COz2 intensity in the cement industry is currently around 0.58 t CO2/t cement and the
projected COz2 intensity in 2030 is around 0.45 for net-zero emission scenarios (IEA, 2024).
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The making of green cement can only be achieved through the development of clinker-free
binders, or the production of clinker in an environmentally friendly manner. The use of oxygen
enriched fuel for combustion during calcination, and subsequent capture of generated CO: is
one way of making the clinker production green as currently being explored by Thyssenkrupp
Polysius GmbH (2024) using oxy-fuel. The currently utilized way of reducing CO2 emissions
in the cement industry is through the valorisation of wastes from other industries as SCMs,
which includes GGBFS and fly ash. However, the production processes of these waste
materials are not environmentally friendly due to their high CO2 emissions. Hence, the focus
has now shifted towards utilizing SCMs that emanate from greener production methods.

The novel slag modification using the green ironmaking path of this study is covered in the
upcoming theme.

2.4. Theme 4: DRI-OBF ironmaking technology

This theme describes the incentives behind the current exploration of smelting the DRI in an
open bath furnace (OBF). It provides a brief evolution of ironmaking technologies from the BF
to DRI-OBF technology together with the current global crisis that is driving these
technological changes in the iron and steel industry. It further provides details regarding the
designing process of the novel OBF slag.

2.4.1. Impact of climate change and CO; emissions

Climate change is one of the most prominent environmental challenges facing the world today,
which can have a drastic impact on the future human civilization on earth. Global warming and
climate change are often used interchangeably. According to Lineman et al. (2015), global
warming means the increase in the average temperature of the earth's surface, while climate
change refers to long-term changes in global or local weather patterns. The impact of climate
change on society and the economy at large has been intensified by the increase in global GHG
emissions, with CO2 emissions making up the major portion, and the recent occurrences of
extreme weather-related events (IPCC, 2023; Zhang et al., 2024). Many countries are therefore
seeking to achieve net-zero CO2 by implementing the 2015 Paris agreement (United Nations,
2015).

The rise of strict environmental regulations, increased emissions taxes, and the foreseeable
danger of climate change have put every carbon-consuming industry under pressure to
decarbonize its operations in order to stay relevant and competitive in the global market. The
steelmaking and cement-making industries as the two major industrial consumers of fossil
fuels, are not spared from this pressure. Ahmad et al. (2022) reported that the global CO-
emissions from the cement industry range approximately between 7-9%. Similarly, the
steelmaking industry globally contributes about 8% of CO2 emissions, the majority of which
arises solely from the BF technology (IEA, 2020; Graupner et al. 2023). Therefore, it has
become a strategic imperative for the iron and steel industry to reduce its CO2 emissions.

It is clear that climate change is a global challenge, and thus its impact can only be mitigated
through collaborative efforts among the different sectors that contribute to global CO:2
emissions. This study focuses mainly on the reduction of CO2 emissions during ironmaking
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and the valorisation of the associated slag as a viable supplementary cementitious material. The
production of a low-COz pig iron will help the steelmaking industry to reduce its global CO2
emission share by using an innovative and less carbon-consuming process. The slag will be
modified to resemble the BF slag so that it can be utilised in the cement industry to lower its
COz2 emission share by substituting clinker. This shows the dual impact of this study in these
two industries.

2.4.2. Decarbonization of ironmaking processes

The generation of CO: emissions is mainly associated with the usage of carbon-based
materials. The conventional blast furnace ironmaking process has seen a number of innovations
throughout its industrial application (Cavaliere, 2019). The pursuit of process efficiency of the
BF has been the top priority in the industry, and Kim et al. (2022) noted that decarbonization
in the iron and steel industry through process efficiency alone is limited, since current iron and
steelmaking processes have been efficiently operated close to their thermodynamic limits. This
indicates that the exploration of alternative ironmaking technologies is necessary in order to
achieve a significant level of decarbonization in the iron and steelmaking industry.

The awareness of the environmental impact of BF technology has been raised more than two
decades ago and there have been process developments that focused on replacing the BF
process. Some of these processes, such as the Corex and Finex processes, were commercialized
and contributed to the total global output of iron and steel. However, the global acceptance and
adoption rate of these technologies is still very low (Hasanbeigi et al., 2014). Currently, the
only ironmaking technology that has seen a significant rise in acceptance rate is the DRI
process, due to its flexibility of using different reducing agents. The DRI process also has the
potential to use carbon-free gas, such as hydrogen (Ji et al., 2024). As noted in theme 1 of this
chapter, the two major DRI processes are the Midrex process with 65% share in total global
DRI output, and the Energiron process with a global output share of 17%.

2.4.2.1. Midrex process

The Midrex process is the global leading DRI technology, using a shaft furnace with an external
gas reformer. The process was originally developed by Midrex (USA) and then acquired by
Kobe Steel in 1984 (Atsushi et al, 2010). The flexibility of using different reducing gases, even
up to 100% hydrogen, has the potential to make the Midrex process one of the positive factors
in the decarbonization of the ironmaking step within the steelmaking industry (Midrex
Technologies, 2024). Moreover, the quality of DRI products can easily be adjusted and Midrex
currently provides three technology options:

o MXCoL: using syngas (a mixture of CO, CO2 and H2) from gasification of carbon-
bearing fuel as the reducing agent, this technology option is not carbon-free and is
mainly applied in regions where natural gas (NG) availability is low.

o MIDREX-Flex: using NG containing more than 50% Ha, with easy future adjustment
once hydrogen becomes available, so that it can operate at 100% Ha. MIDREX-Flex is
currently the most widely applied Midrex technology with favourable acceptance rate
by steelmakers.
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o MIDREX-Hz: is the future of MIDREX technologies and will be fully operational once
the transition from carbon-bearing fuel to green hydrogen becomes viable.

The three Midrex technology options are further summarized in Figure 24 together with their
potential reduction in CO2 emissions, compared to conventional BF ironmaking (Midrex
Technologies, 2024). When these technologies are implemented in combination with Carbon
capture, utilization and storage (CCUS) technologies, the CO2 emission reduction potential is
even higher (Toan Vu et al., 2024).
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Figure 24: Emissions reduction from Midrex technology options (Midrex Technologies,

2024)

A process flowsheet of the natural gas based Midrex process to produce cold DRI (CDRI), Hot
DRI (HDRI) and hot briquetted iron (HBI) with more than 90% metallization is shown in
Figure 25 (Midrex Technologies Inc., 2018; Atsushi et al, 2010). Moreover, HBI is obtained
by compacting the DRI for easy handling, storage, and transportation (Dutta and Sah, 2016).
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Figure 25: Natural gas (NG) Midrex process (Midrex Technologies Inc., 2018)
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As can be seen, the main processes in the NG-based DRI process are gas reforming, iron
reduction and carburization. The NG consists mostly of methane (CHa), the iron is present in
both the metallic (Fe) and carbide (FesC) phases, while most of the carbon is associated with
the carbide phase (Atsushi et al, 2010). Zecca et al. (2023) stated that the main source of
emissions in the NG-based Midrex process is the flue gas from the reformer. However, this can
be equipped with CCUS facilities in order to improve the emission reduction potential of this
process (Toan Vu et al., 2024).

2.4.2.2. Energiron process

The Energiron process is the second global DRI products contributor (World Steel Association,
2024). The process was originally developed by HYLSA, known as the HYL process and it
matured from HYL I to HYL III. Then, Techint Group, a combination of Tenova and Danieli,
acquired the HYL III process in 2006 and rebranded it as the Energiron process (Sui et al.,
2023; Duarte et al., 2010). Similar to the Midrex process, the HYL/Energiron process is also
versatile in reducing agents and can use NG, gas from coal gasification, coke oven gas (COQ),
and green hydrogen (Ji et al., 2024; Tenova, 2020). Unlike the Midrex process, the Energiron
process uses an internal NG-reformer to produce Hz and CO with reinjection of CO2, the
reducing gas has a higher molar% of Hz, and the DRI products have a relatively higher carbon
content (Yilmaz and Turek, 2017; Bailera et al., 2021). Table 2 further shows a comparison of
operating parameters between the HYL III and Midrex DRI processes (Liu et al., 2021).

Table 2: Comparison of HYL III and Midrex processes (Liu et al., 2021)

Technology Midrex HYL III

Operation pressure 0.23 MPa 0.4-0.6 MPa

Cracking agent Top gas Steam

Reducing gas composition About 24—36% CO, 40%—60% H,, 12—15% N, About 14% CO and 75% H,

Raw material requirements TFe > 64%, gangue < 4%, TFe > 64%, gangue < 4%,
5<0.05%, P<0.05% P<0.05%

Energy consumption Gas consumption: 10.2-11 GJ/t Gas consumption: 10-11.3 GJ/t
Power consumption: 100Kw-h/t Power consumption: 90 kW h/t

Gas temperature 850-900 °C 900960 °C

It can be seen that both DRI processes currently have a global standing, and their futures rely
strongly on their abilities to use hydrogen as fuel.

2.4.2.3. Hydrogen metallurgy and green production

The future of decarbonization and sustainability of the steelmaking industry lies in the
metallurgy of Ha2-based productions aside from the implementation of CCUS technologies. The
application of hydrogen is the key aspect that makes DRI ironmaking technologies future-proof
in terms of sustainability in this decarbonisation era, and transition to environmentally friendly
ironmaking (Vogl et al. 2021). Liu et al., (2021) noted that hydrogen is considered as the most
promising clean energy in the 21st century because of its high calorific value and high reaction
rate, which makes it a good substitute for carbon in the steel industry, and even the entire global
energy system for deep decarbonization (Parra et al., 2019). Therefore, the exploration of
hydrogen fuel technologies can reduce the reliance on fossil fuel in the iron and steel industries.
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The quest for green hydrogen metallurgy has been boosted by the looming impact of climate
change and the decarbonization requirements in different industries. Currently, hydrogen is
produced through CHas reforming, coal gasification, and coke oven gas (COG) reforming from
DRI ironmaking processes, which are not completely carbon-free (Li and Cheng, 2020; Liu et
al., 2021; Chen et al., 2022). Recently developed and green hydrogen production technologies
include water electrolysis using renewable energy (Boretti, 2020), biomass gasification
(Doranehgard et al., 2017), and hydrogen production using nuclear energy (Karaca et al., 2020).
However, these emerging green technologies barely contribute to the current global production
output of hydrogen due to the poor balance between the overall cost of the process, and
profitability of hydrogen application (IEA, 2019; Parra et al., 2019). A significant amount of
hydrogen, around 99%, is still produced using carbon-based production methods, 76% using
CHa, 23% using coal, and the remainder using biomass and water electrolysis (Elaouzy and El
Fadar, 2024; IEA, 2019).

It can be seen that the green nature of hydrogen, or iron, is defined by the intensity of carbon
utilization during the production process: the less carbon involved in the production process,
the greener the resulting hydrogen or iron. Moreover, the development of green hydrogen
metallurgy still has a very long way to go, and the continued reliance on carbon in alternative
ironmaking technologies is what has made the BF ironmaking process keep its position as the
dominant ironmaking process until today (Elaouzy and El Fadar, 2024; Schmole et al,
2012).This section has further shown that the use of green hydrogen is the ideal solution to
carbon neutrality in ironmaking, and it is the development pace of green hydrogen technologies
that will dictate the speed of decarbonization of ironmaking processes. Therefore, the complete
success of ironmaking decarbonization plans partly depends on the success of carbon-free
(green) hydrogen production technologies, and the application of CCUS.

The current availability of flexible technologies, such as Midrex-Flex and Energiron, can still
challenge the BF technology since they can use varied proportions of hydrogen, up to 75%.
These technologies seem very good alternatives in this decarbonization transition until green
hydrogen becomes sufficiently available at a competitive price (Midrex Technologies, 2024;
Tenova, 2020). However, these DRI processes only produce metallized iron at solid state with
inherent gangue materials as previously shown in theme 1 of this chapter. Therefore, there is a
requirement to develop a subsequent downstream process that can convert the DRI or HBI into
pig iron and slag similar to the BF technology. Moreover, the subsequent process should ideally
emit minimal COz in order to ensure lower overall CO2 emissions and keep decarbonization
patterns of the DRI production route.

2.4.2.4. Processing of DRI products

The majority of the DRI products (CDRI, HDRI, HBI) are currently processed using Electric
arc furnaces (EAF) to produce steel and form what is known as the DRI-EAF steelmaking route
as shown in Figure 26 for the Midrex DRI.
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Figure 26: DRI-EAF steelmaking route (Dutta and Sah, 2016)

2.4.3. Effect of DRI products in EAF operations
2.4.3.1. DRI to scrap ratio

The EAF usually takes blended feedstocks of steel scrap and DRI/HBI, and the CO: intensity
increases with increasing proportion of DRI (Kirschen et al., 2011). The scrap-based EAF is
the best decarbonization route with a COz intensity of 0.68 compared to the 1.37 CO2 intensity
in the DRI-based EAF, as shown in Figure 12. It should be noted that the COz intensity is the
ratio of tons of COz per ton of steel produced (World Steel Association, 2024). Moreover, the
metal yield (tapped steel/charged metal) is lower in DRI-based electric arc furnaces (87-92%),
due to the presence of gangue materials and unreduced Fe, compared to a higher metal yield
(90-94%) observed in scrap-based electric arc furnaces with high or medium quality steel
(Kirschen et al., 2021). This ultimately increases the overall energy demand of EAF operations
(Conejo and Cérdenas, 2006). Therefore, a seasoned charge of DRI and steel scrap to the EAF
is preferable to counteract these effects.

2.4.3.2. Metallization degree of DRI

The degree of metallization of the DRI is another important parameter that affects DRI-based
EAF operations. According to Kirschen et al. (2011) the best operational conditions are
obtained when the degree of metallization is between 94 to 96%. The remaining FeO in the
DRI is important since its reduction releases CO gas upon carbon injection, which helps agitate
the bath, increase the heat transfer efficiency, and lower the energy requirement. This also
assists with slag foaming and protection of refractory materials, although carbon and oxygen
injections are usually employed in an EAF for the same purpose (Liu and Yan, 2024).
Moreover, the carbon in the DRI also has the same beneficial effect of slag foaming in EAF
operations. However, a lower degree of metallization implies that more FeO will have to be
reduced in the EAF, which can also adversely affect the efficiency of operations. Hence, the
degree of metallization must be controlled to ensure optimal EAF operation.
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2.4.3.3. Grade of DRI

The grade of DRI is crucial in EAF operation as it affects the volume of the EAF slag produced
and impacts the process at large. The grade of DRI can be broadly categorized by the iron (Fe)
content in the DRI, which is defined by the type of iron ore used during the DRI process and
the gangue content. Generally, the grade can be defined:

In terms of iron ore quality (Yang, 2014),

e High grade iron ores: +65% Fe
e Medium grade iron ores: 62 to 65% Fe
e Low grade iron ores: less than 62% Fe

In terms of DRI products (Kim and Sohn, 2022),

e DR-grade DRI products contain +66% Fe
e BF-grade DRI contains less than 66% Fe

These grade nomenclature of DRI products have been determined because medium/high grade
iron ores are used in BF ironmaking, while DRI processes only use high grade iron ore (Yang,
2014). Moreover, the overall iron content of the DRI is also dictated by the type of mineral
hosting iron in the ore. Hematite (Fe203) and Magnetite (Fe3O4) are the only minerals with a
higher inherent Fe content (> 69% Fe) and therefore capable of producing DR-grade DRI
products. Other iron minerals, such as limonite and goethite, can only be used to produce BF-
grade DRI products due to their mineralogy.

According to Liu et al. (2021), the total Fe content required in the raw materials for the Midrex
and Energiron processes is greater than 64% Fe, to produce DR-grade and BF-grade DRI as
previously shown in Table 3. This requirement by the DRI plants is mainly driven by the
downstream application of the DRI products. As previously shown, the majority of DRI
products are used in the EAF to produce steel, and the EAF technology can viably take only
DR-grade products with 66 to 67% Fe. This is because the gangue composition of the DRI is
usually acidic, requiring more basic fluxes to reach the target slag composition. This results in
high slag volume, high Fe loss to the slag, high energy consumption, and decreased operational
efficiency (Kim and Sohn, 2022). The generic chemical properties of DR-grade and BF-grade
DRI are summarized in Table 3.
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Table 3: Comparison of Lump iron ore, BF grade and DR-grade DRI pellets (Linklater,

2021)
DR-Grade Pellets Blast Furnace Grade Pellets Lump Iron Ore
High Iron Content Fe, total Fe, total iron 63 - 65%. Fe, total iron > 67%. (becoming
iron > 67%. more difficult to source)
Acidic Gangue: Acidic Gangue Acidic Gangue:
Silica Si0, 1.0-3.0 Silica 5i0, 25-53 Silica Si0, 1.0-3.0
Alumina ALD, 0.2-3.0 Alumina ALD, 0.4 Alumina ALLO, 0.2-3.0
Basicity 4 Basicity 4 H:s:': 40 S0AALD
(Ca0+Mg0) (Si0,+AL,0) {€a0+Mg0) (Si0,+A1.0) (EROstRl) SIS A0,
Magnesia MgO 0.2-0.9 Magnesia Mg 0.3-1.5 Mignesainn =0
Lime Ca0 0.4-1.2 Lime Ca0 0.6-36 ke £ henas

Usually required to be added
in steelmaking process

The impact of iron content and DRI gangue proportions on EAF productivity are further
highlighted in Figure 27.
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Figure 27: Impact of iron content (a), and gangue proportion (b) on EAF productivity
(Barrington , 2022)

It can be seen that the higher the gangue content, the higher the productivity loss. Moreover,
higher gangue content indirectly implies lower iron content. Therefore, the lower the iron
content in the DRI, the higher the productivity loss of EAF operations to produce steel.

2.4.3.4. Solutions to iron ore quality limitation

Nicholas and Basirat (2022) stated that the iron ore quality limitation can be solved by
developing iron ore mines to produce high quality ores, further improving the beneficiation
stage of iron, or developing innovative technologies that can treat low grade iron ores to
produce steel, or iron. Currently, only 4% of global iron ore exports comprise DR-grade iron
ore, and for the last 20 years the grade of iron ores has been decreasing (Nicholas and Basirat,
2022). Moreover, further improvement of the beneficiation process will require extra energy
and investment costs, which makes the overall beneficiation process expensive (Linklater,
2021). The development of innovative technologies is therefore seen as the best option to
address the limitation arising from the availability of DR-grade iron ore.
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The current global steel demand is around 1900 Mtpa, and EAF steel plants currently contribute
only 28.6% to the total production output (World Steel Association, 2024). This is an indication
that the DRI-EAF technology, although being the most environmentally friendly steelmaking
process at present, cannot solely replace the BF technology to meet the current and future global
steel demand. Therefore, it is necessary for steelmakers to explore additional technologies that
are capable of sustaining the rising global steel demand, without requiring high quality iron
ores as raw materials.

An example of novel technology that is being explored in the steelmaking industry is the
melting of DRI in an electrically heated furnace to produce iron, which is subsequently
converted to steel using existing BOF infrastructure. The usage of electricity in this novel
ironmaking process contrasts it from the smelting reduction technologies (Corex, Finex,
ITmk3) since electricity has the potential to originate from green sources, such as solar, wind,
or hydroelectric power (Wei et al., 2019), unlike non-coking coal that still generates COso.
Moreover, the electrically operated furnace is labelled as “open bath furnace (OBF)” because
it operates in open arc, or brushed arc mode, whereby the electrode is not submerged in the
burden. The OBF has the capability to take DRI products with as little as 57 - 58% Fe to
produce electric pig iron similar to the BF (Nicholas & Basirat, 2022). It can be seen that the
usage of the OBF will bring a solution to the iron ore quality limitation and will allow DRI
plants to use low grade iron ores, which are abundantly available at a relatively cheaper price.

The comparison of the OBF with the EAF in terms of iron content of the raw materials, as well
as the global production of different grades of iron ore, is shown in Figure 28.
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Figure 28: Distribution of global iron ore production and grade suitability as EAF and OBF
feed (SMS group, 2022)

Figure 28 highlights that the majority of iron ores produced globally have 58 to 65% Fe and
the OBF is very flexible in handling a wide range of iron ore grades (58 to +67%) compared
to the EAF, which can only handle iron ores with 65 to +67% Fe.

2.4.4. DRI-OBF green ironmaking process and its industrial application
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The DRI-OBF technology is part of the main topic of this study. The OBF process needs to be
optimized in order to generate products that are similar to current BF products in order to ensure
a seamless transition from the BF to the DRI-OBF technology and smooth integration of the
OBF process in the DRI-OBF-BOF steelmaking configuration. The novel OBF slag must
therefore possess similar, or better cementitious properties than the conventional BF slag in
order to be a suitable clinker substitute in cement. Likewise, the electric pig iron from the OBF
must be similar to the conventional pig iron from the BF so that it can be processed in the
existing downstream BOF steelmaking units. The DRI process is already a matured,
industrially proven, and commercially available technology worldwide, with a rising adoption
rate as shown throughout this chapter. Hence, the main focus of this study is on the novel OBF
process, particularly the modification of the OBF slag for cementitious applications.

Thyssenkrupp, a major steelmaking company in Europe, has already invested in this new
technology and the comparison of this new ironmaking route to the conventional BF route is
shown in Figure 29.
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Figure 29: Process comparison of BF and DRI-OBF ironmaking process (Thyssenkrupp,
2022)

The OBF process has been designed and manufactured by Metix (Pty) Ltd, a South African
subsidiary of the SMS Group GmbH. A semi-industrial scale furnace is being used to de-risk
the DRI-OBF technology and demonstrate its technology readiness level. Samples of slag for
this study have been sourced from the modified OBF slag produced as part of this
demonstration.

2.4.5. OBF slag modification for cement and summary of research gaps

The modification of the slag will directly affect the selection of refractory for the novel OBF
process, the slag designing process should therefore be done in consideration of the type of
refractory to be used and the potential impacts on the refractory. Blast furnace slag, in
granulated form, has proven cementitious properties as shown throughout this chapter:

48 | Page



modifying the OBF slag to a BF slag-equivalent composition is therefore seen as a good starting
point. The composition of the novel OBF slag is given in Table 10, section 4.3.

In-situ modification of the slag will have limitations due to the complex slag-metal-refractory
interactions that restrict how far the slag can be changed without affecting the overall furnace
operations. However, the extent of in-situ modification should be assessed while guided by the
furnace operational conditions (slag-metal immiscibility, energy consumption efficiency), and
the slag-refractory interactions. The extent of achievable OBF slag modification, the evaluation
of related refractory performance, and the cementitious performance of the novel slag as well
as special slag features can only be established through well-defined practical experiments.

The ideal scenario is the production of a slag with comparable cementitious properties to the
conventional BF slag, while still prioritizing the furnace operational efficiency and minimizing
the corrosion of the furnace refractory by the slag. This will allow a smooth transition from the
BF process to the OBF process since both the pig iron and the slag will be similar for these two
processes. In case the in-situ modification of the slag is met with process efficiency bottlenecks,
an alternative option will be producing a less corrosive slag in the OBF and integrating a
separate slag valorisation furnace (SVF) to subsequently valorise the slag into a cementitious
product. In this respect, the resulting slag production path will be: DRI-OBF-SVF.

This new slag modification path would increase control over the slag modification process, and
a SVF slag with improved cementitious properties compared with BF slag can potentially be
produced. This will increase the overall sustainability of the OBF route in terms of waste
valorisation and circular economy application compared to the BF route.

Due to the OBF process being a novel ironmaking process, the physical and cementitious
properties of the OBF slag are unknown at this stage. Properties of the slag and refractory go
hand in hand as shown through this chapter, and the best refractory material for the OBF
process has not been identified. In addition, the possible SVF integration into the OBF process
is a novel slag valorisation route, and the properties of the corresponding SVF slags require
study and investigation to assess their potential values in the cement industry. Finally, a study
of the environmental and economic benefits of these novel slags is also required.

These are the research gaps that this dissertation plans to address and also to add to the existing
body of knowledge within the cement and steelmaking industries.

Conclusions and future outlook of green ironmaking slags

The application of the OBF technology will increase the overall production output of DRI,
lessen the requirement of iron ore quality restriction in DRI processes, and thereby increase the
market share of low-grade iron ores, which are readily available.

The current quest for green energy and green production processes is causing declining interest
in coal-fired power plants in favour of renewable electricity, and planning for phasing out of
BF technology from the steelmaking chain with replacement by low-CO: alternative
ironmaking technologies. This will result in reduced availability of fly ash and GGBFS, which
are currently the most widely utilised SCMs in the cement industry. Materials that are most
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likely to emerge and become dominant as SCMs in the future are calcined clays and the novel
granulated OBF slag, due to their relatively lower associated CO2 emissions.

If the OBF slag has a higher COz reduction potential than BF slag, its demand from the cement
industry will increase as well. This will enable the OBF process to achieve an unprecedented
milestone by supplying a slag that can further lower CO2 emissions compared to conventional
BF slag.

The BF technology will, however, remain the dominant ironmaking technology for a number
of years until the adoption rate of the new ironmaking technologies becomes significant enough
to outweigh the BF’s dominance. The rate of adoption will be boosted significantly by
successful development of green hydrogen production, at a competitive price, that will be
profitable to the hydrogen users. This is because the application of hydrogen in this new
ironmaking route increases its environmental friendliness in terms of CO: emissions
(Thyssenkrupp, 2024).

The implementation of carbon capture, utilization and storage (CCUS) facilities will also be a
strong asset to the growth of these new technologies by further increasing their carbon
neutrality. The new pathways for green steel production as per SMS Group, (2024) include
both the DRI-EAF and the DRI-OBF technologies which are shown in Figure 30. It can be seen
that the ideal pathway for the iron and steel industries to achieve carbon neutrality is
summarized by three points:

o DRI processes: fully using green hydrogen as fuel and reductant to produce DR-grade
and BF-grade DRI products, even from low grade iron ores
EAF and OBF processes: fully using green electricity from renewable sources
CCUS facilities implementation: to capture, store and re-use any excess CO:2 gas
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The first part of this project focuses on meeting both the metallurgical and cementitious
requirements in one furnace (OBF), the corresponding slag production configuration is DRI-
OBF. The materials and methods will be covered in chapter 3, the preliminary characterizations
of the OBF slag are covered in Chapter 4, the performance of slag-cement blends are covered
in chapter 5 for mortar mixes, and in chapter 6 for paste mixes. The summary of this first part

PART I: DRI-OBF

is illustrated in Figure 31.
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DRI plant
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Open Bath Furnace: in-situ slag chemistry modification
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Anthracite
DRI pellets

Target: Blast Furnace slag equivalent
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Figure 31: DRI-OBF configuration




CHAPTER 3: MATERIALS AND METHODS

This chapter provides detailed information regarding the materials and the methods employed
to fulfil the objectives of part one of this study, which can be broadly divided into three
consecutive phases as follows:

e In-situ slag modification and production
e Slag particle size reduction and milling optimization
e Slag cement blending and cementitious properties assessment

3.1. Phase 1: In-situ slag modification

The gangue composition of the DRI selected for use was not aligned with the specifications of
a blast furnace slag composition. As a result, other materials, known as fluxes, were added
during smelting to modify the OBF slag composition so as to reach a BF slag equivalent
composition. Control of slag chemical composition was based on meeting target values for the
following ratios: CaO/SiOz; (CaO+MgO)/Si02; MgO/CaO.

The work entailed in this phase was conducted at Mintek South Africa. The following materials
and equipment were employed.

3.1.1. Directly reduced iron (DRI) pellets

Iron ore pellets of a BF grade quality (64% Fe) for use as furnace feed, were reduced at solid
state through the Midrex process under H2and CO atmospheres (Sarkar et al., 2017). These
pellets had hematite (Fe203) as the main iron mineral phase, representing 92% of the pellet
mass, and the remainder being the gangue materials. This resulted in the production of DRI
pellets with 94% iron metallization (abbreviated as Met) while the remaining 6% of Fe was
still present as wustite (FeO) along with the other gangue materials. The DRI process does not
produce any slag; however, there is a slight enrichment in terms of gangue proportion since
most of the oxygen is removed from hematite to produce solid metallic iron. The composition
of the DRI used in this study is summarised in Table 4. It should be noted that this project used
cold DRI (CDRI), fed to the furnace at = 25 °C.

Table 4: Composition of Direct Reduced Iron (DRI) in the furnace feed

Composition C Fe met | FeO | SiO2 | MgO | ALO3 | CaO | TiOz | MnO | V205 P S Total

Wt% 25 | 83,94 | 661 | 425 | 1,03| 031 052 0,152 | 0,127 | 0,132 | 0,04 | 0,016 | 99,63

A brief and typical description of reduction in the DRI process is illustrated in Figure 32.
However, it should be noted that this is not a complete representation since Fe3sC along with
other complex phases also form during the DRI process.
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Figure 32: Typical representation of reduction during the DRI process

An illustration of the DRI pellets used in this study is shown in Figure 33.

Figure 33: DRI pellets used in this study

3.1.2. Fluxes

Fluxing materials play a very important role in conditioning and modifying the behaviour of
the slag. These materials react with the gangue components of the DRI to form low melting-
point compounds that can easily be separated from the liquid metal at lower processing
temperature, thereby saving energy. Moreover, the amount and the types of fluxes used depend
upon the gangue composition of the DRI, the required final slag composition, as well as the

key performance indicators of the furnace operations. The fluxes used in the smelting campaign
of this study were:

Bauxite to supplement the Al2O3 content

Burnt lime to control the CaO content

Burnt dolomite to adjust the MgO and CaO content of the slag
Quartzite to control the SiO2 content of the slag
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The main goal of fluxes addition was to obtain a slag with BF equivalent composition. Table 5
summarizes the compositions of all the fluxing materials.

Table 5: Composition of fluxes used in the furnace feed

FLUXES (%) | MgO | ALOs3 SiO2 CaO TiO2 MnO Fe203 SOs CO: Total
Burnt dolomite | 37,49 | 031 152 | 52,48 0,08 1,57 128 | 005| 403 988l
Burnt lime | 0,97 0,48 0,93 92,60 0,08 0,95 0,74 0,10 2,28 99,13
Bauxite | 0,76 | 81,75 6,42 0,16 3,37 0,06 5,18 0,00 0,00 97,70

Quartz | 0,08 1,14 93,23 0,07 0,08 0,06 0,72 0,00 0,00 95,38

3.1.3. Anthracite — used as a reductant

As previously mentioned, the DRI pellets were 94% metallized. In order to achieve complete
reduction of the remaining FeO to metallic Fe, anthracite was added, and this reduction occurs
at liquid state as opposed to the DRI process where solid-state reduction takes place. Table 6
contains the ash composition together with the proximate analysis of the anthracite used in this
study, and the corresponding caloric value was 29.71 MJ/kg.

Table 6: Anthracite composition

Combined
Anthracite (%) |C 78,80 78,80
H 2,18 2,18
S 1,99 1,99
N 1,83 1,83
0] 0,22 0,22
Ash 11,90
Moisture 3,00 3,00
Total 99,92
Ash (%) S0, 47,00 5,59
Al0, 35,40 4,21
Fe,0; 7.91 0,94
Ca0 2,18 0,26
MgO 0,82 0,10
K0 1,73 0,21
Na,O 1,47 0,17
P.Os 0,87 0,10
TO, 1,45 017
0, 1,09 0,13
Total 99,92 99,91

3.1.4. Open Bath Furnace

The smelting tasks of this study were carried out in a 1 MW DC arc furnace designed and
constructed by Metix (Pty) Ltd at Mintek South Africa. The furnace was set up to operate in
an open arc mode, where arcing occurs above a molten bath as opposed to the well-known
submerged arc mode where arcing occurs within the slag bath for slag foaming practices. This
novel furnace has therefore been named as “Open Bath Furnace” (OBF) and the resulting slag
is labelled similarly as “Open Bath Furnace Slag”. The pilot-scale OBF prototype was a one-
electrode circular furnace, using electrical energy, in contrast to conventional blast furnaces
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that operate on fossil fuel energy resulting in excessive emissions of COz coupled with adverse
environmental impacts. The use of electric energy, however, has the potential for utilisation of
greener sources in line with the current global transition towards greener energy.

The smelting process objectives were to:

Melt the metallized Fe in the DRI pellets
Reduce the remaining FeO to metallic Fe with the addition of anthracite (reductant)
Modify the molten slag composition

Separate the molten slag from the hot metal

A limited volume of slag was produced, relative to the volume of the hot metal, since the DRI
typically contains less than 15% of gangue materials. This led to a very low slag to metal ratio,
making the control of the slag properties more difficult. Consequently, a greater quantity of
fluxing materials was utilised to effectively manage the properties of the slag. This proved to
be one of several challenges that were overcome during the smelting campaign, and the semi-
industrial experience of this novel ironmaking route (DRI-OBF) provided a learning
opportunity extending beyond the scope of this study.

From a process and equipment perspective, for Metix, the overall purpose of the campaign was
mainly to de-risk this novel iron processing route as well as to assess its industrial stability and
viability. Key factors in the success of the campaign were the innovative pyrometallurgical
approach and the skills displayed in furnace operation. Overall, a total of 150 slags and hot
metals was tapped during the smelting campaign.

In parallel with the test campaign, the first full scale industrial implementation of this novel
technology has commenced at Thyssenkrupp Steel Europe (TkSE), where two major 100 MW
OBFs are currently being constructed. These are scheduled to replace two existing BFs by
2026, and this programme will continue until all the remaining BFs are replaced by 2030 as
per TKSE’s decarbonisation plans (Thyssenkrupp Steel Europe).

The Open bath furnace and slag tapping are shown in Figure 34.
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Figure 34: Open bath furnace and slag tapping

3.1.5.Slag Granulation

The granulation process was done after the tapping of the molten slag. Around 75 slag taps
were granulated, and at each slag tap, up to 5 scoops (approximately 1 kg) of the molten slag
were quenched in a small wet granulation unit that was installed next to the OBF. The
granulation unit was a circular tank fitted with spray water pipes and valves to control the flow
rate of the water jets. The molten slag was poured into a conical receiver, stationed above the
tank, which controlled the flow rate of the molten slag. From the cone outlet, the controlled
molten slag dropped at the intersection of water jets, resulting in rapid cooling and the
formation of brittle, glassy solid particles in the form of granulated OBF slag (GOBFS).

This is aligned with the conventional process for granulating blast furnace slag and which is
known to improve the reactivity of the slag in comparison with slow air cooling of the slag (Pal
et al., 2003). It should be noted that the efficiency of the granulation process is dictated by the
degree of vitrification as compared to crystallisation, which takes place when the molten slag
is cooled slowly in air (Tripathy et al., 2020). The granulation process and setup are depicted
in Figure 35.
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Figure 35: The granulation process

The physical appearance of samples of granulated OBF slags is shown in Figure 36.

Figure 36: Wet granulated OBF slag (GOBFS)

3.1.6. Slag Drying

The wet granulated OBF slag samples were dried in an oven dryer at 120°C to remove the
adsorbed and unbound water from the slag particles. This made the milling, and further
handling process of the slag easier by eliminating particle agglomeration. All of the 75 GOBFS
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samples were dried individually. The drying oven along with a dried GOBFS sample are shown
in Figure 37.

Figure 37: Drying oven and dried GOBFS sample

3.1.7.Sample collection and characterization

The chemical composition of each slag tap was determined using inductively coupled plasma-
optical emission spectroscopy (ICP-OES). From the 75 GOBFS samples, only 30 samples met
the chemical composition requirement of a BF-equivalent slag composition. Three ratios were
used as criteria to classify the slag taps as follows:

e (Ca0/SiO2 should be in the 1.05 to 1.25 range
e Basicity (CaO+MgO)/Si0O:z should be greater than 1.3
o MgO/CaO should be in a range of 0.17 to 0.18

The chosen slag taps had to meet at least two of these selection criteria, and 30 samples were
therefore categorized as GOBFS according to these specifications. The remaining 45 GOBFS
samples did not fully meet the composition requirements and were categorized as off-spec
GOBFS samples. The compositions of the 30 on-spec GOBFS samples are set out in Table 7,
arranged in order of meeting the basicity and the MgO/CaO requirements.
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Table 7: On specs GOBFS taps composition

132] 966] 10,00 353 392 180[ 009175  1111] 1.385]  0.246
85 8.15] 1525 349 397 069 009o42]  1.138] 1371 0,205
144] 752 9.96 355 423 1.45] 009l2e9] 1,193 1.405] 0178
63] 833 1150 349 430 084 009looo]  1232] 1471 0.194
65] 840  11.70 36.8 417  092] 0o9loool 1.133] 1361 0,201
66| 8.15] 1160 357 413 097] oo9looo]l 1157 1285 0197
so] 839 1110 36,0 426  097] 009loool  1.184] 1417 0197
gl 8.77] 1100 35,0 433 100[ oo09los] 1237 1483 0202
04/ 871 1085 359 430 o067] 009los1| 1201 1444 0202
95] 8.30] 1020 353 423 o0s0[ 009lo3s] 1197 1432 019
100] 8.98] 10,10 36.2 421] o090 o0o09lo46] 1164] 1412 0213
75] 950 1154 357 404 100] oo9l112]  1132] 1401 0.237
78] 9.77] 1055 36,0 4150 101] oo9losol 1155 1427] 0235
102 9.73] 1080 375 414 0097] 009015 1105] 1384 0235
58| 8,33 064 35.2 424 100] o009logo]l 1204 1440 0197
101] 9.58 9,69 36.3 408  100[ 009045  1125] 1389 0235
104] 8.77 9,66 35.1 437 097] 009032 1245 1495 0201
134] 852 967 362 419 1.74] o0o09lo44] 1159 1394 0203
131] 7,74 9,54 36.4 445  1.27] 009049  1224] 1436] 0174
115] 669] 1120 357 425 069 009losd] 1190 1277] 0158
126] 7.77] 10,00 355 441 167] 009030  1242] 1481 0.176
127] 7.78] 1060 349 441 196] oo09lo41] 1263 1488 0177
128] 7.79] 10,10 352 441] 205 oo9lo3s] 1251 1473 0477
129] 7.46] 1020 36.8 425 202] 009lo40] 1155 1357 0176
120] 7.84] 1045 374 416 163 o009lo42] 1113 1323  o0.189
138 7.51 9.84 364 444 043[ oo09loos]l  1220] 1426]  0.169
140] 7.48] 10,90 358 439]  063] 0o09(o018] 1227 1.438] 0170
142| 762] 1030 345 428 150] oo9looo]  1235] 14s8] 0179
143 754 1020 36,1 422 18] o09los4| 1170 12379 0178
145] 765] 10,90 377 425 167] 009002l 1127] 1330  0.180

As can be seen in Table 7, all the selected slag-tap samples met the basicity and CaO/SiOz ratio
requirements as highlighted in light green colour. However, only a few highlighted tap samples
met the defined MgO/CaO ratio requirement for BF slag composition.

3.1.8. Blending of granulated OBF slag taps

The average mass of each selected GOBFS sample was about 1 kg, which was not sufficient
for the required slag cement testing. Based on the similarity of some of the slag compositions
as well as smelting conditions, some of the individual GOBFS samples were combined and
blended as composite samples to increase the total mass available for milling and cement tests.
The selection of samples for combination was done using the difference in MgO/CaO ratio.
This resulted in two composite samples of more than 10 kg each, one with higher MgO levels
labelled GOBFS1 and the other with lower MgO levels labelled GOBFS2 as shown in Figure
38. It should be noted that GOBFS samples that contained the highest Al2O3, the highest MgO,
as well as the least MgO were not blended: they were, however, classified as a group of
Outliers. These three samples namely, Tap 85, Tap 132, and Tap 144 as highlighted in red in
Table 7 were evaluated separately (only for reactivity and setting time tests) as will be
elaborated further in phase 3 of this chapter.
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Figure 38: Blending of GOBFS taps

The Phase 1 flowsheet summary in Figure 39 illustrates the origins and processing of the three
outliers (Taps 85, 132 and 144), the composite samples, GOBFS1 and GOBFS2, and the two
industrial granulated BF slag samples, Thyssenkrupp Steel Europe (TkSE) and ArcelorMittal
South Africa (AMSA). In addition, two samples from the air-cooled slag (AOBFS1 and
AOBFS2) were also selected for analysis of the difference in morphology between granulated
and air-cooled samples of the novel slag. AOBFS1 was taken from the top of the air-cooled
slag ladle and AOBFS2 was taken from the bottom, expected to have cooled relatively slower.
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Figure 39: Flowsheet summary of phase 1 and sample collection

3.2. Phase 2: Milling optimization and slag size reduction

The processing of the slag by fine grinding was done with the intention to assess the potential
valorisation of the novel OBF slag as a supplementary cementitious material (SCM). Tests of
cementitious properties require really fine particle sizes for activation of granulated slag,
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similar to or even finer than the particle size of Portland cement. The particle size distribution
of the dried granulated OBF slag was coarser than the commercial BF slag samples (TkSE and
AMSA) with 40 — 50% finer than 1000 pm as illustrated in Figure 41. In addition, the

granulated OBF slag is a novel material with unknown milling properties and SCM behaviours.

The identification of the minimum required target fineness of GBFS (m%*/kg) when used as a
supplementary cementitious material has been discussed in the Literature Review (He et al.,
2022) together with the correlation between fineness and PSD. The milling of the granulated
OBF slag samples was conducted in the Mineral Processing Laboratory at the School of
Chemical and Metallurgical Engineering. Taking account of the minimum fineness of 275
m?/kg for milled GBFS (as specified in SANS 55167-1:2011) and using the particle size vs
m?/kg data from He et al (2022), the particle size distribution targets for laboratory mill
operation were defined as 100% passing 90um and 75% passing 45um. It was considered
essential to avoid over-grinding the OBF slag in order to conduct tests of cementitious
properties at a fineness level which would permit realistic commercial evaluation.

3.2.1.Feed PSD

The particle size distribution (PSD) of the feed materials is a very important parameter in any
size reduction process, as it helps determine the amount of energy as well as the type of
equipment that can adequately handle the size of the feed (Hlabangana et al., 2018; Khumalo
et al., 2006). All the selected samples for this study were screened using bigger laboratory
screens of about 45 cm in diameter. The stacked set of screens set up for automatic shaking is
illustrated in Figure 40.

Screening equipment &
procedure

Bulk Screening: granulated slag PSD

Screen diameter (45 cm)

Screen mesh sizes used (6700, 3350,
2360, 1700, 422, 212, 106 um)

Screening time: 15 minutes

Test Screening: milled slag PSD

Screen diameter (20 mm)

Screen mesh sizes used (212, 180, 125,
90, 75, 63, 45 um)

Screening time (15 minutes)

Figure 40: Screening process setup
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The PSD curves of the feed slags along with their bulk densities are highlighted in Figure 41.
It should be noted that the bulk density was measured using a plastic measuring cylinder by
recording the weight and volume occupied by each slag sample. This was done just to get an
indication of the density since the packing requirement was not taken into account.

Feed PSD Curves
120,00
~®-Metix (GOBFS1)= 1225 kg/mn3
—&—Metix (GOBFS2)= 1306 kg/mn3
100,00 .
-#-ArcelorMittal= 1315 kg/m~3
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— 80,00
=
="}
£
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o
[
2
5
& 40,00
=1
£
=
o
20,00
0,00
10 100 1000 10000
Screen size (um)
Figure 41: Slag Feed PSD curves with bulk density
3.2.2. Equipment

From the feed PSD and the target fineness of the product (100% passing 90 pm and 75%
passing 45 pum), a ball mill was the best suited type of mill that can fulfil such a task on a
laboratory scale from the equipment available at the Mineral Processing Laboratory (Wits). It
should be noted that ball mills are used even on industrial scale for size reduction of
cementitious materials together with vertical roller mills, with the latter described as more
energy efficient (Tamashige et al., 1991). However, ball milling technology is still widely used
by the cement industry owing to its simplicity of operations, and comparatively lower
investment cost (Xu et al., 2015). In this study, an Eriez Macsalab roller-driven, single chamber
ball mill was used as per Figure 42.
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Figure 42: Milling equipment and ball load

3.2.3.Ball load distribution

The composition of the mill grinding media is generally customized based on the hardness and
PSD of the feed materials as well as the intended fineness of the milled products. The size of
the spherical steel ball is commonly measured using the diameter. Steel balls with bigger
diameters will ideally induce more impact on bigger particles, leading to the quick breakage of
bigger particles but with less impact zone, especially for smaller particles, due to the higher
proportion of voids that is created by bigger steel balls. Likewise, smaller diameter steel balls
will break smaller particles and have more impact zone, however, they cannot break bigger
particles due to their relatively lower weight (Kabezya and Motjotji, 2015). Hence, a balanced
charge with a range of ball sizes is generally preferred during milling in order to reduce the
size of both bigger and smaller particles simultaneously and efficiently. In this study, in order
to obtain the optimal ball charge composition, the milling speed, and the slag load were kept
constant while the ball load composition was changed as per Figure 43. It should be noted that
to avoid wasting the limited quantity of on-spec GOBFS samples, the 45 off-spec GOBFS
samples were used for all the milling optimization tasks since they are expected to have similar
milling properties to the on-spec GOBFS.
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Figure 43: Ball charge changes during optimization

3.2.4. Mill setup and feed load adjustment

The milling setup was also changed as part of the optimization process, in the following steps:

1. Single mill operation: one bigger mill (BM) with a chamber volume of 10 litres (30 x

20 cm)

ii.  Two mills operating in series: one BM followed by a smaller mill (SM) with a chamber
volume of 5 litres (20 x 15 cm)

11l
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For the operation of two mills in series, the slag feed was first ground in the BM. After the
required milling time, the milled slag was removed and transferred to the SM for the final
grinding stage.

The BM could take a feed material load up to 2 kg maximum while the SM could take up to 1
kg maximum. The ball charge occupied 50% of the mill volume while the slag charge occupied
25% and the remaining 25% was left free to allow sufficient movement and interaction between
the grinding media and the slag feed for effective grinding. It was observed that either
increasing or decreasing the slag load from the 2 kg led to poor milling performance regardless
of the milling time and speed. This is because any change in the feed charge weight directly
affects the effective interaction between the milling media and feed material, ultimately
affecting the milling performance. Furthermore, the decision to run BMs in parallel was taken
in order to increase the throughput to 4 kg per run, and also because the BM and SM generated
products with relatively similar PSDs. Moreover, having two milling units operating in parallel
decreased the required milling time by 50% compared to either single mill operation (one BM),
or two mills operating in series (one BM + one SM). The change in mill setup is depicted in
Figure 44.

Setup 1: Milling optimization Setup 2: Milling optimization

Ball load
composifion

Milling time

Milling speed

Feed and Ball load
volume proportion

S s Yy [ i e Syt i e ] s

Target: 100% (-90 microns)

Target: 100% -90 pm and 80% -45 um

Figure 44: Change in mill setup during optimization

The final ball load composition along with the final mill setup are shown in Figure 45.
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Final ball load composition Final setup: Milling optimization

| Ball charge final 50% fill ]
Size (mm) Weight (g)] % | No of balls| |
| 40| 2225 92 9|l
| 35 2186 9,1 13|
| 30 7770 323 73|
| 25 3604/ 150 61)|
[ 20 4028 167 100 |
| 15 857, 3.6 84 |
| 10 3410] 142 170 |
|[Total 24080 100 510
(versas weight b | __a72]
Mill pot inner dimensions
|[MACSALAB 10 litre mill 1
|| Diameter (cm) 20/l
|[Length (cm) 32|

Target: 100% -90 um and 80% -45 um

Figure 45: Final milling setup and ball charge composition

3.2.5. Optimal milling time and speed

After the milling setup, the ball charge composition, as well as the slag load weight were
optimized. The effect of time and speed were also evaluated in order to improve the milling
performance. The main observation as per Figure 46. was that the milling time could be
decreased by increasing the milling speed. However, a further increment in the milling speed
past an indicated optimum level is expected to limit the interaction between the slag particles
and the grinding media thereby decreasing the milling performance.
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Figure 46: Effect of milling time and speed

The main goals of the milling tests were to reduce the milling time and increase the production
capacity, while maintaining the required fineness. The setup of 2 BM in parallel alleviated the
capacity problem. With the aim of minimizing the overall milling time for processing the
granulated slag samples, 68 rpm was established as the optimal speed that can yield the target
fineness of 99.9% passing 90 pum and 80% passing 45 pm in just 3h, as shown by the results
in Figure 46. The milling time could, however, be extended to 3h30 in order to accommodate
variability in the slag taps’ properties. An increase in mill rotation speed had a significant
impact on the finer particles, as indicated by the increase from 16% to 84% cumulative passing
at 45 pm, for 180 mins milling time, following a speed change from 28 rpm to 68 rpm. The
impact of speed on the milling performance has further been highlighted in Figure 47.
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Figure 47: Close-up look on the impact of speed

As shown in Figure 47, the milling speed of 74 rpm displayed poor results compared to the 68
rpm speed. For instance, on the 45 um screen, 84% passing was observed at 68 rpm as opposed
to the 79% passing at 74 rpm. This may be due to less impactful attrition as the fast speed keeps
the balls into suspension, thereby preventing gravity from having its full effect during attrition
and abrasion as per the breakage mechanisms that occur during milling (Hogg, 1999; Parapari
et al., 2020). The balls in these laboratory mills is in oscillation and rolling motions as
compared to the rotational motion (lifting and cataracting) that is observed in industrial mills;
hence, compression and impact breakage mechanisms are less dominant in these laboratory
mills without internal lifter bars.

This effect is more noticeable, especially in the finer fractions demonstrating how the higher
speed begins to slightly limit the interaction between the balls and the particles as they get finer
in size. Moreover, the milling experimental results were further run using response surface
methodology (RSM) tools in order to approximate predictions of optimal milling speed and
time, and also to further confirm the impact of higher speed. The results obtained from RSM
tools are summarized in Figure 48.
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Pareto Chart of the Standardized Effects
(response is % Cumulative passing 90 microns, o = 0.05)
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Figure 48: RSM optimization results

The pareto charts display the input factor that has the most impact on the given response (ref).
As per Figure 48, for 90 pm, it is the time whereas for the ultrafine particles (45 pum), it is the
speed. This implies that the 90 um target can be reached simply by prolonging the milling time
at the same speed, while to achieve the 45 pm target, the speed needs to be adjusted for a given
duration. Therefore, the change in milling speed has more impact on the size reduction of
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particles under 45 um in size, whereas for particles under 90 pm, the milling time has the
greatest influence.

The surface plots highlight the maximum values for the different responses, which can be seen
in the lighter coloured zones. If the aim is to maximize the response value, these lighter
coloured areas represent the optimal condition zones. As per Figure.... from both the -90 pm
and -45 um surface plots, the conditions for maximization are around 68-70 rpm and 180-240
minutes. However, in the same Figure 48, the contour plots highlight that any further increase
in speed from 68 rpm will start deteriorating the milling performance, and this affirms what
has been discussed in Figure 47.

As per the statistically predicted milling conditions in Figure 48, a milling time of 187 minutes
at 58 rpm of milling speed is sufficient to achieve the target fineness, which are close to the
manually suggested milling conditions of 3h30 at 68 rpm for the accommodation of
variabilities among the different slag taps. Therefore, the selected conditions for milling
experiments were 3h30 at 68 rpm.

This optimization process enabled the duration of this phase to be reduced from 16 working
days to 8 working days, for milling 30 kg of on-spec GOBFS samples on a 4 kg per run basis.
Moreover, it has provided insightful information regarding the milling of this novel slag on a
laboratory scale. However, the expected milling behaviour would differ on an industrial scale
since the milling mechanisms are different, depending on the type of mill used: ball mill or
vertical roller mill. For a ball mill application, other applicable parameters such as the number
of compartments, and the use of classifying liners, for example, become important
(Muanpaopong et al., 2022).

It should be noted that the five slag samples from Metix (GOBFS1, GOBFS2, Tap85, Tap132,
Tap144) along with the slag supplied by Thyssenkrupp Steel Europe (TkSE) were all milled at
these selected optimal conditions in the Mineral Processing Laboratory at Wits University. On
the other hand, the slag supplied by ArcelorMittal South Africa (AMSA) was milled using an
industrial ball mill at Afrimat. Table 8 summarizes the different slag samples that will be used
as supplementary cementitious materials (SCMs) in the following phase 3 of this chapter.

Table 8: Summary of milled granulated slag samples for phase 3

Slag sample type | Amount (kg) Milling location
GOBFS1 10 Wits

GOBFS2 14 Wits

TkSE 10 Wits

AMSA 10 Afrimat

Tap 85 1 Wits

Tap 132 1 Wits

Tap 144 1 Wits
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Two air cooled slag samples were also taken from one ladle (Tap 138), one sample, labelled
AOBFSI1 was taken from the top of the ladle, and the other labelled, AOBFS2 was taken from
the bottom of the ladle. The air-cooled samples were taken in order to evaluate the efficiency
of the granulation process and identify the possible crystalline phases that formed.

3.3. Phase 3: Cementitious properties assessment

This phase comprises all the tests that were conducted to evaluate the performance of the novel
OBF slag as a supplementary cementitious material (SCM). Three types of specimens were
cast in this slag cement testing campaign:

Mortar cubes for compressive strength evaluation,

Mortar prisms for drying shrinkage evaluation,

Cement paste discs for thermogravimetric, morphology, and phase formation
assessments at different aging intervals.

Three additional tests, namely R® reactivity test (Rapid, Reliable and Relevant test), workability
(flow test), and setting time were also conducted to further evaluate the cementitious
performance of the OBF slag and the industrial BF slags.

3.3.1. Additional materials
3.3.1.1. Portland cement

The reference Portland cement used in this study for the cementitious tests is the high early
strength AfriSam 52.5R Rapid Hard Cement.

3.3.1.2. Standard sand

Unlike concrete tests that generally incorporate aggregates from different sources, mortar tests
make use of only a standard sand that is manufactured in France. This makes the reproducibility
of the results more precise on a global basis. The standard sand used in this study together with
the reference cement are shown in Figure 49.
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Figure 49: Sand used for mortar mixes

3.3.2.Slag-cement mix design

The cementitious performance was assessed by blending the two samples of the novel slag
(GOBFS1 and GOBFS2) with Portland cement in various cement/slag proportions as per Table
9. The same blending ratios were used with the two industrial BF slags in order to observe
performance of the novel slag in comparison to the conventional BF slags. The mixing
proportions fall within CEM II, and CEM III/A international standards for blast furnace slag

cement (SANS 50197-1:2013).

Table 9: Mixing proportion of cementitious materials

Mix label Mix proportion Abbreviation of mixing materials

M1 100 PC

M2 50/50 PC/GOBFSI1

M3 50/50 PC/GOBFS2 AfriSam 52.5 R (Reference Cement) = PC
M4 50/50 PC/TKSE

M5 50/50 PC/AMSA Metix 1 — OBF Slag = GOBFS1
M6 85/15 PC/GOBFSI1

M7 85/15 PC/GOBFS2 Metix 2 — OBF Slag = GOBFS2
M8 85/15 PC/TKSE

M9 85/15 PC/AMSA Thyssenkrupp - BF Slag = TKSE
M10 70/30 PC/GOBFSI1
M1l 70/30 PC/GOBFS2 ArcelorMittal — BF Slag = AMSA
M12 70/30 PC/TKSE
M13 70/30 PC/AMSA

3.3.3. Preliminary tests of cement and slags
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3.3.3.1. Fineness (specific surface area)
The specific surface area, or fineness was measured using two methods:

e Blaine fineness test: It is the conventional measurement of fineness in the cement
industry. It applies the air permeability method by passing a flow of air through a
compacted bed of cement or another ground material. The equipment is usually
calibrated using a material of known Blaine fineness, known as the NIST Standard
Reference Material No. 114. Then, subsequent values are calculated based on the value
of the calibrated materials (ASTM C204-23). The Blaine fineness tests of the reference
cement and slags of this study were conducted and computed at Afrimat South Africa.

e BET test: The Brunauer, Emmett and Teller (BET) method involves the adsorption of
Nitrogen gas on the surface of the solid. This technique calculates the amount of gas
adsorbed, corresponding to a monomolecular layer on the surface. Unlike the Blaine
fineness, it does not make assumptions about the shape of the particles. A procedure
known as outgassing is essential prior to the BET test and the BET values reporting
procedure is described in the study (Sing, 1985).

3.3.3.2. PSD measurement

The particle size distribution of all the cementitious materials were measured using a Malvern
Panalytical Mastersizer 2000 particle size analyser.

3.3.3.3. Chemical and mineralogical characterization

The chemical compositions of the milled slag samples were analysed using inductively coupled
plasma-optical emission spectroscopy (ICP-OES) while the total sulphur was determined using
LECO combustion infrared analyser. The mineralogical characterizations were performed
using X-ray diffraction (XRD). Furthermore, the morphology of the air-cooled and granulated
OBF slags were determined using scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS).

3.3.3.4. Glass count

The glass count was determined by microscopic analysis at AfriSam South Africa, a point
counting method was used to approximated the proportion of glassy, or amorphous phases.
This involves preparing a polished sample, observing it under a microscope with a refractive
index liquid, and identifying and counting the glassy, crystalline, and opaque phases.

Blended slag-cement mortar tests
3.3.4. Workability (flow test)

3.3.4.1. Sample preparation

The workability tests were conducted according to ASTM/C1437-20 to determine the flow of
the reference Portland cement and blended slag cement mortars. The flow test experiments of
this study were carried out on a flow table complying with the ASTM C230M - 20
specifications. Firstly, the flow table and mould were thoroughly cleaned, wiped, and allowed
to dry. Then, the flow mould with top and bottom diameters of 70mm and 100mm respectively)
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was placed at the centre of the flow table (with a diameter of 255mm). Each mix for workability
tests, was composed of 165 g cement/blended slag cement, 495 g standard sand, and 83 g water.
In this way the ratio of 1 cement, 3 sands, and 0.5 water was maintained as per the mixing table
in Figure 51. After the mortar sample was thoroughly mixed for 3 minutes, the first layer of
mortar, of about 400 g, was placed in the mould and tamped 20 times to allow uniform filling.
Thereafter, the mould was completely filled with the second layer of mortar and tamped again
20 times using a metallic tamper. Then, the mortar at the top of the mould was struck off to
create a flat surface parallel to the top of the mould. Any water around the bottom edge of the
mould was wiped off, and then the mould was lifted off 1 minute after completing the mixing.
The flow table was promptly dropped 25 times in 15s. The flow table and mould along with
the sample after dropping the table are shown in Figure 50.

3.3.4.2.Measurement

After the flow table was dropped 25 times, 4 diameter readings were taken using the scribed
lines on the flow table. Priorities were given to the longest observed diameters first. Then, the
average of the measured diameter was calculated and the percentage difference between the
measured average flow and the bottom diameter of the mould was also calculated as per the
formula in Equation 4.

iy Measured average diameter—Bottom mould diameter
Workability (%) = g * 100 4)

Bottom mould diameter

The workability (flow measurement) test procedure along with the mixing table is summarized
in Figure 51.
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[ Mixing done as per this mix table }
Flow table Mix . Mass (g)
preparation preparation Mix No
—_ No MIX 1D PC Each Standard Water Diameters
Slag Sand

_— A 1 100 PC 165 - 495 83 4

1st layer Mould 1st
tamping | layer filling 2 50GOBFS1 = 140 25 495 83 4
3 50GOBFS2 140 25 495 83 4
I 4 50TKSE 140 25 495 83 4
2nd layer 2nd layer 5 50AMSA 140 25 495 83 4
idolibiomsd. )] mping 6  15GOBFS1 116 | 50 495 83 4
T 15GOBFS2 116 50 495 83 4

A

8 15TKSE 1186 50 495 83 4

Mould Top surface
removal levelling 9 15AMSA 116 50 495 83 4
10 30GOBFS1 83 83 495 83 4
§ " 1 30GOBFS2 83 83 495 83 4

25 table drops 4 diameters
in 15 seconds recording 12 30TKSE 83 83 495 83 4
‘—, 13 30AMSA 83 83 495 83 4
Mortar removal and Repeat Total 52

procedure for the next mix

Figure 51: workability test procedure along and mixing table

3.3.5. Compressive strength
3.3.5.1. Casting

The mix design was adopted according to SANS 55167-1:2011 and BS EN 196:2016 standards,
and compressive strength tests were performed on mortar cubes of dimensions 50x50x50 mm
cubes. The mortar mix was cast into cube moulds assembled on two steel frames, each holding
a set of 16 moulds. After assembling the moulds, a single layer of motor oil was applied to the
internal surfaces of each mould in order to lubricate and facilitate the demoulding of the mortar
cube specimens.

The mixing was done manually in a mixing bowl, with each mix consisting of 1 part of cement
(blended cement), 0.5 part of water, and 3 parts of standard sand. The total mix amount was
calculated at 110% in order to accommodate some wastage. For blended cement (slag +
cement), the slag and cement were weighed separately and then mixed for 5 minutes, then the
standard sand was added to the batch and mixed again for 5 minutes until a homogeneous
mixture was obtained. Lastly, water was added and the resulting mortar was mixed again for
an additional 5 minutes. Thereafter, the mortar was transferred into the 32 prepared moulds on
the two steel frames. The frames with the mould sets were then placed on a vibrating table and
the mortar cube specimens were vibrated to remove the air bubbles and allow homogeneous
filling. The vibration process was repeated until the moulds were fully filled with mortar and,
and there were no signs of significant air bubbles formation. The mortar at the top of the mould
was then struck off to create a flat surface parallel to the top of the mould.

The mould sets were then removed from the vibrating table and covered with a plastic sheet
for 24 hours of initial curing at the controlled laboratory temperature (23 + 2°C). This allows
setting of the mortar cube specimens prior to demoulding. This procedure was repeated for all
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13 mixes (M1 — M13), and a total of 412 mortar specimens were cast. The steel moulds along
with a picture of specimens after 24 hours of hardening are shown in Figure 52.

Figure 52: Casting process of cube specimens

3.3.5.2.Curing and strength measurement

After the 24 hours of setting and hardening, the specimens were demoulded, labelled, and
placed in a water curing tank held at 23 £2 °C. Compressive strength tests were conducted at
the following aging intervals: 2, 7, 28, 56, 84, 112, 140, and 168 days of curing. The
compressive strength of 4 specimens was determined at each aging interval for every mix, and
the average value was considered as the compressive strength for that age. The measurement
was done as per ASTM C109-23 using stress testing, which is a destructive test that measures
how strong a material is when compressed. The mortar cube specimens were placed under
increasing compressive load until they broke, with the force (measured in kN) applied at a
constant loading rate (40 kN/min). The compressive strength (expressed in MPa) was
calculated using the mortar cube cross-section area. Figure 53 illustrates a mortar cube before
and after completion of strength testing. The water curing tank, with mortar test cubes in the
foreground, and the compressive strength testing equipment are shown in Figure 54.

Figure 53: Images of cube specimen before and after strength testing
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The cube casting procedure is also schematically represented Figure 55 together with the
amount of each mixing material.

Mixing done as per this mix table |
Mould Mix Mass (9)
mounting preparation Mix ; No
No Mix ID PC Each  Standard .. = cubes
Slag Sand
1 100 PC 2578 - 7734 1289 32
b A + . . : 4
Mould mix ] 2 | 50GOBFS1 | 1289 | 1289 7734 1289 32
Vibrati Mould filling i i 1
IRIALON. 3  50GOBFS2 | 1289 | 1289 7734 1289 32
4 50TKSE 1289 1289 7734 1289 32
! 5 50AMSA 1289 1289 7734 1289 32
24h Setting/ Demoulding 6 | 15GOBFS1 | 2191 387 7734 1289 32
hardening
e—— i 15GOBFS2 2191 387 7734 1289 32
8 15TKSE 2191 387 7734 1289 32
Y 4 4 4 4 4
Continusis 9 15AMSA 2191 387 7734 1289 32
watercuring| | 19 | 30GOBFS1 | 1805 | 773 7734 1289 32
Strength testing 11 30GOBFS2 1805 773 7734 1289 32
for 4 cubes at r T i T
12 30TKSE 1805 773 7734 1289 32
2,7,28,56,84,112, 140,168 13 30AMSA 1805 773 7734 1289 32
days of water curing Total [ [ ‘ 416

Figure 55: Mortar cube mixes and casting process

3.3.6. Drying shrinkage
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3.3.6.1. Casting

The casting of mortar prisms, and drying shrinkage determination were done as per
ASTM/C596 —23. Mortar prisms with dimensions 40x40x160mm were prepared for the drying
shrinkage tests. The casting procedure of the prisms was identical to the procedure used for
mortar cubes, from mixture preparation to vibration of specimens. However, after vibrating the
mortar prisms for compaction, the specimens were covered with a plastic sheet for an extended
time of 48h to allow for sufficient hardening and to facilitate the handling after demoulding.
The prisms casting moulds were mounted on two steel plates, each comprising 8 moulds. A
total of 39 mortar prisms were cast, with 3 specimens produced per mix, for all 13 mixes. An
illustration of the casting moulds together with some demoulded prism specimens is shown in
Figure 56.

Figure 56: Casting moulds and prism specimens

3.3.6.2.Curing and drying shrinkage measurement

After demoulding, the prisms specimens were marked and then placed directly in the water
curing tank held at 23 £2 °C. After a 24-hours curing period, the specimens were removed from
the curing tank and wiped off to remove moisture. Thereafter, 4 steel targets were attached on
both sides of each prism specimen, with 2 targets on opposite faces (bigger area sides). The
attachment of the steel targets was done using a specialized glue, and all the targets were
separated by a distance of 100 mm. The specimens with attached targets were stored on
specimen holders in a curing room with a controlled room temperature of 23 +2 °C. The first
measurement of shrinkage was taken right after the targets were fully glued to the specimens.
Two measurements were taken per prism, with 6 measurements per mix. For 13 mixes, a total
of 78 measurements were taken at each measurement time. Measurements were completed at
the following aging intervals in the curing room: 0, 1, 2, 3, 4, 5, 6, 13, 20, 27, and 55 days.
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A DEMEC mechanical strain gauge was used for the drying shrinkage measurements. It was
developed as a reliable and accurate way of taking strain measurements at different points on
a structure using a single instrument (Mayes Group, UK). In this study, the gauge length was
100 mm, and 1 division on the dial gauge corresponded to 16 micro-strains. Moreover, the
reference reading was 943 divisions, and this value remained constant throughout the entire
test procedure, demonstrating the accuracy of the measurements taken.

An illustration of the Mayes drying shrinkage measurement equipment together with the prism
specimens in the curing room is shown in Figure 57.

Figure 57: Mayes DEMEC measuring instrument set and prism specimens in the curing
room

A block flow diagram of the casting and curing of prism specimens together with the mixing
table is shown in Figure 58.
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Mixing done as per this mix table |
Mould Mix Mass (g)
mounting "| preparation Mix 9 No
No Mix 1D s cubes
Each tandard
PE Slag Sand Water
A 4
Mould mix | i 1 100 PC 495 - 1485 248 3
Vibrati + Mould filling
oration 2 | 50GOBFS1 | 248 248 1485 248 3
3 50GOBFS2 248 248 1485 248 3
4 4 50TKSE 248 248 1485 248 3
48h Setting/ D Idi ; T i
hardening * Bemouiding 5 50AMSA 248 248 1485 248 3
6 15GOBFS1 421 74 1485 248 3
v 7 15GOBFS52 421 74 1485 248 3
Steel targets 24 water 8 15TKSE 421 74 1485 248 3
attachment curing
A — 9 15AMSA 421 74 1485 248 3
10 30GOBFS1 347 149 1485 248 3
y Shrinkage measurement i T T
Creep room for 39 cubes at 11 30GOBFS2 | 347 149 | 1485 248 3
Storage 12 30TKSE 347 149 1485 248 3
13 30AMSA 347 149 1485 248 3
0,1,2,3,4,56,13,20,27,55 | 1¢a 39
days of storage

Figure 58: Mortar Prism mixes and casting procedure

Blended slag-cement paste tests
3.3.7. Evaluation of phases evolution in slag-cement pastes

3.3.7.1. Casting

The cement paste specimens were cast into small plastic containers as per Figure 59. with the
intention to produce a small disc specimen for every mix. The mixing was done using a water
to cement, or blended cement, ratio of 0.5. The slags and cement were mixed in accordance
with the composition of the 13 mixes of this study. Water was added to each mix and the mixed
paste was then used to fill the small plastic containers for hardening. Each batch of containers
with cement paste was covered with a plastic sheet for a 24-hours hardening and setting period.
A total of 208 discs were cast for the 13 mixes (16 discs per mix) as shown in Figure 59.
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Figure 59: Cast disc specimens and de-moulded discs

3.3.7.2.Curing

After 24 hours of setting, the discs were removed from the moulds and placed in lime saturated
solution (2 g of lime per litre of water) chambers held at 23 +2 °C for curing as per the test

procedure. A total of 13 chambers was used — one for each mix — with 16 discs in each chamber,
as shown in Figure 60.

3.3.7.3.Hydration arrest

In order to make a comparative assessment of hydration progress, the hydration process in the
cement paste discs was stopped after several different curing ages: this was done using the
alcohol method. In this method, 2 disc-specimens from each mix were removed from the curing
chambers at the following aging intervals: 2, 7, 28, 56, 84, 112, 140, and 168 days. The disc-
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specimens were broken into smaller pieces using a mortar and pestle, and then put into the
same casting plastic containers. Isopropanol (Isopropyl alcohol, C3H70H) was then added to
remove the remaining water from the specimens. Isopropanol and water are both polar
molecules. Isopropanol is hygroscopic: can absorb moisture to reach an equilibrium of 65%
isopropanol and 35% water. Hence, Isopropanol was added to the broken discs in the plastic
containers and removed quite a few times in order to completely absorb the moisture as shown
in Figure 61. In the research (Snellings et al., 2018), it was highlighted that among the four
methods that were tested, solvent exchange by isopropyl alcohol gave the best results in terms
of preservation as previously discussed in Chapter 2. In this study, the plastic containers were
closed with a lid to prevent the evaporation of isopropanol, with isopropanol added and
replaced in the following sequence:

1. Isopropanol was added and allowed to react for 24 hours
ii.  The used isopropanol solution was removed, replaced with fresh isopropanol and
allowed to react for a further 24 hours
iii.  Repeat of step ii: isopropanol removed and replaced; reaction proceeded for 24 hours
iv.  Second repeat of step ii: isopropanol removed and replaced; reaction proceeded for 24
hours
v. A further 72 hours was allowed to ensure complete removal of water to end the
hydration process
vi.  The used isopropanol solution was finally removed, after which the broken disc pieces
(in containers) were placed in an oven set at 49 +1°C for a 72-hour drying period

|

Figure 61: Hydration arrest process. broken disc pieces in containers (left) and containers

covered after the addition of isopropanol (right)

3.3.7.4.Measurement of hydration phases evolution
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After stoppage of the hydration process and drying of the broken disc specimens, 2 broken
pieces were removed from each paste mix sample for Scanning Electron Microscopy (SEM)
analysis to examine the surface morphology and to determine the extent of hydration products
formation at the different curing ages. The remaining broken disc pieces were pulverised and
taken for X-ray diffraction (XRD) analysis as per Figure 62. Prior SEM and XRD analyses the
samples were placed and stored in a desiccator to prevent carbonation as shown in Figure 63.

Figure 63: Samples stored in a desiccator before SEM and XRD analyses
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3.3.8.R? Reactivity
3.3.8.1. Computer and sample preparation
The R? reactivity test (Rapid, Reliable and Relevant test) is used for determining the chemical
reactivity of supplementary cementitious materials (SCM’s). This test does not distinguish
between hydraulic and pozzolanic reactivity, it provides information of the combined reactivity
(Londofio-Zuluaga et al., 2022; Avet et al., 2016). In this study, reactivity tests were conducted
as per ASTM/C1897 — 20 to assess the chemical reactivity (hydraulic and pozzolanic) of the
novel OBF slag in comparison to the conventional BF slags by measuring the heat released
over a hydration period of 7 days. A Calmetrix [-Cal 4000H 4-chamber isothermal Calorimeter,

connected to a digital computer, was used to perform the tests, as illustrated in Figure 64.
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Figure 64: Calorimeter Equipment setup for R3 reactivity test

The hydration tests were conducted under isothermal conditions, at 40 +0.5°C, in order to
accelerate the rate of reaction of otherwise slowly reactive slags. The preparation for the R?

test required the following steps:
The computer was set up for testing at 40°C by selecting the calibration file for this

1.
temperature.
ii.  The required calorimeter environment temperature was set to 40°C.
iii.  Four identical sample holders, suitable for fitting the calorimeter chambers, were
selected for the simultaneous testing of four cement paste mixes.
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For the hydration test mixes, the cementitious binder mass was 40 g at an effective water to
binder ratio of 0.5, giving a water mass of 20 g. The cementitious binder was prepared as per
the mixing table in Figure 65. In the first 4 mixes, the control mix (M1) was prepared using
100% cement, hence 40 g of reference cement was used, and no slag was added to the mix.
Then for M2, M3, and M4, 20 g of the reference cement was weighed and mixed with 20 g of
GOBFS 1, GOBFS2, and TKSE, respectively. The mixing was done thoroughly until a
homogeneous colour was obtained. Then the four samples were placed in the calorimeter and
held at 40 °C for 24 hours in order to condition the temperature of the mixes along with the mix
holders to 40 °C. After the 24-hour conditioning time, 20 g of water, prepared at 40 °C, was
added to each conditioned sample. A thermometer was used to make sure the water was at 40
+2 °C before mixing. The mixing was done continuously for 2 minutes and the 4 samples were
swiftly placed back in the calorimeter chambers.

3.3.8.2. Measurement

After the mix of water and binder were placed back in the calorimeter, each calorimeter
chamber was relabelled in the computer using the mix IDs. The type and the amount of
reference cement and slag were entered for each mix ID. The logging of results was done
automatically on the computer. The time of contact between water and the binder in each mix,
was set as the start time for that mix ID. The results were set to be recorded after every 15
seconds for the first 45 minutes, and thereafter they were recorded after every minute for the
overall test duration of 7 days, or 168 hours. On conclusion of the 7-day hydration time, the
cumulative heat release, along with the heat release per unit time, by each mix was recorded
and plotted. This procedure was repeated for the remaining mixes until all the heat release data
by each mix was recorded and plotted. The R® reactivity test procedure, along with the mixing
table, are also summarized in Figure 65.

Mixing done as per this mix table ‘
Computer 4 solid mixes Mass(g)
setu reparation Mix Analysis
p prep No MIX ID pc  Each  Totalsolid ... patch
Slag mass
1 100 PC 40 - 40 20
y
4 Pastes 40°C24hmix | 2 | S0GOBFS1 20 20 40 Al P
preparation conditioning 3 50GOBFS2 20 20 40 20
4 50TKSE 20 20 40 20
| 5 50AMSA 20 20 40 20
7 days results 6 15GOBFS81 34 6 40 20
Start tests logging Batch 2
7 15GOBFS2 34 6 40 20
8 15TKSE 34 6 40 20
Results 9 15AMSA 34 6 40 20
collection 10 | 30GOBFS1 | 28 12 40 20
Batch 3
l 1 30GOBFS2 28 12 40 20
Pastes removal and Repeat is SEas = = = 20
procedure for next batch 13 30AMSA 28 12 40 20
14 Tap85 28 12 40 20
Batch 4
15 Tap132 28 12 40 20
16 Tap144 28 12 40 20

Figure 65: Reactivity tests procedure and test mix composition table
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CHAPTER 4: BLENDED SLAG-CEMENT CHARACTERIZATIONS
4.1. Introduction

This chapter provides a critical discussion of the characterization results of the novel OBF slag
in comparison to the conventional BF slags. The following features of the slag and their effects
on slag performance are discussed:

o Chemical composition
o Fineness
o Glass content

In combination, these parameters induce unique cementitious behaviour to the slag particles
and can serve as predictive measures of the slag’s performance when blended with Portland
cement. An illustration of the combined effect of these parameters is shown in Figure 66. It
should be noted that the mixing of the cement and slag is discussed in Chapter 5 for mortar
mixes, and in chapter 6 for paste mixes.

Chemical
composition

Slag/cement >1ag Glass content

Mixing S - Granulation

Figure 66: Features responsible for slag's cementitious behaviour
4.2. Colour and macroanalysis

Different colours of the granulated OBF slag (GOBFS) were obtained during the smelting
campaign due to the slight changes in chemical composition of some slag taps. The colour
observed in most slag taps is a blend of dark and white-grey hues with glassy grains as seen in
Tap 64 in Figure 67. However, there was a variation of colours, sometimes to a darker colour,
or to a brownish colour for a number of slag taps. Tap 124 and Tap 132 are good illustrations
of this colour variation. The change in the colour of the OBF slag might be attributed to the
change in chemical composition of the batch mix for each furnace tap as well as the final slag
composition of each tap during the smelting campaign. Based on chemical composition of
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major slag components in Figure 67, the change in colour seems to be directly proportional to
a decrease in CaO content and an increase in the MgO, Al2O3 and SiO:2 contents of the slag.
This can be seen by the 48,1 % CaO in Tap 124 that led to a brownish colour of GOBFS
compared to the 39,2% CaO in Tap 132 that led to a darker colour of GOBFS.

Figure 67: Colour of novel granulated OBF slag

It should be noted that the top and bottom images of each Tap represent the normal and milled
slag samples, respectively. The general colour of the glassy grains from the conventional
granulated BF slag (GBFS) is a light brownish colour, a bit similar to brown sugar, as shown
in Figure 69a. Arguments can be made about the TiO2 content affecting the colour, however,
the trends are still not making sense since the other components are also changing for the three
samples. Hence, further experimental work is need to fully evaluate the true cause of colour
differences between the granulated BF slag and OBF slag. Furthermore, another potential
factor that can assist with understanding the colour differences might be the degree of greening
effect of slag-cement mixes (Couvidat et al., 2021; Le Cornec et al., 2017; Chaouche et al.,
2017). The greening effect is a commonly observed temporary discolouration of the BF slag-
cement mix when the surface is exposed to air after hydration, linked to its sulphur content.
This concept is shown in Figure 68 for broken disc specimens and will be discussed in chapter
5. Nonetheless, both the GOBFS and the GBFS take on a very light grey colour after milling,
which almost makes the two slags indistinguishable as shown in Figure 69b.

102 | Page



Figure 68:Greening effect of GBFS compared to GOBFS for 100% PC and 50% PC-Slag
blends

a) Before milling b) After milling

Figure 69: Conventional BF slag vs novel OBF slag in colour: a) before milling, b) after
milling
4.3. Chemical composition

The chemical compositions of the slag samples were determined using inductively coupled
plasma-optical emission spectroscopy (ICP-OES) while the total sulphur was determined
using LECO Infrared Combustion Analyzer, and the results are summarized in Table 10.
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Table 10: Chemical composition of slag samples

Oxides(%) | ALLO3 CaO SiO; MgO TiO; FeO S Total
GOBFSI1 10,56 42,26 | 35,88 8,75 1,01 0,41 0,24 |99,11
GOBFS2 10,43 43,10 | 36,00 7,56 1,40 0,32 0,19 | 99,00
TkSE 11,14 42,776 | 37,07 6,07 0,54 0,28 1,14 | 99,00
AMSA 16,60 35,65 | 35,13 9,07 0,81 0,50 1,31 99,06
Other variations of OBF slag
AOBFSI1 9,84 44,40 | 36,40 7,51 0,43 0,06 0,15 | 98,79
AOBFS2 9,84 44,40 | 36,40 7,51 0,43 0,06 0,15 | 98,79
Tap 85 15,25 39,70 | 34,90 8,15 0,69 0,42 0,23 | 99,34
Tap 132 10,00 39,20 | 35,30 9,66 1,80 1,75 0,20 | 97,91
Tap 144 9,96 42,30 | 35,50 7,52 1,45 2,69 0,18 | 99,60

4.3.1. Comparison of OBF slag to conventional BF slag composition

From the results in Table 10, it is evident that the OBF slags’ composition is roughly similar
to the composition of conventional BF slags from Thyssenkrupp and ArcelorMittal. However,
the relatively lower CaO and higher Al2O3 content of the AMSA slag can be noted as well as
the slightly higher TiO2 in novel OBF slags. Generally, the composition of the BF slags varies
depending on the source of iron ore and the fluxing materials as well as the ash in the coke
used for energy provision and reduction purposes (Hewlett and Liska, 2019). The range of
composition for a BF slag for the main oxides as reported in (Dom et al., 2022; Jonczy et al.,
2023; Shetty and Jain, 2019; Snellings et al., 2012) is as follows

ADLOs3 =8 -24%
Ca0O =30 - 50%
MgO=1-18%
SiO2 =28 - 38%

O O O O

It also can be seen that the composition of the main novel OBF slag (GGOBFS1, GGOBFS2)
falls within the reported composition ranges of the main oxide components. Furthermore, the
chemical composition of the novel OBF slag is in agreement with the SANS 55167-1:2011 and
the BS-EN 197-1:2011 as per Table 11. From a chemical composition perspective, GOFBS1,
GOBFS2, TkSE, and AMSA have roughly similar compositions. Therefore, similar
cementitious performances can be expected from these slags.
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Table 11: standard chemical composition specifications

Standard CaO + MgO + SiO2 (%) | (CaO + MgO)/ SiO:
SANS 55167-1: 2011
> 66 >1

BS-EN 197-1:2011

Novel OBF slags
GOBFS1 86.89 1.42
GOBFS2 86.66 1.41

Reference slags
GBFS1 85.96 1.32
GBFS2 79.85 1.27

4.3.2. Effect of change in chemical composition on cementitious performance of slag

It is important to highlight the expected effects on the cementitious performance when there is
a significant difference in chemical composition of major components in the Al203-CaO-SiO:-
MgO system as well as other minor components such as, TiO:z that is usually associated with
BF slags and in this case, the novel OBF slag. Several studies (Zhang et al., 2022; Blotevogel
et al., 2020a; Haha et al., 2011) are in agreement that the reactivity of the slag is higher when
the proportion of network modifiers (CaO, MgO) is higher than the proportion of network
formers (Si0Oz2) in the glass structure. The reason for this conclusion is attributed to the degree
of depolymerization of the glass network, with more depolymerized glass dissolving faster,
and thus increasing the reactivity of the slag. However, Al2Os can display mixed effects since
the presence of more Al2O3 in the slag can lead to higher early strength development with low
long-term strength in cement blended with slag (Wang et al., 2004; Kucharczyk et al., 2016;
Blotevogel et al., 2024). In this study, the OBF slag sample, labelled Tap 85 Table 10 can be
expected to experience the above-mentioned alumina effect since it contains about 15,25% of
Al203 as well as the AMSA slag.

Sulphur is commonly present in slag as sulfide ( S*), and the sulphur content of the OBF slags
is relatively low (<0,30%) compared to the commonly observed sulphur content of 1 — 2% in
conventional BF slags (Roy, 2009). According to Couvidat et al. (2020), sulphur in GGBFS
does not affect the cementitious performance, but it does contribute to the greening of hydrated
slag-cement specimens, and the degree of this greening effect is proportional to the amount of
GGBFS used to replace Portland cement. This further explains the observations in Figure 68,
and it can be seen that the low sulphur content of the novel OBF slag did not lead to excessive
greening of slag-cement specimens, unlike the conventional BF slag.

TiO2 is a trace compound commonly found in modern GGBF slags and even in the novel
GGOBF slags. TiO:2 has been reported to have a negative effect on the compressive strength
in blended slag cements when the concentration exceeds 1% for low Al2Os3 slag (Blotevogel et
al., 2020b; Wang et al., 2004). The introduction of TiO: into the slag might either come from
the iron ore, or the fluxing materials used during smelting operations. Blotevogel et al. (2022)
suggested that the negative effect of Ti might be due to the fact that Ti stabilizes the glass
structure, and there is formation of an amorphous, Ti-bearing gel layer around the slag grains
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during hydration, thereby obstructing the hydration process. The latter suggestion aligns with
the observation made during the smelting campaign of this study, whereby high TiO: led to the
formation of popcorn-like glassy slag particles after water quenching of the molten slags. The
OBF slag variations which are most likely to display the effect of TiO2 are the Tap 132 and
144 samples with 1,8% and 1,45% TiOz respectively, as per Table 10. It should be noted that
the TiOz in the novel OBF slags originated from bauxite, where it was a major impurity, and
bauxite was used to supplement the Al2O3 content of the slags as discussed in chapter 3.

Other minor elements commonly found in GGBFS such as barium (Ba), cerium (Ce),
chromium (Cr), vanadium (V), zirconium (Zr), manganese (Mn), ceasium (Cs), potassium (K),
and strontium (Sr) have a negligible effect on the reactivity of the slag, as long as these elements
are present in trace amounts. However, their impacts start becoming significant when their
concentrations in the slag are significantly higher, possibly above 2%. Several investigations
(Brown et al., 1995; Blotevogel et al., 2020b; Bunker, 1994) have shown that the presence of
network modifiers such as, Sr, Ba, K, Cs in GGBFS increased the slag reactivity as is the case
for Mg and Ca. On the other hand, the presence of the other listed elements, including Ce, Cr,
V, and Zr, had either no impact, or significant negative effects on GGBFS reactivity. Just as in
the case of TiO2, the presence of network-forming elements stabilizes the glass structure,
leading to a low slag dissolution rate, decreased formation of C-(A)-S-H binder, and ultimately
low strength development.

Manganese has also been found to reduce the early strength development while increasing the
long-term strength after 28 days, but slags with high MnO content (more that 15% by weight)
were described as unsuitable for cementitious applications since the proportion of other
essential compounds will be lower, at less than 85% (Péra et al., 1999; Rai et al., 2002). This
is most likely one of the major problems that other steelmaking and ferroalloy slags displayed
during cementitious applications, since the presence of heavy metals is significant in those
slags and the likelihood for leaching is very high. The study conducted by Proctor et al. (2000)
highlighted that the metal leaching from GGBFS is low, demonstrating that the minor
proportion of metals present in the slag is directly included in the glass matrix. Hence, this
contributes to the predominant preference of using GGBFS in blended cements.

The OBF slag, on the other hand, is similar to GGBFS in composition, in terms of the four
major components (Al203, CaO, SiO2, MgO) as per Table 1, with all the minor elements
discussed above being significantly lower, except for Ti. Therefore, the only potential
difference in cementitious performance, caused by the variation in chemical composition,
might arise from the TiO2 content, as well as the Al2O3 content, especially for the Tap 85
sample.

4.4. Fineness

It has been widely reported that slags with the same properties and finer particles hydrate faster,
leading to improved cementitious performance, whereas when the particle size is coarser, the
hydration is slower, leading to sluggish cementitious performance of the slag (Binici et al.,
2007; Nakamura et al., 1992; Wang et al., 2005), this applies even to cement as reported by
Celik (2009). It can be seen that the fineness of the slag plays a crucial role in the hydration of
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blended cements since finer particles typically display higher reaction kinetics due to the larger
exposed surface area. Industrially, the fineness of the ground slag is generally determined using
the Blaine air permeability test, while particle size distribution (PSD) measurements, and the
Brunauer-Emmett-Teller (BET) method also provide good indications of fineness. The samples
from this study were analysed using PSD tests, together with both the Blaine fineness test and
the BET test.

4.4.1. Particle size distribution (PSD)

The PSD of the four major samples of this study were analysed using a Malvern Panalytical
Mastersizer 2000 particle size analyser, and the results are summarized in Figure70. It should
be noted that the instrument also determined the surface area of each slag by calculation, with
these results also included in Figure 70.

- - - - CEM(458 m?/kg)
100 4 |— GGOBFS1(415 m2kg) B
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Figure 70: PSD curves of cement and ground slag samples

As per the results in Figure 70, on an 80% cumulative passing basis, the corresponding size for
the reference cement (CEM) is 25 um; for GGOBFS?2 it is 32 um, while for TkSE it is 52 um.
This shows that the reference cement sample (CEM) is finer than all the slag samples in this
study, among which, GGOBFS?2 is the finest slag sample. This is followed by the AMSA and
GGOBFSI1 slags, with TKSE being the slag sample with coarsest particles.

In terms of the sharpness of the curve and narrow range for the particle size distribution (PSD),
the cement sample, CEM, has the narrowest distribution, with more than 80% of particles
passing 30 um. This is particularly important with regard to displaying consistent behaviour
during hydration, with more particles reacting at a similar rate, due to the size range of the
majority of particles. It should be noted that the reference cement sample is CEM I 52.5R which
is ground to a high fineness to counteract the lower earlier strength that occurs when used in
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blends with slag. The steepness of the distribution is also affected by the grindability of the
clinker, which is crystalline and easier to grind than the glassy slag (Hewlett and Liska, 2019).
Hence, the milling behaviour of the CEM sample cannot be compared to the slag samples.

A comparison of the slags’ PSD shows that GGOBFS2 is finer among the slag samples tested
in this study, but its PSD is very broad. Moreover, GGOBFS2 has a mixed amount of finer and
coarser particles, with 37% of particles less than 10 pm, and with 60% of particles between 10
and 100 pm. If the sample is not well homogenized, there will be some variations in
cementitious performance between different portions of the same sample since the finer
particles will tend to hydrate faster, whereas the coarser particles will tend to hydrate slowly.
As aresult, it is the proportion of finer and coarser particles involved in a particular test for this
slag that will dictate its cementitious performance. Therefore, the homogenization of the
sample is very important for consistent cementitious performance, especially for slag samples
that have wide PSD.

The TkSE slag, similar to the GGOBFS2 slag, was milled at the optimized milling conditions
established for GGOBFS1 as described in phase 2 of chapter 3 in this study. The optimal
milling conditions were 3h30mins at 68 rpm, and the laboratory scale milling setup along with
the mill charge composition are shown in Figure 71. The AMSA and CEM samples were milled
on an industrial scale under standard production conditions at Afrimat and AfriSam South
Africa, respectively. The slightly coarser grain size observed for TKSE slag sample might be
because its feed PSD is relatively finer from the feed PSD of GGOBFS1 as shown in Figure
72, and thus affecting the overall milling efficiency. The other potential reason might be the
difference in the grindability of the TkSE slag compared to the GGOBFSI slag. The
grindability of the novel OBF slag compared to the conventional BF slag has not been covered
in this study and remains another key parameter that needs to be explored.

Final ball load composition Final setup: Milling optimization
| Ball charge final 50% fill ]

Size (mm) Weight (g)] % |No of balls |
| 40, 2225 92 9l
| 35| 2186 9.1 13||
| 30, 7770, 323 73|
| 25| 3604 150 61)|
| 20, 4028 16,7 100,
| 15 857 36 84 |
| 10| 3410/ 142 170 |
|[Total 24080/ 100 510
(aversge weigntaban |72

Mill pot inner dimensions

|[MACSALAB 10 litre mill ]
| [Diameter (cm) 20||
|LLength (cm) 32||

Target: 100% -90 um and 80% -45 um

Figure 71: Laboratory scale milling setup
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Figure 72: PSD of unground slag samples

Wang et al., (2005) pointed out that GBFS should be ground to at least < 40 um, and slag
particles with grain size > 20 um only significantly contribute to strength development at later
stage (after 7 days), whereas for high early strength development, or faster hydration process,
slag particles of size < 20 pm are very important, especially the < 5 pm particles. This
observation supports the view that slag samples with a greater proportion of finer particles are
likely to display high early strength development and better cementitious performance overall.
From the results in Figure 70, using the 20 um cut-size, the slag sample that can be expected
to perform at its best is GGOBFS2 with approximately 65% passing 20 um, followed by AMSA
with roughly 50% passing 20 pm.

4.4.2. Surface area

Surface area and PSD are usually employed interchangeably to describe the fineness of the
sample. As per Figure 70, the PSD trends were also confirmed using the calculated particle
surface areas from the equipment, with GGOBFS being finer with 575 m?/kg and TkSE having
352 m%kg as specific surface area as the coarsest sample. However, the surface area
measurements determined by the Mastersizer assume spherically shaped particles, which is not
always the case for the materials, especially with slag particles. Hence, some degree of
uncertainty should be considered for the fineness measurements.

4.4.2.1. Blaine fineness method

Blaine fineness is the conventional measurement of fineness in the cement industry and is also
the reference method for determining the fineness of ground granulated blast furnace slag
(GGBFS) in standard specification SANS 55167-1: 2011. It applies the air permeability method
by passing a flow of air through a compacted bed of cement or another ground material. The
equipment is usually calibrated using a material of known Blaine fineness. The relative
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densities were also approximated throughput this measurement. The Blaine fineness results of
the cement and slag samples alopng with the relative densities are summarized in Figure 73.
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Figure 73: Blaine fineness and relative density (RD) results

The AMSA sample is shown to be the finest milled slag sample, with a Blaine fineness of 296
m?/kg. In comparison, the reference cement has a Blaine fineness of 389.9 m*/kg. Unlike the
trend observed in the PSD results, the Blaine fineness results show that the TkSE sample has a
fineness of 258.2 m?/kg which is slightly higher compared to the 254.7 m?/kg of the GGOBFS1
sample. In addition, the relative density (RD) results show that the CEM sample has the highest
RD of 3.05 g/cm?, while for the slag samples, the AMSA sample has the lowest RD of 2.88
g/cm’. Nevertheless, the RD values of all the slag samples are very close, with a deviation of
0.08 g/cm’®, making the possible impact of RD insignificant on the individual cementitious
performance of the slags in this study.

Ideally, the fineness of the slag should either be the same as that of the reference cement
(Ogirigbo and Black, 2016), or even higher for improved cementitious performance (Yang et
al., 2023; Dom et al., 2022). Therefore, the results from this study will be slightly conservative
since the analysed Blaine fineness is a bit lower than the industry minimum recommended limit
of 275 m?/kg (BS EN 196-6:2018; SANS 55167-1:2011). The conservative approach is good
since overgrinding the slag, especially for first experimental trials of a novel material (OBF
slag), will lead to unrealistic results that can never be viably achieved on an industrial scale.
Moreover, when the slag is ground to a higher fineness than 275 m?/kg in industrial operations,
the performance will definitely be better than in this study since higher fineness translates to
improved cementitious performance provided that the other properties, such as the chemical
composition and glass count are kept constant.

Overgrinding of supplementary cementitious materials (SCMs) is also practiced in the cement
industry. This can be of benefit to materials that are not naturally cementitious since they can
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accomplish what is known as the filler effect when overground to ultrafine sizes in order to
stimulate nucleation of the calcium silicate hydrate (C-S-H) binder (Berodier and Scrivener,
2014). However, overgrinding can also lead to excessive energy consumption, which can
accumulate to the overall process costs, and it can also decrease the workability of the blended
cement mix whether it is used in concrete, or mortar.

While the Blaine fineness test has been characterized as a quick and simplistic method, it also
has some degree of uncertainties, especially when analysing materials other than cement, in
this case, the slags. In the studies (Arvaniti et al., 2014a, Arvaniti et al., 2014b), it was
highlighted that for highly accurate Blaine fineness tests, the reference material should have
the same particle size distribution (PSD), and shape as the material of interest. Additionally,
forming a well-compacted bed with a specific porosity for supplementary cementitious
materials (SCMs) is particularly challenging.

4.4.2.2. Brunauer, Emmett and Teller (BET) method

The specific surface area was also determined using the nitrogen adsorption Brunauer, Emmett
and Teller (BET) method for the slag samples, for comparison with the observed trends in the
Blaine fineness test. The BET results are shown in Figure 74.
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Figure 74: BET results for slag samples

As per Figure 74, the AMSA milled slag has the highest BET surface area of 570.6 m*/kg. In
comparison, the TKSE sample has the lowest BET surface area of 394.7 m*/kg, demonstrating
that its expected cementitious performance is more likely to be the lowest among all the slag
samples. The measure of uncertainty reported with each test result ranges from 16.2 to 24.5
m?/kg. Unlike the Blaine fineness, the BET test does not make an assumption about the shape
of the particles. However, the BET test also has some drawbacks since the possibilities of
micropore filling or penetration into cavities of molecular size are not considered in the
measurement (Arvaniti et al., 2014a; Sing, 1985).
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Although the BET surface area results (in m?*/kg) are higher than the values determined in the
Blaine fineness measurements, the trends in fineness levels have been confirmed. For the
GGOBFSI1 and TKSE samples, the BET test confirmed the trend observed in the surface area
determined from the PSD results in Figure 70, but not the result from the Blaine fineness
measurements in Figure 73. Therefore, the expected ranking of cementitious performance of
the slags based upon the overall fineness results is as follows: the GGOBFS2 and AMSA
samples are more likely to perform better overall, followed by GGOBFSI1 and lastly, TkSE.

4.5. Glass content

The glass count was analysed using a microscopic technique, a point counting method was
used to approximated the proportion of glassy, or amorphous phases; the results are
summarized in Figure 75.
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Figure 75: Glass content comparison of slag samples
4.5.1. Glass content comparison of granulated slags

Based on the glass count results in Figure 75, all the main granulated slag samples are expected
to perform equally since they have more than 95% glass, with the exception of GOBFS1, which
has a glass count of 90%. The difference in glass content is minimal; however, the increase in
crystalline proportion 5 to 10% can affect the overall cementitious performance of GOBFSI
(Escalante et al., 2001; Hewlett and Liska, 2019). On the other hand, the other variations of
OBF slag (Tap 85, Tap132, and Tap 144) displayed different glass content results since they
exhibit differences in chemical composition compared to the main OBF slag samples
(GOBFS1, GOBFS2).

Tap 85 has the lowest glass count of 70%, which is most likely linked to its significantly higher
ALOs content, of 15.25 %. The alumina effect has been discussed in the studies reported by
Wang et al., (2004) and Kucharczyk et al., (2016). In addition, a further possible reason might
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be due to the fact that an increase in Al2O3 content leads to increased viscosity of the slag,
which can ultimately affect the sizes of the granules after water quenching. Larger slag granules
are prone to crystallization, especially within the core of the granules where the temperature
gradient might still be high. For the Tap 132 and 144 samples, the glass count is considerable
at 94% and 88%, respectively. The slight difference, particularly for Tap 144, might be due to
the high Fe203 content as well as the level of TiOx.

It has been widely reported that the more vitreous (glassy) the slag, the higher the reactivity
(Escalante et al., 2001; Tripathy et al., 2020). This is because crystalline phases that form
during slag cooling are inert and do not contribute to slag reactivity. However, Wedding et al.,
(1981) highlighted that the chemical durability of the slag glass is also a very important
parameter to consider, as for strength development, GGBFS glass needs to dissolve and then
re-precipitate as cementitious phases. The latter information was also confirmed in (Blotevogel
et al., 2020a), where a strong link between the dissolution rate of slag glass to chemical
composition has been highlighted. Although the degree of depolymerization of the glass is not
quantified in this study, the slag samples from this study are expected to have the same degree
of depolymerization since their chemical compositions are almost identical as per Table 10.
Therefore, the quantified amount of amorphous (glassy) phases in Figure 75, can be used as an
additional aspect for comparison of the different slag samples in this study.

4.5.2. Comparison of air-cooled and granulated OBF slag

The glass count measurements in Figure 75 show further that the air-cooled OBF slags
(AOBFS) have not more than 50% glass, whereas the granulated OBF slags have more than
90% glass, making GOBFS samples more reactive than AOBFS samples, and highlighting the
importance of water quenching. This observation is also in agreement with results observed in
the study by Tripathy et al., (2020), in which air-cooled BF slags are classified as slags with
more than 50% crystalline phases, while granulated BF slags typically have more than 90%
amorphous phases. Moreover, it should be noted that the AOBFS1 sample was taken on top of
a ladle filled with air-cooled slag and AOBFS2 was taken at the bottom of the ladle. AOBFS2
had 48% glass while AOBFS2 had 50% glass, demonstrating that the difference in cooling
position is not that significant. The small difference in glass count of the air-cooled slags can
be explained by the fact that the cooling rate, between the slag and air at the top of the ladle,
would be expected to be higher than the cooling rate between the slag and the refractory at the
bottom of the ladle.

To further analyse the difference between the air-cooled and granulated OBF slag, SEM images
of each sample are shown in Figure 76.
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Figure 76: SEM images of AOBFS and GOBF'S

As per Figure 76, the main crystalline phases found in AOBFS are calcium titanate and melilite
group phases (calcium silicates of magnesium and aluminium), such as gehlenite and
akermanite. These are common phases that are generally found in the conventional BF slags
(Grubb and Berggren, 2018). The SEM results are in agreement with the XRD results for
AOBFS, wherein a solid solution of akermanite (calcium magnesio-silicate, (CaxMg(Si207))
and gehlenite (calcium alumino-silicate, (Ca2Al2S107)) is identified as the main phase. The
presence of titanium (1.5%) in the amorphous phase of GOBFS is what differentiates it from
the amorphous phase in AOBFS (0%). This is unsurprising since the composition of GOBFS
has more than 90% amorphous phase and its composition should closely resemble the
composition of the original molten slag before water-granulation. Moreover, the presence of
Fe droplets in the granulated slag is also noted as per Figure 76. This is most likely entrained
Fe that could not drop down to the hot metal zone during smelting. It should be noted that the
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SEM image of the GOBFS sample is at a higher magnification of 3000x in order to highlight
the Fe droplets, compared to the AOBFS image which is at a lower magnification of 1000x.

4.6. Conclusions and slag performance prediction

From the overall characterization results discussed in this chapter, the following conclusions
and recommendations can be considered.

The novel OBF slag has roughly similar chemical composition to the conventional BF slags:
chemical composition will therefore not be a factor in any observed variation in cementitious
performance in a comparison of the slag samples. With similar chemical composition, the
degree of depolymerization of the OBF slag glass can be assumed to be the same as the degree
of depolymerization of the conventional BF slag glass, since the proportions of network
formers and network modifiers are the same. Although, the novel OBF slag composition falls
within the generic BF slag compositions, the relatively lower CaO and higher Al2O3 content of
the AMSA slag can be noted as well as the slightly higher TiO2 in novel OBF slags.
Furthermore, the glass count of the GOBFS2, AMSA, and TkSE samples is 95% while
GOBFSI1 has a lower glass count, of 90%. Therefore, GOBFS1 might underperform slightly in
comparison to the other slags.

Fineness is mostly likely to be the parameter that dictates the trends in the cementitious
performance of the slags, since the other important parameters such as the chemical
composition and the glass count, are roughly similar for the four main slag samples in this
study (GGOBFS1, GGOBFS2, AMSA, TkSE). The trends in fineness rank the AMSA and
GGOBFS2 milled slags on the same scale as the best slags, but GGOBFS2 slag has a wider
PSD, requiring proper homogenization for consistent performance. The third-ranked slag in
terms of fineness is most likely to be GGOBFSI1, followed by the TKSE slag. However, the
order of these two slags might be switched because the glass count of TKSE is slightly higher,
at 95%, compared to that of GGOBFS1, at 90%.

Based on the characterization results from this study in conjunction with the information from
the literature, a narrow PSD with at least 80% passing 40 pm is recommended for consistent
results as the AMSA slag sample and less requirement of sample homogeneity (Wang et al.,
2005), while the chemical composition must be within the specified range, preferably with a
major proportion of network modifiers (CaO, MgO) in order to have a more depolymerized
glass structure, which in turn will favour fast hydration of the slag. The slag should have at
least 95% glass to counteract the effect of the inert crystalline phases, and the level of
prominent impurities, including TiO2, must be controlled to less than 2%. The presence of
titanium leads to the crystallization of calcium titanate if the slag is air-cooled.
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CHAPTER 5: PERFORMANCE EVALUATION OF SLAG-CEMENT
MORTAR MIXES

5.1. Introduction

This chapter incorporates results from the different mortar tests that were conducted in this
study, as described in phase 3 of chapter 3. The mortar tests which were conducted for both
the novel OBF slag and conventional BF slag, for comparison, are:

o Workability,
o Compressive strength, and
o Drying shrinkage.

The results are discussed critically and compared with observations from literature in order to
draw conclusions. Furthermore, the interpretation of the results is done in conjunction with the
preliminary characterization results discussed in chapter 4. The chemical composition, the glass
content, the fineness, and the mixing ratio are the main parameters that determine the
cementitious performance of slag when blended with cement as highlighted in chapter 4.
Moreover, the chemical compositions of the ground granulated slag samples in this study
(TKSE, AMSA, GGOBFS1, GGOBFS2) are similar, leaving the glass content, the fineness,
and the mixing ratio as the properties that can influence differences in cementitious
performance. Hence, the synergy of these three parameters will dictate the similarities and
differences in cementitious performance. It should be noted that the reference Portland cement
(PC) which was used is the AfriSam 52.5R Rapid Hardening Cement.

5.2. Workability
5.2.1. Importance

Workability tests are conducted to evaluate the flowability, or fluidity of the slag-cement mix.
The test provides an indication of the mobility of the mortar mix (cement, slag, sand, water)
immediately after mixing, before placement and compaction (Hewlett and Liska, 2019). The
extent of workability is determined by the rate of complex reactions in the mixture of slag,
cement, and water to form binding phases before compaction and placement. Therefore, the
workability test can also be seen as an indirect measurement of the slag’s reactivity. Slag
samples of the same chemical composition, fineness and glass count are expected to behave
similarly upon mixing. Moreover, any changes in these properties are expected to contribute to
differences in workability. In flow table tests, mortar mixes with higher workability will
demonstrate comparatively lower reactivity by spreading more at an equivalent water to binder
ratio. Bediako and Kevern (2016) noted that the usage of SCM’s has an influence on the water
demand of paste, mortar, and concrete in order to achieve the desired workability. The addition
of the slag has the potential to decrease the water demand of pure Portland cement because the
slag is relatively less reactive compared to Portland cement (Gupta, 2016). Therefore, the water
reduction potential and improved workability of the slag-cement mortar depend upon the
reactivity of the slag, which is directly linked to the performance-defining parameters
(chemical composition, glass content, fineness, and substitution ratio).
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5.2.2. Workability results

The results obtained in this study from flow table tests are summarised in Figure 77.
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Figure 77: Workability results
5.2.3. Effect of substitution ratio

As described in chapter 3, the mixing ratios used were 1-part cementitious material (reference
cement or cement/slag), 3-parts standard sand, and 0.5-part water. The general observation
from the results in Figure 77, is that an increase in slag substitution increases the workability
of the mortar mix and the impact of the novel OBF slag is similar to the conventional BF slag.
However, the influence of substitution ratio is only noticeably at 50% slag as the 15% and 30%
slag substitution are roughly similar as shown in Figure 77. This is illustrated by the workability
value of 92.7% for the 100% pure Portland cement mix compared to values of 94.7%, 96%,
and 103.2% when the reference cement was substituted by 15%, 30%, and 50% respectively
of GGOBFSI. The same trends were observed for the conventional BF slag samples (TkSE,
AMSA), and this observation is further in agreement with results discussed in the study
(Meusel and Rose, 1983). Islam et al., (2011) investigated the behaviour of mortar mixes at
10%, 20%, 30%, 40%, 50%, 60% and 70% partial replacement of Portland cement with
conventional BF slag and found out that the optimal substitution is 40% for high compressive
and tensile strength. It can be seen that additional increments in slag substitution (>50%) may
improve the workability further, but other desired mechanical properties such as the
compressive and tensile strength of the mortar mix may be adversely affected.

5.2.4. Effect of fineness and glass content

The highest obtained workability is 104% for 50% substitution of the TkSE slag compared to
the 98.4% workability observed for the AMSA slag at equivalent substitution. The TKSE slag
has the lowest fineness — compared to the AMSA, GGOBFSI1, and GGOBFS2 slags. This
demonstrates that slags with higher fineness do not achieve a greater improvement in
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workability, even at higher substitution. Moreover, this effect can be attributed to the greater
surface area at higher fineness, which results in a higher level of reactivity. Similarly, the effect
of fineness on workability was observed for the novel OBF slags, with GGOBFS2 having a
higher fineness than GGOBFSI1, and the corresponding workability values are 101.5% and
103.2%, respectively.

Table 12: Summary of workability, particle size and glass count

Properties PC | GGOBFS1 | GGOBFS2 | TKSE | AMSA

Glass count (%) 90 95 95 95

% passing (-30pum) 73 87 70 77
Workability (%)

PC 100 92.7 | - - - -

PC/15 Slag - 94.7 94.5 94.7 93.2

PC/30 Slag - 96.0 95.7 96.4 95.3

PC/50 Slag - 103.2 101.5 104.0 | 984

Any potential effect of glass count on workability was not observed in these results because all
the slag samples had relatively the same glass content, with TKSE, AMSA, GGOBFS2 having
95% glass and with GGOBFS1 having 90% glass. Comparing the workability of the TKSE
slag to the GGOBFSI, since they both have relatively lower fineness, it can be seen that the
difference in workability at lower slag substitutions (15%, 30%) is smaller compared to the
difference at higher slag substitution (50%). Moreover, the workability of GGOBFS1 at 50%
substitution is lower than that of TKSE even though TkSE has a higher glass content of 95%
and a lower fineness. This could be due to the fact that the difference in glass content between
the two slags being very small, leaving the fineness to dictate the trend in workability. Overall,
the glass content does not have any impact on workability in this study. The fact that
workability tests are taken right after mixing (< 4 minutes duration), minimizes the impact of
chemical interactions on the workability results and indirectly makes the effect of glass content
negligeable.

The workability with all the slag samples at 30% substitution ranges between 95.3% and
96.4%. This highlights the similarities between the novel OBF slag and the conventional BF
slag in terms of workability. The AMSA slag has the lowest workability value at 95.3%
possibly due to its relatively higher fineness. This demonstrate that higher fineness of the slag
is beneficial to accelerate the hydration reaction, but also comes at a cost in term of high-water
demand, or reduced workability if the slag’s particle size is very fine (Hewlett and Liska, 2019;
Brough and Atkinson, 2002; Wang et al., 1994).

It can be seen that the workability of the novel OBF slag is similar to that of the conventional
BF slags. However, differences in workability may arise when performance-defining properties
of the slag are not the same, especially the fineness as per this study. Chemical composition
and glass content have minimal effect on workability due to small duration of workability test
(<4 minutes). Overall, accounting for some manual experimental errors, the differences in
workability are very minimal between the slags, especially for the lower slag substitution mixes
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(15%, and 30%). This is because workability measurements are taken right after mixing,
inhibiting the individual influence of the slag, particularly when its proportion in the mix is
very low.

5.2.5. Workability and water demand enhancements

The workability values obtained in this study are lower than the standard specified workability
ranging from 105% to 115% (ASTM/C1437-20). Increasing the water to binder ratio (w/b)
will increase the workability of the mortar mix; however, an increment in w/b has repercussions
on the mechanical properties of the mix, such as increased porosity of the mix matrix, reduced
strength, and decreased durability (Sutan et al., 2011; Durekovic, 1995).

The usage of chemical admixtures, known as superplasticizers, is generally explored in order
to achieve the target workability at a low w/b ratio, while still maintaining improved
mechanical properties of the mix whether it is concrete, or mortar (Erdogdu, 2005; Durekovic,
1995; Bediako and Kevern, 2016; Gotaszewski and Szwabowski, 2004). Therefore, the results
from this study show that both the novel OBF slag and the conventional BF slag can increase
the workability of the mortar mix, with higher levels of slag substitution resulting in higher
workability. Moreover, superplasticizers can be used in order to further enhance the
workability in relation to water demand, and any deterioration in the mechanical properties of
the mortar mix.

5.3. Compressive strength
5.3.1. Importance

Compressive strength tests are among the methods used to evaluate the reactivity of cement
blended with SCM’s, including ground granulated blast furnace slag. A higher reactivity of the
slag contributes to a faster rate of compressive strength development and higher strengths.
Furthermore, strength tests help to evaluate the activity index of the slag and classify different
slags in terms of grades (grade 80, grade 100, grade 120) using the relative strength of blended
slag-cement mortar to compare to pure cement mortar as per ASTM C989.

5.3.2. Strength tests results

Mortar cubes in this study were cast in 50 x 50 x 50mm moulds according to ASTM C109-23.
The compressive strength test results, with 15%, 30%, and 50% slag were compared with the
reference cement, at curing ages in a range from 2 to 168 days, are shown in Figure 78.
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Figure 78: Compressive strength results

From the results in Figure 78, using the 2 days’ curing age, it can be seen that the 100% Portland
cement (PC) mortar mix displays the highest strength at 37 MPa, with a gradual decrease in
strength as PC is substituted by the slag. For instance, the substitution with GGOBFSI1
decreased the strength by 10 MPa, 15 MPa, and 21 MPa at 15%, 30%, and 50% replacement
respectively for the 2 days curing age. The same trends were observed for the rest of the slag
samples, and the level of reduction in strength is expected to depend upon the reactivity of the
individual slag sample. Comparing individual slag performance, the AMSA slag showed
marginally the lowest reduction in strength from the reference mortar mix, followed by the
GGOBFS2 slag. Norrarat et al. (2019) noted that during slag cement hydration, the three
processes that contribute to strength development are the hydration of PC, the reactivity of the
slag and the packing effect of small particles. This contributes to the comparatively higher
reactivity of the GGOBFS2 and AMSA slag samples since they are finer than the TkSE and
GGOBFSI1 slag samples. However, the differences in chemical composition between the slags
should also be considered.

As the curing age increases, all the blended slag cement mixes start catching up with the
reference cement mix, even for the higher substitution mixes (50%). At 28 days of curing, the
compressive strength of the reference PC is 59 MPa and the strength differential reduces for
the rest of the curing ages. On the other hand, the slag samples display slower early strength
development, with significant improvement only after 7 days of curing. It can be seen that more
than 90% of the strength for the reference cement is gained within the first 28 days of curing.
This observation is in agreement with the value denoted in (SANS 50197-1:2013) that the
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strength of a 52.2R cement mortar specimen should be >52.2 MPa after 28 days. Moreover,
the slower rate of strength development of the blended slag-cements is also dependent on the
amount of PC replaced by the slag: the higher the amount of PC replaced, the slower the
strength development. However, this is only applicable to early ages since the difference in
strength development is smaller after 28 days for the same slag sample. To further emphasize
on the rate of strength development, the strength results were re-plotted in terms of strength
gain as shown in Figure 79.
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Figure 79: Strength gain results

A comparison of the 4 slag samples on a compressive strength basis, as per Figure 79, shows
that the AMSA slag is the best performing slag overall. This is clearly illustrated by its
consistent higher strength at each curing age and for all the replacement levels (15%, 30%,
50%), compared to the GGOBFS1, GGOBFS2 and TkSE slag results. Using the 15%
substitution at 28 days curing interval, the GGBFS2 slag has the highest at 54 MPa, followed
by GGOBFS2 at 52 MPa, then GGOBFSI1 at 47 MPa, and TkSE at 44 Mpa. This highlights
that increased fineness leads to increased compressive strength, which is also as reported in the
studies by Sakai et al., 1992 and Binici et al. 2007. The second-best performing slag is
GGOBFS2; however, its strength development performance shows some inconsistency. This
can be explained with reference to the 30% slag substitution, where the strength of GGOBFS2
was lower, at 21 MPa, than that of GGOBFSI, at 23 MPa, for 2 days’ curing, and further, the
GGOBFS2 strength is equal only after 84 days of curing. Moreover, at 50% slag substitution,
the GGOBFS2 strength was lower up to 7 days, compared to the TKSE strength, with matching
strength reached after 28 days of curing.
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The strength gain results in Figure 79 show that the rate of strength gain seems to be dependent
on firstly the hydration of PC. It is through the hydration of alite and belite in cement that
calcium hydroxide (CH), is formed. This, in turn, activates the slag and reacts with amorphous
SiO2 and AL203 from the slag through what is known as the pozzolanic reaction to produce
calcium silicate hydrate (C-S-H) gel and calcium aluminosilicate hydrate (C-A-S-H) gel
(Ahmad et al., 2023; Kolani et al., 2012; Islam et al., 2011). The CaO from the slag also
contributes to the production of C-A-S-H and C-S-H by increasing the CaO/Si02 (C/S) ratio,
and it can also form C-A-H gels. It is also possible for Mg?" in the slag to be accommodated in
the C-S-H gel by partially replacing Ca**, or it can also form M-A-H (Stephant et al., 2015;
Chen, 2006; Dunne, 2019). The hydration mechanisms of the slag-cement blend will be further
discussed in chapter 6. It can be seen that the hydration of the slag-cement blend is dependent
on the amount of CH generated, which is in turn reliant on the amount of Portland cement in
the blended slag-cement. Hence, this explains how increments in slag substitution do not
always yield higher strength, even in the longer term, as it also affects the C/S ratio of the main
binding phase, C-S-H.

The other two factors that affect the rate of strength development are the overall reactivity of
the slag, which is linked to its core properties, and the amount of slag used as replacement.
With reference to the results in Figure 79, it is mainly the hydraulic reaction of PC and micro-
filling effect of slag that controls the strength development between 2 and 7 days. This can be
explained by the constant strength gain of 10 to 12 MPa at 15% substitution for all the slag
samples. Similarly, the same phenomenon happens for the 30% substitution, except the strength
gain of TkSE that was lower at 8 MPa. Interestingly, as the proportion of the slag increased to
50%, the differences between the strength gains amongst the slags became more noticeable,
explained by the lower strength gain of 4 MPa for GGOBFSI1 compared to the significantly
larger gain of 15 MPa for the AMSA slag. This might be an indication of the fact that as the
slag substitution increases, the impact of the micro-filling effect on the strength gain becomes
more significant between 2 and 7 days. Unsurprisingly, since the micro-filling effect comes
from the slag, higher slag substitution should clearly intensify that effect.

Between 7 and 28 days, it is a synergy of slag activity, micro-filling, and PC hydration that
controls the rate of strength development, with the slag reactivity the dominant factor since
sufficient CH is already released. However, the hydration of PC continues to have an effect on
the strength development. Moreover, after 28 days, it is most likely the slag reactivity that has
the major impact on the strength development. This is indicated by the low strength gain of 1.9
MPa, 1 MPa, and 1.9 MPa by the reference cement mix compared to the significant strength
gains observed in blended slag-cement mixes after 56, 84, and 168 days, respectively. This
shows that the blended slag-cement mixes continue to gain strength significantly, especially
the 30% and 50% slag mixes. It has been highlighted that the hydraulic reaction of PC is faster
than the pozzolanic reaction, which is linked to slag reactivity (Sun and Zhang, 2021; Chen
and Brouwers, 2006). This explains the faster and higher strength gain from the specimens
within the first 28 days, especially at lower slag substitution (15%), where above 80% of the
strength was accumulated within the first 28 days. For slag samples that experienced delayed
activation, such as GGOBFS1, and TkSE, the 28 days’ cumulative strength is around 75%.
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As per list of common cements in SANS 50197-1:2013 and BS-EN 197-1:2011, the 15%, 30%
and 50% slag-cement mixing ratios fit the CEM II/A (6-20% slag ), CEM II/B (21-35% slag),
CEM III/A (36-65% slag) cements, respectively. Moreover, the strength classes are
summarized in Table 13. It should be noted that the strengths in SANS 50197-1:2013 are tested
using EN 196-1:2016 (or SANS 50196-1), which employs a 40x40x160 mm prism, first tested
in flexure, then the two halves in compression. They therefore differ from the standard the
50x50x50 cube test conducted in this study, and the comparison of strength values in the
subsequent paragraph is just used as a rough indication of strength performance.

Table 13: Summary of strength classes (BS-EN 197-1:2011)

Strength Early strength (MPa) Standard strength (MPa)
class 2 days 7 days 28 days
iiz I; zi 5 2}6 >32.5 <52.5
i;i E 28 >42.5 <62.5
52.5N >20 -
52.5R ~30 - =92 )

Using the compressive strength results in Figure 79, It can be seen that only all 15% slag
samples (CEM II/A-S) fit the 42.5 R strength class. The AMSA slag sample even reached the
52.5 R class due to its comparatively higher reactivity, followed by the GGOBFS2 sample that
almost reached the requirement of the 52.5 N class at 15% slag substitution. Using the 30%
slag substitutions, all the slag passed the 42.5 R strength class requirement with the exception
of the TkSE slag sample that did not manage to reach 42.5 MPa at 28 days of curing due to its
lower reactivity linked to lower fineness. Lastly, only the AMSA and surprisingly the TkSE
samples met the 42.5 N strength class at 50% slag substitution. GGOBFS2 achieved a strength
of 40 MPa at 50% slag substitution, hence could fit the 42.5 N strength class. However, all the
50% slag substitutions meet the 32.5 R strength class requirement. It is clear that the novel
OBF slag and conventional BF slag demonstrate similar performance in terms of strength class
for the different types of slag cement. Therefore, if ground accordingly as per ASTM C989
standard specifications, the novel OBF slag can also be used to manufacture different strength
classes of cement as the conventional BF slag.

In summary, both the novel OBF slag and the conventional BF slag display similar strength
development patterns because of their similarities in core properties such as the chemical
composition, and the glass content. However, it can be seen that rate of strength development
in blended slag-cement is a complex process to explain, and it is mainly governed by the
synergy of the hydration of PC, the micro-filling effect of both PC and Slag, the amount of PC
replaced by the slag, and the overall reactivity of the slag (linked to chemical composition,
glass content, and fineness). Generally, the compressive strength increases with increasing
fineness and glass content. Moreover, the addition of the slag to cement in mortar mixes
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decreases the early strength development (< 28 days) while the late strength development is
complex to predict and mainly depends upon the reactivity of the slag.

5.3.3. Slag activity index

The activity index is another key performance indicator of the slag reactivity. It is calculated
from the ratio (expressed as %) of compressive strength for the 50% slag mortar mix to 100%
PC mortar mix, as expressed in Equation 5.

50% Slag strength "
100% PC strength

Slag activity index = 100 %)

The activity indices of the strength measurement results for the 50 % slag mortar mixes in this
study were calculated and the results are summarized in Figure 80.
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Figure 80: Activity index results

The results in Figure 80 show that the activity index increases as the curing age increases for
the slag samples. For instance, the GGOBFS2 (50-M2), the activity index is 45.9% at 7 days,
then increased to 67.7 % at 28 days of curing. This demonstrates how close the strength of
blended 50% slag-cement mix gets to the strength of the 100% PC mortar mix as the curing
age increases, and this further highlights the dominance of the PC hydration on the strength
development at early curing ages. The activity indices of slags and the SANS 55167-1:2011
specifications are further summarized in Table 14.
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Table 14: SANS specifications of activity index and fineness

Activity Index (%) | SANS 55167 | GGOBFS1 | GGOBFS2 | TKSE | AMSA

7 days >45 41,1 45,9 56,3 61,0

28 days >70 62,6 67,7 71,9 80,1
Slag characteristics

Surface area (m%*/kg) >275 255 267 258 296

Glass count (%) 90 95 95 95

As per SANS 55167-1:2011, the activity index at 7 days and at 28 days shall be not less than
45% and 70%, respectively. At 7 days, the GGOBFS2, TkSE, and AMSA slags conform to the
minimum Activity Index requirement, with the AMSA slag having the highest activity index
of 61% at 7 days of curing. In addition, the highest index value of 80.1% at 28 days of curing,
was also achieved by the AMSA slag. It was further noted in SANS 55167-1:2011 that the
activity index gives no direct information on the strength contribution of ground granulated BF
slag in concrete, and the use of the ground granulated BF slag is not limited to the mixing ratio
used in the activity index test. Therefore, the performance of the slag in cement is not only
limited to the 50% mixing ratio.

The lower comparative performance of the GGOBFS2 slag might firstly be related to its wide
particle size distribution (PSD) in case the samples taken for casting the different specimens
were not closely homogeneous. Celik (2009) stated that the uniformity of the distribution is
very important for cement strength development and if the fine and coarse tails are minimized
to achieve a narrow PSD, improvement on the strength can be made. This is because the
hydration rate of coarser particle is slower compared to the hydration of finer particles (Wang
et al., 2005), while GGOBFS2 had a mixed amount of finer and coarser particles, with 37% of
particles less than 10 pm, and with 60% of particles between 10 and 100 um as noted in chapter
4 of this study. Secondly, all the slags milled at laboratory scale (GGOBFS1, GGOBFS2,
TkSE) were ground to a lower fineness level than the AMSA slag (in terms of Blaine surface
area) and did not meet the minimum standard fineness of 80% passing 45 pum and a
corresponding Blaine fineness of 275 m*kg as per ASTM C989. This influences their
relatively lower activity indices compared to the industrially milled AMSA slag sample.

5.3.4. Effect of water/binder ratio

The water to binder ratio (w/b) plays a crucial role during the hydration of either pure PC
cement, or blended slag-cement since water acts as the reactant to the formation of the main
binding phase C-S-H and ultimately, the production of CH. The w/b ratio was kept constant in
this study at 0.5 but was changed to 0.4 for one mix (15% GGOBFS1) in order to investigate
the impact of this change at two early curing intervals, and the results are shown in Figure 81.
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Figure 81: Impact of water to binder ratio

As per Figure 81, it can be seen that the 15% GGOBFS1 mortar mix responded to a reduction
in the w/b ratio as the compressive strength increased from 27.3 MPa to 36.7 MPa at 2 days of
curing with the w/b ratio decreased from 50% to 40%. The same phenomenon was observed at
the 7 days’ curing interval as the strength increased from 39.5 MPa to 47 MPa. This illustrates
the effect of excess water on mortar strength. The excess moisture will eventually evaporate
partly from the hydration reaction which releases heat due to normal from drying of the
specimen, but the corresponding compressive strength will be lower. The increment in strength
due to a reduction in w/b ratio was also observed by Sun and Zhang (2021) where the long-
term compressive strength was lower at 50 MPa for 0.45 w/b compared to 75 MPa at 0.34 w/b
with curing for 360 days.

As shown in the previous section on workability, decreasing the w/b ratio will decrease the
workability and can lead to the specimen having unreacted slag and cement, which will in turn
reduce the strength. It can be seen that the selection of both high and low values for the w/b
ratio has consequences since the extra moisture will eventually evaporate from the cured
mortar, possibly leading to high porosity (Sutan et al., 2011), while less water will lead to
incomplete hydration processes as shown by the water dependence of hydration reactions. The
0.5 w/b ratio was used in this study since it was defined by the standard testing procedure. The
main key point is to identify the stoichiometrically required amount of water for the mix
through experiments. However, the hydration reactions of cement are very complex to isolate,
and even more complex for the hydration of blended slag-cement.

5.4. Drying shrinkage
5.4.1. Importance

Drying shrinkage is another important performance indication of either concrete, or mortar
performance. Drying shrinkage is due to moisture loss after setting as opposed to plastic
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shrinkage, which generally occurs before setting. Moreover, it can either be at an early age
during the first day of batching, or at later ages, after 24 hours (Taylor and Wang, 2014; Tia et
al., 2005). Yuan et al. (2015) stated that drying shrinkage of concrete is a principal cause for
bridge deck cracking and subsequent deterioration. Several factors have been found to
influence the shrinkage of concrete, including the mix design, environmental conditions, and
construction procedures. There is conflicting information in the literature whether the addition
of slag increases, or decreases the drying shrinkage of concrete, or mortar specimens.

5.4.2. Drying shrinkage results

In this study, the drying shrinkage was evaluated for mortar mixes made from 100% PC and
blended slag cement with the novel OBF and the conventional BF slag at 3 replacement levels
(15%, 30%, and 50%). The tests were conducted as per ASTM/C596 — 23, and the results are
summarized in Figure 82.

PC= Portland cement —— 100PC
1000 M1= GGOBFS1 slag 15-M1 15-M2- - 15-TK- — 15-AM
M2= GGOBFS2 slag 30-M1 30-M2- - - 30-TK- - - 30-AM
TK= Thyssenkrupp slag 50-M1 50-M2—— 50-TK—— 50-AM
| |AM= ArcelorMittal slag B

800 —

600 —

400 —

Drying shrinkage (micro-strain)

[

o

o
1

Curing time (days)
Figure 82: Drying shrinkage results for all replacement levels

The results in Figure 82 show that the control mix with 100% PC has a higher cumulative
strain, especially for early ages (< 20 days). Thereafter the 15% slag-cement blended mixes
displayed higher cumulative shrinkage. However, the difference is very marginal compared to
the reference mix. The results in Figure 82 were replotted for each slag substitution level in
order to better understand the impact of each slag substitution as shown in Figures 83, 84, and
85.
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Figure 83: Drying shrinkage results for 15% slag substitution
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Figure 84: Drying shrinkage results for 30% slag substitution
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Figure 85: Drying shrinkage results for 50% slag substitution

From the trends observed in Figures 83, 84, and 85 for the 3 slag substitution levels, it can be
seen that as the proportion of the slag increases, the strain in the specimen decreases
accordingly. For instance, GGOBFS1 was the slag sample that decreased the strain the most at
the 15% substitution level, as per Figure 83, and the decrement is approximately 50 micro-
strains. Similarly, for GGOBFS2, at the 30% substitution level, as per Figure 84, the decrement
is around 120 micro-strains. Lastly, for the 50% substitution level, the decrement is around 150
micro-strains as shown in Figure 85. The 15% TkSE sample displayed a higher shrinkage than
that of the 100% PC as per Figure 83, while the same phenomenon also happens to GGOBFS1
at 30% substitution. It is clear that while comparing the different slag samples in this study,
there is no consistent trend for all the substitution levels and for both the conventional BF slag
and the novel OBF slag.

In summary, the replacement of PC by the slag in mortar specimens does decrease the drying
shrinkage, as indicated by measurements taken up to 55 days, with increasing slag content
resulting in lower shrinkage levels. The observed change is small, (< 150 micro-strains) for
replacement levels up to 50%. The Slag Cement Association (SCA) conducted a critical review
based on published shrinkage research data and concluded that slag cement seems to have a
marginal effect on increasing the drying shrinkage. The practical meaning of the slight increase
and decrease in drying shrinkage of the mortar specimens remains to be explored. Overall, the
change in drying shrinkage with the addition of either the novel OBF, or the conventional BF
slag is small. Therefore, based on the results observed in this study, it can be concluded that
the replacement of PC by either the novel OBF, or the conventional BF slag decreases the
drying shrinkage of the mortar mixes, and the decrement level is proportional to the amount of
PC replaced by the slag.

5.5. Qualitative observations: greening effect
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During the strength measurement tests, as the cubic specimens break, a temporary blue to
greenish coloration was observed on the freshly exposed surfaces of broken specimens
containing blended slag-cement. This temporary coloration of the specimen surface is known
as the greening effect as per (Couvidat et al., 2021; Le Cornec et al., 2017; Sioulas and
Sanjayan, 2001). An image illustrating this coloration for the 50% slag cement mixes is shown
in Figure 86.

0,
50% GGOBFS2 100% PC

GOBFS1

50% AMSA  50% TKSE

full specimens before breakage

Figure 86: greening effect of novel OBF slag compared to conventional BF slag at 84 days

Several studies have linked this temporary coloration to the sulphur content of the slag and iron
compounds (Vernet, C., 1982; Sioulas and Sanjayan, 2001). Other authors have pointed out
that the greening effect is linked to the progressive oxidation of polysulphide complexes that
are initially present in GGBFS during curing (Le Cornec et al., 2017). The greening effect
does disappear in a few days or weeks after exposure to air and the specimen’s surface takes
on a light grey colour; however, the inside remains green for years since it is not exposed to
air. Le Cornec et al. (2017) stated that no indications of the effect on mechanical properties of
concrete specimens have been reported, nor evidence of impacts on occupational health, or
environmental consequences during demoulding of the concrete. Couvidat et al. (2020)
conducted leaching experiments to evaluate the environmental impact and found that the
sulphur is present mainly as sulphides, and oxidation leads to the formation of thiosulphates
and sulphates as the main products. However, the sulphate levels were lower than threshold
limit values for both inert waste and alternate materials reused in road construction.
Furthermore, no chromium, or other hazardous metals, were detected in the leachates. This
highlights the non-hazardous and negligible environmental impact associated with the greening
effect.

There are different theories in the literature regarding the origin of this discoloration, but the
common factor is the sulphur content of GGBFS. Piatak et al., (2015) reported that GGBFS
usually contains noticeable amounts of sulphur between 1.0 and 1.9 wt.%, mostly under
reduced form. The novel OBF slag has a relatively low sulphur content (< 0.30%) compared
to the commonly observed sulphur content of 1 — 2% in conventional BF slags (Roy, 2009).
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From the image in Figure 86, it can be seen that the greening effect in the novel OBF slag
samples (GGOBFS1, GGOBFS2) is relatively minor, almost unnoticeable compared to the
greening effect observed for the conventional BF slag samples (AMSA, TkSE). This supports
the conclusion that the degree of the greening effect is also dependent on the amount of sulphur
present in the slag. Moreover, during the experiments, it has been noted that the intensity of
coloration increases as the slag starts to react with PC, and the reaction becomes significant
after 7 days of curing as per the trends observed in the strength development results.

The degree greening effect was moderate for the 30% mixes and almost unnoticeable for the
15% mortar mixes. This reaffirms the statement by Sioulas and Sanjayan (2001) that the degree
or intensity of the coloration increases with increasing slag content since the coloration
originates from compounds in the slag. For the novel OBF slag, however, the intensity of the
coloration was still very low even at 50% replacement, indicating the low level of these colour-
inducing compounds in the novel OBF slag. Schrama et al. (2017) stated that coke is the main
source of sulphur in BF-BOF steelmaking, even though approximately 40% of sulphur is
removed through the coking process, leaving around 0.5% of sulphur in the final coke. In
comparison, the OBF process uses less coke than the BF process since 90% of the iron is
already in the metallic state after the DRI process. This results in the low sulphur content of
the novel OBF slag and ultimately, less intensity of greening effect.

5.6. CO; emissions reduction with addition of the novel OBF slag

The CO2 emissions reduction with slag addition has been approximated in previous studies,
and the observations in Figure 87 was adapted from (Bolte et al, 2023; Szpotowicz and Toth,
2024) using the 28-days compressive strength data from this study.

[—— Emission reduction —}»— GGOBFS1 —/A— GGOBFS2 —®— GGBFS1 —I— GGBFS2|

[$)] [}
o o
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o
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Figure 87: CO: emissions reduction with slag addition

135 | Page



The 28-days strength was selected in order to account for the individual reactivity of the slag,
which only start to significantly contribute to the strength gain of specimens after 7 days. Figure
87 show that the slag substitution level is inversely proportional to the 28-days strength, the
more reactive the slag, the lower the strength drop compared to the 0% slag, even at high slag
substitution like for GGBFS2, previously labelled as AMSA. The trends for GGBFSI
GGOBFS1, and GGOBFS2 are mixed up beyond 15% slag substitution due to associated
experimental errors and reactivity related factors. Overall, it can be seen that the CO2 emissions
in the cement industry can be reduced by increasing the proportion slag in slag-cement blends.
Similar to the conventional BF slag, the novel OBF slag can also reduce up to 60% of CO2
emissions associated with clinker production depending on the type of cement produced (CEM
II, or CEM III). Moreover, if the reactivity of the slag is enhanced by further modifying the
chemical composition, the CO: reduction potential can even go beyond 60%.

5.7. Conclusions

Based on the Workability, Compressive strength, and Drying shrinkage tests, the novel OBF
slag has displayed similar and comparable results to the conventional BF slag. The two slag
types have similar core properties (chemical composition and glass count) that define the
cementitious performance for ground granulated slags. Slight differences in workability,
compressive strength, and drying shrinkage arise when performance-defining properties of the
slag such as, the fineness and the glass content are not the same. Higher fineness of the slag is
beneficial to accelerate the hydration reaction in terms of strength development, but also comes
at a cost in terms of high water-demand, or reduced workability if the slag’s particle size is
very fine.

From visual examination of cured mortar specimens, before and after crushing (to expose the
internal appearance), the intensity of the greening effect is lower in the novel OBF slag
compared to the conventional BF slag due to the relatively lower sulphur content of the novel
OBF slag. Moreover, similar to the conventional BF slag, the usage novel OBF slag can also
reduce up to 60% of CO2 emissions associated with clinker production along with the energy
requirement. Unlike the BF slag, the novel OBF slag possesses relatively lower embodied CO2
associated with its production. Generally, the addition of slag to the cement mortar mixes has
the following effects:

o The workability of the mortar mix increases, and higher slag substitution is equivalent
to higher workability.

o The early strength development decreases (< 28 days) while the late strength
development is complex to predict and mainly depends upon the reactivity of the slag
and its proportion in the mix.

o The rate of strength development in blended slag-cement is mainly governed by the
synergy of the hydration of PC, the micro-filling effect of slag, the amount of PC
replaced by the slag, and the overall reactivity of the slag (linked to chemical
composition, glass content, and fineness).

o The compressive strength increases with increasing slag fineness and glass content;
however, more tests should be conducted to confirm these trends since the slag samples
in this study have roughly similar but not identical chemical compositions.
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o The drying shrinkage decreases, and the decrement level is very minimal and
proportional to the amount of PC replaced by the slag.
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CHAPTER 6: PERFORMANCE EVALUATION OF SLAG-CEMENT
PASTES

6.1. Introduction

This chapter includes discussions about the results obtained from the slag-cement paste mixes.
The main test conducted on paste mixes is the R? reactivity (Rapid, Reliable and Relevant) test
as well as the phase evolution of binders in slag-cement paste mixes at varied curing ages. The
investigation of phase evolution was done using X-Ray diffractometry (XRD), and Scanning
electron microscopy (SEM) as described in chapter 3 of this study. The heat and phase
evolutions of the novel OBF slag and the conventional BF slag are linked to the reactivity of
the slag. As highlighted in chapter 4, the chemical compositions of the main slag samples in
this study (TKSE, AMSA, GGOBFS1, GGOBFS2) are roughly similar, leaving the glass
content, the fineness, and the mixing ratio as the properties that can influence differences in
cementitious performance among the slags in this study. The results are critically discussed
and compared with observations from the literature in order to draw conclusions. It should be
noted that the Portland cement (PC) used in this study is the CEM 1 52.5R, Rapid Hard Cement,
and the following cement notations will be used along this chapter:

C=CaO

S =Si02

A = ALOs3

M= MgO

H=H:20

S=S0;

C=CO0s

6.2. Difference between pozzolanic and hydraulic reaction

O O 0O O O O O

It is important to emphasize the difference between hydraulic and pozzolanic reactions. A
hydraulic reaction is regarded as the reaction of calcium silicate (CS) compounds in cement
such as alite (C3S), and belite (C2S) with water (H) to generate the main binding phase, calcium
silicate hydrate (C-S-H) and portlandite (CH) as a by-product as per Equation 1. On the other
hand, a pozzolanic reaction is the reaction of silica (S) and aluminium oxide (A) from a
pozzolanic material, including slag, to form secondary C-S-H or C-A-S-H as per Equations 2
and 3 (Sun and Zhang, 2021; Chen and Brouwers, 2006; Dunne, 2019).

o (CsS and Ca2S) from Portland cement + H = Primary C-S-H + CH (1)
o SiO2 from pozzolanic materials + CH = Secondary C-S-H (2)
o Amorphous SiO2 and Al203 + CH = C-A-S-H (3)

Other reactions, Equations 6-8, are also reported to occur during the hydration of blended slag
cement since the slag, being latent hydraulic, displays some hydraulic properties once activated
by CH (Chen and Brouwers, 2006; Stephant et al., 2015; Chen, 2007):

o Amorphous CaO and SiO2 + H = Secondary C-S-H (6)
o Amorphous CaO and Al2O3+ H = C-A-H (7
o Amorphous MgO and Al.O3+H=M-A-H (8)
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It should be noted that the above reactions are just simplified versions of the actual hydraulic
and pozzolanic reactions in cement blended with slag. These reactions are generally complex
in nature as it will be discussed later in section 4 of this chapter.

6.3. Reactivity results
6.3.1. Importance

The reactivity of the slags in this study was evaluated using the R? reactivity test. It should be
noted that this test does not differentiate between hydraulic and pozzolanic reactivity; however,
it provides information on the combined chemical reactivity (Avet et al., 2016; Londono-
Zuluaga et al., 2022). In addition, the reactivity tests were conducted as per ASTM/C1897 —
20 to assess the chemical reactivity (hydraulic and pozzolanic) of the novel OBF slag in
comparison to the conventional BF slags by measuring the heat released over a hydration
period of 7 days. Further details of the experimental procedure can be found in chapter 3 of
this study. Generally, a slag with higher reactivity will release a comparatively higher amount
of heat during hydration. As noted in the previous chapters, the reactivity of the slag is linked
to the combined effect of its core properties: the chemical composition, the glass content, and
the fineness.

6.3.2. Cumulative heat results

The reactivity tests were performed using a Calmetrix [-Cal 4000H 4-chamber isothermal
Calorimeter. The cumulative heat results obtained after the slag cement pastes, at 40°C , as per
the mix design and test procedure set out in chapter 3, are shown in Figure 88. It should be
noted that the tests were conducted for 7 days but the results are shown for the first 72 hours in
order to clearly highlight the differences and similarities between the mixes.

500

—— 100PC PC= Portland cement
15-M1=-=-= 15-M2--=-=- 15-TK--=-~ 15-AM M1= GGOBFS1 slag
30-M1—— 30-M2—— 30-TK—— 30-AM M2= GGOBFS2 slag
50-M1- — 50-M2- — 50-TK- — 50-AM TK= Thyssenkrupp slag

400 = AM= ArcelorMittal slag

300

200 -

Cumulative heat (J/g)
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Figure 88: Cumulative heat release over 72 hours
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From a broad point of view, the results in Figure 88 show that the 100% PC mix released the
highest amount of heat, with a 72-hours cumulative total of approximately 375 J/g. This is
expected since the hydraulic reactions in pure PC are more exothermic compared to the
pozzolanic and hydraulic reactions in blended slag cements (Dunne, 2019; Hewlett and Liska,
2019). As the slag was substituted, the cumulative heat release decreases in relation to the
amount of PC replaced. This is in agreement with the report by Kolani et al. (2012) that the
reduction of heat of hydration is among the main reasons for the use of GGBFS in blended slag
cements, which ultimately lowers the thermal stresses in concrete.

The 15% slag mixes reduce the 72-hours’ cumulative heat of hydration of PC from 375 kJ to a
range of 345 — 370 J/g for the 4 slag blends. The slag sample showing the highest heat reduction
is GGOBFS1 at 345 J/g, whereas the slag sample with lowest heat reduction is TkSE at 370 kJ.
This demonstrates the relatively higher reactivity of the TkSE slag at the 15% substitution level.
This is unexpected since the TKSE slag sample had the lowest fineness as determined by the
Blaine test. A possible explanation might either be due to experimental errors since the TkKSE
curve started at a comparatively higher level as shown in Figure 88, or the lower slag
substitution of 15% might have led to the individual effect of slag being minimally accounted
for in the overall heat released of the mix.

For the 30% slag mixes, the cumulative heat of hydration of PC after 72 hours was reduced to
a range of 300 — 337.5 J/g. The AMSA slag sample showed higher cementitious capabilities
by reducing the cumulative heat of hydration to only 337.5 kJ. The same trends can be observed
for the 50% slag/cement mixes, where the AMSA slag reduces the cumulative heat of hydration
to 297.5 J/g. In comparison, the mixes with the GGOBFS1 and TKSE slags showed reduced
cumulative heat of hydration of 237.5 and 245.5 J/g, respectively. GGOBFS2 is the second-
best performing slag for the 30% and 50% slag substitutions in terms of cumulative heat
released, and this is unsurprising since it had a fineness that was second to the AMSA slag.
However, as per the project objectives, the novel OBF slag displays similar cementitious
performance to the conventional BF slag in terms of cumulative heat release as summarized in
Table 15.

Table 15: cumulative heat released over 72 hours by the main slag samples

72 hours Cumulative heat released (J/g)
Slag addition (%) 15% 30% 50%
GGOBFSI1 345 300 237,5
GGOBFS2 352,5 312,5 262,5
TkSE 370 317,5 242.5
AMSA 352,5 337,5 297,5

With similar chemical compositions and equivalent glass count levels of the four slag samples,
the fineness can be considered in comparing the heat of hydration values. A higher fineness of
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the slag is equivalent to lower cumulative heat reduction of PC in blended cement at a given
substitution, highlighting the higher reactivity of the slag. The sensitivity of the R? reactivity
test to fineness was also noted by Blotevogel et al., (2020) and Wang, et al., (2005).The
cumulative heat of hydration can be further reduced by either increasing the proportion of slag,
or by decreasing the fineness of the slag. In both instances, other properties of the mortar or
concrete mix, such as workability, compressive strength, and drying shrinkage, will also be
affected. Therefore, a balance between fineness and slag substitution ratio needs to be achieved
depending on the desired mechanical properties of the final concrete or mortar mix.

The results in Figure 88, further demonstrate that both the novel OBF slag and the conventional
BF slag reduce the cumulative heat of hydration at the different substitution levels, as an
indication of similarities between the two slag types (2 OBF slags and 2 BF slags). Nonetheless,
similar to other mechanical properties discussed in chapter 5, differences in cementitious
performance between the two slag types can be noticed when the core properties of the slag are
not the same. In this case, the effect of fineness is considered significant, since other properties
such as the chemical composition and the glass content are relatively similar as shown in
chapter 4. It should be noted that GGOBFS1 was the slag sample with the lowest Blaine
fineness and a lower glass content, of 90%. Escalante et al. (2001) noted that a lower glass
content is associated with lower reactivity: hence the lowest reactivity, as displayed by
GGOBFSI at all the substitution levels in Figure 88, can be linked to the glass count.

6.3.3. Power (rate of heat evolution)

From Figure 88, it can also be observed that the cumulative heat release increased rapidly for
the first 8 hours and was then followed by a relatively lower rate between 8 and 24 hours,
before the gradual decline in the rate of increase in cumulative heat release. To better
understand this phenomenon, Figure 89 shows the results of the heat released per unit time for
the first 24 hours, where major changes in power, or rate of heat released were observed.
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Figure 89: Rate of heat evolution results
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The results in Figure 89, showing the change in the rate of heat evolution over the initial 24-
hour period, indicate good agreement with the cumulative heat release results. The 100% PC
mix achieved the highest rate of heat evolution, of approximately 0.45 W, demonstrating its
relatively higher reactivity and this occurred after 5.5 hours.

The 15% slag substitution results in a decrease of the maximum rate of heat released down to
0.33 W, which decreased further to 0.30 W for the 30% slag substitution and to 0.27 W for the
50% slag substitution for the lowest performing slag in each substitution level. Moreover, the
rate of heat evolution results further indicates that most of the exothermic reactions occur
intensively between 1.5 and 10 hours. This intensive heat-evolution period is also dependent
on the proportion of slag in the mix, with higher slag proportions corresponding to a lower
intensive heat evolution period. Using 0.15 W, as the lower limit in order to quantify this
intensive heat-evolution period, it can be seen that 15% slag proportion mixes start from 3.3 to
10.5 hours, whereas the 50% slag proportion mixes start from 4.3 hours to 8.6 hours. This is
an illustration of the slag substitution ratio being inversely proportional to the rate of heat
evolution.

Jansen et al. (2012) noted that the main contribution to the heat of hydration within the first 12
hours of the reaction of PC is the hydration of alite (C3S) to form C-S-H and CH. Scholer et al.
(2017) further added that changes in the heat evolution in the early ages of hydration are
influenced by the reaction kinetics of alite and its products (C-S-H and CH). Based on the
results in Figure 89, it can be seen that the reaction kinetics of alite are affected by the slag
substitution in blended mixes, explaining the gradual changes in the rate of heat evolution
observed as PC was replaced with slag at 15%, 30% and 50%. This same theory may also be
the cause of the gradual change in early strength development that was observed in chapter 5
as the slag substitution was increased.

It should be noted that these rates of heat evolution are not the same as the observed rates at
standard conditions (25°C): the R? test in this study was run at 40°C, in order to accelerate the
reaction of the slag in the shorter analysis period. The curing temperature has been found to
strongly influence the reactivity of slag in blended slag-cement mixes (Wang et al., 2019;
Escalante et al., 2001). Moreover, the individual reactivity of the slag barely contributes to the
early heat evolution (< 12 hours) at standard conditions, and the rate of heat evolution seems
to also be dependent on the filling effect of the slag as a mineral addition to PC (Gutteridge
and Dalziel, 1990; Scholer et al., 2017). This explains the slight, yet noticeable, differences
observed in the rate of heat evolution for the slag samples at the same slag substitution ratio
for the first 12 hours since the R3 test was run at non-standard conditions (40°C).

In this study, it can be stated that the difference brought by each slag to the early hydration of
blended slag-cement is linked to the filler effect, the fineness, and the individual reactivity of
the slag. In addition, Scholer et al. (2017) also included the chemistry of the pore solution, and
surface characteristics of the mineral additions as contributing factors that affect the early age
hydration of PC. Overall, both the novel OBF slag and the conventional BF slag displayed
similar patterns in terms of rate of heat evolution at the different substitution levels as shown
in Figure 89. However, the trends in the rate of heat evolution vary for the different slag
samples (GGOBFS1, GGOBFS2, AMSA, TkSE) within the first 12 hours, demonstrating the
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minimal impact of the individual slag reactivity on the early age hydration of blended slag-
cement at the test temperature of 40°C.

6.3.4. Comparison of variations of OBF slags

To assess the effect of chemical composition, 5 variations of the OBF slag including GGOBFS1
and GGOBFS2 were tested using the R? reactivity test. The cumulative heat results along with
the chemical composition of major oxides (SiO2, Al203, MgO, CaO) are shown in Figure 90.
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Figure 90: Effect of chemical composition on the cumulative heat release of slag-cement at
30%

With reference to the results in Figure 90, it can be seen that within the first 12 hours, the
cumulative heat release values for the different variations of OBF slag are similar at a common
value of around 175 J/g. This further highlights the insignificant contribution of the individual
slag reactivity to heat evolved during the early hydration age (<12 hours), with significant
contributions only arising from the hydration of PC. The Tap 85 slag sample, with an Al2O3
content of 15.3%, demonstrates a relatively higher gain in cumulative heat release within the
first 62 hours, after which the gain in cumulative heat decreased significantly compared to all
the other variations of OBF slag. This is aligned with the observation in the studies of
Blotevogel et al., (2020) and Wang et al., (2004) that the relative performance of GGBFS with
the highest Al2O03 content and the lowest CaO content decreased over time. An increase in
Al203 content of GGBFS was associated with the enhancement of early age heat of reaction
and strength (Wang et al., 2004; Whittaker et al., 2014).

It was further noted that Al2O3 also reacts with the liberated MgO from GGBFS during the
hydration of slag cement to form hydrotalcite phases (M-A-C-H). This leads to reduced
incorporation of aluminium (Al) in the Al-substituted calcium silicate hydrate (C-A-S-H), such
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as gehlenite, or stratlingite phases (Haha et al., 2011; Wassing, 2003). Blotevogel et al. (2020)
stated that hydrotalcite-like phases seem to be more prominent in the most reactive slag
samples. It can be clear that the formation of hydrotalcite phases from the MgO in slag seems
to be a desirable feature in blended slag cement since it purifies the C-S-H gel by limiting the
aluminium incorporation. The importance of hydrotalcite was also highlighted in alkali-
activated cement where its formation led to higher long-term strength due to reduced pore
volume and formation of a C-S-H gel structure more similar to the C-S-H gel formed during
hydration of pure PC (Haha et al., 2011; Bernal et al., 2014). Moreover, the formation of Al-
bearing phases, such as ettringite (C-A-S-H), has been found to be very exothermic with a
corresponding enthalpy of formation of -17,535 kJ/mol under standard conditions, compared
to the -1916 kJ/mol observed for C-S-H under standard conditions (Lothenbach et al., 2019).
This maybe the reason for observation of higher cumulative heat release in the early ages for
the Tap 85 slag sample. However, the actual effect of Al2Os still to be measured and confirmed
through more experiments.

The Tap 132 slag sample also demonstrated higher gains in cumulative heat release after 144
hours compared to GGOBFS1, and GGOBFS2. This might be due to its high MgO content of
9.66% while its CaO content was lower and very similar to that of Tap 85 at around 39%. On
the other hand, the Tap 144 slag sample showed a slower, but sustained gain in cumulative heat
release and exceeded the Tap 132 value at around 140 hours. Tap 144 has a higher CaO content
of 42.3% compared with the 39.2% CaO content in Tap 132. Moreover, the MgO content of
Tap 144 is the lowest at 7.52%. However, the sum of basic oxides (CaO + MgO) in Tap 144 is
slightly higher than that of Tap 132, also Tap 144 has a comparatively lower glass content than
Tap 132.The overall higher basic oxide content of Tap 144 might be the reason of for the
slightly higher cumulative heat release compared to Tap 132 since they have the same Al203
content of 10%.

It can be seen that at a constant basic oxides level, a higher MgO slag (> 7.5%) is likely to
display higher early strength development while a higher CaO slag (> 40%) is likely to display
comparatively lower early strength development with sustained growth in the later ages. The
significance of the difference between Tap 144 and Tap 132 in later ages of hydration still
needs to be proven through further tests. This information is crucial, especially for the slag
designing process, since the chemical composition will be modified in ways that favour
improved cementitious performance. It should be noted that the comparison in this section is
based mainly on chemical composition, while other parameters such as the glass content and
the fineness would have had some effect on these results. For instance, the glass content of Tap
85, Tap 132, and Tap 144 were 70%, 94%, and 88% respectively as shown in Figure 90.
Therefore, the glass content also influenced the trends in cumulative heat results. Moreover,
GGOBFS1 and GGOBFS2 showed comparatively lower cumulative heat release at the end of
the 146 hours’ period. This might be linked to the relative differences in fineness and glass
contents among the OBF slag samples.

6.3.5. Correlation of R3 reactivity and compressive strength results

Several authors have found a strong linear correlation between the heat evolution and the early
age compressive strength (Bentz et al., 2012; Pronina et al., 2018; Blotevogel et al., 2020). The
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R’ test can therefore be utilised to quickly predict the reactivity of the slag. Pronina et al. (2018)
noted that the heat evolved seems to be proportional to the strength development and may be
used as an important indicator of the reactivity of slag. On the other hand, Blotevogel et al.
(2020) found a coefficient of determination (R?) of 0.87 between the heat evolved and the
compressive strength at 2 days and highlighted that the correlation of R3-test results is better
than usage of traditional reactivity indices calculated from chemical composition, especially
for the early age (2 days), since R? for later ages was very low. The cumulative heat results at
24 hours were normalized using the total 40 g of solid cementitious binder as per the mix
design. The normalized data were correlated to the 2 days’ compressive strength results
discussed in chapter 5 of this study, and the results are shown in Figure 91. This was done for
all the substitution levels and for both the novel OBF slag and the conventional BF slag.
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Figure 91: Correlation of R3 test results with the 2 days compressive strength results

The results in Figure 91 show quite good correlation between the cumulative heat release and
the 2 days’ compressive strength of the mortar mixes. The R2 value is 0.664, demonstrating
how the regression line will predict the strength from cumulative heat release data. The Pearson
correlation coefficient of 0.832 indicates a strong positive correlation between the two
variables. The highest cumulative heat release per gram of solid at 24 hours in the 50% mixes
was achieved for the AMSA slag sample with a corresponding value of 250 J/g, followed by
GGOBFS2 at 234 J/g. Moreover, the 50% slag substitutions have the lowest variation in
compressive strength ranging from 15 to 16.7 MPa, and the highest variation in cumulative
heat release per gram of solid from 215 to 250 J/g. On the other hand, the 30% slag substitutions
have the highest variation in compressive strength from 22.7 to 25.3 MPa. The lowest variation
in cumulative heat per gram of solid ranging from 266 to 284 J/g can be seen from the 15%
mixes. The obtained values of heat released per unit weight of cement are within the ranges
reported by Blotevogel et al. (2020).
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The effect of working temperature was not assessed in this study, but in the study the 1-day
cumulative heat release for tests run at 40°C was very similar to the 6-days’ cumulative value
for 20°C, where the heat evolution slows down (Avet et al., 2016). It was noted that the high-
working temperature accelerates the rate of pozzolanic reactions. Pozzolanic reactions in PC
blends depend on the hydration reaction of PC that releases the CH which then reacts with the
pozzolanic material. If increasing the temperature accelerates the pozzolanic reaction, then the
hydration reaction of PC is also accelerated by the increased temperature.

Overall, all the slag substitutions gave results with significant variation from the regression line
in this study. These variations result from the specific characteristics of each slag since the
overall hydration process was accelerated by working at non-standard temperature (40°C),
allowing the individual reactivity of the slag to influence the results. Therefore, the variation
between the slag samples needs to be reduced by having similar physical and chemical
properties (fineness, composition and glass content) in order to generate models that can easily
predict the early strength from heat of hydration data. When reducing the variability between
the slags by using only the two novel OBF slag samples (GGOBFS1, GGOBFS2), the adjusted
R? becomes slightly higher at 0.723 as shown in Figure 92.
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Figure 92: Correlation of R3 test with the 2 days compressive strength results for OBF slags

This shows the potential for reliable prediction of actual strength data when slag samples with
less variation are used to generate the regression line. In all the cases, the results in Figure 91,
and Figure 92 highlight a strong, positive, and linear relationship between the cumulative heat
release and the 2 days strength of slag cement mixes. Moreover, unlike the investigations by
Blotevogel et al. (2020), the coefficient of determination (R?) did not change as the curing age
increased to 7 days. However, the variability among the slags in this study, especially in terms
of Blaine fineness, is very significant and might have affected the trends in the results.
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Figure 93: Correlation of R3 test results with 7 days compressive strength results

Figure 93 shows an example using the 7-days’ compressive strength data and the longest curing
hours in the cumulative heat results (146 hours). It can be seen that the coefficient of adjusted
R? for 7 days is 0.685, but the variation in terms of strength increased significantly with each
substitution level. For instance, the variation in strength in the 50% slag substitution group was
the least at 2 days, but it is now widened from 21 to 31 MPa at 7 days, highlighting the
deterioration of the linear correlation between the two variables as the curing age increases.

6.3.6. Correlation of R? reactivity and Blaine fineness

The Blaine fineness test results were correlated to the 24h cumulative heat release per gram of
solid at 30% slag substitution and the results are summarized in Figure 94.
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Figure 94: Correlation of R3 test results with Blaine fineness results
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The effect of fineness on the heat of hydration is shown in Figure 94, where the results indicate
a significant linear correlation between the Blaine fineness of the slag and the cumulative heat
release per gram of cementitious binder. However, further experiments need to be conducted
to confirm this correlation. The corresponding adjusted R? is 0.923 with a Pearson correlation
coefficient of 0.974, highlighting the strength and positivity of the correlation. As noted earlier
in this chapter, the reactivity of the slag is very low and a higher temperature is required for R?
reactivity tests in order to effectively account for the contribution of the slag reactivity to the
heat evolution. Therefore, if the test procedures for cumulative heat measurement and
compressive strength are unchanged, as per this study, the generated regression lines can be
used to predict the 2-days’ compressive strength. However, data alignment with the regression
decreases with increasing curing age. The adjusted R? is lower — in the range of 0.6 to 0.7 —
indicating that the uncertainty of the predictions will be high.

In summary, the novel OBF slag behaves similarly to the conventional BF slag in terms of heat
evolution, highlighting that the reactions occurring during the hydration of these two slags are
similar. The rate of heat evolution strongly depends on the reactivity of the slag, which is linked
to the chemical composition, fineness and glass content. In this study, changes in heat released
by each slag sample seem to have followed the trends in fineness of the slags since other slag
properties were generally similar. Slag with high fineness demonstrates high cumulative heat
release and rate of hydration. Moreover, the early strength development of slag-cement blends
can easily be predicted from the heat of hydration data provided that the regression line was
generated using slag samples of the same properties (similar chemical composition, glass
content, and fineness).

6.4. Hydrated phases evolution in slag-cement pastes

Before characterizing the different phases in the paste of the novel OBF slag, it is crucial to
highlight the common phases that are generally found in hydrated slag-cement pastes. The slag,
being latent hydraulic, makes the prediction and identification of phases a complex process
since many reactions are occurring interactively from the slag and from the cement.

6.4.1. Common phases in slag-cement pastes

Hewlett and Liska (2019) stated that the GGBFS will hydrate in water even without the
presence of an alkali source to form aluminium-substituted calcium silicate hydrate (C-A-S-H)
binder along with secondary Mg-Al phases known as hydrotalcite, fitting the M-A-H and M-
A-C-S structures depending on the availability of Magnesium in the slag and carbonate. More
specifically in cement nomenclature, the hydrotalcite-like phases can include quintinite,
MgsAl2(OH)12CO3-3H20 and/or meixnerite MgeAl2(OH)18-4H20 as well as true hydrotalcite,
MgsAl2(OH)16CO3-4H20 (Mills et al., 2012).

The nomenclature of these phases is very complex since they can easily change based on the
chemistry of the slag and cement. Table 16 summarizes the names and estimated chemical
compositions of the common phases that can be expected in hydrated slag-cement pastes as
well as their main structures, as per the findings in the following studies (Matschei et al., 2007;
Hewlett and Liska, 2019; Feng et al., 2015).
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Table 16: Common phases in hydrated slag-cement pastes

Phases and composition Structure Chemical name
Mono-sulphate (C4ASH12, Afm) CASH Hydrous calcium
Ettringite (C4AS3H32, Aft) aluminium sulphate
Magnesium-aluminium
Hydrotalcite (M4AH1o), M-A-H hydroxy carbonate
Meixnerite, Quintinite M-A-C-S | Magnesium-aluminium
hydrotalcite
Hyd t (C;AH .
Si}l]icre(z)gasrrllle d(ro;arnz?[ Calcium aluminate
us hy
C-A-H hydrate
(C3ASosHea) Y
Mono-carboaluminate (C4ACH11)
Str‘athnglte C-A-S-H Cal?lum silico-
Gehlenite (C2ASHs) aluminate hydrate
it
Jenmi e‘ C-S-H Calcium silicate hydrate
Tobermorite
Portlandite CH Calcium hydroxide

These phases coexist along with un-hydrated cement and slag in hydrated paste mixes
depending on the curing age and degree of hydration since it is very unlikely for complete
hydration of either the slag, or the reference cement to occur (Hewlett and Liska, 2019).
Monosulphate (C4ASH12) is less stable and over time is converted to the more stable variant,
Ettringite (C4AS3H32), as reported in Hewlett and Liska (2019). The AFm and AFt phases may,
at times, also contain Fe to form Fe-mono-sulphate and Fe-ettringite (Feng et al., 2015). The
Jennite-type C—S—H has a higher Ca/Si ratio of around 1.67 compared to the tobermorite-type
C—S—H with a Ca/Si ratio as low as 0.83 as reported by Lothenbach et al., (2008) and Matschei
et al., (2007). The Ca/Si ratio is lowered when slag is added to the mix due to the SiO2 content
in slag. Hence, the C-S-H gel found in hydrated slag-cement paste is most likely the
tobermorite-type, especially at later ages, once the slag has reacted.

6.4.2. Hydration products characterization

The characterization of hydration products was done using scanning electron microscopy
equipped with energy dispersive X-ray spectroscopy (SEM-EDS) to obtain the composition
and the morphology of the product’s surface, whereas the phases were confirmed using X -Ray
diffractometry (XRD). The identification of phases from the micrographs was done with the
help of the EDS composition results by following the atomic ratios summarized in Table 17,
as consolidated by Taylor and Newbury (1984). In conjunction with this technique, the
identification of phases in backscatter electron (BSE) imaging was also used. This technique
stipulates that the brightness of visualized areas decreases in the following order: non-hydrated
cement grain > portlandite (CH) > other hydration products, typically the C-S-H phase > pores
(Hewlett and Liska, 2019).
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Table 17: Atomic ratios of hydrated phases in cement pastes

C-S-H CH AFm Hydrogarnet

Mg/Ca 0.03 0.01 0.00 .11
Al/Ca 0.08 0.03 0.55 0.36
Si/Ca 0.60 0.04 0.04 0.32
S/Ca 0.03 0.004 0.24 0.04
Fe/Ca 0.02 0.01 0.00 0.26
(Al + Fe)/Ca 0.11 0.04 0.55 0.63
Ca/si 1.67

Hewlett and Liska (2019) further noted that the C-S-H and CH phases exhibit high
compositional variations depending on whether they form around the boundaries of unhydrated
cement grains or within the pore space originally filled by water. Most spots (regions) usually
contain both phases including other hydrated phases, but dominated by one major phase as
follows:

Composition high in Ca + Si, low in Al + Fe : denotes spot high in C-S-H
Composition very high in Ca, low in Si and Al + Fe : denotes spot high in CH
Composition high in Ca and Al + Fe, low in Si : denotes spot high in AFm (alumina,
ferric oxide monosubstituted phase)

e Magnesium tends to associate with compositions containing Al and Fe

6.4.2.1. Comparison of pure cement and blended slag-cement

The image of the 100% cement paste was compared with the image of the 50% blended slag-
cement mix at 1000x magnification, for 2 days’ curing, as shown in Figure 95. It is clear that
the microstructure of the two pastes is generally similar except that in the blended slag-cement
paste, coarse size slag particles can be seen in Figure 95b compared to the finer cement particles
in Figure 95a. This is attributed to the fact that the Portland cement sample in this study (with
a Blaine fineness of 389 m?/kg) was finer than the slag samples (with Blaine fineness below
300 m*/kg), as shown in Chapter 4.

A} Hydration of 100% CEM | 52.5R (2 days curing) B} Hydration of blended slag-cement 50% OBF Slag (2 days curing)
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Figure 95: pure cement and blended slag-cement microstructure
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6.4.2.2.Hydration of cement with curing time

The effect of curing time on morphological and phase-chemical composition change was
assessed for the 100% cement paste and the SEM results from 2 to 56 days are presented in
Figure 96 while the XRD results are shown in Figure 97.
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Figure 96: Hydration of 100% cement with curing time (a. 2-days, b. 7-days, c. 28-days, and
d. 56-days) — secondary electron images

As per Figure 96, the main identified phases are C-S-H, CH, and some unhydrated cement
grains from 2 days of curing, up to 56 days of curing. The results indicate that even at 56 days,
the hydration process can be expected to continue and not all the cement has reacted throughout
the process. A certain degree of hydration is expected, which should be affected by the
components in the main hydration reactions of cement as well as the feasibility and the kinetics
of these reactions. It is interesting to note the transformation of the C-S-H phase, which started
with fibrous, vein-like phases with visible pores in Figure 96a, and the microstructure changes
throughout the hydration process into densely packed particles with less fibrous-like phases as
shown in Figure 96d. This morphological transformation of C-S-H is also described by
Richardson (2004). The composition of the C-S-H was also varying at different spots, denoted
by the region of high Si and low Ca in Figure 96b. On the other hand, the CH formed as plate,
or gel-like phases, at 2 days of curing in Figure 96a , and then becomes denser and blockier as
the hydration process progresses and the CH crystals grow as shown in Figure 96¢. Generally,
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as the curing age increases, it becomes more difficult to visually differentiate the hydrated
phases, and it is in this instance where the BSE identification technique becomes very useful.

A particle fitting the structure of C-A-S-H was also identified in Figure 96c¢: this spot had
higher alumina compared to silica, indicating the presence of either mono-sulphate or ettringite.
However, the sulphur content was very low for it to be ettringite (AFt), and it also contains a
quite substantial amount of Si to be considered as stratlingite. It is therefore concluded that this
particle is likely to be either mono-sulphate (AFm), or stratlingite (C-A-S-H).

The X-ray diffractograms for the hydration phase evolution of the 100% cement paste are
presented in Figure 97.
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Figure 97: Hydration of 100% cement with curing time (2,7, and 28 days) - XRD

As can be seen in Figure 97, the X-ray diffractometry could not detect the primary binding
phase (C-S-H) responsible for strength development in cement. However, portlandite (CH), a
by-product of C3S and C.S hydration was detected. Alizadeh (2009) highlighted that it is
difficult for C-S-H to be identified by X-ray diffractometry due to its poorly crystalline and
nano-structure phase, while a similar theory was also elaborated half a century ago by Bernal
etal. (1952). Hence, the crystals of C-S-H are not well-defined and lack sharp diffraction peaks.
This amorphous nature of C-S-H makes it very difficult to quantify the change in phase
formation using XRD results. Portlandite, on the other hand, formed well-defined crystalline
phases, enabling identification via X-ray diffractometry.
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The results in Figure 97 show a decrease in the intensity of alite (C3S) and belite (C2S),
indicating that the hydration reaction continues over time from 2 to 28 days, just as shown in
the SEM results, since the reactants of cement hydration appear to be consumed over the course
of this period. Moreover, the lower detected intensities of alite and belite at 2 days of curing
compared to the original intensities in pure cement, shown in Figure 98, demonstrate that the
majority of these two compounds, particularly alite, is consumed before the end of 2 days of

curing.
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Figure 98: Original cement-XRD

This further indicates that most of the main hydration reactions occur within the first 48 hours,
thereby raising the question of the cause of the strength development at later ages (more than
2 days). Similar observations about the duration of main hydration reactions were made by
Taylor (1997) using the change in rate of heat evolution as shown in Figure 99.
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Figure 99: Rate of heat evolution at 20°C for a typical Portland cement
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The initial peak (1) corresponds to exothermic wetting and early-stage reactions of cement
producing rods of AFt phases, peak (2) corresponding the generation of C-S-H and CH from
the hydration of Cs3S, and the rate of heat evolution continue to gradually decreases through
peak (3) and (4) while still generating C-S-H and CH. Taylor (1997) further highlighted that
the hydration process of C3S may be divided into five stages: the initial reaction, the induction
period , the acceleratory period, the deceleration period, and the final slow-reaction stage. All
of these stages occur within the first 48 hours as shown in Figure 99. It is clear that the
compositional change of the binder (C-S-H) is minimal beyond 2 days and the cause of late
strength development may be linked to the morphological change of the binder (C-S-H) as well
as the minimal compositional change. However, it should be noted that the compositions of C-
S-H and CH vary widely at various spots within the specimen.

The morphological change may be due to the evaporation of water from the specimen, and the
filling of pores by the binder and portlandite throughout the entire hydration process, thereby
increasing the strength of the specimen. This theory agrees with the observations made on the
strength development of the 100% cement mix discussed in chapter 5 of this study. The
increment in strength was very significant within the first 2 days at about 38 MPa, compared
to the 12 MPa strength gain that was observed after 7 days, while the strength-gain continues
to decrease as shown in Figure 100.
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Figure 100: Strength gain of the 100% cement mix

It is difficult to make conclusions using the XRD results because of the undetected amorphous
phase (C-S-H) along with other hydrated phases that could not be identified for similar reasons.
The detected amount of alite and belite at 2 days seems to be very low, based on the intensity
of peaks shown in Figure 97, to link the significant strength gains at 7 and 28 days of curing to
the change in composition of the binder. The results in Figure 100 indicate that the extent of
hydration of the 100% cement mix is significant up to 28 days, after which the strength gain is
substantially lower. In conclusion, the combination of the SEM, XRD, and strength
development results demonstrates that the hydration of the 100% cement mix within the first
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2-days is strongly influenced by the formation and compositional change of the binder, after
which it is the synergy of morphological and compositional changes of the binding phases that
contribute to the strength development of the specimen.

6.4.2.3. Hydration of blended slag-cement with curing time and varied slag/cement ratio

In order to compare the hydration of pure cement to that of blended slag-cement, the SEM
images of the hydration of the 50% slag-cement paste from 7 to 56 days are set out in Figure
101. It should be noted that the slag used in this section is GGOBFS2.
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Figure 101: Hydration of blended slag-cement with curing time-SEM

As per the results in Figure 101, the C-S-H appears fibrous or vein-like at 7 days and the
morphology changes as the hydration process progresses, similar to the observations for the
pure cement paste. However, the presence of unhydrated slag grains can be noted in the blended
slag-cement mix, and this makes the microstructure of the C-S-H and CH more disordered.
This effect, coupled with the reduced amount of cement in the blended mix leads to slower
early strength development, as discussed in chapter 5.

The EDS results show that the C-S-H in the blended slag-cement has a very low level of Ca
compared to the pure cement paste, although there is a variation in composition of C-S-H at
different spots. Richardson (2004) also indicated that the C-S-H in blended cements contains a
reduced mean Ca/Si ratio, changing the morphology from fibrillar to a foil-like morphology.
This is associated with a tobermorite-type structure of C-S-H (CasSisO16(OH)2.4H20) rather
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than the jennite-type structure (CasoSicO18(OH)s.8H20) which has a higher mean Ca/Si ratio.
Similar to the 100% cement paste, as the curing time increases, the microstructure of the
blended slag-cement paste becomes denser and the phases become difficult to isolate and
identify.

The presence of C-A-S-H is also noted in Figure 101c. However, the composition of the C-A-
S-H in the blended slag-cement paste seems to have high magnesia and alumina, and this can
also possibly be linked to a hydrotalcite structure (M-A-H) similar to the phases made by Mills
et al. (2012) although the carbon was not accounted for in the EDS results. Moreover, the
substantial presence of lime and alumina may also provide a link to a hydrogarnet structure (C-
A-H). The inclusion of Fe was also identified in Figure 101c, highlighting the presence of
entrained Fe droplets contributed by the slag to the blended slag-cement paste. This arises
typically from the Fe that could not drop down to the metal zone during smelting.

The XRD results of the blended slag-cement pastes are presented in Figure 102.
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Figure 102: Hydration of blended slag-cement with curing time (7 — 56 days) - XRD

The hydration phases formed in the blended-slag cement paste are very similar to those
observed in the pure cement paste. The C-S-H was also not identified, while portlandite, alite
and belite were identified. However, the intensity of peaks for alite and belite appears very low
in the blended slag-cement compared to the observations for the 100% cement paste. This may
be due to the comparatively lower amount of cement used in the blended slag-cement paste.
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There are two unidentified phases at 18° and 33° that grow as the curing time increases. These
phases could be either of the hydrated products since they are forming as the curing time
increases. Moreover, the broader-hump nature of their peaks suggests that their structures are
not well-defined and may be very fine-grained materials. Therefore, these can be either the C-
S-H or C-A-S-H binding phase.

In order to better understand the influence of slag substitution, XRD analyses were performed
on blended slag-cement mixes containing 15%, 30%, and 50% slag at 56 days of curing. The
results are illustrated in Figure 103.
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Figure 103: Effect of slag substitution ratio on phase formation at 56 days

The results in Figure 103 show that the ratio of the slag in blended slag-cement does not have
much impact on the nature of the phases that form after hydration, it does, however, slightly
affect the quantity of the phase. This can be explained by the fact that as the slag substitution
ratio increases from 15% to 50%, the peak-intensity of the unidentified phase at 14° along with
that of portlandite seems to decrease. The decrease in the level of portlandite formed is expected
since the generated portlandite reacts with the silica and alumina from the slag, through the
pozzolanic reaction, in order to produce the C-A-S-H binder. Hence, the amount of portlandite
should decrease as the proportion of the slag in the blended slag-cement mix increases.
However, this was not the case for the 30% slag substitution as it appears to have the highest
intensity counts of portlandite compared to the rest of the blended slag-cement mixes.
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The peaks of alite and belite seem to be more prominent in the lower slag substitution (15%)
than in the higher slag substitution (50%). This can also be linked to the reduced amount of
cement in the higher slag substitution mix. Overall, the hydration of blended slag-cement pastes
has similar phase evolution to the pure cement pastes. However, the blended slag-cements have
C-S-H with lower mean Ca/Si ratios and higher levels of incorporation of other hydration
products, like C-A-S-H and C-A-H, as well as some incorporation of magnesia in the hydration
products.

6.4.2.4. Comparison of GGOBFS and GGBFS blended slag-cement hydration

The SEM images of GGOBFS and GGBFS blended slag-cement at 56 days of curing,
containing 50% slag are shown in Figure 104.

A) GGOBFS1

"

s I

’lal nhydrated

Y\ Bhigh Mg: G-ASH
3 | £ /
-

1 ; Shigh Mg: GoA-S-H
LNk

*
3pm EHT = 20.00 KV Signal A = NTS BSD Best Aperwre=ves [N | | 1pme EHT = 20.00 KV Signal A = InLens Date: 4 Feb 2025 =
WD=13.4 mm Mag= 500KX Aperture Size = 120.0 p | H WD =10.2 mm Mag= 10.00 K X Aperiuire Size = 60.00 ym

C) GGBFS1

EHT =20.00 KV Signal A =SE2 Date: 21 Nov 2024

3

3 pm [EMT = 20.00 kV' Signal A= SE2 Date: 21 Nov 2024
WD = 11.1 mm Mag= 10.00 KX Aperture Size = 120.0 pm cifuinlo e e i

Figure 104: GGOBFS and GGBF'S blended slag-cement hydration-SEM

The results in Figure 104 show the same phases observed in the preceding section, with CH,
C-A-S-H, and C-S-H as major phases. C-A-S-H appears to have a slabby and larger vein-like
morphology compared to C-S-H. The main difference between the hydration of blended slag-
cement with GGOBFS and GGBFS appears to be in the composition of the C-A-S-H phase.
The C-A-S-H in GGBFS has a high sulphur-intake, thereby making the phase resemble either
ettringite or mono-sulphate, whereas the C-A-S-H in GGOBFS has little sulphur intake,
making the composition similar to either hydrotalcite for high MgO spots, or hydrogarnet for
low MgO and high Al2O3 spots in SEM micrographs. This observation is aligned with the
observed chemical composition in chapter 4, which indicated that GGOBFS has less sulphur
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due to the lower coke-requirement for the OBF process compared to the conventional BF
process.

The XRD results of the different slag cements in 50% slag-cement mixes are shown in Figure
105.
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Figure 105: GGOBFS and GGBFS blended slag-cement hydration-XRD

As can be seen in Figure 105, the diffractograms of GGOBFS and GGBFS are very similar ,
thereby further highlighting the similarities of phases that form during the hydration of blended
slag-cement paste with GGOBFS and GGBFS. However, the differences in the nature of C-A-
S-H are not shown since this phase, along with C-S-H, is amorphous and undetectable by XRD
analysis.

6.5. Conclusion

In summary, the novel OBF slag behaves in a similar manner to the conventional BF slag in
terms of heat evolution, highlighting that the reactions occurring during the hydration of these
two slags are similar. The rate of heat evolution depends strongly on the reactivity of the slag,
which is linked to the chemical composition, fineness and glass content. In this study, changes
in heat released by each slag sample seem to have followed the trends in fineness of the slags
since the other slag properties assessed, covering chemical composition, were generally
similar. Slag with high fineness demonstrates high cumulative heat release and rate of
hydration. Furthermore, the results indicate a significant linear correlation between the fineness
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of the slag and cumulative heat release per gram of solid cementitious binder. The
corresponding coefficient of determination is 0.923 and a Pearson correlation coefficient of
0.974, highlighting the strength and positivity of the correlation.

The main phases that form during the hydration of blended slag-cement and pure cement are
C-S-H, CH, and C-A-S-H. The C-S-H phase has a fibrous morphology with a poorly crystalline
structure, making it undetectable via XRD analysis. The CH phase has gel-like, or blocky
morphology with a well-defined crystal structure and is detectable by XRD analysis. The C-A-
S-H phase has a similar morphology to C-S-H but is thicker, and also has an amorphous
structure undetectable by XRD analysis. The overall microstructure of the paste gets densely
packed with increasing curing time as the hydration reactions continue and the excess water
evaporates. The hydration of the paste within the first 2-days is strongly influenced by the
formation and compositional change of the binders (C-S-H, C-A-S-H, CH), after which it is
the synergy of morphological and compositional changes of the binding phases that contributes
to the strength development of the specimen. The compositional change has more effect on the
late strength development in blended slag-cement mixes since the reactivity of the slag only
becomes prominent at later ages.

The phases that evolve during the hydration of blended slag-cements with GGOBFS and
GGBFS are very similar. The main difference lies in the composition of the C-A-S-H phase.
The C-A-S-H in GGBFS has a high sulphur-intake, thereby making the phase resemble either
ettringite or mono-sulphate, whereas the C-A-S-H in GGOBFS has little sulphur intake,
making the composition similar to either hydrotalcite for high MgO spots, or hydrogarnet for
low MgO and high Al2O3 spots in SEM micrographs. This dissimilarity arises from the fact
that GGOBFS has less sulphur compared to GGBFS, owing to the lower coke requirement for
the OBF process compared to the conventional BF process.
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Part II: DRI-OBF-SVF

Extension of the Direct Reduced Iron (DRI) and Open Bath Furnace (OBF)
circuit with a Slag Valorisation Furnace (SVF) stage

The second part of this project covers the feasibility of integrating an extra slag valorisation
furnace (SVF) into the DRI-OBF circuit in order to extend the life span of the OBF refractory
materials and increase the total volume output of the slag. Unlike the first part of this project,
which aimed to fulfil the dual objectives of meeting both metallurgical and cementitious
requirements in one furnace (OBF), the second part incorporates a different approach with
meeting each objective in two separate furnaces. The first furnace (OBF) prioritizes the
metallurgical conditions by producing an intermediate slag (OBF Gen2) that is less corrosive
to the refractory lining materials in the OBF, whereas the second furnace (SVF) prioritizes the
valorisation of the intermediate slag (OBF Gen2) into a cementitious product such as, a BF
equivalent, or higher CaO slag close to the composition of cement clinker.

Cement specifications commonly have a maximum MgO level of 5 — 6%, and this MgO level
is way below the saturation limit for a furnace operating at 1500°C thereby leading to corrosion
of the refractory. Hence, the requirement to increase the MgO level of the slag in the OBF for
refractory protection and then reduce it to cement specification in the SVF slag. In this respect,
the design approach is covered in chapter 7 while the evaluation of the slag properties along
with the mass and energy balances are conducted in chapter 8. A schematic representation of
the process extension with the Slag Valorisation Furnace is shown in Figure 106.

OBF Gen 2 Slag design Slag Valorisation Furnace

Electric power

|_ EOE _l Anthracite
DRI ore Elecfric power
: DRI plant | . P
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Figure 106: DRI-OBF-SVF configuration
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CHAPTER 7: OBF-SVF SLAG REFRACTORY DESIGN

7.1. Introduction

This chapter is mainly dedicated to the study of the slag-refractory interactions in the OBF.
This includes a design procedure for an intermediate slag composition that is more compatible
with the OBF by prioritizing the metallurgical conditions, followed by a subsequent
modification of the intermediate slag into a BF slag equivalent in the SVF. Moreover, this
chapter briefly covers the fundamentals of refractory materials selection as well as the
refractories that are commonly employed in iron and steel production.

The slag-refractory design procedure includes the study of the gangue distribution in the DRI,
the selection of suitable refractory materials, and the selection of the proposed slag
compositions by investigating the possible new slag zone in the Al203-CaO-SiO2-MgO system
that could be less corrosive to the selected refractories in the OBF Gen2 and in the SVF. The
work of this chapter is done using FactSage, an effective software package that can be used to
generate thermodynamics data of various materials.

7.2. Phases nomenclature

It is important to note the different names of common chemical phases that will be used
throughout this chapter. In that respect, Figure 107 summarizes the names of these phases, their
chemical formulas as well as a typical quaternary diagram, generated at 15% MgO.

Phase name Chemical composition .
e chome o Al,0, - Ca0 - Si0, - MgO
ag-liq olten oxides Projection (A-Slag-liq), MgO/(Al,0,+Ca0+Si0,+MgO) Gh ESage”
Corundum(alpha) Alz0s(s4) (9/g)=0.15, 1 atm C age
Mullite AlgSiy01a(s) S,()2
Akermanite(me Ca,MgSi-0:(s) T°C
Timin) = 1258.00 °C, T(max) = 2400.07 'C 2500

Merwinite Ca;MgSi0s(s) l 2450
Anorthite CaAl,Si;04(s2)
Solid CaMg.Al15027(s) 2200
Diopside(cl-py) CaMgSi:0¢(s)
Lime CaQ(s)

1850
Cordierite M2 AlSisOqs(s)
Forsterite Mg:SiOu(s)

1700
Sapphirine Mgy Al1Si2025(s)
Spinel MgAl;04(s)
Periclase MgO(s) 1450
Merwinite MgOCa;0,Si;04(s)
Proto-enstatite MgSi0s(s3) 1200
Tridymite(h) Si0,(s4)
Cristobalite (h) Si0,(s6)
Alite Ca,5i0s(s)
Belite Ca,Si0y(s) ) %O,
Hatrurite Ca,Si0s(s) Cao ) 08 o 04 o [ A.’ O
Gehlenite CaAl,SIO(s) mass fraction 23

Figure 107: Names of common phases and typical quaternary diagram, generated at 15%

MgO

7.3. DRI gangue distribution

7.3.1. Short literature survey
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Gangue materials are impurities found in the DRI alongside iron minerals. The gangue
composition of the DRI plays a very important role during the slag designing process since the
gangue composition will dictate the type and mass of fluxing materials that need to be added
in order to reach a targeted slag composition. While DRI pellets are predominantly made up of
Fe, the proportion of gangue materials helps to distinguish between DR-grade (>66% Fe total),
and BF-grade DRI (>57% Fe total) as per recent studies (Nicholas and Basirat, 2022b; Kim
and Sohn, 2022). A literature survey covering major DRI gangue compositions around the
world has shown variations in chemical composition as illustrated in Table 18.

Table 18: Typical DRI compositions

Reference MgO | CaO | ALOs3 | SiO: | Gangue | Fe mineral | Total Fe | Total From Grade
(Lietal, .
20222) 04 | 027 | 02 | 464 | 551 94,82 68,38 | 100,33 | Magnetite | DR
(Mao et al., .
202) 255 | 1,45 | 3,76 | 567 | 1343 86,00 62,02 | 9943 | Hematite | BF
(Lietal, 0,68 | 1,34 | 063 | 27 5,35 93,20 67,21 98,55 | Magnetite | DR
2022b) : , \ : , : , , g
S)(;};m tal, | 004 | 24 | 056 | 336 | 636 92,46 66,68 | 98,82 | Hematite | DR
(Shahabuddin |0\ 1 040 | 301 | 671 | 983 80,65 56,50 | 90,48 | Goethite BF
etal., 2024)
(Cavaliere et 1,03 | 051 | 057 | 11,8 | 13,86 86,14 62,12 | 100,00 | Hematite BF
al., 2022)
TkSE .

1,58 | 072 | 045 | 625 | 9,00 90 64,90 | 99,00 | Hematite | BF

From the data in the above table, BF-grade DRI contains between 9 and 15% of gangue
materials while DR-grade DRI contains less than 8% of gangue materials, without accounting
for the carbon added during the DRI process. Most BF-grade DRI ores contain between 60 and
65% Fe. However, when dealing with an ore that contains goethite/limonite (Fe203.nH20) as
the main Fe mineral, the Fe content will then be below 60% because of the bound water and
the LOI being more than 5% similar to DRI composition by Shahabuddin et al. (2024). The
gangue compositions in Table 18, were normalized to 100 and plotted on a quaternary diagram
Al203-Ca0-Si02-MgO shown in Figure 108, considering an operating temperature of 1500°C,
an atmospheric pressure of 1 atm, and at constant MgO of 8%. The original MgO content of
each gangue composition was not considered.
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Figure 108: DRI gangue distribution in A[203-CaO-SiO2-MgQO system

This survey indicates that most DRI gangues are acidic as shown in blue in the quaternary
diagram, with roughly >50% silica (SiO2) content, including the TkSE gangue, shown in
yellow, which has a normalized SiO2 content of 84% in the CaO-Si02-Al203 system, and goes
down to 70% when accounting for MgO. The proportion of gangue materials based on the DRI
grade might be different, but the gangue distribution is roughly the same in the acidic region.
It can be seen that SiOz is the predominant component in the DRI gangue composition, and the
remaining major components (AlO3, CaO, MgO) are randomly distributed in varied
proportions depending on the geological origin of the DRI.

7.3.2. Selected gangue distribution for slag design

As indicated earlier in chapter 1, DR-grade Fe ores are scarce and only comprise 4% of the
global Fe ores in the market (Nicholas and Basirat, 2022a). Furthermore, the usage of DR-
grade Fe pellets along with Fe scrap is limited to the electric arc furnace (EAF), which can only
process Fe feedstock with little impurities. On the other hand, the novel open bath furnace
(OBF) is capable of processing both the DR-grade and BF-grade DRI pellets, with the latter
generating more slag due to their relatively higher gangue proportions. Moreover, very acidic
gangues (high SiO2) will require more fluxing materials to get to a target slag composition
since the slag is basic (low SiO2). The selection of a gangue composition that is very acidic for
the designing process is ideal because the results in terms of furnace size will be overestimated,
thereby making the furnace versatile to handle different levels of acidity in terms of gangue
composition. Taking these factors into account, the slag designing process will be based on the
TkSE BF-grade DRI, which has 70% SiO2, and the mass balance will be computed using two
gangue proportions, 10% and 15% as summarized in Table 19.
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Table 19: Selected gangue distribution and proportion for slag design

Normalized gangue distribution (%) | Gangue proportion
SiO; MgO | ALLO; | CaO | inthe DRI (%)
70 17 5 8 10
70 17 5 8 15

7.3.3. Fluxing materials

Most DRI gangue can easily form a slag with no addition of fluxing materials as shown in
Figure 107. However, the majority of DRI gangue compositions are far away from the liquidus
line for either MgO-rich, or MgAl204 refractories, indicating that the corrosion will be very
high. Fluxing materials play a very important role in modifying the behaviour of the slag by
changing its chemical composition. Moreover, the amount and the types of fluxes used depend
upon the gangue composition of the DRI, the required final slag composition, as well as the
key performance indicators of the furnace operations. The fluxes used in the slag designing
process and their functions are as follows:

Bauxite to supplement the Al2O3 content

Burnt lime to control the CaO content

Burnt dolomite to adjust the MgO and CaO content of the slag
Quartzite to control the SiO2 content of the slag

O O O O

7.4. Refractories in iron and steel production
7.4.1. Importance

Refractories are specialized materials that help to contain the molten iron, steel, or slags in
order to keep the integrity of the furnace during these high temperature processes. According
to Biswas and Sarkar (2020), refractories are solid materials, capable of withstanding very high
temperatures (1400 - 2500 °C). They can prevent corrosion to liquid metal and slag and are
resistant to hot abrasion and erosion. Moreover, refractories are composed of oxides, nitrides
and carbides, used in combination to overcome temperature fluctuations, high temperature
deformation, and with adequate load-bearing capacity.

Refractories can be classified in many ways, based on the installation mode (shaped or
unshaped), the type of bonding (fired, tempered), and lastly, the chemical composition (acid,
basic, or neutral) (Fang et al., 1999; Horckmans et al., 2019). Every pyrometallurgy process
requires specific types of refractory materials that can make the production process more
efficient and decrease the risk of refractory failure. This indicates that wrong selection of
refractory materials makes the production process vulnerable, unsafe, and with a shorter
campaign life. Therefore, the selection of suitable refractory materials for a process is
paramount to the success of the process. Moreover, the current technological development of
iron and steelmaking processes also necessitates an exploration of advanced refractory
materials capable of efficiently sustaining these newly developed technologies, which applies
in this case to the DRI-OBF technology.
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7.4.2. Types of refractory wear

The three different types of refractory wear that occur at the hot face (surface of contact
between slag and refractory) are abrasion, erosion, and corrosion. Abrasion occurs when the
refractory surface wears off due to the scrubbing action of moving solids. Corrosion occurs
from chemical reaction between the liquid slag and solid phases at the hot face of the refractory,
and lastly, erosion is the wearing away of the disintegrated refractory surface due to the
washing action of the moving slag (Biswas and Sarkar, 2020). Generally, the refractory surface
is firstly weakened by corrosion, and then erosion occurs (Den Hoed, 1999). Sometimes, poor
physical properties of the refractory can lead to slag penetration into the refractory, which will
lower its solidus temperature, and eventually lead to erosion.

7.4.3. Properties of refractories

The properties of refractories can be broadly grouped into three categories: chemical, physical,
and thermal. The main and common properties of the refractory include, low and high
temperature strength, thermal shock resistance, porosity, and thermal conductivity (Akiyoshi
etal., 2017; Banerjee, 2004). This study focuses on the chemical interaction between the molten
slag and the selected refractories. In this respect, the information derived in this chapter only
considers the corrosion of the refractory surface by the molten slag at the selected temperature.
The equilibrium is dictated by the saturation levels of solid phases from the refractory in the
molten slag, and these can ultimately assist with predicting the degree of corrosion.

Jansson et al. (2005) highlighted that the resistance of refractories toward the slag is determined
first of all by equilibrium relations, demonstrating that a slag that is already saturated with a
solid phase, cannot further attack a refractory consisting of that solid phase. According to
Biswas and Sarkar (2020), other slag properties such as the viscosity, temperature and the
surface tension also affect the refractory wear. However, these properties depend on the
selected slag composition. Hence, the slag designing process in this study will also take those
properties into consideration before selecting the optimal slag composition for the OBF Gen2.

7.4.4. Common refractories in the steel industry

Conventionally, blast furnaces are lined with carbon bricks, silicon carbide (SiC), and in
addition, high alumina bricks are used (Thethwayo and Steenkamp, 2020; Almeida et al.,
2017). In contrast, modern electric arc furnaces are lined with MgO-rich, and high
alumina/magnesite bricks (Qin and Qi, 2012; Li et al., 2000) for the different areas in the
furnace. The main areas are the free board, the side wall, the hearth and the roof which is
equipped with water-cooled jackets to regulate the temperature and improve the performance
of the refractory. The slag is mostly in contact with the lower region of the side wall, whereas
the metal is in contact with both the lower side wall and the hearth.

Refractories in the BOF process should resist high temperature and the generated basic slag
while in the EAF, the refractories should also resist the mechanical impingement of the scrap
iron, as well as the localized hot spots caused by the arcing (Banerjee, 2004). Therefore, the
refractories in the EAF must have good mechanical strength, high refractoriness (high
temperature resistance), and resistance to basic slag. Moreover, for slags that are undersaturated
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in the basic oxide (MgO), the incorporation of cooling systems in the refractory reduces the
solidification temperature at the hot face, causing the creation of freeze linings composed of
slag constituents (Naudé and Shapiro, 2010). It can be seen that the freeze lining layer helps
protect the refractory from further corrosion since its composition is similar to the slag.
Therefore, the corrosion of refractory can be minimized by producing a slag that is saturated
in the main constituent of the refractory, or by installing cooling systems in the refractory that
can facilitate the formation of freeze linings. The installation of cooling systems might also
increase the overall energy loss of the process.

7.4.5. Refractory performance tests

The making of refractory materials is an art reserved to refractory manufacturers because two
refractories might have the same name based on chemical composition, but different
performances based upon how they were crafted. The testing of refractory properties is usually
indicative of the refractory performance in real applications (Banerjee, 2004). There are several
performance tests that are conducted to assess the different properties of the refractory, but in
this study the interest is on tests that evaluate the resistance of refractories to corrosion as
described by Brosnan (2004). Moreover, corrosion tests can either be static, or dynamic
including both finger testing and crucible testing (Reynaert et al., 2020). An illustration of the
crucible test is shown in Figure 109, in which the thickness of the dissolved brick (Dd), the
depth of infiltration (Di) and the height of the remaining slag level (Hrs) are indicated after a
corrosion test

Corrosion

test
Corrosive _b
medium D,

Refractory

Figure 109: Crucible corrosion test (Reynaert et al., 2020)

Reynaert et al. (2020) further noted that dynamic tests provide data closer to the industrial
working conditions. The most commonly employed dynamic test is the rotating finger test.
Moreover, several refractory materials can also be tested in the same crucible using a semi-
static, induction furnace test, or a fully dynamic, rotary slag test. It should be noted that in the
induction furnace test, the induction heating helps with the heating and stirring of steel, and the
slag is only heated through the heat transfer from the steel. An illustration of the rotating finger
test, and the induction furnace test are shown in Figure 110.
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Figure 110: (a) Rotating finger test, and (b) Induction furnace heating test (Reynaert et al.
2020)

A comparison of corrosion test parameters for the different types of corrosion tests is also
summarized in Table 20, which highlights the advantages and disadvantages of each corrosion

test (Reynaert et al., 2020).

Table 20: Advantages and disadvantages of corrosion tests (Reynaert et al. 2020)

Sess;l:;tdrop Crucible test Finger test ﬁlil(;t::llr;%t I?S::JICC;H ROt?ZtSIEg
Thermal gradient No No No No
Slag volume Small Small Medium fedi
Slag renewal No No 058 I ‘ Possibl
Interaction between brick ssil Possibl Possible
Temperature control Difficult
Atmosphere control Impossible
Slag agitation No No No M n
e ey g N
Easy to realize Difficult Difficult
Cot e fiieoei e gl
Scale Low Low Medium Medium High High

Generally, the extent of dissolution or infiltration of the refractory by the slag is calculated by
comparing the thickness of the refractory before and after the corrosion test (Ko, 2002).

7.4.6. Refractory selection for OBF and SVF

Electric arc furnaces are usually operated in submerged arc mode depending on the commodity,
whereas the novel OBF technology is operated in open arc mode, where the heat dissipation
towards the refractory is relatively high due to the electrode not being immersed in the slag.
Therefore, basic refractories that are able to handle high operating temperatures such as the
MgO-rich refractories are ideal for this novel OBF technology.

Carbon refractories are suitable for the slag but are prone to corrosion by the metal due to the
relatively low carbon saturation of the electric pig iron compared to the conventional pig iron
from the BF. The slag, however, is almost inert to carbon refractory since most of the iron
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oxide has already been reduced in the DRI process, thereby minimizing the reaction of FeO in
the slag with C from the refractory, commonly observed in conventional BF. Li et al. (2000)
pointed out that the local corrosion of MgO-C in steelmaking is due to cyclic dissolutions of
MgO and graphite from the refractory into slag and metal phases, respectively. Therefore,
MgO-rich refractory can still be used in the OBF Gen2 with a molten slag that is saturated in
MgO, thereby reducing the corrosion of the refractory and extending the lifespan of the OBF’s
refractories.

In the SVF, a carbon refractory can be used because there is no production of hot metal, only
valorisation of the liquid slag from the OBF Gen2. However, this should be done at low oxygen
partial pressure to avoid the oxidation of carbon: either a reducing, or an inert atmosphere
would be ideal. On the other hand, an MgO-rich refractory cannot be considered because the
intended SVF products (BF equivalent slag, high CaO slag) are undersaturated in MgO,
demonstrating that the refractory wear will still be significant. Magnesium Aluminium Spinel
(MgAl204) refractories were not tested during the smelting campaign but can also serve as
good refractory options for the OBF Gen2, especially for slag compositions that are saturated
in Al20s. Therefore, the two refractories that will be considered in this study are MgO-rich and
MgAl204 for the OBF Gen2, whereas the SVF will be lined with a carbon refractory on the
side wall and the hearth, which will be inert to the slag. The performance of MgO-rich
refractories can also be enhanced with the addition of other minor elements such as chromium
and carbon to produce MgO-Cr203 and MgO-C, respectively.

7.5. OBF Gen2 Slag design
7.5.1. Criteria for selection of slag compositions

From the preceding sections, it has been suggested that the TkSE gangue composition will be
used along with MgO-rich and MgAl204 refractories in the OBF Gen2. Ideally, a slag should
have the same tendency (basic or acidic) as the refractory. For these novel high MgO slags, the
basicity value of CaO/SiOz is misleading; however, the saturation levels of CaO and MgO will
dictate the degree of corrosion. Hence, the basicity ratio that will be considered is
(CaO+MgO)/Si0z. Furthermore, most DRI gangue compositions are acidic with varied acidity
levels (amount of SiO2). The fluxing requirement will therefore vary with the gangue
composition of the DRI. The initial OBF slag was not directly exposed to the MgO periclase
phase, however, it was closely exposed to Merwinite as shown in green in Figure 111.
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Figure 111: Position of old OBF slag with respect to periclase

The following design criteria were considered in order to obtain the suggested high MgO slag
compositions:

O
O

The selected slag should be fully liquid at the selected compositions.

The amount of CaO will always be higher than the amount of MgO in the slag because
of the dolomite ratio (CaO/MgO = 1,4). In the slag, this ratio should be between 1,1
and 1,7 for minimum fluxing requirement.

The MgO content should not increase to a level that will push the liquidus temperature
of the basic slag beyond 1500°C (26% is found to be the maximum limit for this
condition at a minimum CaO/MgO of 1,1).

CaO content should be exchanged with MgO in order to control their saturations and
ultimately the refractory wear.

MgO should be at most 26% and CaO at least 30%. However, with MgA1204 refractory,
the CaO and MgO contents can go down to at least 25% and 15%, respectively.

The SiO2 content can be kept between 30% and 42%, considering the liquidus of
1500°C and the high Si02 content (> 50%) of DRI gangue compositions.

The OBF Gen2 slag should have a composition that can easily be reverted back to a BF
equivalent slag in the SVF without consuming excessive fluxing materials.

The position of a collection of acidic gangue compositions (which includes the TkSE gangue

composition) is shown in the blue hexagon. In comparison, the position of the new slag

compositions is shown in red in Figure 112.
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Figure 112: Position of new slag compositions (left: at 15% MgO, right: at 22% MgO)
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Comparing the two diagrams in Figure 112, it can be seen that as the MgO content of the slag
increases, while keeping the proportion of the other components (Al203, Si02, CaO) the same,
the liquidus lines of both MgO (periclase) and MgAIl2O4 (spinel) get closer to the position of
the selected slags. This shows that the liquidus temperature might be slightly higher compared
to the scenario on the left, however, the saturation levels of MgO are favourable, and there will
be less corrosion of the pure MgO refractory (periclase). Fang et al. (1999) noted that MgO
refractories have high refractoriness (capable of handling high operating temperatures) and are
commonly used in basic environments. They are, however, susceptible to hydration and must
be stored and handled appropriately prior to installation. Moreover, this hydration
susceptibility can be reduced by combining MgO with other elements such as carbon, and
chromium.

In the studies (Bavand-Vandchali et al., 2009; Zhu et al., 2014; Zhang et al., 2001), it has been
reported that Al2O3 reacts with MgO from a MgO-C refractory, leading to the formation of
MgALO4 spinel, which enhances the ceramic bonding of the matrix and improves the
overall corrosion resistance of the MgO-C refractory. This scenario might occur when working
with high Al203 slag on a MgO-rich refractory. In these instances, there might be some sacrifice
in terms of superheat, however, the corrosion of the refractory will be minimal. Das et al. (2021)
noted that high Al203 in the BF slag has an adverse impact on the liquidus temperature and the
slag viscosity, whereas high MgO decreases both the liquidus temperature and the slag
viscosity. It was further noted that the adverse impact of high Al2O3 (18 to 24%) slag can be
minimized by increasing the MgO content in the slag (9 to 14%).

7.5.2. Selected slag compositions for each refractory

For simplicity of the slag designing process in this study, three slag compositions were taken
for each refractory at different levels of MgO. The compositions were selected in such a way
that the slag should be directly above the liquidus line of the solid phases in the refractory.
Hence, the far bottom corners of the red trapezoid in Figure 112 were used to select the 6
possible slag compositions.

177 | Page



Moreover, the left corner was used for MgO-rich refractory, and the right corner was used for
MgAl204 refractory. The different levels of MgO are shown in the 3D quaternary systems in
Figure 113.

OBF Gen2 slag: MgO levels for
testing

Figure 113:3D quaternary diagram of the new slags

Figure 113 shows that the average MgO level of the original OBF slags is approximately 7%,
while the new slags will have MgO levels between 15% and 26% for the different points.
Moreover, the lower limit of the MgO level (15%) will be for slags that also contain high Al2O3
(> 11%), whereas the higher limit (26%) will be for slags with minimum Al2O3 (< 7%). The
selected OBF Gen2 slag compositions are summarized in Table 21.

Table 21: Summary of the selected slag composition for the OBF

ALO
SlagNo | Total | %Si0: | %MgO | %ALOs | %CaO Ca(:g“g(’/ Ca0MgO |  ssi0,

For MgO-rich e
refractories 1 100 41 22 3 34 1,36 1,56 44
2 100 38 26 7 29 1,42 1,13 45
3 100 42 22 3 32 1,29 1,43 46
For MgALO4 4 100 36 18 18 28 1,28 1,56 54
refractories 5 100 41 15 19 25 0,97 1,67 60
6 100 38 15 23 25 1,07 1,67 60

7.5.3. Evaluation of liquidus temperatures
7.5.3.1. MgO-rich refractory

The three slags that were designed for MgO-rich refractory are slags 1, 2 and 3. They have a
very low Al20O3 content, in the range of 3 to 7%. FactSage was used to generate the liquidus of
these systems at constant MgO content of 22% for slags 1 and 3, and 26% for slag 2 as shown
in Figure 114.
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Figure 114. Liquidus temperatures of slag 1 to 3 for MgO-rich refractory

Based on the results in Figure 114, it can be seen that the approximated liquidus temperatures
of slags 1, 2, and 3 are 1438 °C, 1488 °C, and 1375 °C, respectively. Moreover, as the MgO
content increased from 22% to 26%, the liquidus temperature increased. The slag with higher
CaO also has a slightly higher liquidus temperature for constant MgO, as is the case for Slags
1 and 3.

7.5.3.2. MgALOy4 refractory

The three slags for MgAl2O4 refractory are slags 4, 5, and 6, which contain very high Al2O3, in
the range of 18% and 23% as per Table 21.
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Projection (A-Slag-liq), MgO/(Al,0,+Ca0+Si0,+Mg0) Gh * Projection (A-Slag-lig), MgO/(Al,0;+Ca0+Si0,+MgO;
(9/9)=0.18, 1 atm ctfage ! f g(g/‘gkﬂﬂﬁ, (1 St o ctlage”
sio, Si0,

T'e Te

I 2500

2280

2500
I Slag 5= 1313 °C
2250

Slag 4= 1438°C Slag 6 = 1420 °C
2000 2000

1750

1500

1250

1000

ALO, ca0o

mass fraction

mass fraction

Figure 115: Liquidus temperatures of slag 4 to 6 for MgAl>Oq4

The results in Figure 115, show that the liquidus temperatures of slags 4, 5, and 6 are 1438 °C,
1313 °C, and 1420 °C, respectively. The slag that has more SiO2 and Al2O3 seems to have a
low liquidus temperature. However, the high Al2O3 content also indicates that the fluidity of
the slag will be very low necessitating to work at a higher temperature than the liquidus (Das

179 | Page



etal., 2021). The viscosity and thermal conductivity, along with other properties of the selected
slags, will be discussed in chapter 8.

The approximated liquidus temperatures were also generated using FactSage, and the results
are summarized in Table 22.

Table 22: Liquidus temperatures of the selected slags

Refractory Slag type | T1 T2 Liquidus(°C)
Slag 1 1425 1450 1438

MgO-rich | Slag?2 1475 1500 1488
Slag 3 1350 1400 1375

Slag 4 1425 1450 1438

MgAlO4 Slag 5 1300 1325 1313
Slag 6 1400 1440 1420

7.5.4. Process flexibility and slag corrosion assessment
7.5.4.1. Effect of MgO content and operating temperature for MgO-rich refractory

The MgO content will play a crucial role in the properties of these new high MgO slags, hence
investigating the behaviour of the system upon change of MgO content is of paramount
importance. The MgO content was changed from 22% to 26% at a constant temperature of
1500 °C and the resulting superimposed quaternary system is shown in Figure 116.

[sz.'.')3 - Cao0 - Sio, - MgO]
MgO/(AL,O,+Ca0+Si0,+MgO) (g/g) = thtSage“
Sio,

26% MgO

22% MgO * S = New Slag compositions for MgO-C

Slag-liq

Cao

mass fraction

Figure 116: Effect of MgO content at constant temperature for MgO-rich refractory
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The results in Figure 116, show the first scenario of modifying the gangue composition of the
DRI by increasing the MgO content. As the MgO content increases, the slag becomes closer to
the saturation levels (liquidus line), and thus the liquidus temperature increases. This can be
seen by comparing slag 1 (liquidus temperature of 1438 °C) and slag 2 (liquidus temperature
of 1488 °C). These temperatures are close to the selected operating temperature of 1500 °C
depending upon their distances to the liquidus lines of their MgO contents. Generally, the
further the position of the slag to the periclase phase, the lower the liquidus temperature and
the saturation level of MgO, which ultimately implies higher driving force of corrosion. Slag
3 will likely corrode the refractory more than slag 1 and 2. Moreover, increasing the MgO
content of the slag beyond 26% will push the liquidus temperature beyond 1500°C and the
superheat will be significantly higher.

The temperature was also changed from 1450 °C to 1550 °C while considering that all three
points were on the 22% MgO plane, and the results are summarized in Figure 117.

Al,0, - CaO - Si0, - MgO |
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Figure 117: Effect of temperature at constant MgO content for MgO-rich refractory

The slight change in temperature at constant MgO does not change the saturation level of MgO
in the slag with respect to the periclase phase. This is shown in Figure 117 where the liquidus
line of MgO barely moved as the temperature was changed from 1450°C to 1550°C. However,
the position of the MgAl20O4 spinel decreased considerably compared to the periclase as the
temperature was increased by 100°C from 1450°C. This shows that the MgO-C refractory is
more likely to be flexible to the change in operating temperature during smelting operations
without affecting corrosion. Furthermore, the triangle formed by slags 1, 2, and 3 is a good
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region to operate in, even the version of slag 2 but on the 22% MgO plane promises also good
behaviour. However, the operating temperature should be > 1500°C to avoid forming a solid
Akermanite (Ca2MgSi207) phase, shown at 1450°C. Overall, slag 3 has a relatively low
liquidus temperature and might be the best option among the three, but the mass and energy
balance in chapter 8 will ultimately dictate the best slag composition.

7.5.4.2. Effect of CaO content and temperature for MgAl,O4 refractory

The effect of CaO content was also investigated at lower levels between 25% and 28%.

Al,O, - MgO - SiO, - CaO]
CaO/(Al,0,+MgO+Si0,+Ca0) (g/g) = ‘,L;hcﬂagem
Sio,

28% CaO
* 5 = New Slag compositions for MgA /IO,
©

25% CaO

Al,O,

mass fraction

Figure 118: Effect of CaO content at constant temperature for the MgAl>O4 refractory

The change in CaO content from 25% to 28% didn’t really have an impact on slags 4, 5, and 6
as per Figure 118. While the liquidus lines barely moved, slags 4 and 6 are closer to MgAl204
compared to slag 5. This explains their relatively high liquidus temperatures of 1438°C and
1420°C, respectively. Slags 4 and 5 have roughly the same Al2O3 content, and the liquidus
temperature of slag 5 is 1313°C because it has a CaO content of 25% compared to the 28% in
slag 4. This shows that an increment in CaO at constant high Al2O3 levels leads to an increment
in liquidus temperature. Similar to the high MgO slags, the temperature was also changed for
the high Al2Os3 slags, and the results are shown in Figure 119.
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Figure 119: Effect of temperature at constant CaO for the MgAl:O4 refractory

For low CaO (25%), high MgO and high Al2O3 slags, the change in temperature also has a
drastic impact on the shift of the liquidus line in terms of MgAl204 as shown in Figure 119.
From the high Al2Os slags, slag 5 has a lower liquidus temperature than slags 4 and 6, however,
its corrosiveness towards the refractory is higher since its position is relatively far from the
liquidus line.

MgAl204 seems to be the most sensitive to temperature change and also to the change in MgO
content of the slag. On the other hand, MgO (periclase) only demonstrates sensitivity to the
change in MgO content of the slag. In summary, the MgO rich refractories such as MgO-C will
likely display high stability in terms of operational temperature change and also flexibility in
terms of slag composition variations for the selected slags in this study. Slags 3 and 5 will
likely be more corrosive to their respective refractories. Nonetheless, the practical significance
of the corrosion needs to be confirmed through experimental tests.

7.6. SVF Slag design

As discussed earlier in this chapter, the SVF serves the purpose of valorising the OBF Gen2
slag into two possible products, namely, a high CaO slag, or a BF slag equivalent with
composition similar to the OBF slag generated in part 1 of this study.

7.6.1. BF equivalent slag

The valorisation into a blast furnace equivalent slag has already been done and demonstrated
in part 1 of this study. The OBF slag is very similar to the conventional BF slag in terms of
cementitious properties as discussed in chapters 4, 5, and 6. However, the OBF slag’s
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corrosiveness towards the MgO-C refractory has led to the development of the OBF gen 2 slag.
The OBF Gen?2 slag is developed with the intention of reducing the corrosion towards the MgO-
C refractory, thereby extending the life span of the refractory, and providing the possibility of
increasing the total volume output of the slag without affecting the operational conditions of
the furnace.

Carbon refractories could not be used in the OBF because of the low carbon-saturation of the
metal, which leads to corrosion. The BF slag is inert to carbon refractories but it is
undersaturated in MgO, demonstrating that it will corrode the refractory if a MgO-C refractory
is used in the SVF. Unlike the OBF which produces the metal and the slag, the SVF only
produces the slag. Moreover, the furnace will be built with two tapholes to accommodate the
tapping of metal droplets that settle from the slag during the SVF process. Therefore, a carbon
refractory serves as a good option for the SVF to produce a BF equivalent slag, or even a high
CaO slag.

7.6.2. Feasibility of clinker production in the SVF

Clinker is the main component of cement: it is made up of crystalline phases such as alite
(3Ca0.Si02), belite (2Ca0.Si0z2), and others as discussed in chapter 2. However, what is
important in this section is the chemical composition of clinker. Guetteche et al. (2012) noted
a clinker chemical composition of 65% CaO, 22% Si02, 5% Al203, and 1% MgO. The results
in Figure 120 were generated using FactSage at 65% CaO for the Al203-Ca0O-Si02-MgO
system.

|ALO, - MgO - Si0, - Ca0 |AL,0, - MgO - Si0, - Ca0 |
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Figure 120: Quaternary system of clinker at 65% CaO (left: isothermal at 1500°C, right:
projections)
The results in Figure 120 shows that liquid clinker cannot be produced at 1500°C as per the
isothermal diagram on the left. This is because the slag will be a solid solution of alite
(3Ca0.Si02), belite (2Ca0.Si102), and some MgO. The diagram on the right shows that the

liquidus temperature of clinker is close to 2000°C, which is exceedingly high for a normal
operating furnace. Moreover, the slag region is shown in Figure 121, for 2000°C at 65% CaO.
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Figure 121 confirms that clinker is indeed liquid at 2000°C. However, the operating
temperature should be around 2200°C to allow the superheat since the composition is very
close to the liquidus line. Working at such excessive temperatures is prone to high energy
consumption and high refractory wear, making the overall process non-viable from both an

CaO/(Al,0,+Mg0+SiQ,+Ca0) (g/g) = 0.65,
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Al,O, - MgO - SiO, - Cao}

\

Ca0 + MgO + Slag-iiq

X X
|, Ca0 + ShagHig

\\-\lCaO + Slag-liq

Gactig

A =Ciinker composition

MgO

P
mass fraction

economic and even process point of view.

Clinker is usually produced in a rotary kiln using a blended charge of limestone and clay. The
major components such as alite and belite form at solid state at lower temperatures between
1000°C and 1450°C and air cooled to prevent the recrystallization of belite from alite (Li et al.,
2014). The rotary kiln produces clinker in nodule form: typically cooled in a grate cooler where
air is blown through the clinker bed. FactSage was used in this study to confirm the temperature

of formation of alite and belite.

Table 23: Activities of calcium silicate system between 1000°C and 1600°C
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Figure 121: Isothermal diagram of clinker at 2000°C and 65% CaO

Activities of C-5 1000 to 1600 °C

1000 "C 0.09 1 027 0.13] 0.18
1100 °C 0.08 1 0.17 019 0232
1200 "C 0.07 1 0,12 024] 026
1300 °C 0.06 1 0,08 03] 03
1400 °C 0.05 1 0.06 035] 034
1500 °C 0,05 1 0,05 039 038
1600 °C 0.04 1 0,04 043 042
[ sco+sie= | [ [ | |
1000 °C 0.02 1 0.05 0.75 1
1100 °C 0.02 1 0.04 0.86 1
1200 °cC 0.02 1 0.03 0.95 1
1300 °C 0,02 1 0,02 1| 099
1400 °C 0,02 1 0,02 1| 097
1500 °C 0.02 1 0.02 1| 057
1600 "C 0.02 1 0.01 1| 098




Table 23 shows that belite can form even below 1000°C provided CaO/SiOz is > 2 in the
composition of the materials, whereas alite can only start forming at 1300°C provided that the
CaO/Si02 of the system is > 3 because of the temperature range in which alite becomes stable.
The higher slag formation temperature is due to the high melting point of these compounds. In
summary, clinker cannot be produced directly in the furnace at liquid state. Two possible
alternative process methods to liquid clinker production would be:

o First alternative method: producing a high CaO slag at 1500°C near a kiln. Then, mix
it with fine and solid extra burnt lime and ultimately form alite at solid state. However,
quick temperature drops will be the problem and alite might end up recrystallizing to
belite, which is less hydraulic. This route will need a slag valorisation furnace, a kiln,
a cooler, and also intensive process optimization. All these factors increase both the
capital and operational cost of the process compared to the cost of the valorised product
(clinker). Therefore, this route is also not viable.

o Second alternative method: producing a high CaO slag, more reactive than the BF
slag, and then water granulate it similar to the OBF slag in part 1 of this study.

7.6.3. High CaO slag (SVF slag)

The possible liquid high-CaO slag that can be produced in the furnace at around 1500°C, has
between 48 to 50% CaO as shown in Figure 122. Any further increase in CaO content, will
require an increment in temperature. Moreover, it will require more burnt lime addition in the
SVF compared to a BF equivalent slag, which typically has less than 43% CaO.
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Figure 122: Quaternary diagram for 48% CaO at 1500°C

From Figure 122, it can be seen that the increment in CaO from 48% to 50% has resulted in
the upwards shift of the liquidus line, demonstrating the increase in temperature. Moreover, to
have a high CaO slag, the SiO2 content should also be high for a low temperature slag.

7.6.3.1. Effect of temperature

The temperature was increased from 1500°C to 1600°C as shown in Figure 123.
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Figure 123: Effect of temperature for high CaO slag

Working at a slightly high temperature, for example at 1600°C, opens up the slag region as per
Figure 123. This presents the possibility of lowering the SiO2 content of the slag and increasing
the Al2O3 content while having a CaO content of 50%. This will reduce the need of extra
quartzite in the SVF and improve the latent hydraulic properties of the slag due to high CaO,

and pozzolanic reaction due to SiO2 and Al2Os.

7.6.3.2. Effect of CaO content

In the case of high CaO slags, the CaO must be controlled carefully since any further increment

will drastically increase the liquidus temperature as shown in Figure 124.
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Figure 124: Effect of increment in CaO content for high CaO slag (SVF slag)
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With the CaO content increased from 48% to 55%, the liquidus temperature has increased to
between 1750°C and 1800°C. Moreover, in such scenarios, the slag can only be fully liquid
when the Al2O3 content is further increased as shown on the right in Figure 124. This might
complicate the process since the fluidity of the slag will be affected. Hence, the maximum
recommended CaO content for high CaO slags in this study is 50%.

7.6.4. Selected slag compositions for the SVF

From the overall discussion in this section, the following slag compositions can be considered
as the possible SVF products as summarized in Table 24.

Table 24: Selected SVF products

1 O
Refractory SVFtl;;(;duct Total %Si0s %MgO %ALOs %Ca0 Working temp (°C)
OBF slag 100 37 7 12 44 1500
Carbon SVF slag 1 100 32 5 15 48 1500
SVF slag 2 100 42 4 4 50 1600

The SVF slags will most likely perform better than the OBF slag due to their slightly improved
cementitious properties. This is because the proportion of network modifiers (CaO, MgO) will
be slightly higher in the SVF slags compared to the OBF slag, particularly CaO (Zhang et al.,
2022; Blotevogel et al., 2020). The selection of any favourable slag composition from the three
SVF products will depend upon the overall added value of the improvement. Moreover, the
added value should be determined through cementitious and refractory tests.

7.7. Conclusions

This chapter has used equilibrium relations between the solid phases in the refractory and the
liquid slag to generate slag compositions that can minimize the corrosion of the refractory. The
distance between the position of the slag composition and the liquidus line (point of saturation)
was considered as the driving force to predict the degree of corrosion. Longer distances indicate
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that the slag composition is undersaturated in the solid MgO phase from the refractory,
ultimately resulting in high degree of corrosion. The aim was to increase the MgO content of
the slag so as to reduce the degree of corrosion without excessively increasing the liquidus
temperature of the slag beyond 1500°C.

The selected refractories are MgO-rich and MgAl204 for the OBF Gen 2, and a carbon
refractory for the SVF. To simplify the mass and energy balance calculations in the following
chapter (chapter 8), the TKSE’s gangue distribution is considered at 10% and 15% gangue
proportion in the DRI. The selected slag compositions for the OBF Gen2 and the SVF are
summarized in Figure 125.

OBF Gen2 designed slag
Slag 1 100 41 22 3 34 1438
MgO-rich | Slag 2 100 |38 26 7 29 1488
Slag 3 100 42 22 3 32 1375
Slag 4 100 38 18 18 28 1438
MgAl204 Slag 5 100 41 15 19 25 1313
Slag & 100 38 15 23 25 1420
OBF Gen 2 Slag design Slag Valorisation Furnace
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Target: Refractory friendly slag Target: BF equivalent/ high CaO slag

Refractory | Producttype Total | %SIO; | %eMgO | %BALO,; | %Cal | Working femp (°C)
OBF slag 100 37 7 12 44 1500

Carbon SVFslag 1 100 32 5 15 48 1500
SVFslag 2 100 42 4 4 50 1550

Figure 125: OBF and SVF slag design summary

The suggested slag compositions will be compared in chapter 8 in terms of other slag properties
such as viscosity, thermal conductivity, slag production rate, fluxes and energy requirements.
Overall, a slag composition with minimal flux addition and energy consumption will be
prioritized during mass and energy balances. Minimum slag production rate in the OBF Gen2
will also be prioritized in correlation with the slag composition that promises a higher thermal
conductivity.
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CHAPTER 8: SLAG-REFRACTORY DESIGN EVALUATIONS

8.1. Introduction

The previous chapter incorporated a designing process and selection of the possible slag
compositions in the OBF that are less corrosive towards MgO-rich and MgAl204 refractories.
Likewise, three possible slag products were suggested for the SVF and a carbon lining was
recommended since carbon is non-wettable by the slag. This chapter analyses the physical
properties of the selected slag compositions in the OBF such as the viscosity, the thermal
conductivity, and electrical conductivity. These are very important properties since the novel
OBEF is an electrical furnace. The physical properties of the slag are determined using FactSage
software, models from the literature as well as an automated spreadsheet developed in the study
(Mills et al., 2011). Moreover, a detailed mass and energy balance is performed on the different
slag compositions for both the OBF and SVF using Excel solver and HSC chemistry 10
software. This will lead to a comparative assessment of all the slag compositions in terms of
the highlighted properties. At the end of this chapter, the slag composition that performs best
overall in the OBF and SVF, will be selected and recommended for experimental trials.

8.2. Slag viscosity

Viscosity is a very important parameter in furnace operations because it provides a measure of
the fluidity of the slag (Zhang et al., 2014; Sohn and Min, 2012). The slag needs to be fluid
enough so that it can easily be tapped from the furnace and separated from the metal. Xing et
al., (2019) highlighted that the temperature and the chemical composition of the slag are the
two most important factors that influence the slag viscosity. The temperature is usually stable
during smelting operations, hence, to control the viscosity, the chemical composition of the
slag must be monitored. It should be noted that the liquidus temperature of the slag is not an
indication of viscosity because the slag can be liquid, and yet its fluidity does not permit
efficient furnace operations.

8.2.1. Measurement

The main components of the BF slag and the novel OBF slag are CaO, MgO, SiOz, and Al203.
Viscosity data that have been generated for synthetic slags in the Al203-CaO-SiO2-MgO
system has been reported by several researchers (Machin and Yee, 1954; Forsbacka et al., 2003;
Shankar et al., 2007; Park et al., 2008). However, the accuracy of these measurements is
questionable in view of the difficulty of measuring high temperature viscosities and also, the
industrial slags also incorporate minor inclusions that may or may not have an effect on the
viscosity of the slag. Moreover, the accuracy of the equipment and how the measurements were
taken for these data are all contributing to the uncertainty to correlated values. Hence, the
correlated data from these viscosity measurements are not a true representation of the actual
viscosity of the industrial slags, but can be taken as referential indications of the viscosity.

8.2.2. Predictive models

Chen et al., (2014) stated that high-temperature viscosity measurements are costly, and can
take a tremendous amount of time to generate. Hence, quite a significant number of models
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have been developed to predict the viscosity of the slag based upon its chemical composition,
which is directly linked to the structure of the silicate melts (Iida et al., 2000; Mills and Sridhar,
1999; Hu et al., 2012). These models might provide close representation of the viscosity of the
slag, but there are still a lot of discrepancies in the generated viscosity data depending on the
factors taken into consideration during the model development process. A list of a few most
widely used models for BF slags are shortly described.

8.2.2.1. Urbain model

The Urbain model is based on the Weymann-Frenkel liquid viscosity model, and it is among
the most commonly used models to predict the slag viscosity of silicate melts (Urbain et al.,
1987; Urbain, 1987). The Urbain model was later optimized in 1987 and does generate quite
reliable results.

8.2.2.2. Riboud model

Riboud further optimized the Urbain model, simplifying the model equations and optimizing
parameters using viscosity data of blast furnace slag (Riboud et al., 1981). The main
components should be in the following ranges: SiO2 (28-48%), CaO (13-52%), and Al203 (0-
17%).

8.2.2.3. Iida model

The Iida model was developed based on the slag basicity index, and optimized parameters
obtained from experimental data. Later, Al2O3 was accounted for as amphoteric as well as
considering the change in basicity with respect to temperature in the CaO-MgO-Al1203-Si02
system. This led to the optimized model coefficients changing with temperature (lida et al.,
2000). The predicted viscosity values when applying the lida model closely fit with the
viscosity data obtained experimentally for many blast furnace type slags. The model can predict
slag viscosities even for exceedingly high MgO content and it was applied to the following
composition ranges: MgO (17.8-38.4), CaO (1.8-19.6%), Al2O3 (24.6-31.5%) and SiO2 (25.6-
41.2%) (Forsbacka et al., 2003). Mills et al. (2011) stated that the claimed accuracy with this
model comes from its calibration with experimental data for each family of slags.

8.2.2.4. FactSage model

FactSage, as described in chapter 7, is a sophisticated software package that generates
thermodynamic data. The incorporated model for viscosity is not described; however, it
requires the composition as well as the liquidus temperature of the slag in order to generate the
viscosity.

8.2.3. Viscosity models: sensitivity and uncertainty

All these models generate viscosity data using the internal structure of the silicate melts, which
is primarily determined by the chemical composition of the slag. SiO2 is considered as a
network former, MgO and CaO are considered as network modifiers. Al2O3 on the other hand,
i1s considered in some models as network former, and other models take into account the
amphoteric nature of Al2O3 depending on the concentrations of basic oxides (MgO, CaO).
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Furthermore, every model incorporates a certain degree of uncertainty; however, models that
self-adapt based on the amphoteric nature of Al2O3 seem to generate results that closely fit
experimental data. Lastly, each model should be applied appropriately based on the
composition ranges specified by the author.

Chen et al. (2014) argued that the viscosity of industrial slags is generally lower than the
viscosity of synthetic slags that are mostly used in the development of the above models. The
lower viscosity of industrial slags has been attributed to the combined effect of minor
inclusions as well as other components such as FeO, MnO, and TiO: (Kucharski et al., 1989;
Urbain et al., 1982; Shiraishi et al., 1978; Shankar et al., 2007). However, the individual effect
of these inclusions is still debatable, with various authors having controversial views. This
demonstrates that further studies are required in order to investigate and develop understanding
of the individual effect of these inclusions on the viscosity of BF slags.

8.2.4. Viscosities of the selected slag compositions for the OBF and SVF

Using the Urbain, Riboud, and lida models from the slag properties spreadsheet in the study
(Mills et al., 2011), the viscosity data for the selected slag composition in this study are
summarized in Table 25 along with the viscosity data generated using FactSage.

Table 25: Calculated viscosities of the selected slags in the OBF and SVF

OBF Slags Viscosity at 1500°C (dPa.s)
Slag No SiO: MgO | ALOs; | CaO | Chen | FactSage | Riboud lida Urbain
1 41 22 3 34 0,22 1,90 1,43 1,91 3,00
2 38 26 7 29 0,18 1,93 1,49 | 2,11 4,00
3 42 22 3 32 0,74 2,06 1,66 | 222 3,14
4 36 18 18 28 3,59 3,11 4,96 | 4,55 8,50
5 41 15 19 25 6,35 5,19 11,02 6,60 12,20
6 38 15 23 25 6,06 5,12 11,31 6,92 12,97
SVF products
Product type SiO2 MgO | ALOs: | CaO
SVF slag 1 32 5 15 48 1,72 2,86 | 2,60 4,65
SVF slag 2 42 4 4 50 2,21 2,51 1,84 3,00
OBF slag 37 7 12 44 2,68 2,38 1,71 1,69 3,38

The Chen model, which uses Equation 9 was also added to the viscosity data of the selected
slags (Chen et al., 2014).

[V] = 0.005 + 0.0262[Si0,] + 0.0184[AL,O3] - 0.0172[CaO] - 0.0244[MgO] 9)

Where [SiOz], [CaO], [Al203] and [MgO] are in weight percentage and [V], the viscosity, is in
Pa.s.

The Chen model can predict the viscosity of slags having a wide range of compositions with
an estimated coefficient of error of 10%, especially for high Al2O3 slags. The slag compositions
are, however, restricted to SiO2 (30-45%), Al203 (5-25%, CaO (25-50%), and MgO (0-15%).
Moreover, the model fits the selected slag compositions in this study well, except for
exceedingly high MgO (>15%) slags where the values should be out of range based on the
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limits provided by the model author. This is the case for slags with viscosity below 1 dPa.s.
This shows further that this model is not applicable for such levels of MgO.

8.2.5. OBF slag viscosities comparison

From the general trends in the results in Table 25, the slags with exceedingly high MgO (>15%)
display lower viscosity overall for all the models, namely for slags 1, 2, and 3. Moreover, slag
1 has the lowest viscosity for all the OBF slag compositions for all the models. This can be
attributed to its high MgO, high CaO, and low Al2O3 content. Slag 1 is followed by slag 2 for
the FactSage, lida and Riboud models. An exception is the Urbain model which generated a
value that is greater for slag 2 compared to slag 3. Xing et al., (2019) stated that the increment
of MgO content decreases the viscosity and breaks the complex structures of slag.

All the high Al2Os slags (Slag 3, Slag 4, and Slag 5) generated viscosity values that are greater
than 3 dPa.s, with slag 5 and 6 having viscosity values greater than 10 dPa.s. Chen et al. (2014)
compared the viscosities of industrial BF slags to synthetic slags and found that at 1500°C, the
viscosities of the industrial BF slags are in the range of 3 to 5 dPa.s. This demonstrates that for
the high Al2O3 slags in this study, slag 4 seems to generate a viscosity value that is within the
range of industrial BF slag. Moreover, slags 5 and 6 have viscosity values around 5 and 6 dPa.s
as per the FactSage and lida models. These two slags might require a slight increment in
temperature beyond 1500°C in order to decrease their viscosities and make the smelting
operations smoother. However, these measurements are not a true representation of the
industrial value of viscosity.

Zhang et al. (2014) stated that TiO2 and MgO have a more prominent effect on depolymerizing
the network than CaO in slags containing high Al20Os. Slags 4, 5, and 6 contain between 15 and
18% MgO, which is higher than the 7% MgO commonly observed in BF slags. This underlines
the fact that the viscosity value should be lower because of their relatively high MgO contents.
Hence, it is only through experimental tests that accurate viscosity values for each slag
composition can be evaluated.

8.2.6. SVF product viscosities comparison

All the 3 SVF products have relatively similar viscosity values based on all the models used in
this study as per Table 25. The OBF slag has the lowest viscosity among the SVF products for
the Iida and Riboud models, except for the Chen model where SVF slag 1 is the lowest, and
the Urbain model where SVF slag 2 is the lowest. Overall, all three SVF products indicate good
viscosities on an industrial scale since their viscosity values are all less than 5 dPa.s at 1500°C.
This can be attributed to the high CaO content (>48%), which counteracts even the high Al2O3
(15%) content of SVF slag 1.

In real industrial practice, the viscosity of the slag can be decreased more by replacing the same
weight of CaO by MgO as per the conclusions made in the studies (Machin et al., 1952; Chen
et al., 2014). This is because MgO has a relatively lower molar mass than CaO, and replacing
the same mass of CaO by MgO results in an increased mole ratio of (CaO+Mg0O)/SiO2 and
further modification of the silicate network.

8.2.7. Comparison of viscosity model results
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Based on the viscosity values generated by the different models in Table 25., the FactSage and
lida models seem to generate closely fitted results for all the slags in this study. The Riboud
and Urbain models seem to generate similar results for high AL2O3 (>19%) slags. On the other
hand, the Riboud model generates close viscosity values to the Iida and FactSage models for
high MgO slags (slag 1, 2, and 3). Lastly, the Chen model also generated viscosity values that
are in agreement with the values from the Riboud and lida models for slags 4, 5, 6 and all the
SVF products. Overall, the Urbain model generated higher viscosity values, followed by the
Riboud model in comparison with the rest of the models that generated viscosity values less
than 7 dPa.s. A comparison of the lida and FactSage models for slags 1 to 6 is shown in Figure
126.
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Figure 126: Comparison of the lida and FactSage viscosity models

It can be seen that for the high MgO slag (slags 1, 2, and 3), both models generated almost
similar viscosity values, whereas for high Al2Os slags (slags 4, 5, and 6), the deviations between
the two models become very significant. Moreover, the FactSage model generates lower
viscosity values between the two. In summary, the classification of the different slag based on
viscosity at 1500°C in the OBF and SVF is as follows:

o OBF Slags: Slag 1 <Slag 2 = Slag 3 < Slag 4 <Slag 5 =Slag 6
o SVF products: OBF slag < SVF slag 2 <SVF slag 1

8.3. Thermal conductivity of the slag
8.3.1. Importance

The thermal conductivity is another crucial physical property of the slag in addition to the
viscosity (Ozawa et al., 2006; Kang et al., 2014), especially for emerging electrical furnaces
such as the novel OBF. With the operation of the OBF being in open arc mode, the process
relies on the thermal conductivity of the slag to transmit heat to the metal once most of the
melted Fe has settled at the bottom of the furnace. Therefore, it is the slag thermal conductivity
that will define the temperature difference between the slag and the metal. The heat distribution
between the coke bed zone and the slag in the conventional BF operations is different compared
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to the heat distribution between the slag and the electrode in the novel OBF operations. A slag
with very low thermal conductivity implies that the temperature difference between the slag
and the metal will be very large, and the metal might end up being tapped cold. This will require
a high operating temperature in order to increase the temperature of the metal, which is both
energy-consuming and detrimental to the lifespan of the refractory materials. Hence, the
thermal conductivity of the slag must be controlled to avoid such occurrences.

8.3.2. Measurement

Several authors have highlighted a strong link between the thermal conductivity and the
viscosity of the slag since both the temperature dependence of viscosity and thermal
conductivity have been developed using the Arrhenius equation (Kang and Morita, 2006;
Hayashi et al., 2001; Zhang et al., 2023). In the study (Mills,1993), it has been highlighted that
the thermal conductivity of the slag at the liquidus temperature decreases almost linearly as the
silicate network becomes more depolymerized, or as the ratio of non-bridging oxygen per
tetrahedron (NBO/T) decreases, demonstrating how thermal conduction is greater through
covalent bonds than ionic bonds. The temperature dependence of thermal conductivity and
viscosity was also further noted: an increment in temperature has a tendency to loosen the
structure of the slag network, thus decreasing both the thermal conductivity and the viscosity.
This correlation between the viscosity and thermal conductivity was used in a study (Mills et
al., 2011) to develop a model that estimates the value of thermal conductivity of various slag
compositions based on viscosity data. In real industrial processes, there are always
contributions from radiation and convection, but the contributions are smaller in the transient
hot wire (THW) method compared to the laser pulse (LP) method (Mills et al., 2011).
Therefore, similar to viscosity, the estimated thermal conductivity values carry a certain degree
of uncertainties from experiments to modelling and calculations.

The Mills spreadsheet form the research (Mills et al., 2011), which incorporates the thermal
conductivity model, was used to estimate the thermal conductivity of the selected slag
compositions in this study and the values are summarized in Table 26.

Table 26: Estimated thermal conductivities of selected slags in the OBF and SVF

OBF Slags Thermal conductivity at
Slag No SiO:z MgO ALO3 CaO 1500°C (W/m.K)
1 41 22 3 34 0,125
2 38 26 7 29 0,127
3 42 22 3 32 0,131
4 36 18 18 28 0,178
5 41 15 19 25 0,223
6 38 15 23 25 0,225
SVF products
Product type SiO2 MgO ALO3 CaO
SVF slag 1 32 5 15 48 0,152
SVF slag 2 42 4 4 50 0,147
OBF slag 37 7 12 44 0,132
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8.3.3. Comparison of thermal conductivities of slags

The results in Tables 26 show that slags that displayed high viscosity in the preceding section
such as slags 5 and 6, also have higher corresponding thermal conductivities. This indicates the
direct proportional relationship of viscosity and thermal conductivity as highlighted in the
studies (Kang and Morita, 2006; Mills, 1993). The observed trends in thermal conductivity are
similar to the viscosity trends. The thermal conductivities are within the 0.125 and 0.225
W/m.K range, with slag 1 being the least thermal conductive since it was the least viscous for
most viscosity models. Therefore, the more viscous the slag, the higher the thermal
conductivity and a balance between these two physical properties of the slag needs to be
achieved during furnace operations.

8.4. Electrical conductivity of the slag
8.4.1.Importance

The metal is an electronic conductor, whereas the slag is an ionic conductor as shown in the
previous section. Wang et al., 2015 stated that the electrical conductivity of molten slags is an
important parameter in a number of metallurgical processes, like submerged-arc processes or
even plasma-refining processes. In this respect, electrical conduction is most likely a very
important parameter in the novel OBF process since it also uses electricity as the energy source.

8.4.2. Measurement

Mills et al. (2011) showed that the electrical conductivity is linked to the motion of cations in
the slag under the influence of an applied field. The degree of polymerization of the silicate
network, the concentration, size, and charge of cations are the main factors that affect the
electrical conductivity of the slag. Smaller cations such as Na, Li, and K are more mobile
whereas, divalent cations such as, Ca, Mg, Sr, and Ba have a relatively higher charge, resulting
in higher polarization, which ultimately affects the electrical conductivity (Zhang and Chou,
2010; Seetharaman and Sichen, 1994). Generally, slags containing more Li", Na*, and K", have
higher electrical conductivity than slags containing divalent cations such as Ca**, and Mg**
(Mills et al., 2011). A higher degree of polymerization of the network structure leads to lower
electrical conductivity as opposed to thermal conductivity. An increment in temperature
loosens the network structure, thus increasing the mobility of cations, thereby increasing the
electrical conductivity while lowering the thermal conductivity and viscosity (Zhang et al.,
2011).

The thermal conductivity of the selected slags in this study was determined using the Mills
model spreadsheet (Mills et al., 2011), developed using the data of correlation between
viscosity and electrical conductivity covered in (Zhang et al., 2011). The correlation was done
using the viscosity values from the Riboud, lida and Urbain models. Table 27 summarizes the
thermal conductivities of the selected slags for the OBF and SVF.
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Table 27: Electrical conductivity values of selected slags for OBF and SVF

Electrical conductivity at 1500°C
OBF Slags (Q'm?1)

Slag No SiO: MgO ALO3 CaO Riboud Iida Urbain
1 41 22 3 34 0,691 0,540 0,368
2 38 26 7 29 0,668 0,496 0,289
3 42 22 3 32 0,607 0,475 0,354
4 36 18 18 28 0,240 0,259 0,152
5 41 15 19 25 0,122 0,189 0,112
6 38 15 23 25 0,120 0,181 0,106

SVF products
Product type SiO2 MgO ALO3 CaO

SVF slag 1 32 5 15 48 0,384 0,416 0,254
SVF slag 2 42 4 4 50 0,428 0,557 0,369
OBF slag 37 7 12 44 0,593 0,598 0,333

8.4.3. Comparison of electrical conductivity of slags

The results in Table 27 show that slag 1 has a relatively higher electrical conductivity for all
the models, which is the opposite for the viscosity since it was the least viscous for all the
models. Overall, the Urbain model generated the lowest electrical conductivity values,
followed by the lida, and lasty the Riboud model for the high MgO slags (Slagl, 2, and 3). This
is exactly the opposite trend of the observations for the viscosity values in which the Urbain
model had the highest viscosity values. However, for high Al2Os slags (slags 4, 5, and 6), the
trends are mixed. Similar to viscosity, this is most likely due to how Al2O3 was considered
during the model development. Moreover, similar to thermal conductivity, the electrical
conductivity values also contain a certain degree of uncertainties linked to modelling and
correlations. Therefore, the viscosity and electrical conductivity in the slag are inversely
proportional, justifying the direct proportional relationship between viscosity and electrical
resistivity of the slag.

8.5. Trends in physical properties of the CaO-Mg0O-Al,03-SiO; slag

It can be seen that all three above-mentioned physical properties of the slag depend on the
structure of the silicate melts. The general trends can be summarized as follows: a higher degree
of depolymerization of the silicate (SiO2) structure by basic oxides (CaO, MgO) and in some
cases by amphoteric oxide (Al203), leads to lower viscosity, lower thermal conductivity, and
higher electrical conductivity, or lower electrical resistivity. A summary of the structure of
molten slag along with the behaviour of physical properties is illustrated in Figure 127.

200 | Page



Network forming tetrahedra : (SiO,)* and (AlO,)%
= Covalent bond
=955 lonic bond

A) Si as network former B) Al as network former C) Al and Basic cations as
network modifiers

Nonr-bridge Bridge Basic cations in charge

‘ Al as network
Oxygen Oxygen compensation / modifiers \
1 . .‘ e ] B I :
J T | Jt Il

Basic Cations as
network modifiers

More depolymerized _ o s 5 S
glass structure - & + = Viscosity Thermal conductivity Electrical resistivity

Figure 127: Structure of molten slag glass and physical properties

8.6. Mass balance

The mass balance from each slag composition in the OBF to each product in the SVF was
performed using the solver function in excel. This was done in order to get the minimum mass
of fluxing materials needed in order to convert the gangue distribution of the DRI into a targeted
slag composition.

8.6.1. Feed materials

The composition and the proportion of the gangue in the DRI were kept as described in chapter
7 at 10% and 15% proportion of the DRI. This was within the expected gangue proportion for
BF-grade DRI as discussed in chapter 7. Moreover, all the calculations were done for 1 ton of
DRI, implying that the mass of the gangue materials in the DRI were 100 kg and 150 kg for
the two gangue proportion levels, respectively. The compositions of the different fluxing
materials are kept the same as in Part I of this study and are also summarized in Table 28 for
the original and the normalized version to 4 components.
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Table 28: DRI gangue and Fluxing materials compositions

Fluxes
4 Components
Burnt dolomite
SiO; MgO AlLO3 CaO Total
1,04 39,06 1,04 58,85 100
Burnt lime
SiO, MgO ALO3 CaO Total
1,04 1,04 1,04 96,88 100
Baucxite
SiO; MgO ALO3 CaO Total
6,67 1,11 91,11 1,11 100
Quartzite
SiO; MgO AlLO3 CaO Total
96,88 1,04 1,04 1,04 100
Original
Burnt dolomite
SiO; MgO ALO3 CaO Total
1 37,5 1 56,5 96
Burnt lime
SiO: MgO ALO3 CaO Total
1 1 1 93 96
Bauxite
SiO; MgO AlLO3 CaO Total
6 1 82 1 90
Quartzite
SiO» MgO ALO3 CaO Total
93 1 1 1 96
Gangue distribution
SiO; MgO ALO3 CaO Total
70,00 17,00 5,00 8,00 100

8.6.2. Calculation guide

The calculations of mass balance in this section are done only for the four major components
of the slag, namely, CaO, MgO, Al203, and SiOz. At this stage, no assumption of losses either
to the metal, or the off-gas dusts is taken into consideration. These 4 components from the DRI
gangue are mixed with the fluxing materials and the total goes into the slag to give a targeted
slag composition. The Solver function in excel was used to calculate the minimum amount of
each fluxing material needed to achieve the selected slag composition in the OBF Gen2, and
subsequently the fluxes needed to change the OBF Gen2 slag composition into a valorised
product in the SVF. Therefore, the calculations happen in two sequences as follows:
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o DRI gangue + Fluxes = OBF Gen2 slags

o OBF Gen2 slags + Fluxes = SVF products

The mass balance calculations will be subdivided into 3 sections as per the 3 SVF products.
A schematic illustration of the mass balance is further shown in Figure 128.

For 1 ton of DRl pellets

Figure 128: summary of mass balance calculations

8.6.3. Mass balance for OBF slag type in the SVF

Total 100 100 + | Auxiype Total %Si0, |%MgO | %ALO; | %CaO

FSI0: 70 70 Burnt dolomite | 100 1,04 3906 |104 5885 Slag 1 100 |4 22 3 a4

7MgO 17 17 Burntlime 100 104 1,04 104 96,88 Slag 2 100 |38 26 7 29

POy 5 s Sintered bauxite | 100 6,67 m 91,11 11 Slag 3 100 |42 22 3 32

#Cal 8 8 Quarkite 100 9688|104 | 104 104 slag 4 100 |38 18 18 28

Gangue proporfion In DRI (%) | 10 15 Slag 00 | a1 5 v 25
Slag 4 100 |38 15 23 25

+ |Auxtype Total %si0, |%Mg0 |%ALO, |%Ca0 Producttype |Tofal |%sio, | %MgO | %ALO, | %Cao

Slag 1 we |4 22 3 34 Burnt dolomite | 100 104 3706|104 58,85 OBF slag wo |87 7 12 a4

Slag 2 100 |38 24 7 27 Burntlime 100 1,04 1.0 1,04 96,88 SVFsiag 1 wo |32 5 15 a8

Slag 3 100 42 22 3 32 Sintered bauxite | 100 6,67 11 1. nm $VFslag 2 100 42 4 4 50

Slag 4 100 |3 18 18 28 Quarkite 100 ss88 [ 1,04 1,04 1,04

Slag § wo | & 15 1 25

Slag 6 100 |38 15 23 25

The OBF slag type has 37% SiO2, 7% MgO, 12% Al203, and 44% CaO. The fluxing materials
requirement to an OBF slag type in the SVF from a TkSE gangue composition is summarized

in Table 29.
Table 29: Fluxing requirement for OBF slag
pf}:’;f:‘izn Fluxes Tiylﬂf;:f Slag1 | Slag2 | Slag3 | Slagd | Slag5 | Slagé

Dolomite 53,6 78,0 52,5 48,4 22,5 29,8

Baucxite 0,0 8,1 0,0 33,8 30,2 422

Fluxes in Lime 20,7 0,0 15,3 20,6 23,1 23,7

the OBF Quartz 1,0 0,0 0,1 0,0 0,0 0,0

(kg) Total 75,3 86,1 67,8 102,7 75,7 95,7

Dolomite 0,0 1,0 2,2 0,0 0,0 0,0

10% Bauxite 69,9 81,5 70,7 32,1 15,6 9,2
Fluxes in Lime 213,5 291,4 221,1 201,8 140,7 156,6

the SVF Quartz 1522 212,7 155,5 140,9 79,9 97,0

(kg) Total 435,6 586,5 449,5 374,8 236,1 262,8

Overall total fluxes (kg) 510,8 672,6 517,3 477.,5 311,8 358.,5

Overall OBF slag (kg) 175,3 186,1 167,8 202,7 175,7 195,7

Overall SVF slag (kg) 610,8 772,6 617,3 577,5 411,8 458.5

Overall total fluxes (kg) 766,4 999,6 768,1 715,9 467,7 537,6

15% Overall OBF slag (kg) 262,9 279,1 251,6 304,0 263,6 293,5
Overall SVF slag (kg) 916,4 | 11496 918,1 865,9 617,7 687.6

The results in Table 29 show that the slag composition that will require the least total of fluxing
materials in the OBF Gen2 is Slag 3 with 67.8 kg of fluxes per ton of DRI. This is followed by
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Slag 1 and Slag 5, which require a total of around 75 kg of fluxes each. On the other hand, Slag
4 will require the most fluxes at 102.7 kg in total. Moreover, the results further highlight that
burnt dolomite is the most consumed flux for the high MgO slags (slags 1, 2, and 3), whereas
for the high Al2Os slags (slags 4, 5, and 6), a mix of burnt dolomite, burnt lime, and sintered
bauxite will be required.

In the SVF, the most consumed flux is burnt lime, followed by quartzite, and this can be
attributed to the high CaO and SiO2 in the SVF products. The high MgO slags require more
fluxing materials (>430 kg/ton DRI) in order to revert the slag composition back to OBF type
slag in the SVF, whereas the high Al2O3 required less than 375 kg/ton DRI. Slag 5 requires the
least fluxes in the SVF with a total of 236.1 kg to revert the composition to an OBF type slag,
followed by Slag 6 at 262.8 kg. Furthermore, the highest flux quantity in the SVF will be
needed for Slag 2 at a total of about 586.5 kg/ton of DRI.

Combining the totals of fluxing materials needed in the OBF Gen2 and SVF, Slag 5 has the
least overall fluxing requirement of 311.8 kg/ton DRI, followed by Slag 6, Slag 5, Slag 1 and
Slag 3. Slag 2 has the highest overall total in fluxing materials requirement of 672.6 kg/ton
DRI. This can be explained by the fact that it has a MgO content of 26%, which is the highest
among all the slags in the OBF Gen2, and reducing this MgO level to around 7% in the SVF,
will require more fluxing materials. Moreover, the same scenario happened to Slags 1 and 2,
which have around 22% MgO and a fluxing materials requirement of around 520 kg/ton of DRI
in total. Therefore, higher MgO levels in OBF Gen?2 translate to more fluxing requirement in
the SVF to revert back to the targeted product.

The total output of the OBF Gen2 slag is lower for the higher MgO slags due to their low
fluxing requirement in the OBF Gen2 compared to the high Al2O3 slags, but the difference is
minimal. For instance, Slag 3 has a mass of 167.8 kg, whereas slag 6 has a mass of 195.7 kg.
This trend is largely reversed, when adding the fluxes needed in the SVF to form the overall
SVF slag. Slag 3 has a total SVF slag of 617.3 kg while Slag 6 has a total SVF slag of 458.5
kg, which is lower by around 159 kg. This demonstrates that it is easier to change the
composition in the OBF Gen2, where the starting mass is the DRI gangue, and it is lower
compared to the OBF slag, which is the starting mass in the SVF.

The gangue proportion does not change the trends in the overall fluxing requirement of the
different slags, but it increases the amount proportionally for the fluxes and the total slag
output. The values discussed above, have been calculated using 10% gangue proportion, which
translates to 100 kg of gangue in the DRI. As per Table 29, when the gangue proportion was
increased to 15%, the overall SVF slag output for Slag 5 moved from 411.8 kg to 617.7 kg/ton
DRI, and the fluxing materials requirement increased from 311.8 kg to 467.7 kg/ton DRI. It
can be seen that the 50% increase in gangue proportion resulted in an increase of around 50%
in total slag output and fluxing materials requirement. This shows the direct proportional
relationship between the gangue proportion, the fluxing materials requirement, and the total
slag output.

In summary, it can be seen that the fluxing materials requirement, the gangue distribution and
the gangue proportion dictate the total slag output in the OBF Gen2 and SVF. With reference
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to the results in Table 29, the ranking of the OBF Gen2 in terms of overall slag requirement to
produce OBF slag type in the SVF is as follows: Slag 5 < Slag 6 < Slag 4 < Slag 1 <Slag 3 <
Slag 2. Furthermore, the reported volume of conventional BF slag is between 250 to 300 kg of
slag per metric ton pig iron produced for typical iron ore grades of 60% to 66% (Ore and Curry,
2021; Horii et al., 2013). Using slag 5 in this study, the volume in the OBF is 175.7 kg/ton
DRI, the gangue being 10% of the DRI means that the metal is 90% assuming 100% iron
metallization. Hence, the slag production in the OBF Gen2 is around 195 kg/ton pig iron, which
increased to around 457.6 kg/ton pig iron in the SVF. This demonstrates that the ranking of
ironmaking configurations in terms of total slag output is DRI-OBF < BF < DRI-OBF-SVF.

8.6.4. Mass balance for SVF slag 1 type

The SVF slag 1 type contains 32% Si02, 5% MgO, 15% Al203, and 48% CaO. The fluxing
materials requirement for an SVF slag 1 type is summarized in Table 30.

Table 30: Fluxing requirement for SVF slag 1

plf):)l(l)frifm Fluxes Tgﬂiisof Slag 1 Slag 2 Slag 3 Slag 4 Slag 5 Slag 6
Dolomite 53,6 78,0 52,5 48,4 22,5 29,8
Baucxite 0,0 8,1 0,0 33,8 30,2 42,2
Fluxes in | Lime 20,7 0,0 15,3 20,6 23,1 23,7
the OBF | Quartz 1,0 0,0 0,1 0,0 0,0 0,0
(kg) Total 75,3 86,1 67,8 102,7 75,7 95,7
Dolomite 0,0 0,4 0,0 0,0 0,0 0,0
Bauxite 138,3 166,7 136,5 96,7 61,6 60,4
10% Fluxes in | Lime 390,7 512,1 391,1 369,5 260,2 289,3
the SVF | Quartz 216,4 291,5 213,7 201,6 123,2 145,0
(kg) Total 7454 970,6 741,3 667,8 445,0 4947

Overall total fluxes
(kg) 820,7 1056,7 809,1 770,5 520,7 590,4

Overall OBF slag

(kg) 175,3 186,1 167,8 202,7 175,7 195,7
Overall SVF slag (kg) 920,7 1156,7 909,1 870,5 620,7 690,4

Overall total fluxes
(kg) 1232,1 1582,8 1213,4 1155,0 781,0 903,0

15% Overall OBF slag

(kg) 2629 279,1 251,6 304,0 263,6 293.5
Overall SVF slag (kg) 1382,1 1732,8 1363,4 1305,0 931,0 1053,0

From the results in Table 30, the trends in fluxing materials consumption for the OBF Gen2 is
the same as in the previous section: the changes occurred based on the consumption of fluxes
to get the targeted slag composition in the SVF. Overall, the trends are the same as Slag 5 <
Slag 6 < Slag 4 < Slag 1 < Slag 3 < Slag 2. However, the mass has increased considerably and
this can be attributed to the relative lower MgO content from 7 to 5%, higher Al2O3 from 12 to
15%, and most importantly higher CaO from 44 to 48% when comparing the SVF slag 1 type
to the OBF slag type in the previous section. This has led to extra usage of bauxite in the SVF
along with burnt lime and quartzite.
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The total fluxing requirement for slag 5 increased from 311.8 kg to 520.7 kg/ton DRI in order
to produce a SVF slag 1 composition in the SVF. Similarly, the overall slag production moved
from 411.8 kg to 620.7 kg/ton DRI. On the other hand, for the slag 2, the total SVF slag
production is even beyond a ton at 1156.7 kg/ton DRI. The gangue proportion also performed
in the same manner as in the previous section. Increasing the gangue proportion to 15% resulted
in a 50% increment in fluxing materials of Slag 2, at 781 kg/ton DRI. It is clear that more than
60% additional fluxing materials are required to produce a SVF slag 1 type compared to an
OBF slag type in the SVF. Therefore, the production of an OBF slag type in the SVF is
favourable in terms of fluxing materials consumption compared to the production of a SVF

slag type.
8.6.5. Mass balance for SVF slag 2 type

The SVF slag 2 type contains 42% SiO2, 4% MgO, 4% Al203, and 50% CaO. The fluxing
materials requirement to an SVF slag 2 type is summarized in Table 31.

Table 31: Fluxing requirement for SVF slag 2

p::’):‘;grl’izn Fluxes Tzziis"f Slag1 | Slag2 | Slag3 | Slag4 | Slag5 | Slagé
Dolomite 53,6 78,0 52,5 48,4 22,5 29,8
Fluxes Baucxite 0,0 8,1 0,0 33,8 30,2 42,2
in the | lime 20,7 0,0 15,3 20,6 23,1 23,7
OBF | Quartz 1,0 0,0 0,1 0,0 0,0 0,0
(kg) Total 75,3 86,1 67,8 102,7 75,7 95,7
Dolomite 0,0 0,0 0,2 0,0 17,3 40,5
Fluxes Baucxite 36,0 38,1 35,5 0,0 0,0 0,8
10% in the | lime 567,8 733,6 566,7 536,5 4829 664,0
SVF Quartz 450,4 584,5 445,5 422,6 375,8 5424
(kg) Total 1054,2 1356,3 1047,8 959,2 876,0 1247,6
Overall total fluxes

(kg) 1129.,4 14424 1115,6 1061,9 951,7 13433

Overall OBF slag
(kg) 175,3 186,1 167,8 202,7 175,7 195,7

Overall SVF slag
(kg) 1229.4 1542,4 1215,6 1161,9 1051,7 1443,3

Overall total fluxes

(kg) 1699,5 2185,4 1669,5 1592,9 1427.8 1978,5

15% Overall OBF slag
(kg) 2629 279,1 251,6 304,0 263,6 293,5

Overall SVF slag
(kg) 1849,5 23354 1819,5 1742,9 1577,8 2128,5

The results in Table 31, show that the further increase of CaO and SiO:, together with the
decrease in Al2Os3 of the SVF slag 2, have led to an overall increase in fluxing materials
requirement and total SVF slag output. The trends in flux consumptions are the same, but the
mass of fluxes needed is higher compared to either the OBF slag type, or the SVF slag 1 type.
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Slag 5 still needs the least fluxing materials with an overall SVF slag output of 1051.7 kg/ ton
DRI, whereas Slag 6 is no longer in second position. This is most likely due to its higher Al2O3
of 23%, which needs to be reduced to 4% so as to have a SVF slag 2 compared to SVF slag 1
which has 15% Al2Os. Therefore, the ranking in terms of fluxing materials requirement to
produce a SVF slag 2 type is as follows: Slag 5 < Slag 6 < Slag 4 < Slag 1 < Slag 3 < Slag 2.

In summary, the most flexible slag based on the mass balance in this study is Slag 5 overall,
and Slag 3 from the high MgO slags (Slag 1, 2, 3). The SVF product that requires the least
fluxing materials to obtain is the OBF slag type. SVF slag 1 and SVF slag 2 can still be
produced in the SVF, but require significantly more fluxing materials for this to be achieved.
This means that the size of the furnace will be comparatively bigger when producing these two
SVF slags as opposed to producing an OBF slag type. This ultimately translates into higher
energy consumption. SVF slag 1 has a comparatively lower fluxing materials requirement.
Moreover, post-tap modifications of the SVF slag 1 to a cement clinker composition is possible
due to similarity in chemical composition. However, this will require extra kiln units and
cooling technologies to achieve. Therefore, a comparative assessment of the economic and
technological benefits for the production of these 3 products is necessary in order to select the
most viable products in this route. This information will be covered in chapter 9 of this study.

8.6.6. Alternative high MgO and low Al,O; slag for the OBF

The mass balance results have shown that slags that contain MgO (>22%) in the OBF, require
more fluxing materials in the SVF because of the low MgO content of SVF products. Another
alternative slag composition on the 15% MgO layer with low Al2O3 contents can be considered
in order to minimize the fluxing materials requirement while still having high MgO. However,
the difference in degree of corrosion between 15% MgO and 22% MgO slags towards MgO-
rich refractories still needs to be investigated through experimental tests. This new slag
composition is labelled Slag 7, and has a liquidus temperature close to 1450°C. The
composition and physical properties of slag 7 compared to the best performing slag in terms of
the mass balance (slag 5) are summarized in Table 32.
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Table 32: Compositions and Physical properties of Slag 7 compared Slag 5

Composition (wt%)

SiO» MgO AlLO3 CaO
Slag 7 39 15 6 40
Slag 5 41 15 19 25

Viscosity at 1500°C (dPa.s)
FactSage | Riboud Iida Urbain

Slag 7 1,428 1,911 3,003
Slag 5 5,185 11,019 6,601 12,196
Electrical conductivity 1500°C (W/m.K)

Slag 7 0,691 0,540 0,368
Slag 5 0,122 0,189 0,112
Thermal conductivity 1500°C (2 'm™)

Slag 7 0,125
Slag 5 0,223

Overall, the results in Table 32 show that the new Slag 7 is less viscous with lower thermal and
electrical conductivities. This is because the new Slag 7 has a higher proportion of network
modifiers (MgO, CaO) compared to Slag 5, which translates to a higher degree of
depolymerization of the silicate network. Moreover, the comparison between the two slags in
terms of the mass balance for the 3 products in the SVF is summarized in Table 33.

Table 33: Mass balance summary of Slag 7 compared Slag 5

For OBF slag For SVF Slag 1 For SVF Slag 2

pr?):?)%:liin Fluxes T:_;E f:esOf Slag7 | Slag5 | Slag7 | Slag5 | Slag7 | Slag$5
Dolomite 30,8 22,5 30,8 22,5 30,8 22,5

Bauxite 6,5 30,2 6,5 30,2 6,5 30,2

Lime 54,7 23,1 54,7 23,1 54,7 23,1

Fluxes in the | Quartz 6,2 0,0 6,2 0,0 6,2 0,0

OBF (kg) Total 98,2 75,7 98,2 75,7 98,2 75,7

Dolomite 0,0 0,0 0,0 0,0 0,0 17,3

10% Bauxite 45,6 15,6 97,7 61,6 19,8 0,0
Lime 127,7 | 140,7 262,6 | 260,2 397,3 4829

Fluxes in the | Quartz 93,2 79,9 142,1 123,2 320,1 375,8

SVF (kg) Total 266,6 | 236,1 502,3 | 445,0 737,2 876,0

Overall fluxes (kg) 3648 | 311,8 600,5 | 520,7 835,4 951,7

Overall OBF slag (kg) 198,2 | 1757 198,2 175,7 198,2 175,7

Overall SVF slag (kg) 514,8 | 4118 750,5 | 620,7 985,4 | 1051,7

Overall fluxes (kg) 5452 | 467,7 897,5 | 781,0 | 1261,7 | 14278

15% Overall OBF slag (kg) 296,3 | 263,6 296,3 | 263,6 296,3 263,6
Overall SVF slag (kg) 6952 | 617,7 | 1047,5 | 931,0 | 1411,7 | 1577,8
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Slag 7 generates a slightly higher volume of OBF and SVF slag compared to Slag 5 as shown
by the results in Table 33. However, compared to the other slags (slags 1, 2, 3, 4, and 6), Slag
7 requires the least fluxing requirement. In summary, the most flexible slags based on mass
balance results in this study is Slag 5 overall, followed by Slag 7, and lastly, Slag 3 from the
high MgO slags (Slags 1, 2, 3). Slags 1 and 3 have similar mass balances, which are like slags
5 and 6. Therefore, the slags that can be selected for experimental trials in this study are Slag
5, Slag 7 and Slag 3 as summarized in Figure 129. Moreover, the energy balances for the three
selected slags are covered in the upcoming section. Generally, if the operating temperature is
kept constant at 1500°C, a high fluxing materials requirement will translate to high energy
consumption. These three slags can be recommended for experimental tests, and the difference
amongst them might arise from their physical properties as well as their degree of corrosion
towards the selected refractories. The slag composition with properties that are favourable for
smelting operations in the OBF can be selected as the most viable slag composition.

MgO

OBF Gen2 selected slags

Refractory | Producttype | Total | %Si0. | %MgQO | %Al:0: %Ca0 Liquidus (°C)

Slag 7 100 29 15 6 40 1463

MgO-rich
Slag 1 100 41 3 34 1438

MgAI204 Slag 5 100 11 15 19 25 1313

)

Figure 129: Selected OBF Gen?2 slag compositions for energy balance calculations

It should be noted that Slag 7 has the potential to be directly granulated and tested for
cementitious applications without valorisation if the intended product is a BF equivalent slag
in terms of cementitious properties as reported in (Bernal et al., 2014). However, the main
concern linked to high MgO slags is the volume expansion of concrete specimens made from
these slags. Stutterheim (1960) conducted soundness tests to evaluate the volume expansion of
concrete incorporating up to 50% of slag containing at most 20% MgO and found out that the
cements were as sound as Portland cement. Further recommendations of performing soundness
tests of high MgO slags before usage were suggested (Stutterheim, 1960). Hence, Slag 7
theoretically represents the best slag for the OBF Gen2 with, or without valorisation since it
fits the composition of other BF slag around the world as shown in Table 34.
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Table 34: Chemical compositions (%) of Blast furnace slags (Regourd and Bernard, 2019)

Source CaO SiO; ALO; MgO Fe;03 MnO S

UK 40 35 16 6 0.8 0.6 1.7
Canada 40 37 8 10 1.2 0.7 2.0
France 43 35 12 8 2.0 0.5 0.9
Germany 42 35 12 7 0.3 0.8 1.6
lapan 43 34 16 5 0.5 0.6 0.9
Russia 39 34 14 2 1.3 1.1 1.1
South Africa 34 33 16 14 g 0.5 1.0
USA 41 34 10 11 0.8 0.5 1.3

The SVF product that requires the least fluxing materials to achieve is the OBF slag type. SVF
slag 1 and SVF slag 2 can still be produced in the SVF, but require significantly more fluxing
materials to be achieved. This means that the size of the furnace will be comparatively bigger
when producing these two SVF slags as opposed to producing an OBF slag type. This
ultimately translates to higher energy consumption. SVF slag 1 has a comparatively lower
fluxing materials requirement. Moreover, post-tap modifications of the SVF slag 1 to a clinker

composition is possible due to similarity in chemical composition. However, this will require

extra kiln units and cooling technologies to achieve. Therefore, a comparative assessment of
the economic and technological benefits for the production of these 3 products is necessary in
order to select the most viable products in this route. The new flowsheet with the chosen OBF
Gen2 slags and SVF slags for energy balance is shown in Figure 130.

OBF Gen2 selected slags after mass balance
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Refractory | Producttype Total | %8I0, | %MgO | %ZALO, | %Cal | Working temp (*C)
CBF slag 100 37 7 12 44 1500

Carbon SVFslag 1 100 32 5 15 48 1500
SVFslag 2 100 42 4 4 50 1550

Figure 130: OBF Gen2 and SVF configuration for energy balance

8.7. Energy balance

The energy balance is performed using the static model in HSC software. The total enthalpy
flows (EF) of the feeds and products are calculated for the different slag types in the OBF and
SVEF. The specific energy required (SER) and consumption (SEC) are also calculated along
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with slag/metal and fluxes/metal ratios. It should be noted that the calculations are done for 1
ton of DRI. Moreover, the OBF is setup to operate at 1500°C while the SVF is set up to operate
at 1600°C. The raw materials are fed to the OBF while cold at 25°C while the produced OBF
slag enters the SVF at 1500°C for valorisation.

8.7.1. Raw materials compositions and assumptions

The compositions of fluxing materials were kept as per the mass balance section, Figure 131
summarizes the compositions of the DRI, anthracite and fluxes used during energy balance
calculations. It should be noted that anthracite is added to further allow the reduction of the
remaining FeO to metallic Fe and balance the carbon content of the final hot metal.

DRI Antracite Quartzite Bauxite OBF Burnt lime Burnt dolomite
Mass flow (kg/h)  1000,00 Mass flow (kg/h) 0,00 Mass flow (kg/h) 42,43 Mass flow (kg/h) 6,84 Mass flow (kg/h) 48,90 Mass flow (kg/h) 47,57
Enthalpy flow (Kw) -217,40 Enthalpy flow (Kw) 0,00 Enthalpy flow (Kw) -178,32 Enthalpy flow (Kw) -30,81 Enthalpy flow (Kw) -155,58 Enthalpy flow (Kw) -169,43
[Temperature (C) 25 [Temperature (C) 25 [Temperature (C) 25 [Temperature (C} 25 Temperature (C) 25 Temperature (C) 25
Composition (wt%6) Composition (wt%%) Composition (wt%) Composition (wt%) Composition (wid) Composition (wi%)
IAI203 0,31 Al203 4,62 AI203 104 Al203 91,11 AI203 1,04| - |Alz03 1,04
ca0 0,52 sio2 4,38 ca0 1,04 ca0 1,11 ca0 96,88|  [cao | 5886
FeO 6,61 P 0,02 MgO 1,04 MgO 1,11 MzO | 1,04] |mz0 T 39,06
MgO 1,03 S 0,98 Si02 96,88 Sio2 6,67 Si02 1,04 |sio2 1,04
MnO 0,13 c 90,00
5i02 4,25 o 0,00
Tio2 0,15
Fe 54,41
V205 0,13
S 0,02
P 0,04
Fe3C 29,90

Figure 131: Raw materials compositions for energy balance calculations

The partition of major elements during simulation was done as per the assumptions in Table
35. Regarding other minor elements, the general assumption for the OBF was that 97% report
to the slag and 3 % report to the off-gas dust as losses. On the other hand, there is no metal
production the SVF, the proportion of elements reporting to the slag is increased to 99% and
1% is assumed lost to the off-gas dust. The slag is assumed metal-free, even though in reality
some droplets of metal can be found in the slag.

Table 35: Elements distribution in OBF and SVF products

OBF Element Partition Factors

OBF Slag 97,00 39,00 97,00 1,00 97,00 | 62,26 | 67,00 87,00 17,00
OBF Metal 0,00 60,00 0,00 98,00 0,00 0,00 30,00 10,00 80,00
OBF Off gas 0,00 0,00 0,00 0,00 0,00 33,84 0,00 0,00 0,00
OBF Off gas dust 3,00 1,00 3,00 1,00 3,00 3,90 3,00 3,00 3,00
Element Al C Ca Fe Mg (0] S Si \%

SVF Slag 99,00 0,00 99,00 99,00 | 99,00 | 99,00 | 30,00 | 99,00 | 99,00
SVF Off gas 0,00 99,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
SVF Off gas dust 1,00 1,00 1,00 1,00 1,00 1,00 70,00 1,00 1,00
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The required metallurgical power (MP) is defined as per Equation 10:
MP = Total EF in products — Total EF in feeds (10)

The total HL is assumed to be 15% of the required metallurgical power as per Equation 11 for
both the SVF and OBF:

Total HL = 0.15 = (Slag + Metal + of f gas + dusts + MP) (11)

The total furnace power consumption (FPC) is the sum of the required metallurgical power and
the total heat loss. The SER is the required metallurgical power per unit mass flow rate of hot
metal produced. Similarly, the SEC is the total furnace power consumption per unit mass flow
rate of hot metal produced. However, in the SVF, the SER and SEC are calculated per unit
mass flow rate of slag produced.

8.7.2. Energy balance of selected production cases

The following production cases are considered for energy balance calculations, and this is in
line with the different proposed slag compositions for the OBF and the SVF in Figure 130:

> Case 1: Production of Slag 7 in the OBF with valorisation to SVF slag 1
Case 2: Production of Slag 7 in the OBF with valorisation to SVF slag 2
Case 3: Production of Slag 1 in the OBF with valorisation to SVF slag 1
Case 4: Production of Slag 1 in the OBF with valorisation to SVF slag 2
Case 5: Production of Slag 5 in the OBF with valorisation to SVF slag 1
> Case 6: Production of Slag 5 in the OBF with valorisation to SVF slag 2

V V V V

The first production case considers the generation of Slag 7 in the OBF followed by subsequent
valorisation to SVF slag 1. The enthalpies as well as the important energy-related parameters
of production case 1 are summarised in Figure 132.
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Production case 1

In Out In Out
Stream Name lil?‘:‘vi:}dlpy Flow Stream Name [EE‘:\:}dlpy Flow Stream Name lE[:x;alpy Flow Stream Name li;malpy Flow
Antracite 0,0 | Dust -27,5| | OBF Slag -622,8 | Slag -1442,7
Quartzite -178,3 | Metal 376,5 | | Burnt dolomite -18,6 | Dust -15.4
DRI -317.4 | Slag -622,8 Burnt lime -449,8 | Off gas 0,0
Burnt lime -155,6 | Off gas 7.8 | | Quartzite -280.4
Burnt dolomite -169.4 Bauxite -253,2
Bauxite -30,9 Metallurgical 217.3 | Heat loss 30,6
Metallurgical 747,4 | Heat loss 72,2 —
power " " Total Energy: -104,2 | Total energy: -193.7
Total Energy: Total energy: Parameters

Furnace power consumption (kW): 248,0
Furnace power consumption (kW): 698,5 | | Total Fluxes (kg/h) |275.6 Total slag (kg/h) 476,3
Total Fluxes (kg/h) 145,7 | Total Metal (kg/h) 889,7 | | SER (kWh/kg) 0,456
SER (kWh/kg) 0,722 | Total slag (kg/h) 205,6 | | SEC (kWh/kg) 0,521
SEC (kWh/kg) 0,785

OBF Gen 2 Slag design Slag Valorisation Furnace

Electric power

Fluxes

Electric
Pig Iron

Target: Refractory friendly slag Target: BF equivalent/ high CaO slag

Figure 132: Production of Slag 7 in the OBF with valorisation to SVF slag 1

The required metallurgical power for this production scenario is 747.4 kW, the estimated heat
loss is around 72.3 kW, and this brings the overall furnace power consumption to 889.7 kW.
Moreover, 1 ton of DRI as per the provided composition yields around 889.7 kg of hot metal
and 205.6 kg of corresponding slag in the OBF. The valorisation to SVF slag 1 requires about
275.6 kg of fluxes, most of which being burnt lime due to the high CaO content of the valorised
slag, and this brings the final SVF slag 1 output to 476.3 kg .

The specific energy requirement for this production case is 0.72 kWh/kg of hot metal in the
OBF while in the SVF, it is 0.45 kWh/kg of valorised slag. It can be seen that the SVF process
does not require much metallurgical power and this is owing to the fact that the slag is fed hot
to the SVF, thereby minimising the energy requirement. However, as previously shown in the
mass balance section and in Figure 132, the SVF process requires a lot of fluxing materials to
reach a targeted slag composition.

Similar energy-balance calculations were performed on the remaining production cases, and

the results are summarized in the following figures from production case 2 to production case
6.
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Production case 2

Slag 7: OBF Energy Balance

Electric
Pig Iron

OBF Gen 2 Slag design

Target: Refractory friendly slag

Slag Valorisation Furnace

Electric power

Fluxes

In Out In Out
Stream Name IE:\:GGIPY Flow Stream Name [E:‘:Galpy Flow Stream Name IEE‘:GQIPY Flow Stream Name IE:‘:GGIPY Flow
Antracite 0,0 | Dust -27.5 OBF Slag -622.,8 | Slag -1827,0
Quanrtzite -178,3 | Metal 376,5 | | Burnt dolomite 0,0 | Dust -19.4
DRI -317.4 | slag -622,8 | | Burnt lime -719,2 | Off gas 0,0
Burnt lime -155,6 | Off gas 7.8 | | Quartzite -735.8
Burnt dolomite -169.4 Bauxite -21.3
Bauxite -30,9 Metallurgical 291,7 | Heat loss 39.1
Metallurgical 747,4 | Heat loss 72,2 aha
power ’ - Total Energy: -1807,4 | Total energy: -1807.4
Total Energy: Total energy: Parameters

Furnace power consumption (kW): 330,46
Furnace power consumption (kW): 698,5 | | Total Fluxes (kg/h) |405.,8 Total slag (kg/h) 605,2
Total Fluxes (kg/h) 145,7 | Total Metal (kg/h) 889,7 | | SER (kWh/kg) 0,482
SER (kWh/kg) 0,722 | Total slag (kg/h) 205,6 | | SEC (kWh/kg) 0,544
SEC (kWh/kg) 0,785

Target: BF equivalent/ high CaO slag

Figure 133: Production of Slag 7 in the OBF with valorisation to SVF slag 2
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Production case 3

Slag 1: OBF Energy Balance

OBF Gen 2 Slag design

Electric
Pig Iron

Target: Refractory friendly slag

Slag Valorisation Furnace

Electric power

Fluxes

In Out In Out
Stream Name [E;J\Il}alpy Flow Stream Name [EI?‘:GGIPV Flow Stream Name lEl?‘:\I";ulpy Flow Stream Name [E;wlalpy Flow
Antracite 0,0 | Dust -38,5 | | OBF Slag -946,1 | Slag -2 650,1
Quartzite -396,8 | Metal 378,5 | | Burnt dolomite 0,0 | Dust -28,3
DRI -317.4 | Slag -946,1 Burnt lime -1012,8 | Off gas 0,0
Burnt lime -52,9 | Off gas 9.0 | | Quartzite -567.6
Burnt dolomite -487,3 Bauxite -534,1
Bauxite -15,6 Metallurgical 440.1 | Heat loss 58,0
Metallurgical 86,3 | Heat loss 13,4 powe.r
power 4 ’ Total in: -2 620,5 | Total out: -2 6204
Total Energy: Total energy: Parameters

Furnace power consumption (kW): 498,1
Furnace power consumption (kW): 99,7 | | Total Fluxes (kg/h) 571.5 | Total slag (kg/h) 865.6
Total Fluxes (kg/h) 251,3 | Total Metal (kg/h) 892,71 | | SER (kWh/kg) 0,508
SER (kWh/kg) 0,769 | Total slag (kg/h) 302,9 | | SEC (kWh/kg) 0,575
SEC (kWh/kg) 0,784

Target: BF equivalent/ high CaO slag

Figure 134: Production of Slag 1 in the OBF with valorisation to SVF slag 1
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Production case 4

Slag 1: OBF Energy Balance

In Out In Out
Stream Name IE:\:GGIPY Flow Stream Name [E:‘:;alpy Flow Stream Name IEE‘:GGIPY Flow Stream Name IE:\:GGIPY Flow
Antracite 0,0 | Dust -38,5 OBF Slag -946.1 | Slag -2 664,86
Quanrtzite -396,8 | Metal 378,5 | | Burnt dolomite 0,0 | Dust -28,3
DRI -317.4 | slag -946,1 Burnt lime -1093,9 | Off gas 0,0
Burnt lime -52,9 | Off gas 9.0 | | Quartzite -961.9
Burnt dolomite -487,3 Bauxite -59,2
Bauxite -15,6 Metallurgical 425,4 | Heat loss 57,2
Metallurgical 486,3 | Heat loss 134 powe.'
power - ‘ Total in: -2 635,7 | Total out: -2 635,7
Total Energy: Total energy: Parameters

Furnace power consumption (kW): 482,6
Furnace power consumption (kW): 699,7 | | Total Fluxes (kg/h) 588,8 | Total slag (kg/h) 879.8
Total Fluxes (kg/h) 251,3 | Total Metal (kg/h) 892,1 SER (kWh/kg) 0,484
SER (kWh/kg) 0,769 | Total slag (kg/h) 302,9 | | SEC (kWh/kg) 0,549
SEC (kWh/kg) 0,784

Electric
Pig Iron

OBF Gen 2 Slag design

Target: Refractory friendly slag

Slag Valorisation Furnace

Electric power

Fluxes

Target: BF equivalent/ high CaO slag

Figure 135: Production of Slag 1 in the OBF with valorisation to SVF slag 2
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Production case 5

Slag 5: OBF Energy Balance

In

Out

In

Out

Stream Name

Enthalpy Flow
[kW]

Stream Name

Enthalpy Flow
[kW]

Stream Name

Enthalpy Flow
[kw]

Stream Name

Enthalpy Flow
[kW]

OBF Gen 2 Slag design

Electric
Pig Iron

Target: Refractory friendly slag

Slag Valorisation Furnace

Antracite 0,0 | Dust -28,9 | | OBF Slag -664,9 | Slag -1877,5
Quartzite -201,1 | Metal 376,7 | | Burnt dolomite 0,0 [ Dust -20,0
DRI -317.4 | Slag -664,9 Burnt lime -796,3 | Off gas 0,0
Burnt lime -50,8 | Off gas 8,0 | | Quartzite -469,6
Burnt dolomite -166,6 Bauxite -237,0
Bauxite -166.9 r:x:'r"rgi“' 311,0 | Heat loss 40,7
::A:v'vc;“rwglcql 643.9 | Heat loss 50.2| Motal in: -1 856,8 | Total out: -1856,8
Total Energy: Total energy: Parameters

Furnace power consumption (kW): 351,7
Furnace power consumption (kW): 694,1 Total Fluxes (kg/h) 414,5 | Total slag (kg/h) 6148
Total Fluxes (kg/h) 147,5 | Total Metal (kg/h) 890,1 | | SER (kWh/kg) 0,506
SER (kWh/kg) 0,723 | Total slag (kg/h) 206,6 | [ SEC (kWh/kg) 0,572
SEC (kWh/kg) 0,784

Electric power

Fluxes

Target: BF equivalent/ high CaO slag

Figure 136: Production of Slag 5 in the OBF with valorisation to SVF slag 1
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Production case 6

In Out In Out
Stream Name [Elg:\ll}alpy Flow Stream Name IE;‘:‘J\]GIPY Flow Stream Name [Ell(‘\malpy Flow Stream Name [Elg:\ll}alpy Flow
Antracite 0,0 | Dust -28,9 OBF slag -664,9 | Slag -2 7609
Quartzite -201,1 | Metal 376,7 | | Burnt dolomite -89.7 | Dust -29.3
DRI -317,4 | Slag -664,9 | | Burnt lime -1250,3 | Off gais 0,0
Burnt lime -50,8 | Off gas 8,0 Quartzite -1222,9
Burnt dolomite -166,6 Bauxite 0.0
Bauxite -164,9 Metallurgical 498.9 | Heat loss 61,2
Metallurgical 643,9 | Heat loss 50,2 powe.’
power ’ " Total in: -2 728,9 | Total out: -2729,0
Total Energy: Total energy: Parameters

Furnace power consumption (kW): 560,1
Furnace power consumption (kW): 694,1 | | Total Fluxes (kg/h) 709.2 | Total slag (kg/h) 906.5
Total Fluxes (kg/h) 147,5 | Total Metal (kg/h) 890,1 | | SER (kWh/kg) 0,550
SER (kWh/kg) 0,723 | Total slag (kg/h) 204,6 | | SEC (kWh/kg) 0,618
SEC (kWh/kg) 0,784

OBF Gen 2 Slag design Slag Valorisation Furnace

Electric power

Fluxes

Electric
Pig Iron Slag
o J \_ _ - —-—
Target: Refractory friendly slag Target: BF equivalent/ high CaO slag

Figure 137: Production of Slag 5 in the OBF with valorisation to SVF slag 2
8.1.1. Summary of energy balance in selected production cases

This section compares the energy balance of all the production cases in the preceding section.
More specifically in terms of metallurgical power (MP) and slag output in both the OBF and
SVEF. The SER from the OBF is roughly similar for the six production cases owing to the fact
that the mass of the metal is the same and the variations among different MPs are lower. The
only notable difference in terms of energy balance can be found in the SVF, and this is in
agreement with the values in the preceding mass balance section. A comparison of the MPs
and slag outputs for the different production cases in the SVF are summarized in Figure 138.
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Figure 138: Comparison of energy requirement for different production cases in the SVF

From the proposed slag production cases, it can be seen that Case 1 is the least energy
demanding in terms of metallurgical power at 217.3 kW and this is because it results in the
lowest slag output of 476.3 kg/h as shown in Figure 138. Moreover, Case 2 and Case 5 are also
roughly similar to Case 1 in terms of both slag output and metallurgical power requirements.
On the other hand, Case 6, Case 3, and Case 4 require relatively high energy input due to the
high volume of slag that will be produced in these cases. It should be noted that the volume of
the slag is affected by the quantity of fluxing materials needed to achieve a target slag
composition, which is firstly reliant on the original composition of gangue materials in the DRI.
Therefore, the gangue composition of the DRI affects the mass balance for a given slag
composition as well as the energy requirement to produce such slag.

The SVF slag output as well as the annual production capacity, will affect the size of the
furnace, which can also have some repercussions on the capital cost of the process. Moreover,
the total cost of the SVF process will also be dictated by the cost of the inputs, the CAPEX
(capital expenditures), and the OPEX (operating expenses). From a mass and energy balance
perspective, production case 1, 2, and 5 provide good results for the gangue composition
selected in this study. Moreover, without knowledge of the gangue composition of the DRI
that will be used to produce the target slags, it is difficult to definitively predict the optimal
production case. In summary, the gangue proportion and distribution in the DRI, as well as the
target slag composition are the major factors that will dictate both the mass and energy
balances.

8.2. Conclusion and potential benefits of SVF slags

8.2.1. Reactivity enhancement and refractory life extension of the OBF
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The main incentives of producing SVF slags are to further improve the cementitious reactivity
of the OBF slag and to extend the campaign life of the OBF’s refractory lining materials by
producing a less corrosive slag (saturated in MgO) in the OBF. An illustration of cementitious
reactivity enhancement is shown in Figure 139.

[—— Emission reduction —)»— GGOBFS1 —h— GGOBFS2 —P— GGBFS1 —— GGBFS2|

w B (&)} ()]
o o o o
CO, emission reduction (%)

N
o

-
o

0 10 20 30 40 50 60 70
Slag (Wt%) ———

I = 1 = 1 il 1 = 1 & ) = L] b 1
100 90 80 70 60 50 40 30
Cement clinker (wt%)

Figure 139: Reactivity enhancement of slag

Assuming that the required 28-days strength for a cementitious specimen in a given
construction site is 47 MPa. Based on the results, GGBFS1 can reach that strength at 12% slag
substitution, GGOBFS2 at 22% slag substitution, while GGBFS2 at 50% slag substitution
saving up to 47% of CO2 emissions. This highlights the contribution of the individual slag
reactivity to the strength gain, the more reactive the slag, the higher the substitution for a given
strength requirement. It has been noted in chapter 5 that the three parameters that contribute
to strength development are the hydraulic reaction of cement, the micro-filling effect, and the
slag reactivity (linked to its core properties: chemical composition, fineness, glass content). If
SVF slag possesses higher cementitious reactivity, for instance like the arrow in light blue in
Figure 139, the slag can replace up to 65% of clinker while reducing up to 60% of CO2
emissions. It should be noted that the values are not reflective of the SVF slag, and were just
used for illustration purposes. Therefore, the actual strength values of SVF slags will indicate
the corresponding CO2 emissions reduction and these values can only be obtained through
experimental tests.

Generally, it is clear that the CO2 emissions in the cement industry can be reduced by increasing
the proportion slag in slag-cement blends as per Figure 139. However, the reactivity of the slag
will dictate the amount of cement clinker that can be replaced without affecting the mechanical
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strength required in a given application. Therefore, the enhancement of the slag reactivity has
the potential to result in further CO2 emission reduction in the cement industry.

8.2.2. Forecast of supplementary cementitious materials

Fly ash and GGBFS are presently the most widely consumed supplementary cementitious
materials (SCMs) in the cement industry to lower CO2 emissions associated with clinker
production (Orozco et al., 2024). The current quest for green production processes and
transition to carbon neutrality as per the 2015 Paris-agreement are causing declined interests in
coal-fired power plants for renewable electricity, and phase-out of the BF technology from the
steelmaking chain for low-COz alternative ironmaking technologies. As such, there will be
declined availability of fly ash and GGBFS. The materials that are most likely to emerge and
take dominance as SCMs in the future are calcined clays and the novel granulated OBF slag
due to their relatively lower CO2 emissions as shown in Figure 140.

Il Current status [ Transition to 2050 carbon neutrality|

Consumption

Fly ash GGBFS Calcined clays GGOBFS
Types of SCMs

Figure 140: Forecast of SCMs consumption in the transition to 2050 carbon neutrality

If SVF slags are produced in the future, they will also be part of the green SCMs that can be
used to save energy associated with clinker production and to reduce CO:2 emissions for
environmental protection. Moreover, SVF slags are more likely to be pricier than OBF slags
due to their expected higher cementitious performance as per the slag’s glass structure theory
and equilibrium relations elaborated throughout chapter 7 and 8. The OBF Gen2 slag is less
corrosive than the normal OBF slag due to the MgO saturation, thereby protecting the OBF’s
refractory. Moreover, the cementitious valorisation of the OBF Gen2 slag results in the
production of SVF slags, which theoretically should display higher cementitious performance
than the normal OBF slag. However, the benefits of the OBF Gen2 and SVF slags need to be
confirmed by conducting cementitious and refractory performance tests. Furthermore, a
comparative assessment of the economic and technological benefits between the DRI-OBF and
DRI-OBF-SVF is necessary in order to highlight the viability of the SVF slag.
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CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS

Global warming and the depletion of natural resources are among the most pressing challenges
that the world is currently experiencing, and which can have a drastic impact on the future of
human civilization on earth. The impact of climate change on society and the global economy
has been intensified by the increase in global GHG emissions, with CO2 emissions representing
more than 80%, and the recent occurrences of extreme weather-related events. Several
countries are seeking to achieve net-zero CO2 emissions by 2050 through the implementation
of the 2015 Paris agreement. As a result, emissions taxes are on the rise and environmental
regulations have become stricter, putting every carbon-consuming industry under pressure to
decarbonize its operations in order to stay relevant and competitive in the global market. This
includes the steelmaking and cement industries.

The utilisation of slags to the cement industry as supplementary cementitious materials (SCMs)
prevents massive landfilling of waste slags and allows conservation of natural resources. It
reduces the proportion of COz-intensive clinker used in cement by replacing it with slag,
thereby reducing the overall energy requirement of cement production. These are attributes that
will promote sustainability, mitigate the impacts of global warming, and allow fulfilment of
zero-waste steel production. The current transition towards decarbonized (green) steel
production has led to the exploration of the Direct Reduced Iron — Open Bath Furnace (DRI-
OBF) technology as a green ironmaking alternative to the conventional Blast Furnace (BF)
ironmaking technology.

This dissertation has studied the cementitious properties and evaluated the cementitious
performance of the novel OBF slag arising from this green ironmaking process so that it can
be used as a low-CO: alternative to the conventional BF slag in the making of eco-friendly
cement. In addition, the dissertation has proposed ways of extending the campaign life of the
OBF refractory as well as enhancing the cementitious performance of the slag in order to
mitigate the costs associated with furnace refractory replacement and to further reduce CO2
emissions.

9.1. Summary of main findings

The cementitious performance has been predicted using the physical and chemical properties
of both the novel OBF and the conventional BF slags. It has been shown that the chemical
composition, the glass content, the fineness, and the slag substitution ratio are the main
parameters that in combination determine the cementitious performance of slag. Fineness is the
parameter that has been found to dictate the trends in the cementitious performance of the slags
in relation to age of curing, since the other important parameters such as the chemical
composition and the glass count, are roughly similar for the four main slag samples in this
study (GGOBFS1, GGOBFS2, AMSA, TkSE). While the chemical compositions are roughly
similar, there are some differences and more well-defined experimental tests need to be
conducted to affirm the individual influence of each factor in isolation on the cementitious
performance.
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The novel OBF slag has a very similar chemical composition to conventional BF slags. With
similar chemical composition, the degree of depolymerization of the OBF slag glass can be
assumed to be the same as the degree of depolymerization of the conventional BF slag glass,
since the proportions of network formers and network modifiers are the same in the glass
structure. Furthermore, the glass count of the GGOBFS2, AMSA, and TkSE samples is 95%
while GOBFS1 has a lower glass count of 90%, which may have contributed to its
underperformance in comparison to the other slags. Lastly, the trends in fineness have ranked
the AMSA and GGOBFS2 slags on the same scale as the best slags, with AMSA being the top-
ranked since the GGOBFS?2 slag has a wider PSD.

Cementitious application tests have been performed using mortar (slag + cement + water +
sand) and paste (slag + cement + water) mixes to assess the predicted cementitious performance
of the novel OBF and conventional BF slag.

In mortar tests covering workability, strength development, and drying shrinkage used in this
study, the novel OBF slag has displayed similar and comparable results to the conventional BF
slag. Slight differences in workability, compressive strength, and drying shrinkage arise when
performance-defining properties of the slag such as the fineness and the glass content are not
the same. Higher fineness of the slag is beneficial to accelerate the hydration reaction in terms
of strength development, but also comes at a cost in terms of high water-demand, or reduced
workability if the slag’s particle size is very fine. Moreover, from visual examination of cured
mortar specimens, the intensity of the greening effect is lower in the novel OBF slag compared
to the conventional BF slag due to the relatively lower sulphur content of the novel OBF slag.
The following effects occur in mortar mixes upon addition of the slag.

o The workability of the mortar mix increases, and higher slag substitution is equivalent
to higher workability.

o The early strength development decreases (< 28 days) while the late strength
development is complex to predict and mainly depends upon the reactivity of the slag.

o The rate of strength development in blended slag-cement is mainly governed by the
synergy of the hydration of PC, the micro-filling effect of slag, the amount of PC
replaced by the slag, and the overall reactivity of the slag (linked to chemical
composition, glass content, and fineness).

o The compressive strength increases with increasing slag’s fineness and glass content
however, more tests should be conducted to confirm these trends since the slag samples
in this study have roughly similar but not identical chemical compositions.

o The drying shrinkage decreases, and the decrement level is very minimal and
proportional to the amount of PC replaced by the slag.

Chemical reactivity and the evolution of hydration phases are the main tests that were
conducted on slag-cement paste mixes. It should be noted that the reported rates of heat
evolution are not the same as those which would be observed at standard conditions (25°C)
since the R test in this study was conducted at 40°C in order to accelerate the reaction of the
slag in the shorter analysis period. Moreover, the R? test does not distinguish between hydraulic
and pozzolanic reactions, and instead provides an indication of the overall chemical reactivity
of the slag-cement paste mix.

227 | Page



The novel OBF slag behaves in a similar manner to the conventional BF slag in terms of heat
evolution, highlighting that the reactions occurring during the hydration of these two slags are
similar. The rate of heat evolution strongly depends on the reactivity of the slag, which is linked
to the chemical composition, fineness and glass content. In this study, changes in heat released
by each slag sample seem to have followed the trends in fineness of the slags since the other
slag properties assessed, covering chemical composition, were generally similar. Slag with
high fineness demonstrates high cumulative heat release and rate of hydration. Furthermore,
the results indicate a significant linear correlation between the fineness of the slag and
cumulative heat release per gram of solid cementitious binder. The corresponding coefficient
of determination is 0.923 and a Pearson correlation coefficient of 0.974, highlighting the
strength and positivity of the correlation.

The main phases that form during the hydration of blended slag-cement and pure cement are
C-S-H, CH, and C-A-S-H. C-S-H has a fibrous morphology with a poorly crystalline structure,
making it undetectable via XRD analysis. CH has gel-like, or blocky morphology with a well-
defined crystal structure and detectable by XRD analysis. C-S-A-H has a similar morphology
to C-S-H but thicker, also with an amorphous structure undetectable by XRD analysis. The
overall microstructure of the paste gets densely packed with increasing curing time as the
hydration reactions continue and the excess water evaporates. The hydration of the paste within
the first 2-days is strongly influenced by the formation and compositional change of the binders
(C-S-H, C-A-S-H, CH), after then it is the synergy of morphological and compositional
changes of the binding phases that contribute to the strength development of the specimen. The
compositional change has more effect on the late strength development in blended slag-cement
mix since the reactivity of the slag only becomes prominent at later ages.

The phases that evolve during the hydration of blended slag-cement with GGOBFS and
GGBFS are very similar, the main difference lies in the composition of the C-A-S-H phase.
The C-A-S-H in GGBFS has high sulphur-intake, thereby making the phase resemble either
ettringite or mono-sulphate, whereas the C-A-S-H in GGOBFS has little sulphur intake,
making the composition similar to either hydrotalcite for high MgO spots, or hydrogarnet for
low MgO and high Al2O3 spots in SEM micrographs. This dissimilarity comes from the fact
that GGOBFS has less sulphur compared to GGBFS owing to the lower coke-requirement for
the OBF process compared to the conventional BF process.

A comparison of the physical, chemical, and cementitious properties between the novel OBF
slag (GGOBFS) and the conventional BF slag (GGBFS) in this dissertation has shown that the
two slags have similar characteristics in cementitious applications. The OBF slag could
therefore be used as an alternative to BF slag in the cement industry to replace cement clinker
in order to lower the industry CO2 emissions. Considering the combined CO2 emissions from
the cement and steel industries, the OBF slag — through this low emission ironmaking route —
has the potential to reduce these emissions to a lower level than is currently possible with
conventional granulated blast furnace slag.

9.2. Future outlook of ironmaking and SCMs
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The rate of adoption of this new ironmaking technology will influence the phase-out time of
the existing BF technology. However, the DRI-OBF ironmaking process is currently not 100%
carbon-free, and the path to carbon-neutral steel production hinges around the successful
development of green hydrogen production for DRI processes, the usage of renewable
electricity in the OBF process, and the incorporation of carbon capture, utilisation and storage
(CCUS) technologies.

The application of the OBF technology will result in an increase in the overall production
output of direct reduced iron (DRI), and lessen the iron ore quality restriction in DRI processes,
thereby increasing the market share of low-grade iron ores which are readily available. From
the perspective of carbon-neutrality, the ironmaking and steel technologies that are currently
promising and future-proof are the DRI-OBF and the DRI/Scrap-EAF production routes, with
the former expected to have a higher market share, similar to the current share of BF
technology.

The implementation of the DRI-OBF ironmaking technology can potentially reduce up to 50%
of COz emissions per ton of steel in conjunction with the current natural-gas based DRI process,
compared to the conventional BF ironmaking. Moreover, the CO2 emission reduction could
reach as high as 90%, depending on sufficient availability of green hydrogen at reasonable
prices. Similar to the BF slag, the utilization of the OBF slag in cement can reduce up to 60%
of COz emissions per ton of cement and a significant amount of energy associated with clinker
production can be saved. Therefore, it is the development of innovative technologies, and the
synergy with the cement industry to utilize slags, that can bring the steel industry closer to its
goal of zero-waste and carbon-neutral production.

Fly ash and GGBFS are presently the most widely consumed supplementary cementitious
materials (SCMs) in the cement industry, to lower CO2 emissions associated with clinker
production. The current quest for green production processes and the transition to carbon
neutrality, in accordance with the 2015 Paris agreement, are causing declining interest in coal-
fired power plants in favour of renewable electricity, and phase-out of the BF technology from
the steelmaking chain with conversion to low-CO: alternative ironmaking technologies.
Consequently, there will be reduced availability of fly ash and GGBFS in future. The materials
that are most likely to emerge and become dominant as SCMs in the future are calcined clays
and the novel granulated OBF slag due to their relatively lower CO2 emissions.

9.3. Recommendations

More well-defined experimental tests should be conducted to confirm the individual effect of
chemical composition, glass content and fineness on the cementitious performance since the
slag samples in this study have roughly similar but not identical chemical compositions. A
narrow PSD with at least 80% passing 40 um is recommended for ground granulated slag in
order to obtain consistent results, as determined for the AMSA slag sample. In addition, the
chemical composition must be within the specified range, preferably with a major proportion
of network modifiers (CaO and MgO) in order to have a more depolymerized glass structure,
which in turn will favour fast hydration of the slag. The slag should have at least 95% glass to
counteract the effect of the inert crystalline phases, and the level of prominent impurities,
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including Ti02, should be controlled to less than 2%. The potential negative effect of TiO2 was,
however, not identified in this study.

The early strength development of slag-cement blends can be predicted from the heat of
hydration data, provided that the regression line relating these two parameters is generated
using slag samples with the same chemical and physical properties (similar chemical
composition, glass content, and fineness). Therefore, for future comparisons of novel slags of
different chemical compositions, the effects of glass content and fineness must be isolated for
accurate determination of differences.

To ensure longer campaign life of the OBF refractory materials, the production of an OBF
Gen2 slag composition with an additional furnace unit, known as a slag valorisation furnace
(SVF) has been proposed in this dissertation. The OBF Gen2 slag is less corrosive than the
normal OBF slag due to the MgO saturation, thereby protecting the MgO-rich OBF refractory.
The cementitious valorisation of the OBF Gen2 slag results in the production of SVF slags,
which theoretically should display higher cementitious performance than the normal OBF slag
due to their highly depolymerized glass structure. However, the benefits of the OBF Gen2 and
SVF slags need to be confirmed by conducting cementitious and refractory performance tests.
Furthermore, a comparative assessment of the economic and technological benefits between
the DRI-OBF and DRI-OBF-SVF process routes is necessary in order to assess the viability of
the proposed SVF slags.

If SVF slags are produced in the future, they will also be part of the green SCMs that can be
used to save energy associated with cement clinker production and to reduce CO2 emissions
for environmental protection. SVF slags are likely to have a higher cost than OBF slags due to
their expected higher cementitious performance. However, the total cost of the SVF process
will be dictated by the cost of the inputs, the CAPEX, and the OPEX. The production of a slag
with higher CO:z reduction potential than the BF slag, through the SVF process, will increase
the demand for slag from the cement industry. This will enable the DRI-OBF-SVF process to
achieve an unprecedented milestone by supplying a slag that can further lower the combined
CO2 emissions from the steel and cement industries compared to the existing positive
environmental impact of conventional BF slag. The additional CO2 emission reduction,
compared to the current position with conventional BF slag, will arise mainly from the new
ironmaking process.

Therefore, the evaluation of the untapped potential of the slags arising from these emerging
technologies in the iron and steel industry is highly recommended. It will benefit both the
steelmaking and cement industries, and the world at large, in terms of sustainable
environmental protection and the conservation of natural resources through the re-utilisation
of wastes as an alternative to large-scale landfilling. Moreover, future optimization test works
of the cementitious performance of these novel slags are highly recommended with a focused
approached of the detailed effect of fineness, glass content, and chemical composition.
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APPENDICES
A. Publications

Three research outputs have been generated from this research project: one conference paper
submitted for the 9™ International Slag Valorisation Symposium in Belgium 2025 and two
journal papers in preparation for submission to the Journal of Sustainable Metallurgy (J.
Sustain. Metall.). The conference paper has been accepted and an oral presentation will be
given on the 11 April 2025 at KU Leuven, Belgium.

The titles of the two journal papers and the full conference manuscript are
Journal paper 1:

Novel open bath furnace (OBF) slag: a low-CO: alternative to conventional blast furnace
(BF) slag for cementitious applications

Journal paper 2:

Cementitious performance evaluations of mortar made from the novel OBF slag compared
with the conventional BF slag

Full conference manuscript:

Valorising a Novel Open Bath Furnace Slag as a Viable Supplementary Cementitious
Material

Moise KALENGA!Z, Ernst KLEYNHANS!, Stephan LOUW!, Jeremy GAYLARD?,
Paul DEN HOED?, Janina KANJEE3

"Metix (Pty) Ltd (SMS group), Process Engineering, 2196 Johannesburg, South Africa

2 University of the Witwatersrand, School of Chemical and Metallurgical Engineering, 2050
Johannesburg, South Africa

3 University of the Witwatersrand, School of Civil and Environmental Engineering, 2050
Johannesburg, South Africa

2948897 @students.wits.ac.za, ernst.kleynhans@sms-group.com, stephan.louw@sms-
group.com, jeremy.gaylard@wits.ac.za, paul.denhoed@wits.ac.za, janina.kanjee@wits.ac.za

Introduction

Ground granulated blast furnace (GGBF) slag, a by-product of steelmaking, has been widely
utilized as a clinker substitute in cement production due to its latent hydraulic properties.! The
valorisation of blast furnace (BF) slag, along with other supplementary cementitious materials
(SCMs) such as fly ash and calcined clay in blended cements, has significantly contributed to
reducing the cement industry's carbon dioxide (CO:) emissions, which currently account for
approximately 7% of total global emissions.? However, as BF technology, a major source of
CO: emissions in steelmaking, is being phased out in favour of more eco-friendly and
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sustainable technologies, the availability of BF slag is diminishing.>* This study investigates a
novel BF-equivalent slag generated through the melting of directly reduced iron (DRI) in an
open bath furnace (OBF) powered by renewable energy sources. A DRI process based on
natural gas in combination with an OBF can save up to 50% of CO2 emissions compared with
the conventional BF ironmaking.’ As BF technology is replaced, BF slag will be phased out,
necessitating the new OBF slag to effectively serve as a clinker substitute. The cementitious
properties of this new OBF slag, however, remain unknown at this stage. Therefore, the
assessment of cementitious performance of the novel OBF slag is an essential stage prior to its
acceptance as an approved supplementary cementitious material for use in the making of eco-
friendly cement.

Materials and procedures

The slag samples for this study were produced in a 1 MW OBF prototype, designed and
manufactured by Metix (Pty) Ltd, as part of the testing campaign to mitigate risks associated
with the DRI OBF ironmaking technology. The OBF melted the DRI pellets and further
reduced the remaining iron oxide with the addition of anthracite. Fluxes were added to modify
the chemistry of the OBF slag to a BF slag equivalent. The molten slag leaving the open bath
furnace was quenched in a jet of water to generate a granulated product with more than 95%
glass content. The granulated OBF slag (GOBFS) was then compared with industrial
granulated blast furnace slags from Germany (GBFS1) and South Africa (GGBFS2) in terms
of composition, structure (glass content), and cementitious performance, which was evaluated
through compressive strength development. In preparation for the cement application tests,
GBFSI and the OBF slag were milled in batches of 1kg in a laboratory ball mill to a similar
fineness of the industrially-milled GGBFS2 for comparable assessment. The laboratory milling
time for each batch was 5 hours, with particle size distribution measurement used for fineness
control. The production set-up for the novel OBF slag is illustrated in Figurel.

DRI-OBF: In-situ slag chemistry modification Slag samples

Elechic power
—*| Milling
Molten |
OBF slag A\
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\ |
|| |
|| |
| | v |
| | GGOBFS |

I
| \ | Industrial Ground Granulated |
| ‘ | BF Slag 1 (Germany) |
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Figure 1: Production set-up for the novel OBF slag with slag sample nomenclature
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The fineness of the ground slag was measured by Blaine air permeability which is the industry
reference method as per standard specifications.®’ The reference cement used for the
cementitious test was a CEM I 52.5R cement, with a Blaine fineness of 389m?*/kg.

The Blaine fineness values for the slag samples were as follows: GGOBFS (267 m%/kg),
GGBFS1(258 m?/kg) and GGBFS2 (296 m?/kg), respectively.

Mortar casting

The mortar-mix design followed standard specifications in SANS 55167-1:2011, which is
similar to BS EN 196-1 standards,?” with a ratio of cementitious material to standard sand to
water of 1:3:0.5. The standardised sand is from Société Nouvelle du Littoral (SNL) in Paris
France. Compressive strength tests were performed on mortar cubes of dimensions 50x50x50
mm. The blended slag-cement mixes contained 30% of each slag and were compared to the
100% Portland cement mix. The mortar cubes were cured in the steel casting moulds for 24
hours at 23 + 2 °C, and then submerged in water after demoulding, until tested for compressive
strength at intervals ranging from 2 to 84 days. The mortar cube specimens were subjected to
an increasing compressive load until they broke, with the force (measured in kN) applied at a
constant loading rate (40 kN/min). The compressive strength of 4 specimens was determined
at each aging interval for every mix, and the average value was considered as the compressive
strength for that age. The chemical composition of the slag samples was determined by ICP-
OES while the total sulphur was determined using a LECO Infrared Combustion Analyzer, and
the glass content was quantified using an optical microscopy technique. The results are
summarized in Table 1.

Table 1: Chemical composition and glass content of slag samples

Components |, o, | ca0 | si02 | MgO | TiO: |FeO | s | Totar | 125
(Wt%) content
GGOBFS | 10.43 | 43.10 | 36.00 | 7.56 | 1.40 | 032 | 0.19 | 99.00 | 95 %
GGBFSI | 11.14 | 42.76 | 37.07 | 6.07 | 0.54 | 028 | 1.14 | 99.00 | 95 %
GGBFS2 | 16.60 | 35.65 | 35.13 | 9.07 | 0.81 | 0.50 | 1.31 | 99.06 | 95 %

Mortar strength development

The strength gain results for the 100% PC (CEM I 52.5R) mix and the 30% slag substitution
mixes are shown in Figure 2.

233 | Page



_ 2days [ |7days [ [28days [ 56days []84 days]

Compressive strength (MPa)
B
o
1

T T T 1
100-(CEM 1 52,5R) 30-GGOBFS 30-GGBFS1 30-GGBFS2
Mix type

Figure 2: Compressive strength results up to 84 days (at 95% confidence level)

The hydration of the 100% PC mortar mix is rapid, achieving a strength of 50 MPa after 7 days
of curing. For the slag cement mixes, the novel OBF slag, GGOBFS, exhibited similar strength
development to the reference slags, GGBFS1 and GGBFS2. At 2 days, GGOBFS had the same
strength, 21 MPa, as GGBFS1, and its strength gains at 7 and 28 days were almost identical to
GGBFS2. However, GGBFS2 had the highest 2-day strength of 25 MPa compared to that of
GGOBFS at 21 MPa. It has been previously noted® that during blast furnace slag-cement
hydration, three processes contribute to strength development: the hydration of PC, the
reactivity of the slag, and the packing effect of small particles. This supports the observed
strength performance of GGBFS2 since it has the highest fineness, followed by GGOBFS, and
GGBFS1. The early strength development (2-7 days) of the slag-cement mix is primarily
influenced by the hydration of PC and the fineness of the slag, as other slag properties (e.g.
chemical composition, glass content) are similar, as shown in Table 1. BF slag possesses
inherent hydraulic properties that are activated by the generated portlandite, Ca(OH)2 from the
hydration of PC.! The reactivity of the slag starts significantly to influence the strength gain
after 7 days, once enough portlandite has been generated. In addition, the intensity of the
greening effect, which is a temporary greenish blue coloration commonly observed on the outer
surface of blended slag-cement specimens owing to the progressive oxidation of polysulphide
complexes, ° was observed to be less in the novel OBF slag-cement mixes due to the lower
sulphur content in the novel OBF slag compared to conventional BF slags.

Conclusions

This study has demonstrated the potential of the novel OBF slag as a viable SCM. In terms of
cementitious performance assessed following curing at several ages, up to 84 days, the novel
OBF slag (GGOBFS) displayed similar strength development trends to the conventional BF
slags (GGBFS1, GGBFS2), highlighting their similarities in terms of strength development.
While similar in chemical composition to conventional BF slag, the novel OBF slag contains
less sulphur, leading to less intensity of the greening effect in cured OBF slag-cement
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specimens. On the basis of the reported test results, the OBF slag can be used as a suitable
lower-CO:z alternative to the BF slag currently utilised in the cement industry. This will result
in mitigation of CO2 emissions from both the steelmaking and the cement industries in the
current race towards meeting global climate targets.
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B. Experimental data

The experimental data are provided in the following tables for reference:

Table 36: PSD data of non-ground granulated slags

Sample 1D Screen size (um) 6700 3350 2360 1700 422 212 106 75 -75|Total
Mass (g) 0.00 81.00 109,00/ 214,00] 847,00 45,00 7.00 1.00 3,00] 130700
0,
GOBFS1 Mass (%) 0,00 6,20 8.34 16,37 64,80 3.44 0,54 0,08 0,23
Curmulative retained (%o) 0.00 6,20 14,54 30,91 95,72 99,16 99,69 99,77 100,00
Cumulative passing (%) 100,00 93,80 85,46 69,09 4,28 0.84 031 0,23 0.00
Mass (g) 0,00 37,00 143,000 32400 125800 10700 18,00 4,00 3,00/ 1896,00
o0,
GOBFS2 Mass (95) 0.00 1.95 7.54 17.09 66.35 5.64 0.95 0.21 0.26
Cumulative retained (%) 0,00 1.95 9.49 26,58 92,93 98,58 99,53 99.74] 100,00
Cunmmilative passing (%) 100,00 98.05 90,51 73,42 7,07 1.42 0,47 0,26 0,00
Mass (g) 0.00 19,00 98.00] 283.00| 3187.00[ 554.00| 175,00 57,00 86,00 4459.00
o,
ArcelorMittal Mass (%) 0,00 0,43 2,20 635 71,47 12,42 392 1,28 193
Cumulative retained (%) 0.00 0.43 2.62 8.97 80.44 92.87 96,79 98.07] 100.00
Cumulative pagsing (%) 100,00 99,57 97,38 91.03 19.56 7,13 3.21 1.93 0.00
Mass (g) 0.00 3,00 2,00 202,00] 2534.00{ 340,00] 143,00 21,00 43,00| 3288,00
0
ThyssenKrupp Mass (%) 0.00 0,09 0.06 6,14 77,07 10,34 435 0.64 1.31
Cumulative retained (%) 0,00 0,09 015 6,30 83,36 93.70 98,05 98,69 100,00
Cumulative passing (%) 100.00 99.91 99.85 93.70 16.64 6.30 1.95 1.31 0.00
Table 37: Effect of ball charge composition
Ball load seasoning (fine and coarse grind balance) & charge load variation
Change [Speed |[Run Feed Screen size (pm) 212 180 125 20 75 63 45 -45| Total
Mass (g) 36.00 3.17 11.08 16.09 4.01 14,22 7.38 416 98.11
1 28 rpm Mass (%) 38.73 3.23 11.29 16.40 4.09 14.49 7.592 4.24
Tap 122 |Cumulative retained (% 38.73 41,96 53.26 69,66 73,74 86,24 95.76 100,00
BM 2 wet Cumulative passing (% 61.27 58,04 46.74 30,34 26,26 11,76 424 0.00
Mass (g) 48.00 4,01 12.52 10.76 3.70 10.30 6.79 3.76 99.84
Tap 122 |Mass (%) 48.08 4,02 12,54 10.78 3.71 10,32 6.80 3.77
dried |Cumulative retained (% 48.08 52,09 64,63 7541 7912 89,43 96.23 100,00
BM 3 (1h) Cumulative passing (% 51,92 47 .81 35,37 24,59 20,88 10,57 377 0.00
Mass (g) 32,80 6.87 14.39 15.66 6.33 11.98 6.34 4.20 98.57
2 28 rom Tap 122 |Mass (%) 33.28 6.97 14.60 15.89 6.42 12,15 6.43 4.26
P continue |Cumulative retained (%) 33,28 40.25 54,84 70,73 77,15 89,31 95.74] 100,00
BM 4 d 1 (2h) |Cumulative passing (% 66.72 59.75 45,16 29.27 22,85 10.69 4.26 0.00
Mass (g) 19.79) 6.05 15.60 18.80 8.54 20,66 7.84 2.54 99.82
Tap 122 |Mass (%) 19.83 6.06 15.63 18.83 8.96 20,70 7.85 2.94
continue |Cumulative retained (% 19.83 25,89 41.51 60,35 68,90 89,60 o7.46 100,00
BM 5 d 2 (3h) |Cumulative passing (% 8017 74,11 58.49 39.65 31,10 10,40 254 0.00
Mass (g) 19.46 8.15 18.47 18.95 532 17142 13.92 5.48) 106.87
Mass (%) 18.21 7.63 17.28 17.73 4.98 16.02 13.03 9,13
Tap 123 |Cumulative retained (% 18,21 25,84 4312 60.85 65,83 §1.85 04 87 100,00
BM 6 (1h) Cumulative passing (% 81,79 74,16 56.88 30.15 3417 18,15 513 0.00
Mass (g) 0.59 0.29 3.28 22,96 12,56 2445 24,50 18.34| 106.97
Tap 123 |Mass (%) 0.95 0.27 3.07 21.46 11.74 22,86 22,90 17.14
continue |Cumulative retained (% 0.55 0.82 3.89 25,35 37.09 59,95 82,86 100,00
BM 7 d 1 (2h) |Cumulative passing (% 99.45 99.18 96,11 74,65 62,91 40,05 17.14 0.00
Mass (g) 0.18 0.54 1.04 16.28 11.32 2488 42,65 2539 122.28
3 28 rom Tap 123 |Mass (%) 0.15 0.44 0.85 13.31 9.26 20,35 34,88 20.76
P continue |Cumulative retained (%) 015 0.59 1.44 14,75 24.01 44 36 79.24] 100,00
BM & d 2 (3h) |Cumulative passing (% 99.85 99 441 98.56 85,25 75,99 55,64 20.76 0.00
Mass (g) 1.29] 0.49 3.19 10.32 9.99 25,27 31.39 33.76| 115.70
Tap 123 |Mass (%) 1.11 0.42 2.76 8.92 8.63 21,84 2713 29.18
(1h BM + |Cumulative retained (% 1,11 1.54 4,30 13,22 21,85 43,69 70.82 100,00
SM 1 1h 8M) |Cumulative passing (% 98.89 98.46 95.70 86.78 78,15 56,31 29,18 0.00
Mass (g) 1.07 0.87 9.69 12,26 30.46 19.43 32,06 26,65 132.49
Tap 123 |Mass (%) 0.81 0.66 7.3 9.25 22,99 14.67 24,20 20.11
(1h BM + |Cumulative retained (% 0.81 1,46 8.78 18.03 41,02 55,69 79.89 100,00
Sh 2 2h 8M) |Cumulative passing (% 9919 95.54 91,22 81,97 58,98 44 31 20,11 0,00
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Table 38: Effect of milling time

Milling time extension (3h te 4h to 5h)

Mass (g) 6,95 6,12 17,90 21,52 5,68 20,98 18.08 15,89 116,12

Mass (%) 5,89 5,27 15,42 18,53 748 18,07 15.57 13.68

Tap 121 [Cumulative retained (% 5.99 11.26 26.67 45,20 52.68 70.75 86.32| 100.00

BM 9 (2h) Cumulative passing (% 94,01 88.74 73,33 54,80 4732 29,25 13.68 0,00
Mass (g} 075 0,42 1.69 17,48 16,14 31,76 41,75 2361 133.60

Mass (%) 0,56 0.31 1,26 13,08 12,08 2377 31,25 17.67

Tap 121 [Cumulative retained (% 0.56 0.88 2,14 15,22 27.31 51.08 82,33 100,00

BM 10 (3h) Cumulative passing (% 99.44 99,12 97,86 84,78 72,69 48,92 17.67 0.00
Mass (g) 0.45 0.21 1.21 1,36 2,05 18,33 44.31 52,82 120,74

4 28 rpm Mass (%) 0,37 017 1,00 1,13 1,70 1518 36.70 4375

Tap 121 [Cumulative retained (% 0.37 0.55 1.56 2,68 4,37 19.55 56.25| 100.00

BM 11 (4h) Cumulative passing (% 99,63 99,45 98,45 97,32 95,63 80.45 43.75 0,00
Mass (g} 0.78 0,28 3.12 12,14 10,44 2078 44,01 S5 131,86

Tap 121 [Mass (%) 0.59 0.21 2,37 9.21 7,92 22.58 33.38 23.74

(2h BM + |Cumulative retained (% 0.59 0.80 317 12,38 20.29 42.88 76.26| 100,00

SM 3 1h SM) |Cumulative passing (% 99.41 99,20 96,83 87,62 79,71 57,12 23,74 0,00
Mass (g) 0.31 433 1,11 222 14,19 19,98 35.09 43,61 116,84

Tap 121 [Mass (%) 0.27 0.28 0.95 1.90 12,14 17.10 30.03 37.32

(2h BM + [Cumulative retained (% 0.27 0.55 1.50 3,40 15.54 32,64 62.68| 100.00

SM 4 2h SM) |Cumulative passing (% 99.73 99,45 98,50 96,60 84 46 67,36 37,32 0,00
Mass (g} 0.27 0.17 1.48 4,36 2,49 9,74 14.20 6,11 38,862

Mass (%) 0.70 0.44 3.81 11.23 6.41 25.09 36.58 15.74

Tap 118 [Cumulative retained (% 0.70 1.13 4.95 16.18 22.59 4768 84.26| 100.00

BM 12 (3h) Cumulative passing (% 99,30 98,87 95,05 83,82 7741 52,32 15.74 0.00
Mass (g) 0.04 0,01 0,02 0,12 218 3.36 4,55 9,71 19,99

5 28 rpm Mass (%) 0.20 0.05 0.10 0.60 10.91 16.81 22.76 48.57

Tap 118 [Cumulative retained (% 0.20 0.256 0.35 0,95 11.86 28.66 51.43| 100.00

BM 13 (5h) Cumulative passing (% 99,80 99.75 99,65 99,05 88,14 71,34 48,57 0.00
Mass (g} 0.27 0,07 0,06 0,10 212 0.54 3.02 14,55 20,73

Tap 118 [Mass (%) 1.30 0.34 0.29 0.48 10.23 2,60 14,57 70.19

(3h BM + [Cumulative retained (% 1.30 1.64 1.93 241 12,64 15.24 29.81 100.00

SM 5 2h SM) [Cumulative passing (% 98.70 98.36 98.07 97.59 87.36 84.76 70.19 0.00

Table 39: Effect of speed
Speed variation tests

Mass (g) 012 0,06 0,09 0,69 1.82 2,46 3.35) 12,67 21,26

Mass (%) 0,56 0.28 0.42 3.25 8,56 11,57 15,76 59,60

Tap 116 |Cumulative retained (% 0.56 0,85 1,27 4.52 13,08 24 65 40,40 100,00

BM 14 (2h) Cumulative passing (% 99.44 99.15 96.73 95.48 66,92 75,35 59.60 0.00
Mass (g) 0.04 0,01 0,03 0,29 1,11 1.91 2,09 16.67 2215

Mass (%) 0,18 0,05 0,14 1,31 5,01 8,62 9,44 75,26

Tap 116 |Cumulative retained (% 0,18 0,23 0,36 1,67 6,68 15.30 24 74 100,00

6 48 rpm BM 15 (3h) Cumulative passing (% 99.82 99.77 99.64 98.33 93.32 84.70 75.26 0.00
Mass (g) 0,00 0,00 0,00 0,02 0.08 0.35 228 19.73 22.46

Mass (%) 0,00 0.00 0.00 0,09 0,36 1,56 10,15 §7.85

Tap 116 |Cumulative retained (% 0,00 0.00 0.00 0.09 0,45 2,00 12,15 100,00

BM 16 (4h) Cumulative passing (% 100.00) 100.00] 100.00 99,91 99.55 98.00 87.85 0.00
Mass (g) 0.00 0.00 0.00 0.01 0,05 0.08 221 25.03 27.38

Tap 116 |Mass (%) 0,00 0.00 0,00 0.04 0,18 0,20 8,07 91,42

(3h BM + |Cumulative retained (% 0,00 0,00 0.00 0.04 0,22 0,51 5,58 100,00

SM & 1h 8M) |Cumulative passing (% 100.00) 100.00) 100.00 99.96 99.78 99.49 91.42 0.00
Mass (g) 0.00 0.01 0,02 0.48 1.09 1.95 3.34 16.47 22,36

Mass (%) 0.00 0.04 0.09 2,15 4,87 872 14,94 69,19

Tap 116 |Cumulative retained (% 0,00 0,04 0.13 2.28 7.16 15,88 30,81 100,00

1BM 17 (2h) Cumulative passing (% 100.00 99.96 99.87 97.72 92.84 84,12 69.19 0.00
Mass (g) 0.00 0.00 0.00 0.12 0.16 0.34) 2,69 17.42 2073

Mass (%) 0,00 0,00 0,00 0,58 Q.77 1,64 12,98 84.03

Tap 116 |Cumulative retained (% 0,00 0.00 0.00 0.58 1,35 2,89 15,97 100,00

1BM 18 (3h) Cumulative passing (% 100.00) 100.00) 100.00 99.42 98.65 97.01 84.03 0.00
Mass (g) 0.00 0.00 0.00 0.09 0.13 0.34) 1.03 20.72 2231

7 68 rpm Mass (%) 0,00 0.00 0.00 0.40 0,58 1,52 462 92,87

Tap 116 |Cumulative retained (% 0,00 0.00 0.00 0.40 0,89 251 13 100,00

1BM 19 (4h) Cumulative passing (% 100.00) 100.00) 100.00 99.60 99.01 97.49 92.87 0.00
Tap 116 |Mass (g) 0.00 0.00 0.00 0.15 022 0.41 1.85 18.84 21.47

(2h 1BM [Mass (%) 0,00 0,00 0.00 0,70 1,02 1,91 8,62 87.75

+1h Cumulative retained (%, 0,00 0,00 0,00 0,70 1,72 3,63 12.25 100,00

2BM 1 2BM) |Cumulative passing (% 100.00 100.00 100,00 99 30 9828 96,37 87,75 0,00
Tap 116 |Mass (g) 0.00 0.00 0.00 0,10 0.03 0.33 0.73 28.50 29.69

(2h 1BM |Mass (%) 0,00 0.00 0.00 0.34 0,10 1,11 2,46 95,99

+2h Cumulative retained (%) 0,00 0,00 0,00 0,34 0,44 1,55 4,01 100,00

2BM 2 2BM) |Cumulative passing (% 100.00 100.00 100.00 99 .66 99 56 98 45 9599 0.00
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Table 40: Additional tests for statistics

New additional speed tests for statistical optimization purposes
change [Speed |Run Feed Screen size (um) 212 180 125 90 75 63 45 45| Total
Mass (g) 3.38 1,77 2.09 3,33 7,65 18,22
Mass (%) 18,55 9.71 11.47 18,28 41.99
Tap 117 |Cumulative retained (%) 18,55 2827 39.74 58.01 100,00
BM 20 | {60 mins) |Cumulative passing (% 81.45 71,73 60,26 41,99 0,00
Mass (g) 0,37 0.39 2,32 4.64 2 18.93
Tap 117 |Mass (%) 1,95 2.06 12,26 24 51 59,22
(120 |Cumulative retained (%) 1.95 4.01 16.27 40,78 100.00
BM 21 mins) |Cumulative passing (% 98.05 95,99 83,73 59,22 0.00
Mass (g) 0.10 0.26 1.62 4.46 8.48 14.92
8 74 rpm Tap 117 |Mass i%_} _ 0.67 1.74 10.86 29.89 56.84
(150 Cumulative retained (%) 0.67 241 13.27 43,16 100,00
BM 22 mins) |Cumulative passing (% 9933 97.59 86.73 56.84 0.00
Mass [g) 0,02 0,04 0,44 1,54 7.9 9.95
Tap 117 |Mass (%) 0,20 0.40 4.42 15.48 79.50
(180  |Cumulative retained (%) 0.20 0.60 5,03 20,50) 100.00
BM 23 mins) |Cumulative passing (% 99.80 99.40 94.97 79.50 0.00
Mass (g} 0.01 0.05 0,10 0,57 6.19 6.92
Tap 117 |Mass (%) 0,14 0.72 1,45 8.24 89.45
(240 |Cumulative retained (%) 0.14 0.87 2.3 10,55| 100,00
BM 24 mins) |Cumulative passing (% 99.86 9913 97.69 89.45 0.00
Mass (g) 6.28 0.70 0.75 1.3 2.28 1132
Mass (%) 55.48 6.18 6.63 1457 20,14
Tap 120 |Cumulative retained (%) 5548 61,66 68.29 79.86] 100,00
BM 25 [(60 mins) |Cumulative passing (% 44 52 38,34 31,71 20,14 0,00
Mass (g) 2.3 0.78 1.63 1,53 3.28 9,53
Tap 120 |Mass (%) 24,24 8.18 17.10 16,05 3442
(120 |Cumulative retained (%) 24,24 3242 49,53 65.58| 100.00
BM 26 mins) |Cumulative passing (% 75,76 67,58 50,47 34,42 0.00
Mass (g) 1.05 0.16 1.61 1.61 240 6.83
(0,
9 38 rpm Tap 120 |Mass l;’o_} _ - 15,37 2.34 23,57 23,57 35.14
(150  |Cumulative retained (%) 15,37 17,72 41,29 64,86 100,00
BM 27 mins) |Cumulative passing (% 84,63 §2.28 58,71 3514 0.00
Mass (g) 0.29 0.29 142 2,16 1,99 5.85
Tap 120 |Mass (%) 4.96 4.96 19.15 36.92 34.02
(180  |Cumulative retained (%) 4.96 9.9 29,06 65.98| 100.00
BM 28 mins) |Cumulative passing (% 95.04 90.09 70,94 34,02 0.00
Mass (g) 0,22 0.21 1.08 1,39 3.85 6.75
Tap 120 |Mass (%) 3.26 3N 16.00 20.59 57.04
(240 |Cumulative retained (%) 3.26 6.37 22 37 42.96) 100.00
BM 29 mins} |Cumulative passing (%) 96,74 93.63 77,63 57,04 0,00
Table 41: Effect of milling time-continuation
60 mins & 150 mins tests
Mass (g} I 18.11 1.40 3.26 311 4.40 30.28
Mass (%) 59.81 4,62 10,77 10,27 14.53
Tap 123 |Cumulative retained (%) 59,81 64,43 75,20 8547 100,00
10 28 rpm BM 30 | {60 mins) |Cumulative passing (% 40,19 3557 24 80 14.53 0.00
P Mass (g} 471 1.89 415 il 4,23 22,09
Tap 123 |Mass (%) 21,32 8,56 18.79 32,19 19,15
(150  |Cumulative retained (%) 2132 29.88 43.66 80.85| 100.00
BM 31 mins) |Cumulative passing (% 78.68 7012 51.34 19.15 0.00
Mass (g} 5.08 1,72 3.59 e 22 20.98
Mass (%) 24.21 8.20 17.11 16,06 3441
Tap 123 |Cumulative retained (%) 2421 3241 49,52 65,59 100,00
1 48 rom BM 32 (60)  |Cumulative passing (% 75,79 67,59 50,48 3441 0,00
P Mass (g} 0,47 1.07 1.98 3.37 15,56 2245
Tap 123 |Mass (%) 2.09 4,77 8.82 15,01 69.31
(150  |[Cumulative retained (%) 2.09 6.86 15,68 30.69] 100.00
BM 33 mins) |Cumulative passing (% 97.91 93.14 84,32 69.31 0.00
Mass (g} 0.83 218 295 4.02 1521 2519
Mass (%) 3.29 8,65 11.71 15,96 60.38
Tap 123 |Cumulative retained (%) 3,29 11.95 23,66 39,62 100.00
12 68 rpm BM 34 | {60 mins) |Cumulative passing (% 96.71 858,05 76,34 60,38 0.00
P Mass (g} 0,38 0.96 0.74 3.69 17.42 2519
Tap 123 |Mass (%) 1.64 4.14 319 15.91 75,12
(150  [Cumulative retained (%) 1.64 5,78 8.97 24,88 100.00
BM 35 mins) |Cumulative passing (%) 98.36 94.22 91.03 75,12 0.00
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Table 42: Data used for Response Surface Methodology optimization

Std Speed | time % Cumulative % Cumulative % Cumulative
Order | (rpm) | (min) | passing 90 pm passing 75 pm passing 45 pm
1 28 60 70,53 54,65 6,77
2 28 120 74,65 6291 17,14
3 28 150 86,51 77,10 21,06
4 28 180 85,25 75,99 20,76
5 28 240 97,32 95,63 43,75
6 38 60 44,52 38,34 20,14
7 38 120 75,76 67,58 34,42
8 38 150 84,63 82,28 35,14
9 38 180 95,04 90,09 34,02
10 38 240 96,74 93,63 57,04
11 48 60 75,79 67,59 34,41
12 48 120 95,48 86,92 59,60
13 48 150 97,91 93,14 69,31
14 48 180 98,33 93,32 75,26
15 48 240 99,91 99,55 87,85
16 68 60 96,71 88,05 60,38
17 68 120 97,72 92,84 69,19
18 68 150 98,36 94,22 75,12
19 68 180 99,42 98,65 84,03
20 68 240 99,60 99,01 92,87
21 74 60 81,45 71,73 41,99
22 74 120 98,05 95,99 59,22
23 74 150 99,33 97,59 56,84
24 74 180 99,80 99,40 79,50
25 74 240 99,86 99,13 89,45
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Table 43: PSD data of ground granulated slag samples

Size (yumi) PC (%passing) GGOBFS1 (%) GOBFS2 (%) TESE (%0) AMSA (%)
Normal | Conmilative| Normal | Connnd ative] Normal | Cvmmilative| Normal | Cvmmilative| Nomal | Conmidative

1.096 0 0 0 0 0 0 0 0 0 0
1259 0 0 0 0 0 0 0 0 0 0
1.445 0 0 0 0 0.01 0.01 0 0 0.01 0.01
1,66 0 0 0 0 016 017 0 0 0,17 0.18
1.905 0.06 0.06 028 0.28 049 0.66 02 0.2 04 0.58
2188 0.2 0.26 0.54 0.82 0.89 1.55 0.39 0.59 0.65 123
2512 039 0,65 081 1,63 133 288 0,38 117 09 213
2884 0.58 1.23 1.1 2.73 1.78 4.66 0.77 194 1.14 327
3311 0.8 2,03 137 4,1 221 687 0.95 289 137 464
3.802 1.07 31 1.64 5,74 2.63 9.5 1.13 4,02 1,58 6,22
4363 142 4.52 1.89 7,63 3,02 12,52 13 532 18 g.02
5.012 187 6.39 214 9.77 338 15.9 1.49 6.81 2,04 10.06
5754 246 8.85 238 1213 3.74 19.64 1.7 8351 23 12.36

6607 3.19 12,04 262 14,77 4,07 23,711 1.94 10,45 2,59 14,95

7.86 4.06 161 285 17,62 438 28,09 221 1266 2,94 17.89

8,71 5,07 2117 3,08 20,7 4.66 32,75 2,52 15,18 332 21,21

10 6.14 2731 332 24.02 492 3767 2.88 18.06 3.75 24,96

11.482 717 34.48 3.56 27,58 5313 42.8 3.29 21.35 419 29.13

13.183 8.07 42,55 3.83 3141 329 48.09 3.73 25.08 4,63 338

15,136 871 5126 411 3552 339 3348 42 2928 3,07 38,87

17378 897 6023 442 3994 541 38,89 4,68 33,96 543 443

19933 8,79 69,02 4,74 44 .68 334 64.23 5,14 391 3,69 49,99

22909 813 7715 507 49,75 518 6941 5,56 44,66 5,82 5581

26,303 7.07 8422 338 55.13 4.93 74.34 591 50,57 5.8 61.61

302 572 8994 564 60,77 4358 7892 6.14 36,71 562 6723
34.574 4.26 94.2 5.8 66,57 4.16 83.08 6.24 62.95 5.28 72.51

39.811 288 97,08 381 7238 3,68 86,76 6,17 69,12 4,82 7733

45,709 1,71 98,79 565 78,03 3.15 89.91 593 75,05 4,28 81.61

52,481 0,86 9963 329 8332 26 92,51 5,51 80,36 3.7 8531

60.256 033 99.98 4.73 88.05 2.04 94,53 4.93 85,49 3.12 88.43

69.183 0,02 100 4.02 92,07 1.5 96.05 4.22 8.7 26 91.03

79.433 ] 109 321 9328 097 97.02 3.43 93.14 213 93.16
91.201 0 109 237 9765 0.5 9752 2.63 95,77 1.74 94.9
104,713 ] 109 161 99,26 021 97.73 1.85 97.62 1.41 96,31
120226 0 109 061 9987 0,09 9782 1,15 98,77 1,14 9745
138,038 0 100 011 9998 0,01 9783 0,55 99,32 0,89 98,34
158.489 0 109 0,02 100 0 97.83 0.18 99.5 0.67 99.01
181.97 0 100 0 100 0 9783 0,07 99.57 0,47 99.48
208.93 0 109 0 100 0 97.83 0.03 996 03 99,78
239,883 0 109 0 100 0,04 9787 0,02 99.62 017 99,95
275423 0 100 ] 100 013 98 0,03 99.65 0,05 100
316228 0 109 ] 100 024 98.24 0,06 99.71 0 140
363,078 0 109 0 100 032 98.56 0,07 99,78 0 100
416.869 0 109 ] 100 0306 98.92 0.08 99.86 0 100
478.63 0 100 0 100 036 9928 0.07 99.93 0 100
349.641 0 100 ] 100 031 99.59 0.05 99.98 0 100
630957 0 109 ] 100 023 9982 0,02 100 0 140
724,36 0 109 0 100 013 9995 0 100 0 100
831,764 ] 109 ] 100 0,05 100 ] 100 0 140
934993 0 100 0 100 0 100 0 100 0 100
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Table 44: Blaine fineness data

SSA RD
Label Material type (m?/kg) (g/cm?)
PC AfriSam CEM 1 52.5 R 389,3 3,05
AMSA ArcelorMittal - Slag 296 2,88
TkSE Thyssenkrupp - Slag 258,2 2,91
GGOBFSI1 | Metix 1 - Slag 2547 2,96
GGOBFS2 | Metix 2 - Slag 266,7 2,95

Table 45: BET surface area data

Sample ID Surface area Uncertainty [m?/g] | Sample mass [g]
[m?/g]

PC 1.8154 0.0095 0.2294

TKSE 0.395 0.017 0.224

AMSA 0.571 0.016 0.2106

GGOBFS1 0.529 0.019 0.2358

GGOBFS2 0.537 0.025 0.2136

Table 46: Workability data

Mix ID Cement blend (grams) Sand | Water Measured diameters (mm) Mould diameter (mm)| Change(%) |Relative to PC
PC Slag | Total 1 2 3 4 Average Std error %o
100 PC 165 0 165 495 83 193 192 192 194 192.75 0,96 100 92.75 100,00 0,50
85/15 PC/MS1| 140 25 165 495 83 191 195 197 196 194,75 2,63 100 94,75 102,16 1,35
85/15 PC/MS2| 140 25 165 495 83 193 194 196 195 194,50 1,29 100 94,50 101.89 0,66
85/15PC/TS | 140 25 165 495 83 196 191 195 197 194,75 2,63 100 94,75 102.16 1.35
85/15 PC/AS | 140 25 165 495 83 194 190 194 195 193,25 2,22 100 93.25 100,54 1,15
70/30 PC/MS1| 116 50 165 495 83 194 195 198 197 196.00 1.83 100 96.00 103.50 0,93
70/30 PC/MS2| 116 50 165 495 83 198 196 196 193 195,75 2,06 100 95,75 103,23 1,05
70/30 PC/TS | 116 50 165 495 83 196 194 198 197 196.25 171 100 96.25 103.77 0.87
70/30 PC/AS | 116 50 165 495 83 194 195 197 195 195,25 1.26 100 95.25 102,70 0,64
50/50 PC/MS1| 83 83 165 495 83 206 197 201 209 203.25 532 100 103,25 111,32 2,62
50/50 PC/MS2| 83 83 165 495 83 204 201 203 198 201,50 2,65 100 101,50 109.43 1.31
50/50 PC/TS 83 83 165 495 83 202 207 204 203 204,00 2,16 100 104,00 112,13 1,06
S0/50 PC/AS | 83 83 165 495 83 201 199 198 196 198,50 2,08 100 98,50 106,20 1,05
Total 1188 | 297 | 1485 | 4455 | 742,5
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Table 47: Compressive strength data 1

2 Davs
m Sample| 1 2 3 4 |AVG. (KI0)| AVG. (MPa) | STD. Dev | Confidence interval {(95%)
100-PC | WAl 942 | 924 o954 0,0 4.0 3le 15 402 350
15 01 %l 6E6 | 582 g6 | 858 68,1 273 ] 2g.1 264
15-hi2 L7 J2e | 744 23 |86 732 293 1.1 31,2 274
15-TE %S 696 | G664 724 | 586 635 278 30 330 226
15-40] W9 Jes | 742 R N 754 30,2 13 324 272
3o-nAl | WO | 554 | 582 a64 | 534 56,7 227 14 251 20,2
Jo-n2 | W1 | 512 | 534 S10 | 548 51,9 207 1.3 231 184
I0-TE | W2 | 516 | 528 318 [ 546 52,1 208 0.6 219 197
Io-AW ] M3 | 636 | 618 2 | 6l2 632 253 1.2 274 231
S0-hA1 %l ig? | 424 EHRS oo LR 159 2.3 19.9 12.0
S0-M2 I} 348 | 398 384 o0 NN 150 25 194 107
S0-TE %5 422 | 410 416 | 396 416 16,6 0.6 177 15,6
S0-AWL ] IS 402 | 388 32 (412 391 15,6 1.0 174 13,8
15-h1 %Y 06 | 9368 s08 [ 974 917 367 1.7 396 EXR:
7 Davs
m Sample| 1 2 3 4 |AVG. (KIM)| AVG. (MPa) | STD. Dev | Confidence interval (95%)
100-PC | W1 12241 1242 | 1244 |1004 1237 495 1.1 al4 47,6
15-h1 %t} 992 | 988 982 | 978 987 395 ] 404 386
15-hI2 L7 974 | 1002 | 1014 | 948 997 39,9 2.1 434 36,3
15-TE %k 946 | 938 Sio | 988 951 381 1.7 409 35,2
15-A0 ] W2 | 1054 1070 | 10es [1004 1064 426 02 441 411
30-nA1 | WO | 248 | 834 254 | 826 245 33,2 1.0 356 320
30w | WAL | 236 | V92 22e [ dad 215 326 2.0 361 251
30-TE | ®Z2 | 722 | 73,0 714 | 832 722 289 02 30,3 275
JoAN ] W3 | 902 | 944 S3e [1002 227 371 2.2 A1.0 332
S0-1A1 %l 425 | 516 512 | 57,2 50,8 20,3 1.6 231 17,5
SO-W2 IS 582 | 548 572 | 534 56,7 227 1.7 257 197
S0-TE Ik 632 | 6968 02 | s8d 63,7 23,9 05 287 27,0
S0-AWI ] WS J44 | Fel 758 e} 754 30,2 02 317 287
15-hi1 s | 117%] 1152 ] 11596 | 121 117,45 47,0 14 494 44 .6
28 Days
m Sample| 1 2 3 4 |AVG. (KI)| AVG. (MPa) | STD. Dev | Confidence interval (95%)
100-PC | Wil 1565] 1446 | 1422 |1296 147.9 59,1 1.5 i 45,6
15-IA1 s | 1150] 11482 | 1156 [1216 1162 46,7 o4 47 4 46,0
15-hI2 MOF (1242 12782 | 1262 [1314 1261 04 1.8 23,6 473
15-TE L2 | 1102) 1124 | 1122 [1162 1112 447 0 46.2 432
15-A00] WP [ 1354] 1372 | 1374 [1454 1369 247 1.3 270 22,5
okl | BOO | 1134) 1178 ] 1156 [111.2 1156 46,2 2.2 a0.1 424
o-nZ | B | 1086] 1104 | 1062 [ 1158 1086 434 1.8 46,6 403
I0-TE | B2 | 1012) 1006 | 1038 | 956 1019 407 1.7 437 ETR:
I0-AW ] WAL (1244 1226 | 1228 (1248 1233 493 1.0 21,0 476
S0-hA1 %t 298| 928 952 | 886 926 3.0 27 417 324
S0-M2 LE | 1004] 992 1006 | 986 1001 40,0 0E 41,3 387
S0-TE M | 1052) 1052 | 1084 [1114 1063 425 1.8 457 393
S0-AW] MMS [ 1172] 1232 | 1150 [105.6 1185 474 4.2 247 40,0
1501 ] WS [ 1e36] 1656 | 1682 | 177 165,28 £5,3 23 703 2.3

25td
3,0
1.0
2.2
6.0
2.6
2.8
2.7
1.3
2.5
4.5
5.0
1.2

2,1

i

2 §td
2.2
1.0
4.1
3.3
17
2.1
4.0
1.6
4.5
3.2
3.5
1,0
1,7

H

25td
7.8
0,8
3,6
1.7
2.6
4.4
3,6
3.4
2,0
5.4
1,5
3.7

8,5

3
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Table 48: Compressive strength data 2

56 Davs
D Sample | 1 2 3 4 |AVG. KIN)| AVG. (MPa) | STD. Dev | Confidence interval (95%)
100-FC | 10 1536 1492 | 1546 |1384 1527 &1,1 25 63,5 26,7
15-141 W (1322 1312 | 1346 (1278 1327 53,1 1.7 56,1 50,0
15-W12 i 1412 1408 | 1422 (13638 1414 6.8 o7 37,8 55,3
15-TE Wiy |131%| 1335 | 1324 |1322 13265 53,0 0.2 54,6 51,5
19-A00 | WO 1448 1426 | 1444 (1382 143 9 27,6 1.2 29.6 25,5
30-W11 | W0 [ 1152 1122 | 1192 [1174 1182 47,6 0.2 42.0 46,2
30-M42 | WOl | 1226 1174 | 1228 (1146 120.9 43,4 31 237 43,1
30-TE | ®i12 |118e) 1156 | 1188 [1134 116.6 46,6 1.8 427 43.5
30-AM] M3 |1312) 13282 | 1372 |1378 1348 33,9 3,1 293 48,5
S0-hA1 ni2 1086 1104 | 1098 (1134 109,56 43.8 0.2 454 42,3
S0-3A2 T3 1158 1la0 | 1164 |1136 1161 464 03 47 0 459
S0-TE Wi (1252 1268 | 1288 |1328 126.2 a0.8 18 33,9 47,6
S0-A0L | WS 1272 1292 | 1312 |1254 12968 5.8 1.7 54.8 489
15-41 | WIE [154%] 1518 ] 1536 | 148 1534 &1.4 1.5 4.0 587
84 Davs
m Sample | 1 2 3 4 |AVG. (KI)| AVG. (MPa) | STD. Dev | Confidence inte rval (95%)
100FC ] W01 1568 1556 | 1532 (1476 1552 82,1 1.8 65,3 589
15-141 Mg 1334 1392 | 1388 (13638 1338 25,5 04 26,2 248
15-142 L7 1442 1452 | 1444 1400 144 2 57,9 o4 58,6 57,2
15-TE MB | 135%2] 1372 | 1364 |133%8 136,28 24,7 04 254 34,0
15-A0 | W9 [1468| 1476 | 1484 (1436 147 5 55,0 0.2 0.4 577
30-h11 ] WOI0 11354 1348 | 1346 11332 134 9 240 04 247 233
30-W12 | WAL | 1336 1356 | 1348 |1280 1347 3.9 1.0 5.6 52,1
30-TE | w12 [ 1242 1236 | 1254 [1216 124 & 49 8 0 514 483
30-A0 | W3 (1422 1392 | 1414 |1502 140.2 a6,4 1.6 391 337
S0-3A1 W2 (1144 1156 | 1158 (1124 1153 45,1 08 474 448
S0-1I2 L3 1302 1342 | 1288 |141.8 131.3 2.5 3.1 37,9 47.1
S0-TE M 1378 1327 | 1382 |1296 135,1 54,4 34 a0,2 486
a0-AW | WS 1412] 1542 | 1458 |1586 147 3 28,9 &3 5.9 47,9
168 Davys
1)) Sample | 1 2 3 4 AVG (kM) AVG. (MPa) | STD. Dev | Confidence inte rval (95%)
100-PC | 10 1596 1596 | 1e06 |1534 159.2 4,0 0.6 &5,0 53,0
15-141 Ws 1442 1425 | 1438 |1464 1437 59,5 1.1 554 55,6
15-M2 7 1534 1526 | 1548 |1596 153 6 614 11 634 595
15-TE WE (1418 1424 | 1426 (1406 1423 a6, o4 7.6 6.2
15- AW | W9 1548 1538 | 1562 [1524 154 2 620 1.2 &1 59.9
30-M1 | MO0 [ 1394 1408 | 1386 |1376 1321 35,6 1.1 37,6 337
30012 | WAL [ 1426 1412 | 1424 [1402 141,56 56,6 0.2 58,0 553
30-TE | W2 | 1364 1362 | 1354 |133 8 1355 24,2 05 25,1 233
3040 ] BIZ | 1502 1495 | 1422 (1464 1486 594 1.0 61,2 597
S0-111 L2 1302 1304 | 1324 1298 131.0 22,4 1.2 245 503
S0-312 i3 1422 1412 | 1404 |1398 141.5 56,6 1.2 58,7 545
a0-TE M | 1512] 1482 | 1474 (1442 143,29 59,6 2,0 &30 a6,1
S0-AML | WS 1582 1558 | 1574 11534 1571 52,39 12 £5.0 507

25td
5.1
35
14
18
23
1.6
6.1
3.6
6,2
15
0.6
36
34

’

2 5td
37
0.8
0.8
0,8
1.6
0.8
2.0
18
3,1
15
6.3
6.7
12,7

25td
12
22
22
0.8
24
22
15
1.1
2.1
24
24
40
24
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Table 49: Summarized cumulative strength data

Mix Sample Cumulative strength (Mpa)

Proportion ID 2days | 7days | 28days | 56 days 84 days 168 days

100-PC M1 37,6 49,5 59,1 61,1 62,1 64,0
15-M1 M6 273 39,5 46,7 53,1 55,5 57,5
15-M2 M7 29,3 39,9 50,4 56,6 57,9 61,4
15-TK M8 27,8 38,1 44,7 53,0 54,7 56,9
15-AM M9 30,2 42,6 54,7 57,6 59,0 62,0
30-M1 M10 22,7 33,8 46,2 47,6 54,0 55,6
30-M2 MI11 20,7 32,6 43,4 48,4 53,9 56,6
30-TK M12 20,8 28.9 40,7 46,6 49,8 54,2
30-AM M13 25,3 37,1 49,3 53.9 56,4 59.4
50-M1 M2 15,9 20,3 37,0 43,8 46,1 52,4
50-M2 M3 15,0 22,7 40,0 46,4 52,5 56,6
50-TK M4 16,6 27,9 42,5 50,8 54,4 59,6
50-AM M5 15,6 30,2 47,4 51,8 58,9 62,9

Table 50: Summarized cumulative strength-gain data
Mix Sample Cumulative change in strength (Mpa)

Proportion ID 2days | 7days | 28 days | 56 days 84 days 168 days

100-PC Ml 37,6 11,9 9,7 1,9 1,0 1,9
15-M1 M6 27,3 12,2 7,2 6,4 2,5 2,0
15-M2 M7 29,3 10,6 10,6 6,1 1,4 3,5
15-TK M8 27,8 10,3 6,7 8,3 1,7 2,2
15-AM M9 30,2 12,4 12,2 2,8 1,5 2,9
30-M1 MI10 22,7 11,1 12,4 1,3 6,4 1,7
30-M2 Ml1 20,7 11,9 10,8 4,9 5,5 2,8
30-TK M12 20,8 8,1 11,9 5.9 32 43
30-AM M13 25,3 11,8 12,2 4,6 2,5 3,1
50-M1 M2 15,9 4,4 16,7 6,8 2,3 6,3
50-M2 M3 15,0 7,7 17,3 6,4 6,1 4,1
50-TK M4 16,6 11,2 14,6 8,3 3,7 5,1
50-AM M5 15,6 14,5 17,2 4,5 7,1 3,9
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Table 51: Drying shrinkage data 1

100 PC

Date| AGE AGE| 1 K Average | Accummlated | Actual strain
(DAYS) F| B F B F B (DAYS)| F|B|F| B |F|B| strain strain strain

0 949| 953 |949| 942 | 956 | 958 0 gjojol o Jaojo 0 0 0

1 945| 945 |945| 921 | 948 | 948 1 4({s8]4] 21 |8|10 e 9 147

2 940| 942 |938| 911 | 944 [ 945 2 5|37l 10]4]53 5 15 232

3 938| 939 |936| 908 | 942 | 943 3 213]2] 3 |2]2 2 17 269

4 934| 936 |933| 901 | 939|940 4 433 7 [3]3 4 21 331

5 931| 933 |931| 889 | 936 | 937 5 3]13/2] 12]3]3 4 25 400

6 931| 932 |930| 886 | 935 [ 935 6 oj1j1] 3 J1]2 1 26 421

13 919] 921 |918| 865 924 | 923 13 12(11)12] 17 11]12 13 38 621

20 913( 916 | 512 863 919 | 917 20 6|5]|6 =] 5|6 6 45 F12

27 909( 914 | 5059 859 916 | 514 27 41213 4 3|3 3 48 763

55 S04| 907 | 503 856 908 | 907 55 716 3 817 6 54 859

50/50 PC/M5S1

Date| AGE AGE| 1 Average | Accumulated | Actual strain
(DAYS)| F| B F B F B (DAYS)|F|IB|F| B |F|B| strain strain strain

0 948| 959 |938| 951 | 920971 0 ojojol o Jojo 0 0 0

1 942| 956 |9353| 947 | 914 | 965 1 6E]13|5] 4 |6]6 5 5 80

2 938| 930 |949| 943 | 910 | 960 2 4l6/4] 4 |45 5 10 152

3 936( 949 |947| 940 | 906 | 958 3 21121 3 |4]2 2 12 189

4 032| 945 |943| 937 | 903 | 954 4 444l 3 [3]4 4 16 248

5 928| 942 |939| 933 | 902 | 951 5 434 4 [1]3 3 19 259

6 926| 941 |938| 932 | 899 | 950 6 21111 )31 2 20 323

13 915( 928 | 527 920 857 | 939 13 11)13) 11 12 J12]11 12 32 509

20 911( 524 |523 915 B8B83 | 535 20 41414 5 4| 4 4 30 576

27 S09( 920 | 918 912 879 | 933 27 21414 3 4| 2 3 39 627

55 905] 916 | 514 B 874 | 928 55 415 5 5 a4 699

50/50 PC/MS2

Date| AGE AGE| 1 Average | Accummlated | Actual strain
(DAYS) F | B F B F B (DAYS)| FIB|F| B |F|B| strain strain strain

0 956| 9352 |949| 960 | 952 [1042 0 glojoj o jaojo 0 0 0

1 951( 949 |945| 957 | 947 (1035 1 5|34 3 |5]7 5 5 72

2 947| 944 |942| 955 | 943 [1031 2 A4(5(3] 2 [a4]4 4 g8 131

3 945| 941 |937| 952 | 939 [1027 3 21351 3 |44 4 12 187

4 941] 937 |1935| 947 | 935 (1024 4 414]2] 5 [4]3 4 15 245

5 938| 934 |931| 945 | 932 (1021 5 3|13/4] 2 |3]53 3 18 293

6 937| 932 |930| 944 | 930 (1018 6 1l2]1] 1 ]2]3 2 20 320

13 |926] 920 |917] 930 | 917 (1007 13 t1f{12f13] 14 |13[11 12 32 517

20 923 516 | 513 925 913 | 1003 20 31414 5 d4 14 4 36 581

27 920( 513 | 510 922 910 | 555 27 3|13|3 3 3|4 3 40 632

55 915| 905 | 905 918 905 | 995 55 5 5 5|4 5 44 704
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Table 52: Drying shrinkage data 2

50/50 PC/TK
Date| AGE 3 AGE| 1 2 | Average | Accunmlated | Actual strain
(DAYS)| F | B F B F B (DAYS)|F | B|F| B |F|B| strain sirain strain
0 955| 525 |952] 954 | 954 | 955 0 ojoj0] 0o |OfoO 0 0 0
1 950] 518 |949] 952 | 948 | 952 S| 73] 2 |[6]3 4 4 69
2 946] 515 [945] 948 | 944 | 947 2 4(3[4] 4 [4]5 4 8 133
3 943| 511 |942) 944 | 940 | 945 3 3[4(2] 4 [4]2 3 12 187
4 938| 507 |938) 939 | 937|941 4 S[4/4] 5 [3]4 4 16 253
) 935| 504 |935] 935 | 935 | 938 E 3[3[3] 4123 3 19 3
) 933| 503 |933] 932 | 932 | 936 6 21112 3 J3]2 2 21 336
13 Q21| 451 | S20] 920 922 | 924 13 12112(13] 12 |10]12 12 33 525
20 9l6| 485 | 915] 915 917 | 920 20 S|6|5] 5 |5]14 5 3B =88]
27 914| 483 | 912] 911 914 | 917 27 212 4 1313 3 41 651
55 Q07| 479 | 908] 905 Q0g | 913 55 414] 6 |61 4 5 45 733
50/50 PC/AM
Date| AGE 3 AGE| 1 2 3 | Average | Accunmlated | Actual strain
(DAYS)| F| B F B F B (DAYS)|F|[B|F| B |F|B| strain strain strain
0 954| 949 |954] 954 | 996 | 954 0 0j0[0] 0 JOfO 0 0 0
1 947] 943 1949] 950 | 988 | 949 1 716]5] 4 [8]5 ] ) g3
2 942| 940 1945] 946 | 984 | 944 2 S|3]4] 4 ]4]5 4 10 160
E 939] 938 |942] 943 | 982 | 941 2 3213 3 [2]3 3 12 203
4 935| 934 |938] 939 | 977 | 937 4 414141 4 |514 4 17 269
5 932| 932 |935] 936 | 974 | 935 5 3[2(3] 3 [3]2 3 20 312
2] 929| 930 [931] 934 | 973 | 933 & 3(2(4] 2 J1]2 2 22 349
13 918| 919 | 919] 922 91 | 922 13 1111122 12 |12]11 12 33 533
20 914| 915 | 914] 917 954 | 916 20 4151 5 | 7|6 5 29 [=als]
27 Q09| 812 | 911 ] 912 952 | 912 27 SI3[3] 5 1214 4 42 [sF]
k] Q03| 906 | 903 ] 907 947 | 906 55 6|8] 5 |5]6 =} 48 7
85/15 PC/MS1
Date| AGE 3 AGE| 1 2 | Average | Accunmlated | Actual strain
(DAYS)| F| B F B F B (DAYS)|F | B|F| B |F|B| strain strain strain
0 946| 871 [991] 953 | 952 | 949 0 ojoj0] 0o |OfoO 0 0 0
1 940| 865 |986] 949 | 947 | 943 1 6/6|5] 4 [5]6 5 5 85
2 937| 858 |980] 945 | 944 | 939 2 3|76 4 |3]4 5 10 157
3 932| 855 |978] 942 | 939 | 935 3 513]2] 2 |5]4 4 14 216
4 929| 852 |975] 939 | 937 | 932 4 3133 3 ]2]3 3 16 261
5 928| 850 |972] 936 | 934 | 929 5 1/213] 3 ]3]3 3 19 3
6 925| 847 1970] 933 | 933 | 926 ) 313(2] 3 J113 3 21 Ll
13 914| B3> | 958] 920 919 | 912 13 11112112] 13 [14]14 13 34 544
20 909| 831 [951] 915 | 913 | 907 20 5(4[7] 5 615 5 39 629
27 Q04| 825 | 946] 909 a0g | 902 27 S|6|5] 6 |5]5 5 45 715
55 898| 818 |938]| 903 | 904 | 897 55 6|7[8] 6 [4]5 5 51 811
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Table 53: Drying shrinkage data 3

85/15 PC/MIS2
Date| AGE 2 3 AGE| 1 2 | Average | Accunmlated | Actual strain
(DAYS)| F | B F B F B (DAYS)|F | B|F| B |F|B| strain sirain strain
0 954| 958 [951] 1081 | 943 | 957 0 ojoj0] 0o |OfoO 0 0 0
1 949| 951 |947] 1077 | 937 | 952 1 S|7[4] 4 |65 5 5 83
2 946| 947 |943] 1071 | 933 | 949 2 3(4(4] 6 [4]3 4 9 147
3 942| 942 |938 928 | 945 3 415[5 514 5 14 220
4 939| 939 |935 925 | 941 4 313032 314 3 17 271
) 935| 937 |933 923 | 937 ) 41212 214 3 20 316
) 933] 934 |931 920 | 935 6 2)13]2 3]2 2 22 355
13 921| 519 | 917 Q07 | 922 13 1211514 13|13 13 El=l i)
20 915| 913 | 910 a0l | 9le 20 Bl 6|7 =1 N =} 42 [=lst3]
27 910| 908 | S04 895 | 909 27 o) =} Wi =} 48 Jel
55 Q05| 903 | 299 290 | 903 55 5|51 0 |5]¢6 4 52 230
8515 PC/TK
Date| AGE 2 3 AGE| 1 2 3 | Average | Accunmlated | Actual strain
(DAYS)| F| B F B F B (DAYS)|F|[B|F| B |F|B| strain strain strain
0 952| 942 |950] 954 | 952 | 946 o ojojol o jofo 0 0 0
1 947] 937 1945] 951 | 947 | 940 1 S|5[5] 3 |5]6 5 5 77
2 944| 931 1940] 948 | 943 | 936 2 3|6]5] 3 (414 4 9 144
E 939] 925 |937] 943 | 938 | 932 2 5|63 5 |5]4 5 14 219
4 936] 923 1934] 941 | 936 | 929 4 312131 2 |2([3 3 16 259
5 932] 919 |929] 936 | 932 | 926 5 414[(5] 5 [4]3 4 20 325
2] 929| 917 |927] 933 | 929 | 923 & 3[2]2] 3 [2[3 3 23 368
13 916| 901 | 913] 919 915 | 910 13 13116]14] 14 |14]13 14 37 592
20 910] 896 | 907] 914 Q08 | 904 20 BE|5|B] 5 |7]6 =} 43 B85
27 Q04| 890 |90l | 907 Q03 | 899 27 =] 7 |5]3 5 49 779
k] 299| 8BS | 295] 90l 297 | 893 55 5|6l 6 |B]6 =} 54 269
85/15 PC/AM
Date| AGE 2 3 AGE| 1 2 | Average | Accunmlated | Actual strain
(DAYS)| F| B F B F B (DAYS)|F | B|F| B |F|B| strain strain strain
0 986| 952 |963] 958 | 951 | 505 0 ojoj0] 0o |OfoO 0 0 0
1 980| 947 |958| 951 | 944 | 498 1 6155 7 [7]7 6 6 9
2 976| 942 |954| 947 | 940 | 494 2 41504 4 |[4]4 4 10 165
3 972| 938 |949] 943 | 936 | 490 E 414]5] 4 [4]4 4 15 232
4 969| 935 |946] 940 | 933 | 487 4 3133 3 [3]3 3 18 280
5 965] 932 1943] 937 | 929 | 484 5 413131 3 [4]12 3 21 333
6 962] 929 1941) 934 | 927 | 481 ) 313(2] 3 1213 3 24 376
13 949| 916 | 927] 919 912 | 469 13 13113]14] 15 |15]12 14 37 585
20 945| 911 [922] 913 | 907 | 463 20 4/5[5] 6 |5]6 5 42 677
27 941| 507 | 917] 908 Q03 | 457 27 41 4|5] 5 |4]¢6 5 47 752
55 934| 902 [911] 903 | 897 | 448 55 715[6] 5 |6]9 5 53 853
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Table 54: Drying shrinkage data 4

70/30 PC/MS1
Date| AGE 3 AGE| 1 2 3 | Average | Accumulated | Actual strain
DAY F| B | F B F | B (DAYSHF B F| B |F B| strain strain strain
O |953] 549 |953| 956 | 956 | 952 o ojojo| o |o]O 0 0 0
1 947 944 [ 947| 951 | 950 | 946 1 6|5|6| 5 |66 & & 91
2 [947) 939 [943] 946 | 945 | 941 2 6|5]4] 5 |[5]5 5 11 171
3 (938 934 1935] 941 | 940 | 934 3 3|5|4] 5 [5]5 S 13 243
4 934) 932 [936] 939 | 938 | 933 4 42|53 2 |23 El 18 285
5 831) 925 1933 936 | 935 | 930 3 3|33 3 /33 3 il 333
6 [928] 926 | 528] 933 | 9311 926 ] 3|3(4] 3 (44 4 24 383
13 916| 514 |5la| 520 915 | 912 13 12(12113) 13 |12[14 13 37 592
s 911| 509 [ 512] 815 913 | 207 20 5|5]4 5 635 5 42 672
27 oE| 905 [ 90G| 509 909 | 902 27 4 ¥ =] =] 47 755
55 S01| 899 | 500 503 203 | 897 55 4| 6|6 [¥] 5 53 543
70/30 PC/MS2
Date| AGE 3 AGE] 1 2 3 [ Average | Accumulated | Actual strain
DAYS) F | B | F B F | B (DAYS)| F|B|F| B |F|RB| strain strain strain
O |565] 855 |84%| 543 | 945 | 952 o ojojol 0o |00 o o a
1 963) 953 [948| 942 | 945 | 950 1 2]2(1] 1 [4]2 2 2 32
2 [958| 950 |945| 944 | 942 | 948 2 5[3|3|-2|3|2 2 4 69
3 953 947 | 941| 939 | 937 | 944 3 5[3[4] 5 |5|4 4 E] 139
4 950) %43 [938| 93¢ | 933 | 939 4 3|43 3 [4]5 4 12 197
3 947 540 [935] 932 | 930 | 934 3 3|3|3| 4 |33 3 16 248
6 [945] 937 | 932] 929 | 926 | 935 ] 213|383 3 [4]1 3 13 281
13 933| 528 | 519] 517 914 | 924 13 121 5 (13] 12 |12[11 12 £ 475
20 925| 520 | 513] 508 207 | 916 20 5|86 5 |78 g 37 555
27 923| 518 | 509] 506 903 | 912 27 21214 3 (414 3 40 645
55 917| 513 | 506 202 596 | 908 55 6154 4 714 45 75
70/30 PC/TK
Date| AGE 3 AGE] 1 2 3 | Average | Accumulated | Actual strain
DAYS)| F | B | F B F| R (DAYS)|F|B|F| B |F|RB| strain strain strain
O |933] 947 | 951 957 | 950 954 o ojojol 0 |00 o a
1 930) 543 [5948] 954 | 947 | 949 1 31413 3 [3]5 4 56
2 [928] 940 | 945] 950 | 944 | 945 2 2]3]3] 4 [3/4 3 107
3 [923] 935 |940| 943 | 938 | 939 3 5(5(5] 7 |66 & 12 157
4 916] 930 [938] 940 | 936 | 935 4 7|52 3 [2]4 4 16 253
3 913 927 [934] 936 | 932 | 932 5 3|34 4 |43 4 2 315
6 (912 925 | 931] 932 | 928 | 928 & 1)2/3| 4 |44 3 23 363
13 94| 514 [ 521 922 915 | 918 13 811110 10 | 9]10 10 32 517
2 596| 908 | 914 915 911 | 912 20 5|67 7 |&5|= K 40 635
27 892 905 | 512] 5812 907 | 207 27 4132 3 (413 3 43 655
35 BEG| 8599 |900| S0o 902 | 502 35 Gl6|6] & |5]5 5] 43 776
70/30 PC/AM
Date| AGE 3 AGE| 1 2 3 | Average | Accumulated | Actual strain
DAYS)| F| B | F B F| R (DAYS)|F|B|F| B |F|RB| strain strain strain
O |958| 952 | 945 948 | 950 |118% o ololol o oD 0 O o]
1 952 947 [944] 845 | 946 1185 1 6|5|5] 3 [4]|4 5 5 72
21947 942 | 941] 942 | 942 1179 2 5(5(3] 3 |46 4 a 141
3 941 937 |937| 936 | 937 |1174 3 6|5[4]| 6 |5]5 5 14 224
4 938 935 [934] 934 | 934 [1172 4 3|2(3] 2 3|2 3 17 264
5 933 930 [930] 930 | 930 [1168 5 S[5(4] 4 |4]4 4 21 333
6 930 927 |927| 927 | 927 1165 & 3/3(3| 3 (33 3 24 331
13 921| 818 |815 9le 917 | 1155 13 91912 11 |10)10 10 # 544
X 914 | 512 | 509] 509 911 | 1147 20 716|686 7 |68 7 41 651
27 910| 8507 | 507| 507 907 | 1144 27 4|5]2 2 1413 3 44 04
55 5| 502 |5C0] 500 202 1139 55 5|57 7 |5]5 =] 50 795
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Table 55: Shortened reactivity data - heat released rate

Time

100 PC

S0-MI1

50-viz

S0-TK

50-AM

15-v

15-M2

15TK|15-AM

30-M1

30-M2

30-TK|30-AM

Tap 85 |Tap 132

Tap 144

hour

watt

watt

watt

watt  [watt

watt

watt

watt |watt

watt

watt

watt | watt

watt watt

watt

4.800

0421

0,192

0,188

0,183

0,201

0,334

0315

0,315

0,375

0,288

0,268

0,283

0,291

0,286

0,280

0,278

4.900

0.431

0.198

0.194

0.188

0,205

0,342

0,326

0.326

0.381

0.296

0.278

0.291

0.299

0.294

0,289

0.288

5,000

0,438

0,202

0,199

0,193

0,208

0,345

0,334

0,334

0,385

0,303

0,286

0,298

0,305

0,302

0,296

0,296

5,100

0,443

0,207

0,204

0,196

0,211

0,354

0.341

0,342

0,388

0,308

0,294

0,303

0310

0,308

0,302

0,303

5,300

0.447

0.212

0.210

0,201

0.214

0.360

0351

0,351

0.388

0314

0,303

0,310

0316

0.316

0,309

0312

5,500

0,445

0.215

0,213

0,205

0,216

0,362

0,354

0,355

0,383

0,316

0,308

0,312

0316

0,319

0,312

0316

6.000

0,436

0,226

0218

0216

0,230

0,365

0345

0346

0.364

0,307

0,302

0,308

0306

0,323

0317

0312

6,533

0,441

0,250

0,236

0,237

0,278

0,383

0,338

0,337

0,363

0,312

0,298

0,318

0,308

0,343

0,334

0,322

9.317

0.215

0.114

0,123

0.106

0,133

0.180

0,210

0.216

0,205

0.182

0.191

0,178

0,198

0,185

0,182

0.179

12,083

0.113

0.080

0.081

0,077

0.101

0.099

0.109

0.112

0111

0.093

0.098

0.093

0.103

0.100

0,098

0.093

15,517

0,067

0,057

0,059

0,056

0,074

0,066

0,065

0,069

0,064

0,056

0,059

0,060

0,067

0,070

0,066

0,060

18.933

0,048

0,044

0,046

0,045

0,058

0,045

0.046

0,050

0.047

0,042

0,045

0,046

0.052

0,055

0,052

0.046

32483

0,030

0,022

0,025

0,026

0,033

0,030

0,029

0,032

0,030

0,024

0,027

0,027

0,031

0,032

0,032

0,027

42,600

0.017

0,016

0,019

0019

0.023

0.020

0019

0.021

0.019

0018

0,020

0.021

0,022

0.021

0,023

0.021

52.667

0,011

0,012

0,015

0014

0,016

0,013

0012

0.015

0,013

0,013

0,014

0,015

0016

0,014

0,016

0,016

62,683

0,007

0,009

0,012

0010

0,012

0,005

0.00%

0,011

0,010

0,009

0,010

0,012

0.012

0,010

0012

0.013

72.650

0,006

0,008

0,011

0,008

0,010

0,007

0.007

0,009

0,007

0,007

0,008

0,010

0.009

0,007

0,010

0,011

72,667

0,006

0,008

0,011

0,008

0,009

0,007

0,007

0,009

0,007

0,007

0,008

0,010

0.009

0,007

0,010

0,011

72,683

0,006

0,008

0,011

0,008

0,009

0,007

0,007

0,009

0,007

0,007

0,008

0,010

0,009

0,007

0,010

0,011

72.700

0,006

0.008

0,011

0,008

0,009

0,007

0,007

0.009

0,007

0,007

0.008

0,010

0,009

0,007

0,010

0,011

72,717

0,006

0,008

0,011

0,008

0,009

0,007

0,007

0,009

0,007

0,007

0,008

0,010

0,009

0,007

0,010

0,011

72,733

0,006

0.008

0.011

0.008

0,009

0.007

0,007

0,009

0,007

0.007

0,008

0,010

0,009

0,007

0,010

0,011

72,750

0,006

0,008

0011

0,008

0,009

0,007

0,007

0,009

0,007

0,007

0,008

0,010

0,009

0,007

0,010

0011

Table 56: Shortened reactivity data - cumulative heat

Time

100 PC

50-Mv1

50-M2

50-TK

50-AM

15-M1

15-M2 (15 TK

15AM

30-MI1

30-M2

30-TK

30-AM

Tap

85

Tap
132

Tap

144

hour

joule

joule

joule

joule

joule

joule

joule

joule

joule

joule

joule

joule

joule

joule

joule

joule

4.80

1866

386

764

514

776

1577

2019

2037

1659

1126

1145

1187

1285

1109

1208 1167

4,90

2019

456

833

580

849

1698

2134

2152

1795

1231

1243

1291

1391

1214

1310] 1269

500

2175

528

904

649

923

1823

2253

2271

1933

1339

1345

1397

1500

1321

1415| 1375

310

2334

602

977

719

998

1950

2375

2393

2072

1449

1449

1505

1610

1431

1523 1483

530

2655

753

1126

862

1151

2207

2624

2642

2351

1674

1664

1726

1836

1655

1743| 1704

5,50

2977

907

1278

1009

1306

2467

2878

2897

2629

1901

1885

1951

2064

1884

1967 1930

6.00

3766

1302

1665

1386

1703

3118

3510

3530

3301

2462

2436

2508

2625

2459

2531| 2496

6,53

4611

1757

2099

1817

2181

3838

4161

4182

4001

3054

3007

3109

3211

3100

3157 3104

9,32

8018

3760

4189

3687

4196

6884

7190

7235

7049

5806

5767

5872

6048

6038

5995 3922

12,08

9560

4703

5167

4587

5355

8192

8684

8767

8539

7092

7113

7142

7462

7375

7308 7190

15,52

10626

5534

6015

5397

6415

9180

9720

9848

9576

7972

8039

8046

8471

8391

8287 8094

18,93

11314

6154

6654

6010

7221

9881

10390

10568

10246

8566

8668

86386

9195

9151

9009 8734

3248

13162

7642

8249

7631

9324

11643

12089

12424

12014

10059

10292

10329

11070

11104

10933/10396

42,60

14005

8328

9028

8433

10314

12556

12948

13384

12902

10837

11162

11209

12030

12070

11923111286

5267

14503

8832

9630

9009

11006

13149

13498

14027

13479

11386

11783

11862

12706

12701

12614111962

62,68

14826

9216

10119

9437

11512

13552

13872

14484

13882

11770

12224

12354

13200

13123

13120/12482

72,65

15056

9518

10531

9763

11900

13848

14147

14832

14185

12052

12551

12747

13581

13424

13511112911

72,67

15056

9519

10532

9764

11901

13848

14148

14833

14185

12053

12552

12748

13582

13424

13512/12912

72,68

15056

9519

10532

9764

11901

13849

14148

14833

14185

12053

12552

12748

13582

13425

13513/12912

72,70

15057

9520

10533

9765

11902

13849

14148

14834

14186

12053

12553

12749

13583

13425

13513]12913

72,72

15057

9520

10534

9765

11902

13849

14149

14834

14186

12054

12553

12749

13583

13425

13514112914

72,73

15057

9520

10534

9766

11903

13850

14149

14835

14187

12054

12554

12750

13584

13426

13514]12914

7275

15058

9521

10535

9766

11903

13850

14150

14835

14187

12055

12554

12751

13585

13426

13515112915
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Table 57: Correlation data - strength to cumulative heat

Proportion Strength (MPa) Cumulative heat (j) Cumulative heat (j)
7 days 2 days 24 hours Heat per gram | 146 hours | Heat per gram

15-M1 39,5 273 10640 266,0 | 14950,00 373,75
15-M2 39,9 29,3 11110 277,8 15095,00 377,38
15-TK 38,1 27,8 11359 284,0 16251,00 406,28
15-AM 42,6 30,2 10990 274,8 15299,00 382,48
30-M1 33,8 22,7 92247 230,6 12979,00 324,48
30-M2 32,6 20,7 9371,7 2343 | 13614,00 340,35
30-TK 28,9 20,8 9407,2 2352 14428,00 360,70
30-AM 37,1 25,3 10013 250,3 14893,00 372,33
50-M1 20,3 15,9 8616,10 215,4 10576,00 264,40
50-M2 22,7 15,0 9368,20 2342 12312,00 307,80
50-TK 27,9 16,6 8764,40 219,1 10712,00 267,80
50-AM 30,2 15,6 10013 250,3 13233,00 330,33
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